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Abstract

Intrauterine nutrition status is reported to correlate with risk of cardiovascular diseases in adulthood. Either under- or overnutrition during
early to mid gestation contributes to altered fetal growth and ventricular geometry. This study was designed to examine myocardial
expression of ciliary neurotrophic factor receptor o (CNTFRa) and its downstream mediator signal transducer and activator of transcription 3
(STAT3) on maternal undernutrition- or overnutrition-induced changes in fetal heart weight. Multiparous ewes were fed with 50% [nutrient-
restricted (NR)], 100% (control) or 150% [overfed (OF)] of National Research Council requirements from 28 to 78 days of gestation (dG;
term, 148 dG). Ewes were euthanized on Day 78, and the gravid uteri and fetuses recovered. Ventricular protein expression of CNTFRa,
STAT3, phosphorylated STAT3, insulin-like growth factor I receptor (IGF-1R), and IGF binding protein 3 (IGFBP3) were quantitated using
Western blot. Plasma cortisol levels were higher in both NR and OF fetuses, whereas plasma IGF-1 levels were lower and higher in NR and
OF fetuses. Fetal weights were reduced by 29.9% in NR ewes and were increased by 22.2% in fetuses from OF ewes compared to control
group. Nutrient restriction did not affect fetal heart or ventricular weights, whereas overfeeding increased heart and ventricular weights.
Protein expression of CNTFRa« in fetal ventricular tissue was reduced in OF group, whereas STAT3 and phosphorylated STAT3 levels were
reduced in both NR and OF groups. Expression of IGF-1R and IGFBP3 was unaffected in either NR or OF group. These data suggested that,
compared with maternal undernutrition, intrauterine overfeeding during early to mid gestation is associated with increases in fetal blood
concentrations of cortisol and IGF-1, in association with ventricular hypertrophy where reduced expression of CNTFRa and STAT3 may
play a role.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Epidemiological studies have described a close associa-
tion between nutrition status during development and risk for
long-term disease. Together with controlled animal studies,
these data have led to the biological concept of develop-
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mental programming (DP). DP is defined as a response to a
specific challenge to the mammalian organism during a
critical developmental time window that alters the trajectory
of development qualitatively and/or quantitatively with
persistent effects on offspring phenotype. Many studies
have focused on the effects of exposure of the fetus to either
under- or overnourishment in order to determine the impact
on the health of the offspring during adulthood [1-5].
Understanding of how maternal nutrition may program
fetal as well as postnatal organ geometry and function is
still inadequate.

Altered fetal nutritional status, especially during the first
two trimesters of pregnancy, has been shown to enhance
susceptibility to cardiovascular, metabolic, and endocrine
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Table 1
Composition of the diet fed to ewes throughout the study

Ingredients (%)

Ground bromegrass hay® 14.02
Ground corn 63.89
Soybean meal 13.30
Liquid molasses 5.60
Limestone 2.24
Ammonium chloride 0.50
Mineralized salt” 0.24
Magnesium chloride 0.10
ADE premix® 0.10
Rumensin 80 0.02
Analyzed composition
DM (%) 88.54
NDF (% of DM) 24.09
ADF (% of DM) 9.99
CP (% of DM) 17.39
IVDMD (%) 93.92

DM, dry matter; NDF, neutral detergent fiber; ADF, acid detergent fiber; CP,
crude protein; IVDMD, in vitro dry matter digestibility.

# Mean particle length=2.54 cm.

® Contained 13% NaCl, 10% Ca, 10% P, 2% K, 1.5% Mg, 0.28% Fe,
0.27% Zn, 0.12% Mn, 0.01% I, 35 ppm Se, and 20 ppm Co.

¢ Contained 110,000 IU/kg vitamin A, 27,500 IU/kg vitamin D, and
660 TU/kg vitamin E.

diseases during postnatal life [2,6,7]. Undernutrition during
early to mid pregnancy leads to birth of offspring with health
problems in adulthood, even if adequate nutrition is provided
later in gestation [6,8]. In addition, an elevated level of
prenatal nutrient supply significantly increases the propen-
sity to obesity in adult life [9,10]. These gestational nutrition-
associated fetal or postnatal defects seem to be consistent
with the critical role of early life for fetal growth and
development [11]. Despite these clinical and animal experi-
mental observations, the precise cellular mechanism(s)
responsible for abnormal fetal growth and physiological
function as a result of altered maternal nutrient supply
remains poorly elucidated.

The objective of this study was to examine the impact of
the early life nutrient restriction or overfeeding on fetal
cardiac growth and expression of the receptor for ciliary
neurotrophic factor (CNTF), which is essential to tissue
growth and metabolism [12]. The CNTF receptor (CNTFR)
complex closely resembles the leptin receptor (ObR)
structurally and has a similar distribution in the hypothalamic
nuclei associated with regulation of feeding and body weight
[13]. The CNTFR is a trimeric receptor complex with a
CNTF binding component (CNTFR), a leukemia inhibitory
factor 3 subunit, and the signal transducer of IL-6 (gp130)
[13,14]. Evidence has demonstrated that leptin and CNTF
may share similar cellular signaling components, including
the structural homology between ObR and the gp130 subunit
of the CNTFR as well as activation of signaling pathway
involving the Janus kinase-signal transducer and activator of
transcription (STAT) pathway [15,16]. Given the role of
insulin-like growth factor I (IGF-1) system in fetal cardiac
growth [17,18], levels of circulating IGF-1, protein expres-

sion of IGF-1 receptor (IGF-1R), and IGF binding protein 3
(IGFBP3) were also evaluated.

2. Materials and methods
2.1. Experimental animals

All animal procedures were approved by the University of
Wyoming Animal Care and Use Committee. On Day 20 of
pregnancy, multiparous ewes of mixed breeding were
weighed so that individual diets could be calculated on a
metabolic body weight basis (weight””?), as previously
described [19]. On Day 21 of gestation, all ewes were placed
in individual pens and fed a highly palatable diet (Table 1) at
100% of National Research Council (NRC) recommenda-
tions (1985) which was equivalent to 1.1% of ewe body
weight. On day 28, ewes were randomly assigned in equal
numbers to be fed the highly palatable diet at 50% (nutrient
restricted), 100% (control), or 150% (overfed) of NRC
recommendations. All ewes were weighed at weekly
intervals and rations adjusted for weight gain or loss. On
Day 45, ultrasonography was used to determine the number
of fetuses present, and only twin bearing ewes [7 control,
5 nutrient-restricted (NR), and 10 overfed fetuses] were
entered in the study. Ewes were necropsied on Day 78 of
gestation for this study.

Ewes were sedated with ketamine and maintained
under isofluorine inhalation anesthesia. Fetal blood was
collected from the umbilical vein via puncture with an
18-gauge 1 1/2-inch needle, and blood was drawn into a 3 cc
syringe and subsequently placed in a chilled nonheparinized
vacutainer tube (no additives, Sigma, St. Louis, MO, USA).
Serum was obtained and frozen at —80°C until assayed for
cortisol and IGF-1. Ewes were then given an overdose of
sodium pentobarbital (Abbott Laboratories, Abbott Park, IL,
USA) and exanguinated. The gravid uterus was quickly
removed. Fetal weight, crown-rump length (CRL), and total
heart and left and right ventricular weights were determined
for each twin. Ventricular samples were snap-frozen in liquid
nitrogen for later analysis.

2.2. Western analysis of CNTFRo, STAT3, phosphorylated
STAT3, IGF-1R and IGFBP3

For western blot analysis, left and right ventricular
tissue were homogenized and lysed in radio-immunoprecipi-
tation assay (RIPA) lysis buffer containing 20 mmol/l Tris (pH
7.4), 1 mmol/l EDTA 1 mmol/l EGTA, 150 mmol/l NaCl, 1%
Triton, and 0.1% sodium dodecyl sulfate (SDS) with 1%
protease inhibitor cocktail. Lysates were sonicated and
clarified by centrifugation at 13,000g for 25 min at 4°C,
and protein concentrations were determined using the Bio-
Rad protein assay reagent (Bio-Rad Laboratories, Richmond,
CA, USA). Equal amounts of protein samples (50 pg/lane)
were separated on a 7% SDS-polyacrylamide gels. SeeBlue
plus2 prestained markers (Invitrogen, Carlsbad, CA, USA)
were used as standards. Electrophoretic transfer of proteins to
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Table 2
Biometric features and blood concentrations of cortisol and IGF-1 in fetus
from ewes with control, NR, and overfed ewes on Day 78 of gestation

Control Nutrition-restricted ~ Overfed

(n=T7) (n=5) (n=10)
Fetal weight (g) 308.0£12.2  216.0+13.6* 376.4+£12.5%,%*
CRL (cm) 21.86+0.26  20.20+0.34* 24.45+0.17%,%*
Heart weight (g) 2.47+£0.14  2.17+£0.33 3.27+0.23%%*
HW/EW (%) 2.61£0.15 4.58+0.49 2.30+0.13
Left ventricle (g) 1.07+0.05 0.89+0.09 1.34+0.07%,%*
Right ventricle (g) 0.61+0.03 0.50+0.07 0.77+0.03%,%*
LV/FW (%) 0.35+0.03 0.41£0.05 0.36+0.03
RV/FW (%) 0.16+0.02 0.23£0.03 0.20+0.03
Cortisol (ng/ml) 7.85£0.76  11.51=1.11%* 14.16+0.88*,**
IGF-1 (ng/ml) 44.62+0.90  38.78+2.29* 53.30+1.76%:**

Data are presented as mean+S.E.M. FW, fetal weight; LV, left ventricle; RV,

right ventricle.
* P<.05 compared with control group.

** P<.05 compared with nutrition restricted group.

nitrocellulose membranes (0.2 pm pore size, Bio-Rad
Laboratories, Hercules, CA, USA) was accomplished in a
transfer buffer consisting of 25 mmol/l Tris-HCI, 192 mmol/l
glycine, and 20% methanol for 60 min. Membranes were
blocked for 60 min at room temperature in 0.1% Tris-buffered
saline Tween-20 (TBS-T) with 5% nonfat dry milk.
Membranes were incubated overnight with anti-CNTFRa
(1:1000), anti-STAT3 (1:1000), antiphosphorylated STAT3
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(pSTAT3) (1:1000), anti-IGF-1R (1:1000), and anti-IGFBP3
(1:1000) antibodies at 4°C (Cell Signaling, Beverly, MA,
USA). After incubation with the primary antibody, blots were
incubated with the anti-rabbit [gG HRP-linked antibodies
(1:5000) for 60 min at room temperature. After three washes
in TBS-T, immunoreactive bands were detected using the
Super Signal west Dura Extended Duration Substrate (Pierce,
Milwaukee, WI, USA). The intensity of bands was measured
with a scanning densitometer (Model GS-800; Bio-Rad)
coupled with Bio-Rad PC analysis software.

2.3. Hormone assay methods

All samples were run in triplicate, and sample analysis
was completed using a single assay. The intra-assay
variability was <5%. Cortisol levels were measured by
RIA in accordance with the manufacturer recommendation
(Coat-A-Count, Diagnostic Products Corporation, Los
Angeles, CA, USA). IGF-1 (single measurement) was run
on serum samples using Immulite test kits on an Immulite
1000 (Diagnostics Products Corporation). The sensitivity of
the IGF-1 assay was 20 ng/ml, and the intra-assay variability
was <2%.

2.4. Statistics

Data are presented as mean+S.E.M. Mean differences
between groups were assessed using a 2-way analysis of

0.8 -

0.6 4

0.4 4

0.2 4

CNTFRa expression (arbitrary density)

0 T
Control

Overfeeding

1.5 4

1.0 1

0.5 1

pSTAT3 expression (arbitrary opitical density)

Control Overfeeding

Fig. 1. Protein expression of CNTFRa, STAT3, and pSTAT3 in ventricles from fetus of control, NR and overfed ewes. (A) Actual gel blotting depicting
CNTFRa, STAT3, and pSTAT3 proteins using specific antibodies. (B—D) CNTFRa, STAT3, and pSTAT3 protein abundance in the three groups (mean+S.E.M.,

n=5-10 per group). *P<.05 vs. control.
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Fig. 2. Protein expression of IGF-1 receptor (A) and IGFBP3 (B) in
ventricles from fetus of control, NR, and overfed ewes. (Inset) Actual gel
blotting depicting IGF-1R and IGFBP3 proteins using specific antibodies
(mean£S.E.M, n=5-10 per group).

variance. When an overall significance was determined, a
Dunnetts post hoc analysis was incorporated. P<.05 was
considered significant.

3. Results

3.1. General features of ewes and fetuses under intrauterine
nutrition restriction and overfeeding

There were no differences in body weight on Day 28
of gestation between ewes assigned to nutrient restricted
(156+6 kg), control (1557 kg), and overfed (157+6 kg)
groups. By day 78 of gestation, however, nutrient restricted
ewes had lost 7.1% body weight (14546 kg), control ewes
had gained 7.7% body weight (167+7 kg) and overfed ewes
had gained 29.9% body weight (204+7 kg). There were no
fetal losses in any of the dietary groups. On Day 78, fetal
weight and CRL were significantly reduced or increased in
nutrition-restricted and overfeeding groups, compared to
control fetuses (Table 2). While the whole heart and left and
right ventricular weights, as well as the ratio of whole heart

and left and right ventricular weights to fetal weights were
similar for fetuses between control and nutrition-restricted
fetuses on Day 78, fetal heart and left and right ventricular
weights were increased (P<.05) in fetuses from overfeeding
vs. control ewes. However, the ratio of whole heart and left
and right ventricular weights to fetal body weight was
comparable between overfeeding and control groups
(Table 2). Blood cortisol levels were significantly elevated
in fetuses from both nutrition-restricted and overfed ewes.
However, IGF-1 concentrations were significantly reduced
in the blood of fetuses from nutrition-restricted ewes
and were elevated (P<.05) in the blood of fetuses from
overfed ewes.

3.2. Expression of CNTFRa, STAT3, phosphorylated STATS3,
IGF-1R and IGFBP3 in response to dietary treatments

Intrauterine overfeeding but not nutrient restriction
significantly down-regulated (P<.05) protein expression of
CNTFRa. The protein expression of the CNTFRa down-
stream signaling molecule STAT3 and its activation
measured by phosphorylated STAT3 were increased
(P<.05) in fetal hearts of both nutrition-restricted and
overfeeding groups (Fig. 1). Our further study revealed
that the expression of both IGF-1R and IGFBP3 was not
affected by either nutrient restriction or overfeeding (Fig. 2).

4. Discussion

As we have previously reported [19], early- to midgesta-
tional nutrition restriction significantly reduces fetal growth
and CRL in conjunction with minimal effects on absolute
weight and size of fetal hearts and both ventricles. In
contrast, enhanced gestational nutrient supply by 50%
contributes to cardiac (ventricular) hypertrophy, increased
fetal growth, and CRL. In both under- and overnutrition,
ventricular size is increased relative to whole body weight.
When exposed to excess nutrients, the fetal heart shows
reduced expression of CNTFRa and STAT3 (both nonactive
and active forms). Interestingly, STAT3 and phosphorylated
STAT3 but not CNTFRa were also reduced in the hearts of
fetuses exposed to nutrient restriction. Plasma IGF-1 levels
were reduced and increased in fetuses from nutrient
restriction and overfeeding groups. Nonetheless, neither
IGF-1R nor IGFBP3 was significantly affected by nutrient
restriction and overfeeding. Fetal plasma cortisol was
increased in both nutrient restriction and overfeeding groups
compared to controls. Given that nutrition restriction is
associated with retarded cardiac growth [18,19], our data
suggest that circulating IGF-1 and CNTFRa—STAT3
signaling cascade may play a role in cardiac hypertrophy
in response to early to mid gestational overfeeding.

There are several possible explanations for the observa-
tions we have made resulting from gestational overfeeding
and nutrient restriction-induced changes in fetal heart growth.
First, plasma IGF-1 levels were reduced and elevated in
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nutrition restricted and overfed fetuses. This change in
plasma IGF-1 levels correlates well with the absolute fetal
weights under nutrition restriction (29.9% reduction) and
overfeeding (22.2% increase). Earlier studies have indicated
that maternal undernutrition during periconceptual and
gestational periods may lead to significant falls in fetal IGF
and IGFBP3 levels in sheep [17,20]. Nonetheless, our data
favored a role of IGF-1 rather than IGF-1R or IGFBP3 in
altered fetal heart weights, in response to nutrition restriction
and overfeeding. On the other hand, plasma levels of cortisol
were increased in fetuses from nutrition-restricted and
overfed ewes, with a much higher degree of rise in the
nutrient surplus group. These data suggest a less likely role of
cortisol in cardiac hypertrophy following gestational over-
feeding. Our present data suggested a tie between CNTFR«
levels and absolute heart weights, which may contribute to
gestational overfeeding-induced cardiac hypertrophy.
CNTFR is localized to the sarcolemma and plays a role in
the determination of cardiac geometry. Activation of CNTFR
has been demonstrated to regress established left ventricular
hypertrophy in obese mice [15], suggesting a role of CNTF in
antagonism of cardiac hypertrophy. This reciprocal relation-
ship between CNTFR and cardiac hypertrophy is supported
by our finding of reduced CNTFRa and enhanced heart and
ventricular weights in fetuses of overfed mothers. Our data
failed to detect any significant change in CNTFRa levels
following maternal nutrition restriction, a finding consistent
with the unaffected heart and ventricular weight (and size) in
nutrient restricted fetus.

Our results revealed reduced STAT3 and STAT3 phos-
phorylation and downstream signaling molecule of
CNTFRa« [15] in both nutrient restricted and overfed groups,
which does not favor a critical role of STAT3 and its
activation in the development of cardiac hypertrophy.
Although STAT3 is thought to be important for induction
of cell hypertrophy, its activation does not necessarily result
in cardiac hypertrophy, at least in response to certain hyper-
trophic triggers [21]. Although our data seem to suggest a
correlation between reduced CNTFRa levels and cardiac
hypertrophy under gestational overfeeding, we cannot
exclude the possible contribution of systemic effects. For
example, CNTF-elicited central nervous system effects may
directly influence the heart through activation of the central
nervous system and thus mediate metabolic actions of CNTF
centrally. It has also been speculated that the noncardiomyo-
cyte distribution of the CNTFRs such as cardiac ganglia may
indirectly affect geometry within the heart [15]. In addition,
gestational nutrition status may influence placental vascular
resistance, peripheral vascular resistance, and blood viscos-
ity [22], leading to an alteration in cardiac afterload and
compensated cardiac hypertrophy. Further investigation is
warranted to determine the possible participation of these
mechanism(s) in fetal cardiac hypertrophy following altera-
tion in maternal nutrient supply.

In summary, our findings depicted that early- to
midgestational overfeeding promotes fetal cardiac growth

whereas maternal nutrient restriction did not affect heart
growth despite of retarded fetal growth. A down-regulation
in the expression of cardiac CNTFRa and its downstream
signaling molecule STAT3 accompanied intrauterine over-
feeding-induced cardiac hypertrophy. Given that reduced
STAT3 signaling is also seen in nutrition restricted fetuses
where cardiac hypertrophy is absent, our data seem to
indicate the existence of alternative mechanisms in addition
to STAT3 in promoting fetal cardiac growth following
alteration in maternal nutrient supply during early to mid
gestation. These experimental findings may provide some
useful insights for a better understanding of “nutritional
programming” of postnatal cardiac hypertrophy.
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