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Preface

Present thesis is the final result to obtain thgrele of philosophiae doctor, PhD. The work
described in this thesis was carried out at Depamtrof Large Animal Science, Faculty of Health
and Medical Sciences, University of Copenhagen,niiek, over a period stretching from March
2012 — September 2016. My studies were funded g¢troine SHARE scholarship, equally
distributed between the, now former, Faculty ofeL#iciences, the Faculty of Health and Medical
Sciences, University of Copenhagen, Denmark, arel Danish Council for Strategic Research ,
through the Research School for Animal Nutritioml &hysiology, University of Copenhagen. The
research was financially supported by the DanistnCib for Strategic Research and the Centre for
Fetal Programming (CFP). This study was further enpdssible through grants from the Novo
Nordisk Foundation and the Lundbeck foundation.

| was supervised by Professor Mette Olaf NielsahRirofessor Bjarn Quistorff from the University
of Copenhagen, Denmark, and Principal Scientisit&ir Raun from Novo Nordisk A/S, Denmark.
The thesis is based on two experimental studieshgep to investigate the life-long effects of
prenatal and early-life nutrition on central andileeral thyroid function.

As a part of this study | had to design an expeminte assess thyroid hormone impacts on the
metabolic phenotype, which included a pilot studydetermine dosage of thyroxin in a tolerance
test and timing of the associated changes in ssletetabolic indicators. | also had to design and
apply a protocol for evaluation of thyroid histojogsing image analysis software (Visiopharm A/S,
Denmark). This was done in collaboration with @Githlogist and Center leader Michael Hansen at
the Center for Advanced Bioimaging, Faculty of &ceand Physiologist, DVM Sina Safayi.

The primary objective was to examine if prenatal aarly-life nutrition asserted programming on
the hypothalamic-pituitary-thyroidal axis and taetenine if an obesogenic postnatal diet had an
independent or correlated impact on thyroid functmd to what extent adverse health effects due
to unhealthy postnatal nutrition were reversible.

Hopefully this research may contribute to identifgw targets for consideration in intervention

strategies against development of fetal derivedrders and adult metabolic syndrome
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Summary

Obesity and correlated co-morbidities, in concextmied metabolic syndrome, are globally
increasing at epidemic-like haste. Babies born kfoalgestational age and babies born large for
gestational age, common in developing and induigtei countries, respectively, have an increased
risk of developing metabolic syndrome in adulthoBdrly-life overnutrition, through diets high in
fat and carbohydrates, is believed to be a botlepgaddent and additive risk factor for adult
metabolic syndrome. The hypothalamic-pituitary-thglal axis is the core regulator of overall
maintenance of metabolic homeostasis. Thyroid deseaa one of the most prevalent endocrine
dysfunctions worldwide and there is evidence thgtdid dysfunction is an independent risk factor
for metabolic syndrome and that hypothalamic-paiyHthyroidal function may be a target for fetal
and early-life metabolic programming.

This thesis aimed to investigate age-related bioddgnd phenotypical changes in the
hypothalamic-pituitary-thyroidal axis, caused byematal over- or undernutrition alone, or in
combination with early-life postnatal overnutritioand if adverse impacts of an early-life
obesogenic diet were reversible. Experiments waneed out in a translational sheep model where
fetal programming was induced through late gestatimaternal malnutrition, in two different
studies. In Experiment 1, twin-bearing sheep wexd fo either fulfill energy and protein
requirements or fed 50% of this, to essentiallyegiise to lambs born small for gestational age.
These lambs were raised on a conventional or hegbetydrate-high-fat diet until 6 months-of-
age. At 6 months, thyroid hormone response to rfigstvas tested and half the lambs were
slaughtered and autopsied. Remaining sheep wesedran a moderate diet until 2-years of age, to
assess 1) if there were lasting effects of the ajpsc diet after 1¥2 year diet correction and 2) if
there were lasting effects of prenatal undernotritinot present in 6 month-old lambs. At 2 years-
of-age, adult thyroid hormone response to fastiag tested again and all sheep were slaughtered
and autopsied. Experiment 2, was an elaboratiofexgeriment 1, with the addition of prenatal
overnourishment, but with similar postnatal treatteeand challenges. Exceptions were that sheep
from Experiment 2 were more severely overnouristiedd until 2%% years-of-age, were subjected
to a thyroxine tolerance test in adulthood, and entissues for sampling were excised in
Experiment 2 compared to 1.

The overall findings from Experiment 1 were thatafeundernutrition caused adult
hyperthyroidism and increased thyroid hormone rexegxpression in liver, cardiac and longisimus
dorsi muscles, but decreased receptor expressieisdaral and subcutaneous adipose tissues. The

postnatal obesogenic diet increased thyroid hormemels in adolescent lambs, but this was
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reversed after diet correction, and not evideradnlt sheep. Prenatal undernutrition programmed
thyroid function at the secretory level and thyroggponse differentially in target tissues, which
was increasingly manifested with age. The diffaegntmpact on TH signaling in adipose versus
other tissues could be part of a mechanism whefetiay malnutrition can predispose for obesity
and other metabolic disorders.

Main findings from Experiment 2 were; a sexual diptoc T4 and TSH response to
prenatal and postnatal diets, confined to 6-montidambs. Early-life overnutrition independently
caused adult central hypothyroidism and prenatalmytrition caused adult overt hypothyroidism
whereas prenatal undernourished sheep appearegr@dthPrenatal under- and overnutrition as
well as early-life overnutrition affected adult thid axis responsiveness to both fasting and a
thyroxine challenge. Early-life overnutrition reduc adult energy expenditure in prenatal
adequately fed and overnourished offspring. Eaféydvernutrition also increased adult feed intake
in prenatal adequately fed and undernourished sheepsibly relating to downregulated
hypothalamic TSHr expression. There were widespedtgtts of treatments on gene expression
levels at both 6 months- and 2% years-of-age. E&ffeeere discernible in programmed sheep
according to postnatal nutrition. It seemed thpbstnatal conventional diet was more deleterious in
prenatal overnourished sheep to adult thyroid fon¢than the obesogenic diet.

In Experiment 1 effects of early-life overnutritiovere sparse and largely reversible,
contrary to the findings in Experiment 2 and atitdal to the more severe postnatal overnutrition in
Experiment 2. In Experiment 1, prenatal undernotritaffected thyroid function already in lambs
and became increasingly manifested in adulthoodis I{possible that differences in gender
distribution as well as early-life protein intakentributed to the differentiated responses. The
overall conclusions reached in this thesis wereltia gestation maternal under- and overnutrition,
as well as early-life postnatal overnutrition caticst metabolic programming to the hypothalamic-
pituitary-thyroidal axis. Where fetal and earlyeliprogramming repress thyroid function, decrease
energy expenditure and increase feed intake, pmoged thyroid function should be considered a
contributing factor to development of metabolic gyome in programmed individuals.

10



Summary in Danish

Forekomsten af fedme og associerede sygdommemtiisa kaldet metabolisk syndrom, stiger
globalt med epidemi-lignende hast. Barn der fgdés kller tunge for gestations alder har en gget
risiko for at udvikle metabolisk syndrom i vokseneli. Fgrstnaevnte er ofte forbundet med fadsler i
udviklings lande og sidstnaevnte er en stigendeetefd industrialiserede lande. Tidlig postnatal
overernaering med fedt og letfordgjelige kulhydrateen selvsteendig og additiv risikofaktor for at
udvikle metabolisk syndrom i voksenlivet. Den endlo& hypothalamus-hypofyse-skjoldbruskkirtel
akse regulerer og vedligeholder metabolisk homseestag pa verdensplan er sygdomme i
skjoldbruskkirtelen nogle af de mest forekommenddokrine lidelser. Studier har peget pa at
dysfunktion i skjoldbruskkirtelens aktivitet er enden risiko faktor for udvikling af metabolisk
syndrom og at denne hormonelle akse er et mal étal fog tidlig postnatal metabolisk
programmering.

Formalet med denne afhandling, var derfor at ummbgrsalders-relaterede biologiske
og feenotypiske aendringer i hypothalamus-hypofyseldiruskkirtel aksen som fglge af preenatal
under- eller overerneering, alene, eller kombineretd tidlig postnatal overernsering og i
forleengelse af dette, at undersgge om skadeligekteff af den postnatale overernesering kunne
reverseres med en kost-aendring. Forsggene blevt idéa translationel fare-model, hvori fgtal
programmering blev introduceret ved at fejlernadrei fdet sidste trimester af deres draegtighed. |
Forsgg 1, blev tvillingebaerende far fodret med &atdvarende til det anbefalede for energi og
protein eller de fik halvdelen af det anbefaled@%. Tvillingelammene blev sa opdelt og enten
fodret efter anbefalingerne for at sikre en modeégajlig tilvaekst eller fodret med en dizet rig pa
fedt og kulhydrater, de farste 6 maneder. Ved dexaher blev skjoldbruskkirtelens respons pa faste
undersggt, hvorefter halvdelen af lammene blevislamg veevene blev dissekeret. De resterende
far blev ad-libitum fodret med grgn-hg, som haaet fedt indhold, indtil de var 2 ar. Dette var fo
at kunne vurdere 1) om der var vedvarende effedtelen tidlige overernaering og om 2) der var
vedvarende eller opstaede effekter af den fotaldengmnzering. Ved 2 ars alderen blev
skjoldbruskkirtelens respons pa faste testet pédqge resterende far blev slagtet og dissekeret.
Forsgg 2, var en udvidelse af Forsgg 1, hvor ogsiatal overernaering blev inkluderet, men med
naesten identiske postnatale behandlinger og fasigons tests. Overernaeringen var sveerere |
Forsag 2, farene levede til de var 2% ar gamlesweldyr gennemgik en T4 respons test og der
blev udtaget flere veev til analyser i Forsgg 2, iehorsgg 1.

De overordnede resultater fra Forsgg 1 var at fawadlerernsering ledte il

hyperthyroidisme (overaktiv skjoldbruskkirtel) i deoksne far, med samtidig opregulering af
11



relevante gener i lever, hjerte og skelet-muskl@mgisimus dorsi og samtidig nedregulering i
viseralt og subkutant fedtvaev. Den postnatale omexeng @gede skjoldbruskkirtiens hormoner i
de store lam, men dette kunne rettes op ved ovgrigaiten fedtfattige gren-hg, og var saledes ikke
evident i voksne far. Det vil sige at praenatal wedeering programmerede skjoldbruskkirtlen
sekretorisk og programmerede target veevs respdosskellig retning, og at effekterne af den
preenatale diaet, manifesterede sig med tiltagemnte. al

De overordnede resultater fra Forsgg 2 indikeredealdersbestemt kgns-relateret
dimorfisme i T4 og TSH respons pa preenatal undgrewerernaering og postnatal overernaering,
kun observeret i lam. Ydermere, var der i Fors@m 3elvstaendigt programmerende effekt af tidlig
overernaering der ledte til central hypothyroidisipesenatal overernsering medfgrte at voksne dyr
blev programmeret for "overt" hypothyroidisme, hwood preenatalt undererneerede far havde
uforandret skjoldbruskkirtel funktion, nar man s@ girkulerende hormoner. Bade preenatal under-
og overernaering, savel som postnatal overerneeringrkede akse respons pa faste og T4
challenge. Tidlig postnatal overernaering reducemugrgi omsaetningen i voksne far som havde
veeret tilstreekkeligt ernazeret preenatalt og i prattnaweerernserede far, samtidig @gede den
postnatale overernaering ogsa foderindtags kapawciiepraenatalt tilstreekkeligt fodrede far, samt
praenatalt underernaerede far, hvilket blev tilskrepecifik nedregulering af TSHr i hypothalamus.
Der var udbredte effekter pa gen ekspression i bandneder- og 2% ar gamle lam og far. Det var
muligt at skelne mellem programmerings effektedgéginteraktion mellem pree- og postnatal
ernaering og deraf fremgik det at den moderate ptatdiset muligvis var mere uhensigtsmaessig
for postnatal udvikling af skjoldbruskkirtelen igpnatalt overernserede far, end den postnatale
overernaering.

| Forsag 1 var effekterne af tidlig overernaeringfgikke vedvarende, modsat Forsgg
2, formentligt pa grund af den svaerere overernadrfogsag 2. | forsgg 1 var effekter af preenatal
undererneering tydelige i lam og manifesterede degligere med alderen, modsatrettet resultaterne
fra Forsgg 2. Det er muligt at forskelle i kanssansgetning og forskelle i tidligt postnatalt protein
indtag havde betydning for disse forskelle. De oxgmede konklusioner var at hypothalamus-
hypofyse-skjoldbruskkirtel funktion undergar methdio programmering som fglge af sendraegtig
under- og overernaering af far, savel som tidligtpatsl overerneering. | de tilfaelde at fgtal og
postnatal programmering nedseetter aksens funkii@assetter energi omsaetningen og g@ger
fadeindtaget, ma man betragte programmering af eleakse, som en medvirkende faktor i

udviklingen af metabolisk syndrom i programmereautivider.
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Introduction

Metabolic programming

Metabolic programming asserted through either ¢yesia over- or under-nutrition appear to be
major risk factors for development of obesity arideo metabolic diseases later in life, such as
insulin resistance and cardiovascular disease,rewetsal of the epidemic development of these

diseases is globally a major public-health cone@srneviewed in the following.

Paradoxically under-nutrition in developing couesri coexist with increasing prevalence of
overweight and obesity associated with diet-relatknic diseases including diabetes mellitus,
cardiovascular disease (CVD), stroke, hypertensiod certain cancers (WHO, 2006). Many
developing countries are experiencing an upward #hipopulation dynamics associated with
socio-economic development. This upward shift hesnblinked to a consecutive epidemiological
transition with increased prevalence of CVD ancetgpdiabetes (T2D), and evidence suggest that
as income levels rise, obesity become more prevaerong children and young adults. The
association between prenatal nutrition and podthegalth risks has a great impact in developing
countries in which a very strong link between powternal nutritional status and low birth weight
and increased infant and childhood morbidity andtality has been established (Amuna & Zotor,
2008). Recent studies provide evidence that fetal oveitrarirhave similar long-term effects on
offspring as fetal undernutrition (Ford & Long 20Q1@Grattan 2008 Muhlhausleret al., 2007;
Khanalet al, 2016 and that effects of fetal malnutrition are exgegbin a ‘U’ — shaped curve
relating birth weight to the risk of adult obesityith individuals born at the extremes of the birth
weight spectrum having a tendency to develop sin@ldverse outcomes on health and disease
(Dyer & Rosenfeld 2011).

Scholzeet al (2010) studied the epidemiological and economicén of the metabolic syndrome
(MetS) and its consequences in patients suffernognfhypertension, in the three European
countries: Germany, Spain and ltaly. MetS is thentéor medical disorders that, in concert,
increase the risk of CVD and diabetes. These imcliasting hyperglycemia, impaired fasting
glucose homeostasis, impaired glucose tolerancensulin resistance, systemic inflammation,
hypertension, central obesity, decreased high tetippprotein cholesterol and elevated blood
triglycerides and these symptoms have often bekteteto prenatal programming (Fernandez-
Twinn & Ozanne, 2010). These studies suggestechipartensive patients with MetS significantly
inflate national costs of illness, due to the imasein CVD risk and T2D. Mean annual costs per

13



patients with hypertension and MetS are two toeliiaes higher than for those without MetS. The
economic burden of this group of patients is predicto increase as the proportion of the
population over 50 years of age grows and preval@icMetS components increase. The cost
evaluations have only included healthcare costsrandcosts relating to morbidity or premature
mortality, which would inflate cost estimates evdarther, while development of new
antihypertensive medications and targeted treatrmteabmmendations to hypertensive MetS
patients in the future could reduce the predicigitiré costs (Scholzet al. 2010). The human
nutrition observations and global obesity trenddglaulines the importance of understanding the
precise physiological mechanisms behind diet-rdldtseases, to prevent their occurrence and to be
able to develop the best possible treatments.

As mentioned, malnutrition with insufficient amosntof energy, protein and essential
micronutrients may give rise to babies born smatlgestational-age (SGA) while exposure to high
energy diets during pregnancy can result in babe#sg born large-for-gestational-age (LGA) and
the two widely different nutritional insults duringtal life appear to have similar pathological
outcomes later in life. The mechanistic explanatitor the effects of metabolic programming can
be stunned maturation/differentiation of the celfsspecific organs and tissues and/or possible
epigenetic modifications altering gene expressibat the field is far from fully explored.
Nutritional insults may limit the number of funatial structures within an organ and change cell-
cell signaling pathways regulating actions of agaor. For example fetal programming has been
reported to reduce nephrons in the kidney and eedhetiron density within the hypothalamus of
rodents (Langley-Evans, 2007; Plagemaetnal, 2000). Epigenetics are heritable changes in
genome function, leading to alterations in genedtaption without alterations in the DNA
sequence (Langley-Evans, 2007).

Animal models of rodents (Kjaergaaed al, 2014; Lisboaet al, 2010), non-human primates
(Graysoret al, 2010a and 2010b), pigs (Mym¢ al, 2011; Liuet al.,2012) and sheep (Lorej al.,
2012; Oliver et al 2005, Nielseat al.,2013) have been used to study the mechanismsdéttad
and early-life metabolic programming. Sheep hawem to be an interesting translational model
of fetal and early-life development, due to a ie&y long gestational period (~147 days) with
singleton or twin fetuses, with similar fetal gréwmtrajectories and physiological maturity at birth.
The gestational period can be divided into trimessigith developmental steps equal to that of
human reproduction which is not possible in spethes$ give birth to altricial offspring. In sheep

fetal undernutrition was shown to cause earliesatsn of growth, which resulted in smaller body
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size and lower total energy expenditure in the taahiimal and also increased the weight of thyroid
glands of adult female sheep (Nielsdral.,2013).

Thyroid hormones (THs), produced and secreted fitben thyroid gland, stimulate cellular
metabolism by increasing oxygen consumption and peaduction and are essential for normal
growth and development trough stimulation of growtirmone and insulin-like growth factor 1
(Yen, 2001). Thus, the observations from the stggwurred the notion that the thyroid and thyroid
function was an additional target of programminigattcould perhaps explain the metabolic
phenotype of the adult sheep. A second sheep sialy undertaken, which included fetal
overnutrition, as maternal overnutrition is commorwestern countries and as reviewed maternal

overnutrition /fetal macrosomia is another propasskifactor for adult metabolic disease.

It was thus the intention with this thesis, to gmalthyroidal function in two distinct experiments
with sheep; Experiment 1) Late gestation undertiatri in combination with recommended
postnatal nutrition or early-life overnutrition, caifexperiment 1l) Late gestation undernutrition or

overnutrition in combination with postnatal nutsiti or early-life overnutrition.

Programming of the hypothalamic-pituitary-thyroidal axis

There are still many unresolved questions regardiog fetal nutrition impact development,
metabolic and endocrine function later in life, drav this in turn can be linked to a predisposition
for adverse health outcomes later in life. Thereehbeen reports of altered thyroid function in
relation to both the clustered occurrence of oesisulin resistance and cardiovascular disease
and in relation to fetal growth restriction. Foraexple patients with MetS have also been found to
have stimulated thyroid cell proliferation and ieased thyroid volume and stimulated or decreased
TH production (Saret al., 2003; Pergolat al., 2008; Rezzonicet al.,2008; Ayturket al. 2009;
Roos et al, 2007). The association between clinical condgicseen in MetS and thyroid
dysfunction instigate the notion that the hypothatapituitary-thyroidal (HPT) axis is a target of
prenatal and early life programming and this sectioves a brief review of the existing evidence

for metabolic programming of thyroid function.

Fetal restriction and undernutritiontn a birth cohort study, Kajantiet al. (2006) found that a

small body size at birth and during childhood iased the risk of spontaneous hypothyroidism in
adult women, whereas Brit al. (2000) found, in a population based twin case-fobstudy, that
low birth weight is not associated with thyroid @atmunity or non-autoimmune thyroid disease.

Thyroid gland metabolism has been shown to be deguiated in both nutrient restricted suckling
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rats (Bonomoet al, 2008; Lisboaet al., 2010) and in fetal growth-restricted lambs (Raeal,
2002); in the rat study by Lisba al. (2010), thyroid gland metabolism remained downlaigal
into adulthood. Others (Dutet al, 2003, Lisboeet al.,2008) have reported that neonatal protein
and energy restriction in suckling rats led to adhyperthyroidism and increased liver deiodinase

activity.

Fetal overnutrition:There are still very few studies available whiclé&oked into programming

of thyroid function through prenatal overnutritiom rats a maternal high-fat diet throughout
gestation and lactation induced hyperthyroidismwaganing (Francoet al, 2012), whereas
overnutrition with proteins in pregnant heifers diot affect basal thyroid function of 6-month-old
calves (Mickeet al, 2015)

Early-life overnutrition: Again findings are not consistent. Obesity in dfgéh have been shown to
increase TSH and T3 levels (Sticle¢lal, 2000; Aypaket al., 2013), while others found that only
TSH was raised, without effects on free and totds$, Tsuggesting clinical euthyroidism (Lobotkova

et al, 2014; Toruret al, 2014). These studies cannot shed light on leng effects of childhood
obesity, whether persisting into adulthood or reedrby dietary intervention and they have not
taken birth weight into account, which might beexelnt, if this correlates to HPT axis function

later in life.

Evidence to programming of the HPT axis may be rdigst and this may partly be attributed to
different species as well as timing and type ofrinahal insult. The sum of studies, reporting
consequences of prenatal and early-life nutriterHPT axis function, validates that this field is

well worth further examination.
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Hypotheses
Based on previous findings concerning possible HEIS programming and the association
between MetS and thyroid dysfunction, the followmgpotheses were formulated:
- Late gestation maternal malnutrition as well asyd#de nutrition programs both central and
peripheral HPT axis function
- Fetal under- as well as overnutrition causes simfef@l metabolic programming of the HPT
axis
- Prenatal malnutrition combined with early-life owetrition is an additional risk-factor for
long-term adverse health outcomes.
- Altered central and peripheral thyroid function kexp a diverged energy metabolism of

different tissues in programmed subjects and fatdialtered fat deposition patterns.

Objectives
The overall objectives was thus to test these hngsss by conducting studies in the Copenhagen
sheep model, to investigate;
» age-related biological and phenotypical chang&éenHPT axis, caused by prenatal over- or
undernutrition in combination with early postnatatrition interventions
» potential gene and tissue targets of fetal progremgrnmduced by late gestation under- or
over nutrition, which can lead to functional chamga different levels in the thyroid
hormone axis,
* whether exposure to an obesogenic diet in earlynptd life has an independent or
correlated impact on severity of the manifestedlfetogramming effects
» to what extent adverse impacts of an obesogenicirdiearly life are reversible in sheep

with different prenatal nutrition histories.
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Thyroidology

The following section is meant to give an overviefaithe development of the functional thyroid
gland and the central and peripheral function of émdocrine system, to give context to the chosen
focus areas of the included papers in this théssearlier mentioned, thyroid hormones stimulate
cellular metabolism by increasing oxygen consunmpaod heat production and are essential for
normal growth and development. The following wiltidfly present knowledge on the fetal
development of the thyroid, in the ovine compa@tuman fetus and thyroid hormone production
within the thyroid gland, as well as the regulatadrthyroid hormone synthesis within the HPT axis
and finally the effect of thyroid hormone stimutati in target cells. Lastly, potential gender

differences and interactions between the HPT axdsadher endocrine axes will be briefly covered.

Development of the thyroid gland

In the context of this thesis it is the aim to exaamwhich important factors determining thyroid

development could be influenced by late-gestatimg@mmming and the translational relevance
when comparing sheep and human thyroid function.

Overall, the thyroid gland originates as an outdglofwom the developing pharyngeal floor in the

early embryo and migrates to the proximal parthef trachea, caudal to the larynx, where terminal
differentiation of thyroid cells and formation dfe thyroid follicular architecture takes place.

Human and sheep thyroid ontogenesis can be dividedhree phases that roughly parallel to the
trimesters of the gestation period; 1) embryogene®) the hypothalamic-pituitary quiescence
period, and finally 3) synchronized HPT axis matiora and hormonal secretion (Fisher 1991),
these three periods may also be referred to agrdieolloid, colloid and follicular stages (Forhead

& Fowden 2014) and a comparison of the timing oval@pmental stages of thyroid hormone

bioavailability among human, sheep and rat fetisékustrated in Table 1.
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Table 1 Timing of stages of thyroid function among hman, sheep, and rat foetuses. The percentage of tbggestation (G)

are given in brackets (Forhead&Fowden, 2014).

Developmental stage Human (weeks) Sheep (days) Rat (days)
Gestational age at term 40 145 21
Thyroid gland organogenesis
Pre-colloid 7-13 (0.18-0.33G)
Colloid 13-14 (0.33-0.35G) 50-55 (0.34-0.38G) 17 (0.81G)
Follicular >14 (>0.35G) >55 (>0.38G) 18 days-3 weeks postnatally
TRH in hypothalamus 10-12 (0.25-0.30G) <60 (0.40G) 16 (0.76G)
TSH in anterior pituitary gland 10-12 <60 17 (0.81G)
and circulation
TSH receptor in thyroid gland 10-12 15 (0.71G)
lodide uptake in thyroid gland 10-12 50 (0.34G)
Thyroglobulin synthesis 10-12 15
lodinated amino acids 14 (0.35G) 70 (0.48G) 17 (0.81G)
Synthesis and secretion of thyroid 16-18 (0.40-0.45G) 60-70 (0.40-0.48G) 17.5 (0.83G)

hormones

30 weeks to birth
7-9 (0.18-0.23G) cerebral cortex

Rise in plasma T3
Gene and protein expression of
thyroid hormone transporters
Thyroid hormone receptor binding  10-16 (0.25-0.40G) brain, heart, <50 (0.34G) brain, liver, 14-16 (0.67-0.76G) brain,
liver, and lung and lung heart, liver, and lung

135 days to birth Birth to 3 weeks postnatally

From this it can be seen that ovine ontogenesmsmbles that of humans, as the developmental
stages occur at similar time points in terms oteetage of total gestation length. An exception to
this is the thyroid hormone dependent brain matumatThis generally occur in the before
mentioned phase 3, which stretches from gestatuanal70-90 to postnatal week 2 in lambs and in
children this maturation continues up to 2 yearsgd (Fisher 1991). As mentioned HPT
embryogenesis occurs within the first trimested anthe beginning maternal thyroid status is key
to implantation and early embryonic development #red binding proteins responsible for blood
transport of the hydrophobic THs are also expregsqiacental trophoblasts where they facilitate
secretion of maternal TH to the fetus (Coliccktaal., 2014). By the end of the first trimester
however, the thyroid is able to synthesize THshim dvine and human fetus and the approximate
timing of selected important events in the thyrsygtem maturation of the ovine fetus can be seen

in Figure 1.
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FRACTIONAL THYROID SYSTEM MATURATION
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Figure 1 Approximate timing of selected important @ents in the thyroid system maturation in the ovindetus/lamb
(Fisher, 1991)

Hence forward the absolute volume of thyroid calla@pithelium and stroma increase continuously
throughout the second half of fetal intra-uteriife (Bocian-Sobkowskat al, 1997). The sheep
placenta is relatively impermeable to maternal TAsto the gestation period (Fischer, 1991) and
nutritional programming effects related to maternbl status should not affect offspring thyroid
levels directly. The fetal circulating THs are nmtly controlled by thyroid output, but also
peripheral tissue metabolism. THs undergo deiodinaand sulfation to render them more or less
active, in peripheral tissues, the trend being thaty are relatively inactive until the end of
gestation, where developmental changes in peripderadination are induced by a prepartum rise
in cortisol. The more bioactive availability of THa this point are thought to in turn mediate
prepartum maturational effects of cortisol on puhawy gas exchange, hepatic glucogenesis,
cardiac function and thermogenesis (Forhead & Foviafd 4).

Programming of the HPT axis could theoreticallywcihroughout gestation either through effects
central to the axis or through effects of prograngnio the peripheral tissues who concertedly act
to control TH bioavailability. Programming early gestation could in theory be more detrimental
to TH synthesis, whereas programming after thet firsmester could affect HPT axis

feedback/maturation as well as thyroid growth.

Control of thyroid hormone synthesis

Secretion of THs from the thyroid gland is contdll through negative feedback to the
hypothalamus and pituitary; the TH feedback sysienpresented in Figure 2. Low plasma
concentrations of THs is a signal to the hypothalano synthesize and secrete thyrotropin-

releasing hormone (TRH) which stimulates pituitapythesis and secretion of thyroid stimulating
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hormone (TSH) which in turn stimulates TH produetend secretion from the thyroid gland. This
system acts is affected by both exogenous and endog factors. The exogenous effects such as
temperature and light will not be elaborated héeculating THs are relatively stable and do not
show a significant diurnal rhythm, and these faxtorinly determine longer-term adaptations, such
as seasonal TH response. Endogenous effects amaribyi the interchangeable relation between
other hormones, such as somatostatin, growth hasand cortisol; excess circulating THs exert
negative feedback on hypothalamic somatostatinchvim turn decrease pituitary TSH release;
growth hormones have a stimulatory effect on THeasé and cortisol, typically increased in
fasting, is a signal to lower TH mediated metalmwl{§&rant Maxie, 2007; Yen, 2001).
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Figure 2 Schematic representation of TH regulatiorfTodini et al. 2007)

THSs are lipid soluble hormones transported throtighvascular system bound to plasma proteins;
thyroxine-binding globulin (TG), albumin and thyfog-binding prealbumin. The amount of free
THs in plasma is very low, but in equilibrium withe protein-bound THs in plasma and in tissues.

It is in the free form THs can bind to TH recept¢f$k) and assert biological actions such as
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inhibition of pituitary secretion of TSH. The egbirium between free and bound THs shifts when
there is a sustained increase in the concentrafidhyroid binding proteins, but adjustments can
occur rapidly following a decline in the rate of talgolism or with stimulation of TH production by
TSH, where a new equilibrium may then eventually reached. Consequently, species with
elevated or decreased concentrations of bindingeim®y particularly TG, are usually euthyroid

(Ganong, 2001).

Thyroid hormone synthesis

This section aims to present the molecular aspaci®H synthesis and release from the thyroid.
The thyroid gland is a capsule of connective tigstmnarily containing thyroid cells which form
follicles around a glycoprotein consisting masdethtolloid (Figure 3). THs are stored within the

colloid and secreted from the follicular cells iapillaries within the gland.

Thyroid

follicular cells
- —-

Figure 3 Microscopic view of thyroid tissue consistg of colloid distended thyroid follicles embeddedn connective tissue

(Representation by Author)

Dietary iodine is essential for TH production asctonverted into iodide in the intestinal tract and
transported to the thyroid. Within the thyroid folllar cell, iodide is oxidized back into iodinedan
the coupling of iodinated tyrosine molecules resalthe formation of either thyroxine (T4) or
triiodothyroxine (T3). When two fully iodinated tysine (diiodotyrosine, DIT) molecules couple,
they form T4 and when a diiodotyrosine couples vatimonoiodotyrosine (MIT) they form T3

(Figure 4).

I NH,

NH, 1 1 NH, NH,
1 1 1 1
HO@CH;CH—COOH + H cu,-cncoon—»no@o@-cn;cn—coon + CH;CH-COOH
1 I

i
DIT DIT Ty Alanine

| NH, |

NH, I I NH, NH,
1 | 1 1
HO@ CHCH-COOH + HO-@CHZ-CH-COOH — HO@O@CH;C%COOH + CH;7CH-COOH

I I
MIT DIT T3 Alanine

Figure 4 Production of T3 and T4 by the coupling ofadinated tyrosyl residues with thyroglobulin molectle.

(Cunningham, 2002)
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Figure 5 depicts the steps involved in synthest r@tease of THs. Follicle cells trap the iodide
through active transport, by the sodium-iodide sgrtgy, encoded by th8LC5A5gene (1). When
iodide passes into the follicular lumen it is oxilil back into iodine (2) and the amino acid tyresin
form a chain and make up the glycoprotein thyroglobprecursor which is transported into colloid
(3), where iodine is attached to the ring structuoé the tyrosine molecules and MIT and DIT
become coupled within TG (4), so the final TG camdoth MIT, DIT, T3 and T4 (5). All of these
processes are catalyzed by the enzyme thyroxikjgearse (TPO). TSH stimulated secretion of T3
and T4, begins with the phagocytosis of TG (6).dsgmal enzymes cleaves the TG molecule and
T3 and T4 is actively transported to circulation 8yC16A2 and SLO1C1 (8), while iodinated
tyrosines are deiodinated by a microsomal iodotgmsleiodinase (IYD), an enzyme encoded by

thelYD gene (9). The iodide and remaining tyrosine mdéscare recycled to form new TG (10)

(Yen, 2001; Cunningham, 2002).

Figure 5 Depiction of follicular cell showing stepsn the synthesis and release of T3 and T4. The numlzeidentify the major
steps: (1) trapping of iodide; (2) oxidation of ioite; (3) exocytosis of TG; (4) iodination of TG (TBG){5) coupling of
iodotyrosines; (6) endocytosis of TG; (7) hydrolysisf TG; (8) release of T3 and T4, (9) deiodination df/IT and DIT (mono-
and diiodotyrosine; (10) recycling of iodide, TG andl'P (TPO) (Cunningham, 2002).

Peripheral thyroid hormone signaling and effects

THs from the circulation reach target cells andhimitthe nucleus they bind to TRs and form a
complex to upregulate target gene expression (Eigir Several transporters have been identified
that mediate cellular entry of THs, many of whiale aot specific for THs but two TH specific
transporters have been identified, SLO1C1 and Si&R1Banseret al, 2005). T3 is the biological

active form of THs and deiodinase enzymes catabahiracellular conversion of T4 to T3. In
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humans, about 80% of plasma T3 is produced outbel¢hyroid gland and the remaining 20% is
secreted directly by the thyroid (Hennemagh al, 2001). There are three iodothyronine
deiodinases: D1, D2 and D3, encoded byli@1, DIO2 andDIO3 genes, respectively. D1 and D2
catalyze T4 to T3 conversion and D1 is predominanthe liver and kidneys, whereas D2 is
predominant in brain, pituitary, brown adiposeussind skeletal muscle (Yen, 2001). D3 catalyzes
the conversion of T3 and T4 into biologically inaet metabolites by removing an iodine atom
from the tyrosyl ring to form T2 and rT3 respechivéd3 is especially credited for keeping fetal TH
levels repressed but subsides to background level®st tissues postnatally, except in skin and the
central nervous system (Uethal, 2012). Upon transport into the cell the activebiizds to TRs
(TRaor TRB which in turn binds to TH response elements aglomoter regions of target genes.
In the absence of T3, TRs recruit corepressors asbiCoRand the silencing mediators of retinoid
and thyroid receptorsSMRT), which together with transducirfiglike protein 1 TBL1) and histone
deacetylase HDACJ) form a complex with histone deacetylase activitythe promoters of target

genes that repress basal transcription (Satlzd, 2012).

Target cell

T3
MCT8 Nucleus
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Figure 6 Simplified model of thyroid hormone transprt into and action within the target cell. T3 and T4 are actively
transported into the target cell by membrane transprters, T4 is deiodenized to T3 by D1 or D2, T3 bindso thyroid
receptors TRA or TRB, this complex then binds to DNAvia zinc fingers (ZF) and increase or decrease tae expression

(Representation by Author).

Gender differences in thyroid function

Circulating TH levels are influenced by breed, seasnd physiological state and there may even
be a minor diurnal variation. Reports on gendeateel difference in THs of small ruminants vary
tremendously, from no differences in sheep (Eshediket al.,2010); to relatively more T4 in male
sheep (Carlost al., 2015); to higher T4 and equal T3 of female sh&dm(ma & Kataria 2008)
and higher TH levels in female goats (Todatial., 1992). The few data in literature on small
ruminants and circadian rhythms in THs are disaordae to seasonal differences and difference in
gender as well as physiological state (Todini 208i)mane data do not clarify any tendencies; in

fact, it has not been possible to find work thadrained basal gender differences between men and
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women, without considering the influence of soneatment. Thyroid illness is diagnosed using
population-based wide reference ranges (Andeesead., 2002), which to our knowledge do not
discern between men and women (menstruating or paersal). Individual variations in TH
concentrations in men are maintained within nartiomits but there are large variations among
individuals (Andersert al., 2002). This is probably also true for menstruatvagmen, where TH
levels are stable throughout a normal cycle (WekKkdansen 1975). No difference in circadian
variations between men and women have been foureK&/1973), but how levels of women are
related to that of men, remains elusive. It seeomsnoconly accepted that estrogen influence thyroid
function, but the impact on circulating TH levedsunclear. Estrogen increases the binding capacity
of the primary TH binding protein in the blood aafiect thyroid cells directly and is attributed
some causation for the increased prevalence obithydisease in women (Santin & Furlanetto
2011). But nowhere, it seems, are references tdetstnply compare men and women. Female
ruminants and women have gestation and lactatienifsp thyroid profiles (Riis & Madsen 1985;
Leung 2012; Nevilleet al, 2002). To summarize, small ruminants and hurmwang in thyroid state
according to age, and in females also with gestatiad lactation, and inconsistent gender
differences have been reported. The significanag @arcuracy of gender differences remains

elusive.

The HPT axis and intertwined systems

Hypo- and hyper secretion of THs, hypothyroidisnd dryperthyroidism are common thyroid
diseases which also underscore the interplay betweeHPT axis and related metabolic systems.
Both hypo- and hyperthyroidism is commonly relatedrenal- and cardio-vascular-and hepatic
dysfunction. Hypothyroidism has been associatedh witreased serum creatinine and decreased
glomerular filtration rate, common markers of redgsfunction and conversely, hyperthyroidism
has been associated with increased glomerulaatidtr rate and decreased serum creatinine
(Dousdampaniset al, 2014). The cardiovascular system responds tommailni but persistent,
changes in circulating thyroid hormone levels, ¢gbiof individuals with subclinical thyroid
dysfunction (Faziet al, 2004). Mild thyroid gland failure, evidenced elglby elevation of serum
TSH concentration, have been associated with ocamdaular disease, and subtly decreased
myocardial contractility and in subclinical hypotbidism, both cardiac structures and function
remain normal at rest, but impaired ventricularchion as well as cardiovascular and respiratory
adaptation effort may present during exercise. &lebgnges have been reversible upon restoration
of euthyroidism (Kahaly, 2000). In the oppositeuatton cardiovascular manifestations of TH

excess, include tachycardia, a widened pulse pessu brisk carotid and peripheral arterial

25



pulsation and a hyperkinetic cardiac apex (Bioedial, 2002). Both overt and subclinical
hypothyroidism is linked to hypercholesterolemiad aron-alcoholic fatty liver disease, whereas
hyperthyroidism has been linked to hepatic oxidastress and hyperglycemia, again restoration of
euthyroidism have been shown to counteract thesersitles (Sinhaet al, 2014). All observed
relations are essentially mediated or accompanyealtbred TR binding/activation in target tissues,
which may originate in altered circulating TH conttations or TH availability within the target
tissue, the latter possibly mediated by altereddlease function. Thus, it should be evident that
fetal or early-life programming of the thyroid @lated metabolic systems, may interchangeably act

in concert to manifest in the adult phenotype ofabelic syndrome.
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Materials and methods

The data presented in this thesis originate from éxperiments. The experimental design for both
is briefly described in the following, whereas dleid description of each experiment can be found
in the respective papers. Experiment 2 was precbyedpilot study to elaborate the protocol for a

thyroxine tolerance test, and this pilot studyesaibed below. Furthermore a protocol for thyroid

histological evaluation, using advanced image aislgoftware was also developed as part of this

thesis.

Experiment 1 — Prenatal undernutrition and early-li ~ fe overnutrition

A comprehensive description of the treatments reenlpresented in Nielsest al (2013). 21
Twin-bearing Shropshire ewes were fed one of tvetsdior the last 6 weeks of gestation. The diets
either fulfilled energy and protein requirementsOfRM) or a diet reduced 50% in energy and
protein (LOW). Twin-lambs were following divided mneach their postnatal nutrition scheme;
either fed a low-fat conventional sheep diet toi@ah moderate growth rates (CONV) or fed a diet
high in fat and easily digestible carbohydrates K At 6 months-of-age, all lambs were
subjected to a fasting tolerance test, during wbicled was collected and half the lambs were then
slaughtered and autopsied. All remaining lambs wieeeeafter fed the same low-fat grass-based
diet until 2 years-of-age, at which time they wetijected to another fasting tolerance test and
then slaughtered and autopsied. Blood from 1 dagyp6ths- and 2 years-of-age were analyzed for
total T4 and T3, and gene expression levels wesesaed by gRT-PCR for key genes relating to
thyroid function within the thyroid and peripherirget tissues; liver, cardiac muscle, biceps

femoris, longisimus dorsi, subcutaneous and abdairfan.

Experiment 2 — Prenatal under or overnutrition and early-life overnutrition

A comprehensive description of the treatments le&s Ipresented in Khanretl al. (2014). 36 Twin-
pregnant Texel ewes were assigned one of thres, dlet last six weeks of gestation: NORM
(fulfilling 100% of energy and protein requirementdIGH (fulfilling 150% of energy and 110%
of protein requirements) or LOW (50% of energy amdtein requirements). Twin lambs were
assigned either to a moderate conventional dietN\©Qor a high-carbohydrate-high-fat (HCHF)
diet from day 3 to 6 months of age. The lambs veeHgected to a fasting tolerance test, during
which blood was collected for metabolic fastingfipes, and half the lambs were then slaughtered
and autopsied. Remaining lambs were raised on adbway-based diet until 2% years-of-age,

upon which they were subjected to a T4 toleransedrd another fasting tolerance test and then
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slaughtered and autopsied. Blood samples from 1, daynonths- and 2% years-of-age were
analyzed for TSH, T4 and T3, and expression lef@iskey genes relating to thyroid function
within the hypothalamus, pituitary and thyroid,vesll as TH signaling in peripheral target tissues;
liver, cardiac muscle, biceps femoris, longisimussd subcutaneous and abdominal fat were
analyzed by qRT-PCR.

Pilot study

Aim: We wished to establish if potential programmirigcentral HPT axis and peripheral thyroid
function would translate into gross physiologicéterations. It was therefore the intention to
compare metabolic changes and energy expenditusegthe sheep during a thyroxine challenge.
We decided to measure energy expenditure, heag aatd body temperatures in adult sheep, before
and during a thyroxine tolerance test.

Prerequisites To do this we needed to establish 1) solubilitg aolution medium for thyroxine, 2)
response time from injection to equilibrium andd8se concentration.

Background literature McBride & Early (1989) and T.E.C. Weekes (1992)th induced

experimental hyperthyroidism in sheep by daily a¢tigns of T4 subcutaneously for 3-5 weeks and

plasma concentrations of T3 and T4 were two-/tliodsk-higher after this period. We wished to
uncover differences in TH metabolism between thatiment groups rather than examine effects of
a hyperthyroid state on metabolic phenotype andetbee this method was not desirable.
Furthermore the sheep had to be normalized fonduréxperimentation a few months after and we
therefore wished to perform the tolerance testethas a single bolus injection of T4. Peetral
(1992) found that intravenous injection of TSH smsed plasma levels of T3 from 1-4 h after
injection and T4 only after 4 hours in neonatal gnalwing lambs as well as normal, pregnant and
lactating adult ewes. In comparison injection 004 T4 in euthyroid pregnant ewes, comparable
to non-pregnant ewes, increased plasma levels a¥iidn the first hour upon injection, but failed
to increase plasma T3 within the four hour samppogt-injection. The quick T3 response to TSH
was attributed to stimulation of preferential ititrgroidal conversion of T4 to T3 (Peetasal,
1992). It was not possible to acquire TSH, so iswdgtermined to use T4 to experimentally
increase metabolism. Single-dose thyroxine injestimay not be detected as increases in plasma
T3 due to intracellular conversion of T4 to T3, may be presumed to act intracellular as the Initia
increase in plasma T4 normalized. Thus, we condubat by injecting T4 we should be able to
measure a response in energy expenditure and bogyetrature.

The best suited concentration for a single injectbthyroxine per MBW was not directly obtained

through the literature review, nor the exact maxmitissue response time, as most literature have
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measured the response as plasma concentrationgs\1&92) reported that sheep with a 2.4 fold
increase of T4 in blood plasma were moderate higgeaitd. Control sheep in this experiment had
~200 ug T4/L plasma and we aimed to raise this conceatrathree times to mimic the
hyperthyroid sheep of the study. We calculatedittee using the following equation:

T, = Aplasma conc * plasma vol * 2
Where the plasma volume was assumed equal to 5%oveight and multiplied by 2, based on the
assumption that 50% of the injected thyroxine wdogdin other body pools than plasma (Riis &
Madsen, 1985).
Among different available T4 products, we choseHybxine sodium pentahydrate (product no.
T2501) from Sigma-Aldrich (Brendby, Denmark) dueptarity and availability. The manufacturer
had only tested solubility in 4M ammonium hydroxigemethanol and found solubility up to 50
mg/ml. This solvent is not desirable for intravesanjection, but a solution with saline proved

unsuccessful, and ethanol was chosen as solveptdparation of a stock solution.

Trial #1

Thus, on the day of each trial, a stock solutionLahyroxine dissolved in 70% ethanol was
prepared in the lab under sterile conditions arnmtest in darkness. The thyroxine had a
concentration of 4 mg/ml ethanol. Before injectisa diluted 1 ml of the thyroxine solution with
19 ml of saline immediately prior to injection, neinimize the possible discomfort and impacts of
the ethanol solute whilst ensuring preservatiobio#ctivity of the thyroxine. Before the injection
the solutes were filtered through a sterile 0.2 PEembrane. The filtration rendered the solute
transparent, compared to a milky-white color bdfared, indicating that L-Thyroxine was withheld
in the filter. We planned to assess dose respogsmdasuring core temperature by using the
VitalSens& system and Jonah™ capsules (Minimitter, USA) ardcansidered the temperature
rise significant, if the body core temperature pds80C degrees. In trial #1, using two female

sheep, we did not see any increase in temperaiuted 10 hours we measured.

Trial #2

Based on Trial #1, saline was discarded as soleatinstead we performed spectroscopy analysis
of L-thyroxine dissolved in ethanol or methanolingsa saline solution as reference. 0.8 mg/ml L-
thyroxine was dissolved in either 70% methanol traeol and compared to a 0.025 mg L-
thyroxine/ml saline (0.9%) solution. The absorbaotc&4 is 230 nm and absorbance was measured
before and after sterile filtration (see above).sfispected, the saline did not successfully dissolv
L-thyroxine, which was withheld in the filter, wheas filter retention for thyroxine dissolved in

methanol and ethanol solutions was negligible. Basethe spectroscopy and capacity as a solvent,
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methanol was chosen. The solvent might potentgillg rise to some discomfort upon injection,
however the amount injected (i.e. 2 ml for an 80skgep) were quite low and did not give rise to
any signs of discomfort. A further adjustment wadoabling of the initial thyroxine dose and time
measuring response. The test conducted in Triald then repeated. During the 17 hour period
post-injection, we did not see measurable effegtsare temperatures or heart rates. We concluded
this was probably due to longer T4 half-life andp@nse times than expected in combination with

too small concentrations to measure within a reasiertime-frame, when using a bolus injection.

Trial #3

Knight et al (2004) administered thyroxine to dasattle in a concentration of 0.1 mg/MBW for
several days and we decided to try this dose ingdesbolus IV injection, still using methanol as
a solvent. The physical setup for the study wasstime as the previous two trials. The solvent
was prepared the day before the pilot study and kephe refrigerator until the following
morning, where it was transported under dark camutto the farm. The L-thyroxine solute was
administered at 10.00 AM and after two hours ceraperatures exceeded 40°C and increased
steadily throughout the following 10 hours. We mstied, based on preliminary data that a
maximal response was would occur around 12 houes aifjection. Whole body metabolic
responses were assessed from rectal temperaturas baurly basis throughout the tolerance
test combined with measurements of heart rates aflgnusing a stethoscope. EE was to be
estimated using th&C-bicarbonate technique. 46 animals were divided &2 subgroups of
four and the experiment would last for three weekth) 4 groups studied per week. A schematic
presentation of the planned progress per groupbeaseen in Figure 7. The final experimental

set up is fully described in Paper II.

Day 2
Day 1
. 22:00 .

7:45 8:00 12:00 15:00 | 7:45 8:00 12:00 500
| ] | | ] |

| | | I ' | | | I

@ Injection of 13C  Pulse Pulse Thyroxine @ Injection of 13C  Pulse Pulse
breath samples Temperature Temperature injection breath samples Temperature Temperature

Zero samples 5 10, 20. 30 Zerosamples 5 10 20 30

Pulse 60, 120, 190, Pulse 60, 120, 190,
Temperature 240, 300, Temperature 240, 300,

Breath sample 360 minutes Breath sample 360 minutes

Figure 7 schematic presentation of the planned expgment, where baseline blood samples, temperaturdieart rate and
energy expenditure was measured on Day 1 and L-thgkrine (0.1 mg/kg LW) was injected in the evening.2Lhours later,

on Day 2, all parameters were tested again, whenyttoxine response was assumed at its highest.
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Thyroid histological assessment

Histology

A cross section from the middle of the thyroid glawas excised and the thyroid tissue was
saturated in 4% PFA for about 24h at room tempezatinere after tissues were transferred into 1%
PFA for paraffin embedding. At 25-30n depth into the samplen thick sections were cut from
the paraffin blocks on a Leica SM2000R Sliding Miome (Leica Microsystems, Nussloch,
Germany) and transferred to superfrost glass slid8siperfrost® WHITE; Hounsen
Laboratorieudstyr, Denmark). After sectioning, theunted slides were dehydrated in a heating
oven at 50°C for 40 min. Van Gieson staining wadgomed following the protocol reported by
Kongstedet al. (2014). Slides were deparaffinized by immersioxyfene for 3x10min and then
rehydrated with a decreasing gradient of ethankitisms (99%-70%). Slides were then incubated
at room temperature in Lillie Weigerts iron-haemafTh-Geyer, Roskilde, Denmark) for 5 min,
followed by 10 min under running water and 4 migubation in Pikrinacid-acidfuchsin (WVR,
Herlev, Denmark). Finally, the slides were dehyeldatvith an increasing gradient of ethanol
solutions (70%-99%), cleared with xylene and modmé&h DPX Mountant (Fluka, Switzerland).
The Van Gieson staining protocol results in a bistaining of endothelial cells and cell nuclei and
red staining of collagen/fibroblasts, whereas @sfloplasm and other tissue components will

receive a yellow stain (see Figure 3).

Quantitative image analysis

The stained slides from 6 months old lambs werersed by a Panoramic MIDI whole slide
scanner (B3DHISTECH, Hungary) and the slides from 2#2 year-old sheep were whole slide
scanned on the Axio Scan.Z1l (Zeiss, Germany). Tdess were then analyzed using the
Visiomorph™ function in Visiopharm VIS 6.4.1 (VisiophafnHgrsholm, Denmark). A protocol
was developed that could detect and separate lagkgy follicular cytoplasm, colloid and
collagenous fibres in a manually drawn region oferiest excluding cysts and otherwise
compromised areas. Pre-processing steps in trathegorotocol involved picking the best fit of
color deconvolution and classification of variousas, in this case follicular cytoplasm/follicular
cells, colloid and collagenous tissue and backgipliigure 8 gives an example of the labeling.
Various post-processing steps were applied to renmaise from the labels and avoid overlapping
counts. As the analysis runs on the whole sectiohas these may not be identical in size between

animals, we wished to compare thyroid folliculataplasm:collagenous tissue ratio.
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As a measure of colloid, the protocol was desigoetieasure the area of follicles, defined by area
colloid per object and create a follicle size dimition. Unfortunately, due to hardware and

software malfunction it was not possible to analymeslides, before submission of this thesis.
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Figure 8 Example of labelling and area identificatbn in the Visiopharm software within an applied couting frame in

wholeslide scans of thyroid tissue from two diffenst animals. Colloid is labelled green, follicular gtoplasm blue and

collagenous tissue red.
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Summary of presented papers

Paper I: Prenatal undernutrition and postnatal ovemutrition alter thyroid hormone axis

function in sheep

Fetal undernutrition is a risk factor for adult aiedlic disease and there is evidence of fetal
metabolic programming of thyroid function, howeubere are few evaluations of long-term
effects in non-rodent models. Thus, we aimed tottes hypothesis that thyroid function could
be programmed by late gestation undernutrition a&nat early-life overnutrition would

exacerbate adverse effects solicited by fetal noditaprogramming.

In a 2x2 factorial design, 21 twin-bearing sheepexfed one of two diets during late gestation:
NORM (fulfilling energy and protein requirements) bOW (50% of NORM). Blood was
sampled for T4 and T3 evaluation on postnatal dayvin lambs were assigned either a
conventional (CONV) or high-carbohydrate-high-fefQHF) diet from day 3 to 6 months-of-
age. At 6 months T4 and T3 was tested in respanaddsting tolerance test and half the lambs
were slaughtered and autopsied. Remaining sheldertale) were raised on the same moderate
diet until 2-years of age, to assess 1) if thereeviesting effects of the obesogenic diet after 1%
year diet correction and 2) if there were lastiffgas of prenatal undernutrition, not present in 6
month-old lambs. At 2 years-of-age, the adult fessalere again subjected to a fasting tolerance
test and adult T4 and T3 response was tested arsthep were slaughtered and autopsied.
Serum total T4 and T3 was analyzed using a humaynemimmunoassay and genes relevant for
thyroid function was analyzed by qRT-PCR in tissaenples of thyroid, liver, cardiac muscle,

biceps femoris, longisimus dorsi, abdominal anccatdneous adipose tissue.

Fetal undernutrition was associated with increasdt T4 and T3 and increased TR expression
in liver, cardiac and longisimus dorsi muscles, tdatreased TR expression in visceral and
subcutaneous adipose tissues. The postnatal obesajet increased TH levels in adolescent

lambs, but this was reversed after diet correctimid, not evident in adult females.

Prenatal undernutrition programmed thyroid functarhe secretory level and thyroid response
differentially in target tissues, which was incregty manifested with age. The differential
impact on TH signaling in adipose versus othemgssmay be part of a mechanism whereby

fetal malnutrition can predispose for obesity atiteometabolic disorders.
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Paper Il: Late gestation over- or undernutrition and early postnatal overnutrition affect
thyroid function and metabolic phenotype in adult ieep

Prenatal under- and overnutrition and early-lifeeromtrition mediate metabolic programming, a
risk factor of adult metabolic disease and thyrbidaction is a target of programming. However, it
is not known if programming of the thyroid axis nfast phenotypically and it is unknown if fetal

originating metabolic disease should be functigndiVided according to nutritional history.

In a 2x3 factorial design, 36 twin-pregnant sheegreweither adequately nourished (NORM),
undernourished (50% energy and protein requireéo@®W) or overnourished (150% energy and
110% protein requirements) (HIGH) in the last tratee of gestation. Resulting twin lambs were
subdivided onto each their diet for the intervay @ to 6 months-of-age, where one received a
conventional diet (CONV) and the other a high-caguivate, high-fat diet (HCHF). At 6 months
blood was drawn for thyroid hormone evaluation.nkf® months- until 2% years-of-age, all sheep

were fed the same, low-fat diet.

At 2% years-of-age, voluntary feed intake was asskfollowing a 72 hour fast and baseline heart
rate, rectal temperature and energy expenditurenmeasure before and during thyroxine tolerance
test. Measurements took place 12-19 hours aftelws binjection of 0.1 mg T4/kg BW and energy
expenditure was assessed by {fié-bicarbonate tracer technique, where exhaled Hrests
collected at defined intervals after a bolus inf@ttof **C-bicarbonate and analyzed using an
infrared isotope analyzer. TSH, T4 and T3 were memb using a double-antibody

radioimmunoassay.

LOW, HIGH and HCHF treatments affected adult thgreixis responsiveness and suppressed
T4—T3 conversion during the tolerance test. When ehgkd, the HIGH:HCHF sheep increased
serum-T3 and -T4, as well as T3:T4 and T3:TSH satmd decreased serum TSH, while
NORM:HCHF sheep responded directly opposite. HCHEreased basal adult EE in prenatal
NORM and HIGH sheep and increased adult feed intdR€ORM and LOW sheep.

Fetal under- and overnutrition programmed thyraidction differently, with lasting effects on
heart rate, body temperature, feed intake and grexqgenditure, but without affecting basal thyroid
status. NORM adults were adversely affected by pghstnatal obesogenic diet. In HIGH, the
postnatal CONV diet seemed to be a "mismatch” thebughout prepubescent development.
Programming in LOW sheep was primarily prenatal digdnhot interact with postnatal nutrition in a
long-term perspective.
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Paper IlI: Effects of late gestation under- or ovenutrition and early postnatal overnutrition
on the hypothalamic-pituitary-thyroidal axis in sheep

Fetal nutrition is a risk factor for adult metalsotlisease including thyroid function, however there
are few evaluations of long-term effects, and féwny, have evaluated the effect of both prenatal

under- and overnutrition in combination with edifg-overnutrition, jointly.

36 twin-pregnant sheep were adequately nourishgdRM), undernourished (LOW; 50%) or
overnourished (HIGH; 150%) according to recommeindat in the last trimester of gestation.
Twin lambs were divided to a conventional diet (CQNor a high-carbohydrate, high-fat diet
(HCHF) from day 3-6 months-of-age, yielding 6 tneaht groups: NORM:CONV, NORM:HCHF,
HIGH:CONV, HIGH:HCHF, LOW:CONV and LOW:HCHF. At 6 amths-of-age, thyroid hormone
fasting response was tested and half the lambs ®dreanized and autopsied. Remaining sheep
were kept on the a moderate diet until 22 yearagef-where another fasting tolerance test was

performed and the sheep were euthanized and aetbpsi

We examined thyroid stimulating hormone, thyroxamel triiodothyronine in blood from postnatal
day 1, 6 months- and 2% years-of-age using a dearilbody radioimmunoassay and examined
central and peripheral gene expression of genesokdyroid function by gqRT-PCR in tissue from
hypothalamus, pituitary, thyroid, liver, kidney,rdec muscle, biceps femoris, longisimus dorsi,
subcutaneous and abdominal fat. Included genete$bing wereTRHr, TSHr, TPOTG, THRA
THRB, SLC5A5, IYD, DIO1, DIO2, DIO3, SLC16A2, NC@QRAHDACS.

NeonatesT4 increased with birth weight and TSH increaséith wWecreasing birth weight and T3
was significantly increased in HIGH lambs comparedOW.

Lambs: T4 and TSH response to prenatal and postnatat diwets sexually dimorphic in all
treatment groups but NORM:CONV and all treatmentgaased T3 compared to NORM:CONV.
Prenatal treatments affected thyroidal gene exjressd both prenatal and postnatal diets affected
peripheral gene expression.

Adult sheep: Sexual dimorphism was no longer visible. NORM:HCHReep had central
hypothyroidism and HIGH sheep had developed oveyothyroidism whereas LOW sheep
appeared euthyroid. All adult sheep, but NORM:COMNigplayed altered metabolic profiles in
response to fasting. There were lasting effectseaitments on adult gene expression, now shifted
central to the HPT axis and less related to perglttayroid function. Effects were discernible in
programmed sheep according to postnatal nutrition.
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General discussion

As reviewed there are still few studies on prenatal early-life programming of the HPT axis and
outcomes were not unidirectional and time of assess$ varied greatly. Thus, in this study we
aimed to examine programming affects through pednahnder- and overnutrition alone or in
combination with an obesogenic postnatal diet, emtral and peripheral HPT axis function, in a
long-term perspective. The presented studies sdagkst the underlying hypotheses that maternal
malnutrition through either under- or overnutritould induce HPT axis dysfunction in sheep and
that a postnatal obesogenic diet would exacerlhaigeteffects. Paper | focused on effects of late-
gestation undernutrition primarily expressed in Tévels and thyroidal and peripheral gene
expression of genes closely related to thyroid tionc Paper Il centered on adult endocrine
adaptability to a thyroxine challenge, as well asa metabolic phenotype expressed in energy
expenditure, heart rate, temperature and feed entalpacity in adults sheep with a history of
prenatal under- or overnutrition and/or early-ldeernutrition. Paper Il had a similar focus to
Paper [, but included fetal overnutrition and ageof tissues and genes not examined previously.
Table 2 presents an overview of the examined paeamén Paper I-lll, where results differing
from NORM:CONV sheep of each study is color-codedoading to direction of change and level
of significance. The table does not include respdndasting or thyroxine challenges and the table
does not depict in-group difference between HIGH BO®W sheep according to postnatal nutrition.
This discussion will focus on similarities and digieg results from the three papers presented in

this thesis.
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Table 2 Overview of results — Paper I-ll|

4 Rk
3 *x
2 *
1 SI
0 NS
-1 SD
-2 *
-3 *x
-4 kK

L Iw

Experiment 1

Paper I

Paper II & Paper III

NORM:HCHF LOW:CONV LOW:HCHF

NORM:HCHF HIGH:CONV HIGH:HCHF LOW:CONV LOW:HCHF

6-month-old lambs

Experiment 1

Experiment 2

Paper I

Paper II & Paper III

NORM:HCHF LOW:CONV LOW:HCHF

NORM:HCHF HIGH:CONV HIGH:HCHF LOW:CONV LOW:HCHF

Adult sheep

Plasma Metabolites
T4 Paper I &1II

T3 Paper I &II
TSH Paper I & II
T3:T4 ratio
T3:TSH ratio
T4:TSH ratio

T4 Paper III

T3 Paper III

TSH Paper III

MRNA pituitary

DIo2

MRNA thyroid
SLC5A5

TSHr

TPO

YD

DIo2

MRNA liver

THRa

THRb

D

DIO1

MRNA kidney

THRA

THRB

SLC16A2

DIO1

MRNA cardiac muscle
THRA

THRB

DIo2

SLC16A2

MRNA biceps femoris
THRA

THRB

DIo2

HDAC3

MRNA longisimus dorsi
THRA

THRB

DIo2

SLC16A2

HDAC3

MRNA mesenteric fat
THRA

THRB

DIo2

HDAC3

MRNA subcutaneous fat

THRA
THRB
DIO2
SLC16A2
HDAC3

/)

Energy Expenditure
Heart Rate
Temperature

Feed intake

Plasma Metabolites
T4 Paper I & II

T3 Paper I &II

TSH Paper I & II
T3:T4 ratio

T3:TSH ratio

T4:TSH ratio

T4 (thyroxine challenge)
T3 (thyroxine challenge)
TSH (thyroxine challenge)
T4 Paper II

T3 Paper II

TSH Paper II

MRNA hypothalamus
TSHr

THRb

SLC16A2

DIO3

MRNA pituitary

TRHr

DIO3

MRNA thyroid

SLC5A5

TSHr

TPO

YD

MRNA liver

THRa

THRb

IyD

SLC16A2

HDAC3

MRNA cardiac muscle
THRA

THRB

DIo2

MRNA biceps femoris
THRA I
THRB

DIo2

HDAC3

MRNA longisimus dorsi
THRA

THRB

DIo2

HDAC3

NCOR1

MRNA mesenteric fat
THRA

THRB

DIo2

MRNA subcutaneous fat
THRA

THRB

DIo2

I E' &
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Effects of prenatal and early postnatal malnutritio nin lambs

Overall, in Experiment 1 there were very few effeof the early postnatal overnutrition in 6-
month-old lambs as compared to Experiment 2 andgpaé effects of late gestation undernutrition
were predominant. The main reason for the pronalirdiference in effects of the postnatal
overnutrition on thyroid function, between Experimhd and 2, must be ascribed very different
levels of overnutrition. HCHF lambs in experimentwére fed a maximal 0.5 L of 38% dairy
cream/day, whereas HCHF lambs in experiment 2, ietea maximal 2.5 L a day of 50% milk
replacer and 50% dairy cream (38%). In Experimemrédominantly males were slaughtered at 6
months, whereas data from 6-month-old lambs in Expgt 2 had an equal gender distribution.
Off course this is only relevant for tissue relatedults, as blood samples were performed on all
animals and between the experiments there was ilastendency in lambs to raise T3 and T4 in
response to the obesogenic diet. Thus, it doesa®rh that this difference should be strictly gender
related. Ewes of the Shropshire breeere used in Experiment 1 and cross-bred Texel ewes
Experiment 2. The observed difference between westudies, are not readily explained by the
difference in breeds, as both are meat sheep bmeitdssimilar maternal heritability of growth
traits and carcass traits such as muscle and fdh daxaet al, 2007a; Maxat al, 2007b). A
difference between the two experiments was thewdiffce in body condition of NORM and LOW
ewes, 6 weeks prepartum, which was app. 8 kg ine&ix@nt 1, compared to app. 2 kg in
Experiment 2 (Nielsert al, 2013; Khanakt al, 2014). This initial difference did not appear to
affect birth weight of lambs of either group, agdé are relatively comparable between the two
experiments. However, it is possible that the ahigroup weight difference between NORM and
LOW ewes in Experiment 1 is accountable for som¢hefdifference we see in thyroid function
between LOW animals of the two experiments. Funttoee, the digestible crude protein intake,
which was approximately halved in NORM:CONV and LGMDPNV and reduced to % in
NORM:HCHF and LOW:HCHF, between postnatal day 3-8eke-of-age and approximately
halved in all these groups from 8 weeks- to 6 mehage in Experiment 2, compared to
Experiment 1 (Nielseret al, 2013; Khanalet al, 2014). Thus, the reduced protein intake
throughout postnatal development in Experiment &y lmave contributed to affect thyroid function
differentially between the two experiments, speeify effects of the HCHF diet may have been
more pronounced, when protein intake was also deetrbl astly, fewer parameters were assessed
in Experiment 1 compared to 2, meaning that thetgédctheoretically be more effects of the HCHF
diet in experiment 1, than reported, which seenasigible since the HCHF diet did also increase
T3, as also reported in Paper Ill. In 6 months lalib there were few to no effects of prenatal
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nutrition on serum TH levels, meaning that THs a@ a potential marker for HPT axis
programming in young lambs. However, the T3:T4oraiight reveal the programming of thyroid
metabolism in the quantitatively significant tissusuch as liver and kidneys, where thyroid related
genes were found to be generally downregulatednmoith-old-lambs (Paper IIl) and be predictive

of adult thyroid risk, as this parameter was umattevith age.

Long-term effects of prenatal and early postnatal m alnutrition in adult sheep

In Experiment 2, the postnatal HCHF diet createxy istinct columnar pattern in Table 2 in 6-
month-old lambs, which was less pronounced in 2% w&d sheep, but still, after 2 years on the
conventional diet, there were surprisingly manyitaseffects of the postnatal diet. Conversely in
Experiment 1 there were hardly any effects of patsimutrition to HPT axis function at either age.
In experiment 2 the early-life obesogenic diet pangmed for a distinct thyroid phenotype of
central hypothyroidism, with decreased energy edjtere, heart rates and body temperature as
well as increased feed intake. This pronouncedcefia adult metabolism in Experiment 2, must
largely be ascribed to the before mentioned moreerse postnatal overnutrition scheme and
possibly to a lesser extent that the sheep werer@hma older.

There was a basal endocrine discordance betweeer Pand Il: Upon analysis of basal adult
serum we did initially reach the same conclusionBaper | that NORM:HCHF were programmed
for adult central hypothyroidism and that HIGH gheeere programmed for overt hypothyroidism,
but the decision to analyze serum samples togetitér the lambs obscured this effect. Upon
analysis of data in Paper ll, it did not make sensanalyze 6 month and 2% year serum results in
one model, since half of the animals had been blaued at 6 months-of-age. Perhaps it would also
have been a truer representation of adult thyrtatesif we had avoided to include data from the
animals when they were 6-month-old. In both Papand Il however, HIGH sheep, regardless of
postnatal diet, had the same overall thyroid phgretexpressed in serum thyroid status, but
HIGH:CONV and HIGH:HCHF sheep had differentiatedpenses, when compared to each other,
in almost every parameter examined. Even visugleicson of Table 2 reveal a differentiated
response of HIGH sheep compared to NORM:CONV, revg@reat interaction between prenatal
and postnatal nutrition in overnourished lambs,clvhmanifest in adulthood.

The LOW sheep do seem as though they are more leapakecovering from adverse effects of
postnatal overnutrition, as the programming betwe®nV:CONV and LOW:HCHF seem similar
in adult animals and is primarily strictly prenatad experiment 1, adult females presented with
adult hyperthyroidism, completely different frometbuthyroid—subclinical hypothyroid adult LOW

sheep from Experiment 2. This could be rooted endifferences in initial ewe body conditions and
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early-life protein intake, as previously discussédit there was also a difference in body
composition or growth from 6 months and upwardfiaaigh they were ad libitum fed a grass-
based hay diet, adult sheep from Experiment 2 faarkess lean, at time of slaughter than females
of Experiment 1. This indicates that LOW sheep pé&iment 2 probably experienced a higher
dietary intake throughout development, which copddltly explain the difference in adult thyroid

state. Another difference were that adult sheegxpkeriment 1 were all female, compared to results
from both male and female adult sheep in Experir@efithe sexual dimorphism observed in lambs
and reported in Paper lll, could indicate a gerdiference and perhaps account for the different
results between Paper | and Ill, although thereewer obvious indications of gender differences in
adult sheep from paper lll, not statistically or\agual inspection of raw data. However, prenatal
undernutrition induced greater metabolic alteratiom adult females than males in Experiment 2

(Khanalet al, 2016), so LOW sheep may be more prone to gespiaific programming.

Conclusions

Present thesis support that late gestation matemmahutrition, either through under- or
overnutrition, as well as early-life nutrition httee ability to program both central and peripheral
HPT axis function, in a life-time perspective. Fatader- as well as overnutrition did not cause
similar fetal metabolic programming of the HPT apeés se; regardless of differences between adult
LOW sheep in Experiment 1 and 2, LOW sheep whoivedeeither postnatal treatment were
mostly identical as adults and programming effattthese sheep were primarily prenatal. Prenatal
overnourished sheep (HIGH) were predisposed folt asrert hypothyroidism, an independent risk
factor for development of obesity and related endealisorders.

Early-life overnutrition alone did not affect adtittyroid state in Paper | but predisposed for adult
central hypothyroidism in Paper Il, due to a moevese postnatal overnutrition scheme in
Experiment 2 as compared to Experiment 1.

Early-life nutrition can be an additive risk facttor adverse effects of fetal programming, as
exemplified by the reported increased feed intakd decreased energy expenditure in adult
LOW:HCHF and HIGH:HCHF sheep, respectively. Overalhg-term consequences was rooted in
prenatal nutrition and relied on type of postnatatrition and vice versa. In this way, energy
expenditure, thyroxine challenge response andtarjugene expression patterns and T3 response to
fasting indicated that a conventional diet in HIGhkkeep may be considered a "mismatch” diet in

fetal overnourished lambs.
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Paper | and Il, revealed that programming througdnatal and early-life metabolic programming
affects expression of genes related to thyroidtiondoth central and peripheral to the thyroidsaxi
and altered central and peripheral thyroid functamuld possibly explain a diverged energy
metabolism of different tissues in programmed stibje

Overall, distinct interactions between prenatal guabtnatal treatments, do not allow us to
generalize between NORM, HIGH and LOW sheep, ratleemust relate each prenatal treatment
to type of postnatal nutrition.

Future studies could elucidate if fetal undernigtnitprograms adult HPT axis function in a sexual
dimorphic manner, which is relevant when considgtimat thyroid disease is more prevalent in
women compared to men. Furthermore, this study dustest how the HIGH and LOW
individuals tolerate a HCHF diet in adulthood, whis important since this is when a range of

long-term effects appear.
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Abstract

Key Words

Development

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 X2 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 6 months
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.

gene expression
sheep
thyroid hormone metabolism
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nutrition
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(2013) 216, 389-402

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
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countries, the incidence of intrauterine growth restriction
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
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overnutrition 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, Hajovska 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 (TT,) 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 (SLC5AS5), type II iodothyr-
onine deiodinase (DIOZ), and iodotyrosine deiodinase
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(IYD)). In addition, expression of genes encoding for
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.

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 2xX2
factorial design with two prenatal and two postnatal
nutritional treatments (Fig. 1). Twin-pregnant ewes
(Shropshire breed; n=21) were during the final 6 weeks
of gestation (term=147 days) fed diets meeting either
100% (NORM, n=10) or 50% (LOW, n=11) 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 (n=10), NORM:HCHF
(n=10), LOW:CONV (n=11), and LOW:HCHF (n=11).
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 ~225 g/day. The HCHF diet consisted of
dairy cream (38% fat; with a maximal daily allowance of
0.5 1/day), high-starch popped maize (maximal daily
allowance of 1.0 kg/day), and commercial milk replacer
(maximal daily allowance was 2.0 1/day until 56 days of
age and 0.5 1/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 Kkilled, 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 1 fibers; Jorgensen et al. (2009), cardiac muscle
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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 (term= 147 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 ~225 g/day or an obesogenic high-carbohydrate, high-fat diet
(HCHF) based on maize and a milk-dairy cream mix. 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.

(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 TT, 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 ~30 min. Serum was separated by centrifugation at
1800 X G,y (at 4 °C for 15 min) and subsequently stored at
—20 °C until analyzed. Serum TT4 and TT; concentrations
were assessed using a human enzyme immunoassay (DRG
Diagnostics, Marburg, Germany). Six out of 195 and 9/195
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samples had an intra-assay variation >10% but below
<15% for TT3 and TT4 respectively. The interassay
variation was 20% for TTj3 (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 TT,. Samples from
a given animal were analyzed within the same assay Kkit.
Excluding the few samples that yielded large variations
from statistics did not affect results.

Relative quantification of gene expression

mRNAs for SLC5AS, 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 pg (depending on tissue) total RNA
with oligo-dT and random hexamer as primers and with
MMLYV reverse transcriptase (Promega). The cDNA was
pooled to make standard curves and calibrator for each
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plate. 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 >0.99. 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
up system (Promega) and sequenced on ABI3130XL (Applied
Biosystems) with BigDye terminator v3.1 cycle sequencing

Table 1 Primer sequences and accession numbers for applied genes

Gene Primer sequence
CycB F: GATCCAGGGTGGAGATTTCAC
R: GGCCCATAGTGTTTAAGCTTG
ACTB F: ACCCAGATCATGTTCGAGACCTT
R: TCACCGGAGTCCATCACGAT
SLC5A5 L: CGGAATCATCTGCACCTTCT
R: GGACAACCCAGAAACCACTC
1YD L: TTCTCCCACAGTCGATACCC
R: ATCTGGGTCCTTCACAACCA
DIO2 L: GTGGCTGACTTCCTGTTGGT
R: GCATCGGTCTTCCTGGTTC
TPO L: ATCACGGATTCCAACTCCAA
R: GGGTCCACTTCATCCTCACA
TG L: GAGCAGGTTTCCAGAGGTGT
R: AGAGTGGTCTCAGCGAAGGT
TSHr L: GGGAGTGAGGAGATGGTGTG
R: GAGGATGACCAGGACGAAGA
THRA L: CCTCTTCTCTCCTCCCTCTC
R: TTGTCCGCTCTTAGTTCTCC
THRB L: GAAGCTCGTGGGAATGTCT
R: GCCTTTGCACTTCTTCTCCT

Annealing
NCBI accession no. temperature (°C) Efficiency
AJ865374 (Oa) 60 1.88
AY 141970 (Bt) 60 1.83
XM_581578.5 (Bt) 60 1.87
NM_001102165.1 (Bt) 60 2.19
NM_001010992 (Bt) 60 1.97
XM_603356.5 (Bt) 60 1.91
NM_173883.2 (Bt) 60 2.00
NM_001009410.1 (Oa) 60 1.97
NM_001100919.1 (Oa) 60 1.92
NM_001190391.1 (Oa) 57 2.18
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kit and Hi-Di formamide (Applied Biosystems). Sequences
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 Kkilled at 2 years
of age and only three females were killed in the 6-month
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old group (they were all from the NORM-CONV group).
Inclusion of gene expression data for these three, 6-month
old female NORM-CONYV 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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Figure 2

Basal serum concentrations of total T (TTs, ng/ml) and total T4 (TT,4, ng/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 CONV and HCHF refer to the postnatal diet fed to either

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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age; and differences in the manifested responses with age
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:

Yijo = 1 + a5 + afy + vi + aBvijx + k1 + &

where Yjj, is the specific factor, described by all the
qualitative explanatory variables, u is the overall mean, o;
is the effect of the prenatal NORM or LOW treatment, g; is
the effect of the postnatal CONV or HCHF treatment, «f;;
is the interaction between the two treatments, vy is the
effect of age (or sex; male or female), aByij;x is the three-way
interaction between the two treatments and age (or sex),
k1 is the random effect of offspring, and e;;y is the residual
variation ~n(0,62). The universal sample space of
the qualitative explanatory variables are i={1,2}, j={1,2},
k={1,2} (TH’s: k={1,...,5}), and 1={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 Ismeans 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, gqqnorm, 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 Ismeans in R 2.10.1.

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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TT3 and TT4 in serum

Prenatal nutrition had no impact on TT; 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 TTj3
and TT, in lambs compared with the CONV lambs
at 56 days of age (P=0.0002 and P=0.0004 respectively)
and at 6 months of age lambs receiving the postnatal
HCHEF diet continued to have higher TT3; concentrations
compared with their twin on the CONV diet (P=0.01),
whereas TT4 concentrations was no longer affected by the
postnatal diet at this or older ages. At 1 year of age (wWhere
all animals had been fed the same moderate diet for 6
months), postnatal diet effects on TT; 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
(P=0.007 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 TT; and TT, during
a 48-h fasting period. One hour after re-feeding (after
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Figure 3

Group means of relative gene expression in the thyroid, for the genes
SLC5A5, TSHR, TPO, and 1YD 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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Group means of relative gene expression in the liver, for the genes THRA,
THRB, and /YD 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.

3 days of fasting), all animals had equal circulating
levels of TT3, but TT, remained increased in LOW sheep
(Fig. 2a and b).

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 (P=0.008-0.05 and P=0.0005 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
SLCS5AS 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
(P=0.008). In NORM animals, TPO (P=0.0004) and
SLC5A5 (P=0.003) was also lower in adult females
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compared with the predominantly male lambs, but in
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 (P=0.008) and for IYD (P=0.0002) 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 (P=0.009) (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 (P=0.01,
P=0.0001, and P=0.04 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
(P=0.02-0.01), but in 2-year-old females, there were no
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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 (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.

http://joe.endocrinology-journals.org
DOI: 10.1530/JOE-12-0389

© 2013 Society for Endocrinology
Printed in Great Britain

Published by Bioscientifica Ltd.


http://joe.endocrinology-journals.org
http://dx.doi.org/10.1530/JOE-12-0389

Research

(@) 3.50 - *
*x
*
3.00 4 -
c
o | [l 6 Months
2 2.50 @ 24 Months
95)_ [ Age independent
s 2.00 A
Q
3
o 1.50 4 N
2 -
©
S 1.00 A
o
0.50 - i I
0.00 A - o - o
15| 8| 8|8 8|88
3 I $) I 2 - g -
b= =
|z |35|8
e} o ] p}
z =z
DIO2 THRA THRB
® 187 « P=0.07 .
1.6 1
P=0.06 Il 6 Months
5 1.4 4 —— O 24 Months
g [ Age independent
o i
s 1.2
x
[}
o 1.0
c
S
o 0.8
=
IS
o 0.6
o
0.4
0.2 4
0.0 —
> W > w =
AR
b =
o gi) % §
e 2z -
THRB DIO2
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.

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 (P=0.009 and P=0.05
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
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prenatal 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 1% years on the same moderate diet
(P=0.04). The HCHF diet had a similar depressive effect on
THRB expression in 6-month-old LOW lambs (P=0.04),
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 (P=0.07; 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 (P=0.001-0.01). In the adult female sheep, which had
been fed 1% 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
(P=0.02; 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 (P=0.03-0.001).
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 (P=0.005). 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 (P=0.009; Fig. 7b). This influence of prenatal
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Figure 7

Group means 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.

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 ef 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
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target 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
TT,4 and increased plasma TT; in growing lambs. We did
see a close-to-significant effect toward TT,4 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?
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Thyroid function in LG-UN adolescent lambs
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Figure 8

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

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; term=147 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,

Adipose tissue

Subcutaneous fat:
HCHF —» THRAY
LOW —» THRB({)
Visceral fat:
LOW:CONV—» DIO24

THRA
LOW —» D T

NORM diet close to significantly increased weight (as a proportion of total
body weight) of thyroids in both growing and adult animals (P=0.055;
Nielsen et al. 2012). This dietary consequence has therefore been included
in the figure. lllustrations by Ms Rikke Lenitha Larsen.

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 ef 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 and THRB, 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.
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Figure 9

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

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 ~10% 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

Low — Doz |
THRA

THRA
LOW—> THRg 4
YD

NORM diet close to significantly increased weight (as a proportion of total
body weight) of thyroids in both growing and adult animals (P=0.055;
Nielsen et al. 2012). This dietary consequence has therefore been included
in the figure. lllustrations by Ms Rikke Lenitha Larsen.

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 TTj 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
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upon 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 (Jorgensen 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

216:3 400

programing 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 TT; and
TT,4 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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Late gestation over- or undernutrition and early pstnatal overnutrition affect
thyroid function and metabolic phenotype in adult fieep

Johnsen, Leerke, M§d.yckegaard, Nette BrinékMSc; Khanal, Prabhat, PRDQuistorff, Bjarn,
Prof®; Raun, Kirsten, DVMand Mette Olaf Nielsen, Prof

“Department of Large Animal Sciences, Faculty of Itkeand Medical Sciences, University of Copenhadiammark
Department of Biomedical Sciences, Faculty of Healid Medical Sciences, University of Copenhagesmrbark
‘Diabetes and Obesity Pharmacology, Novo Nordisk 2780 Malgv, Denmark

Background: In adult sheep, the hypothalamic-pituitary-thyedidHPT) axis is a target for
programming by prenatal and early postnatal natritPresent experiments were designed to test;
1) If fetal under- or overnutrition programs the H&xis, with lasting effects on energy metabolism
and thyroid status, and 2) If an early-life obesogealiet promotes effects of the over- or under
nutritional diets appliedMethods: Three groups of 12 (36) twin-pregnant sheep wéterei)
adequately nourished (NORM), ii) undernourished45nergy and protein requirements) (LOW)
or iii) overnourished (150% energy and 110% proteguirements) (HIGH) in the last trimester of
gestation. Resulting twin lambs were subdividedoagaich their diet for the interval, day 3 to 6
months-of-age, where one received a conventiomal(@ONV) and the other a high-carbohydrate,
high-fat diet (HCHF). At 6 months blood was drawer thyroid hormone evaluation. From 6
months- until 2% years-of-age, all sheep were lfedsame, low-fat diet. At 2% years-of-age, feed
intake was assessed and a thyroxine tolerancevéssperformed and heart rate, rectal temperature
and energy expenditure was measured, before amydbe testResults: LOW, HIGH and HCHF
treatments affected adult HPT axis responsivenedssappressed F4T3 conversion during the
tolerance test. When challenged, the HIGH:HCHF gheereased serum-T3 and -T4, as well as
T3:T4 and T3:TSH ratios and decreased serum TSlte MORM:HCHF sheep responded directly
opposite. HCHF decreased basal adult EE in prehEd®M and HIGH sheep and increased adult
feed intake of NORM and LOW sheegponclusions: Fetal under- and overnutrition programmed
HPT axis function differently, with long lastingfe€ts on heart rate, body temperature, feed intake
and energy expenditure (EE), but without effectbagal thyroid status. NORM were adversely
affected by the postnatal obesogenic diet. In HI@H, postnatal CONV diet seemed to be a
"mismatch” diet throughout prepubescent developnfemigramming in LOW sheep was primarily
prenatal and did not interact with postnatal natmiin a long-term perspective.

Keywords: Fetal Development, Thyroid Function Tests, Thyrbidrmone Metabolism, Animal
Physiology

Introduction originating in fetal life should be divided into
Prenatal under- and over-nutrition and earlyfunctional subcategories, which potentially call
postnatal nutrition can be mediators of for different types of treatments or
metabolic programming with life lasting effects interventions when diagnosed later in life.
and presents a risk factor for developing Research has mainly focused on programming
metabolic disease like obesity and type 2of the hypothalamic-pituitary-adrenal axis
diabetes (1, 2, 3). In light of the increasing function (5), glucose-insulin axis function (6)
global prevalence of metabolic disease (4) it isand more recently programming of the
of great interest to learn if metabolic diseasehypothalamic-pituitary-adipose axis (7, 8, 9),



but the HPT axis is another endocrine axisunder- and overnutrition, can apparently either
subject to programming. The HPT axis regulateupregulate or downregulate the HPT axis
metabolism through stimulation of and/or EE, but these two phenotypic outcomes
mitochondrial oxygen consumption, affect have only been evaluated jointly in the study
carbohydrate and lipid metabolism, are by Ayala-Morenoet al (12), in the rat model
essential for normal growth and development,with fetal undernutrition. No studies have so
affect the nervous system and thefar included evaluation of the long-term
cardiovascular system (10, 11). However, fewconsequences. The aim of this study was to
publications have been concerned with fetalcompare third trimester under- and
programming of the HPT axis and/or overnutrition effects on HPT axis function in
phenotypical metabolic traits and none havesheep, and assess if early postnatal obesity
evaluated long-term programming effects development  impacts the phenotypic
comparing fetal under- and overnutrition. manifestation of fetal programing.

The limited amount of reports on programming We hypothesized that: i) fetal under- and
of thyroid state as well as overall metabolic overnutrition programs the HPT axis
state, reach adverse results, or do not includdlifferently, with respect to long lasting effects
long term evaluation; Ayala-Moreret al. (12)  on energy metabolism phenotype and thyroid
found that fetal undernutrition in rats resulted status, i) late gestation under- and
in lower resting EE and subclinical overnutrition may alter postnatal sensitivity to
hypothyroidism in adulthood, possibly making early postnatal life obesity development and
these rats more susceptible to develop obesityalter the phenotypical manifestation of the fetal
Oppositely, fetal and early overnutrition in rats, programming of HPT axis function and energy
stimulated the HPT axis at weaning, but long- metabolism. The&Copenhagen sheep moda)
term effects were not assessed (13). Fetalvas used here, since sheep display fetal growth
undernutrition upregulated thyroid hormone trajectories and offspring maturity at birth,
(TH) axis function in adult female sheep (14) comparable to those of humans. Twin pregnant
and Kianiet al (15) reported that late gestation sheep were either; under-, over- or adequately
undernourished sheep had elevated EEnourished, in the last trimester of gestation.
compared to sheep that had been adequatelgfter birth the offspring were raised on a
nourished during fetal lifelgrgenseet al. (16) moderate, conventional diet or a high fat, high
reported that small for gestational age adultcarbohydrate diet for the first six months
men lowered their EE in response to fasting,(around puberty) of life. In adulthood, EE,
suggesting increased adaptability to periods ofheart rate and body temperature were tested in
sparse nutrition. In a study where effects ofthese offspring with different pre- and early
pre- and postnatal mismatching diets werepostnatal nutrition histories, before- and
assessed, in ovo programming induced byduring-, a thyroxine (T4) tolerance test.
maternal protein restriction followed by

posthatch catch up growth lead to elevatedMaterials and methods

adult metabolic rates, in zebra finches (17). Sun

et al. (18) found that large for gestational age Experimental animals and experimental
children, had significantly higher EE than design

children born appropriate for gestational age.A total of 38 sheep were included in this study.
These observations that adverse nutritionalAn extensive description of the Copenhagen
programming alters EE support the possibility sheep model and the experimental design was
that fetal overnutrition can program the HPT published by Khanal et al (9). All
axis to a degree resulting in phenotypical experimental animal procedures were approved
manifestations later in life. Thus, different by The Danish National Committee on Animal
adverse nutritional conditions, such as fetalExperimentation. Overall, the experimental



sheep had been exposed to different levels oExhaled breath was collected in 1L
nutrition during the last 6 weeks prior to TECOBAGs (Tesseraux, Burstad, Germany)
parturition by feeding their twin pregnant using an anaesthetic mask (large 271435 or X-
mothers diets fulfiling 50% of energy and large 271436 from KRUUSE A/S, Demark)
protein requirements (LOW), 100% of energy with a mounted two-way non-rebreathing valve
and protein requirements (NORM) or 150% of system (Hans Rudolph Inc., Kansas City, MO,
energy and 110% of protein requirements USA).
(HIGH) according to recommendations by This was done to determine whole body EE by
NRC (2007) for sheep in the last trimester of the :*C-bicarbonate tracer technique, which has
gestation. The twin lambs were assigned tobeen validated in several species and can be
each their postnatal diet from 3 days till 6 used for free ranging animals (20, 21, 22, 23).
months (after puberty) of age: a conventional The breath samples were analyzed using IRIS
moderate hay based diet (CONV) or a high(infrared isotope analyzer,™*C Wagner
carbohydrate, high fat diet (HCHF). Blood was Analysen Technik). Breath samples were
drawn for later analysis and thereafter theycollected immediately before and 5, 10, 20, 30,
were raised as gender divided flocks and all fed60, 120, 190, 240, 300, 360 minutes after the
the same low-fat diet consisting of artificially **C-bicarbonate injection. Heart rate and rectal
dried green hay fed ad libitum supplementedtemperature was measured before injection of
with rolled barley (see ref. 19) until 2% years- **C-bicarbonate, 8.00AM and again at
of-age (adulthood). The experimental groups12.00PM and 3.00PM. At approximately
were: NORM:CONV (n=5, 4f, 1m), 8.00PM, Day 1, a basal blood sample was
NORM:HCHF (n=4, 2f, 2m), HIGH:CONV collected into a serum tube from the jugular
(n=6, 4f, 2m), HIGH:HCHF (n=7, 4f, 3m), vein by venipuncture and they received an
LOW:CONV (n=8, 4f, 4m) and LOW:HCHF intravenous bolus injection of 0.1 mg T4/kg
(n=8, 4f, 4m). A measure of voluntary feed BW. The solution was prepared by dissolving
intake capacity was assessed in the adult sheelpThyroxine sodium pentahydrate (T2501,
by determining weight of ingested hay offered Sigma-Aldrich) in methanol (4mg/ml) under
ad libitum over a 4 hour period following a 72 sterile conditions and filtering it through a 0.22
hour period of fasting. um  polyethersulfone  membrane filter,
immediately prior to use. Blood samples were
Thyroxine tolerance test and metabolic  collected 12, 16 and 19 hours post T4 injection,
measurements i.e. at 8.00AM, 12.00PM and 3.00PM on Day
The tolerance test lasted two consecutive day®. A new round of measurements of EE, heart
where collection of baseline values for EE, rate and rectal temperature was carried out at
heart rate and body temperature in un-these same time points in exactly the same way
manipulated sheep was carried out the first dayas Day 1.
(Day 1) and the T4 tolerance test on theThe serum tubes samples coagulated at room
following day (Day 2). Adult sheep were temperature for ~20 minutes before the tubes
placed in individual pens that allowed for were centrifuged (1800xG, 15 minutes at 4°C)
limited physical contact with the neighboring and serum separated and stored frozen in
sheep through the bars of the pen and they hagryotubes at  -20°C  until  analysis.
a day to adjust to the pens before testing. TheyConcentrations of T3, T4 and TSH in serum
were fasted overnight and during the were measured using a double-antibody
experiment. On Day 1, each sheep received aadioimmunoassay (24, 25). The sensitivity
single bolus injection into the jugular vein of a was 0.12 nM for T4 and 0.02 ng/ml for T3 and
4 mglkg MBW dose of a 50 mg/mi®C-  TSH. The intra-assay variation for T4, T3 and

bicarbonate  (Sigma-Aldrich, product no. TSH was 3.0-5.1%, 3.3-5.6% and 5.3-7.6%
372382) solution in sterile 0.9% saline.



and the inter-assay variation was 5.6—6.4%, Yj, =#+a;+ B, +af; +y +apy, +aByd +k, +4jkl
6.2—7.9% and 7.2—-8.1%, respectively.

Where Yijlo is the specific factor, described by
Data handling all the qualitative explanatory variablgs, is
The **C-bicarbonate tracer technique datathe overall meani is the effect of the prenatal
handling has been thoroughly presented iNNORM, LOW or HIGH nutrition treatmentgj
(21). In short, the infraretfC isotope analyzer, s the effect of the postnatal CONV or HCHF
IRIS (Wagner Analysentechnik, Bremen, dietary treatments,opij is the interaction
Germany), was used to measure thie:*c between pre- and postnatal nutrition treatments,
ratio. This delta values*®C, %o, was used to vk is the effect co-variates, i.e. age, time, day,
compute the atom percentage G€, which  sex, birthweight, metabolic bodyweight and/or
was then used to calculate the atom percentagkasal blood concentrationfyijk is the three-
excess in expired air at basal condition and theway interaction between pre- and postnatal
given time points, following the isotope treatments and age, day or tingydijk is the
injection. The atom percentage excess forms affour-way interaction between pre- and
exponential degrading curve over time. The postnatal treatments, day and time &his the
area under the curve was then used to calculateandom effect of twins angljkl is the residual
the CQ production, RC@ (mol/min) as in (eq. variation ~ N(0s2). The universal sample

1). space of the qualitative explanatory variables
are: i ={1,..,3}, ] ={1,2}, k ={1,2} and | =
RCO, = [:’?)x RF (1) {1,2}. All models were tested in R 2.10.1 (R

Development Core Team, 2010) utilizing the

D is the dose of bicarbonate and RF is thePackages nime, anova and Ismeans for fitting,
fractional *3C recovery in expired air. Under Model reductions and multiple comparisons
basal conditions it varies between respectively. Graphic model control (Plot) was
approximately 0.6-0.8 across species and &arried out to find possible outliers and second,
value of 0.7 was assumed for the first day (23,normality assumptions were evaluated by
26, 27). For experimental day 2, RF was set toScatterplot, ggnorm and boxcox. Following this
be 1, based on the assumption ffiatrecovery the model was reduced by testing significance
increases to almost 100% after the increase iff any interactions by two-way anova and
metabolism post T4 injection, as it has beeninsignificant variables were eliminated from

seen during exercise (28). Using RCEE the model. Estimates and significance of the
was found by a modified Brouwer equation remaining factors were calculated by the

(29) (eq. 2). function LS-means and presented as Least
Square Means = SEM and considered
52 (go) = 516% RCO, (=) + 1018 =2 59 v, (2) significant whenP<0.05 and a tendency was

declared whei<0.10.
A RQ of 0.91 was assumed, as found for equal

size sheep fed a similar diet of high quality Results

dried green hay (30). Nis the nitrogen Overall, there were no effects of pre- or
excreted with the urine and methane ,Gks  postnatal nutrition treatments or their
excluded, since it was not possible to assesiteractions or of gender unless specifically
and have been found insignificant in previous stated in the following. When interpreting the

studies (21, 31). gender results or lack of same, it must be borne
o in mind that there was an uneven number of
Statistics males and females across treatment groups and

All statistical models were derived from the few of either of them in certain groups.
same multi-factorial model:



Serum T4, T3, TSH and their ratios Figure 3 and Figure 4, respectively. The L-
thyroxine injection induced an approximately
Basal serum levels at 6 months and 2% years ofgnfo|d increase in serum T4 in all treatment
age _ groups, but lower levels were reached in
Serum concentrations of all three hormonesfemales compared to males (~3800 and ~4200
increased with age Pk0.01), although the ng/ml, respectivelyP=0.001) although the L-
quantitative increases were small for T3 (<8%). {hyroxine dose was given relative to metabolic
Males had lower concentrations of T4 and T3 body weight. The dramatic increase in T4

than females R=0.01 and P=0.009, (egylted in a doubling of T3P&0.001) 16
respectively) at both 6 months and 2%z years of,qrs post-injection and a decrease in TSH
age, but equal TSH concentrations (Table 1).from a basal level of 0.16 ng/ml to 0.13 ng/ml
The T3:T4 concentratio'n ratios were (P<0.001).

significantly lower than in LOW:HCHF, Through the sampling period from 12 to 19
NORM:HCHF ~and HIGH:CONV = sheep pnoyrs post-injection, serum T4 concentration
(P=0.02, 0.03 and 0.08, respectively andgecreased slowlyP0.001), but HIGH sheep
P=0.05 for the pre- and postnatal mteractlon). at(with a fetal overnutrition history) had longer
both 6 months and 2% years of age, whichserym thyroxine half-life  (70.23  hours)
could be ascribed to the numerically lowest compared to NORM (57.75 houiR=0.06) and
levels of T3 in LOW:CONV sheep at both | ow (51.0 hours;P=0.02) sheep. Increased
ages. The T3:TSH ratios were generally T3 and decreased TSH levels remained stable
increased in HCHF sheep at 6 months of ag&yer the sampling period from 12-19 hours
(P=0.001 for the postnatal diet and age post-injection in all groups. Although T4 levels
interaction), where NORM:CONV had lower gecreased over the sampling period, the serum
ratios than NORM:HCHF, HIGH:HCHF, and |eyels must have remained sufficiently high to
LOW:HCHF (P=0.0009, 0.003 and 0.01, gjicit a constant (maximal) stimulation of T3
respectively), HIGH:CONV had significantly formation and suppression of TSH secretion.
lower ratios than HIGH:HCHFR=0.0009) and  The serum concentrations of T4 (Figure 1;
LOW:CONV had Ilower ratios than P=0.009), T3 (Figure 2;P<0.0001), TSH
HIGH:HCHF and LOW:HCHF §=0.006 and  (Figure 3; P=0.003) and the concentration
P=0.0009), these difference did not pertain into 5tios between them (Figure @<0.04) after L-

adulthood. The ratio between serum T4:TSHhyroxine injection all depended on the specific

at 6 months of ageP€0.01 for the postnatal posinatal life.

diet and age interaction). NORM:CONYV, NORM sheep: NORM:CONV sheep reached
HIGH:CONV  and  LOW:CONV  had the highest serum levels of T4 and T4:TSH
significantly lower T4:TSH concentration (together with NORM:HCHF and

ratios than their respective paired prenatal| o\w:coNy sheep), T3 and T3:T4 (with
groups, NORM:HCHF, HIGHHCHF and HiGH:HCHF sheep), and T3:TSH (with
LOW:HCHF (P=0.03 for all). Males had | ow:.CONV sheep), and consistent with the
lower ratios than female$>£0.03), reflecting  pigh T3 levels, TSH levels were reduced to the
the naturally higher T4 concentrations observedigyest levels in this group (with LOW:CONV
in females. and LOW:HCHF sheep) after L-thyroxine
administration. NORM sheep exposed to the
obesogenic HCHF diet in early life, had
ignificantly lower levels of T3 R=0.0002),

3:T4 (P=0.001) and T3:TSH R<0.0001)

ratios, and hence higher levels of TSH

Hormonal responses during the thyroxine
tolerance test

The mean serum concentrations determine
12-19 hours after intravenous L-thyroxine
injections of T4, T3, TSH and the ratios
between them, are shown in Figure 1, Figure 2,



(P=0.02) after L-thyroxine administration T3:TSH ratios P=0.0003 and 0.0006,
compared to NORM:CONV sheep. respectively).

HIGH sheep: in general, maintained the highestBirth weight correlated with the response of
TSH levels compared to NORM:CONV and T4, T3 and TSH R=0.0002, P<0.0001,
both groups of LOW sheep after L-thyroxine P=0.004, respectively) and basal hormonal
administration (Figure 3). HIGH:CONV sheep level correlated with T3 and TSH response
had lower levels of T3 post-injectioR£€0.001)  (P<0.0001 andP=0.01, respectively).

and lower ratios of T3:T4P0.001), T3:TSH

(P=0.0003) as well as T4:TSHP£0.03) Rectal temperature

compared to NORM:CONV sheep, resembling Rectal body temperatures ranged from 38.3-
the levels observed in NORM:HCHF sheep. In 39.5 before the L-thyroxine tolerance test (Day
HIGH sheep, the HCHF diet in early postnatal 1)- After L-thyroxine administration body
life had the opposite effect compared to whatt€mperature was raised (Day 2) on average by
was observed in NORM sheep. Thus, response8-2°C in all treatment group80.001) (Figure
after L-thyroxine administration in T3 serum ©). Temperatures dropped over the day on Day
levels and ratios of T3:T4 and T3:TSH were 1 and increased on Day P<0.001 for the
increased in HIGH that had been fed the HCHF Time*Day interaction), where serum T4 and
compared to CONV diet in early postnatal life, T3 levels had increased in response to the L-
and they reached the same high levels adhyroxine tolerance test. The response in r_ectal
observed in NORM:CONV sheep. Opposite témperatures  Day 2, after L-thyroxine
responses were also observed for TSH, wher@dministration in the different treatment
levels were reduced in HIGH sheep previouslydroups, as well as rectal temperatures prior to
fed the HCHF compared to CONV diet, this administration, re_sembled the response
whereas higher TSH levels were observed inPattern after L-thyroxine treatment for T3
NORM sheep fed the HCHF diet compared to (Figure 2) and T3:T4 concentration ratios
CONV diet. The basal serum hormone levels(Figure 4), with the highest temperatures and
did not reveal these pre- and postnatal dietaryncrements in temperature (relative to Day 1)
interactions. observed in the NORM:CONV and

LOW sheep: were among the groups with theH!GH:HCHF groups. Thus, rectal temperatures
lowest levels of TSH but this was also Prior to L-thyroxine administration as well as

associated with low levels of T3 compared to temperature increments after administration

administration, and the HCHF diet had no HCHF diet in early postnatal life”€0.02), in
effect on T3 and only a quantitatively small HIGH sheep that had been exposed to the
positive long-term effect on TSH. This picture CONV diet £=0.03) and numerically in all
deviated from what was observed in NORM LOW sheep irrespective of the diet received in
and HIGH sheep, where the postnatal diet€@rly postnatal life R=0.001 for the pre- and
induced more pronounced changes and inPOStnatal nutrition interaction).

opposite directions of T3 and TSH.
LOW:CONV sheep had lower levels after L-
thyroxine administration of T3 and T3:T4
(P=0.004 and 0.001 respectively) compared to
NORM:CONV sheep, which was also evident
from the basal hormone concentrations. The
major differences relating to HIGH:CONV
sheep were lower levels of TSH (P=0.0002),
resulting also in increased T4:.TSH and

Heart rate

Heart rates were within the range of 60-140
beats per minute (BPM), higher in the morning
than in the afternoonP&0.0001), and males
had lower heart rates, around 85.0 BPMs,
compared to a mean of 93.9 BPM for females
(P=0.005). On Day 1, there were no major
group differences in basal heart rates except for
faster heart rates in NORM:CONV and
HIGH:HCHF as compared to NORM:HCHF



(P=0.04). The L-thyroxine treatment increased Discussion

heart rates overall from a mean of 90 BPMs ) ) ) .
before administration to 95 BPMs after 1he aim of this experiment was to examine

administration P<0.0001) (Figure 7). After L- long-term consequences of different prenatal
thyroxine administration, the same response@nd  early-postnatal  nutrition  exposure
in heart rates as for T3, T3:T4 and rectal metabolic traits in sheep. In general, basal
temperature, where the highest heart rates werteVels of TH and TSH did not reveal functional
observed in the NORM:CONV and changes to the HPT axis but an L-Thyroxine
HIGH:HCHF sheepR<0.0001 for the pre- and folerance test revealed lasting functional
postnatal  treatment  interaction).  Only changes to HPT axis function. This is
HIGH:CONV sheep did not have a numerical noteworthy, since the thyroid is an organ that

increase in their heart rate after L-thyroxine d€velops and assumes secretory activity in
administration. early fetal life (embryonic day 42-45 in sheep)

(32). Long term effects of prenatal and
Energy expenditure postnatal nutrition on HPT axis function and
EE results are shown in Figure 8. The daily EEoverall metabolism relied specifically on type
was on average 496.5 kJ/MBW/d prior to L- of postnatal nutrition in both HIGH and CONV
thyroxine administration (Day 1), and affected sheep, but not in LOW sheep, as will be
by the early postnatal but not prenatal diet,discussed in the following.
reflecting lower EE in NORM:HCHF and
HIGH:HCHF compared to their paired prenatal The effect of an early postnatal obesogenic
groups, NORM:CONV and HIGH:CONV, dietin NORM sheep
respectively P<0.05). L-thyroxine  Although, there was no significant difference in
administration increased EE by 23.8% to 652.1basal ~ serum  concentrations  between
kJ/MBW/d (Day 2) P<0.003), and this NORM:CONV and NORM:HCHF,
obliterated any group differences except for aNORM:HCHF sheep had lower basal
more pronounced increment in EE in metabolism, expressed in EE, heart rate and
LOW:HCHF compared to all other groups temperature, and less increment of these
(although only significantly compared to parameters in response to L-Thyroxine
LOW:CONV (P<0.05) and close to significant injection. Only a minor part of circulating T3
compared to NORM:HCHFR=0.06)). Such a  stems directly from thyroidal production, most
response pattern to L-thyroxine administrationis produced peripherally by deiodination of T4
across the treatment groups was not observe9). NORM:HCHF sheep had significantly

for any of the other measured parameters. lower T3:T4 ratios during the challenge, which
_ may reflect a reduced proficiency for 43
Voluntary feed intake conversion, central to the thyroid or peripheral

As a measure of feed intake capacity, voluntaryor both. A reduced ability to convert T4 into its
feed intake was determined over a 4-houractive form T3, could explain the observed
period immediately after a 72 hour period of jower basal metabolism of NORM:HCHF
fasting. This feed intake was increased insheep. It is a well-known phenomenon in
NORM and LOW (but not HIGH) sheep that humans that weight loss following obesity
had been fed the HCHF diet in early postnataldecrease EE (40), which is instinctively
life (P=0.02 and 0.03, respectively). Males counter-productive to maintaining lipobody-
tended to have a higher feed intake thanhomeostasis. Even though NORM:HCHF
females (~200g averag®=0.08) and MBW  sheep spent 2 years on the same moderate diet
and birthweight were significant co-variates for as NORM:CONV sheep, they had a reduced
adult feed intake (Figure 5). adult EE. It is not completely understood what
triggers this lasting decrease in EE, probably



because of the many diverse complex inputs tavernutrition cause leptin resistance in rats
the hypothalamic-systemic energy balancethrough decreased STAT3 and SOC3 gene
circuit, but remodeling (gliosis) of the signaling in the arcuate nuclueus (13) and
hypothalamus has been identified in obeseincreased leptin concentrations have the
mice and humans (41, 42). Hypothalamic capability to stimulate pro-TRH formation and
remodeling has been reported as reversible irthus trigger pituitary TSH stimulation (47). The
obese mice (43), but it seems that overnutritionsame mechanisms may be at play in both
in the growing lamb may remodel NORM:HCHF sheep and HIGH:CONV sheep,
hypothalamic function irreversibly. Together although only revealed during the T4
with a significantly higher spontaneous post- challenge, as these sheep at time of challenge
fasting feed intake capacity in NORM:HCHF were not obese. It was surprising that
as compared to NORM:CONYV this may result HIGH:HCHF responded very alike in the
in a phenotype predisposing for obesity. Underexamined parameters to NORM:CONV sheep,
normal conditions, leptin maintains a satiety and likewise NORM:HCHF and HIGH:CONV
response in the hypothalamus and decreaseesponded alike in spite of contrasting postnatal
food intake as well as it acts to increase EE indietary exposures. This lead us to speculate
animals and humans (44). However, whether the CONV diet was a "mismatch” diet
overnutrition has the potential to induce lasting throughout early postnatal development for the
leptin resistance (7, 42) and this could furtherHIGH sheep, leading to a permanent
explain the increased feed intake capacity in ofdownregulation of T4->T3  activation
NORM:HCHF sheep as well as their decreasednechanisms as an adaptive response?
EE, compared to NORM:CONV sheep. Moreover, there were also indications from this

o ) study that HIGH sheepad a superior ability
Responses to postnatal nutrition in sheep  compared to others to recover normo-adipocity
exposed to prenatal overnutrition (HIGH) and normal metabolic function after development
Ingeneral, long-term consequences 0fof obesity in early postnatal life by correcting
exposure to the early postnatal HCHF astheir diet later in life (9).In support of this,
compared to CONV diets in HIGH sheep were findings in mice have shown that pups exposed
opposite to those observed in NORM sheepito a high fat/high sucrose diet in utero
HIGH:CONV sheep had the most increaseddeveloped less severe phenotypic alterations at
TSH levels and lowest T3:T4 ratios during the weaning, if their dams continued on this diet

tolerance test compared to both HIGH:HCHF throughout lactation rather than being changed
and NORM:CONV sheep. HIGH-CONV just to a normal chow diet during lactation (48).

like NORM:HCHF, thus failed to suppress The fetal high fat/high sucrose treatment also
TSH to the extent of other groups during the offered better protection against

challenge, which as mentioned above mayhyperleptinemia in adult offspring upon
reflect less T4->T3 activation (peripheral, exposure to a high fat diet.

thyroidal or both) and thus less negative |n addition to a possible primary or secondary
feedback on TSH by the active T3. In humanscentral hypothalamic-pituitary programming of
it is a common trait of obesity, to present with the TH axis, the decreased T3:T4 ratios in
isolated elevated TSH. The mechanism behindH|GH:CONV sheep also point to a decreased
this hyperthyrotropinemia is not quite known, T4->T3 conversion compared to HIGH:HCHF
but in humans it is apparently not explained byand NORM:CONV sheep. This was actually
changes in peripheral activity of TH (45). reflected even in the basal hormone
Instead it is thought that isolated elevated TSHconcentrations, is evidence to a programming
may represent a possible hypothalamic-down-stream of the HPT-axis. This sort of
pituitary hormone resistance and disturbedperipheral programming has also been seen in
negative feedback signaling (45, 46). Maternal Japanese macaques and female sheep, where



maternal high fat diets disrupted fetal TH hypothalamus/pituitary to increase TSH
receptors and their downstream regulators (49production. It was solely in the LOW:CONV
14). This interference with peripheral TH sheep that the functional changes to the HPT
function in tissues quantitatively important in axis was indicated by the basal serum values
energy metabolism is in line with the alone. During the T4 tolerance test,
observation that HIGH:CONV sheep were LOW:HCHF sheep increased EE more than
incapable of increasing their heart rate in LOW:CONV sheep, possibly relating to the
response to a L-thyroxine surge. greater capacity for TT3 conversion and
Although the postnatal HCHF diet was lesser TSH depression during the tolerance test
accompanied by opposite alterations in mostand the HCHF diets overall tendency to
traits studied in the HPT axis in HIGH and permanently down-regulate EE was not evident
NORM sheep, they did respond similarly to thein  LOW  sheep. Although  prenatal
HCHF diet with reduction in EE. Early undernutrition did not alter basal metabolic
postnatal obesity development, although phenotype, early postnatal exposure to the
transient, thus appears to be a particular a ristHCHF diet resulted in an increased voluntary
factor for obesity development later in life, feed intake of LOW sheep after fasting which
which does not appear to be directly linked toin LOW sheep may be an additive risk factor
alterations in the HPT axis. for development of adult obesity. Noticeably,
during fasting-, glucose- and insulin- tolerance
Late gestation undernutrition in relation to tests LOW-HCHF sheep also had increased
postnatal normal and overnutrition plasma levels of BUN, cholesterol, creatinine,
In general, the two LOW groups has similar |actate and the lipid parameters TG and NEFA,
responses in the tested parameters, which wag one or more of the tolerance tests (19), so
unexpected since fasting tolerance tests in thesglthough functional programming of the HPT-
sheep revealed pronounced interactionsaxis seem to be primarily prenatal, other axis'
between pre- and postnatal treatments, whergvere indeed affected by early postnatal
LOW:HCHF sheep were predisposed to adultovernutrition. In LOW sheep there seems to be
hypercholesterolaemia, hypercreatinaemia andess evidence of long-term consequences of the
fasting-induced hyperureamia (9). LOW sheepearly postnatal overnutrition, after switching to
who received a CONV diet after birth had an a conventional diet. Overall, hormonal data
equal reduced T4->T3 activation to suggest a down-regulated adult HPT axis in
NORM:CONV and HIGH:CONV sheep, but |ate-gestation undernourished sheep, but this
contrary to NORM and HIGH, T3 levels of did not translate into metabolic phenotype.
LOW sheep were constantly decreased, noFrom a different study, we have previously
matter the type of postnatal nutrition and thesereported increased basal TH levels of late
presented alongside the numerically lowestgestation undernourished adult female sheep
TSH concentrations. This picture was different (14), but this was not confirmed in the present
from that observed in NORM and HIGH sheep, study. Albeit differentially directed
where the impact of postnatal nutrition during consequences, one similarity was that the long-
the T4 tolerance test exposed oppositelasting programming in the axis was of prenatal
responses in T3 and TSH. This may confirmorigin and there were very few effects of
what was indicated by the basal serum levels;postnatal nutrition in the adult females of the
that activation of T4->T3 may not be as previous study. The two studies were different
effective in LOW:CONV as NORM:CONV, in numerous aspects; the sheep in the present
but the low T3 concentrations do not result in study had a different HCHF diet and were ad
increased serum TSH, as in both NORM andiibitum fed after 6 months of age and reached
HIGH. This could point to a reduced sensitivity higher body condition scores (9) at the time of
and/or  transcriptional  failure  of the slaughter, instead of more moderate body



conditions reached in the previous study (3),adversely affected by a postnatal HCHF diet,
furthermore they were different breeds andwhereas the postnatal CONV diet actually
included both females and males. We cannotseemed to be a "mismatch” in HIGH sheep and
rule out that the end-point difference in body HIGH sheep who received a "matching"
condition scores and race differences impactedgostnatal high energy diet throughout
on the differential TH levels found in the two prepubescent development, resembled
studies. NORM:CONV sheep in adulthood. Early life
o . . overnutrition permanently decreased basal
Our study had limitations in small group sizes gquit EE in prenatal NORM and HIGH sheep
and the earlier mentioned gender confounding,and increased the voluntary feed intake
which could explain that patterns observed incapacity in NORM and LOW sheep, both
basal THs, were mostly insignificant (Table 1). hossible risk factors for developing obesity.
Gender and age differences in TH and TSH) ow sheep who received either postnatal
levels, as well as HPT axis response inyeatment were mostly identical as adults and
functional tests, have been reported in StUd'eﬁarogramming in these sheep were therefore
of different speqies including humans. Theseprimarily prenatal and did not interact with
data are not univocal for humans or animalsyostnatal nutrition in a long-term perspective.
and there have been reports of unalteredpoyerall, distinct interactions between prenatal
increased or decreased TH or TSH-levels or -3ng postnatal treatments, do not allow us to
sensitivity of one gender compared to the Othergeneralize between NORM, HIGH and LOW

(33, 34, 35, 36, 37, 38). The reasons behind thgneep, rather we must relate each prenatal
different outcomes of the diverse studies areyeatment to type of postnatal nutrition.

not readily identifiable, but in present study
females had higher basal T4 and T3 both at 8acknowledgements
months- and 2%  years-of-age and The authors would like to thank; Semra
concentrations increased with age and we didGiinduz, Pernille Willert Hansen, Jeannette
not, in spite of gender confounding, see Pjilmann Nielsen and Anne Marie Dixen Axel
indications of differentiated effects in males for expert help with handling of experimental
compared to females. In general, groupanimals and sampling, Ramus Bovbjerg Jensen
differences and tolerance test induced changeand Caroline Larsson for valuable advice and
in temperature and heart rate follow patterns ofinput about the Bc.bicarbonate  tracer
TH serum concentrations well, but EE responsetechnique and related data handling, Niels
during the tolerance test did not clearly comply Bodilsen and Valery Sobe (Lopez) for daily
with the other measurements, which could betending to the sheep through the years of this
because we measured EE prematurely, beforexperiment.
we had reached a new steady state, as implied
by the constant rise in temperatures during theAuthor Disclosure Statement
tolerance test. The authors declare that there is no conflict of
interest that could be perceived as prejudicing
In conclusion, late-gestation nutrition as well the impartiality of the research reported. This
as prepubescent postnatal nutrition, canstudy was part of the research program of the
program HPT axis function permanently, with Centre for Fetal Programming (CFP) and
lasting effects on energy metabolism phenotypesupported by the Danish Council for Strategic
but not basal thyroid status. Early-life nutrition Research (grant no. 09-059921 and grant no.
can be an additive risk factor for adverse 09-067124), the Novo Nordisk Foundation
effects of fetal programming but long-term (grant no. 1016312) and Lundbeck Foundation
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Treatment groups based on combination of pre- and postnatal nutrition Sex P values

NORM:CONV  NORM:HCHF HIGH:CONV HIGH:HCHF LOW:CONV LOW:HCHF Male Female Pre Post Pre*Post Post*Age Pre*Age Sex Age MBW Birthweight
6 months-of-age
T4 276.4+34.4 249.6+36.9 266.3£30.0 306.2+31.5 263.7£30.9 266.1:26.4 [ 233.77+¢22.08° 308.98+28.34°(0.44 0.76  0.39 0.30 054 0.005 - 0.10 0.93
T3 1.4540.22 1.64+0.24 1.59:0.20 1.550.21 1.26+0.20 1.61+0.17 1.34:0.14° 1.69:0.19° |0.85 0.23  0.41 0.14 014 001 - 0.40 0.03
TSH 0.110:0.019  0.124+0.021 0.127+0.017 0.123+0.018 0.123+0.017 0.111+0.015 | 0.120#0.012  0.119+0.016 |0.79 0.74  0.65 0.17 042 098 - 0.68 0.63
T3:T4 0.00510.0007 0.0062+0.0008° 0.0057:0.0006° 0.0050:0.0006 0.0045:0.0006° 0.0059:0.0005° | 0.0055£0.0005 0.0053£0.00060.86 0.14  0.05 0.36 0.55  0.60 - 0.46 0.02
T3:TSH 7.6412.58°  13.8432.58°° 11.16+2.42*%°%  17.36:2.30° 9.13$2.13%*°  15.33+2.04°° | 10.96#1.38  13.52¢1.21 (0.89 0.10 0.69 0.001 0.07  0.07 - 0.65 0.29
T4:TSH 1686.4+461.4°° 2460.3+457.7°° 1825.4+424.8%°% 2599.3+405.9°%" 1869.7+399.9%%" 2643.7+387.7°°%| 1868.1¢315.2° 2493.5:393.6°|0.96 0.82  0.32 0.01 0.17  0.03 - 0.79 0.97
2liyears-of-age
T4 365.4+33.9 338.5435.5 355.334.2 395.2429.7 352.6+28.4 355.1#33.1 [ 322.74$30.66° 397.96:21.12°(0.44 0.76  0.39 0.30 0.54 0.005 <0.0001 0.10 0.93
T3 1.53#0.22 1.73+0.23 1.68+0.22 1.6410.19 1.35+0.19 1.690.22 1.42+0.20° 1.78+0.14° (0.85 0.23 0.41 0.14 014 001 001 040 0.03
TSH 0.14740.019  0.160+0.020 0.164+0.019 0.160+0.017 0.160+0.016 0.14840.019 | 0.157+0.017  0.156+0.012 |0.79 0.74  0.65 0.17 042 098 0.002 0.68 0.63
T3:T4 0.00460.0007 0.0057:0.0007° 0.0052£0.0007° 0.0045:0.0006 0.0040:0.0006> 0.0054+0.0007° | 0.0050£0.0006 0.0049+0.0004/0.86 0.14  0.05 0.36 055 0.60 001 046 0.02
T3:TSH 14.13+2.47 12.69+2.56 11.43+2.40 9.99+2.41 13.4742.22 12.03#2.25 11.03#1.37  13.59+1.22 |0.89 0.10  0.69 0.001 0.07 0.07 087 0.65 0.29
T4:TSH 2942.24439.3  2400.9+453.3  3081.24427.7  2539.9+428.8  3125.6+420.2  2584.2+426.8 |2466.33424.8° 3091.7:298.8°(0.96 0.82  0.32 0.01 017 003 001 0.79 0.97

Table 1 Mean basal serum levels of T4 (nM), T3 (ng/ml) &8H (ng/ml) and T3:T4, T3:TSH and T4.TSH
ratios, for female (n=22) and male (n=16) sheeprmbnths and 2%z years of age. Data are presentedsts
square means+SEM. Effects of prenatal nutritiorstipatal nutrition or gender were significant orded to

be significant P<0.05 orP<0.1) if the data within a row and within the resfpee columns are marked by
different superscripts. There was no three-wayratt#on between treatments and age. Pre: postdiatal
Post: postnatal diet; MBW: metabolic body weighteTast 6 weeks of pregnancy, the ewes receivhdreit

a HIGH (150% required digestible energy and 110&wired protein) or LOW (50% required energy and
protein) or NORM diet (100% required energy andtgirg. Postpartum twin lambs were assigned to a
HCHF diet (High-Carbohydrate High-Fat diet of creanitk replacer mix and rolled maize supplement) or
CONV diet (conventional diet with milk replacer ahdy until 8 weeks followed by hay only, adjusted f
moderate growth rates of approx. 225 g/day). Twese assigned postnatal treatment groups ensusing a
uniform a distribution of gender (first priorityhd birth weight (second priority) as possible. Bhieeatment
groups in present experiment was: NORM:CONV (n=%, #m), NORM:HCHF (n=4, 2f, 2m),
HIGH:CONV (n=6, 4f, 2m), HIGH:HCHF (n=7, 4f, 3m)QW:CONV (n=8, 4f, 4m) and LOW:HCHF (n=8,
4f, 4m).



a Birthweight P=0.0002 b
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* Time P<0.0001
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Figure 1 A) Group LSmeans of serum total T4 (nM) measurgdl6 and 19 hours after injection of 0.1 mg
thyroxine/kg LW, in 2.5 year old sheep, male anahdke (m: male, f: female), with a history of adetgua
nutrition (NORM), overnutrition (HIGH) or undernition (LOW) in late gestation, combined with a
conventional (CONV) or a High-Carbohydrate-High-R&(CHF) diet for the first 6 months postnatal,
yielding NORM:CONV (n=5, 4f, 1m), NORM:HCHF (n=4,f,22m), HIGH:CONV (n=6, 4f, 2m),
HIGH:HCHF (n=7, 4f, 3m), LOW:CONV (n=8, 4f, 4m) arldOW:HCHF (n=8, 4f, 4m). B) regression
curves of total T4 (log(conc)) (not presented ask&ns), in 2.5 year old sheep, male and femalerewhe
prenatal treatments NORM), HIGH (o) and LOW (A) significantly impacted T4 half-life upon injectio
(P=0.01). Experimental design and dietary treatméatge been fully described in the legend to Table 1.
Significant differences are?<0.05, **P<0.01, orP<0.001.
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Figure 2 Group LSmeans of serum total T3 (ng/ml), measidl6 and 19 hours post injection of 0.1 mg
thyroxine/kg LW, in 2.5 year old sheep, male anchdke, with a history of adequate nutrition (NORM),
overnutrition (HIGH) or undernutrition (LOW) in latgestation, combined with a conventional (CONVaor
High-Carbohydrate-High-Fat (HCHF) diet for the fi& postnatal months, yielding 6 experimental gsoup
NORM:CONV (n=5, 4f, 1m), NORM:HCHF (n=4, 2f, 2m)JBH:CONV (n=6, 4f, 2m), HIGH:HCHF (n=7,
4f, 3m), LOW:CONV (n=8, 4f, 4m) and LOW:HCHF (n=8f, 4m). Experimental design and dietary
treatments have been fully described in the legeridble 1. Significant differences arg<0.05, **P<0.01,

or P<0.001.
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Figure 3 Group LSmeans of serum TSH (ng/ml), measured &2arid 19 hours post injection of 0.1 mg
thyroxine/kg LW, in 2.5 year old sheep, male anchdke, with a history of adequate nutrition (NORM),
overnutrition (HIGH) or undernutrition (LOW) in katgestation, combined with a conventional (CONVaor
High-Carbohydrate-High-Fat (HCHF) diet for the fiGsmonths postnatal, yielding NORM:CONV (n=5, 4f,
1m), NORM:HCHF (n=4, 2f, 2m), HIGH:CONV (n=6, 4fn9), HIGH:HCHF (n=7, 4f, 3m), LOW:CONV
(n=8, 4f, 4m) and LOW:HCHF (n=8, 4f, 4m). Experint@dndesign and dietary treatments have been fully
described in the legend to Table 1. Significanfedénces areP<0.05, **P<0.01, orP<0.001.
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Figure 4 LSmeans of serum total T3:T4 (a), T3:TSH (b) addTBH (c) ratios, 12, 16 and 19 hours post
injection of 0.1 mg thyroxine/kg LW, in 2.5 yeardotheep, male and female, with a history of adequat
nutrition (NORM), overnutrition (HIGH) or undernition (LOW) in late gestation, combined with a
conventional (CONV) or a High-Carbohydrate-High-RelCHF) diet for the first 6 months postnatal,
yielding NORM:CONV (n=5, 4f, 1m), NORM:HCHF (n=4,f,22m), HIGH:CONV (n=6, 4f, 2m),
HIGH:HCHF (n=7, 4f, 3m), LOW:CONV (n=8, 4f, 4m) andOW:HCHF (n=8, 4f, 4m). Experimental
design and dietary treatments have been fully desttin the legend to Table 1. Significant diffezes are
*P<0.05, *P<0.01, orP<0.001.
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Figure 5Voluntary feed intake based on residues of 2 kgmteay weighed 4 hours after feeding, following
a 72 hour fasting challenge in 2.5 year old sheegle and female, with a history of adequate naotriti
(NORM), overnutrition (HIGH) or undernutrition (LOWnN late gestation, combined with a conventional
(CONV) or a High-Carbohydrate-High-Fat (HCHF) di&dr the first 6 months postnatal, yielding
NORM:CONV (n=5, 4f, 1m), NORM:HCHF (n=4, 2f, 2m)JBH:CONV (n=6, 4f, 2m), HIGH:HCHF (n=7,
4f, 3m), LOW:CONV (n=8, 4f, 4m) and LOW:HCHF (n=8f, 4m). Experimental design and dietary
treatments have been fully described in the legerdble 1. Significant differences arg<0.05, **P<0.01,

or P<0.001.
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Figure 6 LSmeans of rectal temperatures measured at basal(day 1) at 8.00 AM, 12.00 PM and 15.00
PM and after injection of 0.1 mg thyroxine/kg LW, ¥ (8.00 AM), 16 (12.00 PM) and 19 (15.00 PM)
hours post injection, in 2.5 year old sheep, malt famale, with a history of adequate nutrition RID),
overnutrition (HIGH) or undernutrition (LOW) in katgestation, combined with a conventional (CONVaor
High-Carbohydrate-High-Fat (HCHF) diet for the fiesmonths postnatal, yielding NORM:CONV (n=5, 4f,
1m), NORM:HCHF (n=4, 2f, 2m), HIGH:CONV (n=6, 4fn8, HIGH:HCHF (n=7, 4f, 3m), LOW:CONV
(n=8, 4f, 4m) and LOW:HCHF (n=8, 4f, 4m). Experintedndesign and dietary treatments have been fully
described in the legend to Table 1. Significanfedénces areP<0.05, **P<0.01, orP<0.001.
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Figure 7 LSmeans of heart rates measured at basal statelYad 8.00 AM, 12.00 PM and 15.00 PM and
after injection of 0.1 mg thyroxine/kg LW (day 2},12 (8.00 AM), 16 (12.00 PM) and 19 (15.00 PMitso
post injection, in 2.5 year old sheep, male andafemwith a history of adequate nutrition (NORM),
overnutrition (HIGH) or undernutrition (LOW) in katgestation, combined with a conventional (CONVaor
High-Carbohydrate-High-Fat (HCHF) diet for the fiesmonths postnatal, yielding NORM:CONV (n=5, 4f,
1m), NORM:HCHF (n=4, 2f, 2m), HIGH:CONV (n=6, 4fn8, HIGH:HCHF (n=7, 4f, 3m), LOW:CONV
(n=8, 4f, 4m) and LOW:HCHF (n=8, 4f, 4m). Experinendesign and dietary treatments have been fully
described in the legend to Table 1. Significanfedénces areP<0.05, **P<0.01, orP<0.001.
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Figure 8 Group LSmeans for energy expenditure in 2.5 yédrfasted sheep, male and female, with a
history of adequate nutrition (NORM), overnutritighllGH) or undernutrition (LOW) in late gestation,
combined with a conventional (CONV) or a High-Carpdrate-High-Fat (HCHF) diet for the first 6 months
postnatally, yielding NORM:CONV (n=5, 4f, 1m), NORNCHF (n=4, 2f, 2m), HIGH:CONV (n=6, 4f,
2m), HIGH:HCHF (n=7, 4f, 3m), LOW:CONV (n=8, 4f, 4nand LOW:HCHF (n=8, 4f, 4m). Day 1
represents basal energy expenditure and day 2éep $rave been subjected 0.1 mg thyroxine/kg LVEA 2-
hours previously. Experimental design and dietagatiments have been fully described in the legend t
Table 1. Significant differences arB<0.05, **P<0.01, orP<0.001.
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Abstract

The hypothalamic-pituitary-thyroidal (HPT) axisagarget for fetal or early-life programming and
this study aimed to test; 1) if the HPT axis wasgikberm affected by prenatal programming and/or
early-life overnutrition in adulthood and 2) if &tunder- and overnutrition led to differentiated
response in the HPT axis, when subjected to edelpVernutrition. Thirty-six twin-pregnant sheep
were adequately nourished (NORM), undernourishedW. 50/50%) or overnourished (HIGH;
150/110%) according to energy/protein recommendatiin the last trimester of gestation. Twin
lambs were divided to either a moderate, low fat CONV) or an obesogenic high-fat diet
(HCHF) from day 3-6 months of age, yielding 6 treaht groups: NORM:CONV, NORM:HCHF,
HIGH:CONV, HIGH:HCHF, LOW:CONV and LOW:HCHF. At 6 amths-of-age, thyroid hormone
response to fasting was tested and half the lanaos euthanized and autopsied. Remaining sheep
were kept on a moderate diet until 2% years-of-agegre another fasting tolerance test was
performed and they were euthanized and autopsldyyroid stimulating hormone was examined,
thyroxine and triiodothyronine in blood from pogtrladay 1, 6 months- and 22 years-of-age and
examined central and peripheral gene expressigeés key to thyroid function. In neonates, T4
increased with birth weight, TSH increased withrdasing birth weight and T3 was increased in
HIGH compared to LOW lambs. In 6 month-old-lambg, dxd TSH response to prenatal and
postnatal diets was sexually dimorphic in all tneamt groups (except NORM:CONV) with males
having decreased T4 and increased TSH relativermales. All treatments increased T3 compared
to NORM:CONV. The HCHF diet primarily decreased eegsion of genes related to thyroid
function in peripheral target tissues, main effaeése observed in liver, kidney and subcutaneous
fat. In adult sheep, sexual dimorphism was no longiible in serum concentrations.
NORM:HCHF sheep had serum profiles consistent wéhtral hypothyroidism and HIGH sheep
had developed overt hypothyroidism whereas LOW slaggpeared euthyroid. All adult sheep, but
NORM:CONV displayed altered metabolic profiles gsponse to fasting, possibly a secondary
effect of altered leptin metabolism. Effects oftdrg interactions shifted to mainly affect gene
expression of the hypothalamus and pituitary. Iis thxperiment late-gestation programming
through over- and undernutrition as well as eafldvernutrition alone had long-lasting effects on
central and peripheral thyroid function and effeg&se discernible in programmed sheep according
to postnatal nutrition.

Introduction also undergo programming, and thyroid
diseases are among the most prevalent
Fetal and early-life nutrition can program for endocrine disorders globally. It has been
adult non-communicable diseases such asstimated that nearly 11% of Europeans and
cardiovascular disease, diabetes mellitus and.9% U.S. citizens have thyroid dysfunction,
obesity (de Gusmao Correiat al, 2012). with a clear prevalence of clinical and overt
Evidence is accumulating that the HPT axis hypothyroidism, and half of these cases are



undiagnosed (Madariagaet al, 2014; Maternal isocaloric and moderate high-fat
Hollowell et al, 2002). It has long been known feeding caused hyperactivity of the thyroid axis
that thyroid hormones affect energy at weaning in rat offspring, despite marked
metabolism, but it has been regarded primarilyobesity in these offspring, possibly explained
as a maintenance signal for peripheral energyy leptin stimulation of TRH, a potential of T3
homeostasis. This view is shifting towards ato increase food intake and at the same time
central level energy balance regulation bylowered pituitary sensitivity to negative
thyroid hormones, acknowledging the THs feedback (Franccet al, 2012). The studies
intricate relation to energy sensors in thereviewed above clearly indicate that the HPT
central nervous system (Lope# al, 2013; axis function can be programmed by adverse
Vaitkuset al, 2015; Kim, 2008). nutrition exposures in fetal or early-postnatal
Early life programming of thyroid function has life. However, much remains to be known
been recognized in several species as about the impact different adverse pre- and
consequence of diverse insults, but results arearly postnatal nutrition exposures can have on
not unidirectional; undernourished neonatesHPT axis function and peripheral signaling,
have been found to have high levels of T4,and the extent to which such impacts may be
concurrent with low rT3 and T3. The overcome by dietary interventions later in life.
hypothyroid state has been proposed toln a previous experiment, our group found
represent a peripheral metabolic adaptation taevidence to suggest that prenatal undernutrition
achieve a metabolic sparing of T4, i.e. a moreand early postnatal overnutrition increased TH
energy conserving phenotype of the fetallevels in adult female sheep and altered gene
energy restricted baby (Mahajah al, 2005).  expression of thyroid receptors and genes key
De Blasioet al (2006) found normal plasma to thyroid function in selected target tissues, in
T4, increased T3 and increased T4 to T3a tissue specific matter (Johnssral, 2013).
conversion in placental restricted ~1 month old The aim of this experiment was to expand the
lambs. In support of this, prenatal protein examinations to possible programming of the
restriction in heifers programmed calves to HPT axis in response also to prenatal
have higher plasma FT3 relative to T3 believedovernutrition and to assess whether there is
to attribute to the concurrent catch-up growthlong-term gender specific manifestations of
(Micke et al, 2015). Maternal excess early life programing of HPT axis function.
micronutrient supply and either under- or The specific hypotheses we aimed to test were:
overnutrition in sheep, caused increases inl) HPT axis function and peripheral tissue
plasma T4 without affecting T3 levels, and a signaling is differentially programmed by late
possible increased conversion of T4 to T3gestation under- as compared to overnutrition,
could be the drive for the observed 2) this has differential long-term implications
compensatory growth (Vonnahreeal, 2013). for adaptation of HPT axis function upon
The long term effects of malnutrition through obesity development in early postnatal life and
protein restriction versus energy-restriction for recovery of normal HPT axis function upon
were examined in rats and reported that proteirdiet intervention later in life.

restriction led to adult hyperthyroidism, These hypotheses were addressed in a study
whereas energy restriction led to increasedusing sheep, which has similar fetal
serum T3, due to increased deiodination of T4development trajectories to humans, which
(Passoset al. 2002). In another rat model, were exposed to late gestation under- or
mimicking maternal lactation failure in overnutrition followed by exposure in early
midlactation or late lactation, offspring were postnatal life to moderate or obesogenic diets.
programmed for adult central hypothyroidism HPT axis function was assessed by evaluation
or secondary hypothyroidism, respectively of serum total T3, total T4 and TSH
(Bonomo et al, 2008; Lisboaet al, 2010). concentrations from birth to adulthood, and



expression-analysis of key genes in thesame low-fat, conventional diet until 2% years-
hypothalamus, pituitary and thyroid, as well as of-age (adulthood), at which time they were
in the target tissues; cardiac muscle, liver,subjected to a 68-hour fasting tolerance test and
kidney, subcutaneous and abdominalfat andthen all sheep were euthanized and autopsied
cardiac and skeletal muscle tissues in post{NORM:CONV: 6 (2M, 4F), NORM:HCHF: 4
pubertal adolescent lambs and in adulthood.2M, 2F), HIGH:CONV: 6 (2M, A4F),
The genes examined wer8LC5A5, IYD, HIGH:HCHF: 6 (3M, 3F), LOW:CONV: 8
DIO1, DIO2, DIO3, TPO, TG, TSHr, THRA, (4M, 4F), LOW:HCHF: 7 (4M, 3F)).

THRB, TRHr, SLC16A2, NCOR1, HDAG®e

Table 1 for tissue and gene function). Blood sampling and serum TSH, total T4
&total T3 analysis
Materials and methods Baseline blood samples were drawn from

lambs at postnatal day 1 and during fasting
Experimental animals and experimental tolerance tests at 6 months- and 2% years-of-
design age. Prior to the fasting tolerance tests,
The Copenhagen sheep model were used téatheters were inserted into the jugular vein,as
study nutrition impacts in late gestation and previously described (Khanet al, 2014), and
early postnatal life on HPT axis function, and lambs and sheep were subsequently subjected
an extensive description of the animal modelto 44 hours and 68 hours of fasting,
and the overall design of the animal experimentrespectively. Blood was sampled 0, 24, 44 (and
was published by Khanadt al (2014). All  in adults: 68) hours after the feed was withheld.
experimental animal handling and proceduresThe sheep had free access to water during the
were approved by The Danish National fasting period. The serum tubeswere placed at
Committee on Animal Experimentation. Sheep room temperature for ~20 minutes to coagulate
were exposed to different levels of nutrition and then centrifuged (1800x%g15 minutes at
during the last 6 weeks prior to parturition (last 4°C) beforethe serum was separated and frozen
trimester, gestation length=147 days) byin cryotubes at -20°C until analysis.
feeding their twin pregnant mothers diets Concentrations of T3, T4 and TSH in serum
fulfilling 50/50% (LOW, N=14), 100/100% Wwere measured using a double-antibody
(NORM, N=9) or 150/110% (HIGH, N=13) of radioimmunoassay (as described in Zhastg
the NRC recommendations (2007) for al.,, 2004 and Wrutniaket al, 1987). The
energy/protein for twin pregnant Sheep in thesensitivity was 0.12 nM for T4 and 0.02 ng/mi
last trimester of gestation. Twin lambs were for T3 and TSH. The intra-assay variation for
assigned to each their conventional diet;T4, T3 and TSH was 3.0-5.1%, 3.3-5.6% and
moderate hay based (CONV, N=35; 16 males,5-3—-7.6% and the inter-assay variation was
19 females) or an obesogenic high 5.6-6.4%,6.2-7.9% and 7.2-8.1%,
carbohydrate, high fat diet (HCHF N=35; 18 respectively.
males, 17 females). The lambs were raised on ) o )
these diets from postnatal day 3 until 6 months-Rélative quantification of gene expression
of-age (after puberty), where they were Gene expression of messenger RNAs
subjected to a 44-hour fasting tolerance test(MRNAS) for TRHr, TSHr, TPQ TG,
Subgroups of lambs from each treatment groupTHRATHRB’ SLCSAS, 1YD, DIO1, DIOZ,
were then euthanized and autopsiedP!O3, SLC16A2, NCORENnd HDAC3 were

(NORM:CONV: 3 (3M, OF), NORM:HCHF: 3 quantifiedin the relevant tissues, using
(3M, OF), HIGH:CONV: 5 (2M, 3F), Quantitative reverse transcriptase PCR (qRT-

HIGH:HCHF: 5 (2M, 3F), LOW:CONV: 5 PCR), and procedures were according to
(2M, 3F), LOW:HCHF: 5 (3M, 2F)). Mmanufacturer's guidelines.Primer sequences

Remaining sheep were fed identically with the Were derived from ovine or bovine cDNA



sequences from the National Center forsignificance of the remaining factors were
Biotechnology Information (NCBI) and primer calculated by the function LS-means.Sex was
sequences, tissue of relevance, function,confounded, due to unequal distribution of
efficiency, NCBI accession numbers, and gender between adult treatment groups and for
annealing temperatures are listed that reason only included as a co-variate, in the
inSupplementary Table 1. Total RNA was analysis of adult data.

extracted, quality checked and transcribed into

cDNA and gPCR was run, PCR products Results

sequenced and gPCR analyzed using the sa
procedure and reagents as previously describ
in Johnseret al. 2013.The only exception was

r;('.ljehere were no effects of pre- or postnatal
nutrition, sex birth weight, or weight at the

that RNA extraction from the pituitary and grr][e Of.bl(zj()d or tlssute samplllng for any Off thﬁ}
hypothalamus was carried out using elermined  parameters uniess  speciiically

RNeas{Lipid Tissue Mini Kit (QIAGEN). stated.

Statistics Serum TSH, total T3 &total T4

All statistical models were derived from the

. . Postnatal day 1
same multi-factorial model:

Results are shown in Figure 1. T4 ranged from
282-811nM, increased with birth weight
(2.050-5.830 kg) R=0.02), but was not

affected by prenatal nutrition. T3 ranged from
1.76-6.28 ng/ml and was lowest in LOW
lambs P=0.01compared to HIGH). TSH

ranged from 0.09-0.35 ng/ml and LOW lambs
increased TSH levels, compared to HIGH

effect of the postnatal CONV or HCHF lambs P=0.04) and correlated negatively to

treatmentsafij is the interaction between pre- birth weight £=0.04).
and postnatal treatmentg is the effect of co-  g-months-old lambs

variates, i.e. time, metabolic body weight Qverall, basal T4, T3 and TSH ranged from
(MBW), birth weight and/or sexypyijk is the  -201-310 nM, ~1.1-1.4 ng/ml and 0.10-
three-way interaction between pre- andg 14ng/ml, respectively. In all treatment
postnatal treatments and time or seis the  groups, except NORM:CONV, males had
random effect of twins andjkl is the residual  jgnificantly lower T4 levels compared to
variation ~ N(0s2). The universal sample females within their treatment group (Figure
space of the qualitative explanatory variablespg),  LOW:CONV female lambs had
are: i ={1,..3}, j = {12}, k = {1,2} and | = gjgnificantly increased T4 compared to
{1,2}. All models were tested in R 2.10.1 (R [OoW:HCHE and NORM:CONV females
Development Core Team, 2010) utilizing the (p=0.03 and P=0.05, respectively). The
packages nime, anova and Ismeans for fittingopserved sexual dimorphism was less
model reductions and multiple comparisons, pronounced in TSH levels, with increased
respectively. Graphic model control (Plot) was concentration @ in NORM:HCHEF  and
carried out to find possible outliers and second,j|GH:CONV male lambs compared to females
normality assumptions were evaluated bywithin their treatment group PE0.05 and
scatterplot, ggnorm and boxcox. Following this p=0 .04, respectively)(Figure 2c), which was in
the model was reduced by testing significancejine with serum T4. Inversely, LOW:CONV
of any interactions by two-way anova. females tended to have increased serum TSH

Variables that showed no significance were gyer LOW:CONV males R=0.09). Total T4
eliminated from the model and estimates and

Yio =+ a; + B, +aB; +V, +aByy +k + &Kl

Where Yijlo is the specific factor, described by
all the qualitative explanatory variablgs,is
the overall meanyi is the effect of the prenatal
NORM, LOW or HIGH treatmentsjj is the



transiently increased after 24 hours of fastingincrease in T3, which was completely opposite
(P=0.02), but dropped below baseline levelsto the marked decrease in T3 during the fast in
after 44 hours of fasting PE0.07) 6-month-old lambs. T3 levels in HIGH:CONV

(Supplementary figure 1a and c). and LOW:HCHF increased transiently, with

T3 significantly increased in HCHF lambs, peak concentrations at 20 and 44 hours of
correlated negatively to birth weigh®£0.02)  fasting, respectively, where after the declined
and decreased throughout the 44 hour fast in altowards basal concentrations. A transient
groups to approximately half of basal level increase in TSH, followed by a decline to less

(P<0.0001) (Supplementary figure 1b). than basal levels, was also observed in
. NORM:HCHF and HIGH:HCHF sheep, with a
2%e-year old sheep eak around 20 hours of fasting, similar to the

As mentioned due to small groups and unequappserved at 6 months-of-age. However, there
gender distribution it was not possible 10 \yas no clear pattern for TSH response in
analyse interactions between gender, pre- ang4GH:CONV sheep, a consistent decrease of
postnatal nutrition and time, in adult sheep, butysy in LOW:CONV sheep and oppositely a

sex was included as a covariate. Visualgongistent increase in TSH of LOW:HCHF
inspection of results did not seem to revealsheeIO during the 68 hour fast.

sexual dimorphism or interactions (results not
shown). T4 was increased in females comparedsene expression in the hypothalamic-

to males in all treatment groups and not pituitary-thyroidal pathway

significant for T3 and TSH. NORM:HCHF

sheep were hypothyroid, with decreased basaPata are only presented for genes where
total T4 P=0.001) and numerically decreased €XPression was affected by prenatal nutrition or
T3 concentrations and normal basal TSH.Postnatal nutrition alone or where these two
Prenatal overnutrition alone programmed for Interact.

adult overt hypothyroidism, and HIGH:CONV
and HIGH:HCHF had decreased TB=0.04
and P=0.01, respectively) and increased TSH
levels f=0.06 and P=0.05), compared to
NORM:CONV (Figure 3). LOW sheep
appeared euthyroid.

The fasting tolerance test revealed that all

treatment groups but NORM:CONV adapted SLC16A2 -

expression also tended to correlate
strangely to the long-term fast. NORM:CONV - - - _ : )
adult sheep maintained equal T4 plasma Ievels(I?)OSItlveIy to birth weightR=0.06) (Figure 4a
throughout the 68 hour fast, whereas all otherln' adult sheepSLC16A2was app. 2.5 fold
treatments increased plasma T4 in the first 4 igher in LOW as compared to NOiQM and
hours, where after plasma concentrations, -, sheep P=0.008 and P=0.003
plateaued R<0.0001). Every group tended to respectively) and correlated negatively to birth

have a unique response to fasting whenW. Z

. : eight (P=0.004). For TSHr and THRh
examining TSH and T3 levels, and very un!|ke expressions depended on the combination of
the observed pattern between treatments in 6|'ore- and early postnatal nutrition exposures.
mo_nth-_old lambs. NORM:CONV  sheep Thus, the HCHF diet depressed expressions in
maintained stable serum T3 and TSH’NORM sheep R=0.02 andP=0.04 for TSHr
throughou_]tc_ the lfast. ﬁLikev::/Iiset,) serfum_TB WasS and THRG respectively) and fof SHr also in
not significantly affecte y fasting in "G\ cheep p= .

) ) ) p BP=0.03), whereas expressions
NORM:HCHF, HIGH:HCHF or LOW:CONV, were increased in HIGH sheep previously

but they did show a pattern of numerical exposed to the early postnatal HCHF diet

Hypothalamus

In lambs, the only gene affected by any of the
parameters studied wasDIO2, where
expression correlated positively to birthweight
(P=0.04) and expression levels were almost
twice as high in females compared to male
lambs P=0.06). The TH membrane transporter



(P=0.002 andP=0.0005 forTSHr and THRhQ In spite of several attempts, relative expression
respectively). DIO3 expression was of DIO1 and DIO3 in the thyroid of adult
upregulated by the HCHF diet in all prenatal sheep, with extreme individual variation, did
(P=0.04) and males had higher expression ofnot yield functional results. There were no

DIO3 than femalesH=0.04). significant effects on the examined genes in
o adult sheep (Figure 6f-g), except foPO,
Pituitary which was increased by HCHF in NORM and

In 6 months old lambs, thBIO2 and THRa 1y iGH sheep but decreased by HCHF in LOW
were the only genes for which expression wasp=0 01), resulting in similar high expression

affected by any of the parameters tested|gyels in NORM:HCHF, HIGH:HCHF and
Adverse nutrition exposure either prenatally | ow:-coNV  and  lower levels  in
(LOW or HIGH) or postnatally (HCHF) NORM:CONV, HIGH:CONV and lowest in
reduced DIO2 compared to NORM:CONV | owW:HCHF.

lambs P=0.04). THRaexpression was affected

by gender in lambs with females having almostGene expression in thyroid hormone target
twice as high expression as mald3%={.05) tissues

(Figure 5).

These early nutrition impacts did not persist Liver

into adulthood, but others emerged in adultin 6 months-old lambs, the most profound
sheep. For TRHr and THRD prenatal effect on gene expression was solicited by the
overnutrition increased expression relative topostnatal HCHF diefTHRb expression tended
NORM and LOW, and for TRHr the to be down regulated in LOW:HCHF compared
mismatching LOW:HCHF group reached to LOW:CONV (P=0.06) and THRa was
similar high expression levelsP£003 and significantly downregulated by the postnatal
P=0.008, respectively for the Pre*Post obesogenic diet in all treatment groups
nutrition interaction). There were similar (P=0.009) (Figure 7a and c). The HCHF diet
patterns observable iBLC16A2 NCORl1and also downregulated expression ofYD
DIO3 (although not in every case significant) compared to the postnatal CONV diet(0.02)
that expressions were depressed by the HCHKFigure 7d), but significantly upregulated
diet in NORM but increased in the HIGH expression oDIO1 (P=0.0002) (Figure 7e).
sheep, and in LOW the HCHF diet also tendedIn 2Y¥2-year-old adult sheep, pre- and postnatal
to increase expressions £ C1A2and DIO3 diets interacted on expression @iRK where
(P=0.06-0.07 for Pre*Post nutrition the early postnatal overnutrition tended to
interaction). THRa expression was too low in upregulateTHRbexpression in NORM animals

adults to be analyzed. (P=0.09) and significantly upregulatetHRb
) expression in LOW:HCHF compared to
Thyroid LOW:CONV sheepR=0.03), whereas it led to

In 6 months old lambs, only prenatal nutrition 5 significant upregulation in HIGH:CONV
affected gene expression. LOW lambs hadcompared to HIGH:HCHFR=0.01). Overall,
significantly  reduced TSHr expression males had higherTHRb expression than
compared to NORM IambsP(=0.007_) with  females P=0.02) (Figure 8a). The early
HIGH lambs in betweerDIO2 expression was  nosinatal HCHF diet increased adBltC16A2
increased in HIGH lambs compared to NORM gy yressionR=0.03) and the prenatal LOW diet
and LOW lambs, which had similar expression .5 sed adult downregulation 0SLC16A2

levels P=0.03 andP=0.01, respectively) and compared to both NORM and HIGH sheep
expression of TG was.also S|gn|f|pantly higher (P=0.008 andP=0.02, respectively) (Figure
in HIGH than LOW with NORM in between gp) Adult IYD expression was significantly

(P=0.01). downregulated F=0.05) and HDAC3 and



DIO2 tended to be downregulatee=0.09 and positively to MBW at 3 months-of-age (Figure
P=0.06, respectively) by early-life  10c).

overnutrition (Figure 8c, d and e). Only DIO2 expression was affected by prenatal
. and postnatal treatments in adult sheep, where
Kidney DIO2 was significantly upregulated in

There were many significant effects of both | o\w:HCHFE compared to LOW:CONV sheep
prenatal and postnatal nutrition in the 6-month-(p:0_o5) and furthermoreDIO2 correlated
old lambs. BotiTHRaandTHRbwere affected ositively to MBW P=0.04) and tended to
by interactions between prenatal and postnatalgrelate negatively to birth weighP<£0.07,
nutrition. THRa expression was downregulated Figure 10d).THRa expression was higher in
in response to the HCHF diet in both NORM temales compared to maleP=0.04) and
and LOW lambsg=0.01 and>=0.008), but not g c16A2 expression correlated positively to
in HIGH:HCHF andTHRaexpression in both pmBw (P=0.04, Figure 10e). All genes,
HIGH:CONV and HIGH:HCHF lambs were appeared slightly increased in the three HCHF
significantly  decreased = compared 10 groyps, and analyzed together the thyroid
NORM:CONV (P=0.05 for both) (Figure 9a). fynction related gene expression was increased

Early overnutrition also affectedTHRb  py early-life overnutrition R=0.02, results not
expression differently, according to prenatal shown).

nutrition andTHRbwas significantly or close

to  significantly less  expressed in Biceps Femoris

NORM:HCHF as compared to HIGH:HCHF, TR corepressoHDAC3 expression tended to
LOW:HCHF and NORM:CONV PR=0.03, be downregulated by the obesogenic diet in
P=0.05 andP=0.07) (Figure 9b). Expression of HCHF lambs compared to their prenatal
SLC16A2followed the same numerical pattern pairing group BP=0.08) and expression in
as THRa but only NORM:CONV and HIGH:CONV was significantly lower
NORM:HCHF differed significantly with the compared to NORM:CONV R=0.05) and
HCHF diet decreasing expression in NORM expression in HIGH:HCHF was significantly
lambs P=0.02) (Figure 9c). Prenatal HIGH downregulated compared to both
and LOW decreased DIO1 expression NORM:HCHF and NORM:CONV K=0.05
compared to NORM lamb$€0.005 for both) and P=0.01, respectively)HDAC3 expression
and early postnatal overnutrition generally correlated positively to birth weighP£€0.03)
increased expression BAO1 compared to the (Figure 11a).

postnatal CONV dietR<0.0001) (Figure 9d). In adult sheep, both TR corepressbiBAC3
DIO2 expression was also significantly and NCOR1 were affected by interactions
upregulated by the early overnutrition, but only between pre- and postnatal nutrition (Figure
in HIGH:HCHF compared to HIGH:CONV 1lc, d). Early postnatal overnutrition caused
and LOW:HCHF P=0.006 andP=0.01) and downregulation ofNCOR1 in HIGH:HCHF
tended to be wupregulated compared toand LOW:HCHF compared to HIGH:CONV
NORM:HCHF f=0.09) (Figure 9e). and LOW:CONV, respectivelyPE0.06 and
There were no lasting or new effects of P=0.006), but equal expression in
prenatal and postnatal nutrition in adult kidney NORM:CONV and NORM:HCHF. Early-life

tissue. overnutrition also caused downregulation of
_ HDAC3 but in all HCHF groups, compared to
Cardiac their prenatal paired group (NORMP=0.02;

Only SLC16A2expression was significantly HgH- P=0.01; LOW: P=0.002). DIO2

month-old lambs, where it was downregulated j; weight P=0.08).

in HCHF compared to CONV lambB£0.003,
Figure 10a). THRa expression correlated



Longisimus Dorsi Abdominal fat

Postnatal overnutrition tended to downregulateSignificant differences in gene expression in
or significantly downregulated expression of abdominal fat were few and results for both
THRag SLC16A2andHDAC3 (P=0.06,P=0.03 lambs and adult sheep can be found in Figure
and P=0.04, respectively) in 6-month-old 14. In lambs, the HCHF diet significantly
lambs (Figure 12a, b and dHRb expression upregulatedDIO2 expression in abdominal fat
correlated positively to MBW at 3 months (P=0.02) and to a greater extend in
(P=0.01) and was 2 times higher in femalesNORM:HCHF than HIGH:HCHF R=0.005)
compared to male$€0.006, Figure 12d). and DIO2 expression correlated positively to
In the adult sheeprHRa and HDAC3 was  birth weight. HDAC3 expression was also
significantly affected by the prenatal significantly upregulated in NORM:HCHF
undernourishment and LOW sheep hadcompared to NORM:CONVR=0.01), which
significantly upregulated expression of thesewas not seen in LOW and HIGH lambs.

genes compared to both NORM and HIGH In adult sheepTHRDb expression tended to be
sheep THRa P=0.008 andP=0.01; HDAC3 upregulated in LOW compared to NORM
P=0.007 for both) and expression was lambs P=0.08) and increased in males
positively correlated to birth weightP€0.07 compared to femalesTSHr expression was
and P=0.05, respectively) (Figure 12e and f). increased in NORM and LOW sheep with a
There were lasting effects of early-life history of early-life overnutritionR=0.01 and
overnutrition as botiNCOR1and DIO2 was  P=0.04, respectively), but tended to be
upregulated in adult HCHF sheep compared toupregulated in HIGH:CONV compared to
CONYV sheepR=0.05 and”=0.07) (Figure 12g HIGH:HCHF sheepR=0.08).

and h). ) _
Discussion

Subcutaneous fat The overall, lasting effects of prenatal and
THRa expression in subcutaneous fat waspostnatal treatments to the HPT axis have been
numerically upregulated by HIGH and LOW, compiled in Figure 15 and effects to peripheral
compared to NORM, although only significant thyroid function in Figure 16, as a visual aid to
for LOW (P=0.02) and correlated positively to conceptualize the observed alterations in adult
birth weight (Figure 13a). A similar expression sheep. There were many effects of prenatal
pattern was observed HRRQ TSHr, DIO2  nutrition in both lambs and adult sheep, but
andNCOR1expression and although it was not every effect of prenatal origin, observed in 6-
accompanied by significant  differences month-old lambs, was not present in adult
between treatment groups, all genes correlateginimals. Instead, new and more prenatal effects
positively to birth weight R=0.03, P=0.02,  appeared in adult sheep, however the effects of
P=0.02 andP=0.01, respectively, Figure 13d these seemed to pull in the same direction, with
and e). BotltSLC16A2andHDAC3 expression  regards to expected HPT axis function and
was downregulated in response to postnataperipheral signaling. In the lambs, thyroid gene
overnutrition ~ P=0.05 and P=0.02, expression was a target of prenatal
respectively; Figure 13b and c¢) and programming and peripheral gene expression
numericallyNCOR1andDIO2 expression was was primarily effected by the postnatal HCHF
oppositely affected (Figure 13d). diet. In adult sheep, effects of programming on
There were no significant direct effects gene expression, shifted towards altered
solicited by either treatment in the adult sheep.hypothalamic and pituitary signaling and these
TSHrexpression correlated positively to MBW effects, as well as effects on peripheral gene
(P=0.02) andNCOR1 and HDACS correlated expression, were largely defined by
positively to birth weightR=0.05 andP=0.07,  interactions between pre- and postnatal
Figure 139). nutrition. The difference between the observed



effects in lambs and adult sheep and the manyrenatal overnutrition: HIGH lambs had
dietary interactions observed in adults, pointsdecreased hypothalamic and pituitablO2

at extensive adaptations with aging andexpression and increased thyroid&lO2
differentiated programming defined by the expression, which could reflect less
combination of prenatal and postnatal hypothalamic and pituitary negative feedback
nutritional level. For this reason, the following of T3. Again, this change is not readily
is structured into sections discussing; i) thereflected in serum levels amdlO2 expression
effect of prenatal nutrition and early-life is not affected in adults. HIGH adult sheep did
overnutrition in lambs ii) the long-term effects however fail to decrease TSH in response to a
of prenatal nutrition and early-life nutrition thyroxine tolerance test (Johnsenal, 2016),
(adult sheep) and iii)) sexual dimorphism in which could reflect permanently altered
programmed lambs. negative feedback sensing, rooted in altered

early-life DIO2 activity.

Effects of prenatal and postnatal nutrition in  Postnatal overnutrition months of postnatal
lambs overnourishment induced a sexual dimorphic
Prenatal undernutrition:As mentioned, there response in T4 and TSH, which will be

were few effects of prenatal nutrition in 6- discussed separately elsewhere, but the HCHF
month-old lambs. LOW lambs had decreaseddiet increased T3 of males and females, and
thyroidal TSHr expression and slightly increased T3 has previously been related to
decreasedl'G expression, probably related to overnutrition (Stichekt al, 2000). There were
less TSH stimulation of thyroglobulin hardly any effects of the obesogenic diet on
formation and secretion. It is difficult to see gene expression central to the HPT axis, but
this reflected in serum levels, as TSH levels inmany effects were solicited to peripheral gene
LOW male and female lambs seem relatively expression, and thus the altered serum THs are
alike and comparable to NORM:CONV and we most lightly reflecting altered peripheral
have not previously found that LOW affected thyroid function in the overnourished state. The
TSHr and TG expression of male lambs majority of circulating T3 stems fronDIO1
(Johnseret al, 2013). deiodination of T4 in the liver and kidneys
In subcutaneous falHRawas upregulated by (Yen, 2001) and increased in T3 could relate to
LOW, TSHr was slightly increased and upregulatedDIO1 expression in these two
NCOR1 THRBandDIO2 were all correlated to  tissues. Except for this liver and kidney
negative birth weight. T3 stimulate§HRa  specific upregulation oDIO1, the tendency
expression in adipocytes to increase lipogeniowas that the HCHF diet downregulated
enzymes and triglyceride accumulation andperipheral gene expression, especially
simultaneously lower lipolysis (Jiangt al, SLC16A2 HDAC3 and THRa The effects
2004; Gambcet al, 2016) and perhaps LOW solicited to the kidney, pointing to an overall
lambs have upregulated TH activity in decreased renal TH stimulation may be a risk
subcutaneous fat as a thermogenic adaptatiorfactor for renal dysfunction as it could decrease
Interestingly, we have previously reported renal protein turnover and cause renal growth
lasting morphological changesto subcutaneousetardation (Canavaet al, 1994) and have
fat, comprised of very small adipocytes with been shown to increase plasma creatinine,
increased collagen infiltration and reduced lipid reflecting poor glomerular filtration
accumulation ability, in adult LOW sheep (Dousdampaniset al, 2014). Indeed, HCHF
(Nielsen et al, 2016) and although gene |ambs had increased plasma creatinine and
expression related to thyroid metabolism reduced kidney growth by 20%, which at the
seemed normal in adult sheep, thetime was best explained by the low protein
morphological changes may be rooted in earlycontent of the HCHF diet and possibly physical
life adaptations in TH signaling. constraints related to concurrent extreme renal




adipose encapsulation, but could possibly alsdbetween HIGH and NORM:HCHF sheep,
be ascribed to decreased renal TH delivery anddeems to be rooted in pituitary specific
metabolism. Decreased TH stimulation specific programming where there were more effects
to the glycolytic longisimus dorsi muscle fibers specific to the prenatal HIGH diet and
may also be a risk factor for reduced peripheralspecifically increased RHr expression could
insulin  sensitivity, since THs regulates reflect the increased TSH levels, not present in
mitochondrial gene expression and function inNORM:HCHF sheep. OddIyT SHr expression
skeletal muscle and reductions in T3-mediatedin the thyroid appeared downregulated in
transcription may contribute to diabetes-relatedHIGH animals, which could reflect a level of
impairments  in  oxidative = metabolism thyroidal TSH resistance and perhaps relate to
(Crunkhorn & Patti, 2008). We have previously the decreased serum TH levels. In the thyroid,
reported downregulatedHRa expression in  TPOexpression was increased in HIGH:HCHF
both biceps femoris and longisimus dorsi in 6-and LOW:CONV sheep, which could indicate
month-old HCHF fed lambs (predominantly some extent of thyroid autoimmunity, a0
male) (Johnseet al, 2013), as well as altered is also a thyroid autoantigen (Ruf & Carayon,
mitochondrial function (Jgrgensenal, 2009).  2006).

Although HIGH sheep present with the same
Long-term effects of prenatal and postnatal  overall thyroid state, they do differentiate on
nutrition multiple parameters. Gene expression within
Adult LOW sheep appeared euthyroid with the HPT axis was adversely affected in
unaltered serum THs and TSH levels comparedH|GH:CONV and HIGH:HCHF sheep, in spite
to NORM:CONV sheep, concurrent with very of similar basal serum THs and TSH. With
few effects on both central and peripheral genéregards to hypothalamic expression, genes
expression. Prenatal overnourished (HIGH)were affected by early-life overnutrition in the
sheep developed overt hypothyroidism with sgme  fashion in HIGH:HCHF and
reduced T4 and increased TSH and early-lifeNORM:HCHF, but within the pituitary the
overnutrition in NORM sheep caused adult response was completely opposite, with
central hypothyroidism, as evidenced by NCOR1 THRbandDIO3, being upregulated in
decreased T4 and numerically halved serumH|GH:HCHF compared to HIGH:CONV.
T3. It is widely accepted that fetal Furthermore, T3 response to fasting in
programming is a risk factor for metabolic HIGH:CONV sheep varied distinctly from both
syndrome (Rinaudo & Wang, 2012; Symmonds HIGH:HCHF and NORM:CONV.
et al, 2009; Brensekeet al, 2013) and the HIGH:CONV sheep were unable to decrease
frequency of metabolic syndrome has beenTSH in response to a thyroxine tolerance test to
found to be increased in humans with overtthe level of NORM:CONV and HIGH:HCHF
hypothyroidism (Erdogaret al, 2011). Here, sheep and at the same time they had decreased
both prenatal overnutrition and late-gestationT3:T4 ratios, reflecting less peripheral T3
overnutrition predisposed for adult overt or (Johnsenet al., 2016). These observations
central hypothyroidism, which may further indicate that the postnatal CONV diet may be a
contribute to the adverse effects of adult"mismatch" diet in HIGH lambs.
metabolic syndrome of prenatal origin. Hypothalamic TSHr has been shown to be
There were hardly any effects of prenatal andpresent in hypothalamic nuclei relevant for
early postnatal overnourishment to genefeeding control and TSH injections to the
expression central to the HPT axis in the nucleus of the solitary tract reduced feed intake
lambs, but with increasing age evidence ofof adult rats (Burgost al, 2016). We have
programming manifested in both hypothalamic previously reported an increased voluntary feed
and pituitary gene expression, but less in theintake immediately post-fasting in both adult
thyroid. The discrepancy between thyroid stattNORM:HCHF and LOW:HCHF sheep
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(Johnsenet al, 2016), which we ascribed to have been shown to increase leptin response
possibly perturbed central leptin action but throughout a 72 hour fast in adult sheep
additionally the increased feed intake may be(Kongstedet al, 2013). Thus, altered leptin
linked to the reduced hypothalami€SHr  response of adult HIGH, LOW and
expression reported. NORM:HCHF sheep, may account for the
Regarding peripheral TH metabolism of adult abnormal TH response in fasting. The altered
animals, there were fewer effects than observedesponse to fasting may be considered a
in lambs, these were different from what was secondary effect of programming to the HPT
observed in 6-month-old lambs and present inaxis, rooted in altered leptin metabolism.

fewer tissues, where gene expression levels ] o

pointed to thyroid function being most affected Sexual dimorphism in lambs o

in liver, skeletal muscles and abdominal fat. & months of postnatal overnutrition induced

The numerous effects on gene expression irSéxual dimorphism in thyroid state between
kidneys were no longer visible and adults did NORM:HCHF and HIGH males and females,

not have differentiated kidney weights, where males reduced serum T4 compared to

LOW:HCHF sheep did however show signs of fémales and most increased serum TSH
lasting kidney dysfunction (Khanakt al, compared to females._ Sexual dimorphism have
2016). It is not possible to say if this aIsp been opserved in 1OQ day-olq ca_lves_of
observation can be linked to programmed helfer_s fed either low or high prot_eln diets in
thyroid function during development. the first or second trimester (Micket al,
During normal conditions prolonged fasting 2015), so although we cannot offer a
should instinctively manifest in decreased Mechanistic explanation, thyroid programming
serum T4 and T3 and low-normal TSH levels, have been shown to be affected in a sexual
but NORM:CONV sheep maintained stable dimorphic  manner and apparently early
levels of T4, T3 and TSH throughout the 68 postna_tal programming also solicited such an
hour fast. This confirms that a three day fast is€fféct in lambs. Due to few sheep combined
not a major metabolic challenge for adult With unequal gender distribution between
ruminants due to large nutrient resources in théréatment groups in adult animals, it is not
forestomachs, and explains the lack of decreas@0ssible to say with absolute certainty that
in TH (Khanal et al, 2016; Bertoniet al, sexual dimorphism did not apply to adult
1993). sheep. However, sex was only a co-factor on
A peculiar observation was the fasting profile @dult T4 concentrations, where it meant that
of HIGH, LOW and NORM:HCHF sheep, as females had increased T4 compared to males,
they increased serum T4 throughout 68 hourdn all groups, including NORM:CONV and
of fasting. Decreasing leptin levels during Visual inspection of results did not imply any
fasting is a signal to suppress proTRH gene@Pparent dimorphic pattern between males and
expression within neurons of the PVN and thusfemales.

reduce hypothalamic TRH release, and
systemic administration of leptin has been
shown to prevent this fasting induced
suppression (Légradet al, 1997). Early-life
overnutrition has been shown to have the
potential to induce lasting leptin resistance and

hyperleptinemia  (Glavas et = al,  2010; differentiallyprogramme HPT axis function,

KJaergaa_rd et al, 2016) and late gestation adult thyroid state seemed to be unidirectional
overnourished sheep have been shown tag

present with increased leptin in adulthood depressed, varying in severity. Early-life

... overnutrition independently predisposed for
(Longet al, 2010), and prenatal undernutrition adult central hypothyroidism. Adult LOW

Conclusions

Overall, there were pronounced effects of both
late gestation and early postnatal malnutrition
on central and peripheral HPT axis function.
Although development of adult metabolic
disease was proposed to
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Table 1 Primer sequences and accession numbers fgoplied genes

Gene Full name Overall function Tissue Primer sequence NCBI Accession No. Annealing temp. (°C) Efficiency
cyes Cyclophiline B Reference gene All (-adipose tissues) FW: GATCCAGGGTGGAGATTTCAC; RV: GGCCCATAGTGTTTAAGCTTG  AJI865374 (Oa) 60 1.9
ACTB Beta actin Reference gene Adipose tissues FW: ACCCAGATCATGTTCGAGACCTT; RV: TCACCGGAGTCCATCACGAT ~ AY141970 (Bt) 60 1.8
SLC5A5 Sodium iodide symporter Mediates iodide uptake in thyroid follicles Thyroid (L)CGGAATCATCTGCACCTTCT; (R)GGACAACCCAGAAACCACTC XM_581578.5 (Bt) 60 1.9
YD lodotyrosine deiodinase Deiodinates tyrosines Thyroid, liver (L)TTCTCCCACAGTCGATACCC; (R)ATCTGGGTCCTTCACAACCA NM_001102165.1 (Bt) 60 22
DIO1 Deiodinase 1 Deiodinates T3/4 in target tissues Liver, kidney, thyroid (L)AGGCTCTGGGTCCTCTTTCA; (R)CCCATGGCCAGGATGTTCTT XM_004001999.1 (Oa) 60 1.9
DIO2 Deiodinase 2 Deiodinates T3/4 in target tissues Peripheral tissues (L)GTGGCTGACTTCCTGTTGGT; (R)GCATCGGTCTTCCTGGTTC NM_001010992 (Bt) 60 2.0
DIO3 Deiodinase 3 Deiodinates T3/4 in target tissues Hypothalamus, pituitary, thyroid (L)TCTACATCGAGGAAGCGCAG; (R)AGCTGCTGGAGTTGGTCATC NM_001122650.1 (Oa) 60 1.9
TPO Thyroid peroxidase lodine oxidation and binding Thyroid (L)ATCACGGATTCCAACTCCAA; (R)GGGTCCACTTCATCCTCACA XM_603356.5 (Bt) 60 1.9
TG Thyroglobulin TH storage molecule Thyroid (L)GAGCAGGTTTCCAGAGGTGT; (R)AGAGTGGTCTCAGCGAAGGT NM_173883.2 (Bt) 60 2.0
TSHr Thyroid stimulating hormone receptor Thyroidal TSH sensing & TH secretion Thyroid, hypothalamus, adipose tissues (L)JGGGAGTGAGGAGATGGTGTG; (R)GAGGATGACCAGGACGAAGA NM_001009410.1 (Oa) 60 2.0
THRA Thyroid hormone receptor alpha Target gene activation or repression All (-thyroid) (L)CCTCTTCTCTCCTCCCTCTC; (R)TTGTCCGCTCTTAGTTCTCC NM_001100919.1 (Oa) 60 1.9
THRB Thyroid hormone receptor beta Target gene activation or repression All (-thyroid) (LJGAAGCTCGTGGGAATGTCT; (R)GCCTTTGCACTTCTTCTCCT NM_001190391.1 (Oa) 57 22
TRHr Thyrotropin-releasing hormone receptor Pituitary TRH sensing & TSH secretion Pituitary (LIGGGTCTATGGCTACGTTGGA; (R)GAGAAACTGGGCTTTGATGG NM_001009407.1 (Oa) 60 2.1
SLC16A2 Solute carrier organic anion transporter 16A2 TH membrane transporter All (L)GCCTCCATACCAGCTCCTTC; (R)CCAGGATGACGAGAGATGGC XM_004022631.1 (Oa) 60 2.0
NCOR1 Nuclear receptor co-repressor 1 Supress target gene transcription Al (L)TCAGCAGGCTCCATCTCTCT; (R)GGGCTCTGACCAGTAAACCC XM_004012724.1 (Oa) 60 1.8
HDAC3 Histone deacetylase 3 Supress target gene transcription Al (L)CACTGCTGGTAGAAGAGGCC; (R)TCTGATTCTCGATGCGGGTG XM_004008901.1 (Oa) 60 2.0
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Figure 1 Basal serum concentrations of total T4 (nM), tatal(ng/ml) and TSH (ng/ml) from 1-day-old
lambs, of twin-pregnant ewes exposed to dietsllingi 100% (NORM) or 150% required energy and
110% protein (HIGH) and 50% required energy andgino(LOW). Data are presented as least square
means+SEM. Experimental design and dietary treankave been fully described in the legend to
Figure 2. Significant differences are2®05, **P<0.01, or ***P<0.001.
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Figure 2 LSmeans+SEM of serum total T4 (nM), total T3 (ng/arhd TSH (ng/ml) in 6-month-old lambs as affedbgdhutrition received in late
fetal life (Pre) and the first 6 months of posthéfa (Post). Samples are from O hour- (basal)h24drs- and 44 hours- fasted lambs, effect of time
is not shown for T4 and TSH as the change was aéqul groups. Response over time can be seenpppl&mentary Figure 1. Lambs were from
twin-pregnant ewes, exposed to diets fulfilling Z®DONORM) or 150% required energy/110% protein (H)&id 50% required energy and protein
(LOW). Twin offspring were assigned each their expental diet from 3 days to 6 months postparturapaventional diet of milk replacer and
hay until 8 weeks, followed by hay only, adjusted fhoderate growth rates of app. 225 g/day (CONNVaroobesogenic high carbohydrate, high
fat diet (HCHF) based on cream-milk replacer mig avlled maize supplement. Twins were assignednpte treatments, ensuring best possible
uniform gender distribution (first priority) andrtii weight distribution (second priority). Thuseth treatment groups in present experiment were:
NORM:CONV, NORM:HCHF, HIGH:CONV, HIGH:HCHF, LOW:COM and LOW:HCHF. MBW (3m): metabolic body weight &itmonths.
*P<0.05, **P<0.01, or ***P<0.001.
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Figure 3 LSmeanstSEM of serum total T4 (nM), total T3 (ng/mhd TSH (ng/ml) in 2%%-year-old sheep, with adngtof adequate nutrition
(NORM), overnutrition (HIGH) or undernutrition (LOWnN late gestation, combined with a conventio®&DNV) or a High-Carbohydrate-High-
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and dietary treatments have been fully describatiénegend to Figure 2. Pre: prenatal diet; Rosstnatal diet; MBW: metabolic body weight.
*P<0.05, **P<0.01, or ***P<0.001.
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Figure 4 LSmeans+SEM of relative gene expression withinttjygothalamus, for the gen@SHr, THRa, THRb,
SLC16A2, NCOR1, DIO2, DIO&8nd HDACS3 in 6-month-old lambs and 2%:-year-old sheep, withisiory of

adequate nutrition (NORM), overnutrition (HIGH) andernutrition (LOW) in late gestation, combinedthwa

conventional (CONV) or a High-Carbohydrate-High-BCHF) diet for the first 6 postnatal months, gieg 6

experimental groups: NORM:CONV, NORM:HCHF, HIGH:C®&N HIGH:HCHF, LOW:CONV and
LOW:HCHF. Experimental design and dietary treatradragve been fully described in the legend to Figurere:
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Figure 5 LSmeans+SEM of relative gene expression withingittary, for the gene$RHr, THRa, THRb, DIO2,
DIO3, SLC16A2and NCOR1in 6-month-old lambs and 2%2-year-old sheep, withistory of adequate nutrition
(NORM), overnutrition (HIGH) or undernutrition (LOWN late gestation, combined with a conventio@D{\V)
or a High-Carbohydrate-High-Fat (HCHF) diet for tfest 6 postnatal months, yielding 6 experimergedups:
NORM:CONV, NORM:HCHF, HIGH:CONV, HIGH:HCHF, LOW:COM and LOW:HCHF. THRa was not
sufficiently expressed in adult sheep and therefonidted. Experimental design and dietary treatsmdiatve been
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Carbohydrate-High-Fat (HCHF) diet for the first Gosmatal months, vyielding 6 experimental groups:
NORM:CONV, NORM:HCHF, HIGH:CONV, HIGH:HCHF, LOW:CONM and LOW:HCHF. Experimental
design and dietary treatments have been fully destin the legend to Figure 2. Pre: prenatal dtest: postnatal
diet; MBW: metabolic body weight. .05, **P<0.01, or ***P<0.001.

SLC16A2,



Q

Expression relative to CYCB

(o}

Expression relative to CYCB

(]

Expression relative to CYCB

Pre*Post P=0.01

TH Rb Birth weight P=0.03
Sex P=0.01
1,20
. _x
1,00
P=0.09
0,80 -
0,60 -
0,40 -
0,20 -
0,00 : , ‘ ‘
Q & Q « Q «
oé Q\Cz\ 0‘\ Q\Q‘ o@ Q\Cz\
RS T
Q 9
s & 3 S S 9
Post P=0.05
IYD Birth weight
4,00
3,50 -
3,00 - * "
2,50 -
2,00 - .
1,50
1,00 -
0,50 -
0,00 - : , ‘ ‘ ‘
Q & Q « Q .
& S S & & &
& & £ X < R
‘b@. Q® \(5?“ \62* 0$. 0$
N N N Q K K
Post P=0.02
0,70 4
0,60 -

0,50 -
0,40 -
0,30
0,20
0,10 -
0,00

o

Expression relative to CYCB

Q.

Expression relative to CYCB

Expression relative to CYCB

SLC16A2 Birth weight
P<0.0001
xx Pre P=0.008
*
I__\
*
I I
*
Os\ 023 Oe\\ Czs
O X C X
& & N N
X ] v N
Post P=0.06
DIO2 MBW P=0.03
1,80 -
1,60 -
1,40 -
1,20 -
1,00 -
0,80
0,60 -
0,40 -
0,20 -
0,00 - T T T T T |
Q & Q & Q &
> < & < & &
Y X O X © X
’ & & \Gz‘ o$' 0$
$0 eo X 0 > N
THRa: MBW P=0.04
DIO1: sex P=0.007
1,60
1,40
1,20 B NORM:CONV
1,00 - # NORM:HCHF
0,80 - o HIGH:CONV
0,60 - I B HIGH:HCHF
0,40 - H LOW:CONV
0,20 - LOW:HCHF
0,00 T T |
THRa DIO1 NCOR1

Figure 8 LSmeans+SEM of relative gene expression in livesue, for the geneBHRa, THRb, DIO1, DIO2,
SLC16A2, IYD, NCORAnd HDAC3 in 2Y%-year-old lambs, with a history of adequatdrition (NORM),

overnutrition (HIGH) or undernutrition (LOW) in latgestation, combined with a conventional (CONVadtigh-

Carbohydrate-High-Fat (HCHF) diet for the first Gosmnatal months, yielding 6 experimental groups:
NORM:CONV, NORM:HCHF, HIGH:CONV, HIGH:HCHF, LOW:COM and LOW:HCHF. Experimental
design and dietary treatments have been fully de=itin the legend to Figure 2. Pre: prenatal dtest: postnatal
diet; MBW: metabolic body weight. ¥9.05, **P<0.01, or ***P<0.001.



Relative gene expression in kidney tissue of 6-months-old lambs
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Figure 9 LSmeans+SEM of relative gene expression in kidiesue, for the geneBHRa, THRb, DIO1, DIO2,
SLC16A2, NCORandHDAC3 in 6-month-old lambs and 2%:-year-old sheep, witlistory of adequate nutrition
(NORM), overnutrition (HIGH) or undernutrition (LOWnN late gestation, combined with a conventiofZD{NV)
or a High-Carbohydrate-High-Fat (HCHF) diet for tfest 6 postnatal months, yielding 6 experimergedups:
NORM:CONV, NORM:HCHF, HIGH:CONV, HIGH:HCHF, LOW:COM and LOW:HCHF. DIO2 was not
successfully quantified in adult sheep and theestonitted. Experimental design and dietary treatmbave been
fully described in the legend to Figure 2. Pre:natal diet; Post: postnatal diet; MBW: metabolidbaveight.
*P<0.05, **P<0.01, or ***P<0.001.
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Relative gene expression in cardiac muscle of 6-months-old sheep
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Figure 10 LSmeanszSEM of relative gene expression in cardiascle, for the genesHRa, THRb, DIO2,
SLC16A2, NCORandHDAC3 in 6-month-old lambs and 2%:-year-old sheep, witlistory of adequate nutrition
(NORM), overnutrition (HIGH) or undernutrition (LOWnN late gestation, combined with a conventiofZD{NV)
or a High-Carbohydrate-High-Fat (HCHF) diet for tfest 6 postnatal months, yielding 6 experimergedups:
NORM:CONV, NORM:HCHF, HIGH:CONV, HIGH:HCHF, LOW:COM and LOW:HCHF. Experimental
design and dietary treatments have been fully de=itin the legend to Figure 2. Pre: prenatal dtest: postnatal
diet; MBW: metabolic body weight. ®¥9.05, **P<0.01, or ***P<0.001.
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Relative gene expression in biceps femoris of 6-months-old lambs
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Figure 11 LSmeans+SEM of relative gene expression in bicep®fis muscle tissue, for the gefé$Ra, THRD,
DIO2, SLC16A2, NCORandHDAC3 in 6-month-old lambs and 2¥%z-year-old sheep, withistory of adequate
nutrition (NORM), overnutrition (HIGH) or undernition (LOW) in late gestation, combined with a centional

(CONV) or a High-Carbohydrate-High-Fat (HCHF) dfet the first 6 postnatal months, yielding 6 expegntal

groups: NORM:CONV, NORM:HCHF, HIGH:CONV, HIGH:HCHF,LOW:CONV and LOW:HCHF.

Experimental design and dietary treatments have bdly described in the legend to Figure 2. Prenatal diet;

Post: postnatal diet; MBW: metabolic body weighR<®.05, **P<0.01, or ***P<0.001.
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gene expression in isi dorsi of 6. th-old lambs
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Figure 12 LSmeans+SEM of relative gene expression in longisirdorsi muscle tissue, for the geridsRa,
THRb, DIO2, SLC16A2, NCORdnd HDAC3 in 6-month-old lambs and 2%-year-old sheep, withisory of
adequate nutrition (NORM), overnutrition (HIGH) andernutrition (LOW) in late gestation, combinedthwa
conventional (CONV) or a High-Carbohydrate-High-BCHF) diet for the first 6 postnatal months, gieg 6
experimental groups: NORM:CONV, NORM:HCHF, HIGH:CON HIGH:HCHF, LOW:CONV and
LOW:HCHF. Experimental design and dietary treatradrgve been fully described in the legend to Figurere:
prenatal diet; Post: postnatal diet; MBW: metabblicly weight. *R0.05, **P<0.01, or **P<0.001.
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Relative gene expression in subcutaneous fat of 6-month-old lambs
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Figure 13 LSmeans+SEM of relative gene expression in subewotas fat, for the geneBHRa, THRb, TSHIr,
DIO2, SLC16A2, NCORandHDAC3 in 6-month-old lambs and 2Y%2-year-old sheep, withistory of adequate
nutrition (NORM), overnutrition (HIGH) or undernition (LOW) in late gestation, combined with a centional
(CONV) or a High-Carbohydrate-High-Fat (HCHF) dfet the first 6 postnatal months, yielding 6 expegntal

groups:

NORM:CONV, NORM:HCHF, HIGH:CONV, HIGH:HCHF,LOW:CONV and LOW:HCHF.

Experimental design and dietary treatments have bély described in the legend to Figure 2. Prenatal diet;
Post: postnatal diet; MBW: metabolic body weigh<®.05, **P<0.01, or ***P<0.001.
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Relative gene expression in abdominal fat from 6-month-old lambs
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Figure 14 LSmeans+SEM of relative gene expression in abddnfénafor the gene§HRa, THRb, TSHr, DIO2,
SLC16A2, NCORandHDACS3in 6-month-old lambs and 2Y2-year-old sheep, wittistory of adequate nutrition
(NORM), overnutrition (HIGH) or undernutrition (LOWnN late gestation, combined with a conventio@D{\V)
or a High-Carbohydrate-High-Fat (HCHF) diet for st 6 postnatal months, yielding 6 experimergedups:
NORM:CONV, NORM:HCHF, HIGH:CONV, HIGH:HCHF, LOW:COM and LOW:HCHF. Experimental
design and dietary treatments have been fully destin the legend to Figure 2. Pre: prenatal dlest: postnatal
diet; MBW: metabolic body weight. .05, **P<0.01, or ***P<0.001.
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Figure 16 Summary of long-term effects of prenatal- undeiitiah or overnutrition combined with conventional
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female). Experimental design and dietary treatmbate been fully described in the legend to Figutecluded
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Supplementary Figure 1LSmeans+SEM of serum total T4 (nM), total T3 (n/and TSH (ng/ml) in 6-month-
old lambs (male and female) with a history of addgunutrition (NORM), overnutrition (HIGH) or undwitrition
(LOW) in late gestation, combined with a converdlbfCONV) or a High-Carbohydrate-High-Fat (HCHFgdior
the first 6 postnatal months, yielding 6 experimaérgroups: NORM:CONV, NORM:HCHF, HIGH:CONV,
HIGH:HCHF, LOW:CONV and LOW:HCHF. Group differencesave been illustrated in Figure 2 and
experimental design and dietary treatments hava hdly described in the legend to Figure 2. Prenatal diet;
Post: postnatal diet; MBW: metabolic body weight.
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