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Abstract
Mounting evidence led us to hypothesize that i) function of the thyroid hormone (TH) axis

can be programed by late gestation undernutrition (LG-UN) and ii) early-postnatal-life

overnutrition (EL-ON) exacerbates the fetal impacts on TH axis function. In a 2!2 factorial

experiment, 21 twin-bearing sheep were fed one of two diets during late gestation: NORM

(fulfilling energy and protein requirements) or LOW (50%of NORM). From day 3 to 6months

after birth (around puberty), the twin lambs were assigned to each their diet: conventional

(CONV) or high-carbohydrate, high-fat, where after half the lambs were killed. Remaining

sheep (exclusively females) were fed the same moderate diet until 2 years of age (young

adults). At 6 months and 2 years of age, fasting challenges were conducted and target tissues

were collected at autopsy. LG-UN caused adult hyperthyroidism associated with increased

thyroid expression of genes regulating TH synthesis and deiodination. In one or more of the

target tissues, liver, cardiac muscle, and longissimus dorsi muscle, gene expressions were

increased by LG-UN for TH receptors (THRA and THRB) and deiodinases but were decreased

in visceral and subcutaneous adipose tissues. EL-ON increased TH levels in adolescent lambs,

but this was reversed after diet correction and not evident in adulthood. We conclude that

LG-UN programed TH axis function at the secretory level and differentially in target tissues,

which was increasingly manifested with age. Differential TH signaling in adipose vs other

tissues may be part of a mechanism whereby fetal malnutrition can predispose for obesity

and other metabolic disorders.
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Introduction
It has become increasingly clear from both epidemiologi-

cal (Phillips et al. 1998, Laitinen et al. 2004, Rich-Edwards

et al. 2005) and experimental animal studies (Woodall

et al. 1996, Ozanne et al. 2003, Bol et al. 2009) conducted

over the last 20 years that malnutrition during fetal life

may predispose for adverse health outcomes later in life,

including obesity, type 2 diabetes (T2D), and cardiovas-

cular disease (CVD). The phenomenon associating adverse
exposures during fetal life with altered body functions and

health outcomes later in life is often referred to as fetal

metabolic programing (FMP). Experience from developing

countries undergoing rapid economic transition indicates

that individuals who have been adversely programed

during fetal life have an increased risk of developing

these diseases when exposed to a mismatching over-

nutrition situation later in life. In certain developing

http://joe.endocrinology-journals.org
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may be as high as 50% and evidence suggest that as

income levels rise, obesity, T2D, and CVD become more

prevalent among children and young adults (Amuna &

Zotor 2008). It is therefore important to get deeper insight

into the (molecular) biological mechanisms underlying

fetal programing in order to develop targeted and efficient

intervention strategies to prevent or reverse later adverse

health outcomes. The major endocrine systems in focus in

research relating to fetal programing have been the

hypothalamic–pituitary–adrenal axis function and the

glucose–insulin axis including pancreatic endocrine

function and the development of insulin resistance

(Bloomfield et al. 2004, Ozanne et al. 2005, Limesand

et al. 2006). Only a few studies have addressed the

implication of fetal malnutrition for hypothalamic–

pituitary–thyroid function later in life and results have

been contradictory as presented in the following.

Thyroid hormones (THs) are required for normal

function and development of nearly all tissues and

regulate oxygen consumption and overall metabolic rate.

THs increase RNA synthesis of target genes and increase

mitochondrial oxidation. There are reports of altered

thyroid function associated with both development of

the metabolic syndrome and a history of fetal growth

restriction. In patients with the metabolic syndrome,

obesity, and insulin resistance have been found to

stimulate thyroid cell proliferation and increase thyroid

volume and stimulate the production of THs (Sari et al.

2003, Pergola et al. 2008, Rezzonico et al. 2008, Ayturk

et al. 2009). In a birth cohort study, Kajantie et al. (2006)

found that a small body size at birth and during childhood

increases the risk of spontaneous hypothyroidism in adult

women, whereas Brix et al. (2000) found, in a population-

based twin case–control study, that low birth weight is not

associated with thyroid autoimmunity or nonautoim-

mune thyroid disease. Thyroid gland metabolism has

been shown to be downregulated in both nutrient-

restricted suckling rats (Bonomo et al. 2008, Lisboa et al.

2010) and in fetal growth-restricted lambs (Rae et al. 2002);

in the rat study by Lisboa et al. (2010), thyroid gland

metabolism remained downregulated into adulthood.

Others (Dutra et al. 2003, Lisboa et al. 2008) have reported

that neonatal protein and energy restriction in suckling

rats led to adult hyperthyroidism and increased liver

deiodinase activity. However, long-term effects of fetal

exposures on thyroid function in other species than the rat

have not been thoroughly established and the interactive

effects of fetal undernutrition followed by postnatal
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JOE-12-0389 Printed in Great Britain
PY ONLYovernutrition has to our knowledge never been examined

in any species.

In this study, we aimed to test the hypothesis that

function of the TH axis is a target of fetal programing

induced by late gestation undernutrition (LG-UN) that

contributes to predispose for adverse health outcomes

later in life. Bearing in mind that postnatal overnutrition

has been reported to exacerbate the adverse negative

outcomes of FMP, we further hypothesized that early-

postnatal-life overnutrition (EL-ON) will exacerbate the

consequences of fetal programing on the TH axis function.

We chose our recently developed Copenhagen sheep

model (Nielsen et al. 2012) as an experimental animal

model for this study since the late gestation period was in

focus, where the major quantitative fetal growth takes

place. As discussed by Nielsen et al. (2012), sheep are more

comparable to humans in terms of physiological maturity

at birth than rodent offspring. In humans and sheep,

thyroid formation occurs during the first trimester and the

final maturation (primarily increase in thyroid epithelia)

during the last trimester before birth (Bocian-Sobkowska

et al. 1997, Hájovska 2002, Kratzsch & Pulzer 2008). In

rodents, the hypothalamic–pituitary–thyroidal axis con-

tinues to develop simultaneously into the post partum

period and is not concluded until 3–4 weeks after

birth independent of intrauterine–placental influences

(Dussault & Labrie 1975).

In the Copenhagen sheep model, twin-pregnant

sheep were subjected to 50% energy and protein restric-

tion during the last trimester and twin lambs were raised

on a special high-carbohydrate, high-fat (HCHF) diet from

3 days to 6 months of age. We have previously shown in

this model that exposure to LG-UN can predispose for

increased appetite for a high-fat diet early in postnatal life

and predispose for visceral obesity by altering fat

deposition patterns (Nielsen et al. 2012), and in this

study, we aimed to relate these phenotypic changes to

serum TH levels and TH signaling in major target tissues.

Serum levels of total tri-iodothyronine (TT3) and total

thyroxine (TT4) were therefore measured at different time

points in postnatal life in growing lambs and young adult

sheep with different nutritional histories in late prenatal

and early postnatal life. Tissue samples were obtained from

subgroups of animals killed at 6 months and 2 years of age.

Gene expression in the thyroid gland was determined for

key targets implicated in the regulation of TH synthesis

and release (TSH receptor (TSHR), thyroglobulin (TG),

thyroid peroxidase (TPO), solute carrier family 5 (sodium

iodide symporter), member 5 (SLC5A5), type II iodothyr-

onine deiodinase (DIO2), and iodotyrosine deiodinase
Published by Bioscientifica Ltd.
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targets involved in TH signaling (TH receptor a (THRA),

THRB, and DIO2) was determined in the major target

tissues liver, heart, two skeletal muscles, and two adipose.

IYD expression was also determined in liver.
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Figure 1

Study design as previously reported in detail by Nielsen et al. (2012).

Twin-pregnant ewes were exposed to diets fulfilling 100% (NORM) or 50%

(LOW) of energy and protein requirements during the last 6 weeks of

gestation (termZ147 days). Twin offspring were assigned to each their

experimental diet from 3 days to 6 months post partum; a conventional

moderate hay-based diet (CONV) adjusted to achieve moderate growth

rates of w225 g/day or an obesogenic high-carbohydrate, high-fat diet

(HCHF) based on maize and a milk-dairy creammix. All males were killed at

6 months of age. Only female sheep continued in the experiment after

that, and from 6 months to 2 years of age, they were fed the same

moderate (and for HCHF sheep: body fat correcting) grass/hay-based diet.

Animal numbers and sex (M, males; F, females) included at different time

points are shown.
Materials and methods

Experimental animals and experimental design

The Copenhagen sheep model used in this project has

been described in detail by Nielsen et al. (2012). All

experimental animal handling and procedures were

approved by The Danish National Committee on Animal

Experimentation. In summary, the experiment was a 2!2

factorial design with two prenatal and two postnatal

nutritional treatments (Fig. 1). Twin-pregnant ewes

(Shropshire breed; nZ21) were during the final 6 weeks

of gestation (termZ147 days) fed diets meeting either

100% (NORM, nZ10) or 50% (LOW, nZ11) of the daily

requirements for energy and protein. The twin lambs were

assigned to each their postnatal treatment and individu-

ally fed a conventional (CONV) or an obesogenic HCHF

diet from day 3 to 6 months post partum, resulting in four

treatment groups: NORM:CONV (nZ10), NORM:HCHF

(nZ10), LOW:CONV (nZ11), and LOW:HCHF (nZ11).

The CONV treatment consisted of good-quality artificially

dried hay, which was supplemented with a commercial

milk replacer until weaning at 56 days of age and daily

allowance was adjusted weekly to achieve moderate

weight gains of w225 g/day. The HCHF diet consisted of

dairy cream (38% fat; with a maximal daily allowance of

0.5 l/day), high-starch popped maize (maximal daily

allowance of 1.0 kg/day), and commercial milk replacer

(maximal daily allowance was 2.0 l/day until 56 days of

age and 0.5 l/day thereafter). All animals had free access to

water and a vitamin–mineral mix. At 6 months of age

(around puberty), half of the animals from each treatment

group were killed, which included all males and three

females. Only female offspring (a total of 18) continued in

the experiment after 6 months of age and they were fed

the same moderate grass-based diet until the age of 2 years

(young adults), where they were subjected to a fasting

challenge and then killed. After killing, thyroids and target

organs were quickly excised and weighed and tissue

samples were snap-frozen for later RNA extraction. Target

tissues included liver (left lobe), two different skeletal

muscles (the longissimus dorsi dominated by glycolytic

type II fibers and biceps femoris dominated by oxidative

type I fibers; Jørgensen et al. (2009), cardiac muscle
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JOE-12-0389 Printed in Great Britain
(central part of ventriculus sinister cordis), and two

adipose tissues (visceral and subcutaneous sampled

above the central part of longissimus dorsi).
Blood sampling and serum TT4 and TT3 analysis

Baseline blood samples were drawn from lambs at 1 day,

56 days, and 6 months of age and from female sheep at 1

and 2 years of age. At 2 years of age, catheters were inserted

into both jugular veins, as described previously (Husted

et al. 2008), and sheep were subsequently subjected to a

3-day period of fasting. Blood was sampled 0, 24, and 48

after the feed was withheld and 1 h after re-feeding at 72 h

after initiation of the fasting. The sheep had free access to

water during the fasting period. Blood was collected in

serum tubes and allowed to coagulate at room temperature

for w30 min. Serum was separated by centrifugation at

1800!Gav (at 4 8C for 15 min) and subsequently stored at

K20 8C until analyzed. Serum TT4 and TT3 concentrations

were assessed using a human enzyme immunoassay (DRG

Diagnostics, Marburg, Germany). Six out of 195 and 9/195
Published by Bioscientifica Ltd.
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!15% for TT3 and TT4 respectively. The interassay

variation was 20% for TT3 (the kit supplied control values

with a variation of up to 20–30% for concentrations in the

range of 1.30–2.50 ng/ml) and 7.5% for TT4. Samples from

a given animal were analyzed within the same assay kit.

Excluding the few samples that yielded large variations

from statistics did not affect results.
Relative quantification of gene expression

mRNAs for SLC5A5, IYD, TPO, DIO2, TG, TSHR, THRA, and

THRB were quantified using quantitative reverse

transcriptase PCR and procedures were according to

manufacturer’s guidelines. Total RNA was extracted with

TRIzol Reagent (Invitrogen) and 1-bromo-3chloropropane

(Sigma–Aldrich) and cleaned up using SV Total RNA

Isolation (Promega) from tissue samples from thyroid,

liver, heart muscle, longissimus dorsi, biceps femoris,

subcutaneous fat, and visceral fat. Total RNA concen-

trations and sample purity were established with Nano-

Drop ND-1000 u.v.-Vis Spectrophotometer (Thermo

Fisher Scientific, Waltham, MA, USA) and RNA integrity

was confirmed by bioanalysis (Agilent 2100 Bioanalyzer;

Agilent Technologies, Santa Clara, CA, USA). RT was

performed using 0.5–2 mg (depending on tissue) total RNA

with oligo-dT and random hexamer as primers and with

MMLV reverse transcriptase (Promega). The cDNA was

pooled to make standard curves and calibrator for each
Table 1 Primer sequences and accession numbers for

Gene Primer sequence NCB

Cyc B F: GATCCAGGGTGGAGATTTCAC AJ8
R: GGCCCATAGTGTTTAAGCTTG

ACTB F: ACCCAGATCATGTTCGAGACCTT AY1
R: TCACCGGAGTCCATCACGAT

SLC5A5 L: CGGAATCATCTGCACCTTCT XM
R: GGACAACCCAGAAACCACTC

IYD L: TTCTCCCACAGTCGATACCC NM
R: ATCTGGGTCCTTCACAACCA

DIO2 L: GTGGCTGACTTCCTGTTGGT NM
R: GCATCGGTCTTCCTGGTTC

TPO L: ATCACGGATTCCAACTCCAA XM
R: GGGTCCACTTCATCCTCACA

TG L: GAGCAGGTTTCCAGAGGTGT NM
R: AGAGTGGTCTCAGCGAAGGT

TSHr L: GGGAGTGAGGAGATGGTGTG NM
R: GAGGATGACCAGGACGAAGA

THRA L: CCTCTTCTCTCCTCCCTCTC NM
R: TTGTCCGCTCTTAGTTCTCC

THRB L: GAAGCTCGTGGGAATGTCT NM
R: GCCTTTGCACTTCTTCTCCT

http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JOE-12-0389 Printed in Great Britain
PY ONLYplate. Calibrator, samples, and negative controls were

performed in triplicate. Standard curves were made using

serial dilutions of cDNA (1:2, 1:4, 1:8, 1:16, 1:32, and

1:64) to determine the efficiency of each primer set

within the resulting linear regression. Efficiencies of

primers were between 1.8 and 2.1 (this equals to an

increase between 80 and 110% of target nucleic acid in

each amplification cycle; Table 1) and all coefficients of

determination R0.99. Primer sequences were derived

from ovine or bovine cDNA sequences obtained from

the National Center for Biotechnology Information

(NCBI) and primer sequences, NCBI accession numbers,

and annealing temperatures are listed in Table 1. SYBR

Green (SYBR Green master mix; Roche) was used as the

fluorophore, and qPCR was performed using the Light-

Cycler 480 System (Roche). Melt curve analysis was

conducted on each sample after the final cycle to ensure

that a single product was obtained. Peptidylprolyl

isomerase B (cyclophilin B; PPIB) was used as reference

mRNA for all tissues except for the two adipose tissues

where b-actin (ACTB) was a better match; the identical

first-strand cDNA was used for quantification of specific

mRNAs of interest to circumvent any between-run

variation. Data were analyzed using the advanced relative

quantification method provided by LightCycler 480

instrument version 2.0 Software (Roche). The qPCR

products were cleaned up by Wizard SV Gel and PCR clean

upsystem(Promega)andsequencedonABI3130XL(Applied

Biosystems) with BigDye terminator v3.1 cycle sequencing
applied genes

I accession no.

Annealing

temperature (8C) Efficiency

65374 (Oa) 60 1.88

41970 (Bt) 60 1.83

_581578.5 (Bt) 60 1.87

_001102165.1 (Bt) 60 2.19

_001010992 (Bt) 60 1.97

_603356.5 (Bt) 60 1.91

_173883.2 (Bt) 60 2.00

_001009410.1 (Oa) 60 1.97

_001100919.1 (Oa) 60 1.92

_001190391.1 (Oa) 57 2.18

Published by Bioscientifica Ltd.
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were confirmed using the NCBI blast logical alignment

search tool.
Statistical analysis

It should be noted that in the data based on tissue samples

obtained at killing, sex differences cannot be distinguished

at the two different ages, as no males were killed at 2 years

of age and only three females were killed in the 6-month
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Figure 2

Basal serum concentrations of total T3 (TT3, ng/ml) and total T4 (TT4, mg/dl)

obtained from 1-day, 56-day, 6-month, 1-year, and 2-year-old sheep, as

affected by nutrition received during late fetal life and the first 6 months of

postnatal life. Samples from 1-day to 6-month-old sheep were obtained

from both males and females. All males were killed at 6 months of age, and

only female sheep were included in the experiment thereafter. NORM and

LOW refer to the plane of nutrition offered to twin-pregnant ewes during

late gestation, and CONVand HCHF refer to the postnatal diet fed to either

http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JOE-12-0389 Printed in Great Britain
PY ONLYold group (they were all from the NORM-CONV group).

Inclusion of gene expression data for these three, 6-month

old female NORM-CONV lambs did not impact outcomes

of the statistical tests and their data are therefore included

in the results presented here. The variable sex is therefore

eliminated from the model for data derived from tissue

samples in 2-year-old sheep.

For all other data, gender-specific responses to the late

gestation and early postnatal life nutrition exposures

could be evaluated for growing lambs up to 6 months of
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of the twin lambs from day 3 to 6 months of age (see legends to Fig. 1 for

further details), thus giving rise to four treatment groups: NORM-CONV,

NORM-HCHF, LOW-CONV, and LOW-HCHF. At 2 years of age, time point 0 h

indicates samples taken from the female adult sheep in the fed state,

24- and 48-h samples were obtained after 24 and 48 h of fasting

respectively and 72-h sample was taken 1 h after re-feeding. All other

samples were taken from non-fasted animals. Significant differences are

*P%0.05, **P%0.01, or ***P%0.001.
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could be evaluated for the females that were studied until

adulthood at 2 years of age.

All statistical models were derived from the same

multifactorial model:

Yijlo ZmCai Cabij Cgk Cabgijk Ckl C3ijkl

where Yijlo is the specific factor, described by all the

qualitative explanatory variables, m is the overall mean, ai

is the effect of the prenatal NORM or LOW treatment, bj is

the effect of the postnatal CONV or HCHF treatment, abij

is the interaction between the two treatments, gk is the

effect of age (or sex; male or female), abgijk is the three-way

interaction between the two treatments and age (or sex),

kl is the random effect of offspring, and 3ijkl is the residual

variation wn(0,s2). The universal sample space of

the qualitative explanatory variables are iZ{1,2}, jZ{1,2},

kZ{1,2} (TH’s: kZ{1,.,5}), and lZ{1,2}.

All models were tested in R 2.10.1 (R Development

Core Team 2010 GNU Project, http://www.r-project.org)

using the packages nlme, anova, and lsmeans for fitting,

model reductions, and multiple comparisons respectively.

Graphic model control (Plot) was carried out to find

possible outliers and second, normality assumptions were

evaluated by scatterplot, qqnorm, and box-cox. Following

this, the model was reduced by testing significance of any

interactions by two-way ANOVA. All variables that showed

no significance were eliminated from the model in this

way. Estimates and significance of the remaining factors

were calculated by the function lsmeans in R 2.10.1.
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Figure 3

Group means of relative gene expression in the thyroid, for the genes

SLC5A5, TSHR, TPO, and IYD from lambs at 6months (predominantly males)

and 2 years (exclusively females) of age, as affected by nutrition received

during late fetal life (NORMor LOW) and the first 6months of postnatal life

(CONV or HCHF). The experimental design and dietary treatments have

been fully described in legends of Figs 1 and 2. Significant differences are

*P%0.05, **P%0.01, or ***P%0.001.
Results

No effects of prenatal nutrition, postnatal nutrition, or sex

were observed unless specifically stated. The basic pheno-

typic characteristics and performance of the Copenhagen

sheep model used in this experiment have been described

in detail by Nielsen et al. (2012), but some of the

most relevant findings for interpretation of results from

this study will be summarized here. When compared

with NORM controls, LOW animals exposed to LG-UN

had reduced birth weights, had a preference in the very

early postnatal period for high-fat dairy cream rather

than starch-rich maize, and an increased susceptibility

to develop visceral obesity. After conversion to the

moderate diet from 6 months to 2 years of age, total

body fat content was normalized in the adult HCHF

females and became similar to that of CONV sheep, which

had been raised on a moderate plane of nutrition

throughout the postnatal period.
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Prenatal nutrition had no impact on TT3 serum concen-

trations in the new born lambs (Fig. 2a), whereas TT4

levels tended to be reduced in LOW lambs compared with

NORM lambs at day 1 after birth (Fig. 2b). At 56 days of

age, the HCHF diet led to significantly higher serum TT3

and TT4 in lambs compared with the CONV lambs

at 56 days of age (PZ0.0002 and PZ0.0004 respectively)

and at 6 months of age lambs receiving the postnatal

HCHF diet continued to have higher TT3 concentrations

compared with their twin on the CONV diet (PZ0.01),

whereas TT4 concentrations was no longer affected by the

postnatal diet at this or older ages. At 1 year of age (where

all animals had been fed the same moderate diet for 6

months), postnatal diet effects on TT3 had also dis-

appeared and there were no impacts of prenatal nutrition

either. However, in adult females at 2 years of age, an

effect of LG-UN became evident, as prenatal LOW sheep

had significantly higher levels of both TT3 and TT4

(PZ0.007 for both) compared with NORM females that

had been adequately nourished during late gestation.

Furthermore, prenatal LOW sheep continued to have

higher concentrations of circulating TT3 and TT4 during

a 48-h fasting period. One hour after re-feeding (after
Published by Bioscientifica Ltd.
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Group means of relative gene expression in the liver, for the genes THRA,

THRB, and IYD from lambs at 6 months (predominantly males) and 2 years

(exclusively females) of age, as affected by nutrition received during late

fetal life (NORM or LOW) and the first 6 months of postnatal life (CONV or

HCHF). The experimental design and dietary treatments have been fully

described in legends of Figs 1 and 2. Significant differences are **P%0.01,

or ***P%0.001.
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3 days of fasting), all animals had equal circulating

levels of TT3, but TT4 remained increased in LOW sheep

(Fig. 2a and b).
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Figure 5

Group means of relative gene expression in cardiac muscle, for the genes

THRA, THRB, and DIO2 from lambs at 6 months (predominantly males) and

2 years (exclusively females) of age, as affected by nutrition received during

late fetal life (NORMor LOW) and the first 6months of postnatal life (CONV

or HCHF). The experimental design and dietary treatments have been fully

described in legends of Figs 1 and 2. Significant differences are *P%0.05,

**P%0.01, or ***P%0.001.
Gene expression in the thyroid gland

There were no effects of late gestation nutrition on

TSHR and TPO expression in 6-month-old predomi-

nantly male lambs, but an effect of LG-UN became

evident in adulthood, as 2-year-old LOW females had

higher TSHR and TPO expression compared with NORM

females (PZ0.008–0.05 and PZ0.0005 respectively;

Fig. 3). IYD expression tended to be significantly

upregulated in LOW compared with CONV animals,

which was observed in both 6-month-old lambs and

2-year-old sheep.

There were no effects of postnatal diet on expression

of any of the abovementioned genes and no effect of

neither pre- nor postnatal treatment on DIO2, TG, and

SLC5A5 expression in thyroid tissues from 6-month-old

lambs or 2-year-old adult sheep. The 2-year-old female

sheep generally had lower expression levels of IYD

compared with the (mostly male) 6-month-old lambs

(PZ0.008). In NORM animals, TPO (PZ0.0004) and

SLC5A5 (PZ0.003) was also lower in adult females
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
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LOW animals, expression levels of these two genes were

similar in lambs and adult sheep.
Gene expression in TH target tissues

Liver Expression of DIO2 could not be detected in

the liver; therefore, no results are presented for this gene.

LOW animals with a history of prenatal undernutrition

had higher expression levels compared with NORM

animals for THRA (PZ0.008) and for IYD (PZ0.0002) at

both 6 months and 2 years of age and such an effect of

prenatal undernutrition also became evident for THRB in

adult female sheep at 2 years of age (PZ0.009) (Fig. 4).

Expression of THRA, THRB, and IYD was generally higher

in 2-year-old females compared with 6-month-old (mostly

male) lambs. The postnatal diet had no influence on

expression of any of these genes in the liver.

Muscle Cardiac Animals subjected to the LOW prenatal

treatment had significantly upregulated DIO2, THRA,

and THRB expression in cardiac muscle at both 6 months

and 2 years of age compared with NORM animals (PZ0.01,

PZ0.0001, and PZ0.04 respectively; Fig. 5).

Longissimus dorsi DIO2 was significantly upregulated

in longissimus dorsi in the LOW:CONV-fed lambs at

6 months of age compared with all other treatment groups

(PZ0.02–0.01), but in 2-year-old females, there were no
Published by Bioscientifica Ltd.
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Figure 6

Group means of relative gene expression in longisimus dorsi (a) and biceps

femoris (b) for the genes THRA, THRB, and DIO2 from lambs at 6 months

(predominantly males) and 2 years (exclusively females) of age, as affected

by nutrition received during late fetal life (NORM or LOW) and the first

6 months of postnatal life (CONV or HCHF). The experimental design and

dietary treatments have been fully described in legends of Figs 1 and 2.

Significant differences are *P%0.05, **P%0.01.

Jo
u
rn
a
l
o
f
E
n
d
o
cr
in
o
lo
g
y

Research L JOHNSEN and others Fetal programing of the thyroid
hormone axis

216 :3 396
differences in DIO2 expression between treatment groups.

As for cardiac muscle, both THRA and THRB expression

were upregulated in longissimus dorsi in LOW animals

compared with NORM animals (PZ0.009 and PZ0.05

respectively; Fig. 6a) and in both 6-month-old (mostly

male) lambs and in 2-year-old adult female sheep.

The postnatal nutrition had no impact on expression

patterns of any of these genes in either cardiac or

longissimus dorsi muscle.

Biceps femoris This muscle had a different response to early

life nutrition exposure compared to cardiac muscle and

longissimus dorsi. THRA expression was not affected by
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
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PY ONLYprenatal diet in this muscle, but it was significantly

downregulated in animals fed the HCHF diet compared

with those fed the CONV diet and this was observed not

only in 6-month-old lambs, when they were exposed to

the different diets, but also in 2-year-old female sheep after

they had been fed for 11⁄2 years on the same moderate diet

(PZ0.04). The HCHF diet had a similar depressive effect on

THRB expression in 6-month-old LOW lambs (PZ0.04),

but it was not observed in the NORM lambs or in the

adult females after diet correction. DIO2 expression was

not affected by neither pre- nor postnatal nutrition but

was lower in the 2-year-old females compared with the

6-month-old (mostly male) lambs (PZ0.07; Fig. 6b).

Adipose tissue Subcutaneous THRA expression in subcu-

taneous adipose tissue was influenced by the diet received

in postnatal life but not by prenatal nutritional history. At

6 months of age, THRA expression was reduced in lambs

fed the HCHF diet compared with lambs fed the CONV

diet (PZ0.001–0.01). In the adult female sheep, which had

been fed 11⁄2 years on the same moderate diet, there was

also an effect of nutrition exposure in early postnatal life

on THRA expression, but the effect was opposite to that

observed in lambs, as expression levels were highest in the

adult sheep that were previously fed the HCHF diet

(PZ0.02; Fig. 7a). THRB in contrast to THRA was not

affected by postnatal nutrition but tended to be affected by

prenatal nutrition with LOW having reduced expression

levels compared with NORM animals both at 6 months

and 2 years of age (Fig. 7a). DIO2 expression was not

affected by pre- or postnatal nutritional treatments in

animals at any of the two ages.

Visceral THRA expression in visceral adipose tissue was

not affected by pre- or postnatal dietary treatments in

6-month-old lambs. But in 2-year-old sheep, expression

levels were negatively affected by a history of both LG-UN

and EL-ON in an apparently additive way (PZ0.03–0.001).

In animals that had been adequately nourished as fetuses

(NORM), THRA expression levels were higher in the

2-year-old female sheep compared with the 6-month-old

(mostly male) lambs (PZ0.005). However, in adult sheep

with a history of LOW nutrition prenatally, expression

levels were substantially depressed relative to 6-month-old

lambs (Fig. 7b). THRB expression was not influenced by

pre- or postnatal nutritional treatments or age (results not

shown). DIO2 expression was significantly reduced in

LOW compared with NORM animals that had been fed the

CONV diet in postnatal life and this was across both age

groups (PZ0.009; Fig. 7b). This influence of prenatal
Published by Bioscientifica Ltd.
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Groupmeans of relative gene expression in subcutaneous adipose tissue (a)

and visceral adipose tissue (b), for the genes THRA, THRB, and DIO2 from

lambs at 6 months (predominantly males) and 2 years (exclusively females)

of age, as affected by nutrition received during late fetal life (NORM or

LOW) and the first 6 months of postnatal life (CONV or HCHF). The

experimental design and dietary treatments have been fully described in

legends of Figs 1 and 2. Significant differences are *P%0.05, **P%0.01, or

***P%0.001.
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nutritional history on DIO2 expression was not observed

in lambs or sheep that were exposed to the HCHF diet in

early postnatal life. Expression levels of DIO2 were of

similar magnitude in the two age groups.
Discussion

Fetal origins of health and disease have been quite

extensively studied during the last couple of decades (see

e.g. review by Correia et al. (2012)), but there is a scarcity of

studies focusing on the TH axis. Using our new Copenha-

gen sheep model (Nielsen et al. 2012), we aimed to study

the impacts on TH axis function and signaling in target

tissues of global energy and protein malnutrition during

late gestation, combined with different nutrition

exposures in the early postnatal period, which included

an obesogenic HCHF diet.

Although the experimental design does not allow us

to make direct comparisons between sexes with respect to
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
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PY ONLYtarget tissue responses, it was noteworthy that gene

expression patterns in 6-month-old male lambs with a

history of LG-UN were also quite persistently observed in

the 2-year-old adult females subjected to LG-UN. The

consistent findings between the LOW male lambs and

LOW adult females suggest that the long-term impli-

cations of fetal nutrition are hardly restricted to any

specific sex.
Effects of LG-UN in growing lambs

We did not find evidence to suggest that LG-UN

significantly affected serum TH levels in female or male

lambs, neither at birth nor during the growth period up

until puberty. In another sheep study, De Blasio et al.

(2006) reported that placental restriction reduced plasma

TT4 and increased plasma TT3 in growing lambs. We did

see a close-to-significant effect toward TT4 being lowered

in 1-day-old LG-UN lambs, but placental restriction

(removal of the majority of endometrial caruncles) and

global feed restriction may not be directly comparable

interventions to induce undernourishment and growth

restriction of the fetus. To the best of our knowledge, we

are the first to report impacts of nutrition in prenatal life

on TH signaling-related genes in multiple target tissues

and we have convincingly demonstrated that the TH axis

was indeed a target of programing in response to LG-UN

exposure, as distinct changes in gene expression encoding

factors involved in TH signaling in target tissues were

observed in the 6-month-old LOW compared with NORM

lambs. These effects were manifested irrespectively of

which diet the lambs received in early postnatal life, and

we found no indications to suggest that the postnatal diet

can exacerbate the impacts of a fetal programing of the TH

axis neither in lambs nor in adult sheep. Interestingly, the

change in gene expression in response to a history of

undernutrition in late fetal life was target tissue specific.

Thus, LG-UN-induced upregulation of both deiodinase

activity and THRs in metabolically important lean tissues,

i.e. liver, cardiac muscle, and longissimus dorsi. This

would suggest that the sensitivity toward TH in these

tissues was increased in LOW lambs. However, in adipose

tissues, there was a tendency for the opposite response

with downregulation of deiodinase and THRs in LOW

lambs (see Fig. 8). Based on these results, it is tempting to

raise the question whether reduction of the sensitivity in

adipose tissue toward catabolic actions of THs is one

mechanism whereby LG-UN can increase the predisposi-

tion for development of (visceral) obesity later in life?
Published by Bioscientifica Ltd.
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Overview of the significant alterations mediated by the late gestation

undernutrition (LOW) diet or postnatal high-carbohydrate, high-fat (HCHF)

diet on thyroid function in adolescent lambs. The experimental design and

dietary treatments have been fully described in legends of Figs 1 and 2. We

previously reported that exposure to the prenatal LOW compared with

NORM diet close to significantly increased weight (as a proportion of total

body weight) of thyroids in both growing and adult animals (PZ0.055;

Nielsen et al. 2012). This dietary consequence has therefore been included

in the figure. Illustrations by Ms Rikke Lenitha Larsen.
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THs have also been shown to stimulate GH/insulin-

like growth factor (IGF1) axis signaling and expression of

target genes in bone (Yen 2001). Exposure to under-

nutrition during fetal life results in earlier cessation of

growth and a smaller adult body size in sheep (Schinckel &

Short 1961) and humans (Jones 2004), and this was also

the tendency in the present experiment (Nielsen et al.

2012). We did not investigate TH signaling in bone tissue

in the present experiment, but in a recent sheep study

by Lanham et al. (2011), thyroidectomy at 105–110 days

of gestation caused fetal growth retardation and the

hypothyroid state was associated with significant changes

in metatarsal bone structure and strength when analyzed

later in gestation (130 and 144 days; termZ147 days).

Future studies are therefore needed to clarify the impli-

cations of early programing of TH function also on skeletal

development and health later in life.
Effects of LG-UN in adult sheep

Effects of LG-UN on gene expression patterns in the

thyroid and TH target tissues observed in growing male

lambs were also quite consistently observed in adult

female sheep (Figs 8 and 9), but in the adult sheep,
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JOE-12-0389 Printed in Great Britain
impacts of LG-UN were also evident for a range of new

parameters at both thyroid and target tissue levels (see

Fig. 9). Adult females with a history of LG-UN showed

signs of hyperthyroidism with increased TH serum level

both in the fed and fasted state. Dutra et al. (2003) and

Lisboa et al. (2008) have reported similar findings in rats,

where nutrient restriction of neonatal rat pups result in

hyperthyroid adults. Our adult LOW sheep had upregu-

lated gene expression in the thyroid for the key TH

biosynthesis genes TSHR, IYD, and TPO and upregulated

THR expression,THRA andTHRB, in heart muscle, liver, and

LD, concomitant with increased baseline and fasting serum

levels of THs and these findings, along with gross

physiological evidence provided in the following, strongly

support that these animals were hyperthyroid. The upregu-

lation of THRs THRA and THRB in these major target tissues

concomitant with upregulated (cardiac muscle) or unaltered

(Biceps Femoris (BF) and Longissimus Dorsi (LD)) expression

of DIO2 indicates that the hyperthyroid state is not induced

by peripheral TH resistance. Rather, we speculate that the

regulation of thyroid secretion has been programed at a

higher level of the Hypothalamic-Pituitary-Thyroidal (HPT)

axis, with increased sensitivity toward TSH and TH

biosynthesis in the pituitary.
Published by Bioscientifica Ltd.
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Systemic overview of the significant alterations mediated by the late

gestation undernutrition (LOW) diet or postnatal high-carbohydrate, high-

fat (HCHF) diet on thyroid function in adult sheep. The experimental design

and dietary treatments have been fully described in legends to Figs 1 and 2.

We previously reported that exposure to the prenatal LOW compared with

NORM diet close to significantly increased weight (as a proportion of total

body weight) of thyroids in both growing and adult animals (PZ0.055;

Nielsen et al. 2012). This dietary consequence has therefore been included

in the figure. Illustrations by Ms Rikke Lenitha Larsen.
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On a gross physiological scale, we know that the transfer

of HCHF females to a moderate and body fat correcting diet

from 6 months of age resulted in a loss of w10% body

weight in LOW:HCHF females from 6 to 12 months of age,

whereas the NORM-HCHF female sheep maintained their

bodyweights during this period (Nielsen et al. 2012). This

could reflect an overall higher metabolic rate of the

hyperthyroid LG-UN sheep, and indeed Kiani et al. (2008)

reported that LG-UN sheep had larger energy expenditures

per kilogram Metabolic Body Weight (MBW) compared

with sheep that were adequately nourished during fetal life.

That LG-UN programs for hyperthyroidism could

offer additional mechanistic explanations to some of the

known hallmark symptoms of FMP and associated

metabolic disorders later in life, such as fasting hypergly-

cemia, impaired fasting glucose, impaired glucose

tolerance or insulin resistance, systemic inflammation,

hypertension, and hyperlipidemia (Fernandez-Twinn &

Ozanne 2010). Hyperthyroidism increases endogenous

glucose production, induces hepatic insulin resistance,

causes hypertension, and has been associated with

low HDL-cholesterol and hyperlipidemia (Cachefo et al.

2001, Biondi et al. 2002, Tancevski et al. 2008, Klieverik
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JOE-12-0389 Printed in Great Britain
et al. 2009). Indeed, we found that LG-UN female sheep at

2 years of age cleared insulin significantly slower during

insulin challenge than NORM females (Kongsted 2011).

Another hallmark symptom of FMP is obesity. Hyper-

thyroidism would normally be associated with loss of

body weight, but interestingly in this study, we found

that THRA, THRB, and/or DIO2 were downregulated in

adipose tissue, opposite to the upregulation observed in

other target tissues, and we hypothesize that this can

impair the potential catabolic actions of THs in adipose

tissue in LG-UN individuals and thereby increase their

susceptibility for development of obesity when nutrition

is abundant.
Effect of early life overnutrition in growing lambs

Male and female lambs fed the obesogenic HCHF diet

had, as expected, significantly higher serum TT3 levels

compared with their twin lambs fed the moderate CONV

diet during the time they were exposed to this diet (Fig. 8).

It is well documented that accumulation of body fat is

positively correlated with adipose leptin synthesis and

leptin concentration in plasma and leptin can, in turn
Published by Bioscientifica Ltd.
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AUTHOR COupon binding to specific receptors in the arcuate nucleus

of the hypothalamus, induce neuroendocrine changes

resulting in increased release of TRH from the hypo-

thalamus, TSH from the pituitary gland, and thereby TH

from the thyroid glands (Costa da Veiga et al. 2004).

There were remarkably few effects of the extreme (for a

ruminant animal) HCHF diet on expression of genes

encoding for factors involved in TH signaling in target

tissues. In fact, only two significant results were found and

both regarded THRA, which was downregulated in both BF

muscle and subcutaneous adipose tissue. The different

responses in muscles to pre- and postnatal dietary

exposure could not be related to whether the muscles

contained predominantly glycolytic (LD) or oxidative

(cardiac and BF) muscle fibers (Jørgensen et al. 2009).
Effect of early life overnutrition in adult sheep

The increased TH concentrations observed in the

6-month-old male and female HCHF fed lambs were

clearly related directly to the dietary intake at that time,

as there were no indications of any postnatal dietary

impacts on serum TH levels in the same females after they

had been fed a moderate (and body fat correcting) diet for

6 months or more. This is in line with the results from Sari

et al. (2003), who found that weight loss in women could

restore TSH levels to normal.

LG-UN resulted in upregulated gene expression in LD

and cardiac muscle regardless of age, whereas only one

long-term implication of EL-ON could be detected, and it

was downregulation of THRA expression in BF, as also

observed in the male lambs at 6 months of age. It could be

speculated that the HCHF diet-reduced expression of

THRA in BF facilitates an increased capacity for triglyceride

uptake and/or accumulation in this predominantly

oxidative muscle. Thus, the observed differentiated effects

of LG-UN and EL-ON on TH signaling in the different

muscles suggest that quite specific long-term metabolic

adaptation can be induced in different tissues depending

on the nutritional environment in particularly pre- but

also postnatal life.

In conclusion, LG-UN unmistakably programed the

TH axis resulting in adult hyperthyroidism associated with

increased thyroid expression of genes regulating TH

synthesis and deiodination and increased THR and

deiodinase expression in one or more of the target tissues

liver, cardiac muscle, and longissimus dorsi muscle but

decreased THR and deiodinase expression in adipose

tissues. LG-UN thus appears to program for differentiated

TH response or sensitivity in major target tissues. The
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JOE-12-0389 Printed in Great Britain
PY ONLYprograming effects mediated by LG-UN on TH signaling in

target tissues were evident early in life, before LG-UN

effects could be detected in circulating levels of TT3 and

TT4 in serum. LG-UN effects were permanent and became

even more strongly expressed in adulthood. Further

studies are required to establish whether the apparently

differential TH signaling in adipose vs other tissues can be

part of a mechanism linking LG-UN to altered growth

trajectories and increased predisposition for visceral

obesity and associated disorders. Early postnatal dietary

treatment effects on TH axis parameters were in general

remarkably few and reversible and had no impact on the

expression of fetal programing of the TH axis function.

This suggests that the time-of-birth is a critical set point

for when long-term programing of TH axis function can

occur and this should be considered in the choice of

experimental animal models when late gestation impacts

are in focus.
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