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ABSTRACT 

Scientific abstract of thesis entitled " Signalling Pathways of Oestrogen-Related 

Receptor Gamma (ESRRG) in Pregnancies complicated by Fetal Growth Restriction" 

submitted by Zhiyong Zou for the degree of PhD from the University of Manchester, 

2022. 

 

Fetal growth restriction (FGR), when a fetus does not achieve its growth potential, 

affects 10% of pregnancies in high-income countries. FGR is not only associated with 

increased risk of perinatal morbidity and mortality, but also increases the possibility 

of cardiovascular diseases or metabolic disorders in later life. To date, there is no 

effective method to prevent or treat FGR, except delivery of the infant. Understanding 

the underlying mechanisms responsible may help to develop therapies to prevent or 

treat the condition. FGR is associated with placental dysfunction, which has been 

attributed to various causes, including: hypoxic conditions in later pregnancy, prenatal 

exposure to the environmental contaminant BPA, and altered levels of some miRNAs. 

Reduced levels of oestrogen-related receptor gamma (ESRRG), a nuclear receptor 

highly expressed in the normal human placenta, is also observed in placentas 

complicated by FGR. Restoring ESRRG function may improve placental function, but 

the mechanisms regulating ESRRG signalling are currently not fully understood.  

This thesis assessed whether hypoxia, BPA exposure and miRNAs modulate ESRRG 

signalling pathways, and explored whether this signalling pathway contributes to the 

abnormal cell turnover and hormone secretion that are features of FGR placentas. The 

programme of research had three aims:  

1) To determine the role of ESRRG signalling pathways in FGR pregnancies and to 

assess whether hypoxia can regulate ESRRG expression and signalling in a cultured 

placental explant model. Placentas from FGR pregnancies and from pregnancies with 

appropriately grown infants were collected. ESRRG mRNA and protein expression 



 13 

were decreased in FGR placentas; this was accompanied by a reduction in mRNA 

expression of several downstream genes. The impact of hypoxia on ESRRG was then 

determined using placental explants from term healthy placentas cultured in 1% O2, 

6% O2, 21% O2 or treated with cobalt chloride (200µM, CoCl2) for four days of culture. 

The mRNA expression of ESRRG and its downstream genes were decreased in the 

explants cultured in 1% O2 or treated with CoCl2, with a reduced percentage of cells in 

cycle and an increase in apoptotic cells. Application of the ESRRG agonist, DY131, 

rescued abnormal cell turnover via restoring ESRRG signalling in the hypoxic placental 

explants. 

2) To assess the impact of BPA on ESRRG signalling pathways, placental explants from 

18 healthy term placentas (9 female and 9 male) were exposed to BPA (1pM-1µM) for 

up to 48 hours of culture. ESRRG mRNA levels were significantly increased in the 

explants treated with 1µM BPA for 24 hours. ESRRG signalling was sex-specific: down-

regulation of ESRRG mRNA and protein expression in male placentas and up-

regulation of ESRRG signals in female placentas was observed. BPA treatment did not 

alter hCG secretion, but induced LDH release from the female placentas with 1pM BPA 

exposure. Physiological BPA exposure did not alter the percentage of cells in cycle or 

apoptotic cells.  

3) To establish if the ESRRG signalling pathway is modulated by miR-377. Normal term 

placental explants were treated with miR-377 mimics to overexpress miR-377. ESRRG 

mRNA and protein expression were significantly decreased in these explants, but 

there was no alteration in the expression of ESRRG’s downstream genes. miR-377 

overexpression also reduced the numbers of cells in cycle and the percentage of 

apoptotic cells. miR-377 RNA expression was comparable between FGR and AGA 

placentas. The exact regulatory relationship between miR-377 and ESRRG is still 

unknown and whether miR-377 directly regulates ESRRG needs to be determined in 

future work.   
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Overall, placental ESRRG signalling is altered in FGR, and that ESRRG signalling is 

modulated by hypoxia and BPA, and potentially miR-377. This study also confirmed 

that BPA can regulate ESRRG signalling in a sex-specific manner in the villous explants 

model, which may explain why BPA exposure is predominantly linked to FGR in male 

neonates. Additionally, the results in this thesis have demonstrated, for the first time, 

that HIF-1 alpha acts as an upstream regulator to inhibit ESRRG signalling reducing the 

percentage of cells in cycle, and increasing the percentage of apoptotic cells in the 

cultured explants, which may contribute to the placental dysfunction underlying FGR 

pregnancies. Furthermore, DY131, an agonist of ESRRG, rescued the hypoxic damage 

observed in the explant model, providing the foundation for future research to 

investigate DY131 as a placental-specific therapy for FGR. 

  



 15 

DECLARATION 

I declare that no portion of the work has been submitted in support of an application 

for another degree or qualification. 

  



 16 

COPYRIGHT STATEMENT  

i. The author of this thesis (including any appendices and/or schedules to this thesis) 

owns certain copyright or related rights in it (the “Copyright”) and s/he has given The 

University of Manchester certain rights to use such Copyright, including for 

administrative purposes. 

ii. Copies of this thesis, either in full or in extracts and whether in hard or electronic 

copy, may be made only in accordance with the Copyright, Designs and Patents Act 

1988 (as amended) and regulations issued under it or, where appropriate, in 

accordance with licensing agreements which the University has from time to time. This 

page must form part of any such copies made. 

iii. The ownership of certain Copyright, patents, designs, trademarks and other 

intellectual property (the “Intellectual Property”) and any reproductions of copyright 

works in the thesis, for example graphs and tables (“Reproductions”), which may be 

described in this thesis, may not be owned by the author and may be owned by third 

parties. Such Intellectual Property and Reproductions cannot and must not be made 

available for use without the prior written permission of the owner(s) of the relevant 

Intellectual Property and/or Reproductions. 

iv. Further information on the conditions under which disclosure, publication and 

commercialisation of this thesis, the Copyright and any Intellectual Property and/or 

Reproductions described in it may take place is available in the University IP Policy (see 

https://documents.manchester.ac.uk/DocuInfo.aspx?DocID=24420), in any relevant 

Thesis restriction declarations deposited in the University Library, The University 

Library’s regulations (see https://www.library.manchester.ac.uk/about/regulations/) 

and in The University’s policy on Presentation of Theses.   



 17 

ACKNOWLEDGEMENTS 

I am grateful to give my sincerest thanks to my amazing supervisory team, Prof 

Alexander E P Heazell, Dr. Lynda K Harris, and Dr. Karen Forbes, for their unconditional 

support, excellent advice, and continuous understanding to help me to complete this 

series of work. Firstly, to Prof Alex Heazell for his great teaching, and motivation and 

for giving me this opportunity to work on such a great project. I would like to thank Dr. 

Lynda K Harris who has shown me the importance of scientific thinking and ignited my 

interest and love in placental research. Many thanks to Dr. Karen Forbes for showing 

me the importance of dedication and planning in scientific work and she kindled my 

passion for microRNAs. Together you make me believe I am capable in handling this 

project and become a real and good scientist and make my Ph.D. journey more 

interesting and wonderful.  

I would like to thank Dr. Sue Greenwood who is my advisor and an expert in the 

placental explants model. Thanks also to Jessica Morecroft and all midwives, who are 

very helpful in recruiting placentas. I would like to express my warmest appreciation 

to all ladies who donated their placentas to this project. Thanks also to those lovely 

people in Heazell group who are very supportive and helpful, especially Bo, Megan, 

Chloe, Alan, Ainslie, and Kelly (Xiaojia Li). I also would like to thank other members of 

MFHRC, especially Kurt, Sally, Michelle, Raianne, Kate, Frances, and Teresa for their 

kind help.  

Many thanks to my sponsor, the University of Manchester, and the Chinese 

Scholarship Council (CSC), for funding my study. I also would like to thank all my friends 

in Manchester during these 3.5 years. Thanks for their company and for giving me 

huge support during this journey. 

Last but not least, thanks to my parents Aifang and Yantang, my grandparents, my 

sisters, and my brother who always stay with me through the highs and lows during 

my Ph.D. even in this pandemic period and always believe in me that I can do it.  



 18 

ABBREVIATIONS 

µM Micromoles  
3’-UTR 3’-untranslated-region  
4-OH 4-hydroxytamoxifen 
AF Activation function 
AGA Appropriate for gestational age 
AGO Argonaute  
AR Androgen receptor  
BCA Bicinchoninic Acid  
BMI  Body mass index 
BPA Bisphenol A  
BSA Bovine serum albumin  
CHIP Chromatin immunoprecipitation 
CK18 Cytokeratin 18 
CoCl2 Cobalt chloride  
Ct Threshold cycle 
CYP cytochrome P-450  

CYP11B1 
Cytochrome P450 family 11 subfamily B 
member 1 

CYP11B2 Aldosterone synthase 
CYP191.1 Cytochrome P-450 
DAB Chromogenic substrate diaminobenzidine 
DBD DNA-binding domain 
DES Diethylstilbestrol 
DMEM Dulbecco’s modified Eagle medium  
DMSO Dimethyl sulfoxide  
DNA Deoxyribonucleic acid 
EFW Estimated fetal weight 
ELISA Enzyme-Linked Immunosorbent Assay 
ER Oestrogen receptor 
ERRE Oestrogen-related receptor elements  
ERRs Oestrogen-related receptors 
ESRRA Oestrogen-related receptor alpha 
ESRRB Oestrogen-related receptor beta 
ESRRG Oestrogen-related receptor gamma 
EVT Extravillous trophoblasts 
FBS Fetal bovine serum 
FGR Fetal growth restriction 
GC-MS Gas chromatography-mass spectrometry 
GPCR30 G-protein-coupled receptor 30  
hCG  Human chorionic gonadotrophin 



 19 

HEK-293T cells Human embryonic kidney 293 cells  
HIF-1A Hypoxia-inducible factor 1-alpha 
HSD11B2 Hydroxysteroid 11-beta dehydrogenase  
HSD17B1 Hydroxysteroid 17-beta dehydrogenase 1 
HSDs Hydroxysteroid dehydrogenases 
HUVECs Human umbilical vein endothelial cells 
IBR Individualised birth weight ratios  
IHC Immunochemistry 
K+ Channels Potassium Channels 
Klk1 Kallikrein 1 
Klk6 Kallikrein 6 
KV7 Voltage-gated potassium 
LBD Ligand-binding domain 
LDH Lactate dehydrogenase 
LRA Luciferase reporter assay 
MCAD Medium-chain acyl-CoA dehydrogenase 
miRISC miRNA-induced silencing complex  
miRNAs microRNAs  
MMP9 Metalloproteinase-9  
mRNA Messenger RNA  
NaOH Sodium hydroxide 

NBF 
Neutral phosphate-buffered formaldehyde 
solution  

NR3B Nuclear receptor 3B 
NRF-1 Nuclear respiratory factor 1 
NTD N-terminal domain 
O2 Oxygen 
p.c Post conception 
PBST PBS-Tween-20 
PDC Pyruvate dehydrogenase complex 
PDK4 Pyruvate dehydrogenase kinase 4 
PE Preeclampsia 

PGC-1alpha 
Proliferator-activated receptor coactivator 
1-alpha 

PLAC1 Placenta-specific protein 1 

PPAR gamma 
Peroxisome proliferator-activated receptor 
gamma 

PR Progesterone receptor   
RISC RNA-induced silencing complex  
ROS Reactive oxygen species 
RPLP0  60S acidic ribosomal protein P0 



 20 

RT-PCR 
Reverse transcription-polymerase chain 
reaction  

SDS-PAGE Sodium-Dodecyl Sulphate polyacrylamide  
sFlt-1 Soluble fms-like tyrosine kinase-1 
SGA Small for gestational age 
siRNAs Small interfering RNAs  
SIRT1 Sirtuin 1 

SMILE 
Small heterodimer partner interacting 
leucine zipper protein  

STB Syncytiotrophoblast  
TBST TBS-Tween-20  
TEXB Total effective xenoestrogen burden  
TNF-alpha Tumor-necrosis factor alpha  
U6 RNU6-1 
UGT UDP-glucuronosyltransferase 
UPR Unfolded protein response  
VEGFA Vascular endothelial growth factor A 
WB Western blot 

  



 21 

 

 

 

 

 

1 CHAPTER 1: LITERATURE REVIEW 

 

Zhiyong Zou, Karen Forbes, Lynda K Harris, Alexander E P Heazell 

 

A Manuscript published in Reproduction 

Reproduction (2021), 161(3): R45-R60 

 

 

 

 

 



 22 

1.1 Introduction 

Placental dysfunction describes when the placenta fails to develop and/or function 

adequately to support the nutritional demands of the fetus, and is central to the 

development of both fetal growth restriction (FGR) and preeclampsia (Redman, 1991, 

Spinillo et al., 2019). FGR describes a fetus that does not reach its genetic growth 

potential. In clinical practice, this is often identified as a small for gestational age infant 

i.e. a baby whose estimated fetal weight (EFW) or birthweight is less than the 10th 

percentile for that stage of pregnancy (ACOG, 2019). However, being small for 

gestational age is not synonymous with FGR. True FGR affects 5%-10% of fetuses and 

is associated with both short and long-term complications including stillbirth, neonatal 

death, abnormal neurodevelopment, and cardiovascular and metabolic disorders in 

later life (Bernstein et al., 2000, Gardosi et al., 2005, Crispi et al., 2010, Ramirez-Velez 

et al., 2017, Pels et al., 2019). The majority of cases of FGR are mediated by abnormal 

placental structure and function (Spinillo et al., 2019). FGR may also co-exist with 

preeclampsia, which is defined as an elevation of maternal blood pressure with 

proteinuria occurring after 20 weeks’ gestation (Brown et al., 2018). In addition to 

adverse effects on the fetus, preeclampsia is associated with maternal morbidity and 

mortality (Souza et al., 2013, Brown et al., 2018). Presently, there are no effective 

therapies to treat FGR or preeclampsia, leaving a decision between expectant 

management or delivery indicated by deterioration in fetal or maternal condition. 

Therapeutic advances are in part impaired by an incomplete understanding of the 

mechanisms underlying the placental dysfunction evident in FGR and preeclampsia. 

Therefore, the identification of key causal pathways amenable to therapeutic 

manipulation is an important goal for research in this area. Here we review the 

evidence for involvement of one such pathway, that of oestrogen-related receptor 

gamma (ESRRG) in the human placenta (Kumar and Mendelson, 2011). 
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Oestrogen-related receptor-gamma is a member of the ERR family of orphan nuclear 

receptors, which is highly expressed in the human placenta (Takeda et al., 2009). 

Evidence suggests that ESRRG serves an important role in trophoblast differentiation, 

proliferation, and invasion, and may be involved in blood pressure homeostasis (Luo 

et al., 2014, Zhu et al., 2018a). In addition, deficient expression of ESRRG is linked to 

impaired placental mitochondrial function (Poidatz et al., 2012), which could lead to 

inadequate energy supply and thus reduced energy expenditure within the placenta. 

Due to its wide range of functions in relevant biological processes, it is plausible that 

ESRRG may also play a role in placental dysfunction underlying pregnancies 

complicated with FGR or preeclampsia.  

To consider whether the ESRRG pathway has a causal role in placental dysfunction, a 

review of the literature has been performed to: (i) summarize knowledge regarding 

the role of ESRRG in trophoblast, placental vascularisation and placental metabolism, 

(ii) discuss the evidence for aberrant expression of constituents of the ESRRG pathway 

in pregnancy complications, including FGR and preeclampsia, and (iii) consider the 

implications of altered ESRRG expression and how this may contribute to placental 

dysfunction. 

1.2 Placental dysfunction underlying pregnancy complications 

To assess whether a pathway may be involved in the pathophysiology of FGR and/or 

preeclampsia, its role in normal placental development requires consideration, 

followed by evaluation of whether the aberrant placental phenotype seen in these 

conditions is consistent with disruption of that pathway. 

1.2.1 Normal placental development  

Placental development begins as soon as the blastocyst implants around day 6 to 7 

post conception (p.c.) (Kaufmann, 1995). In normal placental development, 

appropriate differentiation of cytotrophoblast cells, the trophoblast stem cell 
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population of the placenta, is important; two different pathways arise within the 

developing placental villus: the extravillous and villous lineages. As early as 5 

gestational weeks (14 days after implantation), the extravillous trophoblasts (EVT) 

differentiate from cytotrophoblast cell columns and invade the uterus (interstitial 

invasion) and spiral arteries (endovascular invasion) to remodel the maternal blood 

vessels and ultimately produce dilated and compliant uterine arterioles (Figure 1.1A), 

thereby ensuring an adequate supply of oxygen and nutrients to support fetal growth 

(Pijnenborg et al., 1983, Kaufmann, 1995). Proliferation, differentiation and fusion of 

villous cytotrophoblast maintains the syncytiotrophoblast, which is 

syncytiotrophoblast renewal, the multinucleated outer layer of the placenta 

responsible for placental transport, protective and endocrine functions (Jones and Fox, 

1991) (Figure 1.1A and 1.1B). The villous cytotrophoblast and syncytiotrophoblast, 

together with a core of villous stromal cells containing fetoplacental blood vessels, 

form the villous tree, which is the functional unit of the placenta (Jones and Fox, 1991) 

(Figure 1.1 A and 1.1B). There are five different types of villi, including mesenchymal 

villi, immature intermediate villi, stem villi, mature intermediate villi, and terminal villi. 

Terminal villi, which represent the final branches of the villous tree, exhibit a high 

degree of capillarization and fetoplacental vessels, are separated from maternal blood 

by a thin layer of syncytiotrophoblast and endothelial cells termed the vasculo-

syncytial membrane, which is optimised for gas and nutrient exchange in human 

placenta (Kingdom et al., 2000). Consequently, there is a close relationship between 

terminal villous structure and function.
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Figure 1.1 Schematic showing villous structure, trophoblast lineages and ESRRG localisation in the human placenta. 

Figure 1.1A: Extravillous trophoblast situated at the end of the cell column invades the decidua and remodels the maternal spiral arterioles to 

produce dilated and compliant uterine vessels. Villous cytotrophoblast differentiates and fuses to form the outer multinucleated 

syncytiotrophoblast which transports nutrients and gases from the maternal to fetal circulation. Figure 1.1B is a micrograph showing 

immunostaining of ESRRG in first trimester placental explants. Localisation is mainly observed in the cytoplasm of the syncytiotrophoblast and 

cytotrophoblast. Arrows indicate villous cytotrophoblast, syncytiotrophoblast and villous stroma. Scale bar represents 25µm.
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1.2.2 Endocrine activity in human placenta 

The placenta is an endocrine organ and placental-related hormones are important for 

implantation, placentation, and vascular development. The multinucleated 

syncytiotrophoblast layer is most relevant for endocrine activity. The 

syncytiotrophoblast release human chorionic gonadotropin (hCG), progesterone, 

oestradiol, oestriol, human placental lactogen (HPL), and leptin and these hormones 

play an important role in placental development (Kliman et al., 1986, Bonduelle et al., 

1988, Zhang et al., 2000, Pidoux et al., 2007, Costa, 2016). For example, human 

embryo is able to produce hCG before implantation and hCG also can promote the 

differentiation of the human cytotrophoblast into the syncytiotrophoblast in vitro 

(Bonduelle et al., 1988, Pidoux et al., 2007). Progesterone is a steroid hormone that is 

important to gestational maintenance and placental oestrogens included four 

different steroid hormones groups including oestrone (E1), 17β-oestradiol (E2), 

oestriol (E3) and oestetrol (E4). The placenta selectively secreting oestrogen and 

progesterone is also crucial for fetal growth by affecting other signalling pathways, 

such as matrix metalloproteinase 2 (MMP2), and MMP9 (Zhang et al., 2000, Bukovsky 

et al., 2003, Bjornstrom and Sjoberg, 2005).  

1.2.3 Placental changes in FGR and preeclampsia 

Compared to placentas from normal pregnancies, placentas from pregnancies 

complicated by FGR and/or pre-eclampsia may exhibit a number of structural and 

functional changes, including evidence of an unfolded protein response, increased 

trophoblast apoptosis and autophagy, and reduced trophoblast proliferation and 

metabolic function (Heazell et al., 2008, Heazell et al., 2011, Curtis et al., 2013, Burton 

and Jauniaux, 2018, Yung et al., 2019). In the syncytiotrophoblast, some nuclei are 

aggregated to form syncytial knots with features of apoptosis and disordered 

proliferation; the increased formation of syncytial knots is related to the conditions of 

placental dysfunction which have been found in FGR placentas (Macara et al., 1996, 

Heazell et al., 2007). FGR placentas also show decreased volume and surface area of 

terminal villi, with elongated and less-branched capillary loops (Jackson et al., 1995, 

Krebs et al., 1996). It is hypothesised that some of these changes in villous tissue are 

secondary to reduced invasion of extravillous trophoblast earlier in pregnancy, leading 
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to impaired perfusion of the intervillous space, and are characteristic of early onset 

preeclampsia and FGR (Redman et al., 2020). In late-onset pregnancy complications, 

normal placentation occurs, but impaired placental function arises in the later stages 

of pregnancy. This may be related to abnormal uterine capacity, with the induction of 

chorionic villous packing, compression of the intervillous space, and fetal hypoxia, 

which lead to “unexplained” stillbirths, late-onset fetal growth restriction, or late-

onset preeclampsia (Redman et al., 2020). There may also be abnormalities of the 

fetal-placental vasculature, reduced nutrient transport capacity, and a reduction in 

placental weight, all of which combine to result in insufficient delivery of nutrients to 

the developing fetus (Roberts and Post, 2008). Insufficient placental functions and FGR 

pregnancies are also related to infection in prenatal, such as human cytomegalovirus 

(CMV) infection (Pereira et al., 2014).  

The placenta is a metabolically active organ that consumes a large volume of oxygen 

throughout gestation, with energy provision mainly dependent on mitochondrial 

activity by glucose utilization (Diamant et al., 1975, Malek et al., 1996). An imbalance 

of placental mitochondrial function with excessive generation of reactive oxygen and 

nitrogen species in placentas is observed in pregnancy complications such as FGR, and 

preeclampsia (Atamer et al., 2005, Biri et al., 2007, Leduc et al., 2010). Taken together 

with the observation of altered perfusion of the intervillous space the critical 

relationship between hypoxia, reactive oxygen species (ROS), and how this leads to 

placental dysfunction needs to be considered. 

1.3 A possible role of hypoxia / reactive oxygen species in placental 

dysfunction in FGR and Preeclampsia 

As stated above, hypoxia and hypoxia-reoxygenation can contribute to the elevation 

of reactive oxygen species (ROS), which can lead to increased oxidative DNA damage 

and depletion of local antioxidant defenses (Hung and Burton, 2006, Kimura et al., 

2013). Placental hypoxia has been reported in both FGR and preeclampsia (Kimura et 

al., 2013). Furthermore, a hypoxic environment can reproduce elements of the 

trophoblast phenotype seen in these conditions. Culture in 2% or 9% O2 reduces 

differentiation and induces apoptosis in third trimester primary cytotrophoblast (Alsat 
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et al., 1996, Levy et al., 2000). Culture in 2% O2 impaired differentiation and invasion 

in first-trimester primary cytotrophoblast (Genbacev et al., 1996), and term placental 

villous explants also exhibited reduced proliferation and induction of apoptosis when 

cultured at 1% compared to 6-8% O2 (Heazell et al., 2008). Hypoxia (1% O2) promotes 

stemness and differentiation in term cytotrophoblast by inhibiting GCM1 activity 

(Wang et al., 2022). Therefore, oxygen tension can modulate both the development 

of villous structure and trophoblast function. The molecular mechanisms responsible 

for these changes in trophoblast phenotype are still elusive, but recent reports suggest 

that it may, in part, be linked to the pathways induced by placental oxidative stress, 

such as the activation of an unfolded protein response (UPR) (Yung et al., 2008, Yung 

et al., 2019).  

To understand the potential contribution of the ESRRG pathway in the pathogenesis 

of placental dysfunction underlying FGR and preeclampsia, the functions of ESRRG in 

pregnancy will be described, and the evidence that ESRRG signalling might be involved 

in the occurrence of placental dysfunction will be reviewed. 

1.4 The ERR family 

Oestrogen-related receptors (ERRs) are an NR3B (nuclear receptor 3B) group of the 

nuclear receptor subfamily, including ESRRA, ESRRB, and ESRRG, which are encoded 

by ESRRA, ESRRB, and ESRRG genes, respectively. The NR3B group of nuclear receptors 

is one of the larger NR3 classes and includes the hormone receptors for oestrogen, 

androgens, progesterone, aldosterone, and cortisol (Giguere et al., 1988, Giguere, 

1999). Although ERRs share sequence homologies with the oestrogen receptor (ER), 

the transcription of ERRs is not activated by oestrogen, and information on the nature 

of endogenous ligands for ERRs remains to be established (Vanacker et al., 1999). ERRs 

can regulate transcription by binding to oestrogen-related receptor elements (ERRE) 

in target genes, which include several molecules involved in the cellular energy 

metabolic pathway (Giguere, 2008).  

1.4.1 Structure of ERRs 

According to their sequence homology and function, the structural features of ERRs 

include an activation function (AF)-1 domain /N-terminal domain (NTD), a DNA-
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binding domain (DBD), a ligand-binding domain (LBD), and an AF-2 domain (Giguere, 

1999) (Figure 1.2). The NTD is a non-conserved domain and it includes an AF-1 domain 

and a variable amino acid domain. In ESRRG and ESRRA, the NTD contains 

phosphorylation-dependent sumoylation sites that are embedded in a synergy control 

motif and may serve a role in regulating the transcriptional activity of ERRs (Tremblay 

et al., 2008). The synergy control motif may have a role in modulating higher-order 

interactions among transcriptional factors (Iniguez-Lluhi and Pearce, 2000). The ERRs’ 

DBD has the highest sequence homology of the three ERR isoforms; ESRRB and ESRRA 

share 99% and 93% identical amino acid sequence with ESRRG respectively, which 

suggests that more than two ERRs might share some target genes (Heard et al., 2000). 

DBD contains two highly conserved zinc finger motifs, which recognize and bind 

oestrogen response element (ERE; 5’-AGGTCActgTGACCT-3’) and a specific DNA 

sequence, denoted as an ERR response element (ERRE; 5’-TCAAGGTCA-3’). ERRs 

activate transcriptional activities as a monomer to recognize both ERE and ERRE, and 

the ERRs receptors dimerization including a homodimer, or a heterodimer, can 

modulate the transcriptional activities of ERRs (Johnston et al., 1997, Dufour et al., 

2007). Moreover, ERRs and ERs have high homology in the DBD region (Giguere et al., 

1988); 21% of ESRRA target promoters can be recognized by ESR1 in breast cancer cell 

lines (Deblois et al., 2009). Despite this, several genes can be regulated by both ESR1 

and ERRs, including the human lactoferrin gene and monoamine oxidase B (Yang et al., 

1996, Zhang et al., 2006b).  

The final structural part of the ERRs is the LBD, a less conserved domain; there is a 77% 

sequence homology between the LBDs of ESRRB and ESRRG, and 61% homology 

between the ESRRA and ESRRG (Heard et al., 2000) (Figure 1.2). The homodimerization 

or heterodimerization of the LBD in ESRRG can also influence the transcriptional 

activities of ERRs; the homodimerization of ESRRG via the LBD can enhance the activity 

of transcription; conversely, heterodimerization with ESRRA inhibits the 

transcriptional activity of both receptors; this study suggests that mechanism for this 

repression is not due to the inability of ESRRG-ESRRA heterodimers binding to DNA 

(ERRE) and could result from inhibiting of common coactivators, like PGC-1alpha  

(Huppunen and Aarnisalo, 2004). The interaction between the LBD and its coactivator 
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is ligand-independent (Greschik et al., 2002). However, the crystal structure also 

shows that the LBD can interact with ligands by a flexible ligand-binding pocket and 

importantly from the perspective of understanding receptor signalling pathways, 

several synthetic molecules can inhibit or stimulate the transcriptional function of 

ERRs via the LBD, including proliferator-activated receptor coactivator 1-alpha, 

diethylstilbestrol (DES), and 4-hydroxytamoxifen (4-OH) (Tremblay et al., 2001a, 

Tremblay et al., 2001b, Kallen et al., 2004, Chao et al., 2006). Bisphenol A (BPA) is a 

chemical and environment contaminant used to produce plastics, which strongly binds 

to the ESRRG-LBD (Takeda et al., 2009). As the level of BPA in maternal blood and 

placental tissue is inversely related to fetal weight in human pregnancy (Troisi et al., 

2014), BPA-mediated upregulation of placental ESRRG may provide a mechanistic link 

to explain the association between elevated BPA levels and FGR (Takayanagi et al., 

2006, Okada et al., 2008). BPA responses in pregnancy may be sex-specific as previous 

studies observed maternal BPA exposure in humans correlated with FGR mainly in 

male offspring (Chou et al., 2011, Troisi et al., 2014), but the mechanism underlying 

these sex-differences are unclear. 

Thus, the structure of the ERRs, specifically that of the LBD and DBD, is vital to the 

regulation of ERR signalling, including that of ESRRG. Furthermore, abnormal placental 

expression of ESRRG in FGR and preeclampsia suggests a potential role for ESRRG in 

the development or potentiation of these pregnancy complications (Luo et al., 2014, 

Zhu et al., 2018a). This thesis will consider how ESRRG is regulated, its effects in 

trophoblast and how this may contribute to the phenotypes of placental dysfunction 

observed in FGR and preeclampsia.  
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     Figure 1.2  The structures of ERR family members. 

AF, activation function; DBD, DNA binding domain; LBD, ligand binding domain; 

ESRRG, oestrogen related receptor gamma; ESRRB, oestrogen related receptor beta; 

ESRRA, oestrogen related receptor alpha. 

 Figure 1.2 The structures of ERR family members 
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1.4.2 ESRRG 

Both fetal and adult organs abundantly express ESRRG (Heard et al., 2000), including 

the placenta, heart, and brain (Heard et al., 2000, Takeda et al., 2009, Misra et al., 

2017). ESRRG can regulate blood pressure homeostasis, due to the high expression of 

ESRRG in kidneys which mediate aldosterone-stimulated sodium and water reuptake 

(Alaynick et al., 2010). Esrrg null mice die during the first 72 hours of life with elevated 

serum potassium, and the genes that regulate serum potassium and blood pressure 

were decreased in the kidney in Esrrg knock-out mice; mRNA expression of the 

potassium channels, Kcnj1, Kcne1, and Kcne2, and kallikrein-kinin system genes 

kallikrein 1 (Klk1) and kallikrein 6 (Klk6), were significantly reduced in the kidneys of 

Esrrg null mice, (Alaynick et al., 2010). The body weight of Esrrg null mice was normal 

at E18.5, but decreased at day of birth (Alaynick et al., 2010). Other potential 

mechanisms by which Esrrg can regulate maternal blood pressure homeostasis during 

pregnancy are related to steroid 11beta-hydroxylase (Cyp11b1) and aldosterone 

synthase (Cyp11b2) (Luo et al., 2014). In Esrrg heterozygous (Esrrg+/-) pregnant mice, 

expression of Cyp11b1 and Cyp11b2 is decreased in the mouse adrenal cortex, 

resulting in reduced production of aldosterone and a reduction in blood pressure; 

conversely, expression of Cyp11b1 and Cyp11b2 in WT pregnant mice is increased 

after exposure to the ESRRG agonist DY131, which increased maternal blood pressure 

(Luo et al., 2014). Given that development of preeclampsia involves abnormal 

elevation of maternal blood pressure, dysregulation of ESRRG signaling in the kidney 

and adrenal cortex may contribute to this phenomenon. 

Placental ESRRG expression also plays an important role in the maintenance of 

pregnancy. The placenta has the highest expression of ESRRG in the human 

reproductive system (Figure 1.1B) (Takeda et al., 2009); the mRNA and protein 

expression of ESRRG increases over gestation and the mRNA level of ESRRG is higher 

in primary villous cytotrophoblast compared to extravillous cytotrophoblast in first 

trimester placentas (Poidatz et al., 2012). ESRRG expression is dramatically increased 

during human cytotrophoblast cell differentiation, indicating a potential regulatory 

role (Kumar and Mendelson, 2011). Moreover, ESRRG also regulates genes involved in 

cellular energy homeostasis and metabolism; expression of key regulator genes 
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involved in mitochondrial biogenesis (PGC-1A and NRF-1) and energy metabolism 

(PDK4 and MCAD) decreased after silencing ESRRG in human first trimester placental 

primary cytotrophoblast (Poidatz et al., 2012). As these studies indicate that ESRRG 

signaling may influence multiple aspects of normal placental function, we will review 

the evidence for the involvement of ESRRG in regulating trophoblast function, hypoxic 

responses, placental vascularisation, placental metabolism, and other regulators in 

the human placenta (Table 1.1 and Figure 1.3). 
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Table 1.1 Relationship of ESRRG to upstream regulators and downstream effectors demonstrated in studies of placenta. 

Downstream 

effects 

Tissue/cell 

type/subject 

Author Study Methods Main finding Influence on 

trophoblast 

function 

Definition of FGR / preeclampsia 

(where applicable) 

CYP191.1 Mid-trimester 

primary 

cytotrophoblasts 

Kumar and 

Mendelson 

2011 

RT-PCR; WB; 

ChIP; 

ESRRG is an oxygen-dependent 

transcription factor and mediates 

CYP191.1 expression in trophoblast 

differentiation. 

Differentiation   

CYP11B1 Late-onset PE 

placenta; 

Mouse model 

Luo, et al. 2014 RT-PCR; IHC; 

WB; ChIP; LRA 

ESRRG is increased in placenta in PE 

and can influence the blood pressure 

in pregnant mice by targeting 

Cyp11b1. 

Reduced 

production of 

aldosterone 

PE defined as maternal blood 

pressure (≥140/90 mmHg) and 

proteinuria (proteinuria ≥300mg per 

24 hours or ≥1+ protein by dipstick 

from 2 random urine specimens or 

≥2+protein by 1 dipstick) after 20 

weeks of gestation. 

Potassium (K+) 

Channels 

Mid-trimester 

primary trophoblast 

cells; Term FGR 

placenta 

Luo, et al. 2013 

Corcoran, et al. 

2008 

RT-PCR; WB; 

ChIP; LRA; 

Whole-genome 

Hypoxia inhibits the expression of 

ESRRG and K+ channels; 

ESRRG can regulate K+ channels that 

may be associated with PE and 

Differentiation FGR defined as the individualized 

birth weight ratio (IBR) ≤ 5th centile 

for gestational age. 
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gene expression 

arrays 

identified three ESRRG potential 

effectors, including HSD11B2, 

HSD17B1, and PLAC1; 

Oxygen-sensitive K+ channel gene 

KV9.3 was increased in FGR placenta 

and KV2.1 was increased in FGR 

placental vein. 

HSD11B2 Cytotrophoblast 

from mid-trimester 

placenta; 

Early-onset FGR 

placenta (n=15) and 

later-onset FGR 

placentas (n=4)  

McTernan, et 

al. 2001 

Luo, et al. 2013 

 

RT-PCR HSD11B2 mRNA is decreased in 

ESRRG knockdown mid-trimester 

cytotrophoblasts.  

HSD11B2 is decreased in both early-

onset and later-onset FGR placentas, 

when compared with gestational 

matched normal placentas. 

Not reported FGR are diagnosed with at least 

three of four following ultrasound 

features: 1) fetal abdominal 

circumference ≤ 3rd centile for weeks 

of gestation, 2) abnormal fetal 

growth velocity 3) severe 

oligohydramnios (amniotic fluid 

index ≤3rd percentile for gestational 

age), 4) absent or reversed velocities 

in umbilical artery Doppler 

waveforms.  
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PLAC1 Placental villi of the 

human first 

trimester and term 

placenta 

Chang, et al. 

2016 

RT-PCR; IHC; 

WB 

PLAC1 is increased during the 

trophoblast differentiation and low 

expression inhibits the cell fusion. 

Differentiation FGR were diagnosed as a fetus with 

reduced growth velocity, which is 

less than 10th centile after 20 

gestational weeks. 

 Later-onset FGR 

placenta 

Sifakis, et al. 

2018 

RT-PCR PLAC1 is increased in FGR placenta. Not reported  

HSD17B1 Late-onset FGR 

placenta; 

HTR-8 cell lines  

Zhu, et al. 2018 RT-PCR; IHC; 

WB; LRA 

ESRRG can regulate HSD17B1 that is 

associated with FGR 

Decrease 

invasion; 

proliferation 

FGR defined as estimated fetal 

weight is less than 10th centile. 

VEGFA Mouse model Luo, et al. 2014 RT-PCR The expression of VEGFA is decreased 

in ESRRG deficient mice placenta 

No detection 

reported 

 

PDK4 Primary trophoblast 

Bewo cell line 

Poidatz, et al. 

2012 

RT-PCR, IHC The expression of ESRRG is increased 

during trophoblast differentiation. 

PDK4 is decreased after inhibiting 

ESRRG expression. 

Differentiation  

MCAD First trimester 

human primary 

cytotrophoblast; 

Poidatz, et al. 

2012 

RT-PCR, IHC MCAD is decreased after inhibiting 

ESRRG expression. 

Differentiation  
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Bewo cell line 

Upstream        

BPA Placentas from low 

birth weight infant; 

587 children 

Troisi, et al. 

2014 

Miao, et al. 

2011 

 

GC-MS analysis, 

Interview 

Negative relationship between BPA 

and fetal weight; ESRRG is a receptor 

of BPA in the placenta. 

Not reported Low birth weight defined as the 

infant weight less than 2500g at 

birth; 

PGC-1A FGR and PE 

placenta; 

Late-onset FGR 

placenta 

Poidatz, et al. 

2015 

IHC, RT-PCR,  

Quantification 

mitochondrial 

DNA 

In FGR and PE placenta, the 

expression of ESRRG, PGC-1A and 

SIRT1 is decreased. 

No detection 

reported 

FGR defined as a birth weight less 

than 10th centile. 

PE was diagnosed as an elevated 

maternal blood pressure (systolic 

and diastolic blood pressure 

≥140/90mmHg) and proteinuria (≥ 

300mg per 24 hours) after 20 weeks 

of gestation. 

SIRT1 FGR and PE 

placenta; 

Poidatz, et al. 

2015 

IHC, RT-PCR,  In FGR and PE placenta, the 

expression of ESRRG, PGC-1A and 

SIRT1 is decreased. 

No detection FGR defined as a birth weight less 

than 10th centile. 
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Late-onset FGR 

placenta 

Quantification 

mitochondrial 

DNA 

The definition of PE has been 

mentioned in the part of PCG-1A. 

miR-320a Late-onset PE 

placenta; HTR-

8/SVneo 

Gao, et al. 2018 RT-PCR; IHC; 

WB; LRA 

miR-320a regulates ESRRG in PE Decreased 

invasion; 

No change in 

proliferation 

and migration  

PE defined as increased diastolic and 

systolic maternal blood pressure 

with proteinuria.  

 HTR-8/SVneo; 

HUVECs 

Liu, et al. 2018 RT-PCR; WB; 

LRA 

miR-320a directly target ESRRG and 

may indirectly control the expression 

of VEGFA to influence the function of 

both trophoblast and vein endothelial 

cells. 

Decreased 

invasion, 

proliferation 

and migration; 

Increase in 

apoptosis 

 

HIF-1A Mid-trimester 

primary trophoblast 

cells 

Kumar and 

Mendelson 

2011 

RT-PCR; WB; 

ChIP assay 

HIF-1A can mediate ESRRG 

expression in trophoblast 

differentiation 

Differentiation   

Abbreviations: ESRRG: oestrogen related receptor gamma; CYP191.1: cytochrome P-450; RT-PCR: reverse transcription polymerase chain 

reaction; WB: western blot; CHIP: chromatin immunoprecipitation; FGR: fetal growth restriction; CYP11B1: cytochrome P450 family 11 subfamily 
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B member 1; IHC: immunochemistry; LRA: luciferase reporter assay; PE: preeclampsia; HSD11B2: hydroxysteroid 11-beta dehydrogenase 2; 

HSD17B1: hydroxysteroid 17-beta dehydrogenase 1; PLAC1: placenta-specific protein 1; VEGFA: vascular endothelial growth factor A; PDK4: 

pyruvate dehydrogenase kinase 4; SGA: small for gestational age; PE: preeclampsia; MCAD: medium-chain acyl-CoA dehydrogenase; BPA: 

bisphenol A; GC-MS: gas chromatography-mass spectrometry; PCG-1A: peroxisome proliferator-activated receptor-gamma coactivator-1 alpha; 

HUVECs: human umbilical vein endothelial cells; HIF-1A: Hypoxia-inducible factor 1-alpha; SIRT1, sirtuin 1.
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1.5 The effect of ESRRG on trophoblast function 

1.5.1 Proliferation 

Cell turnover defines as the constant shedding of dead cells with subsequent younger 

cell replacement. ESRRG knockdown reduces proliferation of the extravillous-like 

trophoblast cell line HTR-8/SVneo, by decreasing the expression of its downstream 

gene, 17beta-hydroxysteroid dehydrogenase type 1 (HSD17B1) (Zhu et al., 2018a). 

HSD17B1 is an enzyme capable of converting estrone to 17beta-estradiol in the 

metabolism of oestrogen. Abnormal expression of HSD17B1 has been reported in both 

FGR and preeclampsia (Zhu et al., 2018a); previous studies have revealed that a 

reduced plasma HSD17B1 expression level could be considered a potential prognostic 

factor for preeclampsia (Ohkuchi et al., 2012, Ishibashi et al., 2012). Ohkuchi et al. 

(Ohkuchi et al., 2012) examined 128 normal pregnant women and 30 pregnancies 

complicated with preeclampsia and found that reducing maternal plasma levels of 

HSD17B1 correlated with the occurrence of preeclampsia, implicating HSD17B1 in the 

pathogenesis of the disease, possibly by influencing the process of oestrogen 

metabolism. Since oestrogen can reduce the proliferation of HTR-8/SVneo cell line 

(Patel et al., 2015), this might suggest a relationship between low levels of HSD17B1 

in maternal serum, placental oestrogen metabolism, and trophoblast proliferation. 

Moreover, the mRNA and protein level of HSD17B1 was decreased in placentas 

complicated with FGR (Zhu et al., 2018a). Therefore, aberrant regulation of HSD17B1 

by ESRRG may contribute to placental dysfunction, by its ability to regulate the 

proliferation of cytotrophoblast cells which is disrupted in FGR and preeclampsia. 

1.5.2 Differentiation  

The definition of differentiation is cytotrophoblast fused to form overlying 

syncytiotrophoblast. There is also evidence that ESRRG may influence cytotrophoblast 

differentiation via its role as a regulator of the aromatase CYP19A1, the voltage-gated 

potassium (KV7) channel family, or via interactions with two other downstream genes, 

placenta specific protein-1 (PLAC1), and 11beta-hydroxysteroid dehydrogenase 2 

(HSD11B2) (Kumar and Mendelson, 2011, Luo et al., 2013).  
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The cytochrome P-450 (CYP) family members include CYP11A1 and CYP19A1, and 

hydroxysteroid dehydrogenases (HSDs), such as 3beta-HSD and 17beta-HSD; these 

enzymes play a vital role in placental hormone synthesis and metabolism (Payne and 

Hales, 2004). C19 steroid precursors can be converted into oestrogen via activating 

aromatase P450, which is encoded by the CYP19A1/ hCYP19 gene and only expressed 

in the syncytiotrophoblast, not in trophoblast stem cells or cytotrophoblast (Fournet-

Dulguerov et al., 1987, Kamat et al., 1998). Notably, ESRRG has been shown to 

stimulate the expression of hCYP19 in vitro, via binding to its promotor to increase 

oestrogen levels in a 20% O2 culture environment, which promotes trophoblast 

differentiation. When human second-trimester primary cytotrophoblasts were 

cultured in a hypoxic environment (2% O2), both ESRRG and hCYP19 expression 

decreased; however, elevating ESRRG expression restored hCYP19 expression (Kumar 

and Mendelson, 2011). 

ESRRG also induces mRNA and protein expression of the KV7 family of potassium 

channels to regulate the differentiation of cytotrophoblast in second-trimester 

placentas. Voltage-gated KV7 channels are encoded by the KCNQ1-5 (alpha-subunit) 

and KCNE1-5 (beta-subunit) genes. The human placenta expresses many potassium 

channel genes, including the KCNQ and KCNE families, and the expression of KCNQ3 

and KCNE5 is markedly increased in placentas from pregnancies complicated with 

preeclampsia, particularly in the syncytiotrophoblast (Mistry et al., 2011). ESRRG 

induces mRNA and protein expression of the potassium channels KLK1, KCNQ1, KCNE1, 

KCNE3 and KCNE5 during primary cytotrophoblast differentiation, the effect of which 

was blocked by hypoxia (Luo et al., 2013). After examining the promotor, an ERRE 

located in the upstream region of the KCNE1 and KLK1 genes was identified, to which 

ESRRG can bind (Luo et al., 2013). In addition, expression of the oxygen-sensitive K+ 

channel gene KV9.3 was increased in FGR placentas, and expression of KV2.1 was 

increased in chorionic plate veins from the same placentas (Corcoran et al., 2008). 

However, the relationship between ESRRG and expression of K+ channels in 

functionally deficient placentas remains unclear.  

There is also evidence that PLAC1 and HSD11B2 are downstream effectors of ESRRG, 

and these two genes can regulate cytotrophoblast differentiation (Luo et al., 2013). 
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The expression of PLAC1 is elevated during trophoblast differentiation and conversely, 

reduced expression of PLAC1 attenuates fusion of term primary human 

cytotrophoblast in vitro (Chang et al., 2016). Contrary to expectations, Sifakis et al. 

found high PLAC1 expression in FGR placentas at term (Sifakis et al., 2018), although 

this may be linked to the aberrant differentiation and trophoblast turnover reported 

in FGR (Heazell et al., 2011, Huppertz, 2011). Combined with the observations of Luo 

et al., these data suggest that the effect of PLAC1 on trophoblast differentiation might 

be mediated via ESRRG (Luo et al., 2013). 

Another downstream gene of ESRRG is HSD11B2, an enzyme that converts active 

cortisol to inactive cortisone, which is expressed in villous syncytiotrophoblast (Pepe 

et al., 1999). Both mRNA and protein expression of HSD11B2 is induced during term 

primary cytotrophoblast differentiation, and it is considered a marker for trophoblast 

differentiation (Hardy and Yang, 2002, Homan et al., 2006). During pregnancy, 

HSD11B2 acts as a critical placental glucocorticoid barrier that protects the fetus from 

the harmful effects of excessive maternal glucocorticoids (Zhu et al., 2018b, 

Benediktsson et al., 1993). Placental HSD11B2 expression correlates with fetal weight 

and postnatal growth velocity (Benediktsson et al., 1993). McTernan et al. (McTernan 

et al., 2001) showed that placental HSD11B2 expression is decreased in FGR and 

demonstrated the importance of placental HSD11B2 in regulating fetal growth. 

Studies of SGA placentas also reported low HSD11B2 expression, which further 

revealed the relationship between HSD11B2 and fetal weight (Struwe et al., 2007). 

Placental HSD11B2 expression at birth is positively associated with fetal length at birth, 

whereas its expression is inversely related to growth velocity in the first year of life 

and might therefore be a predictor of postnatal growth of fetuses with FGR 

(Tzschoppe et al., 2009). These studies support the relationship between abnormal 

differentiation of cytotrophoblast seen in FGR and preeclampsia and expression of 

HSD11B2, although the roles of HSD11B2 in trophoblast function are still unclear. 

Since ESRRG regulates HSD11B2 (Luo et al., 2013), the reduced effect of HSD11B2 on 

trophoblast differentiation might be due to reduced levels of ESRRG in the presence 

of placental dysfunction.  



 43 

1.5.3 Invasion  

Invasion of the extravillous trophoblast into the uterine wall and subsequent 

remodeling of the uterine arterioles is critical for normal placental development and 

optimal uteroplacental perfusion. Knockdown of ESRRG resulted in deficient invasion 

of the extravillous-like HTR-8/SVneo cell line (Liu et al., 2018, Zhu et al., 2018a). Liu et 

al. showed that overexpression of microRNA (miR)-320a inhibited HTR-8/SVneo 

invasion by regulating ESRRG signalling (Liu et al., 2018). Furthermore, Zhu et al. 

demonstrated that reduced expression of ESRRG in HTR-8/SVneo cells significantly 

impaired invasion via regulation of HSD17B1 (Zhu et al., 2018a). Although a potentially 

significant finding, the relationship between ESRRG and the invasive capacity of 

extravillous trophoblast needs to be explored further using primary tissues.  

1.5.4 The effect of ESRRG on placental vascularisation  

Although the trophoblast is critically important to placental function, it is also widely 

acknowledged that impaired placental blood vessel development may be important in 

the aetiology of FGR (Hitschold et al., 1993). Several genes have been implicated in 

regulating placental vascularisation, including vascular endothelial growth factor A 

(VEGFA) (Ylikorkala et al., 2001, Burton et al., 2009). Maternal serum levels of VEGFA, 

an angiogenic factor that is crucial for placental angiogenesis during early gestation, 

are decreased in the 2nd and 3rd-trimester in pregnancies complicated with FGR 

(Bersinger and Odegard, 2005). Expression of VEGFA in primary vascular endothelial 

cells is also reduced in FGR placentas (Chui et al., 2014). The altered vascularisation 

seen in the placentas of women with FGR can potentially be attributed to dysregulated 

ESRRG expression. In mice, placentas from Esrrg -/- fetuses have significantly 

increased mRNA levels of Vegfa, compared with placentas from wild type fetuses (Luo 

et al., 2014), and in Esrrg+/- pregnant mice, circulating levels of the angiogenic, soluble 

receptor for VEGF, soluble fms-like tyrosine kinase-1(sFlt-1), were significantly 

reduced (Luo et al., 2014). In addition, direct regulatory interactions between ESRRG 

and VEGFA was confirmed in the other systems; in the mouse myoblast cell line C2C12, 

suppression of Esrrg can block the transcriptional expression of Vegfa, whilst in HEK-

293T cells, ESRRG has been shown to activate the VEGFA promoter (Matsakas et al., 
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2012). This indicates that ESRRG may affect placental vascularisation via its regulation 

of VEGFA.  

The link between ESRRG and the development of placental vessels also could be 

associated with potassium channel expression or BPA exposure. One of the potential 

downstream effectors of ESRRG, potassium channels, play a role in placental 

vascularization, which may be mediated by ESRRG (Wareing et al., 2006, Wareing, 

2014). In addition, an upstream regulator of ESRRG, BPA, altered the vascularisation 

of mice placentas. Exposure to BPA in pregnancy increased the total area of the 

maternal blood spaces, and embryonic capillaries in the labyrinth layer, which may be 

mediated through ESRRG signalling pathways (Tait et al., 2015). These studies all 

suggest that ESRRG may be involved in regulating placental vascularisation, however 

further studies are required in humans to confirm this.  

1.5.5 ESRRG and placental metabolism  

There is accumulating evidence that ESRRG plays a role in the regulation of several 

mitochondrial functions, including mitochondrial biogenesis, oxidative 

phosphorylation, and fatty acid oxidation, in the heart, kidney, skeletal muscle, and 

placenta (Huss et al., 2002, Alaynick et al., 2007, Dufour et al., 2007, Kubo et al., 2009, 

Alaynick et al., 2010, Fan et al., 2018). In the human placenta, ESRRG regulates 

mitochondrial function in the villous trophoblast by controlling gene networks 

involved in mitochondrial biogenesis and fat and glucose metabolism, including 

pyruvate dehydrogenase kinase 4 (PDK4), medium chain acyl-CoA dehydrogenase 

(MCAD), sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor gamma 

(PPAR gamma) coactivator 1 alpha (PGC-1A) (Poidatz et al., 2012).  

In human term primary villous cytotrophoblast, expression of PDK4 and MCAD was 

decreased after knockdown of ESRRG expression (Poidatz et al., 2012), which 

implicates ESRRG as a potential regulator of placental fatty acid oxidation and glucose 

metabolism mediated via these genes. PDK4 can phosphorylate the pyruvate 

dehydrogenase complex (PDC), which facilitates the conversion of pyruvate to acetyl-

CoA in mitochondria, to inhibit the activity of PDC (Sugden and Holness, 2003); MCAD 

is an enzyme which catalyzes the initial step of mitochondrial fatty acid oxidation (FAO) 
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(Schulz, 1991). ESRRG can stimulate the expression of PDK4 in human liver cell lines 

(HepG2 cells) and rat hepatoma cells (Zhang et al., 2006a, Lee et al., 2012); regulation 

of the promoter of PDK4 by ESRRG has been observed in mammary epithelial cells by 

using both ChIP and luciferase reporter assays, and the activation of the ESRRG-PDK4 

pathway attenuates glucose oxidation and decrease cell death and apoptosis 

(Kamarajugadda et al., 2012). Thus, a reduction in ESRRG would be expected to be 

associated with increased apoptosis and cell death, as is observed in FGR. This 

suggests that the ESRRG-PDK4 signalling pathway in human placentas might 

contribute to placental dysfunction. MCAD is one of the targets of ESRRA and the 

increased expression of the ESRRA-MCAD pathway serves an important role in the 

decidualization of human primary endometrial stromal cells (Bombail et al., 2010). 

Since ESRRG is structurally similar to ESRRA, it is possible that ESRRG also contributes 

to the regulation of MCAD, however further studies are needed to investigate this and 

to determine the role of the ESRRG-PDK4 pathway in placental dysfunction.  

SIRT1, PGC-1A, and PGC-1B are also coactivators of ESRRG that have known roles in 

regulating placental metabolism. SIRT1, a NAD(+)-dependent protein deacetylase, is 

expressed ubiquitously in different organs and is required for many cellular processes 

related to differentiation and metabolism (Leibiger and Berggren, 2006). SIRT1 is 

expressed in both the syncytiotrophoblast and cytotrophoblast (Lappas et al., 2011). 

Findings from two recent studies in mice indicate that SIRT1 plays a key role in 

trophoblast differentiation and placental development (McBurney et al., 2003, Arul 

Nambi Rajan et al., 2018). The differentiation of mouse trophoblast stem cells 

obtained from Sirt1-null mice was blunted in vitro (Arul Nambi Rajan et al., 2018), 

resulting in fetuses with FGR, and smaller placentas with deficient morphology 

including a thickened chorion and a more hypercellular labyrinth were observed 

(McBurney et al., 2003, Arul Nambi Rajan et al., 2018). Wilson et al. found SIRT1 can 

deacetylate and interact with ESRRA in vivo and in vitro, which also suggests a 

potential interaction between ESRRG and SIRT1 (Wilson et al., 2010), since ESRRA and 

ESRRG have structural and functional similarities. In HepG2 cells, small heterodimer 

partner interacting leucine zipper protein (SMILE) expression and its ability to repress 

ESRRG transactivation and downstream signaling, is dependent on the expression of 
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SIRT1 (Xie et al., 2009). SIRT1 can also positively regulate the expression of another 

ESRRG coactivator, PGC-1alpha (Gerhart-Hines et al., 2007, Amat et al., 2009). PGC-

1alpha and its family member, PGC-1beta, act as transcriptional co-regulators of 

ESRRA and ESRRG to influence metabolism in many diseases, such as cardiovascular 

disease and cancer (Huss et al., 2002, Liu et al., 2005, Torrano et al., 2016, Luo et al., 

2017). In human placental tissue, the mRNA expression level of PGC-1A and SIRT1 

correlated with that of ESRRG in pregnancies complicated with preeclampsia and FGR 

(Poidatz et al., 2015a); low mRNA levels of ESRRG, PGC-1A and SIRT1 have all been 

reported in FGR placentas (Poidatz et al., 2015a). Together, these studies suggest that 

methods to modulate both ESRRG and its transcriptional co-regulators, may provide a 

potential therapeutic strategy to improve placental metabolism and fetal growth. In 

addition, this thesis will review the microRNAs (miRNAs) that have been identified as 

upstream regulators of ESRRG, and which may also contribute to the etiology of 

placental dysfunction. 

  



 47 

 

Figure 1.3 Diagrammatic representation of known upstream regulators and 

downstream effectors of ESRRG in the placenta. 

Expression of the depicted genes is known to be altered in the FGR or preeclampsia 

placenta, where a red arrow indicates a positive effect and a black line indicates a 

negative effect. Meanwhile, a black dot arrow suggests an unclear regulation between 

ESRRG and downstream effectors. CYP11B1: cytochrome P450 family 11 subfamily B 

member 1; HSD11B2: hydroxysteroid 11-beta dehydrogenase 2; HSD17B1: 

hydroxysteroid 17-beta dehydrogenase 1; PLAC1: placenta-specific protein 1; VEGFA: 

vascular endothelial growth factor A; PDK4: pyruvate dehydrogenase kinase 4; MCAD: 

medium-chain acyl-CoA dehydrogenase; BPA: bisphenol A; PCG-1 alpha/beta: 

peroxisome proliferator-activated receptor-gamma coactivator-1 alpha/beta; HIF-1 

alpha: Hypoxia-inducible factor 1-alpha. Image created with BioRender.com.  
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1.5.6 Regulation of ESRRG in the human placenta by miRNAs 

miRNAs are short non-coding RNAs with 19-23 nucleotides which post-translationally 

reduce gene expression in both animals and plants by mediating argonaute (AGO) 

binding to the 3’-untranslated-region (3’-UTR) of mRNA (Baek et al., 2008). Base 

pairing of 2-7 nucleotides of miRNAs targets on mRNA 3’-UTR (Lewis et al., 2005, 

Grimson et al., 2007). The miRNA-induced silencing complex (miRISC), which includes 

the miRNAs and AGO, degrades target mRNA and represses protein translation. 

Different miRNAs are expressed in specific tissues, and by regulating different sets of 

target genes, specific miRNAs can mediate many cellular processes, such as 

differentiation, proliferation, and invasion (Anton et al., 2013, Li et al., 2014). The 

diversity of mRNA 3’-UTR targeted by miRNAs influences miRNA-mediated regulation, 

including exon skipping (Han et al., 2018). In humans, more than 60% of protein-

coding genes are thought to be regulated by miRNAs, many of which are specifically 

expressed in the placenta (Friedman et al., 2009). Expression of numerous miRNAs is 

altered in pregnancy complications such as FGR and preeclampsia, which are 

associated with placental dysfunction (Friedman et al., 2009, Zhang et al., 2010, 

Hromadnikova et al., 2015b). The following miRNAs are associated with placental 

dysfunction and have been identified as potential upstream regulators of ESRRG. 

1.5.6.1 miR-320a 

miR-320a levels are increased in the placentas of women with late-onset preeclampsia, 

and overexpression of miR-320a in HTR-8/SVneo cells inhibits mRNA and protein 

expression of ESRRG (Gao et al., 2018). Key functional roles for ESRRG in the placenta 

appear to be modulated by miR-320a; direct regulation of ESRRG by miR-320a inhibits 

migration, invasion, and proliferation and indirectly modulates levels of VEGFA in both 

HTR-8/SVneo cells and human umbilical vein endothelial cells (HUVECs) (Gao et al., 

2018, Liu et al., 2018). However, to our knowledge, expression levels of miR-320a in 

FGR placentas has yet to be assessed. 

1.5.6.2 Other ESRRG regulatory miRNAs 

Several other miRNAs have been implicated in placental dysfunction by regulating 

proliferation, invasion, or invasion of trophoblastic-like cell lines, and by reducing 
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ESRRG expression in other cell lines, these include miR-378a-5p, miR-424, miR-377, 

and miR-204-5p (Eichner et al., 2010, Cheng et al., 2018, Zou et al., 2019). miR-378a-

5p inhibits both mRNA and protein levels of ESRRG in the breast cancer cell line, BT-

474 (Eichner et al., 2010); it also enhances the invasion and migration of HTR8/SVneo 

cells and reduces BeWo cell differentiation (Luo et al., 2012, Nadeem et al., 2014). 

miR-424 expression was increased in FGR placentas (Huang et al., 2013) and miR-424 

overexpression inhibited protein expression of ESRRG in HTR/8SVneo cells (Zou et al., 

2019). However, this study did not identify a regulatory relationship between miR-424 

and the 3’-UTR of ESRRG, thus more in-depth studies of miR-424 are required in the 

future (Zou et al., 2019).  

miR-377 is more highly expressed in human term placentas than first-trimester 

placentas. Overexpression of miR-377 in first-trimester placental explants reduced 

cytotrophoblast proliferation (Farrokhnia et al., 2014) and miR-377 inhibits the 

expression levels of SIRT-1 in human retinal endothelial cells. Taking into account the 

reported interaction between ESRRG and SIRT-1 in the human placenta, miR-377 may 

also regulate ESRRG expression (Cui et al., 2019). As overexpression of miR-204-5p 

reduced the invasion of BeWo cells and JEG3 cells (Yu et al., 2015), and miR-204-5p 

overexpression reduced the differentiation of C1C12 myoblast cells by directly 

targeting 3’-UTR of ESRRG, there may be a direct regulatory relationship between miR-

204-5p and ESRRG in the placenta (Cheng et al., 2018). Since the above studies only 

used cell lines to assess trophoblast function, more data derived from primary 

placental models are needed, specifically those that focus on the relationship between 

individual miRNAs, ESRRG and its downstream effectors, and their roles in the etiology 

of FGR; these relationships have been summarized in Figure 1.3.  

Manipulation of the expression of miRNAs upstream of ESRRG may represent an 

additional approach to correct placental dysfunction; accumulating studies in vivo and 

in vitro indicate the possibility of developing an inverse agonist of ESRRG as a 

promising treatment for ESRRG-related anaplastic thyroid cancer, breast cancer, and 

type 2 diabetes (Kim et al., 2012, Kim et al., 2019b, Vernier et al., 2020). An inverse 

agonist defines as a ligand that binds to the same receptor-binding site as an agonist 

which produce an opposite response as an agonist. ESRRG inverse agonist, GSK-5182, 
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inhibits ESRRG transactivation by enhancing the interaction between ESRRG and its 

repressor, small heterodimer partner interacting leucine zipper protein, (SMILE) (Xie 

et al., 2009). Our group has demonstrated that targeted miRNA inhibitors can be used 

to selectively manipulate placental function: targeted inhibition of trophoblast miR-

145 and miR-675 expression promoted cytotrophoblast proliferation in human first-

trimester villous placental explants and increased fetal and placental weight when 

administered intravenously to pregnant mice (Beards et al., 2017). Therefore, 

exploring the regulatory pathway of ESRRG in the human placenta could inform the 

development of potential new therapeutic approaches for pregnancy complications 

involving placental dysfunction, like FGR or preeclampsia.  

1.5.7 The effect of ESRRG in response to hypoxia 

A hypoxic environment alters the expression of many genes which are associated with 

trophoblast differentiation. The most well-studied oxygen sensor in trophoblast is 

hypoxia-inducible factor 1 alpha (HIF1A), which is reported to be elevated in FGR and 

pre-eclampsia (Rajakumar et al., 2004, Robb et al., 2017). HIF-1alpha regulates ESRRG 

expression in human trophoblast: culture in a 2% O2 environment activates HIF-1A and 

decreases the expression of ESRRG and hCYP19 (Kumar and Mendelson, 2011). 

Conversely, knockdown of HIF-1A in trophoblast prevents ESRRG suppression under 

hypoxic conditions (Kumar and Mendelson, 2011). Collectively, these findings 

demonstrate that ESRRG serves as an oxygen-dependent transcriptional factor 

regulated by HIF-1A to control the expression of downstream hCYP19. This 

relationship appears to be maintained in vivo, as low ESRRG expression has been 

reported in placentas from FGR pregnancies, which often show evidence of hypoxia 

and/or oxidative stress (Takagi et al., 2004). A preliminary study in a south Chinese 

population examined the mRNA and protein level of ESRRG in 28 FGR placentas and 

30 matched appropriate for gestational age (AGA) placentas, and reported lower 

expression of ESRRG in FGR placentas (Zhu et al., 2018a). Poidatz et al. (Poidatz et al., 

2015a) also reported lower mRNA expression of ESRRG in 39 FGR placentas compared 

with 30 controls in a European population. These studies support the hypothesis that 

ESRRG might play a role in placental dysfunction originating from placental hypoxia. 



 51 

1.5.8 In vitro model of placentas 

There are some in vitro models which have been developed to study different aspects 

of placental functions, including cells from gestational choriocarcinoma, immortalized 

trophoblasts, or isolated primary cytotrophoblast, placental villous explants, 

organoids, and placenta-on-a-chip (Okae et al., 2018, Rossi et al., 2018, Corro et al., 

2020). Trophoblastic cell lines, like BeWo cells or JEG-3 cells, are easy to get and 

culture and they have many characteristics of primary cytotrophoblast, like hCG 

secretion, but these cell lines are derived from trophoblast choriocarcinoma, and they 

behave different to physiological cells (Xu et al., 2019, Narciso et al., 2019). Also, these 

cell lines are not suitable to study different stages of pregnancies. Although isolated 

primary cytotrophoblast is a physiological cell model and is suitable to explore 

cytotrophoblast function in different stages of pregnancies, this is hampered by the 

limited amount of primary trophoblasts, contamination with other placental cell types, 

and rapid ceased proliferation. Human trophoblast stem cells (hTSCs) were 

established in 2018 and these cells can produce three major trophoblast lineages 

(Okae et al., 2018). It has been found that the transcriptomes and methylomes are 

similar between human trophoblast stem cells and primary trophoblast. And the 

trophoblast stem cells have been used to mimic trophoblast invasion during 

implantation in mice (Okae et al., 2018). However, the process to generate stem cells 

is inefficient and also money-consuming. All these two-dimensional-(2D) cells model 

lack the complexity of the human placenta with multiple layers and cell types. 3D 

organoid models provide important advantages by allowing specific cell-cell 

interactions and organoids can be patient-specific. But organoids mimic some, not all 

structure and function of the real organ as they are lacking vasculature and may lack 

key cell types in vivo, and some organoids only replicate the early stage of organ 

development (Rossi et al., 2018, Corro et al., 2020). An organ-on-chip is an artificial 

model of the placenta on the cell culture chip, which can maintain in vivo architecture, 

and reconstitute the structural, microenvironmental, and function complexity of a 

human placenta, but most organs-on-chips lack vasculature and also are difficult to 

adapt to high-throughput screening (Lee et al., 2016). Villous explants, a three-

dimensional model, have been widely used to explore nutrient transport, metabolism, 
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endocrine function, and cell function in the placenta (Heazell et al., 2008, Renshall et 

al., 2021). Placental villous explants have the advantage that they are composed of 

mixed cell types and retained cell relationships in vivo tissue. Compared to organoid 

and organs-on-chips, villous explants are economical. Another advantage is this model 

can be used to study placental sex-specific differences. The disadvantage of villous 

explants is the unknown effect of specific cell types due to the complexity of the 

explant model. 

1.6 Summary 

Even though many studies have focused on the pathogenesis of placental dysfunction 

underlying FGR and preeclampsia, the precise pathophysiological mechanisms and 

biochemical pathways in the placenta are still unclear, which limits options for 

therapeutic discovery, making a better understanding of the underpinning placental 

pathways a priority. The most obvious changes in the placenta in FGR and 

preeclampsia include abnormal trophoblast function, increased cell death, altered 

metabolism and nutrient transport, hypoxia and oxidative stress, and aberrant villous 

structure. Since ESRRG is highly expressed in the human normal term placenta, and it 

holds key roles in the regulation of cell invasion, differentiation, cellular energy 

homeostasis, hypoxic responses and metabolism, we argue that involvement of the 

ESRRG pathway in the placental dysfunction underlying FGR and preeclampsia is 

plausible, and thorough exploration may offer new therapeutic options. In support of 

this hypothesis, several studies have revealed significantly lower levels of ESRRG 

mRNA and protein in the human placenta in FGR, and ESRRG can regulate the invasion 

and proliferation of human trophoblast cell lines. Furthermore, additional evidence of 

disruption of both upstream regulators and downstream effectors of ESRRG provides 

evidence that the pathway is intact, and functions as expected in the human placenta. 

These data highlight that ESRRG may be involved in the development and 

pathogenesis of placental dysfunction by influencing trophoblast function and further 

studies of the regulation of this pathway are needed. By better understanding the 

intrinsic role of ESRRG as a regulator of trophoblast function, metabolism, and cell 

turnover, this in turn might provide new ideas for the treatment of placental 

dysfunction underpinning FGR and preeclampsia in the future. 
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Figure 1.4 Proposed mechanism by which placental ESRRG expression and function 

is altered in pregnancies complicated by FGR and preeclampsia. 

The hypoxic environment of the maternofetal interface in FGR results in upregulation 

and activation of HIF1alpha in the placenta, resulting in inhibition of ESRRG expression. 

The expression of several miRNAs is upregulated in FGR and we propose that amongst 

these are key ESRRG regulatory miRNAs. Binding of these miRNAs to the 3’UTR of 

ESRRG results in mRNA degradation and inhibition of ESRRG protein translation. This 

leads to reduced expression of genes downstream of ESRRG, including CYP191.1, 

HSD17B1, HSD11B2 and PLAC1. These downstream genes play an important role in 

placental hormone production and regulating different aspects of cytotrophoblast 

function, including villous cytotrophoblast proliferation and extravillous trophoblast 

invasion. Image created with BioRender.com. 
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1.7 Hypothesis and Aim 

The hypothesis of this study is that ESRRG expression is reduced in placentas in 

pregnancies complicated with FGR and this abnormal expression is related to the 

observed placental dysfunction (Figure 1.4). This thesis will address the overall 

proposal that (i) ESRRG is involved in regulation of, trophoblast turnover, and (ii) 

dysregulation of ESRRG signaling, induced by hypoxia, exposure to BPA or changes in 

the expression or activity of upstream miRNAs, could contribute to placental 

dysfunction, and could be one of the causes of the abnormal STB turnover and 

hormone secretion that is a feature of FGR.  

 

Hypothesis 1: 

Placental hypoxia, which is a feature of FGR, alters ESRRG signalling, leading to 

changes in trophoblast cell turnover, hCG secretion and LDH release. 

Aim 1: To assess the expression of ESRRG and its downstream genes in placentas from 

FGR and AGA pregnancies. 

Aim 2: To investigate whether hypoxia modulates trophoblast integrity, cell turnover 

and hCG secretion via an effect on the ESRRG signalling.  

Aim 3: To explore whether DY131, an agonist of ESRRG, can restore the aberrant 

ESRRG signalling and trophoblast turnover and differentiation induced by hypoxia.  

 

Hypothesis 2: 

Exposure of human placental tissue to BPA alters ESRRG expression and placental 

function in a sex-specific manner. 

Aim 1: To assess the expression of ESRRG and its downstream genes in cultured villous 

explants exposed to BPA. 
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Aim 2: To explore whether BPA exposure modulates the number of proliferating 

and/or apoptotic cells, trophoblast integrity and trophoblast differentiation in 

cultured villous explants.  

 

Hypothesis 3: 

Changes in the expression of miRNAs that reduce ESRRG signaling and alter one or 

more aspects of trophoblast function.  

Aim 1: To determine the levels of miRNAs which may regulate ESRRG in placentas from 

FGR and AGA pregnancies. 

Aim 2: To investigate whether miR-377 can regulate ESRRG signalling in cultured 

villous explants.  

Aim 3: To describe whether the miR-377-ESRRG signalling pathway regulates 

trophoblast integrity, trophoblast differentiation and cell turnover in cultured villous 

explants.  
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Unless specifically mentioned, reagents were purchased from Sigma Aldrich, UK. All 

culture medium and fetal bovine serum (FBS) for cell or placental explant culture 

were obtained from Gibco (Gibco, Life Technologies, UK).  

2.1 Placental collection 

Wax blocks of archived villous explants from late first trimester placentas (8-12 weeks’ 

gestation) were from previous work collected in the Saint Mary’s Hospital, 

Manchester following maternal informed consent with approval from the Local 

Research Ethics Committee (Ref: 13/NW/0205; 08/H1010/55(+5)) (Farrokhnia et al., 

2014).  

For experiments using human term placentas, a favourable ethical opinion was given 

(Ref: 08/H1010/55+5) and written informed consent was obtained from all 

participants. All term placental samples were collected from Saint Mary’s Hospital 

within 30 minutes of delivery of the placenta. Regarding infant birthweight, 

appropriate for gestational age (AGA) (n=14) was defined as the individualised birth 

weight ratios (IBR) between the 10th to 90th centile and FGR (n=14) was defined as an 

IBR below the 5th centile (Gordijn et al., 2016). All participants were non-smokers. The 

exclusion criteria in our study included women with pregnancy complications, such as 

preeclampsia, chronic hypertension, diabetes, gestational diabetes, renal disease, 

collagen vascular disease, premature rupture of membranes, and pregnancies 

complicated with fetal or chromosomal abnormalities.  

2.2 Placental explant model 

2.2.1 Villous explants preparation 

Human placental explants from healthy term pregnancies were prepared as previously 

described (Heazell et al., 2008). The procedure was aseptically performed in the tissue 

culture hood. After randomly selecting 6 different sites in the placenta, excluding sites 

of necrosis, infarction, and excessive tears, 6 chunks of villous tissue (2cm3) were 

excised and placed into sterile, warm PBS solution. Placental tissue was further 
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washed in warm PBS twice to remove excess blood and dissected to obtain fragments 

of approximately 2mm3 / 5mg. Dry, sterile netwells (15mm diameter, 74μm mesh, 

Corning Inc, NY, USA) were inserted into the 12-well plates. Three villous tissue 

fragments, obtained from 3 different placental sites were pooled and added to 

netwells containing 1.5ml CMRL-1066 medium supplemented with 10% FBS, penicillin 

(100IU/ml), streptomycin (100µg/ml), L-glutamine (100mg/l), insulin (0.1mg/l), 

hydrocortisone (0.1mg/l), and retinol acetate (0.1mg/l) or DMEM/F12 culture medium 

supplemented with 10% FBS, 100IU/ml penicillin, 100µg/ml streptomycin sulfate and 

2mM L-glutamine.  

2.2.2 Hypoxic culture for villous explants  

Explants were cultured in CMRL-1066 culture medium in 21% O2 (5% CO2, 95% air at 

37°C) for 24 hours. Then, explants were divided into different treatment groups: 

atmospheric oxygen control (21% O2), physiological oxygen control (6% O2), hypoxia 

(1% O2), or treated with cobalt chloride (CoCl2; 200 micromoles (µM)) (Figure 2.1A) 

and cultured for up to 96 hours. CoCl2 is a chemical that can mimic hypoxic conditions 

by activating the expression of hypoxia-inducible factor-1alpha (HIF-1alpha) 

(Manuelpillai et al., 2003, Kim et al., 2006). Media was collected throughout the 

culture period from day 2 to day 4 and stored at -20°C for assay of human chorionic 

gonadotrophin (hCG) and lactate dehydrogenase (LDH). The explants were denatured 

in 0.3M NaOH for assessment of protein content, or put into RNA later overnight for 

RNA isolation, or were stored in a clean eppendorf tube at -80°C for protein extraction 

or fixed in the neutral phosphate-buffered 4% formaldehyde solution overnight for 

immunostaining (Figure 2.1A).  

2.2.3 Treatment with GSK-5182, DY131 or Bisphenol A 

GSK-5182 is an analog of 4-hydroxytamoxifen (4-OHT) and is an inverse agonist, 

inhibiting the transactivation of ESRRG due to additional noncovalent interactions 

with Tyr-326 and Asn-346 of ESRRG’s ligand binding domain (Chao et al., 2006). DY131 
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is a specific agonist of ESRRG, which can activate the transcription of ESRRG (Yu and 

Forman, 2005).  

The concentration of GSK-5182 or DY131 applied to the term placental explants 

ranged from 5µM to 50µM, and the concentration of BPA ranged from 1pM to 1µM. 

Villous explants were set up at day 0 and GSK-5182, DY131, or BPA were 

supplemented in the DMEM/F12 culture medium immediately and were cultured in 

the incubator with 21% O2 (5% CO2, 95% air at 37°C) for up to 48 hours. Conditioned 

culture medium and placental explants were harvested after 24 hours or 48 hours of 

culture.  

For the explants cultured for 96 hours, all explants were cultured in 21% O2 for 24 

hours. Then half of the explants were moved into hypoxic conditions (1% O2) and the 

remaining explants were cultured in 21% O2 for 24 hours. DY131 or GSK5182 were 

then added into the medium and explants were cultured in 21% O2 or 1% O2 for 

another 48 hours until harvest (Figure 2.1B).  

2.2.4 Transfection of placental explants with siRNA or miRNA mimics 

using DharmaFECT transfection reagent 

Small interfering RNAs (siRNAs) and miRNAs are produced as double-stranded RNA 

precursors, which are cleaved by the double-stranded specific endonuclease, Dicer, 

which can further guide the RNA-induced silencing complex (RISC) to specifically 

cleave the sequence of interest (Fire et al., 1998, Hammond et al., 2000, Bartel, 2004, 

Baek et al., 2008). The transfection protocol for the miR-377 precursor mimetic 

(Ambion, USA), non-targeting miRNA control (Ambion, USA), the siRNAs targeting 

ESRRG (Dharmacon, UK), and non-targeting siRNA control (Dharmacon, UK) was 

developed according to our previous study, and performed using the lipid-based 

carrier, DharmaFECT 2 (Dharmacon, GE Healthcare, UK), to introduce siRNAs or 

specific miRNA precursor mimetics into cells or villous explants (Forbes et al., 2009).  
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A 200µl transfection mixture was prepared containing DharmaFECT 2 and specific 

siRNAs (or siRNA controls, or the miR-377 precursor mimetic, or miRNA controls), and 

was incubated in the culture hood for 20 minutes at room temperature. 1.3ml culture 

media (1:1 DMEM/F12) without FBS or antibiotics, was mixed with the transfection 

mixture and transferred to 12-well plates containing the villous explants. The explants 

were maintained at 37°C in 21% O2 in a humidified incubator for 8 hours. After 

removing the culture media and rinsing the villous explants with warm PBS + Ca/Mg 

twice, 1.5ml fresh culture media containing 10% FBS and antibiotics was added. The 

culture media was changed every 24 hours, and the explants were harvested after a 

total of 48 hours’ culture. No specific effects of the negative control siRNAs on first 

trimester villous explants have previously been observed (Farrokhnia et al., 2014). The 

explants were either transferred into RNA later or fixed in neutral phosphate-buffered 

formaldehyde solution (4% NBF v/v), were incubated overnight and were processed 

for RNA collection, or immunohistochemistry, respectively.   
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Figure 2.1 A schematic of the villous explant culture experiments. 

(A) Villous explants were prepared from the term placentas of healthy pregnancies. (B) 

Villous explants were cultured under different oxygen levels (1% O2, 6% O2, or 21% O2) 

or treated with 200µM CoCl2. (C) Placental explants were treated with GSK-5182 or 

DY131 (20µM or 50µM), or 0.075% dimethyl sulfoxide (DMSO), and were cultured at 

21% O2 or 1% O2 for 96 hours. (D) Term placental explants were set up at day 0 and 

treated with BPA (from 1pM to 1µM), 0.05% (v/v) ethanol (control group), siRNAs, 

siRNA controls, a miR-377 mimetic, or miRNA controls for 24 hours or 48 hours of 

culture. Image created with BioRender.com.  
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2.2.5 Incubation of placental explants with siRNA or miRNA mimics 

without transfection reagent 

According to previous work in our laboratory, incubation of siRNAs in the medium of 

cultured explants is effective to transport the siRNAs into the syncytiotrophoblast in 

the absence of transfection reagents (Forbes et al., 2009). siRNAs, a non-targeting 

siRNA control, miR-377 mimics, or a non-targeting miRNA control were directly added 

to culture media in 12-well plates, in a total volume of 2ml. After gently mixing the 

culture media, 3 placental explants were cultured in each netwell at 37°C in a 

humidified incubator at 21% O2 (with 5% CO2/ balanced N2) for 48 hours; the culture 

media fully covered the villous explants. After 48 hours, villous explants were collected 

for RNA extraction and immunohistochemistry.  

2.3 BeWo cell culture 

2.3.1 Preparation for cell culture 

DMEM/F12 culture medium supplemented with 10% FBS, 100IU/ml penicillin, 

100µg/ml streptomycin sulfate and 2mM L-glutamine was used for cell culture. After 

removal from storage in liquid nitrogen, BeWo cells (choriocarcinoma cells; ATCC, CCL-

98) were passaged a maximum of 25 times and cultured in a 37°C incubator at 21% O2 

with a humidified atmosphere of 5% CO2 in air. The starting passage for BeWo cells is 

18 times. When BeWo cells were 90% confluent, the cells were detached from the 

flask using 0.05% Trypsin-EDTA. The addition of 5ml warm culture media containing 

10% FBS neutralized the effect of the trypsin-EDTA; the cell suspension was 

transferred into a 50ml sterile tube, centrifuged for 5 minutes at 100g at room 

temperature and the cell pellet was resuspended with 10ml of warm culture media. 

Cells were counted using a haemocytometer and cells were plated at a density of 1.0 

x 107 cells/ml in flasks or at 1.0 x 106 cells/well in 12-well plates containing 1.5ml media. 

Culture media was renewed every 24 hours.  
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2.3.2 Transfection of BeWo cells 

The lipid-based transfection protocol was performed according to a previous study 

(Forbes et al., 2009). The transfection details were described in section 2.2.4. Briefly, 

BeWo cells were seeded into 12-well plates (1.0 x 106 cells per well) and cultured at 

37°C in a humidified chamber under a 5% CO2/95% air gas mixture overnight. BeWo 

cells were cultured to 70% confluency, transferred to DMEM/F12 culture medium 

without FBS or antibiotics and the transfection mix was added. After 8 hours of culture, 

the media was removed, cells were washed in PBS-Ca/Mg and 1.5ml of fresh culture 

media containing fetal calf serum and antibiotics was added.  

The effect of transfection with miR-377 pre-miR precursors or ESRRG siRNAs was 

compared with the control groups, including untreated cells (untreated control), 

BeWo cells exposed with DharmaFECT 2 transfection reagent alone (mock), or cells 

transfected with non-targeting siRNAs or a non-targeting miRNA control. These 

controls provided a baseline for evaluating the effects of ESRRG siRNAs or miRNA 

mimics on mRNA or protein expression and cell function. The ESRRG siRNA 

concentrations tested were 20nM, 50nM, 100nM, and 200nM and the mRNA 

expression of ESRRG was measured after 24, 48 or 72 hours of culture. 

2.4 RNA extraction 

2.4.1 Sample preparation 

2.4.1.1 BeWo cells 

BeWo cells were rinsed twice with cold PBS. QIAzol lysis buffer (700 µl per well; 

miRNeasy mini kit, QIAGEN, Germany) was added to cells, which were detached from 

the plate using a cell scraper. Cell suspensions were transferred into eppendorf tubes 

and stored at -80 °C immediately, until RNA extraction was performed. 

2.4.1.2 Villous explants 

Fresh placental tissue or cultured explants were placed into eppendorf tubes which 

contained 1ml RNA later (Sigma, UK) and were incubated at 4 °C overnight. The tissues 
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were then weighed and approximately 50 µg was transferred into new eppendorf 

tubes for homogenization. The homogenizer (SHM1, UK) and eppendorf tubes (1.5ml 

and 0.6ml) were autoclaved before use. A Qiagen RNA extraction kit was used to 

extract total RNAs including small RNAs (miRNeasy mini kit, QIAGEN, Germany) from 

the homogenates, following the manufacturer’s instructions. Briefly, 700µl QIAzol lysis 

buffer was added to the samples for villous tissue disruption and homogenization was 

immediately performed on full power for 30 seconds on ice.  

2.4.2 DNase digestion and RNA collection 

After the tissue was uniformly homogenized or BeWo cells lysates were thawed, 

chloroform (VWR International, USA) was added into the tubes with vigorously 

shaking for 15 seconds. The tubes were then centrifuged at 12,000g at 4°C for 15 

minutes. The upper aqueous phase was transferred into a new collection tube, which 

contained a 1.5 volume of 100% ethanol. A DNase kit (QIAGEN, Germany) was used 

for the DNase digestion procedure. RPE buffer was used to wash the column 

membrane, then 30µl RNase-free water was pipetted directly into the column 

membrane, which was centrifuged at 8000g for 1 minute. When the pure RNA was 

collected, all samples were stored on ice and a Nanodrop 2000c spectrophotometer 

(Thermo Fisher Scientific, USA) was used to assess the concentration and quality of 

the RNA. A ratio measurement of A260/280 close to 2 was considered sufficient RNA 

purity for downstream applications. 

2.4.3 Reverse transcription-polymerase chain reaction (RT-PCR) 

mRNA: A total of 500ng-2500ng RNA (depending on the RNA concentration extracted) 

from each sample was converted to cDNA using an AffinityScript Multiple 

Temperature cDNA Synthesis kit (Agilent, USA) and all procedures followed the first-

strand cDNA synthesis protocol. The PCR primers for ESRRG, its downstream genes 

and RPLP0 (60S acidic ribosomal protein P0, Eurofins, UK) are listed in Table 2.1. RPLP0 

was used as a house-keeping gene and an endogenous control for mRNA expression, 

as RPLP0 has previously been shown to be stably expressed in human term placentas 
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(Luo et al., 2014). The powerup SYBR Green Master Mix (Thermo Fisher Scientific, USA) 

was used for the PCR reaction and the Applied Biosystems Step-one system (Thermo 

Fisher Scientific, USA) was used to run the reaction. The procedure was 50°C for 2 

minutes (UDG activation), 95°C for 2 minutes (Dual-lock DNA polymerase), and 40 

cycles of 95°C for 15 seconds and 60°C for 1 minute. The conditions for the melt curve 

analysis included 95°C for 15 seconds, 60 °C for 1 minute and 95°C for 15 seconds.  

The representative standard curve, amplification plots, and melt curve are shown in 

Figure 2.2. The standard curve was used to test the efficiency of the primers used in 

this study (Figure 2.2A). The correlation coefficient (R2) reflects the linearity of the 

standard curve and is a measure of how well the data fit the standard curve; ideally, 

this value should be close to 1 (Figure 2.2A). As shown in the Figure 2.2A, five separate 

cDNA dilution series (1:2 dilution) were prepared. An ideal PCR reaction for the 

primers should have an efficiency between 90% and 110%. An amplification plot 

showed the accumulation of product over the duration of the entire PCR reaction 

(Figure 2.2B). The melt curve shows the dissociation characteristics of double-

stranded DNA during heating, and a single peak in the melt curve indicates the 

presence of a single amplicon; this was verified by the presence of a single PCR product 

(Figure 2.2C). 

miRNA: A miRCURY LNA RT kit was used for reverse transcription of miRNAs (10ng) 

according to the quick-start protocol. The primer sequences for the miRNAs and 

endogenous reference genes, U6 (RNU6‑1) snRNA (Dharmacon, lnc., USA) are listed 

in Table 2.1. The miRCURY LNA SYBR Green PCR kit (QIAGEN, Germany) was used to 

measure the expression of the miRNAs. The PCR procedure included an initial heat 

activation (95 °C for 2 minutes), and 40 cycles of 95°C for 10 seconds (denaturation), 

and 56°C for 60 seconds (combined extension). The melt curve was performed by 

following the manufacturer’s protocol (miRCURY LNA SYBR Green PCR kit): 95°C for 15 

seconds, 60 °C for 1 minute, and 95°C for 15 seconds.  
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Comparative quantification was undertaken using the 2(-△△Ct) method for the genes 

and miRNAs of interest. The relative expression of mRNA or miRNAs was normalised 

to the endogenous control and determined using the 2(-△△Ct) method where △Ct =Ct 

(target genes) – Ct (housekeeping gene) and △△Ct=△Ct (treatment group) –△Ct 

(control group) 
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Table 2.1 mRNA and miRNA primer sequences 

Primer set Gene name Accession number Annealing temperature (°C) Primer Sequence (5’-3’) 

Forward (F), Reverse (R) 

mRNA Gene name    

ESRRG  Oestrogen related receptor gamma NM_001438 60 F: 5’-CTG ACG GAC AGC GTC AAC C-3’ 

R: 5’-GGC GAG TCA AGT CCG TTC TG-3’ 

RPLP0 Ribosomal Protein Lateral Stalk 

Subunit P0 

NM_001002 60 F: 5’-TGC ATC AGT ACC CCA TTC TAT CA-3’ 

R: 5’-AAG GTG TAA TCC GTC TCC ACA GA-3’ 

HSD17B1 Hydroxysteroid 17-Beta 

Dehydrogenase 1 

NM_000413 60 F: 5’-GCC TTC ATG GAG AAG GTG TT-3’ 

R: 5’-CGA AAG ACT TGC TTG CTG TG-3’ 

CYP191.1 Cytochrome P450 Family 19 

Subfamily A Member 1 

NM_000103 60 F: 5’-ACG GAA GGT CCT GTG CTC G-3’ 

R: 5’-GTA TCG GGT TCA GCA TTT CCA-3’ 
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PLAC1 Placenta-specific protein 1 NM_021796 60 F: 5’-ATT GGC TGC AGG GAT GAA AG-3’ 

R: 5’-TGC ACT GTG ACC ATG AAC CA-3’ 

HSD11B2 Hydroxysteroid 11-Beta 

Dehydrogenase 2 

NM_000196 60 F: 5’-GAC CTG ACC AAA CCA GGA GA-3’ 

R: 5’-GCC AAA GAA ATT CAC CTC CA-3 

miRNAs  miRbase Accession 

Number 

 Target sequence  

U6   56 GGGCAGGAAGAGGGCCTAT 

hsa-miR-377  MIMAT0000730 56 AUCACACAAAGGCAACUUUUGU 

hsa-miR-204-5p  MIMAT0000265 56 UUCCCUUUGUCAUCCUAUGCCU 

hsa-miR-30a-5p  MIMAT0000087 56 UGUAAACAUCCUCGACUGGAAG 

hsa-miR-26a-5p  MIMAT0000082 56 UUCAAGUAAUCCAGGAUAGGCU 

hsa-miR-23-3p  MIMAT0000078 56 AUCACAUUGCCAGGGAUUUCC 

hsa-miR-34b-5p  MIMAT0000685 56 UAGGCAGUGUCAUUAGCUGAUUG 
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hsa-miR-30a  MIMAT0000087 56 UGUAAACAUCCUCGACUGGAAG 
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Figure 2.2 Representative mRNA RT-PCR experiment to measure HSD17B1. 

(A) A standard curve for the hydroxysteroid 17-beta dehydrogenase 1 (HSD17B1) 

primer; y-axis is the threshold cycle (Ct), and the x-axis shows the quantity of the cDNA 

target. (B) Amplification plots showing the normalised fluorescence for individual 

wells during the thermal cycling protocol. (C) Melt curve showing the temperature at 

which 50% of DNA is denatured.  
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2.5 Protein extraction 

2.5.1 Sample Preparation 

BeWo cells: BeWo cells were washed twice in PBS and scraped into RIPA lysis buffer 

(Sigma, UK) supplemented with a protease inhibitor complex (P8340, Sigma, 10µl/ml), 

phosphatase inhibitor II (P5726, Sigma, 10µl/ml), and phosphatase inhibitor III (P0044, 

Sigma, 10µl/ml).  

Placental tissue: 100 µg of tissue was homogenized in 500µl RIPA lysis buffer 

containing the protease and phosphatase inhibitor complex, using a homogeniser 

(SHM1, UK) at full power for 30 seconds. Lysates were then incubated on ice for 15 

minutes and were centrifuged at 4oC and 11,600g for 5 minutes. The supernatant was 

then transferred to a fresh eppendorf tube.  

2.5.2 Bicinchoninic Acid (BCA) protein assay 

A BCA protein assay kit (Product No.23225, Thermo Fisher Scientific, USA) was used 

to quantify the protein concentration of the fresh placental tissue, explants or BeWo 

cell lysates. All protein samples were diluted 1:20 in water and put on ice. Serial 

dilution of bovine serum albumin (BSA) was performed to generate protein standards. 

The working reagent was prepared according to the instructions: 50 parts of reagent 

A and 1 part of reagent B were mixed (Reagent A: Reagent B=50:1). After pipetting 25 

µl of samples or BSA standards into a 96 well plate, 200µl of working reagent was 

added to each well, and plates were placed on a shaker for 30 seconds. The plates 

were then covered and incubated at 37°C for 30 minutes. The absorbance was 

measured in the plate reader (Omega Plate Reader, BMG LABTECH, UK) at 562nm, and 

all samples or protein standards were run in triplicate wells. The standard curve was 

plotted using GraphPad Prism v.8.0.1 and total protein content was calculated by 

interpolating sample absorbances from the standard curve.  
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2.6 Western blotting 

A Sodium-Dodecyl Sulphate polyacrylamide (SDS-PAGE) gel was prepared that 

contained a 10% resolving gel and a 3% stacking gel, based on the protein molecular 

weight of ESRRG (51kD). 30µg of fresh placental tissue or 120µg of villous explants 

supernatants or 30µg cell protein supernatants were loaded into each well of the 3% 

stacking gel. The gel was run at 120V for 80 minutes, then was cut and transferred to 

a PVDF membrane (Millipore, Sigma, UK) at 120V for 80 minutes. The whole PVDF 

membrane was rinsed in 3% (w/v) milk (Marvel, UK) in 1x PBS for 1 hour at room 

temperature, then incubated with a monoclonal ESRRG (ab128930, 0.12µg/ml Abcam, 

UK) primary antibody diluted in 0.1% PBST (PBS-Tween-20) at 4°C overnight. beta-

tubulin (ab6046, 0.1µg/ml Abcam, UK) or beta-actin (20536-1-AP, 0.09µg/ml, 

Proteintech, UK) was used as the house-keeping gene since its expression was not 

different between treatment groups.  

After washing with PBS for 5 minutes once, 0.1% PBST for 5 minutes twice, and PBS 

for 5 minutes once, the PVDF membrane was incubated with a fluorescently 

conjugated secondary antibody (IRDye green, 0.5µg/ml, LI-COR Bioscience, USA) at 

room temperature for 1 hour. After another round of washing with PBS and 0.1% PBST, 

the PVDF membrane was transferred to a falcon tube containing PBS; the resulting 

blot was scanned using a Licor Odyssey (LI-COR Bioscience, USA) and Image studio lite 

software (Image studio lite version 5.2, LI-COR Bioscience, USA) was used to analyse 

the bands. The target protein expression was normalised to expression of the 

housekeeping protein. 

2.7 Immunostaining 

2.7.1 Fixation and processing of placental tissue 

Placental explants were collected at day 4 and fixed in 4% neutral buffered formalin 

overnight at 4°C, followed by rinsing 3 times by PBS. Archived first-trimester placental 

wax blocks were also analysed for comparison; 5µm sections were cut by microtome 
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(Leica RM2245, Germany) and transferred onto microscope slides pre-coated with 

poly-L-lysine.  

2.7.2 Immunohistochemical staining of placental tissue 

The paraffin sections were heated at 60°C for 10 minutes and dewaxed in Histoclear 

(Fisher Scientific, UK) 3 times for 5 minutes each, then were passed through a series 

of ethanol solutions from 100% (v/v) to 70% (v/v). Slides were placed in running tap 

water for 5 minutes, then were treated for antigen retrieval by microwave boiling for 

5 minutes twice at full power (800w) in 0.01M citrate buffer (pH 6.0). After incubation 

in the hot buffer for 20 minutes, slides were immersed in tap water, then incubated 

with 3% (v/v) hydrogen peroxide for 10 minutes to block endogenous peroxidase 

activity. Slides were incubated with the non-immune block (10% (v/v) goat serum and 

2% (v/v) human serum in 0.1% (v/v) TBST (TBS-Tween-20)) for 30 minutes at room 

temperature, to prevent non-specific binding of antibodies. Without washing, sections 

were incubated with a monoclonal antibody against HIF-1alpha, polyclonal antibody 

against ESRRG, a monoclonal antibody against Ki-67, or a monoclonal antibody against 

M30, overnight at 4°C. Ki-67 is a nuclear antigen and is a proliferative marker, which 

is expressed in all active phases of the cell cycle, not expressed in the stationary G0 

phase (Li et al., 2015a). M30 is a marker for the detection of apoptotic cells as anti-

M30 monoclonal antibody reacts with a caspase-cleaved product of keratin 18 (Leers 

et al., 1999). The concentration of the primary antibodies is listed in Table 2.2; 

antibodies were diluted in the non-immune block. The negative control was an 

isotype-specific non-immune rabbit or mouse IgG from Sigma, diluted in the non-

immune block to the same concentration as the primary antibodies.  

After washing the sections once with TBS, twice in 0.6% TBST, and once in TBS for 5 

minutes, the secondary antibody was applied, and the slides were incubated for 30 

minutes at room temperature. The sections were washed with TBS in the same 

sequence as above; avidin-peroxidase (5µg/ml) was then added to the slides for 30 
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minutes, to bind the biotinylated secondary antibody. Chromogenic substrate 

diaminobenzidine (DAB; Sigma-Aldrich, UK) was applied to the sections for between 

2-10 minutes; colour development was monitored under the microscope. After 

washing with dH2O and incubating for 5 minutes, all slides were counterstained with 

Harris’s hematoxylin (Sigma-Aldrich, UK) for 5 minutes, rinsed in tap water, then 

treated with acid alcohol for 3 seconds, and rinsed in hot tap water. The sections were 

dehydrated in increasing concentrations of ethanol (70%, 95%, and 100% (v/v)) and 

Histoclear 3 times before mounting in DPX (Sigma-Aldrich, UK).  

2.7.3 Image analysis  

For villous explants, 10 random fields of view per each section were captured by an 

Olympus Microscope (Olympus, UK). All images were analysed using QuPath (version 

0.2.3, developed by University of Edinburgh (Bankhead et al., 2017)). 

2.7.3.1 Analysis of the number of cells in the cycle and cell apoptosis in 

villous explants 

Ki-67 was used as a marker of cell proliferation and M30 was used as an apoptotic 

marker; both have been widely used in analysis of placental samples and cultured 

villous explants (Heazell et al., 2008, Matos et al., 2014, Renshall et al., 2021). 

Quantification of the positive nuclei or areas of Ki-67 and M30 staining was achieved 

by counting total haematoxylin-stained nuclei, and the number of cells / areas positive 

for DAB staining. The total nuclei were quantified using QuPath, and the number Ki-

67 (positive nuclei) (Figure 2.3 A-B) or M30 positive cells (cytoplasmic staining) were 

counted manually (Figure 2.3 C-D). The number of nuclei positively stained by the 

primary antibody were presented as a proportion of the total nuclei, and the mean 

proportion was calculated to present as the proliferation index or apoptotic index.  



 

 75 

2.7.3.2 Analysis of ESRRG protein staining in villous explants  

Quantification of ESRRG was achieved by quantifying the DAB positive area and the 

total tissue area using QuPath. The threshold for detecting DAB area and total tissue 

area was created in QuPath, and the DAB channel or haematoxylin channel was 

selected for DAB area detection or tissue area detection separately. The proportion of 

ESRRG staining area in the villous explants indicates the proportion of ESRRG staining 

(Figure 2.3 E-F).  
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Figure 2.3 Representative images of quantification by QuPath software. 

(A-B) Ki-67 staining. (C-D) M30 staining. In images B and D, the overlaid blue colour 

indicates the cell nuclei and the overlaid red colour indicates cells/area with Ki-67 or 

M30 positive staining. (E-F) representative images of ESRRG staining in the villous 

explants. (F) the overlaid pink colour indicates the DAB-positive area, and the overlaid 

blue colour indicates the total tissue area.  
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Table 2.2 Primary and secondary antibodies used for immunohistochemistry 

Primary antibody Concentration of 

primary antibody 

Secondary antibody Concentration of 

secondary antibody 

HIF-1alpha (Abcam 

51608, rabbit 

monoclonal anti-HIF-

1alpha, Abcam, UK) 

10µg/ml Polyclonal Goat anti-rabbit  

Biotinylated (Dako, UK) 

3.85 µg/ml 

ESRRG  

(Abcam 215947, rabbit 

polyclonal anti-ESRRG, 

Abcam, UK) 

10µg/ml Polyclonal Goat anti-rabbit  

Biotinylated (Dako, UK) 

3.85 µg/ml 

Ki-67 (monoclonal 

antibody against Ki-67, 

Dako, UK) 

0.174µg/ml Polyclonal Goat anti-

mouse Biotinylated (Dako, 

UK) 

3.85 µg/ml 

M30 (monoclonal 

antibody against M30, 

Roche, UK) 

0.132µg/ml Polyclonal Goat anti-

mouse Biotinylated (Dako, 

UK) 

3.85 µg/ml 
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2.8 ELISA for quantification of hCG secretion 

hCG was detected in explant-conditioned culture medium using an ELISA kit (DRG 

Diagnostics, Marburg, Germany) according to the manufacturer’s instructions. A 

standard curve was made using recombinant hCG provided in the kit. Briefly, 25µl of 

each standard, control, and sample were dispensed into each well in duplicate. 100µl 

enzyme conjugate was added into each well with mixing for 10 seconds, then 

incubation at room temperature for 30 minutes. Afterward, the contents of the wells 

were briskly shaken out; wells were rinsed 5 times using distilled water. After 

removing the residual droplets in the wells, 100µl substrate solution was added into 

each well, followed by incubation for 10 minutes at room temperature. Then, 50µl 

stop solution was added to stop the enzymatic reaction and the absorbance of each 

well at 450+/-10nm was determined using a plate reader (Omega Plate Reader, BMG 

LABTECH, UK). 

2.9 Quantification of LDH release 

The level of LDH in the explant-conditioned culture medium was measured using a 

cytotoxicity detection kit (Roche Diagnostics, Mannheim, Germany), following the 

instruction of the manufacturer. 100µl culture medium was pipetted into 96 wells in 

duplicate and 100µl of freshly prepared reaction mixture was added into each well, 

followed by incubation for 30 minutes at room temperature. 50µl stop solution was 

applied into the wells and the plate was shaken for 10 seconds. The plate reader 

(Omega Plate Reader, BMG LABTECH, UK) was used to measure the absorbance of 

samples at 490-492nm. LDH release was considered a proxy measure of necrosis in 

the explants. 
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2.10 BioRad protein assay 

Villous placental explants were lysed in 0.3M NaOH and a protein assay was used to 

quantify protein content. Three explants were added into 4ml of 0.3M NaOH and 

incubated 37°C overnight. Before the protein assay, the BioRad dye reagent (Bio-Rad 

Protein Assay, BioRad, USA) was removed from the fridge to warm to the room 

temperature. A 0.25mg/ml stock protein solution was prepared with BSA diluted in 

0.3M NaOH, which was used to make serial dilutions for the standard curve. 20µl 

standard or sample were added in a 96 wells plate, and then 180µl neutralising 

solution (1:1.25 of 0.3M NaOH and 0.3M HCl) were applied. 50µl BioRad dye reagent 

were added to each well. The plate was read on the plate reader (Omega Plate Reader, 

BMG LABTECH, UK) at 595nm to measure the absorbance of samples. 

2.11 The measurement of BPA concentration in human placental tissue 

The ELISA kit for measuring BPA levels was purchased from Abcam (ab175820, Abcam, 

UK).  

2.11.1 Sample preparation  

Sample preparation was undertaken according to the protocol from Abcam (ab175820, 

Abcam, UK). Briefly, fresh placental tissues were stored at -80°C immediately prior to 

use. Placental tissue (approximately 1gram) was homogenised in 4ml water using a 

homogeniser (SHM1, UK) at room temperature, then 8µl acetic acid was added to 

acidify the homogenate. After adding 4ml ethyl acetate, the homogenate was 

vortexed thoroughly and centrifuged at 12,000g for 3 minutes. The organic phase was 

collected in a new tube, and this extraction procedure was repeated twice. The 

organic phase was dried with nitrogen gas in the hood, and the dried residue was 

dissolved in 20µl ethanol (96%, v/v), with the addition of 500µl sample dilution buffer. 

The tubes were centrifuged at 10,000g for 5 minutes and then the supernatant was 

moved into a new tube.  
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2.11.2 ELISA for BPA measurement  

All the reagents, including the wash buffer, HRP-conjugate, sample dilution buffer, and 

BPA standards were prepared following the manufacturer procedure. 100µl of sample 

or standard were transferred to a 96 well plate in duplicate and 100µl HRP-conjugate 

solution was added to the wells; the plate was then incubated for 2 hours at room 

temperature. After washing the wells three times with washing buffer, 200µl TMB 

substrate was added to the wells and the plate was incubated for 30 minutes. 50 µl 2 

N sulfuric acid was added into the wells and the plate was read at 450nm immediately. 

The wells with 200µl sample dilution buffer were considered as the blank control and 

the wells with 100µl sample dilution buffer with 100µl HRP-conjugate were 

considered as the maximum binding control wells; values from these wells were used 

for normalising the absorbance values of the standards and samples. The standard 

curve was made according to the protocol and the BPA concentration was calculated 

based on the standard curve.  

2.12 Statistical analysis 

The Shapiro-Wilk test was used to assess whether data were normally distributed. 

When the data were normally distributed in two unmatched groups, statistical 

significance was tested using an unpaired t test; otherwise, a Mann-Whitney Test was 

used. Normally distributed data with three or more paired groups was analysed by 

one-way ANOVA; a Friedman multiple comparison test was used to analyse paired, 

non-parametric data. Unpaired, non-parametric data with three or more groups was 

analysed using a Kruskal-Wallis test. P<0.05 was considered as indicative of statistical 

significance. All data are presented as the mean ± standard deviation (SD) (normally 

distributed) or median+/-interquartile range (IQR) (non-normally distributed) 

depending on data distributions with n=number of placentas; GraphPad Prism version 

8.0.1 (GraphPad Software, USA) was used to undertake the statistical analysis. 
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Abstract  

Fetal growth restriction (FGR) describes a fetus which has not achieved its genetic 

growth potential, it is closely linked to placental dysfunction and uteroplacental 

hypoxia. Oestrogen related receptor gamma (ESRRG) is regulated by hypoxia and is 

highly expressed in the placenta. We hypothesised ESRRG is a regulator of hypoxia-

mediated placental dysfunction in FGR pregnancies. Placentas were collected from 

women delivering appropriate for gestational age (AGA; n=14) or FGR (n=14) infants. 

Placental explants (n=15) from uncomplicated pregnancies were cultured for up to 4 

days in 21% or 1% O2, or with 200µM cobalt chloride (CoCl2), or treated with the ESRRG 

agonists DY131 under different oxygen concentrations. RT-PCR, Western blotting and 

immunochemistry were used to assess mRNA and protein levels of ESRRG and its 

localisation in placental tissue from FGR or AGA pregnancies, and in cultured placental 

explants. ESRRG mRNA and protein expression were significantly reduced in FGR 

placentas, as was mRNA expression of the downstream targets of ESRRG, HSD11B2, 

and CYP19A1.1. HIF-1alpha protein localised to the nuclei of the cytotrophoblasts and 

stromal cells in the explants exposed to CoCl2 or 1% O2. Both hypoxia and CoCl2 

treatment decreased ESRRG and its downstream genes’ mRNA expression, but not 

ESRRG protein expression. DY131 increased expression of ESRRG signalling pathways 

and prevented abnormal cell turnover induced by hypoxia. These data demonstrate 

that placental ESRRG is hypoxia-sensitive and altered ESRRG-mediated signaling may 

contribute to hypoxia-induced placental dysfunction in FGR. Furthermore, DY131 

could be used as a novel therapeutic approach for the treatment of placental 

dysfunction. 
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3.1 Introduction 

Fetal growth restriction (FGR) describes a fetus which does not reach its genetic 

growth potential and affects between 5 and 10% of pregnancies. FGR is important as 

it has both short and long-term consequences including: stillbirth, neonatal death, 

neurodevelopmental delay in childhood, or increased cardiovascular or metabolic 

disorders in adulthood (Williams et al., 1982, Barker, 1992, Pels et al., 2019). The 

majority of cases of FGR are mediated by abnormal placental structure and function 

(Macara et al., 1996). In normal placentas, terminal villi are covered by 

syncytiotrophoblast and subjacent cytotrophoblast; the proliferation and fusion of 

cytotrophoblast continuously renews the overlying syncytiotrophoblast to support 

normal placental function (Jones and Fox, 1991). Reduced remodeling of maternal 

uterine spiral arteries into low resistance vessels in early pregnancy is hypothesized to 

cause poor oxygen (O2) delivery to the intervillous space, and lead to placental hypoxia. 

This is thought to contribute to the pathogenesis of FGR, particularly in early-onset 

and severe cases which are characterised by aberrant villous trophoblast turnover and 

placental dysfunction (Macara et al., 1996, Genbacev et al., 1996, Levy et al., 2002). 

Indeed, we have previously demonstrated that rates of apoptosis are increased and 

proliferation is decreased in placental explants cultured in hypoxic conditions (1% O2), 

which is reminiscent of the disordered cell turnover observed in FGR placentas 

(Heazell et al., 2008, Heazell et al., 2011).  

Oestrogen-related receptor-gamma (ESRRG) is a gene that encodes the orphan 

nuclear receptor, ESRRG. It is highly expressed in metabolically active organs, including 

kidney, heart, liver and human placenta (Takeda et al., 2009, Poidatz et al., 2012). In 

the placenta, the ESRRG protein is mainly located in the villous trophoblast, with the 

highest expression in syncytiotrophoblast (Kumar and Mendelson, 2011, Poidatz et al., 

2012). Luo et al. (Luo et al., 2014) reported that both mRNA and protein expression of 

ESRRG are increased in human placentas from pregnancies complicated by 

preeclampsia and may be involved in regulating blood pressure homeostasis in mice. 
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Conversely, both mRNA and protein expression of ESRRG were decreased in placentas 

from pregnancies complicated by FGR (Poidatz et al., 2015a, Zhu et al., 2018a). ESRRG 

is also reported to regulate trophoblast proliferation, differentiation, and invasion 

(Kumar and Mendelson, 2011, Zhu et al., 2018a). siRNA-mediated silencing of ESRRG 

expression inhibited proliferation and invasion of the trophoblast cell line, HTR-

8/SVneo, (Zhu et al., 2018a), and decreased differentiation of primary cytotrophoblast 

into syncytiotrophoblast (Kumar and Mendelson, 2011). Based on this evidence, it is 

plausible that ESRRG may play a role in regulating trophoblast function, and 

dysregulation of ESRRG may contribute to the placental dysfunction observed in FGR. 

Presently, there is no effective treatment for FGR and a better understanding of the 

pathophysiological mechanism(s) which drive placental dysfunction in FGR placentas, 

is key for therapeutic advances to be made. Therefore, understanding the 

mechanisms regulating ESRRG in FGR may help to identify new therapeutic targets. 

There is some evidence that ESRRG expression is regulated by hypoxia; when second 

trimester primary cytotrophoblasts were cultured at 2% O2, both the mRNA and 

protein levels of ESRRG were decreased and the rate of differentiation into 

syncytiotrophoblast was reduced (Kumar and Mendelson, 2011). Furthermore, siRNA-

mediated knockdown of hypoxia-inducible factor 1-alpha (HIF-1alpha encoded by the 

gene, HIF-1A) induced the expression of ESRRG and its downstream gene CYP191.1 

(cytochrome P-450) (Kumar and Mendelson, 2011). Other downstream genes of 

ESRRG in placental cells include hydroxysteroid 17-beta dehydrogenase 1 (HSD17B1), 

placenta-specific protein 1 (PLAC1), and hydroxysteroid 11-beta dehydrogenase 2 

(HSD11B2) (Luo et al., 2013, Zhu et al., 2018a). These products are also altered in the 

placenta in response to hypoxia supporting a role for ESRRG signaling in the placental 

response to hypoxia (Heiniger et al., 2003, Homan et al., 2006, Devor et al., 2021).  

The ESRRG pathway can also be manipulated pharmacologically. GSK5182, a 4-OHT 

analog, is a highly selective inverse agonist of ESRRG, due to its additional noncovalent 

interactions with Y326 and N346 at the active site of ESRRG (Chao et al., 2006, Vernier 
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et al., 2020). DY131 is an agonist for ESRRG which has been used in primary 

cytotrophoblast and animal models to activate the expression of ESRRG (Yu and 

Forman, 2005, Kumar and Mendelson, 2011, Luo et al., 2014, Poidatz et al., 2015b). 

Although past studies have shown reduced expression of ESRRG in FGR placentas 

(Poidatz et al., 2015a, Zhu et al., 2018a), there is little knowledge as to how 

dysregulated ESRRG signalling is linked to the placental dysfunction observed in FGR 

(Zou et al., 2021). Moreover, the potential for modulation of ESRRG-pathway has not 

been explored in the placental explant model. In this study, we hypothesised that the 

reduced expression of ESRRG observed in FGR is mediated by hypoxia, and that 

agonists of ESRRG could rescue hypoxic changes in cultured placental explants.  
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3.2 Materials and Methods  

All the reagents were obtained from Sigma (Sigma, UK) unless specified.  

3.2.1 Placental collection 

This study was approved by the Local Research Ethics Committee (08/H1010/55+5) 

and written informed consent was obtained from all participants in Saint Mary’s 

Hospital, Manchester. All births included in this study were by Caesarean section to 

eliminate the effects of oxidative stress which occur during normal labour. 

In our study, appropriate for gestational age (AGA) (n=14) was defined as an 

individualised birth weight ratio (IBR) between the 10th to 90th centile and FGR (n=14) 

was defined as an IBR below the 5th centile. Participant characteristics are shown in 

Table 3.1. Women with pregnancy complications such as preeclampsia, chronic 

hypertension, renal disease, diabetes, gestational diabetes, collagen vascular disease, 

premature rupture of membranes and pregnancies complicated with fetal anomalies 

or chromosomal abnormalities were excluded from this study. Term placentas (n=15) 

from uncomplicated pregnancies were collected for experiments with cultured villous 

explants (participant characteristics are shown in Table 3.2). All placentas were 

collected within 30 minutes of delivery.



 

 87 

Table 3.1 Participant demographics of FGR and AGA pregnancies. 

FGR, fetal growth restriction; AGA, appropriate for gestational age. Continuous data 

are shown as mean ± SD or median ± IQR with range, NS, no significant, BMI, body 

mass index.  

Characteristic AGA controls (n=14) FGR (n=14) P value 

Birthweight (g) 3417.0±625.0(2916-3930) 2320±795.0 (717-2710) <0.0001 

Birthweight percentile 49.1±18.5 (21.2-79.6) 1.8±1.7 (0-4.5) <0.0001 

Fetal sex (female/male) 8/6 9/5 NS  

Gestational age at delivery 

(weeks) 

38.7±0.9 (37.0-40.5) 36.3±2.9 (30.3-39.4) 0.006 

Ethnicity     

White British  11 (78.6%) 10 (71.4%)  

Others  3 (21.4%) 4 (28.6%)  

Maternal age (years) 33.9±4.4 (22.0-39.0) 32.3.7±5.0 (20.0-39.0) NS  

Gravidity 2 ± 1 (1-4) 3 ±1 (2-6) NS  

Parity  1 ± 1 (0-3) 2 ±1 (0-4) NS 

Nulliparous (%) 5 (35.7%) 2 (14.3%) 0.03 

BMI (kg/m
2
) 27.6±5.1 (21-42) 25.9±5.5 (18-36) NS  
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Table 3.2 Participant demographics of placental tissue used for cultured explants 

Characteristic Healthy pregnancies (n=15) 

Birthweight (g) 3480.4±446.6(3022-4304) 

Birth centile  56.1±29.1(26.9-98.4) 

Fetal sex (female/male) 5/10 

Gestational age at delivery (weeks) 39.2±0.3 (39.0-40.0) 

Maternal age (years) 33.9±4.8 (25.0-39.0) 

Parity 1 ± 1 (0-2) 

Gravidity 3 ± 1 (1-4) 

Nulliparous pregnant (%) 1 (6.7%) 

Ethnicity          

White British        6 (40.0%) 

Black African 4 (26.7%) 

  Pakistani 2 (13.3%) 

Croatian 2 (13.3%) 

  Others  1 (6.7%) 

BMI (kg/m
2
) 24.4±4.0 (19.9-28.08) 

Continuous data are as mean ± SD or median ± IQR, BMI = body mass index.  
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3.2.2 Placental explant culture 

Villous explants were prepared as previously described (Heazell et al., 2008). Villous 

tissues (n=8) were sampled from six random sites within the placenta, then were 

further dissected into 2mm3 placental explants, and cultured in 1.5ml culture medium 

(10% CMRL-1066 culture medium (Gibco, UK) supplemented with penicillin (100IU/ml), 

streptomycin (100µg/ml), L-glutamine (100mg/l), insulin (0.1mg/l), hydrocortisone 

(0.1mg/l), retinol acetate (0.1mg/l) and 10% fetal calf serum (Gibco, UK). Explants 

were cultured on Netwells (Corning Inc, NY, USA) at 21% O2 (5% CO2, 95% air at 37°C) 

for 24 hours then transferred to different conditions for up to 4 days, with media 

changes every 24 hours, in 21% O2, 1% O2 or treated with cobalt chloride (CoCl2; 

200μM)- a drug that mimics hypoxia in vitro by increasing the expression of HIF-1alpha 

(Manuelpillai et al., 2003). Conditioned culture media was collected at 48, 72 and 96 

hours; tissue was collected at 96 hours and processed for RNA, protein, or 

immunohistochemistry analysis.  

3.2.3 Treatment with GSK5182 and DY131 

Villous explants from uncomplicated pregnancies (n=7) were maintained in 1.5ml 

culture medium, composed 1:1 of Dulbecco’s modified Eagle medium (DMEM; Gibco, 

UK)/Ham’s F12 (Gibco, UK) supplemented with penicillin (0.6mg/l), streptomycin 

(100µg/ml), L-glutamine (0.292g/l), and 10% fetal calf serum (Gibco, UK) at 21% O2 (5% 

CO2, 95% air at 37°C) for 24 hours of culture, as previously described (Beards et al., 

2017). Culture media was replenished and half of the explants were transferred to the 

hypoxic incubator (1% O2, 5%CO2 at 37°C; 24h), whilst the other half remained at 21% 

O2 for a further 24 hours. Media was then replaced with vehicle (0.75% (v/v) DMSO), 

GSK5182 (20µM or 50µM) or DY131 (20µM or 50µM) and cultured at 21% O2 or 1% O2 

for an additional 48 hours without changing culture medium. The villous explants and 

conditioned culture medium were harvested at day 4 of culture.  

The method used to transfect villous explants with ESRRG siRNAs (Dharmacon, UK), is 

described in the section 2.2.4 and 2.2.5. BeWo cells (choriocarcinoma cells; ATCC, CCL-

98) were also transfected with ESRRG siRNAs; the details of BeWo cell culture and 

siRNA transfection are described in section 2.3. 
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3.2.4 mRNA extraction and RT-PCR 

Prior to mRNA extraction, villous explants were placed in RNAlater overnight and then 

stored at -80°C. Cultured villous explants or fresh placental tissue was homogenised 

(using SHM1, UK) and a miRNeasy mini kit (QIAGEN, Germany) was used to extract the 

total RNA, according to manufacturer’s instructions. An AffinityScript cDNA synthesis 

kit was used for reverse transcription of mRNA to cDNA, following the manufacturer’s 

instructions (Agilent technologies, UK). The PCR primer sequences (Eurofins, UK) for 

HIF-1A, ESRRG, its downstream genes and RPLP0 (60S acidic ribosomal protein P0, 

house-keeping gene) are listed in Supplementary Table 3.1. Because the mRNA 

expression of RPLP0 was stable in human placental tissue (Zhu et al., 2018a), it was 

used as an internal control. The generated cDNA was amplified by PCR by using a 

powerup SYBR Green kit (Thermo Fisher Scientific, USA) in the Applied Biosystems 

Step-one system (Thermo Fisher Scientific, USA). The fold expression was calculated 

by the 2-△△CT method. 

3.2.5 Protein preparation and western blotting  

Protein from villous explants or placental tissue were extracted using RIPA buffer 

supplemented with a protease inhibitor complex (1% v/v), phosphatase inhibitor II (1% 

v/v) and phosphatase inhibitor III (1% v/v). A BCA protein assay (Thermo Fisher 

Scientific, USA) was used to quantify the protein concentration in the placental lysates. 

30µg of protein from fresh placental tissue supernatants or 120µg from placental 

explant supernatants was loaded into a 10% Sodium-Dodecyl Sulphate polyacrylamide 

(SDS-PAGE) gel. The gel was run at 120V for 80 minutes, then was transferred to a 

PVDF membrane (Millipore, Sigma, UK) at 120V for 80 minutes. After blocking in 3% 

(w/v) milk (Marvel, UK) in PBS for 1 hour at room temperature, the membrane was 

incubated with an anti-ESRRG (ab128930, monoclonal antibody, 0.12µg/ml, Abcam, 

UK) primary antibody at 4°C overnight. Beta-tubulin (ab6046, polyclonal antibody, 

0.1µg/ml, Abcam, UK) or Beta-actin (20536-1-AP, polyclonal antibody, 0.09µg/ml, 

Proteintech, UK) was used as the housekeeping protein. After washing, the PVDF 

membrane was incubated with a fluorescently-conjugated secondary antibody (IRDye 

green, 0.05µg/ml, LI-COR Bioscience, USA) at room temperature for 1 hour. Antibody 
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binding and band intensity was quantified using a Licor Odyssey (LI-COR Bioscience, 

USA) and Image studio lite software (Image studio lite version 5.2, LI-COR Bioscience, 

USA). The target protein expression was normalised to house-keeping protein. 

3.2.6 Analysis of human chorionic gonadotropin (hCG) secretion and 

lactate dehydrogenase (LDH) 

hCG was used as a marker of cytotrophoblast differentiation. hCG in explant-

conditioned culture medium was measured by ELISA (DRG Diagnostics, Marburg, 

Germany). The villous explants, collected at day 4 were lysed in 0.3M NaOH to provide 

a value for total protein content, measured using a BioRad protein assay (Bio-Rad 

Laboratories, Hempstead, UK). hCG secretion was expressed as mIU/ml/h/mg protein. 

Lactate dehydrogenase (LDH) is an enzyme for conversion of lactate to pyruvate in the 

live cells. It is released from the necrotic cells, so is considered as a marker for cellular 

viability (Markert, 1984). LDH levels in explant-conditioned culture medium were 

measured by a cytotoxicity detection kit (Roche Diagnostics, Mannheim, Germany) 

based on the manufacturer’s instructions. LDH release was expressed as absorbance 

units/mg protein/h.  

3.2.7 Immunohistochemical staining  

5µm sections from cultured villous explants or freshly collected placental tissues were 

transferred onto the slides pre-coated with poly-L-lysine. After dewaxing and 

dehydration, the slides were treated for antigen retrieval by microwave boiling for 5 

minutes twice at full power (800w) in 0.01M citrate buffer (PH 6.0) and further 

incubated with 3% (v/v) hydrogen peroxide for 10 minutes to block endogenous 

peroxidase activity. Slides were incubated with the non-immune block (10% goat 

serum (v/v) and 2 % human serum (v/v) in 0.1% TBST (TBS-Tween-20) for 30 minutes 

at room temperature. Sections were incubated with a monoclonal antibody against 

HIF-1alpha (Abcam, ab51608, 10µg/ml), a polyclonal antibody against ESRRG (Abcam, 

ab215947, 10µg/ml), a monoclonal antibody against Ki67 (Dako, 0.174µg/ml), or a 

monoclonal antibody against M30 (Roche, 0.132µg/ml) overnight at 4°C. Matched 

concentrations of isotype-specific non-immune rabbit or mouse IgG were used as a 

negative control. After washing, biotin conjugated goat anti-mouse or anti-rabbit 
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antibodies (Dako-Cytomation, 3.85µg/ml) were applied and incubated for 30 minutes 

at room temperature as a secondary antibody. After the incubation with avidin-

peroxidase (5µg/ml) for 30 minutes, chromogenic substrate diaminobenzidine (DAB; 

Sigma-Aldrich, UK) was applied to the sections for between 2-10 minutes. Colour 

development was monitored under a microscope. Harris’s hematoxylin (Sigma-Aldrich, 

UK) was used to counterstain all slides for 5 minutes, then was further differentiated 

with acid alcohol for 2 seconds. All villous explants and placental tissues were stained 

in the same batch for comparison; no immunoactivity was observed on the negative 

controls. 

3.2.8 Statistical analysis 

All data are presented as the mean ± standard deviation (SD) (normally distributed) or 

median ± interquartile range (IQR) (non-normally distributed); the Shapiro-Wilk test 

was used to determine whether the data were normally distributed. GraphPad Prism 

version 8.0.1 (GraphPad Software, USA) was used to undertake the statistical analysis. 

Data were assessed using an unpaired t test or one-way ANOVA for normally 

distributed data or using a Mann-Whitney U Test or Kruskal-Wallis, followed by a 

Friedman multiple comparison test for non-parametric data. QuPath (version 0.2.3, 

developed by University of Edinburgh (Bankhead et al., 2017)), was used to quantify 

the immunostaining. DAB staining was quantified to measure the extent of Ki67 and 

M30 staining; this was expressed as a percentage of the total number of cells. A P 

value <0.05 was considered as indicative of statistical significance. 
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3.3 Results 

3.3.1 Reduced expression of ESRRG and its downstream genes in FGR 

placentas 

The mean ESRRG mRNA expression level in the FGR group was 34.1% lower than AGA 

group (Figure 3.1A) (P=0.005) and the mean ESRRG protein level in FGR placentas was 

significantly reduced, by 53.5%, compared with AGA placentas (Figures 3.1B and 3.1C, 

P=0.004). Immunostaining for protein expression of ESRRG (Figure 3.1D) in AGA 

placentas (b) and FGR placentas (c) suggest the expression of ESRRG protein is mainly 

localised within the syncytiotrophoblast and stromal cells. The mRNA expression level 

of four genes downstream of ESRRG, HSD17B1, HSD11B2, CYP19A1.1, and PLAC1 were 

also assessed in FGR and AGA placentas (Figure 3.1E). The median mRNA level of 

HSD17B1 and PLAC1 was not significantly reduced in FGR compared to that observed 

in AGA placentas (Figure 3.1E, (a) and (d)); however, the median mRNA levels of 

HSD11B2 and CYP191.1 were significantly decreased by 29% and 25% in FGR placentas 

respectively, when compared to AGA placentas (Figure 3.1E, (b) and (c), P<0.05).   

3.3.2 Hypoxia reduces ESRRG signalling pathway in cultured villous 

explants  

Changes in the mRNA and protein expression of ESRRG and its four downstream genes 

in villous explants cultured in 21% O2 over 96h are shown in Supplementary Figure 3.1 

and Supplementary Figure 3.2. Compared to the fresh placental tissue, the median 

mRNA levels of ESRRG were decreased in the cultured placental explants 

(Supplementary Figure 3.1A) and ESRRG protein expression was dramatically 

decreased in the cultured explants from 24 hours to 96 hours (Supplementary Figure 

3.1B, C, E and F). The median mRNA levels of ESRRG’s downstream genes, CYP191.1, 

HSD17B1, HSD11B2, and PLAC1, were lower in explants cultured for 24 - 96 hours than 

in fresh placental tissue (Supplementary Figure 3.2). 

Compared to explants cultured in 21% O2, mRNA expression of HIF-1A was increased 

in the explants treated with CoCl2 (P=0.01), but was unchanged in the explants 

cultured in 1% O2 (Figure 3.2A). The protein staining results indicated HIF-1alpha 

immunostaining was rarely observed in the explants cultured in 21% O2 (Figure 3.2B 
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(b)) but was present in the nuclei of the cytotrophoblasts and stromal cells in explants 

treated with CoCl2 (Figure 3.2B (c)) or cultured in 1% O2 (Figure 3.2B (d)). Median 

ESRRG mRNA expression was significantly decreased by 51.6% in the explants 

maintained in 1% O2 (Figure 3.2C; P=0.005) and decreased by 53.7% in placental villous 

explants exposed to CoCl2 (Figure 3.2C; P=0.04). Whilst the results of western blotting 

showed that total tissue ESRRG protein expression was unchanged across treatment 

groups (Figure 3.2D and 3.2E), immunohistochemical staining highlighted that 

compared to explants cultured at 21% O2 (Figure 3.2F (b)), ESRRG protein expression 

was reduced in the stroma and trophoblast of explants exposed to CoCl2 (Figure 3.2F 

(c)) or 1% O2 (Figure 3.2F (d)).  

The median level of HSD17B1 mRNA expression was reduced by 39.1% after exposure 

to CoCl2 (Figure 3.2G, (a), P=0.02) and by 49.8% after exposure to 1% O2 (Figure 3.2G, 

(a), P=0.0009). Compared to explants cultured at 21% O2 the median mRNA level of 

HSD11B2 was decreased by 3-fold in explants cultured at 1% O2 (Figure 3.2G, (b), 

P=0.01) or treated with CoCl2 (Figure 3.2G, (b), P=0.002). Moreover, the median mRNA 

level of CYP191.1 was decreased by 37.4% after culture in 1% O2 (Figure 3.2G, (c), 

P=0.005) and by 41.6% in explants exposed to CoCl2 (Figure 3.2G, (c), P=0.005). PLAC1 

mRNA was also reduction in explants exposed to CoCl2 (86.5%; P=0.0004, Figure 3.2G, 

(d)) and in explants exposed to 1% O2 (72.0%; P=0.04, Figure 3.2G, (d)), compared to 

those cultured at 21% O2.  

The relative expression of ESRRG and its downstream genes in explants which were 

cultured at 6% O2 versus 21% O2 are shown in Supplementary Figure 3.3. There is no 

difference in the mRNA (Supplementary Figure 3.3A) and protein expression of ESRRG 

in the explants cultured under 21% O2 or 6% O2 (Supplementary Figure 3.3B-D). The 

mRNA levels of ESRRG’s downstream genes, including HSD17B1, CYP191.1, HSD11B2, 

PLAC1 (Supplementary Figure 3.3E-H) were comparable in the explants cultured in 21% 

O2 or 6% O2. 
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Figure 3.1 The expression of ESRRG and its downstream genes in placentas from AGA 

pregnancies and those with FGR. 

[A] mRNA expression of ESRRG. [B] Representative western blot of ESRRG and house-

keeping gene beta-tubulin protein expression. [C] Quantification of band density. [D] 

ESRRG protein staining in both AGA (b) and FGR placentas(c); (a) negative control with 

non-immune rabbit IgG without primary antibody. [E] the mRNA levels of ESRRG’s 

downstream genes: [a] HSD17B1, [b] HSD11B2, [c] CYP191.1, [d] PLAC1. FGR: fetal 

growth restriction; AGA: appropriate for gestational age; ESRRG: oestrogen related 

receptor gamma; HSD17B1: hydroxysteroid 17-beta dehydrogenase 1; HSD11B2: 

hydroxysteroid 11-beta dehydrogenase 2; CYP191.1: cytochrome P-450; PLAC1: 

placenta-specific 1. [A] and [C] mean +/- SD, statistical significance was assessed by 

unpaired t test. [E] median +/- interquartile range (IQR), Mann-Whitney test was used.    
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Figure 3.2 mRNA and protein expression of HIF-1alpha, ESRRG and its downstream 

genes in explants from placentas cultured in 21% O2, 1% O2 and following treatment 

with cobalt chloride (CoCl2). 

[A] mRNA expression of HIF-1A. [B] Representative HIF-1alpha protein staining images 

of explants cultured in 21% O2 (b), treated with CoCl2 (c), or cultured in 1% O2 (d); 

negative control was the placental explants applied with non-immune mouse IgG 

substituting HIF-1alpha primary antibody (a). [C] mRNA levels of ESRRG. [D] 

Representative blot of ESRRG and beta-tubulin (house-keeping gene). [E] 

Quantification of band density. [F] Representative ESRRG immunostaining images of 
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placental explants cultured under 21% O2 (b), CoCl2 treatment (c), or 1% O2 (d); [a] 

negative control with non-immune rabbit IgG replacing the primary antibody (a). Scale 

bar = 50µm. [G] mRNA expression of ESRRG’s downstream genes: [a] HSD17B1, [b] 

HSD11B2, [c] CYP191.1, [d] PLAC1. Statistical significance was assessed by Friedman 

test; median +/- IQR.  
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3.3.3 GSK5182 and DY131 rescued hypoxia-mediated alterations in 

ESRRG and its downstream genes   

The results of transfection of BeWo cells and cultured villous explants with ESRRG 

siRNAs are shown in Supplementary Figures 3.4-3.6. In BeWo cells, ESRRG mRNA 

expression did not change when the cells were transfected with ESRRG siRNAs (20nM 

to 200nM) for 48 hours of culture, compared to untreated control explants 

(Supplementary Figure 3.4A). In addition, ESRRG siRNAs (20nM) did not reduce ESRRG 

mRNA expression in BeWo cells over a 24-72h exposure (Supplementary Figure 3.4B). 

Meanwhile, transfecting BeWo cells with 40nM ESRRG siRNAs did not silence ESRRG 

mRNA expression for 48 hours of culture (Supplementary Figure 3.4C).  

In cultured term placental explants transfected with ESRRG siRNAs (13.3nM to 

66.7nM), the median mRNA expression level of ESRRG was decreased in explants 

transfected with 13.3nM or 26.7nM of ESRRG siRNAs, but this decrease was not 

statistically significant (Supplementary Figure 3.5A). Although reduced syncytial 

immunostaining of ESRRG was observed in explants transfected with ESRRG siRNAs 

(13.3nM or 26.7nM) (Supplementary Figure 3.5C), the mRNA expression of ESRRG 

(Supplementary Figure 3.5B) and its downstream genes (Supplementary Figure 3.5D 

and 3.5E) was comparable across treatment groups. There was no alteration in either 

ESRRG mRNA (Supplementary Figure 3.6A) or protein expression in the explants 

incubated with different concentrations of ESRRG siRNAs or the non-targeting control 

siRNA (10nM to 80nM) (Supplementary Figure 3.6B-G). 

As siRNA-mediated ESRRG silencing was unsuccessful in BeWo cells and placental 

explants, we sought to manipulate ESRRG signaling by applying the ESRRG agonist 

DY131, or the inverse agonist GSK5182 to term placental explants. Treatment of 

explants cultured at 21% O2 with either GSK5182 or DY131 did not alter the mRNA 

expression of ESRRG, HSD17B1, HSD11B2, and PLAC1 (Figure 3.3A, Figure 3.4A, 3.4B, 

and 3.4D). GSK5182 (50µM) and DY131 (20µM) increased mRNA expression of 

CYP191.1 (Figure 3.4C, P<0.05). 

Under hypoxic conditions (1% O2), GSK5182 and DY131 reversed the low expression 

of ESRRG; GSK5182 (20µM) significantly increased the mRNA level of ESRRG by 1.5-
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fold, compared to DMSO controls (Figure 3.3A, P=0.04), and GSK5182 (50µM) and 

DY131 (50µM) increased the protein expression of ESRRG by 1.9-fold and 1.6-fold, 

respectively (Figure 3.3B, and Figure 3.3C, P<0.05). For ESRRG’s downstream genes, 

GSK5182 (20µM) increased the mRNA expression of HSD17B1, CYP191.1, and PLAC1 

in 1% O2 (Figure 3.4A, 3.4C, and 3.4D). Meanwhile, DY131 (50µM) increased mRNA 

expression of HSD11B2 and CYP191.1 by 1.5-fold and 2.3-fold, respectively (Figure 

3.4B and 3.4C). 

3.3.4 DY131 increases the number of cells in cycle and reduces apoptosis 

induced by hypoxia  

Compared to the villous explants cultured in 21% O2, the number of cells in cycle was 

significantly decreased, and apoptotic cell death was significantly increased in villous 

explants cultured in 1% O2 or treated with CoCl2 (Supplementary Figure 3.7A and 3.7B). 

In contrast, the number of Ki-67 and M30-positive cells were similar in explants 

cultured at 21% O2 and 6% O2 (Supplementary Figure 3.8). Application of DY131 (50µM) 

increased the number of cells in cycle in hypoxic conditions (Figure 3.5A, and 

Supplementary Figure 3.9, P<0.05), and hypoxia induced apoptotic cell death was 

significantly decreased in villous explants treated with DY131 (20µM and 50µM) 

(Figure 3.5B, and Supplementary Figure 3.10, P<0.05). 

3.3.5 DY131 reduces hypoxia induced necrosis of villous explants  

The mean hCG levels at day 4 of culture were 55.3% or 50% lower following exposure 

to 1% O2 or treated with CoCl2 (P=0.02) (Supplementary Figure 3.11A and B). hCG 

secretion was significantly decreased in explants cultured in 6% O2 when compared to 

explants cultured in 21% O2 for 96 hours (Supplementary Figure 3.12A and B). The 

total hCG secretion was significantly higher in conditioned culture medium of GSK5182 

(20µM) treated explants compared to controls cultured at 21% O2, but not in hypoxia 

(Figure 3.6A).  

LDH release was comparable between explants cultured at 21% O2 and 6% O2 

(Supplementary Figure 3.12C and D). From day 2 to day 4, there was limited LDH 

release from the explants cultured in 21% O2 (Supplementary Figure 3.11C), however 

at day 4 of culture in 1% O2, the mean LDH release from explants maintained was 



 

 100 

increased (P=0.02, Supplementary Figure 3.11D) demonstrating a reduction in tissue 

viability and cellular integrity in this group. This increase in LDH levels was significantly 

decreased in tissue cultured in DY131 (20µM) at 1% O2 (Figure 3.6B, P=0.01). A 

reduction in LDH levels was also seen in explants cultured at 21% O2 that were treated 

with DY131. 
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Figure 3.3 The expression of ESRRG in AGA placental explants cultured in 21% O2 or 

1% O2 with the treatment of GSK5182 or DY131. 

[A] mRNA expression of ESRRG; [B] Protein quantification of band density from 

Western blotting. [C] Representative Western blot of ESRRG and house-keeping gene, 

beta-actin. [D] Representative images of immunochemistry staining for ESRRG in the 

explants cultured at 21% O2 (a-e) or 1% O2 (f-j). (k) Negative control with non-immune 

rabbit IgG. Villous explants were treated with 0.75% DMSO (a, f), GSK5182 (20µM) (b, 

g), GSK5182 (50µM) (c, h), DY131 (20µM) (d, i) or DY131 (50µM) (e, j). Mark=50µM. 

DMSO, Dimethyl sulfoxide; GSK20, GSK5182 (20µM); GSK50, GSK5182 (50µM); DY20, 

DY131 (20µM); DY50, DY131 (50µM). Median +/- IQR; One sample Wilcoxon test was 

used to examine statistical significance. 
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Figure 3.4 mRNA expression of downstream genes of ESRRG in the villous explants 

with GSK5182 or DY131 treatment in different oxygen concentrations. 

[A] HSD17B1 [B] HSD11B2 [C] CYP191.1, [D] PLAC1. DMSO, Dimethyl sulfoxide; GSK20, 

GSK5182 (20µM); GSK50, GSK5182 (50µM); DY20, DY131 (20µM); DY50, DY131 

(50µM). Median +/- IQR; One sample Wilcoxon test was used to examine statistical 

significance.  
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Figure 3.5 The Ki-67 and M30 staining in cultured villous explants following 

treatment with GSK5182 and DY131. 

The quantification of Ki-67 [A] and M30 [B] staining. [C] and [D] is the representative 

images of immunostaining for Ki-67 [C] and M30 [D] in the villous explants cultured at 

1% O2. [a] 0.75% DMSO; [b] GSK5182 (20µM); [c] DY131 (20µM); [d] DY131(50µM).; 

Median +/- IQR; Friedman test.   
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Figure 3.6 hCG secretion and LDH release in conditioned culture media. 

Figure 3.6A, The secretion of total hCG. Figure 3.6B The LDH levels in the culture 

medium. LDH: lactate dehydrogenase; hCG: human chorionic gonadotropin. Median 

+/- IQR; One sample Wilcoxon test was used to examine statistical significance.  
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3.4 Discussion 

This study demonstrates that both mRNA and protein expression of ESRRG and the 

mRNA expression of its downstream genes are decreased in human FGR placentas, 

and this can be reproduced by culturing healthy placental explants in 1% O2 or 

exposing them to CoCl2. An agonist of ESRRG, DY131, rescued the abnormal cell 

turnover induced by hypoxia, by modulating ESRRG signalling. These findings suggest 

that the ESRRG pathway is dysregulated in FGR and may mediate some of the 

downstream effects of placental hypoxia, a key contributor to placental dysfunction 

(Figure 3.7).  

3.4.1 Reduced ESRRG signalling in human placentas is related to FGR 

Our assessment of AGA and FGR placentas confirms that the mRNA and protein level 

of ESRRG is reduced in FGR placentas, which is consistent with previous studies 

(Poidatz et al., 2015a, Zhu et al., 2018a). These studies used placental samples from 

southern Chinese and French populations which defined FGR as estimated fetal weight 

or birth weight less than 10th percentile. Most of our samples were from Caucasians in 

the UK, and a more stringent definition of FGR (IBR less than 5th percentile) was 

applied. The consistent nature of this finding in three different populations suggests 

that a reduction in ESRRG expression is observed in FGR. 

To further investigate the ESRRG signaling pathway, we quantified expression of four 

genes downstream from ESRRG. We found the mRNA expression of HSD11B2 and 

CYP19A1.1 was significantly decreased in FGR placentas. CYP191.1 encodes the 

aromatase P450 which plays a role in the conversion of C19 steroid precursors into 

oestrogen. Data regarding CYP191.1 expression in FGR placentas are inconsistent. One 

previous study of FGR placentas (IBR below 10th centile) found increased expression 

of CYP191.1 (Anelli et al., 2019). It is possible that the reduced expression level of 

CYP19A1.1 observed in our study might be related to the severity of FGR. HSD11B2, 

encodes an enzyme related to the conversion of active cortisol to inactive cortisone 

which is expressed in villous syncytiotrophoblast; placental HSD11B2 level is 

correlated with fetal weight and postnatal growth velocity (McTernan et al., 2001, 

Struwe et al., 2007, Zhu et al., 2018b). Similar to a previous study (Struwe et al., 2007), 

our results also revealed reduced mRNA expression of HSD11B2 in FGR placentas.  
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HSD17B1 encodes a steroidogenic enzyme responsible for converting estrone to 17 

beta-oestradiol. Previous reports have found HSD17B1 is decreased in FGR placentas 

(IBR less than 10th centile) and activated by ESRRG in the HTR-8/Svneo cell line (Zhu et 

al., 2018a). PLAC1 was mainly expressed in syncytiotrophoblast and increased in the 

FGR placentas. However, our results did not show a statistical difference in the mRNA 

expression of HSD17B1 and PLAC1 in FGR placentas and this may be due to the 

difference in race and the definition of FGR placentas among these studies.  

3.4.2 The ESRRG signalling pathway is hypoxia-responsive 

We used a four-day explant culture at 1% O2 or treatment with CoCl2 to mimic the 

placental hypoxia observed in FGR. This model has previously been well characterized 

and reproduces aspects of FGR, including reduced proliferation and increased 

apoptosis (Heazell et al., 2008, Heazell et al., 2011, Diaz et al., 2016). Both hypoxia and 

CoCl2 (a chemical hypoxia mimic) can stabilize HIF-1alpha (encoded by HIF-1A) (Castro-

Parodi et al., 2013, Francois et al., 2017), which is also elevated in FGR placentas (Tal 

et al., 2010, Stubert et al., 2012). HIF-1 is a heterodimer composed of the HIF-1alpha 

subunit and the HIF-1beta subunit (Wang et al., 1995). HIF-1alpha is degraded under 

normoxic conditions, but rapidly accumulates in hypoxia, where it can combine with 

HIF-1beta to transcriptionally modulate the expression of HIF-1 responsive 

downstream genes (Wang et al., 1995, Salceda and Caro, 1997). As we expected, 

mRNA expression of HIF-1A was significantly increased in explants treated with CoCl2. 

We also observed increased immunostaining of HIF-1alpha protein in explants 

exposed to CoCl2 or 1% O2, but not in explants cultured in 21% O2. However, although 

the median mRNA expression level of HIF-1A was reduced in the explants cultured in 

1% O2, the reduction was not statistically significant. Interestingly, many previous 

studies also observed decreased HIF-1A mRNA expression in hypoxia, while its protein 

expression was transiently increased in lymphocytes, intestinal epithelial cells, the 

human lung epithelial A549 cell line, and HMEC-1 cells, a human microvascular 

endothelial cell line (Thrash-Bingham and Tartof, 1999, Uchida et al., 2004, Bruning et 

al., 2011, Chamboredon et al., 2011, Cavadas et al., 2015). These data suggest more 

complex regulation of HIF-1alpha mRNA and protein expression, which may be 

regulated by other transcription factors such as repressor element 1-silencing 
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transcription factor or by miRNAs, such as miR-155 (Bruning et al., 2011, Cavadas et 

al., 2015). Kumar et al. demonstrated that high levels of HIF-1alpha protein expression 

can downregulate both ESRRG mRNA and protein expression in primary second 

trimester cytotrophoblast cultured in 2% O2 (Kumar and Mendelson, 2011). We also 

observed an increased protein expression of HIF-1alpha in explants treated with CoCl2 

or cultured in 1% O2, which correlated with reduced expression of ESRRG expression 

in our term explant model.   

Both treatments (CoCl2 and 1% O2) reduced hCG secretion and LDH release, compared 

to control explants cultured at 21% O2, suggesting these pathways might be regulated 

by the O2-sensitive transcription factor, HIF-1alpha. In common with previously 

reported findings in second trimester placental tissue, there was lower ESRRG 

expression at both the mRNA and protein level (Kumar and Mendelson, 2011). As 

ESRRG localizes to the syncytiotrophoblast layer and stromal cells in placental explants, 

one could hypothesise that it is involved in regulating trophoblast function. However, 

the levels of ESRRG protein measured by Western blotting after four days of culture 

were much lower than in fresh tissue and were not significantly decreased at 1% O2. 

This suggests there also could be other regulators of the signaling pathways involving 

ESRRG in hypoxia; to further explore this pathway, the identification of ESRRG’s 

downstream effectors is needed.  

All of the genes downstream of ESRRG measured here were reduced following culture 

in 1% O2 or following treatment with CoCl2. Previously CYP191.1 has been validated as 

downstream effectors of ESRRG in primary second trimester cytotrophoblast (Kumar 

and Mendelson, 2011). Our findings provide further evidence for the regulation of 

CYP191.1 by ESRRG, as the present study is the first to use human placental tissue. The 

reduced mRNA level of CYP19A1.1 in 1% O2 and CoCl2 group is in agreement with 

Kumar et al., who investigated second-trimester cytotrophoblast (Kumar and 

Mendelson, 2011). To our knowledge, our data are the first to suggest that ESRRG 

might mediate the expression of HSD11B2 in hypoxia. The reduced expression of 

HSD11B2 in hypoxia has been established previously in vitro and in vivo studies of 

pregnancy (Hardy and Yang, 2002, Cuffe et al., 2014). Homan et al. found a low 

promoter activity in HSD11B2 in a primary cytotrophoblast model under hypoxic 
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conditions (1% O2) (Homan et al., 2006), suggesting that this may be in response to a 

lack of an upstream stimulus. As we report low mRNA expression of ESRRG and 

HSD11B2 in our explant model in both 1% O2 and CoCl2 groups, it is possible that low 

levels of HSD11B2 are mediated by hypoxia-induced reductions in the ESRRG signaling 

pathway. 

3.4.3 GSK5182 and DY131 rescue hypoxia induced alterations in the 

ESRRG signalling pathway 

We were unsuccessful in using siRNAs to reduce the mRNA and protein expression of 

ESRRG in either BeWo cells or placental explants. Although we used a pooled ESRRG 

siRNAs containing three different ESRRG siRNAs with several concentrations, these 

failed transfections on the cell lines or explants could be caused by the low 

transfection efficiency of these siRNAs, insufficient siRNA concentrations or 

inappropriate transfection protocols we used in this study. In addition, for the explants, 

this may be because the mRNA and protein expression of ESRRG were significantly 

reduced in cultured explants compared to fresh placental tissue (Supplementary 

Figure3.1), making it harder to further reduce the expression of ESRRG using siRNAs.  

In this study, GSK5182 and DY131 rescued the reduction in ESRRG expression, and its 

downstream genes induced by hypoxia. Interestingly, we observed that GSK5182, a 

reverse agonist for ESRRG, can induce ESRRG mRNA and protein expression, as well as 

that of its downstream genes, in hypoxia. In previous studies using cell lines, GSK5182 

was shown to inhibit the transcription of ESRRG (Kim et al., 2013, Singh et al., 2015). 

However, this study used a cultured villous explant model, which had a very low 

protein expression of ESRRG as mentioned above. Therefore, this might suggest 

GSK5182 could not further reduce the gene expression of ESRRG, but instead induced 

its expression in hypoxia by activating coactivators or other regulators of ESRRG. 

Further studies are needed to uncover this unexpected effect of GSK5182 in placental 

villous explants. 

DY131, an agonist of ESRRG, can induce the expression of ESRRG in animal models or 

primary cytotrophoblast (Yu and Forman, 2005, Luo et al., 2014, Poidatz et al., 2015b, 

Kang et al., 2018). DY131 is a synthesized ESRRG ligand as acyl hydrazone derivatives 
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are known potential ligands for ESRRG and DY131 is developed as an acyl 

phenylhydrazone derivative that can activate the expression of ESRRG (Yu and Forman, 

2005). Our study suggests that DY131 can also induce the protein expression of ESRRG 

and its downstream genes (HSD11B2 and CYP191.1) in hypoxia, in a placental explant 

model, which provides further support that both HSD11B2 and CYP191.1 are 

downstream genes of ESRRG in the placenta. This restoration of effect supports the 

hypothesis that ESRRG can regulate some of the effects of hypoxia in trophoblast by 

mediating the downstream genes, HSD11B2 and CYP191.1. 

3.4.4 Potential therapeutic efficacy of the ESRRG’s agonist DY131 in the 

placental dysfunction  

The reduction in hCG secretion on day 4 of culture in 1% O2 is consistent with previous 

reports of this explant model or primary trophoblast (Esterman et al., 1996, Crocker 

et al., 2004, Heazell et al., 2008, Diaz et al., 2016), which suggests an impaired 

differentiation of syncytiotrophoblast in hypoxia. Like our previous study (Heazell et 

al., 2008), hypoxia reduced the number of cells in cycle and increased apoptosis, but 

the proliferative rate and apoptotic rate in this study are much lower than our 

previous results which might be related to the tissue variability. GSK5182 and DY131 

did not have any effects upon hCG secretion from cultured villous explants in hypoxia, 

but DY131 treatment reduced the level of cell necrosis, increased the number of cells 

in cycle and reduced apoptotic cell death in explants cultured under hypoxic 

conditions. These results suggest that ESRRG signalling mediates some of the 

downstream effects of hypoxia, which are implicated in the pathophysiology of FGR. 

Two studies have already identified the possibility of using DY131 as a therapeutic 

intervention in mice (Luo et al., 2014, Ma et al., 2021). Ma et al. measured the toxicity 

of DY131 (5mg/kg) on the mice and they did not find any obvious side effects of DY131 

on the hepatic and renal functions (Ma et al., 2021). Luo et al. applied DY131 (8mg/ml) 

in pregnant mice from 10.5 to 17.5 days post coitum (dpc) and they observe that 

DY131 caused the hypertension from 16.5 dpc, but this study did not explore the 

safety of DY131 on these pregnant mice (Luo et al., 2014). Our observations suggest 

that DY131 could be investigated as a potential therapeutic agent to treat hypoxia-
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induced placental dysfunction. However, further studies are required to assess the 

safety and efficacy of DY131 in the pregnant animal models.  
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Figure 3.7 The schematic of the ESRRG pathway. 

ESRRG: Oestrogen related receptor gamma; CYP191.1: Cytochrome P-450; HSD11B2: 

Hydroxysteroid 11-beta dehydrogenase 2. 

  



 

 112 

3.4.5 Strengths and Limitations 

This study has further confirmed that ESRRG signaling is reduced in placentas from 

FGR pregnancies, even when applying a more stringent definition of FGR. We firstly 

explored the relationship between hypoxia-mediated ESRRG signalling pathways and 

cell turnover in a cultured villous explant model, arguably a more physiologically 

relevant culture model than placental cell lines or isolated primary cells. Additionally, 

this is the first study to explore whether ESRRG’s agonist, DY131, can restore impaired 

ESRRG signalling and rescue the aberrant cell turnover observed in villous explants 

exposed to hypoxia. This work has identified DY131 as a potential therapeutic for 

treating pregnancies complicated with FGR, which needs to be further investigated.  

Although our results are consistent with previous reports in other populations further 

studies are needed to confirm whether ESRRG is reduced in other populations with 

FGR. To explore whether ESRRG mediated the phenotype seen in FGR, this study used 

a short-term culture of placental villous explants, but the time period selected was not 

able to identify the effects of longer-term culture, which should also be explored. In 

addition, another weakness of this study is the villous explants model because of the 

low protein expression of ESRRG signalling pathways in this model and the different 

ESRRG protein localisation between fresh placental tissue and villous explants which 

may hamper the exploration of these pathways.  

 

3.5 Conclusion  

The present study demonstrates that ESRRG signaling is dysregulated in FGR. The 

molecular mechanism underlying the regulatory role of ESRRG in FGR appears to be 

mediated in part through the hypoxia sensitive ESRRG signalling pathway. An ESRRG 

agonist, DY131, can increase ESRRG signalling and rescue the abnormal cell turnover 

observed in placental explants cultured under hypoxia. Modulation of this signalling 

pathway offers a novel therapeutic option for the treatment of FGR. 
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Supplemenatry Figure 3.1. Time course of the mRNA and protein expression of 

ESRRG in the cultured villous explants between 0-96 hours (day0-day4).  

[A] mRNA expression of ESRRG . [B, C] Western blotting results; [B] Representative 

blot showing bands for ESRRG and beta-tubulin; [C] Quantification of the western blot 

data, normalised to expression of the housekeeping gene, beta-tubulin. [D] mRNA 

levels of the house-keeping gene, RPLP0, during culture. [E] Quantification of ESRRG 

protein staining in the villous explants. [F] Representatiive images of ESRRG protein 

staining, (a), negative control with non-immnue rabbit IgG, (b) fresh placental tissue, 

(c) explants cultured for 24 hours, (d) explants cultured for 48 hours, (e) explants 

cultured for 72 hours, and (f) explants cultured for 96 hours. Median+/-IQR. [A] and 

[C], one sample Wilcoxon test; [D] and [E], Friedman test. *, P<0.05; **P<0.01, n=4. 
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Suppmentary Figure 3.2. Time course of mRNA expression of ESRRG’s 

downstream genes in the cultured villous explants between 0-96 hours (day0 to 

day4).  

Median+/-IQR, one sample Wilcoxon test, n=4. ESRRG: oestrogen related receptor 

gamma; HSD17B1: hydroxysteroid 17-beta dehydrogenase 1; HSD11B2: 

hydroxysteroid 11-beta dehydrogenase 2; CYP191.1: cytochrome P-450; PLAC1: 

placenta-specific 1.  
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Supplementary Figure 3.3. The mRNA and protein expression of ESRRG and its 

downstream genes in the villous explants maintained at 21% O2 compared to 6% O2.  

[A]: mRNA levels of ESRRG. [B]: Representative immunoblots for ESRRG (51KD) and 

beta-actin (42KD). [D]: Quantification of Western blots. [D]: Representative 

immunostaining images of ESRRG in the villous explants cultured under 21% O2 [b] or 

6% O2 [c]; [a]: negative control, where non-immune rabbit IgG replaced the primary 

antibody. [E-H]: mRNA levels of downstream genes. Median+/-IQR; [A-H], one sample 

Wilcoxon test. n=5. 

 

a b c 
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Supplementary Figure 3.4. The transfection of Bewo cells with ESRRG siRNA.  

[A] Concentration curve and, [B] Time course of ESRRG knockdown with 20nM ESRRG 

siRNAs. [C] BeWo cells were transfected with transfection reagent (Mock), ESRRG 

siRNAs (20nM or 40nM) or were untreated (Control). Friedman test, Median+/-IQR. 
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Supplementary Figure 3.5. Term placental villous explants were transfected with 

different concentrations of ESRRG siRNAs and harvested at 48 hours of culture.  

[A] Concentration curve. Explants were transfected with 0-66.7nM ESRRG siRNAs 

using transfection reagents; Control, untreated control. [B]: ESRRG mRNA expression 

of untreated explants, or explants treated with transfection reagent (mock) or 

transfected with 13.3nM or 26.7nM ESRRG siRNAs. [C]: Representative 

immunostaining images of ESRRG; (a), negative control with non-immune rabbit IgG; 

(b), untreated control; (c), mock transfection; (d), 13.3nM ESRRG siRNAs; (e), 26.7nM 

ESRRG siRNAs. [D] and [E]: mRNA expression of ESRRG’s downstream genes, HSD17B1, 

and HSD11B2. Median+/-IQR; Friedman test. n=3. 
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Supplementary Figure 3.6. The mRNA level and protein staining of ESRRG in the term 

villous explants incubated with 10nM to 80nM ESRRG siRNAs, or non-targeting 

siRNA control (si-C), without transfection reagents.  

[A] the mRNA level of ESRRG in the transfected cultured villous explants. Control, 

untreated control; Median+/-IQR; Friedman test. [B-G], Representative 

photomicrographs of ESRRG protein staining in the transfected villous explants; (B) 

40nM ESRRG siRNAs; (C) 40nM non-targeting control (si-C); (D) 80nM ESRRG siRNAs; 

(E) 80nM si-C; (F) negative control with non-immune rabbit IgG; (G) untreated control. 

Explants were harvested at 48 hours of culture after transfection. Scale bar 50µm; 

nuclei blue; n=3. ESRRG, oestrogen related receptor gamma. 
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Supplementary Figure 3.7. The Ki-67 and M30 staining results in the cultured 

villous explants in the different oxygen levels for 96 hours.  

[A] and [B] Relative quantification of Ki-67 and M30 staining. [C] Negative control 

was added non-immune mouse IgG without Ki-67 or M30 primary antibody. [D-F] 

Representative Ki-67 immunostaining images in the placental explants cultured 

under 21% O2 (D), cobalt chloride (CoCl2) treatment (E) or 1% O2 (F). [G-I] 

Representative M30 immunostaining images in the explants cultured at 21% O2 (G), 

treated with cobalt chloride (CoCl2) (H) or cultured at 1% O2 (I). Statistical 

significance was assessed by one-way ANOVA; mean +/- SD. The marker is 50µm. 
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Supplementary Figure 3.8. Immunostaining of Ki-67 and M30 in villous explants 

cultured under 21%O2 or 6%O2 for 96 hours  

[A, B] Quantification of Ki-67 and M30 immunostaining. [C-G] Representative images. 

[C] Negative control with non-immune mouse IgG. [D, E] Ki-67 staining; [F, G] M30 

staining. [D] and [F], Represenative immunostaining images in the placental explants 

cultured at 21% O2. [E] and [G], Explants cultured at 6% O2 for 96 hours. Scale bar: 

50µM. Wilcoxon matched-pairs signed rank test. n=5. 
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Supplementary Figure 3.9. The Ki-67 staining results in the villous explants with the 

treatment of GSK5182 or DY131 cultured at 21% O2 or 1% O2.  

[A-E] Explants cultured at 21% O2; [F-J] Villous explants cultured in hypoxia (1% O2). [K] 

Negative control with the non-immune mouse IgG. [A] and [F], DMSO control; [B] and 

[G], GSK5182 (20µM); [C] and [H], GSK5182 (50µM); [D] and [I], DY131 (20µM); [E] and 

[J], DY131 (50µM). Scale bar: 50µM. 
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Supplementary Figure 3.10. Representative images of immunostaining for M30 in 

the villous explants with the treatment of GSK5182 or DY131 under different oxygen 

concentrations.   

[A-E] Explants cultured at 21% O2; [F-J] Villous explants cultured at 1% O2. [K] Negative 

control with the non-immune mouse IgG. [A] and [F], DMSO control; [B] and [G], 

GSK5182 (20µM); [C] and [H], GSK5182 (50µM); [D] and [I], DY131 (20µM); [E] and [J], 

DY131 (50µM). Scale bar: 50µM. 
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Supplementary Figure 3.11. hCG secretion and LDH release from placental explants 

cultured at different oxygen concentrations.  

[A, B]: hCG secretion; [C, D]: LDH release. [A] Time course of hCG secretion from 

explants cultured under 1% O2, CoCl2 treatment, or 21% O2; [B] hCG secretion at day 4 

of culture in different oxygen conditions. [C] LDH release over time in the placental 

explants maintained in 1% O2, CoCl2 treatment, or 21% O2; [D] LDH release measured 

at day 4 from the explants cultured at 1% O2, CoCl2 treatment, or 21% O2. Statistical 

significance was assessed by one sample Wilcoxon test. CoCl2: cobalt chloride; LDH: 

lactate dehydrogenase; hCG: human chorionic gonadotropin. Mean+/-SD. 
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Supplementary Figure 3.12. hCG secretion and LDH release in the conditioned 

culture medium of explants cultured at 21% O2 or 6% O2.  

[A]: Time course of hCG secretion from explants cultured at 21% O2 or 6% O2 during 4 

days of culture. [B]: hCG secretion from villous explants cultured at 21% O2 or 6% O2 

at day 4 of culture. [C]: Time course of LDH release from the villous explants cultured 

at 6% O2 or 21% O2 during 4 days of culture. [D]: LDH levels were measured in the 

conditioned culture medium at day 4 of culture.  
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ABSTRACT  

Bisphenol A (BPA) exposure during pregnancy is associated with low fetal weight, 

particularly in male fetuses. Expression of oestrogen-related receptor gamma (ESRRG), 

a receptor for BPA in human placenta, is reduced in fetal growth restriction. This study 

sought to explore whether ESRRG signaling mediates BPA-induced placental 

dysfunction, and determine whether changes in the ESRRG signaling pathway are sex-

specific. Placental villous explants from 18 normal term pregnancies were cultured 

with a range of BPA concentrations (1pM-1µM). Baseline BPA concentrations in the 

placental tissue used for explant culture ranged from 0.04nM-5.1nM (average 2.3nM 

±1.9nM; n=6). Expression of ESRRG signalling pathway constituents and cell turnover 

were quantified. BPA (1µM) increased ESRRG mRNA expression after 24 hours in both 

sexes. ESRRG mRNA and protein expression were increased in female placentas 

treated with 1µM BPA for 24 hours, but were decreased in male placentas treated 

with 1nM or 1µM for 48 hours. Levels of HSD17B1 and PLAC1, genes downstream of 

ESRRG, were also affected. HSD17B1 mRNA expression was increased in female 

placentas by 1µM BPA; however, 1nM BPA reduced HSD17B1 and PLAC1 expression 

in male placentas at 48 hours. BPA treatment did not affect rates of proliferation, 

apoptosis or syncytiotrophoblast differentiation in cultured villous explants. This study 

has demonstrated that BPA affects the ESRRG signalling pathway in a sex-specific 

manner in human placentas and provides a possible biological mechanism to explain 

the differential effects of BPA exposure on male and female fetuses observed in 

epidemiological studies. 
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4.1 Introduction 

Bisphenol A (BPA), an organic, synthetic compound, has been widely used in plastic 

products, including food containers, cans, beverages, baby bottles, toys, credit cards, 

receipts, and medical equipment since the 1950s. BPA concentrations ranging from 

0.3 to 17.85 ng/mL (1–78nM) have been observed in adult and fetal plasma, urine, 

breast milk, and placental tissue (Ikezuki et al., 2002, Welshons et al., 2006, Calafat et 

al., 2008, Cao et al., 2012, Huo et al., 2015, Lee et al., 2018). Epidemiological and 

animal studies have shown that maternal BPA exposure is associated with preterm 

birth, low birth weight, small for gestational age (SGA) infants, fetal growth restriction 

(FGR), and preeclampsia (Miao et al., 2011, Chou et al., 2011, Cantonwine et al., 2015, 

Huo et al., 2015, Veiga-Lopez et al., 2015, Muller et al., 2018, Yang et al., 2021). These 

effects appear to be sex-specific, with male neonates disproportionately affected 

(Chou et al., 2011). As BPA concentrations in human placenta are four to five times 

higher than levels in maternal or fetal plasma (Schonfelder et al., 2002), the placenta 

might play a crucial role in pregnancy disorders related to BPA exposure. 

FGR is associated with a range of underlying placental conditions including maternal 

vascular perfusion, fetal vascular malperfusion and placental inflammation (Spinillo et 

al., 2019). Maternal vascular malperfusion is the most commonly observed 

abnormality, particularly in severe early-onset FGR (Spinillo et al., 2019). Our previous 

studies suggest FGR is also associated with increased placental cell trophoblast 

apoptosis and disordered proliferation (Heazell et al., 2008, Heazell et al., 2011). 

However, the mechanism(s) for BPA-related, sex-specific decreases in fetal weight are 

still unclear and might be related to abnormal placental cell turnover within the 

placenta, as observed in FGR.  

BPA is a weak oestrogen, and although it can bind to oestrogen receptors (ER)- alpha, 

and ER-beta, progesterone receptor (PR), androgen receptor (AR) and G-protein-

coupled receptor 30 (GPCR30) (Takayanagi et al., 2006, Bouskine et al., 2009, Rehan 

et al., 2015, Liu et al., 2019), BPA is a highly selective agonist for oestrogen related 

receptor gamma (ESRRG) (Brieno-Enriquez et al., 2012, Helies-Toussaint et al., 2014, 

Tohme et al., 2014, Song et al., 2015), binding with 800 to 1000-fold higher affinity 

than to other receptors (Takayanagi et al., 2006). Furthermore, a recent study also 
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suggests that BPA binds to ESRRG in a similar manner to natural ESRRG ligands (Liu et 

al., 2019). Both mRNA and protein expression of ESRRG can be induced by short-term 

BPA exposure in lung cancer cell lines, breast cancer cell lines, adipocytes, hepatocytes, 

and zebrafish (Helies-Toussaint et al., 2014, Tohme et al., 2014, Song et al., 2015, 

Zhang et al., 2016, Ryszawy et al., 2020). 

ESRRG is highly expressed in the human placenta (Takeda et al., 2009, Poidatz et al., 

2012) and levels are reduced in FGR placentas (Poidatz et al., 2012, Poidatz et al., 

2015a, Zhu et al., 2018a). Furthermore, ESRRG regulates a number of genes in the 

placenta including: cytochrome P-450 (CYP191.1), 17beta-hydroxysteroid 

dehydrogenase type 1 (HSD17B1), 11beta-hydroxysteroid dehydrogenase type 2 

(HSD11B2) and placenta specific-1 (PLAC1) (Shams et al., 1998, McTernan et al., 2001, 

Homan et al., 2006, Jackman et al., 2012, Luo et al., 2013, Luo et al., 2014, Poidatz et 

al., 2015a, Muto et al., 2016, Zhu et al., 2018a, Anelli et al., 2019, Zou et al., 2019). 

Functional studies demonstrate a role for ESRRG in regulating proliferation and 

invasion of the trophoblastic cell line, HTR8/SVneo, and stimulating the differentiation 

of primary cytotrophoblast from first trimester placentas (Poidatz et al., 2015b, Zhu et 

al., 2018a, Zou et al., 2019). This evidence demonstrates that ESRRG can regulate 

many aspects of trophoblast function and suggests that dysregulated ESRRG signalling 

may contribute to the pathogenesis of FGR, as well as mediating the effects of BPA on 

placental dysfunction. 

Sex-specific effects of BPA exposure are observed in the offspring’s sex differentiation, 

abnormal neurobehavioral outcomes, skeletal muscle hypertrophy and cardiovascular 

function in animal models, and the genes mediating these effects include Esrrg and 

Cyp191.1 (Kubo et al., 2003, Xu et al., 2013, Cao et al., 2013, Kundakovic et al., 2013, 

Patel et al., 2013, Rosenfeld and Trainor, 2014, Belcher et al., 2015, DeBenedictis et 

al., 2016, Eckstrum et al., 2016, Ratajczak-Wrona et al., 2019, Jing et al., 2019, Bansal 

et al., 2020, Raja et al., 2020, Malaise et al., 2021). Even though some previous studies 

have explored the effects of BPA exposure on the human placenta by using 

trophoblast cell lines or animal models (Nativelle-Serpentini et al., 2003, Jin and Audus, 

2005, Pyo et al., 2007, Benachour and Aris, 2009, Huang and Leung, 2009, Morck et 

al., 2010, Morice et al., 2011, Tan et al., 2013, De Felice et al., 2015, Rajakumar et al., 
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2015, Tait et al., 2015, Sato et al., 2015, Lan et al., 2017, Perez-Albaladejo et al., 2017, 

Chu et al., 2018, Speidel et al., 2018, Narciso et al., 2019, Xu et al., 2019), only one 

recent study has investigated the sex-specific effects of BPA on the placenta: Mao et 

al. used a mouse model of BPA exposure in pregnancy and reported no sex-specific 

effects (Mao et al., 2020). Therefore, the potential sex-specific effects of BPA on 

human placenta are yet to be investigated. In addition, only one study has explored 

the effects of BPA exposure on ESRRG expression, using the trophoblast 

choriocarcinoma cell line JEG-3, which was derived from the placenta of a male fetus 

(Morice et al., 2011). They observed that 10nM BPA reduced DNA synthesis after 24h 

and 48h of exposure, which was mediated in part by ESRRG signalling. As JEG-3 cells 

are neoplastic, they are not the most physiologically relevant model for study, thus 

further work is required to establish the effects of BPA on the ESRRG pathway and 

trophoblast cell turnover in the human placenta.   

As ESRRG has been implicated as a regulator of signalling pathways underlying 

placental dysfunction in FGR placentas (Zhu et al., 2018a, Zou et al., 2019), and BPA 

signals through ESRRG, we hypothesised that BPA exposure may initiate or exacerbate 

placental dysfunction via activation of ESRRG. Therefore, this study will explore 

whether a range doses of BPA (1pM, 1nM, and 1µM) can alter ESRRG signaling and 

cell turnover in the human placental explants, and assess whether the responses are 

sex-specific.  

4.2 Methods  

Unless specified, reagents were purchased from Sigma (Sigma, UK). 

4.2.1 Placental collection 

This study was approved by the Research Ethics Committee (08/H1010/55+5) and 

written informed consent was collected from all participants. All placental samples 

were collected from Saint Mary’s Hospital, Manchester and were obtained within 30 

minutes of delivery. In our study, appropriate for gestational age (AGA) (n=18) was 

defined as an individualised birth weight ratios (IBR) between the 10th to 90th centile 

calculated by GROW software (gestation-related optimal weight) (Gestation Network; 

Birmingham, UK, www.gestation.net)(Gardosi et al., 2018). All participants were non-
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smokers, less than 40 years of age and had a BMI of <30 kg/m2. Women with 

pregnancy complications such as preeclampsia, chronic hypertension, renal disease, 

collagen vascular disease, premature rupture of membranes and pregnancies 

complicated with fetal anomalies or chromosomal abnormalities were excluded from 

this study. 

4.2.2 Placental explant culture 

Placental explants were prepared as previously described (Heazell et al., 2008). Briefly, 

6 pieces of villous tissue (2cm3 each) were sampled from normal term placentas from 

18 AGA infants (9 males and 9 females), which were further excised as 2mm3 placental 

explants and cultured in Netwells (Corning Inc, NY, USA) with 1.5ml culture medium, 

composed of 1:1 of Dulbecco’s modified Eagle medium (DMEM; Gibco, UK)/Ham’s F12 

(Gibco, UK) supplemented with penicillin (0.6mg/l), streptomycin (100µg/ml), L-

glutamine (0.292g/l), and 10% fetal calf serum (Gibco, UK).  

The environment-related BPA levels (1nM), and a higher (1µM) and a lower BPA 

concentration (1pM) were selected for use in this study to explore the effects of a 

range of relevant BPA concentrations. BPA was dissolved in 50% (v/v) ethanol (with 

50% sterile PBS) at a stock concentration of 1 millimolar (mM) and stored at 4°C. The 

stock solution was further diluted into different concentrations of BPA with culture 

medium, prior to addition to the villous explants. Fresh BPA dilutions in culture 

medium were prepared for every experiment, and all products used during culture, 

such as 12 well plates, netwells, and tips, were BPA-free. 

Explants were cultured at 21% O2 (5% CO2, 95% air at 37 degrees) for 24 or 48 hours. 

The villous explants treated with 0.05% (v/v) ethanol were considered as the control 

group. Conditioned-culture medium and villous tissue was collected at 24 or 48 hours 

of culture and was processed for ELISA, RNA or protein extraction, or 

immunohistochemistry analysis. 

4.2.3 RNA extraction and RT-PCR 

Tissue was homogenised (using SHM1, UK) and total RNA was extracted using a 

miRNeasy mini kit, (QIAGEN, Germany), following the manufacturer’s instructions. 

500ng RNA was converted to cDNA using an AffinityScript Multiple Temperature cDNA 
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according to the manufacturer’s instructions. The PCR primer sequences (Eurofins, UK) 

for ESRRG and RPLP0 (60S acidic ribosomal protein P0) are listed in Table 4.1. RPLP0 

was used as a housekeeping gene and an endogenous control, as it was stably 

expressed in placental tissues (Zhu et al., 2018a). Powerup SYBR Green Master mix 

(Thermo Fisher Scientific, USA) was used in the PCR reaction and an Applied 

Biosystems Step-one system (Thermo Fisher Scientific, USA) was used to run the 

reaction with an annealing temperature of 60°C, followed by a melt curve step. The 

fold expression was calculated by the 2-△△CT method.  
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Table 4.1 Primer sequence of ESRRG and its downstream genes 

Primer set Sequence 

ESRRG  Forward: 5’-CTG ACG GAC AGC GTC AAC C-3’ 

Reverse: 5’-GGC GAG TCA AGT CCG TTC TG-3’  

RPLP0 Forward: 5’-TGC ATC AGT ACC CCA TTC TAT CA-3’  

Reverse: 5’-AAG GTG TAA TCC GTC TCC ACA GA-3’  

HSD17B1 Forward: 5’-GCC TTC ATG GAG AAG GTG TT-3’ 

Reverse: 5’-CGA AAG ACT TGC TTG CTG TG-3’ 

CYP191.1 Forward: 5’-ACG GAA GGT CCT GTG CTC G-3’ 

Reverse: 5’-GTA TCG GGT TCA GCA TTT CCA-3’ 

PLAC1 Forward: 5’-ATT GGC TGC AGG GAT GAA AG-3’ 

Reverse: 5’-TGC ACT GTG ACC ATG AAC CA-3’ 

HSD11B2 Forward: 5’-GAC CTG ACC AAA CCA GGA GA-3’ 

Reverse: 5’-GCC AAA GAA ATT CAC CTC CA-3   

ESRRG, oestrogen related receptor gamma; RPLP0, 60S acidic ribosomal protein P0; 

CYP191.1, cytochrome P-450; HSD17B1, 17 beta-hydroxysteroid dehydrogenase type 

1; HSD11B2, 11 beta-hydroxysteroid dehydrogenase type 2; PLAC1, placenta specific-

1. 
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4.2.4 Analysis of human chorionic gonadotropin (hCG) secretion and 

lactate dehydrogenase (LDH) 

Human chorionic gonadotropin (hCG) is expressed in placental trophoblast and is a 

marker of cytotrophoblast differentiation. Structurally intact hCG (alpha and beta unit) 

was quantified in the explant-conditioned culture medium, and in villous explants 

which were collected at 24h hours or 48 hours and lysed in 0.3M NaOH. The hCG level 

in conditioned-cultured medium was measured using a hCG ELISA kit (DRG Diagnostics, 

Marburg, Germany), and a BioRad protein assay (Bio-Rad Laboratories, Hempstead, 

UK) was used to detect the protein content in the villous explants according to the 

manufacturer’s instructions. The hCG secretion was expressed as mIU/ml/mg explant 

protein/h.  

Lactate dehydrogenase (LDH) is an enzyme which converts lactate to pyruvate in live 

cells; LDH is released from necrotic cells, thus is a marker of cellular viability (Markert, 

1984). LDH release in the explant-conditioned culture medium was quantified as a 

proxy measure of necrosis in the explants, using a cytotoxicity detection kit (Roche 

Diagnostics, Mannheim, Germany), according to the manufacturer’s instructions. LDH 

release was expressed as absorbance units/mg explant protein/h.  

4.2.5 BPA Content Enzyme-Linked Immunosorbent Assay 

Six fresh placentas from 3 male infants and 3 female infants were collected and stored 

at -80°C prior to sample preparation. Briefly, placental tissue (approximately 1g) was 

homogenised in 4ml dH2O at room temperature and 8µl acetic acid was added to 

acidify the homogenate. After supplying 4ml ethyl acetate, the homogenate was 

vortexed and centrifuged at 12,000g for 3 minutes. The organic phase was collected 

and dried with nitrogen gas, and the dried residue was dissolved in 20µl ethanol (96%, 

v/v) with the addition of 500µl sample dilution buffer. Samples were centrifuged at 

10,000g for 5minutes and then the supernatant was collected for analysis by ELISA 

(Oestrogen BPA Environmental ELISA Kit, ab175820, Abcam, UK). The ELISA has a 

sensitivity for BPA measurement ranging from 0.003 ng/ml-1000 ng/ml. 

100µl sample or standard were added to a 96 well ELISA plate in duplicate and 100µl 

HRP-conjugate solution was added to the wells for 2 hours at room temperature. After 
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washing the wells three times with washing buffer, 200µl TMB substrate was added 

for 30 minutes at room temperature. 50 µl 2N sulfuric acid was added into the wells 

to stop the reaction and the absorbance was immediately read at 450nm. The 

accompanying standard curve was used to calculate the sample BPA concentrations. 

4.2.6 Immunostaining 

Placental explants were fixed in 4% neutral buffered formalin (NBF) overnight at 4°C 

and embedded in paraffin wax. 5µm sections were cut and transferred onto the slides 

pre-coated with poly-L-lysine. After being deparaffinized, the slides were treated for 

antigen retrieval by microwave boiling (800W, 10 minutes), and then incubated with 

3% (v/v) hydrogen peroxide for 10 minutes. Slides were incubated with the non-

immune block (10% goat serum and 2% human serum in 0.1% TBST (TBS-Tween-20) 

for 30 minutes at room temperature and then incubated with a polyclonal antibody 

against ESRRG (Abcam 215947, 10µg/ml), a monoclonal antibody against Ki67 (Dako, 

0.17µg/ml), or a monoclonal antibody against M30 (Roche, 0.13µg/ml) overnight at 

4°C. The negative control was an isotype-specific non-immune rabbit or mouse IgG 

used at the same concentration as the primary antibodies. Immunostaining for Ki67 

and M30 was carried out as markers of cycling cells, and hence were proxy markers of 

proliferation and apoptosis respectively (Heazell et al., 2008, Renshall et al., 2021). 

The secondary antibody (biotin-conjugated goat anti-mouse or anti-rabbit antibodies, 

Dako-Cytomation, UK, 3.85 µg/ml) was applied and incubated for 30 minutes at room 

temperature, followed by incubation with avidin-peroxidase (5µg/ml) for 30 minutes. 

Chromogenic substrate diaminobenzidine (DAB; Sigma-Aldrich, UK) was applied to the 

sections for between 2-10 minutes; colour development was monitored under the 

microscope. All slides were counterstained with Harris’s hematoxylin (Sigma-Aldrich, 

UK) for 5 minutes, and then differentiated with acid alcohol for 2 seconds. All villous 

explants for comparison were stained in the same batch and all negative control 

samples had no immunoactivity.  

4.2.7 Statistical analysis 

All data are presented as the mean ± standard deviation (SD) (normally distributed) or 

median ± interquartile range (IQR) (non-normally distributed); the Shapiro-Wilk test 

was used to determine whether the data were normally distributed. Statistical analysis 
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was undertaken with GraphPad Prism version 7.0 (GraphPad Software, USA). Data 

were assessed using one sample Wilcoxon test or Kruskal-Wallis, followed by a 

Friedman multiple comparison test for non-parametric data. QuPath version 0.2.3 

(developed by University of Edinburgh) was used to analyze the IHC staining results 

(Bankhead et al., 2017). The detection of positively stained cells was used to quantify 

the extent of Ki67 and M30 staining, which was expressed as a percentage the total 

number of cells. For ESRRG protein staining, the percentage of DAB-positive area to 

total tissue area was calculated. A P value <0.05 was considered as statistically 

significant.  
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4.3 Results  

4.3.1 Demographic characteristics 

The demographic characteristics of participants are listed in Table 4.2. The age, BMI, 

gestational age, and ethnicity of pregnant women were comparable between male 

and female fetuses’ group, as well as the fetal weight and Apgar score. 

4.3.2 BPA alters ESRRG expression in a sex-specific manner in term 

villous explants  

Baseline BPA concentrations in the placental tissue used for explant culture ranged 

from 0.04nM-5.1nM (average 2.3nM ±1.9nM; n=6). The BPA concentrations were 

similar in placentas from male and female infants (male mean 2.2nM ±2.0nM vs. 

2.4nM±1.8nM in females, Figure 4.1). The effects of in-vitro BPA treatment (1pM-1µM 

above baseline), on the mRNA and protein expression of ESRRG in term placental 

villous explants cultured for 24 or 48 hours, was then examined (Figure 4.2). mRNA 

expression of ESRRG was significantly increased following exposure to 1µM BPA for 

24h, but there was no change in expression after treatment with 1pM or 1nM BPA 

(Figure 4.2A). After 48 hours, BPA treatment did not significantly alter mRNA or 

protein expression of ESRRG at any concentration (Figure 4.2A and 4.2B). There was 

no change in the localisation of ESRRG following BPA treatment (Figure 4.2D-K), which 

was predominantly found in the syncytiotrophoblast layer and endothelium of the 

villous. 

When data from male and female placentas were separated by sex, BPA treatment led 

to a sex-specific alteration of ESRRG expression; 1µM BPA significantly increased the 

mRNA level of ESRRG in female placentas after 24 hours (Figure 4.3A, P<0.01), which 

was consistent with the protein expression data (Figure 4.3B, P<0.05). We also 

observed that ESRRG protein staining is mainly localised in the cytoplasm of 

syncytiotrophoblast, and whilst overall levels increased, localisation was unaffected 

by BPA treatment (Figure 4.3D-2K). In the untreated placental explants, the mRNA 

levels of ESRRG and its downstream genes were comparable between male infants 

and female infants (Figure 4.4). 
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After 48 hours, the mRNA level of ESRRG was significantly decreased in placental 

explants from male infants following treatment with 1nM or 1µM BPA (Figure 4.5A). 

Quantification of ESRRG protein expression confirmed the reduction of ESRRG with 

1nM BPA treatment in male villous explants (Figure 4.5B, P<0.05). The localisation of 

ESRRG protein in male placentas (Figure 4.5D-4.5G) did not appear to differ from 

female placentas (Figure 4.5H-4.5K). 
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Table 4.2 Demographics of pregnant women and fetuses. 

 

 

 

 

 

 

 

 

 

 

 

Characteristics  Male group (n=9) Female group (n=9) P value 

Birth weight (g) 3410.0±625.0 3436.0±391.0 NS 

Gestational age at delivery (weeks) 39.2 38.9 NS 

Maternal age (years) 32.8±2.8 29.9±4.8 NS 

Parity (primary/multiple) 2/7 1/8  

BMI (kg/m2) 26.4±3.3 24.7±5.0 NS 

Ethnicity    

White British  6 (66.7%) 4(44.4%) NS 

Indian  0 1(11.1%)  

Pakistani 1(11.1%) 2(22.2%)  

Black 1(11.1%) 1(11.1%)  

Other 1(11.1%) 1(11.1%)  

Apgar score (at 5 minutes) 10 10 NS 

Data were presented as mean ± standard deviation (SD) or median ± interquartile range 

(IQR). NS, no significance. 
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Figure 4.1 BPA concentrations in the fresh placental tissues.  

Mean ± SD. Unpaired t test. 
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Figure 4.2 Effects of BPA exposure on expression of ESRRG in term villous explants. 

Figure 4.2A, mRNA expression of ESRRG. Figure 4.2B, Quantification of ESRRG immunostaining. Figure 4.2C-J, Representative images of 

immunostained cultured villous explants. Figure 4.2C, Negative control. Figure 4.2D-G, 24 hours of culture; Figure H-K, 48 hours of culture. Figure 

4.2D and 4.2H, Controls (0.05% (v/v) ethanol); 4.2E and 4.2I, 1pM BPA; 4.2F and 4.2J, 1nM BPA; 4.2G and 4.2K, 1µM BPA. One sample Wilcoxon 

test, median+/-IQR. n=18. Bar = 50 µm. 
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Figure 4.3 mRNA and protein expression of ESRRG in term villous explants from male and female fetuses after BPA exposure for 24 hours. 

Figure 4.3A, mRNA expression of ESRRG. Figure 4.3B, Quantification of ESRRG immunostaining. Figure 4.3C, Negative control. Representative 

images of immunostained villous explants from male infants (4.3D-G), and female fetuses (4.3H-K). Figure 4.3D and 4.3H, Controls (0.05% (v/v) 

ethanol). Figure 4.3E and 4.3I, 1pM BPA. Figure 4.3F and 4.3J, 1nM BPA. Figure 4.3G and 4.3K, 1µM BPA. One sample Wilcoxon test, median+/-

IQR. Bar = 50 µm. 



 

 143 

 

Figure 4.4 mRNA expression of ESRRG, RPLP0, and downstream genes in the untreated villous explants from male or female fetuses for 24 

hours or 48 hours of culture. 

The CT value of male group (24h) was used to normalise other three groups. Mean ± SD. CYP191.1, cytochrome P-450; HSD17B1, 17beta-

hydroxysteroid dehydrogenase type 1; HSD11B2, 11beta-hydroxysteroid dehydrogenase type 2; PLAC1, placenta specific-1. 
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Figure 4.5 mRNA and protein expression of ESRRG in male or female villous explants treated with BPA for 48 hours. 

Figure 4.5A, mRNA expression of ESRRG. Figure 4.5B, Quantification of ESRRG immunostaining. Figure 4.5C, Negative control. Representative 

images of immunostained placental explants from male fetuses (4.5D-G), and female infants (4.5H-K). Figure 4.5D and 4.5H, Control (0.05% (v/v) 

ethanol). Figure 4.5E and 4.5I, 1pM BPA. Figure 4.5F and 4.5J, 1nM BPA. Figure 4.5G and 4.5K, 1µM BPA. One sample Wilcoxon test, median+/-

IQR. Bar = 50 µm. 
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Figure 4.6 Effects of BPA on the mRNA levels of downstream genes of ESRRG. 

Figure 4.6A, HSD17B1; 4.6B, CYP191.1; 4.6C, HSD11B2; 4.6D, PLAC1. One sample Wilcoxon test; n=18. Median+/-IQR. CYP191.1, cytochrome P-

450; HSD17B1, 17 beta-hydroxysteroid dehydrogenase type 1; HSD11B2, 11 beta-hydroxysteroid dehydrogenase type 2; PLAC1, placenta 

specific-1. 
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4.3.3 BPA alters mRNA expression of genes downstream of ESRRG in a 

sex-specific manner 

To assess the effects of BPA on ESRRG signalling, we measured the mRNA expression 

of several genes downstream of ESRRG, including HSD17B1, CYP191.1, HSD11B2, and 

PLAC1. In the villous explants from both male and female placentas, the mRNA level 

of HSD17B1 was significantly increased after treatment with 1µM BPA for 24h (Figure 

4.6A, P<0.01). mRNA expression of CYP191.1 and HSD11B2 was unchanged at 24h 

following BPA treatment (Figure 4.6B and 4.6C). The mRNA level of PLAC1 was 

significantly reduced after treatment with 1nM BPA for 24 hours, compared to control 

explants (P<0.05, Figure 4.6D). No changes in mRNA expression of these four genes 

were observed after 48 hours of BPA treatment. 

Sex-specific effects of BPA on the mRNA levels of these four genes were also observed. 

In placentas from female fetuses, compared to the control group, the mRNA 

expression of HSD17B1 increased following treatment with 1µM BPA for 24 hours 

(P=0.05, Figure 4.7A) or 48 hours of culture (P=0.05, Figure 4.7B). Meanwhile, the 

mRNA expression of four downstream genes was significantly decreased in the villous 

explants from male fetuses following treatment with 1nM BPA for 48 hours (Figure 

4.7B, 4.7D, 4.7F, and 4.7H).  

4.3.4 BPA effects on trophoblast differentiation and necrosis   

BPA treatment did not change the level of hCG secreted into the culture medium at 

any concentration tested at 24h or 48 hours (Figure 4.8A). LDH release was modestly 

but significantly increased after treatment with 1pM BPA for 24h, but levels were 

comparable in the villous explants cultured for 48 hours (Figure 4.8D, P<0.05). There 

was no evidence of sexually dimorphic responses in the hCG secretion or LDH release 

in response to BPA exposure (Figure 4.8B, 4.8C, 4.8E, and 4.8F).    

4.3.5 BPA effects on Ki67 and M30 expression  

Compared to the control group, the percentage of cells in cycle (Ki67-positive cells) 

and apoptotic cells (M30-positive cells) was not affected by any concentration of BPA 

at 24 hours and 48 hours in the cultured explants (Figure 4.9 and Figure 4.10), and no 
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sexually dimorphic responses were observed in these explants with BPA exposure 

(Figure 4.11, Figure 4.12, Figure 4.13 and Figure 4.14). 
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Figure 4.7 The sex-specific effects of BPA on the mRNA levels of downstream genes 

of ESRRG. 

Figure 4.7A (HSD17B1, 24h) and 4.7B (HSD17B1, 48h); Figure 4.7C (CYP191.1, 24h) and 

4.7D (CYP191.1, 48h); Figure 4.7E (HSD11B2, 24h) and 4.7F (HSD11B2, 48h). Figure 

4.7G (PLAC1, 24h) and 4.7H (PLAC1, 48h), mRNA levels. One sample Wilcoxon test, 

median+/-IQR. CYP191.1, cytochrome P-450; HSD17B1, 17 beta-hydroxysteroid 

dehydrogenase type 1; HSD11B2, 11 beta-hydroxysteroid dehydrogenase type 2; 

PLAC1, placenta specific-1. 
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Figure 4.8 hCG and LDH levels in explant culture medium following BPA exposure. 

Figure 4.8A hCG, and 4.8D LDH levels in the culture medium from all villous explants 

after BPA treatment for 24 or 48 hours (n=6). Figure 4.8B, hCG levels in culture 

medium from explants from male and female for 24 hours of culture, and Figure 4.8C, 

for 48 hours of culture. Figure 4.8E LDH levels in culture medium from explants from 

male and female for 24 hours of culture, and Figure 4.8F, for 48 hours of culture. n=6. 

Median+/-IQR, one sample Wilcoxon test.     
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Figure 4.9 Effects of BPA on the percentage of cells in cycle in villous explants cultured for 24 hours or 48 hours. 

Figure 4.9A, Quantification of Ki67 staining. Figure 4.9B, Negative control. Representative images of Ki67 staining in the placental explants 

cultured for 24 hours (Figure 4.9C-F) or 48 hours (Figure 4.9G-J). Figure 4.9C and 4.9G, Control group (0.05% ethanol); 4.9D and 4.9H, 1pM BPA; 

4.9E and 4.9I, 1nM BPA; 4.9F and 4.9J, 1µM BPA. Black arrow, Ki67 positive cells. Kruskal-Wallis test, median+/-IQR. n=18. Bar = 50 µm. 



 

 151 

 1 

Figure 4.10 Effects of BPA on the percentage of apoptotic cells in villous explants cultured for 24 hours or 48 hours. 2 

Figure 4.10A, Quantification of M30 staining. Figure 4.10B, Negative control. Representative images of M30 staining after 24 hours (Figure 4.10C-3 

F) or 48 hours (Figure 4.10G-J) of BPA exposure. Figure 4.10C and 4.10G, Control (0.05% (v/v) ethanol); 4.10D and 4.10H, 1pM BPA; 4.10E and 4 

4.10I, 1nM BPA; 4.10F and 4.10J, 1µM BPA. Black arrow, M30 positive cells. Kruskal-Wallis test, median+/-IQR. n=18. Bar = 50 µm. 5 
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Figure 4.11 The effect of BPA on the percent of Ki67 positive cells in male and female placental explants for 24 hours of culture. 

Figure 4.11A, Quantification of Ki67 positive cells. Figure 4.11B, Negative control. Representative images of immunostained placental explants 

from male fetuses (Figure 4.11C-F), and female infants (Figure 4.11G-J). Figure 4.11C and Figure 4.11G, Control (0.05% (v/v) ethanol). Figure 

4.11D and Figure 4.11H, 1pM BPA. Figure 4.11E and I, 1nM BPA. Figure 4.11F and J, 1µM BPA. Black arrow, Ki67 positive cells. Kruskal-Wallis test, 

median+/-IQR. n=18. Bar = 50 µm. 
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Figure 4.12 Effects of BPA on the percent of Ki67 positive cells in the placental villous explants from male and female fetuses for 48 hours of 

culture. 

Quantification of Ki67 positive cells was listed in Figure 4.12A. [B], Negative control. Representative images of immunostained placental explants 

from male fetuses (C-F), and female infants (G-J). Figure 4.12C and Figure 4.12G, Control (0.05% (v/v) ethanol). Figure 4.12D and Figure 4.12H, 

1pM BPA. Figure 4.12E and Figure 4.12I, 1nM BPA. Figure 4.12F and Figure 4.12J, 1µM BPA. Black arrow, Ki67 positive cells. Kruskal-Wallis test, 

median+/-IQR. n=18. Bar = 50 µm. 
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Figure 4.13 The percent of M30 positive cells in BPA treated villous explants from male and female fetuses for 24 hours of culture. 

Figure 4.13A, Quantification of M30 positive cells. [B], Negative control. Representative images of immunostained placental explants from male 

fetuses (C-F), and female infants (G-J). Figure 4.13C and Figure 4.13G, Control (0.05% (v/v) ethanol). Figure 4.13D and Figure 4.13H, 1pM BPA. 

Figure 4.13E and Figure 4.13I, 1nM BPA. Figure 4.13F and Figure 4.13J, 1µM BPA. Black arrow, M30 positive cells. Kruskal-Wallis test, median+/-

IQR. n=18. Bar = 50 µm. 
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Figure 4.14 Effects of BPA on the percent of M30 positive cells in male and female placental explants for 48 hours of culture. 

The quantification of M30 positive cells present in Figure 4.14A. [B], Explants were applied with mouse IgG replaced with M30 primary antibody. 

Representative images of immunostained placental explants from male fetuses (C-F), and female infants (G-J). Figure 4.14C and Figure 4.14G, 

Control (0.05% (v/v) ethanol). Figure 4.14D and Figure 4.14H, 1pM BPA. Figure 4.14E and Figure 4.14I, 1nM BPA. Figure 4.14F and Figure 4.14J, 

1µM BPA. Black arrow, M30 positive cells. Kruskal-Wallis test, median+/-IQR. n=18. Bar = 50 µm.      
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4.4 Discussion  

In this study we have explored for the first time the sex-specific effects of BPA on 

ESRRG signalling in the human term placenta. This finding provides some biological 

evidence to aid understanding of the differential effects of BPA exposure on male and 

female fetuses observed in epidemiological studies.  

4.4.1 The sex-specific effects of BPA in the human placenta 

BPA can target some pathways in the human trophoblastic 3A placental cell line, BeWo 

cells, HTR-8/SVneo cells, JEG-3 cells, human fetal oocytes, mouse placenta (ICR mice), 

term primary trophoblast, human term placental explants, and these pathways are 

related to P-glycoprotein placental transporter (encoded by ABCB1), oestrogen 

receptor, peroxisome proliferator-activator receptor gamma, protein kinase C, 

HSD11B2, glucose transporter-1, matrix metalloproteinases (MMP), ABCG-2 

transporter protein, and mitogen-activated protein kinase (MAPK)- 

phosphatidylinositol3-kinases (PI3K) (Jin and Audus, 2005, Huang and Leung, 2009, 

Mannelli et al., 2014, Tait et al., 2015, Rajakumar et al., 2015, Ponniah et al., 2015, Lan 

et al., 2017, Speidel et al., 2018, Xu et al., 2019, Basak et al., 2018). 

The mean BPA concentration in the fresh placental tissue was consistent with 

reported BPA concentrations in human placental tissues (Cao et al., 2012, Troisi et al., 

2014, Lee et al., 2018, Lukasiewicz, 2020); this confirms the exogenous BPA 

concentrations applied in this study were physiologically relevant. We observed that 

short-term treatment with 1µM BPA altered ESRRG expression. In HeLa cells, BPA has 

been shown to bind to ESRRG, maintaining its high constitutive signalling activity 

without further increasing its expression (Takayanagi et al., 2006). However, our 

results are similar to previous studies in breast and lung cancer cell lines, which 

reported that both ESRRG mRNA and protein expression can be increased by short-

term BPA exposure (Helies-Toussaint et al., 2014, Song et al., 2015, Zhang et al., 2016, 

Ryszawy et al., 2020). The only previous study to examine the relationship between 

ESRRG and BPA in trophoblast (JEG-3 cells) showed that siRNA-mediated suppression 

of ESRRG partially prevented the reduced [3H]-thymidine DNA incorporation induced 

by 100nM BPA treatment (Morice et al., 2011). We have confirmed the ability of BPA 
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to signal through ESRRG using a more physiological culture model, but also report sex-

specific effects of BPA exposure. 

The findings that 1µM BPA significantly increased ESRRG mRNA and protein 

expression in the female placentas but reduced expression in male placentas suggest 

that low dose BPA exposure can alter gene expression in the human placentas in a sex-

specific manner. The concept that BPA exposure can alter gene expression is 

supported by data from Mao et al. who used RNA-seq to assess mouse placentas 

exposed to BPA during pregnancy. In these experiments BPA altered expression of 13 

genes (Actn2, Calm4, Coch, Cxcl14, Ear2/NR2F6, Efcab2, Epdr1, Gdf10, Gm9513/PATE1, 

Guca2a, MMP3, Rimklb, and Sfrp4). However, these analyses did not find any sex 

differences (Mao et al., 2020). Numerous previous studies have used trophoblastic cell 

lines, including JEG-3, Bewo cells, 3A, and HTR8-SVneo cells, or primary 

cytotrophoblast cells to explore the effects of BPA exposure on trophoblast functions 

and intracellular signalling pathways (Huang and Leung, 2009, Morice et al., 2011, 

Wang et al., 2015, Spagnoletti et al., 2015, Rajakumar et al., 2015, Chu et al., 2018, 

Speidel et al., 2018, Narciso et al., 2019, Xu et al., 2019). However, as these cell lines 

are derived from a single placenta, and the sex of that placenta is not always specified, 

these studies are unable to interrogate the sex-specific effects of BPA on trophoblast 

function and cell signalling.  

We also report that the expression of several genes downstream of ESRRG are altered 

by BPA exposure in a sex-specific manner, and responded consistently with changes 

in ESRRG mRNA and protein expression. Previous studies have examined the induction 

of HSD11B2 mRNA expression in trophoblastic cell lines or primary cytotrophoblast 

following BPA exposure, without exploring the sex influences (Rajakumar et al., 2015, 

Basak et al., 2018). Interestingly, prenatal BPA exposure downregulated the mRNA 

levels of Cyp19a1 in the brain of male offspring, whereas Cyp19a1 mRNA was 

increased in the female brain, with increased anxiety-like behaviour and decreased 

exploratory behavior observed in both male and female F1 rats (Raja et al., 2020). The 

effects of BPA on CYP191.1 mRNA expression have been reported in JEG-3 cells, a cell 

line derived from the placenta of a male fetus. One study showed that mRNA 

expression of CYP191.1 was significantly decreased in JEG-3 cells after exposure to 
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5µM, 10µM or higher BPA concentrations for 24 hours (Huang and Leung, 2009); 

however, another study using JEG-3 cells found that both the mRNA and protein 

expression of CYP1A1 were significantly increased after treatment with 1µM, 10µM 

and 50µM BPA, but CYP191.1 mRNA and protein expression were significantly 

downregulated following treatment with 1, 10µM or 50µM BPA at 72 hours (Xu et al., 

2019). Compared to these previous studies, we also observed reduced mRNA 

expression of CYP191.1 in male placental explants at the lower BPA concentration of 

1nM. Our data suggest that the sex-specific effects of BPA on ESRRG translate to 

reductions in CYP191.1 and HSD11B2 mRNA expression in the placentas from male 

infants.   

To our knowledge, there are no studies that explore the expression of HSD17B1 and 

PLAC1 in the placenta following BPA exposure, and our results confirmed that these 

two genes can be regulated by BPA in human placentas in a sex-specific manner. 

Furthermore, as the sex specific effects of BPA on ESRRG signalling pathways were 

mainly observed following treatment with BPA at levels that mimic environmental 

exposure (1nM), this suggests that more attention should be paid to male fetuses and 

their placentas following maternal BPA exposure during the pregnancy. It is also 

important to note that BPA could target these downstream genes directly, not through 

ESRRG, and exert effects on other genes; further work is needed to explore these 

effects, to determine whether they are a direct or indirect result of BPA treatment. 

4.4.2 Why might there be a difference in male and female placentas? 

It is currently unclear how BPA regulates ESRRG-related genes in a sex-specific manner; 

one potential mechanism is through epigenetics, such as regulation of DNA 

methylation. Although the epigenetic modifications of genes in our samples are 

unknown, studies support the possibility that BPA treatment can lead to epigenetic 

modifications in the liver and brain of mice (Raja et al., 2020). Maternal BPA exposure 

reduced the mRNA expression of Dnmt3b and Kmt2c in the livers of male offspring on 

postnatal day 1, but significantly increased the expression of Kmt2c in the livers of in 

female offspring, due to epigenetic modifications (Strakovsky et al., 2015). Another 

study also found that BPA could modulate the expression of genes within the 

oestrogen receptor (ER) signalling pathway, including Esrrg, in a sex-specific manner 
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in the brains of mice; this was mediated by epigenetic modifications (Kundakovic et 

al., 2013).  

BPA exposure has also been shown to alter DNA methylation status in the placentas 

of human and mice, and in the first-trimester trophoblast cell line, HTR8/SVneo, a sex-

unspecified cell line; affected genes included those which regulate proliferation and 

migration, such as LINE-1, HLA-DRB6, HDAC4, HLA-DRB1, and WNT-2 (Susiarjo et al., 

2013, Nahar et al., 2015, Basak et al., 2018, Ye et al., 2019, Song et al., 2021), but only 

a few studies have explored sex-specific differences in placental gene methylation 

(Vilahur et al., 2014, Song et al., 2021). Song et al. showed there was no sex association 

between BPA exposure and the hypermethylation of HLA-DRB6 in the human placenta, 

but only examined 6 placentas with (n=3) or without (n=3) detectable BPA 

concentrations (Song et al., 2021). However, Vilahur et al. studied 192 placentas and 

found that the total effective xenoestrogen burden (TEXB) biomarker, TEXB-alpha, 

correlated with decreased AluYb8 DNA methylation in male placentas, but not in 

female placentas (Vilahur et al., 2014), providing more evidence that maternal BPA 

exposure may alter DNA methylation in human placentas in a sex-specific manner.  

BPA (1nM) has also been reported to decrease the CpG methylation of several gene 

promoters associated with metabolic and oxidative stress in the HTR8/SVneo cell line, 

including GSR, DNAJA1, PRDX2, GPX3, DDIT3, HERPUD1, INSIG1 and MBTPS1 (Basak et 

al., 2018). Given that ESRRG plays an important role in regulating placental 

metabolism, mitochondrial function, and oxidative stress in the cytotrophoblast 

(Poidatz et al., 2012), altered methylation of promotors within the ESRRG gene might 

be one of the mechanisms by which BPA exerts its sex- specific effects (Figure 4.15).  

Another possible explanation for our findings may be due to differences in BPA 

metabolism between male and female placentas. BPA is metabolized by UDP-

glucuronosyltransferase, which is expressed in the human kidney, liver and placenta; 

all UGT2B isoforms and UGT1A are expressed in the human placenta (Collier et al., 

2002, Reimers et al., 2011). Several studies have reported that blood BPA 

concentration is higher in males than females, both in mice and humans (Takeuchi et 

al., 2004), which correlates with the observation that Ugtb1 is more highly expressed 

in the livers of female mice, compared to males (Shibata et al., 2002, Takeuchi et al., 
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2004). Furthermore, the level of circulating BPA metabolites is higher in women than 

men (Mazur et al., 2010), suggesting that elevated UGT1A expression leads to more 

rapid BPA metabolism in females. Sex-specific gene expression of UGT has been 

reported in the kidney and liver of mice, but was not observed in the placenta (Buckley 

and Klaassen, 2007). To our knowledge, sex differences in UGT expression in the 

human placenta have not been well studied. Further studies exploring the placental 

UGT expression might be helpful to explain the sex-specific effects observed in our 

study.  

4.4.3 How does this help our understanding of the pathogenesis of fetal 

growth restriction in human pregnancy? 

Our ultimate aim is to understand the mechanisms underlying placental dysfunction 

observed in FGR, with a particular focus on the role of ESRRG (Zou et al., 2021). The 

sex-specific effects of BPA on ESRRG signalling we observed might begin to provide a 

biological explanation for the observed relationship between low fetal weight in male 

neonates and maternal BPA exposure seen in epidemiological studies. Even though 

the relationship between fetal weight and maternal BPA exposure has been 

considered controversial by some (Miao et al., 2011, Chou et al., 2011, Philippat et al., 

2012), there are other studies which show a significant relationship between low fetal 

weight and BPA exposure in both mice and humans (Chou et al., 2011, Miao et al., 

2011, Muller et al., 2018). In mice, prenatal BPA exposure can cause FGR, but sex 

differences were not explored (Muller et al., 2018). In human studies, maternal BPA 

exposure increased the risk of reduced fetal weight and SGA in male infants (Chou et 

al., 2011, Miao et al., 2011). As ESRRG is significantly decreased in human placentas 

from FGR pregnancies, and reduced expression of ESRRG is associated with abnormal 

proliferation and invasion of first-trimester trophoblastic cell lines (Zhu et al., 2018a, 

Zou et al., 2019), compounds which decrease ESRRG expression, such as BPA, may act 

through ESRRG to induce placental dysfunction and FGR. Furthermore, reduced fetal 

weight in male neonates following maternal BPA exposure might be a consequence of 

reduced placental expression and impaired signalling through ESRRG (Figure 4.15). 

Our results suggest that male placentas may be more vulnerable to maternal BPA 

exposure than female placentas. Although no changes in the percentage of Ki67 
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positive cells and M30 positive cells were observed following short term BPA exposure 

in this study, previous studies have described anti-proliferative and apoptotic effects 

of BPA on term primary cytotrophoblast or BeWo cells, by measuring [3H]-thymidine 

incorporation or quantifying changes in apoptotic markers, including M30 and tumor-

necrosis factor alpha (TNF-alpha) protein (Benachour and Aris, 2009, Morice et al., 

2011). In this study, we quantified Ki67 protein expression using immunostaining, 

which is a proliferative marker that is expressed in all active phases of the cell cycle 

(G1, S, G2 and M); we also used an anti-M30 antibody, which is directed against a 

specific epitope of cytokeratin 18 (CK18) that is formed by early caspase cleavage in 

apoptotic cells (Scholzen and Gerdes, 2000, Kharfi et al., 2006). Additional markers of 

apoptosis and proliferation should be explored to further investigate the effects of 

BPA on trophoblast turnover in cultured explants. 

The increase in hCG secretion following 1µM BPA treatment is consistent with 

previous studies, which found BPA can induce the secretion and mRNA expression of 

hCG in term primary trophoblast and BeWo cells (Mannelli et al., 2014, Rajakumar et 

al., 2015, Narciso et al., 2019), and first trimester villous explants (Morck et al., 2010). 

More studies are needed to confirm the relationship between trophoblast 

differentiation, hCG secretion and BPA-induced ESRRG signalling. In contrast, BPA did 

not alter LDH release from explants at 1nM or 1µM, after 24 or 48 hours of culture; 

however, BPA increased LDH release from explants treated with 1pM BPA for 24 hours. 

Prior studies have indicated that BPA exposures between the ranges of 100pM to 

50µM did not alter LDH levels in culture medium of JEG-3 cells (Morice et al., 2011, Xu 

et al., 2019). Interestingly, the JEG-3 cell line is derived from a male placenta, and the 

high LDH release we observed mainly occurred in BPA-exposed female placentas. 

These data might suggest that female placentas may be more sensitive to low dose 

BPA exposure than male placentas.



 

 162 

 

Figure 4.15 Schematic illustration of the ESRRG signalling pathways mediated by BPA 

in a sex-specific manner. 
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4.4.4 Strengths and limitations of this study 

This study is strengthened by the use of a relevant range of BPA concentrations, which 

included those reflecting environmental exposure, in a controlled experimental 

protocol using BPA-free reagents and plasticware. The use of fresh term placental 

villous explants, as opposed to transformed cell lines or those derived from neoplasias, 

represents the most physiologically appropriate ex vivo culture model available and 

allows comparison to be made with other studies which used this approach. 

Nevertheless, there are several limitations in this study, including the relatively small 

sample size. In this study, there was some variability in hCG secretion, LDH release, 

and the percentage of Ki-67 or M30 positive cells, reflecting inherent differences in 

the experimental tissues. However, all reported values are within the ranges reported 

by our previous studies or the data from others (Turner et al., 2006, Moll et al., 2007, 

King et al., 2016, Renshall et al., 2021). Nevertheless, our study recruited 18 placentas 

for villous explant culture; a further study with a larger sample size may be needed to 

identify potential BPA effects on trophoblast cell turnover using additional 

proliferative and apoptotic markers, particularly if the influence of maternal plasma 

BPA levels during pregnancy are also to be taken into account. It would also be 

worthwhile to further explore the non-monotonic response to BPA in the explant 

model by testing a wider range of physiologically relevant BPA concentrations. 

Furthermore, the influence of BPA exposure on other aspects of placental function e.g. 

hormone secretion and nutrient transport, and BPA-effects on trophoblast turnover 

in early pregnancy, will also be important areas for study. Finally, the effects of chronic, 

rather than acute BPA exposure may more accurately represent environmental 

conditions to which the placenta is exposed in utero. The cultured explants model may 

also affect the exploration of ESRRG signaling pathways as this model present a low 

protein expression of ESRRG signalling pathways and the different ESRRG protein 

localisation has been found between fresh placental tissues and cultured villous 

explants. Future work will be explored ESRRG signaling pathways in vitro and in vivo 

models, such as organoids. 
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4.5 Conclusion:  

In summary, we demonstrated that BPA exposure altered ESRRG signalling pathways 

in a sex-specific manner in human placental explants, but did not affect the basal level 

of hCG or LDH secretion, nor the number of placental cells in cycle or undergoing 

apoptosis. As BPA exposure alters ESRRG expression, and ESRRG regulates many 

aspects of trophoblast function, BPA may act through ESRRG to induce or enhance 

placental dysfunction and contribute to the pathophysiology of FGR.  
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Abstract  

Oestrogen related receptor gamma (ESRRG), a nuclear receptor, is significantly 

decreased in placentas complicated with fetal growth restriction (FGR) and might be 

causally related to the observed placental dysfunction. miR-377 is predicted to be an 

upstream regulator of ESSRG and is associated with impaired cytotrophoblast 

proliferation in cultured first trimester villous explants. We hypothesised that 

increasing miR-377 expression would reduce expression of ESRRG and lead to 

abnormal cell turnover.  

Term placental explants (n=7) from appropriate for gestational age (AGA) infants were 

cultured for 48 hours with miR-377 mimics, or non-targeting controls. Levels of miR-

377, ESRRG and its downstream genes were assessed by real-time QPCR. Expression 

and localisation of ESRRG, and the numbers of apoptotic and proliferating cells were 

assessed by immunohistochemistry for cytokeratin M30 and Ki67 respectively.  

miR-377 was increased in the cultured explants transfected with 100nM miR-377 

mimics (Median ± IQR, miR-377 mimic (normalized to control group), 1.4±2.6fold, 

P<0.05). ESRRG mRNA (Median ± IQR, miR-377 mimic (normalized to control group), 

0.7±0.4fold) and protein expression (Median ± IQR, miR-377 mimic (normalized to 

control group), 0.2±0.5fold) were significantly decreased in explants transfected with 

the miR-377 mimic (P<0.05), but downstream targets of ESRRG, HSD17B1, CYP191.1, 

HSD11B2, and PLAC1 were not reduced. The miR-377 mimic (100nM) reduced the 

number of cells in cycle (Median ± IQR, 0.9±0.5% (control) vs 0.1±0.1% (miR-377 

mimic)) and increased apoptosis (Median ± IQR, 0.5±0.4% (control) vs 1.2±1.3% (miR-

377 mimic)) in the cultured explants. These data suggest that miR-377 could alter cell 

turnover in term placental tissue by regulating the expression of ESRRG. As 

downstream targets of ESRRG were not altered, further studies are needed to 

determine disruption of this pathway affects cell turnover, or whether miR-377 

mediates these effects through another pathway. 
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5.4 Introduction 

Fetal growth restriction (FGR) describes a condition where the fetus does not achieve 

its optimal growth potential in-utero. It affects 10% of pregnancies and is a major risk 

factor for stillbirth, neonatal death, neurodevelopmental delay in childhood, and 

cardiovascular and metabolic disorders in adulthood (Baschat, 2011, Gardosi et al., 

2013, Crispi et al., 2018). There is no effective therapeutic drug to manage FGR; the 

only intervention is early delivery directed by fetal surveillance. Understanding the 

mechanisms responsible for the development of FGR may lead to the identification of 

novel therapeutic targets. Placental dysfunction (as evidenced by reduced cell 

proliferation and induced cell apoptosis) is the main cause of FGR, and some studies 

suggest that altered oestrogen related receptor gamma (ESRRG) signalling might 

contribute to this (Heazell et al., 2011, Poidatz et al., 2015a, Zhu et al., 2018a). 

ESRRG, a nuclear receptor, is highly expressed in the trophoblast in normal term 

placenta but is significantly decreased in FGR placentas (Poidatz et al., 2015a, Zhu et 

al., 2018a). Previous studies have demonstrated that ESRRG can modulate trophoblast 

proliferation, apoptosis and mitochondrial function, although these were mainly 

conducted in the trophoblast-like cell line HTR-8/SVneo (Poidatz et al., 2012, Poidatz 

et al., 2015b, Zhu et al., 2018a). ESRRG activates a variety of downstream genes, 

including hydroxysteroid 17-beta dehydrogenase 1 (HSD17B1), cytochrome P-450 

(CYP191.1), placenta-specific protein 1 (PLAC1), and hydroxysteroid 11-beta 

dehydrogenase 2 (HSD11B2) (Kumar and Mendelson, 2011, Luo et al., 2013, Zhu et al., 

2018a), and these downstream genes may be related to development of FGR (Shams 

et al., 1998, Tzschoppe et al., 2009, Audette et al., 2010, Chang et al., 2016, Zhu et al., 

2018a, Sifakis et al., 2018, Wan et al., 2019, Anelli et al., 2019, Devor et al., 2021). 

Recently, we have demonstrated that expression of ESRRG and its downstream genes 

are altered in response to hypoxia or exposure to BPA (Chapter 3 and Chapter 4); both 

of these factors reduce fetal growth (Tal et al., 2010, Chou et al., 2011, Miao et al., 

2011, Stubert et al., 2012, Snijder et al., 2013, Robb et al., 2017) further supporting 

the role for ESRRG in the pathogenesis of FGR. We and others have identified 

microRNAs (miRNAs) that are implicated in the pathogenesis of FGR and regulate 

placental growth (Forbes et al., 2012, Farrokhnia et al., 2014, Baker et al., 2021, 
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Quilang et al., 2021); we have also demonstrated that miRNA-based drugs have the 

potential to improve placental and fetal growth in vitro and in vivo (Beards et al., 2017). 

miRNAs are small non-coding RNAs which post-transcriptionally repress downstream 

effectors by degradation of target messenger RNA (mRNA) and/or repressing 

translation (Bartel, 2004, Selbach et al., 2008). Abnormal expression of some miRNAs 

in maternal serum or placental tissues contributes to the development of pregnancy 

complications such as FGR and preeclampsia (Anton et al., 2013, Whitehead et al., 

2013, Mouillet et al., 2015, Baker et al., 2021). Although several studies have identified 

placental miRNAs that regulate ESRRG (Gao et al., 2018, Liu et al., 2018, Zou et al., 

2019), these studies were conducted using trophoblast-like cell lines, HTR-8/Svneo 

cells. Hence, there is a need to repeat this work in a more physiological, human 

placental explant model to find other novels regulatory miRNAs, and explore how 

altered miRNA and ESRRG expression is linked to placental dysfunction. Identification 

of ESRRG regulatory miRNAs may inform the development of therapeutics to prevent 

the placental dysfunction underlying FGR pregnancies.  

Therefore, our current study will use a placental explant model to test potential 

miRNA regulators of ESRRG identified through a structured search and to determine 

the relationship between expression of these miRNAs, ESRRG and abnormal 

trophoblast turnover. 

5.2 Materials and Methods 

5.2.1 Materials 

All chemicals were obtained from Sigma-Aldrich (Sigma, UK) unless otherwise 

mentioned.  

5.2.2 miRNAs prediction  

We used three biogenetic software packages TargetScan 

(http://www.targetscan.org/vert_80/), miRanda (http://mirdb.org/) and Pictar 

(https://pictar.mdc-berlin.de/), accessed on November 9th of 2021) to predict the 

upstream miRNAs for 3’-UTR of ESRRG. ESRRG was entered on the website of 

TargetScan; human species and the conserved miRNAs families in the 3’-UTR were 

selected. Then I searched in PubMed for all miRNAs on the list of TargetScan and 
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screened whether these miRNAs were altered in placentas from women with FGR or 

pre-eclampsia or were related to modulation of human trophoblast function were 

selected for investigation in this study. I also searched whether these miRNAs can be 

found in miRanda and Pictar as upstream miRNAs of ESRRG.  

5.2.3 Placental tissue collection  

The archived first trimester placental explants were from a previous study which has 

been approved by the Local Research Ethics Committee (Ref: 13/NW/0205; 

08/H1010/55(+5)) with written informed consent, and all tissue was obtained from 

Saint Mary’s Hospital, Manchester (Farrokhnia et al., 2014). Demographic information 

of the archived first trimester placental tissue used in this study has been described 

previously (Farrokhnia et al., 2014).  

For the term placental tissue, written informed consent was obtained from all patients 

in Saint Mary’s Hospital, Manchester, and this study was approved by the Research 

Ethics Committee (08/H1010/55+5). Term placental tissue was collected within 30 

minutes of delivery from appropriate for gestational age (AGA) pregnancies 

(individualised birth weight ratios (IBR) between the 10th to 90th centile; n=9) or FGR 

pregnancies (IBR below the 5th centile; n=9) infants. The exclusion criteria included 

pregnancies complicated with chronic hypertension, preeclampsia, renal disease, 

diabetes, gestational diabetes, premature rupture of membranes, or collagen vascular 

disease, and fetuses complicated with fetal anomalies or chromosomal abnormalities. 

Fresh placental tissue from uncomplicated pregnancies (n=7) was collected for explant 

culture. The demographic information of women donating FGR, and AGA placentas is 

listed in Supplementary Table 5.1; the demographic details of the women donating 

term AGA placentas used for explant cultures is listed in Table 5.1.  

5.2.4 Placental explant model 

Placental explants were prepared as previously described (Heazell et al., 2007, Heazell 

et al., 2008). After randomly selecting six different sites in the placenta, excluding sites 

of necrosis, infarction, and excessive tears, six chunks of villous tissue (2cm3) were 

aseptically excised and placed into warm, sterile PBS in the tissue culture hood. Villous 

explants were dissected further in a petri dish and washed in warm PBS twice to 
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remove the excess blood. The size of each placental explant was approximately 2mm3. 

Sterile netwells (Corning Inc, NY, USA) were inserted into 12-well plates and 1:1 of 

Dulbecco’s modified Eagle medium (DMEM; Gibco, UK)/Ham’s F12 (Gibco, UK) 

supplemented with penicillin (0.6mg/l), streptomycin (100µg/ml), L-glutamine 

(0.292g/l), and 10% fetal calf serum (Gibco, UK) was added. Three villous tissue 

fragments were pooled from 3 different sample sites were added to each netwell.  

5.2.5 Transfection with DharmaFECT transfection reagent 

The transfection method used the lipid carrier, DharmaFECT 2 (Dharmacon, GE 

Healthcare, UK), with miR-377 mimics or a non-targeting control (Dharmacon, lnc., 

USA) to transfect BeWo cells and placental explants, as described in Section 2.2.4 and 

Section 2.3, and according to a previous study (Forbes et al., 2009).  

5.2.6 Overexpression of miR-377 

When the explant cultures were set up, miR-377 mimics or a non-targeting control 

(Dharmacon, lnc., USA) were added directly to the explant culture media (final 

concentration 10nM-100nM), as previously described (Forbes et al., 2009). Explants 

were cultured at 21% O2 (with 5% CO2) for 48 hours before explants and media were 

collected and processed for downstream applications. The transfection method for 

archived first trimester explants is described in a previous study (Farrokhnia et al., 

2014).  

5.2.7 Reverse transcription-polymerase chain reaction (RT-PCR) 

Following culture, villous explants were stored in RNA-later at 4 °C overnight and then 

stored at -80 °C immediately, until RNA extraction was performed. Total RNA 

extraction was performed using miRNeasy mini kit (QIAGEN, UK) following the 

manufacturer’s instructions. A Nanodrop (Thermo Fisher Scientific, USA) was used to 

assess the concentration and quality of the total RNA. mRNA: For normal mRNA, a 

total of 2500ng mRNA from each sample was converted to cDNA using an AffinityScript 

Multiple Temperature cDNA Synthesis kit (Agilent, USA) according to the cDNA 

synthesis protocol. The sequences of PCR primers for ESRRG, its downstream genes, 

and RPLP0 (house-keeping gene, 60S acidic ribosomal protein P0, Eurofins, UK). The 

powerup SYBR Green Master Mix (Thermo Fisher Scientific, USA) was used in the PCR 
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reaction and the Applied Biosystems Step-one system (Thermo Fisher Scientific, USA) 

was used to run the reaction with an annealing temperature of 60°C and 40 cycles 

followed by a melt curve step. miRNA: a miRCURY LNA RT kit was used for reverse 

transcription of miRNAs and total RNA (10ng) was applied according to the quick-start 

protocol. The sequences of PCR primers for miRNAs, and endogenous reference genes, 

U6 snRNA (Dharmacon, lnc., USA) are listed in Supplementary Table 5.2. U6 was 

expressed stably in FGR and normal placentas and was used to normalise the miRNA 

expression (Supplementary Figure 1). The miRCURY LNA SYBR Green PCR kit (QIAGEN, 

Germany) was used to measure miRNA expression, using an annealing temperature of 

56°C and 40 cycles, followed by a melt curve step according to the manufacturer’s 

protocols. Data are presented as relative expression to the housekeeping gene U6, 

calculated by the 2-△△CT method. 

5.2.8 Immunohistochemistry 

Following culture, placental explants were harvested and fixed in 4% neutral buffered 

formalin overnight at 4°C. Archived first-trimester placental wax blocks were also 

analysed for comparison. 5µm sections were dewaxed and rehydrated, then antigen 

retrieval was performed by microwave boiling for 5 minutes twice at full power (800w) 

in 0.01M citrate buffer (pH 6.0). 3% (v/v) hydrogen peroxide was applied for 10 

minutes to block endogenous peroxidase activity. Sections were incubated with non-

immune block (10% goat serum and 2 % human serum in 0.1% TBST (TBS-Tween-20) 

for 30 minutes at room temperature, and then incubated with a polyclonal antibody 

against ESRRG (Abcam 219547, 10µg/ml), a monoclonal antibody against Ki-67 (Dako, 

0.174µg/ml), or a monoclonal antibody against M30 (Roche, 0.132ng/ul) overnight at 

4 °C. Ki-67 positive staining identifies the number of cells in cycle and is a marker for 

cell proliferation (Heazell et al., 2008, Baker et al., 2017, Renshall et al., 2021). M30 

positive staining is a marker for apoptosis (Baker et al., 2017, Renshall et al., 2021). 

Isotype-specific non-immune rabbit or mouse IgG was used as a negative control and 

was applied at the same concentration as the primary antibodies. Sections were 

washed in TBS and 0.6% TBST (TBS-Tween-20). After incubating with the appropriate 

secondary antibody (biotin conjugated goat anti-mouse or anti-rabbit antibodies, 

Dako-Cytomation, UK, 3.85 µg/ml) for 30 minutes at room temperature, avidin-
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peroxidase (5µg/ml) was applied to the sections for 30 minutes. The chromogenic 

substrate diaminobenzidine (DAB; Sigma-Aldrich, UK) was applied to the sections for 

between 2-10 minutes and colour development was monitored under the microscope. 

All slides were counterstained with Harris’s hematoxylin (Sigma-Aldrich, UK) for 

5minutes. The sections were then dehydrated and mounted in DPX (Sigma-Aldrich, 

UK). QuPath version 0.2.3 (developed by the University of Edinburgh) was used to 

analyse the IHC staining results (Bankhead et al., 2017); the number of DAB positive 

cells were quantified in relation to the total number of cell nuclei to provide a 

percentage of stained cells, and the mean proportion was calculated to present as the 

proliferation index or apoptotic index. Quantification of ESRRG was achieved by 

quantifying the DAB positive area and the total tissue area using QuPath. 

5.2.9 Analysis of human chorionic gonadotropin (hCG) secretion and 

lactate dehydrogenase (LDH) 

hCG secretion, a marker of cytotrophoblast differentiation, was measured in explant-

conditioned culture medium by ELISA (DRG Diagnostics, Marburg, Germany). A 

cytotoxicity detection kit (Roche Diagnostics, Mannheim, Germany) was used to 

measure lactate dehydrogenase (LDH) release in the culture medium according to the 

manufacturer’s instructions. Placental explants, which were harvested at 48h and 

lysed in 0.3M NaOH, were used to provide a value for total protein content, as 

measured by using a standard BioRad protein assay (Bio-Rad Laboratories, Hempstead, 

UK). These data were used for normalization of hCG secretion and LDH release. 

5.2.10 Statistical analysis 

Data were presented as mean ± standard deviation (SD) (normally distributed) or 

median+/-interquartile range (IQR) (not normally distributed). Statistical analysis was 

performed by using GraphPad Prism version 7.0 (GraphPad Software, USA). Data were 

analysed by t-test (unpaired or paired) or ANOVA (parametric) or Mann Whitney U 

test or Kruskal Wallis test (non-parametric). A Friedman multiple comparison test was 

conducted to analyse paired data depending on the normal distribution. The threshold 

of statistical significance was set at P<0.05. 
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5.3 Results 

5.3.1 Predicted miRNA regulators of ESRRG  

After reviewing previous studies undertaken using human placental tissue or 

trophoblast-like cell lines (Choi et al., 2013, Farrokhnia et al., 2014, Xu et al., 2014, 

Castro-Villegas et al., 2015, Hromadnikova et al., 2015a, Baker et al., 2017, 

Hromadnikova et al., 2017, Niu et al., 2018, Muller-Deile et al., 2018, Yang et al., 2018, 

Huang et al., 2019a, Huang et al., 2019b, Yang et al., 2019, Yu et al., 2019, Inno et al., 

2021), we identified 7 miRNAs which may be upstream regulators of ESRRG, including 

miR-204-5p, miR-377, miR-30a, miR-26a, miR-23-3p, miR-34b, and miR-30e. 

Biogenetics software such as TargetScan was used to confirm the presence of a 

putative ESRRG binding site within each miRNA, the details of which are listed in Table 

5.2.  

As the aim of this study was to explore whether miRNAs upstream of ESRRG can 

regulate placental cell turnover (including cytotrophoblast proliferation and 

apoptosis), and as miR-377 was the only miRNA identified that had previously been 

shown to modulate cytotrophoblast proliferation (Farrokhnia et al., 2014), we 

assessed whether miR-377 could signal through ESRRG to regulate placental cell 

turnover. 

5.3.2 Transfection with miR-377 mimics in BeWo cells  

BeWo cells were transfected with miR-377 mimics or a nontargeting control (40nM) 

with transfection reagent; the data is shown in Supplementary Figure 5.2. Median 

mRNA levels of ESRRG were comparable between control groups (untreated control, 

or non-targeting control (40nM)) and BeWo cells transfected with miR-377 mimics 

(40nM) for 24 to 72 hours (Supplementary figure 5.2A). ESRRG mRNA expression was 

induced in the BeWo cells which were treated with transfection reagent (Mock) 

compared to untreated control for 48 hours (Supplementary Figure 5.2C). But miR-

377 RNA levels were significantly increased in the BeWo cells transfected with 40nM 

miR-377 mimics compared to untreated control or non-targeting control (40nM), 

which suggested miR-377 mimics increased miR-377 RNA levels in the BeWo cells 

(Supplementary figure 5.2B). 
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5.3.3 Overexpression of miR-377 reduced the expression of ESRRG in 

term villous explants  

As attempted transfection with miR-377 mimics in BeWo cells did not produce the 

anticipated effects on ESRRG we then explored modulation of miR-377 in ex vivo 

placental explants where the pathway appears intact. Firstly, immunostaining with an 

antibody against ESRRG was undertaken in archived first trimester placental explants 

transfected with miR-377 mimics (100nM) from a previous project (Farrokhnia et al., 

2014), this showed ESRRG protein expression within the syncytium was dramatically 

reduced, compared to levels in untreated control explants, or explants treated with a 

non-targeting control miRNA (100nM) (Figure 5.1). These data suggested the potential 

regulation between miR-377 and ESRRG was intact in cultured first trimester placental 

explants.  

Term placental explants were transfected with miR-377 mimics or non-targeting 

mimics (26.7nM) with transfection reagent for 48 hours and the results suggested that 

miR-377 mimics (26.7nM) did not alter ESRRG mRNA and protein expression 

(Supplementary Figure 5.3A and B) and mRNA levels of HSD11B2, and HSD17B1, which 

were downstream effectors of ESRRG (Supplementary Figure 5.3C and D).  

In addition, term placental explants were incubated with miR-377 mimics (10-100nM) 

or non-targeting control (10-100nM) in the absence of transfection reagent for 48h. 

miR-377 mimics (10nM, 20nM, and 50nM) and all concentrations of non-targeting 

control (10nM-100nM) did not significantly alter miR-377 RNA levels or ESRRG’s mRNA 

and protein expression (Figure 5.2A).  

In term villous explants, miR-377 overexpression was achieved using a concentration 

of 100nM of the mimic which resulted in a 41.4% increase (1.4 ± 2.6-fold; median ± 

IQR) in expression of mimic, compared to the non-targeting control (Figure 5.2A). 

ESRRG mRNA (Figure 5.2B) and protein expression (Figure 5.2C&D) were significantly 

decreased following miR-377 overexpression in term placental explants. mRNA: 

median ± IQR, 0.7±0.4, P=0.02, 30% reduction vs non-targeting control, n=7; protein: 

median ± IQR, 0.2±0.5, P=0.02, 74% reduction vs non-targeting control (Figure5.2B and 

5.2C).  
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Table 5.1 Participant demographics of placental tissue used for cultured explants 

Characteristic Healthy pregnancies (n=7) 

Birthweight (g) 3470.7±410.7(2866-4162) 

Birth centile  65.6±26.8 (11.7-98.9) 

Fetal sex (female/male) 3/4 

Gestational age at delivery (weeks) 39.0±0.6 (37.4-39.3) 

Maternal age (years) 32.8±2.9 (26.0-39.0) 

Parity 1±1 (0-4) 

Gravidity 2±1 (1-5) 

Nulliparous pregnant (%) 2 (28.6%) 

Ethnicity          

White British       3 (42.9%) 

  Pakistani 1 (14.3%) 

Croatian 1 (14.3%) 

Irish 1 (14.3%) 

  Others  1 (14.3%) 

BMI (kg/m
2
) 24.2±2.6 (19.0-27.2) 

The result was shown as mean ± SD or median ± IQR, NS, no significant, BMI, body 

mass index.  
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Table 5.2 The details of the predictive microRNAs 

Name Target-scan miRanda Pictar Studies in human Placentas or cell lines 

 Position in 3’-UTR Seed match Target score score  

miR-204-5p 39-46 8mer 95  miR-204-5p mimics repressed the invasion of bewo 

cells and JEG-3 cells via modulating matrix 

metalloproteinase-9 (MMP9)(Yu et al., 2015). 

miR-377-3p 3129-3135 7mer-m8   Higher level in 3rd trimester placentas and 

overexpression of miR-377 in first trimester 

placental explants significantly reduced basal 

cytotrophoblast proliferation (Farrokhnia et al., 

2014).  

miR-30a-5p 3303-3309 7mer-m8   Placental expression of miR-30a-5p is related to 

pregnancies complicated by preeclampsia (Inno et 

al., 2021), and reduced miR-30a-5p signalling 

pathways is associated with induced autophagy in 

mice placentas(Huang et al., 2019b). 

miR-26a-5p 2534-2540 7mer-1A  0.75 miR-26a-5p was significantly induced in the 

placentas complicated by preeclampsia (Muller-
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Deile et al., 2018), but another two studies observed 

a down-regulation of placental miR-26a-5p in 

preeclampsia pregnancies (Hromadnikova et al., 

2015a, Hromadnikova et al., 2017). Overexpression 

of miR-26a-5p reduce the migration and invasion of 

HTR-8Svneo cell line (Yang et al., 2019). 

miR-23-(3p) 1378-1384 7mer-m8 86  The invasion of HTR-8Svneo was reduced in the cells 

with miR-23a-3p mimics (Yang et al., 2018). 

 1788-1794 7mer-1A    

  3027-3034  8mer    

miR-34b-5p 1386-1392 7mer-m8 64  Placental expression of miR-34b-5p was upregulated 

in low maternal folate status (Baker et al., 2017).  

miR-30e-3p 2807-2814 8mer 53  miR-30e may play an important role in creating a 

micro-immune tolerance environment of maternal-

fetal interface (Huang et al., 2019a). 
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Figure 5.1 IHC staining of ESRRG expression in first-trimester placental villous explants transfected with miR-377 mimics with transfection 

reagents. 

[A], untreated control; [B], mock; [C], explants transfected with 100nM pre-miR control; [D], the villous explants transfected with 100nM miR-

377 mimics; n=1. 
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Figure 5.2 The expression of miR-377-ESRRG signalling pathways in the term villous 

explants incubated with 10nM to 100nM miR-377 mimics or non-targeting control 

for 48 hours. 

[A] miR-377 expression. [B] mRNA expression of ESRRG. [C] Quantification of ESRRG 

protein staining. [D] Representative images of ESRRG protein staining in the explants 

transfected with miR-377 mimics (b), or non-targeting control (c); negative control 

with the non-immune rabbit IgG (a). [E] and [F], mRNA levels of ESRRG’s downstream 

genes. HSD17B1, hydroxysteroid 17-beta dehydrogenase 1; CYP191.1, cytochrome P-

450; PLAC1, placenta-specific 1; HSD11B2, hydroxysteroid 11-beta dehydrogenase 2. 

Median+/-IQR; one sample Wilcoxon test. *, P<0.05. 
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5.3.4 Overexpression of miR-377 did not alter expression of genes 

downstream of ESRRG in term villous explants  

The mRNA levels of several genes downstream of ESRRG did not change in the explants 

incubated with miR-377 mimics, when compared to levels in explants treated with the 

non-targeting control miRNA (Figure 5.2E and 5.2F). These included HSD17B1: median 

± IQR, 1.0 ± 0.6; CYP191.1: median ± IQR, 0.9 ±1.0; HSD11B2: median ± IQR, 0.9±0.5; 

PLAC1: median ± IQR, 0.9±0.6.  

5.3.5 Overexpression of miR-377 did not alter placental hormone 

secretion  

Overexpression of miR-377 in term placental explants did not alter basal levels of hCG 

secretion or LDH release into the culture medium when compared to levels in explants 

treated with the non-targeting control miRNA (Figure 5.3A and Figure 5.3B).  

5.3.6 Overexpression of miR-377 altered trophoblast cell turnover 

Overexpression of miR-377 in term placental explants reduced the number of cells in 

cycle (miR-377 mimic vs control, median ± IQR, 0.1±0.13% vs 0.9±0.5%, Figure 5.4A, 

49.9% reduction in Ki-67 positive cells, P=0.008) and increased the number of cells 

undergoing apoptosis (miR-377 mimic vs control, median ± IQR, 1.2±1.3% vs 0.5±0.5%, 

Figure 5.4B, 2.5-fold induction of M30 positive cells, P=0.02), when compared to 

explants treated with the non-targeting control miRNA.  

5.3.7 Expression of predicted miRNA regulators of ESRRG in AGA and 

FGR placentas 

The expression level of the seven potential upstream regulators of ESRRG (miR-204-

5p, miR-377, miR-30a, miR-26a, miR-23-3p, miR-34b, and miR-30e) was similar in FGR 

and AGA placentas (Supplementary Figure 5.4) and was independent of fetal sex 

(Supplementary Figure 5.5). 
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Figure 5.3 hCG and LDH levels in the conditioned culture medium from the explants 

incubated with 100nM miR-377 mimics or non-targeting control. 

[A] hCG secretion in the culture medium from at day 4. [B] LDH levels in the culture 

medium from the explants transfected with miR-377 mimics or non-targeting control. 

Median+/-IQR; one sample Wilcoxon test. 
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Figure 5.4 Immunostaining for Ki-67 or M30 in the cultured villous explants. 

[A] and [B] Graphs of quantification of Ki-67 and M30 staining, respectively. [C] 

Negative control with the non-immune mouse IgG. [D-E], Ki-67; [F-G], M30. The 

explants transfected with miR-377 mimics [D] [F] or non-targeting control [E][G]. 

Median+/-IQR; Wilcoxon test. *: P<0.05; **: P<0.01. 

  



 

 183 

5.4 Discussion 

This study identified potential upstream miRNA regulators of ESRRG in the human 

term placenta, it then investigated whether miR-377, one potential upstream 

mediator, could signal through ESRRG to influence placental cell turnover, to 

determine whether it can be implicated in the pathogenesis of placental dysfunction.  

5.4.1 Regulation of ESRRG by miR-377 in the human placentas 

Some studies have already identified miRNAs upstream of ESRRG in trophoblast-like 

cells and cancer cell lines (Eichner et al., 2010, Lu et al., 2015, Gao et al., 2018, Liu et 

al., 2018). Two studies found that the overexpression of miR-320a repressed invasion, 

proliferation and migration, by modulating ESRRG, in the trophoblastic cell line, HTR-

8SV/neo (Gao et al., 2018, Liu et al., 2018). Our previous study also used HTR-8/Svneo 

cells and identified miR-424 as a potential regulator of ESRRG (Zou et al., 2019). As 

these studies all used the HTR-8SV/neo cell line, which is derived from a first trimester 

placenta, it is not truly representative of intact term placental tissue and cannot be 

used to assess the normal physiological functions of the placenta ex vivo. Thus, it is 

important to use a human term placental explant model to further our understanding 

of the regulatory pathways of ESRRG in the placenta.  

In our previous project, we demonstrated that miR-377 targeted the mitogenic 

signalling pathway in the first trimester villous explants and overexpression of miR-

377 reduced cytotrophoblast proliferation (Farrokhnia et al., 2014). As we observed 

reduced ESRRG protein expression in these first trimester explants, it is most likely 

that miR-377 is involved in the regulation of ESRRG. In the current study, we 

demonstrated that overexpression of miR-377 reduced the mRNA and protein level of 

ESRRG in the cultured explants from third trimester as well. As the regulatory 

pathways of miRNA are complex, and a single miRNA can inhibit hundreds of 

downstream genes (Selbach et al., 2008), this suggests that miR-377 could target other 

downstream genes within the placentas. Therefore, the existing evidence suggests 

that ESRRG may be a target gene of miR-377 in the placenta.  

However, miR-377-mediated knockdown of ESRRG did not affect expression of four of 

the downstream effectors of ESRRG. This may be due to the short-term culture of the 
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explants with the miRNA mimics: as the villous explants were only cultured for 48 

hours, this might not allow enough time for the reduction in expression of ESRRG to 

affect expression of its downstream effectors. Further research is needed using a long-

term explant culture to determine the precise downstream effects of miR-377 

overexpression on ESRRG signalling. Moreover, as there are more downstream genes 

than the four genes which were modulated by ESRRG (Zou et al., 2021), it is also 

possible that the miR-377-ESRRG signalling pathway targets other downstream 

effectors and affects other aspects of placental cell function. Further research is 

needed to explore the expression of other potential downstream effectors.  

5.4.2 The effects of miR-377-ESRRG signalling on trophoblast 

proliferation and apoptosis  

Disruption of placental cell turnover i.e., increased apoptosis and decreased 

proliferation is observed in FGR (Heazell et al., 2008, Heazell et al., 2011). As observed 

in our previous study in first trimester placenta (Farrokhnia et al., 2014), we found that 

overexpression of miR-377 reduced the numbers of cells in the cell cycle in term villous 

explants. Similarly, overexpression of miR-377 also increased the number of apoptotic 

cells, a phenomenon that has not previously been reported. Given that several studies 

have explored the possibilities of using miRNAs as therapeutics to correct aberrant 

signalling in mice (Beards et al., 2017), this may provide a therapeutic avenue for 

preventing abnormal placental cell turnover by manipulating the miR-377-ESRRG axis. 

However, because the downstream genes of ESRRG did not change in this study, this 

cannot exclude that the effect of miR-377 on number of cells in cycle is mediated 

independently of ESRRG. Further research is also needed to clarify whether miR-377-

ESRRG signalling can influence other mitogenic signalling pathways.  

No alteration of hCG secretion or LDH release was observed in the explants 

transfected with miR-377 mimics or non-targeting control, suggesting that the miR-

377-ESRRG axis does not affect syncytiotrophoblast differentiation or cell necrosis.  

5.4.3 Upstream miRNAs expression in FGR placentas 

No previous studies have explored the expression level of miR-377 in the FGR 

placentas; in this study, we did not observe any significant change in expression of 
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miR-377 in our samples. However, we have demonstrated that miR-377 contains a 

ESRRG binding site and we have previously shown that expression of ESRRG is reduced 

in FGR placentas. Thus, we cannot rule out whether dysregulation of ESRRG signalling 

in FGR placentas is mediated, at least in part, by miR-377. Moreover, the definition of 

FGR used in this study is an IBR less than 5th centile; miR-377 expression may be related 

to the severity of FGR, so increased miR-377 expression may only be observed in 

pregnancies with the lowest IBRs. In this study, there are only 9 FGR placentas and all 

pregnant women were of White British ethnicity. Whether the expression of miR-377 

is associated with the ethnicity of pregnant women is still unclear and further research 

with a larger sample size is needed to determine the relationship between miR-377 

expression and FGR placentas in the future. Alternatively, miR-377 may regulate 

ESRRG independently of changes in its own expression level.  

Other miRNAs, including miR-320a and miR-424, have been identified as upstream 

miRNAs (or potential upstream miRNAs) of ESRRG in HTR-8/Svneo cells, and have been 

shown to alter their proliferation, migration, and invasion (Liu et al., 2018, Gao et al., 

2018, Zou et al., 2019). Further investigation of the potential regulatory relationships 

between miR-320a, miR-424 and ESRRG in a more physiological model, cultured 

villous explants, will be helpful to better understand ESRRG signalling in the human 

placenta.  

5.4.4 Strengths and Limitations 

This study used a cultured term villous explant model which is a more physiologically 

relevant, 3D culture model, compared to trophoblastic cell lines and primary cells. Also, 

this study used a more convenient transfection method in the explant model, and this 

further confirms this method is effective to transfect the miRNA mimics. There are 

some limitations of this study; firstly, we only used short-term explant cultures, which 

might not be long enough to determining the downstream effects of miR-377 

overexpression. Long-term cultures are required to explore whether miR-377 could 

alter ESRRG’s downstream gene expression. The limitations of this study are the 

extremely decreased ESRRG protein in the cultured explants. In addition, ESRRG 

protein is mainly localised in the trophoblast in the fresh placental tissue but mainly 

localised in the stromal cells in the cultured villous explants, and different protein 
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localisation may limit the exploration of ESRRG signaling pathways in this model. Other 

in vivo or in vitro models need to be used in future work to study these pathways, like 

organoids. Moreover, this study only recruited limited number of placentas, and 

further research with a larger samples size is also needed.  

5.5 Conclusions` 

In conclusion, overexpression of miR-377 in cultured term villous explants reduced the 

mRNA and protein levels of ESRRG, but did not alter the mRNA levels of ESRRG’s 

downstream genes. However, miR-377 overexpression reduced cell proliferation and 

apoptosis in these explants. The signalling pathways of miRNAs and ESRRG may be 

involved in the mediation of cell turnover in the placenta which strengthens the need 

to understand the role of miRNAs in the pathogenesis of FGR. 
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Supplementary Table 5.1 Participant demographics of AGA or FGR pregnancies. 

 The result was shown as mean ± SD or median ± IQR with range, NS, no significant, BMI, body mass index. * P<0.05; **P<0.01, ***P<0.001, 

****P<0.0001. AGA, appropriate for gestational age; FGR, fetal growth restriction. 

Characteristic AGA controls (n=9) FGR (n=9) P value 

Birthweight (g) 3441.0±322.6(3020-3930) 1948.9±687.3 (717-2710) <0.0001**** 

Birthweight percentile 51.0±21.2 (21.2-79.6) 1.4±1.4 (0-3.5) <0.0001**** 

Fetal sex (female/male) 5/4 7/2 NS  

Gestational age at delivery (weeks) 39.0±0.8 (37.0-40.5) 36.2±3.0 (30.3-39.4) 0.006** 

Ethnicity     

White British  9 9  

Maternal age (years) 34.8±2.7 (30.0-39.0) 31.0±5.0 (20.0-39.0) NS  

Gravidity 2±1 (1-4) 3±1 (2-6) NS  

Parity  1±1 (0-2) 1±1 (0-3) NS 

Nulliparous (%) 4 (44.4%) 1 (11.1%) 0.03* 

BMI (kg/m2) 29.0±5.2 (22-42) 25.7±5.7 (18-36) NS  
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Supplementary Table 5.2. Primer sequence of ESRRG and its downstream genes and 

miRNA’s target sequence. ESRRG, oestrogen related receptor gamma; HSD17B1, 

hydroxysteroid 17-beta dehydrogenase 1; CYP191.1, cytochrome P-450; PLAC1, 

placenta-specific 1; HSD11B2, hydroxysteroid 11-beta dehydrogenase 2, miRNA, 

microRNA. 

Primer set Sequence 

RPLP0 Forward: 5’-TGC ATC AGT ACC CCA TTC TAT CA-3’ 

Reverse: 5’-AAG GTG TAA TCC GTC TCC ACA GA-3’ 

ESRRG Forward: 5’-CTG ACG GAC AGC GTC AAC C-3’ 

Reverse: 5’-GGC GAG TCA AGT CCG TTC TG-3’ 

HSD17B1 Forward: 5’-GCC TTC ATG GAG AAG GTG TT-3’ 

Reverse: 5’-CGA AAG ACT TGC TTG CTG TG-3’ 

CYP191.1 Forward: 5’-ACG GAA GGT CCT GTG CTC G-3’ 

Reverse: 5’-GTA TCG GGT TCA GCA TTT CCA-3’ 

PLAC1 Forward: 5’-ATT GGC TGC AGG GAT GAA AG-3’ 

Reverse: 5’-TGC ACT GTG ACC ATG AAC CA-3’ 

HSD11B2 Forward: 5’-GAC CTG ACC AAA CCA GGA GA-3’ 

Reverse: 5’-GCC AAA GAA ATT CAC CTC CA-3 

U6 GGGCAGGAAGAGGGCCTAT 

hsa-miR-377 AUCACACAAAGGCAACUUUUGU 

hsa-miR-204-5p UUCCCUUUGUCAUCCUAUGCCU 

hsa-miR-30a-5p UGUAAACAUCCUCGACUGGAAG 

hsa-miR-26a-5p UUCAAGUAAUCCAGGAUAGGCU 

hsa-miR-23-3p AUCACAUUGCCAGGGAUUUCC 

hsa-miR-34b-5p UAGGCAGUGUCAUUAGCUGAUUG 

hsa-miR-30e UGUAAACAUCCUCGACUGGAAG 
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Supplementary Figure 5.1. The RNA expression of U6 in the AGA and FGR placentas. 

The RNA expression of U6 was stable in the human placentas. Median +/-IQR; Mann-

Whitney U test; n=9. FGR, fetal growth restriction, AGA, appropriate for gestational 

age.
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Supplementary Figure 5.2. The time course of miR-377 mimic in BeWo cells.  

[A], The RNA levels of miR-377; BeWo cells were cultured for 48 hours and transfected 

with miR-377mimics (40nM), N=2. [B], BeWo cells were transfected with 40nM miR-

377 mimics by using transfection reagents, which were harvested at 24, 48, or 72 

hours of culture, N=2. [C], The mRNA levels of ESRRG in the BeWo cells transfected 

with 40nM miR-377 mimics or non-targeting mimics for 48 hours, N=2; the RT-PCR 

results were repeated twice. Control, untreated control; NT, non-targeting control 

(40nM); Mock, with transfection reagents; mimic, 40nM miR-377 mimics. Median+/-

IQR. Friedman test.  
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Supplementary Figure 5.3. Expression of ESRRG, HSD17B1, and HSD11B2 in villous 

explants transfected with miR-377 mimic or non-targeting control with transfection 

reagents and cultured for 48 hours.  

[A] mRNA levels of ESRRG; [B] The representative images of ESRRG protein staining in 

the explants transfected with miR-377 mimics or miRNAs nontargeting control; 

negative control is applied with non-immune rabbit IgG without primary antibody. 

Control, untreated control (b); Mock, explants transfected with transfection reagents 

alone (c). NT, non-targeting control (26.7nM) (d); mimic, miR-377 mimics (26.7nM) (e). 

[E] and [F], the mRNA levels of downstream genes, HSD17B1 (hydroxysteroid 17-beta 

dehydrogenase 1), and HSD11B2 (hydroxysteroid 11-beta dehydrogenase 2). 

Friedman test; median ± IQR, n=3. 
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Supplementary Figure 5.4. Expression of 7 potential upstream miRNAs of ESRRG. 

Figures 1 A-H show the RNA expression of miR-26a, miR-34b, miR-30e, miR-23-3p, 

miR-30a, miR-377, and miR-204-5p in FGR and AGA human term placentas. The black 

dots represent the AGA group, and the black squares represent the FGR group. Median 

+/-IQR; Mann-Whitney U test. 
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Supplementary Figure 5.5. Expression of miRNAs potentially upstream of ESRRG in 

term FGR and AGA placentas, divided by fetal sex.  

A-G shows the RNA expression of miR-26a, miR-34b, miR-30e, miR-23-3p, miR-30a, 

miR-377, and miR-204-5p in male or female FGR and AGA placentas. Mean+/-SD; 

Kruskal-Wallis test. AGA-M, AGA male placentas; AGA-F, AGA female placentas; FGR-

M, FGR-male placentas; FGR-F, FGR-female placentas. AGA, appropriate for 

gestational age; FGR, fetal growth restriction. *: P<0.05. 
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Overview  

FGR is an important complication of pregnancy, not only because it is associated with 

a high risk of stillbirth and neonatal death, but it also predisposes to long-term 

complications, including abnormal neurodevelopment, cardiovascular diseases, and 

metabolic disorders in the offspring (Gardosi et al., 1998, Bernstein et al., 2000, 

Baschat, 2011, Gardosi et al., 2013, Ramirez-Velez et al., 2017, Crispi et al., 2018, Pels 

et al., 2019). While impaired placental function is proposed to cause a significant 

proportion of cases of FGR there is no effective therapies to improve placental 

function thereby preventing or treating FGR, (Veerbeek et al., 2014, Spinillo et al., 

2015, Spinillo et al., 2019). Although dysregulation of some placental signalling 

pathways is seen in FGR, such the insulin-like growth factor receptor, p53 and ESRRG 

signalling pathways (Abuzzahab et al., 2003, Forbes et al., 2008, Forbes and Westwood, 

2008, Heazell et al., 2011, Zhu et al., 2018a, Harris et al., 2019), the mechanisms of 

placental dysfunction underlying FGR are not fully understood; this knowledge is 

critical to develop a therapeutic intervention for FGR pregnancies.  

Impaired remodeling of the maternal spiral arteries has been hypothesized to cause 

the hypoxic conditions which are observed in FGR placentas (particularly in severe 

early-onset cases), and lead to deficient trophoblast function, including reduced 

proliferation, elevated trophoblast apoptosis, decreased cytotrophoblast 

differentiation, and increased necrosis (Heazell et al., 2008, Tal et al., 2010, Heazell et 

al., 2011, Robb et al., 2017). Meanwhile, low fetal weight, SGA, or FGR has been 

observed in the pregnancies with maternal BPA exposure, predominantly affecting the 

male infants (Chou et al., 2011, Snijder et al., 2013, Troisi et al., 2014), although the 

sex-specific effects of BPA in FGR pregnancies are still unclear. Altered miRNA 

signalling has also been attributed to the placental dysfunction observed in FGR 

(Huang et al., 2013).  

Hypoxia, BPA, and miR-320a have all been identified as upstream regulators of ESRRG 

in trophoblastic cell lines, or cancer cell lines (Kumar and Mendelson, 2011, Zhang et 

al., 2016, Liu et al., 2018, Gao et al., 2018, Yaguchi, 2019), but the role of placental 

ESRRG signalling in the placental dysfunction underlying FGR is still unknown. 

Therefore, the hypothesis tested here was that placental ESRRG signalling contributed 
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to the pathophysiology of FGR, and deficient ESRRG expression, which was mediated 

by its upstream regulators, affects placental function by directly modulating its 

downstream effectors. In healthy placentas, ESRRG is highly expressed in 

syncytiotrophoblast; meanwhile, both the mRNA and protein expression of ESRRG is 

significantly decreased in the syncytiotrophoblast of placentas complicated by FGR 

(Kumar and Mendelson, 2011, Poidatz et al., 2012, Poidatz et al., 2015a, Zhu et al., 

2018a). As syncytiotrophoblast is a barrier on the outside and cytotrophoblast is 

underneath, the link between syncytiotrophoblast and cytotrophoblast cannot be 

completely separate, and gene expression changes in syncytiotrophoblast could 

further influence cytotrophoblast function. For example, one previous study 

suggested that IGF signalling pathways in syncytiotrophoblast influence 

cytotrophoblast proliferation (Forbes et al., 2008). In addition, siRNA-mediated 

knockdown of ESRRG leads to impaired proliferation and invasion of the HTR-8/SVneo 

cell line, suggesting that ESRRG signalling may contribute to the development of 

pathology underlying FGR (Zhu et al., 2018a). Since placental hypoxia, BPA exposure, 

and altered miRNA expression serve as possible key regulators of placental 

dysfunction in FGR, and ESRRG expression can be regulated by each of these factors, 

we hypothesised that ESRRG may be one possible “missing link” between these risk 

factors and placental dysfunction. Exploring placental ESRRG signalling and the effects 

of altered ESRRG signalling on placental function may be helpful to understand the 

pathology of FGR, and identify new therapeutic targets.



6.1. Major findings of the study 

6.1.1 Hypoxic regulation of ESRRG 

This study measured the expression of ESRRG and its downstream genes in FGR and 

AGA placentas (Chapter 3). Both the mRNA and protein levels of ESRRG, and the mRNA 

levels of its downstream genes were significantly decreased in the stromal cells and 

villous trophoblast of placentas complicated by FGR. In this study, placental explants 

were cultured in 1% O2 to mimic hypoxia and phenotypic changes common to those 

observed in FGR were noted, including decreased cytotrophoblast proliferation and 

syncytiotrophoblast differentiation and increased apoptosis and necrosis (Macara et 

al., 1996, Levy et al., 2002, Heazell et al., 2008, Heazell et al., 2011). Culture under 

hypoxic conditions significantly decreased the expression of ESRRG and its 

downstream genes, consistent with the observation of reduced ESRRG expression in 

FGR placentas. In the studies reported here reduced expression of ESRRG correlated 

with reduced expression of HSD11B2 and PLAC1 in the cultured villous explants. In 

addition, exposure of hypoxic explants to an agonist of ESRRG, DY131, rescued the 

reduced ESRRG expression and restored the impaired cell turnover observed. These 

findings suggest that DY131 may represent a novel therapeutic intervention to 

increase the level of ESRRG in FGR. 

6.1.2 The sex-specific effects of BPA on ESRRG signalling pathways  

Exposure to the environmental pollutant BPA is related to a sex specific reduction in 

birthweight, disproportionately affecting male infants (Chou et al., 2011, Snijder et al., 

2013). ESRRG is a specific receptor for BPA in the human placenta and BPA binds to 

ESRRG with a 800 to 1000-fold higher affinity than to other receptors (Takayanagi et 

al., 2006, Liu et al., 2007, Takeda et al., 2009, Liu et al., 2012, Liu et al., 2019). However, 

only one study to date has investigated the effect of BPA-induced ESRRG signalling on 

trophoblast function and reported that it inhibited proliferation of the trophoblastic 

cell line, JEG-3 (Morice et al., 2011).  

Placental BPA concentration has been reported to be 0.53 - 280 ng/g (equivalent to 

2.3pM-1.2nM) (Schonfelder et al., 2002, Cao et al., 2012, Lee et al., 2018). Though 

evidence supports the relationship between low fetal weight and BPA exposure, BPA 



 

 198 

levels were mainly measured in the maternal urine, maternal blood serum, and/or 

fetal cord serum samples instead of placental tissue (Chou et al., 2011, Snijder et al., 

2013, Miao et al., 2011). Our experiments found levels of BPA in the placenta to be 

consistent with previous studies and my data may explain the sex-specific effects of 

BPA on the fetal weight underlying placental exposure, physiological BPA exposure 

(1nM) reduced ESRRG signalling in placental explants from male infants after 48 hours 

of culture, but did not affect placentas from female neonates.  

As discussed in Chapter 3, impaired ESRRG signalling pathways led to placental 

dysfunction which is consistent with previous studies; BPA exposure damages 

trophoblast proliferation and invasion of a trophoblast cell line (Morice et al., 2011, 

Wang et al., 2015). In addition, the results in Chapter 4 have shown that ESRRG 

expression was increased following treatment with a higher BPA exposure than 

physiological levels (1µM BPA) for 24 hours, mainly in the female infants, which is 

consistent with previous studies using female cell lines. These data on the sex-specific 

effects of BPA may indicate placentas from male infants are more sensitive to BPA 

exposure, but we should note that because the related studies are still limited, future 

studies are needed to further confirm or refute the safety of BPA in both maternal and 

fetal side, and to explore the sex-specific effects of BPA. 

Furthermore, there was no significant difference in the percentage of proliferating and 

apoptotic cells, hCG secretion, or LDH release in BPA treated explants, compared to 

controls. This suggested that acute BPA exposure at the concentrations tested did not 

alter placental cell turnover or differentiation. However, as described in Chapter 5, 

more proliferative and apoptotic markers will be measured in the further work to 

confirm the effects of BPA on the trophoblast turnover.  

6.1.3 The regulatory relationship between miR-377 and ESRRG  

miR-320a has been identified as an upstream regulator of ESRRG in the trophoblast-

like cell line, HTR-8/SVneo (Gao et al., 2018, Liu et al., 2018). In the current study, we 

sought to identify other miRNAs which regulated ESRRG and may be responsible for 

the abnormal trophoblast turnover observed in FGR. The predictive software, 

TargetScan, identified miR-377 as a possible upstream regulator of ESRRG, and high 
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levels of miR-377 have been shown to reduce cytotrophoblast proliferation in first 

trimester placental villous explants, via its downstream actions on mitogenic pathways 

(Farrokhnia et al., 2014). Therefore, we used the term villous explant model to explore 

the potential regulatory relationship between miR-377 and ESRRG. Overexpression of 

miR-377 in the term villous explants reduced both mRNA and protein levels of ESRRG, 

but it did not affect the mRNA expression of ESRRG’s downstream genes, including 

HSD17B1, CYP191.1, HSD11B2, and PLAC1. miR-377 RNA expression was comparable 

between the FGR placentas and AGA placentas, and exposure to hypoxia did not alter 

the mRNA levels of miR-377 in cultured explants. However, increased expression of 

miR-377 led to a reduction in proliferation and increased apoptosis within the explants; 

it is still unclear if these changes are mediated by or are independent of ESRRG 

signalling. In first-trimester placental explants, miR-377 acts via MAPK1 and MYC to 

alter cell proliferation (Farrokhnia et al., 2014). Therefore, whether miR-377 acts 

directly through ESRRG to influence cell turnover in villous explants, or via its actions 

on MAPK1 and MYC, is still unclear.  

6.2 Mutual regulation of ESRRG by hypoxia, BPA and miRNAs  

The effects of hypoxia, BPA and miRNAs on ESRRG expression and trophoblast 

function may not act in isolation, so possible interactions between these pathways 

should be considered. The schematic images of ESRRG signalling pathways are shown 

in Figure 6.1. 

6.2.1 Hypoxia and maternal BPA exposure 

In the mouse, maternal BPA exposure (50 µg/kg or 4µM) in pregnancy can cause 

impaired remodeling of uterine spiral arteries, which leads to intermittent 

uteroplacental blood flow and placental hypoxia (Muller et al., 2018, Ye et al., 2019). 

Pregnancy complications, including FGR and preeclampsia are characterized by 

impaired uteroplacental perfusion and placental hypoxia (Muller et al., 2018, Ye et al., 

2019), thus exposure to BPA in early pregnancy may lead to placental hypoxia later in 

gestation. 

Although these studies in mice did not measure local oxygen levels or markers of 

hypoxia in the placentas, it has previously been reported that BPA can modulate HIF-
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1alpha protein expression in BeWo cells and breast cancer cell lines, suggesting 

complex interrelationships between these signalling pathways (Ponniah et al., 2015, 

Xu et al., 2017). Conflicting information is available of the effects of BPA on HIF-1alpha. 

One study reported that BPA exposure (9µM) reduced HIF-1alpha protein expression 

in BeWo cells (Ponniah et al., 2015); however another reported that exposure of the 

breast cancer cell lines SkBr-3 and MDA-MB-231 to 1µM BPA under hypoxic conditions 

increased HIF-1alpha protein expression (Xu et al., 2017). Other publications have 

revealed that 200µM BPA can induce HIF-1alpha protein degradation in the human 

hepatocarcinoma cell line, Hep3B cultured in 1%O2 (Kobayashi et al., 2018). These 

findings suggest that the effects of BPA on hypoxia signalling pathways are complex 

and lower dose BPA (1µM) exposure might be related to higher HIF-1alpha expression. 

Since BPA exposure can also modulate invasion, proliferation, and migration of 

trophoblast cell lines (Wang et al., 2015, Lan et al., 2017, Ye et al., 2019), the combined 

effects of BPA exposure, hypoxia and ESRRG signalling on different aspects of 

trophoblast functions are still unknown, and whether BPA and hypoxia synergistically 

modulate the expression of ESRRG in the human placenta still needs to be determined. 

4-hydroxytamoxifen (4-OHT) is an inverse agonist which can suppress the intrinsic 

transcriptional activity of ESRRG (Chao et al., 2006). DY131 is phenolic acyl hydrazines, 

which is a potential ligand for ESRRG and it increases the basal activity of ESRRG (Yu 

and Forman, 2005). BPA can bind to human ESRRG with high affinity and acts as an 

antagonist of the inverse agonist activity of 4-OHT on ESRRG (Takayanagi et al., 2006). 

Therefore, the mechanism between DY131 and BPA to activate ESRRG expression is 

different. There are no previous studies to explore the relationship between BPA and 

DY131, and it is still unclear whether there is any correlation between BPA and DY131 

in the human placenta. 

6.2.2 Hypoxia and miRNAs 

Although the regulatory relationship between miR-377 and ESRRG was not explored 

in this study, it is still critical to consider the effect of hypoxia on the expression of 

miRNAs previously reported to regulate ESRRG expression. Reduced expression of 

miR-377 has been reported in mesenchymal stem cells cultured in 1% O2 (Wen et al., 

2014); however, I did not observe reduced expression of miR-377 in villous explants 
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cultured in hypoxic conditions (Chapter 5). Therefore, I can exclude hypoxia as a 

regulator of miR-377 in term placental explants. However, other miRNAs upstream of 

ESRRG could be modulated by hypoxia. As one example, miR-320a can target the 

3’UTR of ESRRG, and has been shown to influence the proliferation, invasion, and 

migration of HTR-8/SVneo cells (Gao et al., 2018, Liu et al., 2018). miR-320a also can 

target HIF-1alpha in cancer-associated fibroblasts, confirmed by a dual-luciferase 

reporter assay (Zhang et al., 2020). Therefore, it is possible that ESRRG signalling might 

be regulated by hypoxia and miR-320a in human placentas.  

6.2.3 Maternal BPA exposure and miRNAs  

Although one study found no relationship between BPA exposure and altered 

placental miRNA expression by examining 654 miRNAs in 63 term placentas with a 

median BPA concentration of 264.9pg/g (equivalent to 1.2pM) (Li et al., 2015b), other 

studies suggest miRNAs can be affected by BPA exposure in mice or in trophoblastic 

cell lines; this thesis summarised the miRNAs which may serve a role in the BPA-ESRRG 

signalling pathways, including miR-377, miR-499-5p, and miR-146a etc. (Veiga-Lopez 

et al., 2013, Kovanecz et al., 2014, De Felice et al., 2015, Farahani et al., 2021). 

6.2.3.1 miR-377 

In penile tissue of male rats, low dose BPA (0.1mg/kg/day) induced miR-451-5p and 

reduced the expression of miR-377, miR-82, miR-203a, miR-347, and miR-328a, while 

higher BPA exposure (1mg/kg/day) downregulates miR-200, miR-203, and miR-205 

(Kovanecz et al., 2014). According to the hypothesis explored in Chapter 5, miR-377 

may be an upstream miRNA of ESRRG, but the results did not suggest the sex-specific 

effects of miR-377 expression in either the FGR and AGA placentas or cultured 

placental explants. Therefore, the relationship between miR-377, BPA and ESRRG 

signalling pathways need to be explored in future work.  

6.2.3.2 miR-499-5p 

BPA exposure can alter miRNA levels in both maternal and fetal tissue during 

pregnancy (Ma et al., 2020, Rasdi et al., 2020). In pregnant mice, BPA reportedly 

increased the expression of miR-499-5p in murine maternal heart tissue (Rasdi et al., 

2020), and in humans, miR-499-5p was increased in both the circulation and in the 
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heart tissue from patients with heart failure (Corsten et al., 2010, Mohseni et al., 2018). 

Interestingly, placental miR-499-5p expression was significantly increased in women 

with preeclampsia, and in late onset FGR placentas (Hromadnikova et al., 2015a), but 

the level of miR-499-5p in the maternal circulation was decreased in SGA pregnancy 

(Kim et al., 2020). This suggests inconsistence in miR-499-5p expression between 

placentas and maternal serum. The regulation between miR-499-5p and ESRRG in 

human placentas is unknown, but one study suggests that ESRRG can promote 

expression of miR-499-5p in primary murine muscle cells (Gan et al., 2013). Since 

maternal circulating miRNAs could be related to placental dysfunction (Baker et al., 

2021), maternal BPA exposure could target the miR-499-5p in circulation or in 

placenta, which may regulate ESRRG signalling pathways, but whether ESRRG 

regulates miR-499-5p, or whether ESRRG is one of the targets of miR-499-5p is 

unknown. The role of miR-499-5p in the BPA-ESRRG signalling pathway underlying 

placental dysfunction and FGR needs to be explored in future work.  

6.2.3.3 miR-146a 

Several other studies have reported that BPA exposure increased placental expression 

of miR-146 (Avissar-Whiting et al., 2010, De Felice et al., 2015). miR-146a expression 

was also increased in second-trimester placentas following maternal BPA exposure 

(De Felice et al., 2015); exposure of three placental cell lines (TCL-1, 3A, and HTR-

8/SVneo) to BPA (110µM) for 6 days resulted in increased expression of miR-146a in 

3A and HTR-8/SVneo cells. These studies all suggest the BPA exposure can alter the 

expression of several miRNAs in the human placenta or trophoblast-like cell lines. 

Although our study did not explore the effect of BPA on miRNA expression in the 

cultured villous explants, further work is needed to see whether an interaction is 

present.  

6.2.3.4 Other miRNAs  

One recent study in our lab found that miR-551a was reduced in the maternal serum 

of FGR pregnancies and also reported sex-specific differences in circulating maternal 

miRNAs in FGR, including miR-28-5p, miR-29c-3p, miR-301a-3p, miR-378a-3p, miR-

409-3p, miR-454-3p, and miR-526-5p (Baker et al., 2021). As mentioned above, 

abnormal miRNA levels in maternal serum may be linked with placental dysfunction 
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in a sex-specific manner (Baker et al., 2021), so it is plausible that these circulating 

miRNAs may contribute to the impaired placental function underlying the BPA-related 

changes in FGR placentas. However, there are no available publications to test 

whether these sex-specific miRNAs are regulated by BPA. Although, miR-551a was 

down-regulated in the maternal serum of FGR pregnancies, and was also reduced in 

fetal mice ovaries following BPA exposure (umbilical serum BPA:11.5nM) (Veiga-Lopez 

et al., 2013, Baker et al., 2021). Whether miR-550a is related to BPA-ESRRG signalling 

pathways is another area for further work. Additional sex-specific differences in the 

regulation of ESRRG in response to hypoxia, BPA and miRNAs cannot be ruled out.   

6.3 Limitations of this study  

In this study, I applied two models to explore the regulatory relationship between 

ESRRG and its downstream genes, but were unable to successfully reduce the 

expression of ESRRG in either BeWo cells or placental explants using ESRRG-specific 

siRNAs within the timeframe of our experiments. The BeWo cell line originates from a 

choriocarcinoma and is used as a model of villous cytotrophoblasts, but one criticism 

of the use of trophoblastic cell lines is that they differ physiologically from primary 

cells (Kallol et al., 2018). In contrast to a cell line, placental villous explants are 

composed of multiple cell types and retain their 3-D structure. Although they are a 

more physiologically relevant model, their heterogeneity makes it more difficult to 

study the effects of ESRRG signalling on specific cell types. In addition, although high 

ESRRG mRNA and protein expression have been found in the fresh tissue in this study, 

ESRRG protein expression was significantly decreased in the cultured villous explants 

which may limit the exploration of ESRRG signaling pathways, such as the failure 

transfection with ESRRG siRNAs in the cultured villous explants. This could be 

overcome by using other models, including term primary cytotrophoblast cells, 

organoids, or a placenta-on-a-chip in the future (Kliman et al., 1986, Turco et al., 2018, 

Richardson et al., 2020). Moreover, this study only explored the effects of ESRRG 

signalling pathways in villous explants cultured for up to 4 days, so longer term culture 

is also needed to further understand effects which may require changes to 

transcription or maintenance of pathways. 
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Furthermore, this study only examined some of the many different trophoblast 

functions, including proliferation (Ki-67 staining), apoptosis (M30 staining), cell 

differentiation (hCG secretion), and cell necrosis (LDH release) in the cultured explants. 

It is possible that ESRRG could alter other trophoblast functions, including placental 

hormone metabolism, nutrient transporter expression and/or activity, or placental 

vascular structure and function, both in vivo and in vitro, so additional studies are 

needed. The expression of only four of ESRRG’s downstream genes, HSD17B1, 

HSD11B2, CYP191.1, and PLAC1, was measured, while there are some other potential 

downstream genes of ESRRG relating to mitochondrial or vascular function that are 

dysregulated in FGR placentas, like VEGF, PDK4, and MCAD. Expression of these genes 

has been studied in human primary cytotrophoblast and in mice; they could also be 

studied in our model system (Poidatz et al., 2012, Luo et al., 2014). 

6.4 Perspectives and significance 

The role of ESRRG signalling is critical in cardiovascular and metabolic disorders 

(Alaynick et al., 2010, Kim et al., 2012, Kim et al., 2019a, Vernier et al., 2020). First of 

all, this thesis tried to identify novel miRNAs upstream of ESRRG, and Chapter 5 

showed that elevated expression of miR-377 can reduce the expression of ESRRG in 

cultured villous explants. This may provide another possible regulatory mechanism 

between miR-377 and ESRRG and explain the mechanism underlying abnormal 

cytotrophoblast turnover in explants with high miR-377 levels.  

We have addressed our second hypothesis, that BPA-ESRRG signalling pathways are 

sex-specific in the human placenta. Our results showed that expression of ESRRG and 

its downstream genes are decreased in placental explants from male infants and 

increased in the female infants, which could partly explain the potential link between 

maternal BPA exposure and reduced fetal weight. BPA impaired the normal functions 

of trophoblast-like cells, and has recently been banned in neonatal products, like milk 

bottles, in high-resource countries (Benachour and Aris, 2009, Morice et al., 2011, 

Spagnoletti et al., 2015, Muller et al., 2018). The concentrations of BPA we used in this 

study (1pM to 1µM) have been widely detected in physiological samples, including 

maternal serum and human placental tissues (Ikezuki et al., 2002, Schonfelder et al., 
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2002, He et al., 2009, Lukasiewicz, 2020). Thus, our results further support the safety 

concern of BPA exposure during pregnancy. Moreover, our data suggest that we 

should pay more attention to the BPA concentrations in maternal or neonatal samples 

in pregnancies complicated by FGR, especially those with male infants. It might be also 

important to measure the BPA concentration in maternal serum in areas known to 

have high BPA levels and reduce the usage of BPA-containing products during 

pregnancy. 

As ESRRG protein is highly expressed in normal placentas, but impaired in placentas 

from pregnancies complicated by FGR and siRNAs mediated knockdown of ESRRG 

results in reduced proliferation and invasion in trophoblast-like cell lines, there is a 

potentially important role for ESRRG in the pathology of FGR (Zhu et al., 2018a). 

Improved knowledge of ESRRG signalling pathways and their role in the 

syncytiotrophoblast is critical to understand the physiology and pathophysiology of 

placental dysfunction in pregnancy complications like FGR. In this study, we confirmed 

that placental ESRRG mRNA and protein expression is reduced in pregnancies 

complicated by FGR and examined the potential upstream regulators and downstream 

genes of ESRRG. The results in this thesis confirm our overall hypothesis that hypoxia 

can modulate ESRRG signalling and alters cytotrophoblast turnover, which could 

contribute to the pathophysiology of FGR. We also demonstrated that the agonist of 

ESRRG, DY131, can rescue the hypoxia-mediated decrease in ESRRG signalling and 

restore the resulting aberrant cell turnover observed in the placental explants. 

Therefore, DY131 could be explored as a therapeutic drug to treat FGR pregnancies. 
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Figure 6.1 Schematic image of ESRRG signalling pathways. The dashed line is the 

regulation is not clear in the human placentas but validated in the animal models or 

cancer cell lines. 

FGR, fetal growth restriction; AGA, appropriate weight for gestational age; ESRRG, 

oestrogen related receptor gamma; HIF-1alpha, hypoxia induced factor 1alpha; 

HSD17B1, hydroxysteroid 17-beta dehydrogenase 1; CYP191.1, cytochrome P450 

family 19 subfamily a member 1; HSD11B2, hydroxysteroid 11-beta dehydrogenase 2; 

PLAC1, placenta-specific protein 1; BPA, bisphenol A; PGC-1alpha, peroxisome 

proliferator-activated receptor-gamma coactivator (PGC)- 1alpha; SIRT1, sirtuin 1. 
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6.5 Future work 

6.5.1 Assessing other genes downstream of ESRRG 

In this study, four genes downstream of ESRRG were identified; future work will 

investigate other possible regulatory relationships between ESRRG and VEGFA, and 

the potassium channels, PDK4, and MCAD as these genes have been identified as 

downstream targets of ESRRG in other systems, and are linked to aspects of placental 

dysfunction, such as abnormal angiogenesis or impaired trophoblast functions 

observed in FGR placentas (Zhang et al., 2006a, Bombail et al., 2010, Lee et al., 2012, 

Matsakas et al., 2012, Poidatz et al., 2012, Do et al., 2015). 

6.5.1.1 VEGFA 

Angiogenesis, which is mediated by growth factors, including VEGFA, is important to 

placental development and also serves a critical role in the development of FGR 

(Ahmed and Perkins, 2000, Arroyo and Winn, 2008, Gourvas et al., 2012). VEGFA 

protein is mainly localised in the stromal cells, syncytiotrophoblast, and decidual area 

(extravillous trophoblast) in the first trimester placental bed and is mainly localised in 

the stroma and syncytiotrophoblast in the second and third trimester placentas 

(Shiraishi et al., 1996, Zhou et al., 2002). Gene expression of VEGFA was upregulated 

in the placentas from FGR pregnancies (Szentpeteri et al., 2013). The potential 

regulatory relationship between ESRRG and VEGFA in the human placenta was 

considered because increased Vegfa mRNAs levels have been reported in the 

placentas of Esrrg (Esrrg-/-) knockout mice (Luo et al., 2014). ESRRG also targeted the 

promoter of VEGFA in rat primary mandibular condylar chondrocytes, assessed by 

ChIP assay, and in the rat retinal ganglion cell line (RGC-5), assessed via luciferase 

reporter assay (Do et al., 2015, Zhao et al., 2019). VEGFA is also involved in HIF-1 alpha 

mediated hypoxic signalling pathways, which is linked to PGC-1 alpha, a coactivator of 

ESRRG (Arany et al., 2008, Do et al., 2015). In this thesis, high HIF-1 alpha protein levels 

reduced ESRRG mRNA and protein expression in the explants cultured in 1% O2 or with 

CoCl2 treatment. Unlike the results in the Chapter 3, high expression of HIF-1 alpha 

increased ESRRG mRNA and protein expression in RGC-5 cells, with the induction of 

VEGFA mRNA expression, which was inhibited by an inverse agonist of ESRRG, 

GSK5182 (Do et al., 2015). This may be related to numerous differences between our 



 

 208 

placental explant model and the rat retinal ganglion cell line. Although I did not 

observe evidence of regulation between ESRRG and VEGFA in HTR-8/SVneo cells 

(unpublished data), whether placental VEGFA is involved in HIF-1 alpha-ESRRG 

signalling pathways, or whether PCG-1alpha co-activates the expression of ESRRG, will 

be explored in other models, such as placental explants, primary cytotrophoblast 

cultures, organoids, or mouse models.  

6.5.1.2 Potassium channels 

In Chapter 1, I described how ESRRG induces mRNA and protein expression of the 

potassium channels KLK1, KCNQ1, KCNE1, KCNE3, and KCNE5 during primary 

cytotrophoblast differentiation, the effect of which was blocked by hypoxia (Luo et al., 

2013). Although the sex-specific expression of potassium channels in the placenta is 

unknown, a few studies indicate that potassium channel expression is regulated by sex 

hormones (Song et al., 2001, Sakamoto and Kurokawa, 2019). For example, Kv4.3 

channel expression was reduced in the rat myometrium following oestrogen exposure, 

and sex steroid hormones such as testosterone and 17β-oestradiol, have been shown 

to protect against ischaemia/reperfusion injury by directly activating mitochondrial 

potassium channels in cardiac myocytes (Song et al., 2001, Sakamoto and Kurokawa, 

2019). These observations suggest that sex specific expression or activity of potassium 

channels may be observed in the placenta. To date, no study has explored the 

relationship between BPA and potassium channels expression or function in the 

placenta, but it has been shown in AD293 cells (derived from human embryonic kidney 

cells), primary human and canine coronary smooth muscle, and mice islets (Asano et 

al., 2010, Rottgen et al., 2014, Martinez-Pinna et al., 2019). Therefore, further work 

will assess whether BPA and/or miRNAs act through ESRRG to regulate potassium 

channel expression in the human placental models, such as villous explants.  

6.5.1.3 PDK4 and MCAD 

As mentioned in Chapter 1, PDK4 and MCAD are potential downstream genes of 

ESRRG (Poidatz et al., 2012). Bisphenol analogues, but not BPA, have been shown to 

promote PDK4 mRNA levels in human liver HL-7702 cells (Li et al., 2021). As the 

knowledge about the sex-specific expression of these two genes is limited, whether 
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these two downstream genes are involved in HIF-1 alpha, and/or BPA mediated ESRRG 

signalling pathways will be explored in placental explants in future work.  

6.5.2 Assessing the mechanism of the sex-specific effects of BPA 

exposures 

In BPA exposed placental explants, the mechanisms underlying the sex-specific 

regulation of ESRRG signalling pathways needs to be determined. UDP-glucuronosyl-

transferases (UGT) can metabolise BPA in the human placenta (Shibata et al., 2002, 

Collier et al., 2002); as sex specific differences in UGT expression have been observed 

in the liver and kidney from humans and mice, the presence of sex-specific differences 

in placental UGT levels are still unclear (Shibata et al., 2002, Takeuchi et al., 2004, 

Shiratani et al., 2008, Buckley and Klaassen, 2009). Therefore, whether there is any 

difference in UGT expression and BPA metabolism in healthy placentas from male and 

female infants should be explored.  

Another possible mechanism of placental sex-specific effects of BPA exposure may be 

related to epigenetic modulation, including methylation changes, and their effects on 

the levels of UGT enzymes. DNA methylation of the ESRRG gene and the expression of 

epigenetic regulators such as DNA methyltransferase-1 (DNMT-1) and DNMT5, could 

be measured in cultured villous explants.  

Although BPA exposure has been linked to FGR pregnancies and reduced placental 

expression of ESRRG is associated with FGR in both our study and previous studies 

(Chou et al., 2011, Zhu et al., 2018a), it is still unclear whether there is a direct causal 

relationship between BPA exposure and the expression of ESRRG in FGR placentas. In 

the future, the mRNA and protein levels of ESRRG should be assessed in BPA-exposed 

FGR placentas and the presence of correlations between BPA concentration, fetal 

weight, and ESRRG expression should be analysed. In addition, a mouse or rat model 

of pregnancy could be used to explore the sex-specific effects of BPA on the ESRRG 

signalling pathways in the placenta. As only short-term explant culture (up to 48h) was 

used in this study, and no alterations in hCG secretion, Ki-67 and M30 staining were 

observed, longer-term explant cultures (i.e. 4–7 days) with BPA exposure could be 

assessed in the future work. Changes in the expression of more proliferative and 
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apoptotic markers, such as [3H]-thymidine incorporation (proliferation), terminal 

deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining (quantify 

apoptosis), and caspase activity assay (apoptosis), could be measured to assess the 

longer-term effects of BPA on trophoblast turnover. 

6.5.3 Assessing the role of ESRRG’s co-activators or repressors in the 

regulation of ESRRG 

Future studies should explore whether the co-activators or repressors of ESRRG are 

involved in the regulation of ESRRG in hypoxia or with BPA exposure. The co-activators, 

including PGC-1 alpha and PGC-1 beta, and the repressor SIRT1, should be measured 

in villous explants cultured under hypoxia or treated with BPA. In addition, the 

expression of ESRRG and its downstream genes could be detected after 

overexpression or silencing PGC-1 alpha, PGC-1 beta, or SIRT1 in term AGA placental 

explants, or primary cytotrophoblast cultured in hypoxia or treated with BPA. In 

addition, cytotrophoblast function in the cultured villous explants or primary 

cytotrophoblast will be measured, which will help understand if these co-regulators 

are involved in the regulation of ESRRG and identify whether these effectors alter 

cytotrophoblast function.  

6.5.4 To assess the possible interaction between miR-377 and ESRRG 

As I did not explore the exact nature of the regulatory relationship between miR-377 

and ESRRG in the placenta, further experiments using a luciferase reporter assay are 

essential to understand whether miR-377 binds to the 3’UTR of ESRRG. In addition, it 

is important to assess whether alteration of cell turnover (changes in the basal rate of 

apoptosis and proliferation) is mediated directly through ESRRG, and not via other 

mitogenic signalling pathways as reported in first trimester explants (Farrokhnia et al., 

2014). Further work could also test whether miR-377 could directly target ESRRG and 

regulate trophoblast turnover in first trimester explants. A miRNA-binding site target 

protector assay will be used to assess whether miR-377 could target ESRRG, to alter 

cytotrophoblast proliferation and apoptosis of cytotrophoblasts, independently from 

other than mitogenic pathways. 
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6.5.5 Assessment of the therapeutic potential of DY131 

In this study, I observed that DY131, an agonist of ESRRG, can rescue altered cell 

turnover observed in explants cultured in hypoxia, via restoring the reduced ESRRG 

signalling. It would be helpful to confirm whether DY131 can reverse the placental 

pathological phenotypes in human placental explants from FGR pregnancies, including 

defective trophoblast function and reduced nutrient transport capacity, or other 

important aspects of placental function; this could be tested by applying DY131 to 

cultured explants from FGR placentas. Testing DY131 in a murine or non-human 

primate model of FGR, would help assess whether administration in early pregnancy 

could prevent FGR or whether administration upon diagnosis of FGR could be used to 

treat the pathology. In addition, as this thesis used placental explants from the third 

trimester, it is also critical to explore whether DY131 can alter cell turnover in cultured 

explants from first or second trimester placentas. These studies would allow us to 

collect important safety and efficacy data to inform clinical trials of DY131 in 

pregnancies with a high risk of FGR.  

6.5.6 Assessing oestrogen metabolism (CYP191.1, HSD17B1), and 

cortisol metabolism (HSD11B2)) 

The level of hCG secretion from the syncytium of villous explants was measured in this 

study. There are other placental protein hormones, including human placental 

lactogen (hPL), progesterone, and pregnancy-associated plasma protein A (PAPP-A), 

which are secreted by the syncytiotrophoblast and whose levels change with placental 

dysfunction (Gardner et al., 1997, Fox and Chasen, 2009, Baker et al., 2017). Because 

the production of these protein hormones can be dysregulated in placental 

dysfunction (Gardner et al., 1997, Fox and Chasen, 2009, Baker et al., 2017), future 

work should include measuring the levels of these placental hormones in the 

conditioned culture medium of explants exposed to hypoxia or BPA to broaden 

understanding of how BPA affects placental dysfunction. This will enable assessment 

of whether these hormone levels are correlated to changes in ESRRG expression, and 

to understand if altered hormones expression is linked to ESRRG-related placental 

dysfunction.  
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The downstream genes of ESRRG, including CYP191.1, HSD17B1, or HSD11B2, are 

involved in the metabolism of placental oestrogen and cortisol (Benediktsson et al., 

1993, Kamat et al., 2002), and low oestrogen levels and cortisol levels in the maternal 

serum has been found in the term pregnancies complicated by preeclampsia or FGR 

(Gardner et al., 1997, Wan et al., 2018, Jayasuriya et al., 2019), which suggest low 

placental oestrogen and cortisol level might be associated with FGR. In this thesis, I 

observed reduced gene expression of CYP191.1 and HSD11B2 in FGR placentas, and 

hypothesise that it might lead to reduced placental oestrogen and cortisol levels, as 

these two genes are responsible for oestrogen and cortisol metabolism (Benediktsson 

et al., 1993, Kamat et al., 2002). I observed reduced mRNA expression of HSD11B2 and 

CYP191.1 in explants exposed to both hypoxia and BPA. Therefore, it is essential to 

measure the oestrogen and cortisol concentrations in the conditioned cultured 

medium from these explants and assess whether hypoxia- or BPA-mediated ESRRG 

signalling influence oestrogen or cortisol metabolism in the placenta. Although I did 

not notice any alterations in proliferation or apoptosis in BPA-exposed placental 

explants, the possibility that the sex-specific effects of BPA-ESRRG signalling occur by 

altering placental hormone levels to further impair placental function needs further 

exploration. 

6.6 Summary  

This thesis provides further evidence for the impaired placental signalling pathways of 

ESRRG in FGR pregnancies. I applied an in vitro villous explant model to identify 

hypoxia-ESRRG signals, which can lead to reduced proliferation and elevated 

apoptosis in the human placenta. The ESRRG agonist, DY131, restored the impaired 

ESRRG signalling and reversed the hypoxic damage in the cultured villous explants, 

and could be developed as a potential therapeutic drug to treat placental dysfunction 

in FGR pregnancies in the future. In addition, ESRRG serves an important role in 

mediating both the placental effects of BPA exposure during pregnancy and explaining 

the sex-specific effects on the ESRRG signalling pathway. Thus, the observations from 

this thesis provide more understanding of the sex differences in neonatal pathology 

in the BPA-exposed FGR pregnancies.  



 

 213 

7 Reference 
ABUZZAHAB, M. J., SCHNEIDER, A., GODDARD, A., GRIGORESCU, F., LAUTIER, C., KELLER, E., 

KIESS, W., KLAMMT, J., KRATZSCH, J., OSGOOD, D., PFAFFLE, R., RAILE, K., SEIDEL, B., SMITH, 

R. J., CHERNAUSEK, S. D. & INTRAUTERINE GROWTH RETARDATION STUDY, G. 2003. IGF-I 

receptor mutations resulting in intrauterine and postnatal growth retardation. N Engl J Med, 

349, 2211-22. 

ACOG 2019. American College of Obstetricians and Gynecologists Practice Bulletin No. 204: 

Fetal Growth Restriction. Obstet Gynecol, 133, e97-e109. 

AHMED, A. & PERKINS, J. 2000. Angiogenesis and intrauterine growth restriction. Baillieres 

Best Pract Res Clin Obstet Gynaecol, 14, 981-98. 

ALAYNICK, W. A., KONDO, R. P., XIE, W., HE, W., DUFOUR, C. R., DOWNES, M., JONKER, J. W., 

GILES, W., NAVIAUX, R. K., GIGUERE, V. & EVANS, R. M. 2007. ERRgamma directs and maintains 

the transition to oxidative metabolism in the postnatal heart. Cell Metab, 6, 13-24. 

ALAYNICK, W. A., WAY, J. M., WILSON, S. A., BENSON, W. G., PEI, L., DOWNES, M., YU, R., 

JONKER, J. W., HOLT, J. A., RAJPAL, D. K., LI, H., STUART, J., MCPHERSON, R., REMLINGER, K. S., 

CHANG, C. Y., MCDONNELL, D. P., EVANS, R. M. & BILLIN, A. N. 2010. ERRgamma regulates 

cardiac, gastric, and renal potassium homeostasis. Mol Endocrinol, 24, 299-309. 

ALSAT, E., WYPLOSZ, P., MALASSINE, A., GUIBOURDENCHE, J., PORQUET, D., NESSMANN, C. & 

EVAIN-BRION, D. 1996. Hypoxia impairs cell fusion and differentiation process in human 

cytotrophoblast, in vitro. J Cell Physiol, 168, 346-53. 

AMAT, R., PLANAVILA, A., CHEN, S. L., IGLESIAS, R., GIRALT, M. & VILLARROYA, F. 2009. SIRT1 

controls the transcription of the peroxisome proliferator-activated receptor-gamma Co-

activator-1alpha (PGC-1alpha) gene in skeletal muscle through the PGC-1alpha autoregulatory 

loop and interaction with MyoD. J Biol Chem, 284, 21872-80. 

ANELLI, G. M., MANDO, C., LETIZIA, T., MAZZOCCO, M. I., NOVIELLI, C., LISSO, F., PERSONENI, 

C., VAGO, T. & CETIN, I. 2019. Placental ESRRG-CYP19A1 Expressions and Circulating 17-Beta 

Estradiol in IUGR Pregnancies. Front Pediatr, 7, 154. 

ANTON, L., OLARERIN-GEORGE, A. O., SCHWARTZ, N., SRINIVAS, S., BASTEK, J., HOGENESCH, J. 

B. & ELOVITZ, M. A. 2013. miR-210 inhibits trophoblast invasion and is a serum biomarker for 

preeclampsia. Am J Pathol, 183, 1437-1445. 

ARANY, Z., FOO, S. Y., MA, Y., RUAS, J. L., BOMMI-REDDY, A., GIRNUN, G., COOPER, M., LAZNIK, 

D., CHINSOMBOON, J., RANGWALA, S. M., BAEK, K. H., ROSENZWEIG, A. & SPIEGELMAN, B. M. 

2008. HIF-independent regulation of VEGF and angiogenesis by the transcriptional coactivator 

PGC-1alpha. Nature, 451, 1008-12. 



 

 214 

ARROYO, J. A. & WINN, V. D. 2008. Vasculogenesis and angiogenesis in the IUGR placenta. 

Semin Perinatol, 32, 172-7. 

ARUL NAMBI RAJAN, K., KHATER, M., SONCIN, F., PIZZO, D., MORETTO-ZITA, M., PHAM, J., 

STUS, O., IYER, P., TACHE, V., LAURENT, L. C. & PARAST, M. M. 2018. Sirtuin1 is required for 

proper trophoblast differentiation and placental development in mice. Placenta, 62, 1-8. 

ASANO, S., TUNE, J. D. & DICK, G. M. 2010. Bisphenol A activates Maxi-K (K(Ca)1.1) channels 

in coronary smooth muscle. Br J Pharmacol, 160, 160-70. 

ATAMER, Y., KOCYIGIT, Y., YOKUS, B., ATAMER, A. & ERDEN, A. C. 2005. Lipid peroxidation, 

antioxidant defense, status of trace metals and leptin levels in preeclampsia. Eur J Obstet 

Gynecol Reprod Biol, 119, 60-6. 

AUDETTE, M. C., GREENWOOD, S. L., SIBLEY, C. P., JONES, C. J., CHALLIS, J. R., MATTHEWS, S. 

G. & JONES, R. L. 2010. Dexamethasone stimulates placental system A transport and 

trophoblast differentiation in term villous explants. Placenta, 31, 97-105. 

AVISSAR-WHITING, M., VEIGA, K. R., UHL, K. M., MACCANI, M. A., GAGNE, L. A., MOEN, E. L. & 

MARSIT, C. J. 2010. Bisphenol A exposure leads to specific microRNA alterations in placental 

cells. Reprod Toxicol, 29, 401-6. 

BAEK, D., VILLEN, J., SHIN, C., CAMARGO, F. D., GYGI, S. P. & BARTEL, D. P. 2008. The impact 

of microRNAs on protein output. Nature, 455, 64-71. 

BAKER, B., LUI, S., LORNE, I., HEAZELL, A., FORBES, K. & JONES, R. 2021. Sexually dimorphic 

patterns in maternal circulating microRNAs in pregnancies complicated by fetal growth 

restriction. Biology of Sex Differences, In press. 

BAKER, B. C., MACKIE, F. L., LEAN, S. C., GREENWOOD, S. L., HEAZELL, A. E. P., FORBES, K. & 

JONES, R. L. 2017. Placental dysfunction is associated with altered microRNA expression in 

pregnant women with low folate status. Mol Nutr Food Res, 61. 

BANKHEAD, P., LOUGHREY, M. B., FERNANDEZ, J. A., DOMBROWSKI, Y., MCART, D. G., DUNNE, 

P. D., MCQUAID, S., GRAY, R. T., MURRAY, L. J., COLEMAN, H. G., JAMES, J. A., SALTO-TELLEZ, 

M. & HAMILTON, P. W. 2017. QuPath: Open source software for digital pathology image 

analysis. Sci Rep, 7, 16878. 

BANSAL, A., ROBLES-MATOS, N., WANG, P. Z., CONDON, D. E., JOSHI, A. & PINNEY, S. E. 2020. 

In utero Bisphenol A Exposure Is Linked with Sex Specific Changes in the Transcriptome and 

Methylome of Human Amniocytes. J Clin Endocrinol Metab, 105. 

BARKER, D. J. 1992. Fetal growth and adult disease. Br J Obstet Gynaecol, 99, 275-6. 

BARTEL, D. P. 2004. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell, 116, 

281-97. 



 

 215 

BASAK, S., SRINIVAS, V. & DUTTAROY, A. K. 2018. Bisphenol-A impairs cellular function and 

alters DNA methylation of stress pathway genes in first trimester trophoblast cells. Reprod 

Toxicol, 82, 72-79. 

BASCHAT, A. A. 2011. Neurodevelopment following fetal growth restriction and its 

relationship with antepartum parameters of placental dysfunction. Ultrasound Obstet Gynecol, 

37, 501-14. 

BEARDS, F., JONES, L. E., CHARNOCK, J., FORBES, K. & HARRIS, L. K. 2017. Placental Homing 

Peptide-microRNA Inhibitor Conjugates for Targeted Enhancement of Intrinsic Placental 

Growth Signaling. Theranostics, 7, 2940-2955. 

BELCHER, S. M., GEAR, R. B. & KENDIG, E. L. 2015. Bisphenol A alters autonomic tone and 

extracellular matrix structure and induces sex-specific effects on cardiovascular function in 

male and female CD-1 mice. Endocrinology, 156, 882-95. 

BENACHOUR, N. & ARIS, A. 2009. Toxic effects of low doses of Bisphenol-A on human placental 

cells. Toxicol Appl Pharmacol, 241, 322-8. 

BENEDIKTSSON, R., LINDSAY, R. S., NOBLE, J., SECKL, J. R. & EDWARDS, C. R. 1993. 

Glucocorticoid exposure in utero: new model for adult hypertension. Lancet, 341, 339-41. 

BERNSTEIN, I. M., HORBAR, J. D., BADGER, G. J., OHLSSON, A. & GOLAN, A. 2000. Morbidity 

and mortality among very-low-birth-weight neonates with intrauterine growth restriction. 

The Vermont Oxford Network. Am J Obstet Gynecol, 182, 198-206. 

BERSINGER, N. A. & ODEGARD, R. A. 2005. Serum levels of macrophage colony stimulating, 

vascular endothelial, and placenta growth factor in relation to later clinical onset of pre-

eclampsia and a small-for-gestational age birth. Am J Reprod Immunol, 54, 77-83. 

BIRI, A., BOZKURT, N., TURP, A., KAVUTCU, M., HIMMETOGLU, O. & DURAK, I. 2007. Role of 

oxidative stress in intrauterine growth restriction. Gynecol Obstet Invest, 64, 187-92. 

BJORNSTROM, L. & SJOBERG, M. 2005. Mechanisms of estrogen receptor signaling: 

convergence of genomic and nongenomic actions on target genes. Mol Endocrinol, 19, 833-

42. 

BOMBAIL, V., GIBSON, D. A., COLLINS, F., MACPHERSON, S., CRITCHLEY, H. O. & SAUNDERS, P. 

T. 2010. A Role for the orphan nuclear receptor estrogen-related receptor alpha in 

endometrial stromal cell decidualization and expression of genes implicated in energy 

metabolism. J Clin Endocrinol Metab, 95, E224-8. 

BONDUELLE, M. L., DODD, R., LIEBAERS, I., VAN STEIRTEGHEM, A., WILLIAMSON, R. & 

AKHURST, R. 1988. Chorionic gonadotrophin-beta mRNA, a trophoblast marker, is expressed 

in human 8-cell embryos derived from tripronucleate zygotes. Hum Reprod, 3, 909-14. 



 

 216 

BOUSKINE, A., NEBOUT, M., BRUCKER-DAVIS, F., BENAHMED, M. & FENICHEL, P. 2009. Low 

doses of bisphenol A promote human seminoma cell proliferation by activating PKA and PKG 

via a membrane G-protein-coupled estrogen receptor. Environ Health Perspect, 117, 1053-8. 

BRIENO-ENRIQUEZ, M. A., REIG-VIADER, R., CABERO, L., TORAN, N., MARTINEZ, F., ROIG, I. & 

GARCIA CALDES, M. 2012. Gene expression is altered after bisphenol A exposure in human 

fetal oocytes in vitro. Mol Hum Reprod, 18, 171-83. 

BROWN, M. A., MAGEE, L. A., KENNY, L. C., KARUMANCHI, S. A., MCCARTHY, F. P., SAITO, S., 

HALL, D. R., WARREN, C. E., ADOYI, G., ISHAKU, S. & INTERNATIONAL SOCIETY FOR THE STUDY 

OF HYPERTENSION IN, P. 2018. The hypertensive disorders of pregnancy: ISSHP classification, 

diagnosis & management recommendations for international practice. Pregnancy Hypertens, 

13, 291-310. 

BRUNING, U., CERONE, L., NEUFELD, Z., FITZPATRICK, S. F., CHEONG, A., SCHOLZ, C. C., 

SIMPSON, D. A., LEONARD, M. O., TAMBUWALA, M. M., CUMMINS, E. P. & TAYLOR, C. T. 2011. 

MicroRNA-155 promotes resolution of hypoxia-inducible factor 1alpha activity during 

prolonged hypoxia. Mol Cell Biol, 31, 4087-96. 

BUCKLEY, D. B. & KLAASSEN, C. D. 2007. Tissue- and gender-specific mRNA expression of UDP-

glucuronosyltransferases (UGTs) in mice. Drug Metab Dispos, 35, 121-7. 

BUCKLEY, D. B. & KLAASSEN, C. D. 2009. Mechanism of gender-divergent UDP-

glucuronosyltransferase mRNA expression in mouse liver and kidney. Drug Metab Dispos, 37, 

834-40. 

BUKOVSKY, A., CEKANOVA, M., CAUDLE, M. R., WIMALASENA, J., FOSTER, J. S., HENLEY, D. C. 

& ELDER, R. F. 2003. Expression and localization of estrogen receptor-alpha protein in normal 

and abnormal term placentae and stimulation of trophoblast differentiation by estradiol. 

Reprod Biol Endocrinol, 1, 13. 

BURTON, G. J., CHARNOCK-JONES, D. S. & JAUNIAUX, E. 2009. Regulation of vascular growth 

and function in the human placenta. Reproduction, 138, 895-902. 

BURTON, G. J. & JAUNIAUX, E. 2018. Pathophysiology of placental-derived fetal growth 

restriction. Am J Obstet Gynecol, 218, S745-S761. 

CALAFAT, A. M., YE, X., WONG, L. Y., REIDY, J. A. & NEEDHAM, L. L. 2008. Exposure of the U.S. 

population to bisphenol A and 4-tertiary-octylphenol: 2003-2004. Environ Health Perspect, 

116, 39-44. 

CANTONWINE, D. E., FERGUSON, K. K., MUKHERJEE, B., MCELRATH, T. F. & MEEKER, J. D. 2015. 

Urinary Bisphenol A Levels during Pregnancy and Risk of Preterm Birth. Environ Health 

Perspect, 123, 895-901. 



 

 217 

CAO, J., REBULI, M. E., ROGERS, J., TODD, K. L., LEYRER, S. M., FERGUSON, S. A. & PATISAUL, 

H. B. 2013. Prenatal bisphenol A exposure alters sex-specific estrogen receptor expression in 

the neonatal rat hypothalamus and amygdala. Toxicol Sci, 133, 157-73. 

CAO, X. L., ZHANG, J., GOODYER, C. G., HAYWARD, S., COOKE, G. M. & CURRAN, I. H. 2012. 

Bisphenol A in human placental and fetal liver tissues collected from Greater Montreal area 

(Quebec) during 1998-2008. Chemosphere, 89, 505-11. 

CASTRO-PARODI, M., SZPILBARG, N., DIETRICH, V., SORDELLI, M., RECA, A., ABAN, C., MASKIN, 

B., FARINA, M. G. & DAMIANO, A. E. 2013. Oxygen tension modulates AQP9 expression in 

human placenta. Placenta, 34, 690-8. 

CASTRO-VILLEGAS, C., PEREZ-SANCHEZ, C., ESCUDERO, A., FILIPESCU, I., VERDU, M., RUIZ-

LIMON, P., AGUIRRE, M. A., JIMENEZ-GOMEZ, Y., FONT, P., RODRIGUEZ-ARIZA, A., PEINADO, J. 

R., COLLANTES-ESTEVEZ, E., GONZALEZ-CONEJERO, R., MARTINEZ, C., BARBARROJA, N. & 

LOPEZ-PEDRERA, C. 2015. Circulating miRNAs as potential biomarkers of therapy effectiveness 

in rheumatoid arthritis patients treated with anti-TNFalpha. Arthritis Res Ther, 17, 49. 

CAVADAS, M. A., MESNIERES, M., CRIFO, B., MANRESA, M. C., SELFRIDGE, A. C., SCHOLZ, C. C., 

CUMMINS, E. P., CHEONG, A. & TAYLOR, C. T. 2015. REST mediates resolution of HIF-

dependent gene expression in prolonged hypoxia. Sci Rep, 5, 17851. 

CHAMBOREDON, S., CIAIS, D., DESROCHES-CASTAN, A., SAVI, P., BONO, F., FEIGE, J. J. & 

CHERRADI, N. 2011. Hypoxia-inducible factor-1alpha mRNA: a new target for destabilization 

by tristetraprolin in endothelial cells. Mol Biol Cell, 22, 3366-78. 

CHANG, W. L., WANG, H., CUI, L., PENG, N. N., FAN, X., XUE, L. Q. & YANG, Q. 2016. PLAC1 is 

involved in human trophoblast syncytialization. Reprod Biol, 16, 218-224. 

CHAO, E. Y., COLLINS, J. L., GAILLARD, S., MILLER, A. B., WANG, L., ORBAND-MILLER, L. A., 

NOLTE, R. T., MCDONNELL, D. P., WILLSON, T. M. & ZUERCHER, W. J. 2006. Structure-guided 

synthesis of tamoxifen analogs with improved selectivity for the orphan ERRgamma. Bioorg 

Med Chem Lett, 16, 821-4. 

CHENG, X., DU, J., SHEN, L., TAN, Z., JIANG, D., JIANG, A., LI, Q., TANG, G., JIANG, Y., WANG, J., 

LI, X., ZHANG, S. & ZHU, L. 2018. MiR-204-5p regulates C2C12 myoblast differentiation by 

targeting MEF2C and ERRgamma. Biomed Pharmacother, 101, 528-535. 

CHOI, S. Y., YUN, J., LEE, O. J., HAN, H. S., YEO, M. K., LEE, M. A. & SUH, K. S. 2013. MicroRNA 

expression profiles in placenta with severe preeclampsia using a PNA-based microarray. 

Placenta, 34, 799-804. 

CHOU, W. C., CHEN, J. L., LIN, C. F., CHEN, Y. C., SHIH, F. C. & CHUANG, C. Y. 2011. 

Biomonitoring of bisphenol A concentrations in maternal and umbilical cord blood in regard 



 

 218 

to birth outcomes and adipokine expression: a birth cohort study in Taiwan. Environ Health, 

10, 94. 

CHU, P. W., YANG, Z. J., HUANG, H. H., CHANG, A. A., CHENG, Y. C., WU, G. J. & LAN, H. C. 2018. 

Low-dose bisphenol A activates the ERK signaling pathway and attenuates steroidogenic gene 

expression in human placental cells. Biol Reprod, 98, 250-258. 

CHUI, A., MURTHI, P., GUNATILLAKE, T., BRENNECKE, S. P., IGNJATOVIC, V., MONAGLE, P. T., 

WHITELOCK, J. M. & SAID, J. M. 2014. Altered decorin leads to disrupted endothelial cell 

function: a possible mechanism in the pathogenesis of fetal growth restriction? Placenta, 35, 

596-605. 

COLLIER, A. C., GANLEY, N. A., TINGLE, M. D., BLUMENSTEIN, M., MARVIN, K. W., PAXTON, J. 

W., MITCHELL, M. D. & KEELAN, J. A. 2002. UDP-glucuronosyltransferase activity, expression 

and cellular localization in human placenta at term. Biochem Pharmacol, 63, 409-19. 

CORCORAN, J., LACEY, H., BAKER, P. N. & WAREING, M. 2008. Altered potassium channel 

expression in the human placental vasculature of pregnancies complicated by fetal growth 

restriction. Hypertens Pregnancy, 27, 75-86. 

CORRO, C., NOVELLASDEMUNT, L. & LI, V. S. W. 2020. A brief history of organoids. Am J Physiol 

Cell Physiol, 319, C151-C165. 

CORSTEN, M. F., DENNERT, R., JOCHEMS, S., KUZNETSOVA, T., DEVAUX, Y., HOFSTRA, L., 

WAGNER, D. R., STAESSEN, J. A., HEYMANS, S. & SCHROEN, B. 2010. Circulating MicroRNA-

208b and MicroRNA-499 reflect myocardial damage in cardiovascular disease. Circ Cardiovasc 

Genet, 3, 499-506. 

COSTA, M. A. 2016. The endocrine function of human placenta: an overview. Reprod Biomed 

Online, 32, 14-43. 

CRISPI, F., BIJNENS, B., FIGUERAS, F., BARTRONS, J., EIXARCH, E., LE NOBLE, F., AHMED, A. & 

GRATACOS, E. 2010. Fetal growth restriction results in remodeled and less efficient hearts in 

children. Circulation, 121, 2427-36. 

CRISPI, F., MIRANDA, J. & GRATACOS, E. 2018. Long-term cardiovascular consequences of fetal 

growth restriction: biology, clinical implications, and opportunities for prevention of adult 

disease. Am J Obstet Gynecol, 218, S869-S879. 

CROCKER, I. P., TANSINDA, D. M., JONES, C. J. & BAKER, P. N. 2004. The influence of oxygen 

and tumor necrosis factor-alpha on the cellular kinetics of term placental villous explants in 

culture. J Histochem Cytochem, 52, 749-57. 

CUFFE, J. S., WALTON, S. L., SINGH, R. R., SPIERS, J. G., BIELEFELDT-OHMANN, H., WILKINSON, 

L., LITTLE, M. H. & MORITZ, K. M. 2014. Mid- to late term hypoxia in the mouse alters placental 



 

 219 

morphology, glucocorticoid regulatory pathways and nutrient transporters in a sex-specific 

manner. J Physiol, 592, 3127-41. 

CUI, C., LI, Y. & LIU, Y. 2019. Down-regulation of miR-377 suppresses high glucose and hypoxia-

induced angiogenesis and inflammation in human retinal endothelial cells by direct up-

regulation of target gene SIRT1. Hum Cell, 32, 260-274. 

CURTIS, S., JONES, C. J., GARROD, A., HULME, C. H. & HEAZELL, A. E. 2013. Identification of 

autophagic vacuoles and regulators of autophagy in villous trophoblast from normal term 

pregnancies and in fetal growth restriction. J Matern Fetal Neonatal Med, 26, 339-46. 

DE FELICE, B., MANFELLOTTO, F., PALUMBO, A., TROISI, J., ZULLO, F., DI CARLO, C., DI SPIEZIO 

SARDO, A., DE STEFANO, N., FERBO, U., GUIDA, M. & GUIDA, M. 2015. Genome-wide 

microRNA expression profiling in placentas from pregnant women exposed to BPA. BMC Med 

Genomics, 8, 56. 

DEBENEDICTIS, B., GUAN, H. & YANG, K. 2016. Prenatal Exposure to Bisphenol A Disrupts 

Mouse Fetal Liver Maturation in a Sex-Specific Manner. J Cell Biochem, 117, 344-50. 

DEBLOIS, G., HALL, J. A., PERRY, M. C., LAGANIERE, J., GHAHREMANI, M., PARK, M., HALLETT, 

M. & GIGUERE, V. 2009. Genome-wide identification of direct target genes implicates 

estrogen-related receptor alpha as a determinant of breast cancer heterogeneity. Cancer Res, 

69, 6149-57. 

DEVOR, E. J., SANTILLAN, D. A., WARRIER, A., SCROGGINS, S. M. & SANTILLAN, M. K. 2021. 

Placenta-specific protein 1 (PLAC1) expression is significantly down-regulated in preeclampsia 

via a hypoxia-mediated mechanism. J Matern Fetal Neonatal Med, 1-7. 

DIAMANT, Y. Z., MAYOREK, N., NEUMANN, S. & SHAFRIR, E. 1975. Enzymes of glucose and 

fatty acid metabolism in early and term human placenta. Am J Obstet Gynecol, 121, 58-61. 

DIAZ, P., SIBLEY, C. P. & GREENWOOD, S. L. 2016. Oxygen-Sensitive K+ Channels Modulate 

Human Chorionic Gonadotropin Secretion from Human Placental Trophoblast. PLoS One, 11, 

e0149021. 

DO, J. Y., CHOI, Y. K., KOOK, H., SUK, K., LEE, I. K. & PARK, D. H. 2015. Retinal hypoxia induces 

vascular endothelial growth factor through induction of estrogen-related receptor gamma. 

Biochem Biophys Res Commun, 460, 457-63. 

DUFOUR, C. R., WILSON, B. J., HUSS, J. M., KELLY, D. P., ALAYNICK, W. A., DOWNES, M., EVANS, 

R. M., BLANCHETTE, M. & GIGUERE, V. 2007. Genome-wide orchestration of cardiac functions 

by the orphan nuclear receptors ERRalpha and gamma. Cell Metab, 5, 345-56. 



 

 220 

ECKSTRUM, K. S., WEIS, K. E., BAUR, N. G., YOSHIHARA, Y. & RAETZMAN, L. T. 2016. Icam5 

Expression Exhibits Sex Differences in the Neonatal Pituitary and Is Regulated by Estradiol and 

Bisphenol A. Endocrinology, 157, 1408-20. 

EICHNER, L. J., PERRY, M. C., DUFOUR, C. R., BERTOS, N., PARK, M., ST-PIERRE, J. & GIGUERE, 

V. 2010. miR-378( *) mediates metabolic shift in breast cancer cells via the PGC-

1beta/ERRgamma transcriptional pathway. Cell Metab, 12, 352-361. 

ESTERMAN, A., FINLAY, T. H. & DANCIS, J. 1996. The effect of hypoxia on term trophoblast: 

hormone synthesis and release. Placenta, 17, 217-22. 

FAN, W., HE, N., LIN, C. S., WEI, Z., HAH, N., WAIZENEGGER, W., HE, M. X., LIDDLE, C., YU, R. T., 

ATKINS, A. R., DOWNES, M. & EVANS, R. M. 2018. ERRgamma Promotes Angiogenesis, 

Mitochondrial Biogenesis, and Oxidative Remodeling in PGC1alpha/beta-Deficient Muscle. 

Cell Rep, 22, 2521-2529. 

FARAHANI, M., REZAEI-TAVIRANI, M. & ARJMAND, B. 2021. A systematic review of microRNA 

expression studies with exposure to bisphenol A. J Appl Toxicol, 41, 4-19. 

FARROKHNIA, F., APLIN, J. D., WESTWOOD, M. & FORBES, K. 2014. MicroRNA regulation of 

mitogenic signaling networks in the human placenta. J Biol Chem, 289, 30404-30416. 

FIRE, A., XU, S., MONTGOMERY, M. K., KOSTAS, S. A., DRIVER, S. E. & MELLO, C. C. 1998. Potent 

and specific genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature, 

391, 806-11. 

FORBES, K., DESFORGES, M., GARSIDE, R., APLIN, J. D. & WESTWOOD, M. 2009. Methods for 

siRNA-mediated reduction of mRNA and protein expression in human placental explants, 

isolated primary cells and cell lines. Placenta, 30, 124-9. 

FORBES, K., FARROKHNIA, F., APLIN, J. D. & WESTWOOD, M. 2012. Dicer-dependent miRNAs 

provide an endogenous restraint on cytotrophoblast proliferation. Placenta, 33, 581-5. 

FORBES, K. & WESTWOOD, M. 2008. The IGF axis and placental function. a mini review. Horm 

Res, 69, 129-37. 

FORBES, K., WESTWOOD, M., BAKER, P. N. & APLIN, J. D. 2008. Insulin-like growth factor I and 

II regulate the life cycle of trophoblast in the developing human placenta. Am J Physiol Cell 

Physiol, 294, C1313-22. 

FOURNET-DULGUEROV, N., MACLUSKY, N. J., LERANTH, C. Z., TODD, R., MENDELSON, C. R., 

SIMPSON, E. R. & NAFTOLIN, F. 1987. Immunohistochemical localization of aromatase 

cytochrome P-450 and estradiol dehydrogenase in the syncytiotrophoblast of the human 

placenta. J Clin Endocrinol Metab, 65, 757-64. 



 

 221 

FOX, N. S. & CHASEN, S. T. 2009. First trimester pregnancy associated plasma protein-A as a 

marker for poor pregnancy outcome in patients with early-onset fetal growth restriction. 

Prenat Diagn, 29, 1244-8. 

FRANCOIS, L. N., GORCZYCA, L., DU, J., BIRCSAK, K. M., YEN, E., WEN, X., TU, M. J., YU, A. M., 

ILLSLEY, N. P., ZAMUDIO, S. & ALEKSUNES, L. M. 2017. Down-regulation of the placental 

BCRP/ABCG2 transporter in response to hypoxia signaling. Placenta, 51, 57-63. 

FRIEDMAN, R. C., FARH, K. K., BURGE, C. B. & BARTEL, D. P. 2009. Most mammalian mRNAs 

are conserved targets of microRNAs. Genome Res, 19, 92-105. 

GAN, Z., RUMSEY, J., HAZEN, B. C., LAI, L., LEONE, T. C., VEGA, R. B., XIE, H., CONLEY, K. E., 

AUWERX, J., SMITH, S. R., OLSON, E. N., KRALLI, A. & KELLY, D. P. 2013. Nuclear 

receptor/microRNA circuitry links muscle fiber type to energy metabolism. J Clin Invest, 123, 

2564-75. 

GAO, T., DENG, M. & WANG, Q. 2018. MiRNA-320a inhibits trophoblast cell invasion by 

targeting estrogen-related receptor-gamma. J Obstet Gynaecol Res, 44, 756-763. 

GARDNER, M. O., GOLDENBERG, R. L., CLIVER, S. P., BOOTS, L. R. & HOFFMAN, H. J. 1997. 

Maternal serum concentrations of human placental lactogen, estradiol and pregnancy specific 

beta 1-glycoprotein and fetal growth retardation. Acta Obstet Gynecol Scand Suppl, 165, 56-

8. 

GARDOSI, J., FRANCIS, A., TURNER, S. & WILLIAMS, M. 2018. Customized growth charts: 

rationale, validation and clinical benefits. Am J Obstet Gynecol, 218, S609-S618. 

GARDOSI, J., KADY, S. M., MCGEOWN, P., FRANCIS, A. & TONKS, A. 2005. Classification of 

stillbirth by relevant condition at death (ReCoDe): population based cohort study. BMJ, 331, 

1113-7. 

GARDOSI, J., MADURASINGHE, V., WILLIAMS, M., MALIK, A. & FRANCIS, A. 2013. Maternal and 

fetal risk factors for stillbirth: population based study. BMJ, 346, f108. 

GARDOSI, J., MUL, T., MONGELLI, M. & FAGAN, D. 1998. Analysis of birthweight and 

gestational age in antepartum stillbirths. Br J Obstet Gynaecol, 105, 524-30. 

GENBACEV, O., JOSLIN, R., DAMSKY, C. H., POLLIOTTI, B. M. & FISHER, S. J. 1996. Hypoxia alters 

early gestation human cytotrophoblast differentiation/invasion in vitro and models the 

placental defects that occur in preeclampsia. J Clin Invest, 97, 540-50. 

GERHART-HINES, Z., RODGERS, J. T., BARE, O., LERIN, C., KIM, S. H., MOSTOSLAVSKY, R., ALT, 

F. W., WU, Z. & PUIGSERVER, P. 2007. Metabolic control of muscle mitochondrial function and 

fatty acid oxidation through SIRT1/PGC-1alpha. EMBO J, 26, 1913-23. 

GIGUERE, V. 1999. Orphan nuclear receptors: from gene to function. Endocr Rev, 20, 689-725. 



 

 222 

GIGUERE, V. 2008. Transcriptional control of energy homeostasis by the estrogen-related 

receptors. Endocr Rev, 29, 677-96. 

GIGUERE, V., YANG, N., SEGUI, P. & EVANS, R. M. 1988. Identification of a new class of steroid 

hormone receptors. Nature, 331, 91-4. 

GORDIJN, S. J., BEUNE, I. M., THILAGANATHAN, B., PAPAGEORGHIOU, A., BASCHAT, A. A., 

BAKER, P. N., SILVER, R. M., WYNIA, K. & GANZEVOORT, W. 2016. Consensus definition of fetal 

growth restriction: a Delphi procedure. Ultrasound Obstet Gynecol, 48, 333-9. 

GOURVAS, V., DALPA, E., KONSTANTINIDOU, A., VRACHNIS, N., SPANDIDOS, D. A. & SIFAKIS, S. 

2012. Angiogenic factors in placentas from pregnancies complicated by fetal growth 

restriction (review). Mol Med Rep, 6, 23-7. 

GRESCHIK, H., WURTZ, J. M., SANGLIER, S., BOURGUET, W., VAN DORSSELAER, A., MORAS, D. 

& RENAUD, J. P. 2002. Structural and functional evidence for ligand-independent 

transcriptional activation by the estrogen-related receptor 3. Mol Cell, 9, 303-13. 

GRIMSON, A., FARH, K. K., JOHNSTON, W. K., GARRETT-ENGELE, P., LIM, L. P. & BARTEL, D. P. 

2007. MicroRNA targeting specificity in mammals: determinants beyond seed pairing. Mol Cell, 

27, 91-105. 

HAMMOND, S. M., BERNSTEIN, E., BEACH, D. & HANNON, G. J. 2000. An RNA-directed 

nuclease mediates post-transcriptional gene silencing in Drosophila cells. Nature, 404, 293-6. 

HAN, S., KIM, D., SHIVAKUMAR, M., LEE, Y. J., GARG, T., MILLER, J. E., KIM, J. H., KIM, D. & LEE, 

Y. 2018. The effects of alternative splicing on miRNA binding sites in bladder cancer. PLoS One, 

13, e0190708. 

HARDY, D. B. & YANG, K. 2002. The expression of 11 beta-hydroxysteroid dehydrogenase type 

2 is induced during trophoblast differentiation: effects of hypoxia. J Clin Endocrinol Metab, 87, 

3696-701. 

HARRIS, L. K., PANTHAM, P., YONG, H. E. J., PRATT, A., BORG, A. J., CROCKER, I., WESTWOOD, 

M., APLIN, J., KALIONIS, B. & MURTHI, P. 2019. The role of insulin-like growth factor 2 receptor-

mediated homeobox gene expression in human placental apoptosis, and its implications in 

idiopathic fetal growth restriction. Mol Hum Reprod, 25, 572-585. 

HE, Y., MIAO, M., HERRINTON, L. J., WU, C., YUAN, W., ZHOU, Z. & LI, D. K. 2009. Bisphenol A 

levels in blood and urine in a Chinese population and the personal factors affecting the levels. 

Environ Res, 109, 629-33. 

HEARD, D. J., NORBY, P. L., HOLLOWAY, J. & VISSING, H. 2000. Human ERRgamma, a third 

member of the estrogen receptor-related receptor (ERR) subfamily of orphan nuclear 



 

 223 

receptors: tissue-specific isoforms are expressed during development and in the adult. Mol 

Endocrinol, 14, 382-92. 

HEAZELL, A. E., LACEY, H. A., JONES, C. J., HUPPERTZ, B., BAKER, P. N. & CROCKER, I. P. 2008. 

Effects of oxygen on cell turnover and expression of regulators of apoptosis in human 

placental trophoblast. Placenta, 29, 175-86. 

HEAZELL, A. E., MOLL, S. J., JONES, C. J., BAKER, P. N. & CROCKER, I. P. 2007. Formation of 

syncytial knots is increased by hyperoxia, hypoxia and reactive oxygen species. Placenta, 28 

Suppl A, S33-40. 

HEAZELL, A. E., SHARP, A. N., BAKER, P. N. & CROCKER, I. P. 2011. Intra-uterine growth 

restriction is associated with increased apoptosis and altered expression of proteins in the p53 

pathway in villous trophoblast. Apoptosis, 16, 135-44. 

HEINIGER, C. D., KOSTADINOVA, R. M., ROCHAT, M. K., SERRA, A., FERRARI, P., DICK, B., FREY, 

B. M. & FREY, F. J. 2003. Hypoxia causes down-regulation of 11 beta-hydroxysteroid 

dehydrogenase type 2 by induction of Egr-1. FASEB J, 17, 917-9. 

HELIES-TOUSSAINT, C., PEYRE, L., COSTANZO, C., CHAGNON, M. C. & RAHMANI, R. 2014. Is 

bisphenol S a safe substitute for bisphenol A in terms of metabolic function? An in vitro study. 

Toxicol Appl Pharmacol, 280, 224-35. 

HITSCHOLD, T., WEISS, E., BECK, T., HUNTERFERING, H. & BERLE, P. 1993. Low target birth 

weight or growth retardation? Umbilical Doppler flow velocity waveforms and histometric 

analysis of fetoplacental vascular tree. Am J Obstet Gynecol, 168, 1260-4. 

HOMAN, A., GUAN, H., HARDY, D. B., GRATTON, R. J. & YANG, K. 2006. Hypoxia blocks 11beta-

hydroxysteroid dehydrogenase type 2 induction in human trophoblast cells during 

differentiation by a time-dependent mechanism that involves both translation and 

transcription. Placenta, 27, 832-40. 

HROMADNIKOVA, I., KOTLABOVA, K., HYMPANOVA, L. & KROFTA, L. 2015a. Cardiovascular 

and Cerebrovascular Disease Associated microRNAs Are Dysregulated in Placental Tissues 

Affected with Gestational Hypertension, Preeclampsia and Intrauterine Growth Restriction. 

PLoS One, 10, e0138383. 

HROMADNIKOVA, I., KOTLABOVA, K., IVANKOVA, K., VEDMETSKAYA, Y. & KROFTA, L. 2017. 

Profiling of cardiovascular and cerebrovascular disease associated microRNA expression in 

umbilical cord blood in gestational hypertension, preeclampsia and fetal growth restriction. 

Int J Cardiol, 249, 402-409. 



 

 224 

HROMADNIKOVA, I., KOTLABOVA, K., ONDRACKOVA, M., PIRKOVA, P., KESTLEROVA, A., 

NOVOTNA, V., HYMPANOVA, L. & KROFTA, L. 2015b. Expression profile of C19MC microRNAs 

in placental tissue in pregnancy-related complications. DNA Cell Biol, 34, 437-57. 

HUANG, H. & LEUNG, L. K. 2009. Bisphenol A downregulates CYP19 transcription in JEG-3 cells. 

Toxicol Lett, 189, 248-52. 

HUANG, L., SHEN, Z., XU, Q., HUANG, X., CHEN, Q. & LI, D. 2013. Increased levels of microRNA-

424 are associated with the pathogenesis of fetal growth restriction. Placenta, 34, 624-7. 

HUANG, Q., DING, J., GONG, M., WEI, M., ZHAO, Q. & YANG, J. 2019a. Effect of miR-30e 

regulating NK cell activities on immune tolerance of maternal-fetal interface by targeting PRF1. 

Biomed Pharmacother, 109, 1478-1487. 

HUANG, X., HAN, X., HUANG, Z., YU, M., ZHANG, Y., FAN, Y., XU, B., ZHOU, K., SONG, L., WANG, 

X., LU, C. & XIA, Y. 2019b. Maternal pentachlorophenol exposure induces developmental 

toxicity mediated by autophagy on pregnancy mice. Ecotoxicol Environ Saf, 169, 829-836. 

HUNG, T. H. & BURTON, G. J. 2006. Hypoxia and reoxygenation: a possible mechanism for 

placental oxidative stress in preeclampsia. Taiwan J Obstet Gynecol, 45, 189-200. 

HUO, W., XIA, W., WAN, Y., ZHANG, B., ZHOU, A., ZHANG, Y., HUANG, K., ZHU, Y., WU, C., PENG, 

Y., JIANG, M., HU, J., CHANG, H., XU, B., LI, Y. & XU, S. 2015. Maternal urinary bisphenol A 

levels and infant low birth weight: A nested case-control study of the Health Baby Cohort in 

China. Environ Int, 85, 96-103. 

HUPPERTZ, B. 2011. Trophoblast differentiation, fetal growth restriction and preeclampsia. 

Pregnancy Hypertens, 1, 79-86. 

HUPPUNEN, J. & AARNISALO, P. 2004. Dimerization modulates the activity of the orphan 

nuclear receptor ERRgamma. Biochem Biophys Res Commun, 314, 964-70. 

HUSS, J. M., KOPP, R. P. & KELLY, D. P. 2002. Peroxisome proliferator-activated receptor 

coactivator-1alpha (PGC-1alpha) coactivates the cardiac-enriched nuclear receptors estrogen-

related receptor-alpha and -gamma. Identification of novel leucine-rich interaction motif 

within PGC-1alpha. J Biol Chem, 277, 40265-74. 

IKEZUKI, Y., TSUTSUMI, O., TAKAI, Y., KAMEI, Y. & TAKETANI, Y. 2002. Determination of 

bisphenol A concentrations in human biological fluids reveals significant early prenatal 

exposure. Hum Reprod, 17, 2839-41. 

INIGUEZ-LLUHI, J. A. & PEARCE, D. 2000. A common motif within the negative regulatory 

regions of multiple factors inhibits their transcriptional synergy. Mol Cell Biol, 20, 6040-50. 

INNO, R., KIKAS, T., LILLEPEA, K. & LAAN, M. 2021. Coordinated Expressional Landscape of the 

Human Placental miRNome and Transcriptome. Front Cell Dev Biol, 9, 697947. 



 

 225 

ISHIBASHI, O., OHKUCHI, A., ALI, M. M., KURASHINA, R., LUO, S. S., ISHIKAWA, T., TAKIZAWA, 

T., HIRASHIMA, C., TAKAHASHI, K., MIGITA, M., ISHIKAWA, G., YONEYAMA, K., ASAKURA, H., 

IZUMI, A., MATSUBARA, S., TAKESHITA, T. & TAKIZAWA, T. 2012. Hydroxysteroid (17-beta) 

dehydrogenase 1 is dysregulated by miR-210 and miR-518c that are aberrantly expressed in 

preeclamptic placentas: a novel marker for predicting preeclampsia. Hypertension, 59, 265-

73. 

JACKMAN, S. M., KONG, X. & FANT, M. E. 2012. Plac1 (placenta-specific 1) is essential for 

normal placental and embryonic development. Molecular Reproduction and Development, 79, 

564-572. 

JACKSON, M. R., WALSH, A. J., MORROW, R. J., MULLEN, J. B., LYE, S. J. & RITCHIE, J. W. 1995. 

Reduced placental villous tree elaboration in small-for-gestational-age pregnancies: 

relationship with umbilical artery Doppler waveforms. Am J Obstet Gynecol, 172, 518-25. 

JAYASURIYA, N. A., HUGHES, A. E., SOVIO, U., COOK, E., CHARNOCK-JONES, D. S. & SMITH, G. 

C. S. 2019. A Lower Maternal Cortisol-to-Cortisone Ratio Precedes Clinical Diagnosis of 

Preterm and Term Preeclampsia by Many Weeks. J Clin Endocrinol Metab, 104, 2355-2366. 

JIN, H. & AUDUS, K. L. 2005. Effect of bisphenol A on drug efflux in BeWo, a human 

trophoblast-like cell line. Placenta, 26 Suppl A, S96-S103. 

JING, J., PU, Y., GINGRICH, J. & VEIGA-LOPEZ, A. 2019. Gestational Exposure to Bisphenol A 

and Bisphenol S Leads to Fetal Skeletal Muscle Hypertrophy Independent of Sex. Toxicol Sci, 

172, 292-302. 

JOHNSTON, S. D., LIU, X., ZUO, F., EISENBRAUN, T. L., WILEY, S. R., KRAUS, R. J. & MERTZ, J. E. 

1997. Estrogen-related receptor alpha 1 functionally binds as a monomer to extended half-

site sequences including ones contained within estrogen-response elements. Mol Endocrinol, 

11, 342-52. 

JONES, C. J. & FOX, H. 1991. Ultrastructure of the normal human placenta. Electron Microsc 

Rev, 4, 129-78. 

KALLEN, J., SCHLAEPPI, J. M., BITSCH, F., FILIPUZZI, I., SCHILB, A., RIOU, V., GRAHAM, A., 

STRAUSS, A., GEISER, M. & FOURNIER, B. 2004. Evidence for ligand-independent 

transcriptional activation of the human estrogen-related receptor alpha (ERRalpha): crystal 

structure of ERRalpha ligand binding domain in complex with peroxisome proliferator-

activated receptor coactivator-1alpha. J Biol Chem, 279, 49330-7. 

KALLOL, S., MOSER-HAESSIG, R., ONTSOUKA, C. E. & ALBRECHT, C. 2018. Comparative 

expression patterns of selected membrane transporters in differentiated BeWo and human 

primary trophoblast cells. Placenta, 72-73, 48-52. 



 

 226 

KAMARAJUGADDA, S., STEMBOROSKI, L., CAI, Q., SIMPSON, N. E., NAYAK, S., TAN, M. & LU, J. 

2012. Glucose oxidation modulates anoikis and tumor metastasis. Mol Cell Biol, 32, 1893-907. 

KAMAT, A., ALCORN, J. L., KUNCZT, C. & MENDELSON, C. R. 1998. Characterization of the 

regulatory regions of the human aromatase (P450arom) gene involved in placenta-specific 

expression. Mol Endocrinol, 12, 1764-77. 

KAMAT, A., HINSHELWOOD, M. M., MURRY, B. A. & MENDELSON, C. R. 2002. Mechanisms in 

tissue-specific regulation of estrogen biosynthesis in humans. Trends Endocrinol Metab, 13, 

122-8. 

KANG, M. H., CHOI, H., OSHIMA, M., CHEONG, J. H., KIM, S., LEE, J. H., PARK, Y. S., CHOI, H. S., 

KWEON, M. N., PACK, C. G., LEE, J. S., MILLS, G. B., MYUNG, S. J. & PARK, Y. Y. 2018. Estrogen-

related receptor gamma functions as a tumor suppressor in gastric cancer. Nat Commun, 9, 

1920. 

KAUFMANN, K. B. P. 1995. Pathology of the human placenta (third edition), New York, 

Springer-Verlag. 

KHARFI, A., BUREAU, M., GIGUERE, Y., MOUTQUIN, J. M. & FOREST, J. C. 2006. Dissociation 

between increased apoptosis and expression of the tumor necrosis factor-alpha system in 

term placental villi with preeclampsia. Clin Biochem, 39, 646-51. 

KIM, D. K., GANG, G. T., RYU, D., KOH, M., KIM, Y. N., KIM, S. S., PARK, J., KIM, Y. H., SIM, T., 

LEE, I. K., CHOI, C. S., PARK, S. B., LEE, C. H., KOO, S. H. & CHOI, H. S. 2013. Inverse agonist of 

nuclear receptor ERRgamma mediates antidiabetic effect through inhibition of hepatic 

gluconeogenesis. Diabetes, 62, 3093-102. 

KIM, D. K., RYU, D., KOH, M., LEE, M. W., LIM, D., KIM, M. J., KIM, Y. H., CHO, W. J., LEE, C. H., 

PARK, S. B., KOO, S. H. & CHOI, H. S. 2012. Orphan nuclear receptor estrogen-related receptor 

gamma (ERRgamma) is key regulator of hepatic gluconeogenesis. J Biol Chem, 287, 21628-39. 

KIM, H. J., KIM, B. K., OHK, B., YOON, H. J., KANG, W. Y., CHO, S., SEONG, S. J., LEE, H. W. & 

YOON, Y. R. 2019a. Estrogen-related receptor gamma negatively regulates osteoclastogenesis 

and protects against inflammatory bone loss. J Cell Physiol, 234, 1659-1670. 

KIM, J., SONG, J., JI, H. D., YOO, E. K., LEE, J. E., LEE, S. B., OH, J. M., LEE, S., HWANG, J. S., YOON, 

H., KIM, D. S., LEE, S. J., JEONG, M., LEE, S., KIM, K. H., CHOI, H. S., LEE, S. W., PARK, K. G., LEE, 

I. K., KIM, S. H., HWANG, H., JEON, Y. H., CHIN, J. & CHO, S. J. 2019b. Discovery of Potent, 

Selective, and Orally Bioavailable Estrogen-Related Receptor-gamma Inverse Agonists To 

Restore the Sodium Iodide Symporter Function in Anaplastic Thyroid Cancer. J Med Chem, 62, 

1837-1858. 



 

 227 

KIM, K. S., RAJAGOPAL, V., GONSALVES, C., JOHNSON, C. & KALRA, V. K. 2006. A novel role of 

hypoxia-inducible factor in cobalt chloride- and hypoxia-mediated expression of IL-8 

chemokine in human endothelial cells. J Immunol, 177, 7211-24. 

KIM, S. H., MACINTYRE, D. A., BINKHAMIS, R., COOK, J., SYKES, L., BENNETT, P. R. & TERZIDOU, 

V. 2020. Maternal plasma miRNAs as potential biomarkers for detecting risk of small-for-

gestational-age births. EBioMedicine, 62, 103145. 

KIMURA, C., WATANABE, K., IWASAKI, A., MORI, T., MATSUSHITA, H., SHINOHARA, K. & 

WAKATSUKI, A. 2013. The severity of hypoxic changes and oxidative DNA damage in the 

placenta of early-onset preeclamptic women and fetal growth restriction. J Matern Fetal 

Neonatal Med, 26, 491-6. 

KING, A., NDIFON, C., LUI, S., WIDDOWS, K., KOTAMRAJU, V. R., AGEMY, L., TEESALU, T., 

GLAZIER, J. D., CELLESI, F., TIRELLI, N., APLIN, J. D., RUOSLAHTI, E. & HARRIS, L. K. 2016. Tumor-

homing peptides as tools for targeted delivery of payloads to the placenta. Sci Adv, 2, 

e1600349. 

KINGDOM, J., HUPPERTZ, B., SEAWARD, G. & KAUFMANN, P. 2000. Development of the 

placental villous tree and its consequences for fetal growth. Eur J Obstet Gynecol Reprod Biol, 

92, 35-43. 

KLIMAN, H. J., NESTLER, J. E., SERMASI, E., SANGER, J. M. & STRAUSS, J. F., 3RD 1986. 

Purification, characterization, and in vitro differentiation of cytotrophoblasts from human 

term placentae. Endocrinology, 118, 1567-82. 

KOBAYASHI, Y., OGURO, A. & IMAOKA, S. 2018. Bisphenol A and Its Derivatives Induce 

Degradation of HIF-1alpha via the Lysosomal Pathway in Human Hepatocarcinoma Cell Line, 

Hep3B. Biol Pharm Bull, 41, 374-382. 

KOVANECZ, I., GELFAND, R., MASOUMINIA, M., GHARIB, S., SEGURA, D., VERNET, D., RAJFER, 

J., LI, D. K., KANNAN, K. & GONZALEZ-CADAVID, N. F. 2014. Oral Bisphenol A (BPA) given to 

rats at moderate doses is associated with erectile dysfunction, cavernosal lipofibrosis and 

alterations of global gene transcription. Int J Impot Res, 26, 67-75. 

KREBS, C., MACARA, L. M., LEISER, R., BOWMAN, A. W., GREER, I. A. & KINGDOM, J. C. 1996. 

Intrauterine growth restriction with absent end-diastolic flow velocity in the umbilical artery 

is associated with maldevelopment of the placental terminal villous tree. Am J Obstet Gynecol, 

175, 1534-42. 

KUBO, K., ARAI, O., OMURA, M., WATANABE, R., OGATA, R. & AOU, S. 2003. Low dose effects 

of bisphenol A on sexual differentiation of the brain and behavior in rats. Neurosci Res, 45, 

345-56. 



 

 228 

KUBO, M., IJICHI, N., IKEDA, K., HORIE-INOUE, K., TAKEDA, S. & INOUE, S. 2009. Modulation of 

adipogenesis-related gene expression by estrogen-related receptor gamma during adipocytic 

differentiation. Biochim Biophys Acta, 1789, 71-7. 

KUMAR, P. & MENDELSON, C. R. 2011. Estrogen-related receptor gamma (ERRgamma) 

mediates oxygen-dependent induction of aromatase (CYP19) gene expression during human 

trophoblast differentiation. Mol Endocrinol, 25, 1513-26. 

KUNDAKOVIC, M., GUDSNUK, K., FRANKS, B., MADRID, J., MILLER, R. L., PERERA, F. P. & 

CHAMPAGNE, F. A. 2013. Sex-specific epigenetic disruption and behavioral changes following 

low-dose in utero bisphenol A exposure. Proc Natl Acad Sci U S A, 110, 9956-61. 

LAN, X., FU, L. J., ZHANG, J., LIU, X. Q., ZHANG, H. J., ZHANG, X., MA, M. F., CHEN, X. M., HE, J. 

L., LI, L. B., WANG, Y. X. & DING, Y. B. 2017. Bisphenol A exposure promotes HTR-8/SVneo cell 

migration and impairs mouse placentation involving upregulation of integrin-beta1 and MMP-

9 and stimulation of MAPK and PI3K signaling pathways. Oncotarget, 8, 51507-51521. 

LAPPAS, M., MITTON, A., LIM, R., BARKER, G., RILEY, C. & PERMEZEL, M. 2011. SIRT1 is a novel 

regulator of key pathways of human labor. Biol Reprod, 84, 167-78. 

LEDUC, L., LEVY, E., BOUITY-VOUBOU, M. & DELVIN, E. 2010. Fetal programming of 

atherosclerosis: possible role of the mitochondria. Eur J Obstet Gynecol Reprod Biol, 149, 127-

30. 

LEE, J., CHOI, K., PARK, J., MOON, H. B., CHOI, G., LEE, J. J., SUH, E., KIM, H. J., EUN, S. H., KIM, 

G. H., CHO, G. J., KIM, S. K., KIM, S., KIM, S. Y., KIM, S., EOM, S., CHOI, S., KIM, Y. D. & KIM, S. 

2018. Bisphenol A distribution in serum, urine, placenta, breast milk, and umbilical cord serum 

in a birth panel of mother-neonate pairs. Sci Total Environ, 626, 1494-1501. 

LEE, J. H., KIM, E. J., KIM, D. K., LEE, J. M., PARK, S. B., LEE, I. K., HARRIS, R. A., LEE, M. O. & 

CHOI, H. S. 2012. Hypoxia induces PDK4 gene expression through induction of the orphan 

nuclear receptor ERRgamma. PLoS One, 7, e46324. 

LEE, J. S., ROMERO, R., HAN, Y. M., KIM, H. C., KIM, C. J., HONG, J. S. & HUH, D. 2016. Placenta-

on-a-chip: a novel platform to study the biology of the human placenta. J Matern Fetal 

Neonatal Med, 29, 1046-54. 

LEERS, M. P., KOLGEN, W., BJORKLUND, V., BERGMAN, T., TRIBBICK, G., PERSSON, B., 

BJORKLUND, P., RAMAEKERS, F. C., BJORKLUND, B., NAP, M., JORNVALL, H. & SCHUTTE, B. 

1999. Immunocytochemical detection and mapping of a cytokeratin 18 neo-epitope exposed 

during early apoptosis. J Pathol, 187, 567-72. 

LEIBIGER, I. B. & BERGGREN, P. O. 2006. Sirt1: a metabolic master switch that modulates 

lifespan. Nat Med, 12, 34-6; discussion 36. 



 

 229 

LEVY, R., SMITH, S. D., CHANDLER, K., SADOVSKY, Y. & NELSON, D. M. 2000. Apoptosis in 

human cultured trophoblasts is enhanced by hypoxia and diminished by epidermal growth 

factor. Am J Physiol Cell Physiol, 278, C982-8. 

LEVY, R., SMITH, S. D., YUSUF, K., HUETTNER, P. C., KRAUS, F. T., SADOVSKY, Y. & NELSON, D. 

M. 2002. Trophoblast apoptosis from pregnancies complicated by fetal growth restriction is 

associated with enhanced p53 expression. Am J Obstet Gynecol, 186, 1056-61. 

LEWIS, B. P., BURGE, C. B. & BARTEL, D. P. 2005. Conserved seed pairing, often flanked by 

adenosines, indicates that thousands of human genes are microRNA targets. Cell, 120, 15-20. 

LI, C. H., ZHANG, D. H., JIANG, L. D., QI, Y. & GUO, L. H. 2021. Binding and activity of bisphenol 

analogues to human peroxisome proliferator-activated receptor beta/delta. Ecotoxicol 

Environ Saf, 226, 112849. 

LI, L. T., JIANG, G., CHEN, Q. & ZHENG, J. N. 2015a. Ki67 is a promising molecular target in the 

diagnosis of cancer (review). Mol Med Rep, 11, 1566-72. 

LI, Q., KAPPIL, M. A., LI, A., DASSANAYAKE, P. S., DARRAH, T. H., FRIEDMAN, A. E., FRIEDMAN, 

M., LAMBERTINI, L., LANDRIGAN, P., STODGELL, C. J., XIA, Y., NANES, J. A., AAGAARD, K. M., 

SCHADT, E. E., MURRAY, J. C., CLARK, E. B., DOLE, N., CULHANE, J., SWANSON, J., VARNER, M., 

MOYE, J., KASTEN, C., MILLER, R. K. & CHEN, J. 2015b. Exploring the associations between 

microRNA expression profiles and environmental pollutants in human placenta from the 

National Children's Study (NCS). Epigenetics, 10, 793-802. 

LI, Q., PAN, Z., WANG, X., GAO, Z., REN, C. & YANG, W. 2014. miR-125b-1-3p inhibits 

trophoblast cell invasion by targeting sphingosine-1-phosphate receptor 1 in preeclampsia. 

Biochem Biophys Res Commun, 453, 57-63. 

LIU, D., ZHANG, Z. & TENG, C. T. 2005. Estrogen-related receptor-gamma and peroxisome 

proliferator-activated receptor-gamma coactivator-1alpha regulate estrogen-related 

receptor-alpha gene expression via a conserved multi-hormone response element. J Mol 

Endocrinol, 34, 473-87. 

LIU, R. H., MENG, Q., SHI, Y. P. & XU, H. S. 2018. Regulatory role of microRNA-320a in the 

proliferation, migration, invasion, and apoptosis of trophoblasts and endothelial cells by 

targeting estrogen-related receptor gamma. J Cell Physiol, 234, 682-691. 

LIU, X., MATSUSHIMA, A., NAKAMURA, M., COSTA, T., NOSE, T. & SHIMOHIGASHI, Y. 2012. 

Fine spatial assembly for construction of the phenol-binding pocket to capture bisphenol A in 

the human nuclear receptor estrogen-related receptor gamma. J Biochem, 151, 403-15. 

LIU, X., MATSUSHIMA, A., OKADA, H., TOKUNAGA, T., ISOZAKI, K. & SHIMOHIGASHI, Y. 2007. 

Receptor binding characteristics of the endocrine disruptor bisphenol A for the human nuclear 



 

 230 

estrogen-related receptor gamma. Chief and corroborative hydrogen bonds of the bisphenol 

A phenol-hydroxyl group with Arg316 and Glu275 residues. FEBS J, 274, 6340-51. 

LIU, X., SAKAI, H., NISHIGORI, M., SUYAMA, K., NAWAJI, T., IKEDA, S., NISHIGOUCHI, M., 

OKADA, H., MATSUSHIMA, A., NOSE, T., SHIMOHIGASHI, M. & SHIMOHIGASHI, Y. 2019. 

Receptor-binding affinities of bisphenol A and its next-generation analogs for human nuclear 

receptors. Toxicol Appl Pharmacol, 377, 114610. 

LU, M., DING, K., ZHANG, G., YIN, M., YAO, G., TIAN, H., LIAN, J., LIU, L., LIANG, M., ZHU, T. & 

SUN, F. 2015. MicroRNA-320a sensitizes tamoxifen-resistant breast cancer cells to tamoxifen 

by targeting ARPP-19 and ERRgamma. Sci Rep, 5, 8735. 

LUKASIEWICZ, M. 2020. Placenta is Capable of Protecting the Male Fetus from Exposure to 

Environmental Bisphenol A. 

LUO, C., BALSA, E., THOMAS, A., HATTING, M., JEDRYCHOWSKI, M., GYGI, S. P., WIDLUND, H. 

R. & PUIGSERVER, P. 2017. ERRalpha Maintains Mitochondrial Oxidative Metabolism and 

Constitutes an Actionable Target in PGC1alpha-Elevated Melanomas. Mol Cancer Res, 15, 

1366-1375. 

LUO, L., YE, G., NADEEM, L., FU, G., YANG, B. B., HONARPARVAR, E., DUNK, C., LYE, S. & PENG, 

C. 2012. MicroRNA-378a-5p promotes trophoblast cell survival, migration and invasion by 

targeting Nodal. J Cell Sci, 125, 3124-32. 

LUO, Y., KUMAR, P., CHEN, C. C., LATHAM, J., WANG, L., TUDELA, C., ALEXANDER, J. M., 

SHELTON, J. M., MCKOWN, L. & MENDELSON, C. R. 2014. Estrogen-related receptor gamma 

serves a role in blood pressure homeostasis during pregnancy. Mol Endocrinol, 28, 965-75. 

LUO, Y., KUMAR, P. & MENDELSON, C. R. 2013. Estrogen-related receptor gamma (ERRgamma) 

regulates oxygen-dependent expression of voltage-gated potassium (K+) channels and tissue 

kallikrein during human trophoblast differentiation. Mol Endocrinol, 27, 940-52. 

MA, H., LIU, J., DU, Y., ZHANG, S., CAO, W., JIA, Z., GONG, W. & ZHANG, A. 2021. Estrogen-

Related Receptor gamma Agonist DY131 Ameliorates Lipopolysaccharide-Induced Acute Liver 

Injury. Front Pharmacol, 12, 626166. 

MA, L., YU, H., WANG, X., LI, D., ZHANG, Y., PEI, X., DUAN, Z. & MA, M. 2020. The effects of 

maternal exposure to BPA during pregnancy on the male reproductive system and the 

testicular microRNA expression profile. Environ Sci Pollut Res Int, 27, 17290-17302. 

MACARA, L., KINGDOM, J. C., KAUFMANN, P., KOHNEN, G., HAIR, J., MORE, I. A., LYALL, F. & 

GREER, I. A. 1996. Structural analysis of placental terminal villi from growth-restricted 

pregnancies with abnormal umbilical artery Doppler waveforms. Placenta, 17, 37-48. 



 

 231 

MALAISE, Y., LENCINA, C., CARTIER, C., OLIER, M., MENARD, S. & GUZYLACK-PIRIOU, L. 2021. 

Bisphenol A, S or F mother's dermal impregnation impairs offspring immune responses in a 

dose and sex-specific manner in mice. Sci Rep, 11, 1650. 

MALEK, A., MILLER, R. K., MATTISON, D. R., KENNEDY, S., PANIGEL, M., DI SANT'AGNESE, P. A. 

& JESSEE, L. 1996. Energy charge monitoring via magnetic resonance spectroscopy 31P in the 

perfused human placenta: effects of cadmium, dinitrophenol and iodoacetate. Placenta, 17, 

495-506. 

MANNELLI, C., IETTA, F., CAROTENUTO, C., ROMAGNOLI, R., SZOSTEK, A. Z., WASNIEWSKI, T., 

SKARZYNSKI, D. J. & PAULESU, L. 2014. Bisphenol A alters beta-hCG and MIF release by human 

placenta: an in vitro study to understand the role of endometrial cells. Mediators Inflamm, 

2014, 635364. 

MANUELPILLAI, U., SCHNEIDER-KOLSKY, M., THIRUNAVUKARASU, P., DOLE, A., WALDRON, K. 

& WALLACE, E. M. 2003. Effect of hypoxia on placental activin A, inhibin A and follistatin 

synthesis. Placenta, 24, 77-83. 

MAO, J., JAIN, A., DENSLOW, N. D., NOURI, M. Z., CHEN, S., WANG, T., ZHU, N., KOH, J., SARMA, 

S. J., SUMNER, B. W., LEI, Z., SUMNER, L. W., BIVENS, N. J., ROBERTS, R. M., TUTEJA, G. & 

ROSENFELD, C. S. 2020. Bisphenol A and bisphenol S disruptions of the mouse placenta and 

potential effects on the placenta-brain axis. Proc Natl Acad Sci U S A, 117, 4642-4652. 

MARKERT, C. L. 1984. Lactate dehydrogenase. Biochemistry and function of lactate 

dehydrogenase. Cell Biochem Funct, 2, 131-4. 

MARTINEZ-PINNA, J., MARROQUI, L., HMADCHA, A., LOPEZ-BEAS, J., SORIANO, S., VILLAR-

PAZOS, S., ALONSO-MAGDALENA, P., DOS SANTOS, R. S., QUESADA, I., MARTIN, F., SORIA, B., 

GUSTAFSSON, J. A. & NADAL, A. 2019. Oestrogen receptor beta mediates the actions of 

bisphenol-A on ion channel expression in mouse pancreatic beta cells. Diabetologia, 62, 1667-

1680. 

MATOS, P., HORN, J. A., BEARDS, F., LUI, S., DESFORGES, M. & HARRIS, L. K. 2014. A role for 

the mitochondrial-associated protein p32 in regulation of trophoblast proliferation. Mol Hum 

Reprod, 20, 745-55. 

MATSAKAS, A., YADAV, V., LORCA, S., EVANS, R. M. & NARKAR, V. A. 2012. Revascularization 

of ischemic skeletal muscle by estrogen-related receptor-gamma. Circ Res, 110, 1087-96. 

MAZUR, C. S., KENNEKE, J. F., HESS-WILSON, J. K. & LIPSCOMB, J. C. 2010. Differences between 

human and rat intestinal and hepatic bisphenol A glucuronidation and the influence of 

alamethicin on in vitro kinetic measurements. Drug Metab Dispos, 38, 2232-8. 



 

 232 

MCBURNEY, M. W., YANG, X., JARDINE, K., HIXON, M., BOEKELHEIDE, K., WEBB, J. R., 

LANSDORP, P. M. & LEMIEUX, M. 2003. The mammalian SIR2alpha protein has a role in 

embryogenesis and gametogenesis. Mol Cell Biol, 23, 38-54. 

MCTERNAN, C. L., DRAPER, N., NICHOLSON, H., CHALDER, S. M., DRIVER, P., HEWISON, M., 

KILBY, M. D. & STEWART, P. M. 2001. Reduced placental 11beta-hydroxysteroid 

dehydrogenase type 2 mRNA levels in human pregnancies complicated by intrauterine growth 

restriction: an analysis of possible mechanisms. J Clin Endocrinol Metab, 86, 4979-83. 

MIAO, M., YUAN, W., HE, Y., ZHOU, Z., WANG, J., GAO, E., LI, G. & LI, D. K. 2011. In utero 

exposure to bisphenol-A and anogenital distance of male offspring. Birth Defects Res A Clin 

Mol Teratol, 91, 867-72. 

MISRA, J., KIM, D. K. & CHOI, H. S. 2017. ERRgamma: a Junior Orphan with a Senior Role in 

Metabolism. Trends Endocrinol Metab, 28, 261-272. 

MISTRY, H. D., MCCALLUM, L. A., KURLAK, L. O., GREENWOOD, I. A., BROUGHTON PIPKIN, F. 

& TRIBE, R. M. 2011. Novel expression and regulation of voltage-dependent potassium 

channels in placentas from women with preeclampsia. Hypertension, 58, 497-504. 

MOHSENI, Z., SPAANDERMAN, M. E. A., OBEN, J., CALORE, M., DERKSEN, E., AL-NASIRY, S., DE 

WINDT, L. J. & GHOSSEIN-DOHA, C. 2018. Cardiac remodeling and pre-eclampsia: an overview 

of microRNA expression patterns. Ultrasound Obstet Gynecol, 52, 310-317. 

MOLL, S. J., JONES, C. J., CROCKER, I. P., BAKER, P. N. & HEAZELL, A. E. 2007. Epidermal growth 

factor rescues trophoblast apoptosis induced by reactive oxygen species. Apoptosis, 12, 1611-

22. 

MORCK, T. J., SORDA, G., BECHI, N., RASMUSSEN, B. S., NIELSEN, J. B., IETTA, F., RYTTING, E., 

MATHIESEN, L., PAULESU, L. & KNUDSEN, L. E. 2010. Placental transport and in vitro effects of 

Bisphenol A. Reprod Toxicol, 30, 131-7. 

MORICE, L., BENAITREAU, D., DIEUDONNE, M. N., MORVAN, C., SERAZIN, V., DE MAZANCOURT, 

P., PECQUERY, R. & DOS SANTOS, E. 2011. Antiproliferative and proapoptotic effects of 

bisphenol A on human trophoblastic JEG-3 cells. Reprod Toxicol, 32, 69-76. 

MOUILLET, J. F., OUYANG, Y., COYNE, C. B. & SADOVSKY, Y. 2015. MicroRNAs in placental 

health and disease. Am J Obstet Gynecol, 213, S163-72. 

MULLER-DEILE, J., SCHRODER, P., BEVERLY-STAGGS, L., HISS, R., FIEDLER, J., NYSTROM, J., 

THUM, T., HALLER, H. & SCHIFFER, M. 2018. Overexpression of preeclampsia induced 

microRNA-26a-5p leads to proteinuria in zebrafish. Sci Rep, 8, 3621. 

MULLER, J. E., MEYER, N., SANTAMARIA, C. G., SCHUMACHER, A., LUQUE, E. H., ZENCLUSSEN, 

M. L., RODRIGUEZ, H. A. & ZENCLUSSEN, A. C. 2018. Bisphenol A exposure during early 



 

 233 

pregnancy impairs uterine spiral artery remodeling and provokes intrauterine growth 

restriction in mice. Sci Rep, 8, 9196. 

MUTO, M., FUJIHARA, Y., TOBITA, T., KIYOZUMI, D. & IKAWA, M. 2016. Lentiviral Vector-

Mediated Complementation Restored Fetal Viability but Not Placental Hyperplasia in Plac1-

Deficient Mice. Biology of Reproduction, 94, 1-9. 

NADEEM, U., YE, G., SALEM, M. & PENG, C. 2014. MicroRNA-378a-5p targets cyclin G2 to 

inhibit fusion and differentiation in BeWo cells. Biol Reprod, 91, 76. 

NAHAR, M. S., LIAO, C., KANNAN, K., HARRIS, C. & DOLINOY, D. C. 2015. In utero bisphenol A 

concentration, metabolism, and global DNA methylation across matched placenta, kidney, 

and liver in the human fetus. Chemosphere, 124, 54-60. 

NARCISO, L., IETTA, F., ROMAGNOLI, R., PAULESU, L., MANTOVANI, A. & TAIT, S. 2019. Effects 

of Bisphenol A on endogenous retroviral envelopes expression and trophoblast fusion in 

BeWo cells. Reprod Toxicol, 89, 35-44. 

NATIVELLE-SERPENTINI, C., RICHARD, S., SERALINI, G. E. & SOURDAINE, P. 2003. Aromatase 

activity modulation by lindane and bisphenol-A in human placental JEG-3 and transfected 

kidney E293 cells. Toxicol In Vitro, 17, 413-22. 

NIU, Z. R., HAN, T., SUN, X. L., LUAN, L. X., GOU, W. L. & ZHU, X. M. 2018. MicroRNA-30a-3p is 

overexpressed in the placentas of patients with preeclampsia and affects trophoblast invasion 

and apoptosis by its effects on IGF-1. Am J Obstet Gynecol, 218, 249 e1-249 e12. 

OHKUCHI, A., ISHIBASHI, O., HIRASHIMA, C., TAKAHASHI, K., MATSUBARA, S., TAKIZAWA, T. & 

SUZUKI, M. 2012. Plasma level of hydroxysteroid (17-beta) dehydrogenase 1 in the second 

trimester is an independent risk factor for predicting preeclampsia after adjusting for the 

effects of mean blood pressure, bilateral notching and plasma level of soluble fms-like tyrosine 

kinase 1/placental growth factor ratio. Hypertens Res, 35, 1152-8. 

OKADA, H., TOKUNAGA, T., LIU, X., TAKAYANAGI, S., MATSUSHIMA, A. & SHIMOHIGASHI, Y. 

2008. Direct evidence revealing structural elements essential for the high binding ability of 

bisphenol A to human estrogen-related receptor-gamma. Environ Health Perspect, 116, 32-8. 

OKAE, H., TOH, H., SATO, T., HIURA, H., TAKAHASHI, S., SHIRANE, K., KABAYAMA, Y., SUYAMA, 

M., SASAKI, H. & ARIMA, T. 2018. Derivation of Human Trophoblast Stem Cells. Cell Stem Cell, 

22, 50-63 e6. 

PATEL, B. B., RAAD, M., SEBAG, I. A. & CHALIFOUR, L. E. 2013. Lifelong exposure to bisphenol 

a alters cardiac structure/function, protein expression, and DNA methylation in adult mice. 

Toxicol Sci, 133, 174-85. 



 

 234 

PATEL, S., KILBURN, B., IMUDIA, A., ARMANT, D. R. & SKAFAR, D. F. 2015. Estradiol Elicits 

Proapoptotic and Antiproliferative Effects in Human Trophoblast Cells. Biol Reprod, 93, 74. 

PAYNE, A. H. & HALES, D. B. 2004. Overview of steroidogenic enzymes in the pathway from 

cholesterol to active steroid hormones. Endocr Rev, 25, 947-70. 

PELS, A., KNAVEN, O. C., WIJNBERG-WILLIAMS, B. J., EIJSERMANS, M. J. C., MULDER-DE 

TOLLENAER, S. M., AARNOUDSE-MOENS, C. S. H., KOOPMAN-ESSEBOOM, C., VAN EYCK, J., 

DERKS, J. B., GANZEVOORT, W. & VAN WASSENAER-LEEMHUIS, A. G. 2019. 

Neurodevelopmental outcomes at five years after early-onset fetal growth restriction: 

Analyses in a Dutch subgroup participating in a European management trial. Eur J Obstet 

Gynecol Reprod Biol, 234, 63-70. 

PEPE, G. J., BURCH, M. G. & ALBRECHT, E. D. 1999. Expression of the 11beta-hydroxysteroid 

dehydrogenase types 1 and 2 proteins in human and baboon placental syncytiotrophoblast. 

Placenta, 20, 575-82. 

PEREIRA, L., PETITT, M., FONG, A., TSUGE, M., TABATA, T., FANG-HOOVER, J., MAIDJI, E., ZYDEK, 

M., ZHOU, Y., INOUE, N., LOGHAVI, S., PEPKOWITZ, S., KAUVAR, L. M. & OGUNYEMI, D. 2014. 

Intrauterine growth restriction caused by underlying congenital cytomegalovirus infection. J 

Infect Dis, 209, 1573-84. 

PEREZ-ALBALADEJO, E., FERNANDES, D., LACORTE, S. & PORTE, C. 2017. Comparative toxicity, 

oxidative stress and endocrine disruption potential of plasticizers in JEG-3 human placental 

cells. Toxicol In Vitro, 38, 41-48. 

PHILIPPAT, C., MORTAMAIS, M., CHEVRIER, C., PETIT, C., CALAFAT, A. M., YE, X., SILVA, M. J., 

BRAMBILLA, C., PIN, I., CHARLES, M. A., CORDIER, S. & SLAMA, R. 2012. Exposure to phthalates 

and phenols during pregnancy and offspring size at birth. Environ Health Perspect, 120, 464-

70. 

PIDOUX, G., GERBAUD, P., TSATSARIS, V., MARPEAU, O., FERREIRA, F., MEDURI, G., 

GUIBOURDENCHE, J., BADET, J., EVAIN-BRION, D. & FRENDO, J. L. 2007. Biochemical 

characterization and modulation of LH/CG-receptor during human trophoblast differentiation. 

J Cell Physiol, 212, 26-35. 

PIJNENBORG, R., BLAND, J. M., ROBERTSON, W. B. & BROSENS, I. 1983. Uteroplacental arterial 

changes related to interstitial trophoblast migration in early human pregnancy. Placenta, 4, 

397-413. 

POIDATZ, D., DOS SANTOS, E., BRULE, A., DE MAZANCOURT, P. & DIEUDONNE, M. N. 2012. 

Estrogen-related receptor gamma modulates energy metabolism target genes in human 

trophoblast. Placenta, 33, 688-95. 



 

 235 

POIDATZ, D., DOS SANTOS, E., DUVAL, F., MOINDJIE, H., SERAZIN, V., VIALARD, F., DE 

MAZANCOURT, P. & DIEUDONNE, M. N. 2015a. Involvement of estrogen-related receptor-

gamma and mitochondrial content in intrauterine growth restriction and preeclampsia. Fertil 

Steril, 104, 483-90. 

POIDATZ, D., DOS SANTOS, E., GRONIER, H., VIALARD, F., MAURY, B., DE MAZANCOURT, P. & 

DIEUDONNE, M. N. 2015b. Trophoblast syncytialisation necessitates mitochondrial function 

through estrogen-related receptor-gamma activation. Mol Hum Reprod, 21, 206-16. 

PONNIAH, M., BILLETT, E. E. & DE GIROLAMO, L. A. 2015. Bisphenol A increases BeWo 

trophoblast survival in stress-induced paradigms through regulation of oxidative stress and 

apoptosis. Chem Res Toxicol, 28, 1693-703. 

PYO, M. Y., KIM, H. J., BACK, S. K. & YANG, M. 2007. Downregulation of peritoneal macrophage 

activity in mice exposed to bisphenol A during pregnancy and lactation. Arch Pharm Res, 30, 

1476-81. 

QUILANG, R. C., LUI, S. & FORBES, K. 2021. miR-514a-3p: a novel SHP-2 regulatory miRNA that 

modulates human cytotrophoblast proliferation. J Mol Endocrinol. 

RAJA, G. L., LITE, C., SUBHASHREE, K. D., SANTOSH, W. & BARATHI, S. 2020. Prenatal bisphenol-

A exposure altered exploratory and anxiety-like behaviour and induced non-monotonic, sex-

specific changes in the cortical expression of CYP19A1, BDNF and intracellular signaling 

proteins in F1 rats. Food Chem Toxicol, 142, 111442. 

RAJAKUMAR, A., BRANDON, H. M., DAFTARY, A., NESS, R. & CONRAD, K. P. 2004. Evidence for 

the functional activity of hypoxia-inducible transcription factors overexpressed in 

preeclamptic placentae. Placenta, 25, 763-9. 

RAJAKUMAR, C., GUAN, H., LANGLOIS, D., CERNEA, M. & YANG, K. 2015. Bisphenol A disrupts 

gene expression in human placental trophoblast cells. Reprod Toxicol, 53, 39-44. 

RAMIREZ-VELEZ, R., CORREA-BAUTISTA, J. E., VILLA-GONZALEZ, E., MARTINEZ-TORRES, J., 

HACKNEY, A. C. & GARCIA-HERMOSO, A. 2017. Effects of preterm birth and fetal growth 

retardation on life-course cardiovascular risk factors among schoolchildren from Colombia: 

The FUPRECOL study. Early Hum Dev, 106-107, 53-58. 

RASDI, Z., KAMALUDIN, R., AB RAHIM, S., SYED AHMAD FUAD, S. B., OTHMAN, M. H. D., SIRAN, 

R., MOHD NOR, N. S., ABDUL HAMID HASANI, N. & SHEIKH ABDUL KADIR, S. H. 2020. The 

impacts of intrauterine Bisphenol A exposure on pregnancy and expression of miRNAs related 

to heart development and diseases in animal model. Sci Rep, 10, 5882. 



 

 236 

RATAJCZAK-WRONA, W., NOWAK, K., GARLEY, M., TYNECKA, M. & JABLONSKA, E. 2019. Sex-

specific differences in the regulation of inducible nitric oxide synthase by bisphenol A in 

neutrophils. Hum Exp Toxicol, 38, 239-246. 

REDMAN, C. W. 1991. Current topic: pre-eclampsia and the placenta. Placenta, 12, 301-8. 

REDMAN, C. W. G., STAFF, A. C. & ROBERTS, J. M. 2020. Syncytiotrophoblast stress in 

preeclampsia: the convergence point for multiple pathways. Am J Obstet Gynecol. 

REHAN, M., AHMAD, E., SHEIKH, I. A., ABUZENADAH, A. M., DAMANHOURI, G. A., BAJOUH, O. 

S., ALBASRI, S. F., ASSIRI, M. M. & BEG, M. A. 2015. Androgen and Progesterone Receptors Are 

Targets for Bisphenol A (BPA), 4-Methyl-2,4-bis-(P-Hydroxyphenyl)Pent-1-Ene--A Potent 

Metabolite of BPA, and 4-Tert-Octylphenol: A Computational Insight. PLoS One, 10, e0138438. 

REIMERS, A., OSTBY, L., STUEN, I. & SUNDBY, E. 2011. Expression of UDP-

glucuronosyltransferase 1A4 in human placenta at term. Eur J Drug Metab Pharmacokinet, 35, 

79-82. 

RENSHALL, L. J., BEARDS, F., EVANGELINOS, A., GREENWOOD, S. L., BROWNBILL, P., STEVENS, 

A., SIBLEY, C. P., APLIN, J. D., JOHNSTONE, E. D., TEESALU, T. & HARRIS, L. K. 2021. Targeted 

Delivery of Epidermal Growth Factor to the Human Placenta to Treat Fetal Growth Restriction. 

Pharmaceutics, 13, 1778. 

RICHARDSON, L., KIM, S., MENON, R. & HAN, A. 2020. Organ-On-Chip Technology: The Future 

of Feto-Maternal Interface Research? Front Physiol, 11, 715. 

ROBB, K. P., COTECHINI, T., ALLAIRE, C., SPEROU, A. & GRAHAM, C. H. 2017. Inflammation-

induced fetal growth restriction in rats is associated with increased placental HIF-1alpha 

accumulation. PLoS One, 12, e0175805. 

ROBERTS, D. J. & POST, M. D. 2008. The placenta in pre-eclampsia and intrauterine growth 

restriction. J Clin Pathol, 61, 1254-60. 

ROSENFELD, C. S. & TRAINOR, B. C. 2014. Environmental Health Factors and Sexually 

Dimorphic Differences in Behavioral Disruptions. Curr Environ Health Rep, 1, 287-301. 

ROSSI, G., MANFRIN, A. & LUTOLF, M. P. 2018. Progress and potential in organoid research. 

Nat Rev Genet, 19, 671-687. 

ROTTGEN, T. S., FANCHER, I. S., ASANO, S., WIDLANSKI, T. S. & DICK, G. M. 2014. Bisphenol A 

activates BK channels through effects on alpha and beta1 subunits. Channels (Austin), 8, 249-

57. 

RYSZAWY, D., PUDELEK, M., KOCHANOWSKI, P., JANIK-OLCHAWA, N., BOGUSZ, J., RAPALA, M., 

KOCZURKIEWICZ, P., MIKOLAJCZYK, J., BOREK, I., KEDRACKA-KROK, S., KARNAS, E., ZUBA-

SURMA, E., MADEJA, Z. & CZYZ, J. 2020. High bisphenol A concentrations augment the 



 

 237 

invasiveness of tumor cells through Snail-1/Cx43/ERRgamma-dependent epithelial-

mesenchymal transition. Toxicol In Vitro, 62, 104676. 

SAKAMOTO, K. & KUROKAWA, J. 2019. Involvement of sex hormonal regulation of K(+) 

channels in electrophysiological and contractile functions of muscle tissues. J Pharmacol Sci, 

139, 259-265. 

SALCEDA, S. & CARO, J. 1997. Hypoxia-inducible factor 1alpha (HIF-1alpha) protein is rapidly 

degraded by the ubiquitin-proteasome system under normoxic conditions. Its stabilization by 

hypoxia depends on redox-induced changes. J Biol Chem, 272, 22642-7. 

SATO, B. L., WARD, M. A., ASTERN, J. M., KENDAL-WRIGHT, C. E. & COLLIER, A. C. 2015. 

Validation of murine and human placental explant cultures for use in sex steroid and phase II 

conjugation toxicology studies. Toxicol In Vitro, 29, 103-12. 

SCHOLZEN, T. & GERDES, J. 2000. The Ki-67 protein: from the known and the unknown. J Cell 

Physiol, 182, 311-22. 

SCHONFELDER, G., WITTFOHT, W., HOPP, H., TALSNESS, C. E., PAUL, M. & CHAHOUD, I. 2002. 

Parent bisphenol A accumulation in the human maternal-fetal-placental unit. Environ Health 

Perspect, 110, A703-7. 

SCHULZ, H. 1991. Beta oxidation of fatty acids. Biochim Biophys Acta, 1081, 109-20. 

SELBACH, M., SCHWANHAUSSER, B., THIERFELDER, N., FANG, Z., KHANIN, R. & RAJEWSKY, N. 

2008. Widespread changes in protein synthesis induced by microRNAs. Nature, 455, 58-63. 

SHAMS, M., KILBY, M. D., SOMERSET, D. A., HOWIE, A. J., GUPTA, A., WOOD, P. J., AFNAN, M. 

& STEWART, P. M. 1998. 11Beta-hydroxysteroid dehydrogenase type 2 in human pregnancy 

and reduced expression in intrauterine growth restriction. Hum Reprod, 13, 799-804. 

SHIBATA, N., MATSUMOTO, J., NAKADA, K., YUASA, A. & YOKOTA, H. 2002. Male-specific 

suppression of hepatic microsomal UDP-glucuronosyl transferase activities toward sex 

hormones in the adult male rat administered bisphenol A. Biochem J, 368, 783-8. 

SHIRAISHI, S., NAKAGAWA, K., KINUKAWA, N., NAKANO, H. & SUEISHI, K. 1996. 

Immunohistochemical localization of vascular endothelial growth factor in the human 

placenta. Placenta, 17, 111-21. 

SHIRATANI, H., KATOH, M., NAKAJIMA, M. & YOKOI, T. 2008. Species differences in UDP-

glucuronosyltransferase activities in mice and rats. Drug Metab Dispos, 36, 1745-52. 

SIFAKIS, S., ANDROUTSOPOULOS, V. P., PONTIKAKI, A., VELEGRAKIS, A., PAPAIOANNOU, G. I., 

KOUKOURA, O., SPANDIDOS, D. A. & PAPANTONIOU, N. 2018. Placental expression of PAPPA, 

PAPPA-2 and PLAC-1 in pregnacies is associated with FGR. Mol Med Rep, 17, 6435-6440. 



 

 238 

SINGH, T. D., JEONG, S. Y., LEE, S. W., HA, J. H., LEE, I. K., KIM, S. H., KIM, J., CHO, S. J., AHN, B. 

C., LEE, J. & JEON, Y. H. 2015. Inverse Agonist of Estrogen-Related Receptor gamma Enhances 

Sodium Iodide Symporter Function Through Mitogen-Activated Protein Kinase Signaling in 

Anaplastic Thyroid Cancer Cells. J Nucl Med, 56, 1690-6. 

SNIJDER, C. A., HEEDERIK, D., PIERIK, F. H., HOFMAN, A., JADDOE, V. W., KOCH, H. M., 

LONGNECKER, M. P. & BURDORF, A. 2013. Fetal growth and prenatal exposure to bisphenol A: 

the generation R study. Environ Health Perspect, 121, 393-8. 

SONG, H., ZHANG, T., YANG, P., LI, M., YANG, Y., WANG, Y., DU, J., PAN, K. & ZHANG, K. 2015. 

Low doses of bisphenol A stimulate the proliferation of breast cancer cells via 

ERK1/2/ERRgamma signals. Toxicol In Vitro, 30, 521-8. 

SONG, M., HELGUERA, G., EGHBALI, M., ZHU, N., ZAREI, M. M., OLCESE, R., TORO, L. & STEFANI, 

E. 2001. Remodeling of Kv4.3 potassium channel gene expression under the control of sex 

hormones. J Biol Chem, 276, 31883-90. 

SONG, X., WANG, Z., ZHANG, Z., MIAO, M., LIU, J., LUAN, M., DU, J., LIANG, H. & YUAN, W. 

2021. Differential methylation of genes in the human placenta associated with bisphenol A 

exposure. Environ Res, 200, 111389. 

SOUZA, J. P., GULMEZOGLU, A. M., VOGEL, J., CARROLI, G., LUMBIGANON, P., QURESHI, Z., 

COSTA, M. J., FAWOLE, B., MUGERWA, Y., NAFIOU, I., NEVES, I., WOLOMBY-MOLONDO, J. J., 

BANG, H. T., CHEANG, K., CHUYUN, K., JAYARATNE, K., JAYATHILAKA, C. A., MAZHAR, S. B., 

MORI, R., MUSTAFA, M. L., PATHAK, L. R., PERERA, D., RATHAVY, T., RECIDORO, Z., ROY, M., 

RUYAN, P., SHRESTHA, N., TANEEPANICHSKU, S., TIEN, N. V., GANCHIMEG, T., WEHBE, M., 

YADAMSUREN, B., YAN, W., YUNIS, K., BATAGLIA, V., CECATTI, J. G., HERNANDEZ-PRADO, B., 

NARDIN, J. M., NARVAEZ, A., ORTIZ-PANOZO, E., PEREZ-CUEVAS, R., VALLADARES, E., 

ZAVALETA, N., ARMSON, A., CROWTHER, C., HOGUE, C., LINDMARK, G., MITTAL, S., 

PATTINSON, R., STANTON, M. E., CAMPODONICO, L., CUESTA, C., GIORDANO, D., INTARUT, N., 

LAOPAIBOON, M., BAHL, R., MARTINES, J., MATHAI, M., MERIALDI, M. & SAY, L. 2013. Moving 

beyond essential interventions for reduction of maternal mortality (the WHO Multicountry 

Survey on Maternal and Newborn Health): a cross-sectional study. Lancet, 381, 1747-55. 

SPAGNOLETTI, A., PAULESU, L., MANNELLI, C., ERMINI, L., ROMAGNOLI, R., CINTORINO, M. & 

IETTA, F. 2015. Low concentrations of Bisphenol A and para-Nonylphenol affect extravillous 

pathway of human trophoblast cells. Mol Cell Endocrinol, 412, 56-64. 

SPEIDEL, J. T., XU, M. & ABDEL-RAHMAN, S. Z. 2018. Bisphenol A (BPA) and bisphenol S (BPS) 

alter the promoter activity of the ABCB1 gene encoding P-glycoprotein in the human placenta 

in a haplotype-dependent manner. Toxicol Appl Pharmacol, 359, 47-54. 



 

 239 

SPINILLO, A., CESARI, S., BARISELLI, S., TZIALLA, C., GARDELLA, B. & SILINI, E. M. 2015. Placental 

lesions associated with oligohydramnios in fetal growth restricted (FGR) pregnancies. Placenta, 

36, 538-44. 

SPINILLO, A., GARDELLA, B., ADAMO, L., MUSCETTOLA, G., FIANDRINO, G. & CESARI, S. 2019. 

Pathologic placental lesions in early and late fetal growth restriction. Acta Obstet Gynecol 

Scand, 98, 1585-1594. 

STRAKOVSKY, R. S., WANG, H., ENGESETH, N. J., FLAWS, J. A., HELFERICH, W. G., PAN, Y. X. & 

LEZMI, S. 2015. Developmental bisphenol A (BPA) exposure leads to sex-specific modification 

of hepatic gene expression and epigenome at birth that may exacerbate high-fat diet-induced 

hepatic steatosis. Toxicol Appl Pharmacol, 284, 101-12. 

STRUWE, E., BERZL, G. M., SCHILD, R. L., BECKMANN, M. W., DORR, H. G., RASCHER, W. & 

DOTSCH, J. 2007. Simultaneously reduced gene expression of cortisol-activating and cortisol-

inactivating enzymes in placentas of small-for-gestational-age neonates. Am J Obstet Gynecol, 

197, 43 e1-6. 

STUBERT, J., SCHATTENBERG, F., RICHTER, D. U., DIETERICH, M. & BRIESE, V. 2012. 

Trophoblastic progranulin expression is upregulated in cases of fetal growth restriction and 

preeclampsia. J Perinat Med, 40, 475-81. 

SUGDEN, M. C. & HOLNESS, M. J. 2003. Recent advances in mechanisms regulating glucose 

oxidation at the level of the pyruvate dehydrogenase complex by PDKs. Am J Physiol 

Endocrinol Metab, 284, E855-62. 

SUSIARJO, M., SASSON, I., MESAROS, C. & BARTOLOMEI, M. S. 2013. Bisphenol a exposure 

disrupts genomic imprinting in the mouse. PLoS Genet, 9, e1003401. 

SZENTPETERI, I., RAB, A., KORNYA, L., KOVACS, P. & JOO, J. G. 2013. Gene expression patterns 

of vascular endothelial growth factor (VEGF-A) in human placenta from pregnancies with 

intrauterine growth restriction. J Matern Fetal Neonatal Med, 26, 984-9. 

TAIT, S., TASSINARI, R., MARANGHI, F. & MANTOVANI, A. 2015. Bisphenol A affects placental 

layers morphology and angiogenesis during early pregnancy phase in mice. J Appl Toxicol, 35, 

1278-91. 

TAKAGI, Y., NIKAIDO, T., TOKI, T., KITA, N., KANAI, M., ASHIDA, T., OHIRA, S. & KONISHI, I. 2004. 

Levels of oxidative stress and redox-related molecules in the placenta in preeclampsia and 

fetal growth restriction. Virchows Arch, 444, 49-55. 

TAKAYANAGI, S., TOKUNAGA, T., LIU, X., OKADA, H., MATSUSHIMA, A. & SHIMOHIGASHI, Y. 

2006. Endocrine disruptor bisphenol A strongly binds to human estrogen-related receptor 

gamma (ERRgamma) with high constitutive activity. Toxicol Lett, 167, 95-105. 



 

 240 

TAKEDA, Y., LIU, X., SUMIYOSHI, M., MATSUSHIMA, A., SHIMOHIGASHI, M. & SHIMOHIGASHI, 

Y. 2009. Placenta expressing the greatest quantity of bisphenol A receptor ERR{gamma} 

among the human reproductive tissues: Predominant expression of type-1 ERRgamma 

isoform. J Biochem, 146, 113-22. 

TAKEUCHI, T., TSUTSUMI, O., NAKAMURA, N., IKEZUKI, Y., TAKAI, Y., YANO, T. & TAKETANI, Y. 

2004. Gender difference in serum bisphenol A levels may be caused by liver UDP-

glucuronosyltransferase activity in rats. Biochem Biophys Res Commun, 325, 549-54. 

TAL, R., SHAISH, A., BARSHACK, I., POLAK-CHARCON, S., AFEK, A., VOLKOV, A., FELDMAN, B., 

AVIVI, C. & HARATS, D. 2010. Effects of hypoxia-inducible factor-1alpha overexpression in 

pregnant mice: possible implications for preeclampsia and intrauterine growth restriction. Am 

J Pathol, 177, 2950-62. 

TAN, W., HUANG, H., WANG, Y., WONG, T. Y., WANG, C. C. & LEUNG, L. K. 2013. Bisphenol A 

differentially activates protein kinase C isoforms in murine placental tissue. Toxicol Appl 

Pharmacol, 269, 163-8. 

THRASH-BINGHAM, C. A. & TARTOF, K. D. 1999. aHIF: a natural antisense transcript 

overexpressed in human renal cancer and during hypoxia. J Natl Cancer Inst, 91, 143-51. 

TOHME, M., PRUD'HOMME, S. M., BOULAHTOUF, A., SAMARUT, E., BRUNET, F., BERNARD, L., 

BOURGUET, W., GIBERT, Y., BALAGUER, P. & LAUDET, V. 2014. Estrogen-related receptor 

gamma is an in vivo receptor of bisphenol A. FASEB J, 28, 3124-33. 

TORRANO, V., VALCARCEL-JIMENEZ, L., CORTAZAR, A. R., LIU, X., UROSEVIC, J., CASTILLO-

MARTIN, M., FERNANDEZ-RUIZ, S., MORCIANO, G., CARO-MALDONADO, A., GUIU, M., 

ZUNIGA-GARCIA, P., GRAUPERA, M., BELLMUNT, A., PANDYA, P., LORENTE, M., MARTIN-

MARTIN, N., SUTHERLAND, J. D., SANCHEZ-MOSQUERA, P., BOZAL-BASTERRA, L., ZABALA-

LETONA, A., ARRUABARRENA-ARISTORENA, A., BERENGUER, A., EMBADE, N., UGALDE-OLANO, 

A., LACASA-VISCASILLAS, I., LOIZAGA-IRIARTE, A., UNDA-URZAIZ, M., SCHULTZ, N., ARANSAY, 

A. M., SANZ-MORENO, V., BARRIO, R., VELASCO, G., PINTON, P., CORDON-CARDO, C., 

LOCASALE, J. W., GOMIS, R. R. & CARRACEDO, A. 2016. The metabolic co-regulator PGC1alpha 

suppresses prostate cancer metastasis. Nat Cell Biol, 18, 645-656. 

TREMBLAY, A. M., WILSON, B. J., YANG, X. J. & GIGUERE, V. 2008. Phosphorylation-dependent 

sumoylation regulates estrogen-related receptor-alpha and -gamma transcriptional activity 

through a synergy control motif. Mol Endocrinol, 22, 570-84. 

TREMBLAY, G. B., BERGERON, D. & GIGUERE, V. 2001a. 4-Hydroxytamoxifen is an isoform-

specific inhibitor of orphan estrogen-receptor-related (ERR) nuclear receptors beta and 

gamma. Endocrinology, 142, 4572-5. 



 

 241 

TREMBLAY, G. B., KUNATH, T., BERGERON, D., LAPOINTE, L., CHAMPIGNY, C., BADER, J. A., 

ROSSANT, J. & GIGUERE, V. 2001b. Diethylstilbestrol regulates trophoblast stem cell 

differentiation as a ligand of orphan nuclear receptor ERR beta. Genes Dev, 15, 833-8. 

TROISI, J., MIKELSON, C., RICHARDS, S., SYMES, S., ADAIR, D., ZULLO, F. & GUIDA, M. 2014. 

Placental concentrations of bisphenol A and birth weight from births in the Southeastern U.S. 

Placenta, 35, 947-52. 

TURCO, M. Y., GARDNER, L., KAY, R. G., HAMILTON, R. S., PRATER, M., HOLLINSHEAD, M. S., 

MCWHINNIE, A., ESPOSITO, L., FERNANDO, R., SKELTON, H., REIMANN, F., GRIBBLE, F. M., 

SHARKEY, A., MARSH, S. G. E., O'RAHILLY, S., HEMBERGER, M., BURTON, G. J. & MOFFETT, A. 

2018. Trophoblast organoids as a model for maternal-fetal interactions during human 

placentation. Nature, 564, 263-267. 

TURNER, M. A., ROULSTONE, C. J., DESFORGES, M., CRETNEY, M., CHAMPION, E., LACEY, H. & 

GREENWOOD, S. L. 2006. The extent and variability of effects of culture conditions on the 

secretion of human chorionic gonadotrophin and interleukin-6 by human, term placental 

explants in culture. Placenta, 27, 98-102. 

TZSCHOPPE, A., STRUWE, E., BLESSING, H., FAHLBUSCH, F., LIEBHABER, G., DORR, H. G., RAUH, 

M., RASCHER, W., GOECKE, T. W., SCHILD, R. L., SCHLEUSSNER, E., SCHELER, C., HUBLER, A., 

DAHLEM, P. & DOTSCH, J. 2009. Placental 11beta-HSD2 gene expression at birth is inversely 

correlated with growth velocity in the first year of life after intrauterine growth restriction. 

Pediatr Res, 65, 647-53. 

UCHIDA, T., ROSSIGNOL, F., MATTHAY, M. A., MOUNIER, R., COUETTE, S., CLOTTES, E. & 

CLERICI, C. 2004. Prolonged hypoxia differentially regulates hypoxia-inducible factor (HIF)-

1alpha and HIF-2alpha expression in lung epithelial cells: implication of natural antisense HIF-

1alpha. J Biol Chem, 279, 14871-8. 

VANACKER, J. M., PETTERSSON, K., GUSTAFSSON, J. A. & LAUDET, V. 1999. Transcriptional 

targets shared by estrogen receptor- related receptors (ERRs) and estrogen receptor (ER) 

alpha, but not by ERbeta. EMBO J, 18, 4270-9. 

VEERBEEK, J. H., NIKKELS, P. G., TORRANCE, H. L., GRAVESTEIJN, J., POST UITERWEER, E. D., 

DERKS, J. B., KOENEN, S. V., VISSER, G. H., VAN RIJN, B. B. & FRANX, A. 2014. Placental 

pathology in early intrauterine growth restriction associated with maternal hypertension. 

Placenta, 35, 696-701. 

VEIGA-LOPEZ, A., KANNAN, K., LIAO, C., YE, W., DOMINO, S. E. & PADMANABHAN, V. 2015. 

Gender-Specific Effects on Gestational Length and Birth Weight by Early Pregnancy BPA 

Exposure. J Clin Endocrinol Metab, 100, E1394-403. 



 

 242 

VEIGA-LOPEZ, A., LUENSE, L. J., CHRISTENSON, L. K. & PADMANABHAN, V. 2013. 

Developmental programming: gestational bisphenol-A treatment alters trajectory of fetal 

ovarian gene expression. Endocrinology, 154, 1873-84. 

VERNIER, M., DUFOUR, C. R., MCGUIRK, S., SCHOLTES, C., LI, X., BOURMEAU, G., KUASNE, H., 

PARK, M., ST-PIERRE, J., AUDET-WALSH, E. & GIGUERE, V. 2020. Estrogen-related receptors 

are targetable ROS sensors. Genes Dev, 34, 544-559. 

VILAHUR, N., BUSTAMANTE, M., BYUN, H. M., FERNANDEZ, M. F., SANTA MARINA, L., 

BASTERRECHEA, M., BALLESTER, F., MURCIA, M., TARDON, A., FERNANDEZ-SOMOANO, A., 

ESTIVILL, X., OLEA, N., SUNYER, J. & BACCARELLI, A. A. 2014. Prenatal exposure to mixtures of 

xenoestrogens and repetitive element DNA methylation changes in human placenta. Environ 

Int, 71, 81-7. 

WAN, J., HU, Z., ZENG, K., YIN, Y., ZHAO, M., CHEN, M. & CHEN, Q. 2018. The reduction in 

circulating levels of estrogen and progesterone in women with preeclampsia. Pregnancy 

Hypertens, 11, 18-25. 

WAN, L., SUN, D., XIE, J., DU, M., WANG, P., WANG, M., LEI, Y., WANG, H., WANG, H. & DONG, 

M. 2019. Declined placental PLAC1 expression is involved in preeclampsia. Medicine 

(Baltimore), 98, e17676. 

WANG, G. L., JIANG, B. H., RUE, E. A. & SEMENZA, G. L. 1995. Hypoxia-inducible factor 1 is a 

basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci U 

S A, 92, 5510-4. 

WANG, L. J., CHEN, C. P., LEE, Y. S., NG, P. S., CHANG, G. D., PAO, Y. H., LO, H. F., PENG, C. H., 

CHEONG, M. L. & CHEN, H. 2022. Functional antagonism between DeltaNp63alpha and GCM1 

regulates human trophoblast stemness and differentiation. Nat Commun, 13, 1626. 

WANG, Z. Y., LU, J., ZHANG, Y. Z., ZHANG, M., LIU, T. & QU, X. L. 2015. Effect of Bisphenol A on 

invasion ability of human trophoblastic cell line BeWo. Int J Clin Exp Pathol, 8, 14355-64. 

WAREING, M. 2014. Oxygen sensitivity, potassium channels, and regulation of placental 

vascular tone. Microcirculation, 21, 58-66. 

WAREING, M., BAI, X., SEGHIER, F., TURNER, C. M., GREENWOOD, S. L., BAKER, P. N., TAGGART, 

M. J. & FYFE, G. K. 2006. Expression and function of potassium channels in the human placental 

vasculature. Am J Physiol Regul Integr Comp Physiol, 291, R437-46. 

WELSHONS, W. V., NAGEL, S. C. & VOM SAAL, F. S. 2006. Large effects from small exposures. 

III. Endocrine mechanisms mediating effects of bisphenol A at levels of human exposure. 

Endocrinology, 147, S56-69. 



 

 243 

WEN, Z., HUANG, W., FENG, Y., CAI, W., WANG, Y., WANG, X., LIANG, J., WANI, M., CHEN, J., 

ZHU, P., CHEN, J. M., MILLARD, R. W., FAN, G. C. & WANG, Y. 2014. MicroRNA-377 regulates 

mesenchymal stem cell-induced angiogenesis in ischemic hearts by targeting VEGF. PLoS One, 

9, e104666. 

WHITEHEAD, C. L., TEH, W. T., WALKER, S. P., LEUNG, C., LARMOUR, L. & TONG, S. 2013. 

Circulating MicroRNAs in maternal blood as potential biomarkers for fetal hypoxia in-utero. 

PLoS One, 8, e78487. 

WILLIAMS, R. L., CREASY, R. K., CUNNINGHAM, G. C., HAWES, W. E., NORRIS, F. D. & TASHIRO, 

M. 1982. Fetal growth and perinatal viability in California. Obstet Gynecol, 59, 624-32. 

WILSON, B. J., TREMBLAY, A. M., DEBLOIS, G., SYLVAIN-DROLET, G. & GIGUERE, V. 2010. An 

acetylation switch modulates the transcriptional activity of estrogen-related receptor alpha. 

Mol Endocrinol, 24, 1349-58. 

XIE, Y. B., PARK, J. H., KIM, D. K., HWANG, J. H., OH, S., PARK, S. B., SHONG, M., LEE, I. K. & 

CHOI, H. S. 2009. Transcriptional corepressor SMILE recruits SIRT1 to inhibit nuclear receptor 

estrogen receptor-related receptor gamma transactivation. J Biol Chem, 284, 28762-74. 

XU, F., WANG, X., WU, N., HE, S., YI, W., XIANG, S., ZHANG, P., XIE, X. & YING, C. 2017. Bisphenol 

A induces proliferative effects on both breast cancer cells and vascular endothelial cells 

through a shared GPER-dependent pathway in hypoxia. Environ Pollut, 231, 1609-1620. 

XU, H., ZHANG, X., YE, Y. & LI, X. 2019. Bisphenol A affects estradiol metabolism by targeting 

CYP1A1 and CYP19A1 in human placental JEG-3 cells. Toxicol In Vitro, 61, 104615. 

XU, P., ZHAO, Y., LIU, M., WANG, Y., WANG, H., LI, Y. X., ZHU, X., YAO, Y., WANG, H., QIAO, J., 

JI, L. & WANG, Y. L. 2014. Variations of microRNAs in human placentas and plasma from 

preeclamptic pregnancy. Hypertension, 63, 1276-84. 

XU, X., LIU, X., ZHANG, Q., ZHANG, G., LU, Y., RUAN, Q., DONG, F. & YANG, Y. 2013. Sex-specific 

effects of bisphenol-A on memory and synaptic structural modification in hippocampus of 

adult mice. Horm Behav, 63, 766-75. 

YAGUCHI, T. 2019. The endocrine disruptor bisphenol A promotes nuclear ERRgamma 

translocation, facilitating cell proliferation of Grade I endometrial cancer cells via EGF-

dependent and EGF-independent pathways. Mol Cell Biochem, 452, 41-50. 

YANG, N., SHIGETA, H., SHI, H. & TENG, C. T. 1996. Estrogen-related receptor, hERR1, 

modulates estrogen receptor-mediated response of human lactoferrin gene promoter. J Biol 

Chem, 271, 5795-804. 

YANG, P., LIN, B. G., ZHOU, B., CAO, W. C., CHEN, P. P., DENG, Y. L., HOU, J., SUN, S. Z., ZHENG, 

T. Z., LU, W. Q., CHENG, L. M., ZENG, W. J. & ZENG, Q. 2021. Sex-specific associations of 



 

 244 

prenatal exposure to bisphenol A and its alternatives with fetal growth parameters and 

gestational age. Environ Int, 146, 106305. 

YANG, Q., GU, W. W., GU, Y., YAN, N. N., MAO, Y. Y., ZHEN, X. X., WANG, J. M., YANG, J., SHI, 

H. J., ZHANG, X. & WANG, J. 2018. Association of the peripheral blood levels of circulating 

microRNAs with both recurrent miscarriage and the outcomes of embryo transfer in an in vitro 

fertilization process. J Transl Med, 16, 186. 

YANG, Y., XI, L., MA, Y., ZHU, X., CHEN, R., LUAN, L., YAN, J. & AN, R. 2019. The lncRNA small 

nucleolar RNA host gene 5 regulates trophoblast cell proliferation, invasion, and migration via 

modulating miR-26a-5p/N-cadherin axis. J Cell Biochem, 120, 3173-3184. 

YE, Y., TANG, Y., XIONG, Y., FENG, L. & LI, X. 2019. Bisphenol A exposure alters placentation 

and causes preeclampsia-like features in pregnant mice involved in reprogramming of DNA 

methylation of WNT2. FASEB J, 33, 2732-2742. 

YLIKORKALA, A., ROSSI, D. J., KORSISAARI, N., LUUKKO, K., ALITALO, K., HENKEMEYER, M. & 

MAKELA, T. P. 2001. Vascular abnormalities and deregulation of VEGF in Lkb1-deficient mice. 

Science, 293, 1323-6. 

YU, D. D. & FORMAN, B. M. 2005. Identification of an agonist ligand for estrogen-related 

receptors ERRbeta/gamma. Bioorg Med Chem Lett, 15, 1311-3. 

YU, Y., WANG, L., GAO, M. & GUAN, H. 2019. Long non-coding RNA TUG1 regulates the 

migration and invasion of trophoblast-like cells through sponging miR-204-5p. Clin Exp 

Pharmacol Physiol, 46, 380-388. 

YU, Y., WANG, L., LIU, T. & GUAN, H. 2015. MicroRNA-204 suppresses trophoblast-like cell 

invasion by targeting matrix metalloproteinase-9. Biochem Biophys Res Commun, 463, 285-91. 

YUNG, H. W., CALABRESE, S., HYNX, D., HEMMINGS, B. A., CETIN, I., CHARNOCK-JONES, D. S. 

& BURTON, G. J. 2008. Evidence of placental translation inhibition and endoplasmic reticulum 

stress in the etiology of human intrauterine growth restriction. Am J Pathol, 173, 451-62. 

YUNG, H. W., COLLEONI, F., DOMMETT, E., CINDROVA-DAVIES, T., KINGDOM, J., MURRAY, A. 

J. & BURTON, G. J. 2019. Noncanonical mitochondrial unfolded protein response impairs 

placental oxidative phosphorylation in early-onset preeclampsia. Proc Natl Acad Sci U S A, 116, 

18109-18118. 

ZHANG, J., HAMPTON, A. L., NIE, G. & SALAMONSEN, L. A. 2000. Progesterone inhibits 

activation of latent matrix metalloproteinase (MMP)-2 by membrane-type 1 MMP: enzymes 

coordinately expressed in human endometrium. Biol Reprod, 62, 85-94. 



 

 245 

ZHANG, N., WANG, Y., LIU, H. & SHEN, W. 2020. Extracellular vesicle encapsulated microRNA-

320a inhibits endometrial cancer by suppression of the HIF1alpha/VEGFA axis. Exp Cell Res, 

394, 112113. 

ZHANG, X. L., LIU, N., WENG, S. F. & WANG, H. S. 2016. Bisphenol A Increases the Migration 

and Invasion of Triple-Negative Breast Cancer Cells via Oestrogen-related Receptor Gamma. 

Basic Clin Pharmacol Toxicol, 119, 389-95. 

ZHANG, Y., DIAO, Z., SU, L., SUN, H., LI, R., CUI, H. & HU, Y. 2010. MicroRNA-155 contributes 

to preeclampsia by down-regulating CYR61. Am J Obstet Gynecol, 202, 466 e1-7. 

ZHANG, Y., MA, K., SADANA, P., CHOWDHURY, F., GAILLARD, S., WANG, F., MCDONNELL, D. P., 

UNTERMAN, T. G., ELAM, M. B. & PARK, E. A. 2006a. Estrogen-related receptors stimulate 

pyruvate dehydrogenase kinase isoform 4 gene expression. J Biol Chem, 281, 39897-906. 

ZHANG, Z., CHEN, K., SHIH, J. C. & TENG, C. T. 2006b. Estrogen-related receptors-stimulated 

monoamine oxidase B promoter activity is down-regulated by estrogen receptors. Mol 

Endocrinol, 20, 1547-61. 

ZHAO, H., LIU, S., MA, C., MA, S., CHEN, G., YUAN, L., CHEN, L. & ZHAO, H. 2019. Estrogen-

Related Receptor gamma Induces Angiogenesis and Extracellular Matrix Degradation of 

Temporomandibular Joint Osteoarthritis in Rats. Front Pharmacol, 10, 1290. 

ZHOU, Y., MCMASTER, M., WOO, K., JANATPOUR, M., PERRY, J., KARPANEN, T., ALITALO, K., 

DAMSKY, C. & FISHER, S. J. 2002. Vascular endothelial growth factor ligands and receptors that 

regulate human cytotrophoblast survival are dysregulated in severe preeclampsia and 

hemolysis, elevated liver enzymes, and low platelets syndrome. Am J Pathol, 160, 1405-23. 

ZHU, H., HUANG, L., HE, Z., ZOU, Z. & LUO, Y. 2018a. Estrogen-related receptor gamma 

regulates expression of 17beta-hydroxysteroid dehydrogenase type 1 in fetal growth 

restriction. Placenta, 67, 38-44. 

ZHU, P., WANG, W., ZUO, R. & SUN, K. 2018b. Mechanisms for establishment of the placental 

glucocorticoid barrier, a guard for life. Cell Mol Life Sci. 

ZOU, Z., FORBES, K., HARRIS, L. K. & HEAZELL, A. E. P. 2021. The potential role of the E SRRG 

pathway in placental dysfunction. Reproduction, 161, R45-R60. 

ZOU, Z., HE, Z., CAI, J., HUANG, L., ZHU, H. & LUO, Y. 2019. Potential role of microRNA-424 in 

regulating ERRgamma to suppress trophoblast proliferation and invasion in fetal growth 

restriction. Placenta, 83, 57-62. 



 

 246 

 1 


