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Abstract 

In vitro fertilisation (IVF) has been widely used to treat infertility since 1978. Worldwide, 

there are over 5 million children who have been born following assisted reproduction, 

mostly by IVF. However, the long term health implications of IVF are unknown. This 

thesis focuses on the metabolic risks of IVF in adult humans and mouse offspring.  

A suboptimal in vivo environment during pregnancy, and the early postnatal period, 

predisposes offspring to chronic diseases later in life. Preimplantation embryos are also 

sensitive to adverse environmental insults in vivo or in vitro. Emerging evidence suggests 

that IVF children may be at an increased risk of developing metabolic and cardiovascular 

diseases. However, it is unclear if increased risk is related to the underlying genetics of the 

parents, environmental factors, or the treatment procedures per se which include both 

ovarian stimulation and embryo culture.  

This is the first study to show that IVF adult humans were insulin resistant, by using gold 

standard assessment hyperinsulinemic-euglycemic clamp, compared to BMI and aged 

matched naturally conceived individuals after 3 days of a baseline energy balanced diet 

(30% fat), and that they tended to be more susceptible to the metabolic consequences of 3 

days of high-fat overfeeding (+1250 kcal/day, 45% fat) as evidenced by a greater increase 

in systolic blood pressure.  

To separate out potential genetic and environmental confounders as well as the effects of 

ovarian stimulation versus embryo culture, we developed an IVF mouse model using 

inbred C57BL/6J mice. Here, we examined glucose metabolism in adult offspring 

conceived by natural conception (NC), by ovarian stimulation alone (OS) or by IVF, and 

then fed a chow or high-fat diet (60% fat) for 8 weeks. Our data suggest it is the process of 
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IVF itself that contributes to impaired glucose metabolism in the adult mouse, which was 

more prominent in males. Moreover, we show that ovarian stimulation impairs fetal 

growth, and also results in glucose intolerance in offspring, which was unmasked by a 

high-fat diet in adult females. This study suggests that ovarian stimulation alone and IVF 

may program distinct metabolic effects in the offspring, but that high fat diet may be 

required to uncover these differences.  

Our data shows that the preimplantation period is a critical stage for development and later 

adult health. The mechanisms underlying these differences are unclear, but may involve 

epigenetic modifications and/or changes in mitochondrial numbers and function. We 

initially examined whether altered DNA methylation and expression of key genes 

PPARGC1A and IGF2 occurs in peripheral insulin sensitive tissues of morbidly obese 

individuals with or without type 2 diabetes. Our data showed that obese patients with and 

without type 2 diabetes displayed tissue specific DNA methylation of PPARGC1A and 

IGF2, highlighting the importance of measuring individual tissues in this response in 

humans and controlling for adiposity. Whether these alternations are evident in IVF 

conceived adults requires further study. 

In conclusion, this study highlights an increased risk of developing type 2 diabetes and 

cardiovascular disease in IVF offspring later in life in an obesogenic environment.   

 

  



IX 

 

Declaration 

I certify that this work contains no material which has been accepted for the award of any 

other degree or diploma in any university or other tertiary institution and, to the best of my 

knowledge and belief, contains no material previously published or written by another 

person, except where due reference has been made in the text. In addition, I certify that no 

part of this work will, in the future, be used in a submission for any other degree or 

diploma in any university or other tertiary institution without the prior approval of the 

University of Adelaide and where applicable, any partner institution responsible for the 

joint-award of this degree.  

I give consent to this copy of my thesis when deposited in the University Library, being 

made available for loan and photocopying, subject to the provisions of the Copyright Act 

1968.  

The author acknowledges that copyright of published works contained within this thesis 

resides with the copyright holder(s) of those works.  

I also give permission for the digital version of my thesis to be made available on the web, 

via the University’s digital research repository, the Library catalogue and also through 

web search engines, unless permission has been granted by the University to restrict 

access for a period of time. 

 

Name: Miaoxin Chen  

 

Signed:                                                           Date:   11
th

 April 2014  



X 

 

Acknowledgements 

Firstly, I would like to thank my principal supervisor, Associate Professor Leonie 

Heilbronn for her caring, support and encouragement throughout my PhD studies. Leonie, 

thank you for introducing me into a new research field, which has been quite challenging 

for me as a surgeon with very little scientific background; for understanding the 

challenges I faced as an international student; for your guidance all the time even when 

you were on maternal leave, which help me get through the tough times; for your help to 

my family; for supporting me to attend conferences, which was critical to broaden my 

horizons. I am honoured to be your student.  

Secondly, I would like to thank my co-supervisors Dr. Rebecca Robker and Professor 

Robert Norman. To Becky, thanks for providing the opportunity to work in your 

laboratory, training and all the resources for the IVF mouse model. Thanks for your 

kindness and the quote from Steve Jobs “Don't be trapped by dogma - which is living with 

the results of other people's thinking. Don't let the noise of other's opinions drown out 

your own inner voice. And most important, have the courage to follow your heart and 

intuition.” This inspired me to overcome my frustrations. Thanks for caring me and my 

family. I am privileged to have had you as my supervisor. To Rob, you are a great world 

leader in the field of reproduction medicine. Thanks for opening the door of the University 

for me to pursue my dream in science. I will be always grateful for the opportunity. 

Thanks for accepting me to attend the training program and education meetings in your 

clinic, Fertility SA. The experience is of great value.  

I would like to thank many great people in the Discipline of Medicine. Professor Gary 

Wittert, thank you for your help in the studies and critical comments for the papers. 

George, thank you for helping me in the mice experiments and teaching me the blotting 

technique. Thanks go to Briohny, Rachel Wood, Tom, Amy and Kaison from our group. 

Rachel Tippett, thanks for your conversations and I miss the family activities. Chinmay, 

thanks for your help and discussion. Kylie, thanks for your statistical assistance. Scott and 

Judith, thanks for helping me in the insulin assays. I would like to thank Li Hui, Wu 

Tongzhi and Shi Zhumin for their caring and supports. Many thanks go to Amanda, 

Stephen, Tracey and Claudine from Nerve-gut group, for helping to make the high-fat diet 



XI 

 

for mice. Tim, Liz, Mel and Victoria, you were always there for helping me. I am 

honoured to have worked with you and really enjoyed the time in the office with you.  

A great many thanks go to many nice people in the Research Centre for Reproductive 

Health of Robinson Research Institute and Discipline of Obstetrics and Gynaecology. 

Zhao Junli, thank you for helping me in the human study. Linda, thank you for helping me 

to set up the mouse model and for mtDNA assays. Anita Peura, thank you for teaching the 

embryo transfer technique. Professor Julie Owens and Dr Anne Macpherson, thank you 

for your help in the Pyrosequencing assays. Professor Michael Davies, thank you for 

helping to recruit IVF participants. Many thanks go to Darryl Russell; Lisa Akison; Kylie 

Dunning; Nok, Laura Watson and Zhang Jemmy for helping in the mouse study. I 

appreciate Michelle Lane and Michael Boden for their great comments. Jeremy, Deanne, 

and Laura Frank, thank you for providing me the culture media.  

Many thanks go to the staff of the Graduate Centre and Laboratory animal house. I would 

like to thank all the participants and Channel 7 Research Foundation for supporting the 

human study. I greatly appreciate the University providing me the Adelaide International 

Scholarship. 

I would like to thank my mentor Marilyn Seidel for your help in English, presentation 

skills, and my family. You said “It is just a small bit out of your elephant” when I was 

frustrated. Thanks for your special birthday presents (candy mice!!!) and cards, fruits from 

your garden and the Christmas dinner. My thanks also go to Ron Seidel, Alan Polson and 

Peter McMillan for your help. Peter, also thanks for your proofreading.  

I would also like to thank all my friends in the University for their helps and sharing their 

precious time with me. Many thanks also go to my local Chinese friends and their families 

for their helps, particularly Wu Zhongyuan, Fang Shengfu and Zhang Hu. I would like to 

acknowledge all my friends in China, especially Yang Zhigang, Cui Bo, Pu Wei and Pong 

Tracey, and my supervisor of master degree, Professor Shan Keren, for their support.  

Finally, I would like to thank my big family for their endless love and unwavering 

support, particularly my son Xianglin, my dad Chen Changyong, my mum Yi Daiqun and 

my wife Wu Fang. You are everything for me! I would never have finished this study 

without your love.   



XII 

 

Conference Proceedings 

Miaoxin Chen, Junli Zhao, Michael Davies, Gary Wittert, Robert Norman, Leonie 

Heilbronn. Decreased insulin sensitivity in young adults born through in vitro fertilisation 

(IVF) and higher systolic blood pressure following high fat overfeeding. 69th Annual 

Meeting of the American Society for Reproductive Medicine (ASRM) and 21st World Congress of 

the International Federation of Fertility Societies (IFFS), Boston, Massachusetts, USA (2013 

Oct). Oral presentation. 

 

Miaoxin Chen, Linda Wu, Gary Wittert, Robert Norman, Rebecca Robker, Leonie 

Heilbronn. Distinct adult metabolic consequences following ovarian stimulation versus in 

vitro culture of mouse embryos. 69th Annual Meeting of the ASRM and 21st World 

Congress of the IFFS, Boston, Massachusetts, USA (2013 Oct). Oral presentation. 

 

Miaoxin Chen, Linda Wu, Gary Wittert, Robert Norman, Rebecca Robker, Leonie 

Heilbronn. Altered glucose metabolism in mice and humans conceived by in vitro 

fertilisation. 2013 Postgraduate Research Conference, Adelaide, Australia (2013 Aug). 

Poster presentation. 

 

Miaoxin Chen, Linda Wu, Gary Wittert, Robert Norman, Rebecca Robker, Leonie 

Heilbronn. Increased susceptibility to high fat diet in female mice conceived by in vitro 

fertilisation (IVF) or ovarian stimulation. The Annual Scientific Meeting of the Endocrine 

Society of Australia and the Society for Reproductive Biology 2013, Sydney, Australia 

(2013 Aug). Oral presentation. 

 

Miaoxin Chen, Linda Wu, Gary Wittert, Robert Norman, Rebecca Robker, Leonie 

Heilbronn. Impaired glucose tolerance in mice conceived by in vitro fertilisation and 

ovarian stimulation following high fat diet. 6th Australian Health and Medical Research 

Congress, Adelaide, Australia (2012 Nov). Poster presentation. 



XIII 

 

Miaoxin Chen, Anne Macpherson, Julie Owens, Gary Wittert, Leonie Heilbronn. Obesity 

alone or with type 2 diabetes is associated with tissue specific alterations in DNA 

methylation and gene expression of PGC-1α and IGF2 gene in adipose tissue and skeletal 

muscle. 2012 Australian and New Zealand Obesity Society (ANZOS) Annual Scientific 

Meeting, Auckland, New Zealand (2012 Oct). Oral presentation. 

 

Miaoxin Chen, Junli Zhao, Campbell Thompson, Gary Wittert, Robert Norman, Leonie 

Heilbronn. Metabolic Phenotyping of Young Adults born through In Vitro Fertilisation 

(IVF). 2011 ANZOS Annual Scientific Meeting, Adelaide, Australia (2011 Oct). Oral 

presentation.  

 

Miaoxin Chen, Junli Zhao, Campbell Thompson, Gary Wittert, Robert Norman, Leonie 

Heilbronn. Metabolic Phenotyping of Young Adults born through In Vitro Fertilisation 

(IVF). The Second World Congress in Reproductive Biology (WCRB) and annual 

meeting of Society for Reproductive Biology (SRB), Cairns, Queensland, Australia (2011 

Oct). Poster presentation. 

  

  



XIV 

 

List of Tables 

Table 1 Nutrient composition of diets for mouse ............................................................... 38 

Table 2 HFD recipe of D12492 (1Kg) ................................................................................ 38 

Table 3 Summary of mice used to produce offspring ......................................................... 40 

Table 4 Comparison of the effects of two culture media on embryo development ............ 46 

Table 5 Comparison of the effects of atmospheric O2 and 5% O2 on embryo development 

in C57BL/6 mice from LAS ............................................................................................... 47 

Table 6 Side-by-side comparison of two mouse strains ..................................................... 48 

Table 7 Comparison of the effects of atmospheric O2 and 5% O2 on embryo development 

in C57BL/6J mice from ARC ............................................................................................. 49 

Table 8 Primers and sequences of mouse Pgc1α and Igf2 DRM2 for pyrosequencing ...... 55 

Table 9 Mouse Pgc1α DNA methylation assays of three volumes of PCR products ......... 56 

Table 10 Mouse Igf2 DMR2 DNA methylation assays of three volumes of PCR products

 ............................................................................................................................................. 57 

Table 11 Studies of Metabolic Health in IVF Versus Naturally Conceived Offspring ...... 78 

Table 12 Characteristics of participants at baseline .......................................................... 100 

Table 13 Litter characteristics and birth weight of female pups ....................................... 128 

Table 14 Clinical characteristics of the subjects ............................................................... 150 

Table 15 Phenotype summary of OS and IVF mice ......................................................... 162 

 

 

  



XV 

 

List of Figures 

Figure 1 Insulin signalling pathway in muscle and fat, and liver. ...................................... 18 

Figure 2 Diagram of subject recruitment ............................................................................ 33 

Figure 3 Scheduling of the IVF human study ..................................................................... 34 

Figure 4 Metabolic tests timeline ........................................................................................ 34 

Figure 5 Mouse blastocyst donation and transfer model. ................................................... 42 

Figure 6 Metabolic tests in mouse adult offspring. ............................................................. 52 

Figure 7  2% agarose gel electrophoresis of PCR products ................................................ 54 

Figure 8 Body weight and weight gain in male mice. ...................................................... 101 

Figure 9 Weight ratio of liver, inguinal fat and epididymal fat in male mice. ................. 102 

Figure 10 Fasting glucose, fasting insulin, and intraperitoneal glucose tolerance tests in 

male mice. ......................................................................................................................... 103 

Figure 11 Basal and insulin stimulated phosphorylation of Akt Ser
473

 in liver (A-B) and 

muscle tissue (C-D) from male mice fed chow or HFD ................................................... 104 

Figure 12 Hepatic gene expression of male mice ............................................................. 105 

Figure 13 Body weight and weight growth in female mice. ............................................. 129 

Figure 14 Weight ratio of liver, inguinal fat and parametrial fat in female mice. ............ 130 

Figure 15 Fasting glucose, fasting insulin, glucose and insulin response to glucose 

tolerance tests (C-F), and insulin tolerance tests (G-H) in female mice. .......................... 131 

Figure 16 Hepatic gene expression of female mice. ......................................................... 132 

Figure 17 PPARGC1A DNA methylation and gene expression in muscle, subcutaneous 

and visceral adipose tissue. ............................................................................................... 151 

Figure 18 IGF2 DNA methylation and gene expression in muscle, subcutaneous and 

visceral adipose tissue. ...................................................................................................... 153 

  



XVI 

 

List of Appendices  

Appendix 1 Changes of metabolic risk factors in male and female participants following 3 

days high fat overfeeding .................................................................................................. 167 

Appendix 2 Mitochondrial DNA copy number of blastocysts ......................................... 169 

Appendix 3 Tissue weight of liver and adipose tissues .................................................... 170 

Appendix 4 Liver Pgc1α and Igf2 DMR2 DNA methylation of male mice ..................... 171 

Appendix 5 Hepatic expression of Igf2 in male and female mice .................................... 172 

Appendix 6 mitochondrial biogenesis markers Pgc1α, Tfam and Ndufb5 and 

mitochondrial DNA copy number in muscle of female mice fed a HFD ......................... 173 

Appendix 7 Protein levels of PGC1α and total OXPHOS in liver of mice ...................... 174 

Appendix 8 Protein levels of PGC1α and total OXPHOS in muscle of mice .................. 175 

  

  



XVII 

 

List of Abbreviations 

AKT: Protein Kinase B 

ART: Assisted reproduction technology  

ATP: Adenosine Triphosphate 

AUC: Area under the curve 

B2M: Beta-2 microglobulin 

BMI: Body mass index  

BWS: Beckwith-Wiedemann syndrome 

CEBPα: CCAAT-enhancer-binding protein alpha 

COC: Cumulus–oocyte complex  

COX7A1: Cytochrome c oxidase (COX) subunit 7A, polypeptide 1  

CpG: Cytosine-phosphate-guanine  

Cpt1a: Carnitine palmitoyltransferase 1a 

DEPC: Diethylpyrocarbonate  

DMRs: Differentially methylated regions  

DNA: Deoxyribonucleic acid 

Dnmts: DNA methyltransferases 

eCG: Equine chorionic gonadotropin  

EDTA: Ethylenediaminetetraacetic acid disodium salt dihydrate  

EGTA: Ethylene glycol-bis (2-aminoethylether) –N,N,N’,N’-tetraacetic acid 

ER: Endoplasmic reticulum 

ERK: Extracellular signal-regulated kinase 

FAT/CD36: Fatty acid translocase/Cluster of Differentiation 36 

FFAs: Free fatty acids 



XVIII 

 

FFM: Fat free mass 

FOXO1: Forkhead box O1  

FTO: Fat mass and obesity associated 

Gapdh: Glyceraldehyde-3-phosphate dehydrogenase 

Gck: Glucokinase 

GIR: Glucose infusion rate 

GNASAS: Guanine Nucleotide Binding Protein Antisense RNA 

GnRH: Gonadotrophin releasing hormone  

G6pc: Glucose-6-phosphatase catalytic subunit 

hCG: human chorionic gonadotropin 

HDL: Higher high-density lipoprotein  

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HFD: High fat diet 

HOMA-IR: Homeostasis model of assessment - insulin resistance 

Hprt: Hypoxanthine phosphoribosyltransferase 

ICM: Inner cell mass 

ICSI: Intracytoplasmic sperm injection  

IGF: Insulin-like growth factor 

IGF2: Insulin-like growth factor 2 

IKK-β: IkB kinase-β 

IL-6: Interleukin 6 

IL10: Interleukin-10  

INSIGF: Insulin – IGF  

IR: Insulin resistance 

IRR: Insulin receptor-related receptor 



XIX 

 

IRS: Insulin receptor substrate  

i.p.: Intraperitoneal 

IPGTT: Intraperitoneal glucose tolerance test 

IPITT: Intraperitoneal insulin tolerance test 

IVF: In vitro fertilization 

i.v.: Intravenous 

IVGTT: Intravenous glucose tolerance test 

JNK-1: Jun kinase-1 

MEG3: Maternally Expressed 3 (Non-Protein Coding)  

MEST: Mesoderm-specific transcript 

MtDNA: Mitochondrial DNA 

mTOR: Mammalian target of rapamycin 

NaF: Sodium fluoride 

NaPPi: Sodium pyrophosphate tetrabasic decahydrate 

NC: Natural conception  

Ndufb5: NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5 

NGAL: Neutrophil gelatinase-associated lipocalin 

NNAT: Neuronatin 

nPKCs: Novel protein kinase Cs  

OS: Ovarian stimulation  

OXPHOS: Oxidative phosphorylation  

PAI-1: Plasminogen activator inhibitor-1 

PBS: Phosphate buffered saline 

PC-1: Plasma cell membrane glycoprotein-1 

Pck1: Phosphoenolpyruvate carboxykinase 1, cytosolic  



XX 

 

PCR: Polymerase chain reaction  

PDK: Phosphoinositide-dependent kinase 

PI3K: Phosphoinositol 3-kinase 

PIP3: Phosphatidylinositol 3,4,5-trisphosphate  

PKC: Protein kinase C 

PTPase: Protein-tyrosine phosphatase  

PPAR: Peroxisome proliferator activated receptor gamma 

PPARGC1A: Peroxisome proliferator-activated receptor gamma, coactivator 1 alpha; 

PGC1a; Pgc1a 

Ppia: Cyclophilin-A  

PVDF: Polyvinylidene difluoride  

PVP: Polyvinylpyrrolidone 

PWS: Prader-Willi Syndrome  

RBP: Retinol-binding protein 

RBP-4: Lipocalins retinol-binding protein 4 

RNA: Ribonucleic acid 

Rn18s: 18S ribosomal RNA 

SAM: S-adenosylmethionine 

SBTI: Soybean trypsin inhibitor 

SCD1: Stearoyl-CoA desaturase-1 

SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SERPINF1: Pigment epithelium-derived factor; PEDF  

Srebf1: Sterol regulatory element-binding transcription factor 1 

SRS: Silver-Russell Syndrome  

TBS: Tris-buffered saline  



XXI 

 

TBST: Tris-buffered saline with Tween 20 

T2DM: Type 2 diabetes  

TE: Trophectoderm  

Tfam: Mitochondrial transcription factor A  

TG: Triglycerides  

TGFβ: Transforming growth factor β   

TNF-α: Tumour neorosis factor α 

UBE3A: E6-AP ubiquitin-protein ligase  

WHO: World Health Organization  

 

 


	TITLE: Metabolic Phenotyping of Young Adults and Mice Born Through In Vitro Fertilization (IVF)
	Dedication
	Table of Contents
	Abstract
	Declaration
	Acknowledgements
	Conference Proceedings
	List of Tables
	List of Figures
	List of Appendices
	List of Abbreviations




