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Novel thromboxane A, analog-induced IUGR

mouse model
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Rodents, particularly rats, are used in the majority of intrauterine growth restriction (IUGR) research. An important tool that is lacking in this field
is the ability to impose IUGR on transgenic mice. We therefore developed a novel mouse model of chronic IUGR using U-46619, a thromboxane
A, (TXA,) analog, infusion. TXA, overproduction is prevalent in human pregnancies complicated by cigarette smoking, diabetes mellitus and
preeclampsia. In this model, U-46619 micro-osmotic pump infusion in the last week of C57BL/6] mouse gestation caused maternal hypertension.
TUGR pups weighed 15% less, had lighter brain, lung, liver and kidney weights, but had similar nose-to-anus lengths compared with sham pups at
birth. Metabolically, IUGR pups showed increased essential branched-chain amino acids. They were normoglycemic yet hypoinsulinemic. They
showed decreased hepatic mRINA levels of total insulin-like growth factor-1 and its variants, but increased level of peroxisome proliferator-activated
receptor-gamma coactivator-1 alpha. TUGR offspring were growth restricted from birth (PJ) through postnatal day 21 (P27). IUGR males caught
up with sham males in weight by P28, whereas [UGR females caught up with sham females by 277. IUGR males surpassed sham males in weight
by P238. In summary, we have a non-brain sparing IUGR mouse model that has a relative ease of surgical [IUGR induction and exhibits features
similar to the chronic IUGR offspring of humans and other animal models. As transgenic technology predominates in mice, this model now
permits the imposition of IUGR on transgenic mice to interrogate mechanisms of fetal origins of adult disease.
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Introduction transgenic technology that is mostly available in mice, we
wanted to develop a non-genetic mouse model of [IUGR. We
hypothesized that infusion of U-46619, a thromboxane A,
(TXA,) analog, in pregnant C57BL/6] mice would produce
IUGR offspring.

The rationale for using a TXA, analog in our model is that

Intrauterine growth restriction (IUGR) is an abnormal
deviation from genetically determined growth in wutero.
Clinically, IUGR is defined as a fetal weight below the 10th
percentile for a given gestational age."”” TUGR infants are at

significant risk for lifelong morbidities that affect the pul- . iy . . .
certain conditions in pregnancy such as cigarette smoking,

. . . 3
monary, cardiovascular, metabolic and neurologic systems. ) . .
Y ’ glc 5y diabetes mellitus and preeclampsia can all accelerate TXA,

Despite these well-recognized morbidities persisting through
life, investigations are still required to decipher how IUGR
can permanently change the molecular makeup of an indi-
vidual. As human studies pose various research limitations

production.”™" Excessive TXA, causes maternal vasoconstric-
tion and hypertension, an environment leading to UPI and
fetal IUGR. An experimental mouse model in which the TXA,
receptor is overexpressed in the maternal vasculature resulted in
growth-restricted offspring.12 In addition, in a maternal rat
model of synthetic TXA, analog ONO-11113 administration,
maternal vasoconstriction and resultant hypertension generated
TUGR fetuses.'

In the development of our mouse model, we first deter-
mined the maternal U-46619 dose necessary to produce
growth-restricted offspring. Once the dose was determined, we

including difficulty in tissue access and a prolonged lifespan
before disease manifestation, animal models that closely
mimic human IUGR complications become invaluable tools
to investigate mechanisms of disease.

Although multiple animal species have been used as
models of IUGR, rodents, particularly rats, represent the vast
majority of the TUGR studies in the literature.* One of the
first animal models described by Wigglesworth® in 1964
involved the induction of uteroplacental insufficiency (UPI)
via bilateral uterine artery ligation in pregnant rats. Our
laboratory has traditionally used this well-characterized model
to study the postnatal effects of TUGR.*™® In order to use

studied multiple maternal and fetal/neonatal parameters to
characterize this new mouse model. Of the fetal/neonatal
characteristics, we focused on parameters that were known to
be altered in other animal models of IUGR for compar-
ison."*7 In particular, we focused on fetal metabolite and
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insulin-like growth factor-1 (IGF-1) and its variants, phospho-
enolpyruvate carboxykinase 1 (PEPCK-1) and peroxisome
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proliferator-activated receptor-gamma coactivator-1 alpha
(PGC-1a). We focused on these hepatic genes because IGF-1
is a critical regulator of fetal and postnatal growth,'® whereas
PEPCK-1 is the main regulatory enzyme for gluconeogen-
esis,”” and PGC-la is a co-activator in fatty-acid oxidation
In addition, IGF-1 is transcribed
into four major mRNA variants made from alternative pro-

.. 20
and gIUCOHCOgCIleSlS.

moter usage of either exon 1 (producing variant I) or exon 2
(producing variant II), and alternative splicing excluding or
including exon 5 to produce variants, which encode two dif-
ferent E peptide sequences (variants A and B, respectively).'®
Lastly, we determined when catch-up growth occurred in the
IUGR offspring by following postnatal weight gain through
the first year of life.

Method
Study design overview

A total of 254 pregnant mice/litters were used to complete
all studies. We first determined the maternal U-46619 infu-
sion dose necessary to obtain IUGR offspring. As U-46619
is a potent vasoconstrictor, we measured maternal blood
pressure (BP) before and after increasing doses of U-46619
from 0 to 2000 ng/h to demonstrate maternal absorption of
U-46619. We counted the number of pups per litter and
measured fetal 11-dehydroTXB, levels at E19.5 to assess
whether the TXA, analog crossed the placenta to affect fetal
growth directly.

From the dose determination study described above, we
found that a U-46619 infusion dose at 2000 ng/h produced
the most growth restriction without significant maternal
mortality and morbidity. We measured maternal plasma
11-dehydroTXB, levels at £15.5 when maternal hypertension
was evident. We measured maternal and fetal plasma
corticosterone levels at £18.5 to determine whether stress
impacted fetal growth. We tracked maternal food intake from
post-pump implantation until delivery. We measured fetal
metabolite and insulin levels at £79.5 to assess fetal nutrient
status at 2000 ng/h infusion. At term birth (postnatal day
1 = PI), we measured nose-to-anus lengths, organ weights
and hepatic mRNA levels of genes important for growth and
maintenance of adequate nutrient status (IGF-1, PEPCK-1
and PGC-la). We also measured hepatic tumor necrosis
factor-alpha (TNFa) levels to assess U-46619’s direct effect
on the fetal liver. Lastly, we measured postnatal weights from
PI to P357 to follow the growth trajectory of these IUGR
pups over the first year of life.

Animals

All procedures were approved by the University of Utah
Animal Care Committee and were carried out in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Wild-type C57BL/6] female
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mice were purchased from The Jackson Laboratory (stock
number 000664, Bar Harbor, ME, USA) to mate with
existing wild-type C57BL/6 males in our colony.

Micro-osmotic pump implantation

Timed matings of wild-type C57BL/6] male and female mice
were set up. The presence of a vaginal plug the morning
after mating denoted embryonic day (E) 0.5. At F12.5 (term
gestation ~20 days), pregnant females were anesthetized with
an intraperitoneal injection of ketamine (40 pg/g) and xylazine
(8 mug/g). Once adequate anesthesia was achieved, a 1-cm
incision was made over the right hip. Micro-osmotic pumps
(model 1007D, 0.5 pl/h, Durect Corporation, Cupertino, CA,
USA) containing vehicle (0.5% ethanol for sham group) or
2-2000 ng/h of U-46619 (catalog no. 16450, Cayman Che-
mical, Ann Arbor, MI, USA) were implanted retroperitoneally
through the incision. The incision was closed with nylon
sutures. Mice recovered in their cages and were given ad libitum
access to food and water for the remainder of the pregnancy.
For postnatal characterization at term (PI), pups were
allowed to be delivered spontaneously, and birth weights and
nose-to-anus lengths were recorded. Organs were harvested,
weighed and rapidly frozen in liquid nitrogen and stored
at —80°C until analysis. The sex of the pup was determined by
intra-abdominal dissection and visualization of male or female
reproductive organs, or by comparing the anogenital distance.
To follow postnatal weight gain, we used unmanipulated wild-
type C57BL/6] cross-foster dams (with timed matings set up at
the same time as the experimental dams) to provide maternal
care from after birth until weaning at postnatal day 21 (P21) to
avoid potential confounding factors that may affect lactation
and postnatal weight gain, such as maternal discomfort from
an indwelling micro-osmotic pump or maternal inability for
proper lactation because of previous surgery. Cross-fostering
took place within 24h of delivery of sham or IUGR pups,
keeping litter sizes the same as the cross-fostered mothers’ own
litter sizes to minimize maternal rejection. The average litter
sizes between cross-foster dams and experimental dams were
similar (~7.5 pups per litter). Only sham pups that were above
1.266 g (the 10% for weight based on sham pup weights) and
IUGR pups that were below 1.266 g were cross-fostered.

Maternal tail-cuff BP measurements pre- and
post-U46619 administration

We used a tail-cuff system (Hatteras Instruments Model
MC4000, Cary, NC, USA) that has been demonstrated to
correlate strongly with intra-arterial BP in mice.”' Non-pregnant
2-3-month-old C57BL/6] female mice (=10 females/
TXA, dose) were placed into restraining units mounted on a
warmed surface at 38°C. Mouse tails were passed through a
cuff and blood flow in the tail was evaluated photoelectrically
producing real-time oscillating waveforms that were digitally
sampled. Tail-cuff BP was defined as the cuff inflation
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pressure at which the waveform amplitude fell below a pro-
grammable percentage of its original amplitude for a specified
number of waveform cycles. Mice were trained on a daily basis
from Monday to Friday for 2 weeks before mating and micro-
osmotic pump insertion in order to accustom the mice to the
tail-cuff procedure. Each animal underwent two sets of 10
measurements per training day. For the inclusion of each
set of measurements for the pre- and post-pregnancy data,
we required the computer to identify BP successfully in at least 6
of the 10 trials per set. We used mean BP (MBP) measurements
and heart rates on the 2nd and 3rd day after pump implantation
for data analysis.

Maternal and fetal plasma 11-debydrothromboxane B,
(11-debydroTXB,) measurements at E15.5 and E19.5,
respectively, via ACE™ competitive enzyme
immunoassay

Dams at £15.5 and E19.5 were anesthetized with ketamine
and xylazine. Dams at E75.5 were decapitated to collect
blood into individual plasma collection tubes (six each for
sham and IUGR groups). Each litter of £19.5 pups, delivered
by Caesarian section, was also decapitated to pool blood into
individual plasma collection tubes (4-10 litters per dose).
U-46619 has a short half-life and is rapidly hydrolyzed non-
enzymatically to form TXB,. TXB, is further metabolized by
11-hydroxy-thromboxane dehydrogenase to form 11-dehydro-
TXB,,which has a longer circulating half-life ~ 45 min.?* All
plasma samples were sent blinded to Cayman Chemical (Ann
Arbor, M1, USA) for measurement of 11-dehydroTXB, via the
ACE™ competitive enzyme immunoassay.*

Maternal and fetal plasma corticosterone measurements
at E18.5 via competitive enzyme immunoassay

Dams at £18.5 were anesthetized with ketamine and xylazine
and decapitated to collect blood into plasma collection tubes
(n=06 each for sham and IUGR groups). Pups from each
litter were delivered by Caesarian section and decapitated to
pool blood into plasma collection tubes. Plasma corticoster-
one levels were determined following Corticosterone High
Sensitivity EIA (Immunodiagnostic Systems Inc., Scottsdale,
AZ, USA) protocol at 1:250 dilution for maternal plasma and
1:100 dilution for pooled fetal plasma.

Fetal-serum metabolites at E19.5 via mass spectroscopy

Pooled fetal sera at £19.5, obtained from decapitation of each
litter into serum collection tubes, were used for metabolite
measurements (essential amino acids, nonessential amino
acids, citric acid cycle (TCA) intermediates, lactate, glucose,
cholesterol; 7 =4 each for sham and ITUGR litters). Initially,
protein was removed from sera following the procedure of
Ai et al** Each deproteinized sample was suspended in 40 p.l
of O-methyl hydroxylamine hydrochloride in pyridine
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(40 mg/ml), sonicated for 5 min and incubated for 1h at 34°C
after which solid debris was removed. In all, 20 pl of this
solution was then transferred to an amber autosampler vial and
loaded onto an MPS 2 autosampler (Gerstel, Linthicum, MD,
USA) where a second derivatization step ensued. An Agilent
6890 (Agilent, Santa Clara, CA, USA) gas chromatograph
was used with the initial temperature held at 75°C for 2 min
followed by a 40°C/min ramp to 110°C. A second 5°C/min
ramp was used to a temperature of 250°C, followed by a final
25°C/min ramp to 330°C for 3 min. A Restek (Bellefonte, PA,
USA) 30m RTX-5MS column fitted with a 10-m guard
column was used for metabolite separation. A Waters (Milford,
MA, USA) GCT Premier TOF mass spectrometer was used
for metabolite detection. Normal electron impact conditions
defined as 70 eV were used to detect in the positive mode.

Fetal serum insulin measurement at £19.5 via ELISA

Fetal serum insulin levels were measured with Mercodia
Ultrasensitive Mouse Insulin ELISA kit (10-1150-01,
Winston-Salem, NC, USA) using pooled fetal sera obtained at
E19.5 (n= 10 sham litters and five TUGR litters). Briefly, this
ELISA is a solid phase two-site enzyme immunoassay based on
the sandwich technique, in which two monoclonal antibodies
are directed against separate antigens on the insulin molecule.
In all, 50 ul of each serum sample in triplicates along with
known concentrations of insulin standards (0.025, 0.075,
0.175, 0.450 and 1.0 ng/ml) were incubated with peroxidase-
conjugated anti-insulin antibodies bound to microtitration
wells. Unbound enzyme-labeled antibody was washed. Bound
conjugate was then detected by reaction with 3,3',5,5'-tetra-
methylbenzidine to give a colorimetric endpoint that was read
spectrophotometrically at 450 nm.

RNA isolation, cDNA synthesis and real-time reverse-
transcriptase polymerase chain reaction (RT-PCR)

Genomicfree total RNA was isolated from 30mg of PI
(at birth) livers of sham and TXA,-induced ITUGR animals
using Nucleospin RNA II protocol (Clontech Laboratories,
Mountain View, CA, USA). Total RNA was quantified with a
Nanodrop spectrophotometer ND-1000 (Nanodrop Technol-
ogies, Wilmington, DE, USA), whereas RNA integrity was
verified by RNA denaturing gel electrophoresis. cDNA was
synthesized from 4 pg of total RNA using random hexamers
of SuperScript III First-Strand Synthesis System (Invitrogen
Corporation, Carlsbad, CA, USA). Using real-time RT-PCR as
described previously,”” we examined PI hepatic mRNA levels
of total IGF-1 and its four variants (I, II, A and B), as well
as PEPCK-1, and PGC-la (eight per group representing
eight separate sham and eight separate TUGR litters). All
primers and probes for real-time RT-PCR were purchased as
Tagman Assays-on-Demand with assay identification numbers
of Mm00439560_m1 (total IGF-1), Mm01233960_m1l
(IGF-1 wvariant I), MmO00439559_ml (IGF-1 variant II),
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MmO00710307_m1 (IGF-1 variant A), Mm00439561_m]l
(IGF-1 variant B), MmO00440636_m1 (PEPCK-1) and
MmO00447183_m1 (PGC-la) (Applied Biosystems, Foster
City, CA). Each sample was run in quadruplicates. Relative
quantitation comparing 2~ %" values was used to analyze
changes in gene expression between sham and IUGR pups with
GAPDH as a loading control. To validate GAPDH as an
appropriate loading control, parallel serial dilutions between
sham and IUGR cDNA were quantified as described pre-
viously.”® We also ensured that the amplification efficiencies
between the target genes and GAPDH were comparable.

Hepatic TNFo protein levels at P1 via Western
immunoblotting

Livers of PI sham and IUGR pups (six per group with pups
originating from six separate sham and IUGR litters) were used
to make whole-cell lysates by homogenizing in ice-cold RIPA
buffer containing 50 mm Tris HCI, 150 mm NaCl, 0.5% DOC,
1% NP-40, 0.1% SDS and protease inhibitor tablet (Roche,
Indianapolis, IN, USA). Samples were sonicated three times for
20s and centrifuged at 10,000 rpm at 4°C for 10 min. Total
protein concentration was determined by BCA Protein Assay
(Pierce Biotechnology, Rockford, IL, USA) using bovine serum
albumin (BSA) as standards. In all, 20 ug of protein and
molecular weight markers were separated by gel electrophoresis
with XT Criterion gels (Bio-Rad Laboratories, Hercules, CA,
USA) at 200V for 1h. After electrophoresis, proteins were
transferred to polyvinylidene fluoride membranes (Millipore
Corporation, Billerica, MA, USA) overnight at 4°C. Post-
transfer membranes were blocked in 3% BSA at RT for 1h.
Antibody against TNFa (ab9755, Abcam, Cambridge, MA,
USA) at 1:600 in 3% BSA-TBST was incubated with mem-
branes at RT for 1 h. Antbody against GAPDH at 1:5000 was
used as a loading control. Hepatic GAPDH protein expression
was determined to be unaltered in this IUGR model (data not
shown). After multiple washes in TBST, membranes were
probed with secondary antibody of horseradish peroxidase-
conjugated anti-rabbit immunoglobulin G antibody at 1:10,000
at RT for 1 h. After washing, antibody signals were detected with
Western Lighting enhanced chemiluminescence (PerkinElmer,
Waltham, MA, USA) and quantified with Kodak Image Station
2000R (Eastman Kodak/SIS, Rochester, NY, USA).

Statistics

Data were expressed as means % s.E.M. Individual birth weights
of sham and IUGR pups (at 2000 ng/h) were also expressed in
their 10th, 25th, 50th, 75th and 90th percentiles to illustrate
the weight distribution. Mass spectroscopy data deconvolution
and peak analyses were performed using MarkerLynx 4.1
software (Waters Corporation, Milford, MA, USA). Principle
component analysis (PCA) and partial least squares dis-
criminant analysis (PLS-DA) were performed using SIMCA-P
12.0 (Umetrics, Kinellon, NJ, USA). Biological marker
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candidates detected from PCA and PLS-DA were tested for
significance by integrating the chromatographic area using a
characteristic mass for the metabolite in question. Further
statistical analysis was performed using Statistica Data Miner
(StatSoft, Tulsa, OK, USA). For all data that required pooled
sera, we used ANCOVA with litter sizes as covariables for data
analysis because the number of pups varied per pooled sample.
The rest of the data were analyzed with ANOVA with Fisher’s
protected least significance difference (PLSD) post hoc test.
Statistical significance was declared at 2 <<0.05.

Results
U-46619 dose determination

Mean maternal MBP measurements, mean litter sizes and
mean fetal plasma 11-dehydroTXB, levels with increasing
U-46619 doses from 0 ro 2000 nglh

At E14.5, 2 days after vehicle- (sham) or U-46619-loaded
micro-osmotic pump implantation, pregnant C57BL/6] mice
showed a 20% increase in mean BPs (MBPs) over sham at 1000
and 2000 ng/h U-46619 infusions (Fig. 1a). MBPs remained
similarly elevated on the 3rd day at £75.5 (data not shown). No
seizures were observed in these pregnant dams. Mean litter sizes
between sham and TXA, pregnancies at all doses were similar
with an average of 7.5 pups per litter. The sex ratio of female to
male pups also did not differ between sham and IUGR litters.
Mean fetal plasma 11-dehydroTXB; levels were similar between
sham pups and pups exposed to all doses of U-46619 (Fig. 1b).
Mean birth weights at term gestation were significantly
decreased in pups that received 1000 and 2000 ng/h of TXA,
infusions (Fig. 2). Compared with sham pups, 2000 ng/h
of TXA, infusion yielded the most growth restriction (Fig. 2).
In addition, mean maternal food intake between sham and
2000 ng/h TXA, mothers from post-pump implantation to
delivery was comparable (5.035 % 0.322¢g/day in sham w.
5.436 = 0.457 g/day in TXA,, nine dams per group).

Mean maternal plasma 11-dehydroTXB; levels for 2000 ng/h
U-46619 infusion at E15.5

Sham mothers at £75.5 had mean plasma 11-dehydroTXB,
levels of 4.11 £ 0.66 pg/ml, whereas TXA, mothers with
documented hypertension had mean plasma 11-dehydroTXB,
levels at 13.48 £ 3.16 pg/ml (< 0.05, six dams per group).

Mean maternal and fetal plasma corticosterone levels

Jfor 2000 ng/h U-46619 infusion ar E18.5

Sham mothers at £18.5 had mean plasma corticosterone levels
of 11.34 * 1.64 ng/ml compared with TXA, mothers who had
mean plasma corticosterone levels of 9.90 * 2.44 ng/ml (not
significant (NS), six dams per group). Corresponding pups
at E18.5 born to these sham mothers had mean pooled
plasma corticosterone levels of 1.60 = 0.16 ng/ml, whereas
those born from TXA, mothers had mean pooled levels of
1.50 £ 0.26 ng/ml (NS, six litters per group).
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Fig. 1. (2) Mean maternal mean blood pressures (MBPs) of pregnant C57BL/6] female dams on 2nd day of varying U-46619 infusion
doses. Graphs are depicted as mean = s.E.M. (in mmHg, 10 dams per dose). Dotted line denotes the MBP before U-46619 infusions.
*P<0.0001 compared with sham, using ANOVA. (b)) Mean pooled fetal plasma 11-dehydrothromboxane B, (11-dhTXB;) levels (pg/ml)
at £19.5 at varying U-46619 infusion doses. Graphs are depicted as mean * s.e.m. (4-10 litters per dose). Dotted line denotes mean

11-dhTXB, levels for sham pups.
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Fig. 2. Mean birth weights of combined genders at term birth
with varying U-46619 infusion doses. Graphs are depicted as
mean & S.E.M. (in g, 11-13 litters per dose). Dotted line denotes
mean birth weights for sham pups; *2<<0.001 compared with
sham, using ANOVA.

Fetallpostnatal characterization

Individual pup weight distributions and mean gestational

days in sham and 2000 ng/h TXA, pups at birth

The median weights differed significantly between sham
and TUGR pups infused at 2000 ng/h TXA, (Fig. 3). We
found that a birth weight of 1.266 grams defined the 10th
percentile for weight for the sham litters, a traditional cutoff
for small-for-gestational age (SGA) infants.” Using this cut-
off, approximately one-third of the TXA,-induced pups at
2000 ng/h were defined as SGA. In addition, the mean
gestational days between sham and 2000 ng/h of TXA, was
similar (20 = 0.1 days in sham ». 19.9 = 0.1 days in TXA,,
17 litters each).
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Fig. 3. Box plots of individual birth weights of combined genders
at term for sham and IUGR pups at 2000 ng/h U-46619 infusion.
The top, middle and bottom horizontal lines of each box depict
the 75th, 50th and 25th percentiles, respectively, for birth weights
(in g). The shortest horizontal lines above and below the boxes
depict the 90th and 10th percentiles, respectively (10 litters for sham
and 14 litters for intrauterine growth restriction). Raw birth weight
values corresponding to the stated percentiles are shown above the
box plots; *2<<0.001 compared with sham, using ANOVA.

Fetal serum metabolites in sham and 2000 nglh

TXA; pups ar E19.5

Six out of eight fetal (£19.5) serum essential amino acids
examined, namely isoleucine, leucine, methionine, phenylalanine,
threonine and valine, were increased in IUGR pups compared
with sham pups (Table 1). Three out of eight nonessential amino
acids (alanine, hydroxyproline and serine) were also increased
(Table 1). However, we did not detect differences in TCA
intermediates, lactate, glucose or cholesterol (Table 2).
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Table 1. Mean AUC of essential and non-essential amino acids for
pooled serum samples of sham and IUGR pups at E19.5 after 2000 ng/h
U-46619 infusion

E19.5 metabolities
(arbitrary units)

Sham
(four litters)

TXA2

(four litters)

Essential amino acids

Isoleucine 160 = 16.9 217 = 24.3*
Leucine 330 *= 34.1 428 = 25.2*
Lysine 20.3 = 3.04 23.3 £2.06
Methionine 52.8+6.92 79.0 = 10.5**
Phenylalanine 83.8 £ 11.4 125 +7.10*
Threonine 70.3+9.71 101 * 6.14*
Tryptophan 8.75 % 2.53 10.5 + 1.94
Valine 80.0 * 11.4 106 = 13.7*
Non-essential amino acids

Alanine 26.0 =3.24 41.3 = 3.20*
Aspartic acid 39.0 £6.12 54.5*+11.9
Glutamine 125+17.0 185 = 42.0
Glycine 16.8 £2.69 22.3+2.56
Hydroxyproline 80.0 =5.43 101 =4.37*
Proline 10.8 = 1.89 17.0 = 3.03
Serine 83.5*+6.76 151 £27.0*
Tyrosine 111 £24.5 154+ 36.8

AUC, areas under chromatograms; IUGR, intrauterine growth
restriction.

Results are depicted as means = s.E.M. *P<0.05 and **P << 0.01
compared with sham, using ANOVA.

Table 2. Mean AUC of TCA cycle intermediates, lactate, glucose and
cholesterol for pooled serum samples of sham and IUGR pups ar E19.5
after 2000 ng/h U-46619 infusion

E19.5 metabolities
(arbitrary units)

Sham
(four litters)

TXA,
(four litters)

TCA cycle intermediates

Citrate 51.3+4.70 48.8 £5.85
Succinate 10.5 £ 1.32 16.5 £6.01
Fumarate 3.00 = 0.41 4.75*+1.03
Malate 7.00 = 0.71 9.25£2.10
Lactate 190 = 7.31 205+ 12.5
Glucose 174 +23.5 150 + 26.6
Cholesterol 84.8 = 16.3 113 +=5.63

AUC, areas under chromatograms; TCA, citric acid cycle; IUGR,
intrauterine growth restriction.
Results are depicted as means = s.E.M.

Fetal serum insulin levels in sham and 2000 nglh

TXA; pups ar E19.5

Pups whose mothers received 2000 ng/h TXA, had sig-
nificantly decreased fetal serum insulin levels compared
with sham pups at £79.5 (0.968 =0.134ng/ml in sham
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v. 0.493 + 0.172 ng/ml in TXA,, five litters for sham and 10
litters for TXA,, P<0.05).

Mean bodylorgan weights and nose-to-anus lengths in

sham and 2000 nglh TXA; pups at birth

In addition to an overall decrease in body weights, pups
whose mothers received 2000 ng/h of TXA, had decreases in
weights of the brain, lung, liver and kidney (Table 3).
Weights of the heart, spleen and thymus of IUGR pups were
similar to sham pups (Table 3). Nose-to-anus lengths were
also similar between sham and IUGR pups (2.983 # 0.023 cm
in sham males and 2.972 *+0.034cm in sham females v.
2.960 = 0.026cm in TXA, males and 2.921 = 0.034cm in
TXA, females, nine litters for sham and eight litters for TXA,).

Hepatic mRNA expression of IGF-1, PEPCK-1, PGC-1a

in sham and 2000 nglh TXA, pups at birth

We have separated our mRNA analyses into females and
males because sexually dimorphic gene expression is common
in the liver””*® and TUGR is known to elicit gender-specific
responses. IUGR significantly decreased total hepatic IGF-1
mRNA expression by 44% in females and 65% in males
(Fig. 4) compared with their sham counterparts. Of the variants
examined, [UGR decreased variants [ and B in females, whereas
IUGR decreased variants I, A and B in males (Fig. 4). In
addition, IUGR males had significantly increased PGC-la
mRNA level compared with sham males (Fig. 5a), with no
change in mRNA levels of PEPCK-1 in either gender.

Hepatic TNFo protein expression in sham and

2000 nglh TXA, pups at birth

Hepatic TNFa protein levels between sham and TXA, pups
were comparable at birth (Fig. 5b).

Postnatal weight gain between sham and 2000 ng/h
TXAy-induced IUGR pups

Figure 6 outlines the postnatal weight gain of sham and TXA,-
induced IUGR pups from birth (P1) to 1 year (P357, five
litters per age). We separated females and males to highlight
gender differences in growth velocity. The boxed region within
Fig. 6 shows that IUGR females and males weighed less than
their age- and gender-matched shams from P/ to P21. How-
ever, at P28, IUGR males caught up in weights with sham
males, whereas IUGR females caught up in weights with sham
females at P77 (Fig. 6). From P238 (8—12 months) to the end
of the first year, [IUGR males weighed significantly more than
their age-matched sham males.

Discussion

In this study, we have created a novel non-brain sparing [IUGR
mouse model using U-46619, a TXA, analog, infusion. The
basis for using a TXA, analog is that TXA, production is
accelerated in many conditions of human pregnancies that can
lead to IUGR. These conditions include cigarette smoking,
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Table 3. Mean body and organ weights of sham and IUGR pups of combined genders at term birth after 2000 ng/h U-46619

infusion

PI (g Sham (11 litters) TXA, (16 litters) %A P-value
Body weight 1.425 +0.018 1.235 £ 0.025 —15 <0.001
Whole brain weight 0.086 = 0.002 0.072 = 0.002 —16 <0.0001
Lung weight 0.036 £ 0.001 0.030 = 0.001 —17 <0.0001
Liver weight 0.056 * 0.002 0.046 = 0.002 —18 <0.0001
Kidney weight 0.015 £ 0.0005 0.013 = 0.0004 —13 <0.001
Heart weight 0.009 * 0.0002 0.009 *= 0.001 - 0.82
Spleen weight 0.002 = 0.0001 0.002 = 0.0002 - 0.46
Thymus weight 0.004 *= 0.0002 0.005 £ 0.002 - 0.59

P1, weight t term; IUGR, intrauterine growth restriction.

Results are depicted as means = s.E.M. (2 = 11 litters for sham and 16 litters for IUGR). Percentage decreases in weights
in ITUGR compared with sham are shown in %A column. 2<<0.001 or < 0.0001 compared with sham, using ANOVA.

M Total hepatic IGF-1
M Hepatic IGF-1 variant |

*p<0.05
[ Hepatic IGF-1 variant Il **p 0.001
I Hepatic IGF-1 variant A p<0.
[ Hepatic IGF-1 variant B ***p<0.0001

120

80

40

%mRNA changes at term
normalized to
gender-matched controls

IUGR Females
Experimental Groups

IUGR Males

Fig. 4. Quantification of total hepatic insulin-like growth factor-1
(IGF-1) and IGF-1 variants mRNA levels in intrauterine growth
restricted pups at term birth after 2000 ng/h U-46619 infusion.
Females and males are presented separately. Graphs are depicted as
mean = S.E.M. of %mRNA changes relative to gender-matched
shams, which have been set as 100% (» = 8/group); *P < 0.05,
**P<0.001, **P<<0.0001 compared with gender-matched
shams, using ANOVA.

diabetes mellitus and preeclampsia. Our model thus shares many
characteristics with human IUGR pregnancies. Furthermore,
creating an JIUGR model in the mouse provides a powerful tool
to study the impact of IUGR on transgenic mice. Although
many genetically manipulated mouse models with resultant
TUGR exist, this IUGR model has the potential to be induced in
any mouse strain, avoiding the cost and labor associated with
targeted gene manipulaton. Another advantage of this model
over other surgical models of IUGR is its relative ease and
noninvasive nature of micro-osmotic pump implantation. In this
regard, mice circumvent a laparotomy associated with other
surgical models, which translates to shorter anesthesia time and
better preservation of these pregnancies.

In our model, exogenous U-46619 infusion at 2000 ng/h
in the last week of C57BL/6] mouse gestation produces
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maternal hypertension, with unaltered litter sizes and gesta-
tional lengths. Similar fetal thromboxane metabolite levels
and similar fetal hepatic TNFa protein levels between sham
and TUGR pups suggest that UPI most likely led to fetal
growth restriction rather than a direct effect of U-46619 or its
metabolites on fetal growth. We acknowledge that we have
not directly measured uteroplacental blood flow to the fetuses
in this study. We are in the process of collecting placental
weights and will be pursuing placental histology to assess
U-46619’s effects on the placenta.

Our IUGR offspring have a 15% decrease in birth weight,
compared with the traditional IUGR rat model in which
birth weight is 20-25% lighter.””*° Neither maternal nor
fetal stress significantly contributed to this growth restriction
as seen by similar £78.5 plasma corticosterone levels. Similar
to the incidence of human SGA infants in IUGR epide-
miological studies,”"** approximately one-third of the IUGR
mouse pups are below the 10th percentile for weight com-
pared with weights in the sham population. In addition to the
overall decrease in birth weight, whole-brain weight was also
decreased, demonstrating a non-brain sparing IUGR model.
This non-brain sparing effect is typical of a chronic in utero
insult as opposed to the 2-day rat uterine artery ligation
model in which brain sparing occurs. Other examples of non-
brain sparing animal models with a more protracted in utero
insult include chronic placental insufficiency induced by
umbilico-placental embolization in the sheep® and placental
infection with cytomegalovirus in the mouse.** In human
pregnancies that are complicated by congenital infections,
genetic disorders or other extrinsic conditions that are active
early in pregnancy, non-brain sparing IUGR infants are
commonly seen.

Metabolically, our TXA,-induced IUGR mouse pups have
certain increased essential (the branched-chain amino acids of
isoleucine, leucine and valine) and nonessential amino acid
levels. They also have normal fetal glucose levels. Collectively,
this metabolic profile is different from that of the IUGR rat
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Fig. 5. (2) Quantification of hepatic phosphoenolpyruvate carboxykinase 1 (PEPCK-1) and peroxisome proliferator-activated receptor-
gamma coactivator-1 alpha (PGC-1at) mRNA levels in intrauterine growth restricted IUGR) pups at term birth after 2000 ng/h U-46619
infusion. Females and males are presented separately. Graphs are depicted as mean = s.e.M. of %mRNA changes relative to gender-
matched shams, which have been set as 100% (= 8/group). (4) Quantification of hepatic tumor necrosis factor-alpha (TNFa) protein
levels in IUGR pups at term birth after 2000 ng/h U-46619 infusion. Females and males are presented separately. Graphs are depicted as
mean = S.E.M. of %protein changes relative to gender-matched shams, which have been set as 100% (7 = 6/group). Representative TNFau
and GAPDH blots are presented above the graph (IF, IUGR females; SF, sham females; IM, IUGR males; SM, sham males); *P < 0.01

compared with gender-matched shams, using ANOVA.

35 4
—— SM *p<0.05
—= M **p<0.001
304 |— SF
-+~ IF
25

Mean Weights (grams)

Compared to age-and gender-matched shams,

*

TIrisl plgpriidd

A

Compared to age- and
gender-matched shams,

*p<0.05
12 **p<0.001
***p<0.0001

0 P1 P4 P7 P14 P21 P28
________________________ P Days
P91 P140 P189 P238 P287 P336

Postnatal Days

Fig. 6. Mean postnatal weights of sham and intrauterine growth restricted (IUGR) pups from birth (PI) to P357 after 2000 ng/h
U-46619 infusion. Sham males (SM) are depicted as solid gray line; TXA,-induced IUGR males (IM) are depicted as broken gray line;
sham females (SF) are depicted as solid black line; TXA,-induced IUGR females (IF) are depicted as broken black line. Line graphs show
mean & S.E.M. at each postnatal age (in g, five litters per age). Boxed area is a magnified view of weights at PI-P28 to highlight gender
differences; *P < 0.05, **P<0.001, **P < 0.0001 compared with age- and gender-matched shams, using ANOVA.

model in which decreased fetal branched-chain amino acids
and hypoglycemia are seen.® We speculate that these meta-
bolite discrepancies exist because the inciting stimuli and
duration of IUGR are different between the two models.
Of interest is the fact that the fetal metabolic profile of our
novel mouse model replicates closely to that seen in human
pregnancies with TXA, overproduction, particularly with
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pregnancy-induced hypertension (PIH). Whereas infants
from other causes of IUGR are regarded as nutrient deficient,
infants of PIH mothers show increased serum nutrients
including glucose and amino acids.*>*® Whether such
increased nutrients in the fetus represent increased transpla-
cental transport, decreased fetal utilization or increased fetal
catabolism are unclear at this stage.
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A metabolic marker that is similar between the IUGR mouse
and rat models is a decreased fetal serum insulin level. Insulin is
one of the most potent hormones stimulating fetal growth.
Because insulin is a central regulator of fetal growth, the B-cell in
the pancreas can be seen as functioning to match fetal nutrient
supply with hormonal signals for growth.”” Decreased insulin
secretion in this situation may be viewed as a positive adaptive
mechanism limiting fetal growth during relative nutrient
restriction. Apart from insulin’s growth promoting actions on
the fetus, IGF-1 also plays an important role in the growth of
the offspring.

IGF-1, by virtue of its homology to insulin and the simi-
larity between the IGF-1 and insulin receptors, has been
shown to elicit insulin-like metabolic effects.'® Indeed, IGF-1
measurements in human umbilical cord serum have been
shown to be lower in SGA neonates®® and in our fetal rats
that have undergone bilateral uterine artery ligation.” In
addition, IGF-1 deficiency in knockout mice is associated
with severe intrauterine growth failure.** Our IUGR mouse
pups at birth showed reduced total hepatic IGF-1 mRNA
levels. Such total IGF-1 mRNA decreases are consistent with
those observed with the IUGR rat model.*' However, our
IUGR male offspring showed a gender-specific variant A
mRNA reduction compared with IUGR females. Variant
expression is important to confer spatiotemporal and gender-
specific tissue expression. As such, IGF-1 variant A in this
model appears to be particularly sensitive to gender-specific
perturbation of IUGR by TXA, overproduction.

Apart from the additional IGF-1 variant reduction, [IUGR
male pups also show increased hepatic mitochondrial biogenetic
PGC-1ae mRNA level at birth compared with sham males and
IUGR females. Such increase in PGC-1lae mRNA have been
observed in the TUGR rat model as well.'” This mRNA change
at birth may signify that the TUGR males have already repro-
grammed their energy homeostasis to increase glucose metabo-
lism during the period of placental insufficiency. We posit that
coupling this hepatic change with an earlier catch-up growth at
P28 would place these IUGR males at significant risk for the
early development of metabolic syndrome in the postnatal
period. This speculation is partly supported by the heavier
weights observed in IUGR males from P238 compared with
sham males. Thus, this model further resembles complications
associated with human IUGR in which males are particularly
susceptible to earlier onset of metabolic syndrome.***

We acknowledge that this study has mainly focused on the
offspring phenotype because of our laboratory’s interest in
mechanisms of fetal origins of adult disease. The complete
characterization of the maternal phenotype is beyond the scope
of this study. We have also only characterized the morpho-
metric, biochemical and certain molecular phenotypes of the
perinatal period. We speculate that the hepatic protein levels of
IGF-1, PEPCK-1 and PGC-la would correlate with the
mRNA expression levels at this age. We further speculate that
other genes relating to the ones examined such as IGF-binding
proteins, IGF-2 and peroxisome proliferator-activated receptor
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isoforms would show altered expression in this model.
Experiments aimed at elucidating these and many adolescent
and adult complications of IUGR are under way to determine
the ultimate phenotypes of this model.

We also recognize that certain limitations exist in our study.
Even though the mouse is highly related to humans with
similar genes, biochemical pathways, organs, and physiology,
a major limitation of rodents is that offspring are born with an
underdeveloped brain and endocrine/paracrine system that
requires significant maturation during the weaning period.”®
This is offset by a compressed developmental time course such
that disease processes can be studied from birth to adulthood
in a timely manner. Moreover, litter-bearing animal models
may have a variable nutrient supply among the fetuses from
the same litter compared with human singleton pregnancies.
Nevertheless, the creation of this TXA, analog-induced IUGR
mouse model provides an opportunity to establish fetal growth
restriction in transgenic mice to study any transgene of interest
relating to fetal programming of adult disease.

In summary, using a pharmacological approach, we have
generated a chronic IUGR mouse model that has the potential
to be used in any mouse strain including transgenic mice. More
importantly, by deriving maternal hypertension, we have created
a common cause of IUGR in humans of both developing and
developed countries. Even though other mouse models of TUGR
exist, the vast majority of these models entail manipulating
a specific gene®™® to cause IUGR. Other mouse models
of IUGR without gene manipulation exist too. For example, via

4 ¢
54,55 crow-

maternal cigarette smoking and ethanol exposure,”®
ded uterine horn model’ via hemiovariectomy,”” maternal pro-
tein malnutrition®® and maternal placental infection.>**? All
these models provide their own invaluable ways to study the
mechanisms of pathophysiology relating to IUGR. Our novel
model complements further by its close resemblance to human
pregnancy complications that have TXA, overproduction as its
underlying etiology of IUGR and by its relative ease of surgical

IUGR induction.

Acknowledgments

This study was supported by NIH 1R01DK080558-04 (to
RHL) and by University of Utah Children’s Health Research
Career Development Award 5K12-HD001410-06 and Primary
Children’s Medical Center Foundation Innovation Research
Grant (to CF). We thank Huifeng Jin for her technical assis-
tance in tail-cuff blood pressure measurements and organ
weight measurements.

References

1. Schroder HJ. Models of fetal growth restriction. Eur J Obstet
Gynecol Reprod Biol. 2003; 110(Suppl. 1), S29-839.

2. Battaglia FC, Lubchenco LO. A practical classification of
newborn infants by weight and gestational age. J Pediatr. 1967;
71, 159-163.


https://doi.org/10.1017/S2040174411000535

300

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

C. Fung et al.

. Barker DJ. The origins of the developmental origins theory.

J Intern Med. 2007; 261, 412-417.

. Vuguin PM. Animal models for small for gestational age and

fetal programming of adult disease. Horm Res. 2007; 68, 113-123.

. Wigglesworth JS. Experimental growth retardation in the foetal

rat. J Pathol Bacteriol. 1964; 88, 1-13.

. Ogata ES, Bussey ME, LaBarbera A, Finley S. Altered growth,

hypoglycemia, hypoalaninemia, and ketonemia in the young rat:
postnatal consequences of intrauterine growth retardation.

Pediatr Res. 1985; 19, 32-37.

. Lane RH, Flozak AS, Ogata ES, Bell GI, Simmons RA. Altered

hepatic gene expression of enzymes involved in energy
metabolism in the growth-retarded fetal rat. Pediatr Res. 1996;
39, 390-394.

. Lane RH, Ramirez RJ, Tsirka AE, ez a/. Uteroplacental

insufficiency lowers the threshold towards hypoxia-induced
cerebral apoptosis in growth-retarded fetal rats. Brain Res. 2001;

895, 186-193.

. McAdam BF, Byrne D, Morrow JD, Oates JA. Contribution of

cyclooxygenase-2 to elevated biosynthesis of thromboxane A2
and prostacyclin in cigarette smokers. Circulation. 2005; 112,
1024-1029.

Goodwill AG, James ME, Frisbee JC. Increased vascular
thromboxane generation impairs dilation of skeletal muscle
arterioles of obese Zucker rats with reduced oxygen tension.
Am J Physiol Heart Circ Physiol. 2008; 295, H1522-H1528.
Tanbe AF, Khalil RA. Circulating and vascular bioactive factors
during hypertension in pregnancy. Curr Bioact Compd. 2010; 6,
60-75.

Rocca B, Loeb AL, Strauss JF III, e /. Directed vascular
expression of the thromboxane A2 receptor results in
intrauterine growth retardation. Nat Med. 2000; 6, 219-221.
Hayakawa M, Takemoto K, Nakayama A, er a/. An animal
model of intrauterine growth retardation induced by synthetic
thromboxane a(2). J Soc Gynecol Investig. 2006; 13, 566-572.
Ogata ES, Bussey ME, Finley S. Altered gas exchange, limited
glucose and branched chain amino acids, and hypoinsulinism
retard fetal growth in the rat. Metabolism. 1986; 35, 970-977.
Gentili S, Morrison JL, McMillen IC. Intrauterine growth
restriction and differential patterns of hepatic growth and
expression of IGF1, PCK2, and HSDL1 mRNA in the sheep
fetus in late gestation. Biol Reprod. 2009; 80, 1121-1127.
Randhawa RS. The insulin-like growth factor system and fetal
growth restriction. Pediatr Endocrinol Rev. 2008; 6, 235-240.
Lane RH, MacLennan NK, Hsu JL, Janke SM, Pham TD.
Increased hepatic peroxisome proliferator-activated receptor-
gamma coactivator-1 gene expression in a rat model of
intrauterine growth retardation and subsequent insulin
resistance. Endocrinology. 2002; 143, 2486-2490.

Adamo ML, Neuenschwander S, LeRoith D, Roberts CT Jr.
Structure, expression, and regulation of the IGF-I gene. Adv Exp
Med Biol. 1993; 343, 1-11.

Beale EG, Hammer RE, Antoine B, Forest C. Disregulated
glyceroneogenesis: PCKI1 as a candidate diabetes and obesity
gene. Trends Endocrinol Metab. 2004; 15, 129-135.
Meirhaeghe A, Crowley V, Lenaghan C, er a/. Characterization
of the human, mouse and rat PGCI beta (peroxisome-
proliferator-activated receptor-gamma co-activator 1 beta) gene
in vitro and in vivo. Biochem J. 2003; 373, 155-165.

https://doi.org/10.1017/52040174411000535 Published online by Cambridge University Press

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Krege JH, Hodgin JB, Hagaman JR, Smithies O. A noninvasive
computerized tail-cuff system for measuring blood pressure in
mice. Hypertension. 1995; 25, 1111-1115.

Roberts L] II, Sweetman BJ, Oates JA. Metabolism of
thromboxane B2 in man. Identification of twenty urinary
metabolites. / Biol Chem. 1981; 256, 8384-8393.

Pradelles P, Grassi J, Maclouf J. Enzyme immunoassays of
eicosanoids using acetylcholine esterase as label: an alternative to
radioimmunoassay. Anal Chem. 1985; 57, 1170-1173.

A], Trygg J, Gullberg J, et al. Extraction and GC/MS analysis
of the human blood plasma metabolome. Anal Chem. 2005; 77,
8086-8094.

MacLennan NK, James SJ, Melnyk S, et al. Uteroplacental
insufficiency alters DNA methylation, one-carbon metabolism,
and histone acetylation in IUGR rats. Physiol Genomics. 2004;
18, 43-50.

Pham TD, MacLennan NK, Chiu CT, et 4/. Uteroplacental
insufficiency increases apoptosis and alters p53 gene
methylation in the full-term IUGR rat kidney. Am J Physiol
Regul Integr Comp Physiol. 2003; 285, R962-R970.

van Nas A, Guhathakurta D, Wang SS, ¢# a/. Elucidating the
role of gonadal hormones in sexually dimorphic gene
coexpression networks. Endocrinology. 2009; 150, 1235-1249.
Smirnov AN. Hormonal mechanisms of sex differentiation of
the liver: the modern concepts and problems. Ontogenez. 2009;
40, 334-354.

Joss-Moore LA, Wang Y, Campbell MS, ¢t al. Uteroplacental
insufficiency increases visceral adiposity and visceral adipose
PPARgamma2 expression in male rat offspring prior to the
onset of obesity. Early Hum Dev. 2010; 86, 179-185.

Baserga M, Hale MA, Wang ZM, et al. Uteroplacental
insufficiency alters nephrogenesis and downregulates
cyclooxygenase-2 expression in a model of IUGR with adult-
onset hypertension. Am J Physiol Regul Integr Comp Physiol.
2007; 292, R1943-R1955.

Eskenazi B, Fenster L, Sidney S, Elkin EP. Fetal growth
retardation in infants of multiparous and nulliparous women
with preeclampsia. Am J Obstet Gynecol. 1993; 169, 1112-1118.
Pietrantoni M, O’Brien WF. The current impact of the
hypertensive disorders of pregnancy. Clin Exp Hypertens. 1994;
16, 479-492.

Duncan JR, Cock ML, Loeliger M, ez al. Effects of exposure to
chronic placental insufficiency on the postnatal brain and retina
in sheep. J Neurapathol Exp Neurol. 2004; 63, 1131-1143.

Li RY, Tsutsui Y. Growth retardation and microcephaly
induced in mice by placental infection with murine
cytomegalovirus. Teratology. 2000; 62, 79-85.

von Versen-Hoeynck FM, Powers RW. Maternal-fetal
metabolism in normal pregnancy and preeclampsia. Front Biosci.
2007; 12, 2457-2470.

Evans RW, Powers RW, Ness RB, ¢# /. Maternal and fetal
amino acid concentrations and fetal outcomes during
pre-eclampsia. Reproduction. 2003; 125, 785-790.

Barry JS, Rozance PJ, Anthony RV. An animal model of
placental insufficiency-induced intrauterine growth restriction.
Semin Perinatol. 2008; 32, 225-230.

Foley TP Jr, DePhilip R, Perricelli A, Miller A. Low
somatomedin activity in cord serum from infants with
intrauterine growth retardation. J Pediatr. 1980; 96, 605-610.


https://doi.org/10.1017/S2040174411000535

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Unterman TG, Simmons RA, Glick RP, Ogata ES. Circulating
levels of insulin, insulin-like growth factor-I (IGF-I), IGF-II,
and IGF-binding proteins in the small for gestational age fetal
rat. Endocrinology. 1993; 132, 327-336.

Baker J, Liu JP, Robertson EJ, Efstratiadis A. Role of insulin-
like growth factors in embryonic and postnatal growth. Cell.
1993; 75, 73-82.

Fu Q, Yu X, Callaway CW, Lane RH, McKnight RA.
Epigenetics: intrauterine growth retardation (IUGR) modifies
the histone code along the rat hepatic IGF-1 gene. FASEB ].
2009; 23, 2438-2449.

Varvarigou AA. Intrauterine growth restriction as a potential
risk factor for disease onset in adulthood. J Pediatr Endocrinol
Metab. 2010; 23, 215-224.

Veening MA, Van Weissenbruch MM, Delemarre-Van De
Waal HA. Glucose tolerance, insulin sensitivity, and insulin
secretion in children born small for gestational age. J Clin
Endocrinol Metab. 2002; 87, 4657—4661.

Barker D], Eriksson JG, Forsen T, Osmond C. Fetal origins of
adult disease: strength of effects and biological basis. Inz J
Epidemiol. 2002; 31, 1235-1239.

Hensen K, Braem C, Declercq J, ef al. Targeted disruption

of the murine Plagl proto-oncogene causes growth retardation
and reduced fertility. Dev Growth Differ. 2004; 46, 459-470.
Tamemoto H, Kadowaki T, Tobe K, et 4/. Insulin resistance
and growth retardation in mice lacking insulin receptor
substrate-1. Nature. 1994; 372, 182-186.

Vuguin PM, Kedees MH, Cui L, e al. Ablation of the glucagon
receptor gene increases fetal lethality and produces alterations in
islet development and maturation. Endocrinology. 2006; 147,
3995-4006.

Collins LL, Lee YF, Heinlein CA, ez a/. Growth retardation and
abnormal maternal behavior in mice lacking testicular orphan
nuclear receptor 4. Proc Natl Acad Sci U S A. 2004; 101,
15058-15063.

Hansen TV, Hammer NA, Nielsen J, et /. Dwarfism

and impaired gut development in insulin-like growth

https://doi.org/10.1017/52040174411000535 Published online by Cambridge University Press

Novel thromboxane A, analog-induced IUGR mouse model

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

301

factor I mRNA-binding protein 1-deficient mice. Mo/ Cell Biol.
2004; 24, 4448—4464.

Crossey PA, Pillai CC, Miell JP. Altered placental development
and intrauterine growth restriction in IGF binding protein-1
transgenic mice. J Clin Invest. 2002; 110, 411-418.

Li M, Yee D, Magnuson TR, Smithies O, Caron KM. Reduced
maternal expression of adrenomedullin disrupts fertility,
placentation, and fetal growth in mice. / Clin Invest. 20065
116, 2653-2662.

Ivanova M, Dobrzycka KM, Jiang S, et al. Scaffold attachment
factor B1 functions in development, growth, and reproduction.
Mol Cell Biol. 2005; 25, 2995-3006.

Yoshida T, Gan Q, Franke AS, ez 2/. Smooth and cardiac muscle-
selective knockout of Kruppel-like factor 4 causes postnatal death
and growth retardation. J Bio/ Chem. 2010; 285, 21175-21184.
Esposito ER, Horn KH, Greene RM, Pisano MM. An animal
model of cigarette smoke-induced in utero growth retardation.
Toxicology. 2008; 246, 193-202.

Gandley RE, Jeyabalan A, Desai K, ez al. Cigarette exposure
induces changes in maternal vascular function in a pregnant
mouse model. Am [ Physiol Regul Integr Comp Physiol. 2010;
298, R1249-R1256.

Kaminen-Ahola N, Ahola A, Maga M, e al. Maternal ethanol
consumption alters the epigenotype and the phenotype of
offspring in a mouse model. PLoS Genet. 2010; 6, €1000811.
Coe BL, Kirkpatrick JR, Taylor JA, vom Saal FS. A new
‘crowded uterine horn’ mouse model for examining the
relationship between foetal growth and adult obesity.

Basic Clin Pharmacol Toxicol. 2008; 102, 162-167.

Sutton GM, Centanni AV, Butler AA. Protein malnutrition
during pregnancy in C57BL/6] mice results in offspring with
altered circadian physiology before obesity. Endocrinology. 2010;
151, 1570-1580.

Bobetsis YA, Barros SP, Lin DM, Arce RM, Offenbacher S.
Altered gene expression in murine placentas in an infection-
induced intrauterine growth restriction model: a microarray

analysis. / Reprod Immunol. 2010; 85, 140-148.


https://doi.org/10.1017/S2040174411000535

