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ABSTRACT
Intrauterine growth restriction leads to the development of adult onset obesity/metabolic syndrome, diabetes mellitus, cardiovascular disease,
hypertension, stroke, dyslipidemia, and non-alcoholic fatty liver disease/steatohepatitis. Continued postnatal growth restriction has been
shown to ameliorate many of these sequelae. To further our understanding of the mechanism of how intrauterine and early postnatal growth
affects adult health we have employed Affymetrix microarray-based expression profiling to characterize hepatic gene expression of male
offspring in a rat model of maternal nutrient restriction in early and late life. At day 21 of life (p21) combined intrauterine and postnatal calorie
restriction treatment led to expression changes in circadian, metabolic, and insulin-like growth factor genes as part of a larger transcriptional
response that encompasses 144 genes. Independent and controlled experiments at p21 confirm the early life circadian, metabolic, and growth
factor perturbations. In contrast to the p21 transcriptional response, at day 450 of life (d450) only seven genes, largely uncharacterized, were
differentially expressed. This lack of a transcriptional response identifies non-transcriptional mechanisms mediating the adult sequelae of
intrauterine growth restriction. Independent experiments at d450 identify a circadian defect as well as validate expression changes to four of
the genes identified by the microarray screen which have a novel association with growth restriction. Emerging from this rich dataset is a
portrait of how the liver responds to growth restriction through circadian dysregulation, energy/substrate management, and growth factor
modulation. J. Cell. Biochem. 116: 566–579, 2015. © 2014 Wiley Periodicals, Inc.
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Aside from the perinatal complications associated with low
birth weight, individuals born with intrauterine growth

restriction suffer from chronic diseases late in life that ultimately
lead to a shortened lifespan. The late David Barker elegantly
described this association through epidemiologic analysis [Barker,
1988], and directed animal studies confirm and mechanistically
describe the epigenetic processes operative [Seki et al., 2012]. The
aging associated metabolic sequelae of low birth weight include
obesity and metabolic syndrome [Nobili et al., 2008], diabetes
mellitus [Eriksson et al., 2006], cardiovascular disease [Kajantie
et al., 2005], hypertension [Barker et al., 1990], stroke [Martyn et al.,
1998], dyslipidemia [Sohi et al., 2011b], and non-alcoholic fatty liver
disease/steatohepatitis [Alisi et al., 2011].

Animal models of differing technique and species offer
mechanistic inquiry into the pathophysiology of intrauterine growth
restriction. Specific methodology to induce growth restriction

include in utero maternal calorie restriction or protein malnourish-
ment, uterine artery ligation, nicotine exposure, and hypoxia using
various animal species [Vuguin, 2007]. Our laboratory has employed
rodent models of maternal nutrient restriction during the perinatal
period to induce growth restriction to characterize the somatic
changes to liver, skeletal muscle, heart, pancreas, lung, hypothal-
amus, and the brain. Our recent study has further characterized the
metabolic profile consisting of serum concentrations of glucose,
lipids and insulin in these animals [Garg et al., 2013]. Interestingly,
our studies validate those of others that revealed intrauterine growth
restricted offspring exposed to continued restriction in the early
neonatal period results in overall diminution of adult body size,
however with amelioration of the later metabolic sequelae [Jimenez-
Chillaron and Patti, 2007; Dai et al., 2012; Garg et al., 2012]. Thus
fetal programming induced in utero may be modified by early
postnatal growth. The nascence of late-life adult disease in the fetal
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and postnatal periods is termed the developmental origins of health
and disease [Barker, 2004]. Scientific inquiry of this hypothesis has
therefore evolved into life course study.

New genetic technologies offer the possibility to evaluate
genome-wide changes in gene expression. Excepting placental
studies and one recent report examining multiple organs and
employing a low protein diet to induce intrauterine growth
restriction [Vaiman et al., 2011], few transcriptome studies
examining organ systems exist in intrauterine growth restriction.
We therefore sought to characterize the liver transcriptome in
intrauterine growth restricted rat offspring during the suckling
transition (day 21 after parturition, p21) and in the aging adult (day
450 of adult life, d450) through microarray-based expression
profiling using a maternal nutrient restriction model. The studies
described herein test the hypothesis that the hepatic transcriptional
profile may identify mechanisms operative behind the aging
associated sequelae of intrauterine growth restriction and may
further define the amelioration seen by delayed re-feeding during
the critical neonatal growth period. These discovery driven studies
identify a transcriptional response at p21 that is not found at d450.
Validation experiments performed at p21 designed to interrogate
circadian influence confirmed the changes to circadian, metabolic,
and growth factor genes. In contrast to the early life transcriptome
changes, validation experiments at d450 confirm only a few novel
genes to change expression despite persistent circadian dysregula-
tion. Emerging from this rich dataset is a comprehensive portrait of
the transcriptional response of the liver to perinatal calorie
restriction in early and late life, pointing to the importance of
metabolic and growth factor genes.

MATERIALS AND METHODS

ETHICS STATEMENT
This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was
approved by the Animal Research Committee of the University of
California, Los Angeles (Permit Number: 1999-104–42). Deep
anesthesia was achieved with administration of isoflurane, and
euthanasia with pentobarbital (100mg/kg, intraperitoneal); all
efforts were made to minimize suffering.

ANIMALS
Pregnant Sprague–Dawley rats (8–10 weeks old, 225–250 g; Charles
River Laboratories, Hollister, CA) were housed in individual cages
with ad libitum access to water, exposed to 12-h light/dark cycles at
21� 23°C, and fed with standard rat chow (NIH-31 Modified Open
Formula Mouse/Rat Sterilizable Diet composed of 63.9% carbohy-
drate, 6.25% fat, and 18.6% protein; product number 7013, Harlan
Industries, Indianapolis, IN). Upon birth, neonatal gender was
identified and litters culled to 6 male newborn pups with litter birth
weights closest to the median weight. Maternal cross-fostering was
employed in all experimental groups.

PRENATAL AND POSTNATAL NUTRITION MANAGEMENT AND THE
DEFINITION OF EXPERIMENTAL GROUPS
Figure 1 describes the three experimental groups employed in these
studies. Control-fed rats (Con) were allowed ad libitum access
to feeding throughout gestation, and when appropriate for age at

Fig. 1. Study design. Scheme of the study design demonstrates three experimental groups obtained by cross-fostering postnatal rat pups in all three groups on day 2 of life. (1)
Con, i.e., Con mothers rearing Con pups (2) IUCR, i.e., Con mothers rearing prenatally calorie restricted pups (3) IPCR, i.e., 50% prenatally and postnatally calorie restricted
mothers rearing prenatally calorie restricted pups.
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tissue collection, through lactation, and adulthood. Control
offspring were cross fostered by mothers who received ad libitum
feeding throughout gestation and lactation, and upon weaning at
parturition day 21 (p21), received ad libitum feeding as juveniles
and adults. The rats exposed to intrauterine calorie restriction
(IUCR) were born from mothers who had 50% calorie restriction
(11 g/day) from embryonic day 11 (e11) through birth (e21), and
owing to the maternal nutrient restriction, were born with
intrauterine growth restriction. IUCR offspring, were cross-
fostered by ad libitum fed mothers during gestation and lactation,
and when appropriate for age at collection, were also fed ad
libitum as juveniles and adults. The last group was subjected to
combined intrauterine and postnatal calorie restriction (IPCR),
and was born from mothers subjected to 50% calorie restriction
from e11 to e21 and cross-fostered by mothers subjected to
intrauterine calorie restriction and maintained at 50% calorie
limitation during lactation (20 g/day). If appropriate for age at
tissue collection, the IPCR group received ad libitum feeding as
juveniles and adults beginning at post-weaning (p22). Legacy
studies performed in our laboratory have included a group of
animals which received postnatal calorie restriction only. Owing
to the similar phenotype and hormonal profiles of the IPCR and
postnatal calorie restriction groups [Garg et al., 2012, 2013] we
have elected not to study this group in these experiments.
Previously studied parameters found to be similar in these two
groups include body weights, body fat percentages, intravenous
glucose tolerance testing, and serum levels of glucose, leptin, and
adiponectin. Excluding this group in these studies minimizes the
number of animals used and allows for timely collection of tissues
at multiple points in the day.

MICROARRAY-BASED EXPRESSION PROFILING OF LIVER TISSUES
Liver tissue was dissected and snap-frozen in liquid nitrogen for
subsequent processing. Total RNA was extracted using Trizol
(InVitrogen; Carlsbad, CA) with RNA cleanup using the mini
RNEASY column (Qiagen; Valencia, CA). RNA quality was
assured by spectrophotometric absorption at 260/280 nm, as
well as by the Agilent Bioanalyzer which assured integrity of the
small and large ribosomal subunits and lack of degradation
(Agilent; Santa Clara, CA). One mg of total RNA was used to
generate microarray probes by standard Affymetrix protocol
(Enzo Diagnostics; Farmingdale, NY) which were hybridized to
the Affymetrix Rat 1.0 gene arrays (Affymetrix; Santa Clara, CA).
Each treatment group was interrogated by microarray analysis
from three different animals. The data was normalized using the
Robust Multichip Average algorithm with the Affymetrix
software Expression Console. The normalized data files (cel)
and corresponding text files were uploaded into the dCHIP
program [Li and Wong, 2001] for pair-wise comparisons.
Probesets were filtered to exclude low expressed genes having
a mean expression value less than 64 microarray units (non-log
transformed) in the p21 control samples; a value at or below this
threshold is near the background level of the microarray thereby
being biologically irrelevant and/or spuriously assayed. The
microarray data has been deposited into the Gene Expression
Omnibus (accession number: GSE41709)

VALIDATION OF MICROARRAY STUDIES THROUGH INDEPENDENT
EXPERIMENTS
The differentially expressed genes identified in themicroarray screen
were validated with independent experiments. To validate the p21
findings, independent litters of Con and IPCR treatments were
examined in the morning and evening to capture representative
diurnal and nocturnal time points using a feeding schedule designed
to minimize food entrainment (see below). To validate the d450
microarray results additional historical banked samples from
independent experiments previously performed were evaluated.
The total number of d450 samples studied (including the samples
evaluated by microarray) are Con (n¼ 8), IUCR (n¼ 7), and IPCR
(n¼ 8).

FEEDING TIME AND MINIMIZATION OF FOOD ENTRAINMENT
As per vivarium protocol, light entrainment occurs on a 12 h
schedule. Customary with our established protocol of maternal
calorie restriction, the IUCR and IPCR groups were fed at zeitgeber
time 4 (ZT4), with lights on set at ZT0. The initial microarray
experiment employed animals cared for by this standard protocol. To
confirm the early life microarray results independent and controlled
experiments were designed to incorporate a rolling feeding schedule
which offset feeding time by 2 h per day from ZT0 to ZT12, the times
which we are allowed vivarium access. The rolling feeding schedule
achieved a balance of limiting a strong and uniform food
entrainment cue while minimizing prolonged periods of food
restriction. Another significant modification to the standard
collection protocol was an additional collection of tissue at ZT16
designed to collect a representative nocturnal time point. To make
the morning and evening tissue collections comparable, fasting time
before tissue collection was set at exactly 16 h. These experiments
employed two mothers and their individual litters of six for each
treatment group and time point.

CONFIRMATORY QUANTITATIVE REVERSE-TRANSCRIPTION
POLYMERASE CHAIN REACTION ASSAYS
Differentially expressed genes were confirmed by reverse tran-
scription and Taqman based quantitative polymerase chain reaction
(RT-qPCR) (Table I). For a gene to be considered adequately validated
three criteria were met: (1) RT-qPCR amplification was linear as
evaluated by standard curve analysis; (2) Using the RNA originally
employed in the microarray analysis there was correlation with the
microarray signal changes to the calculated RQ obtained by RT-
qPCR; and (3) The direction of expression changes obtained by RT-
qPCR were concordant in the microarray samples and the validation
samples. 56 genes were screened. Sequences of the primers and
probes reported are found in Supplementary Table S1. One mg of
RNA was used as a template for reverse transcription using Super
Script III in conjunction with an oligo-dT primer according to
manufacturer0s protocol (Invitrogen). This cDNA was used as a
template for RT-qPCR using the Step One Plus Real Time PCR System
thermocycler (Applied Biosystems, Foster City, CA) using the
following parameters: 50 °C for 2min, 95°C for 20 s, then 40 cycles
of 95 °C for 15 s and 60 °C for 20 s. Data were normalized to the
amplification of either 18 S, Rpl13a, or Rn45s (selected for the
optimal performing standard curve) and relative quantification to
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the control sample was made using the DDCt method [Livak and
Schmittgen, 2001]. Data is displayed as relative quotient (RQ) with
error bars representing the standard error of the mean calculated
from the power base 2 transformed variance of the DDCt.

DATA ANALYSIS
Statistical significance was determined by a Fisher0s two way
analysis of variance for data sampled at two time points in a day
using SigmaStat (Systat Software, San Jose, CA). If this data did not
possess a normal distribution or equal variance, a non-parametric
variant of the Fisher0s two way analysis of variance was performed
through a rank transformation. Pair-wise comparisons of treatments
and time points were evaluated by the Holm Sidak method. For data
sampled at only one time point in a day (the d450 data), RT-qPCR
results are presented as a mean and standard error of the mean of the
RQ summarized from all of the individual experiments examined. A
Fisher0s one way analysis of variance and post hoc Fisher0s protected
least significant difference test were performed using Statview (SAS
Institute, Cary, NC). The threshold of significance was set at 0.05.

WESTERN BLOT ANALYSIS
Western blot analysis was performed as previously described using
specific primary antibodies directed against Stat5 and Phospho-
Stat5 (Tyr694) (Cell Signaling Technology) at a 1:1000 dilution with
an over-night hybridization [Oak et al., 2006; Shin et al., 2012]. The
quantification of protein bands was performed by densitometry
using ImageQuant software (GE Healthcare). The optical density was
corrected for inter-lane loading variability using an internal control,
vinculin (from Sigma Chemical Co. St. Louis, MO). Statistical
significance was determined by a Fisher0s two way analysis of
variance.

RESULTS AND DISCUSSION

MALE RATS SUBJECTED TO INTRAUTERINE GROWTH RESTRICTION
DEVELOP OBESITY WHICH IS PREVENTED BY POSTNATAL CALORIE
RESTRICTION
Body weights were affected by the experimental manipulation of
maternal nutrient restriction (Table II). Birth weight as recorded at p2

revealed that the average pup weight was reduced by 21% in the
IUCR group as compared to the ad libitum fed control animals (Con)
(P< 0.004). At p21, the IUCR group had undergone partial “catch-up
growth,” however, there was continued diminution in size with a
14% decrease in body weight as compared to the normally fed
control animals (P< 0.0001). At p21 the IPCR group was markedly
smaller with a 68% decrease in body weight as compared to the
normally fed control animals (P< 0.0001). At d450 the IUCR group
had now exceeded the weight of the control fed animals by 11%
(P< 0.05), and the IPCR group remained 15% lighter than the
normally fed control animals (P< 0.05) [Garg et al., 2013]. Other
phenotypic characterization has been previously reported by our
laboratory at p21 and d450 [Garg et al., 2012; Dai et al., 2012; Shin
et al., 2012; Garg et al., 2013].

MICROARRAY-BASED EXPRESSION PROFILING OF THE LIVER OF
GROWTH RESTRICTEDMALE OFFSPRING IN EARLY LIFE IDENTIFIES A
ROBUST TRANSCRIPTIONAL RESPONSE THAT IS CHARACTERIZED BY
CIRCADIAN, METABOLIC, AND INSULIN-LIKE GROWTH FACTOR
BINDING GENES
To identify the hepatic genes most reliably changed by perinatal
calorie restriction, microarray-based expression profiling was
performed in ad libitum fed controls and calorie restricted offspring
at p21 with three independent liver samples profiled per group. At
p21 the samples studied include the Con and IPCR groups. We
purposely excluded the IUCR group at the p21 time-point as these
animals were in a dynamic state of undergoing ‘catch-up’ growth
and therefore would not provide a clear transcriptional profile. In
addition, the marked phenotypic differences between control and
IUCR animals is not apparent until later in life. A comparison was
made between Con liver samples (n¼ 3) to all IPCR samples (n¼ 3) at
p21with the following comparison criteria: aminimumof twofold or
greater difference and a P-value less than 0.05 using a Welch
modified two sample t-test. This identified 144 probesets to be
differentially expressed; 103 of these probesets are down-regulated
and 41 are up-regulated (Supplementary Table S2). The 144
stringently identified probesets were evaluated with the online
software Database for Annotation, Visualization and Integrated
Discovery (DAVID) of the National Institutes of Allergy and
Infectious Diseases, software which identifies groups of genes that
are over-represented using an unbiased algorithm based upon the
Gene Ontology classification [Huang da et al., 2009]. This analysis
identified the terms circadian rhythm (P< 7.5� 10�6), energy

TABLE I. Genes Examined by RT-qPCR

Gene Abbreviation

Circadian locomotor output cycles kaput Clock
Aryl hydrocarbon receptor nuclear transporter-like Arntl
Neuronal PAS domain protein 2 Npas2
Period 2 Per2
Insulin-like growth factor binding protein 2 Igfbp2
Serine dehydratase Sds
Cytoplasmic aspartate aminotransferase Got1
Aldo-keto reductase, family 1 member b7 Akr1b7
Acyl-CoA synthetase short-chain family member 2 Acss2
Zinc finger protein 189 Zfp189
Apolipoprotein L3 Apol3
Westmead DMBA8 nonmetastatic cDNA 1 Wdnm1
Small nucleolar RNA, H/ACA box 5C Snora5

TABLE II. Body Weights at p2, p21, and d450

Con (g) IUCR (g) IPCR (g)

Body weight, p2 8.0þ/� 0.2 6.3þ/� 0.2a N/A
Body weight, p21 70.0þ/� 1.3 60.5þ/� 1.2b 22.5þ/� 1.0b

Body weight, d450
[Garg et al., 2013]

895.7þ/� 36.9 989.8þ/� 34.3c 756.3þ/� 28.8c,d

g; grams.
aP< 0.004 vs Con
bP< 0.0001 vs Con
cP< 0.05 vs Con
dP< 0.05 vs IUCR
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metabolism (amine catabolic process (P< 0.00013), lipid biosyn-
thetic process (P< 0.00024), starch, sucrose and metabolism
(P< 0.0067)), insulin-like growth factor binding (P< 0.017), steroid
hormone biosynthesis (P< 7.8� 10�5), and immune response
(P< 0.04) to be highly over-represented. The expression profile

and cellular location and function of the most highly differentially
expressed genes are displayed in Figure 2. These fourfold or greater
or lesser differentially expressed genes include 8 up-regulated genes
and 13 down-regulated genes, and incorporate representative
examples of the major gene ontology over-represented groups.

Fig. 2. Expression profiling identifies circadian, metabolic, and insulin-like growth factor associated genes in p21 IPCR males. Panel A. Transcriptional profile of the 21 genes
most differentially expressed at p21 in the IPCR group. Listed from left to right are the liver sample replicates (A through C) with Con indicating control and IPCR indicating
combined intra-uterine and post-natal calorie restriction. Listed from top to bottom are genes most highly up-regulated to most highly down-regulated (Rat Genome Database
abbreviation). The color map bar on the bottom of the figure displays fold change of the gene expression, with red indicating a fold change of 3 or greater and green indicating a
fold change of �3 or less. Panel B. The cellular location and function of the 21 genes most differentially expressed at p21 in the IPCR group. Twenty of these genes may be
characterized within the five Gene Ontology over-represented terms of circadian rhythm, energy metabolism, insulin-like growth factor binding, steroid hormone biosynthesis,
and immune response. Genes in red indicate an up-regulated gene, and genes in green indicate a down-regulated gene. For an analysis of the specific genes please see the Results
and Discussion section.
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PERINATAL CALORIE RESTRICTION ALTERS CIRCADIAN GENE
EXPRESSION IN EARLY LIFE
We surmise that Arntl is the most significant circadian gene to
change expression in response to perinatal calorie restriction and
make this conclusion while considering the results of the microarray
screen, the validation experiments at p21, and the central placement
of Arntl within the circadian regulatory system.

The circadian regulatory system is comprised of a series of proteins
which are sequentially produced and degraded through both tran-
scriptional and post-transcriptional mechanisms [Ko and Takahashi,
2006]. The microarray data at p21 reveals seven circadian genes at
every level of the regulatory system to be significantly differentially
expressed at a cutoff of a 50% change or greater (Supplementary
Figure S1: carbon catabolite repression 4-like b [Ccrn4lb, also knownas
nocturnin]; the period homologs 3, 1, and 2 [Per3, Per1, Per2]; nuclear
receptor subfamily 1, group D, member 1 [Nr1d1]; Npas2; and Arntl).

As a broad survey of the circadian system, RT-qPCR of Clock,
Arntl, Npas2, and Per2 was performed in the validation experiments
(Fig. 3) using six independent liver samples from each treatment

group and time point. Consistent with the microarray findings, the
expression of Arntl is decreased in the ZT4 (morning) time-point in
the IPCR group (RQ 0.5; P< 0.004). The RQ of Arntl at the ZT16
(evening) time-point is 0.2 and 0.4 for the Con and IPCR groups,
respectively (Con AM vs Con PM, P< 0.001; Con PM vs IPCR PM,
P< 0.049). The validation experiment did not confirm the morning
expression changes for Clock, Npas2, and Per2 in the IPCR group but
did however identify an increase in expression at the night sampling
time for Npas2 and Per2. Clock gene expression varied by time of day
with increased expression at ZT4 in both the Con and IPCR groups
(the RQ in the AM Con and IPCR groups is 1.0 and 0.9, respectively;
the RQ in the PM Con and IPCR groups is 0.4; Con AM vs Con PM,
P< 0.001; IPCRAMvs IPCR PM,P< 0.001). The expression of Npas2
was found to be decreased in the evening IPCR group (RQ 0.2;
P< 0.002). The expression of Per2 was found to be increased in the
evening Con group (RQ 4.7; Con AM vs Con PM, P< 0.011; Con PM
vs IPCR PM, P< 0.008). Discordance of the morning expression of
Clock, Npas2, and Per2 expression in the microarray screen and
validation experiments may be explained by the methodologic

Fig. 3. RT-qPCR performed in independent experiments confirms that IPCR alters p21 hepatic circadian gene expression. Circadian gene expression of Clock (Panel A), Arntl
(Panel B), Npas2 (Panel C), and Per2 (Panel D) in rat liver of normally fed and perinatal calorie restricted animals in themorning and the evening. The expression of Arntl was found
to be decreased by perinatal calorie restriction in the morning samples, confirming the observation made in the microarray analysis. In addition, the evening expression of Arntl
expression is altered by perinatal calorie restriction. Interestingly, the highest gene expression changes found between Con and IPCR samples occurred in the evening time-point, a
time of day usually not examined. AM denotes sampling at ZT 4 and PM denotes sampling at ZT16. Open bars represent normal control feeding. Gray shading represents evening
samples. Solid backfill and cross hatchmarks indicate IPCR conditions of AM and PM samples, respectively. Relative quotient (RQ) calculated by RT-qPCRwith the Con AM sample
set to have an RQ of 1. n¼ 6 for all groups examined. Individual samples were run in triplet. Overall two-way ANOVA results: Con vs. IPCR: Npas (P< 0.034, F¼ 5.162), Per2
(P< 0.022, F¼ 6.216); AM vs. PM: Clock (P< 0.001, F¼ 32.589, ranked), Arntl (P< 0.003, F¼ 11.781), Per2 (P< 0.034, F¼ 5.196, ranked); Con/IPCR vs. AM/PM: Arntl
(P< 0.001, F¼ 14.567), Npas2 (P< 0.015, F¼ 7.107). *Statistical significance between treatment groups at a specific time of day using the Holm Sidak method. Arntl: Con AM
vs IPCR AM, P< 0.004; Con PM vs IPCR PM, P< 0.049. Npas2: Con PM vs IPCR PM, P< 0.002. Per2: Con PM vs IPCR PM, P< 0.008.þStatistical significance between AM and PM
samples within a treatment group using the Holm Sidak method. Clock: Con AM vs Con PM, P< 0.001; IPCR AM vs IPCR PM, P< 0.001. Arntl: Con AM vs Con PM, P< 0.001.
Npas2: Con AM vs Con PM, P< 0.014. Per2: Con AM vs Con PM, P< 0.011.
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differences between the experiments and likely highlights the
importance of timing of last meal in relation to tissue collection.

To summarize, circadian genes are the most significant over-
represented functional group identified to change expression in
response to perinatal calorie restriction in early life. Further, the
validation experiments reveal maximal discordance between the
normally fed controls and the calorie restricted group in the evening
sampling point, and that Arntl is the most robust and centrally acting
circadian associated transcription factor to change expression.
Interestingly, for numerous circadian associated genes such as Per3
andNocturnin, there are ascribedmetabolic functionswhichhighlight
the indivisibility of circadian time keeping with metabolic regulation
[Wang et al., 2001; Green et al., 2007; Dallmann and Weaver, 2010;
Kawai et al., 2010a,b; Costa et al., 2011; Pendergast et al., 2012].

PERINTATAL CALORIE RESTRICTION ALTERS METABOLIC GENE
EXPRESSION IN EARLY LIFE
As a broad survey of metabolism, RT-qPCR of Sds, Got1, Accs2, and
Akr1b7 (Fig. 4) and Lpl (Supplementary Figure S2) was performed in
the validation experiments using six independent liver samples from

each treatment group and time point. The expression changes for
each of these genes were uniformly validated. The up-regulated
genes Sds and Got1 highlight the importance of carbon sources
which may be consumed in the tricarboxylic cycle or used as
substrate for gluconeogenesis. Additionally, the action of Lpl, also
highly up-regulated, provides saturated fats to be delivered to the
liver. The down-regulated genes Accs2 and Akr1b7 are involved in
acetyl-CoA generation and gluconeogenesis, respectively.

Sds is the highest up-regulated gene identified in the microarray
screen and the profound increase in expression is validated in the
confirmatory experiments (Fig. 4, Panel A). The RQ of Sds in the IPCR
group is 73.7 (Con AM vs IPCR AM, P< 0.001) and 16.1 (IPCR AM vs
IPCR PM, P< 0.019; Con PM vs IPCR PM, P< 0.004) for the morning
and evening samples respectively. The RQ of SDS in the evening Con
group is 3.8 (Con AM vs Con PM, P< 0.019). Owing to the large RQ,
the RT-qPCR results were confirmed in an independent re-analysis
and a representative experiment displayed. Rat Sds is able to remove
the nitrogen moiety from serine and threonine through a pyridoxol-
50-phosphate requiring catalysis resulting in the release of pyruvate
and a-ketobutyrate, respectively [Ogawa et al., 1989].

Fig. 4. IPCR alters hepatic metabolic gene expression in p21 male offspring. RT-qPCR of the hepatic metabolic genes Sds (Panel A), Got1 (Panel B), Acss2 (Panel C), and Akr1b7
(Panel D) in p21male offspring subjected to IPCR. Both Sds and Got1 are highly up-regulated in response to perinatal calorie restriction and reach a zenith in themorning. Akr1b7
and Acss2 are highly down-regulated in response to perinatal calorie restriction. Time of day does affect the expression of Acss2 in both normally fed animals and calorie
restricted groups, There are no differences in expression of Akr1b7 within a treatment group between morning and evening samples. Open bars represent normal control feeding.
Gray shading represents evening samples. Solid back fill and cross hatch marks indicate IPCR conditions of AM and PM samples, respectively. RQ calculated by RT-qPCR with the
Con AM sample set to have an RQ of 1. n¼ 6 for all groups examined. Individual samples were run in triplet. Overall ranked two-way ANOVA results: Con vs. IPCR: Sds (P< 0.001,
F¼ 67.209), Got (P< 0.001, F¼ 42.969), Acss2 (P< 0.001, F¼ 69.865), Akr1b7 (P< 0.001, F¼ 60.662); Con/IPCR vs. AM/PM: Sds (P< 0.002, F¼ 13.081), Got (P< 0.023,
F¼ 6.075). *Statistical significance between treatment groups at a specific time of day using the Holm Sidak method. Sds: Con AM vs IPCR AM, P< 0.001; Con PM vs IPCR PM,
P< 0.004 Got1: Con AM vs IPCR AM, P< 0.001; Con PM vs IPCR PM, P< 0.011 Akr1b7 Con AM vs IPCR AM, P< 0.001; Con PM vs IPCR PM, P< 0.001 Acss2: Con AM vs IPCR
AM, P< 0.001; Con PM vs IPCR PM, P< 0.001.þStatistical significance between AM and PM samples within a treatment group using the Holm Sidak method. Sds: Con AM vs
Con PM, P< 0.019, IPCR AM vs IPCR PM, P< 0.019.
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The aminotransferase Got1 serves the same purpose as Sds to
mobilize and transfer carbon skeletons within the cell from amino
acid precursors. In the validation experiments the RQ of Got1 in the
IPCR group is 4.3 (Con AM vs IPCR AM, P< 0.001) and 2.8 (Con PM
vs IPCR PM, P< 0.011) for the morning and evening samples
respectively (Fig. 4, Panel B). In the Con treatment group, Sds and
Got1 expression reach a zenith in the evening; in the IPCR treatment
group, Sds and Got1 expression reach a zenith in the morning.

Acss2 is a cytosolic enzyme responsible for the activation of
acetyl-coenzyme A from acetate. The RQ of Acss2 in the IPCR group
is 0.1 (P< 0.001) for both the morning and evening samples (Fig. 4,
Panel C). Time of day does not affect the expression of Acss2 in both
normally fed animals and calorie restricted groups. Acetyl Co-A is of
primary importance for both metabolic control and gene expression
regulation. Placed at the intersection of gluconeogenesis and fatty
acid oxidation, Acetyl-CoA may be utilized for different purposes
depending upon energy status, and may be directed to either a
cytosolic or mitochondrial location. During times of energy
abundance, Acetyl-CoA is formed from glucose, and cytosolic levels
are plentiful. During fasting conditions, cytosolic Acetyl Co-A levels
are low, and available Acetyl-CoA remains sequestered within the
mitochondrion. In addition to the metabolic function, Acetyl-CoA
provides a regulatory signal through protein acetylation, most
simplistically and well known by the control of gene expression
through histone acetylation and de-acetylation. Therefore, the
profound down-regulation of Acss2 is of significant importance
from both a gene regulatory and metabolic perspective.

Akr1b7 is highly down-regulated in response to maternal
perinatal calorie restriction. The RQ of Akr1b7 in the IPCR group
is 0.1 for both the morning (P< 0.001) and evening (P< 0.001)
samples (Fig. 4, Panel D). There are no differences in expression of
Akr1b7 within a treatment group between morning and evening
samples. Directed studies have revealed that Akr1b7 is responsible
for metabolism of bile through aldo-keto reduction and is
transcriptionally regulated by FXR binding to bile acids [Schmidt
et al., 2011]. Targeted over-expression of Akr1b7 leads to decreased
gluconeogenesis, blood glucose levels, and hepatic lipid accumu-
lation in diabetic mice [Ge et al., 2011]. The observed down-
regulation of Akr1b7 in response to perinatal calorie restriction is
therefore consistent with the drive for increased gluconeogenesis
imparted by calorie restriction.

Lipoprotein lipase (Lpl), the third most highly up-regulated gene,
mobilizes the energy stored in fats by catalyzing the hydrolysis of
lipoprotein triglycerides, thereby generating free fatty acids for
either fuel consumption or energy storage [Davies et al., 2012].
Perinatal calorie restriction induces a 12 and 6.5 fold increase in Lpl
expression in the morning and evening, respectively. Time of day
does affect the expression of Lpl in the IPCR group (P< 0.036,
Supplementary Figure S2).

To summarize, metabolic genes are prominently altered at p21 in
response to perinatal calorie restriction. Alternative fuels such as
fatty acids and amino acid derived carbon skeletons likely provide
much needed resources for cellular maintenance and growth during
periods of scarcity. Specifically, fatty acids are obtained through the
action of Lpl from circulating lipoprotein triglycerides, and carbon
skeletons commandeered through the deamination reaction of Sds

and the transaminase reaction of Got1. The regulatory role of Akr1b7
in controlling gluconeogenesis, and the decreased production of
acetyl-CoA through the down-regulated Acss2, are key effects of
perinatal calorie restriction.

PERINATAL CALORIE RESTRICTION SUPPRESSES GROWTH
HORMONE/INSULIN-LIKE GROWTH FACTOR 1 SIGNALING IN EARLY
LIFE
The finding of Igfbp2 as the second highest up-regulated gene in the
microarray screen denotes the importance of the endocrine
somatotrophic axis in our calorie restriction model of IUGR
(Fig. 2). A survey of the microarray data for genes known to be
involved in the growth hormone/insulin-like growth factor axis
identified a profound down-regulation of Ghr, Stat 5b (the second
messenger of Ghr), insulin-like growth factor 1 (Igf1), and insulin-
like growth factor binding protein, acid labile subunit (Igfals)
(Supplementary Figure S3). The reciprocal expression of the binding
proteins Igfbp2 and Igfals result in profound suppression of the
growth effect of Igf1. Igfbp2 is known to sequester Igf1 [Hoeflich
et al., 2001] and therefore prevent a local tissue growth effect. Igfals,
a binding protein produced by the liver in response to growth
hormone signaling, is known to extend the circulating half-life of
insulin-like growth factors by creating a vascular tripartite protein
complex containing the growth factor, an additional Igfbp, and itself
[Ooi et al., 1998].

Western blot analysis of liver obtained from p21 males subjected
to IPCR validate a decrease in total Stat5 protein (Fig. 5, panels A and
B) between 22% (P< 0.016) and 35% (P< 0.008) in the morning and
evening, respectively. Phospho-stat5 protein levels were decreased
by 74% (P< 0.005) to 72% (P< 0.025) in the morning and evening,
respectively. RT-qPCR for Igfbp2 confirmed up-regulation in the
IPCR liver in both morning and evening (Fig. 5, panel C; RQ of the
IPCR group is 12.2 (P< 0.001) and 4.4 (P< 0.001) for the morning
and evening samples, respectively).

To summarize, the microarray screen has identified profound
suppression of the somatotrophic axis at multiple levels of the
growth hormone/insulin-like growth factor cascade. Growth
hormone secretion is known to follow gender specific patterns,
and induces epigenetic changes to loci located throughout the
genome that affects many genes not directly involved in growth.
Cytochrome P450, family 2, subfamily c, polypeptide 12 (Cyp2c12),
the most highly down-regulated gene identified in the microarray
screen (Fig. 2), is one such gene expressed in a gender specific pattern
[Kamataki et al., 1983] for which growth hormone is permissive
[Endo et al., 2005]. These data support the somatotrophic axis as an
important determinant of perinatal growth [D0Ercole et al., 1980;
Gluckman and Pinal, 2003].

MICROARRAY-BASED EXPRESSION PROFILING OF THE LIVER OF
GROWTH RESTRICTEDMALE OFFSPRING AT D450 IDENTIFIES A FEW
GENES TO CHANGE THEIR EXPRESSION AND FAILS TO IDENTIFY A
TRANSCRIPTIONAL RESPONSE DESPITE THE DEVELOPMENT OF
OBESITY
Using the d450 Con group (n¼ 3) as a reference, the microarray
analysis failed to identify any significantly differentially expressed
genes in the d450 IUCR group (n¼ 3). When a relaxed metric cutoff
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was used a small number of uncharacterized or heterogeneous genes
were identified (Supplementary Table S3). Although the aggregate
action of these few genes with subtle expression differences may
have biologic importance, the validation of any one specific gene
would be difficult owing to the low fold change difference.
Alternatively, the subtle expression changes may be the result of
stochastic sampling or quantification error. Interestingly, the
microarray analysis did identify a small number of genes to be
significantly differentially expressed in the d450 IPCR group (n¼ 3)
when using the d450 Con samples (n¼ 3) as a reference
(Supplementary Table S4). This important observation indicates
that post natal calorie restriction imparts a transcriptional change in
adulthood that overshadows that imparted by intrauterine calorie
restriction.

To discern the changes induced by intrauterine calorie restriction
that aremodified by postnatal calorie restriction, a comparison of the
d450 IPCR samples (n¼ 3) to the d450 IUCR samples (n¼ 3) provides
an interesting gene list with significant expression fold differences.
This comparison elucidates the protective effect of postnatal calorie
restriction on intrauterine calorie restriction. With a comparison
metric of two-fold with P-value testing, 8 genes were found to be
differentially expressed; 3 are down-regulated and 5 are up-
regulated. The expression profile and cellular location and function
of these most highly differentially expressed genes are displayed in
Figure 6. As the most significant fold changes at d450 are found in
the comparison between the IUCR and IPCR groups we validate the
mismatch hypothesis [Gluckman et al., 2005]. The mismatch
hypothesis states that the greater the degree of mismatch between
the developmental and mature environments the greater the risk for
adult onset disease. The addition of postnatal calorie restriction
serves to impart the greatest change to the hepatic transcriptome at
d450.

The finding of up-regulation of 7 alpha hydroxylase (Cyp7a1) in
the IPCR group is significant in several respects. Cyp7a1 is the rate
limiting step of hepatic excretion of cholesterol and is known to be
epigenetically regulated by early life nutritional cues and expressed
later in life in a gender specific pattern. The conversion of cholesterol
into bile acids occurs in the liver and is catalyzed at the rate limiting
step by Cyp7a1 which hydroxylates cholesterol in the 7 alpha
position [Jelinek et al., 1990]. Transcriptional regulation of Cyp7a1
occurs through the liver X receptor [Repa and Mangelsdorf, 2000].
Directed studies in a maternal low protein model of intrauterine
growth restriction has identified that circulating cholesterol levels
are higher in 130 day old male rats and that the observed gender
difference is correlated with differential expression of Cyp7a1
protein thought to be regulated at the histone level through increased
tri-methyl and decreased acetylation of H3K9 [Sohi et al., 2011a].
The finding of Cyp7a1 within the late adult life microarray screen
importantly serves to validate our experimental findings by
recapitulating these prior published studies.

HEPATIC CIRCADIAN DYSREGULATION RESOLVES IN IPCR AND
DEVELOPS IN IUCR AT D450
Prompted by the observation that circadian genes are the most
significant over-represented functional group of genes identified in
the microarray screen in early life, we sought to characterize their

Fig. 5. The hepatic growth hormone/insulin-like growth factor axis is altered
by IPCR in p21 male offspring. Western immunoblots for phospho-stat5, total
stat5, and vinculin from two representative samples from each treatment and
time group are displayed in Panel A, and the relative protein expression of total
stat5 and phospho-stat5 are displayed in Panel B. RT-qPCR of Igfbp2 is
displayed in Panel C. For Panel B open bars represent total stat5 protein levels
and solid black fill represents protein levels of phosphostat5. A minimum of six
independent liver samples were assayed per group, with treatment groups and
individual time-points normalized to vinculin expression using the Con AM
group set as a reference of 100%. For Panel C, open bars represent normal
control feeding, gray shading represents evening samples, and solid black fill
and cross hatch marks indicate IPCR conditions of AM and PM samples,
respectively. RQ calculated by RT-qPCR with the Con AM sample set to have an
RQ of 1. n¼ 6 for all groups examined. Individual samples were run in triplet.
Overall ranked two-way ANOVA results: Con vs. IPCR: pStat5 (P< 0.001,
F¼ 15.038), Stat5 (P< 0.001, F¼ 14.471), Igfbp2 (P< 0.001, F¼ 78.652);
AM vs. PM: Igfbp2 (P< 0.003, F¼ 11.701). *Statistical significance between
treatment groups at a specific time of day (either AM or PM) using the Holm
Sidak method. Panel B: total stat5, Con AM vs IPCR AM, P< 0.016 Con PM vs
IPCR PM, P< 0.008; phospho-stat5, Con AM vs IPCR AM, P< 0.005, Con PM vs
IPCR PM, P< 0.025; Panel C: Igfbp2 Con AM vs IPCR AM, P< 0.001, Con
PM vs IPCR PM, P< 0.001. þ IPCR AM vs IPCR PM, P< 0.01 (Holm Sidak
method).
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expression at d450. Interrogation of the d450 microarray data
revealed a trend of three circadian genes to be differentially
expressed by perinatal calorie restriction using a cutoff of a 50%
change or greater (Arntl, Npas2, and Nocturnin), however, these

genes did not pass significance by P-value testing (Supplementary
Figure S4). Therefore, using additional banked samples, RT-q-PCR of
Clock, Arntl, Npas2, and Per2 was examined in normally fed (Con,
n¼ 8) and perinatally restricted male rat offspring (IUCR, n¼ 7;

Fig. 6. Few hepatic genes are differentially expressed in d450 offspring subjected tomaternal perinatal calorie restriction. Panel A. Expression profile of the 8 genes identified to
be differentially expressed between the d450 IPCR and d450 IUCR samples. Listed from left to right are the d450 IUCR and IPCR liver replicates. Listed from top to bottom are
genes most highly up-regulated to most highly down-regulated. The color map bar on the bottom of the figure displays fold change of the gene expression, with red indicating a
fold change of 3 or greater and green indicating a fold change of �3 or less. Panel B. The cellular location and function of the 8 genes identified to be differentially expressed
between the d450 IPCR and d450 IUCR samples. The expression profile of the d450 IPCR and IUCR groups contains a handful of genes characterized by low fold changes that are
not indicative of a large-scale transcriptional response. The most highly upregulated gene is Cyp7a1, a gene known to be epigenetically regulated through nutritionally sensitive
cues and responsible for the efflux of cholesterol from the body through the rate limiting step of bile synthesis. Other up-regulated genes include Ednra, an endothelial receptor
involved in vasoconstriction; Zfp189 a scantily described transcription factor; solute carrier family 2, member 12 (Slc2a12), a novel, recently described glucose transporter; and
glutathione-s-transferase M4 (Gstm4), a mu class glutathione S transferase. Down-regulated genes include apolipoprotein l3 (Apol3), an apoliprotein; small nucleolar RNA, H/
ACA box 5C (Snora5), a small nucleolar protein; andMap1, a kininogen precursor involved in the inflammatory response. Genes in red indicate an up-regulated gene, and genes in
green indicate a down-regulated gene.
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IPCR, n¼ 7) at d450 (Fig. 7). The expression of Arntl (RQ¼ 4.6) and
Npas2 (RQ¼ 4.5) are increased in IUCR offspring at d450 when
compared to either the Con or IPCR groups (Arntl: one way ANOVA,
P< 0.0096, F¼ 5.99; Con vs IUCR, P< 0.006; IUCR vs IPCR,
P< 0.0086; Npas2 one way ANOVA, P< 0.0056, F¼ 6.903; Con vs
IUCR, P< 0.038; IUCR vs IPCR, P< 0.005). Expression of Clock and
Per2 were unchanged by perinatal calorie restriction at d450 (Clock
one way ANOVA P< 0.7062, F¼ 0.354; Per2 one way ANOVA
P< 0.2722, F¼ 1.394). These data demonstrate that the circadian
alteration seen at p21 in the IPCR group has resolved by d450 (Fig. 3
and Fig. 7). We conclude that active calorie restriction at p21 in the
IPCR group leads to transient circadian gene expression changes
which subsequently normalize with restitution of a normal feeding
schedule. Interestingly, at d450 the IUCR group has now acquired a
circadian defect despite ad libitum feeding. The exact temporal
acquisition of the circadian defect seen in IUCR is not addressed by
these experiments and further directed studies are required.
Interestingly, whether in the IPCR group at p21 or the IUCR group
at d450, Arntl is the most significant circadian gene altered by
perinatal calorie restriction.

RT-QPCR IN INDEPENDENT EXPERIMENTS CONFIRMS THAT THE
LATE ADULT LIFE HEPATIC EXPRESSION OF THE NOVEL GENES
ZFP189, APOL3, WDNM1, AND SNORA5 IS ALTERED BY MATERNAL
PERINATAL CALORIE RESTRICTION IN MALE OFFSPRING
We have selected to validate Zfp189, Apol3, Wdnm1, and Snora5
based upon their high fold change differences within the microarray
screen and their novel association with growth restriction.

Zfp189 is a scantily described transcription factor with a human
homolog, Znf189, of which the maternal genotype is associated with
isolated cleft lip [Jugessur et al., 2010]. RT-qPCR confirmed up-
regulation of Zfp189 in the IPCR group (Fig. 7, panel A; RQ¼ 3.0;
Con vs IPCR, P< 0.0042; IUCR vs IPCR, P< 0.0016; one way
ANOVA overall P< 0.0027, F¼ 8.071). The RQ of the Con and IUCR
groups are 1.1 and 0.8, respectively. The mechansim by which
Zfp189 expression is regulated is unknown, however Genomatix
promoter analysis identifies several Stat, p53, and cAMP response
sites within 500 bp of the transcription start site.

Apol3 is a cytoplasmic protein thought to affect the movement of
lipids or the binding of lipids to organelles [Page et al., 2001] and
whose expression is responsive to tumor necrosis factor alpha (TNFa)

Fig. 7. D450 Hepatic expression of Clock, Arntl, Npas2, and Per2 in offspring subjected to maternalperinatal calorie restriction. Circadian gene expression of Clock (Panel A),
Arntl (Panel B), Npas2 (Panel C), and Per2 (Panel D) in rat liver of normally fed and perinatal calorie restricted animals at d450. RT-qPCR confirms that delayed re-feeding in the
postnatal period induces changes to the hepatic gene expression of Arntl and Npas2 in male offspring at d450. The RQ of the intrauterine calorie restriction (IUCR) treatment
group for the genes Clock, Arntl, Npas2, and Per2 are 0.9, 4.6, 4.5, and 0.9 respectively. Open bars, solid black fill, and gray fill represent Con, IUCR, and IPCR treatment groups
respectively. RT-qPCR results are presented as a mean and standard error of the mean of the RQ summarized from all of the individual experiments examined. n¼ 8 for Con, n¼ 7
for IPCR, and n¼ 7 for IPCR. Individual samples were run in triplet. Overall one-way ANOVA values: Clock P< 0.7062, F¼ 0.354; Arntl P< 0.0096, F¼ 5.99; Npas2 P< 0.0056,
F¼ 6.903; and Per2 P< 0.2722, F¼ 1.394. ^Statistical significance between the IUCR and IPCR treatment groups by Fisher’s protected least significant difference (Arntl
P< 0.0086; Npas2 P< 0.005).þ Statistical significance between the Con and IUCR treatment groups by Fisher’s protected least significant difference (Arntl P< 0.006; Npas2
P< 0.0038).
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[Horrevoets et al., 1999]. RT-qPCR confirmed down-regulation of
Apol3 in the IPCR group (Fig. 7, panel B; RQ¼ 0.3; Con vs IPCR,
P< 0.0013; IUCR vs IPCR, P< 0.0039; one way ANOVA overall
P< 0.0023, F¼ 8.329). The RQ of the Con and IUCR groups are 1.1
and 1.0, respectively.

Wdnm1 is a member of the four disulfide core family of proteins
that was found to have anti-metastatic activity in a mammary
adenocarcinoma cell line. The mechanism by which Wdnm1 exerts
it0s anti-metastatic activity is by functioning as a secreted proteinase
inhibitor that is regulated by TNFa [Kho et al., 2008]. RT-qPCR
confirmed down-regulation of Wdnm1 in the IPCR group (Fig. 7,
panel C; RQ¼ 0.3; Con vs IPCR, P< 0.0057; IUCR vs IPCR,
P< 0.0098; one way ANOVA overall P< 0.019, F¼ 4.840). The
RQ of the Con and IUCR groups are 1.3 and 0.9, respectively.

Snora5 is a ribosomal protein thought to be required for proper
pseudo-uridinylation incorporation of the 18 S ribosomal subunit
and therefore may affect protein translation [Kiss et al., 2004]. RT-
qPCR confirmed up-regulation of Snora5 in the IUCR group (Fig. 7,
panel C; RQ¼ 4.9; Con vs IUCR, p< 0.018; IUCR vs IPCR,P< 0.0035;
one way ANOVA overall P< 0.0079, F¼ 6.230). The RQ of the Con
and IPCR groups are 1.3 and 0.7, respectively.

Owing to the paucity of ascribed functions and disparate nature of
these novel genes it is hard to draw general conclusions of their
mechanistic action in the phenotype of the growth restricted aging
adult. However, two of these genes are known to be regulated by
TNFa: whether their response is specific to developmental cues or
secondary to generalized obesity is unknown. Further directed
studies will elucidate the role that these candidate genes may play in
the pathophysiology associated with abnormal developmental
programming (Fig. 8).

CONCLUSIONS

Microarray based expression profiling has been used to interrogate
the hepatic transcriptome in a rat model employing maternal
nutrient restriction. These data reveal significant early life gene
expression changes involving a unique combination of circadian,
metabolic, and growth hormone/insulin-like growth factor genes
which collectively represent the response of the neonatal liver to
maternal nutrient limitation. Interestingly, late in life with aging, the
hepatic transcriptome is remarkably similar to the ad libitum fed

Fig. 8. D450 Hepatic expression of Zfp189, Apol3,Wdnm1, and Snora5 is altered in offspring subjected tomaternal perinatal calorie restriction. RT-qPCR confirms that delayed
re-feeding in the postnatal period induces changes to the d450 hepatic gene expression of Zfp189 (Panel A) and Apol3 (Panel B), Wdnm1 (Panel C), and Snora5 (Panel D) in male
offspring. The RQ of the IPCR treatment group for the genes Zfp189, Apol3, Wdnm1 and Snora5 are 3.0, 0.3, 0.3, and 0.7, respectively. Open bars, solid black fill, and gray fill
represent Con, IUCR, and IPCR treatment groups respectively. RT-qPCR results are presented as a mean and standard error of the mean of the RQ summarized from all of the
individual experiments examined. n¼ 8 for Con, n¼ 07 for IPCR, and n¼ 8 for IPCR. Individual samples were run in triplet. Overall oneway ANOVA values: Zfp189 P< 0.0027,
F¼ 8.071; Apol3 P< 0.0023, F¼ 8.329;Wdnm1 P< 0.019, F¼ 4.840; and Snora5 P< 0.0079, F¼ 6.230. ^Statistical significance between the IUCR and IPCR treatment groups
by Fisher’s protected least significant difference (Zfp189, P< 0.0016; Apol3, P< 0.0039; Snora5, P< 0.0035). *Statistical significance between the Con and IPCR treatment
groups by Fisher’s protected least significant difference (Zfp189, P< 0.0042; Apol3, P< 0.0039; Wdnm1, P< 0.0057). þStatistical significance between the Con and IUCR
treatment groups by Fisher’s protected least significant difference (Snora5, P< 0.018).
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littermates indicating that the maturity associated metabolic
sequelae of growth restriction is mediated by non-transcriptional
mechanisms. As the p21 microarray data largely implicate a
profound decrease in IGF signaling we surmise that the protective
effect of postnatal calorie restriction on the intrauterine growth
restriction phenotype is mediated through a postnatal IGF regulated
process. Future directed studies examining andmanipulating the IGF
tone in the postnatal periodwill further define the protective effect of
postnatal growth restriction on intrauterine growth restriction.
Furthermore, despite a lifetime of ad libitum feeding, IUCR offspring
develop abnormal circadian gene expression.

The mechanism by which nutrient restriction affects circadian
timekeeping in growth restriction is unknown. Our data suggest that
the most likely transcriptional target affected by nutritional cues is
the PAS (Period/Arntl/Single minded) domain containing protein
Arntl which heterodimerizes with the transcriptionally unchanged
Clock protein. Additionally, it is unknown if this circadian alteration
is a result of central modification working through the supra-
chiasmatic nucleus of the hypothalamus or alternatively mediated
through peripheral circadian timekeeping within the liver.

The circadian system harmonizes cellular growth, cell cycle
control, anabolism, catabolism, and nutrient disposition to syn-
chronize sleep/wake schedules, feeding behavior, physical activity,
thermoregulation, and growth. Disruption of the circadian cycle, as
found in shift workers, can lead to obesity and coronary artery
disease, and highlights the connection between circadian time-
keeping function andmetabolism [Knutsson, 1989]. The experiments
described herein illustrate the importance of the circadian system in
metabolic disease: guided future studies examining the circadian
regulation of metabolismmay lead to chronotherapeutic approaches
to combat the obesity phenotype of perinatal growth restriction.
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