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Thesis Abstract

Preeclampsia (PE) is a multisystemic pregnancy disorder accounting for 76,000 maternal and
500,000 perinatal deaths annually, often leaving survivors with severe long-term
complications.

Angiogenic imbalance and compromised protective pathways are implicated in PE
pathogenesis. Soluble fms-like tyrosine kinase 1 (sFlt-1), a soluble form of the vascular
endothelial growth factor receptor 1 (VEGFR-1) extracellular ligand-binding domain, a crucial
anti-angiogenic factor released by the placenta, plays vital role in PE pathogenesis. Hydrogen
Sulphide (H2S), an endogenous gaseous transmitter, is a potent vessel dilater, responsible for
cellular physiology. Cystathionine-y-lyase (CSE) is the main enzyme in cardiovascular system
to produce H-S. Its Dysregulation is associated with PE.

sFlt-1 overexpression and CSE malfunction have been used to induce PE-like symptoms in
mice. However, the long-term impact on cardiovascular outcomes post-PE in these models
remains unclear. We hypothesized that sFlt-1 induces PE-like symptoms and cardiovascular
maladaptations during pregnancy and leads to long-term cardiovascular dysfunction. Using
echocardiography, we found that pregnancy induced cardiovascular adaptations took place in
mice treated with adenovirus empty vector (AdCMV). While as in sFIt-1 overexpressing
pregnant mice, these adaptions were compromised alongside with PE-like symptoms,
increased arterial pressure and reduced foetal weight. Furthermore, the cardiac dysfunction
persisted beyond the immediate postpartum. We also investigated the role of CSE in the
maternal cardiovascular adaptation. Echocardiography revealed that compared to CSE wild-
type (CSE WT), pregnancy induced cardiac adaptation was compromised and associated with
increased mitochondrial DNA content. Finally, significant differences in the gene profiles in
sFlt-1 overexpressing mice during pregnancy and postpartum were identified using RNA-
sequencing, suggesting exposure of sFlt-1 has long-term consequences in cardiovascular
system.

2

Y. Correia, PhD Thesis, Aston University 2023



In conclusion, our research enhances the understanding of the immediate and enduring
effects of sFlt-1 and the underlying mechanisms of PE attributable to H.S dysregulation.

Key words: soluble Flt-1, hydrogen sulphide, cystathionine-y-lyase, preeclampsia

Acknowledgments

This thesis is dedicated to my mother, who has consistently offered unwavering support
throughout not only my doctoral journey but also my entire academic career. Despite not
having the same opportunities during her youth, she has made every conceivable effort to
guarantee my success.

They say that it is people who make a moment, a place or a stage of your life beautiful, and |

couldn’t agree more.

First and foremost, | extend my deepest appreciation to the European Union Horizon 2020 Innovative
Training Network (ITN) under the Marie Sklodowska-Curie Action, which provided the financial support
needed to conduct the research presented in this thesis. Additionally, | am grateful to my supervisor,
Dr. Keqing Wang, for giving me the opportunity to pursue a doctoral degree and for working and dealing
with me on a day-to-day basis to achieve the final result. Her patience and advice have significantly
helped my growth not just as a researcher but as a person. | would also like to express my gratitude to

Dr. Colin Murdoch and the iPlacenta consortium, along with its exceptional Early-Stage Researchers.

| would also like to express my deepest gratitude to Dr. Sophie Broadway-Stringer, who imparted
training on the majority of the research showcased in this thesis. Her patience, benevolence, and

guidance have been pivotal in attaining the comprehensive understanding exhibited in this work.

| would also like to thank the whole team at Aston Medical school as well as Caroline Brocklebank, who

consistently offered assistance in addressing any difficulties | encountered.

Next, | would like to express my gratitude to the remarkable women with whom | have had the pleasure
of learning from and working alongside with, both within and beyond the confines of Aston university. |
am grateful to Dr. Sophie Broadway-Stringer, Dr. Milda Grubliauskiene, Dr. Lorena Diaz Sanchez, Dr.
Hala Abdelmohaimen Shokr, Dr. Homira Rezai, the soon-to-be Dr. Re Ea Tay, for sitting down with me
and assisting in piecing things together when everything around me seemed to be falling apart, for their
kindness, positivity, and cheerfulness, especially in the moments when research did not progress as

anticipated.

3

Y. Correia, PhD Thesis, Aston University 2023



Finally, | would like to thank my mom, my family, especially my aunts and cousins for supporting and
believing in me from afar. Special thanks to my partner, Reece B., for his love, encouragement, and

unwavering belief in me.

4

Y. Correia, PhD Thesis, Aston University 2023



Table of Contents

List of abbreviations 16
Chapter 1 25
1. Introduction 26
1.1 Pregnancy 26
1.2 Hormone changes in pregnancy 27
1.3 Cardiac Adaptations to Pregnancy and Postpartum 28
1.3.1  Volume of Blood in Circulation 29
1.3.2 Cardiac Systolic Functions 30
1.3.3 Cardiac Diastolic Functions 32
1.3.4 Remodelling of the Cardiovascular System 37

14 Uterine flow 40
1.5 Dysfunctional Adaptations to Pregnancy 40
1.6 Preeclampsia 41
1.6.1 Current Hypotheses behind PE 44
1.6.2  Potential underlying mechanisms 60
1.6.3  Vascular predisposition and abnormal Cardiovascular adaptations in PE 64

1.7 Long-Term Cardiovascular Risk 68
1.7.1 Cardiovascular Disease risk 69
1.7.2  Genetics of preeclampsia 70

2. Aims and Hypotheses 76
2.1 Aims 76
2.2 2.2 Hypotheses 77
3. Materials and Methods: 79
3.1 Animals: 79
3.1.1 Time Mating 80
3.1.2 Transgenic Model 80

5

Y. Correia, PhD Thesis, Aston University 2023



3.1.3 Genotyping 80

3.1.4 Adenovirus Treatment In Vivo 81
3.2 Mean Arterial Pressure Measurement 81
3.2.1 Probe Calibration 81
3.2.2 Data Collection 82
3.3 Ultrasound Imaging 83
3.3.1 Parasternal Long Axis and Left Mid-papillary Short Axis of the Heart 83
3.3.2 M-Mode 84
3.3.3 B-Mode 87
3.3.4 Mitral Inflow 89
3.3.5 Uterine Artery 91
3.4  Tissue Collection 93
3.4.1 Plasmaisolation 93
3.4.2 Tissue Collection post-euthanasia 93
3.4.3 Interval in-vivo Blood Collection 93
35 ELISA 95
3.6 Gene Expression 95
3.6.1 RNA Isolation 95
3.6.2  cDNA Synthesis 96
3.6.3 Quantitative polymerase chain reaction (qPCR) 97
3.6.4 mRNA Sequencing 97
3.7 Statistical analysis 98

4, Cardiac changes during pregnancy in PE model — sFlt-1 overexpression

model 100
4.1 Background 100
4.2 4.2 Normotensive Pregnancy Adaptations 102

4.3 Overexpression of sFlt-1 in pregnancy increases maternal blood pressure and decreases

foetal weight. 105
4.3.1 sFlt-1 overexpression was successful. 106
6

Y. Correia, PhD Thesis, Aston University 2023



4.4 Effects of sFlt-1 overexpression on cardiac function during pregnancy

4.4.1 Effects of sFlt-1 on Cardiac Systolic Functions in Pregnancy

107
108

4.4.2 Overexpression of sFlt-1 altered diastolic functions in pregnancy.

110

4.4.3 Overexpression of sFlt-1 impacted the cardiac structural changes.

112

4.4.4 Overexpression of sFlt-1 did not alter the uterine artery blood flow

115

4.5 Discussion

117

4.6 Limitations

123

5. Long-term effects of sFit-1 induced preeclampsia on cardiovascular

health

5.1 Long-term effects of sFit-1

125

126

5.1.1 sFlt-1 level in plasma

126

5.1.2 Long-term effects of sFlt-1 on Cardiac Systolic Functions

128

5.1.3 Long-term effects of sFlt-1 on Diastolic Functions

130

5.1.4 Long-term effects of sFlt-1 on Cardiac Structural Changes

134

5.1.5 Long-term effects of sFlt-1 on uterine artery blood flow

137

5.2 Discussion

138

5.2.1 sFlt-1 levels in plasma reached baseline by 8 weeks

5.2.2 Long-term effects of sFlt-1 overexpression led to systolic and diastolic dysfunctions

5.2.3 Long-term effects of sFlt-1 overexpression resulted in abnormal structural changes

138
139
141

5.2.4 Long-term effects of sFlt-1 overexpression induced sustained increased uterine artery pressure

up to 8 weeks post-partum

5.2.5 Short-term exposure of sFlt-1 causes long-term impact on cardiovascular functions

53 Limitations

142
144

146

Chapter 6

6. The role of CSE on cardiovascular adaptation during pregnancy

6.1 CSE KO in pregnancy

147

148

149

6.1.1 Effects of CSE KO on cardiac systolic functions during pregnancy

6.1.2  Effects of CSE KO on cardiac diastolic functions during pregnancy

6.1.3  Effects of CSE KO on cardiac structural changes

6.1.4  Effects of CSE KO on uterine artery blood flow

150
151
152
154

7

Y. Correia, PhD Thesis, Aston University 2023



6.1.5 Cardiac mitochondrial content is influenced by endogenous H,S 155
6.2 Discussion 157
6.2.1 CSE KO effect on adaptations to pregnancy 157
6.2.2  CSE KO on mitochondrial function 158
6.3  Conclusion 160
6.4 Limitations 161
7. Gene Expression in PE models 163
7.1 Gene expression CSE KO mice 164
7.1.1 Gene expression in cardiac tissue of non-pregnant CSE KO vs CSE WT mice 164
7.1.2  Gene expression in the cardiac tissues of pregnant vs non-pregnant CSE WT mice 171
7.1.3  Gene expression in the cardiac tissues of pregnant CSE KO vs CSE KO non-pregnant mice. 178
7.2 Gene expression in pregnant mice overexpressing sFit-1 192
7.2.1 Gene expression in cardiac tissue of AdsFlt-1 vs AACMV mice in pregnancy 193
7.2.2  Gene expression in cardiac tissue of ADCMV postpartum vs AACMV in pregnancy 200
7.2.3  Gene expression in cardiac tissue of AdsFlt-1 postpartum vs AdsFIt-1 mice in pregnancy 206
7.2.4  Gene expression in cardiac tissue of postpartum AdsFlt-1 vs AACMV in mice 213
7.2.5 Gene expression in cardiac tissue of AdsFlt-1 postpartum vs pregnant AACMV mice 221
7.3 Discussion 228
7.3.1 Gene expression in CSE KO in cardiac tissue 229
7.3.2  Gene expression in AdsFlt-1 235
7.3.3  Gene expression in AdsFlt-1 postpartum 237
7.4 Conclusion 247
7.4.1 CSE KO and pregnancy 247
7.5 Limitations 248
8. General Discussion and Conclusions 251
8.1 Summary of findings 251
8.1.1 sFlt-1 effects on Cardiovascular functions 251
8.1.2 The role of CSE on cardiovascular adaptations to pregnancy 256
8.2  Conclusions and Future Work 257
8

Y. Correia, PhD Thesis, Aston University 2023



83 Limitations 258

9. References 260
10. Appendices 390
10.1 Appendix A - Consumables and Instruments 390
10.2 Appendix B — Supplementary Material 392
10.3 Appendix C - Supplementary Methods 393
C.1 Novogene mRNA Sequencing protocol 393
10.4 Appendix E — Publications 399

9

Y. Correia, PhD Thesis, Aston University 2023



List of Figures

Figure 1.1 lllustration of hormonal and Cardiovascular Adaptations to pregnancy. 28
Figure 1.2 The measurement of cardiac time intervals is shown schematically. 37
Figure 1.3 Hypotheses behind PE. 44
Figure 1.4 Oxidative Stress illustration. 50

Figure 1.5 The relationship between preeclampsia and angiogenesis involves the traditional theory of

angiogenic imbalance. 54
Figure 1.6 HS effects on mitochondria. 60
Figure 3.1 Summary of materials and methods. 79
Figure 3.2 Echocardiography analysis. Echocardiography analysis. 85
Figure 3.3 Simpson’s measurements in M-mode SAX. 88
Figure 3.4 Mitral Flow Measurements. 90
Figure 3.5 Typical illustrations of uterine artery measurements. 92
Figure 4.1 Systolic functions of left ventricle in pre-gravid and pregnant mice at E17.5. 103
Figure 4.2 Uterine artery flow in pre-gravid and pregnant mice at E.17.5. 104
Figure 4.3 Mean arterial blood pressure (MAP) in the mother and foetal weight was recorded. 105
Figure 4.4 ELISA assay for plasma sFlt-1 level measurement. 106
Figure 4.5 Systolic functions of left ventricle in CMV and sFlt-1 mice during pregnancy. 109
Figure 4.6 Diastolic functions of left ventricle in CMV and sFlt-1 mice during pregnancy. 111
Figure 4.7 Representative images of the mitral inflow colour Doppler trace in pregnancy. 112
Figure 4.8 Structural functions of left ventricle in CMV and sFlt-1 mice during pregnancy. 114
Figure 4.9 Uterine artery flow in CMV and sFlt-1 mice during pregnancy. 116

Figure 5.1 Plasma samples were collected at different timepoints during pregnancy (in the graph this is noted

as week 0) and post-partum. 127

Figure 5.2 Systolic functions of left ventricle in CMV and sFlt-1 mice during pregnancy and post-partum. __ 129

Figure 5.3 Uterine artery flow in CMV and sFlt-1 mice during pregnancy and post-partum. 137
Figure 6.1 Systolic functions of left ventricle adaptations in Wild type (WT) and knockout (KO) mice. 150
Figure 6.2 Diastolic functions of left ventricle adaptations in Wild type (WT and knockout (KO). 151
Figure 6.3 Structural functions of left ventricle adaptations in Wild type (WT) and knockout (KO). 153

Figure 6.4 Uterine artery flow adaptations in Wild type (WT) and knockout (KO). Uterine artery flow was
measured in WT and KO mice before pregnancy and on E17.5. 155

Figure 6.5 Bar plot showing the effect of CSE Knockdown on mitochondrial DNA (mtDNA) of pregnant versus

non-pregnant mice. 156

10

Y. Correia, PhD Thesis, Aston University 2023



Figure 7.1 The DEG in cardiac tissue of non-pregnant of CSE KO (n=2) vs CSE WT mice (n=2), was visually

represented by a volcano plot and a heatmap. 165
Figure 7.2 GO enrichment Analysis of DEG on CSE KO vs CSE WT non-pregnant cardiac tissue. 168
Figure 7.3 KEGG pathway enrichment analysis of DEGs from RNA-seq data. 170

Figure 7.4 The differential expression of genes (DEG) in cardiac tissue of CSE WT pregnant (n=2) vs CSE WT non

pregnant mice (n=2), was visually represented by a volcano plot and a heatmap. 172

Figure 7.5 GO enrichment Analysis of DEG on CSE WT pregnant vs CSE WT non-pregnant cardiac tissue.___ 176
Figure 7.6 KEGG pathway enrichment analysis of DEGs from RNA-seq data. 177

Figure 7.7 The differential expression of genes (DEG) in cardiac tissue of pregnant of CSE KO (n=2) vs CSE KO

non-pregnant mice (n=2), was visually represented by a volcano plot and a heatmap. 179
Figure 7.8 GO enrichment Analysis of DEG on CSE KO pregnant vs CSE KO non-pregnant cardiac tissue. ___ 183
Figure 7.9 KEGG pathway enrichment analysis of DEGs from RNA-seq data. 184

Figure 7.10 The differential expression of genes (DEG) in cardiac tissue of pregnant of CSE KO (n=2) vs CSE WT

pregnant (n=2) mice, was visually represented by a volcano plot and a heatmap. 186
Figure 7.11 GO enrichment Analysis of DEG on pregnant CSE KO vs CSE WT in cardiac tissue. 189
Figure 7.12 KEGG pathway enrichment analysis of DEGs from RNA-seq data. 191

Figure 7.13 The differential expression of genes (DEG) in cardiac tissue of pregnant of AdsFit-1 vs AdCMV

pregnant mice, was visually represented by a volcano plot and a heatmap. 194

Figure 7.14 GO enrichment Analysis of DEG on the cardiac tissue of AdsFlt-1 vs ADCMV in pregnant mice. _ 197
Figure 7.15 KEGG pathway enrichment analysis of DEGs from RNA-seq data of the cardiac tissue in pregnancy
of AdsFlt-1 vs AdCMV mice. 199

Figure 7.16 The differential expression of genes (DEG) in cardiac tissue of pregnant of AdCMV postpartum vs

AdCMV in pregnant mice, was visually represented by a volcano plot. 201

Figure 7.17 GO enrichment Analysis of DEG in cardiac tissue of pregnant of ADCMV postpartum vs AdCMV in

pregnant mice. 204

Figure 7.18 KEGG pathway enrichment analysis of DEGs from RNA-seq data of the cardiac tissue in AdCMV

postpartum vs AACMV in pregnant mice. 205

Figure 7.19 The differential expression of genes (DEG) in cardiac tissue of postpartum AdsFlt-1 vs AdsFit-1 in

pregnant mice, was visually represented by a volcano plot and a heatmap. 207

Figure 7.20 GO enrichment Analysis of DEG in cardiac tissue of postpartum AdsFlt-1 vs AdsFlt-1 in pregnant

mice. 210

Figure 7.21 KEGG pathway enrichment analysis of DEGs from RNA-seq data of the cardiac tissue in AdsFlt-1

postpartum vs AdsFlt-1 in pregnant mice. 212

11

Y. Correia, PhD Thesis, Aston University 2023



Figure 7.22 The differential expression of genes (DEG) in cardiac tissue of postpartum AdsFlt-1 vs AdCMV mice,

was visually represented by a volcano plot and a heatmap. 214

Figure 7.23 GO enrichment Analysis of DEG in cardiac tissue of postpartum AdsFlt-1 vs ADCMV mice. 217
Figure 7.24 KEGG pathway enrichment analysis of DEGs from RNA-seq data in cardiac tissue of postpartum
AdsFlt-1 vs ADCMV mice. 220

Figure 7.25 The differential expression of genes (DEG) in cardiac tissue of postpartum AdsFlt-1 vs pregnant

AdCMV mice, was visually represented by a volcano plot and a heatmap. 222

Figure 7.26 GO enrichment Analysis of DEG in cardiac tissue of postpartum AdsFlt-1 vs pregnant ADCMV mice.

225

Figure 7.27 KEGG pathway enrichment analysis of DEGs from RNA-seq data in cardiac tissue of postpartum
AdsFit-1 vs pregnant AdCMV mice. 227
Figure $10.1 Workflow of directional library construction. 394
Figure $10.2 Genotyping of cystathionine gamma lyase (CSE) knockout and 397
Figure $10.3 Echocardiographic MV E/A classification according to (Danzmann et al. 2008) 398
12

Y. Correia, PhD Thesis, Aston University 2023



List of Tables

Table 1.1 Cardiovascular Adaptations to Normal Pregnancy and Postpartum. 35
Table 1.2 Abnormal Cardiovascular Adaptations in Preeclampsia. 66
Table 3.1 B-Mode Measurements using Parasternal Long Axis View (PSLAX). 84

Table 5.1 Cardiac diastolic functions during pregnancy and post-partum analysed using
echocardiography and M-mode of parasternal long axis view in CMV and sFit-1. _ 132
Table 5.2 Cardiac structural functions during pregnancy and post-partum analysed using
echocardiography and M-mode of parasternal long axis view in CMV and sFlt-1. _ 136
Table 7.1 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
descending order from the most upregulated gene to the least upregulated gene in non-

pregnant KO mice versus non-pregnant WT mice. 166

Table 7.2 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in non-

pregnant KO mice versus non-pregnant WT mice. 167

Table 7.7.3 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in

pregnant CSE WT mice versus non-pregnant CSE WT mice. 173

Table 7.7.4 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered
in ascending order from the most upregulated gene to the least upregulated gene in

pregnant CSE WT mice versus non-pregnant CSE WT mice. 174

Table 7.5 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most upregulated gene to the least upregulated gene in pregnant

CSE KO mice versus non-pregnant CSE KO mice. 180

Table 7.6 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in

pregnant CSE KO mice versus non-pregnant CSE KO mice. 181

Table 7.7 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most upregulated gene to the least upregulated gene in pregnant
CSE KO mice vs CSE WT mice. 187
Table 7.8 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in

ascending order from the most downregulated gene to the least downregulated gene in
pregnant CSE KO mice vs CSE WT mice. 188

13

Y. Correia, PhD Thesis, Aston University 2023



Table 7.9 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most upregulated gene to the least upregulated gene in pregnant
AdsFlt-1 vs AACMV mice. 195
Table 7.10 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered

in ascending order from the most downregulated gene to the least downregulated gene in
pregnant AdsFlt-1 vs ACMV mice. 195
Table 7.11 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in

ascending order from the most upregulated gene to the least upregulated gene in
postpartum AdCMV vs pregnant ACMV mice. 202
Table 7.12 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered

in ascending order from the most downregulated gene to the least downregulated gene in
postpartum AdCMV vs pregnant ACMV mice. 203
Table 7.13 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in

ascending order from the most upregulated gene to the least upregulated gene in

postpartum AdsFIt-1 vs pregnant AdsFIt-1 mice. 208

Table 7.14 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered
in ascending order from the most downregulated gene to the least downregulated gene in
postpartum AdsFIt-1 vs pregnant AdsFIt-1 mice. 208
Table 7.15 Table of upregulated DEG with a cut-off at p adjusted of 0.05, ordered in

ascending order from the most upregulated gene to the least upregulated gene in

postpartum AdsFIt-1 vs AACMV mice. Only one DEG was significantly upregulated. 215
Table 7.16 Table of downregulated regulated DEG with a cut-off at p adjusted of 0.05,
ordered in ascending order from the most downregulated gene to the least downregulated
gene in postpartum AdsFlt-1 vs AACMV mice. 215
Table 7.17 Table of upregulated DEG with a cut-off at p adjusted of 0.05, ordered in

ascending order from the most upregulated gene to the least upregulated gene in

postpartum AdsFIt-1 vs pregnant AACMV mice. Only one DEG was significantly upregulated.
223

Table 7.18 Table of downregulated regulated DEG with a cut-off at p adjusted of 0.05,

ordered in ascending order from the most downregulated gene to the least downregulated

gene in postpartum AdsFlt-1 vs pregnant AACMV mice. 223
Table S10.1: Laboratory Instruments and Software 391
Table S10.2 Laboratory Consumables and Kits 392

14

Y. Correia, PhD Thesis, Aston University 2023



Table S10.3: Primer sequences for assessing the effectiveness of transgenic generation

(Yang et 392
Table S10.4 Mitochondrial DNA Primers 393
15

Y. Correia, PhD Thesis, Aston University 2023



List of abbreviations

ABBREVIATION MEANING

°C

)

ul

pm

3-MST

AdCMV

AdsFIt-1

ANG
Angptl4
Angptl7
Apold1
ATP
B-HCG
B2M1

BBB

Degree

Degree Celsius

Microgram

Microliter

Micrometre

3-Mercaptopyruvate Sulfurtransferase

Empty vector of Adenovirus /Cytomegalovirus injection

Adenovirus injection overexpressing Soluble Fms-Like Tyrosine Kinase
1

Angiotensin

Angiopoietin-Like Protein 4
Angiopoietin-Related Protein 7
Apolipoprotein L Domain Containing 1
Adenosine Triphosphate

beta-human chorionic gonadotropin
Beta-2-Microglobulin

Blood—Brain Barrier

16

Y. Correia, PhD Thesis, Aston University 2023



BC002163 cDNA sequence BC002163

BP Biological Processes

BSA Bovine Serum Albumin

BSX Brain Specific Homeobox

ca* Calcium

cAMP Cyclic Adenosine Monophosphate

CAT Cysteine Aminotransferase

CBS Cystathionine-B-Synthase

cC Cellular component

cDNA Complimentary Deoxyribonucleic Acid
cDNA Complementary Deoxyribose Nucleic Acid
Cftr Cystic Fibrosis Transmembrane Conductance Regulator
cm Centimetre

cmv Cytomegalovirus

CNS Central Nervous System

co Cardiac Output

CORM-2 Co-Releasing Molecule-2

COX Cyclooxygenase

Cox6a2 Cytochrome C Oxidase Subunit 6a2

17

Y. Correia, PhD Thesis, Aston University 2023



Csdc2
CSE
CSE’/ CSE KO
Ct

CVvD
Cxcl13
Cyp26b1
d

DAO
DEG
DNA
dNTPs

Drps

ECM
Ednrb
EDTA
EF

Eif3j1

cold shock domain containing C2, RNA binding
Cystathionine Gamma-Lyase

CSE Knockout

Cycle Threshold

Cardiovascular Disease

C-X-C Motif Chemokine 13

Cytochrome P450, Family 26, Subfamily B, Polypeptide 1
Diastole

D-Amino Acid Oxidase

Differentially Expressed Genes
Deoxyribonucleic Acid

Deoxyribonucleotide Triphosphates
Dynamin-related proteins

Embryonic Day

Extracellular Matrix

Endothelin Receptor Type B
Ethylenediaminetetraacetic Acid

Ejection Fraction

eukaryotic translation initiation factor 3, subunit J1

18

Y. Correia, PhD Thesis, Aston University 2023



EKV

ELISA

eNOS

Entpd4b

ETC

EVT

fEPSPs

FGR

FoxO

FS

Gm14085

GO

H2S

HK2

HO

HR

HUVEC

ICM

Electrocardiogram-Gated Kilohertz Visualisation

Enzyme Linked Immunosorbent Assay

Endothelial Nitric Oxide Synthase

ectonucleoside triphosphate diphosphohydrolase 4B

Electron Transport chain

Extravillous Trophoblasts

field excitatory post- synaptic potentials
Foetal Growth Restriction

Forkhead box O

Fraction Shortening

predicted gene 14085

Gene Ontology

Hydrogen Sulphide

Hexokinase 2

Haem Oxygenase

Heart Rate

Human Umbilical Vein Endothelial Cells
Inconsistent — No Consensus Found

Internal Cellular Mass

19

Y. Correia, PhD Thesis, Aston University 2023



IL

IL1B

ITG

ITGa2b

IVCT

IVRT

IVS

KATP

KEGG

Ldhc

IncRNA

LTP

LV

LVID

LVPW

LVWT

MAP

MAPK

MF

Interleukin

Interleukin 1 Beta

Integrin

Integrin Alpha 2b

Isovolumetric Contraction Time
Isovolumetric Relaxation Time
Interventricular Septum
Potassium ATP

Kyoto Encyclopedia of Genes and Genomes
Lactate Dehydrogenase C

Long non-coding RNA
Long-term potentiation

Left Ventricle

Left Ventricle Internal Diameter
Left Ventricle Posterior Wall

Left Ventricular Wall Thickness
Mean Arterial Pressure

Mitogen Activated Protein Kinase

Molecular Functions

20

Y. Correia, PhD Thesis, Aston University 2023



MPI

mRNA

mtDNA

MV Area

MV E/A

Mybpc3

Myh7b

Myl2

NADH

ND1

Ndufa1

Ndufb3

Ndufs5
NFkB

NLRP3

NO

NOS

Nr4a1

Nr4a3

Nrgn

Myocardial Performance Index

Messenger Ribonucleic Acid

Mitochondrial DNA

Mitral Area

mitral valve early-to-late filling velocity ratio

Myosin Binding Protein C, Cardiac

Myosin, Heavy Polypeptide 7, Cardiac Muscle, Beta
Myosin Light Polypeptide 2

Nicotinamide Adenine Dinucleotide

Nadh Dehydrogenase Subunit |

Nadh:Ubiquinone Oxidoreductase Subunit A1

Nadh Dehydrogenase Ubiquinone 1 Beta Subcomplex Subunit 3

Nadh:Ubiquinone Oxidoreductase Core Subunit S5

Nuclear Factor Kappa B

NLR family pyrin domain containing 3

Nitric Oxide

Nitric Oxide Synthase

Nuclear Receptor Subfamily 4, Group A, Member 1
Nuclear Receptor Subfamily 4, Group A, Member 3

Neurogranin

21

Y. Correia, PhD Thesis, Aston University 2023



Nxpe4d

PBS

PBS-T

Pcna-ps2

Pdzd3

PE

Penk

PFU

PGC-1

PI

Pilrb2

PIGF

PP

PPCM

ppm

PPRC

Prkcg

qPCR

RAAS

neurexophilin and PC-esterase domain family, member
Phosphate Buffered Saline

Pbs-0.025% Tween

proliferating cell nuclear antigen pseudogene 2

PDZ domain containing 3

Preeclampsia

Preproenkephalin

Plaque Forming Unit

Peroxisome proliferator-activated receptor 1

Pulsatility Index

Paired Immunoglobin-Like Type 2 Receptor Beta 2
Placental Growth Factor

Post-partum

Peripartum cardiomyopathy

Part per million

Peroxisome proliferator-activated receptor-coactivator-related protein
Protein Kinase C, Gamma

Quantitative Real-Time Polymerase Chain Reaction

Renin-Angiotensin Aldosterone System

22

Y. Correia, PhD Thesis, Aston University 2023



RI Resistance Index

RNA-seq RNA Sequencing

ROS Reactive Oxygen Species

Rpl29 ribosomal protein L29

Rpl34 ribosomal protein L34

s Systole

S.E.M. Standard Error of The Mean

SBP Systolic Blood Pressure

sEng Soluble Endoglin

sFit-1 Soluble Fms-Like Tyrosine Kinase 1
SIRT-3 Sirtuin 3

Sin Sarcolipin

Snca Synuclein, Alpha

SQR Sulfide Quinone Oxidoreductase
SV Stroke Volume

SVR Systemic Vascular Resistance
TCA Citric Acid Cycle

TE Trophectoderm

TGFB Transforming Growth Factor beta

23

Y. Correia, PhD Thesis, Aston University 2023



Thbs1

tRNA

TTN

uNK
VEGF

VEGFA

VEGFR-1

VGCC

w

WHO

Wif1

Thrombospondin 1
Transfer RNA
Titin

Uterine Natural Killer Cells

Vascular Endothelial Growth Factor
Vascular Endothelial Growth Factor A
Vascular Endothelial Growth Factor Receptor 1

Voltage Gated Calcium Channel

Weeks Post-partum

World Health Organisation

Whnt Inhibitory Factor 1

24

Y. Correia, PhD Thesis, Aston University 2023



Chapter 1

Introduction
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1. Introduction
11 Pregnancy

Pregnancy is a complex biological process that describes the period that ranges from
fertilization all the way to birth (Taranikanti 2018). The full human gestation period (pregnancy)
is 40 weeks (9 months), however the median time from ovulation to birth is 268 days (38 weeks
and 2 days) (Jukic et al. 2013).

The human pregnancy is subcategorised into 3 trimesters (3 months or 12 weeks) and with
each trimester as the foetus grows, the body of the mother changes. The first trimester is
comprised by the beginning of the menstrual cycle, the fertilization (union of an ovum with a
sperm, resulting into a fertilized egg), the cleavage (divisions of the fertilized egg, as it passes
the fallopian tube), the blastulation (formation of cells following several cleavages), the
gastrulation (differentiation and separation off embryonic cells following implantation) (“Muhr
et al. 2022_Embryology, Gastrulation - StatPearls - NCBI Bookshelf’ n.d.), the neurulation
(formation of the spinal cord) and the organogenesis (organ formation). The second trimester
is mostly comprised of further organogenesis and particularly the formation of the heart. The
third trimester includes further growth and differentiation of the organs, and the foetus starts
to gain movement and even grasping reflexes. The end of gestation is marked by the birth or

parturition of the baby.

Throughout all three trimesters, the mother undergoes various changes to accommodate for
the increased physiological demands to support the growing foetus. These changes are
adaptations to pregnancy, an example of that are the ramifications on the cardiovascular, the
gastrointestinal, the renal and pulmonary systems, as all these adaptations are needed to

support the mass effect of the growing foetus (Kepley et al. 2022).

Due to the complexity in moral and ethical matters, exploring and studying human pregnancy

is a rare occasion. However, mouse and rat models have widely been used to study diseases
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and complications associated with pregnancy. The main reasons murine models have been
used, include their haemochorial placentation (Andersen et al. 2018; Carter 2020; Waker et
al. 2021a), their short gestation time (21 days), their similar cardiovascular adaptations during
pregnancy (A. Y. H. Wong et al. 2002; Kulandavelu et al. 2006; Q. Yu et al. 2008; Burke et al.
2011), and their similarities in gene expression (70 percent of the same protein-coding gene

sequences) (LaFee 2014).

Thus, to study pregnancy and PE in murine models, one must first understand what the

adaptations to pregnancy are in a healthy human and in a healthy mouse.

1.2 Hormone changes in pregnancy

As the maternal body changes to accommodate for the growing foetus, different changes
occur within the body. Endocrinological modifications during human pregnancy induce
significant metabolic changes that affect the physiological state of the mother-foetus interface
(Magon & Kumar 2012; Kodogo et al. 2019). The first change is a hormone change is seen
with beta-human chorionic gonadotropin (3-HCG) (Magon & Kumar 2012). The hypothalamus,
pituitary gland, and placenta contribute to the endocrine adaptations of pregnancy by
producing a variety of hormones, including oestrogen, beta-human chorionic gonadotropin (-
HCG), and progesterone (J. Z. J. Chen et al. 2012). These hormones play a crucial role in
conserving the cardiovascular adaptations observed during pregnancy, and their levels
fluctuate dynamically throughout gestation and postpartum. In particular, 3-HCG produced by
the placenta prevents the corpus luteum from regressing after 10 days of ovulation, ensuring
the continued release of progesterone by ovarian granulosa cells. Additionally, B-HCG is one
of the earliest released substances by the conceptus, making it a valuable diagnostic indicator
of pregnancy. The placental production of B-HCG reaches its maximum at around 100,000
IU/L in the maternal circulation, followed by a lower plateau that persists for the remainder of
the pregnancy. Similarly, oestrogen and progesterone levels gradually rise throughout
pregnancy and peak in the fourth trimester before declining shortly after delivery. The corpus
luteum initially produces both oestrogen and progesterone during the first 10 weeks of
pregnancy, but eventually, the placenta takes over. In the third trimester, progesterone levels

range from 100 to 200 ng/ml, and the placenta secretes about 250 mg per day.
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1.3 Cardiac Adaptations to Pregnancy and Postpartum
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Figure 1.1 lllustration of hormonal and Cardiovascular Adaptations to pregnancy.

Figure was created in Bio-Render.com.

Pregnancy involves a series of cardiovascular changes (table 1.1), which, according to several
authors, start around the fifth week of gestation and continue up to one year after delivery (S.
C. Robson et al. 1987, 1989; Hunter & Robson 1992; Duvekot & Peeters 1994; Clapp &
Capeless 1997; Desai et al. 2004; Hall et al. 2011; Karen Melchiorre et al. 2012). Despite
numerous papers mentioning the beginning of these cardiovascular changes, the scientific
community has not reached a consensus on their onset, duration, and magnitude. The three
main reasons behind the lack of a consensus in the scientific community are; that certain
variables relating to maternal characteristics have not been corrected, different estimation

techniques have been used, and finally that baseline values from either the first trimester or
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postpartum have been used instead (S. C. Robson et al. 1987, 1989; Hunter & Robson 1992;
Carla Van Oppen et al. 1996; Clapp & Capeless 1997; Ford et al. 1997).

1.3.1 Volume of Blood in Circulation

During gestation, blood volume rises progressively until week 34 by 40-50% (1200-1778ml),
redistributing 25% of total cardiac output to the uterus, 20% to the kidneys, 10% to the breasts
and 2% to the skin. Oestrogens and progesterone are responsible for this increase (Lund et
al. 1967; Stachenfeld & Taylor 1991; Thornburg et al. 2000; Turan et al. 2008). The majority
of this 50% increase happens by week 34 of pregnancy and is proportionate to the baby's birth
weight (Kasula et al. 2017). This results in increased hemodynamic stress that causes
physiologic changes in the circulatory system. One of these changes is the uterine
contractions forcing blood out of the intervillous region and into the central circulation, thereby
augmenting the blood volume even more during labour (Kasula et al. 2017). After delivery, the
uterus involutes and placental circulation stops, resulting in an autotransfusion of about 500
mL of blood (F J Dagher et al. 1965; Rovinsky & Jaffin 1965; Campbell & MacGillivray 1972;

Salas et al. 2006). Eight weeks after parturition, blood volume gradually returns to normal.

Similarly, to humans, the blood volume in C57BL/6 mice increases during pregnancy
(Kulandavelu et al. 2006). Contrarily to humans, in mice, the blood volume rises later in
gestation (John H Fowler & Donald J Nash 1968; Norton et al. 2009). The blood volume reverts
back to pre-pregnancy levels 2 weeks postpartum (Gokina et al., 2021; L D Longo, 1983;
Monika Sanghavi & John D. Rutherford, 2014).
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1.3.2 Cardiac Systolic Functions

1.3.2.1 Cardiac output, vascular resistance, heart rate, and stroke volume

The heart, just like the rest of the organs in the body needs to adapt to accommodate for the
growing foetus and the increased strain on the mother. The first cardiac adaptation, in the
same manner as during physical activity; is an increase in heart rate (HR) (of up to 15-30%
which is more than 20 beats/minute compared to non-pregnant women) (Mashini et al. 1987;
William C Mabie et al. 1994; Clapp & Capeless 1997) and cardiac output (CO) (Geva et al.
1997; Gilson et al. 1997; Hall et al. 2011; Kepley et al. 2022). Around 12 weeks after delivery,
the HR values return to normal, although there is dissension as to the exact time of recovery
(Clapp & Capeless 1997; Karen Melchiorre et al. 2012).

Additionally, an increase in CO can also happen as a result of an increased stroke volume
(SV) (15-18%), which is associated with higher levels of circulating progesterone (Soma-Pillay
et al. 2016). The CO reaches its maximum increase (30-50%) around 24 weeks gestation
(Mashini et al. 1987; Datta et al. 2010). However, there is discrepancy in its behaviour in the
third trimester, with decreases, no variation and increases. Additionally, as the pregnancy
progresses, a decrease in SV can then be observed towards the end of the third trimester
(Zoey N. Pascual & Michelle D. Langaker 2022). To account for that decrease in SV, the
maternal HR continues to raise thus allowing the CO to remain elevated up until term (Jukic
et al. 2013). Cardiovascular output can increase by as much as 150% above non-pregnant
readings and 80% above pre-labour values in the immediate postpartum period (S. C. Robson
et al. 1987; Datta et al. 2010b). Cardiac output significantly decreases 24 — 72 hours

postpartum but only reverts back to its pre-pregnancy levels 6 — 8 weeks after parturition.

To facilitate maternal circulation, a decrease in systemic vascular resistance (SVR), which is
reduced by up to 30% at around week 28 of gestation, after which it gradually increases until
the end of pregnancy can be observed (Geva et al. 1997; Gilson et al. 1997; Bamfo et al.
2007; Zentner et al. 2012). This decrease in SVR is caused by the elevation of nitric oxide
(NO) by oestrogen as well as by the action of progesterone (Figure 1.1), relaxin,

prostaglandins and proclactin and by the new utero-placental circulation (Mone et al. 1996;
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Lopez-Jaramillo et al. 2004). In addition, this decrease implies a reduction in left ventricular
afterload which favours the increase of blood volume and CO. Afterload reaches its minimum
value during mid-pregnancy and tends to increase in the third trimester, coinciding with the
increase in SVR from 28 weeks onwards (Figure 1.1) (Savu et al. 2012). Postpartum, systemic
vascular resistance reverts back to values approaching those of pre-pregnancy, however no

specific time period for the reversal has been reported (Sanghavi & Rutherford 2014).

Studies conducted on pregnant rodents have shown alterations in vascular function, including
increased vasodilation, and decreased SVR and blood pressure (Gilbert et al. 2007; Cindrova-
Davies et al. 2013; Mulder et al. 2022). The CO and the HR in mice increases due to an
increase in SV (Eghbali et al. 2005). In mice, the HR is decreased in the early stages of
pregnancy when compared to the late stages and starts to decrease back to pre-pregnant
three days after delivery, ultimately getting back to pre-gravid levels by day seventeen (A. Y.
H. Wong et al. 2002).

1.3.2.2 Ejection Fraction and Fraction Shortening

The overall performance of the heart as a pump is often evaluated and described by left
ventricular ejection fraction (EF) and the left ventricular fractional shortening (FS) (Desai et al.
2004; Savu et al. 2012). The EF is the percentage of blood that is pumped out with each
contraction (D. Williams et al. 2021; Sebastido et al. 2022). The FS represents the percentage
difference in the left ventricular diameter during systole (Otto 2021). Recent studies have
utilized EF to determine cardiac function (Du et al. 2002; Jovin et al. 2013; Ciftci et al. 2014;
D. Williams et al. 2021). A decreased EF has been linked to heart failure, which can be caused
by various factors and can manifest as coronary artery disease, cardiomyopathy, and valvular
heart disease (Goffart et al. 2004; Jovin et al. 2013; Di Salvo et al. 2015; D. A. Brown et al.
2017; D. Williams et al. 2021; M. Liu et al. 2022).

Nevertheless, studies suggest that EF and FS measurements during pregnancy are not
consistent, reflecting improvement, stability or deterioration, with the greatest deterioration
occurring in the third trimester (R. Katz et al. 1978; Mone et al. 1996; Geva et al. 1997; Gilson
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et al. 1997; Mesa et al. 1999; Kametas et al. 2001; Simmons et al. 2002; Desai et al. 2004;
Eghbali et al. 2005; Zenther et al. 2009; Estensen et al. 2013).

Both mice and human studies of pregnancy have reported unchanged (no significant changes)
ejection fractions as well as fraction shortening values for pre-pregnancy, during pregnancy
(occasionally increased) and postpartum (A. Y. H. Wong et al. 2002; Sanghavi & Rutherford
2014; Che et al. 2019).

1.3.3 Cardiac Diastolic Functions

Left ventricular diastolic function can be assessed through mitral flow include E (early
ventricular filling) and A (late ventricular filling) wave velocity, E/A ratio and E wave
deceleration time, the myocardial performance index (MPI), isovolumetric contraction time
(IVCT) and relaxation time (IVRT)(Savu et al. 2012).

1.3.3.1 Mitral Inflow

The main measurements of mitral flow include E (early ventricular filling) and A (late ventricular
filling) wave velocity, E/A ratio and E wave deceleration time (H. Valensise et al. 2000; Nagueh
et al. 2016). E and A wave velocities of the mitral valve are increased during gestation. While
research in the past ten years does not come to a consensus as to a specific percentage,
most research papers report an increased E/A ratio in the first trimester due to an initially
greater rise in passive left ventricular filling (E-wave peak velocity) compared to active left
ventricular filling during diastole (A-wave peak velocity)(Mesa et al. 1999; Fok et al. 2006;
Adeyeye et al. 2016; Kasula et al. 2017). Due to a stabilising E - wave peak velocity and a rise
in A-wave peak velocity, the E/A ratio gradually drops as gestation progresses to term (Mesa
et al. 1999; H. Valensise et al. 2000; Christiana M Schannwell et al. 2002; Estensen et al.
2013). The maximum E/A ratio is seen in the second trimester of pregnancy and a lower E/A

ratio is observed by the end of the third trimester and postpartum. Some studies have even
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reported the lowest E/A ratio (lower than during early pregnancy or even postpartum) to be at
the third trimester (Fok et al. 2006; Adeyeye et al. 2016; Kasula et al. 2017). These E-wave
and A-wave velocity adaptations have been shown to return to normal within 8 weeks

postpartum (Christiana M Schannwell et al. 2002).

Similar changes in E-wave and A-wave velocity adaptations have been observed in C57BL/6
mice (Eghbali et al. 2005).
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Cardiovascular Adaptations to Normal Pregnancy And Postpartum In Humans

Change  Proportion 1tT 2T 39T PP
SVR | 30% | | 1 1
Blood Volume 1 40 — 45% 1 )

Remodelling of the Cardiovascular System

Arterial Elasticity 1 30% 1 _ . !
Heart Size 1 30% 1 1 1 !
Left Atrium 1 16 — 40% 1 1 0 !
Systolic Functions

CO 1 30 - 50% 1 0 0 !
HR 0 10 — 30% 1 0 0 !
SYY 1 25 -30% 1 0 0 !
Diastolic Functions

MV E/A 0 15 -33% 1 0 ! !
ESV 0 20% 0

EDV 0 23% 0 0 _ !
Cardiac Structural Functions

LV Mass 1 1 0 o |
LVID;S-D 0 20% 0 0 0 .
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Table 1.1 Cardiovascular Adaptations to Normal Pregnancy and Postpartum.

18t T; First Trimester, 2" T; Second Trimester, 3™ T; Third Trimester, PP; Postpartum, SVR; Systemic
Vascular Resistance, CO; Cardiac Output, HR; Heart Rate, MV E/A; Mitral Inflow E (Early Ventricular
Filling) And A (Late Ventricular Filling) ratio, ESV; End Systolic Volume, EDV; End Diastolic Volume,
LV MASS; Left Ventricular Mass, LVID;S-D; Left Ventricle Internal Diameter During Systole.
This table was adapted using various papers (Castleman et al., 2016, 2023; Jingyuan Li et al., 2012).

1.3.3.2 Isovolumetric contraction

Isovolumetric contraction time (IVCT) is the time when the short time when the ventricles
contract without any change in their volume, essentially it is the time between the closure of
the mitral and tricuspid valves and before the opening of the aortic pulmonary valves (Figure
1.2) (Lauboeck 1980; Feher 2012). This measurement is often also used as a marker to
assess the diastolic function performance (Khandoker et al. 2016). During pregnancy, this
time can be impacted by changes in hormones, such as progesterone and oxytocin (Yin et al.
2018; Peavey et al. 2021). A longer IVCT can cause less blood to be sent to the mother and
baby, while a shorter time can lead to higher pressure in the vascular system (Alhakak et al.
2020). Similarly, to EF, IVCT, and its increase specifically has also been reported as a
predictor of incident heart failure (Alhakak et al. 2020).

However, research has reported conflicting changes in IVCT during pregnancy, while Kim et
al. reported an increase in IVCT during pregnancy, Khandoker et al. reported a decrease in
IVCT during pregnancy (Khandoker et al. 2016; S. M. Kim & Ye 2021). One study even
reported a IVCT higher in postpartum than during pregnancy (Bamfo et al. 2007). Due to the
conflicting evidence with regards to the changes in IVCT pre-pregnancy, during pregnancy or
postpartum reported by different papers, no concrete conclusion with regards to IVCT can be
made (A. Y. H. Wong et al. 2002; Estensen et al. 2013; Khandoker et al. 2016). Similarly, to
studies conducted with regards to IVCT pre-pregnancy, during pregnancy and postpartum,
studies relating left ventricle (LV) contractility itself have also reached different conclusions.
Some studies have seen an increase in left-ventricle contractility (Duvekot & Peeters 1994;

Mesa et al. 1999; Karen Melchiorre, Sharma, et al. 2012; Karen Melchiorre et al. 2016a;
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DeVore & Polanco 2023), whereas other studies observed a decrease in contractility (Rubler
et al. 1973; Mone et al. 1996; A. K. Pandey et al. 2010).

In C57BL/6 mice, IVCT increases significantly at the beginning of the pregnancy due to
hormonal changes that shift the balance between afterload and preload. At the pregnancy
mid-point up until delivery, the IVCT remains relatively stable. This is due to an increased
release of progesterone which helps to relax the smooth muscle found in arterioles and can
result in less pressure on the vascular system (Wen-Sen Lee et al. 1997). The IVCT in mice
descends back to its normal levels approximately two weeks postpartum (A. Y. H. Wong et al.
2002).

1.3.3.3 Isovolumetric relaxation time

Isovolumetric relaxation time (IVRT) is the period of time between the end of the aortic ejection
and the start of the ventricular filling (Figure 1.2) (de Madron 2015). In humans, a reduced
volume of circulating blood and an increased oxygen-carrying capacity of the vessels occurs
through vascular relaxation adaptations in pregnancy including a decrease in blood pressure
and an increase in the diameter of the blood vessels (Wen-Sen Lee et al. 1997; Goldsmith &
Weiss 2009; Yin et al. 2018; Peavey et al. 2021).

During the first trimester of pregnancy both humans and C57BL/6 mice experience a
significantly decreased IVRT due to hormonal changes (Figure 1.2) that cause both an
increase in afterload, mean arterial pressure, vasoconstriction. To balance these changes,
progesterone is released thereby inducing vasodilation and afterload reduction. This in turn

results in the return of IVRT to baseline levels. Similar changes have been reported in mice.
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Figure 1.2 The measurement of cardiac time intervals is shown schematically.

IVCT for intraventricular contraction time, IVRT stands for isovolumetric relaxation time, and LV stands
for left ventricle. This figure was inspired by (Kato et al. 2005; S. M. Kim & Ye 2021).

1.3.4 Remodelling of the Cardiovascular System

Structural adaptations in the heart are essential for a successful pregnancy. In humans, and
in mice, intraventricular septum thickness, left ventricular mass and LV internal diameter are
significantly increased by the end of gestation. As the heart itself goes through remodelling to
accommodate for the growing foetus, an increased left ventricular wall thickness (LVWT) and
an increased end-diastolic chamber size can be observed in healthy pregnant women (Monika
Sanghavi & John D. Rutherford 2014; Zoey N. Pascual & Michelle D. Langaker 2022). An

increased myocardial contractility is also observed and accounts for the increased LVWT
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(Kasula et al. 2017; Kepley et al. 2022). Lastly, blood pressure decreases in the 15t and 2™
trimester but increases to non-pregnant levels in the 3™ trimester (Savu et al. 2012; Monika
Sanghavi & John D. Rutherford 2014; Taranikanti 2018).

1.3.41 Arterial Compliance

During a healthy pregnancy, blood pressure modestly decreases and gradually returns to pre-
pregnancy levels as the pregnancy progresses (Hunter & Robson 1992; Sanghavi &
Rutherford 2014). Simultaneously, systemic vascular resistance rapidly drops throughout the
first trimester and remains low until delivery (Clapp & Capeless 1997; Geva et al. 1997; Gilson
et al. 1997; Hall et al. 2011). This is due to vasodilation, which leads to decreased total
vascular resistance, as well as an increase in global arterial compliance (also referred to as

arterial elasticity), resulting in decreased vascular stiffness (V. R. Turi et al. 2022).

The increase in global arterial compliance during pregnancy is highly adaptive, as it allows for
increased intravascular volume without raising mean arterial pressure (MAP). It also aids in
preserving the effectiveness of mechanical energy transfer from the left ventricle to the arteries
and maintains coronary perfusion pressure by lessening aortic diastolic pressure decay.
Overall, these changes in arterial compliance and systemic vascular resistance contribute to
the efficient adaptation of the maternal cardiovascular system to meet the metabolic needs of

both the mother and the developing foetus.

Studies have revealed that pregnancy and the postpartum period significantly alter vascular
compliance in C57BL/6 mice. Global arterial compliance rises during pregnancy, enabling an
increase in CO and uterine blood flow to promote foetal growth and development. It is thought
that hormonal changes, notably the rise in oestrogen levels, are to blame for this increase in
arterial compliance. However, after giving birth, arterial compliance falls, as a result of the drop
in oestrogen levels (Evans et al. 2011a; Akcay & Ozdemir 2021). The increased risk of
cardiovascular disease (CVD) seen in postpartum women may be caused by this reduction in
arterial compliance. These results imply that arterial compliance is essential for the adaptation
of the maternal cardiovascular system throughout pregnancy and for its recovery following

delivery.
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1.3.4.2 Structural and Vascular adaptation to pregnancy

Just like the heart adapts to pregnancy, so does the rest of the body, especially the blood
vessels, as these connect the heart to the rest of the organs (Sandoo et al. 2010).
Angiogenesis: meaning the growth of new vessels from other already formed vessels, and
Vasculogenesis; meaning growth of blood vessels from differentiating endothelial cells (or
angioblasts during embryogenesis) (Zygmunt et al. 2003; Gupta & Zhang 2005; D.-B. Chen &
Zheng 2013), are very important parts of the adaptations that occur during normal pregnancy
(Boeldt & Bird 2017). An increase in blood flow helps to sustain the growth and development
of the growing foetus by providing essential nutrients and oxygenations (Remien & Majmundar
2022). Other structural changes occur throughout the body including vasodilation, decreased
viscosity, and enhanced vessel repair mechanisms, to accommodate this extra blood flow
(Boeldt & Bird 2017; Osol et al. 2019). In addition to CO increases, there are also several other

vascular adaptations that take place during pregnancy.

These other vascular adaptations include increased capillary permeability and reduced
venous resistance (M. A. Brown et al. 1989). The increased permeability is necessary for
nutrient exchange between mother and baby as well as for waste removal (M. A. Brown et al.
1989; Vanwijk et al. 2000). The reduced venous resistance allows the additional blood to be
efficiently transported back to the heart where it can then be circulated throughout the body
(Hall et al. 2011). The vascular adaptations in pregnancy also include increased circulating
plasma volume which helps reduce hematocrit levels, thereby improving oxygen delivery to
both mother and baby (F Hytten 1985; Vricella 2017). Additionally, there is an increase in
endothelial NO synthase (eNOS) activity which leads to vasodilation and improved tissue
perfusion (V. H. J. Roberts et al. 2018). This helps further improve oxygenation as well as
nutrient exchange between mother and foetus. Lastly, there are increased levels of fibrinolysis,
which help with vessel repair mechanisms so that any damaged vessels can heal faster (Hale
et al. 2012). Overall, the numerous vascular adaptations that take place during pregnancy
help to ensure that both the mother and the foetus receive an adequate supply of oxygen and
nutrients. These adaptations are essential for a healthy pregnancy and can help to prevent

complications such as PE.
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The vascular system of pregnant C57BL/6 mice and humans differ in a number of ways. In
humans, there is an increase in total blood volume during pregnancy, whereas this is not seen
in C57BL/6 mice (Kulandavelu et al. 2006). The human placenta also secretes vasoactive
molecules, such as prostacyclin and NO, which are not seen in the mouse placenta (Sandoo
et al. 2010). These molecules are not secreted by the placenta of pregnant C57BL/6 mice.
Despite these differences, the changes in vascular structure and function during pregnancy

seen in both humans and C57BL/6 mice are similar.

Pregnancy is associated with profound changes in a woman’s vascular system to insure the
health of the mother and the foetus. In C57BL/6 mice, these changes involve both structural
and functional adaptations of the vessels, including increased vessel wall thickness, vessel
wall permeability and reduced vasoconstriction. These adaptations are believed to be
necessary for improved uterine perfusion and nutrient delivery to the foetus, as well as

maternal health.

1.4 Uterine flow

In addition to left ventricular mass adaptations during gestation, uterine artery undergoes
structural changes to accommodate for the increased blood flow needs to the placenta.
Additionally, uterine artery flow is an indication of uteroplacental perfusion and has been
studied in humans and C57BL/6 mice (Oloyede & Iketubosin 2013; Browne et al. 2015). An
increase in uterine artery pulsatility (UA Pl) and uterine artery resistance indices (UA RI),
alongside early diastolic notching have been correlated to a dysfunctional placentation (Naeh
et al. 2022).

1.5 Dysfunctional Adaptations to Pregnancy

The physiological adaptations that the cardiovascular system undergoes during pregnancy
are of utmost importance for ensuring a successful pregnancy. However, any malfunction or
aberration in these adaptations can result in undesirable outcomes for the mother and the

developing foetus. Emerging research indicates that even subtle maladaptations at the time
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of implantation can trigger poor trophoblast invasion and abnormal hemodynamic adaptation,
ultimately culminating in endothelial dysfunction (Y. Zhou et al. 1992; Duvekot et al. 1995;
Spaanderman et al. 2001). The cascade of events triggered by endothelial dysfunction,
abnormal hemodynamic adaptations, or other maladaptations to pregnancy are known to
contribute to the development of various pregnancy-related disorders such as PE (Schrier &
Durr 1987; Duvekot et al. 1993, 1995; Spaanderman et al. 2001).

1.6 Preeclampsia

PE is a multisystemic disorder, defined as a de novo onset of hypertension (2160/110 mmHg)
plus the involvement of at least one organ system (Trogstad et al. 2011; Lambert et al. 2014;
Tranquilli et al. 2014; Fatmeh & Farahnaz 2018; Mark A. Brown et al. 2018). The proteinuria
(spot urine protein/creatinine > 30 mg/mmol or > 300 mg/day), after 20 weeks of gestation, is
no longer (as of 2014) a required criteria for the diagnosis of PE(Tranquilli et al. 2014; Mol et
al. 2016). PE affects between 5 and 8 out of every 100 pregnant women worldwide and
accounts for 76 000 maternal deaths and 500 000 infant deaths yearly (“IPLACENTA” n.d;
Walker 2000; Ramma & Ahmed 2014) .

Over the past 15 years a growing interest has developed as scientists linked a defective
placenta to various pregnancy diseases such as PE (Mutter & Karumanchi 2008a; Trogstad
et al. 2011; Turanov et al. 2018; Turco et al. 2018; Vento-tormo et al. 2018). Evidence from
clinical findings showed that hydatiform moles or molar pregnancies (absent foetus) with
placentas can still develop preeclamptic phenotypes (Acosta-Sison 1956; Kristoffersen &
Jargensen 1970; Billieux et al. 2004; Mutter & Karumanchi 2008a; Trogstad et al. 2011;
Ottanelli et al. 2012; Vitoratos et al. 2012; Atuk et al. 2018), thereby indicating that the placenta
plays a key role in PE and other pregnancy diseases. The process of placentation is a critical
step in ensuring a successful pregnancy outcome (Fox & Elston 1978; P. R. Burton et al. 2007;
Romero et al. 2011; Katie Delach 2016; Graham J. Burton & Jauniaux 2018). However, when
disturbed, it can have devastating consequences for foetal health. Recent studies suggest that
disturbances in angiogenesis underlie the phenomenon of poor placentation (Noback 1946;
Kirsten R. Palmer et al. 2015; K. R. Palmer et al. 2017; L. Zhou et al. 2019). Specifically, there
is evidence to suggest that an imbalance in the levels of pro- and anti-angiogenic factors such

as placental growth factor (PIGF), vascular endothelial growth factor (VEGF), and fms-like
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tyrosine kinase-1 (sFlt-1) play a pivotal role in this process (Mehendale et al. 2007; Iman
Gurnadi et al. 2015; Kirsten R. Palmer et al. 2015; Szalai et al. 2015a; Kirsten R Palmer et al.
2016; K. R. Palmer et al. 2017; Lorenz-Meyer et al. 2022). Additionally, the inappropriate
activation of the renin-angiotensin-aldosterone system (RAAS) has also been implicated in
the aetiology of poor placentation (Inoue et al. 1995; Silva et al. 2015; Denney et al. 2016;
Leal et al. 2022).

Though the main actor in PE seems to be the placenta, over the years, scientific research
showed that preeclamptic women have an increased chance of developing cardiovascular,
neurological and kidney diseases later in life, even after the placenta has been delivered
(Walker 2000; Irgens et al. 2001; Sibai et al. 2003; D. W. Brown et al. 2006; Mutter &
Karumanchi 2008a; Ayansina et al. 2016). A 2007 journal article by the BMJ (British Medical
Journal) looked at cohort studies from 1960 to 2006 and found that PE was strongly correlated
with the development of hypertension, ischaemic heart disease, stroke and venous
thromboembolism, later in life (Bellamy et al. 2007). Additionally, a longitudinal study from
2001 revealed that preeclamptic women who delivered pre-term were 8 times more likely to
die from cardiovascular causes than non-preeclamptic women (Irgens et al. 2001).
Accordingly, recent discoveries suggest that other factors besides solely the placenta may be
at the centre of this condition (Sanchez-Aranguren et al. 2014; Possomato-Vieira & Khalil
2016a; Apicella et al. 2019). Several predisposing factors such as multifoetal pregnancies,
chronic high blood pressure, personal or family history of PE, pre-existing diabetes,
thrombophilia, and obesity, have been linked to the appearance of the disease (English et al.
2015).

Finally, the exact pathogenesis behind PE is still unclear but it is believed to be multifactorial
(B. Huppertz 2008; S. Ahmad et al. 2015). Several theories have come forth as a potential
cause for PE, such as: angiogenic imbalance (physiological balance between the stimulatory
and inhibitory signals for blood vessel growth), systemic inflammation and oxidative stress (.
Brosens 1964; Hoeben et al. 2004; S. Maynard et al. 2008; J. M. Roberts & Escudero 2012;
Rana et al. 2012; Burke & Ananth Karumanchi 2013; Raghupathy 2013; Candela et al. 2017;
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Atakul 2019; Barneo-Caragol et al. 2019; Doganlar et al. 2019; Haram et al. 2019; J. Hu et al.
2019; Stojanovska et al. 2019).

Early-onset and late-onset PE are distinguished as separate conditions. A study exploring
cardiac function at 24 weeks gestation found that women who later developed PE displayed
different hemodynamic states based on whether they developed early or late PE (Wéjtowicz
etal. 2019). Early PE was associated with a higher incidence of bilateral notching of the uterine
artery, lower total vascular resistance, and higher cardiac output, implying defective placental
development. In contrast, late PE is more common in women with a high body mass index
and low total vascular resistance, suggesting constitutional factors like obesity as possible

origins.

Vascular changes associated with PE can be detected long before symptoms manifest.
Endothelium-derived vasoconstrictors, which regulate blood flow, are disrupted in PE, leading
to increased blood pressure and peripheral arterial waveform resistance. Notably, other
peripheral arteries also exhibit impaired function in early pregnancy, indicating a generalized

abnormal vascular physiology in PE.

These findings point to a shared predisposition to PE and cardiovascular disease,
underscoring the importance of investigating cardiovascular function to better understand PE
pathophysiology. The current management strategies for PE include compounds commonly
used in cardiology, like statins and nitric oxide donors, which have shown promise in PE
prevention and treatment. This indicates that the heart could be greatly affected by both forms
of PE, emphasizing the need for early detection and management to mitigate cardiovascular
risks.

However, despite the extensive research into the potential causes and mechanisms of PE
presented in these studies, there isn’t a cure for PE. To date preeclamptic patients are usually
treated for their symptoms (hypertension, proteinuria...etc.) and most of the time these women
are rushed to deliver prematurely, as this is the only method of resolving PE (Lambert et al.
2014; Perry et al. 2018). Therefore, there is urgent need for a better understanding and better

managements for PE.
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1.6.1 Current Hypotheses behind PE
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Figure 1.3 Hypotheses behind PE.

PE is a complex, multifactorial disease that is thought to occur in two stages. The first stage is
characterized by abnormal placentation, leading to decreased placental perfusion during the early
stages of the first trimester. In the second stage, a maternal syndrome arises in the later second and
third trimesters, which is marked by an excess of antiangiogenic factors. Several hypotheses have been
proposed to explain the pathophysiology of this condition, including abnormal placentation, oxidative
stress, dysregulation of protective pathway mechanisms, and inflammation. Despite extensive research
into the aetiologies and mechanisms underlying PE, its exact pathogenesis remains elusive. However,
given the significant number of studies pointing to the involvement of angiogenic imbalance and
protective pathway mechanisms, this thesis aims to investigate these specific aspects of PE. Figure
was created in Bio-Render.com.

Despite the lack of clear knowledge behind the pathophysiology of PE, it is accepted that the
placental disease is said to occur in two stages: stage 1 is synonym of abnormal placentation
(decreased placental perfusion) early in the first trimester and stage 2 is a “maternal syndrome

in the later second and third trimesters characterized by an excess of antiangiogenic factors”
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(J. M. Roberts et al. 1989; Lain & Roberts 2002; J. M. Roberts & Gammill 2005; Jim Roberts
2007; D. J. Roberts & Post 2008; J. M. Roberts & Escudero 2012; Rana et al. 2019). Two
reviews looking at the main theories (as een in Figure 1.3) of the pathophysiology of PE
(abnormal spiral artery remodelling, elevation in systemic inflammation, maternal endothelial
dysfunction, and gaseous signalling molecules) suggested that all the suggested causes
behind PE should be evaluated according to the Bradford Hill criteria for disease causation
(Van Reekum et al. 2001; Ramma & Ahmed 2014; A. Ahmed & Ramma 2015a). Briefly, the
Bradford Hill criteria involves criteria such as the temporality, the dose response, the strength,
the consistency, the specificity, the coherence and the plausibility of the disease causation
(Van Reekum et al. 2001).

1.6.1.1 Normal versus abnormal placentation

The normal human placenta develops by forming the outer layer of the pre-implantation
embryo: a trophectoderm (J. D. Boyd & W. J. Hamilton. Heffer, 1970; Turco & Moffett, 2019).
The trophectoderm (TE) forms approximately 5 days post fertilization of the blastocyst and is
segregated into two lineages: the internal cellular mass (ICM) (the ICM form the embryoblast,
the umbilical cord, the amnion, and the embryo) and the TE (Moser et al. 2019). The polar end
of the TE binds to the epithelium of the uterus which is termed endometrium. To date, the first
stages of implantation haven’t been visualized in humans (J. D. Boyd & W. J. Hamilton. Heffer
1970). However, given the physiological observations from samples of superior primates it is
believed that 6 to 7 days after fertilization, the TE develops into a primary syncytium. This
development is referred to as the prelacunar phase of the placental development (J. D. Boyd
& W. J. Hamilton. Heffer 1970; Turco & Moffett 2019). After invasion of the endometrium by
the primary syncytium, the endometrium develops into a specialized tissue known as the
decidua (Schlafke & Enders 1975; Turco & Moffett 2019). At 14 days post fertilization, the
blastocyst is now fully ingrained in the decidua and coated by the surface of the epithelium (A.
T. Hertig et al. 1956; Turco & Moffett 2019). Lacunae start forming together with the syncytial
mass. These then enlarge and merge together to splice the biological system into trabeculae.
This stage is known as the lacunar stage. The syncytium now disintegrates to form decidual
glands and thereby allows secretions to enter the syncytial mass. The villous stage of
development then occurs by proliferation of the trophoblasts which in turn form projections

through the primary syncytium to form primary villi. The villi proliferate further and form into
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villous trees and the lacunae develop into intervillous space (Turco & Moffett 2019).
Cytotrophoblasts invade the primary syncytium and fuse laterally by enveloping the conceptus
in a continuous cytotrophoblast shell between the villi and the decidua (Turco & Moffett 2019).
Finally, the blastocyst is now coated by three layers: the chorionic plate, the villi which are
separated by the intervillous space and the cytotrophoblast shell with the decidua (Turco &

Moffett 2019). This results in a spherically shaped placenta (Moser et al. 2019).

At approximately 10 to 18 days post fertilization, the mesenchymal cells go through the villous
core to form secondary villi. The secondary villi is also the term used to describe the
cytotrophoblast layer between the mesenchymal cells and the maternal tissues (Moser et al.
2019). At the 18th day post fertilization, when the vasculogenesis starts (foetal capillaries
emerge at the core), thereby initiating the development of the secondary villi into tertiary villi
(Moser et al. 2019; Turco & Moffett 2019). A system of villous trees is formed by the continuous
branching of the villous tree. Individual cytotrophoblast leave the shell when they come into
contact with the decidua to invade the decidua in the form of extravillous trophoblasts (EVT)
(Turco & Moffett 2019). Thus, whole development process of the placenta is established by
the first trimester by secondary villi turning into tertiary villi and by the branching of
vasculogenesis (Turco & Moffett 2019). The distinct branching of vasculogenesis is imperative
for the proper development of the placenta and is highly dependent on the intraplacental low

oxygen supply during the first trimester (Moser et al. 2019).

The supply of intraplacental low oxygen is essential for trophoblast plugs within the uterine
spiral arteries to be formed. These temporary trophoblast plugs, which occur as a
consequence of the EVT invasion into the spiral arteries, allow for the vessels to morph and
their smooth muscle cells in the wall to deplete, thereby losing their elastic lamina. The loss of
elasticity of the vessels, leads to the dilation of the arteries (and this extends to the inner third
of the myometrium) and increase of luminal width and hence insures the uteroplacental blood
flow during pregnancy (J. M. Roberts & Escudero 2012; Moser et al. 2019). The spiral arteries
become low resistance vascular channels and therefore the blood flow is increased for

maximum blood flow to the placenta and the foetus and becomes independent of control by
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the maternal vasculature (independent of humoral or neural signals) (Pijnenborg et al. 2006;
Cartwright et al. 2010; Pennington et al. 2012).

In a healthy placenta, the maternal spiral arteries change to allow for the increased blood flow
in the placenta. However, in preeclamptic pregnancies, these changes are only observed in
some cases, whereas in most of the preeclamptic pregnancies the remodelling of the vessels
does not occur. In the preeclamptic pregnancies where the remodelling of the spiral arteries
does occur, it does not extend to the myometrium (W. B. Robertson et al. 1967; |. A. Brosens
1972; W. Robertson et al. 1973; T. Y. Khong et al. 1986; Lyall 2002). Despite, a lot of evidence
pointing to the main issue being the inability of these spiral arteries to dilate during PE, new
evidence points to the main issue being the depth of the vascular modification rather than the
dilating of the spiral arteries (G. J. Burton et al. 2009). The inability of the spiral arteries to
invade the myometrium combined with the persistence of the smooth muscle (the spiral
arteries remain contractile in PE) (that is lost in a healthy pregnancy) results in a reduced
utero-placental circulation and in increased oxidative stress, as well as a release of placental
factor into the maternal circulation (Trogstad et al. 2011; Coroyannakis & Khalil 2019).
Moreover, given that the spiral arteries remain contractile during PE, this may generate a
potential perfusion/reperfusion scenario which can subsequently generate oxidative stress (J.
M. Roberts & Escudero 2012).

Additionally, some studies have shown that uterine natural killer cells (UNK), (which populate
the uterine spiral arteries) are involved in the spiral artery remodelling (A. Robson et al. 2012).
An increase of uNKs have been observed in some preeclamptic pregnancy studies, whereas
a decrease in uNKs have been observed normotensive pregnancies (Stallmach et al. 1999;
Bachmayer et al. 2006; P. J. Williams et al. 2009). However, given the evidence shown from
an in vivo study conducted on immune deficient Rag2 -/-/yc-/- double knockout mice (who
appear to lack spiral artery remodelling), that demonstrated that although these mice lacked
spiral artery remodelling, no preeclamptic phenotype was found, in this mouse model (Burke
et al. 2010). The lack of a preeclamptic phenotype in these mice disproves the theory that

spiral artery remodelling are the main cause for placental dysregulation (Burke et al. 2010).
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Not to mention, it has also been shown that defects in spiral artery remodelling occur in other

diseases such as foetal growth restriction and foetal death and are not specific to PE.

Further, a single-cell RNA sequencing study that analysed first-trimester placental and
decidual cells from healthy subjects found that three distinct fibroblast populations within the
placenta and decidua were found unexpectedly within each tissue type (Hemant Suryawanshi
et al. 2018). The most abundant cluster of fibroblasts was a primary source of DLK1 which is
a gene involved in encoding an endocrine signalling molecule (present in high concentrations
in maternal circulation). The second cluster of fibroblasts that was specifically expressed was
the EGFL6 gene which is responsible for promoting endothelial cell migration and
angiogenesis. Lastly, the third cluster of fibroblasts found expressed proinflammatory genes
such as IL6, PTGDS, CFD, CXCL2, REN and AGTR1, which are implicated in the regulation
of blood pressure, sodium and fluid homeostasis (S. Wu et al. 2018). This finding suggests a
dysregulation of these genetic changes/fibroblast clusters may be a main factor leading to

pregnancy complications such as PE (Hemant Suryawanshi et al. 2018).

Moreover, gross pathological changes have also been observed in placentas from PE (J. M.
Roberts & Escudero 2012). Dypvik et al. looked at placental weight for centile for gestational
age and found that infants with placentas less than the 30th centile were smaller in
preeclamptic pregnancies, while those with placental weight greater than the 90th centile were
larger (Dypvik et al. 2017). Furthermore, studies have also observed that the shape of the
placentas from PE are different from those with a normotensive pregnancy (Kajantie et al.
2010). Placentas from PE had a significantly lower surface area and a surface that was more
oval than placentas from normotensive pregnancies. Overall, the thickness of the placenta
was increased in placentas from PE and their shape was more oblong compared to circular in
normotensive placentas (Kajantie et al. 2010). Lesions such as villous-free placental lakes,
fibrin deposition and inflammation, that reflect maternal malperfusion caused by failure of
spiral arteries remodelling were also observed in placentas from PE (Pathak et al. 2011; Falco
et al. 2017; Sebire 2017). Although these lesions were not specific to PE, they were found to

be four to seven times more common in preeclamptic placentas than normotensive placentas.
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Additionally, microscopical studies also showed that placental lesions such as swelling of the
mitochondria, necrosis of the syncytiothrophoblasts with loss and distortion of the microvilli,
dilation of the endoplasmic reticulum cisternae were also linked to PE (Jones & Fox 1980;
Holland et al. 2017; J. G. Burton et al. 2019).

Some studies supported that these morphological changes were linked to higher levels of
placental stress at the molecular level. An increase of oxidative stress and of unfolded protein
response (UPR) (protein that is associated with the suppression of non-essential protein
synthesis) were found in early onset PE compared to late onset PE (Yung et al. 2014; J. G.
Burton et al. 2019). This increase of oxidative stress and of UPR explains why growth
restriction is often associated with early onset PE (Graham J. Burton & Jauniaux 2018; J. G.
Burton et al. 2019). Despite, the wide range of research on the placenta and the different
hypotheses on abnormal placentation and how it relates to PE, a significant amount of
incertitude remains. Extensive research still needs to be conducted to elucidate this

incertitude.
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1.6.1.2 Oxidative Stress

Oxidative Stress

Regular cell

Cell with oxidative stress

Figure 1.4 Oxidative Stress illustration.

Figure was created in Bio-Render.com.

Oxidative stress is considered to occur as a consequence of an overproduction of reactive
oxygen and nitrogen species (ROS), or as a result of an insufficient supply of antioxidants
needed to dispose of the free radicals (Wisdom et al. 1991; Graham J Burton & Jauniaux
2004; Myatt & Cui 2004a; Graham J. Burton & Jauniaux 2011). Oxidative stress is produced
when an excess of free radicals exceeds the buffering capacity of the cellular defence
mechanisms (Haram et al. 2019). This excess of free radicals combined with a diminution of
antioxidants are said to be at the centre of the pathogenesis behind PE (Graham J. Burton &
Jauniaux 2011; Poston et al. 2011; Goksu Erol et al. 2012). Toescu et al. investigated oxidative
stress in a longitudinal study of seventeen normotensive pregnancies and looked at the

oxidative stress present at the end of each trimester and after the 8 weeks postpartum (Toescu
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et al. 2002). This investigation showed that late pregnancy was associated with the formation
of oxidative stress. This, and more studies have shown that oxidative stress is expected in
healthy placental development. Nonetheless, increased oxidative stress and reduced
placental protective factors have been observed in preeclamptic phenotypes, in both the
maternal circulation and the placenta (Wickens et al. 1981; Rodgers et al. 1988; A. Ahmed et
al. 2000; K. Wang et al. 2013). A paper in 2016 speculated that epitheliochorial placentation
in which the foetus remains separated from the maternal blood throughout gestation evolves
as a protective mechanism against oxidative stress from pregnancy (Elliot 2016). The paper
suggested that the lack of evolution of the epitheliochorial placentation thereby causes PE to
arise (Elliot 2016).

On the other hand, Cester et al. looked at the basal content of lipid peroxides in the
syncytiothrophoblasts plasma membranes from pregnant women with hypertension and
showed an increase in oxidative stress (Cester et al. 1994). Following this study, Wang et al.
hypothesized that PE mitochondria, which are sources of oxygen and are enriched by
polyunsaturated fatty acids, could be an important source of oxidative stress and lipid
peroxidation (Y. Wang & Walsh 1998). After analysing placentae that were obtained
immediately after delivery from normal and preeclamptic pregnancies, the findings of this study
concluded that placental mitochondria contribute to the abnormal increase in lipid peroxidation
that occurs in PE by both an increase in their amount and an increase in their susceptibility to
oxidation and mitochondrial generation of superoxide which in turn could lead to an important

source of oxidative stress being produced in PE.

Further, a review suggested the conjunction of oxidative stress and tissue damage cause a
breach to the placental barrier and thus creates a leak of foetal and placental-derived factors
into the maternal circulation (Hansson et al. 2015). This leakage of foetal material into the
maternal blood stream leads to maternal endothelial damage, elevated oxidative stress, and
systemic inflammation (Smarason et al. 1993; Knight et al. 1998; Hahn & Holzgreve 2002;
Tjoa et al. 2006). Moreover, this review also suggested that the shedding of nanoparticles

such as free Haemoglobin (which causes kidney damage) and miRNA might further
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exacerbate the inflammation, vascular damage from the placenta as well as the systemic
oxidative stress (Redman & Sargent 2008; Tannetta et al. 2013; Cronqvist et al. 2014; Rudov
et al. 2014). Interestingly, although smoking causes oxidative stress, smoking has also been
shown to have a protective effective against PE (Conde-Agudelo et al. 2011). Karumanchi et
al. 2010 explained this paradox by the fact that smoking has been linked to a decreased

soluble fms-like tyrosine kinase 1 (sFlt-1) by carbon monoxide (Karumanchi & Levine 2010).

Mitochondria (especially mitochondrial DNA (mtDNA)) which are responsible for the
production of ATP and the consumption of oxygen, are particularly sensitive to ROS in
proximity to oxygen generation site of the electron transport chain (Myatt & Cui 2004a; Agarwal
et al. 2015). This causes extensive damage to mtDNA and causes mutations to occur, which
leads to impaired energy production and risk of further electron leakage which in turn causes
an increase in oxidative stress (Agarwal et al. 2015). Mitochondrial DNA levels in the maternal
circulation play an important role both in PE and as an indicator of placental abruption. An
increase in maternal mtDNA levels has been linked to an increase in oxidative stress (Qiu et
al. 2012; M. A. Williams et al. 2013; Holland et al. 2017). This increase is thought to be due to
the hypoxic conditions associated with placental insufficiency and thus a diminution of
placental blood flow (Costa et al. 1988; Jansson & Powell 2006; H. M. Lee et al. 2007; Holland
et al. 2017). Hypoxic stress has been shown to increase the biogenesis of mitochondria, this
generating more circulating mtDNA. However, unchanged, as well as both increased and
decreased levels of mMtDNA have been found in the same pathogenesis of pregnancy through
different studies (Y. Wang & Walsh 1998; He et al. 2004; Lattuada et al. 2008; Qiu et al. 2013;
Mando et al. 2014; R. Hastie & Lappas 2014; Poidatz et al. 2015; Vishnyakova et al. 2016).

The potential causative correlation of oxidative stress and PE has long been debated (Agarwal
et al. 2015). Some studies suggested that PE arose as a consequence of an excessive amount
of oxidative stress, whereas other studies supported that increased oxidative stress occurs as
a consequence of PE. However, evidence gathered by more recent studies, showing that

oxidative stress also occurs in other pathologies such as diabetes, cancer, and
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neurodegenerative diseases, suggests that oxidative stress occurs as a side-effect of PE

rather than the alternative.

1.6.1.3 Angiogenesis

Angiogenesis is the process by which blood vessels form and is essential for the delivery of
nutrients to the body. Though angiogenesis has been described in the placenta, as early as
18 days after conception (Noback 1946; Ottanelli et al. 2012; J. Hu et al. 2019), the bulk of the
attention has been focused on cancer studies. The key molecules involved in angiogenesis
are pro-angiogenic factors such as the vascular endothelial growth factors (VEGF), and anti-
angiogenetic factors such as the soluble fms-like tyrosine kinase 1 (sFlt- 1)(Cross et al. 2012).
VEGF can bind 3 receptors, but its activity is mediated by two main tyrosine kinase receptors,
VEGFR-1 and VEGFR-2 which is also known as foetal liver kinase 1 Flk-1 (Kendall & Thomas
1993a). Soluble Flt-1, which is generated by alternative splicing of the VEGFR-1 (also known
as Flt-1 gene), is a soluble form of VEGFR-1 extracellular ligand-binding domain, and it can
bind to all isoforms of VEGF, as well as to the placental growth factor (PIGF) (Kendall &
Thomas 1993a; A. Ahmed et al. 2000; S. Ahmad & Ahmed 2004; Eddy et al. 2018).

PIGF plays many roles in pregnancy amongst such as angiogenesis by promoting the growth

of new blood vessels, placental development, blood pressure regulation, and foetal growth.
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Figure 1.5 The relationship between preeclampsia and angiogenesis involves the traditional
theory of angiogenic imbalance.

This theory suggests that preeclampsia is characterized by increased levels of circulating soluble
tyrosine kinase-1 (sFlt-1) and soluble endoglin (sEng), which are similar to fms. As a result, the levels
of free vascular endothelial growth factor (VEGF)/placental growth factor (PIGF) and TGF decrease,
leading to endothelial dysfunction. The figure was created using BioRender.com. This figure was
inspired by (Torres-Vergara et al. 2022).

One of the hypotheses behind PE (Figure 1.3) is that anti-angiogenic factors (Figure 1.5),
specifically sFlt-1 are increased and in turn counteract the pro-angiogenic effects of VEGF (A.
Ahmed 1997; Hiratsuka et al. 2001; Koga et al. 2003; S. E. Maynard, Min, Merchan, Lim, Li,
Mondal, Libermann, Morgon, et al. 2003; Chaiworapongsa et al. 2004; S. Ahmad & Ahmed
2004; Romero et al. 2011). If sFit-1 is free in serum, it can bind to VEGF and thus hinder it
from binding to its cognate receptors and thus inhibit pro- angiogenic effects from occurring
(Mutter & Karumanchi 2008a). The asymmetry of pro-angiogenetic and anti-angiogenic factors

has been linked to endothelial dysfunction and decreased angiogenesis, hence exhibiting a

54

Y. Correia, PhD Thesis, Aston University 2023



preeclamptic phenotype (hypertension, proteinuria)(S. E. Maynard, Min, Merchan, Lim, Li,
Mondal, Libermann, Morgon, et al. 2003; Mutter & Karumanchi 2008a).

Maynard et al showed that after the administration of sFlt-1, pregnant rats started to develop
PE-like phenotypes such as hypertension, proteinuria and glomerular endotheliosis (S. E.
Maynard, Min, Merchan, Lim, Li, Mondal, Libermann, Morgon, et al. 2003). Similarly, a study
on mice demonstrated that one single injection of the combination of; anti-mouse VEGF
neutralizing antibodies and sFlt-1, into healthy non-pregnant mice, induced proteinuria, as well
as massive glomerular endothelial cell detachment/damage and suppression of nephrin (a
glomerular epithelial slit diaphragm apparatus-associated protein) (Sugimoto et al. 2003a).

Both of these studies underline that sFit-1 plays a crucial rule in PE.

Another study, conducted in 2012 showed that non-pregnant women displayed symptoms of
acute PE when suffering from bevacizumab (a humanized recombinant monoclonal 1gG
antibody that binds VEGF) toxicity, which mimics acute PE. The discontinuation of
bevacizumab resulted in a reversible effect of the PE-like manifestations, which advocated for
the fact that sFlt-1 is the main culprit behind PE (Cross et al. 2012).

Furthermore, as previously discussed, under-perfusion of the placenta causes ischemia and
hypoxia. A study using in situ hybridization, found that hypoxic placentas secrete increased
VEGEF levels (Forsythe et al. 1996). However, the level of sFlt-1 secreted increases to a
greater extent than the amount of VEGF secreted, thereby generating an imbalance of anti-
angiogenic factors. Studies have also shown that circulating levels of sFlt-1 correlate with the
severity of PE (Koga et al. 2003; S. E. Maynard et al. 2003; Sugimoto et al. 2003a; A. Hertig
et al. 2004; Chaiworapongsa et al. 2005; Levine et al. 2005; Powers et al. 2005). On the other
hand, sFlt-1 levels return to normal after delivery and all the preeclamptic syndromes are

alleviated, which indicates the importance of this protein in pathogenesis (Eddy et al. 2018).
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Over the years, different therapies have been proposed to deal with angiogenic imbalance.
Apheresis is a therapy that removes substances from the blood and was shown to be safe for
pregnant patients (Teruel et al. 1995).Thadani et al. and Fan et al. both looked at the use of
apheresis (therapy used to remove substances from the blood) for the removal of sFit-1 from
the plasma of preeclamptic patients (Fan et al. 2014; Angela Makris et al. 2016; Thadhani et
al. 2016). While both of these studies were successful in diminishing the amount of plasma
sFlt-1 and reducing the total protein/creatinine ratio, these studies were both pilot studies that
only involved a small cohort, nor did these studies correct for other factors that might have
been removed as a consequence of the (non-specific ion-exchange chromatography used and
dextran sulphate apheresis) non-specific apheresis (Thadhani et al. 2011, 2016; Eddy et al.
2018).

Using the supplementation of VEGF or PIGF as the buffering mechanisms for excess sFit-1
has been tested in different animal PE models (Eder & Mcdonald 1987; Rees et al. 1990;
Miquerol et al. 2000; Alexander et al. 2002; Sholook et al. 2007; Zhihe Li et al. 2007; D. Chen
et al. 2008; Bergmann et al. 2010; Gilbert et al. 2010; Woods et al. 2011; Logue et al. 2017).
For example, adenoviral delivery of VEGF121 in pregnant BPH/5 mice inhibits the
spontaneous development of PE-like symptoms (Woods et al. 2011). Adenoviral delivery of
VEGF165 in sFlt-1 overexpressing pregnant mice leads to reduced blood pressure and kidney
injury (Bergmann et al. 2010). Additionally, different forms of PIGF have also been tested in
different animal models (Maglione et al. 1991; J. E. Park et al. 1994; Persico et al. 1999; lyer
et al. 2001; Gigante et al. 2006). It has been demonstrated that the administration of placental
growth factor-2(PIGF-2) and VEGF in pregnant mice overexpressing sFlt-1, decreased the
mean blood pressure of these mice. Spradley et al., looked at the 5-day infusion of
recombinant human form of PIGF at gestational day 14 on pregnant rats that had undergone
RUPP procedure and demonstrated an abolishment of the effects seen after the RUPP
procedure, such as an increase in glomerular filtration rate, a decrease in the mean arterial

blood pressure and a decrease of plasma sFlt-1(Spradley et al. 2016).
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However, several adverse effects were correlated with the supplementation of VEGF for the
treatment of angiogenic balance (D. Chen et al. 2008; Fan et al. 2014). These adverse effects
included; a diminution in pup and placenta weight, low platelet count, oedema formation,
abnormalities in the heart, an augmented number of reabsorptions (in pregnant mice), and a
diminished amount of viable pups, (Meyer & Chilkoti 1999; Miquerol et al. 2000; George et al.
2014, 2015; Nouri et al. 2015; Despanie et al. 2016; Logue et al. 2017).These adverse effects
suggested that VEGF may express a dose dependent toxicity (Eddy et al. 2018). On the other
hand, no adverse effects were observed when using PIGF for treatment, given that PIGF has
the ability to bind only to sFlt-1. However, it was observed that PIGF-based therapies had a
very short lifetime which complicated the drug-delivery system in pregnancy (Suzuki et al.
2009; Eddy et al. 2018).

Overall, more extensive research is still needed to assess the use of these angiogenic factors

as potential treatments to reverse, counteract or even hinder PE.

1.6.1.4 Protective Pathway Mechanisms

A 2015 review metaphorically compared PE to a car with accelerators and breaks (A. Ahmed
& Ramma 2015). In this metaphor, the “car” is the pregnancy, the “accelerators” are the
inflammation, oxidative stress and angiogenic imbalance and the “breaks” are the endogenous
protective pathway mechanisms (A. Ahmed & Ramma 2015). If the braking system (here the
protective pathway mechanisms) of the car (pregnancy) doesn’t work, the accelerator
(inflammation, oxidative stress and angiogenic imbalance) goes out of control until it crashes
and materialises itself in the form of PE. The metaphorical “braking system” (or protective
pathway mechanism) is composed of three main mechanisms: the haem oxygenase pathway
(HO/CO system), the hydrogen sulphide (H>S) pathway and the NO pathway (A. Ahmed &
Ramma 2015).
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1.6.1.5 Hydrogen Sulphide Pathway

Hydrogen sulphide (H.S) is gasotransmitter (gas signalling molecule) that plays a role in
various functions such as vasodilation, angiogenesis stimulation, inflammation, and
cytoprotection against cellular damage (Abe & Kimura 1996a; W. Zhao et al. 2001; P. Kamoun
2004; Zanardo et al. 2006a; Blackstone & Roth 2007; Elrod et al. 2007; Papapetropoulos et
al. 2009). H.S also influences the opening of ATP-sensitive potassium channels in smooth
muscle cell and increases the VEGF expression (K. M. Holwerda et al. 2012). Endogenous
H.S is produced by three enzymes cystathionine-synthase (CBS) and Cystathionine y-lyase
(CSE) and 3-mercaptopyruvate sulfurtransferase (3-MST), all of which are present in the
human uterus and the placenta (Abe & Kimura 1996; H. Kimura 2014). CSE is the main H,S-
producing enzyme expressed in cardiovascular system (Yan et al. 2004). It has been
demonstrated that continuous administration of DL-propargylglycine (PAG), a CSE inhibitor,
resulted in elevated blood pressure and vascular remodelling, as well as a decreased level of
both CSE and H,S (Yan et al. 2004). Genetically depletion of CSE in mice lead to the
development of hypertension, hyperhomocysteinemia (abnormally high levels of
homocysteine which can contribute to arterial damage and blood clots) and endothelial
dysfunction (G. Yang et al. 2008; Akahoshi et al. 2019).

Recently, it has been shown that the knockdown of CSE by small interfering RNA, in human
umbilical vein endothelial cells (HUVEC), augmented the level of sFIt-1 and soluble endoglin
(Kim M. Holwerda et al. 2014). It was also shown that adenoviral overexpression of CSE in
HUVEC cells inhibited the release of sFlt-1 and soluble endoglin (D. B. Yang et al. 2013).
Wang et al. showed that by treating pregnant mice with DL- propargylglycine (a CSE inhibitor),
subsequent PE-like symptoms (such as induced hypertension, liver damage, promoted
abnormal vascularization in the placenta and decreased foetal growth) developed (K. Wang
et al. 2013). Contrarily, when a slow releasing H>S compound was administered, inhibition of
anti-angiogenic factors (sFlt-1 and soluble endoglin) and restored foetal growth in mice that

were previously compromised by DL-propargylglycine were observed. Thus, endogenous H»S
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is required for healthy placental development and a dysfunction or diminution of the levels of
CSE/H.S, contributes to the pathogenesis of PE.

Yang et al. (2008) studied the blood vessels, the blood pressure and the vessel relaxation of
CSE knockout mice (which displayed hypertension and diminished endothelium-dependent
vasorelaxation) versus the ones from wild type mice (Shin-Young Kim et al. 2004; G. Yang et
al. 2008). They established that CSE knockout mice had an increased blood pressure and
decrease in systolic pressure, when compared to wild type mice. Thus, this study concluded

that H.S is a physiologic vasodilator and a regulator of blood pressure.

Several studies have shown that H,S/CSE plays an imperative role in the pathogenesis of PE,
the regulation of blood pressure and the angiogenic activity. Nevertheless, research is still

needed for the evaluation of H,S as a potential therapy for PE.
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1.6.2 Potential underlying mechanisms

7.1.1.1.1 H.S and its control on the mitochondria

e &

AMP @@
kinase A
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Figure 1.6 H2S effects on mitochondria.

Persulfidation signaling is denoted by green arrows, antioxidant effects are denoted by blue arrows,
and metalloprotein interactions by H2S are denoted by red arrows. H2S can persulfidate many
transcription factors, including Nf-KB, IRF-1, and PGC-1a, to encourage the transcription of a number
of mitochondrial biogenesis and anti-apoptotic genes. H2S can also boost PGC-1a expression by
coactivating Nrf2, which encourages pathways for cellular survival, and cAMP/PKA/AMPK activation,
which boosts its transcriptional stimulation of mitochondrial biogenesis. H2S can also activate Nrf2 by
causing it to dissociate from its complex with Keap1 as a result of persulfation. Additionally, it has been
demonstrated that H2S activation of mitoKATP channels via persulfidation directly inhibits apoptosis.
Finally, upon its activation, cytochrome c (Cyt c) released into the cytosol from the mitochondria can be
bound to by H2S and sequestered, preventing apoptosis. Additionally, H2S can promote mitochondrial
bioenergetics. ATP synthesis in the mitochondria is stimulated by persulfidation of ATP synthase and
direct H2S electron transfer to the ETC via SQR/ubiquinone and COX interactions. Finally, it has been
demonstrated that H2S production keeps mitochondrial fusion intact and prevents mitochondrial fission.
The redox-sensitive maintenance of the outer mitochondrial membrane fusion protein MFNZ2 is one way
it accomplishes this. Image adapted from (Murphy et al. 2019). Figure was created on Bio-render.com.
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The mitochondria are crucial organelles that play a central role in many biological functions
such as respiration, apoptosis, biogenesis, and shape. As part of its signalling pathway, H>S
directly targets the mitochondria (Figure 1.6). H>S has been shown to impact the activity of the
Electron Transport Chain (ETC) in a concentration-dependent manner. At low concentrations,
H.S acts as a substrate through Sulfide Quinone Oxidoreductase (SQR) metabolism, which
provides an electron to the ETC, encourages ATP production, and oxidative phosphorylation
(Nicholls et al. 1982; Volkel et al. 1996; Theissen et al. 2008).

However, high concentrations of H,S can inhibit the ETC, disrupt redox balance, alter
metabolism, and eventually cause mitochondrial depolarization and death (Eghbal et al. 2004;
Libiad et al. 2019). Nevertheless, cells can adapt by up-regulating uncoupling protein 2 to
protect themselves from oxidative stress and reduce COX subunits, saving valuable energy

while ATP synthesis is disturbed.

H>S can induce apoptosis through the mitochondrial permeability transition pore formation and
opening, cytochrome c release, activation of proapoptotic proteins, and down-regulation of
anti-apoptotic proteins (Baskar et al. 2007; Adhikari & Bhatia 2008). Moreover, H,S at lethal
concentrations can cause mitochondrial swelling, decreased membrane potential, and

increased permeability transition pore induction, leading to cell death (DeMoura et al. 2019).

Interestingly, H>S has an anti-apoptotic effect under specific conditions and at harmless
concentrations. For instance, H2S can stop apoptosis even after an apoptotic event has been
initiated by persulfidating procaspase 9, which inhibits the caspase cascade and
mitochondrion-dependent apoptosis (Libiad et al. 2019). Moreover, H>S can inhibit apoptosis
by directly persulfidating NF-B, which improves its ability to bind to the promoters of multiple
anti-apoptotic genes (N. Sen et al. 2012). H.S has also been shown to regulate mitochondrial
biogenesis, or the production of new mitochondria. The process is masterfully regulated by
Peroxisome proliferator-activated receptor 1 (PGC-1), which coactivates Nrf2 to activate
TFAM and cause the transcription of nuclear-encoded mitochondrial proteins. Endogenous
CSE-dependent H,S generation increases PGC-1 via activation of the cAMP/PKA pathway in
primary hepatocytes, and persulfidation brought on by H.S increases PGC-1 activity
(Untereiner, Wang, et al. 2016). H>S can also preserve mitochondrial biogenesis in
osteoblasts subjected to increased homocysteine levels, which restores osteoblast function,

ATP generation, and redox equilibrium (Zhai et al. 2019).
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Finally, H>S controls mitochondrial morphogenesis by controlling the expression of GTPases
that control the processes of mitochondrial fusion and fission. H>S has been demonstrated to
decrease mitochondrial fragmentation by decreasing the levels of phosphorylated Drp1/Drp1,
preventing ROS accumulation and apoptosis (N. Liu et al. 2017). It has also been shown to
block mitochondrial fission in mouse neuroblastoma cells in vitro through an ERK1/2-

dependent loss of Drp1 at the mRNA and protein level (Qiao et al. 2017a).

7.1.1.1.2 H.S and cardiac disease

The functions of H.S in cardiac tissue are diverse and significant due to its role as a signalling
gas and a potential cardioprotective agent. H.S has been demonstrated to be endogenously
produced in vascular smooth muscle cells, eliciting vasorelaxation in rat aorta tissues (Abe &
Kimura 1996; W. Zhao & Wang 2002). Its involvement in metabolizing homocysteine through
the transsulfuration pathway, links defective CBS/CSE function to hyperhomocysteinemia, a
serious CVD risk characterized by excessive levels of homocysteine in the blood (X. Chen et
al. 2004; Kruger 2017).

Dysfunctional endothelial cells, which line the interior of blood and lymphatic vessels, have
been associated with various cardiovascular disorders such as atherosclerosis and
hypertension (Gimbrone & Garcia-Cardefia 2016; Konukoglu & Uzun 2017). H.S has
demonstrated potential as a treatment for these disorders by reducing ROS production,
mitochondrial membrane hyperpolarization, and boosting ETC complex Ill activity and
mitochondrial metabolism in endothelial cells under glucose stress (Ger6 et al. 2016).
Furthermore, H>S may prevent apoptosis in endothelial cells by reducing oxidative stress and

preserving mitochondrial health (Zong et al. 2015).

H>S has also shown promise as a treatment for atherosclerosis due to its effects on lipid
hydroperoxide synthesis in LDL, defending against oxidized LDL cytotoxicity, preventing
cytotoxic lipid accumulation, and foam cell development (Jeney et al. 2009; Muellner et al.
2009; Z. Z. Zhao et al. 2011). Additionally, H»S is thought to mitigate atherosclerosis through
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redox restoration and by affecting vascular smooth muscle cells and monocytes (E. Yu et al.
2013). Persulfidation of proteins such as superoxide dismutase and medium-chain specific
acyl-CoA dehydrogenase has been observed, which are crucial for maintaining redox balance

and metabolizing lipids in the mitochondria (Cheung & Lau 2018).

H>S has also been found to inhibit the generation of foam cells originating from macrophages,
a key step in atherogenesis, through the activation of the KATP/ERK1/2 pathway (Z. Z. Zhao
et al. 2011). Moreover, H,S has been shown to lessen myocardial ischemia injury by
preserving mitochondrial function and potentially through mitochondrion-mediated

macrophage M2 polarization (Xie et al. 2014; Miao et al. 2016).

In ischemia/reperfusion injury, H2S has been demonstrated to protect mitochondria during I/R
to enhance respiration and promote biogenesis (Elrod et al. 2007). The mitochondrion-
targeted H>S donor AP39 has been shown to protect against myocardial ischemia/reperfusion
injury by blocking mitochondrial permeability transition pore in a cyclophilin d-dependent
manner when administered during reperfusion (Karwi et al. 2017). Additionally, AP39 has
exhibited repeatable protection against I/R in kidney and brain damage (H. Pan et al. 2014;
Ikeda et al. 2015; A. Ahmad et al. 2016).

1.6.2.1 H2S in pregnancy and PE

The placenta can synthesize H.S from CSE and CBS, particularly under hypoxia (P. Patel et
al. 2009). Women with PE have higher plasma levels of homocysteine, cystathionine, and
cysteine, which may be related to weakened endothelium-dependent vascular relaxation
observed in CBS-deficient pregnant mice (G. Yang et al. 2008; U. Sen et al. 2010).
Decidualization is also compromised in mice lacking the CBS gene. Moreover, PE women
may have reduced CSE mRNA and H.S levels in their blood, which is associated with an
angiogenic imbalance linked to PE symptoms (L. L. Pan et al. 2011; Tao et al. 2013). Oxidized

low-density lipoprotein levels may be a potential mechanism for the downregulation of CSE in
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PE, as oxidized low-density lipoprotein was found to decrease CSE expression in human
aortic endothelial cells (Zhen Li et al. 2018; Fanfan Li et al. 2019; Xiaome:i Li et al. 2022).

Animal studies suggested that CSE, H>S, and PE formation are interrelated (G. Yang et al.
2008; K. Wang et al. 2013; S. Ahmad et al. 2015). Studies on transgenic CSE knockout mice
showed age-dependent hypertension, endothelial dysfunction, and hyperhomocysteinemia,
traits linked to PE (G. Yang et al. 2008; K. Wang et al. 2013). Pregnant mice treated with the
CSE inhibitor DL-Propargylglycine exhibited hypertension, an elevation in anti-angiogenic
factors, aberrant placental vascularization with foetal growth restriction (FGR), and other
symptoms associated with PE. Interestingly, the slow-releasing H>S donor GYY4137 rescued
alteration of placental vasculature and FGR in DL-Propargylglycine-treated animals and
controlled the development of the additional protective enzyme haem oxygenase 1 (M. J.
Wang et al. 2010). CSE is highly expressed in various tissues, including the heart, vascular
endothelium, liver, kidney, uterus, placenta, and pancreatic islets. Regulation of CSE activity,
such as its mitochondrial translocation via Tom20, may compete for substrates, thereby
affecting CSE's activity (Bos et al. 2015). In conclusion, CSE/H.S plays a crucial role in the

vasculature, and impaired production and activity of CSE promote the development of CVD.

1.6.3 Vascular predisposition and abnormal Cardiovascular adaptations in PE

The elucidation of the physiological adaptations that occur during pregnancy and postpartum
is crucial to grasp the pathophysiological discrepancies associated with PE. Echocardiography
studies have identified different changes in maternal cardiac function even in uncomplicated
normotensive pregnancies. Specifically, an excessive and significant increase in left
ventricular mass combined with diastolic dysfunction has been observed, which reverts back

to its pre-pregnancy state postpartum (Savu et al. 2012; Karen Melchiorre et al. 2016).

Moreover, maternal echocardiography studies demonstrated severe cardiac dysfunction prior
to and at the onset of clinical symptoms of PE (Thilaganathan & Kalafat 2019a). Furthermore,
a considerable reduction in cardiac output in early onset as well as an abnormal ventricular
geometry paired with diastolic function has been observed in the majority of women affected
by PE (Herbert Valensise et al. 2008; K. Melchiorre et al. 2013).
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Among the most significant prognostic biomarkers for PE in the first trimester are maternal
mean arterial blood pressure and uterine artery resistance (Rolnik et al. 2017). A combination
of 36 cohort studies’ evaluation of 815 preeclamptic women, by Castleman et al. (2016),
revealed increased vascular resistance and left ventricular mass as the most common
symptoms of preeclampsia (Castleman et al. 2016). Left ventricular wall thickness of 1.0 cm,
excessive reduction in early diastole/atrial contraction, and lateral €' of 14 cm/s, which are
indicative of diastolic dysfunction, were distinctive features of abnormal pregnancy (Castleman
et al. 2016).

Increases in blood pressure and peripheral arterial waveform resistance have also been noted
preceding the onset of PE (Thilaganathan & Kalafat 2019a). Recent findings indicate that
maternal peripheral arteries, including the ophthalmic artery and brachial artery, exhibit
impaired function during early pregnancy indicating abnormal generalized vascular physiology
in PE rather than a localized vascular defect in the uteroplacental circulation as previously
hypothesized (Weissgerber et al. 2016; Porto et al. 2017; V. A. Lopes van Balen et al. 2017;
Kalafat et al. 2018). Foo et al. (2018) demonstrated that women who later developed PE had
lower cardiac output and higher peripheral resistance even prior to conception compared to
healthy pregnancies (Foo et al. 2018). Comparable results have been observed in women with
chronic hypertension who eventually develop PE, as well as normal women at mid-gestation,
accompanied by ventricular remodelling and hypertrophy (K. Melchiorre et al. 2013; Ambia et
al. 2018). These findings provide evidence that PE shares a vascular predisposition with
cardiovascular morbidity in non-pregnant individuals and suggest that further research into
cardiovascular function may reveal insights into the pathophysiology and clinical effects of PE
(Myredal et al. 2010; Matsuzawa et al. 2015; Sedaghat et al. 2018).

The modifications that arise in normotensive pregnancy have been outlined in a study and
summarized in Table 1.4.1. However, besides discerning the hemodynamic changes that
manifest during normotensive pregnancy, evaluating the timing of these variations is
necessary. Notably, a systematic review published in 2018 suggested that the first
hemodynamic changes include augmented heart rate, stroke volume, and cardiac output
coupled with a decline in systemic vascular resistance, leading to high-volume, low-resistance
circulation, peaking in the early third trimester (Perry et al. 2018). Following these changes,

there is a reduction in the cardiac output and stroke volume (Perry et al. 2018).
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PARAMETERS NORMAL PREECLAMPSIA
PREGNANCY

Changes in pregnancy
HEMODYNAMIC SVR ! 1
CHANGES

Blood Volume 1 l
SYSTOLIC SV 1 !
FUNCTION

HR 1 1
DIASTOLIC MV E/A 1 !
FUNCTION
CARDIAC Arterial Stiffness - 1
STRUCTURE

LV Mass i ™

Table 1.2 Abnormal Cardiovascular Adaptations in Preeclampsia.

This table was adapted using various papers (Thornburg et al. 2000; Castleman et al. 2016, 2023; Perry
et al. 2018; Forrest et al. 2022).

As gestation progresses, systemic vascular resistance progressively increases towards the
40th week of gestation, correlating with changes in blood pressure. Early in gestation, blood
pressure decreases, and it subsequently increases during the third trimester (Thornburg et al.
2000; Poston et al. 2011; Mahendru et al. 2014; Meah et al. 2016; Perry et al. 2018;
Vinayagam et al. 2018). Subsequently, in late pregnancy, a plateau is observed as the
hemodynamic changes begin to wane (Dunsworth et al. 2012; Perry et al. 2018). Intriguingly,
echocardiography studies conducted on normotensive pregnancies revealed an upsurge in
the left ventricular mass and remodelling, which is typically indicative of diastolic dysfunction

(Savu et al. 2012; Karen Melchiorre et al. 2016). However, this excessive increase in the left
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ventricle in normotensive pregnancies commonly reverts to baseline after delivery, highlighting
the remarkable adaptability of the heart to meet the demands of both the mother and foetus
during pregnancy (Savu et al. 2012; Karen Melchiorre et al. 2016). Conversely, the reversal
of cardiac remodelling after delivery is only observed more extensively in 40% of preeclamptic
pregnancies (Karen Melchiorre et al. 2011). Melchiorre et al. demonstrated a link between PE
and structural alterations in the heart, such as biventricular systolic dysfunction (observed in
26% of pre-term PE cases compared to 4% term PE pregnancies) and severe left ventricular
hypertrophy (detected in 19% of pre-term PE cases compared to 2% term PE pregnancies)
(Karen Melchiorre et al. 2011, 2012).

Recent cohort studies have demonstrated that women who develop PE display defective
myocardial relaxations, as well as diastolic and systolic ventricular dysfunctions before the
onset of the condition (Muthyala et al. 2016; Thayaparan et al. 2019). These studies have
highlighted a crucial connection between cardiac function and the development of PE, which
could potentially enable new methods of diagnosing and preventing this hypertensive disorder.
In addition, Khalil et al. found that an increase in arterial stiffness was observed in pregnant
women who later developed PE, as early as the first trimester of pregnancy(Khalil et al. 2012;
K Melchiorre et al. 2013). This suggests that pregnancy acts as a "stress test" by revealing
poor cardiovascular reserves and dysfunctions, which were previously invisible can lead to
further complications later in life (Craici et al. 2008). Reduced stroke volume, diastolic
dysfunction, and left ventricular remodelling are most prominent in severe and early-onset
preeclampsia and are associated with adverse maternal and foetal outcomes, regardless of
the traditional classification of preeclampsia based on clinical severity or gestational onset
(Christiana M Schannwell et al. 2002; Jovin et al. 2013; Marcolan Quitete et al. 2015).

A growing body of evidence has revealed that women who develop PE are at a higher risk of
developing additional cardiovascular complications later in life (Walker 2000; Irgens et al.
2001; Sibai et al. 2003; D. W. Brown et al. 2006; Bellamy et al. 2007; Mutter & Karumanchi
2008a; Ayansina et al. 2016). While past and current research has largely focused on
examining hemodynamic changes associated with pregnancy and PE after the onset of
diagnosis, very little attention has been given to the pre-pregnancy/pre-PE onset and post-
delivery/post-PE phases. Further investigation is necessary to fully elucidate the
hemodynamic changes underlying both normotensive pregnancy and PE. A better

comprehension of the mechanistic basis for the development of this condition would facilitate
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the development of more effective prophylactic measures to mitigate its long-term impact on

maternal health.

1.7 Long-Term Cardiovascular Risk

A growing body of research indicates that women with a history of PE may face long-term
health implications, particularly an increased susceptibility to CVD in later life (Bellamy et al.
2007; Evans et al. 2011; Karen Melchiorre et al. 2011; R. Ahmed et al. 2014; Amaral et al.
2015; English et al. 2015; Bokslag et al. 2017,; Tomimatsu et al. 2017; Escouto et al. 2018;
Dayan & Nerenberg 2019; Garrido-Gimenez et al. 2020; Ngene & Moodley 2020; Washington
C. Hill et al. 2020; Booz et al. 2021; Sarhaddi et al. 2022) These studies have found that
women with a history of PE are more likely to develop hypertension, strokes, and ischemic
heart disease compared to those without such a history (Garovic et al. 2010; Garovic & August
2013; R. Ahmed et al. 2014; Washington C. Hill et al. 2020).

Additionally, an increased risk of metabolic syndrome (Rafeeinia et al. 2014; Cho et al. 2019;
Hooijschuur et al. 2019), diabetes (Libby et al. 2007; Allison 2013; Weissgerber & Mudd 2015),
and renal disease (Veronica Agatha Lopes van Balen et al. 2017; Kristensen et al. 2019;
Kattah 2020) has been associated with a history of PE. Recent research has also
demonstrated a link between PE and cerebrovascular disease, including stroke and transient
ischemic attack (Bushnell & Chireau 2011; E. C. Miller 2019; De Havenon et al. 2021; J. A.
Kitt et al. 2021; J. Kitt et al. 2021; Beckett et al. 2023).

In particular, women who experienced severe PE during their pregnancy appear to be at a
higher risk of developing cerebrovascular disease later in life (Bushnell & Chireau 2011; E. C.
Miller 2019; Turbeville & Sasser 2020; De Havenon et al. 2021; J. Kitt et al. 2021; Beckett et
al. 2023). Different studies have reported a five-fold to eight-fold increased chance of future
CVDin women with a history of severe PE (Gammill et al. 2018; Hallum et al. 2023; Sophia
Antipolis 2023).

Women with a history of PE may face significant long-term health risks, particularly an

increased susceptibility to cardiovascular and cerebrovascular diseases.
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1.7.1 Cardiovascular Disease risk

Pregnancy complications, particularly preeclampsia, have been identified as risk factors for
CVD in women (Irgens et al. 2001; Sattar & Greer 2002; G. N. Smith 2014; P. Wu et al. 2017;
Behrens et al. 2019; Leon et al. 2019; Khosla et al. 2021). Women with a history of
preeclampsia are more likely to experience CVD events in the future which cannot be
explained by controlling for confounding factors (Sattar & Greer 2002; Leon et al. 2019; ACOG
2020). Numerous studies demonstrate a substantial risk of further cardiovascular events
following a preeclamptic incident, including higher rates of hospitalization and death from
ischemic heart disease and myocardial infarction, as well as higher coronary artery calcium
scores and an increased risk of major cardiovascular events such as myocardial infarction,
cardiac shock, malignant dysrhythmia, cerebrovascular accidents, or any other condition
requiring percutaneous cardiac intervention, coronary artery bypass surgery, an implantable
cardiac defibrillator, or thrombolysis (J. M. Roberts & Gammill 2005; Mosca et al. 2011; R.
Ahmed et al. 2014; Seely et al. 2021).

Patients with PE also have a higher chance of developing hypertension, further increasing
their risk of CVD later in life. In addition, PE-affected women had a higher rate of protein-
altering mutations in the genes linked to idiopathic or peri-partum cardiomyopathy than
reference populations, and the titin (TTN) gene, which produces the sarcomeric protein titin,
was the site of the majority of variations (Ehler 2018; Gammill et al. 2018). PE and
cardiomyopathy share genetic risk factors that may eventually shed light on pathogenesis,
define clinical phenotypes among these clinically diverse illnesses, and forecast long-term risk
(J. M. Roberts & Gammill 2005; Ehler 2018; Gammill et al. 2018; Jia et al. 2018; Behrens et
al. 2019; Moolla et al. 2022; Mubarik et al. 2023). These pregnancy-specific exposures may
lead to peripartum cardiomyopathy in women with TTN variants developing the disease earlier

than idiopathic cardiomyopathy.

More importantly, the Cardiovascular Health After Maternal Placental Syndromes (CHAMPS)
population-based cohort study analysed 1.03 million women who were enrolled in the Ontario
Health Insurance Plan between 1990 and 2004 (Ray et al. 2005). These women were healthy
before their first documented delivery, and their data was linked to hospital admissions data
from the Canadian Institute for Health Information Discharge Abstract Database and death

data from the Canadian Registered Persons Database in order to analyse outcomes (C. E.
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Brown et al. 2023). Despite this extensive study of 2005, finding biomarkers with high
predictive value for postpartum CVD in women with a history of PE still remains to be

established.

In contrast, the development of PE has been associated with elevated levels of angiogenic
factors like soluble endoglin and elevated ratios of sFlt-1: PIGF, which have been found to be
clinically useful predictive and diagnostic biomarkers (Turbeville & Sasser 2020). However, no

specific markers for future CVD risk have been found to date (C. E. Brown et al. 2023).

While traditional CVD risk factors, such as chronic hypertension and obesity, can explain much
of the increased CVD risk associated with a history of preeclampsia, a significant portion, 20%
to 40%, cannot be explained by these factors (Haug et al. 2019; Stuart et al. 2020).
Preeclampsia serves as an early warning system for future CVD risk, predicting a doubling of
CVD risk even before the manifestation of traditional CVD risk factors (Timpka et al. 2017,
2018).

1.7.2 Genetics of preeclampsia

Since the 19th century, PE has been observed to cluster within families, suggesting a genetic
component to the condition (Chesley et al. 1968; Graves et al. 1993). However, identifying the

genetic contribution to PE is difficult because the phenotype manifests only in parous women.

Initial twin studies that aimed to determine the relative contributions of hereditary and
environmental factors to PE, revealed frequent discordance between monozygotic twin
sisters, suggesting minimal heritability from maternal genes (Thornton & Macdonald 1999).
However, more recent studies using extensive Swedish registries have estimated the
heritability of PE to be around 55%, including contributions from both maternal and foetal
genes. Subsequent research has demonstrated equal prevalence of concordance and

discordance in monozygotic twins (O’Shaughnessy et al. 2000).
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The candidate gene method, frequently used in PE research, focuses on maternal genotype,
selecting a single gene based on existing knowledge of PE pathophysiology (Colhoun et al.
2003; Mutze et al. 2008; Yong et al. 2018; Mohamad et al. 2020).

Many biological (>70) candidate genes represent various pathophysiological processes, but
results have been inconsistent, with no widely recognized susceptibility gene identified (P. J.
Williams & Broughton Pipkin 2011). Small sample sizes and population variation contribute to

these inconsistencies (P. J. Williams & Broughton Pipkin 2011).

The most popular candidate genes can be classified into groups based on their functional
characteristics and conceivable functions in pathophysiology, such as Thrombophilia,
Haemodynamics and endothelial activity, oxidative stress and lipid metabolism (Graves et al.
1993; Mutze et al. 2008; P. J. Williams & Broughton Pipkin 2011; Gammill et al. 2018; Yong
et al. 2018; Balan et al. 2020; Mohamad et al. 2020a).

Thrombophilia: Adequate placental circulation is crucial for a successful pregnancy.
Thrombophilias are believed to increase the risk of placental insufficiency due to their effects
on trophoblast growth and differentiation, as well as placental micro- or macro-vascular
thrombosis (Isermann et al. 2003). Abnormalities in the clotting cascade are well-established
in women with PE (Brenner 2002; Kohli et al. 2016). PE can cause endothelial damage, which
is associated with a procoagulant phenotypic shift and reduced endothelially mediated
vasorelaxation. This trait may be present prior to PE in pregnancy or could develop as a result
of damage caused by placental injury. A small proportion of women also experience frank
thrombocytopenia, often accompanied by haemolysis, elevated liver enzymes, and low

platelet counts (HELLP syndrome).

PE has been linked to the three most extensively studied thrombophilic factors—factor V
Leiden (F5), methylenetetrahydrofolate (MTHFR), and prothrombin (F2)—but numerous
studies have also reported conflicting findings (Mutze et al. 2008). A recent meta-analysis
found no associations between the 1691G>A mutation in F5 and PE or MTHFR or F2;

however, it did reveal a two-fold increase in risk (Lin & August 2005). To date, more studies
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have disproved a relationship between these three genes and PE than those supporting it.
Attempts to replicate associations with the inhibitor of fibrinolysis plasminogen activator factor-
1 gene have also been unsuccessful (Fabbro et al. 2003; A. Gerhardt et al. 2005; Dalmaz et
al. 2006).

Haemodynamics and endothelial activity: The renin-angiotensin system (RAAS) plays a vital
role in regulating cardiovascular and renal changes during pregnancy. The RAAS has been
implicated in the pathophysiology of PE in several studies (Shah et al. 2006). Consequently,
RAAS genes have been considered likely candidates for PE. Extensive research has been
conducted on angiotensin-converting enzyme, angiotensin |l type 1 and type 2 receptors, and
angiotensinogen in the context of PE (Inoue et al. 1995). Recent meta-analyses have found
that the T allele of AGT M235T is associated with an increased risk of PE, and similar
increases in disease risk have been identified for angiotensinogen and the angiotensin-
converting enzyme |I/D polymorphism (Medica et al. 2007). A rare functional mutation in
angiotensinogen that causes leucine to be replaced by phenylalanine at the site of renin

cleavage has been linked to severe PE (Inoue et al. 1995).

Reduced activity of the vascular remodelling and vasodilation enzyme endothelial NO
synthase 3 (eNOS3) has been observed in PE (Brennecke et al. 1997). However, association
studies in other ethnic populations have yielded both positive and negative results. The E298D
polymorphism, previously associated with PE in Colombian women, was not found to be linked
with increased risk in a meta-analysis (Medica et al. 2007). Vascular endothelial growth factor
(VEGF) is essential for endothelial cell proliferation, migration, survival, and regulation of
vascular permeability. Few studies have investigated single nucleotide polymorphisms in the
genes of the VEGF system. The polymorphisms in VEGF have been associated with severe
PE in two small studies, but they are not currently considered significant risk factors
(Papazoglu et al. 2004; Banyasz et al. 2006).
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Oxidative stress & lipid metabolism: Oxidative stress is crucial in the aetiology of PE, with rapid
changes in local oxygen tension and potential hypoxia-reperfusion required for maternal
placental perfusion near the end of the first trimester. This process involves increased
antioxidant expression and activity, including glutathione peroxidase, catalase, and
superoxide dismutases (Jauniaux et al. 2000). Diminished antioxidant response may trigger
poor placentation events. Recent research has assessed evidence for reduced antioxidant
activity in PE (Perkins 2006). Lipid peroxidation, a candidate causal agent for endothelial
damage in PE, could exacerbate endothelial dysfunction if genes involved in reactive oxygen

species formation or inactivation are deficient (Wickens et al. 1981).

Despite the strong correlation between oxidative stress and PE, only a few genes have been
studied. Functional polymorphisms in the genes for glutathione S-transferase (GST) and
microsomal epoxide hydrolase (EPHX) have shown associations, but conflicting findings also
exist (Laasanen et al. 2002; Ohta et al. 2003; G. S. Gerhardt et al. 2004; Canto et al. 2008).
Abnormal lipid profiles in PE are linked to lipid peroxidation induced by oxidative stress.
Lipoprotein lipase (LPL) and apolipoprotein E (ApoE), the main lipid metabolism regulators,
have been proposed as potential candidate genes (Y. J. Kim et al. 2001; Descamps et al.
2005). A recent study found that PE is associated with altered glycosylation of circulating ApoE
isoforms (Atkinson et al. 2009). The most promising genetic variant is the missense mutation
Asn291Ser in LPL, which has been associated with increased dyslipidemia and reduced LPL
activity, although replication has been inconsistent (Hubel et al. 1999; Y. J. Kim et al. 2001; C.
Zhang et al. 2006). It has also been demonstrated that foetal genotype affects maternal

lipoprotein metabolism (Descamps et al. 2005).

1.7.21 Genome-wide association studies (GWAS)

GWAS use single nucleotide polymorphisms (SNPs) to search for associations across the
entire genome. With over 10 million common single nucleotide polymorphisms, identifying
those that influence disease susceptibility is challenging (P. R. Burton et al. 2007). Linkage
disequilibrium allows genotyping of fewer representative tag-single nucleotide polymorphisms,
capturing most human genome variation (Lander & Kruglyak 1995; Arngrimsson et al. 1999;
Moses et al. 2000; Zintzaras et al. 2006). Focusing on regions linked to diseases helps identify

causal variants, often requiring significant re-sequencing. For GWAS to be reliable and useful,
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several conditions must be met, including sufficient study power, strict statistical significance
thresholds, and appropriate population-based control samples (Mohamad et al. 2020). Over
2000 common variations linked to common diseases have been discovered through GWAS,
with hundreds successfully replicated. However, small effect sizes in well-replicated GWAS
loci emphasize the need for large sample sizes and functional research to clarify molecular
mechanisms underlying disease pathology. GWAS for susceptibility DNA changes related to
PE are ongoing in various centres, with results eagerly awaited (P. R. Burton et al. 2007).
These studies have potential implications for understanding complex disorders like bipolar

disorder, coronary artery disease, and type 2 diabetes (Mohamad et al. 2020)
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Chapter 2

Aims and Hypotheses
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2. Aims and Hypotheses

21 Aims

The human body undergoes drastic changes in its cardiovascular, hormonal, and metabolic
system. Maladatations to pregnancy can be the pointer of underlying, previously undetectable
heart disease, making pregnancy a nature's stress test (Sanghavi & Rutherford 2014). Indeed,
cardiovascular disease remains the most prevalent non-obstetric cause of death in pregnancy

and the postpartum period.

Women who suffered from PE are at increased risk of developing cardiovascular disease and
stroke in the future, even years after having had PE (Walker 2000; Sibai et al. 2003; D. W. Brown
et al. 2006; Bellamy et al. 2007; Mutter & Karumanchi 2008; Karen Melchiorre et al. 2011; R. Ahmed
et al. 2014; Amaral et al. 2015; Ayansina et al. 2016; Tomimatsu et al. 2017; Cho et al. 2019). A study
by Hallum et al. (2023) even reported that women who suffered from severe PE were 5 times

more likely to have a stroke than those without a preeclamptic pregnancy (Hallum et al. 2023).

A thorough comprehension of cardiac structure and function during pregnancy is paramount
to enable timely recognition of deviations from normalcy and facilitate appropriate
interventions to prevent pregnancy complications such as PE. Echocardiography represents
a non-invasive, safe, and accurate method to evaluate cardiac structure and function during

pregnancy.
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Thus, the primary aim of this study was to determine the cardiovascular adaptation in normal

pregnancy and murine models of PE; and to investigate the long-term impact of PE on

cardiovascular functions.

Objectives:

To determine the physiologic adaptations in normal pregnancy and two murine models
of PE, CSE KO model and sFlt-1 overexpression model, using echocardiography as
the principal assessment tool.
To investigate the effects of sFIt-1 overexpression during pregnancy on cardiovascular
functions postpartum.
To evaluate:

o the gene profile associated with CSE KO during pregnancy,

o the gene profile associated with sFlt-1 overexpression during pregnancy,

o the genes associated with long-term effects of sFlt-1 overexpression.

2.2 2.2 Hypotheses

Loss of CSE leads to cardiovascular maladaptations during pregnancy without any
significant pre-pregnancy differences. A difference in genetic markers can be observed
in CSE KO mice when compared to CSE WT mice.

Overexpression of sFlt-1 causes cardiovascular maladaptations during pregnancy.
Overexpression of sFlt-1 leads to long-term cardiovascular changes that can be

observed post-partum.
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Chapter 3

Materials And Methods
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3. Materials and Methods:

To investigate the long-term impact of PE on cardiovascular functions, this study murine

models of PE were used. The methods were summarised in Figure 3.1.

Two murine models of Preeclampsia

adsFlt-1 adCMV CSEKO CSEWT

. o/

Pre-pregnancy Pregnancy Postpartum i hanasia
! ! i — =

L J \
Vo
Ultrasound Analysis

Hypothalamus

Pilot study: Synaptic plasticity in tum mice lﬁ“i 'Hj}ﬁg - \\? =
getees o nowsam h \;\«r/;:,

Figure 3.1 Summary of materials and methods.

Figure was created with Bio-render.com.

3.1 Animals:

All experimental mouse work was conducted by following a departmental laboratory induction
and completing Home Office licence modules A-C in safe animal handling, anaesthesia and
specialised procedures like echocardiography, in accordance with the UK Home Office
Animals (Scientific Procedures) Act 1986. All the animal work in this project was conducted in
the biomedical research facility at Aston University. The mice were housed at the biomedical
research facility at Aston University in well-ventilated cages, with sex-matched littermates (2—
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5 mice/cage). This housing of the animals was kept at controlled standard conditions: 12 hours
light/dark circle, 22°C and 55% humidity. All the mice in the experiment were maintained on a

normal chow diet unless otherwise mentioned. Food and water were given ad libitum.

3.1.1 Time Mating

Eight- to twelve-week-old female mice were paired with stud males for a period of 12 hours.
Following time-mating, the female mice were then separated from the male and housed back
into their respective cages. The onset of pregnancy was indicated by EO.5, after which the
mice were weighed incrementally. Deviations from the typical growth pattern, such as

excessive weight gain, provided evidence of pregnancy in the mice.

3.1.2 Transgenic Model

G. Yang (2008) generously donated the CSE wild-type and knockout mice (CSE WT/CSE
KO). The generation of CSE KO mice has already been described (G. Yang et al. 2008b).

3.1.3 Genotyping

Ear clips were taken by our in-house technician from our CSE KO and our CSE wild type (WT)
mice. Genotyping was done by lysing the ear clips with 200ul of DirectPCR® lysis reagent
containing proteinase K solution (1:100). These samples were then incubated overnight at
37°C to allow for digestion of the tissue. Following the overnight treatment, a further incubation
for 45 minutes at 85°C assured for proteinase K deactivation. The digested samples were

centrifuged at 12,000 RPM for one minute to pellet remaining debris.

Genotyping was determined using a three-primer assay that was applied across two reactions
as previously described (G. Yang et al. 2008b). Target alleles were identified using N1 primer
sequence, wild type alleles were identified using the F1 primer. Downstream insertion of the
targeted allele (Table S.3.7) was identified using the R1 primer. Reaction 1 contained F1 and
R1 primers to successfully identify wildtype mice, while reaction 2 contained N1 and R1

primers to identify the knock-out genotype.
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The master mix was prepared by combining primers in equal parts with GoTaq® and nuclease-
free water. In PCR reaction tubes, DNA was added (2ul) to 18ul of the master mix.
Denaturation at 94°C for 30 seconds, annealing step at 60°C for 35 seconds, and elongation
at 72°C for 60 seconds were the thermal cycling conditions. Before cooling to 4°C, this three-
temperature cycle strategy was done 30 times. By gel electrophoresis with a 1% agarose gel
at 110 volts for an hour in TBE buffer, the resulting PCR products were separated. When
examined using the G:BOX Syngene system, the PCR result had 400 bp. The proof of the
genotyping is in figure S10.2 (see appendix).

3.1.4 Adenovirus Treatment In Vivo

AdsFIt-1 or an empty vector of cytomegalovirus (AdCMV) was diluted in saline solution to a

volume of 100ul at a concentration of 0.5 x 10° PFU/ml.

With the goal of limiting stress on the animal and lowering the chance of miscarriage/total
resorption, pregnant mice were led into a mouse restrainer on E10.5. In order to see the blood
vessels, a humid warmed tissue was wrapped around the length of the tail. A 0.3ml insulin
syringe was used to deliver the virus to the mouse. Prior to injection, the syringe barrel was
gently tapped to eliminate all air bubbles. The virus was slowly injected into the bloodstream
after the needle was placed into a clearly visible tail vein. For 30 seconds, the puncture location
was under pressure to minimise bleeding. To avoid any adverse side effects, mice were

monitored for 24 hours following any treatment.

3.2 Mean Arterial Pressure Measurement
3.2.1 Probe Calibration

The bridge amplifier was connected to the Millar Mikro-Tip® pressure catheter. To stabilise
the pressure trace in the LabChart® software, the probe was placed in a beaker with distilled
water for 30min. Following stabilisation, the probe was gently inserted and fastened onto a T-
piece with a plastic dome. The pressure was raised cumulatively between 0 and 180mmHg

linked to the same T-piece with plastic dome. In the LabChart® program, the recorded area
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was highlighted, and multipoint calibration was chosen. Next, the values were adjusted in

accordance with the calibration values.

3.2.2 Data Collection

Mice were given 2% isoflurane (IsoFlo®) anaesthesia before being put into the supine position
on a heated surface with their extremities restrained with tape. To check the temperature of
the body's core, a rectal probe was inserted. To verify sufficient unconsciousness, a pedal
reflex test was performed. This was done repeatedly throughout the protocol. There was a
minor cut done over the trachea. The carotid artery's surrounding fat and connective tissues

were then gently removed to reveal the length of the left vessel.

To protect the vagus nerve, which runs parallel to the carotid artery, it was carefully isolated
from the vessel wall. To stop blood flow, a little piece of suture was put in a tight knot at the
anterior end of the vessel, avoiding the nerve. At the opposite end of the vessel, a loose knot
was tied using a different suture. The posterior of the vessel received one more loop of suture.
The extra suture was pulled by the weight of a pair of clamp scissors, which caused the vessel

to bend slightly and momentarily cut off the blood flow to a tiny portion of the isolated vessel.

An incision large enough for the Miller-tip pressure catheter probe was made in the vessel
using a needle that had been modified to produce a tiny hook. The loose knot was tightened
to secure the probe once it was inserted into the vessel. After removing the clamp scissors, a
microscope was used to verify that blood flow had come back to the vessel. LabChart® was
used to measure the mean arterial pressure (MAP), systolic blood pressure (SBP), diastolic
blood pressure (DBP), heart rate, and core body temperature in real time. The readings were
averaged during a steady 10-minute period during which the subjects' bodies were 37°C and
their heart rates were greater than 500BPM. Saline solution was used to maintain moisture in

exposed regions.
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3.3 Ultrasound Imaging

Ultrasound imaging was performed on CSE KO and CSE WT, pre-gravid (one week before
time-mating) and on E17.5. AdsFIt-1 mice and AdCMV mice were monitored via ultrasound

imaging on E17.5 and postpartum (table 3.7).

Vevo® 3100 system (VisualSonics, Amsterdam, Netherlands) was used to measure
cardiovascular structure and function. The mice were anaesthetised in an induction chamber
filled with 3% isoflurane and supplied with 1.5 L/min medical oxygen flow. Once the animals
were seemingly unconscious, anaesthesia was confirmed by foot pinch, the animal was
transferred to heated platform and its mouth and nose were placed in an anaesthetic mask.
The paws were taped to the conductance gel-coated electrode pads on the heating platform.
To keep eyes moist while under anaesthesia, eye cream was administered. The heart rate
was kept at 450 + 50 BPM. To control the temperature of the body's core, a lubricated rectal
probe was inserted. Depilatory cream (Nair) was used to remove hair from the chest and
abdomen. Pre-warmed ultrasonic gel was applied after hair was removed and the scanning
region was cleansed with water to prevent the introduction of bubbles. Ultrasound imaging

was performed at different time points (table 3.7).

3.3.1 Parasternal Long Axis and Left Mid-papillary Short Axis of the Heart

The stage was slightly inclined to the left once the mouse was securely placed on the hot
platform, exposing the left side of the chest to the probe. The mouse sternum served as the
guide as the probe was lowered into the ultrasound gel until the heart was visible on the
display. The probe was progressively rotated anticlockwise after finding the aorta until the
entire heart's apex was seen. Both standard B mode pictures and electrocardiogram-gated
kilohertz visualisation (EKV) images were captured. Figure 3.2A depicts the diastolic profile
from the parasternal long axis view, while Figure 3.2B depicts the systolic profile. LV trace

analysis was performed by tracing the heart wall while utilising Vevo® labs software.
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The short axis of the heart was then scanned after acquiring the parasternal long axis. The
mouse remained in place while the probe was turned 90° (Figure 3.2C). For upcoming

analysis, the same measurements were taken once more.

LABEL | DESCRIPTION UNITS | FORMULA

EDV | End Diastolic Vol | 70 x LVID; d3
n lIastoliC Volume M (24+LVID,d) )

ESV End Systolic Vol | 7.0 LVID; s®
nd =ysiole volume H (2.4+LVID;S) X LVIDS

Table 3.1 B-Mode Measurements using Parasternal Long Axis View (PSLAX).

®

This table was adapted from the Vevo™ Lab user manual.

3.3.2 M-Mode

M-mode analysis was chosen on the Vevo® 3100 system once the probe was correctly
positioned over the short axis of the cardiac region (Figure 3.2 C). This provided a cross-
sectional image for calculating the end diastolic (EDV) and end systolic volume (ESV) (Table
3.2). The intraventricular septum (IVS) left ventricle internal diameter (LVID), and left ventricle
posterior wall (LVPW) are the distance measures produced by this model (Figure 3.2D). The

cubic formula used to compute the LV mass using M-mode analysis is shown in Table 3.3.
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Figure 3.2 Echocardiography analysis. Echocardiography analysis.

(A) Diastolic long axis image of the heart. Red line represents the internal wall. (B) Systolic long axis
image of the heart (green line represents the internal wall). (C) To capture the short axis view of the
heart, the probe was turned 90 degrees clockwise around its axis. (D) A cross sectional image of the
heart's outer walls was taken in M-mode. Different distance measurements were assessed. IVS; Inter
ventricular septum, LVID; Left ventricle internal diameter, LVPW; Left ventricle posterior wall, d;
diastole, s; systole.

Label Description Units | Generic | Mode Chain
Type
IVS;d Interventricular Septum | mm Depth M-Mode | LVID;d
(diastole)
IVS;s Interventricular Septum | mm Depth M-Mode | LVID;s
(systole)
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LVID;d Left ventricular internal | mm Depth M-Mode LVPW:d
diameter (diastole)
LVID;s Left ventricular internal | mm Depth M-Mode LVPW:;s
diameter (systole)
LVPW;d | Left ventricular posterior wall | mm Depth M-Mode
(diastole)
LVPW;s | Left ventricular posterior wall | mm Depth M-Mode
(systole)
LW;d Left ventricular lateral wall | mm Depth M-Mode | LV Mass
(diastole)
LW;s Left ventricular lateral wall | mm Depth M-Mode | LV Mass
(systole
Table 3.2 Short Axis View (SAX) Measurements.
This table was adapted from the Vevo® Lab user manual.
Label Description Units Formula
LV Mass Uncorrected 1.053 X [(LVID; d + LW;d + IVS; d)3
LV Mass mg
(M-mode) — LVID; d?]
LV Mass | LV Mass Corrected (M-
_ mg AM — LV Mass x 0.8
Correction Mode)

Table 3.3: Anatomical M-Mode Left Ventricle Calculations.

This table was adapted from the Vevo

®

Lab user manual.
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3.3.3 B-Mode

Following on from the M-mode image acquisitions, the B-Mode was selected on the Vevo®

3100 system.

3.3.31 Simpson’s

Simpson’s calculations and measurements were used to calculate different parameters (Table
3.4), as this allows for greater precision in situations where the heart geometry is abnormal or
altering over time, this enables greater precision. These measurements were taken on B-Mode
images of the heart, using one long axis view (Figure 3.3D) and three short axis views evenly
spaced around a mid-level view (Figure 3.3A) at the papillary muscles, one toward the apex
or distal portion of the heart (Figure 3.3B), and one toward the base or proximal portion of the
heart (Figure 3.3C). All of these measurements were taken both during systole and diastole
allowing for parameters such as the cardiac output (CO) (Table 3.4), the stroke volume (SV),

the ejection fraction (EF) and the fraction shortening (FS).
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SimpAreaDist;s
A= 2.14 mm2

SimpLength;s:
= 5.52 mm

Figure 3.3 Simpson’s measurements in M-mode SAX.

(A) short axis views around a mid-level view was taken during systole and diastole (diastole not
pictured). (B) short axis views around distal portion of the heart were taken during systole and diastole
(diastole not pictured). (C) short axis views around apex or distal portion of the heart were taken during
systole and diastole (diastole not pictured). (D) Long axis view was taken during systole and diastole
(diastole not pictured).

Label Description Units Formula

(Simp Area Dist; d

+ Simp Area Mid; d
Volume  calculation in

: . h
Volume;d diastole bL + Simp Area Prox; d) X 3

h=Simpson Length in diastole
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(Simp Area Dist; s
Volume  Calculation in . .
Volume;s uL + Simp Area Mid; s
systole B
+ Simp Area Prox;s) X 3

SV Stroke Volume ML Volume; d — Volume;s
. . SV

EF Ejection Fraction % 100 x (—)

Volume; d
. ) Length;d — Length;s

FS Fraction Shortening % 100 x ( )

Length; d
SV xXH t Rat
CcoO Cardiac output mL/min ear: nate

1000

Table 3.4: Simpson’s Calculations and formulas in M-mode.

®

This table was adapted from the Vevo™ Lab user manual.

3.3.4 Mitral Inflow

Mitral inflow was assessed to gauge cardiac diastolic function. The platform was then
positioned in the Trendelenburg position (feet 15-30 degrees higher than the head) after the
imaging of the left papillary short axis view of the heart. The probe was kept in the same
orientation, but the overall placement was changed to align with the apex of the heart and

follow the plane of the chest rather than the sternum.

Blood flow across the mitral valve was measured using colour Doppler. EKV mode was used
to photograph the valve's movement. The measurement gate was positioned over the region
where the open tip of the valve would have touched. Based on the flow angle and the location
of the heart, the angle was fixed at vertical £10° (Figure 3.4A). The isovolumetric contraction

time (IVCT), isovolumetric relaxation time (IVRT), and aortic ejection time (AET) were obtained
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from this Doppler waveform using Vevo® laboratories software, and the myocardial

performance index (MPI) was calculated using Equation 3. The velocities were also measured

(Figure 3.4A) if distinct E (early filling velocity) and A (late filling velocity) peaks were

discernible.

Vel = 777.378 mm/s

I Vel = 700.410 mm/s &

T=19.17ms yct: T=54.17ms
T =15.00 ms

Figure 3.4 Mitral Flow Measurements.

1, mm

3

(A) lllustration of the mitral flow Isovolumetric contraction time, isovolumetric relaxation time, and aortic
ejection time are all terms used in the Doppler waveform. (B) A depiction of the mitral valve. Waveform
for Doppler. Doppler colour image of blood flow across the mitral valve with a yellow gate across it.

Label Description Units Formula
Mitral Valve E to A ratio

MV E/A w
(Power Doppler Mode) MV A
Left Ventricle Myocardial -

LV MPI NFT y —NFT AET
Performance AET
Left Ventricle Performance

LV MPI IV IVRT + IVCT
Index (PW Doppler Mode) AET
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MV Area (simplified) (PW 0.29
MV PHT ms

Doppler Mode) X MV Decel in time

Table 3.5: Mitral Flow Calculations and Formular.

®

This table was adapted from the Vevo™ Lab user manual.

3.3.5 Uterine Artery

The uterine artery was originally located using the bladder as a landmark (Figure 3.5C). In
both pregnant, non-pregnant and postpartum mice, uterine artery blood flow was visualised
using the colour Doppler mode. The relevant flow was gated in the direction of the flow and at
an angle greater than 40° after the flow had been located. Power Doppler mode was then
applied. Using Vevo® Labs software, the resistance index and pulsatility index (Table 3.6)
were determined (Figure 3.5A-B).
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UA VTI:
VTI = 32.281 mm,

Mean Vel = 133.919 mm/s,
Mean Grad = 0.072 mmHg,

Peak Vel = 194.861 mm/s,
Peak Grad = 0.152 mmHg,
RI = 0.608,
PI = 0.885

UA PS Vel:
Vel = 175.720 mm/s

UA LD Vel:
Vel = 95.555 mm/s

Figure 3.5 Typical illustrations of uterine artery measurements.

(A) lllustration of a single cardiac cycle used to determine the mean velocity. (B) A typical uterine artery
flow Doppler waveform. (C) The uterine artery is located using the bladder as a preliminary.

Label | Description Formula
UT RI | Uterine Artery Resistive Index UT PSV — UT EDV
UT PSV
UT PI | Uterine Artery Pulsatility Index UT PSV — UT EDV
UT VTI Mean Vel

Table 3.6: Umbilical Arteries Calculations and Formulas.

This table was adapted from the Vevo

®

Lab user manual.
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3.4 Tissue Collection

3.4.1 Plasma isolation

Following mean arterial pressure measurement, a cardiac puncture was performed to collect
blood. Below the ribcage, at a small inclination to the left of the sternum, a needle and syringe
were slowly inserted. Then, to prevent clotting, blood was drawn and put into a blood collection
tube coated with EDTA (Ethylenediaminetetraacetic Acid). To separate cells from plasma,
whole blood was centrifuged at 10,000 RPM for 10 minutes. The resultant supernatant was

taken out and kept at -80°C for future analysis.

3.4.2 Tissue Collection post-euthanasia

Animals were euthanised through cervical dislocation. A cut was made in the abdomen to
reveal the mesentery. The organs were painstakingly dissected, cut into sections, and either
stored in 4% paraformaldehyde for further histological staining or into dry ice for later
molecular testing. The kidneys, liver, placenta (if appropriate), heart and brain were also

collected.

3.4.3 Interval in-vivo Blood Collection

Blood was collected via tail vein at different time points (table 3.7). The animal was
anaesthetised in an induction chamber filled with 3% isoflurane and supplied with 1.5 L/min
medical oxygen flow. Once the animal was seemingly unconscious, anaesthesia was
confirmed by foot pinch, the animal was transferred to a flat surface and its mouth and nose
were placed in an anaesthetic mask. Similarly, to the procedure for injection, a humid warmed
tissue was wrapped around the length of the tail. Once the tail vein was located a small incision
(£3mm) was made and 2-3 droplets of blood were collected into a blood collection tube coated
with EDTA (Ethylenediaminetetraacetic acid) to prevent clotting. To separate cells from
plasma, whole blood was centrifuged at 10,000 RPM for 10 minutes. The resultant supernatant

was taken out and kept at -80°C until further analysis.
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Tissue type

Time Point collected Analysis conducted
Pre-pregnancy  (8-week- CSE model
old mice) Plasma ELISA Ultrasound Gene expression
E17.5 Plasma ELISA Ultrasound Gene expression | CSE model
7 days Postpartum Plasma ELISA Ultrasound / /
2 weeks postpartum Plasma ELISA Ultrasound / /
4 weeks postpartum Plasma ELISA Ultrasound / /
8 weeks postpartum Plasma ELISA Ultrasound / /
10 weeks postpartum Plasma ELISA Ultrasound / /
12 weeks postpartum Plasma ELISA Ultrasound / /
14 weeks postpartum Plasma ELISA Ultrasound / /
16 weeks postpartum Plasma ELISA Ultrasound / /
18 weeks postpartum Plasma ELISA Ultrasound / /
20 weeks postpartum Plasma ELISA Ultrasound / /
30 weeks postpartum / / Ultrasound / /
32 weeks postpartum / / Ultrasound / /
36 weeks postpartum / / Ultrasound Gene expression | /
40 weeks postpartum / / Ultrasound / /
Table 3.7: Tissue collection and analysis for a given time point.
94

Y. Correia, PhD Thesis, Aston University 2023



3.5 ELISA

Using the sandwich Enzyme-Linked Immunosorbent Assay (ELISA), the presence of sFit-1in
plasma was determined for different time points. The mouse sFit-1 DuoSet (DY471) (R&D
Systems, Minnesota, US) was used to analyse sFlt-1 in the plasma in accordance with the

manufacturer's recommendations.

In accordance with the manufacturer's guidelines, the recombinant sFlt-1 standard was
reconstituted in distilled water to a stock concentration. Then, a seven-point standard curve
was created using a two-fold serial dilution in the kit's provided reagent diluent. A microplate
spectrophotometer was used to transfer the plate and read the optical density at 450 nm. The
reading was corrected for wavelength, bringing it to 540 nm. By computing an unknown
sample concentration and producing a four-parameter logistic (4-PL) curve-fit, the standard

curve was produced.

3.6 Gene Expression
3.6.1 RNA Isolation

In 700 | of QlAzol reagent, following the manufacturer's instructions, total RNA from previously
obtained tissues was isolated using a Qiagen miRNeasy isolation kit. Snap-frozen tissues
previously collected, were cut using a scalpel, weighed (about 30 mg) and mechanically
homogenised using ceramic beads. After homogenization, Qiagen QIAShreddar columns
were used to perform a full-speed centrifugation of the lysate to eliminate any potentially
harmful material. The resulting flow-through was taken out and combined in clean Eppendorf
tubes with 140 | of chloroform. Each sample was vortexed for 15 seconds at its highest setting.
After two minutes at ambient temperature, samples were centrifuged at 12,000 RPM for 15

minutes.

Total RNA was isolated using the miRNeasy isolation kit (Qiagen) in accordance with the
manufacturer's instructions. A clean Eppendorf tube was used to collect the ensuing

supernatant's clear phase, which was then combined with 1.5 litres of 100% ethanol. 700 | of
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the solution was put to the available columns after the solution was gently mixed using
repeated pipetting. These columns were centrifuged for 15 seconds at 10,000 RPM, and the
resulting runoff was thrown away. After adding 700 | of RWT severe washing buffer to the
column, the centrifugation procedure was repeated, and the runoff was discarded. To
eliminate any remaining salts in the spin columns, 500 | of RPE buffer, a mild washing buffer,
was added to the spin columns and centrifuged for an additional 15 seconds at 10,000 RPM.
Runoff was removed. A second time (500 |) of RPE buffer was added, and the spin columns
were centrifuged for two minutes at 10,000 RPM. The spin columns were withdrawn from their
collection tubes once this portion of the protocol was finished, and fresh collection tubes were
used to collect any liquid that was left over after the membrane-drying stage (centrifuge at full

speed for one minute).

To enable RNA collection after membrane drying, spin columns were added to clean
Eppendorf tubes. To elute the RNA, 25 ul of RNase-free water was added. The centrifuge was
run at 10,000 RPM for one minute. To obtain a higher RNA concentration, eluted RNA was

once again passed through the column (final centrifugation repeated).

The resultant concentration (ng/ml) prepared for cDNA reverse transcription was measured
using a NanoDrop™ 1000/1000¢ (Thermo Fisher Scientific, Loughborough, UK). The 260/230
ratio served as a measure of the RNA purity after extraction. The predicted range for the value
was 2.0-2.2. When the sample values were below this ratio, the sample was rejected because

of contamination.

3.6.2 cDNA Synthesis

The concentrations obtained from the NanoDrop™ were used to calculate the volume of RNA
needed to result in a concentration of 1ug. The kit components were kept on ice and were
centrifuged prior to use. The cDNA synthesis was completed according to the manufacturer’s
(Evoscript Roche) instructions. A consistent 4l volume of reaction buffer, which contained the

appropriate primers, dNTPs, oligo(dT)18, and Mg(OAc)2, was added to each PCR reaction
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tube. For each sample, a total volume of 18ul was created by adding the specified amount of
extracted RNA and RNase-free water. After centrifuging the final mixes to make sure all the
ingredients were combined, they were placed on ice for five minutes to allow the primers to
anneal to the template. Each PCR tube received 2ul of the enzyme mixture before being
quickly centrifuged once more. The cDNA was produced using the manufacturer's
recommended standard reverse transcription technique. The samples were heated to 65°C

for 30 minutes and then cooled to 4°C as part of this.

3.6.3 Quantitative polymerase chain reaction (qQPCR)

The lyophilised reverse and forward primers (Table S1.3 & S1.4 ) were reconstituted to a final
concentration of 100uM. Master mixes for each gene of interest, including housekeeping
genes such as Actin were made using a ratio of 1:1. The master mixes each contained 3.8l
of RNase-free water, 0.2l of primer working stock, and 5ul of LightCycler® 480 SYBR Green
| master, containing DNA polymerase and double strand specific dye (Roche). The master mix
was then loaded into a 386 well plate, prior to loading the cDNA or the respective reaction
standard. Each sample was loaded in duplicate for each gene of interest. Prior to
centrifugation at 2400 RPM for one minute at 4°C, the plate was covered with a sterile
adhesive foil. The qPCR plates were then loaded onto the thermocycler Roche LightCycler®
480 and the gPCR reaction was carried out using the following parameters: pre-incubation at
95°C for one cycle, amplification at 95°C for 45 cycles. A table S1.4 with the primers used can

be found in the appendix B.

3.6.4 mRNA Sequencing

The "next generation sequencing" or "deep sequencing" approach, in which millions of cDNA
fragments are processed in parallel, is the foundation for transcriptome profiling method known
as RNA-seq. The previously extracted heart and placenta tissue samples were processed by
Novogene (Novogene Ltd, Cambridge, UK) for RNA sequencing. The exact protocol for the

Novogene (UK) Ltd (Cambridge) sequencing can be found in Appendix C.
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3.6.4.1 Data Analysis

The pre-analysed (by Novogene) mRNA sequencing results were obtained in the form of Excel
sheets. An initial screening of all the group comparisons and (significantly) differently
expressed genes was completed. Further analysis of mMRNA sequencing results was
conducted using the cloud-based after-sales analysis tool NovoMagic® (independently
created) by Novogene. Re-analysis and customization of the Novogene analysis results was
done using the NovoMagic®. Additional analysis included looking at gene groups, examining

gene expression, and finding genes that are differentially expressed.

3.7 Statistical analysis

Cell experiments were repeated at least three times and results are presented as mean +
S.E.M. All in vivo experiments contain data from at least five animals unless stated and data
are presented as mean + S.E.M. Statistical significance was calculated using Mann Whitney
test for non-parametric data or Two-way ANOVA using GraphPad Prism 9 software

(GraphPad, California, USA). P<0.05 was considered statistically significant.
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Chapter 4

Cardiac changes during pregnancy
In preeclampsia model — sFIt-1
overexpression model
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4. Cardiac changes during pregnancy in PE
model — sFlt-1 overexpression model

41 Background

During a healthy pregnancy, the cardiovascular system undergoes significant adaptations to
accommodate the increased metabolic needs of both the mother and the foetus, as well as
provide adequate uteroplacental circulation for foetal growth and development. These
adaptations begin around the fourth to fifth week of gestation and persist for up to one year
after delivery as per several reports (Capeless & Clapp 1991; Clapp & Capeless 1997; Desai
et al. 2004; Hall et al. 2011; Karen Melchiorre, Sharma, et al. 2012). These changes include
rises in arterial elasticity (Papaioannou et al. 2014), and CO, decreases in blood pressure and
total systemic vascular resistance (Hall et al. 2011; Sanghavi & Rutherford 2014). The mean
blood pressure steadily decreases during pregnancy, with the highest drop occurring between
16 and 20 weeks, followed by an increase towards pre-pregnancy levels in the middle of the
third trimester (Hall et al. 2011; Sanghavi & Rutherford 2014).

Despite the immense research with regards to the onset of these cardiovascular alterations in
various papers, the scientific community lacks consensus on their initiation, duration, and
magnitude, owing to uncorrected maternal characteristic variables, differences in estimation
techniques, and the use of baseline values from either the first trimester or postpartum (S. C.
Robson et al. 1987, 1989; Hunter & Robson 1992b; Clapp & Capeless 1997).

However, maladaptations during pregnancy can reveal underlying, previously undetectable
heart disease, making pregnancy a nature's stress test (Sanghavi & Rutherford 2014). Thus,
it is important to understand and pinpoint the normal adaptations to pregnancy in order to
manage women with cardiovascular disease during pregnancy (Hunter & Robson 1992b). PE
and intrauterine growth restriction are examples of disorders related to maladaptations during

pregnancy that can cause maternal and foetal morbidity if they are not treated.
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PE is a multisystem illness that affects 3-5% of all pregnancies and is one of the leading
causes of maternal morbidity (9-26% maternal deaths) and mortality in women (Garrido-
Gimenez et al. 2020; Shahd A. Karrar & Peter L. Hong. 2023). Although decades of research
have improved knowledge of clinical risk factors and genetic predispositions, the exact
pathophysiology of PE is still unknown. Over the years, different hypotheses as to the cause
for PE have been suggested, including: angiogenic imbalance (physiological balance between
the stimulatory and inhibitory signals for blood vessel growth) (I. Brosens 1964; Hoeben et al.
2004; S. Maynard et al. 2008; Rana et al. 2012; Burke & Ananth Karumanchi 2013; Atakul
2019) , systemic inflammation (Raghupathy 2013; Candela et al. 2017; J. Hu et al. 2019;
Stojanovska et al. 2019) and oxidative stress (J. M. Roberts & Escudero 2012; Barneo-
Caragol et al. 2019; Doganlar et al. 2019; Haram et al. 2019). Nonetheless, over the years,
especially within the 21%' century, research has started to point fingers at angiogenic
imbalance, as the main culprit for it being a significant factor in the development of PE (Ramma
& Ahmed 2011a; A. Ahmed & Ramma 2015).

Soluble Fms-like tyrosine kinase receptor-1 (sFlt-1), a soluble form of vascular endothelial
growth factor receptor 1 (VEGFR-1), is an anti-angiogenic protein released by the placenta
during pregnancy. This anti-angiogenic factor binds to VEGF or placental growth factor (PIGF)
and impedes VEGF-signalling by acting as a decoy receptor, preventing VEGF-mediated pro-
angiogenic effects. Although maternal circulating sFit-1 levels rise during normal pregnancy,
they are significantly higher in PE than normal pregnancy before the onset of the disease.
Studies have shown that the presence of sFlt-1 is associated with the development of PE as
a splice variant of membrane-bound VEGFR-1 that inhibits the activity of pro-angiogenic
VEGF and PIGF, resulting in endothelial dysfunction (J. M. Roberts et al. 1989; James Roberts
1998; Kroll & Waltenberger 2000; Boeldt & Bird 2017). Additionally, an increase sFlt-1 was
shown to be present even before the onset of the clinical signs of PE (Levine et al. 2005).
However, a severe PE phenotype could not be induced solely by the presence of sFlt-1; it
required the administration of anti-angiogenic soluble endoglin to pregnant rats (S. E.
Maynard, Min, Merchan, Lim, Li, Mondal, Libermann, Morgan, et al. 2003; Ramma & Ahmed
2011a). This caused endothelial dysfunction that led to the development of a severe PE-like
phenotype, including HELLP syndrome, according to Venkatesha (2006) (Venkatesha et al.
2006; Walshe, Dole, et al. 2009; Walshe, Saint-Geniez, et al. 2009). Another study by
Vogtmann et al. (2021) using double-transgenic hsFLT1/fTA dams showed that pregnant
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mice overexpressing sFlt-1 developed hypertension, aortic wall thickening, and elastin
breakdown, glomerular endotheliosis, podocyte damage, proteinuria and growth restriction
(Vogtmann et al. 2019, 2021).

We hypothesised that the administration of adenovirus overexpressing sFlt-1 during
pregnancy would cause PE-like symptoms to appear alongside cardiac maladaptations to
pregnancy. To test this hypothesis, C57BL/6j pregnant mice were given adenoviral vectors
that encoded either with sFlt-1 (AdsFlt-1) or a blank vector of Cytomegalovirus (AdCMV) on
embryonic day 10.5. Their pregnancy outcomes were assessed, including vascular function,
on embryonic day 17.5. To monitor cardiac adaptations, ultrasound scans were performed
pre-pregnancy and during pregnancy. Circulating sFIt-1 was measured in plasma during

pregnancy and postpartum.

4.2 4.2 Normotensive Pregnancy Adaptations

To confirm the adaptations in a normotensive pregnancy, 8- to 12-week-old, pre-gravid and

pregnant mice at E17.5, were scanned.
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Figure 4.1 Systolic functions of left ventricle in pre-gravid and pregnant mice at E17.5.

Representative M-mode images of the heart in parasternal long axis view of pre-gravid (A) and pregnant
mice at E17.5 (B). Ultrasound analysis was carried out on pre-gravid mice and on pregnant mice at
E17.5 (n=6/group). Different measurements were taken: cardiac output (C) was significantly increased
in the pregnant mice when comparing to the pre-gravid mice, the ejection fraction (D) was significantly
increased in the pregnant mice when comparing to the pre-gravid mice, the fraction shortening (E) as
significantly increased in the pregnant mice when comparing to the pre-gravid mice, and stroke volume
(n=6) (F) was significantly decreased during pregnancy when comparing to the pre-gravid mice.
Statistical comparison was performed using Mann Whitney test.

As expected, an increase in CO, FS, and SV was seen during pregnancy, simulating what has

been reported in the literature of normotensive pregnancies.
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Figure 4.2 Uterine artery flow in pre-gravid and pregnant mice at E.17.5.

Representative Doppler waveforms from pre-gravid mice (G) and on E17.5 of pregnancy (H). Uterine
artery flow was measured on E17.5 on both sFlt-1 and CMV injected group (n=8/group). Resistive
index (RI) (J) and pulsatility index (PI) (I) remained unchanged in both groups. *Statistical comparison
was performed using Mann Whitney test. Neither of these measurements were significantly different.

No significant difference was seen in the uterine artery flow. However, from the representative
Doppler waveforms images from pre-gravid mice (Figure 4.2G) and pregnant mice (Figure

4.2H) a difference can been observed.

Overall, the adaptations seen in mice from pre-gravid to pregnant mice correspond to what

has been described in the literature.
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4.3 Overexpression of sFlt-1 in pregnancy increases maternal blood

pressure and decreases foetal weight.

The main symptom of PE is hypertension plus the involvement of at least one organ system
(Trogstad et al. 2011; Lambert et al. 2014; Tranquilli et al. 2014; Fatmeh & Farahnaz 2018;
Mark A. Brown et al. 2018). To substantiate earlier findings and confirm the validity of this sFit-
1 model of PE, mean arterial pressure was measured on embryonic day 17.5 via carotid artery

ligation using a Millar tip catheter.

Overexpression of sFlt-1 resulted in a significantly higher mean arterial blood pressure (MAP)
in pregnant mice when compared to the control (AdCMV) pregnant mice (Figure 4.3A)
indicating that sFlt-1 overexpression induced PE-like symptoms, which is in consistent with
previous published research (S. E. Maynard et al. 2003; Amraoui et al. 2014; Szalai et al.
2014, 2015; Vogtmann et al. 2019, 2021; Walentowicz-Sadlecka, Domaracki, Sadlecki,
Siodmiak, Grabiec, Walentowicz, Moliz, & Odrowaz-Sypniewska 2019).
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Figure 4.3 Mean arterial blood pressure (MAP) in the mother and foetal weight was recorded.

(A) A significant increase in blood pressure was observed in sFlt-1 mice compared to CMV. This was
done using carotid artery ligation and Millar Tip catheter on E17.5 of pregnancy in both CMV (n=5) and
sFlt-1 mice (n=6). (B) Foetal weight was recorded for both groups at E17.5. A significant decrease in
foetal weight was observed in the sFIt-1 mice (n=14) compared to the CMV mice (n=14). Data are
expressed as mean + S.E.M. Statistical comparison was performed using Mann Whitney test.
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Foetal growth restriction can often be associated with PE or pregnancy maladaptations
(Duvekot et al. 1995; S. E. Maynard et al. 2003; Jansson & Powell 2006; P. J. Williams et al.
2009; Browne et al. 2015; Graham J. Burton & Jauniaux 2018; Tay et al. 2018; Youssef &
Crispi 2020; Stawek-Szmyt et al. 2022). As expected, a significant decrease in foetal weight
at E17.5 was seen in AdsFIt-1 pregnant mice, when compared to the ACMV pregnant mice
(Figure 4.3B).

These results of the mean arterial pressure together with those of foetal weight, demonstrate
that this adenoviral sFlt-1 overexpression model is a suitable model to study changes

associated to PE.

4.3.1 sFIt-1 overexpression was successful.

Circulating sFlt-1 level in the plasma samples taken from AdsFIt-1 and AACMV injected mice
at E17.5 were measured to confirm the success of sFlt-1 overexpression via adenoviral
injection in mice prior at E10.5. As anticipated, a significant increase in sFlt-1 level was
detected in AdsFlt-1 mice compared to AACMV mice. This result indicates successful

overexpression of sFlt-1 in AdsFIt-1 mice.
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Figure 4.4 ELISA assay for plasma sFlt-1 level measurement.

Plasma samples (n=6/group) were collected at E17.5 during pregnancy. The sFlt-1 level in AdsFlt-1
mice was significantly higher when compared to the AJCMV pregnant mice. Mann-Whitney test was
used for statistical analysis. Data are expressed as mean + S.E.M.
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The findings indicated that the sFIt-1 level remained significantly higher during this time, which
confirmed the continued overexpression of sFlt-1 in AdsFIt-1 mice. Mice with low sFlt-1 were

considered to have had unsuccessful injection and were excluded from the following studies.

4.4 Effects of sFlt-1 overexpression on cardiac function during

pregnancy

Research has shown that maladaptations to pregnancy be it on a hormonal level, on a
cardiovascular level or even on a metabolic level, can have severe nefarious consequences
for both the mother and the foetus (Duvekot et al. 1993; Duvekot & Peeters 1994; Vanwijk et al.
2000; S. E. Maynard et al. 2003; F Burbank 2009; Gyselaers et al. 2011; Amaral et al. 2015; Bokslag
et al. 2017; Kazma et al. 2020). Specifically, cardiovascular maladaptaions during pregnancy
have been associated to cardiovascular and cerebrovascular diseases later in life (James
Metcalfe 1963; A. Y. H. Wong et al. 2002; Evans et al. 2011; Karen Melchiorre et al. 2011;
Mahendru et al. 2014; Amaral et al. 2015; Escouto et al. 2018; Lima et al. 2019; Washington
C. Hill et al. 2020; DeMartelly et al. 2021; Hutchens et al. 2022; Beckett et al. 2023; Giorgione
et al. 2023). Abnormal cardiac haemodynamic changes (Lambert et al. 2014, Perry et al. 2018,
Crews et al. 2020, Mahendru et al. 2014, Savu et al. 2012, Castleman et al. 2016, Dennis et
al. 2014, Amraoui et al. 2014, Mesa et al. 1999, Borghi et al. 2000) have been reported in PE,
including a decrease in ejection fraction, decrease in mitral flow, a severe decrease in diastolic

volume.

To investigate and compare the adaptive changes in cardiovascular functions and uterine
artery blood flow during a normotensive pregnancy and PE, pregnant mice treated with AdsFIt-
1 to induce PE-like symptoms. Mice treated with AACMV were used as normal control.
Cardiovascular functions were monitored via ultrasonography and colour Doppler before time-

mating and near term on day E17.5.

In normotensive pregnancies, several critical alterations in cardiovascular function arise,
which significantly affects the outcome of a successful pregnancy. The heart must adjust to
guarantee adequate blood supply for all organs and prevent hypoxia during volume overload
(Hall et al. 2011). Consequently, pregnancy leads to gradual increases in CO, SV, and heart

rate, along with a decrease in blood pressure, an increase in arterial compliance, and an
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increase in extracellular fluid volume, culminating in significant cardiovascular adaptations
throughout pregnancy (Hall et al. 2011; Jing Li et al. 2012; Castleman et al. 2016, 2023).

441 Effects of sFlt-1 on Cardiac Systolic Functions in Pregnancy

To examine the cardiac function during pregnancy, four systolic parameters: CO, SV, EF, and
FS (Figure 4.4) were measured. Compared to non-pregnant mice, CO were significantly
increased in ADCMV and AdsFIt-1 (Figure 4.4A) treated pregnant mice, indicating that cardiac
adaptation took place during normal pregnancy and PE. However, SV were significantly
increased only in AdACMV treated pregnant mice (Figure 4.4B) suggesting that sFit-1
overexpression led to impaired pregnancy induced cardiac adaptation. This finding was
consistent with previous studies on non-injected mice. The study demonstrated that sFlt-1 is

the factor that is influencing maladaptations to the heart in pregnancy.

In addition, SV (Figure 4.4B) was significantly reduced in AdsFlt-1 treated pregnant mice
compared to AACMV controls, suggesting that PE is linked to cardiac dysfunction and may

interfere with the heart's adaptive changes during pregnancy.
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Figure 4.5 Systolic functions of left ventricle in CMV and sFIt-1 mice during pregnancy.

Ultrasound analysis was carried out on pre-gravid mice and on E17.5 of pregnancy for both sFlt-1 and
CMV injected group (n=6/group). Different measurements were taken cardiac output (A) did not
significantly change when comparing the sFlt-1 vector treated mice with the CMV vector treated mice.
There was a significant increase in ACMV and AdsFIt-1 mice when compared to pre-gravid mice. The
stroke volume (B) was significantly decreased during pregnancy in the sFlt-1 vector treated mice when
compared with the CMV vector treated mice. Additionally, there was a significant increase in the stroke
volume in the AJCMV mice when compared to pre-gravid mice. The fractional shortening (C) did not
significantly change when comparing the sFlt-1 vector treated mice with the CMV vector treated mice.
There was a significant decrease in the fractional shortening in the AACMV mice when compared to the
pre-gravid mice. The ejection fractioning (n=6) (D) did not significantly change when comparing the sFlt-
1 vector treated mice with the CMV vector treated or pre-gravid mice. Statistical comparison was
performed using Mann Whitney test.
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4.4.2 Overexpression of sFit-1 altered diastolic functions in pregnancy.

Eight diastolic parameters: MV E/A, MV Area, MV PHT, LV MPI, IVCT, IVRT, ESV, and EDV,
were measured to determine diastolic function during pregnancy. These functions are used to

assess mitral flow velocities, ventricular filling, and myocardial performance.

Pregnant AdsFIt-1 mice showed a significant increase in MV E/A ratio, LV MPI, and MV PHT,
while MV E/A Area decreased compared to pregnant ADCMV mice (Figure 4.6). It has been
reported that women with PE showed increased IVRT and E/A ratio, as well as increased LV
MPI (Shivananjiah et al. 2016; Thayaparan et al. 2019; Waker et al. 2021). An increase in LV
MPI is linked to a deterioration of cardiac function. (Libanoff & Rodbard 1968; Tei et al. 1996;
M. Kato et al. 2005; Rhee et al. 2011; Luewan et al. 2014; Ramadan et al. 2016; Omeroglu et
al. 2023). Elevated levels of antiangiogenic factors, such as sFlt-1, are associated with a
decline in cardiac function evidenced by an increase in LV MPI| (Ramadan et al. 2016). Severe
decreases in MV E/A area have been linked to various cardiac dysfunctions including mitral
stenosis, hypertrophic cardiomyopathy, and peripartum cardiomyopathy (Kawahara et al.
1991; Tsiaras & Poppas 2009; de Haas et al. 2021; Ku¢ et al. 2022). Our results are consistent

with previous studies indicating that sFlt-1 overexpression led to cardiac dysfunction.
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Figure 4.6 Diastolic functions of left ventricle in CMV and sFIt-1 mice during pregnancy.

Echocardiography was used to measure diastolic heart function on E17.5 on both sFit-1 and CMV
injected group (n=8group). Mitral flow E/A ratio was significantly increased during pregnancy in the sFlt-
1 vector treated mice when compared with the CMV vector treated mice, Mitral flow area (F) was
significantly decreased during pregnancy in the sFlt-1 vector treated mice when compared with the
CMV vector treated mice, Mitral valve by pressure half time (G) was significantly increased during
pregnancy in the sFlt-1 vector treated mice when compared with the CMV vector treated mice, left
ventricular Myocardial Performance Index (H) was significantly increased during pregnancy in the sFlt-
1 vector treated mice when compared with the CMV vector treated mice, Isovolumetric relaxation time
(I) did not significantly change when comparing the sFit-1 vector treated mice with the CMV vector
treated mice, Isovolumetric contraction time (J) did not significantly change when comparing the sFlt-
1 vector treated mice with the CMV vector treated mice, end systolic volume (K) was significantly
decreased during pregnancy in the sFlt-1 vector treated mice when compared with the CMV vector
treated mice, and end diastolic volume (L) was significantly decreased during pregnancy in the sFlt-1
vector treated mice when compared with the CMV vector treated mice. Data is expressed as a mean +
S.E.M and statistical comparison was performed using Mann Whitney test.
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AdCMV AdsFIit-1

Figure 4.7 Representative images of the mitral inflow colour Doppler trace in pregnancy.

(EBc;ocardiography was used to measure heart function in pregnant AACMV mice (A) and AdsFlIt-1 mice
Interestedly, ESV (Figure 4.5K) and EDV (Figure 4.5L) were significant decreased in AdsFlt-
1 treated pregnant mice compared to the controls, which is contrary to what is typically
observed in PE. Previous literature suggests an increase in both measurements in women
with PE (Simmons et al. 2002; Redman 2011; Shivananjiah et al. 2016; Lavie et al. 2018;
Mostafavi et al. 2019). However, a Zaman et al. (2018) compared a cohort of 34 normotensive
women and 30 preeclamptic women and found no significant differences in ESV or EDV
(Zaman et al. 2018). In addition, the mitral flow velocities pattern in AdsFlt-1 treated mice
(Figure 4.7) corresponds to a Fixed restricted grade IV (Figure S.1.2) diastolic dysfunction
(Christiana M Schannwell et al. 2002; Jovin et al. 2013; Muthyala et al. 2016). Taken together,

these findings suggest that sFlt-1 overexpression may lead to restricted diastolic dysfunction.

4.4.3 Overexpression of sFlt-1 impacted the cardiac structural changes.

During a normotensive pregnancy, the maternal heart undergoes structural changes, including
an increase in preload, a decrease in afterload, and an increase in LV wall thickness, LV mass,

and chamber diameters (Simmons et al. 2002; Karen Melchiorre et al. 2012, 2014; Savu et al.
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2012; Sanghavi & Rutherford 2014; Cong et al. 2015; Kasula Sunanda et al. 2017).
Additionally, the sphericity index decreases, indicating a more spherical shape of the left
chamber. The intraventricular septum and left ventricular posterior wall gradually increase with
advancing gestational age (Christiana M Schannwell et al. 2002; Eghbali et al. 2005; Jingyuan
Li et al. 2012a). Pregnancy triggers reversible hypertrophy, which is a natural adaptation to

volume strain on the circulatory system (Hunter & Robson 1992b; Yuan et al. 2006).

The current study aimed to evaluate cardiac structural changes in a PE model by comparing
seven structural measurements between AdsFlt-1 and ADCMV pregnant mice at E17.5. The
seven measurements were LV Mass, IVS during systole and diastole, LVID during systole and

diastole, and LVPW during systole and diastole.

Significant increases in LV Mass, IVS during systole and diastole, LVID during diastole, and
LVPW during systole were observed in pregnant AdsFlt-1 mice compared to those treated

with the AACMV. These results are consistent with previous studies on PE.
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Figure 4.8 Structural functions of left ventricle in CMV and sFIt-1 mice during pregnancy.

Ultrasound analysis was carried out on mice on E17.5 of pregnancy on E17.5 on both sFlt-1 and CMV
injected group (n=8/group). Different measurements were taken: LV Mass; left ventricle mass (M) was
significantly increased during pregnancy in the sFlt-1 vector treated mice when compared with the CMV
vector treated mice, IVS; intraventricular septum during systole (N) was significantly increased during
pregnancy in the sFIt-1 vector treated mice when compared with the CMV vector treated mice,
intraventricular septum during diastole (O) was significantly increased during pregnancy in the sFlt-1
vector treated mice when compared with the CMV vector treated mice, LVID; left ventricle internal
diameter during systole (P) did not significantly change between the two groups, left ventricle internal
diameter during diastole (Q) was significantly increased during pregnancy in the sFlt-1 vector treated
mice when compared with the CMV vector treated mice, LVPW; left ventricular posterior wall during
systole (R) did not significantly change when comparing the sFlt-1 vector treated mice with the CMV
vector treated mice, left ventricular posterior wall during diastole (S) was significantly increased during
pregnancy in the sFlt-1 vector treated mice when compared with the CMV vector treated mice. Data is
expressed as a mean + S.E.M and statistical comparison was performed using Mann Whitney test.

PE is characterized by LV concentric remodelling, concentric hypertrophy, and asymmetrical
LV remodelling/hypertrophy (Karen Melchiorre et al. 2011, 2012, 2014). These structural
changes are linked to increased afterload, unfavourable LV remodelling, and LV concentric

hypertrophy. LV diastolic dysfunction and segmental myocardial relaxation are present in
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women predisposed to PE (Easterling et al. 1990; Bosio et al. 1999; H. Valensise et al. 2000;
H Valensise et al. 2001; Aardenburg et al. 2005; Herbert Valensise et al. 2008; Gyselaers et
al. 2011b; Scholten et al. 2011; Sep et al. 2011; Novelli et al. 2012; Karen Melchiorre et al.
2014). Studies show that PE leads to LV dysfunction (Borghi et al. 2000, 2011; Hamad et al.
2009; Tyldum et al. 2011; Shahul et al. 2012) increased aortic stiffness (Hibbard et al. 2005;
Kaihura et al. 2009; Avni et al. 2010), decreased venous capacity (Gyselaers et al. 2011), and
poor myocardial contractility (Lang et al. 1991; Simmons et al. 2002; Karen Melchiorre et al.
2011). PE can also cause biventricular chamber systolic dysfunction and significant
hypertrophy accompanied by high-amplitude segmental post-systolic shortening at the level
of the basal septum (Lang et al. 1991; Avni et al. 2010). Some studies have found an increased
left atrial dimension in preterm PE, indicating elevated left-sided chamber filling pressures
(Rubler et al. 1973; Zenther et al. 2009; Bokslag et al. 2016). Adverse left atrial remodelling is
only observed in individuals with LV global diastolic failure, suggesting that the pregnant heart

in PE is operating at its limit of capacity (Redman 2011; E. Chung & Leinwand 2014).

4.4.4 Overexpression of sFlt-1 did not alter the uterine artery blood flow

One of the most important factors in maintaining an appropriate intrauterine environment for
foetal growth and development is maternal uterine artery blood flow. This is because maternal
blood not only carries nutrients and removes waste products, but it also regulates the amount
of oxygen that can reach the developing fetoplacental unit by perfusing the spiral arterioles
that perfuse the intervillous area. To meet the needs of the fetoplacental unit, uterine vascular
adaptations result in a five- to ten-fold dilatation, accompanied by considerable morphologic
changes in the spiral arterioles (G. J. Burton et al. 2009; Ridder et al. 2019). When uterine
vascular development is impaired, PE and foetal growth restriction may occur due to primary
placental defects (S. L. Khong et al. 2015; Parks 2017). Understanding normal placentation
and how it is impacted by PE and foetal growth restriction requires understanding the
relationship between uterine artery blood flow and placental development. In PE the uterine
artery pulsatility index (UA PI) and the uterine artery resistive index (UA RI) tend to be

significantly higher, when compared to normotensive pregnancies. Several studies have
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proposed that utilising the UA Pl and UA RI for diagnostic purposes in PE may be beneficial
(Cnossen et al. 2008; S. L. Khong et al. 2015; Das et al. 2022).
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Figure 4.9 Uterine artery flow in CMV and sFIt-1 mice during pregnancy.

Uterine artery flow was measured on E17.5 on both sFlt-1 and CMV injected group (n=8/group).
Resistive index (RI) (T) and pulsatility index (PI) (U) remained unchanged in both groups. *Statistical
comparison was performed using Mann Whitney test. Neither of these measurements were significantly
different.

To assess the uterine artery adaptation in PE model, two uterine artery blood flow
measurements (Figure 4.8); the UA RI and the UA PI were recorded at E17.5 in AdsFlt-1
treated mice and on AdCMV treated controls. Surprisingly, no differences in uterine artery Rl
and Pl were observed in the AdsFlt-1 treated mice when compared to ACMV controls.
Although, most literature has observed a significant increase in UA Pl and UA RI when
comparing preeclamptic patients with normotensive pregnant women, some studies have also
demonstrated no significant difference when comparing both groups (Ridder et al. 2019b; a;
Paranavitana et al. 2021; Tian & Yang 2022).
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4.5 Discussion

Increased levels of sFlt-1 are associated with the development of PE as a splice variant of
membrane-bound VEGFR-1 that inhibits the activity of pro-angiogenic VEGF and PIGF,
resulting in endothelial dysfunction (S. E. Maynard et al. 2003; Ramma & Ahmed 2011a). This
study showed that overexpression of sFlt-1 via adenoviral injection during pregnancy in mice

resulted in the PE-like symptoms.

Animal models of PE have proven useful in investigating the biological disturbances underlying
human PE and the development of PE-like symptoms, thereby providing insights into the
molecular mechanisms of the condition (G. Yang et al. 2008; Bytautiene et al. 2010; Szalai et
al. 2015; Vogtmann et al. 2019, 2021). However, some of these methods lack physiological
relevance to the human condition and may thus hinder the development of new treatments.
Moreover, these models exhibit a wide range of physiological endpoints that make it
challenging to compare their effects across different models. While the models developed by
Maynard et al. (2003) were the first to use AdsFIt-1 to induce PE-like symptoms in rat.
However, studies using sFlt-1 overexpression PE model often did not include
echocardiographic measurements, making human comparisons impossible (S. E. Maynard,
Min, Merchan, Lim, Li, Mondal, Libermann, Morgan, et al. 2003; Vogtmann et al. 2019). As
ultrasound scans of both the mother and the foetus are routinely conducted with any
pregnancy, a better understanding of echocardiographic markers that indicate maladaptation
are needed to insure early detection of PE (Preeclampsia Foundation 2022). Early detection
of PE is critical, and deciphering these markers can aid in its timely diagnosis and effective

management.

The present study is the first to demonstrate the combined symptoms associated with PE;
hypertension, growth restriction alongside cardiac maladaptation, while also using diagnostic

tools such as echocardiography akin to the ones used in humans.
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4.5.1.1 Overexpression of sFlt-1 in pregnancy caused symptoms of PE in mice.

PE is characterized by hypertension and the involvement of at least one organ system, with
pregnant women prone to PE exhibiting elevated levels of sFlt-1. Although the exact aetiology
of the condition remains unclear, it has been hypothesized that sFlt-1 may play a key role (Lu
et al. 2007; Makris et al. 2007; Szalai et al. 2014; Jiang et al. 2015; K. R. Palmer et al. 2017).
In this study, we were able to induce PE-like symptoms, such as increased MAP and foetal
growth restriction in pregnant mice using adenoviral encoded sFlt-1 overexpression. Overall,
these results demonstrated the suitability of the adenoviral sFlt-1 overexpression model for

studying changes associated with PE.

4.5.1.2 Overexpression of sFlt-1 hinder cardiac adaptations to pregnancy in diastolic

and systolic functions.

The cardiovascular system undergoes significant adaptations to accommodate the increased
metabolic needs of both the mother and the foetus. Increases in CO, decreases in blood
pressure and total systemic vascular resistance (Hall et al. 2011; Sanghavi & Rutherford 2014)
are part of these adaptations. It has been reported that women exhibit increased mitral valve
E and A wave velocities, with a shorter IVCT phase and longer ejection phase representing

the two ventricular contraction phases during pregnancy (Feher 2012).

Women with PE are often associated with cardiac dysfunction. Systolic dysfunction such as
a decrease in CO and SV is expected in PE (Tay et al. 2018; Thilaganathan & Kalafat 2019;
Mulder et al. 2022). In addition, PE is also associated with diastolic dysfunction such as an
increase in IVRT and a greater increase in the MV E/A ratio (Shivananjiah et al. 2016;
Thayaparan et al. 2019; Waker et al. 2021) compared to normal pregnancies (Rhee et al.
2011; Ramadan et al. 2016). Furthermore, a significantly increased LV MPI| has been
observed in preeclamptic women (Rhee et al. 2011; Ramadan et al. 2016), The deterioration
of cardiac function, evidenced by an increase in LV MPI, correlated with high levels of
antiangiogenic factors such as sFlt-1 (Libanoff & Rodbard 1968; M. Kato et al. 2005; Luewan
et al. 2014; Ramadan et al. 2016; Omeroglu et al. 2023).
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The pathophysiology of PE and the cardiovascular maladaptations that arise from it remain
uncertain. The purpose of this investigation was to explore the differences in adaptations seen

in normal pregnancies versus a murine model of PE, using ultrasound scans.

In the present study, we found that pregnancy induced cardiac adaptation did take place in
AdsFIt-1 induced PE in mice, albeit to a lesser degree as evidenced by an increase in CO but
no change in SV during pregnancy suggesting that PE may obstruct the heart's pregnancy-
related adaptive changes. Furthermore, we observed the presence of systolic and diastolic
dysfunctions following sFlt-1 overexpression in pregnant mice. These findings support the
notion that sFlt-1 is responsible for the cardiac maladaptations observed during pregnancy.
Whether cardiac dysfunction associated with PE is due to the direct effect of sFlt-1 on cardiac

function or secondary to sFlt-1 induced endothelial dysfunction warrant further investigation.

4.5.1.3 Overexpression of sFlt-1 caused maladaptions to pregnancy in the cardiac

structure.

In a normotensive pregnancy and in response to the foetal demands the maternal heart goes
through structural alterations such as an enhanced preload, decreased afterload, and heart
rate augmentation, along with increased stroke work indicating that myocardial fibres are
working harder (Simmons et al. 2002; Cong et al. 2015; Kasula et al. 2017). Additionally, LV
wall thickness, LV mass, and longitudinal and transverse chamber diameters increase, while
the sphericity index decreases by the third trimester, indicating a more spherical shape of the
left chamber that is reversed postpartum (Savu et al. 2012; Sanghavi & Rutherford 2014). The
time it takes for the LV mass to be normalized postpartum has mixed conclusions, with some
studies reporting normalization as early as 12 weeks to 6 months after delivery (Hunter &
Robson 1992b; Simmons et al. 2002; Yuan et al. 2006; Savu et al. 2012; Ferreira et al. 2021),

while others suggest modified mass persistence for up to a year (Clapp & Capeless 1997).

During early pregnancy, there is an increase in venous return to the left atrium (LA) (preload),

which is reflected by an increase in LA size and LVID from the first to second trimesters,
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leading to elevated LV filling rates (Melchiorre et al., 2016). As the pregnancy progresses, the
myocardium grows physiologically larger to handle the chronic volume strain on the circulatory
system (Kasula et al. 2017). In this context, IVS and LVPW gradually increase with advancing
gestational age, while other studies report their gradual increase throughout the trimesters.
Pregnancy induces reversible hypertrophy, also known as physiological hypertrophy, with no
long-term effects on heart function (Christiana M Schannwell et al. 2002; Eghbali et al. 2005;
Jingyuan Li et al. 2012a; b).

Following birth, the woman's heart goes through reverse remodelling, returning to its pre-
gravid structure and function (Ferreira et al. 2021). Heart remodelling brought on by
hemodynamic overload during pregnancy is characterized by LV eccentric hypertrophy and
left atrium enlargement (Mone et al. 1996; Christiana M Schannwell et al. 2002; Eghbali et al.
2005; Schwartz & Schneider 2006; Jingyuan Li et al. 2012b; a; Borges et al. 2018). Cardiac
hypertrophy is a critical coping mechanism that helps the heart keep up its pumping ability
when the heart is under hemodynamic stress from pressure or volume overload (Savu et al.
2012; Kasula et al. 2017). In addition, hypertrophy is frequently considered the heart's main
mechanism for reducing strain on the ventricle walls (Kasula et al. 2017). Heart hypertrophy
can either be physiological, which is advantageous and adaptive, or pathological, which is a

maladaptation and has adverse consequences (Jingyuan Li et al. 2012).

A significant increase in LV Mass, IVS during systole and diastole, LVID during diastole, and
LVPW during systole was seen in pregnant mice treated with the sFlt-1 vector when compared
to the pregnant mice treated with the CMV vector was observed. These results mimic the

results previously described in PE.

In PE, LV concentric remodelling, concentric hypertrophy, and asymmetrical LV
remodelling/hypertrophy which mostly affects the basal anteroseptum has been described
(Karen Melchiorre et al. 2011, 2012, 2014). These structural changes are linked to increased

afterload and unfavourable LV remodelling, as evidenced by significantly higher mean arterial
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pressure, total vascular resistance index, relative wall thickness, and LV concentric
hypertrophy (Karen Melchiorre et al. 2014). Additionally, modest LV diastolic dysfunction
(30%) and segmentally reduced myocardial relaxation (70%), two risk factors for preterm PE,
are present in women who are predisposed to the condition (Easterling et al. 1990;
Aardenburg et al. 2005; Herbert Valensise et al. 2008; Scholten et al. 2011; Novelli et al. 2012;
Karen Melchiorre et al. 2014). Numerous studies have demonstrated that PE causes LV
dysfunction (Borghi et al. 2000, 2011; Hamad et al. 2009; Tyldum et al. 2011; Shahul et al.
2012), increased aortic stiffness (Hibbard et al. 2005; Kaihura et al. 2009; Avni et al. 2010),
decreased venous capacity (Gyselaers et al. 2011), and poor myocardial contractility (Lang et
al. 1991; Simmons et al. 2002; Karen Melchiorre et al. 2011). In particular, more severe or
premature episodes of PE dramatically reduce cardiac contractility, as shown by lower
segmental myocardial systolic and diastolic deformation indices, indicating poor myocardial
contractility and relaxation (Lang et al. 1991; Avni et al. 2010). Moreover, biventricular
chamber systolic dysfunction and significant hypertrophy are accompanied by high-amplitude
segmental post-systolic shortening at the level of the basal septum in one-fifth of premature

preeclamptic women (Rubler et al. 1973; Zenther et al. 2009; Bokslag et al. 2016).

In addition, some studies have found increased left atrial dimensions in preterm PE, which is
a result of elevated left-sided chamber filling pressures (Karen Melchiorre et al. 2012).
However, adverse left atrial remodelling was only discovered in individuals with LV global
diastolic failure, suggesting that the pregnant heart in PE operates at its limit of capacity
(Redman 2011; E. Chung & Leinwand 2014).

The overexpression of sFlt-1 resulted in left ventricular dysfunction, as indicated by structural
maladaptations such as an increase in left ventricular mass, intraventricular septum, and left
ventricular internal dimension. These structural maladaptations are comparable to those
observed in women with PE (Simmons et al. 2002; Danzmann et al. 2008; Cong et al. 2015).
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4.5.1.4 Overexpression of sFlt-1 does not impact adaptations in uterine artery.

Maternal uterine artery blood flow is crucial in maintaining an appropriate intrauterine
environment for foetal growth and development, as it carries nutrients, removes waste
products, and regulates oxygen levels that reach the developing fetoplacental unit (Oloyede
& lketubosin 2013; Browne et al. 2015; Ridder et al. 2019a; b). Uterine vascular adaptations
during pregnancy result in a considerable morphologic change in the spiral arterioles - dilating
by five- to ten-fold to meet the needs of the fetoplacental unit (A. Robson et al. 2012; Cui et
al. 2013; Guedes-Martins et al. 2014; Small et al. 2016). Primary placentation defects occur
when uterine vascular development is impaired, leading to PE and foetal growth restriction
(Mu Junwu & Lee 2006; Gilbert et al. 2007; Sholook et al. 2007; Cnossen et al. 2008).
Understanding the relationship between uterine artery blood flow and placental development
is critical in comprehending normal placentation and its interaction with PE and foetal growth
restriction. In normal pregnancy, the UA Pl and UA RI tend to be lower than those seen in
preeclampsia. The higher values of UA Pl and UA Rl in preeclampsia suggest impaired blood
flow through the uterine arteries, which may lead to placental insufficiency and adverse foetal
outcomes (Valifio et al. n.d.; Mu Junwu & Lee 2006; Guedes-Martins et al. 2014). Therefore,
monitoring these indices can aid in the early detection and management of preeclampsia
(Cnossen et al. 2008; Pedroso et al. 2018). The findings in this study of the uterine artery
contradicted previous research as there was no significant differences in either UA Pl or UA

RI between the two groups.

In summary, the present study aimed to investigate the effects of sFlt-1 overexpression on
cardiac adaptations and uterine vascular function in mice during pregnancy. The study used
AdCMV mice as controls and found that AdsFIt-1 mice had significantly decreased foetal
weight, increased circulating sFit-1 plasma levels, and cardiac maladaptations in the structure,
the diastolic and the systolic functions, consistent with previous studies on PE. Interestingly,
there were no significant differences in uterine artery pressure measurements between the
two groups. Although this contrasts with most literature that has observed a significant
increase in UA P and UA Rl in PE patients compared to normotensive pregnant women, some
studies have demonstrated no significant difference between the two groups. The study met
the diagnostic criteria for positive PE diagnosis, which included increased mean arterial
pressure, decreased foetal weight, and an increase in plasma sFlt-1 levels. Additionally, the

study demonstrated maladaptations to pregnancy in the cardiovascular system, suggesting
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that this animal model is highly suitable for studying PE. The research proposes future studies
should investigate the relationship between sFlt-1 overexpression and uterine vascular
function, as the study found no significant differences in uterine artery pressure measurements
between the two groups. Lastly, this study pinpointed the need for a more defined non-invasive
standardised protocol for the diagnosis of PE.

4.6 Limitations

The sFlt level in plasma was only measured once at E17.5. However, other studies have
highlighted the importance of conducting repeated measurements of sFlt-1 levels throughout
pregnancy and even before conception to provide a comprehensive understanding of sFit-1's
role. Hagmann et al. further emphasize the added value of repetitive sFlt-1 measurements in
their review (Hagmann et al. 2012). Additionally, given the growing interest in the sFIt-1/PIGF
ratio (Perales et al. 2017; Quezada et al. 2020; Ohkuchi et al. 2021; Andrikos et al. 2022;
Dathan-Stumpf et al. 2022; Verlohren et al. 2022; W. Chen et al. 2022), further investigations
should include measurements of this specific ratio, rather than solely sFlit-1 levels. Future
large-scale studies are needed to evaluate the additive value of repeated sFIt-1/PIGF ratio
measurements relative to current assessments, as well as to establish cut-off values of the
ratios' slopes with regards to pregnancy outcome. Furthermore, while the study conducted
one ultrasound scan during pregnancy at E17.5, ideally, the entire pregnancy should have

undergone regular ultrasound scans.
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Chapter 5

Long-term effects of sFlt-1 induced
preeclampsia on cardiovascular health
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5. Long-term effects of sFIt-1 induced
preeclampsia on cardiovascular health

An expanding body of research indicates that women with a history of PE may face long-term
health consequences, particularly a heightened risk of cardiovascular disease in later life.
Studies have found that these women are more likely to experience hypertension, strokes,
and ischemic heart disease compared to those without a history of PE. Additionally, a history
of PE has been associated with an increased risk of metabolic syndrome, diabetes, and renal
disease (C. M. Schannwell et al. 2003; Gutgesell et al. 2009; Weissgerber & Mudd 2015;
Maneerattanasuporn 2017; Aryal et al. 2019; Kristensen et al. 2019; Kattah 2020; Yijun Yang
et al. 2021; Ying Yang & Wu 2022). Recent findings also suggest a link between PE and
cerebrovascular disease, such as stroke and transient ischemic attack (Oehm et al. 2006;
Warrington et al. 2015; Miller 2019; Coelho-Santos & Shih 2020; Miller et al. 2021; Shaaban
etal. 2021; Beckett et al. 2023). Women who experienced severe PE during pregnancy appear
to be at a higher risk of developing cerebrovascular disease later in life (Mayhan et al. 1988;
S. W. Lee et al. 2003; Oehm et al. 2006; Bunik et al. 2008; Schoknecht et al. 2015; X. Liu et
al. 2016; Borsche et al. 2021; J. Kitt et al. 2021; Chechko et al. 2022). Furthermore, studies
have shown that women with a history of severe PE have a five- to eight-fold increased risk of

developing cardiovascular disease in the future.

Investigating the long-term post-partum effects of increased sFlt-1 levels is crucial for
understanding the potential consequences on maternal health. Recent studies have
highlighted the persistence of elevated sFlt-1 levels in the post-partum period, raising
concerns about the possible impact on cardiovascular and renal function (Quitterer & Abdalla
2021; Sarhaddi et al. 2022b). Furthermore, research has demonstrated that sFlt-1 can induce
endothelial dysfunction and impair angiogenesis, which are critical processes in the
maintenance of vascular health (Kendall & Thomas 1993b; L. Li et al. 2016). These findings
underscore the importance of investigating the long-term effects of increased sFlt-1 levels to
better elucidate the mechanisms underlying post-partum health complications and to develop

targeted interventions aimed at mitigating the risks associated with persistent sFlt-1 elevation.
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Ultimately, a comprehensive understanding of the role of sFit-1 in post-partum health could
pave the way for improved clinical management and prevention strategies for women at risk

of PE-related complications.

Therefore, the aim of this study was to investigate the cardiovascular changes in AdsFIt-1 and

AdCMV mice post-partum.

5.1 Long-term effects of sFit-1

5.1.1 sFlt-1 level in plasma

Monitoring sFlt-1 levels can help predict the onset and severity of preeclampsia, enabling early
intervention and better clinical management (Zeisler et al., 2016; Rolfo et al., 2020). Elevated
sFlt-1 levels are associated with an increased risk of developing preeclampsia, and measuring
these levels could serve as a valuable diagnostic tool, as it can provide insights into the long-
term health implications for women who have experienced preeclampsia (Kattah 2020;
Quitterer & Abdalla 2021).

In the context of this study, sFlt-1 levels were measured in the plasma of AdsFIt-1 mice and
AdCMV mice at different timepoints. This was done to evaluate the of effects of sFlt-1 on the

cardiovascular and neurological changes.
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Figure 5.1 Plasma samples were collected at different timepoints during pregnancy (in the
graph this is noted as week 0) and post-partum.

The sFlt-1 level in sFlt-1-overexpressing mice dropped back to normal 8 weeks post-partum.
*P=0.031746, **P=0.028571 Mann-Whitney test was used for statistical analysis. Data are expressed
as mean = S.E.M. ;(n= 2-6).

The sFlt-1 levels returned to baseline in the ADCMV group after the second week postpartum,
while the AdsFIt-1 group showed a decrease only after the eighth week postpartum. This is
consistent with previous studies showing that systolic and diastolic parameters generally
revert to normal within eight weeks post-delivery (Christiana M Schannwell et al. 2002).
Therefore, measurements of cardiovascular function were taken during pregnancy at E17.5,

as well as at eight and thirty-three weeks postpartum.
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5.1.2 Long-term effects of sFlt-1 on Cardiac Systolic Functions

To assess cardiac function during pregnancy, four systolic parameters, namely CO, EF, FS,
SV (Figure 5.2), were quantified. No differences were observed between AACMV and AdsFlt-
1 mice in terms of CO or FS. However, a significant decrease was observed in the EF at 8
weeks, suggesting sFlt-1 could lead to cardiomyopathy (Umazume et al. 2018). Developing
cardiomyopathy after preeclampsia has been reported by multiple studies and is usually
characterized by a lower EF (typically below 45%) due to the weakened cardiac muscle
(Borghetti et al. 2018; Maheu-Cadotte et al. 2019; Malhamé et al. 2019; Sethi & Kumar 2020).

Additionally, a significantly lower SV was detected in AdsFIt-1 mice at E17.5 and at 8 weeks
postpartum when compared to AACMV mice. According to the literature, the SV usually returns
to non-gravid levels within 48-96 hours postpartum (Datta et al. 2010b; Foster et al. 2019;
Aranda & McFarland 2023; Mubarik et al. 2023).
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Figure 5.2 Systolic functions of left ventricle in CMV and sFlt-1 mice during pregnancy and
post-partum.

Ultrasound analysis was carried out on mice at E17.5 (n=6) of pregnancy, 8 weeks post-partum (n=4)
and 33 weeks post-partum (n=3-4). Different measurements were recorded: cardiac output (CO) (A)
did not significantly change when comparing the sFlt-1 vector treated mice with the CMV vector treated
mice. The ejection fraction (EF) (B) was significantly decreased in AdsFlt-1 mice when compared to
AdCMV mice, at both 8weeks post-partum (p=0.01587) and 33 weeks post-partum (p=0.0201). The
fraction shortening (FS) (C) did not significantly change when comparing the sFlt-1 vector treated mice
with the CMV vector treated mice. There was a significant decrease in stroke Volume (D) in AdsFit-1
mice when compared to AdCMV mice, at both E17.5 (p=0.002165) and 8 weeks post-partum
(p=0.0286). Statistical comparison was performed using Mann Whitney test.

Although the there was no discernible variation in EF at E17.5 between AACMV and AdsFIt-1
treated mice, a continuous decline in EF was observed in sFlt-1 treated mice despite the
normalization of sFlt-1 levels. These results suggest that the overexpression of sFit-1 during

pregnancy is associated with a progressive deterioration of cardiac function.
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The decrease in EF and the decrease in SV suggest that sFlt-1 overexpression led to impaired
reverse adaptations (from pregnancy to postpartum) (Ferreira et al. 2021). Thus, cardiac
dysfunction is sustained, even after pregnancy (Karen Melchiorre et al. 2011; Guedes-Martins
et al. 2015; Hutchens et al. 2022).

5.1.3 Long-term effects of sFlt-1 on Diastolic Functions

The diastolic measurements recorded, were comprised of MV E/A, MV E/A Area, LV MPI,
IVCT, IVRT, ESV and EDV (Table 5.2). A significant decrease in MV E/A Area and a significant
increase in MV E/A was observed during pregnancy and postpartum at 33 weeks postpartum,
respectively. Several studies have reported that women with PE have an increased MV E/A
ratio (James Metcalfe 1963; Karen Melchiorre et al. 2011; Shivananjiah et al. 2016;
Thayaparan et al. 2019; Waker et al. 2021; Mubarik et al. 2023), while having a decreased
MV E/A Area, which has also been linked to cardiac dysfunctions, including mitral stenosis,
hypertrophic cardiomyopathy, and peripartum cardiomyopathy (Kawahara et al. 1991; J Jose
1993; Ku¢ et al. 2022).

Left ventricle diastolic functions

Measurement Timepoint CMV sFlt-1 P

MV E/A E17.5 1.338+0.142 1.587+0.097  0.0159
8W 1.217£0.023 1600+ 0.132 NS
33W 1.136 £0.035 1.351+£0.035  0.0257

MV E17.5 66.636 + 41.891 + 0.0173

Area(mm?) 10.903 15.045
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MV PHT

LV MPI IV

IVCT (ms)

IVRT (ms)

ESV(pul)

EDV(ul)

8W

33W

E17.5

8W

33W

E17.5

8W

33W

E17.5

8W

33W

E17.5

8W

33W

E17.5

8W

33W

E17.5

75.115 £ 8.107

61.770 + 3.818

3.383+£0.616

2.469 £ 0.180

2.497 £0.228

0.913 £ 0.304

0.970+0.172

0.969 + 0.008

28.553 £ 6.989

33.333 £ 8.911

29.580 + 4.507

16.499 + 3.787

22.037 £0.850

22.775+£0.785

27.198 £ 4.382

26.395 + 4.605

18.651 £ 4.097

86.588 +
10.867

39.730 + 6.645

70.718 + 5.550

6.912 £ 1.671

3.699 + 0.926

3.094 + 0.282

1.687 £0.378

1.320 £ 0.110

1.340 £ 0.082

25.440 + 2.649

24.585 + 2.647

25.833 £ 2.227

17.960 + 1.602

25.927 £2.780

19.677 £0.815

14.483 + 3.951

37.665 + 3.137

32.322 + 4.898

59.664 + 5.874

NS

NS

0.0159

NS

NS

0.0286

0.0292

NS

0.0106

0.0159
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8W 82.909 + 115.153 + NS
17.335 14.008

33w 52.087 +7.921 99.359+6.777 NS
Table 5.1 Cardiac diastolic functions during pregnancy and post-partum analysed using
echocardiography and M-mode of parasternal long axis view in CMV and sFIt-1.

Ultrasound analysis was carried out on mice at E17.5 (n=6) of pregnancy, 8 weeks post-partum (n=4)
and 33 weeks post-partum (n=3-4). MV E/A; mitral flow E/A ratio was significantly increased in AdsFlt-
1 compared to AdCMV both during pregnancy at E 17.5 (p=0.0159) and 33 weeks postpartum
(p=0.257), MV Area; mitral flow area was significantly decreased in AdsFlt-1 when compared to AACMV
during pregnancy (p=0.0173). MV PHT; mitral valve area by pressure half time was significantly
increased during pregnancy (p=0.0159) in AdsFIt-1 when compared to AACMV. LV MPI IV; Myocardial
Performance Index was increased in AdsFlt-1 when compared to AACMV both in pregnancy as well as
at 8 weeks (p=0.0292) postpartum. IVCT; isovolumic contraction time was not significantly different in
AdsFlt-1 when compared to AACMV. IVRT; isovolumic relaxation time, was not significantly different in
AdsFlt-1 when compared to AACMV. ESV; end systolic volume was significantly decreased in
pregnancy and significantly increased at 33 weeks postpartum. EDV; end diastolic time was significantly
decreased in pregnancy in AdsFlt-1 compared to AACMV. Statistical comparison was performed using
Mann Whitney test.

An elevation in LV MPI was observed in AdsFIt-1 compared to ACMV during pregnancy and
at 8 weeks postpartum. This increase in LV MPI in PE relative to normotensive women, both
during pregnancy and postpartum, aligns with previous findings (A. K. Pandey et al. 2010;
Foster et al. 2019; Giorgione et al. 2023; Mubarik et al. 2023).

Moreover, a notable reduction in EDV and ESV was detected in pregnant AdsFlt-1 mice
compared to AJCMV mice. A decrease in EDV during pregnancy can lead to a reduced
cardiac output, as it means that less blood is being pumped out with each heartbeat and could
indicate issues with the cardiovascular system, such as poor ventricular filling or diastolic
dysfunction (Thornburg et al. 2000). In fact, a decrease in EDV may result in insufficient blood
flow to the placenta and the developing foetus, potentially leading to complications like
intrauterine growth restriction, low birth weight, or even preeclampsia (Thornburg et al. 2000;
Jovin et al. 2013).
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Additionally, a significant rise in ESV of AdsFIt-1 relative to AACMV was observed at 33 weeks
postpartum. Although earlier research indicates increased ESV and EDV in women with PE
(Simmons et al. 2002; Redman 2011; Shivananjiah et al. 2016; Lavie et al. 2018; Mostafavi et
al. 2019), Zaman et al. (2018) reported no significant differences between normotensive and
preeclamptic women (Zaman et al. 2018). An increase in ESV during the postpartum period,
it could suggest that the heart is not pumping blood as efficiently as it should, leaving more
residual blood in the ventricles after each contraction (Soma Pillay et al. 2018; Giorgione et
al. 2023a). The observed changes in EDV and end-systolic volume ESV are noteworthy for
their correlation with the typical pathophysiology of cardiac hypertrophy (Dorn 2007; Jingyuan
Li et al. 2012b; Jovin et al. 2013; Dual & Schmid Daners 2022).

Initially, heightened contractility from the thicker myocardium contributes to a decrease in
EDV; however, as the hypertrophic response reaches its maximum potential, the myocardium
undergoes remodelling and results in a decline in contractile function, ultimately leading to

heart failure and an increase in EDV.

Diastolic dysfunction may be present in postpartum AdsFlt-1 mice compared to control mice
AdCMV. This is supported by findings such as a significant decrease in MV E/A Area and
increase in MV E/A ratio, increased LV MPI, and alterations in ESV and EDV. Although some
studies report inconsistencies regarding ESV and EDV differences between normotensive and
preeclamptic women, the overall evidence suggests potential cardiac dysfunctions in sFlt-1
overexpressing mice (Duvekot & Peeters 1994; Most et al. 2001; M. Kato et al. 2005; A. K.
Pandey et al. 2010; Rhee et al. 2011; Harmelink et al. 2013; Karen Melchiorre et al. 2014;
Sanghavi & Rutherford 2014; Di Salvo et al. 2015; Ramadan et al. 2016).
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5.1.4 Long-term effects of sFlt-1 on Cardiac Structural Changes

PE is linked to persistent arterial stiffness, temporary cardiac changes, and dysfunction,
including diastolic dysfunction and impaired endothelial function, hypertrophy, and
cardiomyopathy (Mustonen & Alitalo 1995; lemitsu et al. 2008; Erusalimsky 2009; Kaihura et
al. 2009; Peter et al. 2009; Tyldum et al. 2012; Christensen et al. 2016; Possomato-Vieira &
Khalil 2016; Boeldt & Bird 2017; Jia et al. 2019; Akgay & Ozdemir 2021; Forrest et al. 2022;
V. R. Turi et al. 2022). Postpartum assessment of cardiac structures can identify these
changes, evaluate their reversibility, and timely intervention for improved long-term outcomes
and reduced future cardiovascular risks. To determine sFlt-1's long-term impact on postpartum
structural remodelling, or reverse remodelling, measurements (Table 5.2) such as LV Mass,
IVS during systole and diastole, LVID during systole and diastole, and LVPW during systole

and diastole, were recorded.
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Left ventricle structural changes

Measurement

IVS;s(mm)

IVS;d(mm)

LV Mass(mg)

LVID;d(mm)

LVID;s(mm)

Timepoint

E17.5

8W

33W

E17.5

8W

33W

E17.5

8W

33W

E17.5

8W

33W

E17.5

8W

CMV

2.497 £0.781

3.647 £ 0.828

3.827 £ 0.244

1.715£0.876

3.051 £ 0.584

3.489 £ 0.307

364.199 £ 16.305

367.655 + 17.955

283.266 = 15.639

2.634 £0.348

2.955 £ 0.347

3.296 + 0.314

1.703 £ 0.308

1.669 £ 0.116

sFlt-1

3.542 £ 0.442

3.427 £ 0.028

3.607 £ 0.326

2.998 £ 0.245

2.659 £ 0.143

3.494 + 0.069

549.124
163.993

561.357
29.679

863.357
29.679

3.442 + 0.291

3.540 + 0.486

3.569 + 0.206

1.838 + 0.396

2.69 £0.422

I+

I+

I+

0.0303

NS

NS

0.01587

NS

NS

0.0095

0.0285

0.0291

0.0095

NS

NS

NS
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33W 1.408 £ 0.062 1.665 £ 0.166 NS
LVPW;d(mm) E17.5 2.469 £ 0.247 2.944 £ 0.578 NS
8W 2.577 £ 0.256 3.188 £ 0.317 NS
33W 2.633+£0.515 2.927 £0.513 NS
LVPW;s(mm) E17.5 2.641+£0.389 3.563 £ 0.368 0.0286
8W 2.871+£0.826 3.691 £ 0.571 NS
33W 2.618 £0.349 3.470 £ 0.475 0.0186

Table 5.2 Cardiac structural functions during pregnancy and post-partum analysed using
echocardiography and M-mode of parasternal long axis view in CMV and sFIt-1.

Analysis was carried out on mice at E17.5 (n=6) of pregnancy, 8 weeks post-partum (n=4). IVS;s ;
intraventricular septum during systole was significantly increased during pregnancy (p=0.0303) in the
sFlt-1 vector treated mice when compared with the CMV vector treated mice. IVS;d; intraventricular
septum during diastole was significantly increased (p=0.01587) during pregnancy in the sFlt-1 vector
treated mice when compared with the CMV vector treated mice, LV Mass; left ventricle mass was
significantly increased during pregnancy (p=0.0095), at 8 weeks postpartum (p=0.0285), and at 33
weeks postpartum (p=0.0291) in the sFIt-1 vector treated mice when compared with the CMV vector
treated mice. LVID; left ventricle internal diameter during systole (P) did not significantly change
between the two groups. LVID;d left ventricle internal diameter during diastole was significantly
increased during pregnancy in the sFlt-1 (p=0.0095) vector treated mice when compared with the CMV
vector treated mice/ LVPW;d ; left ventricular posterior wall thickness during diastole was not
significantly different. LVPW; s left ventricle internal diameter during was significantly increased during
pregnancy in the sFlt-1 vector treated mice when compared with the CMV vector treated mice. Data is
expressed as a mean + S.E.M and statistical comparison was performed using Mann Whitney test.

A notable elevation was observed in IVS; s, IVS; d, LV Mass, LVID; d, and LVPW; s during
pregnancy. Concurrently, a marked increase was detected postpartum in LV Mass at 8 weeks
and 33 weeks, as well as in LVPW; s at 33 weeks. These findings suggest that sFtl-1
overexpression during pregnancy leads to hypertrophic phenotype in the heart (Eghbali et al.
2005; Jingyuan Li et al. 2012b; Kumar et al. 2019; Vogtmann et al. 2021). These
measurements align with findings reported in the literature. DeMartelly et al. (2021) discovered
that cardiac dysfunctions persisted into the postpartum period, as demonstrated by an
increased IVS in 10 years postpartum in women who had been affected by PE (DeMartelly et

al. 2021). Similarly, Vasconcelos et al. (2023) corroborated the results of this study, revealing
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a rise in IVS and LVPW even two months following delivery in women (Vasconcelos et al.
2023).

5.1.5 Long-term effects of sFlt-1 on uterine artery blood flow

Postpartum research indicates that although PI values decrease in preeclamptic women, they
remain significantly higher than those in normotensive women (Guedes-Martins et al. 2015;
Sharma et al. 2018). While some studies document a sustained increase in UA Pl and UA RI
after PE (Brainard et al. 2007; Browne et al. 2015; Guedes-Martins et al. 2015; S. M. Lee et
al. 2016), there is a knowledge gap regarding the postpartum resolution of high UA Pl or UA
RI. This is despite delivery being viewed as the primary diagnostic for placental insufficiency
disorders like PE. Consequently, UA Pl and UA RI measurements were taken to investigate

the changes seen postpartum in uterine artery.

E F
0.8 1.5
—— AdCMV —— AdCMV
0.6 —=— AdsFlt-1 = AdsFlt-1
1.0
[ a
<« 0.4- <
o} =
0.5
0.2
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Figure 5.3 Uterine artery flow in CMV and sFIt-1 mice during pregnancy and post-partum.

Analysis was carried out on mice at E17.5 (n=6) of pregnancy, 8 weeks post-partum (n=4). Resistive
index (RI) (E) was significantly increased (p=0.028571) at 8 weeks post-partum in the sFIt-1 vector
treated mice when compared with the CMV vector treated mice. Pulsatility index (Pl) (F) was
significantly increased (p=0.0300) at 8 weeks post-partum in the sFit-1 vector treated mice when
compared with the CMV vector treated mice. *Statistical comparison was performed using Mann
Whitney test.
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Intriguingly, this study demonstrated a significant elevation in UA Pl and UA RI in AdsFlt-1
mice for these measurements compared to AACMV mice, peaking at 8 weeks postpartum and
subsequently decreasing to levels below those noted during pregnancy. The UA Pl and UA RI
peak aligns with the time when sFlt-1 plasma levels in AdsFlt-1 mice normalize. While studies
report postpartum increases in PE women, relative to normotensive women (Guedes-Martins
et al. 2015; Vogtmann et al. 2021), no consensus exists regarding when the UA Pl and UA RI
decline following PE (S. M. Lee et al. 2016). This can be attributed to most studies
concentrating on the immediate hours or days postpartum (Capeless & Clapp 1991; Guedes-
Martins et al. 2015; Khan et al. 2016; S. M. Lee et al. 2016; Pedroso et al. 2018; Sharma et
al. 2018; Giorgione et al. 2023; Vasconcelos et al. 2023).

5.2 Discussion

The predisposition to develop PE is heightened by the presence of antiangiogenic factors,
such as sFlt-1 overexpression. In the previous study outlined in this thesis (Chapter 4), we
successfully induced PE-like symptoms in pregnant mice by administering adenoviral encoded
sFlt-1 in mice during mid-pregnancy at E10.5. This intervention resulted in notable reductions
in foetal weight, increased circulating sFlt-1 plasma levels, and cardiac maladaptations in
structure, diastolic, and systolic functions in AdsFIt-1 mice, aligning with prior research on PE.
Recent evidence has shown that PE and the consequent elevation of sFlt-1 levels are
associated with an increased risk of developing cardiovascular and cerebrovascular diseases
later in life (Karen Melchiorre et al. 2011; Neuman et al. 2021; Naeh et al. 2022; Mubarik et al.
2023). The objective of this chapter was to evaluate the potential consequences and

postpartum sFlt-1 levels, along with the impact on cardiac functions.

5.2.1 sFIt-1 levels in plasma reached baseline by 8 weeks

According to several earlier studies, a quick postpartum curettage in preeclamptic patients

may improve maternal prognosis, with a reduction in maternal serum sFlt-1 levels observed
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following curettage (Magann et al. 1994; Matsuo et al. 2007). However, more recent
prospective randomized trials found that postpartum uterine curettage did not improve clinical
or laboratory outcomes for mothers (Ossada et al. 2016; Hamza et al. 2019). Consequently,
the precise influence of sFlt-1 postpartum, and whether its effects persist from pregnancy or
stem from a preceding impact that triggers the elevation of antiangiogenic factors, warrants

further elucidation.

The objective of this study was to examine the prolonged effects of increased levels of sFlt-1
during pregnancy on the maternal cardiovascular system. The investigation aimed to
determine whether the relatively brief exposure to sFlt-1 has sustained implications on
cardiovascular function. This conclusion supports our findings that sFlt-1 is in fact a risk factor
but does not predict maternal outcomes. Indeed, the results presented in this study
demonstrated that, sFit-1 levels in AdsFIt-1 mice returned to baseline at 8 weeks postpartum,

while in AACMV mice, these levels reverted to baseline within less than a week.

5.2.2 Long-term effects of sFlt-1 overexpression led to systolic and diastolic

dysfunctions

The development of PE significantly affects the cardiovascular system, resulting in cardiac
dysfunction, severe hypertension, and peripartum cardiomyopathy in the short term (Bauer &
Cleary 2009; Behrens et al. 2019). Research examining the heart's anatomy and function in
PE has demonstrated that diastolic dysfunction and left ventricular remodelling occur during
pregnancy onset (Bauer & Cleary 2009; Behrens et al. 2019). Notably, while these changes
may be clinically apparent during pregnancy, they can sometimes be irreversible and persist

into the postpartum period (Castleman et al. 2016).

Peripartum cardiomyopathy (PPCM), also referred to as postpartum cardiomyopathy, is a rare

form of cardiomyopathy characterized by systolic dysfunction and frequently dilated heart
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chambers (Honigberg & Givertz 2019). This condition typically manifests during the final month
of pregnancy or within the weeks following delivery, although it can occur up to five months
postpartum or later (Honigberg & Givertz 2019). In PPCM, the enlargement of heart chambers
and weakening of the heart muscle result in a diminished volume of blood pumped with each
heartbeat, quantified as the EF or fractional shortening FS. A weakened heart can cause
fatigue and low blood pressure due to reduced blood flow to the body, as well as swelling in
the legs and abdomen due to fluid build-up in organs such as the lungs and liver (Honigberg
& Givertz 2019; Honigberg 2021).

The association between PE and PPCM suggests a possible shared pathogenesis (Honigberg
& Givertz 2019; Honigberg 2021). A 2013 meta-analysis of 22 studies revealed that PE is
more than four times more common in women with PPCM (Bello et al. 2013). Concurrently,
22.8% of the initial 411 women in the EURObservational Research Programme's PPCM
registry developed PE (Sliwa et al. 2017). Further research is needed to elucidate the

underlying mechanisms connecting PE and PPCM.

In the present study, diastolic and systolic measurements were utilized to assess cardiac
function during pregnancy and postpartum. The observed reduction in EDV during pregnancy
suggested the presence of poor ventricular filling or diastolic dysfunction. Additionally, the
increase in ESV during the postpartum period indicated a potential decrease in the heart's
pumping efficiency. Despite no significant difference in pregnancy in EF between AACMV and
AdsFIt-1 treated mice, the continuous decline in EF in sFit-1 treated mice, even after the
normalization of sFlt-1 levels, highlights a possible long-term impact on cardiac function.
Furhtermore, the observed postpartum dysfunctions could potentially suggest the occurrence
of PPCM in this PE model, as the diagnostic criteria for PPCM are present (decreased EF or
FS, occurring following pregnancy, potential increased LV Mass) (Hilfiker-Kleiner & Sliwa
2014; Foster et al. 2019; Honigberg & Givertz 2019; Aranda & McFarland 2023).

It is essential to acknowledge the challenges in classifying cardiomyopathies that incorporate
both anatomical terms (e.g., hypertrophic and dilated) and functional ones (e.g., restricted),
as previous attempts have not been successful in achieving this (Yancy et al. 2013; Bozkurt

et al. 2016). Additionally, diagnosing cardiomyopathy requires standard diagnostic techniques
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recommended for patients with heart failure or cardiomyopathy and necessitates a thorough
understanding of the complex, diverse, and patient-specific pathophysiology involved (Yancy
et al. 2013; Bozkurt et al. 2016). Consequently, further research is needed to conclusively
diagnose the observed dysfunctions.

Crucially, the observed alterations in both diastolic and systolic functions suggest that even
with a brief period of exposure to sFlt-1 overexpression, long-term consequences are evident.
This finding may indicate that exposure to sFlt-1 during pregnancy not only contributes to the
development of preeclampsia symptoms but also potentially causes irreversible damage to

the cardiovascular system.

5.2.3 Long-term effects of sFlt-1 overexpression resulted in abnormal structural

changes

The postpartum period is characterized by significant structural and hemodynamic alterations.
Cardiac remodelling due to hemodynamic overload during pregnancy involves left ventricular
eccentric hypertrophy, commonly referred to as physiological hypertrophy. After childbirth, the
woman's heart undergoes reverse remodelling, reverting to its pre-gravid structure and
function (Ferreira et al. 2021). Within four weeks following delivery, the physiological
hypertrophy of the ventricular system, associated with normotensive pregnancy, returns to its

pre-pregnancy state (Chauhan & Tadi 2022).

However, in instances of pathological hypertrophy, such as those seen in preeclampsia (PE),
postpartum changes have been reported from 1 to 10 years after delivery (Karen Melchiorre
et al. 2011; DeMartelly et al. 2021). The primary structural complications linked to PE include
a notably higher prevalence of asymptomatic global left ventricular dysfunction, geometric
abnormalities, and myocardial damage (Karen Melchiorre, Sutherland, Baltabaeva, et al.

2011b; Karen Melchiorre, Sutherland, Liberati, et al. 2011). Furthermore, women with a history
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of preeclampsia have been observed to exhibit increased IVS, LVPW, and LV mass compared
to those with a normotensive pregnancy history, with these elevated parameters persisting up
to 10 years post-delivery (DeMartelly et al. 2021). These findings are consistent with the
results observed in the present study.

In the past decade, evidence has emerged suggesting that lactation contributes to a decrease
in physiological hypertrophy observed in normal pregnancies(Murata et al. 2013; C. Dai et al.
2020). Notably, lactation has been shown to reduce the risk of metabolic disorders and
hypertension in mothers later in life (Murata et al. 2013; Poole et al. 2014; Countouris et al.
2016; Burgess et al. 2019). However, a study by Countouris et al. (2016) demonstrated that
while lactation decreased systolic and diastolic blood pressure among women who developed
gestational hypertension, it did not have the same effect on women who developed

preeclampsia (Countouris et al. 2016).

In the current study, lactation length was not specifically monitored, with pups being weaned
at four weeks postpartum. Consequently, determining the impact of lactation on blood
pressure reduction and left ventricular remodelling remains challenging. Future research
should investigate the combined effects of lactation, as well as examine the specific influence

of AdsFIt-1 in the absence/ presence of lactation.

5.2.4 Long-term effects of sFlt-1 overexpression induced sustained increased

uterine artery pressure up to 8 weeks post-partum

During a healthy pregnancy, uterine artery Doppler sonography demonstrates a series of
structural changes in the uterine spiral arteries, characterized by low impedance and high-flow
patterns (A. Robson et al. 2012; Burke & Ananth Karumanchi 2013; Cui et al. 2013). However,
in pregnancies complicated by placental insufficiency, which manifests as PE and/or foetal

intrauterine growth restriction, the anticipated decrease in uterine artery impedance is
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reduced, typically resulting in elevated UA Pl and UA RI values (D. J. Roberts & Post 2008;
Collinot et al. 2018).

Regarding the normalization of uterine artery indices post-pregnancy, there is a lack of
consensus among studies, even in normotensive pregnancies. Some research suggests that
significant changes in these indices do not occur until day 28, with a complete return to
baseline at 14 weeks (Mulic-Lutvica et al. 2007), while other studies report normalization as
early as 6 weeks postpartum (Tekay & Jouppila 1993) or 8 weeks (Guedes-Martins et al. 2014,
2015).

While delivery is acknowledged as the primary effective treatment for conditions associated
with placental insufficiency, there is limited information available on the postpartum resolution
of elevated uterine artery UA Pl and UA RI. The current study found that uterine artery indices
reached peak elevation at 8 weeks postpartum, with normalization observed around 33 weeks
postpartum. However, these results did not align with the sparse existing research examining

PE and postpartum uterine artery indices specifically.

For example, a study conducted in a semi-rural region of South Africa involved postpartum
follow-up of 122 women, including 36 previously affected by preeclampsia. This study found
that uterine artery indices remained significantly higher in formerly pre-eclamptic women
compared to non-pregnant controls up to three months after delivery (Namugowa et al. 2019).
Additionally, the study reported that both central and brachial blood pressure indices were
higher in previously pre-eclamptic women relative to nonpregnant controls up to one year
postpartum. In contrast, a case-control study by Naeh et al. (2022) suggested a potential
physiological recovery of uterine artery flow at 6 weeks postpartum in pregnancies impacted
by PE (Naeh et al. 2022).
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However, in the current study, a decrease in diastolic function and an elevation in uterine
artery indices were observed at 8 weeks postpartum, rather than during pregnancy. This
discrepancy may suggest the existence of arterial stiffness in AdsFlt-1 mice after delivery,
which could potentially contribute to the prolonged time for normalization of uterine artery
indices (Zieman et al. 2005; Everett et al. 2012; Namugowa et al. 2019). Previous research
has established that PE is a risk factor for arterial stiffness and cardiomyopathy, which has
also been found to affect uterine arteries (S. Kim et al. 2020). Consequently, it is plausible that
sFIt-1 overexpression during pregnancy results in increased vascular stiffness even in the
postpartum period (Kirkinen P et al. 1988; Tekay & Jouppila 1993; Kaihura et al. 2009; Everett
etal. 2012; Namugowa et al. 2019). Arterial stiffening has been correlated with PE and is more
pronounced in PE pregnancies compared to those experiencing gestational hypertension
(Hausvater et al. 2012).

5.2.5 Short-term exposure of sFlt-1 causes long-term impact on cardiovascular

functions

Various studies have proposed differing hypotheses regarding the pathophysiology of PE and,
more importantly, the causes of long-term complications following PE (A. Ahmed & Ramma
2015; Thilaganathan & Kalafat 2019; Xiaomei Li et al. 2022).

Over the past two decades, the majority of research papers have implicated abnormal
placentation and angiogenic factors as primary contributors to PE (J. D. Boyd & W. J.
Hamilton. Heffer 1970; W. Robertson et al. 1973; Fox & Elston 1978; B. Huppertz 2008; Myatt
& Powell 2010; Shu et al. 2014; Mandavilli 2018; Gebara et al. 2021). However, a more recent
review by Thilaganathan & Kalafat (2019), suggested that pathophysiology, in fact, initiates
prior to the onset of PE (Thilaganathan & Kalafat 2019). Notably, several cohort studies have
reported abnormal cardiovascular functions before the clinical onset of PE (Herbert Valensise
et al. 2008; Karen Melchiorre et al. 2012, 2014; K. Melchiorre et al. 2013; Thilaganathan &
Kalafat 2019). Furthermore, pregnancy has been referred to as the "ultimate cardiac stress

test," as it uncovers previously undetectable cardiovascular disease (Craici et al. 2008; E.
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Chung & Leinwand 2014). Lactation has also been associated with increased cardiovascular
load and instances of cardiac hypertrophy, which revert to normal after lactation in
normotensive women (Katharina M. Hillerer et al. 2014; Poole et al. 2014; Countouris et al.
2016; Hyatt et al. 2017; Burgess et al. 2019).

In the context of the present study, no evidence was found to support the theory of
cardiovascular maladaptations prior to the onset of PE, as this PE model does not permit such
conclusions. However, the mice in this study did lactate up to 3 weeks postpartum, raising the
question of whether lactation in AdsFlt-1 mice further exacerbated the observed postpartum

cardiovascular dysfunctions.

Additionally, diastolic, systolic, and structural dysfunctions in this study were found to
correspond with symptoms of cardiomyopathy. Interestingly, increased arterial stiffness has
also been demonstrated in cases of cardiomyopathy and even in patients considered

recovered from cardiomyopathy (Johansson et al. 2021).

In conclusion, while previous studies have reported an association between elevated levels of
sFlt-1 and PE as well as heart failure, the current study supports the hypothesis that even brief
exposure to increased sFlt-1 levels may induce maladaptations during pregnancy, potentially
leading to long-term irreversible damage to the cardiovascular system (Ky et al. 2011a;
Gruson et al. 2016a; Tayal et al. 2017; Healthwise Staff 2019; D. Williams et al. 2021;
Honigberg 2021).
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5.3 Limitations

This study demonstrated that sFlt-1 contributes to postpartum cardiac dysfunctions; however,
several limitations must be considered. First, the sample size was inconsistent throughout the
study, with six mice per group during pregnancy, four at eight weeks postpartum, and 2-4 at
33 weeks postpartum. Increasing and maintaining a consistent sample size would strengthen
the conclusions drawn. Second, although the study identified evident cardiac dysfunction
postpartum, additional immunohistochemistry and arterial elasticity analyses should be
performed to determine the most prevalent dysfunction in this model or if multiple dysfunctions
coexist. Third, calculating the sFlt-1/placental growth factor (PIGF) ratio could enhance the

understanding of the observed phenomena in conjunction with ultrasound analysis.

It is also crucial to recognize that recent studies have associated lactation with cardiac
hypertrophy and altered cardiac reverse remodelling. Therefore, further investigation is
needed to determine whether these long-term effects are indeed caused by sFlt-1, lactation,
or if lactation exacerbates sFlt-1 effects on the cardiovascular system. Lastly, it is essential to
acknowledge that ultrasound image quality may vary depending on the animal, which could

complicate image analysis and interpretation of the results.
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Chapter 6

The Role of CSE On
Cardiovascular Adaptation
During Pregnancy
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6. The role of CSE on cardiovascular adaptation
during pregnancy

H>S is a multifunctional molecule with significant roles in various physiological processes, such
as vascular tone regulation, mitochondrial function, and cellular homeostasis (R. Wang 2002;
G. Yang et al. 2008; Bos et al. 2015). Genetic deficiencies in CSE, one of the enzymes
responsible for H>S production, lead to hypertension and endothelium-dependent
vasorelaxation loss (G. Yang et al. 2008), while CBS heterozygotes exhibit elevated blood
pressure (U. Sen et al. 2010). Mitochondria play a crucial role in cellular homeostasis (Andres
et al. 2015; E. Murphy et al. 2016), and H,S affects numerous processes related to them
(Shimizu et al. 2018).

Preeclampsia, a pregnancy complication, is linked to H.S deficiencies due to decreased CSE
activity, resulting in an imbalance in angiogenic growth hormones and aberrant placentation
(Cindrova-Davies et al. 2013; K. Wang et al. 2013). H2S plays a role in various physiological
processes during pregnancy, including reproduction, anti-inflammatory action, oxygen

sensing, and vasodilation in the placenta (Carson & Konje 2014; X. Hu et al. 2021).

Mitochondria play a significant role in cellular homeostasis due to their functions in fuel
utilization, calcium storage, intracellular signalling, and cell death (Andres et al. 2015; E.
Murphy et al. 2016). Consequently, mitochondrial dysfunction contributes to the emergence
of various diseases, including heart failure, cancer, diabetes, and neurodegenerative illness
(E. Murphy et al. 2016). H.S regulates numerous biological processes, including
angiogenesis, proliferation, redox balance, inflammation, and cell death, and is produced by
enzymes CBS, CSE, and 3MST. 3-MST mediates the intramitochondrial generation of H2S
and other sulfur species, which supports cellular bioenergetics and preserves mitochondrial
electron transport (Shimizu et al. 2018). H.S deficiency may be linked to preeclampsia and
CSE-deficient mice display mild hypertension and weakened endothelium-dependent relaxant
reactions (Nicholson & Calvert 2010; Kondo et al. 2013).

Investigating CSE knockout (KO) in pregnancy and the heart specifically is crucial to
understanding the functional changes of uteroplacental vasculature under physiological and
pathological states of pregnancy. Additionally, focusing on the mitochondria in the heart is
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essential to explore the potential therapeutic applications of H.S in cardiovascular disorders

such as atherosclerosis, myocardial ischemia injury, and hypertension.

Despite numerous investigations into various models of H,S deficiency, studies specifically
examining the relationship between preeclampsia and H2S deficiency are limited. Therefore,
to explore the effects of H,S deficiency on pregnancy and pre-pregnancy conditions, the

cardiovascular system of previously validated CSE KO mice was assessed.

6.1 CSE KO in pregnancy

Preeclampsia, a pregnancy complication, is associated with an imbalance in angiogenic
growth hormones and aberrant placentation. H2S is a proangiogenic vasodilator mainly
produced by CSE. A decrease in CSE activity can lead to altered angiogenic equilibrium,
aberrant placentation, and maternal hypertension (K. Wang et al. 2013). In pregnancies with
severe early-onset growth restriction and preeclampsia, there is decreased immunoreactivity

of CSE in the placenta, leading to increased vascular resistance (Cindrova-Davies et al. 2013).

H>S plays a role in various physiological processes, including reproduction. It has been found
to act as an anti-inflammatory, oxygen sensor, and vasodilator in the placenta, or both to
maintain uterine quiescence during pregnancy (Carson & Konje 2014). In gestational diabetes
mellitus, a deficiency of H,S synthetase in the placenta leads to increased activation of the
NLRP3 inflammasome, which is involved in the release of inflammatory cytokines and initiation

of maternal insulin resistance (Wu et al., 2021).

Studies have demonstrated that maladaptations during pregnancy, whether hormonal,
cardiovascular, or metabolic, can result in significant adverse outcomes for both the mother
and the foetus (Duvekot et al. 1993; Duvekot & Peeters 1994; S. E. Maynard et al. 2003; F
Burbank 2009; Fred. Burbank 2009; Gyselaers et al. 2011; Amaral et al. 2015; Bokslag et al.
2017; Kazma et al. 2020). Notably, cardiovascular maladaptations during pregnancy have
been associated with an increased risk of cardiovascular and cerebrovascular diseases later
in life (James Metcalfe 1963; A. Y. H. Wong et al. 2002; Karen Melchiorre, Sutherland, Liberati,
et al. 2011; Amaral et al. 2015; Lima et al. 2019; Washington C. Hill et al. 2020; DeMartelly et
al. 2021; Hutchens et al. 2022; Beckett et al. 2023; Giorgione et al. 2023a). Abnormal cardiac

hemodynamic changes have been reported in PE, including a decrease in ejection fraction,
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decrease in mitral flow, and a severe decrease in diastolic volume (Mesa et al. 1999; Borghi
et al. 2000; Savu et al. 2012; Amraoui et al. 2014; Dennis & Castro 2014; Lambert et al. 2014;
Castleman et al. 2016; Perry et al. 2018). Therefore, the aim of this study was to compare the
adaptations observed in normotensive pregnancies with those seen in CSE KO models.
Cardiovascular functions were monitored via ultrasonography and colour Doppler before time-

mating and near term on day E17.5.

6.1.1 Effects of CSE KO on cardiac systolic functions during pregnancy

To investigate the role of CSE in cardiac adaptation during pregnancy, cardiac function in CSE
WT and KO mice before pregnancy and during pregnancy at E17.5 were monitored. Four

systolic parameters were assessed: CO, SV, EF, and FS (Figure 6.6.1). No significant

difference was seen in CO.
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Figure 6.1 Systolic functions of left ventricle adaptations in Wild type (WT) and knockout (KO)
mice.
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Echocardiography analysis was carried out on mice before pregnancy (12 weeks old) and on E17.5 of
pregnancy from both WT and KO mice. The cardiac output (A), the ejection fraction (B), the fraction
shortening (C), and stroke volume (D) were measured in pre-pregnancy and during pregnancy at E17.5
(n=5/group). Cardiac output (A), Ejection fraction (B), fraction shortening (C) were similar pre-pregnancy
and E17.5 in CSE WT mice. Stroke volume (D) was significantly increased in E17.5 when compared
with pre-pregnancy in CSE WT. The ejection fraction (B) and the fraction shortening (C) were
significantly increased in CSE WT mice when compared to CSE KO mice. Statistical comparison was
performed using Mann Whitney test. #=P<0.005 WT vs KO E17.5; ## P<0.001 WT vs KO E17.5;
*P<0.05 WT Pre vs WT E17.5

Nonetheless, a notable elevation in EF and FS was observed in pregnant CSE WT mice
compared to CSE KO mice (Figure 6.6.1B and Figure 6.6.1C). Additionally, while a
significant increase in SV was detected in CSE WT mice when comparing pre-pregnant to
pregnant states, no such difference was evident in the CSE KO mice. This indicates that
cardiac adaptation took place in CSE WT mice. However, lack of CSE disrupted the adaptive

changes of the heart during pregnancy.

6.1.2 Effects of CSE KO on cardiac diastolic functions during pregnancy

To evaluate diastolic function before and during pregnancy, eight diastolic parameters were
assessed: MV E/A ratio, MV area, IVCT, and IVRT. No significant difference was seen in MV
E/A nor in the MV Area.
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Figure 6.2 Diastolic functions of left ventricle adaptations in Wild type (WT and knockout (KO).
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Echocardiography was used to measure diastolic heart function in WT and KO mice before pregnancy
and on E17.5. Mitral flow E/A ratio (MV E/A) (E) and Mitral flow area (MV Area) (F) were unchanged
pre-pregnancy and during pregnancy in both WT and KO mice. Myocardial Performance Index (LV MPI)
(G) was significantly increased in CSE KO mice in pre-pregnancy when compared to CSE WT mice.
No significant change was observed during pregnancy in the LV MPI. Isovolumetric contraction time
(IVCT) (H) was significantly decreased in CSE WT mice when comparing pregnant CSE WT mice to
non-pregnant mice. Additionally, when compared to CSE KO mice, CSE WT mice had an increased
IVCT in pre-pregnancy but a decreased IVCT during pregnancy, when compared to CSE KO mice.
Isovolumetric relaxation time (IVRT) (1) was significantly increased in non-pregnant CSE KO mice, when
compared to CSE WT mice. No significant difference was observed in the IVRT during pregnancy. End
systolic volume (ESV) (J) was significantly decreased in CSE WT mice when compared to CSE KO
mice in pre-pregnancy. Additionally, a significant increase in ESV was observed in CSE WT during
pregnancy, when compared to pre-pregnancy. End systolic volume (ESV) (K) was significantly
decreased in CSE WT mice compared to KO mice in pre-pregnancy. However, a significant increase
was observed in WT mice during pregnancy, when compared to pre-pregnancy. Statistical comparison
was performed using Mann Whitney test. #=P<0.005 WT vs KO *P<0.05 WT Pre vs WT E17.5

In the pre-pregnancy state, an elevated LV MPI was observed in CSE KO mice compared to
CSE WT mice. Additionally, IVCT was significantly reduced in pregnant CSE WT mice relative
to non-pregnant mice. When comparing CSE KO mice, the IVCT was increased in CSE WT
mice during pre-pregnancy but decreased during pregnancy.

IVRT was found to be significantly elevated in non-pregnant CSE KO mice when compared to
CSE WT mice. However, no notable difference was detected in IVRT during pregnancy. In
terms of ESV, a significant reduction was observed in pre-pregnant CSE WT mice when
compared to CSE KO mice. Furthermore, a substantial increase in ESV was noted in CSE

WT mice during pregnancy relative to pre-pregnancy levels.

These findings suggest that CSE KO mice may exhibit altered cardiac function compared to
CSE WT mice, particularly in the pre-pregnancy state. The differences in LV MPI, IVCT, IVRT,
and ESV between CSE KO and WT mice imply potential dysfunction in CSE KO mice, which

could affect their ability to adapt to the physiological changes associated with pregnancy.

6.1.3 Effects of CSE KO on cardiac structural changes

The objective of the present study was to assess cardiac structural alterations by comparing
seven structural parameters between CSE KO and CSE WT pregnant mice before pregnancy

and at E17.5 during pregnancy. The seven measurements (Figure 6.3) included LV mass,
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interventricular septum (IVS) thickness during systole and diastole, left ventricular internal
diameter (LVID) during systole and diastole, and left ventricular posterior wall (LVPW)
thickness during systole and diastole. These findings provide insights into the potential
differences in cardiac structure between CSE KO and WT mice, both before and during
pregnancy. By examining these structural parameters, a better understanding on how CSE
deficiency may influence cardiac adaptations in pregnant mice, particularly within the context
of PE could be elucidated.
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Figure 6.3 Structural functions of left ventricle adaptations in Wild type (WT) and knockout
(KO).

Echocardiography was used to measure structural functions in WT and KO mice before pregnancy and
on E17.5. While the left ventricle mass (LV Mass) (L) remained unchanged during pregnancy in both
groups. A significant increase was observed in KO when comparing WT mice in both pre-pregnancy as
well as E17.5. Interventricular septum (IVS;s) (M) thickness during systole remained unchanged during
pregnancy in both groups. An increased IVS;s was observed both in pre-pregnancy and during
pregnancy in CSE KO mice when compared to CSE WT mice. Interventricular septum (IVS;d) (N)
thickness during diastole was significantly decreased in CSE WT mice during pregnancy when
compared to pre-pregnancy. An increased IVS;d was observed in CSE KO during pregnancy when
compared to CSE WT mice. Left ventricular internal diameter (LVID;d) (O) during diastole remained
unchanged. No significant difference was observed between either group either. Left ventricular internal
diameter (LVID;s) during systole (P) remained unchanged. No significant difference was observed
between either group either. Left ventricular posterior wall (LVPW;d) (Q) thickness during diastole
remained unchanged. No significant difference was observed between either group either. Left
ventricular posterior wall (LVPW;s) (R) thickness during systole was significantly increased in KO when
comparing WT mice in pre-pregnancy. No significant difference was observed during pregnancy.
Statistical comparison was performed using Mann Whitney test. #=P<0.005 WT vs KO
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The LV Mass remained consistent during pregnancy for both CSE KO and CSE WT groups.
However, a significant increase was observed in the KO group compared to the WT group in
both pre-pregnancy and at E17.5. IVS;s remained unchanged during pregnancy in both
groups, but an increased IVS;s was observed in CSE KO mice compared to CSE WT mice,

both in pre-pregnancy and during pregnancy.

IVS;d exhibited a significant decrease in CSE WT mice during pregnancy compared to pre-
pregnancy, whereas an increased IVS;d was observed in CSE KO mice during pregnancy
relative to CSE WT mice. LVID;d remained constant, with no significant difference observed
between the two groups. Similarly, LVID;s and LVPW:;d thickness during diastole remained

unchanged, with no noticeable difference between the groups.

However, LVPW:;s demonstrated a significant increase in the KO group compared to the WT

group in pre-pregnancy, while no substantial difference was found during pregnancy.

These findings suggest that there are differences in cardiac structure between CSE KO and
WT mice, particularly in certain parameters such as LV Mass, IVS thickness, and LVPW;s
thickness. These alterations in CSE KO mice may potentially impact their ability to adapt to
the physiological changes associated with pregnancy, warranting further investigation into the

implications of CSE deficiency on cardiac function.

6.1.4 Effects of CSE KO on uterine artery blood flow

In order to evaluate uterine artery adaptation, two blood flow parameters — the UA Rl and the
UA PI — were measured in CSE KO mice and CSE WT mice both before pregnancy and at
E17.5.
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Figure 6.4 Uterine artery flow adaptations in Wild type (WT) and knockout (KO). Uterine artery
flow was measured in WT and KO mice before pregnancy and on E17.5.

Resistive index (RI) (J) remained unchanged in both groups, but pulsatility index (Pl) (K) was
significantly decreased during pregnancy in WT mice. *P<0.05 WT Pre vs WT E17.5 Statistical
comparison was performed using Mann Whitney test.

The assessment (Figure 6.4) of uterine artery flow in both WT and KO mice revealed that the
UA RI remained unchanged in both groups throughout the course of pregnancy. However, a
significant reduction in the UA PI was observed in WT mice during pregnancy, indicating that
uterine artery adaptation to pregnancy indeed occurred. Moreover, these findings suggest that
in CSE KO mice, the vascular adaptation to pregnancy within the uterine artery was impaired,
contrary to what was observed in the WT mice, further implying that a deficiency in H.S hinders

proper adaptation to pregnancy.

6.1.5 Cardiac mitochondrial content is influenced by endogenous H.S

Although mitochondrial DNA (mtDNA), does not directly reflect mitochondrial functionality, it
is associated with the activity of mitochondrial enzymes and the production of adenosine
triphosphate (S. Li & Yang 2015; Castellani et al. 2020). This study aimed to investigate the
potential association between cardiac mitochondrial content and H,S deficiency. Cardiac
samples were collected from CSE KO and CSE WT mice prior to conception and at E17.5 of

pregnancy.
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Figure 6.5 Bar plot showing the effect of CSE Knockdown on mitochondrial DNA (mtDNA) of
pregnant versus non-pregnant mice.

Relative quantification was performed on the cardiac tissue of n=6 CSE WT and CSE KO mice both
pre- pregnancy and during pregnancy, in duplicates using qPCR by amplification of 16S gene,
normalised against B2MI (A) and Ctfr (B), nuclear genes. A significant decrease in mtDNA/nDNA ratio
(A & B) were detected in the hearts of pregnant CSE WT and CSE KO mice compared to pre-pregnant
CSE WT and CSE KO mice. A decrease in mtDNA was also seen in pregnant WT mice, when compared
to non-pregnant WT mice. Statistical comparison was performed using Mann Whitney test.

Interestingly, significant decrease in mtDNA/nDNA ratio were detected in pregnant CSE WT
and CSE KO mice compared to their non-pregnant controls (Figure 6.5) indicating a decrease
in cardiac mitochondrial content relative to nuclear content during pregnancy. However,
compared to pregnant CSE WT mice, the relative mitochondrial content was significantly
decreased in CSE KO mice, suggesting loss of CSE led to impaired mitochondrial biogenesis.

Taken together, these findings indicate that cardiac mitochondrial content may be affected by
endogenous H>S concentrations. This postulates that CSE KO mice, which exhibit H2S
deficiency, may experience altered cardiac mitochondrial content compared to CSE WT mice.
Understanding the implications of these differences could provide valuable insights into the

role of H2S in cardiac function and inform the development of therapeutic strategies to manage
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heart-related complications associated with H,S deficiency (Goffart et al. 2004; Rosca &
Hoppel 2013; Fillmore et al. 2014).

6.2 Discussion

This study aimed to investigate the role of HS deficiency in cardiac function and
uteroplacental vasculature during pregnancy, particularly in relation to PE. H>S deficiency has
been linked to preeclampsia due to decreased CSE activity. Examining CSE KO mice can
provide insights into the functional changes of uteroplacental vasculature and potential
therapeutic applications of H>S in cardiovascular disorders. The study is crucial as
maladaptations during pregnancy can lead to significant adverse outcomes for both the mother
and the foetus and increase the risk of cardiovascular and cerebrovascular diseases later in

life.

6.2.1 CSE KO effect on adaptations to pregnancy

H.S is a key regulator of cardiovascular homeostasis and has been linked to cardiovascular
disease with embryonic origins (Hsu & Tain 2021). H.S-based therapies have uncovered its
potential in reversing programming processes and preventing adult-onset cardiovascular
disease in animal models (Wen et al. 2018; Zhen Li et al. 2018). H.S has been identified as a
significant factor in the development of hypertension, both in humans and animals (G. Yang
et al. 2008; K. Wang et al. 2013). Recent data suggest that H>,S plays a vital role in
inflammatory reactions within uterine tissues, which are associated with uterine activation for
labour (X. J. You et al. 2011; X. You et al. 2017). The human myometrium produces H>S via
enzymes CSE and CBS during pregnancy (X. J. You et al. 2011). Investigations into the role
of H2S in maintaining uterine quiescence throughout pregnancy have revealed that it inhibits
myometrial inflammation, thereby reducing the expression of contraction-associated proteins
(Zanardo et al. 2006b; X. J. You et al. 2011), highlighting the importance of endogenous H»>S

in preserving uterine quiescence during pregnancy (X. You et al. 2017).

The present study's findings show notable differences in various aspects of cardiac function

and structure between CSE KO and CSE WT mice, particularly in the pre-pregnancy state.
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These alterations include disparities in EF, FS, SV, LV mass, IVS, and LVPW. Moreover, the
assessment of uterine artery flow revealed differences in blood flow adaptations between the
two groups, specifically concerning the UA PIl. These deviations in cardiac function and
structure, as well as uterine artery blood flow adaptations, suggest that CSE KO mice may
have a reduced ability to adapt to the physiological changes associated with pregnhancy
compared to CSE WT mice. This could potentially be due to the lack of endogenous H.S and
its inability to preserve uterine quiescence (X. You et al. 2017), as well as the importance of

KATP channel activation in this process.

These findings imply that CSE deficiency may have significant implications for cardiac function
during pregnancy, potentially leading to dysfunction and maladaptation. Crucially, this present
investigation indicates that the observed maladaptations may be attributed to pre-existing
cardiac dysfunction prior to pregnancy, as evidenced by the pre-pregnancy differences

identified in this study.

6.2.2 CSE KO on mitochondrial function

Mitochondrial H.S signalling influences respiration, apoptosis, biogenesis, and morphology in
a concentration-dependent manner, affecting the electron transport chain (ETC) activity (P.
Nicholls & Kim 1982; Peter Nicholls et al. 2013). H.S also regulates mitochondrial biogenesis
through PGC-1 activation and persulfidation-mediated activation of PGC-1, PPRC, and AMPK
pathways (Untereiner, Fu, et al. 2016; Untereiner, Wang, et al. 2016; Shimizu et al. 2018; Zhai
et al. 2019). H>.S modulates mitochondrial morphogenesis by controlling Drps in a SIRT3-
dependent manner (Santel & Fuller 2001; Smirnova et al. 2001; Ishihara et al. 2004, 2006; N.
Liu et al. 2017; Qiao et al. 2017b; Chakraborty et al. 2018; G. Meng et al. 2018; J. Zhang et
al. 2018; M. Xu et al. 2019).

Research has demonstrated that protein sulfhydration is an important mechanism through
which H2S balances cellular signalling (Paul & Snyder 2012a). For example, H2S sulfhydration
of NFkB's p65 subunit is essential for the protein's antiapoptotic effects (N. Sen et al. 2012).
H>S also induces hyperpolarization and vasorelaxation in endothelial cells and smooth muscle
cells by sulfhydrating ATP-sensitive potassium channels (Mustafa et al. 2011). Furthermore,

H2S controls cellular bioenergetics by impacting mitochondrial function, such as by donating
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electrons to the mitochondrial ETC, stimulating mitochondrial bioenergetics (Fu et al. 2012;
Maodis et al. 2013). This activity complements and balances the bioenergetic role of Krebs
cycle-derived electron donors and maintains mitochondrial electron transport (Mddis et al.
2013). In contrast, H>S acts as a potent and reversible inhibitor of mitochondrial function by

regulating cytochrome c oxidase (complex IV of the mitochondrial ETC) (Hill et al. 1984).

Recent studies suggest that H,S protects against cardiac damage through an eNOS-
dependent mechanism (Minamishima et al. 2009; King et al. 2014) and enhances NO
bioavailability and signalling (Kondo et al. 2013; Polhemus et al. 2013).

Moreover, during the early asymptomatic phase of PE (usually observed at 8 to 10 weeks of
gestation), an ischemic placental environment, resulting from inadequate placental perfusion,
inducing elevated oxidative stress has been demonstrated (Bilodeau 2014; Marschalek et al.
2018). This can be explained by the fact that preeclamptic placentas exhibit a slower
antioxidant clearance rate due to increased oxidative stress present in both the placenta and
maternal circulation during PE (Yuping Wang & Walsh 1996; Hubel 1999; Myatt & Cui 2004b).
Studies have demonstrated that oxidative stress, diminished trophoblastic differentiation, and
hindered invasion of trophoblastic tissue are all related to mitochondrial dysfunction, which
may serve as a critical factor in PE (Qiu et al. 2012). Cells exposed to oxidative stress augment
their production of mtDNA copies to repair damage and neutralize reactive oxygen species
(Y. Wang & Walsh 1998; Graham J. Burton & Jauniaux 2011; Wen et al. 2013; Navarro-
YepesdJuliana et al. 2014; Papa Gobbi et al. 2018). Additionally, the lack of histone protection
renders mtDNA highly susceptible to oxidative stress-related cellular damage (H. C. Lee &
Wei 2000; J. Lu et al. 2009; Qiu et al. 2012; Marschalek et al. 2018). Alterations in peripheral
blood mtDNA copy numbers have been proposed as potential biomarkers for mitochondrial
failure in diseases induced by oxidative stress (Stark & Roden 2007; Jezek et al. 2010; Qiu et
al. 2012).

The combination of these findings in current literature suggests mitochondrial dysfunction as
a pathogenic mediator and mtDNA as a potential biomarker of oxidative stress, a
pathophysiological component of PE (Elrod et al. 2007; Nicholson & Calvert 2010; Qiu et al.
2012; Murata et al. 2013; King et al. 2014; Shimizu et al. 2018; Sundquist et al. 2022). The
objective of this study was to examine maternal cardiac-mtDNA levels in CSE KO mice, pre-

pregnancy and during pregnancy.
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MtDNA) levels in pregnant CSE KO and CSE WT mice were quantified. A significant elevation
in mtDNA levels was observed in pregnant CSE KO mice compared to pregnant CSE WT
mice. Moreover, an increase was noted when comparing non-pregnant WT mice to pregnant
WT mice.

Intriguingly, our findings that mitochondrial DNA contents were relatively decreased during
pregnancy were not in consistent with previous research positing that mtDNA levels increase
during normotensive pregnancy (Srivastava et al. 2022). However, it has been demonstrated
that reduced circulating mtDNA is associated with PE compared to normal pregnancy (Cushen
et al. 2022). In the currently study, we found that the relative mtDNA content was significantly
reduced in pregnant CSE KO mice compared to CSE WT mice. Our results supported the
current understanding that endogenous H.S plays an important role in maintaining the
mitochondrial homeostasis (S. Paul et al. 2021). Loss of CSE/H>.S may lead to aberrant

mitochondrial activity in cardiac tissue and subsequently result in cardiovascular dysfunction.

6.3 Conclusion

Overall, this study demonstrated significant differences in cardiac function, structure, uterine
artery flow, and mitochondrial function between CSE KO and CSE WT mice, during
pregnancy. These alterations in cardiac function, structure, and uterine artery flow adaptations
indicated that CSE KO mice may have a reduced ability to adapt to physiological changes
during pregnancy compared to CSE WT mice, potentially due to H»S deficiency.

Mitochondrial H.S signalling affects several processes (e.g., morphology in a concentration-
dependent manner, influencing ETC activity) and modulates cellular bioenergetics (P. Nicholls
& Kim 1982; Mddis et al. 2013; Peter Nicholls et al. 2013). Furthermore, H2>S protects against
cardiac damage through an eNOS-dependent mechanism and enhances NO bioavailability

and signalling (Minamishima et al. 2009; King et al. 2014).

The observed maladaptations in cardiac function and structure may be attributed to pre-
existing dysfunction prior to pregnancy, as evidenced by the pre-pregnancy differences
identified in this study. These findings could imply that CSE deficiency or H2S deficiency may
lead to reduced ability to adapt to physiological changes during pregnancy, potentially causing

dysfunction and maladaptation. Altered mitochondrial function may play a role in these
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differences, and further research is necessary to understand the underlying mechanisms and

potential clinical implications.

6.4 Limitations

This study revealed the impact of H,S deficiency on pregnancy, as evidenced by structural
and diastolic differences, as well as decreased mtDNA levels in cardiac tissue. This model
therefore recapitulated the parameters observed in PE. Nonetheless, the study also presented
several limitations such as, the lack of immunohistochemistry to examine specific structural
changes associated with this PE model. Additionally, while a decrease in mtDNA levels was
observed, mitochondrial function was not investigated. Therefore, it is recommended that
future studies assess mitochondrial function using high-resolution respirometry or
fluorescence-based assays to measure parameters such as mitochondrial calcium,

superoxide, mitochondrial permeability transition, and membrane potential.

Furthermore, due to limited research on the long-term effects of H.S deficiency, particularly in
the CSE KO model, it is essential to extend investigations to these long-term consequences.
This approach would provide further elucidation regarding whether pregnancy exacerbates
the decline in mitochondria or if mitochondrial levels recover post-pregnancy, suggesting a

potential rescue mechanism.
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Chapter 7

RNA sequencing in heart tissue
of PE models
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7. Gene Expression in PE models

Over the past decade, scientific research in pregnancy disorders has focused on examining
placental metabolism, phenotyping, and transcriptome analysis, which have been made
possible by advancements in next-generation sequencing (Medina-Bastidas et al. 2020).
These studies have successfully established a correlation between pregnancy complications
and diminished placental function (Staff et al. 2013; J. M. Roberts 2014; Cox et al. 2015;
McAninch et al. 2017; Graham J. Burton & Jauniaux 2018; Knéfler et al. 2019). Specifically,
transcriptome research utilizing mRNA-seq or microarray techniques have been used to
elucidate the molecular pathways underlying pathophysiology and to identify placenta-derived
biomarkers that could enhance the prediction and diagnosis of PE (Staff et al. 2013; Cox et
al. 2015). Messenger RNA, or mRNA, is a type of single-stranded RNA molecule that plays a
crucial role in protein synthesis (S. K. Sen 2023). mRNA acts as this intermediary, transferring
genetic information from DNA to the protein synthesis machinery. Thus, mRNA plays an
essential role in the fundamental process of generating a living organism and is crucial in
connecting the DNA code of life to the cellular machinery that produces proteins (S. K. Sen
2023). Disturbances in mRNA metabolism can lead to alterations in protein synthesis and
secretion, which can contribute to the development of PE (Sammar et al. 2011; Gourvas et al.
2014; Prins et al. 2016). RNA sequencing studies have identified many genes that are
dysregulated in PE, including some established biomarkers such as sFlt-1, and other

promising candidates (Rezk et al. 2022).

In this study, the objective was to investigate the overall genetic profile, with a particular focus
on cardiac and cerebrovascular genes and pathways. The main aim of this study was to
compare the genetic profiles of distinct models of PE, namely the CSE KO model and the
AdsFlt-1 model. We hypothesized that these models would exhibit similar genetic profiles, but
that the AdsFIt-1 model postpartum would show a different genetic expression pattern. To test
this hypothesis, mMRNA expression profiles were assessed in tissues obtained from the
placenta and heart of CSE KO mice, as well as from tissues derived from the heart of AdsFIt-
1 mice, alongside their respective controls. These tissues were collected at E17.5 of

pregnancy and at 34-37 weeks postpartum.
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7.1 Gene expression CSE KO mice

To assess the mRNA expression profiles in heart tissues, Differential expression analysis was

undertaken with the Novogene — Novomagic software.

7.1.1 Gene expression in cardiac tissue of non-pregnant CSE KO vs CSE WT mice

To determine the differentially expressed genes in the LV tissues in non-pregnant and
pregnant CSE KO and CSE WT mice, the profile of gene expression was analysed. There
were 23,646 differentially expressed genes (DEG) identified from non-pregnant CSE KO and
CSE WT mice. Of these, 23,646 DEG, only 927 genes were significantly expressed. Among
these DEG, 426 were up-regulated and 501 down-regulated (log FC>1, P value 0.05) were
observed, which were depicted on a volcano map. Up-regulated genes were illustrated by red
dots, down-regulated genes by blue dots, and non-significant DEG were represented by green
dots. The expression profile of statistically significant DEG was presented in a heatmap
(Figure 7.1B), where up-regulated genes were shown in red and down-regulated genes in
blue. Both the heatmap and the volcano plot for the DEG were showcased in Figure 7.1 and

analysed with Novomagic software.
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Figure 7.1 The DEG in cardiac tissue of non-pregnant of CSE KO (n=2) vs CSE WT mice (n=2),
was visually represented by a volcano plot and a heatmap.

The volcano plot (A) illustrated up-regulated genes with red dots and down-regulated genes with green
dots. The heatmap (B) depicted up-regulated genes as red and down-regulated genes as blue.

A table with the top 5 most upregulated (table 7.1) genes and most downregulated DEG (table
7.2) looking at non-pregnant CSE KO vs CSE WT, was integrated.

Gene ID

Gene Name

Full Name Adjusted P-value
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neurexophilin and PC-
esterase  domain  family,
ENSMUSG00000044229 Nxpe4 1.66E-05
member 4  [Source:MGI

Symbol;Acc:MGI:1924792]

PDZ domain containing 3
ENSMUSG00000032105 Pdzd3 [Source: MGI Symbol; Acc: | 8.51E-97
MGI:2429554]

eukaryotic translation
o initiation factor 3, subunit J1
ENSMUSG00000027236 Eif3j1 6.86E-05
[Source: MGI Symbol; Acc:

MGI:1925905]

ectonucleoside triphosphate

diphosphohydrolase 4B

ENSMUSG00000022066 Entpd4b 1.17E-83
[Source: MGI Symbol; Acc:
MGI:5435040]

cold shock domain containing
C2, RNA binding [Source:
ENSMUSG00000042109 Csdc2 2.67E-15
MGI Symbol; Acc:

MGI:2146027]

Table 7.1 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
descending order from the most upregulated gene to the least upregulated gene in non-
pregnant KO mice versus non-pregnant WT mice.

Gene ID Gene Name | Full Name Adjusted P-value

ribosomal protein L29 [Source:
ENSMUSG00000048758 | Rpl29 1.09E-14
MGI Symbol; Acc: MGI:99687]

cDNA sequence BC002163
ENSMUSG00000081824 | BC002163 [Source: MGI Symbol; Acc: | 3.39E-25
MGI:3612445]
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ribosomal protein L34 [Source:
ENSMUSG00000062006 | Rpl34 MGl Symbol; Acc: | 8.68E-08
MGI:1915686]

predicted gene 14085 [Source:
ENSMUSGO00000079071 | Gm14085 MGI Symbol; Acc: | 2.70E-06
MGI:3702173]

proliferating  cell  nuclear
antigen pseudogene 2
ENSMUSG00000067608 | Pcna-ps2 1.86E-05
[Source: MGI Symbol; Acc:

MGI:97505]

Table 7.2 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in non-
pregnant KO mice versus non-pregnant WT mice.

To examine the functional roles of the DEG, Gene Ontology (GO) analysis was performed
(Figure 7.2). The GO analysis can be categorized into three categories: biological processes
(BP), cellular components (CC), and molecular functions (MF). In this study, upregulated DEG
(Figure 7.2 A1) were significantly correlated with 98 BP, 8 CC and 0 MF, and the
downregulated DEG (Figure 7.2 A2) were significantly correlated with 1 CC only.

The top 5 most upregulated BP included regulation of ERK1 and ERK2 cascade, mononuclear
cell migration, eosinophil chemotaxis, negative regulation of neuron apoptotic process and

negative regulation of immune system process.

The top 5 CC terms in upregulated DEG included membrane raft, membrane microdomain,
plasma membrane raft, and ECM. The downregulated DEG were significantly (Figure 7.2 B2)

correlated with only one CC term, spliceosomal complex.
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Figure 7.2 GO enrichment Analysis of DEG on CSE KO vs CSE WT non-pregnant cardiac

tissue.
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GO of upregulated genes (A1) and downregulated genes (A2) annotates genes to BP, MF, and CC in
a directed acyclic graph structure. Round size represents the gene count of each pathway and the
colour of red to purple represents the significance level cut-off at p adjusted of 0.05. This was done with

both upregulated DEG (B1) and downregulated DEG (B2).
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As Kyoto Encyclopaedia of Genes and Genomes (KEGG) is a more standardised method to
annotate genes to pathway levels, KEGG analysis was performed using the Novomagic
software (Figure 7.3). KEGG analysis revealed that the upregulated DEG (Figure 7.3A1) were
identified to be significantly enriched in 4 pathways. These 4 pathways were Staphylococcus
aureus infection, Central carbon metabolism in cancer, HIF-1 signalling pathway, Chagas
disease (American trypanosomiasis). These pathways are related to immune responses,
metabolic processes, and bacterial infections. In contrast, the downregulated DEG (Figure

7.3A2) were not significantly identified with any pathway (B3).
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Figure 7.3 KEGG pathway enrichment analysis of DEGs from RNA-seq data.

The bar chart showed the top 20 significantly enriched KEGG pathways of DEG with the p adjusted
value cut-off as 0.05. Four upregulated pathways (A1) were significantly correlated to DEG. The top
two were Staphylococcus aureus infection (B1) and HIF-1 signalling pathway (B2). Central carbon
metabolism in cancer, Staphylococcus aureus infection. The downregulated genes (A2) were not
significantly enriched in any pathway (B3).
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7.1.2 Gene expression in the cardiac tissues of pregnant vs non-pregnant CSE WT

mice

In order to determine the differentially expressed genes (DEG) in the LV tissues in normal
cardiac adaptations to pregnancy, a comparison was made between the mRNA profiles of
CSE WT pregnant mice and CSE WT non-pregnant mice. The present investigation employed
data derived from 23,771 DEG identified from CSE WT pregnant and CSE WT mice that were
not pregnant. Of these, 23,771 DEG, only 766 genes were significantly expressed. Among the
DEG, 361 up-regulated genes and 405 down-regulated genes (log FC>1, P value 0.05) were
observed, which were depicted on a volcano map (Figure 7.4A). Up-regulated genes were
illustrated by red dots, down-regulated genes by blue dots, and non-significant DEG were
represented by green dots. The expression profile of statistically significant DEG was
presented in a heatmap (Figure 7.4B), where up-regulated genes were shown in red and
down-regulated genes in blue. Both the heatmap and the volcano plot for the DEG were

showcased in Figure 7.4 and analysed with Novomagic software
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Figure 7.4 The differential expression of genes (DEG) in cardiac tissue of CSE WT pregnant
(n=2) vs CSE WT non pregnant mice (n=2), was visually represented by a volcano plot and a

heatmap.

The volcano plot (A) illustrated up-regulated genes with red dots and down-regulated genes with green
dots. The heatmap (B) depicted up-regulated genes as red and down-regulated genes as blue.

A table with the top 5 most upregulated (table 7.3) genes and most downregulated DEG (table

7.4) looking at CSE WT pregnant vs CSE WT non-pregnant, was synthesized.

Gene .
Gene ID Full Name Adjusted P-value
Name
cytochrome P450, family 1,
ENSMUSG00000032315 | Cyp1a1 ] ] 8.58E-07
subfamily a, polypeptide 1
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[Source: MGI Symbol; Acc:
MGI:88588]

signal recognition particle 54B
ENSMUSG00000112449 | Srp54b [Source: MGI Symbol; Acc: | 4.75E-06
MGI:3714357]

preproenkephalin [Source: MGI
ENSMUSG00000045573 | Penk 6.99E-07
Symbol; Acc: MGI:104629]

mitochondrially encoded tRNA
ENSMUSG00000064366 | mt-TI2 leucine 2 [Source: MGI Symbol; | 6.80E-07
Acc: MGI:102481]

complement  component 3
ENSMUSG00000024164 | C3 [Source: MGI Symbol; Acc: | 1.32E-05
MGI:88227]

Table 7.7.3 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in
pregnant CSE WT mice versus non-pregnant CSE WT mice.

Gene
Gene ID Full Name
Name

interleukin 1 beta [Source: MGl
ENSMUSG00000027398 | II1b 5.66E-05
Symbol; Acc: MGI:96543]

plasminogen activator,
ENSMUSG00000046223 | Plaur urokinase receptor [Source: | 2.92E-05
MGI Symbol; Acc: MGI:97612]

predicted gene, 47985 [Source:
ENSMUSG00000114212 | Gm47985 | MG Symbol; Acc: | 2.98E-06
MGI:6097275]
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insulin receptor substrate 2
ENSMUSG00000038894 | Irs2 [Source: MGI Symbol; Acc: | 1.69E-05
MGI:109334]

cytochrome P450, family 26,
subfamily b, polypeptide 1
ENSMUSG00000063415 | Cyp26b1 2.95E-08
[Source: MGI Symbol; Acc:

MGI:2176159]

Table 7.7.4 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most upregulated gene to the least upregulated gene in pregnant
CSE WT mice versus non-pregnant CSE WT mice.

To examine the functional roles of the DEG in pregnant CSE WT vs CSE non-pregnant mice,
GO analysis was performed. Upregulated DEG (Figure 7.2 A1) were significantly enriched in
36 BP terms, 27 CC terms and 30 MF terms, and the downregulated DEG (Figure 7.2 A2)
were significantly correlated with 112 BP terms, 11 CC terms, and 10 MF terms.

The top 5 BP terms positively regulated were cofactor metabolic process, monocarboxylic acid
metabolic process, cofactor biosynthetic process, tetrapyrrole metabolic process, 2-
oxoglutarate metabolic process, The top BP terms negatively regulated were ossification,
cellular response to external stimulus, positive regulation of voltage-gated potassium channel

activity, leukocyte differentiation, and response to extracellular stimulus.

The top 5 CC terms correlated with an upregulation were mitochondrial matrix, mitochondrial
protein complex, mitochondrial inner membrane, organelle inner membrane, and organellar
ribosome. On the other hand, the top 5 negatively regulated CC terms were actin filament
bundle, actomyosin, stress fibre, contractile actin filament bundle, and cluster of actin-based

cell projections.
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The top 5 upregulated MF terms were cofactor binding, coenzyme binding, glutathione
binding, oligopeptide binding, and oxidoreductase activity, and vitamin binding. The top 5
negatively regulated MF terms were MAP kinase tyrosine/serine/threonine, phosphatase
activity, semaphorin receptor activity, MAP kinase phosphatase activity, actin binding, and
transcriptional repressor activity, RNA polymerase Il transcription regulatory region sequence-
specific DNA binding.
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Figure 7.5 GO enrichment Analysis of DEG on CSE WT pregnant vs CSE WT non-pregnant

cardiac tissue.
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GO of upregulated genes (A1) and downregulated genes (A2) annotates genes to BP, MF, and CC in
a directed acyclic graph structure. Round size represents the gene count of each pathway and the
colour of red to purple represents the significance level cut-off at p adjusted of 0.05. This was done with
both upregulated DEG (B1) and downregulated DEG (B2).
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Figure 7.6 KEGG pathway enrichment analysis of DEGs from RNA-seq data.

The bar chart showed the top 20 significantly enriched KEGG pathways of DEG with the p adjusted
value cut-off as 0.05. Seven significantly upregulated pathways (A1) were correlated with DEG, the top
two were Metabolism of xenobiotics by cytochrome P450 (B1) and Chemical carcinogenesis (B2). Two
significantly downregulated pathways (A2) were correlated with DEG in MAPK signalling pathway (B3)
and Fluid shear stress and atherosclerosis (B4).
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When looking at KEGG analysis, 7 pathways were significantly upregulated (Figure 7.6 A1),
and two pathways were significantly downregulated (Figure 7.6 A2). The top 5 upregulated
pathways were Metabolism of xenobiotics by cytochrome P450 (Figure 7.6 B1), Chemical
carcinogenesis (Figure 7.6 B2), Drug metabolism - cytochrome P450, Parkinson disease, and
Glutathione metabolism. The two downregulated pathways were MAPK signalling pathway

(Figure 7.6 B3) and Fluid shear stress and atherosclerosis (Figure 7.6 B4).

7.1.3 Gene expression in the cardiac tissues of pregnant CSE KO vs CSE KO non-

pregnant mice.

A comparison was made between DEG in the LV tissues of CSE KO pregnant mice and CSE
KO non-pregnant mice. The present investigation employed data derived from 22,082 DEG
identified from CSE KO pregnant and CSE KO mice that were not pregnant. Of these, 22,082
DEG, only 1620 genes were significantly expressed. Among the DEG, 608 up-regulated genes
and 1012 down-regulated genes (log FC>1, P value 0.05) were observed, which were
depicted on a volcano map (Figure 7.7A). Up-regulated genes were illustrated by red dots,
down-regulated genes by blue dots, and non-significant DEG were represented by green dots.
The expression profile of statistically significant DEG was presented in a heatmap (Figure
7.7B), where up-regulated genes were shown in red and down-regulated genes in blue. Both
the heatmap and the volcano plot for the DEG were showcased in Figure 7.4 and analysed

with Novomagic software.
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Figure 7.7 The differential expression of genes (DEG) in cardiac tissue of pregnant of CSE KO
(n=2) vs CSE KO non-pregnant mice (n=2), was visually represented by a volcano plot and a
heatmap.

The volcano plot (A) illustrated up-regulated genes with red dots and down-regulated genes with green
dots. The heatmap (B) depicted up-regulated genes as red and down-regulated genes as blue.

A table with the top 5 most upregulated (table 7.5) DEG and most downregulated DEG (table
7.6) looking at pregnant CSE KO vs non-pregnant CSE KO mice, was composed.
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Gene ID

Gene

Name

Full Name

Adjusted p-value

ENSMUSG00000097891

Gm3650

predicted gene 3650 [Source:
MGI Symbol; Acc:
MGI:3781826]

6.42E-09

ENSMUSG00000067608

Pcna-ps2

proliferating cell nuclear antigen
pseudogene 2 [Source: MG
Symbol; Acc: MGI:97505]

2.94E-11

ENSMUSG00000059040

Eno1b

enolase 1B, retrotransposed
[Source: MGI Symbol; Acc:
MGI:3648653]

5.62E-23

ENSMUSG00000079071

Gm14085

predicted gene 14085 [Source:
MGI Symbol; Acc:
MGI:3702173]

4.19E-08

ENSMUSG00000025889

Snca

synuclein, alpha [Source: MGl
Symbol; Acc: MGI:1277151]

3.79E-11

Table 7.5 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most upregulated gene to the least upregulated gene in pregnant
CSE KO mice versus non-pregnant CSE KO mice.

Gene ID ﬁene Full Name Adjusted P-value
ame
FBJ osteosarcoma oncogene B
ENSMUSG00000003545 | Fosb [Source:MGlI 5.09E-09
Symbol;Acc:MGI:95575]
predicted gene, 17971 [Source:MGI )
ENSMUSG00000101122 | Gm17971 Symbol:Acc:MGI:5010156] 1.63E-06
early growth response 3
ENSMUSG00000033730 | Egr3 [Source:MGil 4 .55E-10

Symbol;Acc:MGI:1306780]
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nuclear receptor subfamily 4, group
ENSMUSG00000023034 | Nr4a1 A, member 1 [Source:MGI 3.99E-06
Symbol;Acc:MGI:1352454]

early growth response 1
ENSMUSG00000038418 | Egr1 [Source:MGlI 8.45E-24
Symbol;Acc:MGI:95295]

Table 7.6 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in
pregnant CSE KO mice versus non-pregnant CSE KO mice.

To examine the functional roles of the DEG, GO (Figure 7.8) analysis was carried out. The
upregulated DEG (Figure 7.8 A1) exhibited significant enrichmentin 15 BP terms, 5 CC terms,
and 5 MF terms. Conversely, the downregulated DEGs (Figure 7.8 A2) exhibited significant
enrichment in demonstrated a significant association with 421 BP terms, 76 CC terms, and 35

MF terms.

The 5 most prominently upregulated biological BP terms included fatty acid metabolism,
monocarboxylic acid metabolism, cofactor metabolism, long-chain fatty acid metabolism, and
regulation of cellular carbohydrate catabolism. Meanwhile, the top 5 downregulated BP terms
encompassed muscle organ development, angiogenesis, striated muscle tissue development,

cardiac muscle tissue development, and cardiac ventricle morphogenesis.

The 5 most significantly upregulated CC terms encompassed peroxisomes, microbodies,
mitochondrial matrix, microbody components, and peroxisomal elements. In contrast, the top
5 downregulated CC terms included cytosolic ribosomes, cytosolic large ribosomal subunits,

ribosomal subunits, ribosomes, and cytosolic portions.

The 5 most notably upregulated MF terms consisted of cofactor binding, peroxidase activity,
antioxidant activity, coenzyme binding, and oxidoreductase activity, utilizing peroxide as the

acceptor. Conversely, the top 5 downregulated MF terms encompassed structural constituents
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of ribosomes, structural molecule activity, cell adhesion molecule binding, actin binding, and

cadherin binding.
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Figure 7.8 GO enrichment Analysis of DEG on CSE KO pregnant vs CSE KO non-pregnant
cardiac tissue.

GO of upregulated genes (A1) and downregulated genes (A2) annotates genes to BP, MF, and CC in
a directed acyclic graph structure. Round size represents the gene count of each pathway and the
colour of red to purple represents the significance level cut-off at p adjusted of 0.05. This was done with
both upregulated DEG (B1) and downregulated DEG (B2).
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Figure 7.9 KEGG pathway enrichment analysis of DEGs from RNA-seq data.

The bar chart showed the top 20 significantly enriched KEGG pathways of DEG with the p adjusted
value cut-off as 0.05. Two significantly upregulated pathways (A1) were correlated with DEG; Malaria
(B1) and proteoglycans in cancer (B2). Ten significantly downregulated pathways (A2) were correlated
with DEG, he tops 2 were ribosome (B3) and Parkinson disease (B4).
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The KEGG analysis (Figure 7.9) revealed 2 significantly upregulated pathways (Figure 7.9A1)
and 10 significantly downregulated pathways. The 2 upregulated pathways were Malaria and
proteoglycans in cancer. The top 5 downregulated pathways were ribosome, Non-alcoholic
fatty liver disease (NAFLD), Parkinson disease (Figure 7.9 B3), Oxidative phosphorylation
(Figure 7.9 B4), and Hypertrophic cardiomyopathy (HCM)

Gene expression in cardiac tissue of pregnant CSE KO vs CSE WT pregnant mice

A comparison was made between the DEG in the LV tissues of CSE KO pregnant mice and
CSE WT pregnant mice. The present investigation employed data derived from 22,620 DEG
identified from pregnant CSE KO and CSE WT mice. Of these, 22,620 DEG, only 929 genes
were significantly expressed. Among the DEG, 411 up-regulated genes and 518 down-
regulated genes (log FC>1, P value 0.05) were observed, which were depicted on a volcano
map (Figure 7.10A). Up-regulated genes were illustrated by red dots, down-regulated genes
by blue dots, and non-significant DEG were represented by green dots. The expression profile
of statistically significant DEG was presented in a heatmap (Figure 7.10B), where up-regulated
genes were shown in red and down-regulated genes in blue. Both the heatmap and the
volcano plot for the DEG were showcased in Figure 7.4 and analysed with Novomagic

software.
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Figure 7.10 The differential expression of genes (DEG) in cardiac tissue of pregnant of CSE KO
(n=2) vs CSE WT pregnant (n=2) mice, was visually represented by a volcano plot and a
heatmap.

The volcano plot (A) illustrated up-regulated genes with red dots and down-regulated genes with green
dots. The heatmap (B) depicted up-regulated genes as red and down-regulated genes as blue.

A table with the top 5 most upregulated (table 7.7) DEG and most downregulated DEG (table
7.8) looking at pregnant CSE KO vs CSE WT mice, was recorded.

Gene .
Gene ID Full Name Adjusted P-value
Name
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ENSMUSG00000044229

Nxpe4

neurexophilin  and PC-esterase
domain family, member 4 [Source:

MGI Symbol; Acc: MGI1:1924792]

8.83E-15

ENSMUSG00000059040

Eno1b

enolase 1B,
[Source:MGI
Symbol;Acc:MGI:3648653]

retrotransposed

1.64E-21

ENSMUSG00000030278

Cidec

DFFA-like
effector C [Source:MGI
Symbol;Acc:MGI:95585]

cell  death-inducing

0.00050705

ENSMUSG00000096842

Gm10736

predicted gene 10736 [Source:MGI
Symbol;Acc:MGI:3704412]

0.00514527

ENSMUSG00000020738

Sumo?2

small modifier 2
[Source:MGI

Symbol;Acc:MGI:2158813]

ubiquitin-like

1.76E-05

Table 7.7 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most upregulated gene to the least upregulated gene in pregnant

CSE KO mice vs CSE WT mice.

Gene
Gene ID Full Name Adjusted P-value
Name
cDNA sequence BC002163
ENSMUSG00000081824 | BC002163 | [Source: MGI Symbol; Acc: | 9.07E-25
MGI:3612445]
ribosomal protein L34 [Source:
ENSMUSG00000062006 | Rpl34 MGI Symbol; Acc: | 3.82E-100
MGI:1915686]
predicted gene 1840 [Source:
ENSMUSG00000043192 | Gm1840 MGI Symbol; Acc: | 2.05E-10
MGI:3037698]
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RABG6B, member RAS
ENSMUSG00000032549 | Rab6b oncogene family [Source: MGI | 8.83E-15
Symbol; Acc: MGI:107283]

predicted gene 6166 [Source:
ENSMUSG00000074280 | Gm6166 MGI Symbol; Acc: | 3.21E-06
MGI:3645893]

Table 7.8 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in
pregnant CSE KO mice vs CSE WT mice.

To explore the functional roles of DEG, a GO analysis was performed (Figure 7.11). The
upregulated DEGs (Figure 7.11 A1) demonstrated significant enrichment in 204 BP terms, 20
CC terms, and 11 MF terms. Meanwhile, the downregulated DEGs displayed significant
enrichment in 76 BP terms, 43 CC terms, and 29 MF terms.
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Figure 7.11 GO enrichment Analysis of DEG on pregnant CSE KO vs CSE WT in cardiac tissue.

GO of upregulated genes (A1) and downregulated genes (A2) annotates genes to BP, MF, and CC in
a directed acyclic graph structure. Round size represents the gene count of each pathway and the
colour of red to purple represents the significance level cut-off at p adjusted of 0.05. This was done with
both upregulated DEG (B1) and downregulated DEG (B2).
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The 5 most markedly upregulated BP terms included granulocyte chemotaxis, muscle tissue
development, neutrophil chemotaxis, cardiac muscle tissue development, and cardiac
chamber development. In contrast, the top 5 downregulated BP terms featured cytoplasmic
translation, ATP metabolic process, ribonucleoside, triphosphate metabolic process, and cell

death in response to hydrogen peroxide.

The most prominently upregulated CC terms encompassed proteinaceous extracellular
matrix, extracellular matrix, membrane microdomain, membrane raft, and membrane region.
Conversely, the top 5 downregulated CC terms cytosolic ribosome, ribosomal subunit, inner

mitochondrial membrane protein complex, cytosolic part, and respiratory chain.

The 5 most notably upregulated MF terms were comprised of glycosaminoglycan binding,
heparin binding, MAP kinase tyrosine/serine/threonine phosphatase activity, retinoid X
receptor binding, and CCR chemokine receptor binding. On the other hand, the top 5
downregulated structural constituent of ribosome, structural molecule activity, rRNA binding,

proton transmembrane transporter activity, and electron transfer activity.

The KEGG analysis (Figure 7.12) revealed 2 significantly upregulated pathways and 10
downregulated pathways. The upregulated pathways (Figure 7.12 A1) consisted of malaria
(Figure 7.12 B1) and Proteoglycans in cancer (Figure 7.12 B2). In contrast, the top 5
downregulated pathways (Figure 7.12 A2) featured Ribosome (Figure 7.12 B3), Oxidative
phosphorylation (Figure 7.12 B4), Parkinson disease, Thermogenesis, and Alzheimer

disease.
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Figure 7.12 KEGG pathway enrichment analysis of DEGs from RNA-seq data.

The bar chart showed the top 20 enriched KEGG pathways of DEG with the p adjusted value cut-off as
0.05. Two significantly upregulated pathways (A1) were features; Malaria (B1) and Proteoglycans in
cancer (B2). Ten significantly downregulated pathways (A2) were revealed. The top 2 consisted of
Ribosome (B3), and Oxidative phosphorylation (B4).
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7.2 Gene expression in pregnant mice overexpressing sFlt-1

sFlt-1 is a soluble form of the vascular endothelial growth factor receptor-1 (VEGFR-1) that
plays a critical role in angiogenesis and vascular homeostasis (Gruson et al. 2016b; K. R.
Palmer et al. 2017). During pregnancy, sFlt-1 levels increase, particularly in cases of PE, a
hypertensive disorder characterized by decreased placental perfusion and endothelial
dysfunction (Mustonen & Alitalo 1995; S. Ahmad et al. 2011; Lamarca 2012; Yaling Zhai et al.
2020). An elevated level of sFIt-1 in pregnancy leads to adverse outcomes such as
hypertension, proteinuria, and impaired foetal growth, as it can bind and sequester circulating
VEGF and PIGF, leading to endothelial dysfunction and vascular damage (Kendall & Thomas
1993; Forsythe et al. 1996; S. Ahmad & Ahmed 2004; Sanchez-Aranguren et al. 2014; Yaling
Zhai et al. 2020). Furthermore, recent studies have implied that sFlt-1 levels may remain
elevated long-term postpartum, potentially contributing to increased cardiovascular risk in
women with a history of PE (Heidrich et al. 2013; Thayaparan et al. 2019; Frost et al. 2021;
Khosla et al. 2021; Pittara et al. 2021). Elevated sFlt-1 levels have been related with
endothelial dysfunction, arterial stiffness, and impaired diastolic function, highlighting the
potential long-term effects of this molecule on cardiovascular health (Amaral et al. 2015;
Bokslag et al. 2016; Janzarik et al. 2018; Turbeville & Sasser 2020; DeMartelly et al. 2021; J.
Kitt et al. 2021).

In effort to elucidate the genes and pathways implicated in the pathogenesis of PE, mRNA
sequencing analysis was conducted on cardiac tissues. We hypothesized that these models
would manifest analogous genetic profiles, except for the AdsFIt-1 model in the postpartum
period, which was expected to display a distinctive genetic expression pattern. To verify this
hypothesis, the mMRNA expression profiles in tissues derived from the heart of CSE KO mice,
along with heart tissues obtained from AdsFlt-1 mice and their corresponding controls, were

performed.
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7.21 Gene expression in cardiac tissue of AdsFIt-1 vs AACMV mice in pregnancy

In a similar fashion to the previous section, a comparative study was conducted between the
DEG in the LV tissues of AdsFIt-1 pregnant mice and AACMV pregnant mice. In this study,
data from 23,064 DEG identified from pregnant AdsFIt-1 and AdCMV mice, were utilized. Out
of these DEGs, only 1165 were found to be significantly expressed (log FC>1, P value 0.05),
with 697 up-regulated genes and 968 down-regulated genes observed on a volcano map
(Figure 7.13 A). Red dots on the map represented up-regulated genes, blue dots indicated
down-regulated genes, while green dots represented non-significant DEGs. Additionally, a
heatmap was generated to display the expression profile of the statistically significant DEGs,
where up-regulated genes were depicted in red and down-regulated genes in blue (Figure
7.13 B). Both the heatmap and volcano plot for the DEGs were analysed using Novomagic
software and presented in Figure 7.13.
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Figure 7.13 The differential expression of genes (DEG) in cardiac tissue of pregnant of AdsFIt-1
vs AdCMV pregnant mice, was visually represented by a volcano plot and a heatmap.

The differential expression of genes (DEG) in cardiac tissue of pregnant of AdsFIt-1 vs AACMV pregnant
mice, was visually represented by a volcano plot and a heatmap. The volcano plot (A) illustrated up-
regulated genes with red dots and down-regulated genes with blue dots. The heatmap (B) depicted up-
regulated genes as blue and down-regulated genes as red.

A table with the top 5 most upregulated (table 7.9) DEG and most downregulated DEG (table

7.10) looking at pregnant AdsFIt-1 vs AdCMV mice, was recorded.

Adjusted p-
Gene ID Gene Name | Full Name value
predicted gene, 31251 [Source:MGl
ENSMUSG00000115610 | Gm31251 Symbol:Acc-MGI:5590410] 0.00089416
194

Y. Correia, PhD Thesis, Aston University 2023




ENSMUSG00000016458

Wit1

Wilms tumour 1 homolog
[Source:MGI
Symbol;Acc:MGI:98968]

4.21E-07

ENSMUSG00000078816

Prkcg

protein kinase C, gamma
[Source:MGI
Symbol;Acc:MGI:97597]

9.28E-05

ENSMUSG00000038587

Akap12

A kinase (PRKA) anchor protein
(gravin) 12 [Source:MGI
Symbol;Acc:MGI:1932576]

1.66E-07

ENSMUSG00000006403

Adamts4

a disintegrin-like and
metallopeptidase (reprolysin type)
with thrombospondin type 1 motif, 4
[Source:MGI
Symbol;Acc:MGI:1339949]

0.04382682

Table 7.9 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most upregulated gene to the least upregulated gene in pregnant

AdsFIt-1 vs AACMV mice.

Symbol;Acc:MGI:1346086]

Adjusted p-
Gene ID Gene Name | Full Name
value
T cell specific GTPase 1 [Source:MGI
ENSMUSG00000078922 | Tgtp1 1.17E-08
Symbol;Acc:MGI:98734]
T cell specific GTPase 2 [Source:MGI
ENSMUSG00000078921 | Tgtp2 7.28E-15
Symbol;Acc:MGI:3710083]
cDNA sequence BC023105
ENSMUSG00000063388 | BC023105 [Source:MGlI 0.00012439
Symbol;Acc:MGI:2384767]
angiopoietin-like 4 [Source:MGI
ENSMUSG00000002289 | Angptl4 1.88E-15
Symbol;Acc:MGI:1888999]
apelin receptor [Source:MGI
ENSMUSG00000044338 | Apinr 9.43E-08

Table 7.10 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in
pregnant AdsFlt-1 vs AACMV mice.
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The top 5 upregulated BP terms featured heart process, cardiac muscle hypertrophy,
regulation of axon extension, cardiac muscle hypertrophy in response to stress, and heart
valve development. The top downregulated terms were constituted of electron transport chain,
cytoplasmic translation, mitochondrial respiratory chain complex assembly, oxidative

phosphorylation, and mitochondrial respiratory chain complex | assembly.

The top 5 upregulated CC terms featured contractile fibre, myofibril, nuclear speck, Z disc,
and cell-substrate junction. The top 5 downregulated terms included ribosome, ribosomal
subunit, cytosolic ribosome, mitochondrial protein complex, and inner mitochondrial

membrane protein complex.
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Figure 7.14 GO enrichment Analysis of DEG on the cardiac tissue of AdsFIt-1 vs AdCMV in

pregnant mi

ce.

GO of upregulated genes (A1) and downregulated genes (A2) annotates genes to BP, MF, and CC in
a directed acyclic graph structure. Round size represents the gene count of each pathway and the
colour of red to purple represents the significance level cut-off at p adjusted of 0.05. This was done with
both upregulated DEG (B1) and downregulated DEG (B2).
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The five most significantly upregulated MF terms incorporated proximal promoter sequence-
specific DNA binding, RNA polymerase Il proximal promoter sequence-specific DNA binding,
transcription factor functionality, transcription factor interaction, protein binding, and
transcription cofactor activity. In contrast, the top five downregulated MF terms involved
structural components of the ribosome, rRNA engagement, electron transfer functionality,

cytochrome-c oxidase activity, and haem-copper terminal oxidase functionality.

The KEGG analysis (Figure 7.18) revealed 19 significantly upregulated pathways and 18
downregulated pathways. The top 5 upregulated pathways (Figure 7.18 A1) consisted of
cGMP-PKG signalling pathway, Insulin resistance, MicroRNAs, Dilated cardiomyopathy
(Figure 7.18 B2), and Hypertrophic cardiomyopathy (Figure 7.18 B1). In contrast, the top 5
downregulated pathways (Figure 7.18 A2) featured Cardiac muscle contraction (Figure 7.18
B4), Oxidative phosphorylation (Figure 7.18 B3), Parkinson disease, Thermogenesis, and

Huntington disease.
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Figure 7.15 KEGG pathway enrichment analysis of DEGs from RNA-seq data of the cardiac
tissue in pregnancy of AdsFIt-1 vs AAdCMV mice.

The bar chart showed the top 20 significantly enriched KEGG pathways of DEG with the p adjusted
value cut-off as 0.05. Nineteen significantly upregulated pathways (A1) were expressed. The top 2
upregulated pathways were hypertrophic cardiomyopathy (B1) and dilated cardiomyopathy (B2).
Eighteen significantly downregulated pathways (A2) were expressed. The top 2 downregulated
pathways were oxidative phosphorylation (B3) and Cardiac muscle contraction (B4).
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7.2.2 Gene expression in cardiac tissue of AACMV postpartum vs AdCMV in

pregnancy

In a similar fashion to the previous section, a comparative study was carried out between the
DEG in the LV tissues of AdsFIt-1 pregnant mice and ADCMV pregnant mice. In this study,
data from 24,232 DEG identified from AdCMV postpartum and AACMV pregnant mice were
utilized. Out of these 24,232 DEGs, only 544 genes were found to be significantly expressed
(log FC>1, P value 0.05), with 240 up-regulated genes and 304 down-regulated genes
observed on a volcano map (Figure 7.19 A). Red dots on the map represented up-regulated
genes, blue dots pointed to down-regulated genes, while green dots represented non-
significant DEGs. The volcano plot for the DEGs was analysed using Novomagic software and

presented in Figure 7.19.
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Figure 7.16 The differential expression of genes (DEG) in cardiac tissue of pregnant of AdCMV
postpartum vs AdCMV in pregnant mice, was visually represented by a volcano plot.

The volcano plot (A) illustrated up-regulated genes with red dots and down-regulated genes with blue
dots.

A table with the top 5 most upregulated (table 7.11) DEG and most downregulated DEG (table
7.12) looking at postpartum AdCMV vs pregnant AACMV mice, was recorded.

Adjusted P-
Gene ID Gene Name | Full Name

value

bone morphogenetic protein 10

ENSMUSG00000030046 | Bmp10 [Source: MGI Symbol; Acc: | 1.48E-05

MGI:1338820]
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myosin, light polypeptide 7, regulatory
ENSMUSG00000020469 | Myl7 0.04573424

[Source:MGI Symbol;Acc:MGI:107495]

cytochrome b reductase 1 [Source:MGI
ENSMUSG00000027015 | Cybrd1 0.01011774

Symbol;Acc:MGI:2654575]

small nucleolar RNA host gene 11
ENSMUSG00000044349 | Snhg11 [Source:MGlI 0.03219213

Symbol;Acc:MGI:2441845]

leucine rich repeat neuronal 4
ENSMUSG00000043110 | Lrrn4 [Source:MGlI 0.00025287

Symbol;Acc:MGI:2445154]

Table 7.11 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most upregulated gene to the least upregulated gene in postpartum
AdCMV vs pregnant AACMV mice.

Adjusted P-
Gene ID Gene Name | Full Name
value
lactate dehydrogenase C [Source:MGl
ENSMUSG00000030851 Ldhc 0.00073118
Symbol;Acc:MGI1:96764]
kidney androgen regulated protein
ENSMUSG00000032758 Kap 0.00549447
[Source:MGI Symbol;Acc:MGI:96653]
nuclear receptor subfamily 4, group A,
ENSMUSG00000023034 Nr4a1 member 1 [Source:MGI | 0.00430485
Symbol;Acc:MGI:1352454]
FBJ osteosarcoma oncogene
ENSMUSG00000021250 Fos 4.66E-53
[Source:MGI Symbol;Acc:MGI:95574]
early growth response 2 [Source:MGl
ENSMUSG00000037868 Egr2 3.86E-14
Symbol;Acc:MGI:95296]
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Table 7.12 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in
postpartum AdCMV vs pregnant AACMV mice.

GO analysis (Figure 7.20) was conducted to examine the functional implications of DEG. The
upregulated DEG (Figure 7.11 A1) exhibited significant enrichment in 13 BP terms, 5 CC
terms, 8 MF terms and the downregulated DEG exhibited significant enrichment in 244 BP
terms, 15 CC terms and 23 MF terms.

The top 5 upregulates BP terms consisted of blood coagulation, haemostasis, coagulation,
cell-cell adhesion mediated by cadherin, cell surface receptor signalling pathway involved in
cell-cell signalling. The top downregulated BP terms included negative regulation of
vasculature development, negative regulation of blood vessel morphogenesis, negative

regulation of angiogenesis, response to steroid hormone, and ERK1 and ERK2 cascade.

The top 5 upregulated CC terms encompassed plasma membrane protein complex, catenin
complex, ion channel complex, transmembrane transporter complex, and transporter
complex. The top 5 downregulated CC consisted of ECM, ECM component, proteinaceous

extracellular matrix, basement membrane, and complex of collagen trimers.

The top 5 upregulated MF terms were constituted of fibronectin binding, collagen binding,
ECM structural constituent, heparan sulphate proteoglycan binding, and heparin binding. The
top 5 downregulated MF terms consisted of ECM structural constituent, platelet-derived
growth factor binding, ECM structural constituent conferring tensile strength, growth factor
binding, and ECM binding.
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Figure 7.17 GO enrichment Analysis of DEG in cardiac tissue of pregnant of AACMV postpartum
vs AACMV in pregnant mice.

GO of upregulated genes (A1) and downregulated genes (A2) annotates genes to BP, MF, and CC in
a directed acyclic graph structure. Round size represents the gene count of each pathway and the
colour of red to purple represents the significance level cut-off at p adjusted of 0.05. This was done with
both upregulated DEG (B1) and downregulated DEG (B2).
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Figure 7.18 KEGG pathway enrichment analysis of DEGs from RNA-seq data of the cardiac
tissue in AACMV postpartum vs AAdCMV in pregnant mice.

The bar chart showed the top 20 significantly enriched KEGG pathways of DEG with the p adjusted
value cut-off as 0.05. Two significantly upregulated pathways were seen (A1); Cytokine-cytokine
receptor interaction (B1) and ECM-receptor interaction (B2). Fourteen significantly downregulated
pathways (A2) were seen. The top 2 downregulated pathways were Protein digestion and absorption
(B3) and AGE-RAGE signalling pathway in diabetic complications (B4).
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7.2.3 Gene expression in cardiac tissue of AdsFIt-1 postpartum vs AdsFIt-1 mice

in preghancy

A comparative study was conducted between DEG in the LV tissues of postpartum AdsFlt-1
and pregnant AdsFlt-1 mice, utilizing data from 21,695 DEG. Of these 21,695 DEGs, only
3118 genes were found to be significantly expressed (log FC>1, P value 0.05), with 1295 up-
regulated genes and 1823 down-regulated genes observed on a volcano map. The volcano
plot (Figure 7.22 A) showcased red dots representing up-regulated genes, blue dots indicating
down-regulated genes, and green dots representing non-significant DEGs. A heatmap (Figure
7.22 B) was also generated to display the expression profile of the statistically significant
DEGs, where up-regulated genes were depicted in red and down-regulated genes in blue.
Both the heatmap and volcano plot for the DEGs were analysed using Novomagic software

and presented in Figure 7.22.
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Figure 7.19 The differential expression of genes (DEG) in cardiac tissue of postpartum AdsFIt-
1 vs AdsFIt-1 in pregnhant mice, was visually represented by a volcano plot and a heatmap.

The volcano plot (A) illustrated up-regulated genes with red dots and down-regulated genes with blue
dots. The heatmap (B) depicted up-regulated genes as blue and down-regulated genes as red.

A table with the top 5 most upregulated (table 7.13) DEG and most downregulated DEG (table

7.14) looking at postpartum AdsFIt-1 vs pregnant AdsFlt-1 mice, was recorded.

Adjusted P-
Gene ID Gene Name | Full Name
value
chemokine (C-X-C motif) ligand 13
ENSMUSG00000023078 | Cxcl13 0.00206306
[Source:MGI Symbol;Acc:MGI:1888499]
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predicted gene 44608 [Source:MGI
ENSMUSG00000108324 | Gm44608 0.00303406

Symbol;Acc:MGI:5753184]

predicted pseudogene 7609
ENSMUSG00000079457 | Gm7609 0.00849665

[Source:MGI Symbol;Acc:MGI:3644536]

predicted gene 10419 [Source:MGI
ENSMUSG00000072769 | Gm10419 0.01277775

Symbol;Acc:MGI:3642823]

CD209f antigen [Source:MGI
ENSMUSG00000051906 | Cd209f 4.51E-05

Symbol;Acc:MGI:1916392]

Table 7.13 Table of top 5 upregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most upregulated gene to the least upregulated gene in postpartum

AdsFIt-1 vs pregnant AdsFIt-1 mice.

Adjusted P-
Gene ID Gene Name | Full Name
value
protamine 2 [Source:MGl
ENSMUSG00000038015 | Prm2 8.47E-05
Symbol;Acc:MGI:97766]
transition protein 2  [Source:MGI
ENSMUSG00000043050 | Tnp2 0.00013498
Symbol;Acc:MGI:98785]
uroplakin 3B [Source:MGil
ENSMUSG00000042985 | Upk3b 3.85E-06
Symbol;Acc:MGI:2140882]
apolipoprotein B [Source:MGI
ENSMUSG00000020609 | Apob 1.02E-05
Symbol;Acc:MGI:88052]
serine (or cysteine) peptidase inhibitor,
ENSMUSG00000060807 | Serpina6 clade A, member 6 [Source:MGI | 4.98E-11
Symbol;Acc:MGI:88278]

Table 7.14 Table of top 5 downregulated genes with a cut-off at p adjusted of 0.05, ordered in
ascending order from the most downregulated gene to the least downregulated gene in
postpartum AdsFlt-1 vs pregnant AdsFIt-1 mice.
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GO analysis was completed to identify functional roles of DEG. When comparing postpartum
AdsFIt-1 mice with pregnant AdsFlt-1, significantly upregulated DEG (Figure 7.23 A1) were
enriched in 136 BP terms, 78 in CC terms, 44 in MF terms, and significantly downregulated
DEG were enriched in 840 BP terms, 81 in CC terms, and 93 in MF terms.
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Figure 7.20 GO enrichment Analysis of DEG in cardiac tissue of postpartum AdsFIt-1 vs AdsFit-

1 in pregnant mice.

GO of upregulated genes (A1) and downregulated genes (A2) annotates genes to BP, MF, and CC in
a directed acyclic graph structure. Round size represents the gene count of each pathway and the
colour of red to purple represents the significance level cut-off at p adjusted of 0.05. This was done with

both upregulated DEG (B1)

and downregulated DEG (B2).
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The top 5 upregulated BP terms consisted of electron transport chain, mitochondrial
respiratory chain complex assembly, cytoplasmic translation, NADH dehydrogenase complex
assembly, and mitochondrial respiratory chain complex | assembly. The top 5 downregulated
BP terms involved angiogenesis, heart morphogenesis, striated muscle tissue development,

muscle cell differentiation, and muscle tissue development.

The top 5 upregulated CC terms comprised ribosome, ribosomal subunit, cytosolic ribosome,
mitochondrial protein complex, and inner mitochondrial membrane protein complex. The top
5 downregulated CC terms consisted of actin cytoskeleton, cell-substrate junction, focal

adhesion, cell leading edge, and adherens junction.

The top 5 upregulated MF terms featured structural constituent of ribosome, rRNA binding,
peroxidase activity, oxidoreductase activity acting on peroxide as acceptor, and antioxidant
activity. The top downregulated MF terms involved actin binding, proximal promoter sequence-
specific DNA binding, RNA polymerase Il proximal promoter sequence-specific DNA binding,
transcription factor functionality, protein binding, and transcription factor functionality and

interaction.

KEGG analysis was also undertaken on the cardiac tissues of postpartum AdsFlt-1 vs AdsFIt-
1 in pregnant mice and DEG (Figure 7.24 A1) were associated with 17 significantly
upregulated pathways and 97 downregulated pathways (Figure 7.24 A2). The top 5
upregulated pathways Oxidative phosphorylation (Figure 7.24 B1), Chemical carcinogenesis
- reactive oxygen species (Figure 7.24 B2), Diabetic cardiomyopathy, Parkinson disease and
Huntington disease. The top 5 downregulated Focal adhesion (Figure 7.24 B3), ECM-receptor
interaction (Figure 7.24 B4), Parathyroid hormone synthesis, secretion, and action, PI3K-Akt

signalling pathway, and Proteoglycans in cancer.
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Figure 7.21 KEGG pathway enrichment analysis of DEGs from RNA-seq data of the cardiac
tissue in AdsFIt-1 postpartum vs AdsFIt-1 in pregnant mice.

The bar chart showed the top 20 significantly enriched KEGG pathways of DEG with the p adjusted
value cut-off as 0.05. Seventeen upregulated pathways were detected. The top two upregulated DEG
(A1) were significantly concomitant with Oxidative phosphorylation (B1) and Chemical carcinogenesis
— reactive oxygen species (B2). Ninety-seven significantly downregulated pathways were observed.
The top two downregulated pathways (A2) were significantly related with Focal adhesion (B3) and
ECM-receptor interaction (B4).
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7.2.4 Gene expression in cardiac tissue of postpartum AdsFIt-1 vs AACMV in mice

In this study, a comparative analysis was performed on DEG in the LV tissues of postpartum
AdsFIt-1 and postpartum AdCMV mice utilizing data from 24,251 DEG. Out of these DEGs,
only 262 genes were found to be significantly expressed, with 39 up-regulated and 223 down-
regulated genes observed on a volcano map. The volcano plot, depicted in Figure 7.25 A,
displayed red dots representing up-regulated genes, blue dots indicating down-regulated
genes, and green dots representing non-significant DEGs. Additionally, a heatmap was
generated to display the expression profile of the statistically significant DEGs, where up-
regulated genes were depicted in red and down-regulated genes in blue (Figure 7.25 B). Both
the heatmap and volcano plot for the DEGs were analysed using Novomagic software and

presented in Figure 7.25.
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Figure 7.22 The differential expression of genes (DEG) in cardiac tissue of postpartum AdsFIt-1
vs AdCMV mice, was visually represented by a volcano plot and a heatmap.

The volcano plot (A) illustrated up-regulated genes with red dots and down-regulated genes with blue
dots. The heatmap (B) depicted up-regulated genes as blue and down-regulated genes as red.

A table with the top 5 most upregulated (table 7.15) DEG and most downregulated DEG (table
7.16) looking at postpartum AdsFlt-1 vs AACMV mice, was recorded.
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[Source: MGI Symbol; Acc:
MGI:2176159]

Gene ID Gene Name | Full Name Adjusted P-value
cytochrome P450, family 26,
subfamily b, polypeptide 1 0.03881044
ENSMUSG00000063415 | Cyp26b1

Table 7.15 Table of upregulated DEG with a cut-off at p adjusted of 0.05, ordered in ascending
order from the most upregulated gene to the least upregulated gene in postpartum AdsFlt-1 vs
AdCMV mice. Only one DEG was significantly upregulated.

Gene ID

Gene Name

Full Name

Adjusted P-value

ENSMUSG00000042045

Sin

sarcolipin [Source: MGI Symbol;
Acc: MGI:1913652]

0.00023459

ENSMUSG00000026347

Tmem163

transmembrane  protein 163
[Source: MGI Symbol; Acc:
MGI:1919410]

0.0062368

ENSMUSG00000030046

Bmp10

bone morphogenetic protein 10
[Source:MGI
Symbol;Acc:MGI:1338820]

0.00542809

ENSMUSG00000042985

Upk3b

uroplakin 3B [Source:MGil
Symbol;Acc:MGI:2140882]

0.02080121

ENSMUSG00000020469

Myl7

myosin, light polypeptide 7,
regulatory [Source:MGIl
Symbol;Acc:MGI:107495]

0.00889415

Table 7.16 Table of downregulated regulated DEG with a cut-off at p adjusted of 0.05, ordered
in ascending order from the most downregulated gene to the least downregulated gene in
postpartum AdsFIt-1 vs AACMV mice.
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GO analysis was undertaken to determine the functional roles of DEG when comparing
postpartum AdsFIt-1 and AACMV mice.
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Figure 7.23 GO enrichment Analysis of DEG in cardiac tissue of postpartum AdsFIt-1 vs AdCMV

mice.

GO of upregulated genes (A1) and downregulated genes (A2) annotates genes to BP, MF, and CC in
a directed acyclic graph structure. Round size represents the gene count of each pathway and the
colour of red to purple represents the significance level cut-off at p adjusted of 0.05. This was done with
both upregulated DEG (B1) and downregulated DEG (B2).
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When comparing postpartum AdsFlt-1 mice with AdCMV, significantly upregulated DEG
(Figure 7.26 A1) were enriched in 27 BP terms, 17 in CC terms, 11 in MF terms, and
significantly downregulated DEG were enriched in 26 BP terms, 26 in CC terms, and 4 in MF

terms.

The top 5 upregulated BP terms involved ATP synthesis coupled electron transport,
respiratory electron transport chain, oxidative phosphorylation, electron transport chain, and
cellular respiration. The top 5 downregulated BP terms featured haemostasis, blood

coagulation, coagulation, regulation of body fluid levels, and wound healing.

The top 5 upregulated CC terms comprised inner mitochondrial membrane protein complex,
mitochondrial respiratory chain, respiratory chain complex, respiratory chain, and
mitochondrial membrane part. The top 5 downregulated CC terms consisted of extracellular
matrix, synaptic vesicle membrane, exocytic vesicle membrane, cation channel complex, and

calcium channel complex.

The top 5 upregulated MF terms included cytochrome-c oxidase activity, haem-copper
terminal oxidase activity, oxidoreductase activity acting on a haem group of donors with
oxygen as acceptor, oxidoreductase activity acting on a haem group of donors, and NADH
dehydrogenase (ubiquinone) activity. Conversely, the top 4 downregulated MF terms were
fibronectin binding, vitamin transmembrane transporter activity, insulin-like growth factor |

binding, and extracellular matrix binding.

KEGG analysis revealed a positive regulation for 10 pathways (Figure 7.27 A1) and a negative
regulation for 5 pathways (Figure 7.27 A2). The top 5 upregulated pathways included
Oxidative phosphorylation (Figure 7.27 B1), Parkinson disease (Figure 7.27 B2), Diabetic
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cardiomyopathy, Chemical carcinogenesis - reactive oxygen species, and Thermogenesis.
The 5 downregulated pathways were ECM-receptor interaction (Figure 7.27 B3), Dilated
cardiomyopathy (Figure 7.27 B4), Hematopoietic cell lineage, Hypertrophic cardiomyopathy,
Platelet activation.
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Figure 7.24 KEGG pathway enrichment analysis of DEGs from RNA-seq data in cardiac tissue
of postpartum AdsFIt-1 vs AACMV mice.

The bar chart showed the top 20 significantly enriched KEGG pathways of DEG with the p adjusted
value cut-off as 0.05. Ten significantly upregulated pathways were observed (A1). The top 2 pathways
included Oxidative phosphorylation (B1) and Parkinson disease (B2). Five significantly downregulated
pathways were seen. The top 2 downregulated pathways (A2) were composed of ECM-receptor
interaction (B3) and Dilated cardiomyopathy (B4).
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7.2.5 Gene expression in cardiac tissue of AdsFIt-1 postpartum vs pregnant
AdCMV mice

This study aimed to perform a comparative analysis on DEG in the LV tissues of postpartum
AdsFIt-1 and pregnant ADCMV mice, utilising data from 23,043 DEG. The results showed that
only 631 DEGs were significantly expressed, with 150 genes being up-regulated and 481
down-regulated, as observed on a volcano map (Figure 7.28 A). The volcano plot was
generated using red dots to indicate up-regulated genes, blue dots to indicate down-regulated
genes, and green dots to indicate non-significant DEGs. Furthermore, Novomagic software
was used to analyse both the heatmap and volcano plot for the DEGs, where the expression
profile of the statistically significant DEGs was depicted in red for up-regulated genes and blue
for down-regulated genes (Figure 7.28 B). These findings provide valuable insights into the

differential gene expression in postpartum AdsFIt-1 and pregnant ACMV mice.
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Figure 7.25 The differential expression of genes (DEG) in cardiac tissue of postpartum AdsFIt-
1 vs pregnant AACMV mice, was visually represented by a volcano plot and a heatmap.

The volcano plot (A) illustrated up-regulated genes with red dots and down-regulated genes with blue
dots. The heatmap (B) depicted up-regulated genes as blue and down-regulated genes as red.

A table with the top 5 most upregulated (table 7.17) DEG and most downregulated DEG (table
7.18) looking at postpartum AdsFIt-1 vs pregnant AACMV mice, was recorded.

Adjusted P-
Gene ID Gene Name | Full Name value
CD209f antigen [Source: MGI
ENSMUSG00000051906 | Cd209f Symbol: Acc: MGI:1916392] 0.00039716
cadherin 22 [Source: MGI Symbol;
ENSMUSG00000053166 | Cdh22 Acc: MGI-1341843] 0.00025382
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cadherin 4 [Source: MGl Symbol;
ENSMUSG00000000305 | Cdh4 Acc: MGI-99218] 0.00011584
anoctamin 5 [Source: MGl Symbol;
ENSMUSG00000055489 | Ano5 Acc: MGI-3576659] 0.00026742
aldolase B, fructose-bisphosphate
ENSMUSG00000028307 | Aldob [Source: MGI Symbol; Acc: 0.00025382
MGI:87995]

Table 7.17 Table of upregulated DEG with a cut-off at p adjusted of 0.05, ordered in ascending
order from the most upregulated gene to the least upregulated gene in postpartum AdsFIt-1 vs
pregnant AdCMV mice. Only one DEG was significantly upregulated.

Gene ID Gene Name | Full Name Adjusted P-
value
ENSMUSG00000042985 | Upk3b uroplakin 3B [Source:MGl 0.01908989

Symbol;Acc:MGI:2140882]

nuclear receptor subfamily 4, group
ENSMUSG00000028341 | Nr4a3 A, member 3 [Source:MGI 6.47E-05
Symbol;Acc:MGI:1352457]

serine (or cysteine) peptidase
inhibitor, clade A, member 6
[Source:MGI
Symbol;Acc:MGI:88278]

ENSMUSG00000060807 | Serpina6 0.03341233

activating transcription factor 3
ENSMUSG00000026628 | Atf3 [Source:MGlI 2.84E-47
Symbol;Acc:MGI:109384]

ornithine decarboxylase antizyme 3
ENSMUSG00000028141 | Oaz3 [Source:MGlI 0.02290146
Symbol;Acc:MGI:1858170]

Table 7.18 Table of downregulated regulated DEG with a cut-off at p adjusted of 0.05, ordered
in ascending order from the most downregulated gene to the least downregulated gene in
postpartum AdsFIt-1 vs pregnant AACMV mice.

GO analysis was performed to assess the functional implications of DEG in a comparative
study between postpartum AdsFlt-1 and pregnant ACMV mice. The results of the analysis
implied that only 8 BP terms were significantly upregulated (Figure 7.29 A1). In contrast,
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significant downregulation (Figure 7.29 B1) of enrichment in 443 BP terms, 40 CC terms, 34

MF terms were significantly associated with DEG.

The top 5 positively regulated BP terms involved cofactor metabolic process, glucocorticoid
secretion, negative regulation of catecholamine secretion, fructose metabolic process,
regulation of corticosteroid hormone secretion, and carboxylic acid biosynthetic process. The
top 5 negatively regulated BP terms were angiogenesis, extracellular matrix organization,
cellular response to interferon-beta, extracellular structure organization, and response to

interferon-gamma.

The top 5 negatively regulated CC terms featured proteinaceous extracellular matrix,
basement membrane, symbiont-containing vacuole, extracellular membrane-bounded

organelle, and negative regulation of angiogenesis.
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Figure 7.26 GO enrichment Analysis of DEG in cardiac tissue of postpartum AdsFIt-1 vs
pregnant AdCMV mice.

GO of upregulated genes (A1) and downregulated genes (A2) annotates genes to BP, MF, and CC in
a directed acyclic graph structure. Round size represents the gene count of each pathway and the
colour of red to purple represents the significance level cut-off at p adjusted of 0.05. This was done with
both upregulated DEG (B1) and downregulated DEG (B2).
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The top negatively regulated MF terms constituted extracellular matrix structural constituent,
extracellular matrix structural constituent conferring tensile strength, platelet-derived growth

factor binding, extracellular matrix binding, and glycosaminoglycan binding.
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Figure 7.27 KEGG pathway enrichment analysis of DEGs from RNA-seq data in cardiac tissue
of postpartum AdsFIt-1 vs pregnant AACMV mice.

The bar chart showed the top 20 significantly enriched KEGG pathways of DEG with the p adjusted
value cut-off as 0.05. The upregulated DEG (A1) were not significantly (B1) associated with any
pathway. The downregulated DEG were significantly connected with 26 pathways. The top 2
downregulated pathways were ECM-receptor interaction (B3), and Focal adhesion (B4).
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KEGG analysis was carried out on DEG. Curiously, no significant pathways were correlated
with upregulated DEG. Contrarily, 26 pathways were correlated with downregulated pathways.
The top 5 downregulated pathways entailed ECM-receptor interaction, Focal adhesion,
Human papillomavirus infection, Protein digestion and absorption, and AGE-RAGE signalling

pathway in diabetic complications.

7.3 Discussion

This chapter investigated the genetic profiles of different PE models, specifically the CSE KO
model during pregnancy and the AdsFlt-1 model during pregnancy and postpartum. Different
comparisons were made, and each comparison included a full analysis comprised of DEG,
GO terms and KEGG pathways. DEG allowed for the identification of genes that were
upregulated or downregulated in different PE models and highlighted pregnancy-specific
changes in gene expression patterns, which may have implications for cardiac function during
pregnancy. Pathway analysis enabled the investigation of the biological pathways and
processes enriched among DEG that helped elucidate the functional consequences of altered

gene expression in different PE models.
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7.3.1 Gene expression in CSE KO in cardiac tissue

7.31.1 Pre-gravid profile of CSE KO in cardiac tissue

The genes linked to H2S deficiency and PE specifically have not been extensively investigated.
Our DEG analysis identified that the most affected genes in the cardiac tissue of non-pregnant
CSE KO mice compared to CSE WT mice, are in fact related to tissue development,
remodelling, cellular signalling, and binding (e.g., ERK1 and ERK2 cascade), membrane

structure and components.

The upregulation of genes identified in the present study, such as Nxpe4, Pdzd3, and Eif3j1
suggested that H.S deficiency may affect various cellular processes, including synaptic
transmission and protein synthesis (“Brain tissue expression of NXPE4 - Summary - The
Human Protein Atlas” n.d.; Y. H. Chen et al. 2005; Roos et al. 2007; Mebratu & Tesfaigzi 2009;
Camilleri et al. 2015; Quan et al. 2015; Singh & Lin 2015; Busca et al. 2016; Jimenez et al.
2017; Tomasovic et al. 2020). Likewise, these genes implied that H.S deficiency may affect
the ability of cells to move and migrate, which could have implications for wound healing,
tissue repair, and other physiological processes, such as complications of cell signalling and

communication with the external environment (Lockhart et al. 2011; S. Z. Chen et al. 2016).

The upregulated pathways (Staphylococcus aureus infection, Central carbon metabolism in
cancer, HIF-1 signalling pathway, and Chagas disease (American trypanosomiasis)) indicated
that H.S deficiency could impair immune response, cellular metabolism, and adaptation to
hypoxic conditions, respectively (Toliver-Kinsky et al. 2019; Dilek et al. 2020; Rahman et al.
2020). These findings supported what has been previously reported and highlighted,
specifically the role for H>S in regulating immune responses and cellular processes (Toliver-
Kinsky et al. 2019; Dilek et al. 2020; Rahman et al. 2020).

The most down-regulated genes identified were involved in different BP such as protein

synthesis (Rpl29, Rpl34), cell proliferation (Pcna-ps2), and cell migration and adhesion
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(BC002163 and Gm14085) (Cooper & Ordahl 1985; Wen-Sen Lee et al. 1997; Strzalka &
Ziemienowicz 2011; Luo et al. 2012; J. Xu & Shi 2014; Locatelli et al. 2014; Van Den
Hoogenhof et al. 2016). Therefore, their downregulation demonstrated that H>S may play a
role in regulating these processes. In particular, the downregulation of genes involved in cell
migration and adhesion, which may have implications for immune responses, tissue repair
and regeneration, and cancer metastasis (Nishijima et al. 2004; Goksu Erol et al. 2012;
Ohtsuka et al. 2013; Toliver-Kinsky et al. 2019; Dilek et al. 2020; Rahman et al. 2020; Saeed
et al. 2020; Morelli & Sadovsky 2022).

In summary, the DEGs analysis posited that CSE plays an important role in regulating genes
involved in major cellular process. Although no significant cardiac dysfunctions were observed
in CSE KO non-pregnant mice compared to CSE WT mice, these genes may be implicated in

cardiac maladaptation to pregnancy in CSE KO mice.

71.1.2 Gene expression profile in pregnancy

7.1.1.2.1 Gene expression profile in the CSE WT

This DEG analysis detected that the most affected genes in the cardiac tissue of CSE WT
pregnant mice compared to CSE WT non-pregnant mice, are associated with cofactor
metabolism, monocarboxylic acid metabolism, cofactor biosynthesis, tetrapyrrole metabolism,

and 2-oxoglutarate metabolism.

The upregulation of genes identified in this study, such as Cyp1a1, Penk, mt-T12, Alas1 and
Csdc2 revealed an increase in enkephalin production, protein synthesis, haemoglobin
biosynthesis, and RNA splicing in the pregnant heart, potentially serving as protective
mechanisms or adaptations to the increased demands of pregnancy (Dhawan et al. 1990;
Maines et al. 1990; Puga et al. 1990; Castiglia et al. 1996; Sadlon et al. 1999; Zagon et al.
1999, 2000; Nastasi et al. 2000; Harrison et al. 2001; Y. Kimura et al. 2006; Okano et al. 2010;
T. Kato et al. 2010; Sobenin et al. 2012; L. J. C. Wong et al. 2020).
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These genes further imply that pregnancy elicits an increase in mitochondrial constituents,
including organellar ribosomes, and Tetrapyrroles. Given that mitochondria substantially
impact the physiological alterations transpiring during gestation, these components may aid
in regulating central cellular processes, thus facilitating the physiological adaptations observed
throughout pregnancy (Rodriguez-Cano et al. 2020). This could potentially be achieved by
enhancing enzyme activity, energy generation, oxygen transport capacity, and providing
protection against oxidative stress (Roland-Zejly et al. 2011; Kalhan 2016; Broderick et al.
2018; Uzun 2019; Rodriguez-Cano et al. 2020; Jawaid et al. 2021; Gutman & Parrilla 2022).

The upregulated pathways (Metabolism of xenobiotics by cytochrome P450, Chemical,
carcinogenesis, Drug metabolism - cytochrome P450, Parkinson disease, Glutathione
metabolism) imply that the cardiac tissue in pregnant mice undergoes adaptive changes to
maintain homeostasis, protect against harmful substances, and ensure proper physiological
function during gestation (L. F. Hu et al. 2010; Huber et al. 2011; Peter Nicholls et al. 2013;
Bok et al. 2021; Gutman & Parrilla 2022),

The most downregulated genes in CSE WT pregnant mice compared to non-pregnant mice,
included II1b (Hilbi et al. 1997; Sugihara et al. 1998; S. Wu et al. 2018), Plaur (Koh et al. 1992;
Y. Ye et al. 2017; Batiha et al. 2022), Irs2 (Mammarella et al. 2000; Lautier et al. 2003), and
Cyp26b1 (Koh et al. 1992; White et al. 2000; Abu-Abed et al. 2002; Trofimova-Griffin & Juchau
2002), which denoted decreased inflammation, tissue remodelling, insulin signalling, and

atherosclerosis.

Additionally, downregulation of processes such as ossification cellular response to external
stimulus, positive regulation of voltage-gated potassium channel activity, leukocyte
differentiation, and actin-related structures. The following downregulation reflected that in
pregnancy, a shift in resource allocation, altered immune system functioning, and
modifications in cellular signalling, neurological development, axonal guidance and structural
dynamics takes place (Elkayam & Bitar 2005; Zanardo et al. 2006b; Telezhkin et al. 2008;
Norton et al. 2009; Buraei & Yang 2010, 2013; Mistry et al. 2011; Patnaik 2018; Squire 2019;
Aryan et al. 2020; Hsu & Tain 2021; Lewey et al. 2021; Pickel et al. 2021; C. Pan et al. 2022;
Morelli & Sadovsky 2022).
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The upregulated pathways (Fluid shear stress and atherosclerosis pathway) purport a reduced
risk or progression of atherosclerosis and vascular remodelling during pregnancy, which could
be beneficial for maintaining healthy blood flow (Ruffolo & Kopia 1986; E. Chung et al. 2012;
Maymo et al. 2012; Q. Sun et al. 2018; Mahmood et al. 2022).

To summarize, the simultaneous upregulation and downregulation of the mentioned factors,
genes and pathways in the heart during a normal pregnancy demonstrate a harmonized
response encompassing various physiological adjustments. Adaptations such as enhanced
enzymatic activity, energy generation, protein regulation, structural and functional
modifications, and changes in intracellular signalling, collaborate to ensure the heart can

effectively sustain both the mother and the developing foetus.

7.1.1.2.2 Gene expression profile in the CSE KO

The DEG analysis in the comparison of pregnant CSE KO vs non-pregnant CSE KO,
demonstrated that the most upregulated of genes related to cellular regulation, antioxidant

defence, and energy metabolism.

The upregulation of genes observed in this study such as Gm3650, Pcna-ps2, Eno1b,
Gm14085, and Snca suggests an enhanced cell proliferation in response (PCNA) to the
increased demands of pregnancy, an enhanced glycolytic metabolism (Enob1b) in response
to the increased energy demands of pregnancy, contributing to the heart's ability to maintain
homeostasis despite H>S deficiency (Feo et al. 2000; Gehen et al. 2007; Kang et al. 2008;
Baple et al. 2014; |. Huppertz et al. 2022). The role of Snca in the heart, especially during
pregnancy, remains unclear, but upregulation has been observed in cardiovascular diseases
such as atrial fibrillation and stroke (Cronin et al. 2009; Tagliafierro & Chiba-Falek 2016;
Magistrelli et al. 2021).

The cardiac tissue of pregnant CSE KO mice showed combined upregulation in genes related
to lipid metabolism, immune responses, inflammation, and cell differentiation, as well as
increased antioxidant and peroxidase activity to manage oxidative stress. These changes
were not observed in CSE WT pregnant mice, suggesting that the deficiency in H.S

exacerbated oxidative stress in the cardiac tissue of pregnant CSE KO mice (S. A. Smith 2002;
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Zanardo et al. 2006b; X. Yang et al. 2011; Mano et al. 2014; K. W. Chung et al. 2018; Yeon
Lee et al. 2019).

The upregulated pathways in this study (Fatty acid elongation, Malaria, PPAR signalling
pathway) demonstrated alterations in the lipid metabolism, immune response and cellular
signalling processes, to potentially compensate for the lack of H>S Smith 2002; K. W. Chung
et al. 2018). Equally, this could also postulate that an increase in inflammation and cell
differentiation is present in pregnant CSE KO mice (Zanardo et al. 2006b; Yeon Lee et al.
2019).

In contrast, the most downregulated in genes, such as Fosb, Gm17971, Egr2, Nr4a1, and
Egr1, were associated and with muscle organ development, angiogenesis, striated muscle
tissue development, and more. Downregulation of these genes further indicate potentially
altered regulation of specific target genes during pregnancy (Fosb), alterations in cell
proliferation and differentiation (Egr1 & Egr2), as well as increased VSMC proliferation,
inflammation, susceptibility to atherosclerosis, and higher cardiomyocyte apoptosis (Nr4a1),
(Heximer et al. 1996; Senali Abayratna Wansa et al. 2002; Baumann et al. 2003; Holmes &
Zachary 2004; Kumbrink et al. 2010; S. H. Kim et al. 2010; Kyogoku et al. 2011; Xia Li et al.
2014; Hayashi et al. 2015; Vaiman & Miralles 2016; Gormley et al. 2017; Taefehshokr et al.
2017; Medzikovic et al. 2019). Downregulated pathways (Ribosome, Thermogenesis, Non-
alcoholic fatty liver disease (NAFLD), Focal adhesion, and Parkinson disease) purported
impairments in various cellular functions such as alterations in protein synthesis, energy
expenditure, lipid metabolism, cell-matrix interactions, and cellular maintenance processes in

response to the lack of H,S.

In summary, the comparison of heart function between CSE KO pregnant and non-pregnant
mice revealed several key observations. These findings suggested that H>S deficiency during
pregnancy exacerbates oxidative stress and induces adaptive changes in cardiac tissue to
attempt to maintain homeostasis and meet the increased demands of pregnancy. Pregnant
CSE KO mice exhibited impairments in protein synthesis, energy expenditure, lipid

metabolism, cell-matrix interactions, and cellular maintenance.
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7.1.1.2.3 Gene expression profile in CSE KO vs CSE WT

This DEG analysis detected that the most affected genes in the cardiac tissue of pregnant
CSE KO vs CSE WT mice were associated with cellular signalling and chemotaxis (e.g.,
neutrophil chemotaxis), cardiac development and function (e.g., cardiac chamber
development), ECM and membrane-associated processes, molecular binding and

interactions, and Intracellular signalling and enzymatic activities (e.g., MAP kinase).

The top 5 upregulated DEG were Nxpe4, Gm12381, Eno1b, Cidec, and Gm10736 and
revealed an increase in lipid (Cidec) and energy metabolism (Eno1b), synaptic transmission
(Nxpe4) and protein synthesis (Gm12381 and Gm10736) (“Brain tissue expression of NXPE4
- Summary - The Human Protein Atlas” n.d.; Gupta & Zhang 2005; K. Liu et al. 2009; Karki et
al. 2019; X. Meng et al. 2019; Glavan et al. 2021).

Upregulated pathways (Malaria and Proteoglycans in cancer) were mostly involved in cardiac
function, involving ECM remodelling, angiogenesis, cell proliferation, and altered immune
responses or stress-related processes. This indicated a potential increase in inflammatory and
immune response that could lead to tissue damage, fibrosis, and cardiac dysfunction,
enhancement in the growth and development of cardiac muscle (K. Miyata et al. 1984; Ono et
al. 1985; Obel et al. 1993) (Ono et al. 1985; Obel et al. 1993; Jordan et al. 1999; Higuchi et al.
2008).

The most downregulated genes such as Rpl34, BC002163, Rab6b, Gm1840, and Gm6166,
related to protein synthesis (Gm1840, and Gm6166), ribosomal function (Rpl34), metabolic
processes (Rab6b), cellular stress response (BC002163) and cell death. (Opdam et al. 2000;
Wanschers et al. 2008; X. Sun et al. 2020; Caponnetto et al. 2022; Maloum et al. 2022).

Downregulated pathways (Ribosome, Oxidative phosphorylation, Parkinson disease,
Thermogenesis, and Alzheimer disease) revealed a decline in protein synthesis, energy

production, and stress response mechanisms. These changes could impair the ability of the
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heart to adapt to the increased demands of pregnancy and maintain proper function (Rosca
& Hoppel 2013; Seo et al. 2020; Ramaccini et al. 2021; X. Q. Hu & Zhang 2021).

Overall, pregnant CSE KO mice exhibited various changes in the heart's structure,
development, signalling, immune response, energy metabolism, protein synthesis, cellular
trafficking, and stress responses compared to CSE WT mice. The DEG collectively revealed
that the cardiovascular function in CSE KO pregnant mice may be compromised, as evidenced
by the upregulation of Nxpe4 and SNCA and the downregulation of Nr4a1. The BP, CC, and
MF factors alluded to an enhanced inflammatory response, as observed through the
upregulation of granulocyte and neutrophil chemotaxis, and potential cardiac tissue
remodelling, as supported by the increase in cardiac muscle tissue development. Moreover,
diminished protein synthesis and energy production were demonstrated by the downregulation
of ribosomal pathways and mitochondrial structures, respectively. Finally, the upregulation of
specific pathways further indicated dysfunction in adaptations to pregnancy, as seen by
elevated levels of proteoglycans in cancer and the decreased immune response, which was

evidenced by an upregulation in malaria-related pathways.

Taken together, these alterations deviate from the typical adaptations observed in a healthy
pregnancy and may instead demonstrate maladaptation during pregnancy in CSE KO mice.
Nevertheless, it is crucial to emphasize that these interpretations are solely speculative, based
on the mRNA findings obtained, and warrant validation through gPCR in order to draw

definitive conclusions.

7.3.2 Gene expression in AdsFlt-1

7.3.21 Gene expression in AdsFlt-1 in pregnancy
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The DEG analysis revealed that the most significantly impacted genes in the cardiac tissue of
pregnant AdsFlt-1 mice, as compared to pregnant AACMV mice, are predominantly associated
with aspects of cardiac development and function (e.g., cardiac muscle hypertrophy, heart
valve development), cellular structure and organization (e.g., nuclear speck), axon extension

and neuronal processes, and transcriptional regulation and molecular interactions.

The observed upregulation of genes, including Gm31251, Wt1, Prkcg, Akap12, and Adamts4,
in the current study implies that sFlt-1 overexpression during pregnancy may influence calcium
homeostasis and cellular proliferation in cardiac tissue. Additionally, this overexpression
appears to impact signalling pathways, encompassing calmodulin-mediated events, prolactin
signalling, and interleukin 8 (IL-8) signalling (associated with Prkcg), angiogenesis and
vascular dysfunction (linked to Akap12), and cardiac injuries along with inflammasome
components in premature membrane ruptures (related to Adamts4) (Coussens et al. 1986;
Fields et al. 1988; Lark et al. 1997; Tortorella et al. 1999; Carmona et al. 2001; D. H. Chen et
al. 2003; Patel et al. 2003; S. W. Lee et al. 2003; Suri et al. 2007; Wagner et al. 2008; Gelman
2010; Shu et al. 2014; Gokdemir et al. 2016; Qasim & McConnell 2020; Khanam et al. 2022).

The upregulated (cGMP-PKG signalling pathway, Insulin resistance, microRNAs, dilated
cardiomyopathy, and hypertrophic cardiomyopathy) pathways indicated structural changes,
such as ventricular dilation and impaired systolic function, pathological remodelling and
hypertrophy, potentially leading to diastolic dysfunction and increased risk of arrhythmias,
cardiac remodelling, stress response, impaired glucose uptake and metabolism, and vascular
tone, cell growth, and myocardial relaxation (C. Schannwell et al. 2002; C. M. Schannwell et
al. 2003; Roos et al. 2007; Savage et al. 2007; Bernardo et al. 2010; Becker et al. 2011; Inserte
& Garcia-Dorado 2015; M. Park et al. 2018; Aryal et al. 2019; Szczerba et al. 2020; Nakamura
& Tsuijita 2021; Jubaidi et al. 2022; Numata & Takimoto 2022; Cai et al. 2023).

Pregnant AdsFIt-1 mice showed downregulation of genes such as Tgtp1, Tgtp2, BC023105,
Angptl4, and Aplnr, related to mitochondrial respiratory chain complex assembly, cytoplasmic
translation, oxidative phosphorylation, and ribosome pathways. This included a decrease in
Tgtp1 and Tgtp2, which may lead to altered immune responses and inflammation in the heart

during pregnancy (Enquobahrie, Abetew, et al. 2011; Enquobahrie, Qiu, et al. 2011; Berkebile
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et al. 2021). Downregulation of Angptl4 could potentially exacerbate the antiangiogenic
consequences observed with sFlt-1 overexpression and lead to a downregulation of lipid
metabolism processes (Lei Liu et al. 2017; Y. Zhang et al. 2020). Additionally, Apinr
downregulation may disrupt cardiovascular homeostasis and lead to cellular senescence
(Enquobabhrie, Qiu, et al. 2011; Berkebile et al. 2021).

Downregulated pathways (including cardiac muscle contraction, oxidative phosphorylation,
Parkinson's disease, thermogenesis, and Huntington's disease) have been implicated in
compromised cardiac functionality, diminished blood circulation capacity, decreased ATP
synthesis, and impaired cellular energy metabolism (“Mechanism and Contraction Events of
Cardiac Muscle Fibers - Medicine LibreTexts” n.d.; A. M. Katz 1967; Douglas S. Kerr 2010;
Rosca & Hoppel 2013; Emelyanova et al. 2016; Siasos et al. 2018; Reicharda & Asosingha
2019; Vasileiou et al. 2019; Tabuchi & Sul 2021). Furthermore, these pathways are associated
with potential indirect impacts on neurological function, as well as reduced thermogenesis and
altered metabolic processes (R. P. Murphy 1979; L. F. Hu et al. 2010; Borsche et al. 2021; X.-
Y. Gao et al. 2022). These findings collectively suggest a decline in overall heart function,

which may increase the risk of heart failure or other cardiac complications.

In summary, this study demonstrated that sFlt-1 exerts significant adverse effects on
pregnancy, particularly regarding cardiac function, even over a short period. Mice injected with
sFit-1 on E10.5 displayed severe consequences by E17.5, as evidenced by impaired heart
function. Consequently, the cardiac tissue gene profile of AdsFlt-1 mice reveals
maladaptations and dysfunctions during pregnancy, encompassing cardiac hypertrophy,
altered heart valve structure, impaired cellular metabolism, and potential pathological cardiac

remodelling and dysfunction.

7.3.3 Gene expression in AdsFIt-1 postpartum
7.3.31 Gene expression in postpartum AdCMV vs pregnant AACMV
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This DEG analysis revealed that the predominant genes impacted in the cardiac tissue of
postpartum AdCMV compared to pregnant ACMV mice were associated with processes such
as coagulation and hemostasis, cellular adhesion and signalling pathways (e.g., ERK1 and
ERK2 cascade), membrane-associated and transporter complexes, ECM interactions and
binding events, negative regulation of vascular development, responsiveness to hormonal
stimuli and growth factors, as well as the constituents and structural organization of the

extracellular matrix.

The observed upregulation of specific genes in this study, including Bmp10, Myl7, Cybrd1,
Snhg11, and Lrrn4, suggests that during the postpartum period, several processes are
activated: cardiac tissue remodelling and contractility pathways (Bmp10), modulation of
cardiac muscle contractile properties in response to shifting hemodynamic demands (Myl7),
alterations in iron homeostasis (Cybrd1) or redox equilibrium within the myocardium, which
influences oxygen transport and energy production (Sngh11), and the reversion to normal
morphology and dimensions in instances of physiological hypertrophy (Lrrn4) (S. Miyata et al.
2000; A. McKie et al. 2001; A. T. McKie et al. 2002; J. L. Turi et al. 2006; Dorn 2007; Jingyuan
Li et al. 2012; Katharina Maria Hillerer et al. 2014; H. Li et al. 2017; R. Li et al. 2017; Rudnicka
et al. 2017; Owen et al. 2020; Azbazdar et al. 2021; L. Wang et al. 2021; Ghaemi et al. 2022;
J. Sun et al. 2022; Lu Liu et al. 2023). This observation lends further support to the idea that
the postpartum period does not induce an instantaneous return of the heart to its pre-
pregnancy state; rather, even at 36 weeks postpartum, these physiological alterations

continue to transpire.

The upregulated pathways (cytokine-cytokine receptor interaction and ECM-receptor
interaction) demonstrate an augmented interplay between cytokines and their corresponding
receptors within the cardiac tissue (Pfeffer 2003; Szarka et al. 2010; Lockhart et al. 2011; S.
Z. Chen et al. 2016). This enhanced interaction may result in elevated inflammatory orimmune
responses, as well as facilitate tissue remodelling and repair processes (D A Clark et al. 1988;
Szarka et al. 2010; Raghupathy 2013; Christian & Porter 2014). Consequently, these
pathways may play a role in the remodelling and adaptation of cardiac tissue to accommodate

the physiological alterations concomitant with the postpartum period.
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Conversely, the most downregulated DEGs identified, such as Ldhc, Kap3, Nr4a1, Fos, and
Egr2, were implicated in various cellular processes. These include the conversion of lactate
to pyruvate, essential for energy production and maintenance of redox balance (Ldhc),
influencing cardiac contractility and interference with vital cellular processes (Kap3),
modulation of diverse cellular events, encompassing inflammation, metabolism, and cell
survival (Nr4a1), attenuation of stress responses and altered regulation of specific target
genes (Fos), and eliciting potential anti-inflammatory effects coupled with possible protection
against cardiac fibrosis and hypertrophy (Egr2) (Takano & Li 1989; Fujioka et al. 1991;
Heximer et al. 1996; Senali Abayratna Wansa et al. 2002; Baumann et al. 2003; Holmes &
Zachary 2004; Kumbrink et al. 2010; Jaiswar et al. 2011; Hayashi et al. 2015; Vaiman &
Miralles 2016; Blakeslee et al. 2017; Taefehshokr et al. 2017; Burwick et al. 2018; Anh et al.
2020; McCowan et al. 2021; H. Tan et al. 2022; Naik & Decock 2022).

Downregulated pathways during the postpartum period (protein digestion and absorption,
AGE-RAGE signalling pathway in diabetic complications, fluid shear stress and
atherosclerosis, focal adhesion, and thermogenesis) demonstrate a reduction in various
molecular processes (Reyat et al. 2017). These reductions may lead to diminished protein
breakdown and uptake in cardiac tissue, potentially causing alterations in cellular protein
turnover and availability (Ishola et al. 2006; Luo et al. 2012; Locatelli et al. 2014; C. Pan et al.
2022). Furthermore, there may be a decreased likelihood of atherosclerotic lesion formation,
diminished cell-matrix interactions, and cell signalling events in the heart (James Metcalfe
1963; Rubler et al. 1973; Landers et al. 2009; Malek et al. 2020). Additionally, these
downregulated pathways may contribute to an altered metabolic state and energy expenditure
within the cardiac tissue during the postpartum period (Herrera & Desoye 2016; Y. Tan et al.
2020; Tabuchi & Sul 2021; Batiha et al. 2022).

The study supports the notion that the postpartum period involves ongoing physiological
alterations in the heart rather than an immediate return to its pre-pregnancy state. These

changes contribute to cardiac tissue remodelling and adaptation. Generally, these adaptations
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maintain cardiac health during the transition from pregnancy to postpartum. However, some
alterations, like the downregulation of KAP3 and factors related to vasculature development,
may have potential negative impacts on the heart. In summary, most adaptations observed
are necessary for maintaining cardiac health during the postpartum period, but further

research is required to understand the implications of potentially detrimental alterations.

7.3.3.2 Gene expression in postpartum AdsFIt-1 vs pregnant AdsFIt-1

In a comparative analysis between postpartum AdsFlt-1 mice and pregnant AsFIt-1 mice, DEG
analysis identified that the most affected genes in the cardiac tissue were related to
mitochondrial function and energy metabolism, protein synthesis and ribosomes, oxidative
stress and antioxidant response, vascular development and tissue morphogenesis, cell

adhesion and cellular components, and transcription regulation and binding.

In the current study, the upregulation of specific genes, such as Cxcl13, Gm44608, Gm7609,
Gm10419, and Cd209f, demonstrates a connection between sFlt-1 postpartum and
heightened immune response, augmented anti-angiogenesis, and activation of inflammatory
pathways in these mice (Nhan-Chang et al. 2008; Boily-Larouche et al. 2012; Mufoz-
Fernandez et al. 2012). These observations could potentially result from prolonged exposure
to sFlt-1 or stem from alterations in pathogen recognition or immune cell interactions (Legler
et al. 1998; Barreiro et al. 2006; Vannberg et al. 2008; Schuurhof et al. 2010).

The upregulated pathways (oxidative phosphorylation, chemical carcinogenesis (reactive
oxygen species), diabetic cardiomyopathy, Parkinson's disease, and Huntington's disease),
indicate that the postpartum overexpression of sFlt-1 may enhance ATP production for
increased energy (Mizukami et al. 2004; Spaans et al. 2014). However, this could
simultaneously elevate ROS levels, leading to oxidative stress and cellular damage (Rosca &

Hoppel 2013; Vaka et al. 2019; Zhu et al. 2022). Consequently, this may contribute to cardiac
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dysfunction, augmented inflammation, DNA damage, and cellular injury in cardiac tissue.
Furthermore, it may increase the risk of developing cardiac muscle dysfunction, structural
abnormalities, and ultimately heart failure in these mice (Neuhaus et al. 1999; Montuori et al.
2005; Rosca & Hoppel 2013). Additionally, these upregulated pathways may suggest that sFlt-
1 impacts cardiac autonomic regulation, affecting heart rate variability and exerting potential
effects on cardiac function via altered autonomic regulation or secondary metabolic changes
(Roxanne Hastie et al. 2019).

In opposition, the most downregulated genes identified, including Prm2, Tnp2, Upk3b, Apob,
and Serpina6, were implicated in various cellular processes and functions. These encompass
cellular organization or regulatory mechanisms (Prm2 and Upk3b) (Ingenbleek & Young 1994;
Deng et al. 2002; Avendario et al. 2009; Cavalcanti et al. 2011; Kasak et al. 2015; Rogenhofer
et al. 2017), tissue-specific gene regulation (Tnp2) (Morasso et al. 1990; Akama et al. 1996),
cellular differentiation or barrier properties (Upk3b)(Receptor et al. 1997; Montuori et al. 2005),
lipid transport and metabolism (Apob)(John R Burnett et al. 1993; Descamps et al. 2003; Y.
Wang et al. 2010; Wolter et al. 2018), as well as corticosteroid homeostasis, potentially
influencing stress response and inflammation within the cardiac tissue (Serpina6)(Vogeser et
al. 1999; Nhan-Chang et al. 2008; Schafer et al. 2015).

The observed downregulated pathways (Focal adhesion, ECM-receptor interaction,
Parathyroid hormone synthesis, secretion, and action, PI3K-Akt signalling pathway, and
Proteoglycans in cancer) in postpartum mice overexpressing sFlt-1 imply potential long-term
consequences, which may include compromised cell adhesion (S. D. Patel et al. 2003; Van
Dijk et al. 2008; Sweet et al. 2018; Malek et al. 2020), migration, and signal transduction,
subsequently affecting cardiac tissue integrity (Shai et al. 2002; Salomon et al. 2014; Shabbir
et al. 2015), remodelling, and overall function(Bisping et al. 2006; Jifen Li 2014; Ackermann
et al. 2017; Meagher et al. 2021). Furthermore, these downregulations might disrupt the
maintenance of tissue structure, regulation of cellular behaviour, and modulation of signalling
pathways. Additionally, alterations in calcium homeostasis (Y. Kim et al. 2011; Bu Wang et al.
2019; J. Huang et al. 2020), blood pressure regulation, and vascular function could be
observed. The downregulation of various cellular processes, such as cell survival, growth, and
metabolism, may contribute to cardiac hypertrophy(Jifen Li 2014), fibrosis, and impaired

function in these mice. Finally, changes in ECM organization, cell adhesion, and signalling
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may potentially impact cardiac tissue remodelling and heart function in postpartum mice

overexpressing sFlt-1.

In summary, the heart of postpartum mice overexpressing sFlt-1 appears to be significantly
affected by the dysregulation of various genes and pathways. The upregulation of specific
genes suggests a heightened immune response, anti-angiogenesis, and activation of
inflammatory pathways. Additionally, upregulated pathways indicate increased energy
production with potential negative consequences, such as oxidative stress and cellular
damage, which may contribute to cardiac dysfunction and increased risk of heart failure. On
the other hand, downregulated genes and pathways imply potential long-term consequences
on cardiac tissue integrity, remodelling, and overall function due to compromised cell
adhesion, migration, signal transduction, and alterations in calcium homeostasis, blood
pressure regulation, and vascular function. These changes may lead to cardiac hypertrophy,
fibrosis, and impaired function in postpartum mice overexpressing sFlt-1. Overall, the
observed dysregulation of genes and pathways highlights the complex impact of sFlt-1
overexpression on the heart in postpartum mice, warranting further investigation to better

understand the precise consequences and underlying mechanisms.

7.3.3.3 Gene expression in postpartum AdsFlt-1 vs AdCMV

In a comparative analysis between postpartum AdsFlt-1 mice and postpartum AdCMV mice,
DEG analysis identified that the most affected genes in the cardiac tissue were related to
mitochondrial function and energy metabolism, oxireductase activities, hemostasis and

coagulation, and ECM and membrane-related processes.

A single significantly upregulated DEG was identified in this study: Cyp26b1, which encodes
an enzyme belonging to the cytochrome P450 family. This gene is also involved in the 2Fe-
2S iron-sulfur protein adrenodoxin, which may accept electrons from NADPH-dependent
adrenodoxin reductase and subsequently reduce cytochrome P450 in the mitochondrial

system (Blum et al. 2021). Both adrenodoxin and adrenodoxin reductase are located in the
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mitochondrial matrix and exist as soluble substances (Blum et al. 2021). Increased expression
of Cyp26b1 has been associated with atherosclerotic lesions (Koh et al. 1992; White et al.
2000; Abu-Abed et al. 2002; Trofimova-Griffin & Juchau 2002). Consequently, the long-term
effects of sFlt-1 overexpression may be related to the development of atherosclerotic lesions
in the heart (Riise et al. 2017; Hauge et al. 2022). This observation is consistent with previous
reports in the literature, which have demonstrated that exposure to significantly elevated levels
of sFlt-1 leads to cardiac failure, including atherosclerotic lesions, even after sFit-1 levels have
decreased (Wewers et al. 2021; Mauricio et al. 2022). This suggests that the damage inflicted

upon the heart may be irreversible.

Furthermore, upregulated pathways (Oxidative phosphorylation, Parkinson disease, Diabetic
cardiomyopathy, Chemical carcinogenesis - reactive oxygen species, and Thermogenesis)
implies a potential enhancement in energy availability for cellular processes. However, this
may also result in increased levels of ROS and oxidative stress, potentially leading to cellular
damage and contributing to cardiac dysfunction (Navarro-YepesdJuliana et al. 2014; Alcala et
al. 2018; Herrock et al. 2023). Shared molecular pathways or mechanisms that could influence
the heart, such as mitochondrial dysfunction or heightened oxidative stress, are also indicated
(Graham J. Burton & Jauniaux 2011; Navarro-YepesdJuliana et al. 2014; Alcala et al. 2018).
Moreover, upregulated pathways suggest augmented structural and functional alterations akin
to those observed in diabetic cardiomyopathy, encompassing myocardial fibrosis,
hypertrophy, and diminished contractile function (Gordon et al. 2001; Layland et al. 2005;
Schmidt & Cammarato 2020). Furthermore, these pathways indicate an elevation in oxidative
stress, DNA damage, and cellular injury within cardiac tissue, as well as heightened energy

metabolism and heat production.

Conversely, the most down-regulated genes were involved in regulation of muscle
thermogenesis and metabolism by reversibly hindering the activity of ATP2A1 and ATP2A2
(SIn), potentially inducing arrhythmias and other cardiac pathologies (M. Pant et al. 2016; Bal
et al. 2021), maintenance zinc homeostasis in the body (Tmem163) (Sanchez et al. 2019;
Styrpejko & Cuajungco 2021), regulation matrix remodelling-related genes and promoting anti-
tumour immunity, which could be favourable for postpartum heart health (Chst4) (Ye et al.
2023; “CHST4 carbohydrate sulfotransferase 4 - Gene - NCBI” 2023; “CHST4 - Carbohydrate
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sulfotransferase 4 - | UniProtKB | UniProt” n.d.), increased rates of apoptosis in postpartum
hearts, which could help reduce the risk of certain cardiovascular diseases (MslIn) (Hollevoet
et al. 2015; Faust et al. 2022), modulating epithelial plasticity and TGF-B1-induced epithelial
dedifferentiation, as well as regulating spermatogenesis (Bnc1) (Feuerborn et al. 2015; J. Y.
Li et al. 2020; Liang et al. 2022)

The downregulated pathways (ECM-receptor interaction, Dilated cardiomyopathy,
Hematopoietic cell lineage, Hypertrophic cardiomyopathy, and Platelet activation)
demonstrated that sFlIt-1 may influence alterations in molecular mechanisms regulating
cardiac remodelling could also result in other consequences on cardiac function (Ferreira et
al. 2021). Additionally, these pathways could influence blood supply, oxygen delivery, and the
heart's ability to meet postpartum demands by impacting the production, differentiation, and
function of blood cells (Gerbasi et al. 1990; Cullen 2013; Liberto & Nall 2017; Marcin & Berry
2018; Bell et al. 2023; Butt et al. 2023; Hofer et al. 2023). Furthermore, downregulation may
signify changes in regulatory mechanisms governing cardiac growth and remodelling,
potentially affecting overall cardiac function. Lastly, these pathways could influence the risk of
thrombus formation and associated complications while hindering the normal haemostatic
response to vascular injury, potentially impacting the heart's capacity for recovery from
deterioration.

In conclusion, the comparative analysis between postpartum AdsFlt-1 mice and postpartum
AdCMV mice revealed that sFlt-1 overexpression significantly affects genes related to
mitochondrial function, energy metabolism, oxireductase activities, hemostasis, coagulation,
and ECM and membrane-related processes in cardiac tissue. The upregulation of Cyp26b1,
which is correlated with atherosclerotic lesions, implied that sFlt-1 overexpression may cause
irreversible damage to the heart. Upregulated pathways indicated potential enhancements in
energy availability but also potential negative consequences, such as increased ROS levels,
oxidative stress, cellular damage, and cardiac dysfunction. Conversely, downregulated
pathways suggested alterations in molecular mechanisms regulating cardiac remodelling,

blood supply, oxygen delivery, and the heart's ability to meet postpartum demands. These
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changes may affect overall cardiac function and the heart's capacity for recovery from

damage.

7.3.34 Gene expression in postpartum AdsFIt-1 and pregnant AdCMV

This DEG analysis identified that the most affected genes in the cardiac tissue of postpartum
AdsFIt-1 mice compared to pregnant ADCMV mice, are related to metabolic processes,
hormone secretion regulation, cell motility and migration, ECM components and structure,

transcription and DNA binding, response to external factors, and angiogenesis.

The upregulation of genes observed in this study, including Cd209f, Cdh22, Cdh4, Ano5, and
Aldob, indicates that mice exposed to elevated sFit-1 levels during pregnancy may exhibit
enhanced immune responses or altered cell adhesion (Cd209f). Additionally, potential
modifications in cell adhesion, communication, and tissue organization within the postpartum
heart could influence its structure and function (Cdh22 and Cdh4). Furthermore, changes in
ion channel activity might affect the electrical properties of cardiac cells, thereby impacting
overall heart function (Ano5). Lastly, upregulation of Aldob suggests increased energy
production via fructose metabolism in the postpartum heart; however, this could also result in

altered metabolic processes that may affect cardiac function and stress response.

Curiously, no upregulated pathways were associated with postpartum AdsFlt-1 mice when

compared to pregnant AACMV mice.

Nevertheless, the most downregulated genes in this study were found to be associated with
alterations in membrane-associated proteins (Upk3b) (Receptor et al. 1997; Montuori et al.
2005; Rudat et al. 2014), which could potentially impact the structure and function of cardiac
cells (Nr4a3) (Hayashi et al. 2015; Medzikovic et al. 2019; Paredes et al. 2021). Additionally,
these downregulated genes may influence the transcriptional regulation of target genes,
resulting in modified cellular responses (Nr4a3) (Hayashi et al. 2015; Medzikovic et al. 2019;
Paredes et al. 2021). Furthermore, changes in cortisol transport and availability due to the
downregulation of Serpina6 could potentially affect stress response and hormone regulation
(Vogeser et al. 1999; Gennari-Moser et al. 2011; Schéfer et al. 2015). The downregulation of
Atf3 may have implications for the regulation of stress response, apoptosis, and cell survival,

as well as the progression and stability of atherosclerotic plaques(B. P. Chen et al. 1996; S.
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D. Bailey et al. 2010). Furthermore, Atf3 may influence the structural stability of atherosclerotic
plaques by modulating the inflammatory response, thus participating in the regulation of
atherosclerotic progression (Peng et al. 2021). Lastly, alterations in polyamine levels and
cellular growth regulation, potentially influencing cardiac cell proliferation, could be a
consequence of the downregulation of Oaz3 (Y. Liu et al. 2019; Huttlin et al. 2021).

The downregulated pathways (Human papillomavirus infection, Focal adhesion, PI3K-Akt
signalling pathway, ECM-receptor interaction, and Proteoglycans in cancer) suggest that sFlt-
1 may decrease susceptibility to viral infections or modulate the immune response, leading to
alterations in cardiac cell interactions and compromised signal transduction. Additionally, sFlt-
1 could potentially influence a range of cellular processes, including cell growth, proliferation,
survival, and metabolism. Furthermore, sFIt-1 may affect cell adhesion, migration, and
communication among cardiac cells, as well as alter cellular behaviour and communication,

which could ultimately impact cardiac function.

In postpartum AdsFIt-1 mice compared to pregnant AACMV mice revealed that the most
affected genes are associated with metabolic processes, hormone secretion regulation, cell
motility and migration, ECM components and structure, transcription and DNA binding,
response to external factors, and angiogenesis. The upregulation and downregulation of
specific genes suggest that elevated sFlt-1 levels during pregnancy may lead to alterations in
immune response, cell adhesion, communication, tissue organization, ion channel activity,
and energy production via fructose metabolism, potentially affecting cardiac function and
stress response. Furthermore, the downregulated pathways indicate that sFIt-1 could
modulate susceptibility to viral infections, immune responses, signal transduction, cellular
processes (such as growth, proliferation, survival, and metabolism), cell adhesion, migration,
communication, and cellular behaviour. These changes could ultimately impact the overall
structure, function, and adaptability of the postpartum heart. However, further research is
needed to elucidate the precise effects of these differentially expressed genes and pathways

on cardiac function and health in the context of postpartum mice overexpressing sFlit-1.
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7.4 Conclusion
7.41 CSE KO and pregnancy

In conclusion, the gene expression profiles in CSE KO mice suggest that CSE plays a critical
role in regulating genes involved in major cellular processes. Although no significant cardiac
dysfunctions were observed in non-pregnant CSE KO mice compared to WT mice, these
genes may contribute to cardiac maladaptation during pregnancy in CSE KO mice. The
comparison of heart function between pregnant and non-pregnant CSE KO mice indicated
that H.S deficiency during pregnancy exacerbates oxidative stress and induces adaptive
changes in cardiac tissue. These changes include impairments in protein synthesis, energy
expenditure, lipid metabolism, cell-matrix interactions, and cellular maintenance. When
comparing the gene expression profiles in CSE KO mice to those in CSE WT mice, the
observed alterations deviate from the typical adaptations seen in a healthy pregnancy,
suggesting potential maladaptation during pregnancy in CSE KO mice. However, it is essential
to emphasize that these interpretations are speculative, based on the mRNA findings

obtained, and require validation through qPCR to draw definitive conclusions.

7411 Short-term impact of sFlt-1 on pregnancy

In conclusion, this study highlights that overexpression of sFlt-1 during pregnancy has
considerable negative effects on cardiac function, even within a short timeframe. Mice injected
with sFIt-1 at E10.5 exhibited severe consequences by E17.5, manifested through
compromised heart function. As a result, the gene profile of cardiac tissue in AdsFIt-1 mice
reveals maladaptations and dysfunctions during pregnancy, including cardiac hypertrophy,
altered heart valve structure, impaired cellular metabolism, and potential pathological cardiac

remodelling and dysfunction.

7.41.2 Long-term effect of sFlt-1 on cardiac function and postpartum reversal

In conclusion, the overexpression of sFlt-1 during pregnancy has significant effects on gene
expression and various pathways in cardiac tissue both during the postpartum period and
potentially in the long term. The dysregulation of genes observed in postpartum mice
overexpressing sFlt-1 is associated with heightened immune response, anti-angiogenesis,

activation of inflammatory pathways, compromised cell adhesion, migration, signal
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transduction, and alterations in calcium homeostasis, blood pressure regulation, and vascular
function. These changes may lead to cardiac hypertrophy, fibrosis, impaired function, and
potentially irreversible damage to the heart. The upregulation of specific genes and pathways
suggests potential enhancements in energy availability but also potential negative
consequences, such as increased ROS levels, oxidative stress, cellular damage, and cardiac
dysfunction. Conversely, downregulated pathways imply alterations in molecular mechanisms
regulating cardiac remodelling, blood supply, oxygen delivery, and the heart's ability to meet
postpartum demands, which may affect overall cardiac function and the heart's capacity for
recovery from damage. Overall, the complex impact of sFlt-1 overexpression on the heart in
postpartum mice warrants further investigation to better understand the precise consequences
and underlying mechanisms. A deeper understanding of these differentially expressed genes
and pathways will help elucidate the long-term effects of sFit-1 overexpression on cardiac

function and health in the context of postpartum mice.

In summary, both CSE KO and AdsFlt-1 models demonstrate maladaptations during
pregnancy, but they present distinct differences in the genes and pathways involved. Further
research is needed to fully understand the underlying mechanisms and potential therapeutic

strategies for improving cardiac health during pregnancy and the postpartum period.

7.5 Limitations

This study successfully identified significant differences in gene expression profiles between
PE models and control groups. Nonetheless, it is crucial to acknowlege that these findings are
based on mRNA data, which calls for validation through gPCR to enable definitive conclusions
and the potential for candidate genes identification for PE diagnosis and long-term predictions.
Additionally, while the AdsFIt-1 model incorporated postpartum profiles, such data was lacking
for the CSE KO model, highlighting the need for future studies to include this postpartum

aspect.
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Prior to time-mating mRNA profiles of mice injected with AdsFlt-1 and ACMV, respectively,
should be assessed for a more comprehensive and robust analysis. This approach would
allow for a comparison of the effects of AdsFlt-1 prior to pregnancy versus during pregnancy
and would also help determine whether AdCMV has any impact on normal cardiovascular

functions in pre-gravid states.

In light of recent literature presenting mixed conclusions regarding cardiovascular disease
risk/prevention following lactation postpartum, and articles indicating that cardiac hypertrophy
may be exacerbated by lactation, it would be valuable to conduct parallel studies investigating
both CSE KO and AdsFlt-1 mice postpartum. This approach would help ascertain whether the
observed effects in mice postpartum are indeed exacerbated by the PE model or if they are

consequences of the additional pressure exerted by lactation.

Lastly, to obtain a more detailed understanding of the postpartum period, it is advisable to
include multiple time points in future investigations. For instance, assessments every two
weeks up until six months could provide valuable insights into the dynamic changes occurring
during this critical phase. This timeframe aligns with the point at which most literature reports
the adaptations to pregnancy have reverted to pre-gravid levels, offering a comprehensive

evaluation of PE models and controls.
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Chapter 8

General Discussion And
Conclusions
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8. General Discussion and Conclusions

Pregnancy significantly impacts the cardiovascular, hormonal, and metabolic systems of the
human body, serving as a natural stress test that can reveal underlying heart disease.
Cardiovascular disease is the leading non-obstetric cause of death during pregnancy and
postpartum. Women with a history of PE face an increased risk of future cardiovascular
disease and stroke. Understanding cardiac structure and function during pregnancy is crucial
for early detection and intervention to prevent complications such as PE, or even long-term
CVD risk. This study's primary aim was to examine cardiovascular adaptation in normal
pregnancies and PE murine models and assess both the short-term and the long-term impact

of PE on cardiovascular functions.

8.1 Summary of findings

8.1.1 sFIt-1 effects on Cardiovascular functions

Angiogenic imbalance is linked to PE development through inhibition of pro-angiogenic VEGF
and PIGF, causing endothelial dysfunction (S. E. Maynard, Min, Merchan, Lim, Li, Mondal,
Libermann, Morgan, et al. 2003; Ramma & Ahmed 2011b). It has been widely established that
placental sFlt-1, an antagonist of VEGF, causes endothelial damage in prenatal diseases
(Sugimoto et al. 2003b; Fan et al. 2014; Walentowicz-Sadlecka, Domaracki, Sadlecki,
Siodmiak, Grabiec, Walentowicz, Moliz, Odrowaz-Sypniewska, et al. 2019; Yaling Zhai et al.
2020). Indeed, sFlt-1 is a multifaceted molecule that has been implicated in various diseases
and biological functions (Scheufler et al. 2003; Gruson et al. 2016b; Yaling Zhai et al. 2020;
Verlohren et al. 2022). Notwithstanding, sFlt-1 has been getting considerable attention in the
context of PE, sFlt-1 has also been associated with cardiac failure (Ky et al. 2011b; Gruson et
al. 2016b), inhibition of cardiac mitochondrial activity (Sanchez-Aranguren et al. 2018;
Sanchez-Aranguren, Rezai, et al. 2020), and an increased risk of gestational diabetes
(Walentowicz-Sadlecka, Domaracki, Sadlecki, Siodmiak, Grabiec, Walentowicz, Moliz,
Odrowaz-Sypniewska, et al. 2019). Intriguingly, these factors have been identified as either

risk factors for PE or consequences following a PE pregnancy.
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This convergence of associations emphasises the potential of sFit-1 as a valuable marker for
investigating the complex pathophysiology of PE, thereby contributing to a more
comprehensive understanding of this condition. Thus, given the presence of elevated sFlt-1
levels in numerous studies evaluating the potential use of a sFIt-1:PIGF ratio as both a
predictive and diagnostic tool for PE risk (V. Pant et al. 2019; Quezada et al. 2020; Ohkuchi
et al. 2021; W. Chen et al. 2022), the two initial studies in this thesis sought to examine sFlt-1

levels specifically during pregnancy (chapter 4) and the postpartum period (chapter 5).

8.1.1.1 Short-term effects

In the current study, we first used a well-established murine PE model, the AdsFIt-1 induced
PE model. We found that overexpression of sFlt-1 during pregnancy, induced PE-like
symptoms in mice (chapter 4), and this was associated with cardiovascular maladaptations to

pregnancy.

Studies on PE have extensively demonstrated the presence of cardiovascular abnormalities
both during PE (Valdés 2017; Foo et al. 2018; Perry et al. 2018; Youssef & Crispi 2020) and
before its onset (Mousa et al. 2012; Kaartokallio et al. 2014; Morgan et al. 2018). However,
the most noteworthy finding of this study (Chapter 4) is that 7-day exposure to sFlt-1 (from
E10.5 until cardiovascular assessment during pregnancy at E17.5) led to serious systolic,

diastolic, and left ventricular dysfunctions.

Various PE models have been employed to investigate the pathogenesis of PE. sFlt-1
overexpression model is one of the commonly used PE models. Maynard et al. (2003) were
the first to use AdsFIt-1 to induce elevated sFlt-1 expression and PE symptoms during
pregnancy in rat. (S. E. Maynard, Min, Merchan, Lim, Li, Mondal, Libermann, Morgan, et al.
2003). Vogtmann et al. 2019, created transgenic inducible humansFLT1/reverse tetracycline-
controlled transactivator (hsFLT1/rtTA) mice, which can produce high levels of hsFLT1
throughout pregnancy in dams (Vogtmann et al. 2019). When the expression of hsFlt-1 was
induced at E10.5, an increase in circulating sFlt-1 and MAP was observed (Vogtmann et al.
2021).
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Nevertheless, despite the contribution of nhumerous animal models to the understanding of
PE's biological disruptions and molecular mechanisms (G. Yang et al. 2008b; Bytautiene et
al. 2010; Szalai et al. 2015a; Vogtmann et al. 2021), their physiological relevance and cross-
model comparability can be limited. Previous sFlt-1 overexpression PE models often lacked
echocardiographic assessments, impeding human comparisons (S. E. Maynard, Min,

Merchan, Lim, Li, Mondal, Libermann, Morgan, et al. 2003; Vogtmann et al. 2019).

On the other hand, echocardiographic analysis is an essential tool that should not be
overlooked, as echocardiographic markers are vital for early detection, management of PE in
women, and can predict cardiac morbidity and mortality by evaluating target organ damage,
such as left ventricular mass and relative wall thickness (Meyers et al. 2007; Preeclampsia
Foundation 2022).

Expanding beyond echocardiographic evaluations (Chapter 4), which have been widely
employed in cardiovascular studies, the current study also investigated gene expression
profiles associated with sFlt-1 overexpression during pregnancy and PE (Chapter 7). Gene
analysis suggested that sFlt-1 overexpression influenced calcium homeostasis, cellular
proliferation, and multiple signalling pathways within cardiac tissue (chapter 7). Additionally, it
also pointed to a potentially disrupted mitochondrial function, disrupted metabolism, failed
immune response, disrupted angiogenesis, cardiovascular homeostasis, potentially leading to
dilated cardiomyopathy and hypertrophic cardiomyopathy. These alterations could potentially
culminate to detrimental effects on structural modifications, energy metabolism, and impaired
cardiac functionality. The results in the gene analysis confirmed the earlier indications of
dysfunctions seen in the echocardiographic measurements during a short exposure to
elevated levels of sFlt-1. Nevertheless, it is important to note that the mRNA gene analysis
has not been validated through qPCR to draw definitive conclusions and can only be

interpreted in a speculative manner.

In summary, this investigation revealed that even a brief exposure duration to sFlt-1
substantially affects cardiovascular function. The findings underscore the necessity for
additional research to examine the relationship between varying sFlt-1 exposure times and
their implications for cardiovascular health. For instance, future studies could explore whether
a single day or two of exposure to elevated sFlt-1 levels during pregnancy is sufficient to detect

the initial manifestations of cardiovascular dysfunction.
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8.1.1.2 Long-term effects

While cardiovascular dysfunctions and maladaptation have widely been recognized in PE
(Ducray et al. 2011; Sones & Davisson 2016; Jing Huai et al. 2018), very scarce literature
focuses specifically on the sFit-1 levels and their effect in the aftermath of PE. Investigating
the long-term effects of PE is crucial, as recent research spanning the past 5 to 7 years has
unveiled numerous risks associated with the condition (Escouto et al. 2018; Hauspurg et al.
2019; Mcgrath et al. 2020; Beckett et al. 2023). These risks range from cardiovascular
diseases, such as cardiomyopathy (Behrens et al. 2019; Moolla et al. 2022; Aranda &
McFarland 2023; Mubarik et al. 2023), to increased susceptibility to cerebrovascular diseases
including Alzheimer's, Parkinson's, and Huntington's disease (L. F. Hu et al. 2010; Fujita et al.
2014; Kalaria 2016; Wright et al. 2016; F. Zhou et al. 2021).

An in-depth understanding of the postpartum reverse cardiovascular adaptations in normal
versus abnormal pregnancies is essential to prevent persistent sequelae following a
pregnancy complicated by PE (Ferreira et al. 2021; Vasconcelos et al. 2023). By addressing
the underlying mechanisms connecting postpartum risks in women with a history of PE to
various cardiovascular and cerebrovascular disorders, potential therapeutic targets and
strategies to prevent the long-term consequences of PE could be developed (Evans et al.
2011a; F. Wu et al. 2018; Markovitz et al. 2019; Reddy et al. 2019; Bokslag et al. 2020;
Shaaban et al. 2021; Beckett et al. 2023). Therefore, the second study in this thesis (chapter
5), sought to assess the reversal adaptations from pregnancy to postpartum in sFlt-1

overexpressing mice, while also scrutinizing the gene expression postpartum.

In the present study (chapter 5), through monitoring cardiac function during pregnancy and
postpartum via echocardiography, we found that sFlt-1 overexpression led to long-term
impacts on cardiac function, manifesting as systolic, diastolic and structural anomalies,
potentially causing irreversible damage to the cardiovascular system. This demonstrated that
exposure to sFlt-1 during pregnancy not only contributes to the development of PE symptoms
during pregnancy in the short-term but also potentially causes irreversible damage to the
cardiovascular system, as well as persistent deterioration of cardiac function. The irreversible
and persistent degeneration observed in PE extends beyond cardiac function, impacting other

organs as well (Hooijschuur et al. 2019; Yijun Yang et al. 2021; Fulghum et al. 2022). For
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instance, studies have reported long-term alterations in cerebral white and grey matter
following PE (Siepmann et al. 2017), as well as enduring hippocampal vascular dysfunction
and memory impairment (Brussé et al. 2008; Johnson & Cipolla 2017; Johnson et al. 2021,
2022).

Postpartum structural and hemodynamic alterations, such as physiological hypertrophy, are
observed in normal pregnancies; however, in PE cases, structural complications and
myocardial damage have been shown to persist up to 10 years post-delivery (Karen
Melchiorre, Sutherland, Liberati, et al. 2011; Castleman et al. 2016; DeMartelly et al. 2021).

In line with structural abnormal adaptations observed in the postpartum period, gene
expression analysis of the cardiac tissues of AdsFIt-1 mice when compared to ADCMV mice
(chapter 7), pointed to sFlt-1 overexpression impacting genes in cardiac tissue related to
mitochondrial function, haemostasis, coagulation, ECM and membrane-related processes.
Moreover, the gene analysis implicated increased risks for the development of Parkinson
disease, atherosclerotic lesions, diabetic cardiomyopathy as well as disruptions in proper
cardiac remodelling. Reiterating, it is important to note that the mRNA gene analysis has not
been validated through gPCR to draw definitive conclusions and can only be interpreted in a

speculative manner.

Overall, this study confirmed the long-term irreversible effects associated with a brief exposure
to elevated sFlit-1 levels. However, a major limitation of this study was the absence of
cardiovascular assessment during the lactation period, which has been associated with
cardiac hypertrophy and altered cardiac reverse remodelling (Katharina M. Hillerer et al. 2014;
Countouris et al. 2016; Hyatt et al. 2017). Hence, further research incorporating
measurements of cardiovascular function in this sFlt-1 model in lactating mice and non-
lactating mice, as well as lactating in different intervals should be conducted to understand

more clearly the effects of lactation postpartum on the cardiovascular system.
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8.1.2 The role of CSE on cardiovascular adaptations to pregnancy

H>S plays a key role in cardiovascular function, immune hemostasis regulation, promoting
vasodilation and its decrease has been linked to cardiovascular disease (Wen et al. 2018;
Zhen Li et al. 2018; Banqin Wang et al. 2020; Hsu & Tain 2021). In fact, a decrease in the H>S
producing CSE enzyme, has been shown in both the placenta of women with PE (K. Wang et
al. 2013) and the villous cytotrophoblast of women developing recurrent spontaneous abortion
(Bangin Wang et al. 2020). Thus, CSE/H.S has been identified as a potential protective
pathway mechanism (A. Ahmed & Ramma 2015b). While it has been shown that decreased
CSE is linked to PE and that CSE plays a role in the mitochondrial function, associated with
PE, the specific reasons behind this have not yet fully been elucidated (Untereiner, Fu, et al.
2016; Toliver-Kinsky et al. 2019; Bangin Wang et al. 2020). Thus, to attempt to gain a better
understanding in of the underlying mechanisms of CSE specifically during pregnancy, this
study (chapter 6) sought to assess the mitochondrial functions and adaptations observed in

normotensive pregnancies with those seen in CSE KO models.

Echocardiography assessment delineated various maladaptaions of cardiac function and
structure between CSE KO and CSE WT mice during pregnancy (chapter 6). Another
significant aspect is that several of the disparities between CSE KO and CSE WT mice were
observed in the pre-pregnancy state, suggesting that cardiovascular dysfunctions more likely
occur prior to pregnancy but could be exacerbated and revealed more distinctively during

pregnancy (chapter 6).

H.S is associated with cardiac mitochondria through its various functions such as the
maintenance of cardiac function, ROS production and regulation, calcium homeostasis, fatty
acid metabolism and apoptosis regulation (Stark & Roden 2007; Di Lisa & Scorrano 2012;
Reicharda & Asosingha 2019; Vasileiou et al. 2019). Furthermore, a downregulation of H.S
has been linked to mitochondrial dysfunction(Gerd et al. 2016; Karwi et al. 2017; Sanchez-
Aranguren, Ahmad, et al. 2020; Sanchez-Aranguren, Rezai, et al. 2020). Therefore, cardiac
mtDNA levels were measured in the cardiac tissue of CSE KO and CSE WT mice during pre-
gravid and pregnancy states. This study revealed an decrease in relative mtDNA levels in
pregnant CSE KO mice when compared to both pregnant and non-pregnant levels of CSE WT

mice, suggesting that CSE/H,S pathway is important in regulating mitochondrial biogenesis
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during pregnancy, and dysregulation of this pathway may impair mitochondrial function and

subsequently results in cardiovascular dysfunction in PE.

Strikingly, when looking at the gene profiles in the cardiac tissues of pre-pregnant states, CSE
KO seemed to influence the dysregulation of major cellular processes. However, in the
pregnant state gene expression profiles in the cardiac tissues of CSE KO mice when
compared to CSE WT mice showed a notable difference on heart's structure, development,
signalling, immune response, energy metabolism, protein synthesis, cellular trafficking, and
stress responses. Furthermore, CSE KO seemed to suggest a disrupted protein synthesis,
energy production, and stress response mechanisms, ultimately pointing to dysfunctions in
the mitochondria. Yet again, it is important to note that the mRNA gene analysis has not been
validated through qPCR to draw definitive conclusions and can only be interpreted in a

speculative manner.

In summary, in conjunction with the echocardiographic assessments, the mtDNA levels
observed and the gene expression analysis, CSE KO seemed to cause cardiac and
mitochondrial dysfunctions in the pre-gravid state already and to further exacerbate and

ultimately fail the stress test imposed by cardiovascular needs during pregnancy.

8.2 Conclusions and Future Work

In conclusion, the work presented in this thesis examined two distinct models of PE and
identified cardiac systolic, diastolic and structural dysfunctions associated with this pregnancy
disease. The AdsFlt-1 model demonstrated persistent effects on cardiovascular function and
potential neurological implications after a brief exposure to elevated levels of sFlt-1, while the
CSE KO model underlined the importance of H.S even prior to pregnancy. These models
albeit completely different may further help navigating the understanding of the complex
pathophysiology underlying PE. Nevertheless, it is crucial to emphasize that both models only
investigate specific hypotheses related to the complexity of PE and do not fully encapsulate
the still elusive aetiology behind PE. This study highlighted the multifaceted and complex

nature of PE, encompassing cardiovascular and genetic factors.
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8.3 Limitations

The major limitation of the work described in this thesis, is the lack of MRNA data validation
using gPCR and the lack of immunohistochemistry of the cardiac tissue. To obtain a more
comprehensive understanding of these models, validation of mMRNA data should be conducted
as this would allow for a more definitive conclusion rather than a speculation. Moreover,
although this work focused on the cardiovascular aspects of PE, it is important to note that
gene expression analysis pointed to several neurological dysfunctions that warrant further
investigations, in both of these models. Alongside the validation of these genes, further
analysis and identification of these genes could present both a diagnostic genetic profile as

well as a potential therapeutic target for PE.

Immunohistochemical analysis should be performed on cardiac tissues specifically to pinpoint
whether the structural and vascular changes observed in the echocardiographic assessments
can be recapitulated visually. Additionally, following on from the observations of the mRNA
analysis immunohistochemical analysis should also be performed and paired with

electrophysiology to look at the neurological function.

Albeit that mtDNA levels were investigated in CSE KO, research has shown that its increase
or decrease is not always a marker for efficient mitochondria function. Thus, using high-
resolution respirometry or fluorescence-based assays to measure parameters such as
mitochondrial calcium, superoxide, mitochondrial permeability transition, and membrane
potential would aid in the determination of the mtDNA function. MiDNA levels were only
explored in the CSE KO model, nevertheless, according to the evidence supporting
mitochondrial involvement seen on both the CSE KO model and the gene expression analysis,
this emphasizes the need for the assessment of mitochondrial functions in the sFit-1 model

as well.

Future research is necessary to explore the relationship between varying sFlt-1 exposure
durations and their consequences for cardiovascular health. For instance, studies could
explore whether short-term exposure (of 12 hours or 2 days) to elevated sFlt-1 levels during
pregnancy is enough to detect early signs of cardiovascular dysfunction. In parallel, different

timepoints for exposure should also be investigated. For example, studies could also explore
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whether more severe effects in the cardiovascular function are seen when elevated sFlt-1
exposure starts at E16.5 versus E.10.5. Moreover, further research should examine the

influence of lactation on cardiovascular function in individuals with a history of PE.

Finally, the postpartum effects of the CSE KO model warrant investigation. It would be
valuable to determine whether the cardiovascular maladaptations observed during pregnancy
revert to the pre-gravid state, persist permanently, or result in a distinct phenotype. This could
suggest that pregnancy not only causes irreversible damage but also significantly alters the
cardiovascular phenotype.
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10. Appendices

10.1 Appendix A — Consumables and Instruments

Laboratory Instruments/Software

Supplier

Automated ELISA wash plate

ASYS Atlantis Biochrom Ltd, Cambridge, UK

Automated plate shaker

Stuart® SSM3, # SSL5, Staffordshire, UK

Bio-render software

OHSU, Canada

BP (Blood Pressure) Amp (Bridge

Amplification)

ADInstruments Ltd, Oxford, UK

G:BOX Syngene system

Syngene Ltd, Cambridge, UK

Graph Prism v.9 software

GraphPad, California, USA

Homogenizer Crushing

Jencons-PLS T8.01, IKA®, Deutschland, Germany

LabChart®

ADInstruments Ltd, Oxford, UK

Multimode Microplate Reader
Spark®

TECAN Group Ltd., Mannedorf, Switzerland

Nanodrop 1000 spectrophotomer

Thermo Fisher Scientific, Warrington, UK

NovoMagic® Software

Novogene Ltd, Cambridge, UK

PCR LightCycler 480 Il platform

Roche Diagnostic Ltd, Burgess Hill, UK

Tabletop Centrifuge

Centrifuges # 5418; # 5702; # 5424; # 5424- R,
Eppendorf, Hamburg, Germany

TECAN plate reader

Spark-TECAN Trading AG, Switzerland.

ThermaSonic® Gel Warmer

Parker Laboratories, Inc,Fairfield, New Jersey, USA

Vevo® Lab Software

FUJIFILM Visualsonics, Amsterdam, The Netherlands
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VisualSonics Vevo® 3100

Ultrasound

FUJIFILM Visualsonics, Amsterdam, The Netherlands

Table S10.1: Laboratory Instruments and Software

Reagents/Kits Supplier

AdCMV Vector Biolabs, Pennsylvania, USA
AdsFIt-1 Vector Biolabs, Pennsylvania, USA
Agarose Sigma-Aldrich, Dorset, UK

Bovine serum albumin (BSA) (#66-1252) | Fisher Scientific, Loughborough,UK
CSE Antibody Proteintech Ltd, Manchester, UK

Cystathionine

Sigma-Aldrich, Dorset, UK

DirectPCR® lysis reagent

Bioquote Ltd, York, UK

ELISA Duoset

R&D Systems, Bio-Techne, Inc., Oxford, UK

Ethanol (absolute)

Sigma-Aldrich, Dorset, UK

Ethylenediaminetetraacetic (EDTA)
(#E9884)

Sigma-Aldrich, Dorset, UK

Evoscript

Roche Diagnostic Ltd, Burgess Hill, UK

GoTag®

Promega Ltd, Hampshire, UK

IsoFlo® Isoflurane

Abbott Laboratories Ltd, Maidenhead, UK

LightCycler® 480 SYBR Green

Roche Diagnostic Ltd, Burgess Hill, UK

Microsurgical Suture

InterFocus Ltd, Cambridge, UK

miRNeasy kit

Qiagen, Manchester, UK

Nair Cream

Superdrug, UK

Nuclease Free Water

Qiagen, Manchester, UK

Ocryl® Eye Gel

NewPet, Braga,Portugal

OCT Embedding Matrix

CellPath Ltd, Mochdre, UK

Paraformaldehyde (PFA)

Sigma-Aldrich, Dorset, UK
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Primers

ID Techologies Ltd, Weston-super-Mare, UK

Protease inhibitor

Sigma-Aldrich, Dorset, UK

Proteinase K

Bioline, Nottingham, UK

QlAshredder

Qiagen, Manchester, UK

QIlAzol Lysis reagent

Qiagen, Manchester, UK

Reagent diluent

R&D Systems, Bio-Techne, Inc., Oxford, UK

RIPA Lysis buffer (#89900)

ThermoFisher Scientific, Gloucester, UK

S&T Microsurgical Sutures 5mm Needle

InterFocus Ltd, Cambridge, UK

Saline

Scientific Laboratory Supplies, Nottingham,
UK

Strip PCR tubes

ThermoFisher Scientific, Gloucester, UK

Substrate kit

R&D Systems, Bio-Techne, Inc., Oxford, UK

Trimaway Disposable Scalpel 148mm,
Ideal Tek (#301-32-354)

Distelec, AG, Switzerland.

0020)

Tris-Borate-EDTA Buffer (TBE) (#B9-

Geneflow Ltd, Staffordshire, UK

Ultra Fine 0.3 ml 31 G x 5/16 in. (8 mm)

Insulin Syringe with Needle

Becton Dickinson Ltd, Winnersh, UK

Ultrasound Gel (#EE1295B)

Scientific Laboratory Supplies, Nottingham,
UK

Table S10.2 Laboratory Consumables and Kits

10.2 Appendix B — Supplementary Material

Primer Sequence (5°-3’)
N1 TGCGAGGCCAGAGGCCAGTTGTGTAG
F1 TGTTCATGGTAGGTTTGGCC
R1 TCAGAACTCGCAGGGTAGAA

Table $10.3: Primer sequences for assessing the effectiveness of transgenic generation (Yang et

al., 2008).
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Gene | Forward (Sequence 5’- 3’) Reverse Primer (Sequence 5’- 3’)

16S CCGCAAGGGAAAGATGAAAGAC TCGTTTGGTTTCGGGGTTTC
B2M1 | GTGAGGTAACGGCTCACCAA GTGTCTCAGTCCCAGTGTGG
Cftr CCATCAGCAAGCTGAAAGCAGG GTAGGGTTGTAATGCCGAGACG

Table $10.4 Mitochondrial DNA Primers

10.3 Appendix C — Supplementary Methods

C.1 Novogene mRNA Sequencing protocol

Please refer to QC report for methods of sample quality control.
Library Construction, Quality Control and Sequencing

Messenger RNA was purified from total RNA using poly-T oligo-attached magnetic beads. After
fragmentation, the first strand cDNA was synthesized using random hexamer primers, followed by the
second strand cDNA synthesis using either dUTP for directional library or dTTP for non-directional

library.
For the non-directional library, it was ready after end repair, A-tailing, adapter ligation, size selection,
amplification, and purification (Figure $1.1 A). For the directional library, it was ready after end repair,

A-tailing, adapter ligation, size selection, USER enzyme digestion, amplification, and
purification(Figure S1.1 B).
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Figure $10.1 Workflow of directional library construction.

The library was checked with Qubit and real-time PCR for quantification and bioanalyzer for size
distribution detection. Quantified libraries will be pooled and sequenced on lllumina platforms,
according to effective library concentration and data amount.

Clustering and sequencing

The clustering of the index-coded samples was performed according to the manufacturer’s instructions.
After cluster generation, the library preparations were sequenced on an lllumina platform and paired-
end reads were generated.

Data Analysis
Quality control

Raw data (raw reads) of fastq format were firstly processed through in-house perl scripts. In this step,
clean data (clean reads) were obtained by removing reads containing adapter, reads containing ploy-N
and low quality reads from raw data. At the same time, Q20, Q30 and GC content the clean data were
calculated. All the downstream analyses were based on the clean data with high quality.

Reads mapping to the reference genome

Reference genome and gene model annotation files were downloaded from genome website directly.
Index of the reference genome was built using Hisat2 v2.0.5 and paired-end clean

reads were aligned to the reference genome using Hisat2 v2.0.5. We selected Hisat2 as the mapping
tool for that Hisat2 can generate a database of splice junctions based on the gene model annotation
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file and thus a better mapping result than other non-splice mapping tools. Quantification of gene
expression level

featureCounts v1.5.0-p3 was used to count the reads numbers mapped to each gene. And then FPKM
of each gene was calculated based on the length of the gene and reads count mapped to this gene.
FPKM, expected number of Fragments Per Kilobase of transcript sequence per Millions base pairs
sequenced, considers the effect of sequencing depth and gene length for the reads count at the same
time, and is currently the most commonly used method for estimating gene expression levels.

Differential expression analysis

(For DESeq2 with biological replicates) Differential expression analysis of two conditions/groups (two
biological replicates per condition) was performed using the DESeq2 R package (1.20.0). DESeqg2
provide statistical routines for determining differential expression in digital gene expression data using
a model based on the negative binomial distribution. The resulting P-values were adjusted using the
Benjamini and Hochberg’s approach for controlling the false discovery rate . Genes with an adjusted P-
value <=0.05 found by DESeqg2 were assigned as differentially expressed.

(For edgeR without biological replicates) Prior to differential gene expression analysis, for each
sequenced library, the read counts were adjusted by edgeR program package through one scaling
normalized factor. Differential expression analysis of two conditions was performed using the edgeR R
package (3.22.5). The P values were adjusted using the Benjamini & Hochberg method. Corrected P-
value of 0.05 and absolute foldchange of 2 were set as the threshold for significantly differential
expression.

Enrichment analysis of differentially expressed genes

Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by the
clusterProfiler R package, in which gene length bias wascorrected. GO terms with corrected Pvalue
less than 0.05 were considered significantly enriched by differential expressed genes. KEGG is a
database resource for understanding high-level functions and utilities of the biological system, such as
the cell, the organism and the ecosystem, from molecular-level information, especially large-scale
molecular datasets generated by genome sequencing and other high-through put experimental
technologies (http://www.genome.jp/kegg/). We used clusterProfiler R package to test the statistical
enrichment of differential expression genes in KEGG pathways. The Reactome database brings
together the various reactions and biological pathways of human model species. Reactome pathways
with corrected Pvalue less than 0.05 were considered significantly enriched by differential expressed
genes. The DO (Disease Ontology) database describes the function of human genes and diseases. DO
pathways with corrected Pvalue less than 0.05 were considered significantly enriched by differential
expressed genes. The DisGeNET database integrates human disease-related genes. DisGeNET
pathways with corrected Pvalue less than 0.05 were considered significantly enriched by differential
expressed genes. We used clusterProfiler software to test the statistical enrichment of differentially
expressed genes in the Reactome pathway, the DO pathway, and the DisGeNET pathway.

Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) is a computational approach to determine if a pre-defined Gene
Set can show a significant consistent difference between two biological states. The genes were ranked
according to the degree of differential expression in the two samples, and then the predefined Gene
Set were tested to see if they were enriched at the top or bottom of the list. Gene set enrichment analysis
can include subtle expression changes. We use the local version of the GSEA analysis tool
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http://www.broadinstitute.org/gseal/index.jsp, GO, KEGG, Reactome, DO and DisGeNET data sets
were used for GSEA independently.

SNP analysis

GATK (v4.1.1.0) software was used to perform SNP calling. Raw vcf files were filtered with GATK
standard filter method and other parameters (cluster:3; WindowSize:35; QD < 2.0 ; FS > 30.0; DP < 10.
AS analysis

Alternative Splicing is an important mechanism for regulate the expression of genes and the 3 variable
of protein. rIMATS(4.1.0) software was used to analysis the AS event.

PPI analysis of differentially expressed genes

PPI analysis of differentially expressed genes was based on the STRING database, which known and
predicted Protein-Protein Interactions.

Fusion Analysis

Fusion gene refers to the chimeric gene formed by the fusion of all or part of the sequences of two
genes, which is generally caused by chromosome translocation, deletion and other reasons. We used
Starfusion software (1.9.0) to detect genes that are fused. Star-fusion is a software package uses
fusion output results of STAR alignment to detect fusion transcripts, including SATR alignment,
SATRfusion. predict, SATR-fusion.filter was used to correct the predicted results of Star-fusion to
ensure the accuracy of the results.

Appendix D — Supplementary Figures
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Figure S10.2 Genotyping of cystathionine gamma lyase (CSE) knockout and
wildtype mice. Reaction 1 contained F1 and R1 primers to successfully identify
Wildtype (CSE-++) mice, while reaction 2 contained N1 and R1 primers to identify the
knockout (CSE.--) genotype. PCR products were run on a 1% agarose gel at 110V
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for one hour in TBE buffer. Bands were identified at 400 base pairs (bp).

Echocardiographic classification of diastolic dysfunction
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Figure $10.3 Echocardiographic MV E/A classification according to (Danzmann et al. 2008)
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Abstract: Angiogenesis is one of the main processes that coordinate the biological events leading to a
successful pregnancy, and its imbalance characterizes several pregnancy-related diseases, including
preeclampsia. Intracellular interactions via extracellular vesicles (EVs) contribute to pregnancy’s
physiology and pathophysiology, and to the fetal-maternal interaction. The present review outlines
the implications of EV-mediated crosstalk in the angiogenic process in healthy pregnancy and its
dysregulation in preeclampsia. In particular, the effect of EVs derived from gestational tissues in pro
and anti-angiogenic processes in the physiological and pathological setting is described. Moreover,
the application of EVs from placental stem cells in the clinical setting is reported.

Keywords: extracellular vesicles; preeclampsia; angiogenesis

1. Introduction

Extracellular vesicles (EVs) have been established as a means of cellular communi-
cation and are involved in physiological and pathophysiological processes through the
transfer of bioactive molecules such as proteins, RNAs and lipids [1]. EVs are released by
all cell types and can be found in all body fluids. The subtype and composition of EVs
are dependent on the route of EV generation and parental origin, respectively [2]. The
content of EVs can be packaged based on signals received from other cells or environmen-
tal factors such as oxygen, glucose concentration and sheath stress. In pregnant women,
trophoblast-derived EVs are found in the blood [3], amniotic fluid [4], and urine [5]. These
EVs have placenta-specific markers such as HLA-G [6], syncytin-1 [7] and placental-type
alkaline phosphatase (PLAP-1) [8]. Due to their small size, EVs can cross the placental
barrier, thereby enabling feto-maternal communication throughout the pregnancy [9]
(Figure 1). Given that EVs are involved in a wide range of processes, it is no surprise
that they play an important role in pregnancy. EVs regulate various normal physiological
processes during pregnancy, including implantation of the embryo by regulation of the
endometrium, trophoblast invasion, immune regulation of maternal responses and spiral
artery remodeling [10]. Changes in the total number, content, and bioactivity of EVs have
been reported in pregnancy complications such as preeclampsia (PE) [11].

Angiogenesis, the process by which blood vessels form for the delivery of nutrients
to the body, is necessary both prior to and during pregnancy. A balance between pro and
anti-angiogenic factors during pregnancy is key to a successful pregnancy. Imbalance of
angiogenic factors, and subsequently, widespread endothelial dysfunction is considered
the hallmark of pregnancy-related diseases such as preeclampsia (PE) [12]. The clinical
manifestation of PE includes the development of hypertension after 20 weeks of gesta-
tion [13] and the coexistence of either proteinuria or other maternal organ dysfunction such
as renal insufficiency, liver dysfunction, neurological features including headache or visual
disturbances, hemolysis or thrombocytopenia, pulmonary edema [13-15]. Moreover, PE
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Abstract: The placenta is a highly vascularized and com-
plex foetal organ that performs various tasks, crucial to a
healthy pregnancy. Its dysfunction leads to complications
such as stillbirth, preeclampsia, and intrauterine growth
restriction. The specific cause of placental dysfunction
remains unknown. Recently, the role of mitochondrial
function and mitochondrial adaptations in the context of
angiogenesis and placental dysfunction is getting more
attention. The required energy for placental remodelling,
nutrient transport, hormone synthesis, and the reactive
oxygen species leads to oxidative stress, stemming from
mitochondria. Mitochondria adapt to environmental
changes and have been shown to adjust their oxygen and
nutrient use to best support placental angiogenesis and
foetal development. Angiogenesis is the process by which
blood vessels form and is essential for the delivery of nu-
trients to the body. This process is regulated by different
factors, pro-angiogenic factors and anti-angiogenic fac-
tors, such as sFlt-1. Increased circulating sFlt-1 levels have
been linked to different preeclamptic phenotypes. One of
many effects of increased sFlt-1levels, is the dysregulation
of mitochondrial function. This review covers mitochon-
drial adaptations during placentation, the importance of
the anti-angiogenic factor sFlt-1in placental dysfunction
and its role in the dysregulation of mitochondrial function.
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Introduction: preeclampsia

Preeclampsia (PE) is a multisystemic disorder (Lambert
et al. 2014) that affects 1-8% of pregnancies (Duley 2009).
Annually, 76,000 maternal deaths and 500,000 perinatal
deaths worldwide can be attributed to PE (Khan et al. 2006)
and it is accompanied by severe long-term burdens. PE is
defined as de novo onset of hypertension (2160/110 mmHg)
(Brown et al. 2018) and proteinuria (spot urine protein/
creatinine > 30 mg/mmol or >300 mg/day) (Tranquilli et al.
2014; Trogstad et al. 2011), after 20 weeks of gestation. The
exact pathophysiology and phenotype subtypes of PE are
poorly understood.

Although the placenta is understood to be the main
actor in PE, which should thus be “cured” after delivery of
the placenta, recent studies showed that preeclamptic
women have an increased chance of developing various
long-term cardiovascular diseases. PE strongly correlates
with subsequent development of hypertension, ischaemic
heart disease, stroke and venous thromboembolism
(Bellamy et al. 2007). Correspondingly, several predispos-
ing factors, such as multifetal pregnancies, chronic
high blood pressure, personal or family history of PE, pre-
existing diabetes, thrombophilia and obesity, are associ-
ated with increased risks of developing PE (English et al.
2015).

PE is a multifactorial disorder and the exact aetiology
is still unknown. The disruption of endothelial homeosta-
sis, abnormal placentation, excessive inflammation, and
imbalance of angiogenic factors are key features of PE
(Apicella et al. 2019; Possomato-Vieira and Khalil 2016;
Sanchez-Aranguren et al. 2014).

To date, there are no effective treatments to prevent PE,
partly due to the lack of clear knowledge behind the
pathophysiology of PE. The current therapeutic strategies
for PE mainly focus on alleviating the symptoms in order to
delay the necessity for delivery. However, this strategy
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