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Andlise de padrées homeostaticos em conceptos bovinos clones no Dia 225 da gestacéao
e associacao com alteracdes fenotipicas fetais e placentariast
Autor: Elvis Ticiani
Orientador: Marcelo Bertolini

Resumo: Anormalidades de desenvolvimento apds a producdo de embrides bovinos por
transferéncia nuclear de célula somatica (SCNT) podem interferir no crescimento fetal e
placentério em um conjunto de sintomas denominado de Sindrome do Bezerro Anormal (SBA).
O objetivo deste estudo foi comparar as caracteristicas fenotipicas com os perfis bioquimicos,
metabdlicos e os padrdes de expressao génica de conceptos bovinos no Dia 225 de gestacao,
estabelecidas in vivo (IVD) por superovulagédo e inseminacgédo artificial, ou in vitro tanto por
fecundacgéo in vitro (IVF) quanto por Handmade Cloning (NT-HMC). Avalia¢des biogquimicas
foram realizadas no plasma fetal e materno e nos fluidos fetais, e a expresséo de genes chave
para o desenvolvimento do concepto foi analisada por PCR quantitativo (RT-qPCR) em tecido
hepético fetal e em diferentes tipos de placentdnios (A, B, C), classificados de acordo com o
aspecto morfoldgico. Os dados foram analisados pelo procedimento MIXED do sistema SAS. A
maioria dos parametros fetais para fungdes hepaticas e renais, metabolismo da hemoglobina e
osmolaridade no plasma fetal e nos liquidos amnidtico e alantdico, concentragdes de glicose,
frutose, triglicerideos e VLDL no plasma fetal, e a quantidade total de glicose e frutose no fluido
alant6ico foram maiores nos clones do que nos grupos IVD e IVF. No figado fetal, houve
diferenca nos niveis de expressdo génica indicando menor atividade nas vias frutolitica,
gliconeogénica, via das pentoses fosfato, sintese de colesterol e serina, e aumento de atividades
frutogénica e lipogénica em clones do que em controles. Na placenta, ndo houve diferenca entre
0S grupos para expresséao génica, porém houve padrdo de expressao distinto entre os diferentes
tipos de placenténios, em uma possivel compartimentalizagdo metabdlica na placenta de
bovinos. Quando comparado a placentdnios com morfologia fisiol6gica (tipos A e B), houve um
aumento na expressdo de transportadores de glicose e diferenca significativa nas vias
metabdlicas em placenténios tipo C, sugerindo o transporte ativo de glicose e sintese de frutose
pelo placenténio tipo C. Como a propor¢éo e massa de placentdnios tipo C sao significativamente
maiores em conceptos clonados, tais fungcdes metabdlicas parecem ser intensificadas em clones,
levando a alteragdes bioquimicas que promovem o crescimento fetal e até a processos
patolégicos, como uma possivel lipidose hepéatica em fetos clonados. Tais mudancas
homeorréticas podem estar associadas a mudangas na programacao fetal metabdlica e oferta
excessiva de nutrientes ao figado em gestacdes de clones, levando a alteracdes tipicas da SBA
em conceptos produzidos pela clonagem por TNCS.

Palavras-chave: Sindrome dos Bezerros Anormais, clonagem por transferéncia nuclear,

placentomas

‘Tese de Doutorado em Zootecnia — Producdo Animal, Faculdade de
Agronomia, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brasil.
(p-119) Dezembro, 2018.



Analysis of homeostatic patterns in bovine cloned concepti at Day 225 of gestation and
association with phenotypical fetal and placental changes?
Author: Elvis Ticiani
Advisor: Marcelo Bertolini

Abstract: Developmental abnormalities after production of embryos by somatic cell nuclear
transfer (SCNT) may affect fetal and placental growth in a set of symptoms termed Abnormal
Offspring Syndrome (AOS). The objective of this study was to compare phenotypic characteristics
with biochemical, metabolic and gene expression patterns of bovine conceptus at Day 225 of
gestation, established in vivo (IVD) by superovulation and artificial insemination, or in vitro both
by in vitro fertilization (IVF) and Handmade Cloning (NT-HMC). Biochemical evaluations were
performed in fetal and maternal plasma and in fetal fluids, and expression of key genes for the
development of the concept was analyzed by quantitative PCR (RT-gPCR) in fetal liver and in
different types of placentomes (A, B, C), classified according to the morphological aspect. The
data were analyzed by the MIXED procedure of the SAS system. Most fetal parameters for liver
and kidney functions, hemoglobin metabolism, and osmolarity in fetal plasma and in the amniotic
and allantoic fluids were significantly higher in clones than in the in vivo control group, but no
diferences. Glucose, fructose, triglycerides and VLDL concentrations in fetal plasma, and the total
amount of glucose and fructose in the allantoic fluid were higher in the clones than in the IVD and
IVF groups. In the fetal liver, there was a difference in the levels of gene expression indicating
lower fructolysis, gluconeogenesis, phosphate pentoses pathway, cholesterol and serine
synthesis, and an increase of fructogenic and lipogenic activities in clones than in controls. In the
placenta, there was no difference between the groups for gene expression, but there was a
distinct pattern of expression between the different types of placentones, in a possible metabolic
compartmentalization of the bovine placenta. When compared to placentomes with physiological
morphology (types A and B), there was an increase in the expression of glucose transporters and
a significant difference in the metabolic pathways in Type C placentomes, suggesting an active
transport of glucose and synthesis of fructose through placentone Type C. The proportion and
mass of Type C placentomes are significantly higher in cloned conceptus; so metabolic functions
seem to be intensified in clones, leading to biochemical changes that promote fetal growth and
even pathological processes such as possible hepatic lipidosis in cloned fetuses. This way
homeorrhetic changes may be associated with changes in metabolic fetal programming and
excessive nutrients supply to the liver in gestations of clones, leading to typical alterations of AOS
in conceptus produced by TNCS.

Keywords: Abnormal Offspring Syndrome, cloning by nuclear transfer, placentome.
1Doctoral thesis in Animal Science - Faculdade de Agronomia, Universidade
Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil. (119 p.) December,
2018.



SUMARIO

CAPITULO Lttt sttt nas 12
1. INTRODUGAO ... ..coiiiieeie ettt 13
2. REVISAO DA LITERATURA ... .ottt 17
2.1 Papel do metabolismo no desenvolvimento do concepto na fase
(=T a0] o] T0] g F- T g - T 17
2.2 Papel do metabolismo no desenvolvimento do concepto na fase fetal 20
2.3 Programacgao MetabOliCa............uuuveiiiiiiiiiiiiiiiicece e 25
3. HIPOTESE E OBJIETIVOS ....oooveieeeeeeeeeeeeeeee e 32
CAPITULO Il 34
Biochemical and metabolic profiles in in vivo- and in vitro-derived concepti in
l[ate pregnancy iN Cattle..............uuuuiiiiiiiiiiii 35
ABSTRACT it 36
INTRODUCTION ..ot e e e e e e e e e e e eees 37
MATERIAL AND METHODS .......oooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeee e 38
S 1 1 R T 46
DISCUSSION ..oiiiiiiiiiiiiiiietiee ettt ettt ettt e et e e e e e e e eeeeee e e ee e et e eeeeeeeeeeeeeeees 56
ACKNOWLEDGEMENTS ... o 66
REFERENGCES .......ooiiiiiiiiiiiiiiiitiieeeeeeeeeee ettt e e e e e e e eeeeeees 66
CAPITULO ittt 71
Evidence of metabolic compartmentation in the bovine placenta and
significance for the regulation of placental function and foetal growth......... 72
ABSTRACT et 73
INTRODUCTION ..o e e e e e e e e e e eanaeees 74
MATERIALS AND METHODS.......coiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 75
S 1 1 I T 79
D IS G105 35 [ N P 83
ACKNOWLEDGEMENTS ... o 89
REFERENGCES ......oootiiiiiiiiiiiiiiieieeeeeeeeeeeeeee ettt e e e e e e eeeeeees 89
4. CONCLUSOES E CONSIDERACOES FINAIS........ccooveeeeeeeeene, 94
5. REFERENCIAS — Introducéo e Revisdo de Literatura........................ 96
6. APENDICES ....oiiiiieiiicieie ettt 106
6.1 GUIDE FOR AUTHORS - Reproduction.................ccueeeeeeemeemmennnnnnnnnns 106
6.2. Publicacdo do periodo SanduiChe................eeuviiiiiiiiiiiiiiiiiiiiiiies 116

A YA 1 1 P 117



RELACAO DE TABELAS

CAPITULO Il

Table 1.

Table 2.

Selected physical traits for in vivo-derived (IVD), IVF-produced and
cloned (NT-HMC) bovine concepti on Day 225 of gestation .... 40

Primer sequences, GenBank accession codes, amplicon sizes, and
gene functions for transcripts analysed by real time qPCR in Day-
225 IVD control, IVF-derived and NT-HMC cloned Bos taurus var.
indicus foetal and maternal liver samples .................ccooenee. 43

CAPITULO Il

Table 1.

Table 2.

Selected conceptus physical traits for Bos taurus var. indicus in
vivo-derived (IVD) concepti and concepti produced either by in vitro
fertilisation (IVF) or nuclear transfer by handmade cloning (NT-
HMC) procedures, on Day 225 of gestation......................... 77
Relative gene transcription in types A, B and C placentomes (LSM
+ SEM) between Bos taurus var. indicus in vivo-derived (IVD)
concepti and concepti produced either by in vitro fertilisation (IVF)
or nuclear transfer by handmade cloning (NT-HMC) procedures, on
Day 225 of gestation (LSM £ SEM)...........ccooiiiiiiiiiiii . 80



RELACAO DE FIGURAS

CAPITULO |

Figura 1. Efeito da restricdo da dieta no crescimento pré-natal e peso ao
nascer em ovinos (Fowden et al., 2006).........cccccceeeveiiiiiiiieeiiininnns 21

Figura 2. Taxa de crescimento absoluto do concepto bovino durante a
gestacédo (Eley et al., 1978; Prior & Laster, 1979; Ferrell, 1989,
1991ab; Reynolds et al., 1990)..........ciiiiiiiiiieiieeeeeeeeeeee, 22

CAPITULO I

Figure 1. Simplified intracellular pathways involved in the intermediate
metabolism in the liver, and interface with blood components
associated with systemic metabolisSm.................oviiiiiiiiiiiieeeeeeee, 399

Figure 2. Biochemical parameters for liver and renal functions, hemoglobin
metabolism and osmolality in maternal and/or foetal plasma and
foetal fluids between Bos taurus var. indicus in vivo-derived (IVD)
concepti and concepti produced either by in vitro fertilisation (IVF)
or nuclear transfer by handmade cloning (NT-HMC) procedures,
on Day 225 of gestation (LSM + SEM). (a) Foetal plasma lactate
dehydrogenase (LDH) and alkaline phosphatase (ALP)
concentrations. (b) Foetal plasma alanine aminotransferase
(ALT), aspartate aminotransferase (AST), gamma glutamyl
transpeptidase (GGT), and total plasma protein (TPP)
concentrations. (c) Foetal plasma conjugated, unconjugated and
total bilirubin concentrations. (d) Foetal plasma creatinine and uric
acid concentrations. (e) Foetal plasma concentrations of
components of the lipid metabolism (tryglycerides, cholesterol,
HDL, LDL, VLDL). (f) Foetal plasma urea concentrations. a,b:
Columns for each parameter without common superscripts (a,b)
differ; P<0.05 ....ccooeeeeiiiiiieeeeeeeeie, 498



Figure 3.

Figure 4.

Figure 5.

Glucose (Glu) and fructose (Fru) concentrations (mM),
concentration differences (mM), and total amounts (mM) in the
plasma and foetal fluids between Bos taurus var. indicus in vivo-
derived (IVD) concepti and concepti produced either by in vitro
fertilisation (IVF) or nuclear transfer by handmade cloning (NT-
HMC) procedures on Day 225 of gestation (LSM + SEM). (a)
Glucose and fructose concentrations in the foetal vein (FV) and
artery (FA). (b) Voenous-arterial glucose and fructose
concentration differences in the foetal plasma. (c) Glucose and
fructose concentrations in the foetal fluids. (d) Total glucose in the
foetal fluids. (e) Total fructose in the foetal fluids. (f) Glucose and
fructose clearance rates by the foetal system. Columns for each

parameter without common superscripts (a,b) differ;

Maternal and foetal plasma and foetal fluids osmolality between
Bos taurus var. indicus in vivo-derived (IVD) concepti and concepti
produced either by in vitro fertilisation (IVF) or nuclear transfer by
handmade cloning (NT-HMC) procedures on Day 225 of gestation
(LSM = SEM). Columns for each parameter without common
superscripts (a,b) differ; P<0.05.......cccccceeeeeiiiieeiiiiieees

Relative gene transcription in foetal liver (LSM + SEM) between
Bos taurus var. indicus in vivo-derived (IVD) concepti and concepti
produced either by in vitro fertilisation (IVF) or nuclear transfer by
handmade cloning (NT-HMC) procedures on Day 225 of gestation
(LSM £ SEM). Gene products for (a) sodium-independent
facilitated hexose transporters (SCL2A1, SCL2A2, SCL2A3, and
SCL2A5); (b) glyconeogenic enzymes (PCK, G6PC, and FBP1);
(c) pentose phosphate pathway (G6PD), fatty acid synthesis
(ACACA and FASN) and cholesterol synthesis (HMGCR); (d)
glycolytic enzymes (LDHA and LDHB); (e) fructolytic enzymes
(KHK, DAK, and ALDOB); (f) serine synthesis (PHGDH and
PSAT); (g9) IGF system (IGF1, IGF2, IGF1lr, and IGF2r); (h)

50

51



apoptosis (BAX, BCL2, and ratio BAX/BCL2). See text and Table
2 for details on genes and abbreviations. Columns for each gene
transcript  without common  superscripts (a,b)  differ;

CAPITULO 1l

Figure 1.

Figure 2.

Distribution of placentome numbers and weights (mean + s.e.m)
by type in the in vivo-derived (IVD), IVF-derived and nuclear
transfer—handmade cloning-derived (NT-HMC) groups on Day
225 of gestation. (A) Mean number of placentomes and (B)
placentome weights according to placentome type (types A-D)
per animal. a,b: Columns with different superscript letters within
each placentome type differ significantly (P < 0.05). Summarised
from Gerger et al. (2016)......ccceeiiiiiieiiiiiieeeeee e
Relative gene transcription patterns in placentomes (LSM + SEM)
between Bos taurus var. indicus in vivo-derived (IVD) concepti
and concepti produced either by in vitro fertilisation (IVF) or
nuclear transfer by handmade cloning (NT-HMC) procedures on
Day 225 of gestation (LSM + SEM). Gene products for (A) sodium-
independent facilitated hexose transporters (SCL2A1, SCL2A3
and SCL2A5); (B) lipid metabolsim; (C) fructolysis; (D)
fructogenesis; (E) placental function; (F) components of the IGF
system. a,b: Columns for each gene transcript without common

superscripts differ; P<0.05.

53

78

83



RELACAO DE APENDICES

GUIDE FOR AUTHORS - Reproduction



RELACAO DE ABREVIATURAS E SIGLAS

5mC Residuos de citosina 5'

ACACA Acetil-CoA carboxilase a

ACTB B-actina

ACTH Hormonio exdgeno adrenocorticotréfico
AKR1B1 Aldose reductase

AKT Triokinase

ALDOB Aldolase B

ALP Fosfatase alcalina

ALT Alanine aminotransferase

AOS Abnormal Ooffspring Syndrome

AR Aldose redutase

AST Aspartato aminotransferase

BAX BCL2-associated X protein

BCL2 B-cell lymphoma 2

bPAG1 Pregnancy-associated glycoprotein 1
BPL Lactogénio placentario bovino
chREBP Carbohydrate responsive element binding protein
Clv Cultivo in vitro

CL Corpo lateo

CPP Ciclo das pentoses fosfato

D20 Oxido de deutério

DMR Regibes diferencialmente metiladas
DNMT1 DNA cytosine-5-methyltransferase 1
E2 Estradiol

FASN Acido graxo sintase

FBP1 Frutose-1,6-bisfosfatase

FIV Fecundacao in vitro

G6P Glicose 6-fosfato

G6PC Glicose-6-fosfatase

G6PD Glicose-6-fosfate desidrogenase
GAP Gliceraldeido-3-fosfato

GGT y-glutamil transpeptidase

GLUT Transportador de glicose

HDL High-density lipoproteins

HMGCR 3-hidroxi-3-metilglutaril-coa redutase
IGF1 Insulin-like growth factor 1

IGF1r Receptor do IGF 1

IGF2 Insulin-like growth factor 2

IGF2r Receptor do IGF 2

IVD In vivo-derived

IVF In vitro fertilization

IVP In vitro production



KHK
LDH
LDHA
LDHB
LDL
MBD
MIV
NT-HMC
P4
P450
PCK1
PEPCK
PHGDH
PIV
PP2A
PSAT
RBC
RPS9
RT-gPCR
SBA
SCNT
SLC2A1
SLC2A2
SLC2A3
SLC2A5
SORD
TKFC
TN
TNSC
TPP
TSC2
VLDL
Xu-5P

Frutoquinase

Lactato desidrogenase

Lactato desidrogenase A

Lactato desidrogenase B
Low-density lipoprotein

Proteinas do dominio de ligacdo metil-CpG
Maturacao in vitro

Nuclear transfer-handmade cloning
Progesterona

Citocromo P450
Fosfoenolpiruvato carboxiquinase
Fosfoenol piruvato carboxiquinase
Fosfoglicerato desidrogenase
Producéo in vitro

Proteina fosfatase 2A

Fosfoserina aminotransferase
Red blood cells

Ribosomal protein S9

Real time quantitative PCR
Sindrome dos Bezerros Anormais
Somatic cell nuclear transfer
Solute carrier family 2 member 1
Solute carrier family 2 member 2
Solute carrier family 2 member 3
Solute carrier family 2 member 5
Sorbitol desidrogenase
Dihidroxiacetona quinase 2
Transferéncia nuclear
Transferéncia Nuclear de Célula Somética
Total plasma protein
AKT-tuberous sclerosis complex 2
Very-low-density lipoprotein
Xilulose-5 fosfato



CAPITULO |

12



13

1. INTRODUCAO

Transcorreram-se mais de trés décadas desde o primeiro sucesso na
producdo de bovinos pela técnica da fecundacéo in vitro, ou FIV (Brackett et al.,
1982) e desde a primeira clonagem de um mamifero (ovino) por transferéncia
nuclear (TN) utilizando blastbmeros de embrides em estadios iniciais de
desenvolvimento (Willadsen et al., 1986). Com o dominio de todas as etapas de
producdo de embrides completamente in vitro, incluindo a maturacado (MIV),
fecundacado (FIV) e cultivo (CIV) in vitro, alcancamos um avanco cientifico
consideravel em varias areas afins de conhecimento (foliculogénese, maturacao
folicular e ovocitaria, fecundacao, desenvolvimento embrionario, entre outras). O
nascimento de Dolly em julho de 1996 por TN utilizando o nucleo de uma célula
somatica de um individuo adulto (Wilmut et al., 1997) representou a queda de
um importante dogma biolégico, ou seja, que células somaticas diferenciadas
nao poderiam ser reprogramadas a um estado toti- ou pluripotente que
permitisse o desenvolvimento de um novo individuo. Subsequentemente, a
aplicacdo da clonagem de adultos por TN com células sométicas (TNCS) foi
confirmada em varias espécies mamiferas (Kato et al., 1998; Wakayama et al.,
1998; Baguisi et al., 1999; Polejaeva et al., 2000; Rahul et al., 2011) de animais
em risco de extincdo (Loi et al., 2001; Hammer et al., 2001) e mesmo em
espécies aquaticas (Ju et al., 2004; Sun et al., 2005; Jordéo et al., 2016). Mesmo
gue ainda ineficiente, a clonagem por TCNS também tem contribuido muito no
entendimento do metabolismo embrionario e fetal, despertando um grande
interesse em areas adicionais, como a fisiologia da gestacdo e funcao
placentaria, a reprogramacao epigenética do genoma, engenharia genética,
neonatologia, entre outras. Hoje, a producéo in vitro (PIV) de embrides bovinos
por FIV ou TNCS representa uma poderosa ferramenta que tem sido utilizada
rotineiramente tanto em nivel cientifico quanto comercial em todas as regifes do
mundo. Véarias aplicacdes da tecnologia da TNCS tém sido sugeridas, incluindo
a clonagem reprodutiva visando a preservacao de individuos com genética de
importancia econdmica e a preservagao e propagacao de espécies em extin¢ao,
até a clonagem terapéutica, com implicacfes diretas a saude humana. No

entanto, os sistemas de PIV de embrides por FIV ou TN em varias espécies
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animais, trazem consigo algumas anormalidades de desenvolvimento tanto pré-
quanto pdés-natais como consequéncia das manipulacdes embrionarias
(Willadsen et al., 1991; Behboodi et al., 1995; Farin & Farin, 1995; Bertolini et al.,
2007, 2012). Tais perturbacdes que ocorrem durante os primeiros dias de
desenvolvimento embrionario podem interferir com o crescimento embrionario
fetal e placentario em um conjunto de fendtipos alterados coletivamente
denominado em bovinos de Sindrome dos Bezerros Anormais (SBA).

O termo Sindrome dos Bezerros Anormais engloba todos os fenétipos
observado em fetos, placentas e neonatos apos a transferéncia de embrides
produzidos in vitro ou por TNCS (Farin et al., 2006). Atualmente, esses fenotipos
anormais associados ao SBA sao atribuidos a modificacdes epigenéticas
aberrantes que regulam a expressao de genes imprinting e ndo imprinting. Como
existem diferencas conhecidas na regulacao de genes entre espécies, € provavel
gue os fendtipos anormais resultantes da transferéncia de embrides PIV ou
SCNT variem entre as especies. Por exemplo, o crescimento excessivo fetal e
placentario foi observado em bovinos e ovinos (Behboodi et al., 1995; Bertolini
et al.,, 2002a; Farin & Farin, 1995; Young et al., 2001); No entanto, ndo foi
observado em suinos (Archer et al., 2003; Park et al., 2001). Os suinos clonados
exibem outras anormalidades (Archer et al., 2003; Park et al., 2001) e podem ser
especificas para suinos. Essas observacdes ddo apoio a ideia de que os
mecanismos subjacentes que geram anormalidades poés-transferéncia de
embribes PIV ou TNCS podem ser semelhantes entre as espécies. No entanto,
a variacdo na manifestacdo das anormalidades produzidas em fetos, placentas
e neonatos sdo devido as diferencas sutis em como genes especificos sdo
expressos durante o desenvolvimento de cada espécie.

O interesse crescente com respeito ao aparecimento e evolugao da SBA
pode ser evidenciado pelo numero de revisbes no assunto (Kruip & Den Daas,
1997; Bertolini & Anderson, 2002, Ogura et al., 2013, Verma et al., 2015). A SBA
foi inicialmente observada em bezerros clonados por TN com blastdbmeros
(Willadsen et al., 1991) para ser subsequentemente também demonstrada a
partir da técnica de FIV (Behboodi et al., 1995; Farin & Farin, 1995) e da TNCS
(Hill et al., 1999, 2000). A ocorréncia da SBA esta intrinsicamente associada ao
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concepto e nao a disfuncbes maternas. O grau de alteragcbes de
desenvolvimento pode variar entre embrides no mesmo cultivo, entre protocolos
de FIV e TN, ou mesmo entre laboratérios (Kruip & Den Daas, 1997). Nem todos
0s produtos, incluindo gémeos idénticos produzidos por TN, apresentam
sintomas da sindrome, o0 que demonstra o carater epigenético e/ou ambiental, e
ndo genético, deste fendbmeno. Em adicdo, o crescimento excessivo pré-natal
ndo se mantém na fase pos-natal de desenvolvimento. Sabe-se que as
condig¢des de cultivo in vitro de embrides em presenca de soro e/ou em co-cultivo
em monocamadas de células de suporte e a falha de reprogramacéo epigenética
inerente a técnica de TN estdo diretamente relacionados ao aparecimento dos
sintomas da SBA, dos quais incluem o nascimento de bezerros com peso
excessivo e com reduzida sobrevivéncia pos-natal (Hill, 2014). O peso ao nascer
€ um dos fatores determinantes na sobrevivéncia perinatal, sendo o nascimento
de bezerros com excesso de peso, fator comum e tipico da SBA, a maior causa
de mortalidade neonatal em bovinos. Um ndmero relativamente baixo de
embrides clonados sobrevive a termo (1 a 5%), os quais frequentemente
necessitam atendimento clinico intensivo ap6s o parto (Gavin et al., 2013). O
acompanhamento de bezerros clonados até a fase adulta evidenciou taxas de
mortalidade de 33% do parto ao desmame, e mais de 8% do desmame aos
quatro anos de idade (Wells et al., 2004). Apesar dos problemas pés-parto
iniciais, bezerros clonados tendem a normalizar, mas ainda ha uma maior
morbidade e mortalidade durante o periodo juvenil (Rudenko et al., 2004).
Outros sintomas menos caracterizados da SBA afetam a fase final da
gestacdo e compreendem o prolongamento da gestacao, uma menor preparacao
fisiologica da fémea pré-parto, afetando a evolucdo dos estagios da paricdo, e
um comprometimento da mamogénese pré-parto que parece afetar a
lactogénese poés-parto (Ferreira et al.,, 2013). Porém, muitos dos fenémenos
nesta fase sdo meros reflexos morfologicos, fisiologicos e metabdlicos das
anormalidades que se iniciam com uma reprogramacéo inadequada do DNA
oriundo da célula somatica, e que se traduzem em uma placentacdo e
programacao metabdlica anormais. A biodisponibilidade de certos substratos e

horménios durante a prenhez é importante para o estabelecimento de padrbes
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normais de atividade nos sistemas fisiologicos do concepto, um fenémeno
comumente chamado de programacao metabdlica (McMillen & Robinson, 2005).
De acordo com esta teoria, mudancas no padréo de suprimento de substratos
ao feto podem conduzir a modificagcdes moleculares e celulares permanentes na
atividade de 6rgaos e sistemas que podem persistir por toda a vida do individuo,
gerando o conceito da origem fetal para as doencas na fase adulta (Bertram &
Hanson, 2001), também conhecido como a Hipétese de Barker (Barker, 1999).
Por conseguinte, ndo necessariamente ha a continuidade de padrdes distintos
de expressao génica em tecidos fetais ou placentarios nessa fase, podendo os
distintos fendtipos serem manifestacbes de uma cascata de eventos morfo-
fisiologico-metabdlicos inicializados por padrbes anormais transientes de
expressao de genes importantes para as etapas iniciais de desenvolvimento do
concepto. Estas sédo ainda lacunas de conhecimento que necessitam ser melhor
esclarecidas, sendo o estudo envolvendo a PIV e a TNCS ferramentas para a
compreensao de mecanismos de anormalidades de desenvolvimento, que
quando utilizadas comparativamente a individuos controle, podem auxiliar na
elucidacdo de eventos de ordem fisiolégica ou mesmo patolégica que ja
constituem a natureza das espécies, sendo o bovino um dos modelos de maior

possibilidade de avanco de conhecimento cientifico na area.
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2. REVISAO DA LITERATURA

2.1 Papel do metabolismo no desenvolvimento do concepto na fase

embrionéria

A variabilidade das alteracdes decorrentes dos processos de manipulacao
in vitro dos embrides pela clonagem pode interferir no desenvolvimento do
concepto, compartilhando desvios de desenvolvimento desencadeados no
periodo embrionario inicial. Tais alteracdes derivadas das fases iniciais de
desenvolvimento embrionario a ativacdo do genoma sugerem disfuncdes
também no metabolismo energético, quando o embrido utiliza o piruvato como o
principal substrato energético. Entretanto, a partir do estadio de 8- a 16-células
em bovinos, ou seja, a partir da ativacdo do genoma embrionario, que ocorre um
significativo aumento do metabolismo da glicose em embrides cultivados in vitro
(Khurana & Niemann, 2000). Este aumento no metabolismo da glicose em
embrides de PIV pode estar relacionado com um desequilibrio de rotas
metabdlicas, concentracdes molares néo fisiolégicas de substratos energéticos,
ou mesmo pela expressdo anormal de enzimas chave do metabolismo
intermediario (Khurana & Niemann, 2000).

Devido ao aumento do consumo de glicose concomitante com a
progressao da fase de desenvolvimento embrionario até o estadio de blastocisto,
ocorre a elevacdo na quantidade de transportadores de glicose (GLUT, ou
SLC2A). Nas fases iniciais da gestacdo (fase embrionaria), o SLC2Al1 é
considerado a principal isoforma para o transporte de glicose por transporte
facilitado em conceptos bovinos (Wrenzycki et al., 1998), ndo exercendo
necessariamente um papel dominante na captacdo de glicose embrionéaria do
ambiente (Augustin et al., 2001), com o SLC2A3 também exercendo uma fungéo
preponderante na captacao de glicose materna pelo blastocisto (Pantaleon et al.,
1997). J& na fase placentaria da gestacdo em ruminantes, o SLC2Al se
apresenta como um importante transportador de glicose na interface materno-
placentaria, enquanto que o SLC2A3 é considerado o transportador para o

fornecimento de glicose da placenta ao feto (Ehrhardt & Bell, 1997). As
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expressdes dos genes para 0 SLC2A2 (transportador para Vvarios
monossacarideos) e para o0 SLC2A5 (transportador especifico para a frutose)
também sdo reguladas ao longo do desenvolvimento, sendo que a transcri¢cao
de SLC2A5 € iniciada no momento da ativacdo do genoma embrionario bovino
com elevada afinidade para a frutose, o que indica que o embrido é capaz de
transportar este substrato energético em estadios iniciais (Augustin et al., 2001).

Diferentes espécies metabolizam substratos energéticos por via do ciclo
das pentoses fosfato (CPP) durante as fases iniciais de desenvolvimento
embrionario. Esta via est4d diretamente relacionada a necessidade de
nucleotideos e ribose fosfato durante o inicio da transcricdo génica na fase
embrionéria, também sendo regulada de acordo com a maior disponibilidade ou
aporte de glicose na célula (O'fallon & Wright, 1986; Loskutoff & Betteridge,
1992). De acordo com Augustin et al. (2001), a absorcao de frutose, componente
comum no fluido uterino e nos fluidos fetais (Casslen & Nilsson, 1984), poderia
alterar a via de metabolizagéo de ribose fosfato para a producéo de ribose-5-
fosfato, um precursor essencial para a sintese de nucleotideos, e em médio
prazo, de lipideos. Interessantemente, um aporte de glicose mais elevado pode
induzir uma ativacdo do CPP, levando a sintese de acidos graxos, como
sinalizador de excesso de substratos energéticos, uma via proposta para
alteracBes metabodlicas em embrides bovinos produzidos in vitro e em estadios
iniciais de desenvolvimento (Camargo et al., 2008). A ativacdo da transcri¢cao
génica em resposta a carboidratos foi caracterizada inicialmente em células
hepéticas (Yamashita et al., 2001), sendo regulada pela ativacédo da proteina de
ligacdo ao elemento responsivo a carboidratos (carbohydrate responsive
element binding protein, ou chREBP). A ativagdo da chREBP ocorre pela acao
da proteina fosfatase 2A (PP2A) dependente de xilulose-5 fosfato (Xu-5P),
produto final do CPP (Nishimura & Uyeda, 1995). Uma vez ativado, o chREBP
participa da regulacéo da trascricdo de genes do metabolismo energético como
para a L-piruvato quinase (LPK) e genes de enzimas lipogénicas como a acetil-
CoA carboxilase alfa (ACACA) e a acido graxo sintase (FASN), importantes
enzimas na lipogénese (Kabashima et al., 2003). Em resumo, um maior aporte

de carboidratos ativa o CPP, incrementando a concentracao celular de Xu-5P,
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que ativa a PP2A, a qual atua sobre o chREBP, que finalmente induz no ndcleo
a expressao de genes que codificam para enzimas lipogénicas promovendo,
portanto, a lipogénese, convertendo carboidratos em lipideos (Camargo et al.,
2008). N&o obstante, tal fendbmeno ainda estd por ser demonstrado no
metabolismo embrionario e placentario-fetal.

Independente do sistema de producdo de embrides (in vitro ou in vivo),
estudos demonstraram que o metabolismo energético pode culminar com uma
maior producao de lactato em blastocistos produzidos in vitro em decorréncia do
estresse oxidativo do sistema de cultivo empregado (Javed & Wright, 1991). O
comprometimento no desenvolvimento embrionario pode acarretar distirbios na
formacdo da placenta que afetam o tamanho e a microarquitetura, causando
mudancas na transferéncia de substrato que podem levar a altera¢des no padrao
de crescimento fetal de conceptos derivados de PIV (Bertolini et al., 2004). Por
exemplo, o acumulo de lactato procedente do metabolismo energético
embrionério pode afetar o pH intracelular e gerar uma resposta fisiolégica
anormal, podendo ser um dos fatores metabdlicos que levam a apoptose celular,
reduzindo a viabilidade embrionaria, expressando um lento crescimento que
poderd afetar as fases posteriores de desenvolvimento (Rieger et al., 1995).

Aparentemente, o desenvolvimento de um embrido pés-implantacdo é
afetado pela incidéncia de apoptose nas fases de pré-implantacdo (Loureiro et
al., 2007). Dentre os diversos fatores que induzem a apoptose destacam-se a
alteracdo nas concentracfes dos fatores de crescimento, irradiacéo ionizante e
agentes que danificam o DNA sob estimulo da proteina p53, que atua como fator
de transcricdo do gene BAX (BCL2 Associated X Protein), que codifica para uma
proteina pré-apoptética. O BAX € um membro da familia das proteinas BCL2 (B-
cell ymphoma 2), que tem a capacidade de promover (BAD, BAK, BAX, BCLXS,
BIK, HRK) ou inibir (BCL2, BCLW, BCLX, BFL1, GABAR1, MCL1, NR13) a
atividade das caspases efetoras de apoptose (Jurisicowa & Acton, 2004). A
familia de genes BCL2, que inclui os genes BAX (pré-apoptética) e BCL2 (anti-
apoptética), desempenham um papel chave na ocorréncia de apoptose em
células germinativas femininas (Kim & Tilly, 2004) e séo utilizados na analise da

apoptose em oocitos e embrides (Pocar et al., 2005; Opiela et al., 2008).
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2.2 Papel do metabolismo no desenvolvimento do concepto na fase fetal

A placenta € praticamente a Unica responsavel pela interface de trocas
entre os sistemas fetal e materno, tendo um papel importante no crescimento
fetal pela regulacédo da oferta de nutrientes, sintese e transporte de hormonios,
substratos e outras substancias entre o0s sistemas. Todos 0s suportes
necessarios para o crescimento e desenvolvimento feto-placentario de origem
direta ou indiretamente do sistema materno, e os valores absolutos e relativos
de tais substratos que finalmente atingem o feto s&o transportados,
metabolizados ou modificados pela placenta (Bertolini et al., 2004). A
biodisponibilidade de certos substratos ou horménios durante a gestacdo é
importante para o estabelecimento de padres normais de atividade dos
sistemas fisioldgicos no feto em desenvolvimento, um fendmeno habitualmente
referido como programacdo metabolica (McMillen & Robinson, 2005). As
alteracdes no padrdo de fornecimento de substrato para o feto, como na
modulacao ou restricdo nutricional em certas fases da gestacéo, em especial no
periodo de placentacdo, podem conduzir a alteracées moleculares e celulares
permanentes ou mesmo novos padrdes de atividades em érgaos e sistemas que
podem persistir e afetar a vida pos-natal (Figura 1). Consequentemente, as
alteracdes na reprogramacdo metabodlica apdés manipulacdes de embrides in
vitro podem afetar a fungcéo da placenta e do padrao de restricdo da placenta no
crescimento fetal, o que leva a um efeito de promoc¢éao do crescimento, alterando
0s eventos que levam ao inicio do parto, e comprometer a sobrevivéncia pés-

natal de nascimento a idade adulta (Barker, 1999).
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Figural. Efeito da restricAo da dieta no crescimento pré-natal e peso ao nascer em ovinos
(Adaptado de Fowden et al., 2006).

Chavatte-Palmer et al. (2002) relataram que a termo o sistema endocrino
de fetos clones nao foi prematuro, como demonstrado por uma resposta normal
ao horménio exdgeno adrenocorticotréfico (ACTH). Apesar disso, protocolos de
cuidados neonatais de gestacdes clones reconhecem que muitos recém-
nascidos devem ser geridos da mesma forma que para prematuros e, portanto,
beneficiar-se-do de tratamento intensivo para ajudar a transicdo para a vida
extra-uterina (Hill & Chavatte-Palmer, 2002).

O crescimento fetal ocorre lentamente durante as fases iniciais de
desenvolvimento gestacional e exponencialmente durante as fases posteriores
(Eley et al., 1978; Prior & Laster, 1979; Ferrell, 1989; Reynolds et al., 1990), com
aproximadamente 90% do peso fetal a termo adquirido durante o Gltimo trimestre
da gestacéo (Ferrell, 1989). No entanto, a placenta cresce mais rapidamente do
que o feto no inicio da gestacdo, com o peso placentario sendo maior do que o
peso fetal durante o primeiro trimestre da gestagéo, invertendo-se a taxa de
crescimento nos demais periodos de desenvolvimento (Figura 2). Ja no terceiro
trimestre da gestacao, o crescimento fetal € normalmente limitado por fatores
maternos e placentarios, um mecanismo homeostatico fisiologico que garante a
sobrevivéncia materna (Ferrell, 1991a,b; Gluckman et al., 1992). O conceito de
restricdo materna ao crescimento fetal estd relacionado com o controle de

fornecimento de nutrientes para o feto no final da gestacdo (Gluckman et al.,
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1992), e o grau desta restricdo pode estar associada com o padrdo de
crescimento da placenta que ocorre durante a fase inicial até meados da
gestacao (Bell et al., 1999). Alguns pesquisadores tém sugerido a existéncia de
um mecanismo de causa e efeito placentario-fetal, em que o padrdo de
crescimento da placenta durante a primeira e metade da gestacdo tem um efeito
limitante significativo sobre o crescimento fetal durante a fase final da prenhez
(Bell et al., 1999), mesmo quando as demandas fetais de nutrientes sdo maiores
(Prior & Laster, 1979; Reynolds et al., 1990).

Fetal growth
300 1 — Placental growth

—Placental growth
Fetal growth

200 -

Weight, g
— Weight, kg

100 4

0 T T T T T T T 0 T T T T T T
30 40 50 60 70 80 0 100 100 130 160 190 220 250 280

Figura 2. Taxa de crescimento absoluto do concepto bovino durante a gestagdo (Eley et al.,
1978; Prior & Laster, 1979; Ferrell, 1989, 1991ab; Reynolds et al., 1990).

Como a maioria dos nutrientes transferidos através da placenta sdo
metabolizados e/ou produzidos pela mesma (Ferrell et al., 1983; Ferrell, 1989),
distarbios na placentacéo e na funcéo da placenta podem levar a alteracdes no
padrdo de crescimento fetal (Schlafer et al., 2000). Isto ndo é surpreendente,
uma vez que o tecido placentario geralmente demonstra um elevado grau de
plasticidade sob condi¢cdes desfavoraveis, por expressar mecanismos para
adaptar-se ao adverso nutricional (Perry et al., 1999) e do ambiente (Ferrell,
1989; Krebs et al., 1997), que podem promover mudangas morfo-histolégicas na
placenta para modular o crescimento fetal, num padréo tipico como o observado
apos manipulacdes in vitro de embrides produzidos pela FIV e TNCS. Hipoteses
recentes tém associado a placentacdo atipica com anomalias fetais vistas do
inicio da gestacdo a termo. Na verdade, as associacfes entre defeitos da
placenta e desenvolvimento fetal anormal no inicio (Stice et al., 1996, Hill et al,
2000; Bertolini et al., 2002b) e no final da gestacao (Cibelli et al., 1998; Hill et al.,
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1999, 2001; Bertolini et al., 2000, 2002a; Farin et al., 2010) de conceptos
produzidos in vitro (PIV) por FIV e TNCS parece desempenhar um papel
metabdlico chave na ocorréncia de excesso de peso ao nascimento e baixa
sobrevivéncia pos-natal (Behboodi et al., 1995; Bertolini et al., 2002a; Batchelder
et al., 2005).

Alteracdes na placenta constituem caracteristicas preponderantes para o
desenvolvimento do concepto e podem interferir nos niveis de glicose dos fluidos
fetais em decorréncia de desvios de conformacdo e metabolismo dos
placentdnios (Chavatte-Palmer et al., 2012), uma vez que o tecido placentério
utiliza aproximadamente 60-75% de toda a glicose circulante no utero (Fowden
et al., 1994). Na placenta, os transportadores de glicose SLC2A1 e SLC2A3 séo
responsaveis pelo transporte transmembranar de glicose a favor do gradiente de
concentracdo (Ehrhardt; Bell, 1997; Bertolini et al.,, 2004). Postula-se que,
durante o curso da gestacdo, os SLC2A1 sdo importantes para a captacao de
glicose e utilizacao placentaria, enquanto que os SLC2A3 podem ser ligados a
transferéncia da glicose fetal (Ehrhardt & Bell, 1997). Para atender ao aumento
na taxa de crescimento fetal e requerimentos placentarios observados ao final
de gestacBes de FIV e TNCS (Hirayama et al., 2011), a absorc¢éo de glicose pode
estar aumentada com consequente aumento dos seus transportadores e das
concentracdes de frutose, ao contrario do que acontece em gestacdes controle
(Bertolini et al., 2004; Constant et al., 2006). O glicocorticéide endégeno parece
estar envolvido na regulacdo da expressdo de transportadores da glicose
placentéria SLC2A1 e SLC2A3 (Hahn et al., 1999), influenciando a quantidade
de glicose transportada para o feto e o crescimento fetal. A termo, a expressao
do transportador de glicose SLC2A3 é elevado em placentas de TNCS, havendo
uma correlacdo negativa entre a glicose sanguinea materna pré-parto e o peso
fetal (Hirayama et al., 2011). Na auséncia de hipoglicemia neonatal, isto implica
gue a captacao e o transporte de glicose na circulagdo materna sao elevados no
final de gestacdes de TNCS, provavelmente para satisfazer as crescentes
exigéncias fetais e placentarias (Hirayama et al., 2011).

Para atender ao aumento da demanda de glicose em bovinos, a

gliconeogénese hepatica é essencial (Huntington et al., 2006). Como acontece
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com qualquer via bioquimica, a regulacdo da gliconeogénese pode ocorrer
através da regulacao da oferta de substrato, regulacédo de atividade de enzimas
cataliticas e regulacdo da utilizacdo do produto final. A fosfoenol piruvato
carboxiguinase (PEPCK), a frutose-1,6-bifosfatase (FBP) e a glicose-6-fosfatase
(G6Pase) pertencem a via gliconeogénica e se constituem em enzimas
importantes para o metabolismo da glicose. A PEPCK foi identificada como uma
enzima principal envolvida na produgcao da glicose a partir do propionato em
vacas leiteiras (Greenfield et al., 2000). A FBP é a enzima que libera frutose 6-
fosfato a partir da via gliconeogénica (Pilkis & Granner, 1992), que, apés a
conversao para glicose 6-fosfato, pode liberar glicose pela acdo da G6Pase. A
FBP controla, assim, a producéo global da gliconeogénese independentemente
dos precursores utilizados.

Em células hepéticas, a frutose é rapidamente fosforilada, permanecendo
restrita ao citoplasma celular, sob a forma de frutose-1-fosfato, sendo esta a
primeira reacdo catalisada pela enzima chave do metabolismo da frutose, a
frutoquinase (KHK). Esta enzima, quando altamente ativa, tem a capacidade de
metabolizar a frutose que chega ao figado por meio da circulacao porta hepética
(Pilkis & Granner, 1992). A frutose-1-fosfato € entdo clivada pela aldolase B
(ALDOB) hepética em gliceraldeido, que é fosforilado pela enzima triokinase
(AKT) gerando NADH+H* na reacéo, e a di-hidroxiacetona-fosfato, componentes
intermediarios da via da glicdlise, com ambas as moléculas sendo
interconvertidas em gliceraldeido-3-fosfato (GAP). A partir deste ponto, o0 GAP,
pode tanto ser degradado pelo metabolismo energético, quanto servir como
substrato para a gliconeogénese. A frutose atinge nesta fase o metabolismo sem
passar pelos passos de regulacdo hormonal e alostérica que controlam a via
glicolitica. Assim, a frutose proporciona maior aporte de substratos para rotas
metabodlicas como a sintese de lactato, a glicélise, a gliconeogénese, a
lipogénese e a esterificacdo de acidos graxos. No entanto, se as concentracdes
de frutose no plasma forem elevadas (hiperfrutosemia), o metabolismo de GAP
€ intensificado, uma vez que este percursor ndo esta sob qualquer controle
alostérico ou hormonal, gerando um excesso de NADH + H*. Para restaurar o

equilibrio na célula (NADH/NAD), o GAP é metabolizado em piruvato, o que por
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sua vez é convertido em lactato para a utilizacdo do excesso de NADH + H*.
Este processo gera lactato em relagéo direta com a frutosemia, o que em um
neonato pode levar a uma acidose lactica e exacerbar qualquer situacédo de
desequilibrio &cido-basico que ja exista, tal como uma acidose respiratoria
causada por um comprometimento no sistema respiratério (Mayes, 1993).

A maioria dos metabdlitos fornecidos a placenta € metabolizada ou
modificada pelo tecido placentario, com a glicose sendo o principal substrato
necessario para concepto durante a gestacao em bovinos (Ferrell, 1989; Ferrell
& Reynolds, 1992). Em ruminantes, a frutose € sintetizada pela placenta e se
acumula no sangue fetal e nos fluidos fetais (Huggett & Nixon, 1961) em
decorréncia da conversdo de glicose em sorbitol pela aldose redutase (AR), e
esta em frutose pela sorbitol desidrogenase (SORD) na placenta (Hers, 1960).
Desta forma, a capacidade da placenta de clones em sintetizar frutose nao é
prejudicada, sendo apenas dependente da concentracéo de glicose (Hay, 1995;
Aldoretta & Hay, 1999; Le et al., 2005). Porém, a hiperfrutosemia foi relatada em
neonatos de FIV e de TNCS, que podem indicar um aumento na producéo
placentaria ou menor utilizacédo fetal em curto prazo da frutose (Bertolini et al.,
2004; Batchelder et al., 2007a). Um maior aporte de glicose em prenhezes de
FIV e TNCS, talvez por diferencas na massa, na micro-arquitetura tecidual ou no
metabolismo placentario podem promover um aumento na sintese de frutose no
plasma e fluidos fetais, também promovendo a aceleracdo do crescimento fetal

no final da gestacao.

2.3 Programacédo Metabdlica

Estudos em humanos tem mostrado que perturbacdes como a reducao
de aporte de substratos durante a vida fetal levam a uma programagéo no
metabolismo do feto no sentido de garantir sobrevivéncia a curto prazo, todavia
aumentando significativamente as chances de diversos problemas de saude no
decorrer da vida (Barker, 1999). A hipotese de que algumas doencas tém origem
durante a fase fetal sugerem que a doencga do adulto se origina de adaptacdes
fetais a desafios intrauterinos, que prejudicam o crescimento fetal e resultam em

adaptacdes permanentes nos processos enddécrinos e metabdlicos (Hales &
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Barker 1992, 2001; McMillen et al. 2008). O processo pelo qual problemas ou
desafios em estdgios criticos de desenvolvimento levam a mudancas
permanentes na estrutura e funcdo dos tecidos € conhecido como programacao
intra-uterina (Fowden et al.,, 2006a). A programacao intra-uterina da funcao
fisiolégica pos-natal tem sido demonstrada experimentalmente em varias
espécies, utilizando uma variedade de técnicas para comprometer o ambiente
intra-uterino e alterar o desenvolvimento fetal (Fowden et al., 2006b; Fowden &
Moore, 2012). Basicamente, os estudos demonstraram que o periodo, a duracao
e a natureza exata do desafio a ser transposto pelo concepto durante a prenhes
sdo determinantes no padrdo de crescimento intrauterino e nos resultados
fisiologicos especificos (Bertram & Hanson, 2001).

No caso de bovinos, a capacidade de uma vaca lactante prenhe de manter
0 concepto é largamente determinada pela forma como ela particiona os
nutrientes a fim de sustentar o desenvolvimento embrionario, placentario e fetal,
juntamente com a sua prépria manutencdo e producédo de leite (Wathes, 2012).
Além disso alteracdes e adaptacdes do concepto podem torna-lo mais ou menos
eficiente na captacao dos nutrientes disponibilizados pela mae, tornando ainda
mais complexa a predicdo de como fatores estressantes com a producéo in vitro

de embrides podem afetar o desenvolvimento do concepto e a vida pds-natal.

2.3.1 Funcao da placenta

Uma vez iniciada a placentagcao, os efeitos de programacao dos sinais
ambientais podem ser mediados via mudanc¢as no desenvolvimento placentario.
No entanto, ainda ndo se sabe até que ponto os primeiros insultos ou desafios
que O concepto passa programam a placenta per se. Nos mamiferos
placentarios, a placenta é o 6rgao através do qual gases respiratorios, nutrientes
e residuos séo trocados entre os sistemas materno e fetal. Portanto, a placenta
€ essencial na competicdo entre mae e feto pela alocacdo de recursos. O
desenvolvimento placentario responde aos sinais fetais da demanda de
nutrientes e aos sinais maternos de disponibilidade de nutrientes e, ao adaptar
seu fendtipo, regula a distribuicdo dos recursos disponiveis (Fowden et al.,
2006b; Fowden & Moore, 2012).
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A adaptacdo placentaria pode ocorrer como resultado de alteracbes na
area da superficie placentaria para transferéncia de nutrientes, a espessura da
barreira separando as circulagdbes materna e fetal, a abundancia de
transportadores de nutrientes, taxa metabdlica e fluxo sanguineo, bem como
como sintese placentaria e metabolismo de hormonios especificos (Fowden &
Moore, 2012; Vaughan et al., 2012).

O crescimento intra-uterino retardado (IUGR) fetal devido a restricbes
nutricionais esta intimamente ligado ao desenvolvimento e funcdo da placenta
(Fowden et al., 2008; Cetin & Alvino, 2009). Basicamente, sob condi¢cbes de
suprimento insuficiente de nutrientes que podem limitar o crescimento fetal
normal, a placenta adapta-se de modo a aumentar sua capacidade de transporte
(Burton & Fowden, 2012). Estudos anteriores em bovinos de corte e ovelhas
demonstraram que as placentas podem adaptar seu fenotipo para acomodar a
demanda de nutrientes fetais e que este processo pode incluir mecanismos
morfolégicos ou funcionais que atuam durante diferentes estagios de
desenvolvimento feto-placentario (Long et al.,, 2009; Sullivan et al., 2009;
Fowden et al., 2010).

Nos bovinos, a placenta fetal se liga a locais discretos na parede uterina,
denominados cartnculas. As carinculas sao locais aglandulares que aparecem
como botbes ao longo da superficie luminal do Gtero de animais ndo prenhes e
estdo dispostos em duas linhas dorsais e duas linhas ventrais ao longo do
comprimento dos cornos uterinos. As membranas da placenta se ligam a esses
locais através de vilosidades coribnicas em &reas denominadas cotilédones. A
unidade caruncular-cotiledonar € chamada de placenténio e é a principal area
funcional de troca fisioldgica entre a mée e o feto. O crescimento cotiledonar
aumenta progressivamente ao longo da gestagcdo, em combinacdo com um
aumento na area capilar, tamanho e nimero (Vonnahme et al., 2007; Funston et
al., 2010).

Recentemente, buscou-se detectar fatores maternos e ambientais
associados ao desenvolvimento placentario em bovinos (Van Eetvelde et al.,
2016). As principais descobertas desse estudo foram que o crescimento materno

e a lactacdo durante a gestacao desafiam significativamente o desenvolvimento
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placentario. Os resultados sugerem dois potenciais mecanismos
compensatorios na placenta. Em primeiro lugar, no inicio da gestacgéo, a placenta
pode lidar com o desenvolvimento de mais cotilédones sobre as carinculas
disponiveis, permitindo que a gestacao se mantenha viavel. Em segundo lugar,
no final da gestacd, uma expansdo da superficie cotiledonar € sugerida para
atender as crescentes demandas nutricionais do feto. Embora a placenta pareca
compensar os desafios nutricionais por meio da adaptagcdo das caracteristicas
cotiledonares, sugere-se que a eficiéncia placentaria permaneca mais baixa
nessas gestacfes, com consequéncias potenciais para o feto em
desenvolvimento. Entretanto, a contribuicAo do tecido materno nesse
mecanismo compensatorio e as caracteristicas microscopicas da interface feto-
materna devem ser investigadas mais de perto. Além disso, para elucidar ainda
mais 0S mecanismos subjacentes a compensacao placentaria, mais pesquisas
sobre fatores que afetam o desenvolvimento placentario, com especial interesse

no nivel de producéo de leite e no momento da secagem, Sdo necessarias.

2.3.2 Mecanismos epigenéticos da programacdo metabdlica

Fatores ambientais, especialmente nutrientes, disponiveis para fetos
moldam o perfil epigenético das células e tecidos. Durante o desenvolvimento
inicial do animal, as células-tronco e as células progenitoras mantém sua pluri-
ou multi-poténcia por meio da inibicdo reversivel de genes especificos,
permitindo a expressédo de genes de autorrenovacéo (Meissner et al., 2008ab;
Mohn et al., 2008) pelos processos de metilacdo do DNA e de metilagdo e
acetilacao de histonas.

A metilacdo do DNA em mamiferos € um importante regulador da
transcricdo génica, sendo um mecanismo frequentemente utilizado para silenciar
e regular genes sem alterar a sequéncia original do DNA; esta € uma das
estratégias mais importantes para modificacbes epigenéticas do genoma
(Jaenisch & Bird, 2003). Bioquimicamente, a metilacdo do DNA é um processo
gue envolve a adicdo de um grupo metil na posicédo 5 dos residuos de citosina
(5mC) no DNA. Em células somaticas adultas, a metilagdo do DNA ocorre

tipicamente em sequéncias dinucleotidicas chamadas ilhas CpG, que estao nas
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regides ricas em guanina e citosina. Entre 60 e 90% de todas as ilhas CpGs sao
metiladas em mamiferos (Tucker, 2001), e essas ilhas geralmente estao
presentes nas regibes 5' regulatorias de muitos genes, que também estao
associados a regibes diferencialmente metiladas (DMR), diretamente
relacionadas ao imprinting genémico.

A metilacdo do DNA é essencial para o desenvolvimento normal e
desempenha uma variedade de fung¢des biologicas, sendo associada a
processos muito importantes, incluindo a repressdo da expressao génica,
imprinting gendmico, inativagdo do cromossomo X, supressao de elementos
repetitivos e carcinogénese. Assim, a relacdo entre a metilacdo do DNA e a
estrutura da cromatina é muito importante, pois essa modificacdo epigenética
afeta a fungéo celular, permitindo que células com o mesmo material genético
se diferenciem, produzindo multiplos 6érgdos ou desempenhem varias funcfes
(Jaenisch & Bird, 2003). A metilacdo do DNA também pode suprimir a expressao
de genes retrovirais enddgenos e outras sequéncias de DNA deletérias que
podem ter sido incorporadas ao genoma do hospedeiro ao longo do tempo. A
metilacdo também pode proteger o DNA da clivagem enzimatica, porque a
maioria das enzimas de restricdo é incapaz de reconhecer e se ligar a
sequéncias (epigeneticamente) modificadas externamente.

Como uma das funcdes mais importantes, a metilacdo do DNA nas ilhas
CpGs tém o efeito especifico de reduzir a expressao génica, sendo encontradas
em todos os vertebrados, com ampla evidéncia de que genes com altos niveis
de 5-metilcitosina em sua regido promotora sao silenciados transcricionalmente
(Jaenisch & Bird, 2003). A metilacdo do DNA pode afetar a transcricdo génica
de pelo menos duas maneiras: 1) impedindo fisicamente a ligacéo de proteinas
de transcri¢do; e/ou 2) via proteinas de ligagdo conhecidas como MBD (proteinas
do dominio de ligacdo metil-CpG). Essas proteinas podem recrutar proteinas
adicionais para o sitio, como as histonas desacetilases e outras proteinas de
remodelacdo da cromatina que podem modificar as histonas, formando assim
uma cromatina compacta e inativa, chamada heterocromatina (Nan et al., 1993).

Curiosamente, nenhum padrao significativo de metilacdo é visto em

células-tronco embrionarias (Lister et al., 2009), mas em células somaticas ha
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altos niveis de metilacdo do DNA, geralmente transmitidos para células-filhas
com alta fidelidade. Portanto, as alteracdes epigenéticas resultantes sao
normalmente estaveis, continuas e unidirecionais, impedindo que um organismo
reverta qualquer nivel de diferenciacéo celular ou a converséao de um tecido em
outro. Este obstaculo se torna ainda mais desafiador no processo de clonagem,
pela necessidade de remocéo da metilagdo do DNA e desdiferenciacédo de uma
célula até o estagio de totipoténcia.

2.3.3 Padrbes anormais de metilacdo do DNA e consequéncias no
desenvolvimento

O remodelamento da cromatina apos a fecundacdo, associado a
reprogramacao da metilacdo do DNA, parece ocorrer de forma semelhante em
embrides produzidos in vivo e in vitro (Han et al., 2003). No entanto, Varios
estudos em clonagem mostraram que a introducdo do nucleo doador somatico
(altamente metilado) em um citoplasma receptor (oécito) preenchido com
componentes de remodelacdo da cromatina néo € suficiente para reprogramar,
modificar ou excluir certos marcadores epigenéticos de diferenciacdo genémica
estaveis, levando a padrfes de expressao génica defeituosos (Bird, 2002). Essa
falha de reprogramacéo esta associada ao estado de hipermetilagdo do DNA em
embrides de camundongos e bovinos produzidos por TNCS, que podem ter
niveis semelhantes de metilacdo do DNA do nucleo doador de células somaticas
(Dean et al., 2001, 2003; Beaujean et al., 2004).

Devido ao seu papel na expressdo génica, a modificacdo epigenética é
considerada essencial para a memaria de uma funcao celular especifica durante
o desenvolvimento (Bird, 2002) e a regulagao da reprogramacéo nuclear (Han et
al., 2003). A eficiéncia da reprogramacdo epigenética apos a clonagem pela
TNCS parece ser fortemente dependente do tipo e estado de diferenciacdo da
células somaticas doadora utilizada (Wells et al., 2003). Em camundongos e
bovinos, o tipo de célula em cultivo, linhagem celular ou mesmo subclones
celulares podem revelar diferentes capacidades de desenvolvimento antes e
apos a clonagem (Humpherys et al., 2001; Vichera et al., 2013).

Existe uma aparente relagdo entre o processo de remodelacdo da
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cromatina, a reprogramacao do genoma e o perfil da metilacdo do DNA. Em
camundongos, uma porcentagem significativamente maior de blastocistos é
obtida quando embrides clonados séo reconstruidos com células com DNA néo
metilado, como células-tronco embrionarias murinas ou células germinativas
primordiais, do que outros tipos de células somaticas (Humpherys et al., 2001).
Na auséncia de DNMT1 (DNA cytosine-5-methyltransferase 1) no nucleo e apés
a fecundacdao, a replicacdo gera apenas cadeias de DNA n&o metiladas que,
com o tempo, levam a desmetilacdo passiva do DNA, como ocorre com o DNA
do zigoto de origem materna. Curiosamente, maiores quantidades de transcritos
para DNMT1 foram observados em blastocistos bovinos derivados por clonagem
TNCS (Wrenzycki et al., 2001), que coincide com a deteccdo de um estado mais
metilado de embrides clonados. Assim, é possivel que o estado hipermetilado
de embribes bovinos clonados esteja associado ndo apenas a desmetilacao
deficiente do DNA nuclear, mas também pela presenca ativa de DNMT1 de
origem somatica no nacleo durante o desenvolvimento inicial, contribuindo para
a hipermetilagéo.

O imprinting gendmico parece ser mais suscetivel a mudancas
epigenéticas, com desregulacdo de DMRs geralmente resultando em fendtipos
anormais (Rancourt et al., 2013). Consequentemente, as manipulacdes
embrionérias, como a FIV e a TNCS, parecem desregular os padrdes de
imprinting (Moore, 2001). Por outro lado, quando a atividade do DNMT1 é
reduzida, a metilacdo do DNA em DMRs associados ao imprinting genémico foi
geralmente refrataria a mudancas epigenéticas, mantendo seus padrbes de
metilacdo em células em cultivo (McGraw et al., 2013). No entanto, a perda
permanente de DNMT1 por delecdo génica leva a uma reducdo na expressao
mono-alélica de varios genes imprinting (McGraw et al., 2013). Curiosamente,
embrides de camundongos mutantes para a DNMT1 e homozigéticos, nulos por
delecdo, morrem entre os dias 9-11 da gestacéo (Jackson Grusby et al., 2001).
A perda de DNMTL1, no entanto, ndo tem efeito sobre o potencial proliferativo de
células epiteliais de camundongo em cultivo, mas a inducéo de diferenciagéo
nessas células também leva a morte celular (Rhee et al., 2002). Por outro lado,
a superexpressao de DNMT1 induz uma hipermetilacdo progressiva de DNA
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associada a inativacdo transcricional de varios genes imprinting, levando a
letalidade embrionéria (Biniszkiewicz et al., 2002). N&o é de surpreender que o
conjunto de caracteristicas epigenéticas distintas e mudancas nos niveis de
transcritos observados em blastocistos bovinos clonados (Wrenzycki et al., 2001)
devam causar um efeito significativo na expressao de uma variedade de genes
imprinting e ndo-imprinting apds a clonagem (Wrenzycki et al., 2001; Bertolini et
al., 2002a, 2004). Assim, uma ativacao ou inativacdo inadequada de importantes
genes para o desenvolvimento pode predispor os animais a diferentes graus de
anormalidades apds a clonagem pela TNCS, dependendo da interacdo entre
discrepancias qualitativas e quantitativas, subsequente ao nivel ou grau de
reprogramacdo do genoma obtido apds a reconstru¢do do embrido (Bertolini et
al., 2012). Por exemplo, células com alteracdes em genes imprinting podem ser
direcionadas para o trofectoderma de embribes clonados, gerando
potencialmente membranas fetais defeituosas, como frequentemente observado
apos a clonagem (Wei et al., 2011). A configuracdo do genoma modificado de
embrides clonados por padrbes aberrantes de metilacdo do DNA pode estar
intimamente associada a falhas de reprogramacao, perfis alterados de
expressao génica e desenvolvimento anormal de embrides.

Em bovinos, padrées anormais de metilacdo do DNA tém sido associados
a anormalidades ap0s a clonagem, que por sua vez podem ser fenotipicamente
expressas por deSORDens fetais e placentarias, aumento de perdas pré-natais
e menor sobrevida poés-natal (Bertolini & Anderson, 2002; Han et al., 2003;
Salilew-Wondim et al., 2013). Entretanto, um certo grau de variagdo no padrao
de expressdo génica ap0s a clonagem, geralmente atribuido a caracteristicas
epigenéticas transmitidas pelo nucleo da célula doadora, é totalmente aceitavel
e compativel com crescimento, desenvolvimento e sobrevivéncia normais apés

o nascimento (Humpherys et al., 2001; Wells et al., 2003).

3. HIPOTESE E OBJETIVOS
Hipotetizamos que conceptos produzidos pela clonagem por NT-HMC
(transferencia nuclear por Handmade Cloning) apresentardo um perfil

metabdlico indicativo de maior aporte de substratos energéticos (maior fluxo total
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e/ou particdo de nutrientes) em relacdo ao grupo controle, associado ao

desenvolvimento, tanto no perfil bioquimico plasmatico quanto na expressao de

genes placentérios e/ou dos figados fetais, com este perfil estando associado a

diferencas de desenvolvimento fenotipico dos conceptos.

Esta tese visa 0 entendimento de mecanismos bioquimicos, metabdlicos e

moleculares associados ao aparecimento da sindrome dos bezerros anormais

causada por manipulacdes embrionarias in vitro (FIV e NT-HMC). Para tanto,

realizamos a:

a)

b)

Andlise do perfil bioquimico enzimatico, enddcrino e protéico dos fluidos
fetais (fluido amnidtico e alantéico) e do plasma fetal e materno oriundos
de prenhezes produzidas in vivo, por FIV e por NT-HMC, aos 225 dias de
gestacéao.

Andlise de expressdo de genes relacionados a processos fisiolégicos
importantes no desenvolvimento de conceptos bovinos, tais como o
transporte de glicose (SLC2A1, SLC2A3) e frutose (SLC2A5), enzimas
chave de rotas metabdlicas importantes associadas ou nao ao
metabolismo intermediario, como a glicélise (LDHA and LDHB),
gliconeogénese (G6PC, FBP1 and PCK1), frutdlise (KHK, DAK and
ALDOB), frutogénese (AKR1B1 and SORD), ciclo das pentoses (G6PD),
sintese de lipideos (ACACA and FASN) e de colesterol (HMGCR), fatores
de crescimento da familia IGF e seus receptores (IGF-1, IGF-2, IGF-1r,
IGF-2r), apoptose (BAX, BCL-2) e funcdo placentaria (bLP, bPAG-1,
STAR, P450ar0) em tecidos placentario, e/ou figado fetal oriundos de
prenhezes produzidas in vivo, por FIV e por NT-HMC, aos 225 dias de
gestacao.

Correlacéo das caracteristicas fenotipicas fetais e do concepto com as
caracteristicas fisiolégicas, bioquimicas, metabdlicas e moleculares
placentarias e hepaticas mensuradas nos fluidos e tecidos maternos e

fetais aos 225 dias de gestagéo.
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ABSTRACT

The aim of this study was to compare the metabolic profiles of maternal and foetal
blood and the liver gene expression of Day-225 bovine foetuses produced either
in vivo (IVD) by superovulation and artificial insemination, or in vitro by IVF or by
Handmade Cloning (NT-HMC). Biochemical evaluations were performed in foetal
and maternal plasma and the expression of key genes to foetal development
were analysed by RT-qPCR in foetal liver tissue. Data were compared with
physical traits between groups by a simple correlation test and by AN(C)OVA.
Concentrations of maternal plasma metabolic and gene expression profiles were
similar between groups, with a few biochemical and molecular differences. Most
foetal parameters for liver and kidney functions, hemoglobin metabolism, and
osmolalities in foetal plasma and related fluids were higher in clones than the
other groups. Glucose, fructose, tryglycerides and VLDL concentrations in foetal
plasma, and fructose levels and total amount of glucose and fructose in the
allantoic fluid were higher in clones. Differences in the relative expression levels
in the foetal liver were also detected for genes related to fructose and glucose
metabolism, sugar transport, and fatty acid and cholesterol metabolism. A
significant difference existed in activity in metabolic pathways in cloned concepti,
suggesting active fructose accumulation by the foetus, which may be a reflection
of an association between changes in metabolic foetal programming and

excessive prenatal growth after cloning.

Keywords: Foetal physiology, Abnormal Offspring Syndrome, cloning by nuclear

transfer, cattle.
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INTRODUCTION

The in vitro production (IVP) of bovine embryos by in vitro fertilisation (IVF)
or cloning by somatic cell nuclear transfer (SCNT) is a powerful tool routinely
used for scientific and commercial applications worldwide. However,
developmental abnormalities caused by such reproductive technologies can
interfere with the pattern of foetal and placental growth that often result in a set
of symptoms called Abnormal Offspring Syndrome (AOS), which includes
accelerated foetal growth and increased birth weight, anatomical, physiological
and metabolic abnormalities, and reduced neonatal survival. The etiology of AOS
has been associated with increased concentrations of sugar moieties (glucose,
fructose) in the foetal and neonatal plasma and placental fluids, which might be
a consequence of changes in placental function (Bertolini et al., 2004). In fact,
development of concepti derived from bovine IVP embryos has been shown to
be associated with a biphasic growth pattern, with an early growth retardation,
which coincides with the period of placentation, followed by foetal and placental
accelerated growth in mid- to late pregnancy (Bertolini et al., 2002, 2004;
Batchelder et al., 2007; Gerger et al., 2016). Nonetheless, detailed information
on placental function and metabolic profile of bovine pregnancies established by
IVP embryos is still limited.

In vitro embryo culture conditions, including the presence of serum in
media, embryo co-culture with supporting cells, and/or faulty epigenetic
reprogramming following cloning by SCNT have been implicated in the
occurrence of AOS (Chavatte-Palmer et al., 2012). In fact, the low cloning
efficiency is thought to arise from an incomplete reprogramming of the donor cell
nucleus, which leads to abnormal expression of developmentally important genes
(Sawai, 2009). Therefore, cloned embryos exhibiting abnormal expression of
embryonic genes may represent an early indication of incomplete reprogramming
that could result in lower subsequent survival outcome. Notwithstanding, the turn
of events that allows a viable but epigenetically affected IVP embryo to develop
from early to late pregnancy appears to interfere with placental function and
conceptus metabolism without lethally compromising homeostasis (Bertolini et

al.,, 2012). Nevertheless, the physiological, metabolic and/or molecular
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mechanisms leading to the AOS, defined in early embryonic stages and
manifested during and after pregnancy, remain unknown (Gerger et al., 2016).
The aim of this study was to compare the gene expression profiles of key
metabolic-related enzymes and bioactive molecules in foetal liver tissue and the
biochemical profiles in the maternal and foetal plasma and foetal fluids with
physical traits from Day-225 bovine concepti produced either in vivo- (Control),
or in vitro by IVF or SCNT cloning. Such moment in pregnancy represents the
peak of the relative foetal growth pattern in cattle (Eley et al., 1978; Prior & Laster,
1979; Ferrell, 1989; Reynolds et al., 1990), also being a period of readily
detectable phenotypical changes in bovine IVP concepti (Farin & Farin, 1995).

MATERIAL AND METHODS

This study used biological samples collected in a companion study (Gerger
et al.,, 2016). All procedures performed were approved by the Animal Ethics
Committee of the University of Sdo Paulo (Sdo Paulo, SP, Brazil). Figure 1
illustrates some of the intracellular pathways involved in the intermediate
metabolism in the liver, for which gene expression patterns of selected key
enzymes for pathways involved in the carbohydrate, amino acid, and lipid
metabolisms were analysed by RT-gPCR, as well as the interface with some of
the maternal and foetal blood and foetal fluid components determined in the

biochemical analyses, as below.
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Simplified intracellular pathways involved in the intermediate metabolism in the liver
or peripheral tissues, and interface with blood components associated with systemic
metabolism. Genes analysed (italicized) were related to sugar transport (solute carrier
family 2 member 1, SLC2A1; member 3, SLC2A3; member 5, SLC2A5); glycolysis
(lactate dehydrogenase A and B, LDHA and LDHB); gluconeogenesis (glucose-6-
phosphatase, G6PC; fructose-1,6-bisphosphatase, FBP1; phosphoenolpyruvate
carboxykinase, PCK1); fructolysis (fructokinase, KHK; dihydroxyacetone kinase 2,
TKFC; aldolase B, ALDOB); fructogenesis (aldose reductase, AKR1B1; sorbitol
dehydrogenase, SORD); pentose phosphate pathway (glucose-6-phosphate
dehydrogenase, G6PD); fatty acid synthesis (acetyl-CoA carboxylase alpha, ACACA,
fatty acid synthase, FASN); cholesterol synthesis (3-hydroxy-3-methylglutaryl-CoA
reductase, HMGCR); apoptosis (BCL2-associated X protein, BAX; BCL2 B-cell
CLL/lymphoma 2, BCL2); insulin-like growth factor (IGF) system (IGF1 and IGF2;
IGF1 receptor, IGF1r; IGF2 receptor, IGF2r); serine synthesis (phosphoserine
aminotransferase, PSAT; phosphoglycerate dehydrogenase, PHGDH); and placental
function (steroidogenic acute regulatory protein, STAR; cytochrome P450, P450;
bovine placental lactogen, bPL; bovine pregnancy-associated glycoprotein 1, bPAG1).
Fluid biochemical parameters (in bold) include total plasma protein (TPP), uric acid,
urea, creatinine, lactate, triglycerides (TAG), cholesterol, high-density lipoproteins
(HDL), very-low-density lipoprotein (VLDL), low-density lipoprotein (LDL), glucose and

fructose.
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Bovine embryo production, animals and experimental design

Bovine embryos were produced either in vivo (in vivo-derived controls, or
IVD group), by the superovulation and artificial insemination of donor females or
in vitro, by in vitro fertilisation (IVF group) or nuclear transfer by handmade
cloning (NT-HMC group) procedures. The three embryo production systems were
previously described in details (Gerger et al., 2016). Fresh Day-7 embryos at the
blastocyst or expanded blastocyst stages from the three experimental groups
were transferred to synchronous crossbred recipients (Bos taurus var. taurus vs.
Bos taurus var. indicus), according to procedures described by Bertolini et al.
(2002). All recipients were managed together in pasture paddocks with free
access to water and mineral premix. Pregnancy diagnosis was performed on Day
30 of gestation by ultrasonography, and pregnant recipients were monitored
every two weeks until Day 225 of pregnancy.

A total of 19 bovine pregnancies were established carrying Nellore cattle
singleton concepti, produced either in vivo (IVD group, n=9, four for post-mortem
collection, and five for the in vivo kinetics study, as below), or in vitro by IVF (IVF
group, n=4, for post-mortem collection) or HMC cloning (NT-HMC group, n=6, for
post-mortem collection) procedures. Concepti from all embryo production
systems were from similar genetic backgrounds, and the same in vitro culture
(IVC) system was used for NT-HMC- and IVF-derived embryos to minimize
developmental deviations in the IVF group, highlighting differences related to
cloning procedures per se and not to IVC (Gerger et al., 2016). The Nellore breed
was chosen due to its rather low birth weights in commercial herds (Ribeiro et al.,
1992).
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Table 1. Selected physical traits for in vivo-derived (IVD), IVF-produced and
cloned (NT-HMC) bovine concepti on Day 225 of gestation

Foetal trait IVD IVF NT-HMC P!
Foetal weight (kg) 125423  137+322  27.2+20b 0.005
Crown-rump length (cm) 58.3+2.22 59.0 + 3.12 67.5+2.0° 0.040
Foetal liver weight (g) 290.3 +58.2a 345.8+82.42 769.9 +52.1° 0.001
Total placenta weight (kg) 3.2+0.52 3.2+£0.82 7.1+0.5° 0.001
Placenta surface area (cm?) 202 + 347ab 112 + 3472 312 +283P 0.023
Total placentome number (n) 81.5+8.92 64.8+12.62 79.7 £ 7.92 0.496
Total foetal fluid volume (L)f 7.8+8.42 8.0+11.92 31.0+7.52 0.066

TFoetal fluid volumes measured only from five out of six cloned specimens, as fluids were lost in
the largest cloned conceptus (a 42-kg fetus) due to uterine rupture during pregnant tract retrieval
ab:Numbers in each row with distinct superscripts differ, P<0.05

Summarized from Gerger et al. (2016)

Post-mortem collection of samples

Fourteen pregnant females carrying IVD (n=4), IVF (n=4) and NT-HMC
(n=6) concepti were slaughtered on Day 225 of gestation at a local abattoir, with
the harvesting and qualitative and quantitative analyses of maternal and
conceptus tissues and fluids, as previously described (Gerger et al., 2016).
Briefly, following food restriction for 12 h, maternal jugular blood samples were
drawn 30 min prior to slaughter (t=-30 min). Then, pregnant females were
stunned and exsanguinated, with the immediate collection of blood samples (t =0
min). The pregnant uterus was removed intact, weighted and carefully dissected
at the major curvature. The foetus was exposed with the umbilical cord still intact.
Blood samples were collected from the umbilical artery and vein and the foemoral
artery (t=0 min), followed by the excision of the cord. The foetus and the empty
uterus, containing the foetal membranes and the placenta, were weighed,
morphological foetal and placental measurements were performed, and foetal

muscles, visceral organs, and endocrine glands were carefully dissected,
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weighed, and sampled in 2.5% glutaraldehyde or snap-frozen in liquid nitrogen
(LN2). Blood samples collected from the three groups at t=-30 min (maternal
voenous blood) and t=0 min (maternal voenous blood and foetal arterial and
voenous blood), and samples of amniotic and allantoic fluids, after careful volume
measurement, were centrifuged at 6000 g for 15 min, with plasma and fluids
stored at -80°C.

(i) Biochemical analyses in foetal fluids and maternal and foetal plasma

Samples from maternal (t=-30 min and t=0 min) and foetal (umbilical
voenous blood) plasma were used for determination of plasma biochemical
parameters for liver (alanine aminotransferase, ALT; aspartate aminotransferase,
AST; gamma-glutamyl transpeptidase, GGT; lactate dehydrogenase, LDH; total
plasma protein, TPP; alkaline phosphatase, ALP) and renal (uric acid; urea;
creatinine) functions; energy status (lactate; triglycerides; cholesterol; high-
density lipoproteins, HDL; very-low-density lipoprotein, VLDL; low-density
lipoprotein, LDL), hemoglobin metabolism (total bilirubin; conjugated and
unconjugated bilirubin), and calcium/phosphorus metabolism, using an
automated biochemical analyzer (Labmax 240®, Biotécnica, Brazil). Each sample
was run in duplicates. In addition, the osmolalities of maternal and foetal plasma
and placental fluids were also measured in duplicates (Osmomat 030®, Gonotec
GmbH, Germany).

The determination of glucose and fructose concentrations in maternal
(jugular vein at t=-30 min and t=0 min) and foetal (umbilical voenous and foemoral
arterial blood) plasma and placental fluids (amniotic and allantoic fluids) was
performed by spectrophotometry, in duplicates, according to Bertolini et al.
(2004). Glucose was determined by an enzymatic assay kit (QuantiChrom™
Glucose Assay Kit, BioAssay Systems, USA), in 96-well plates read at 620 nm
(Biotrak Il Reader®, Amersham Biosciences, USA), following the manufacturer’s
recommendations. Fructose was determined based on Taylor (1995), in
microcuvettes (PlastiBrand®, Germany) at 518 nm (Ultrospec 1100 PRO®,
Amersham Biosciences, USA), as adapted by Bertolini et al. (2004). Due to high
fluid fructose concentrations, arterial and voenous foetal plasma and foetal fluids
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were diluted in ultrapure water at 1:2 (foetal plasma and amniotic fluid) and 1:4
(allantoic fluid). Samples with an intrassay variation >6% were reanalysed.
Glucose and fructose clearance rates (foetal uptake and consumption) were
determined in each group using the Fick Principle based on the mean umbilical
blood flow (below), by the steady-state diffusion procedure with D20 for the IVD
group, and on the estimation of blood flows in the NT-HMC and IVF groups.

(i) Analyses of gene expression in foetal liver

Total RNA from foetal liver samples from the three experimental groups
was extracted using Trizol® reagent (Invitrogen, USA), and 1800 ng of total RNA
from each sample were treated with DNase | (Invitrogen) and used for cDNA
synthesis using the GoScript™ Reverse Transcription System (Promega,
Madison, WI, USA) according to the manufacturer instructions. Quantification of
housekeeping and target transcripts (Table 2) was performed by real time gPCR
(RT-gPCR) using the GoTag® gPCR Master Mix (Promega, USA) and the
Fluorescent Quantitative PCR Detection System LineGene 9600 (Bioer
Technology, USA). Gene products were evaluated for the housekeeping genes
RPS9 (ribosomal protein S9) and ACTB (B-actin), and target genes involved with
glycolysis: lactate dehydrogenase A and B (LDHA and LDHB); gluconeogenesis:
phosphoenolpyruvate carboxykinase (PCK1), fructose-1,6-bisphosphatase
(FBP1), glucose-6-phosphatase (G6PC); fructolysis: fructokinase (KHK),
dihydroxyacetone kinase 2 (TKFC), aldolase B (ALDOB); fructogenesis: aldose
reductase (AKR1B1), sorbitol dehydrogenase (SORD); pentose phosphate
pathway: glucose-6-phosphate dehydrogenase (G6PD); fatty acid synthesis:
acetyl-CoA carboxylase alpha (ACACA) and fatty acid synthase (FASN);
cholesterol synthesis: 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR);
glucose transporters: solute carrier family 2 member 1 (SLC2A1), member 2
(SLC2A2), member 3 (SLC2A3), and member 5 (SLC2A5); apoptosis: BCL2-
associated X protein (BAX), BCL2 B-cell CLL/lymphoma 2 (BCL2); insulin-like
growth factor system: insulin-like growth

Table 2. Gene functions, Gene symbol, GenBank accession codes, primer
sequences and amplicon sizes for transcripts analysed by real time
gPCR in Day-225 IVD control, IVF-derived and NT-HMC cloned Bos
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Function or Gene Accession Primer sequences Product
Pathway Symbol Number (5°-3°) (bp)
F. GATCTCCAACATGGCAGCCT
Glycolysis LDHA NM_174099.2 R: TCACGTTACGCTGGACCAAA 154
F. AGTGGATTACCCAAGCACCG
LDHB NM_174100.2 R: TCCCCCAAAATCCATCCGTG 125
F. TTCGAGAAGCTGTGGGCATC
G6PC ~ NM_001076124.2 . A\ AAACCCACCAGTATGGGCG 109
. F. AATATCGTCACCGTGACCCG
Gluconeogenesis FBP1 NM_001034447.2 R: TCCCGTCACATTGGTAGTGC 177
F. GAGTTCGTCAAGTGCCTCCA
PCK1 NM_174737.2 R: AGCACTTCTTCCCAAGGAGC 155
F. ACTCTACGACACGAACCTGC
KHK " NM_001076351.1 . 41CACCTGCTCTGATGCGTT 111
. F: AAAAGGCTTACCCGGACGAG
Fructolysis DAK NM_001024524.3 R: GCTAAGAAGGGGGTGTGGAC 136
F. ACCCATTGTTGAGCCAGAGG
ALDOB ~ NM_0010344852 p. A CTTCTTGGTGCAGGCATGT 179
F. GTGGCAATCGACCTTGGGTA
Fructonenceic AKRIBL ~ NM_001012519.1 g 1GATACGTGCACCACAGCTT 157
9 CORD NV 0010373201 F: GTGGAGACCTCCATCCAAGC 168
n : R: AATCGCCATCGGCCATGTAT
Pentose phosphate F: GAGCAGCGAAGCACAGAGAG
pathway G6PD  NM_001244135.1 o ) A AGATGTGCGTATCGGCCT 126
F. CATGGAGTGGCAGTGGTCTT
. . ACACA — NM_174224.2 R: AGGACACATGAAGGCTGTGG 97
Fatty acid synthesis -
AN N 011091604 F: ATCCTAGCCCAGGAGAGAGC .
. : R: CCAGCTAGCACCACCTTCAT
) F: CCAAGTTCGCCCTCAGTTCT
Cholesterol synthesis HMGCR  NM_001105613.1 R: GOTGGGACCTAAAATCGCCA 80
F: GACTCCATCATGGGCAACCA
SLC2AL — NM_174602.2 R: GGTTCTCCTCGTTGCGGTTA 149
F: TCAGCAACTGGACAGGCAAT
I SLC2A2  NM_0011032221 o T A 180
P cLoana M 1746033 F: GGCGCCTATGTTTTCATCGTC 161
_ : R: ATGATGGGGCCTTTCTCACC
F: TGTCTTCCAATGTCGTCCCC
SLC2AS — NM_001101042.1 . o1 AATCCGAGGAGGATGGG 175
) F: GCCCTTTTGCTTCAGGGTTT
Pro-apoptotic factor BAX NM_173894.1 e e e 179
) ) F: GAGTTCGGAGGGGTCATGTG
Anti-apoptotic factor BCL2 NM_001166486.1 R: GGGCCATACAGCTCCACAAA 158
F- TTCGCTCTGCACGAGTTACC
IGFL ~ NM_001077828.1 o 17CATTGGGGGAAATGCCCA 92
F: GTGCTTCTTGCCTTCTTGGE
(GF system IGF2 NM_174087.3 R: GCAACACTCTTCCACGATGC 183
F: CTAGCTCCGGAGGAGGGTC
IGFIr  NM_001244612.1 o G1CCTCGGCCTTGGAAATGA 200
F: ACCTCCGATCCTCAATCCCA
IGFr NM_174352.2 R: TGTAGTTGAAGTGCCGGTCC 89
F: GTGGGAGCGGAAGAAGTTCA
Serine synihesis PHGDH = NM_001035017.1 o' G\ cCTCTGGCGAGATGATGG 200
g PSATL  NM_001102150.1 . GGTCAGCTAAGGCTGCAGAA 199
u ' R: AGCACTGCTCCCTTGACATC
F: CGTGAGAAGATGACCCAGATCA
Endogenous control gene e 17973 R: GGGACACAGCCTEGA °
RPSO  NM.001101152.2 F: CCTCGACCAAGAGCTGAAG o

R: CCTCCAGACCTCACGTTTGTTC



https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=75832053
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factors 1 (IGF1) and 2 (IGF2), IGF receptors 1 (IGF1r) and 2 (IGF2r), and serine
synthesis: phosphoserine aminotransferase (PSAT) and phosphoglycerate
dehydrogenase (PHGDH). The amplification cycling conditions used an initial
denaturation at 95°C for 2 min, followed by 45 cycles consisting of 95°C for 15 s
and 60°C for 60 s. The fluorescence data were recorded at the end of each
extension step (60°C). Pilot experiments using six different concentrations of
cDNA (spanning a 60-fold range) were run to set up RT-gPCR conditions. The
specificity of PCR products was confirmed by analysis of melting curves. All

reactions were performed in duplicates.

Determination of umbilical and uterine blood flows —in vivo kinetics study

Five pregnant females carrying IVD Nellore concepti were allocated to
metabolic cages on Day 205 of pregnancy for animal acclimation to handling and
confinement, remaining throughout the experimental period (28 days), receiving
water ad libitum and balanced food ration according to the NRC (1996). The
determination of the uterine and umbilical blood flows was based on the Fick
principle, by using the steady-state diffusion procedure with deuterium oxide
(D20), following procedures by Reynolds & Ferrell (1987), Ferrell (1991b) and
Ferrell & Reynolds (1992). Briefly, on Day 220, females were subjected to mid-
ventral laparotomy for surgical cannulations with indwelling catheters of uterine
artery and vein (pregnant horn), followed by hysterotomy for cannulation of the
foetal foemoral artery and vein, and umbilical vein. On Day 225, a priming dose
of 2 mL deuterium oxide (D20, Icon Isotopes, USA) was infused in the foemoral
vein of the foetus in less than 1 min (t=-60 min), followed by a constant infusion
(0.2 mL/min) for 7 h (Nutrimat Il, B/Braun, Brazil). Blood samples were collected
from the foetal (umbilical vein and foemoral artery, 5 mL/sample) and maternal
(uterine artery and vein, 10 mL/sample) blood at t=-60, 0, 5, 15, 30, 45, 60, 90,
120, 180, 240, 300 and 360 min. A portion of each blood sample was used for
blood chemistry analyses, while the other portion was stored frozen at —80°C for
substrate analyses and D20 quantification to determine the umbilical and uterine
blood flows. The measurement of D20 concentrations was performed by near-

infrared spectrophotometry (Isotopic Ecology Lab, Center for Nuclear Energy in
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Agriculture, University of S&o Paulo - CENA/USP, Brazil) according to
procedures by Ferrell & Philips (1979) and Ferrell & Reynolds (1992). Then,
umbilical blood flows in the NT-HMC and IVF groups were estimated based on
the umbilical blood flow:foetal weight ratio from the IVD controls (0.22 L/min per
kg), which was similar to Ferrell (1990b) for Brahman concepti carried by

Brahman dams on Day 227 of pregnancy (0.21 L/min).

Statistical analyses

Quantitative data comprising physical traits, and biochemical, metabolic,
and molecular analyses, were compared between groups (IVD, IVF, NT-HMC)
and time periods (t=-30 min and t=0 min for maternal plasma analyses) by using
the MIXED procedure of SAS (SAS Institute, 2015), with the model including
treatment groups as fixed effect. For gene expression data, the geometric means
of the housekeeping genes (RPS9 and ACTB) were used to normalize data of
the target genes (Vandesompele et al., 2002). Foetal weight was used as
covariate for the analyses of covariance of physical and chemical traits. Data
were tested for normality by the Anderson-Darling normality test, with the log
transformation of non-normal variables. A simple correlation test was used to

evaluate relationships between traits.

RESULTS

Morphological data from Gerger et al. (2016) that were most relevant to
this study are summarized in Table 1. Maternal physical parameters were similar
between groups, with pregnant females (dams) from the three groups having
similar body weights, body condition scores, carcass weights and carcass yields
(Gerger et al.,, 2016). The pregnant tract and the empty tract (uterine tract
deprived of the foetus and foetal fluids, but including the uterus, foetal
membranes and placenta) were significantly heavier in the NT-HMC group than
the IVD and IVF groups, which were similar to one another (Table 1; Gerger et
al., 2016). Heavier fetuses and/or larger foetal fluid volumes were found in the
NT-HMC group (Table 1; Gerger et al., 2016). The uterus weights were similar

between groups after further removal of the foetal membranes and placentomes
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from the empty tracts (Table 1; Gerger et al., 2016).

Biochemical profiles — postmortem study

(i) Maternal plasma

No differences were observed between collection time periods (t=-30 min
vs. t=0 min) for any biochemical measurement in the maternal plasma,
irrespective of the groups, except for a 1.5-fold increase (P < 0.05) in mean
glucose plasma concentrations from t=-30 min to t=0 min for all groups (from 4.9

+ 0.6 to 7.3 £ 0.6 mM, respectively), which may be related to pre-slaughter stress.

Maternal plasma glucose concentrations in the IVD, IVF, and NT-HMC
groups on t=-30 min (8.1 £+ 4.2,5.4+1.2,and 7.2 + 4.1 mM) and on t=0 min (7.4
+2.5,7.8+0.7,and 10.5 £ 4.6 mM), and concentration differences between t=-
30 min and t=0 min for glucose (-0.7 £ 4.1, 2.4 £ 1.7, and 3.3 £ 5.8 mM) were
similar between groups. Even though values for all groups are low, irresepctive
of the collection time, as expected (Bertolini et al., 2004), maternal plasma
fructose concentrations were higher in the NT-HMC group (0.37 £ 0.21 mM)
compared with the IVD (0.07 £ 0.07 mM) and the IVF (0.04 + 0.03 mM) groups.
However, fructose concentration differences in the maternal plasma between t=-
30 and t=0 min were similar between groups (0.4 + 0.1, 0.4 £ 0.1, and 0.3 £ 0.2
mM). Other metabolic maternal plasma components (plasma lactate, cholesterol,

HDL, LDL, VLDL, tryglycerides) were similar between groups.

Overall, all parameters for liver and renal functions, hemoglobin
metabolism, calcium/phosphorus metabolism, and electrolyte
concentration/osmolality measured in the maternal plasma in both collection time
periods were within the normal reference values for the species (Smith, 2009).
However, plasma of NT-HMC-bearing recipients had higher osmolality (307.5 +
8.1vs. 295.5 + 4.0 and 294.8 + 8.2 mOsm/kg), concentrations of chloride (108.8
+1.6 vs. 102.8 + 2.0 and 98.0 + 2.0 mEg/L), conjugated bilirubin (0.18 £ 0.03 vs.
0.12 £+ 0.03 and 0.13 £ 0.03 mg/dL), and urea (39.0 + 3.1 vs. 13.5+ 3.8 and 16.0
+ 3.8 mg/dL), and lower ALT concentration (22.8 £ 2.2 vs. 34.0 £ 2.7 and 21.0 +
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2.7 mg/dL) compared with IVD- and IVF-bearing recipients, respectively. Total
bilirubin concentration was higher in the NT-HMC (0.89 + 0.15 mg/dL) than the
IVD (0.25 + 0.19 mg/dL) group, with both being similar to the IVF group (0.35 *
0.19 mg/dL).

(i1) Foetal plasma

Most parameters evaluated for foetal liver function revealed differences
between groups, as depicted in Figure 2 (panels a and b). Plasma LDH and GGT
concentrations were lower in the IVF and NT-HMC groups than in IVD controls,
and alkaline phosphatase (ALP) and total plasma protein (TPP) levels were lower
in clones than in the IVD group, with both being similar to the IVF group. On the
other hand, plasma ALT was higher in clones and IVF-derived foetuses than IVD
controls.

As for products from the hemoglobin metabolism, bilirubin and total
bilirubin (conjugated and unconjugated) concentrations were higher in the plasma
of clones and IVF foetuses than IVD controls, with conjugated bilirubin being
similar between groups (Figure 2, panel c), denoting a higher red blood cell
clearance and/or lower liver conjugation activity in cloned and IVF foetuses.

Parameters used for renal function, which are also associated with
nitrogen metabolism and muscle activity, were different between groups (Figure
2, panels d and f). Plasma urea and creatinine were respectively higher and lower
in cloned concepti than IVD controls and the IVF group. Plasma uric acid
concentrations, which also reflect the metabolism of purine nitrogenous bases,
were higher in clones when compared with IVD controls, with both being similar

to the IVF group.
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Figure 2. Biochemical parameters for liver and renal functions, hemoglobin metabolism and
osmolality in maternal and/or foetal plasma and foetal fluids between Bos taurus var.
indicus in vivo-derived (IVD) concepti and concepti produced either by in vitro
fertilisation (IVF) or nuclear transfer by handmade cloning (NT-HMC) procedures, on
Day 225 of gestation (LSM + SEM). (a) Foetal plasma lactate dehydrogenase (LDH)
and alkaline phosphatase (ALP) concentrations. (b) Foetal plasma alanine
aminotransferase (ALT), aspartate aminotransferase (AST), gamma glutamyl
transpeptidase (GGT), and total plasma protein (TPP) concentrations. (c) Foetal
plasma conjugated, unconjugated and total bilirubin concentrations. (d) Foetal plasma
creatinine and uric acid concentrations. (e) Foetal plasma concentrations of
components of the lipid metabolism (tryglycerides, cholesterol, HDL, LDL, VLDL). (f)
Foetal plasma urea concentrations. a,b: Columns for each parameter without common
superscripts (a,b) differ; P<0.05.

Tryglycerides and VLDL levels were higher, and cholesterol, HDL and LDL
were lower in the foetal plasma of clones than in the other groups (Figure 2, panel
e). Foetal plasma lactate concentrations tended to be lower (P=0.073) in the IVF
group (9.72 = 0.61 mM) than control foetuses (12.3 + 0.95 mM), with both being
similar to the NT-HMC group (11.43 + 1.95 mM). However, high plasma lactate
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values likely reflect a period of hypoxia in all groups for the time from slaughter
to sampling of arterial (8.9 £ 1.0 min) and voenous (10.5 £ 1.0 min) umbilical
blood.

Glucose and fructose concentrations in umbilical arterial and voenous
plasma (Figure 3, panel a) were higher in clones than in the IVD control and IVF
groups. The glucose umbilical voenous-to-arterial concentration differences were
similar between groups (Figure 3, panel b), but concentration differences for
fructose were lower (P<0.05) in the IVF and NT-HMC groups than controls, being
similar between the IVF and the NT-HMC groups. Glucose and fructose
clearance rates (foetal uptake and consumption) were 0.354 + 0.113 and 0.581
+ 0.091 g/min in the IVD control group, 0.230 + 0.057 and 0.212 + 0.143 g/min in
the IVF group, and 0.451 + 0.134 and 0.696 *+ 0.246 g/min in the NT-HMC group,
respectively (Figure 3, panel c), with no differences between groups.

Plasma phosphorus (2.52 + 0.06, 2.33 + 0.23, and 2.87 £ 0.29 mM),
calcium (3.53 + 0.05, 3.05 + 0.13, and 3.10 + 0.30 mM), and chloride
concentrations (105.3 + 1.6, 98.3 = 2.1, and 100.2 + 6.6 mEqg/L) were similar
between IVD controls, IVF, and clones, respectively. To note, osmolalities in
foetal plasma from the umbilical vein and artery and in the amniotic fluid were
higher in clones than the other groups, with a trend (P=0.099) to be also higher
in the allantoic fluid (Figure 4).

Several biochemical measurements in foetal plasma and fluids were
similar when the foetal weight was used as covariate (Figures 2 to 4), with foetal
liver weights in cloned fetuses being significantly larger than the other groups
after ANCOVA (Gerger et al., 2016), demonstrating that the liver size in clones
was larger than the isometric prediction, which may have a biological significance

in liver function, as seen above.
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Figure 3. Glucose (Glu) and fructose (Fru) concentrations (mM), concentration differences

(mM), and total amounts (mM) in the plasma and foetal fluids between Bos taurus var.
indicus in vivo-derived (IVD) concepti and concepti produced either by in vitro
fertilisation (IVF) or nuclear transfer by handmade cloning (NT-HMC) procedures on
Day 225 of gestation (LSM + SEM). (a) Glucose and fructose concentrations in the
foetal vein (FV) and artery (FA). (b) Voenous-arterial glucose and fructose
concentration differences in the foetal plasma. (c) Glucose and fructose
concentrations in the foetal fluids. (d) Total glucose in the foetal fluids. (e) Total
fructose in the foetal fluids. (f) Glucose and fructose clearance rates by the foetal
system. Columns for each parameter without common superscripts (a,b) differ;

P<0.05.
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Figure 4. Maternal and foetal plasma and foetal fluids osmolality between Bos taurus var.
indicus in vivo-derived (IVD) concepti and concepti produced either by in vitro
fertilisation (IVF) or nuclear transfer by handmade cloning (NT-HMC) procedures on
Day 225 of gestation (LSM + SEM). Columns for each parameter without common

superscripts () differ; P<0.05.

(iii) Foetal fluids

Fructose levels in the allantoic fluid (Figure 3, panel c) were higher in
clones than in the IVD control and IVF groups, with no differences in glucose
concentrations in both foetal fluids and in fructose in the amniotic fluid between
groups (Figure 3, panel ¢). The total amount of glucose and fructose in the foetal
fluids (concentrations by total fluid volume) revealed a 13.3- and 7.1-fold increase
in glucose (Figure 3, panel d) and fructose (Figure 3, panel e) in the allantoic fluid
of cloned concepti, respectively, than in the IVD control and IVF groups. No
significant differences were detected between groups for both sugars in the

amniotic fluid (Figure 3, panels d and e).

Gene expression in foetal liver — post-mortem study

The expression patterns of most foetal liver genes related to metabolic
pathways were significantly different in the NT-HMC group. On one hand,
increased relative transcription patterns for glucose transporters were detected

in clones in relation to the IVD group, except for SLC2A1 that did not differ
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between treatments, for no significant SLC2A2 gene expression in any of the
groups on Day 225 of gestation (Figure 5, panel a). Also, higher gene expression
patterns were seen in the NT-HMC group for G6PC in the glyconeogenic (Figure
5, panel b), and for LDHA and LDHB in the glycolytic pathways when compared
to controls (Figure 5, panel d). On the other hand, lower gene expression patterns
were observed in clones, with lower KHK and ALDOB gene expression (Figure
5, panel e), denoting lower fructolytic activity; a 5.5-fold reduction was also seen
in HMGCR relative transcription, for cholesterol synthesis; and a 6.2-fold
reduction was observed in transcripts for G6PD, the key enzyme of the pentose
phosphate pathway (Figure 5, panel c).

No significant differences were detected between groups regarding the
BAX/BCL2 ratio, as both BAX (pro-apoptotic) and BCL2 (anti-apoptotic) had
similar significantly lower expression patterns in the IVF and NT-HMC groups
than control counterparts (Figure 5, panel h).

Antagonistic results were observed for expression patterns of genes
related to lipogenesis and to the IGF system in the NT-HMC group as compared
to the IVF and IVD groups. In the lipogenic pathway, a trend for increased ACACA
expression (P=0.08) and reduced FASN relative transcription were seen in the
NT-HMC group (Figure 5, panel c), whereas for the IGF system, IGF2 and IGF1r
expression patterns were downregulated by 5.5- and 5.8-fold, respectively, for a
1.7-fold increase in IGF1 in cloned fetuses (Figure 5, panel g). In addition, the
pattern of gene expression in foetal liver revealed significant differences in the
relative transcription for the PHGDH and PSAT genes (Figure 5, panel f). As both
are important components of the serine synthesis pathway, our data suggests
that a downregulation was evident in cloned foetuses on Day 225 of pregnancy,

with IVF patterns being intermediate between the NT-HMC and the IVD groups.
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Figure 5. Relative gene transcription in foetal liver (LSM = SEM) between Bos taurus var.
indicus in vivo-derived (IVD) concepti and concepti produced either by in vitro
fertilisation (IVF) or nuclear transfer by handmade cloning (NT-HMC) procedures on
Day 225 of gestation (LSM + SEM). Gene products for (a) sodium-independent
facilitated hexose transporters (SCL2A1, SCL2A2, SCL2A3, and SCL2A5); (b)
glyconeogenic enzymes (PCK, G6PC, and FBP1); (c) pentose phosphate pathway
(G6PD), fatty acid synthesis (ACACA and FASN) and cholesterol synthesis (HMGCR);
(d) glycolytic enzymes (LDHA and LDHB); (e) fructolytic enzymes (KHK, DAK, and
ALDOB); (f) serine synthesis (PHGDH and PSAT); (g) IGF system (IGF1, IGF2, IGF1r,
and IGF2r); (h) apoptosis (BAX, BCL2, and ratio BAX/BCL2). See text and Table 2 for
details on genes and abbreviations. Columns for each gene transcript without

common superscripts (2°) differ; P<0.05.



55

Estimation of uterine and umbilical blood flows —in vivo kinetics study
Two out of five IVD pregnancies subjected to cannulations on Day 220
maintained functional catheters and viable singleton foetuses on Day 225 of
pregnancy. Following D20 maternal and foetal plasma concentration analyses,
and after applying the Fick principle of mass conservation, the mean uterine and
umbilical blood flow rates for all collection time periods were 5.34 + 0.89 L/min
and 2.80 £ 0.68 L/min, respectively. The flow rate variation during the 7 h flow
analysis was slightly greater in the umbilical cord than in the uterus, ranging from
1.72 to 4.71 L/min (39% lower and 68% higher than the mean value) and 4.08 to
8.28 L/min (24% lower and 55% higher than the mean value), respectively.
Estimation of umbilical blood flows in the IVF and NT-HMC groups, by using the
umbilical blood flow:foetal weight ratio from the VD controls (0.22 L/min per kg),
resulted in the mean umbilical blood flow rates of 3.01 + 0.63 and 5.98 * 2.46
L/min for IVF and cloned concepti, varying from 2.64 to 3.52 L/min and 4.03 to
9.24 L/min, respectively. The variation and mean values for the IVF group fell well
within the range observed in the IVD group, whereas the mean value for the NT-
HMC group was 2.1-fold higher than the mean value from the controls, with a

variation ranging from 1.4- to 3.3-fold higher in the umbilical blood flow.

Correlations of physiological significance

Physical traits (foetal body and most organ weights, placenta weight and
surface area) positively correlated (R>0.600, P<0.05) with variables associated
with an active and growth-promoting physiological pattern, including key
components of glucose (SLC2A3), sugar moieties in maternal and/or foetal
compartments (foetal plasma glucose, total glucose in the allantoic fluid, and
fructose in maternal plasma), lipid metabolism (ACACA expression pattern,
triglycerides, VLDL), protein and hemoglobin metabolism (urea, conjugated
bilirubin). In turn, physical traits negatively correlated (R<-0.600, P<0.05) with
glucose and fructose levels in the amniotic fluid, and with cholesterol metabolism
(nonsterified cholesterol, HDL, LDL) and liver function parameters (LDH, AP,
GGT, TPP), which may indicate a slower foetal liver activity in larger concepti,

despite its allometric larger size.
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Not surprisingly, sugar moieties correlated with one another across the
distinct foetal fluid compartments. Glucose in maternal and foetal plasma
correlated with glucose in the amniotic fluid, fructose in foetal plasma and
allantoic fluid, and total fructose in the allantoic fluid. Also, fructose in foetal
plasma correlated with fructose concentrations and total amounts in the allantoic
fluid.

Parameters for liver function (LDH, GGT, TPP, AP), and calcium and
chloride foetal plasma concentrations correlated positively with one another.
Urea, tryglycerides, and VLDL also correlated with one another and with SLC2A3
expression patterns, and with glucose and fructose in the maternal plasma,
fructose in the allantoic fluid, and with uric acid (tryglycerides and VLDL).
Components of the cholesterol metabolism (nonsterified cholesterol, HDL, and
LDL) correlated positively with one another and with calcium, chloride, liver (LDH,
AST, AP, GGT, TPP) and kidney (urea, creatinine) function parameters, and
negatively with components of the carbohydrate metabolism (foetal plasma
glucose, fructose levels in the maternal plasma and allantoic fluid, total fructose
in the allantoic fluid and total fluids), as well as the osmolality in the maternal and
foetal plasma. Osmolality in maternal and foetal plasma correlated with
conceptus weight, foetal plasma glucose, maternal plasma fructose, fructose
levels and total fructose in the allantoic fluid and in the total fluids and foetal
plasma urea. On the other hand, TPP and AP correlated negatively with foetal

plasma glucose and maternal plasma fructose.

DISCUSSION

The IVP of cattle embryos by IVF or cloning by SCNT is a powerful tool
routinely used worldwide in science and reproductive programs in commercial
herds around the world (Bertolini et al., 2009). However, developmental
abnormalities that arise from such embryo manipulations can significantly
interfere with the pattern of foetal and placental growth leading to diSORDers in
foetal and placental development that may be manifested in animals as
symptoms of the AOS (Young et al., 2001). However, in this study, pregnant
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females carrying clone foetuses showed no significant physical or physiological
distinctions from controls. The wide level of similarities between measured
physical, biochemical and molecular measurements in the maternal system
between groups, as observed in this study, indicates that robust homeostatic and
homeorrhetic mechanisms regulate and keep the maternal system within the
boundaries of normalcy during pregnancy, despite the conceptus origin and the
overall physiological and/or pathological differences observed into the uterine
and foetal compartments. Changes in placental development and function in
pregnancies derived either from IVF or NT-HMC procedures have been
associated with the delivery of larger and abnormal calves and the appearance
of aberrant foetal membranes and placentae (Bertolini et al., 2004), and results
from such sort of studies have increasingly contributed to the understanding of
the etiology and temporo-spatial evolution of the abnormalities that characterize
the AOS.

In previous studies, we observed that growth of foetuses derived from IVF
and NT-HMC procedures was characterized by a biphasic growth pattern, with a
phase of retardation that coincides with the period of placentation. This
phenomenon was followed by a divergence in the development of placental
tissue in IVF (Bertolini et al., 2002, 2004) and NT-HMC (Batchelder et al., 2005)
pregnancies, restoring the size of the foetus by the end of the first trimester of
pregnancy. Such manifestation culminates with the occurrence of larger foetal,
placental and uterine weights by the third trimester of pregnancy, with significant
morphological changes in placentae of IVF and NT-HMC concepti and the birth
of larger calves with reduced postnatal survival (Bertolini & Anderson, 2002;
Bertolini et al., 2002, 2004; Batchelder et al., 2005; Gerger et al., 2016). In our
study, most foetal physical traits had larger measurements in the cloned group
compared to the in vivo and IVF groups on Day 225 of pregnancy, with foetal
body weights, foetal liver and placentae being heavier in clones than the other
groups. Furthermore, the placenta surface area was higher in the cloned than in
the IVF group, but similar to the in vivo controls.

The physical analyses of linear measurements and weights showed a
significant increase in almost all foetal organs and tissues in the NT-HMC group.
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However, after statistical adjustment by analysis of covariance, using foetal
weight as covariate, such differences mostly disappeared. Such observation was
also described by Bertolini et al. (2004) for IVF foetuses on Day 180 of gestation,
demonstrating that the organ dimensions and weights in the in vitro group were
larger in absolute values, i.e., as the size of the foetuses increased, organs and
tissues generally isometrically grew in proportion as the foetal size, but a few
organs followed an allometric growth pattern, such as the liver. The clinical and
physiological significance of such findings is still unclear, but analogous results
were also found by Hill et al. (1999) and Li et al. (2005), which is similarly also
known to occur after birth (Chavatte-Palmer et al., 2009). Interestingly, foetal liver
sizes were allometrically larger in the NT-HMC group, which negatively correlated
with several biochemical and molecular parameters used for the analysis of liver
function, which may indicate a reduced metabolic liver function capacity.

The excessive foetal growth pattern observed at the middle to late
pregnancy in IVP concepti appears to be associated with an increased uptake of
energy substrates, especially glucose, by the uterine-placental-foetal tissues
(Bertolini et al., 2004). In this study, the concentrations of glucose and fructose
in maternal plasma and the difference between the collection times (t=-30 min
and t=0 min) were similar between groups. However, although low, fructose
concentrations in maternal plasma at t = 0 min were higher in NT-HMC group
than in the control group (IVD) and IVF groups. Fructose is synthesized by the
placenta from glucose and is the main carbohydrate in plasma and foetal fluids,
a characteristic of species with synepithelium- or epithelium-chorial placenta,
such as ungulates and cetacea (Goodwin, 1956; Nixon, 1963). Once fructose
enters a cell, it is phosphorylated by either KHK to produce the metabolite F-1-P
or by hexokinase to produce F-6-P by G6PC. In turn, F-1-P is either converted to
glyceraldehyde-3-phosphate and dihydroxyacetone phosphate into the glycolytic
pathway or it can act as a signaling molecule to induce NFkB activation and
subsequent production of cytokines (Wang et al., 2018). In contrast, F-6-P can
be metabolised in a different pathway being precursor of hexosamine. The
metabolism of fructose via the hexosamine pathway leads to the synthesis of
glycolipids, glycosaminoglycans and proteoglycans with functions in cells and
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tissues. Also, fructose induces cell proliferation via activation of the AKT-tuberous
sclerosis complex 2 (TSC2)-mTOR signaling cascade (Figure 1). Aldoretta & Hay
(1999) found in sheep that the fructose production rate seems to depend directly
from the glucose supply to the placenta, and once produced at the placental
tissue, fructose cannot be transferred significantly into the maternal system,
remaining into the uterine and foetal compartments (Bertolini et al., 2004). As
maternal fructose was higher in cloned specimens, and as such substrate was
also found at higher levels in foetal plasma and allantoic fluid, as more glucose
is likely to be converted into fructose by the placenta in the NT-HMC group, more
fructose may leak into the maternal system, explaining the differences. However,
more studies are necessary to test such concept.

The analyses of expression of genes related to glucose transporters in
type C placentomes (Ticiani et al., 2018, unpublished data), which have been
shown to be abundant in cloned animals (Gerger et al., 2016), demonstrated a
higher capacity to uptake glucose. However, foetal growth is usually limited by
maternal and placental factors, which is related to the nutrient supply, which
controls foetal growth in late gestation (Ferrell, 1991a,b; Gluckman et al., 1992).
Because the placental mass becomes larger in IVF- and NT-HMC-derived
pregnancies, an increased use or supply of glucose and fructose to the foetus
appears to occur, reducing placental restriction and promoting foetal growth
(Bertolini et al., 2004; Gerger et al., 2016). Despite the difference in foetal glucose
and fructose plasma concentrations, no differences in minute glucose and
fructose clearance (foetal uptake and consumption) were observed between
groups. Also, the foetal voenous to arterial fructose concentration difference was
lower in the IVF and cloned groups than controls, which may indicate a trend for
reducing uptake for excessive substrate supply prior to the period in study (Day
225), as foteal weights were significantly larger in clones than IVF and controls.
Alternatively, as umbilical blood flows are dynamic over time, clearance rates are
also likely to be dynamic. In addition, subtle differences in substrate clearance
may exist as a function of time, which cannot be detected in short term time-point
studies, such as this. Thus, long term in vivo kinetics studies on the substrate

uptake and consumption will better provide clues on the placental transfer
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capacity between clones and controls.

In this study, the concentrations of glucose in the allantoic, amniotic fluid
and total fluids did not differ between groups, but there was an incread on fructose
concentrations to cloned conceptus in the the foetal plasma and allantois. Such
results were similar to those reported by Bertolini et al. (2004). Nevertheless, a
tendency for lower glucose and fructose was seen in the amniotic fluid of clones
than in the other groups. However, the total glucose and fructose in foetal fluids
showed an increase of 13.4- and 7.1-fold in the allantoic fluid of cloned concepti,
respectively, when compared with the control group, but with no differences in
the amniotic fluid. These findings, associated with the fact that placentae of
cloned concepti had greater weights and surface areas, demonstrate an increase
in glucose and fructose usage or supply to the foetus, favoring an increased
nutrient supply to foetal liver over time, especially in the last third of pregnancy,
which could explain the excessive size observed in the NT-HMC group in this
experiment.

The glucose 6-phosphate (G6P) molecule is an important compound
present at the intersection of several metabolic pathways, such as glycolysis,
gluconeogenesis, pentose phosphate, glucosamine pathway, among others. In
glycolysis, G6P is converted by phosphohexose isomerase to fructose 6-
phosphate, which involves an aldose-ketose isomerisation (Murray, 2013).
However, in our study, a 2.4-fold increase in G6Pase expression was seen in
clones when compared to controls, despite other enzymes of gluconeogenic
enzymes being similar between groups.

In lipid metabolism, the expression levels of the ACACA gene were higher
in the liver of cloned foetuses compared to controls. The biosynthesis of long-
chain fatty acids occurs in two distinct steps. The first step is the conversion of
acetyl-CoA to malonyl-CoA, a reaction catalyzed by a biotin-containing
multienzyme system named acetyl-CoA carboxylase, or ACACA (Reaction 1).
The second step (Reaction 2) is the conversion of acetyl-CoA and malonyl-CoA
to palmitate in the presence of NADPH, a reaction catalyzed by the fatty acid
synthase (FASN) (Wakil et al., 1983). The conversion of acetyl-CoA to malonyl-
CoA is the rate-limiting step in fatty acid synthesis and this reaction provides
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energy for next step carried out by FASN. For this reason, even with the reduction
in hepatic FASN expression in clones, this could not be representative, since
there was an increase in ACACA expression in the IVF and NT-HMC groups,
which correlated with triglyceride and VLDL foetal plasma concentrations in the
NT-HMC group. Another point that contributes to the idea that increased
lipogenesis occurred in cloned concepti is that the IGF1 gene expression in foetal
liver was highly correlated with foetal plasma triglyceride concentrations (R =
0.87, p <0.01). The hepatic IGF1 secretion has direct effect on the expression of
lipogenic enzymes in the liver, as it may modulate lipogenesis and associated
enzymes by indirect mechanisms, also stimulating the production of growth
hormone by the adenohypophysis (Samuels & Shipiro, 1973). Growth hormone,
in turn, stimulates synthesis and secretion of IGF1, accounting for many of the
growth-promoting activities of growth hormone (Roberts et al., 1986). The NT-
HMC group had an increase in IGF1 expression, with higher concentrations of
triglyceride and VLDL in the foetal plasma, which can possibly lead to lipidosis,
because the excess of lipids is stored in the liver, increasing the liver size
(Grummer, 1993; Drackley, 1999). Interestingly, the NT-HMC group had enlarged
livers in relation to foetal weight, for lower liver function. Liver lipidosis in cloned
foetus has already been observed by Hill et al. (1999), who analysed five cloned
foetuses that died seven days to two months prior to term, with four of them
having severe hepatic lipidosis.

Increased concentrations of liver triglycerides are accompanied by
decreased concentrations of structural lipids (free cholesterol, cholesteryl ester,
and phospholipids), as shown by Bobe et al. (2004), and as observed in this
study, with reductions in cholesterol levels in foetal plasma and HMGCR
expression in the foetal liver in the NT-HMC group. Furthermore, lipidosis may
lead to microscopic alterations that affect cellular integrity and hepatocyte
function and, therefore, may cause necrosis and cellular leakage, which is
demonstrated by increased concentrations of liver enzymes and bile constituents
in plasma (Bobe et al., 2004). Such observations are interesting because bilirubin
and total bilirubin were increased in foetal plasma in the IVF and NT-HMC groups,
with bilirubin being correlated with constituents of lipid metabolism, such as
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ACACA expression (r=0.57; p<0.05) and triglyceride levels in foetal plasma
(r=0.61; p<0.05).

Umbilical blood flow is directly related to foetal weight, determined in a
major part by the conceptus genome, whereas the uterine blood flow is less
influenced by foetal size, being determined mostly by the maternal genome
(Ferrell, 1991b). The umbilical blood flows determined in Nellore IVD concepti
carried by Bos taurus vs. Bos indicus recipient dams in this study fell well within
values reported by Reynolds & Ferrell (1987) for European cattle breeds on Day
224-228 of gestation (2.79 L/min), and by Ferrell (1991b) for Brahman concepti
carried by Brahman dams on Day 227 of pregnancy (2.71 L/min), and lower than
for Charolais concepti carried by Charolais or Brahman recipient females
(3.78L/min; Ferrell, 1991b). Uterine blood flow was similar (5.01 L/min) in
Brahman dams carrying Brahman concepti (Ferrell, 1991b), and lower (8.75
L/min) than Charolais recipient females carrying concepti either of European
breeds (Reynolds & Ferrell, 1987), Charolais or Brahman (9.24 and 7.18 L/min,
respectively; Ferrell, 1991b). Interestingly, mean umbilical blood flows were
similar in both studies above, in spite of the difference in foetal weights for the
studied cattle breeds, being 1.8-fold higher in European cattle than in Brahman
(23.6 vs. 13.2 kg, respectively), for the same gestation period. Perhaps the
difference was due to the fact that foetal weights in the study by Reynolds &
Ferrell (1987) were estimated using an exponential equation for European cattle
breeds from studies by Ferrell et al. (1976). Nevertheless, estimated foetal
weights fell well within values described by Prior & Laster (1979), Reynolds et al.
(1990) and Ferrell (1990ab) for European breeds for the same gestation period.
In addition, a physiologic variation is expected. The umbilical blood flow:foetal
weight ratio from Days 137 to 250 (Reynolds & Ferrell,1987) and on Day 227 of
gestation (Ferrell, 1991b) ranged from 0.10 to 0.21 L/min per kg of foetus. In this
study, the estimation of umbilical blood flow based on exponential relationships
of known foetal weights with days of gestation (Ferrell et al., 1976), and on
exponential relationships of blood flow rates with the projected days of gestation
(Reynolds and Ferrell, 1987), for the foetal weights in the NT-HMC group (from
18.3t0 42.0 kg), resulted in apparently overestimated flow rates ranging from 4.6
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to 12.8 L/min, respectively. By using the umbilical blood flow:foetal weight ratio
from the IVD controls (0.22 L/min per kg), which was similar to Ferrell (1990Db) for
Brahman concepti carried by Brahman dams on Day 227 of pregnancy (0.21
L/min), umbilical flow rates for cloned concepti varied from 4.03 to 9.24 L/min,
1.5- to 3.4-fold higher than controls, with values more in agreement for blood flow
rates and foetal weights described by Reynolds & Ferrell (1987).

A difference in urea concentration was seen in maternal and foetal plasma
between groups, with a higher concentration in the cloned group, unlike findings
by Li et al. (2005), who observed similar levels in maternal plasma between
clones, IVF and artificial insemination (Al) groups. Urea formed by the foetus or
by the placenta is constantly removed and eliminated through the maternal
circulation. Urea is the final product of nitrogen metabolism secreted in the liver
and placenta, and is produced from ammonia by a process requiring energy
(Murray, 2013). The foetal parameters for renal function showed differences
between groups in urea and uric acid, with higher plasma levels in the cloned
group than in the control group, indicating a higher ammonia production possibly
from a higher catabolism of amino acids. Moreover, with respect to uric acid in
clones, it is possible that higher levels may be due to deficiencies in urate
excretion by the kidney, as a product of degradation of purine nitrogenous bases.
Plasma creatinine concentrations, one of the main muscle activity indicators
(Baptistella, 2009), were lower in cloned concepti than controls and the IVF
group. Plasma creatinine is derived, almost in its entirety, from the catabolism of
creatine in muscle tissue. In the form of phosphocreatine, creatine metabolite is
used to store energy in the muscle, and its degradation to creatinine occurs
steadily. The blood concentration of creatinine is proportional to muscle mass.
Thus, in case of muscle atrophy and related conditions, there is a decrease in
plasma creatinine content (Gonzéalez & Silva, 2006). Chavatte-Palmer et al.
(2002) examined the biochemical parameters measured sequentially in 21 clones
and eight Al controls. The urea, creatinine, AST and ALT levels were within the
normal range in all clones.

In relation to the foetal systemic physiology, plasma LDH and TPP

concentrations were lower in IVF and in cloned foetuses compared to controls,



64

indicating that the reversible oxidation of lactate to pyruvate and metabolic rate
in those foetuses occured at a smaller rate, in spite of, or perhaps because of, or
even as a cause of, the larger liver size in clones. Plasma products from the
hemoglobin metabolism (bilirubin, conjugated bilirubin, total bilirubin) were similar
between groups with a trend towards a higher level of total bilirubin in the plasma
of clones and the IVF group than in controls, possibly indicating higher red blood
cells (RBC) degradation. Furthermore, the increased plasma bilirubin levels may
be due to increased free bilirubin, which occurs in severe acute hemolysis
(Gonzalez & Silva, 2006), or due to a lower liver conjugation, corroborating with
the concept of lower liver metabolic rate. According to Batchelder et al. (2007),
hemolytic destruction of RBC may cause an increase in total bilirubin
concentrations, as observed for both clones and controls in their study.
Phosphorus, calcium and chloride plasma concentrations were similar
between groups, but the osmolality of the foetal plasma was higher in the clones
than the other groups. Bertolini et al. (2004) observed no changes in the
composition of fluids in IVF pregnancies after 180 days of gestation. However,
an amount two to five times larger in allantoic fluid volume, for higher osmolality
values, were observed in IVF pregnhancies compared to controls. Since the study
also found higher concentrations and total amounts of glucose and fructose in
the foetal fluids, and due to the active osmotic nature of those molecules, the
authors suggested that the osmotic effect exerted by the carbohydrates may have
caused an accumulation of fluids and the increase in total fluid volume, since a
positive correlation was found between volume, osmolality, and sugar
concentrations in the allantoic fluid. Li et al. (2005) found no differences in
osmolality in foetal fluids in control, IVF and cloned pregnancies on Day 150, but
found a wide variation in biochemical composition in the fluids per se. Such
studies demonstrate the existing large variation between pregnancies
established with embryos produced in vitro and in vivo, and the difficulty in
establishing the actual changes present in each type of pregnancy. The
biochemical components of the bovine foetal fluid vary between 115 and 265
days of gestation (Baetz et al., 1976). In many species, calcium from foetal blood
is maintained at a higher level than in the maternal circulation by the foeto-
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placental unit (Kovacs & Kronenberg, 1997). Almost all foetal calcium is
associated with the skeleton, with the remaining calcium being involved in
important physiological processes, such as intracellular signaling, maintenance
of cell membrane stability, and blood coagulation (Wooding et al., 1996).

The morphological, biochemical and genetic analyses performed in this
study revealed the existence of a large variation between maternal and foetal
profiles in clone-bearing pregnancies when compared to the in vivo control, with
the IVF group resembling the control counterparts. In summary, compared with
in vivo-derived pregnancies, cloned concepti showed a significant difference in
metabolic pathways, suggesting active fructose synthesis by the fetus and
possible lipidosis, which may be a reflection of an association between changes
in metabolic fetal programming and excessive nutrient supply reaching the liver
at the beginning of the second trimester in cloned-bearing pregnancies.
Additionally, the results of expression of important genes for foetal and placental
development can be used as morphologic markers for applications of advanced
reproductive biotechnologies. Studies on the metabolic, biochemical and
molecular profiles of cloned concepti may contribute significantly to a better
understanding of the effect of IVD embryos in pre- and post-natal development,
with an impact in animal welfare, and by finding relationships with naturally
occurring problems in herds, which could be of economic and scientific
importance. Additional studies involving metabolism, epigenetic reprogramming
and control of gene expression should be conducted in in vitro-derived concepti,
providing better understanding of events involved in the abnormalities in late
pregnancy, also allowing the identification of components or causal factors in
early embryo development that ultimately determine the phenotypic changes

observed during development, including the post-natal period.
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ABSTRACT

The concept of metabolic zonation in the liver proposes that opposing or
complementary metabolic pathways are carried out within distinct regions of the
liver lobule to maintain optimal metabolic homeostasis. As bovine placentomes
differ in mass and shapes within the reproductive tract, which is even more
pronounced in cloned-derived concepti, the aims of this study were to investigate
the occurrence of metabolic zonation in the bovine placenta by placentome shape
and size, and to compare placental functions between control and cloned
concepti, which may relate to the abnormal conceptus growth after cloning.
Bovine pregnancies established after superovulation/Al (n=4), in vitro fertilisation
(n=4) or cloning by nuclear transfer (n=6) were slaughtered on Day 225 of
gestation. Placentomes were excised, weighed, measured, and classified by
shape as types A, B, C, or D; cDNA from each placentome type/group was used
for RT-gPCR analyses of 29 target gene products related to carbohydrate and
lipid metabolism, placental function, IGF system and apoptosis. No differences in
gene expression were detected between clones and controls. However, the gene
expression pattern revealed differences in metabolic profile only between
placentome types, with an increase in expression in type C in relation to type A
placentomes, in special for IGF2 (5.8-fold) and IGF2r (1.6-fold), glucose
transporters (1.2-fold), and fructogenesis (2.0- to 2.3-fold), suggesting a potential
metabolic zonation in the bovine placenta. Morphological changes in the placenta
of clones may influence placental function and metabolic compartmentalization,
likely disturbing placental control on foetal growth and programming towards the

end of pregnancy.

Keywords: Abnormal Offspring Syndrome, cloning by nuclear transfer, cattle,

placentome.
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INTRODUCTION

The placenta is the interface between the foetal and maternal systems and
plays an important role in foetal growth by regulating nutrient supply, synthesis
and transport of hormones, substrates and other substances between systems
(Zhang et al., 2015). All substrates necessary for foetal-placental growth and
development from the maternal system are directly or indirectly transported,
metabolised, or modified by the placenta (Fowden, 1997; Bertolini et al., 2004).
The bioavailability of certain substrates or hormones during gestation is important
for the establishment of normal patterns of physiological systems in the
developing foetus, a phenomenon commonly referred as metabolic programming
(McMillen & Robinson, 2005).

Changes in the pattern of substrate delivery to the foetus, such as
modulation or nutritional restriction at certain stages of gestation, especially
during the placentation period, may lead to permanent molecular and cellular
changes or even new patterns of activity in organs and systems that may persist
and affect postnatal life (Barker et al., 1999). Consequently, changes in metabolic
reprogramming following in vitro embryo manipulations may affect placental
function and the placental restriction pattern on foetal growth, which may lead to
a growth promoting effect, altering events leading to the preparation and onset of
parturition, possibly also compromising postnatal survival from birth to adulthood
(Barker, 1999).

Initial reports in cattle investigating the effects of in vitro embryo production
by in vitro fertilisation procedures described the occurrence of a set of
abnormalities in development, including pregnancy losses, prolonged gestation,
excessive foetal growth, and increased post-natal mortality (Walker et al., 1996).
Interestingly, such abnormalities are also observed after cloning by somatic cell
nuclear transfer (SCNT), which were collectively termed Cloning Syndrome
(Wells et al., 2004), Abnormal Offspring Syndrome (AOS; Farin et al., 2006) or
even Large Placenta Syndrome (Constant et al., 2006), as various developmental
abnormalities seem to be associated with changes in placental function, which
has been indicated by some as the cause of AOS.

In cattle cloning, the lower development of the placenta at the early stage
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of pregnancy is accompanied by a reduced number of placentomes, nevertheless
with a larger size (Constant et al., 2006). Changes in placental formation by in
vitro embryo manipulations may affect the stereological structure and tissue
microarchitecture or even lead to changes in placental function and metabolism,
thus affecting the pattern of foetal growth, in a placental-foetal cause-and-effect
mechanism. Consequently, morphological, physiological, metabolic and
molecular studies that focus on the placenta during the period of major
appearance of phenotypical changes (third trimester of gestation) are essential
for understanding the relationship between placental pathologies and the
physiopathological effects on the foetus, as well as in the newborn.

As in the liver, the placenta may also have a metabolic
compartmentalization, perhaps by topographic position in relation to the fetus, or
even inside the uterus, since there are generally 4 lines of caruncules along the
axis of the uterine horns, which can and should have distinct blood supply and
flow. In general, there is an artery and a vein that derive from the umbilical, to
each side from the cord, to the smaller curvature of the uterus, which follow its
flow to the extremities, sending tributaries to the placentomes, first in those that
are more ventral to the most dorsal, and there are no significant anastomoses in
the dorsal curvature. This way, the perfusion through the placentomes causes
changes in the blood composition, for example, reducing oxygen. In the liver,
compartmentalization is continuous in the lobe, from the hepatic artery/portal
vein, to the central vein; in the uterus, such pattern is contiguous (Gebhardt,
1992). At the beginning of the lobe in the liver there are more oxidative processes
going to non-oxidative processes at the end of the lobe (Gebhardt, 1992), which
could also occur at the placenta, through the placentomes. Thus, this study aimed
(a) to investigate the occurrence of metabolic zonation in the bovine placenta,
and (b) to compare placenta metabolic functions between control and cloned
bovine concepti, which may relate to the abnormal conceptus growth pattern

seen after cloning.

MATERIALS AND METHODS

This study used samples collected in a companion study (Gerger et al.,
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2016). Data from Gerger et al. (2016) that are relevant to this study are
summarized in Table 1 and Figure 1. All procedures performed were approved
by the Animal Ethics Committee of the University of Sdo Paulo (S&o Paulo, SP,

Brazil).

Table 1. Selected conceptus physical traits for Bos taurus var. indicus in vivo-
derived (IVD) concepti and concepti produced either by in vitro
fertilisation (IVF) or nuclear transfer by handmade cloning (NT-HMC)

procedures, on Day 225 of gestation

] Group P
Trait
IVD IVF NT-HMC value
Foetal weight (kg) 125+2.32 13.7+3.22 27.2+£2.0° 0.005
Placentome weight (g) 3160.8 = 242.12 3258.3 £ 279.62 5732.3 £279.6° <0.001
Placenta surface area (cm? 201.5 +29.12 113.1 +33.6° 303.3 +33.62 0.015
Placentome number (n) 81.5+9.42 65.0 + 10.82 85.3+10.82 0.409

ab: Numbers with unequal letters on the same row differ, P <0.05

Summarized from Gerger et al. (2016)

Animals and experimental groups

A total of 14 bovine pregnancies were established carrying Nellore cattle
(Bos taurus var. indicus) singleton concepti, produced either in vivo (in vivo-
derived controls, or IVD group, n=4), by the superovulation and artificial
insemination of donor females, or in vitro by either in vitro fertilisation (IVF group,
n=4) or somatic cell nuclear transfer by Handmade Cloning procedures (NT-HMC
group, n=6). Concepti for all embryo production systems were from similar
genetic backgrounds, and the same in vitro culture (IVC) system was used for
NT-HMC- and IVF-derived embryos to minimize developmental deviations in the
IVF group, highlighting differences related to cloning procedures per se and not
to IVC (Gerger et al., 2016). The Nellore breed was chosen due to its rather low
birth weights in commercial herds (Ribeiro et al., 1992).
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Figure 1.Distribution of placentome numbers and weights (Mean + SEM) by type in the in vivo-
derived (IVD), IVF-derived and nuclear transfer—-handmade cloning-derived (NT-HMC)
groups on Day 225 of gestation. (A) Mean number of placentomes and (B) placentome
weights according to placentome type (Types A to D) per animal. b Columns with
different superscript letters within each placentome type differ significantly (P < 0.05).
Summarised from Gerger et al. (2016).

Post-mortem collection of samples

On Day 225 of pregnancy, pregnancies were terminated by slaughter for
harvesting of the uterus, as described by Gerger et al. (2016). The foetus and the
empty uterus, containing the foetus, the foetal membranes and the placenta,
were weighed and morphological foetal measurements were recorded.
Placentomes were excised and individually weighed, measured (width and
length), and morphologically classified according to Bertolini et al. (2006) and
Gerger et al. (2016) in type A (engulfing, mushroom-like), type B (subengulfing,
mushroom-like), type C (flattened, non-engulfing), and type D (semiconvex
placentomes), with the placentome surface area calculated based on the
equation for the area of an ellipse. Samples of the central longitudinal axis of
each placentome type were excised and snap-frozen in liquid nitrogen.
Analyses of gene expression

Total RNA from each placentome type from the three experimental groups
was extracted using Trizol® reagent (Invitrogen, USA), and 1800 ng of total RNA
from each sample was treated with DNase | (Invitrogen) and used for cDNA
synthesis using the GoScript™ Reverse Transcription System (Promega,
Madison, WI, USA) according to the manufacturer instructions. Quantification of

housekeeping and target transcripts was performed by real time gPCR using the
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GoTag® gPCR Master Mix (Promega) and the Fluorescent Quantitative PCR
Detection System LineGene 9600 (Bioer Technology, USA). The genes
evaluated included the housekeeping genes ribosomal protein S9 (RPS9) and 3-
actin (ACT-B); and key target genes involved with glucose transporters (solute
carrier family 2 member 1, SLC2A1; member 3, SLC2A3; member 5, SLC2A5);
glycolysis (lactate dehydrogenase A and B, LDHA and LDHB); gluconeogenesis
(glucose-6-phosphatase, G6PC; fructose-1,6-bisphosphatase, FBP1;
phosphoenolpyruvate carboxykinase, PCK1); fructolysis (fructokinase, KHK;
dihydroxyacetone kinase 2, TKFC; aldolase B, ALDOB); fructogenesis (aldose
reductase, AKR1B1; sorbitol dehydrogenase, SORD); pentose phosphate
pathway (glucose-6-phosphate dehydrogenase, G6PD); fatty acid synthesis
(acetyl-CoA carboxylase alpha, ACACA,; fatty acid synthase, FASN); cholesterol
synthesis (3-hydroxy-3-methylglutaryl-CoA reductase, HMGCR); apoptosis
(BCL2-associated X protein, BAX; BCL2 B-cell CLL/lymphoma 2, BCL2); insulin-
like growth factor system (insulin-like growth factor 1 and 2, IGF1 and IGF2; IGF1
receptor, IGF1lr; IGF2 receptor, IGF2r); serine synthesis (phosphoserine
aminotransferase, PSAT; phosphoglycerate dehydrogenase, PHGDH); and
placental function (steroidogenic acute regulatory protein, STAR; cytochrome
P450, P450; bovine placental lactogen, BPL; bovine pregnancy-associated
glycoprotein 1, bPAG1). The amplification cycling conditions used an initial
denaturation at 95°C for 2 min followed by 45 cycles consisting of 95°C for 15 s
and 60°C for 60 s. The fluorescence data were recorded at the end of each
extension step (60°C). Pilot experiments using six different concentrations of
cDNA (spanning a 60-fold range) were run to set up the RT-qPCR conditions.
The specificity of PCR products was confirmed by analysis of melting curves. All

reactions were performed in duplicates.

Statistical analyses

Data were analyzed using the MIXED procedure using the SAS statistical
software (SAS, Cary, NC, USA), with the model including animal, treatment, and
placentome as fixed effects, and interaction between animal and placentome.

The geometric means of the housekeeping genes (RPS9 and ACT-B;
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Vandesompele et al., 2002) were used as covariates in the model for gene
expression data, being neglected when not significant. Data were tested for
normality by the Shapiro—Wilk normality test, with the log transformation of non-
normal variables. Type D placentomes were removed from the statistical

analyses due to their low frequency in the groups.

RESULTS

In general, the patterns of expression of genes for the different metabolic
pathways and for physiologically important genes did not differ between the 1VD,
IVF, and NT-HMC groups (Table 2), inflicting that gene expression was similar
on a per unit of tissue basis, as a group, irrespective of the placentome type.
However, gene expression in placentomes differed according to the placentome
type for most gene products for the investigated metabolic pathways, in special
between placentomes types A/B and C, irrespective of the experimental groups,
with no significant interactions between placentome types and the experimental
groups (P>0.05). Overall, most genes analysed in type C placentomes were

overexpressed in relation to types A and B (Table 2).

Table 2. Relative gene transcription levels (LSM £ SEM) in Types A, B and C
placentomes between Bos taurus var. indicus in vivo-derived (IVD)
concepti and concepti produced either by in vitro fertilisation (IVF) or
nuclear transfer by handmade cloning (NT-HMC) procedures, on Day
225 of gestation

P?lj?]\évt?gnor Gene I:r!laecteyr;)teo V) Gr?\l;E NT-HMC P(Zrou Ppiacentome PGroup*Plac
A 203043  2.33£0.61° 2.99+0.35°
S'-(132A B 2204050  2.65:0.71° 249:0.41° 059  0.83 0.65
c 25:0.34°%  2.76+0.48%  2.48+0.28°
Sugar SLcaa A 2.6140.28%  2.03:0.40° 2.85:0.23%
transporter 3 B 2.55+0.70% 3.05+0.98* 3.26+0.57* (.71 0.05 0.66
s c 3.27+0.55%  3.87+0.77° 3.27+0.45°
A 212+4165%  51+284% 3.9:L.170°
Snga B 2.49:0.93%  4.27:132° 261£0.83 047  0.09 0.72
c 1.03:0.66*  2.31#0.94% 1.41%0.54°
A 1851063  2.5010.89° 2.86:0.51°
LDHA B 1.58+0.85*  3.50+1.20°  2.32+0.69° .30 0.95 0.74
_ c 2.08+0.30%  2.68+0.56° 2.20+0.32°
Glycolysis A 1614081 16941147  3.04+0.65°
LDHB B 2.14+0.66*  3.48£0.93° 2.23+0.54° (.50 0.61 0.61
c 1.9240.47%  2.2640.67° 2.18+0.38°
A 2.960.70°  1.27+0.99° 1.71+0.57°
Frucé?sgene AK?lB B 2624064  186:091° 3570520 033 0.02 0.45
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C 3.56+0.62*  3.69+0.88%  3.380.51%
A 2.13:0.69**  1.09#0.98°  0.76%0.56"
SORD B 0.82+0.88*  1.09t125* 3.57:0.76" (.28 0.03 0.27
C 2.50+0.62*A  2.77+0.88* 2.67£0.51°
A 0.19+0.57**  1.36+0.81* 0.50%0.56°
ALDOB B -0.10£0.92*  0.35:0.95* 1.74:0.55" (.10 0.93 051
C -0.42+0.63%®  0.57+0.89* 1.40+0.522
A 4.96£0.64**  3.97+0.91°  3.65+0.57°
Fructolysis KHK B 4.54:0.47%  4.24+0.66° 4.3+0.38**  0.50 0.58 0.63
C 4.54+0.32%  4.90£0.45%  4.41+0.272
A 2.36:0.65%*  2.38#0.92°  3.62+0.53°
TKFC B 2.23+0.69*%  3.84+0.98° 2.38+0.57* (.34 0.11 0.45
C 1.98+0.40%  1.65+0.56"  2.39:0.33
Pentose A 3.48+0.67%  2.57#0.95" 2.74+0.55"
phosphate G6PD B 3.32¢0.50*  3.13:0.71* 4.06:£0.40° (.98 0.02 0.37
pathway C 4.05+0.47%*  4.83x0.67* 4.06+0.38°
A 2.89+0.14%  2.81+0.20° 3.03%0.12°
FASN B 2.8240.43*  3.070.61* 3.53:0.37° (.19 0.02 0.90
Fatty acid C 3.50+0.34%  3.50+0.48%  3.40+0.29°
synthesis A 2.99+1.24% 2.98£1.75*  3.82£1.01°
ACACA B 3.50+0.93*  5.47+1.31° 2.28+0.86° 0.61 0.48 0.48
C 2.38+0.79%  2.85#1.12% 2.51+0.64°
A 3.14+0.88%4  1.38+1.25° 1.07+0.75°
Cholesterol HMGC B 3.13+0.58% 2.35+0.822 3.30+0.472 0.47 0.01 0.16
synthesis R o . . .
C 3.73+0.60%  4.37+0.86° 3.71%0.50°
A 1.38+1.55%4  2.47+2.20° 2.801.27°
STAR B 1.22+1.20%  4.17+1.82° 0.96:1.05 (.42 0.40 0.84
C 0.20+1.10%  1.02+1.63% 0.630.94%
A 3.14+0.20%  2.72+0.28*  2.90£0.16"
bPAG B 2.87£0.40*  2.760.53" 2.84:0.33° (.56 0.96 0.96
Placental C 3.14+0.30% 2.84+0.45%  2.73%0.26*
function A 1.61+1.20%  2.52+1.76° 3.75¢1.10°
P450 B 1.22#179*  4.31+2.53* 0.12+1.57" 0.55 0.22 0.69
c 0.28+1.50*  0.18+1.85° 0.90%1.16%
A 2.89+1.08%  2.00£1.52°  0.43%0.88"
BPL B 1.01+1.04*  0.48+1.47% 3.48+0.85° (.97 0.05 0.22
C 2.83+0.83*  4.18+1.18% 3.22+0.68%
A 0.90+1.43*  1.10+#2.02* 1.54+1.172
IGF1 B 1.16£1.17*  3.60£1.66* 0.50+0.95° (56 0.69 0.77
C 0.62+1.02%  1.10t£1.44® 0.56%0.83%
A 1.99+0.63*  0.81:0.89" 0.49+0.51°
IGF2 B 2.70:0.79**  2.20£1.12* 2.90:0.64* 0.47 0.01 0.78
IGF C 3.38+0.78%  3.34+1.11° 2.85+0.64°
system A 347:0.68%  2.71:0.97°  2.40:0.56"
IGF1r B 3.04£0.84*  3.59£1.18" 295:0.73° (.72 0.01 0.92
C 4.23+0.61*  4.33+0.86% 3.78+0.50°
A 2.35:0.48**  3.00£0.68°  3.08+0.39°
IGF2r B 2.220.42*  3.49£0.59* 2.08:0.34* (.27 0.35 0.45
C 2.22+40.36*  2.39+0.51*  2.34+0.30°
A 3.39+0.73*  2.51#1.03% 1.92+0.60°
BAX B 2.94+0.72*  2.19£1.02* 3.92:t0.59° .70 0.03 0.41
ADODOSI C 3.90+0.42%4  3.95+0.59°  3.62+0.34%
poptosis A 1.85£0.45% T 0sat0.38b
BCL2 B 2.12+#1.08*  1.21+¥1.95° 3.01£0.81* 0.70 0.01 0.01
C 2.95+0.73%  4.90£1.03%  3.34+0.60%

ab:Numbers with unequal letters on the same row differ, P <0.05

AB-Numbers with unequal capital letters on the same column differ, P <0.05
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Carbohidrate transport and metabolism. Compared to type A, type C
placentomes had increased transcript relative abundance patterns for (i) the
glucose transporter gene SLC2a3; (ii) the fructogenic pathway, with higher
expression of the AKR1B1 and SORD genes; and (iii) the pentose phosphate
pathway, with higher G6PD gene expression (Table 2 and Figure 2). The type B
placentomes had expression patterns that were intermediate and without
differences from types A and C (Figure 2). No significant differences were
detected between placentome types for genes related to the glycolytic pathway
(LDHA and LDHB genes), or to fructolysis, based on the expression levels of the
ALDOB, KHK and TKFC genes (Table 2, P>0.05). No detection of expression
was observed for genes related to gluconeogenesis in any of the placentome
types analysed, suggesting that such pathway is not active in the bovine
placenta, at least for the period under analysis.

Lipid metabolism. Lipid synthesis appeared to be higher in type C placentomes,
as the expression levels of the HMGCR gene, the key enzyme in the cholesterol
synthesis pathway, and the FASN gene, part of the fatty acid synthesis, were
higher than type A placentomes, with no differences in ACACA gene expression
between placentome types. No differences in expression were observed between
type B placentomes in relation to types A and C.

Placental function, IGF system and apoptosis. Regarding gene expression levels
related to placental function, a difference was detected only for bLP expression,
with a 2-fold increase in type C than types A and B placentomes (Figure 2,
P<0.05). In the IGF system, IGF2 (P<0.01) and IGF1r (P<0.01) expression levels
were also higher in type C than types A and B placentomes, with no changes in
IGF2r (P=0.35) and IGF1 (P=0.69). As for apoptosis, despite the lower BAX (pro-
apoptotic) and BCL2 (anti-apoptotic) expression patterns in type A placentomes
(Table 2, P<0.05), both gene products presented the same expression patterns,
with no significant differences between placentomes in the BAX/BCL2 ratio.
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Relative gene expression patterns (LSM + SEM) in placentomes, by type, between
Bos taurus var. indicus in vivo-derived (IVD) concepti and concepti produced either by
in vitro fertilisation (IVF) or nuclear transfer by handmade cloning (NT-HMC)
procedures on Day 225 of gestation (LSM + SEM). Gene products for (A) sodium-
independent facilitated hexose transporters (SCL2A1, SCL2A3 and SCL2A5); (B) lipid
metabolism (G6PD, HMGCR, ACACA and FASN); (C) fructolysis (ALDOB, KHK and
TKFC); (D) fructogenesis (AKR1B1 and SORD); (E) placental function (STAR, PAG,
P450 and BPL); (F) components of the IGF system (IGF1, IGF2, IGF1r and IGF2r). ab:

Columns for each gene transcript without common superscripts differ; P<0.05.
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Gene expression patterns for the sugar transporters SLC2A1 (glucose)
and SLC2AS5 (fructose) positively correlated with the expression levels for genes
related to lipid synthesis (ACACA and FASN) in types A, B and C placentomes
(r>0.6; P<0.05), suggesting an increase in lipid synthesis as a function of glucose
uptake within the placentomes. In type A placentomes, SLC2A1 and SLC2A5
genes also positively correlated with IGF1 and LDHA and LDHB (r>0.8; P<0.05).
In type C placentomes, the SLC2A1, SLC2A3 (glucose) and SLC2A5 sugar
transporters positively correlated with the glycolytic (LDHA, LDHB) and fructolytic
(TKFC) pathways’ expression levels in the foetal liver (r>0.6; P<0.05).

DISCUSSION

Findings from this study provide evidence regarding the existence of a
metabolic compartmentalisation or zonation in the bovine placenta, as significant
differences in expression were detected between placentome types, in special
between types A/B and type C placentomes. Then, such changes in placentome
morphological profile in cloned concepti was correlated with placental metabolic
function, which could lead to changes in placental and foetal metabolism and
differential foetal growth patterns in the course of development. Our previous
studies showed that cloning by SCNT lead to changes in placental morphology
followed by an increase in foetal growth (Gerger et al., 2016), with significant
impact on the foetal biochemical and metabolic profiles on Day 225 days of
gestation (Ticiani et al., 2018, unpublished data). Such pieces of evidence and
implications in support of our findings are discussed below.

The differentiation of placentomes may likely be a compensatory approach
to provide adequate nutrition for the foetus (Beckett et al., 2014). It is well known
that in vitro-produced concepti may go through a biphasic growth pattern, with an
early growth retardation that coincides with the period of placentation, followed
by a foetal and placental excessive growth in mid to late pregnancy, with the birth
of larger and less viable calves at term (Bertolini et al., 2002, 2004; Batchelder et
al., 2007; Gerger et al., 2016). Thus, placentome sizes and shapes are often
different in in vitro-derived pregnancies, with a high frequency of enlarged

placentomes in clone concepti, with a potential greater role of less frequent and
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abnormal, nonetheless heavier, placentome types in placental function (Gerger
et al., 2016).

The morphologic and morphometric analyses made by Gerger et al. (2016)
showed that in vitro-derived concepti (IVF and NT-HMC) had more type C
(flattened, non-engulfing) and fewer type A (engulfing, mushroom-like)
placentomes compared with the IVD group, with similar frequencies of types B
(subengulfing, mushroom-like) and D (semiconvex) placentomes. However,
despite a lower number of type A placentomes in clones, the absolute total weight
for type A placentomes was similar to controls, whereas type B (similar in number
as in the IVD group) and type C (increased numbers compared with the IVD
group) placentomes were significantly heavier than in the IVD and IVF groups
(Figure 1). Altogether, such observations indicated that placentome mass by type
increased in clones, with an apparent greater role of types B and C placentomes
in placental function and foetal growth in cloned concepti.

The placental pattern in IVF placentae was more similar to the IVD control
group, considering the mass of the placentones, even though a lower number
and reduced tissue mass was observed in type A placentomes, which may
indicate that individually, such placentomes were not different in size when
compare to the IVD group, which was not true for clones, as such group had
fewer type A placentomes, for a total mass equal to the 1VD, indicating a larger
size per placentome. In the same way as for types B and C placentomes, the IVF
and cloned groups were equal to controls in terms of numbers, but different than
for clones, the total weights for types B and C placentomes in the IVF group were
similar to controls, which may indicate that no significant metabolic deviations
occurred in IVF concepti that could determine phenotypic and pathophysiological
changes in development. Such premise can be confirmed by the absolute
similarities in physical traits between control and IVF-derived fetuses associated
with placentae used for qPCR analysis in this study (Gerger et al., 2016). In
clones, in turn, despite the similar numbers as in the IVD and IVF groups, the
significant larger total weights for types B and C placentomes indicate larger
individual types B and C placentome sizes in clones, which was associated with

changes in gene expression, and, therefore, in placental metabolic functions, and
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homeostatic and homeorrhetic patterns in cloned concepti.

Interestingly, distinct patterns of differential gene expression between
placentome types were observed in this study. An upregulation in the expression
of several genes was observed in type C placentomes, including the glucose
transporter SLC2a3, which is related to glucose transport at the placenta-foetal
interface in sheep (Eberhardt & Bell, 1997), being also associated with an
imprinted isoform in mice that is stimulated by IGF2 expressed at the placental
tissue (Constancia et al., 2005; Angiolini et al., 2006; Fowden et al., 2006). Even
though no expression differences were detected between groups (IVD, IVF,
SCNT) for glucose transporters, on a per gram of placenta basis, the cloned
group had a greater number of type C placentomes, which were excessively
larger. This may represent an increased abundance of glucose transporters for
increased total surface area for exchange and, consequently, higher glucose
uptake by cloned concepti. Our findings partially corroborate the study by
Hirayama et al. (2011), in which gene expression patterns for glucose
transporters were analysed in late pregnancy in cloned cattle, showing an
increase in MRNA abundance for the SLC2a3 transporter in clones. However,
unlike our study, those authors did not classify placentomes according to their
morphology, or type (A, B, C, and D). By knowing that cloned concepti change
the way placentomes develop and mature, having a higher proportion of flattened
(type C) placentomes, it is feasible that more representative samples from type
C placentomes were included in the analysis, explaining the expression pattern
for SLC2a3. The increase in total SLC2a3 in the placenta and the absence of
foetal hypoglycemia implies that glucose uptake and transport from the maternal
circulation is increased in clones in mid- to late gestation, probably to meet
increasing foetal and placental requirements (Hirayama et al., 2011), as the rate
of placental growth in clones is not reduced in late gestation, unlike in normal
pregnancies (Constant et al., 2006).

The increased glucose uptake and hyperfructosemia reported by some
cloned calves at birth may be expected when considering that another function
of the ruminant placenta is to synthesize fructose from glucose via AKR1B1 and
SORD enzymes (Batchelder et al., 2007). Additionally, an upregulation was
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observed in the expression of genes responsible for fructogenesis in type C
placentomes. This is corroborated by the idea that the high concentration of
fructose observed in plasma and allantoic fluid in the conceptus from the NT-
HMC group (Ticiani et al., 2018, unpublished data) is of placental origin, with type
C placentomes potentially being the main responsible for such synthesis, for an
increased glucose uptake by the whole collection of type C (and larger)
placentomes in clones.

Increased fructose produced by the abnormal cloned placenta may
contribute to foetal overgrowth in the NT-HMC group and also for the enlarged
umbilical cord. First, fructose metabolism via the hexosamine pathway may also
lead to the synthesis of glycosaminoglycans, e.g., hyaluronic acid, uridine
diphosphate-N-acetyl  glucosamine and uridine diphosphate-N-acetyl
galactosamine, which are all involved in the synthesis of glycolipids,
glycosaminoglycans and proteoglycans critical to functions of cells and tissues
(Kim et al., 2012). Increase in hyaluronic acid and hyaluronidase in the uterine
lumen stimulate angiogenesis, morphogenesis and tissue remodeling in the
placenta, as reported for the human placenta (Ponting & Kumar, 1995). The
accumulation of hyaluronic acidoccurs in the placentae of most mammals and
primarily localizes to the umbilical cord, but to a lesser extent to placental blood
vessels (Mitchell et al., 2003). Frequently, larger umbilical cords are observed in
cloned neonates. Wang et al. (2016) showed that fructose has maximum effects
on proliferation of ovine trophectoderm cells at molar concentrations well below
those that we found in the allantoic fluid (Ticiani et al., 2018, unpublished data).
As fructose induces cell proliferation via activation of the AKT-tuberous sclerosis
complex 2 (TSC2)-MTOR signaling cascade, and as the activation of such
cascade is mediated by O-GIcNAcylation from UDP-N-acetylglucosamine (UDP-
GIcNACc), a primary product of the hexosamine biosynthesis pathway (Wang et
al., 2018), it is possible that higher fructose synthesis and availability to cloned
conceptus may be associated with deviations in umbilical cord development.
However, more studies are necessary to address such concept.

The IGF family acts at endocrine, paracrine and autocrine levels to
modulate mitogenic and metabolic effects, stimulating the growth and
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development of the placenta (Lowe, 1991). In the placenta, at the cell level, IGF
signaling can cause a series of biological responses such as growth, proliferation,
survival, nutrient uptake, migration and differentiation (Constancia et al., 2002).
This family activity is mediated by the interaction of two ligands (IGF1 and IGF2)
with three membrane receptors (IGF1R, IGF2R and insulin receptor), although
most of their effects are mediated through the IGF1R. The IGF2 ligand, for
instance, is an imprinted gene that has a direct positive pleiotropic effect on
development, being expressed in the paternal allele; on the other hand, the
IGF2R has indirect negative pleiotropic effects, blocking the effect of IGF2, being
of maternal origin. Although previous studies stated that in cloned animals the
parental or imprinting effect could be lost, no changes in gene expression of
components of the IGF family were observed between the experimental groups
in this study. However, type C placentomes showed higher IGF2 and IGF1r
expression, and considering the proportion in numbers and mass of this type of
placentomes in the cloned group, it is infered that IGF2 may have exerted greater
pleiotropic effects in cloned concepti in this study.

The bovine placenta is an important source of steroid hormones during
pregnancy (Conley & Mason, 1994), and it can produce both progesterone and
estrogens. Kohan-Ghadr et al. (2011) demonstrated that maternal progesterone
profiles were not different between cloned and control pregnancies from about
mid-gestation onwards, although transient differences have been observed in the
first half of gestation, when progesterone levels were higher in some cloned lines,
whereas lower in others. Although no differences in gene expression for a key
steroidogenic enzyme were observed in this study, on a per unit of tissue basis,
when considering a larger placental mass, the cloned group should have greater
capacity to produce steroid hormones. This hypothesis is still under investigation.
In addition to steroid hormones, the ruminant placenta secretes several proteins,
including the pregnancy-associated glycoproteins (PAGs) and placental
lactogen. Heyman et al. (2002) reported that abnormally high PAG
concentrations in the plasma of NT-HMC concepti subsequently were associated
with placental anomalies. Although no contradicting reports exist about an
increase in BNC numbers in cloned placenta (Ravelich et al., 2004; Arnold et al.,
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2008), Constant et al. (2011) showed that elevated PAG concentrations do not
appear to result from an increased placental expression, nor from a higher
proportion of BNC in the placenta, but likely from a higher transport through the
placental barrier and/or an increase in PAG half-life in the maternal circulation. In
agreement with Constant et al. (2011), we did not observe changes in PAG
expression between groups or between placentome types.

The partitioning of nutrients between maternal and fetoplacental
compartments is orchestrated by a number of endocrine hormones, including
both placental lactogen (PL) and placental leptin, which are also involved in foetal
and placental growth (Hoggard et al., 2001). In cattle, bovine PL (BPL) is a
product of trophoblastic binucleate cells, which are directly involved in the
modification of the uterine epithelium (Wooding et al., 1997). In sheep, oPL levels
are responsible for about 80% of the variation in total foetal weight (Schoknecht
et al., 1991; Kappes et al., 1992) suggesting that PL regulates foetal growth by
stimulating repartitioning of maternal nutrients to the foetus, and by stimulating
the foetus to use the substrates (Anthony et al., 1995). Thus, even though no
differences were detected in PL expression between the in vitro and in vivo
groups, type C placentomes had higher PL expression than other types,
supporting our hypothesis that there is a metabolic compartmentalization in the
placenta, and the morphological changes in placentomes in the NT-HMC group
may direct the overgrowth observed in cloned foetuses.

In summary, the gene expression pattern for relevant genes in the bovine
placenta revealed significant differences in the metabolic profile between
placentome types, demonstrating a potential metabolic zonation in the bovine
placenta. Therefore morpho-physiologic differences observed between clones
and controls could be due to changes in size and proportions of placentome
types, not due to modifications of tissue function itself. Such changes, as for the
increase in glucose transporters in type C placentomes, associated with greater
number and mass of such placentomes in cloned concepti, may lead to greater
glucose uptake by the placenta. Glucose, in turn, aside from being the basis for
energy supply, can also serve as a substrate for both fructose and lipid
syntheses. In the case of fructose, such pathway appears to be increased in type
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C placentomes, due to the increased expression of genes related to
fructogenesis. As a consequence of an increase in fructose synthesis, a
significant increase in fructose concentration within the foetal compartments
follows, with higher fructose accumulation in the allantoic fluid of cloned concepti.
Perhaps, such phenomenon may be associated with hydroallantois in some
clone-borne pregnacies, due to higher levels of the osmotically active fructose
within the fluid compartment. Regarding lipid synthesis, it is well known that when
met the metabolic demands, the excess of nutrients is directed to the synthesis
of fatty acids. In this way, we observed an increase in the expression of genes
related to fatty acid synthesis in type C placentomes, and a possible hepatic
lipidosis in clone concepti, considering the allometric pattern of growth of the fetal
liver (Gerger et al., 2016), for a lower liver function capacity (Ticiani et al., 2018).
Altogether, such changes corroborate with physical and physiological findings

observed in concepti derived from the cloning by SCNT.
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4. CONCLUSOES E CONSIDERACOES FINAIS

Com base nos resultados obtidos nos estudos apresentados nos

Capitulos Il e lll acima, podemos concluir que:

a. Foram estabelecidas relacdes fisiologicas significativas, diretas e indiretas,
entre parametros fisicos, bioquimicos, metabdlicos e moleculares com o
aparecimento da Abnormal Offspring Syndrome (AOS) em conceptos bovinos
derivados da clonagem por TNCS, aos 225 dias de gestacgéao.

b. A producéo in vitro de embrides pela FIV por um sistema de cultivo in vitro
otimizado gerou conceptos semelhantes aos controles em termos
morfologicos e fisiolégicos, com algumas alteragbes ainda detectaveis na
morfologia placentéria.

c. A morfologia e a distribuicdo de peso e area dos placenténios nos conceptos
clones no Dia 225 de gestacdo foram significativamente distintas do grupo
controle (in vivo), com uma reducdo de placentonios dos tipos normais, em
especial do tipo A, e um aumento dos tipos anormais, especialmente do tipo
C, com alteracao significativa no padrdo de expressédo de genes importantes
no desenvolvimento pré-natal.

d. A origem dos embrides (IVD, IVF, NT-HMC) ndo causou alteragdes nas
caracteristicas fisicas maternas e na bioquimica plasméatica materna aos 225
dias de gestacéo.

e. Além do crescimento fetal excessivo, varios parametros de funcao hepatica,
renal e do metabolismo da hemoglobina, dos carboidratos e lipidios foram
significativamente distintos em gestacfes de clones, com um padréo
indicativo de maior aporte de substratos (glucose, fructose) ao feto,
corroborado por perfis de expressao génica de enzimas chave de rotas
metabdlicas que denotam um maior aporte de carboidratos, com um aparente
desvio para outras rotas metabolicas, como a via das pentoses e a lipogénese.

f. O padrdo de expressdo génica revelou diferencas significativas no perfil
metabdlico entre os tipos de placentbnios, demonstrando uma potencial

compartimentalizacdo metabdlica na placenta bovina.
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g. Os placenténios anormais em forma, mais achatados (tipo C), foram mais
abundantes em conceptos clones, e demonstraram ser metabolicamente mais
ativos, com aumento na expressao de transportadores de glicose e nas rotas
frutogenica e lipogénica.

h. As caracteristicas fisicas de conceptos clones foram correlacionadas
positivamente com varidveis associadas a um padrao fisiolégico ativo e de
promogéao do crescimento fetal, incluindo componentes do metabolismo da
glicose e da frutose, acimulo de carboidratos em compartimentos materno
e/ou fetal, do metabolismo dos lipidos, de proteinas e da hemoglobina. Por
outro lado, as mesmas caracteristicas fisicas foram negativamente
correlacionadas com os niveis de glicose e frutose no fluido amnidtico, e com
o metabolismo do colesterol e parametros da funcdo hepatica, o que pode
indicar uma atividade metabdlica menor do figado fetal de clones, apesar
deste 6rgao ser alometricamente maior em clones. Tal alteracéo de morfologia
e funcdo pode estar associado a doencas metabdlicas, como a lipidose
hepatica.

i. A sequéncia de eventos morfologicos e fisioldgicos observados no curso do
desenvolvimento de conceptos clones neste estudo corroboram com a
hipotese de desregulacdo do sistema de restricdo placentaria ao crescimento
fetal no final da gestacdo, e na alteracdo do padrdo de programacéao
metabdlica fetal, com consequéncias potenciais na sobrevida tanto pré-
qguanto pés-natal.

Com esse estudo foi estabelicedo uma relacdo entre os padrdes
fenotipicos Utero-placentario e fetal de crescimento e os padr6es de uso de
substratos pela placenta e aporte ao feto, evidenciando por sua vez a existéncia
de rotas metabolicas alteradas em fungédo de alteracdes morfofisiologicas da
placenta, com efeitos no padrdo de drescimento e desenvolvimento de fetos
derivados da clonagem por TNCS. Desta forma, forneceu-se uma base que pode
ser (til na elucidacéo dos efeitos da PIV de embrides no desenvolvimento pré- e
pés-natal subsequentes, com potencial associacdo a fendbmenos biologicos

aberrantes similares de ocorréncia natural nos rebanhos.
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in the same year, in the order in which they are cited in the text

List a maximum of ten authors. Where there are more than ten authors, list the
first ten and then use et al.

Reference in the following format:

See RH, Calvo D, Shi Y, Kawa H, Luke MP & Yuan Z 2001 Stimulation of p300-
mediated transcription by the kinase MEKK1. Journal of Biological
Chemistry 276 16310-16317.
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Harvey SS 1975 Hypnotics and sedatives. The barbiturates. In The
Pharmacological Basis of Therapeutics, edn 5, pp 102-123. Eds LS Goodman &
A Gilman. New York: Macmillan Publishing Co.

EndNote
Please use Harvard style.

9) Tables

Tables should be concise. Tables too large for print publication should be
submitted as supplementary data.

Number tables in the order they are cited in the text

Include a title — a single sentence at the head of the table that includes the name
of the organism studied

Use footnotes to provide any additional explanatory material, cross-referenced to
the column entries

Give a short heading for each column

Do not use internal horizontal or vertical lines, colour or shading

Explain all abbreviations used in the table in the footnotes

10) Figures

The journal has produced digital image guidelines in order to clarify the standards
expected by the journal. All submitted digital images must adhere to these
guidelines.

Colour figures are free where the use of colour is necessary, such as photographs
and composite images. Colour printing is costly to the journal and colour should
not be used for bar/line/pie charts.

Number figures in the order they are cited in the text

Include legends to all figures, giving the figure number, keys to any symbols used,
the name of the organism studied, the names of any statistical tests used and the
probability levels used for comparisons

Label figure sections as A, B etc in the top left-hand corner

Use Arial or a similar sans-serif font for text labels

Do not enclose figures in boxes

Indicate magnification by a scale bar in the bottom right-hand corner of the image
and give the measurement in the legend

Use the preferred symbols of closed and open circles, squares and triangles.
Ensure that symbols are large enough to be read clearly when the figure is
reduced for publication

Use Courier or a similar non-proportional font for amino acid, DNA, RNA and PCR
primer sequences and highlight sections of homology between sequences with
grey shading

File types and resolution

Reproduction is committed to publishing high quality figures.

EPS or TIFF files are preferred. Files should be exported in Illustrator compatible
format, avoiding PowerPoint or Word files:

Line images/graphs: EPS, TIFF, high-resolution PDF, Al (Adobe
lllustrator). Resolution at final published size: 1200 dpi
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Half-tone (greyscale) images: TIFF, high-resolution PDF, JPEG. Resolution at
final published size: 600 dpi

Colour images: TIFF, high-resolution PDF, JPEG. EPS or Al files can be used for
graphical data and illustrations that don’t include photographs. Resolution at final
published size: 300 dpi. Colour format: CMYK (not RGB)

11) Videos

The journal is capable of incorporating videos into articles published online.
Upload videos to represent those results which are best demonstrated by moving
images, such as time-lapse photography, real-time intracellular trafficking or 3D
molecular reconstructions. There is no charge for the publication of in-article
videos.

Videos may still be published as supplementary data if they do not need to be
part of the main manuscript, there is a charge for publication of supplementary
materials.

Upload your video as a supplementary file when submitting through the
ScholarOne manuscripts system. Please specify in your covering letter if the
video should be published in-article or as supplementary data. Videos should be
less than 10 MB. Should you need to upload a larger file please contact
the editorial office. Authors should keep copies of everything submitted as the
editorial office will not retain files once a final decision has been confirmed.

The journal will accept video file submissions in the following formats: MP4, MOV,
MPG, and AVI file types. Please ensure video legends are included with the
figure/table legends.

Reviews

Reproduction publishes reviews on basic mechanisms, recent developments and
new hypotheses in reproductive biology. Review articles are made freely
available on the journal’s website immediately upon publication.

The format of review articles is more fluid but should include the following:

1. Title PAGe

2. Abstract

3. Conclusions

4. Declaration of interest, Funding, Author contributions statements (where
appropriate)

5. References,

6. Figure legends

7. Figures/ tables.

Review submissions should be limited to 6000 words. We recommend a
maximum of 60 references for review articles, with 2--6 figures and
tables. Original summary diagrams and illustrations of proposed models (in
colour where appropriate) are encouraged. Line drawings may be redrawn.
Boxes can be used to separate detailed explanations and background
information from the main part of the text.

Articles are commissioned by the Reviews Commissioning Group and undergo
peer review by experts in the field. If you would like to submit a review please
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emalil the editorial office with a brief outline of your topic.

Supplementary Data

Supplementary data too large for print publication or exceeding the bounds of the
manuscript may be submitted for online publication.

Supplementary data files intended for online publication should be submitted
online via ScholarOne Manuscripts as ‘Supplemental File for Review’, and
referred to as supplementary data in the text:

(Supplementary Table 1)
(Supplementary Figures 1 and 2)

Supplementary information will be reviewed as part of the manuscript, evaluated
for its importance and relevance and, if accepted, will be referenced in the text of
the article, directing readers to the website. There is a charge for publication of
supplementary data. Should authors not wish to publish their supplementary
data, they must notify the editorial office prior to acceptance.

Editorial Policy

Human Subjects Research

Include a statement that investigations have been approved by the local ethical
committee. Authors must ensure research involving human subjects complies
with the Declaration of Helsinki and, in particular, include a statement in the
manuscript itself that the subjects have given their informed, written consent
when required.

Animal studies

Experiments with animals must be performed in accordance with international,
national and institutional requirements. Include a statement that investigations
have been approved by the local ethical committee, along with the following:
Give the full binomial Latin names for all experimental animals other than
common laboratory animals

State the breed or strain and source of animals, and give details of age, weight,
sex and housing

Detail the procedures and anaesthetics used, including doses given

Articles will only be considered if the procedures used are clearly described and
conformed with the international and national legal and ethical requirements, as
well as the requirements outlined by the institution in which the work took place.
A statement identifying the committee approving the study must also be included
in the Methods section.

Authors are encouraged to refer to the ARRIVE guidelines, and in particular the
checklist within them, when preparing manuscripts detailing animal experiments.
Editors reserve the right to request further information on the exact procedures
and ethical approval obtained as part of the review process. Papers may be
rejected on ethical grounds should the editors feel the study does not adequately
meet current international guidelines for humane research.



mailto:reproduction@bioscientifica.com
https://rep.bioscientifica.com/page/charges
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.nc3rs.org.uk/arrive-guidelines

112

Gene and protein nomenclature

Wherever possible, manuscripts must be prepared in accordance with approved
gene nomenclature.

In gene and protein symbols, substitute Greek letters with the corresponding
roman letter, e.g. TGFBR2 not TGFBR2

Avoid hyphens unless they are part of the approved symbol, e.g. IGF1 not IGF-1
Use arabic rather than roman numerals, e.g. BMPR2 not BMPRII

Follow species-specific formatting standards as follows:

Mice and rats

Gene symbols should be in italics with only the first letter capitalised, e.g. Sox2
Protein designations should be the same as the gene symbols except that all
letters should be capitalised and in roman (i.e. not italicised), e.g. SOX2

Please use symbols approved by the International Committee on Standardized
Genetic Nomenclature for Mice and the Rat Genome and Nomenclature
Committee, which can be queried at the MGl website

Humans, non-human primates and domestic species

Gene symbols should be in italics with all letters capitalised, e.g. SOX2

Protein designations should be the same as the gene symbols but not italicised,
e.g. SOX2

Please use symbols approved by the HUGO Gene Nomenclature Committee
(HGNC)

Fish

Gene symbols should be in italics with all letters in lower case, e.g. sox2

Protein designations should be the same as the gene symbols but not italicised
and with the first letter capitalised, e.g. Sox2

Please use symbols approved by the Zebrafish Nomenclature Committee (ZNC),
which can be queried at the ZFIN website

Digital image integrity

No specific feature within an image may be enhanced, obscured, moved,
removed, or introduced. The groupings of images from different parts of the same
gel, or from different gels, fields or exposures must be made explicit by the
arrangement of the figure (e.g. using dividing lines) and in the text of the figure
legend. Adjustments of brightness, contrast, or colour balance are acceptable if
and as long as they do not obscure or eliminate any information present in the
original. Nonlinear adjustments (e.g. changes to gamma settings) must be
disclosed in the figure legend. Adjustments should be applied to the entire image.
Threshold manipulation, expansion or contraction of signal ranges and the
altering of high signals should be avoided.

Statistical analysis

It is the author’s responsibility to document that the results are reproducible and
that the differences found are not due to random variation. No absolute rules can
be applied but, in general, quantitative data should be from no fewer than three
replicate experiments. Appropriate statistical methods should be used to test the
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significance of differences in results. The term ‘significant’ should not be used
unless statistical analysis was performed, and the probability value used to
identify significance (e.g. P < 0.05) should be specified.

When several t-tests are employed, authors should be aware that nominal
probability levels no longer apply. Accordingly, the multiple t-test, multiple range
test, or similar techniques to permit simultaneous comparisons should be
employed. Also, in lieu of using several t-tests, it is often more appropriate to
utilize an analysis of variance (ANOVA) to permit pooling of data, increase the
number of degrees of freedom, and improve reliability of results. Authors should
use appropriate nonparametric tests when the data depart substantially from a
normal distribution.

In presenting results of linear regression analyses, it is desirable to show 95%
confidence limits.

When data points are fitted with lines, specify the method used for fitting
(graphical, least squares, computer program). If differences in slopes and/or axis
intercepts are claimed for plotted lines, these should be supported by statistical
analysis.

Give sufficient details of the experimental design and analysis so that the reader
can assess their adequacy and validity for testing the hypotheses of interest.

In particular:

Describe the numbers of experimental units used and the way in which they have
been allocated to treatments

Justify the omission of any observations from the analysis

Describe methods of analysis precisely and state any necessary assumptions,
as these may affect the conclusions that can be drawn from the experiment
Your article may be sent to the Statistical Advisor for comments.

Preprint and data repositories

Preprint repositories

A preprint is a version of the article prior to submission to the journal for peer
review, and has not been copyedited or typeset.

Bioscientifica allows deposition of preprints to recognized repositories, such as
bioRxiv, provided that Bioscientifica is informed of this at the time of submission
and it does not infringe any subsequent copyright or licence agreement.

Upon final publication, authors are required to add a link from the preprint to the
published article (version of record).

Depositing data in public databases

Authors are strongly encouraged to deposit data sets in appropriate public
databases, such as GenBank or Gene Expression Omnibus (GEO). Authors
should include the relevant database identifiers and accession numbers for
deposited sequences within the manuscript using the following format: Database:
xxxx, e.g: GEO: GSE6364. Authors are also required to provide the URL for the
sequence(s).

Please contact the editorial office if you have a query about relevant databases.
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Licence and Copyright

Articles are considered on the understanding that, if they are accepted for
publication, the entire copyright shall pass to the Society for Reproduction and
Fertility. The corresponding author is requested to digitally sign a copyright
transfer agreement to this effect.

(Please note that when the Open Access option has been taken, copyright
remains with the author(s).)

Cover art competition
Readers are invited to submit reproductive biology images for consideration as
the cover of Reproduction.

Figures must be of high quality and resolution of at least 300 dpi at the final
published size (280 mm x 210 mm).

Winners will be selected by the Co-Editors-in-Chief and awarded a prize of 100
GBP. Winning images will be used on the cover of the journal for three issues, in
print and online, and may be used in promotional material. Images not selected
for use may still be used on the Society for Reproduction and Fertility and
Bioscientifica websites for promotional purposes.

By submitting an image you warrant that you own the copyright and agree to the
use of the image as described above.

Images should be accompanied by a short caption of 25-30 words explaining
what the image depicts and who should be acknowledged for its production. For
further information on how to submit an image please contact the editorial office.

SRF-Reproduction prize

This prize was launched to celebrate and distinguish excellence in reproductive
biology research. The prize recognises the best research published in SRF's
journal Reproduction.

The inaugural prize was presented at Fertility 2018 and the winner was selected
from papers published between July 2016 and June 2017.

The winner will have the opportunity the present their work at a dedicated session
in the Fertility programme.

Eligibility

All research papers published in the journal are automatically eligible

For the prize awarded at Fertility 2019 papers must be published between July
2017 and June 2018

Assessment

Associate Editors will nominate papers for further consideration by the
Assessment Panel

They are asked to nominate papers with high novelty, high impact, an excellent
contribution to the field and high quality data

The Assessment Panel will discuss all of the nominations and decide on a winner
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based upon the above criteria. The Assessment Panel will comprise of four
Associate Editors. They will recommend a decision for verification by the Co-
Editors-in-chief

Prize

The award will be made to the whole author group and each author will receive a
certificate

One author, preferably the first author, is invited to attend Fertility, with travel,
registration and 3 nights' accommodation covered by SRF

The author will present their work in a dedicated award session in the Fertility
programme

If the authors are not current members of SRF they will be given 1 years'
membership

Conditions
The decision of the assessment panel is final and not subject to appeal
One award is available per year

Privacy policy
Reproduction’s privacy policy can be viewed here.
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Ahstract

Elongation of the preimplantation conceptus is
a prerequisite for maternal recognition of pregnancy and
implantation in ruminants, Failures in this phase of
development likely contribute for the subfertlity of
lactating dairy cows. This review will discuss our
current understanding of the physiological and cellular
requirements  for  successful  elongation of  the
preimplantation conceptus and their potential de ficiency
in subfertile lactating dmry cows, Major requirements
include the priming of the endometrium by ovarian
steroids, reprogramming of trophectoderm cells at the
onset of elongation, and intensification of the crosstalk
between  elongating  conceptus  and  endometrium,
Conceptus elongation and survival in dairy cows does
not seem to be affected by lactation per se but seem to
be altered in subgroups of cows with endocrine,
metabolic and nutritional imbalances or deficiencies.
These subgroups of cows include those suffering
diseases postpartum, anovular cows enrolled in
synchronization  programs, and cows  with  low
concentration  of  circulating  steroids  and  1GFI.
Success of conceptus elongation starts long before
breeding and entails optimization of health and
nutrition programs, especially during the ftransition
period, and might be extended to the supplementation of
endocrine and nutrional  shortages at the time of
breeding. Genetic selection will eventually become
more important as researchers unravel the molecular
control of reproduction and develop new fertility traits
focused on pregnancy survival,

Kevwords: conceptus elongation, dairy cow, pregnancy
loss,

Introduction

Early pregnancy losses are highly prevalent in
lactating cows and lessen production efficiency in dairy
herds (Ribeiro et al., 2012}, Approximately half of the
zypotes fail to survive the first 4 weeks of development,
contributing  meaningfully  for  the  low  average
conception risk of lactating cows (Santos ef af,, 2 .
Wilthank e al. 2016; Ribeiro, 2018 Fig. 1)
Ultimately, these losses are caused by impaired
developmental competence of the zvgote andior
inadequate uterine environment, which in turn  are
influenced by the genetics of the cow and embryo, and
by health, nutritional, endocrine, environmental factors
affecting ovarian and uterine biology of the cow.
Although embryonic losses in the first week are
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Accepted: Aprl 29, 2018

substantial, failures in the peri-implantation stages of
conceptus  development  seem  to account for an
important portion of pregnancy losses (Fig, 1A). It has
been estimated that 39% of day 6 morulas fail to survive
by day 28 of development (Ribeiro, 2018). The
maoderate efficiency of embryo transfer (ET) as breeding
strategy  for lactating cows further emphasize the
significance  of the  peri-implantation  period  for
pregnancy success { Table 1)

In cattle, the developing morula enters the
uterus around day 4 but implantation starts only around
day 20, Therefore, formation of the blastocyst,
expansion  and  hatching from the zona  pellucida,
formation of oveid conceptus, elongation and initial
differentiation of trophectoderm binucleated eells must
all be coordinated by uterine histotroph. Over the wvears,
substantial rescarch efforts have been placed to
understand  the biology of these events and their
connection to pregnancy failures in dairy cows, Large
emphasis has been piven to the elongation phase of
conceptus development because of its complexity and
necessity for maternal recognition of pregnancy and
implantation.  This review summarizes our current
understanding  of  the physiological  and  cellular
requirements for successful elongation of the conceptus
and discusses the potential contribution of impaired
elongation to subfertility of lactating dairy cows,

Physiological and cellular requirements of
elonga tion

Elongation of the preimplantation conceptus
entails remarkable expansion of extracmbryonic tissues
along the uterme lumen in a short window of
development (Betteridge, 1980; Wales and Cuneo,
1989, In cattle, elongation starts around day 14 and,
within 3 days, the conceptus grows from <35 mm to
approximately 250 mm in length and occupies almost
the entire extension of the pregnant uterine horn, The
exponential increase in tissue mass s explained mainly
by rapid proliferation of trophectoderm cells {Wang o1
al,, 2009, The augmented rate of proliferation is
induced by driver signals and demands substantial
supply of nutrients (e.g lipids, amino acids, sugar,
nmucleotides) for energy expenditures and synthesis of
biomass. The required signals and nutrients are provided
by the uterine histotroph, whose composition s
modulated by the activity of ovarian steroids and
conceptus-derived molecules (Spencer et all, 2004).
This section reviews scientific data that provide insights
on the physiological and cellular events that coordinate
conceptus elongation.
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