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Enhanced de novo lipogenesis (DNL), an adult hepatic adaption, is seen with high carbohydrate or
low-fat diets. We hypothesized that ad libitum intake after prenatal calorie restriction will result
in adult-onset glucose intolerance and enhanced DNL with modified lipid metabolic gene expres-
sion profile. Stable isotopes were used in 15-month-old adult male rat offspring exposed to pre-
natal (IUGR), pre- and postnatal (IPGR), or postnatal (PNGR) caloric restriction vs. controls (CON).
IUGR vs. CON were heavier with hepatomegaly but unchanged visceral white adipose tissue (WAT),
glucose intolerant with reduced glucose-stimulated insulin secretion (GSIS), pancreatic �-cell mass,
and total glucose clearance rate but unsuppressed hepatic glucose production. Liver glucose trans-
porter (Glut) 1 and DNL increased with decreased hepatic acetyl-CoA carboxylase (ACC) and fatty
acid synthase but increased WAT fatty acid transport protein-1 and peroxisomal proliferator-
activated receptor-�, resistin, and visfatin gene expression. In contrast, PNGR and IPGR were lighter,
had reduced visceral WAT, and were glucose tolerant with unchanged hepatic glucose production
but with increased GSIS, �-cell mass, glucose clearance rate, and WAT insulin receptor. Hepatic
Glut1 and DNL were also increased in lean IPGR and PNGR with increased hepatic ACC, phosphor-
ylated ACC, and pAMPK and reduced WAT fatty acid transport protein-1, peroxisomal proliferator-
activated receptor-�, and ACC�. We conclude the following: 1) the heavy, glucose-intolerant and
insulin-resistant IUGR adult phenotype is ameliorated by postnatal caloric restriction; 2) increased
DNL paralleling hepatic Glut1 is a biomarker of exposure to early caloric restriction rather than the
adult metabolic status; 3) hepatic lipid enzyme expression reflects GSIS rather than DNL; and 4) WAT
gene expression reflects an obesogenic vs. lean phenotype. (Endocrinology 154: 102–113, 2013)

Nutritional programming of glucose kinetics in response
to prenatal calorie restriction along with postnatal ad-

aptations, predetermine the ultimate adult phenotype. In-
trauterine growth restriction (IUGR) is associated with
the development of adult metabolic syndrome with co-
morbidities including type 2 diabetes mellitus, obesity, hyper-
tension, coronary heart disease, and dyslipidemia (1, 2).

In type 2 diabetes mellitus skeletal muscle, insulin re-
sistance and its inability to store ingested glucose by gly-

cogen synthesis are hypothesized to enhance hepatic glu-
cose storage via de novo lipogenesis (DNL), thereby
resulting in atherogenic dyslipidemia (3). We have, how-
ever, previously shown that the adult male IUGR rat off-
spring expresses adiposity while retaining total body in-
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sulin sensitivity (4). Fatty liver in the IUGR rat offspring is
evident during fetal and newborn life before the onset of
adult obesity (5). Hepatic DNL contributes toward devel-
opment of fatty liver in genetically engineered mouse mod-
els (6). In the adult IUGR rat offspring with reported up-
regulated lipogenic transcription factor [sterol regulatory
element-binding protein (SREBP)-1c] and enzyme fatty
acid synthase (FAS) expression suggest increased hepatic
lipogenesis (7), although this function has never been
examined.

In contrast, human and animal adult studies with in-
creased dietary carbohydrates, low dietary fat or calorie
restriction are also known to increase DNL (8). Although
hyperglycemia with hyperinsulinemia are known to en-
hance lipogenic enzyme gene expression responsible for
DNL (9), high-fat or cafeteria diets, activation of energy
sensing AMP kinase (AMPK) to phosphor (p) AMPK, or
increased lipid and energy sensing Sirtuin (Sirt)-1 gener-
ally decrease DNL (9–12).

Enhanced DNL is one of the consequences of insulin
resistance, which in turn leads to obesity in adult mice and
humans (13). Whether DNL plays such a role in develop-
ment of an obesogenic phenotype with a fatty liver of the
adult IUGR offspring exposed to pre- or postnatal caloric
restriction is not known. We hypothesized that prenatal
calorie restriction with or without subsequent postnatal
calorie restriction will enhance DNL in the adult male
offspring. We tested this hypothesis in a rat model of pre-
and postnatal calorie restriction described previously by
us (4).

Materials and Methods

Animals
Sprague Dawley rats (Charles River Laboratories, Hollister,

CA) were housed in individual cages, exposed to 12-h light, 12-h
dark cycles at 21-23 C and allowed ad libitum access to standard
rat chow (NIH-31 modified 6% mouse/rat sterilizable diet 7013,
composition of carbohydrate 63.9%, fat 6%, and protein
14.5%; Harlan, Teklad, CA). 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/d) of a pregnant

Sprague Dawley rat with ad libitum access to water from em-
bryonic d 11 to embryonic d 21 as previously described by us (4).
This prenatal seminutrient restriction led to IUGR (4). At birth,
the litter size was culled to six to ensure no interlitter nutritional
variability. Postnatally the cross-fostering of pups generated four
experimental groups as previously described by us (4). The new-
born pups born to ad libitum-fed control mothers were reared by
either mothers continued on semicaloric restriction from post-
natal day (PN) 1-PN21 [postnatal caloric restriction alone

(PNGR)] or by control mothers (CON) (Supplemental Fig. 1,
published on The Endocrine Society’s Journals Online web site
at http://endo.endojournals.org). During the suckling phase, the
intrauterine semi-calorie-restricted progeny was fed either by
control mothers with ad libitum access to nutrients (IUGR) rep-
resenting intrauterine caloric restriction or by semi-calorie-re-
stricted mothers that continued to receive 50% of daily food
intake (IPGR) representing intrauterine and postnatal caloric
restriction. The offspring were maintained until 15 months of
age at which time the males were studied. After all the in vivo
investigations and after measuring body weight, animals were
euthanized, and organs/tissues (brain, heart, liver, pancreas, kid-
neys, white adipose tissue, and brown adipose tissue) were re-
moved and weighed individually.

Intravenous glucose tolerance test (GTT)
Fifteen-month-old adult male awake animals (n � 13) re-

ceived 1 g/kg body weight of the 1:1 mixture of [2-2H] and
[6,6-2H2]glucose (�98% pure; Cambridge Isotope Laborato-
ries, Andover, MA) via surgically placed jugular venous catheters
(14). Blood (500 �l) was obtained at 0, 5, 15, 30, 45, 60, and 120
min for assessment of hormone and glucose concentrations, and
isotopomer enrichment (n � 5 in CON and n � 4 in each of the
other three groups).

Measurement of DNL
Animals from each group (n � 23 total) received 0.09% NaCl

in 99.9% D2O (ip) equal to approximately 2% of body weight
at the beginning of the study. Animals had free access to drinking
water containing 6% D2O (99.9% deuterium; Cambridge Iso-
tope Laboratories, Andover, MA). Food and water intake was
measured over a 24-h period, taking into account food spillage
and evaporation, daily for 7 d of the experiment and averaged.
Tail vein blood samples were collected at baseline and subse-
quently on d 2, 4, 6, and 8 (Supplemental Fig. 2). Plasma en-
richment of deuterium was comparable in all groups at 3% by d
8 of the experiment (Supplemental Fig. 2). Serum was separated
and kept frozen at �80 C for gas chromatography/mass spec-
trometry (GC/MS) analysis. Fatty acid extraction was performed
using methods described by Lowenstein et al. (15). Plasma sam-
ples (50 �l) were saponified in 200 proof ethanol and 30% KOH
(wt/vol) in a 1:1 volume overnight at 70 C. Samples were acid-
ified with HCl, and fatty acids were extracted three times with
petroleum ether and air dried. Fatty acids were derivatized as
methyl esters using 0.5 N methanolic HCl, dried under a nitrogen
stream, and subsequently reconstituted with hexane for GC/MS
analysis.

Gas chromatography/mass spectrometry analysis
GC/MS was performed on a Hewlett-Packard model 5973

mass selective detector connected to a model 6890 gas chro-
matograph (Hewlett-Packard, Palo Alto, CA).

Glucose
Glucose was analyzed by GC/MS using a modified method

described by Szafranek et al. (16). Electron impact ionization
was used to determine glucose isotopomers of [6,6-2H2]glucose
at a mass to charge ratio of 187 for C3-C6 and [2-2H]glucose at
a mass to charge ratio 242 for C1-C4 fragments (14, 17). Mass
isotopomer distribution was determined using the method of Lee
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et al. (18). The disappearance of the two isotopes, [2-2H]- and
[6,6-2H2]glucose was determined as the M1 label for [2-2H]
glucose and the M2 label for [6,6-2H2]glucose (14, 19). The
difference between the disappearance rates of M1 and M2 was
used as a measure of futile cycling (i.e. glucose to glucose-6-
phosphate and back) (19). Unsuppressed endogenous hepatic
glucose production during GTT was derived from the increase in
unlabeled glucose concentration M0, which was assessed by sub-
tracting the labeled glucose fraction from the total glucose
concentration.

Fatty acids
Fatty acids were analyzed as their methyl esters after deriva-

tization. Palmitate and stearate were separated on the gas chro-
matograph with a glass capillary column BPX70 (SGE, Austin,
TX) measuring 30 m � 250 �m (inner diameter). Mass isoto-
pomer distribution was determined using the method of Lee et al.
(20). The major peaks in the ion chromatogram are the long-
chain fatty acids palmitate (c16:0), stearate (c18:0), oleate
(c18:1, cis), and elaidate (c18:1, trans). The area under each peak
was integrated using the Agilent ChemStation software (New-
town, PA). The fraction of new synthesis representing DNL �
ME (fatty acid)/(p � N), in which ME (molar enrichment) is the
average number of deuterium atoms incorporated per molecule
calculated from mass isotopomer distribution, p is the deuterium
enrichment (specific activity) in water, which is determined using
the m2 to m1 consecutive mass isotopomer ratio, and N is the
number of deuterium per molecules incorporated from body wa-
ter per molecule of fatty acid (e.g. Ref. 21 for palmitate) (20-22).

Plasma assays
Plasma was separated and aliquots stored at �20 C for mea-

surement of glucose by the glucose oxidase method (Sigma Di-
agnostics, St. Louis, MO; sensitivity � 0.1 mM). Insulin, leptin,
and adiponectin were quantified by ELISAs using rat standards
and antirat insulin, leptin, or adiponectin antibodies (Linco Re-
search Inc., St. Charles, MO; sensitivity: insulin and adiponec-
tin � 0.2 ng/ml, leptin � 0.04 ng/ml, using 10 �l samples). The
intraassay and interassay coefficient of variation was 6.5 �
0.9%. Serum triacylglycerol, cholesterol, high-density lipopro-
tein (HDL) (23), unesterified cholesterol (UC), and free fatty
acids were measured by colorimetric assays in triplicates (24).

Hepatic insulin sensitivity (SI) and disposition
index (DI)

SI was calculated as 1/(endogenous glucose production �
basal insulin concentration). DI was calculated from SI and
acute insulin response (AIR) 5 min after an iv glucose bolus
during the iv GTT (IVGTT) as a measure of whole body insulin
sensitivity (25).

Pancreatic �-cell mass
To quantify �-cell mass, the pancreas was rapidly removed

from euthanized rats, weighed, and immediately fixed in 4%
paraformaldehyde overnight at 4 C. The pancreas was embedded
in paraffin, and subsequently complete longitudinal sections (4
�m) of pancreas (head, body, and tail) were obtained through
their maximal width. Paraffin-embedded pancreatic sections
were subsequently stained first for hematoxylin/eosin and insu-
lin (guinea pig antiinsulin, 1:100; Zymed, Carlsbad, CA), and

�-cell mass was measured by first quantifying the pancreatic
cross-sectional area positive for insulin and multiplying this by
the pancreatic weight. Images were acquired using OpenLab 5
software (Improvision, PerkinElmer, Waltham, MA) and ana-
lyzed using ImagePro Plus software (Media Cybernetics, Inc.,
Rockville, MD).

Hepatic and white adipose tissue (WAT) lipid
metabolic enzyme, insulin receptor (IR) and
glucose transporter (Glut) protein expression

Antibodies
Mouse anti-FAS was purchased from BD Transduction Lab-

oratories. Rabbit antiacetyl-CoA carboxylase (ACC), anti-p-
ACC, AMPK�, p-AMPK�, and IR-� subunit were from Cell
Signaling (Danvers, MA). Anti-Glut2 antibody was purchased
from Millipore (Temecula, CA). Antivinculin antibody was ob-
tained from Sigma Chemical Co. (St. Louis, MO). Anti-Glut1
and Glut4 antibodies were produced and characterized as pre-
viously described by us (26, 27).

Western blot analysis
Liver and visceral WAT homogenates were subjected to West-

ern blot analysis as previously described (27, 28). Primary anti-
body (1:500 dilution for FAS, ACC, and p-ACC and 1:1000 for
AMPK�, p-AMPK�, IR-� subunit, Glut1, Glut2, and Glut4)
incubations were overnight at 4 C. The quantification of protein
bands was performed by densitometry using the Scion Image
software (Frederick, MD). Protein band density in arbitrary units
was normalized to vinculin (internal control) and expressed as a
percent of CON values.

WAT mRNA expression by RT-PCR
Expression of adipokines, transcription factors, or transport-

ers/enzymes in WAT (see Table 4) were analyzed first by RT-
PCR and in some cases real-time PCR was used for quantification
(27, 28). Primer sequences, gene accession codes, optimal an-
nealing temperatures, and the number of cycles employed are
shown in Supplemental Table 1. The 18S mRNA gene was used
as the internal control. Comparative (�) cycle threshold (CT)
method in which CT is the threshold cycle number was used for
quantification and the difference in threshold cycles for the target
and the internal control genes was then normalized relative to
that of the CON group by 2���CT.

Statistical analysis
All data are expressed as mean � SE. The ANOVA models

were used on normally distributed data to compare various treat-
ment groups at different ages and F values determined. The in-
tergroup differences were determined by the Fisher’s paired least
significance difference test when ANOVA revealed significance.
Significance levels were computed on the basis of exact methods
accounting for the small sample size, and P � 0.05 was assigned
significance.

Results

Anthropometric measurements, food and water
intake, plasma glucose, and hormone
concentrations

At birth IUGR and IPGR weighed less than CON
(Table 1). At 15 months of age, IUGR males were signif-
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icantly heavier with hepatomegaly and hyperglycemic un-
der basal conditions after overnight fast when compared
with CON (Tables 1 and 2). WAT weights and leptin
concentrations were no different in IUGR from CON (Ta-
bles 1 and 2). The IPGR and PNGR groups were signifi-
cantly lighter with lower plasma leptin concentrations
compared with CON (Table 1). The IPGR and PNGR
groups had significantly lower pancreatic and WAT
weights vs. CON (Table 2). There was no difference in
food and water intake per unit body weight between
groups (Table 1). However, total daily water intake
(grams per day) was significantly higher in the IUGR
group compared with the IPGR (10% less than CON) and
PNGR (7% less than CON) groups with a tendency to-
ward an increase compared with CON (19% more) (Table
1). Similarly total food intake (grams per day) was in-
creased in IUGR compared with CON (by 25%), IPGR (by
5%), and PNGR (by 7%). The basal plasma insulin and
adiponectin concentrations in the experimental groups
were not significantly different from CON (Table 1).

GTT and glucose-stimulated insulin secretion
(GSIS)

IUGR were hyperglycemic in the second phase of
IVGTT with increased plasma glucose concentrations at
60 and 120 min after the glucose challenge (Fig. 1A) and
increased glucose area under the curve compared with
IPGR and PNGR with an increased trend vs. that of CON
(Fig. 1A, inset). This hyperglycemia in IUGR reflected the
deficiency of GSIS in the first and second phases of IVGTT
(Fig. 1B). PNGR and IPGR were glucose tolerant similar
to CON (Fig. 1A and the respective inset). IPGR remained
euglycemic due to hyperinsulinemia with increased first-
and second-phase insulin response when compared with
IUGR (Fig. 1B). IPGR and PNGR demonstrated the high-
est plasma insulin concentrations at 5 min, which were
significantly greater than IUGR (P � 0.05 and P � 0.006,
respectively; Fig. 1B). This insulin response was sustained
in IPGR and significantly greater than PNGR at 60 (P �
0.009) and 120 (P � 0.01) min and greater than CON at
120 min (P � 0.01) only. Initial 5-min GSIS in PNGR

TABLE 1. Body weight, food and water intake corrected for body weight, and plasma glucose and hormone
concentrations for all groups are shown as mean � SEM

CON IUGR IPGR PNGR

Birth weight (g) (n � 15) 7.5 � 0.5 5.32 � 0.4a 5.88 � 0.8a 8.1 � 0.9
21-d weight (g) (n � 15) 62.6 � 4 55.4 � 3.6 25.3 � 1.1a,b 26.3 � 1.6a,b

15-month weight (g) (n � 15) 895.7 � 36.9 989.8 � 34.3a,c,d 756.3 � 28.8a,b 741.7 � 15.7a,b

Food intake (g/d) (n � 15) 26.1 � 1.8 32.6 � 1.7a,c,d 24.8 � 1.8a,b 24.3 � 1.8a,b

Water intake (g/d) (n � 15) 37.4 � 2.1 44.7 � 4.1 33.5 � 1.8 34.9 � 1
Food intake (g/g body weight) (n � 15) 0.029 � 0.002 0.034 � 0.002 0.033 � 0.002 0.033 � 0.002
Water intake (g/g body weight) (n � 15) 0.042 � 0.001 0.048 � 0.007 0.046 � 0.002 0.048 � 0.002
Plasma glucose (mg/dl) (n � 10) 122.8 � 5.3 163.1 � 3.8a 134.7 � 14.3 132.6 � 5.6
Plasma insulin (ng/ml) (n � 10) 1.6 � 0.3 1.8 � 0.4 2.1 � 0.3c 1.3 � 0.2
Plasma leptin (ng/ml) (n � 10) 30.2 � 3.4 27.6 � 4.4 15.2 � 1.9a,b 18.3 � 1.9a,b

Plasma adiponectin (ng/ml) (n � 8) 10.0 � 1.0 8.7 � 1.7 11.2 � 1.7 12.8 � 3.5

Number of animals for each parameter is shown in parentheses (n).
a P � 0.05 all groups vs. CON.
b P � 0.05 vs. IUGR.
c P � 0.05 vs. IPGR.
d P � 0.05 vs. PNGR.

TABLE 2. Organ weights (grams) and nose-tail (N-T) length (centimeters) are shown for all groups as mean � SEM

CON (15) IUGR (16) IPGR (15) PNGR (15)

N-T length 52 � 0.3 51.6 � 0.5 51.4 � 0.4 51.9 � 0.3
Heart 2.7 � 0.1 2.4 � 0.2 2.3 � 0.1 2.5 � 0.2
Liver 22.8 � 1.2 24.1 � 0.8a,b 21.2 � 0.8c 21.7 � 1.2
Pancreas 2.0 � 0.2 1.6 � 0.2 1.3 � 0.1a 1.5 � 0.1a

Kidney 5.0 � 0.3 5.3 � 0.6 4.4 � 0.1c 4.9 � 0.2
White adipose tissue 42.4 � 3.8 42.6 � 3.1b 23.3 � 1.2a,c 25.8 � 3.2a,c

Brown adipose tissue 1.0 � 0.2 1.3 � 0.2 1.1 � 0.1 1.1 � 0.2

Number of animals for each parameter is shown in parentheses (n).
a P � 0.05 all groups vs. CON.
b P � 0.05 vs. IPGR.
c P � 0.05 vs. IUGR.
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reflected that of CON and IPGR, but GSIS was not sus-
tained in the second phase of IVGTT (Fig. 1B). Area under
the curve revealed a significant difference between IUGR
and IPGR (P � 0.04) (Fig. 1B, inset).

Pancreatic �-cell characteristics
Pancreatic �-cell fractional area and mass appeared re-

duced but was not statistically significant in IUGR when
compared with CON (Fig. 1C). On the other hand, �-cell
fractional area and mass were significantly higher in IPGR
compared with CON and IUGR (3.7 � 0.6 and 2.6 � 0.2 vs.
9.5 � 1.9 mg for CON and IUGR vs. IPGR, P � 0.05; Fig.
1C). Body weight-adjusted �-cell mass trended toward a re-
duction in IUGRvs.CONandwas further increased in IPGR
compared with CON and IUGR (P � 0.05; Fig. 1C).

Glucose metabolic adaptations: endogenous
hepatic glucose production (HGP), hepatic glucose
recycling, and glucose clearance (GC) with hepatic
and WAT Gluts and IR

Hepatic glucose production and recycling
During IVGTT, IUGR demonstrated unsuppressed

HGP (P � 0.05) (Fig. 2A) compared with CON in keeping

with deficient GSIS in the first and second phase of IVGTT
(Fig. 1B). PNGR and IPGR demonstrated suppression of
HGP similar to CON (Fig. 2A). Percent contribution of
recycled hepatic glucose toward the glucose turnover was
63 � 6.1% in CON, which was not significantly different
from that of IUGR (60.2 � 8.7), IPGR (55.4 � 9.8), or
PNGR (55.4 � 6.0).

Hepatic Gluts (Glut2 and Glut1) and IR
Changes in HGP during GTT were associated with no

change in hepatic Glut2 (adult liver isoform; mediates bi-
directional hepatocyte glucose transport) in any of the
experimental groups but an increase in Glut1 (fetal/neo-
natal type; mediates unidirectional periportal intrahepa-
tocyte glucose transport) protein concentrations in IUGR
(P � 0.02), IPGR (P � 0.01), and PNGR (P � 0.03) vs.
CON (Fig. 2B). Furthermore, no interexperimental group
difference in hepatic IR (�-subunit mediates insulin ac-
tion) concentration was observed (Fig. 2C).

Glucose clearance
Whole-body GC was decreased in IUGR, with no

change observed in IPGR but an increase in PNGR (Fig.

FIG. 1. Glucose tolerance tests and pancreatic �-cell morphology: A, Plasma glucose concentration during GTT at all time points after glucose
challenge is shown. The inset depicts area under the curve (AUC) for plasma glucose concentration during the GTT for CON (n � 5), IUGR, PNGR,
and IPGR (n � 4 each for the other groups). *, P � 0.02 IUGR vs. CON, IPGR, and PNGR; **, P � 0.05 IUGR vs. CON and IPGR; #, P � 0.05 IUGR
vs. PNGR; ##, P � 0.03 IUGR vs. PNGR; †, P � 0.05 IUGR vs. IPGR; ††, P � 0.006 IUGR vs. IPGR; �, P � 0.05 IUGR vs. PNGR. B, Plasma insulin
concentrations during GTT at all time points after glucose challenge is shown. The inset depicts area under the curve (AUC) for plasma insulin in
CON (n � 5), IUGR, IPGR, and PNGR (n � 4 each in all other groups). �, P � 0.05; ��, P � 0.006 IUGR vs. PNGR; †, P � 0.05; ††, P � 0.009;
†††, P � 0.02 IPGR vs. IUGR; *, P � 0.03; **, P � 0.02 PNGR vs. CON. C, Pancreatic �-cell morphology. Longitudinal sections of pancreas
(magnification, �40, upper panels, �400, middle panels) from CON (left panels), IUGR (center panels), and IPGR (right panels) demonstrate �-cells
stained for insulin (pink) and the 4�,6�-diamino-2-phenylindole nuclear stain (blue). The lower panel contains the corresponding quantification seen
as bar graphs depicting �-cell area (as a percent of total pancreatic area) (left panel), �-cell mass (center panel), and �-cell mass corrected as a
percent of body weight (right panel) (n � 4 per group). *, P � 0.05 between groups identified with a horizontal line.
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3A) when compared with CON. Basal SI trended to be
lower in IUGR, 3-fold higher in IPGR (P � 0.05 vs.
PNGR), with no change in PNGR when compared with
CON (Fig. 3B). The DI, based on SI and GSIS, was no
different in IUGR with a tendency toward a reduction in
PNGR vs. CON. On the other hand, a significant increase
in IPGR was observed when compared with CON, IUGR,
and PNGR (Fig. 3B).

WAT Gluts (Glut4 and Glut1) and IR
These results were associated with no change in WAT

Glut4 (demonstrates insulin responsive translocation to
the plasma membrane) concentrations in all four experi-
mental groups (Fig. 3C); however, a trend toward an in-
crease in Glut1 (mediates basal intracellular glucose trans-
port) concentrations (P � 0.07, not significant) (Fig. 3C)
with a statistically significant increase in IR concentra-
tions (P � 0.04) (Fig. 3D) in IPGR vs. CON was observed.

Hepatic DNL and hepatic enzyme expression
Although there were no differences in basal plasma

lipid profile between the four experimental groups, trig-
lycerides, total cholesterol, HDL, and free fatty acids when
normalized to the AIR were significantly increased in
IUGR when compared with CON, IPGR, and PNGR (Ta-
ble 3). De novo synthesis of palmitate and stearate was

significantly increased in IUGR, IPGR, and
PNGR vs. CON (Fig. 4A). Palmitate synthesis
was increased by approximately 9% in IUGR,
approximately 10% in IPGR, and approxi-
mately 5% in PNGR vs. that of CON, support-
ing a 2-fold increase in DNL (palmitate syn-
thesis) in response to prenatal caloric
restriction (IUGR, IPGR) vs. PNGR. Represen-
tative Western blots and quantification of he-
patic enzymes, ACC, pACC and FAS, which
catalyze DNL are shown in all experimental
groups (Fig. 4B). IUGR demonstrated de-
creased hepatic ACC and FAS protein concen-
trations (Fig. 4B). DNL was also increased in
IPGR and PNGR (Fig. 4A), with increased he-
patic ACC and pACC (Fig. 4B). Representative
Western blots and quantification of Sirt1 and
pAMPK that are known to decrease DNL are
depicted in all experimental groups (Fig. 4C).
There was no significant difference in sirt1 pro-
tein concentrations between the four groups,
although trending toward an increase in IUGR,
IPGR, and PNGR (Fig. 4C); however, pAMPK
concentrations were increased in IPGR and
PNGR, supporting the low hepatic cellular en-
ergy status (Fig. 4C). Thus, the enhanced DNL
seen in IUGR, IPGR, and PNGR did not reflect

the respective hepatic lipid enzyme profile encountered in
the adult offspring. Instead, FAS protein concentrations
reflected the observed GSIS (Fig. 1B), given that FAS is
induced by insulin. A direct association was seen between
GSIS and hepatic FAS (r value � 0.21, P � 0.0001) and
ACC (r value � 0.3, P � 0.0001) protein concentrations.

WAT genes, factors, and adipokines

Genes mediating FAS
IUGR exhibited increased expression of genes mediat-

ing fatty acid synthesis in WAT, whereas it was decreased
in IPGR and PNGR (Table 4). Compared with CON, fatty
acid transport protein (FATP)-1 (52% of CON in IPGR
and PNGR, P � 0.05 each), ACC� (39.3% of CON in
IPGR and 56.0% of CON in PNGR, P � 0.05 each),
peroxisomal proliferator-activated receptor (PPAR)-�
(72-82% of CON in IPGR and PNGR, P � 0.05 each), and
Forkhead box O (FOXO)-1 (45% of CON in IPGR and
PNGR, P � 0.05 each) exhibited decreased expression in
IPGR and PNGR. This was suggestive of reduction in
mechanisms mediating fatty acid synthesis in IPGR and
PNGR compared with CON. In contrast in IUGR, FATP1
was significantly increased (1.5-fold, P � 0.05), with
PPAR� (1.2-fold, P � 0.05) and FOXO1 (1.2-fold, P �

FIG. 2. Hepatic studies. A, Hepatic glucose production. Area under the curve (AUC)
for endogenous hepatic glucose production (M0) during glucose tolerance test CON
(n � 5), IUGR, PNGR, and IPGR (n � 4 each in all other groups). ***, P � 0.04 IUGR
vs. CON. B, Hepatic glucose transporters. Representative Western blots
demonstrating Glut2 (upper panel), Glut1 (middle panel), and vinculin (lower panel)
as the internal control are seen in the inset. Quantification is shown as the bar graph
below with results depicted as a percent of CON in arbitrary units (n � 6 in each
group for each protein). *, P � 0.02, �0.03; **, P � 0.01 vs. CON. C, Hepatic
insulin receptor. Representative Western blots are shown in the inset demonstrating
IR �-subunit (upper panel) and vinculin (lower panel) as the internal control.
Quantification is shown as the bar graph below with results depicted as a percent of
CON in arbitrary units (n � 6 in each group for each protein).
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0.05) not being different, albeit with a tendency toward an
increase compared with CON, again suggesting a propen-
sity of mechanisms mediating fatty acid transport and syn-
thesis to be enhanced in IUGR vs. CON. Additionally,
unlike the hepatic enzyme protein concentrations, GSIS
was reciprocally associated with WAT FAS (r value �
�0.3, P � 0.001) and ACC (r value � �0.21, P � 0.0003)
expression. The expression of SREBP1 and SREBP2, tran-
scription factors regulating genes that mediate fatty acid
synthesis, were not altered by pre- and/or postnatal calorie
restriction.

Factors associated with FAS
Sirt1, a nicotinamide adenine dinucleotide oxidase-

dependent protein deacetylase known to regulate
FOXO1 transcription, is an important regulator of en-
ergy homeostasis in response to nutrient availability
(29). Decreased expression of Sirt1 in WAT (63% of
CON in IPGR and PNGR, P � 0.05 each) was consistent
with the observed decreased expression of WAT
FOXO1 in IPGR and PNGR (P � 0.05 each). Retinol
binding protein 4 (RBP4), a cytokine linked to insulin
resistance and obesity, demonstrated reduced expres-

sion in IPGR (55.1% of CON, P �
0.05) and PNGR (58.7% of CON,
P � 0.05), consistent with the observed
decreased fat content in these groups.
Stearoyl-coenzyme A-desaturase
(SCD)-1, a key and highly regulated en-
zyme that is required for biosynthesis of
monounsaturated fatty acids, catalyzes
the D9-cis desaturation of a range of
fatty acyl-CoA substrates. SCD1 ex-
pression, although trending toward an
increase in IUGR, IPGR, and PNGR,
was not statistically different (Table 4).

Adipokines
Adipocytokines such as resistin, vis-

fatin, leptin, adiponutrin, TNF-�, and
adiponectin have been displayed to
have significant roles in the develop-
ment of obesity and insulin resistance.
Resistin mRNA expression was in-
creased in IUGR (1.7-fold), PNGR
(1.5-fold) and IPGR (1.2-fold) com-
pared with that of CON (P � 0.05
each). Visfatin mRNA expression was
increased in IUGR (3.1-fold) and
PNGR (2.8-fold) compared with that
of CON (P � 0.05 each). Leptin mRNA
was also increased in PNGR (1.8-fold)
and IPGR (1.4-fold) compared with

CON (P � 0.05) as assessed by both semiquantitative and
real-time PCR. Adiponutrin mRNA concentrations, on
the other hand, were decreased in IPGR (65.0% of CON)
and PNGR (72.0% of CON) compared with CON (P �

0.05 each). TNF-� and adiponectin expression was com-
parable among the four groups (P � 0.05), with the former
expressing an increasing trend in IUGR alone (Table 4).

Discussion

Our present study demonstrates that the 15-month-old
male IUGR offspring develops hyperglycemia, glucose in-
tolerance with reduced GSIS in the first and second phases
of IVGTT, unsuppressed HGP, and a reduction of total-
body GC. Although circulating baseline insulin concen-
trations are within normal limits, these glucose/insulin
metabolic perturbations are consistent with inadequate
pancreatic �-cell secretion of insulin in response to an ex-
ogenous glucose load. Previous investigations early in life
at PN21 revealed a reduction in �-cell fractional area and
mass due to inadequate replication in the IUGR (30). At 15

FIG. 3. Glucose clearance, insulin sensitivity, and WAT studies. A, Glucose clearance. Total
glucose clearance during GTT is shown in CON (n � 5), IUGR, PNGR, and IPGR (n � 4 in all
the other groups). ****, P � 0.0002, IUGR vs. CON; ���, P � 0.001, IUGR vs. PNGR;
†††, P � 0.003, IUGR vs. IPGR; †, P � 0.05, IPGR vs. PNGR; **, P � 0.03, PNGR vs. CON. B,
Disposition index (DI � AIR, 5 min after glucose challenge � SI) and SI [SI � 1/(basal hepatic
glucose production � basal insulin concentration)rsqb] is depicted in CON (n � 5), IUGR,
PNGR, and IPGR (n � 4 in all the other groups). *, P � 0.03, IUGR vs. CON; †, P � 0.01, IPGR
vs. IUGR; �, P � 0.02, IPGR vs. PNGR; #, P � 0.05, IPGR vs. PNGR. C, WAT glucose
transporters. Representative Western blots demonstrating Glut4 (upper panel), Glut1 (middle
panel), and vinculin (lower panel) as the internal control are seen in the inset. Quantification is
shown as the bar graph below with results depicted as a percentage of CON in arbitrary units
(n � 6 in each group for each protein). �, P � 0.07 (not significant) vs. CON. D, WAT IR.
Representative Western blots are shown in the inset demonstrating IR �-subunit (upper panel)
and vinculin (lower panel) as the internal control. Quantification is shown as the bar graph
below with results depicted as a percentage of CON in arbitrary units (n � 6 in each group
for each protein). *, P � 0.04 vs. CON.
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months of age, as seen in our present study, a trend toward
a reduction in �-cell fractional area and mass persists in the
IUGR adult offspring, consistent with development of per-
turbed GSIS.

Hyperglycemia at 15 months of age supports the onset
of pancreatic �-cell functional failure. In addition, the in-

adequate suppression of HGP along with diminished to-
tal-body GC supports the presence of insulin resistance,
seen as reduced SI in the IUGR adult offspring. The cal-
culated DI reveals that a trend toward reduced SI is asso-
ciated with reduced insulin secretion in the IUGR adult
offspring, rather than the necessary increase that is re-

quired to overcome the reduced insulin sensi-
tivity. However, our studies did not show any
decrease in liver or WAT IR concentrations in
the IUGR adult offspring because the resistive
block may reside in a postreceptor step, namely
activation of protein kinase C� as seen previ-
ously (27). Furthermore, although no change
in either the high-capacity, low-affinity hepatic
Glut2 (Michaelis constant � 15–20 mM) or
WAT total Glut1 (basal) or Glut4 (requires as-
sociation with plasma membrane for trans-
porting glucose) concentrations was evident,
an increase in hepatic Glut1 concentrations
that existed in the IUGR adult offspring, may
signify enhanced intrahepatic glucose trans-
port in the presence of hyperglycemia.

Our previous investigations at an earlier
stage in the 10-month-old IUGR male off-
spring revealed significant sc and visceral adi-
posity without hyperglycemia or glucose intol-
erance. Furthermore, after exogenous insulin
administration under hyperinsulinemic-eugly-
cemic clamp conditions, the male obese, glu-
cose-tolerant IUGR male offspring (4) was in-
sulin sensitive rather than insulin resistant. The
question remained whether insulin sensitivity
in the adult male IUGR reflected persistence of
metabolic programming secondary to prenatal

FIG. 4. De novo lipogenesis and hepatic lipid metabolizing enzymes and markers of
energy state. A, De novo lipogenesis. The fraction of newly synthesized palmitate
(c16:0) and stearate (c18:0) is shown as percentage of total fatty acids determined
from isotopically labeled [2-2H]fatty acids by mass isotopomer distribution analysis
(MIDA) in CON (n � 6), IUGR (n � 5), IPGR (n � 6), and PNGR (n � 6). **, P �
0.0001 vs. CON; *, P � 0.002 vs. CON. B, Hepatic enzyme expression. ACC, p-ACC,
and FAS (upper panels) that increase DNL are depicted in representative Western
blots with vinculin (lower panels) as the internal control within the inset. The
quantification is seen as a bar graph below in arbitrary units presented as a
percentage of the CON value (n � 6 for each enzyme and each group). *, P � 0.05
vs. CON; �, P � 0.05, IUGR vs. PNGR. C, Hepatic expression of Sirt1 and pAMPK
(upper panels) that decrease DNL is depicted with vinculin (Vin; lower panel) as the
internal control in representative Western blots within the inset. The quantification is
seen as a bar graph below in arbitrary units presented as a percent of the CON value
(n � 6 for each protein and each group). *, P � 0.05 vs. CON.

TABLE 3. Mean � SEM for the plasma lipid profile for all groups (milligrams per deciliter) and plasma lipid-corrected
values for the AIR obtained 5 min after iv glucose injection

CON (6) IUGR (6) IPGR (6) PNGR (6)

Triglycerides 88.5 � 12 113.2 � 19.9 101.3 � 6.1 113.8 � 10.3
Triglycerides/AIR 16.1 � 3.1 63.5 � 32.6a,b,c 14.9 � 2.1d 14 � 2.8d

Total cholesterol 102.3 � 5.9 105.2 � 11.1 107.2 � 4.6 108.7 � 7.1
Total cholesterol/AIR 18.8 � 3.0 48.7 � 18.9a,b,c 15.3 � 1.0d 13.5 � 2.6d

HDL 50.2 � 3.8 50.4 � 4.4 51.8 � 2.9 50.7 � 3.9
HDL/AIR 9.0 � 1.2 22.7 � 8.2a,b,c 7.4 � 0.4d 6.3 � 1.2d

UC 27.2 � 1.6 27.6 � 3.3 29.3 � 1.3 28.3 � 1.8
UC/AIR 5.0 � 0.7 12.4 � 4.8a,b,c 4.2 � 0.2d 3.5 � 0.6d

FFA 8.3 � 1.6 8.4 � 1 7.7 � 0.8 7.3 � 0.6
FFA/AIR 1.4 � 0.2 3.9 � 1.6a,b,c 1.1 � 0.1d 0.9 � 0.1d

Number of animals for each parameter is shown in parentheses (n). FFA, Free fatty acids.
a P � 0.05 all groups vs. CON.
b P � 0.05 vs. IPGR.
c P � 0.05 vs. PNGR.
d P � 0.05 vs. IUGR.
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caloric restriction or rather the subsequent emergence of
insulin resistance with further advancement in age that
was not yet evident at this stage. Our present investigation
carried out at 15 months of age using stable isotopes al-
lowed quantification of glucose kinetics under conditions
of endogenous insulin secretion. Under these circum-
stances, characteristics of insulin resistance emerged, in
keeping with deficient insulin secretion. Although not re-
flected in total WAT Glut4 concentrations in our study,
insulin resistance was previously evident in the insulin re-
sistance of plasma membrane-associated Glut4 concen-
trations (28). Alternatively, the lack of adequate endoge-
nous insulin secretion can lift suppression of HGP and
reduce GC (utilization). Nevertheless, these perturbations
collectively result in glucose intolerance at 15 months, un-
like the glucose-tolerant state seen at 10 months of age in
the adult male IUGR offspring (4). Therefore, obesity en-
sues chronologically earlier at 10 months or before than
glucose intolerance, which emerges at 15 months in the
adult male IUGR offspring. These investigations in males
when compared with our prior investigations in 15-
month-old females reveal an overt phenotype of metabolic
derangement in males, whereas females reveal dysregula-
tion of HGP (14) alone. Moreover, females when pregnant
demonstrate gestational hyperglycemia (31), perhaps re-

lated to �-cell failure, unmasked during pregnancy in-
duced insulin-resistant state.

At 15 months of age in males, the presence of obeso-
genic features with hyperglycemia and glucose intolerance
sets the stage for development of type 2 diabetes mellitus
with associated hyperphagia and a tendency toward poly-
dipsia. Under these conditions, DNL increased substan-
tially in the IUGR, perhaps as a result of postreceptor
insulin resistance and hyperglycemia. Increased hepatic
Glut1 concentrations and thereby function may have fu-
eled enhanced DNL. Thus, changes in GSIS, HGP, and GC
along with DNL may serve as predictors of type 2 diabetes
and dyslipidemia, both of which are major risk factors for
coronary artery disease, stroke, and death.

Hepatic ACC and fatty acid synthase, key enzymes nec-
essary for increasing DNL, were reduced, but with asso-
ciated dyslipidemia related to diminished GSIS, in the
adult IUGR offspring, being consistent with previous ob-
servations in obese human subjects (32). This suggests that
the observed enhanced DNL in the IUGR male offspring
may be adaptive toward achieving basal eulipidemia or
maladaptive causing dyslipidemia when GSIS is reduced in
the adult IUGR offspring. Alternatively, this adaptive re-
sponse may reflect prior exposure to prenatal caloric re-
striction rather than adult-onset hyperglycemia and insu-
lin resistance. Thus, one scenario could be that prenatal

TABLE 4. WAT gene expression profile

CON (6) IUGR (6) IPGR (6) PNGR (6)

Genes mediating fatty acid transport
and synthesis

FAS 100.0 � 3.1 95.9 � 12.1 79.5 � 6.7 95.9 � 13.5
FATP1 100 � 8.3 151.6 � 18.2a,b,c 51.1 � 5.0a,d 54.9 � 6.1a,d

FOXO1 100 � 5.8 119.3 � 10.4b,c 47.5 � 3.6a,d 39.6 � 4.0a,d

ACC� 100.0 � 2.8 100.0 � 5.5b,c 39.3 � 2.1a,d 56.0 � 4.2a,d

PPAR� 100.0 � 7.12 123.4 � 5.4a,b,c 72.3 � 4.6a,d 82.3 � 5.7a,d

SREBP1 100.0 � 3.3 132.5 � 9.3 98.6 � 12.1 98.2 � 10.0
SREBP2 100 � 7.01 92.7 � 9.1 94.1 � 7.2 122.4 � 18.4

Factors associated with fatty
acid synthesis

Sirt1 100 � 4.8 96.6 � 6.2 67.6 � 4.7a,d 61.4 � 10.8a,d

SCD1 100.0 � 16.8 127.9 � 28.3 131.9 � 20.6 185.2 � 33.9
RBP4 100.0 � 7.9 108.1 � 10.7b,c 55.1 � 3.7a,d 58.7 � 9.2a,d

Adipokines
Resistin 99.8 � 7.4 165.5 � 12.1a,b 118.7 � 2.2d 150.7 � 6.9a

Visfatin 100.0 � 5.4 312.1 � 72.1a 232.9 � 21.6 281.5 � 21.3a

Leptin 99.8 � 7.2 108.2 � 5.3b 180.5 � 18.5a,d 137.8 � 3.0a

Adiponectin 100.0 � 4.7 125.7 � 18.8 118.5 � 8.4 108.8 � 22.6
TNF� 100.0 � 14.4 163.4 � 30.2 121.9 � 23.3 121.8 � 20.8

Adiponutrin 100 � 6.7 116.2 � 6.8b,c 65.0 � 5.2a,d 72.0 � 6.78a,d

All data are shown as mean � SEM, expressed as a percentage of the CON value, and the numbers in parentheses represent n for each gene.
a P � 0.05 all groups vs. CON.
b P � 0.05 vs. IPGR.
c P � 0.05 vs. PNGR.
d P � 0.05 vs. IUGR.
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caloric restriction with IUGR prompts the cascade of com-
pensatory hepatic DNL upon postnatal exposure to ade-
quate caloric intake. This adaptive enhanced DNL may
have set early in life persisting into adulthood. Because we
did not measure DNL in early life, we can only speculate
on this nutritional programming effect seen in the IUGR
adult offspring. The fact that adult IUGR hepatic ACC and
FAS, mediators of lipogenesis, were suppressed, incongru-
ent with enhanced DNL lends support to this speculation.

Furthermore, this suppression of hepatic lipogeneic en-
zymes are reflective of defective GSIS. Adequate amounts
of insulin secretion is necessary to stimulate hepatic lipo-
geneic enzymes, thereby driving glucose into the lipogenic
pathway. The lack of required amounts of GSIS may be
responsible for reduced hepatic ACC and FAS protein ex-
pression in the adult offspring. Thus, these observations
cumulatively support enhanced DNL in the adult IUGR
offspring to not be due to adult acquisition of reduced
GSIS induced suppressed hepatic fatty acid-synthesizing
enzymes, but rather the remnant or persistence of an ad-
aptation instituted early in life in response to nutritional
perturbations, a form of programming.

In IUGR the visceral WAT demonstrates an increase in
resistin, visfatin, and FATP1 gene expression in particu-
lar. These findings support enhanced fatty acid transport
and synthesis, thereby reflecting skeletal muscle insulin
resistance as described by us (28) and other investigators
(29, 33, 34). Enhanced WAT fatty acid transport and syn-
thesis is not reflected by increased visceral WAT amounts
and circulating leptin concentrations vs. CON at 15
months, but visceral and sc adiposity is noted at 10 months
of age (4). However, the 15-month male IUGR adult off-
spring are heavier with larger livers, reflecting fatty livers,
and perhaps accumulating sc and maldistributed fat
within various tissues. Thus, these changes in visceral
WAT gene expression may either reflect remnants of prior
obesity or the present obesogenic tendency in the IUGR
adult offspring.

PNGR adult males demonstrate no change in circulat-
ing glucose or insulin concentrations, no effect on GSIS
overall but hyperinsulinemia noted in the first 5 min of the
exogenous glucose load, and no change in HGP but an
increase in GC. These findings support the previous ob-
servation earlier in life that demonstrated no change in
pancreatic �-cell mass but rather a reduction in exogenous
pancreatic mass (30). In addition, no sign of insulin resis-
tance but rather an enhanced insulin-sensitive state was
evident in our present study. Reflecting the normal ability
to secrete insulin in response to an exogenous glucose load
alongwithhyperinsulinemia is the enhancedhepaticACC,
pACC, and FAS protein concentrations. However, similar
to the IUGR adult offspring, the 15-month-old lean male

PNGR offspring also revealed greater hepatic Glut1 con-
centrations despite the lack of hyperglycemia, paralleling
increased DNL related to increased palmitate and stearate
synthesis, despite the lack of dyslipidemia.

These changes in DNL also occur in the face of in-
creased hepatic pAMPK, reflective of a cellular energy-
deficient state that is known to suppress DNL, again sup-
porting the possibility of a permanency of the adaptive
increase in DNL in response to early life (postnatal) calorie
restriction rather than a predictor of obesity. This specu-
lation is further supported by the reduced visceral WAT
content and circulating leptin concentrations seen in the
adult PNGR offspring. In keeping with this observation is
the reduction in visceral WAT Sirt1, FOXO1, ACC�,
RBP4, adiponutrin, PPAR�, and FATP1 but an increase in
visfatin expression in the PNGR adult offspring. Many of
these down-regulated factors and enzymes suggest re-
duced fatty acid transport and synthesis or reflect WAT
insulin resistance. Thus, unlike the IUGR adult offspring,
the adult PNGR offspring was lean and insulin sensitive (SI

similar to CON) and exhibited an adaptive increase in
DNL.

When the insulin-sensitive state of PNGR was super-
imposed on the insulin-deficient/insulin-resistant state of
IUGR, it led to enhanced GSIS during the first 5 min, albeit
culminating in a normal insulin-responsive state akin to
that of CON. This consisted of no observed change in
GSIS, HGP, or GC. Thus, for the most part, the IPGR
exhibited metabolic features that were in between that
seen in the IUGR and PNGR adult offspring. Although
IPGR was lean, akin to PNGR, the match between the
intrauterine and postnatal nutritional environments in the
IPGR protected the IUGR from exposure to mismatched
intrauterine and postnatal nutritional environments. Fur-
thermore, superimposition of PNGR on IUGR offered
added protection from diabetic and obesogenic features.
This may be due to the increased pancreatic �-cell area and
mass and enhanced insulin sensitivity that collectively
translate into a higher DI. Peripherally, increased WAT IR
reflects this insulin-sensitive state. IPGR, similar to PNGR
and IUGR, revealed increased hepatic Glut1 and enhanced
DNL, an adaptation responding to early-life caloric
restriction.

However, similar to PNGR, IPGR exhibited increased
hepatic ACC and pACC, with normal FAS protein con-
centrations reflecting the normalization of adult GSIS
from that of the IUGR. Furthermore, increased hepatic
pAMPK concentrations were consistent with a hepatic cel-
lular energy deficit akin to PNGR. Unlike IUGR but mim-
icking PNGR, a reduction in visceral WAT Sirt1, FOXO1,
ACC�, RBP4, adiponutrin, PPAR�, and FATP1 and an
increase in visfatin expression were noted, consistent with
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reduced visceral WAT content and circulating leptin con-
centrations. Thus, superimposition of PNGR on IUGR
normalized the maladaptive adult phenotype of the latter.
The fact that IPGR is able to protect against the glucose-
intolerant, insulin-resistant, and obesogenic-presenting
phenotype of the adult IUGR offspring but not against the
adaptive enhanced DNL that parallels increased hepatic
Glut1 favors augmented DNL as a biomarker of an early
life event, namely caloric restriction in our present study.
Thus, early life caloric restriction, both prenatal and post-
natal, appears to program elevated DNL, which persists
into the ad libitum-feeding adult offspring. This adaptive
enhanced DNL may be necessary to maintain a normal
basal circulating lipid profile in all three early caloric re-
striction groups. Thus, enhanced DNL is more sensitive an
indicator than perturbed circulating lipid profile in the
basal state because the latter reciprocally reflects the adult
acute insulin response to an exogenous glucose load.

Our investigations measured palmitate and stearate
synthesis based on deuterium incorporation. The dietary
macronutrient composition and caloric density along with
food intake per gram body weight between the different
experimental groups were similar after weaning onward
and during these studies. Additionally, the deuterium en-
richment was similar in all four groups. Hence, the ob-
served changes in DNL represent adaptations restricted to
early changes in dietary fat and carbohydrate content en-
countered only during prenatal and/or postnatal life.

In summary, the male adult IUGR offspring subjected
to a mismatch between prenatal caloric restriction and
postnatal unrestricted food intake develops hyperglyce-
mia and glucose intolerance, signifying diabetic with cer-
tainobesogenic features. Inaddition, insufficientGSISand
peripheral insulin action reflecting insulin resistance is ev-
ident. Although one can conjecture that overt diabetes
exists related to features of hyperphagia and polydipsia in
the presence of hyperglycemia and glucose intolerance, the
IUGR offspring is at increased risk of developing various
life-threatening complications if exposed to hypercaloric
diets during postnatal life. It is also possible that exoge-
nous insulin administration by itself or in the context of a
hyperinsulinemic-euglycemic clamp in the 15-month-old
adult male IUGR offspring could overcome the encoun-
tered insulin deficiency and insulin resistance, thereby
ameliorating the present situation as previously reported
in aging IUGR male offspring (35). However, superimpo-
sition of sufficient insulin-producing and insulin-sensitive
lean PNGR on IUGR protects the latter from diabetes and
obesogenic features (4). Unique to these observations is
the enhanced DNL paralleling increased hepatic Glut1
concentrations in IUGR, PNGR, and IPGR adult male

offspring with varied adult phenotypes but with the com-
mon denominator of early life caloric restriction.
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