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To determine if poor maternal nutrition alters growth, body composition, circulating growth
factors, and expression of genes involved in the development of muscle and adipose of
offspring, 24 Dorset and Shropshire ewes were fed either 100% (control fed), 60% (restricted
fed), or 126% (over fed) of National Research Council requirements. Diets began at day 116  6
of gestation until parturition. At parturition, 1 lamb from each control fed (CON), restricted
fed (RES), and over fed (OVER) ewe was necropsied within 24 h of birth (1 d; n ¼ 3/treatment)
or reared on a control diet for 3 mo (CON ¼ 5, RES ¼ 5, and OVER ¼ 3/treatment) and then
euthanized. Body weights and blood samples were collected from lambs from 1 d to 3 mo.
Organ weights, back fat thickness, loin eye area, and tissue samples (quadriceps, adipose, and
liver) were collected at 1 d and 3 mo of age. The RES lambs weighed 16% less than CON (P ¼
0.01) between 1 d and 3 mo of age. In RES, there was a tendency for reduced heart girth at 1 d
and 3 mo (P < 0.07) and back fat was reduced 36% at 3 mo (P ¼ 0.03). Heart weight was 30%
greater in OVER at 1 d when compared with RES lambs (P ¼ 0.02). Serum IGF-I and IGFBP-3
were reduced in RES and OVER lambs (P < 0.05). Leptin tended to be greater in OVER lambs
compared with CON at 1 d and 3 mo (P  0.08). Triiodothyronine was reduced in RES at 1 d (P
¼ 0.05) and triglycerides tended to be greater in OVER at 3 mo (P ¼ 0.07). In liver, there was a
tendency for increased expression of IGF-I in OVER (P ¼ 0.06) and decreased IGFBP-3 in RES (P
¼ 0.09) compared with CON lambs at 1 d. In adipose tissue, adiponectin expression was
decreased in RES (P ¼ 0.05) at 3 mo. At 1 d of age, muscle expression of IGF-I tended to increase in RES (P ¼ 0.06). In conclusion, poor maternal nutrition during gestation reduced
growth rate in offspring which may be because of reduced circulating IGF-I and IGFBP-3 and
decreased expression of IGFBP-3 in the liver.
Ó 2014 Elsevier Inc. All rights reserved.
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1. Introduction
Fetal development is a period of rapid growth that is
tightly regulated by several systemic and local factors.
Therefore, alterations to the maternal environment during
gestation can negatively impact the normal growth and
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development patterns of the offspring during postnatal
growth. Maternal nutrition can greatly impact fetal development and has persistent effects throughout postnatal
growth and into adulthood. In sheep, poor maternal nutrition during gestation due to either undernutrition or overnutrition can alter growth rate, reduce muscle development,
and increase fat deposition in offspring [1–5]. Speciﬁcally,
poor maternal nutrition reduces myoﬁber diameter and
myoﬁber number and increases muscle connective tissue
content in the offspring [1,2,6–8]. Similarly, increased
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adipose accumulation within muscle tissue and other adipose tissue depots has been observed in the offspring [9,10].
Consequently, these modiﬁcations can affect the carcass
quality and predispose the offspring to metabolic disorders.
Although some of the phenotypic changes in offspring that
result from poor maternal nutrition have been identiﬁed,
the mechanisms through which these modiﬁcations occur
are not fully understood.
The somatotropic axis, including GH, IGF-I, and IGFBP, is an
important regulator of growth and development of several
tissues, including muscle and adipose. Knockout-mouse
models in which body weight (BW) is reduced 25% and 67%
in GH- and IGF-I-deﬁcient mice, respectively have demonstrated the critical roles of GH and IGF-I in development [11].
In addition, we and others have shown that components of
the GH/IGF pathway are altered by nutritional status in cattle
and humans [12–14]. Speciﬁcally, in a state of reduced growth
and/or restricted nutrition, serum concentrations of IGF-I and
IGFBP-3 are reduced and IGFBP-2 is increased [12]. Intrauterine growth retardation is associated with reduced circulating IGF-I and IGFBP-3 and increased GH and IGFBP-2 [15].
Similarly, both circulating GH and IGF-I concentrations are
reduced in the offspring of mothers who have been undernourished [16]. Poor maternal nutrition can impact circulating concentrations of several other hormones in offspring
including leptin, insulin, and thyroid hormones [17–20].
These data provide potential mechanisms by which poor
maternal nutrition alters offspring growth and metabolism.
In addition to changes in circulating hormones and
growth factors, poor maternal nutrition may affect local
production of key genes involved in tissue development.
Speciﬁcally, over-feeding during gestation alters expression
of factors involved in the canonical Wnt signaling pathway
and myogenesis in the fetus [2]. Therefore, changes in gene
expression may be a potential mechanism through which
poor maternal nutrition alters tissue development in
offspring. However, little is known about how these changes
may be reﬂected during postnatal muscle growth and
development. In addition, many studies target fetal time
points or only one variation in diet (overfed or underfed).
Based on the negative effects of poor maternal nutrition on
offspring development and the potential role of the somatotropic axis, the Wnt signaling pathway and metabolic
factors, we hypothesized that poor maternal nutrition would
alter offspring growth, body composition, circulating growth
factors, and expression of genes involved in the development
of muscle and adipose tissue of lambs at 2 early postnatal
time points. To test our hypothesis, we underfed or overfed
ewes during gestation and determined effects on early
postnatal growth of offspring at 1 d and 3 mo of age.
2. Materials and methods
All procedures were approved by the University of
Connecticut’s Institutional Animal Care and Use Committee
(protocol number; A10–040).
2.1. Animals
Twenty-four multiparous (n ¼ 18) and primiparous (n ¼
6) Dorset (n ¼ 21) and Shropshire ewes (n ¼ 3), conﬁrmed

pregnant with twins by ultrasound (85  10 d of gestation),
were placed in individual pens at day 95  10 of gestation
(average BW: 102.0  2 kg) and fed a control diet (100% of
National Research Council [NRC] requirement) for an initial
acclimation period of 12 d. Ewes were transitioned to
treatment diets over a 9-d period. Beginning at day 116  6
of gestation ewes began treatment diets and were fed either
100% (control fed), 60% (restricted fed), or 126% (overfed) of
the NRC requirements for total digestible nutrients for a ewe
in late gestation and pregnant with twin lambs [21]. Ewes
were balanced across treatments for parity and breed. We
chose to start diets at 116 d of gestation to determine the
effects of maternal diet on offspring during the last onethird of gestation. Our target diet for overfed was 140% of
NRC, but based on actual feed intake, the overfed group
consumed 126% of control fed. Diets for ewes were calculated on a BW basis and adjusted accordingly with changes
in BW and stage of gestation. Second-cutting hay was fed to
control-fed and overfed ewes (daily average of 2.2 kg per
ewe, respectively), and ﬁrst-cutting hay was fed to
restricted-fed ewes (daily average of 1.3 kg per ewe). The
overfed ewes received 0.45 kg of cracked corn per ewe daily
in addition to hay. During the last 6 wk of gestation, the
amount of corn fed to overfed ewes was increased to 0.66 kg/
d, whereas, control-fed and restricted-fed ewes received
cracked corn for the last 6 wk of gestation (daily average of
0.17 kg and 0.10 kg per ewe, respectively). All feed was
weighed daily and any residual feed was weighed and
removed the following morning. Nutrient analysis of feeds
was performed by Dairy One (Ithaca, NY; Table 1).
A total of 52 lambs were born to all ewes (Dorset ¼ 47;
Shropshire ¼ 5). Contrary to earlier ultrasound information,
the actual occurrence of singletons, twins, and triplets,
respectively was 2, 5, and 1 for control fed, 1, 5, and 2 for
restricted fed and 0, 4, and 4 for overfed ewes. On parturition, lambs from control-fed ewes (CON), overfed ewes
(OVER), and restricted-fed ewes (RES) remained with the
mother for up to 24 h to allow adequate colostrum intake. A
commercially available colostrum supplement was provided to the lamb as needed (Lamb’s Choice Total Colostrum; Saskatoon Colostrum Co; Saskatoon, Canada). One
lamb born to a restricted-fed ewe had to be supplemented
with colostrum. After 24 h, 1 lamb was selected from each
ewe and was euthanized for sample collection at birth (1 d;
n ¼ 7 males; n ¼ 2 females) or 3 mo (n ¼ 10 males; n ¼ 3
females). The remaining lambs stayed with the ewe and
were removed from the study and returned to the ﬂock.
Table 1
Ewe diet feed compositiona.
Feed
Mixed grass hay;
ﬁrst cutting
Mixed grass hay;
second cutting
Corn, cracked

% CP

% ADF

% NDF

% NFC

% TDN

8.2

43.7

66.4

18.9

55.0

14.2

37.5

56.8

23.0

58.0

9.0

4.0

9.0

75.0

90.0

Abbreviations: ADF, acid detergent ﬁber; CP, crude protein; NDF, neutral
detergent ﬁber; NFC, non-ﬁber carbohydrates; TDN, total digestible
nutrients.
a
Diets for ewes were based on NRC requirements for TDN for a ewe
pregnant with twins during the late gestation [21]. Diets for each ewe
were adjusted weekly for changes in body weight.
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The larger of the 2 lambs was chosen when lambs were the
same gender. If lambs were different genders, the male
lamb was chosen for use on the study because males are
often slaughtered for market and females kept for breeding.
One-half of the lambs from each diet group were slaughtered within 1 d of birth. The remaining lambs were
maintained on a control diet until 3 mo of age. These lambs
were fed milk replacer (1.7% of BW; Land O’Lakes Animal
Milk Product Company; Shoreview, MN) from a bottle until
weaning at 60 d of age and allowed ad libitum access to
water, creep feed (Lamb BT, Blue Seal Feeds; Litchﬁeld, CT),
and second-cutting hay for the entire 3 mo period. The
eventual gender distribution of lambs within treatment
groups for CON, RES, and OVER, respectively, at 1 d of age
was 2 males/1 female, 2 males/1 female and 3 males, and 3
males/2 females, 4 males/1 female, and 1 male/2 females
for 3 mo of age. Each 3 mo group had 1 Shropshire lamb.
2.2. Sample collection
Lambs were weighed twice per wk and blood samples
(10 mL) were collected from a jugular vein every other wk
until 3 wk of age when blood samples were collected weekly.
Samples were evenly distributed among 3 tubes (no anticoagulant, heparin, and ethylenediaminetetraacetic acid;
Becton Dicjson, Franklin Lakes, NJ) for later analyses. Serum
tubes were kept at room temperature for 4 to 6 h to allow
blood to clot, then stored overnight at 4 C and centrifuged
the next morning. Plasma tubes were inverted several times
after blood collection and kept on ice until centrifugation,
which was completed within 1 h of collection. Blood was
centrifuged for 30 min at 1,800g (Sorvall RT7; Kendro Laboratory Products, Newtown, CT) at 4 C, and serum and
plasma were harvested and stored at 20 C until hormone
and metabolite analyses were performed. Animals were
euthanized with an intravenous injection of Beuthanasia-D
Special followed by exsanguination (0.22 mL/kg; Merck
Animal Health, Summit, NJ) within 24 h after birth (1 d) or at
3 mo of age. Organs (heart and liver) were removed and
weighed. Loin eye area was determined by evaluating the
cross-sectional area (cm2) of the longissimus dorsi muscle
between the 12th and 13th rib. Back fat was also measured at
this region for lambs at 3 mo. Muscle tissue (quadriceps and
longissimus dorsi), adipose tissue (perirenal fat), and liver
were collected, immediately snap frozen in liquid nitrogen
and stored at 80 C for RNA isolation. The muscle samples
were collected from the midpoint of the quadriceps to avoid
the fascia and connective tissue. A cross section of the
longissimus dorsi was obtained and samples collected from
the midpoint. These 2 sites were chosen based on their use as
meat products in the sheep industry.
2.3. Serum analysis
Circulating concentrations of GH [22] and IGF-I [23–25]
were quantiﬁed using radioimmuno assay as previously
described. Brieﬂy, GH was determined using anti-ovine GH
with ovine GH standard (National Hormone & Peptide Program, Harbor-UCLA Medical Center, Torrance, CA). Intra and
inter assay CV were 9.5% and 13.4%, respectively with a
minimum detectable level of 1.8 ng/mL. Serum IGF-I was
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determined using anti-human IGF-I with human standard
(National Hormone & Peptide Program). Intra and inter
assay CV were 6.4% and 10.8%, respectively with a minimum
detectable level of 40 ng/mL. Concentrations of IGFBP-2 and
3 were determined by ligand blot following polyacrylamide
gel electrophoresis [23–25]. Membranes were incubated
overnight with approximately 1.6 MBq of 125Ilabeled IGF-I
(Amersham Pharmacia Biotech, Piscataway NJ). After incubation, membranes were washed to remove unbound 125Ilabeled IGF-I and then exposed to a multipurpose phosphor
screen (Packard Instrument Company, Meriden CT). The
remaining radioactivity bound to blots was imaged with a
Cyclone Storage Phosphor System (Packard Instrument
Company), and quantiﬁed with OptiQuant software (Packard Instrument Company). Both IGFBP-2 and 3 were quantiﬁed as digital light units per mm2 and expressed in
arbitrary units (AU) as a percentage of the pooled ovine
standard sera IGFBP-3 included on each gel. Commercially
available ELISA kits were used to determine circulating
concentrations of triiodothyronine (T3; Calbiotech, Spring
Valley, CA), thyroxine (T4; Calbiotech), and glucose (Cayman
Chemical Company, Ann Arbor, MI). Minimum detectable
level of T3 and T4 are 0.04 ng/mL and 0.45 ng/mL, respectively. Standard intra and inter assay CV for glucose was 4.6%
and 1.7%, respectively. Circulating concentrations of insulin
were determined by ELISA (ovine insulin kit; ALPCO Diagnostics, Salem, NH), and the intra assay CV was 4.9%.
Circulating concentrations of leptin were determined using
a commercially available multi-species radioimmuno assay
(EMD Millipore Corporation, Billerica, MA). This kit has been
successfully used to determine circulating leptin in sheep
[18]. Leptin assay intra assay CV was 4.4%. Circulating total
cholesterol and triglycerides (TG) were determined via
standard enzymatic analysis [26].
2.4. RNA extraction
Tissue was ground in a mortar cooled with liquid nitrogen and cells lysed with 1 mL TriReagent (Sigma, Aldrich,
Valencia, MO). Adipose, muscle, and liver RNA was extracted
using a Qiagen Mini Kit according to the manufacturer’s
protocol (Qiagen, Valencia, CA). Genomic DNA was removed
from samples using a Turbo DNA Free kit (Ambion, Foster
City, CA). The quality of RNA was determined using an Agilent analysis system (Agilent Technologies, Santa Clara, CA).
Quantity of RNA was determined using a Nanodrop spectrophotometer (Thermoscientiﬁc, Lafayette, CO).
2.5. Real-time reverse transcription polymerase chain
reaction
Reverse transcription polymerase chain reaction (RTPCR) was performed using 300 ng total RNA with OligodT
primer (Ambion) and master mix containing 5.5 mL of 5
buffer (Invitrogen; Carlsbad, CA), 1.0 mL dNTP (Promega;
Madison, WI), 2.0 mL DL-dithiothreitol (DTT), and 0.5 mL
Superscript II (Invitrogen) for a total reaction volume of
20 mL. Reverse transcription was performed with a standard
protocol starting at 70 C for 10 min, 4 C for 20 min, 37 C for
3 min, 42 C for 1 h, 4 C for 3 min, and 90 C for 2.5 min.
Primers were designed using Primer3 and NCBI BLAST,
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Table 2
Primer sequences for real-time RT-PCR.
Gene
ADIPOQ
Forward
Reverse
b-Catenin
Forward
Reverse
CEBPa
Forward
Reverse
CEBPb
Forward
Reverse
CHREBP
Forward
Reverse
GAPDH
Forward
Reverse
GHR
Forward
Reverse
GLUT-4
Forward
Reverse
GSK-3b
Forward
Reverse
IGFBP1
Forward
Reverse
IGFBP2
Forward
Reverse
IGFBP3
Forward
Reverse
IGF-I
Forward
Reverse
IGF-IR
Forward
Reverse
Leptin
Forward
Reverse
Myf-5
Forward
Reverse
MyoD
Forward
Reverse
Myogenin
Forward
Reverse
PAX-7
Forward
Reverse
PPAR-g
Forward
Reverse
Tbx2
Forward
Reverse
Tbx3
Forward
Reverse
TSC-2
Forward
Reverse

Primer sequences (50 to 30 )

Reference

ATCAAACTCTGGAACCTCCTATCTAC
TTGCATTGCAGGCTCAAG

[52]

GGATGTGGATACCACCCAAG
CCCTCATCTAGCGTCTCAGG

[2]

AGTCCGTGGACAAGAACAGC
TTGTCACTGGTCAGCTCCAG

XM_004015623.1

GACAAGCACAGCGACGAGT
GTGCTGCGTCTCCAGGTG

[53]

CTCCGCTCCACATACTGGAT
GTTGTTGAGGCGGATCTTGT

NM_001205408.1

GGCGTGAACCACGAGAAGTATAA
CCTCCACGATGCCAAAGTG

[54]

AAATTCACCAAGTGCCGTTC
TGTTTTCACCAGCAGAGACG

NM_00100323.2

AGGACGTTTGACCAGATCTCA
CAGTTCTGTGCTGGGTTTCA

AB_005283.1

TCCGACCCCGAACTCCACCC
GTGCAGGTGTGTCTCGCCCA

NM_001129740.1

TGATGACCGAGTCCAGTGAG
GCTCCTTCCACTTCTTGACG

NM_001145177.1

CCCTACACATCCCCAACTGT
CAGTGTTGGGGTTCACACAC

NM_0010009436.1

CAGAGCACAGACACCCAGAA
CACAGTTGGGAATGTGGATG

NM_001159276.1

CCAGACAGGAATCGTGGATG
ACTTGGCGGGCTTGAGAG

NM_001009774.3

ACCTACACAGCCCGGATCCA
ACACAGGCTCCGTCCATGAC

XM_004018023.1

TGACACCAAAACCCTCATCA
CCAAACCAGTGACCCTCTGT

U84247.1

AGACGCCTGAAGAAGGTGAA
AGCAGCTCCTGCAGACTCTC

XM_004006219.1

CCCTGGTGACTTCAGCTGTT
CCTGCCTGCCGTATAAACAT

[2]

TGGGCGTGTAAGGTGTGTAA
TGCACAGGATCTCCACTTTG

[2]

GAGACCGACTGCTGAAGGAC
ATGCTGTGCTTGGCTTTCTT

XM_002685738

CTTGCTGTGGGGATGTCT
GGTCAGGAGACTCTGGGTC

NM_001100921.1

CTT GCA GTG CTC CTC CTA
CAC GCA GCT TAA GAT CGA CA

NM_001191443.1

ATC GCT GTG ACT GCA TAC CA
TCT CTC CTG CCA TTT CCA GT

XM_002694588.3

TGCAAGCTGTCTTCCACATC
AACTTGAAGTCCTCGCCAGA

XM_003587808.2

validated as previously described (Govoni et al., 2006) and
synthesized by Integrated DNA Technologies (Coralsville, IA;
Table 2). Four endogenous control genes (pentidylprolyl
isomerase [PPIA], tubulin, 18s, and glyceraldehyde 3phosphatase [GAPDH]) were tested, and variation in cycle
threshold (Ct) values between treatment and time points
were determined. Expression of GAPDH did not vary between treatments or time points and was used as the
endogenous control gene for gene expression analysis.
Genes of interest for adipose tissue and myogenic factors are
listed in Table 2. Primers were designed for genes involved in
the somatotropic axis (GH, GH receptor [GHR], IGF-I, IGF-I
receptor [IGF-IR], IGFBP-1, IGFBP-2, and IGFBP-3), the Wnt
signaling pathway (TSC-2, b-catenin, and glycogen synthase
kinase [GSK]-3 b), myogenesis (paired box protein [Pax]-7,
myogenic factor [myf]-5, myogenin, and myoD), adipogenesis (peroxisome proliferator-activated receptor [PPAR]g, CCAAT/enhancer binding protein (C/EBP)-a, and C/EBP-b),
metabolism (leptin, glucose transporter type 4 [GLUT4], and
carbohydrate-responsive
element-binding
protein
[CHREBP]), and cell function (T-box [Tbx]-2 and -3). Realtime RT-PCR was performed using Power SybrGreen Master Mix (Invitrogen) and the ABI 7900 HT Fast Real-time PCR
machine (Applied Biosystems, Foster City, CA). The total
volume of the reaction mixture was 25 mL containing 5 mL of
complementary DNA, 3 mL of nuclease free water, 1 mL each
of 10 nM forward and reverse primer, and 10 mL of Sybrgreen.
For the Tbx3 primer, 0.5 mL of each forward and reverse
primer was used. Real-time RT-PCR was performed using
standard cycling conditions (stage 1: 50 C for 2 min and
95 C for 10 min, stage 2: 95 C for 15 s and 60 C for 40 cycles).
Ct values were used to calculate the DDCt values to determine
changes in gene expression [27]. Changes in gene expression
are expressed relative to the control.
2.6. Statistical analysis
All statistical analysis was performed using Statistical
Analysis Software version 9.2 (SAS Inst. Inc, Cary, NC).
Circulating GH, IGF-I, IGFBP-2, IGFBP-3, and BW were
analyzed using the mixed models procedure with repeated
measures. The covariance structure used was determined
by the lowest Akaike information criterion values. Covariance structure used for GH and IGF-I were compound
symmetry and for IGFBP-2 and 3, variance component and
autoregression were used, respectively. Back fat data were
analyzed as a percentage of BW of the animal. All other data
were analyzed using the mixed models procedure. Where
appropriate, mean comparisons were made using least
square means. Statistical signiﬁcance was considered at P 
0.05 and a tendency at P > 0.05 and  0.10. Because of the
limited number of females and Shropshire lambs in each
treatment and time point, we were not able to test for
Abbreviations: ADIPOQ, adiponectin; ChREBP, carbohydrate-responsive
element-binding protein; GAPDH, glyceraldehyde 3-phosphatase; GH,
growth hormone; GHR, GH receptor; GLUT4, glucose transporter type 4;
GSK-3b, glycogen synthase kinase; IGF-IR, IGF-I receptor; TSC2, tuberous
sclerosis-2; Myf5, myogenic factor-5; MyoD, myogenic differentiation-1;
Pax-7, paired box protein; RT-PCR, reverse transcription polymerase
chain reaction; Tbx-2 and -3, T-box.
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breed or gender differences. Therefore, all animals were
included and the main effect of treatment was tested.
3. Results

Table 3
Growth traits in lambs born to ewes fed 100% (CON), 60% (RES), or 126%
(OVER) of NRC requirements for ewes in late gestation and pregnant with
twins.
Item

3.1. Body composition and body parameters
Over the duration of the study control-fed, restrictedfed or overfed ewes consumed 1.43, 0.79, or 1.83 kg of
total digestible nutrients (standard error of the mean 
0.09) and 0.30, 0.10, and 0.31 kg of CP (standard error of the
mean  0.02) per day, respectively. Ewes remained on
study until parturition (time on treatment ¼ 32  10 d). At
parturition, restricted-fed ewes weighed 14% less than
control-fed ewes (95  4 kg vs 111  3 kg; P ¼ 0.002). Body
weights for overfed ewes were not different compared with
control-fed ewes (118  3 vs 111  3 kg; P ¼ 0.18).
Overall, for all time points between 1 d and 3 mo of age,
RES lambs weighed 16% less compared with CON lambs (P ¼
0.01; Fig. 1). A difference in BW was not observed between
OVER and CON between 1 d and 3 mo of age (P ¼ 0.24).
However, between 7 and 10 wk of age, OVER lambs tended to
weigh 11% less than CON lambs (P  0.08; Fig. 1). Heart girth
size was reduced in RES lambs at 1 d (P  0.01) and tended to
be reduced 3 mo of age (P ¼ 0.07; Table 3). At 1 d, there
tended to be an effect of maternal diet on heart weight (P ¼
0.08; Table 3). Speciﬁcally, heart weight was 30% greater in
OVER compared with RES lambs (P ¼ 0.02; Table 3) but at
3 mo were not different (P ¼ 0.61; Table 3). Back fat was
reduced 36% in RES compared with CON lambs at 3 mo of age
(P ¼ 0.03; Table 3). No differences in liver weight (P  0.76),
crown rump length (P  0.29), and loin eye area (P ¼ 0.61)
were observed at 1 d or 3 mo of age (Table 3).
3.2. Circulating hormones and growth factors
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Treatmenta
CON

BW, kg
1d
3 mo
HG, cm
1d
3 mo
CR, cm
1d
3 mo
LEA, cm2
1d
3 mo
BF, mm
1d
3 mo
Heart, g
1d
3 mo
Liver, g
1d
3 mo

Pb
RES

OVER

SEM

5.33c
35.21

4.15d
31.29

5.12c
33.59

0.25
0.72

0.04
0.17

40.80c
79.44

36.90d
70.04

40.40c
72.81

1.18
2.22

<0.01
0.17

49.37
97.66

47.18
93.82

50.88
97.68

1.03
1.17

0.27
0.29

ND
27.90

ND
26.65

ND
25.25

ND
1.13

ND
0.61

ND
2.19c

ND
1.40d

ND
2.80c

ND
0.30

ND
0.03

36.32x
170.00

30.27x
153.64

43.89y
159.09

2.55
6.80

0.08
0.61

116.53
623.64

99.88
594.55

119.53
616.67

10.43
21.94

0.76
0.88

Abbreviations: BF, back fat; CR, crown rump; LEA, loin eye area; HG, heart
girth; ND, not determined; SEM, standard error of the mean.
One lamb from each ewe was used for sample collection at 1 d (n ¼ 3/
treatment) and 3 mo of age (n ¼ 3–5/treatment). Bold values demonstrate
a signiﬁcant difference (P  0.05 or trend P  0.10 and 0.05).
c,d
Means within a row with different superscripts differ (P  0.05).
x,y
Means within a row with different superscripts differ (P  0.10).
a
Values given as mean  SEM.
b
Values provided for treatment effect.

different in OVER (P ¼ 0.19) compared with CON lambs
(Fig. 2; 308.1  37.5 ng/mL, 158.8  36.5 ng/mL, and 227.5 
40.6 ng/mL for CON, RES, and OVER, respectively). Similarly,
average serum concentrations of IGFBP-3 between 1 d and

Average serum concentrations of IGF-I between 1 d and
3 mo of age were 48% less in RES (P ¼ 0.01), but not

Fig. 1. Effects of maternal diet during the last third of gestation on offspring
BW. Ewes were fed 100% (control-fed, CON), 60% (restricted-fed, RES), or
126% (overfed, OVER) of NRC requirements for ewes pregnant with twins
and 1 lamb from each ewe was necropsied at 1 d (n ¼ 3/treatment) or 3 mo
(n ¼ 3 to 5/treatment) of age. Data presented are means  SEM of lambs
born to CON, RES, and OVER ewes. * P ¼ 0.01 vs CON lambs. Average daily
gains for animals were 0.33  0.10 kg, 0.29  0.01 kg, and 0.32  0.10 for
CON, RES, and OVER, respectively. Abbreviation: SEM, standard error of the
mean.

Fig. 2. Effects of maternal diet during the last third of gestation on offspring
circulating IGF-I. Ewes were fed 100% (control-fed, CON), 60% (restricted-fed,
RES), or 126% (overfed, OVER) of NRC requirements for ewes pregnant with
twins and 1 lamb from each ewe was necropsied at 1 d (n ¼ 3/treatment) or
3 mo (n ¼ 3 to 5/treatment) of age. Data presented are means  SEM of lambs
born to control-fed (CON), restricted-fed (RES), and overfed (OVER) ewes. * P ¼
0.01 vs CON lambs. Average serum concentrations of IGF-I over time were
308.1  37.5 ng/mL, 158.8  36.5 ng/mL, and 227.5  40.6 ng/mL for CON, RES,
and OVER lambs, respectively. Abbreviation: SEM, standard error of the mean.

44

M.L. Hoffman et al. / Domestic Animal Endocrinology 49 (2014) 39–48
Table 4
Concentrations of metabolic hormones and metabolites in lambs born to
ewes fed 100% (CON), 60% (RES), or 126% (OVER) of NRC requirements for
ewes in late gestation and pregnant with twins.
Item

Treatmenta
CON

Fig. 3. Effects of maternal diet during the last third of gestation on offspring
circulating IGFBP-3. Ewes were fed 100% (control-fed, CON), 60% (restrictedfed, RES), or 126% (overfed, OVER) of NRC requirements for ewes pregnant
with twins and 1 lamb from each ewe was necropsied at 1 d (n ¼ 3/treatment) or 3 mo (n ¼ 3–5/treatment) of age. Data presented are means  SEM
of lambs born to control-fed (CON), restricted-fed (RES), and overfed (OVER)
ewes. * P ¼ 0.02 vs CON lambs. # P ¼ 0.07 vs CON lambs. Average serum
concentrations of IGFBP-3 over time were 1,735  123 AU, 1,366  145 AU, 1,
301  125 AU for CON, RES, and OVER lambs, respectively. Abbreviation:
SEM, standard error of the mean.

3 mo of age were 24% less in RES (P ¼ 0.02) and tended (P ¼
0.07) to be 21% less in OVER compared with CON lambs
(Fig. 3; 1,735  123 AU, 1,366  145 AU, and 1, 301  125 AU
for CON, RES, and OVER, respectively). Across all time
points, average serum concentrations of GH (1.55 
0.29 ng/mL, 2.00  0.23 ng/mL, 1.92  0.29 ng/mL for CON,
RES and OVER, respectively; P ¼ 0.49) or IGFBP-2 (193  18
AU, 211  18 AU, 196  18 AU for CON, RES, and OVER,
respectively; P ¼ 0.87) were not affected by maternal diet.
At 1 d, concentrations of leptin were 62% greater in OVER (P
¼ 0.02; Table 4) compared with CON, but no difference was
detected (P ¼ 0.12) in RES lambs. At 3 mo of age, serum
concentrations of leptin were 39% greater in OVER (P ¼
0.03; Table 4) compared with CON, but no difference was
detected (P ¼ 0.13) in RES lambs. Serum concentrations of
T3 were reduced in RES (P ¼ 0.05) compared with CON
lambs at 1 d, but no differences were observed at 3 mo of
age (P ¼ 0.35; Table 4). Serum concentrations of T4 were not
different in RES, OVER, and CON groups (P  0.29; Table 4).
We did not detect an effect of maternal diet on circulating
glucose (P  0.56; Table 4), insulin (P  0.23; Table 4), or
serum concentrations of TG or total cholesterol at 1 d and
3 mo (P  0.17; Table 4).

Leptin, mg/dL
1d
1.28x
3 mo
0.92x
T3, ng/mL
1d
5.95x
3 mo
2.98
T4, ng/mL
1d
16.28
3 mo
7.19
Insulin, mg/dL
1d
0.52
3 mo
0.62
Glucose, mg/dL
1d
59.00
3 mo
93.00
TG, mg/dL
1d
30.01
3 mo
12.68
TC, mg/dL
1d
39.52
3 mo
45.42

Pb
RES

OVER

SEM

1.73x
1.14x

2.08y
1.28y

0.24
0.15

0.07
0.08

5.58y
3.38

5.94x
2.87

0.07
0.18

0.08
0.53

14.88
6.50

16.44
5.95

0.44
0.55

0.29
0.75

0.40
0.68

0.55
0.97

0.03
0.09

0.23
0.52

56.00
73.00

65.00
83.00

3.69
8.65

0.62
0.56

27.48
13.85

19.35
17.86

3.07
2.80

0.35
0.17

45.76
37.65

45.70
49.80

1.98
1.10

0.37
0.25

Abbreviations: T3, triiodothyronine; T4, thyroxine; TC, total cholesterol;
TG, triglyceride; SEM, standard error of the mean.
One lamb from each ewe was used for sample collection at 1 d (n ¼ 3/
treatment) and 3 mo of age (n ¼ 3–5/treatment).
Shaded values demonstrate a signiﬁcant difference (P  0.05 or trend P 
0.10 and 0.05).
x,y
Means within a row with different superscripts differ (P  0.10).
a
Values given as mean  SEM.
b
Values provided for treatment effect.

was observed in messenger RNA (mRNA) expression of
factors involved in the somatotropic axis (GHR, IGF-I, IGFBP1, IGFBP-2, and IGFBP-3; P  0.11; Table 6). Maternal diet did
not alter expression of GLUT4 or CHREBP in offspring at 1 d
or 3 mo of age (P  0.13; Table 5).
3.4. Gene expression in adipose tissue from offspring
Maternal diet did not alter expression of markers of
adipogenesis (PPARg, C/EBPa, and C/EBPb) at 1 d or at 3 mo
of age (P  0.34; Tables 5 and 6). Similarly, maternal diet did
not alter expression of leptin at 1 d or 3 mo of age compared
with CON (P  0.20; Tables 5 and 6). Maternal diet did not
alter expression of adiponectin, CHREBP, or TSC2 at 1 d or at
3 mo of age (P  0.12; Tables 5 and 6).
3.5. Gene expression in muscle from offspring

3.3. Gene expression in liver from offspring
Based on the changes in circulating IGF-I and IGFBP-3,
we determined expression of genes involved in the somatotropic axis in the liver at 1 d and at 3 mo of age. At 1 d,
expression of IGF-I tended to increase in OVER (P ¼ 0.06),
but did not change in RES (P ¼ 0.69; Table 5) compared
with CON lambs. No effects of dietary treatment were
observed in expression of GHR, IGFBP-1, IGFBP-2, and IGFBP3 at 1 d of age (P  0.15; Table 5). At 3 mo of age, no change

In quadriceps muscle, expression of b-catenin tended to
be 1.9-fold greater in RES and OVER at 1 d compared with
CON (P ¼ 0.07; Table 5), but no differences were observed
at 3 mo of age (P ¼ 0.89; Table 6). Maternal diet did not
affect expression of markers of myogenesis (Pax7, Myf5, and
myogenin), IGF-I, IGF-IR, GSKb, GLUT4, TSC2, Tbx2, and Tbx3
at 1 d or 3 mo of age (P  0.31; Tables 5 and 6). We did not
detect a change in expression of any genes in longissimus
dorsi at 1 d or 3 mo of age.
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Table 5
mRNA expression at 1 d in liver, adipose, and muscle of lambs born to
ewes fed 100% (CON), 60% (RES), or 126% (OVER) of NRC requirements for
ewes in late gestation and pregnant with twins.
Gene

Treatmenta
CON

Liver
GHR
IGF-I
IGFBP-1
IGFBP-2
IGFBP-3
CHREBP
GLUT4
Adipose
PPAR-g
CEBPa
CEBPb
Leptin
CHREBP
GLUT4
ADIPOQ
Quadriceps
b-Catenin
GSKb
PAX7
Myf5
Myogenin
IGF-I
IGF-IR
GLUT4
TSC2
TBX2
TBX3

Pb
RES

OVER

SEM

Table 6
mRNA expression at 3 mo in liver, adipose, and muscle of lambs born to
ewes fed 100% (CON), 60% (RES), or 126% (OVER) of NRC requirements for
ewes in late gestation and pregnant with twins.
Gene

TRT

1.03
1.01x
1.05
1.11
1.03x
1.10
1.87

0.78
0.95x
1.97
0.73
0.68y
0.89
1.54

0.84
1.22y
0.60
1.16
0.93x
1.05
1.21

0.06
0.06
0.23
0.25
0.08
0.21
0.39

0.27
0.07
0.15
0.81
0.19
0.95
0.93

1.05
1.43
1.02
2.34
1.31
1.35
1.09

1.21
1.91
0.86
4.82
1.41
1.23
1.49

0.93
1.82
0.80
7.25
1.41
2.06
0.97

0.07
0.33
0.22
0.30
0.30
0.19
0.16

0.58
0.78
0.47
0.30
0.86
0.77
0.55

1.12
1.32
1.66
1.29
1.92
1.27
1.23
1.40
1.20
1.23
1.08

1.90
1.43
1.18
2.08
1.34
2.92
1.56
1.25
0.97
1.56
1.12

1.91
1.67
0.91
1.77
1.73
1.94
1.42
1.33
1.19
1.54
1.01

0.18
0.21
0.41
0.23
0.55
0.24
0.30
0.24
0.25
0.21
0.11

0.11
0.63
0.73
0.38
0.98
0.16
0.64
0.80
0.61
0.63
0.94

Abbreviations: ADIPOQ, adiponectin; GHR, growth hormone receptor;
IGFBP, insulin like growth factor binding protein; mRNA, messenger RNA;
Myf-5, myogenic factor-5; PAX-7, paired box protein-7; TRT, treatment;
SEM, standard error of the mean.
Ewes were fed 100% (CON), 60% (RES), or 126% (OVER) of NRC requirements for ewes in late gestation and pregnant with twins. Tissue
samples were collected from lambs at 3 mo (3–5/trt) necropsies.
Bold value demonstrates a signiﬁcant difference (P  0.05 or trend P 
0.10 and 0.05).
x,y
Means within a row with different superscripts differ (P  0.10).
a
Values given as mean  SEM.
b
Values provided for treatment effect.

4. Discussion
Proper maternal nutrition is critical for fetal development, and there is increasing evidence that negative effects
of poor maternal diet can persist into adulthood contributing to poor growth and metabolic disorders in offspring.
Poor maternal nutrition can result from many factors
including, inadequate intake of calories, protein, or speciﬁc
vitamins and minerals. In addition to impaired growth
because of inadequate nutrients, overfeeding of mothers
during gestation also negatively impacts growth and health
of the offspring leading to increased fat deposition [6,28–
30]. We used both underfeeding and overfeeding models
in the same study to allow for these direct comparisons.
Underfeeding ewes during gestation reduced BW of
offspring at birth. These ﬁndings are similar to George et al
[31] in which nutrient restriction occurred during the ﬁrst
half of gestation (d 28–78), whereas in the present study
ewes were restricted for the last 32 d of gestation. Therefore, regardless of timing of maternal nutrient restriction,
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Liver
GHR
IGF-I
IGFBP-1
IGFBP-2
IGFBP-3
CHREBP
GLUT4
Adipose
PPAR-g
CEBPa
CEBPb
Leptin
CHREBP
GLUT4
ADIOPQ
Quadriceps
b-Catenin
GSKb
PAX7
Myf5
Myogenin
IGF-I
IGF-IR
GLUT4
TSC2
TBX2
TBX3

Treatmenta

Pb

CON

RES

OVER

SEM

TRT

1.37
1.17
2.45
1.76
1.04
1.06
1.07

0.80
0.85
1.68
2.03
0.80
1.51
1.80

1.10
0.77
0.92
1.55
1.29
0.74
1.90

0.24
0.14
0.62
0.37
0.10
0.25
3.97

0.80
0.68
0.92
0.83
0.25
0.24
0.13

1.02
1.13
1.16
1.21
1.60
1.33
1.00

0.91
0.67
1.28
0.92
0.88
1.18
0.69

1.20
1.74
0.65
2.59
1.82
1.54
0.92

0.07
0.28
0.22
0.30
0.30
0.19
0.07

0.37
0.34
0.42
0.19
0.54
0.66
0.12

1.06
1.02
1.36
1.13
1.04
1.06
1.46
1.28
1.02
1.29
1.09

1.19
0.99
1.29
0.98
1.46
1.22
1.80
1.55
0.74
1.09
1.39

1.19
1.10
2.00
1.43
0.90
1.23
1.12
1.05
1.18
0.83
1.33

0.09
0.08
0.50
0.23
0.26
0.16
0.47
0.21
0.16
0.30
0.45

0.89
0.74
0.86
0.59
0.49
0.95
0.90
0.65
0.52
0.57
0.85

Abbreviations: ADIPOQ, adiponectin; GHR, growth hormone receptor;
IGFBP, insulin like growth factor binding protein; mRNA, messenger RNA;
Myf-5, myogenic factor-5; PAX-7, paired box protein-7; TRT, treatment;
SEM, standard error of the mean.
Ewes were fed 100% (CON), 60% (RES), or 126% (OVER) of NRC requirements for ewes in late gestation and pregnant with twins. Tissue
samples were collected from lambs at 3 mo (3–5/trt) necropsies.
a
Values given as mean  SEM.
b
Values provided for treatment effect.

it leads to reduced BW and early postnatal growth. Typically, offspring born small for gestational age undergo
compensatory growth, which is because of increased adipose tissue accretion [32–34]. However, in the present
study, the reduced BW persisted until 3 mo of age. In fact,
similar to reduced BW, there was a reduction in back fat in
the RES offspring at 3 mo suggesting that, although they
were fed ad libitum postnatally, we did not observe a
compensatory weight gain in these lambs during early
postnatal growth. Alternatively, previous studies [32,35]
quantiﬁed BW and body composition of the offspring for
longer periods of time (eg, 6–16 mo of age). Therefore,
compensatory growth may occur during later stages of
postnatal growth.
Similar to previous studies [30,36], a difference in BW
between CON and OVER was not observed. This is not
surprising based on the 26% increase in feed intake in
mothers during the last third of gestation. Although a difference in BW was not observed, there was a tendency for
increased heart size in OVER at birth. These ﬁndings are
similar to a previous study in sheep in ewes fed an obesogenic diet had offspring with increased heart size during
gestation [36]. These ﬁndings in the present study, along
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with previous studies, demonstrate that maternal diet can
impact development of critical organs.
The somatotropic axis, including GH, IGF-I, and IGFBP, is
required for normal growth. We and others [12,37–39]
previously demonstrated that circulating components of
the somatotropic axis are altered by the nutritional status
of the animal. Speciﬁcally, with reduced nutrition and
reduced growth rate, GH and IGFBP-2 are increased and
IGF-I and IGFBP-3 are reduced [12]. However, it is not well
understood how reduced or excess nutrient intake of the
mother affects the somatotropic axis during early postnatal
growth of the offspring. Consistent with reduced BW in RES
offspring, circulating concentrations of IGF-I and IGFBP-3
were reduced. Insulin-like growth factor-I is required for
optimal growth and is primarily found in serum bound to
IGFBP-3 to prevent rapid degradation [40]. Therefore, the
reduced IGF-I and IGFBP-3 may contribute to the lack of
increased growth in the RES offspring by 3 mo of age.
Similar to RES lambs, IGFBP-3 tended to be reduced in OVER
offspring. These ﬁndings are similar to recent ﬁndings by
Smith et al [41] in rats, in which 2 models of maternal
nutrition (underfeeding and overfeeding) have similar effects on the somatotropic axis in offspring [41]. Based on
the knowledge that reduced nutrition can alter circulating
IGFBP [12], we anticipated that IGFBP-2 would be increased
at birth. However, no changes in IGFBP-2 were observed. It
is possible that other mechanisms besides nutrient availability of the mother, such as hormone changes in the
mother, program the circulating factors in the offspring
during gestation and may persist into postnatal growth.
Although it is well established that nutrition affects circulating GH [12] additional studies with more frequent
sample collection, because of the pulsatile nature of GH, are
needed to fully understand the effects of poor maternal
nutrition on GH concentrations in offspring [42].
To determine if changes in circulating IGF-I and IGFBP
were because of changes in gene expression in the liver, we
determined mRNA expression at 1 d and at 3 mo of age.
Consistent with reduced circulating IGF-I and IGFBP-3,
mRNA expression of IGFBP-3 tended to be reduced at
birth in RES suggesting that reduced production of IGFBP-3
from liver may have contributed to reduced BW at birth. It
is not clear why liver IGF-I mRNA did not parallel circulating concentrations because this is the primary source of
IGF-I in circulation. However, the parallel in changes in
circulating IGF-I and IGFBP-3 are consistent with previous
reports demonstrating that both factors are affected by
exogenous GH administration and critical for optimal
growth [43]. Therefore, the reduction in IGF-I and IGFBP-3
in the circulation are consistent with the critical role they
play in growth. Additionally, this may be a potential
mechanism contributing to reduced growth in the RES
offspring during the ﬁrst 3 mo of age. The lack of change in
expression of genes involved in the somatotropic axis could
be because of the limited number of animals. Additionally,
it could also be possible that changes in circulating factors,
IGF-I and IGFBP-3, were not affected similarly at the local
level in response to maternal nutrition. Future studies with
increased animal numbers and global gene expression
analysis are needed to fully elucidate the mechanisms by
which poor maternal nutrition impair offspring growth.

In addition to changes in circulating growth factors,
changes in local expression in key tissues, such as muscle
and fat, may contribute to altered growth. Although a difference in loin eye area in RES and OVER lambs was not
detected in the present study, previous studies have
demonstrated that poor maternal nutrition, because of
both underfeeding and overfeeding, reduced muscle
development in offspring during gestation and early postnatal development [1–3,8,20]. The canonical Wnt signaling
pathway has been shown to enhance bone and muscle
formation and inhibit adipogenesis [10,44]. Expression of
b-catenin tended to increase in muscle of RES and OVER
lambs at 1 d of age. This is in contrast to a previous study in
which expression was reduced [2]. The previous study
evaluated effects of maternal obesity and also observed
reduced muscle ﬁber diameter and expression of markers
of myogenesis [2]. It is not clear why the increased
expression was observed at 1 d; however, it was not present at 3 mo suggesting that this is not a primary mechanism by which poor maternal nutrition alters postnatal
muscle growth. Since these are early time points, it is
possible that these changes in expression may contribute to
changes that would occur later in life as the animal continues to grow.
As expected, there is very little subcutaneous fat at
birth. Therefore, for consistency, we evaluated expression
of genes in renal fat at both time points. Although changes
in gene expression are not observed at 1 d of age, consistent
with reduced back fat in RES lambs at 3 mo, expression of
adiponectin tended to be reduced in renal fat of RES lambs
at 3 mo of age. Previous studies also demonstrate that
reduced expression and circulating concentrations of adiponectin are associated with obesity and metabolic disorders [45,46]. Although the RES offspring were not growing
as well as CON and have reduced fat mass during early
postnatal growth, the reduced expression of adiponectin
could be indicative of programed altered metabolism,
which could contribute to increased fat later in life. Future
studies determining circulating adiponectin and long-term
body condition of offspring are needed to determine if
adiponectin is a key factor in increased obesity of offspring.
Leptin is an important factor in regulating feed intake,
metabolism and development of key tissues [47,48]. Previous studies have demonstrated that poor maternal
nutrition can alter circulating leptin in offspring as early as
the ﬁrst week of life [18].These effects can persist into
adulthood and may contribute to altered metabolism later
in life because of hyperleptinemia [18,49]. Similar to previous studies, circulating leptin increased in both OVER
offspring. Consistent with these ﬁndings, expression of
leptin in adipose tissue was numerically greater in RES and
OVER at 3 mo. At these early time points, we were not able
to determine if the increased leptin would lead to altered
metabolism later in life, but based on previous reports
[30,50] this is a likely scenario. Consistent with potential
changes in metabolism of offspring, circulating TG tended
to be increased in OVER lambs at 3 mo of age, which may
indicate a change in lipid accumulation in older animals
[51].Triglycerides are known indicators of future fat accumulation and/or metabolic disease [51]. It is likely that the
overfeeding during gestation has programed these
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offspring to be prone to obesity later in life [49], and these
changes in circulating factors associated with metabolism
are detectable as early as 3 mo of age when the animal is
rapidly growing.
5. Conclusions
Poor maternal nutrition during the last third of pregnancy in sheep negatively affects the growth of the fetus and
these effects persist during early postnatal growth. The
reduction in BW and growth associated with restricted
maternal nutrition is associated with reduced circulating
IGF-I and IGFBP-3. In addition, metabolic factors are also
altered both systemically and locally at this early postnatal
time point. Changes in speciﬁc circulating growth factors
and local gene expression may contribute to the altered
growth of the offspring, and explain how these phenotypic
changes persist during the rapid growth period when the
offspring are provided ad libitum feed. There are limited
studies available following offspring from poorly nourished
mothers into adulthood. Long-term studies as well as evaluating global changes in gene expression and epigenetic
modiﬁcations are need to fully understand the negative
impact poor maternal nutrition has on the offspring.
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