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Abstract

Introduction: Intrahepatic cholestasis of pregnancy (ICP) is characterised by
elevated total serum bile acid (TSBA) concentrations and adverse fetal outcomes
such as preterm labour (PTL) and intrauterine death (IUD); the risk of which is
directly associated with the degree of maternal TSBA derangement. Assays for
measurement of TSBA concentration are not readily available at every clinical
laboratory nor are results provided immediately. The exact mechanisms of ICP-
associated PTL and IUD are unknown, however the current hypotheses are that
elevated bile acids increase sensitivity to oxytocin in the myometrium and induce a
sudden cardiac arrythmia in the fetus, resulting in the increased rate of PTL and IUD
respectively. ICP is currently commonly treated using ursodeoxycholic acid
(UDCA) pharmacotherapy. Although there is some experimental and observational
evidence that UDCA is cardioprotective, data from randomised controlled trial data
suggests that it does not improve a composite of adverse fetal outcomes. We aimed
to improve the monitoring of ICP via the development of a novel electrochemical
bile acid biosensor that can function in a point-of-care setting. We also aimed to
improve the mechanistic understanding of ICP-associated PTL and IUD via exposure
of bile acids to a myometrial cell model and an observational study of the fetal

cardiac phenotype affected by ICP.

Materials and Methods: An electrochemical biosensor was developed using
commercially available carbon screen-printed electrodes (CSPES) that had been
manually modified with the electron mediators meldola’s blue (MDB) or methylene
blue (MEB). Pooled human serum was spiked with 0-100 pmol/L of the bile acid
taurocholic acid (TCA) along with the bile acid-specific enzyme 3a-hydroxysteroid
dehydrogenase (3a-HSD) and oxidised coenzyme nicotinamide adenine dinucleotide
(NAD"). The redox current generated from reduction of NAD* (NADH) was

measured via chronoamperometry.

Myometrial biopsies were taken from women undergoing elective caesarean sections
and the primary cells were subsequently isolated and cultured until passage 5 or 6.
Cells were incubated with the intracellular calcium ([Ca®'];) dye Fluo4-AM prior to

administration of 10 nmol/L oxytocin (OT) (n=3), 100 pumol/L taurocholic acid



(TCA) (n=3), a combination of OT and TCA (n=3), 10 nmol/L prostaglandin E
(PGE2) (n=4) or F2¢ (PGF2.) (n=7) with or without concomitant administration of
100 umol/L UDCA using HBSS as the vehicle. Optical recording of [Ca?*]i
transients was performed via time-lapse imaging and the amplitude, time to peak,

duration and time to decay of the [Ca?*]; transients was measured.

Pregnant women who were >20 weeks of gestation who had either uncomplicated
pregnancies (controls, n=43), untreated ICP (n=26) or UDCA-treated ICP were
recruited for fetal ECG recordings (n=22). A separate cohort of controls (n=15),
untreated ICP (n=36) and UDCA-treated ICP (n=40) cases provided umbilical
venous blood samples at delivery. Overnight fetal ECG recording was conducted in
the first cohort. A 2-hour period from this recording was taken and the cardiac time
intervals (PR and QT interval length) was measured. Time-domain measures of fetal
heart rate variability (RMSSD and SDNN) were analysed in the context of fetal
behavioural state 1F (quiet sleep) or 2F (active sleep). Assays to measure the
concentration of NT-proBNP and individual bile acids, and the hydrophobicity index

were performed on the umbilical venous serum.

Results: MEB was found to be a more effective electron mediator than MDB. The
current generated from the reduction of NAD" to NADH did not have a linear
relationship with TCA concentration. Measurements had a relative standard
deviation between 20.4 and 47.9%; sensitivity of the biosensor was found to be
1.053 pA per umol/L of TCA.

Oxytocin administration resulted in a significant increase in the amplitude of [Ca?*];
transients when compared to the control (p=0.003). Co-administration with TCA
also resulted in an increase in amplitude compared to the control (p<0.0005).
Subsequent concomitant UDCA administration resulted in a significant reduction of
amplitude (p=0.002). Co-administration of UDCA with PGE resulted in a decrease
in the PGE2-induced increase in the time to decay of [Ca?*]; transients (p = 0.043).

A positive correlation was found between fetal NT-proBNP concentrations and
maternal TSBA concentrations (p = 0.026) fetal TSBA concentrations (p = 0.019),
their hydrophobicity index (p = 0.039), glycocholic acid (p = 0.007) and taurocholic

acid (p = 0.039). No significant correlations between bile acid concentrations and



NT-proBNP were observed in the UDCA-treated cohort. Fetal PR interval length
positively correlated with maternal TSBA in untreated (p = 0.027) and UDCA-
treated ICP (p = 0.026). Fetal RMSSD values in active sleep (p = 0.028) and SDNN
values in quiet sleep (p = 0.013) and active sleep (p = 0.003) were significantly
higher in untreated ICP cases than controls. UDCA treatment was associated with a

significant reduction in RMSSD values in active sleep (p = 0.030).

Discussion: Substantial preliminary work has been done towards development of a
bile acid biosensor, however further advancement is required with the aim of
increasing sensitivity at the pertinent TCA concentration of 100 pumol/L. MEB has

been established as a suitable electron mediator.

TCA acts via OT to increase the amplitude of [Ca?*]i transients in human myometrial
cells, which supports previous data suggesting that ICP increases sensitivity to OT
via upregulation of the OT receptor. UDCA has shown some protective attributes
against contractile agonists in this model, suggesting further investigations are

required to assess whether it is beneficial for ICP-associated PTL.

Untreated ICP is associated with an abnormal fetal cardiac phenotype which is
closely associated with maternal and fetal TSBA concentrations and fetal bile acid
hydrophobicity; this data supports the hypothesis that ICP-associated IUD is due to a
fetal arrythmia. This phenotype was partially ameliorated in UDCA-treated cases,
implying that UDCA treatment may be cardioprotective in a certain subset of ICP
cases. However, further investigations are required to elucidate the clinical impact

of this work.
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ASBT - apical sodium-dependent bile acid transporter

ATP8B1/ FIC1 — ATPase phospholipid transporting 8B1 / familial intrahepatic

cholestasis type 1 protein

AV - atrioventricular

BAAT - bile acid CoA: amino acid N-acyltransferase
BACS - bile acid-CoA synthase

BCRP — breast cancer related protein

BKCa — The large-conductance calcium- and voltage-sensitive potassium channel



BMI — body mass index

Ca?*— calcium ions

[Ca?*]i— intracellular calcium ions

CA —cholic acid

CACC - calcium-activated chloride channel
CaM — calmodulin

CAP — contraction-associated proteins
CCL2 — chemokine ligand 2

CD — cluster of differentiation

CDCA - chenodeoxycholic acid

CHD - coronary heart disease

CHI3L1 — chinitase-3-like protein 1

Cl" —chloride ions

CRH — corticotropin-releasing hormone
CSPE - carbon screen-printed electrode
CTG — cardiotocograph

CTI — cardiac time interval

cTnl — cardiac troponin |

Cx43 — connexin43

CYP7AL — cytochrome p450 family 7 subfamily A member 1, encodes cholesterol 7-a
hydroxylase

CYP8BL1 — cytochrome p450 family 8 subfamily B member 1, encodes sterol 12-a
hydroxylase

CYP27A1 - cytochrome p450 family 27 subfamily A member 1, encodes sterol 27
hydroxylase



DAG - 1,2-diacylglycerol

DCA — deoxycholic acid

ECG - electrocardiogram

ER — endoplasmic reticulum

ET-1 — Endothelin-1

fECG — fetal electrocardiogram
FHR — fetal heart rate

fHRYV — fetal heart rate variability
FXR — Farnesoid-X receptor

GDM - gestational diabetes mellitus
GGST — gamma glutamyl transferase

GPBAR1 / TGRS5 — G protein-coupled bile acid receptor 1 / Takeda G protein-
coupled receptor 5

GPCR — G protein-coupled receptor

GPx — glutathionine peroxidase

hERG — human ether-a-go-go-related gene
HIF-1o — hypoxia-induced factor 1-a

HPLC — high performance liquid chromatography
HRYV — heart rate variability

hTERT — human telomerase reverse transcriptase
IBABP — intestinal bile acid binding protein
ICAM-1 — inflammation cell adhesion molecule-1
ICP — Intrahepatic cholestasis of pregnancy

IL — interleukin

IP3 — inositol triphosphate



IUD - intrauterine death

K* — potassium ions

Katp — ATP-sensitive potassium channel

Kv — voltage-gated potassium channel

LCA - lithocholic acid

LDH — lactate dehydrogenase

LMPI — left ventricular myocardial performance index
MDB — Meldola’s blue

MEB — Methylene blue

MLCK — myaosin light chain kinase

MLCP — myosin light chain phosphatase

MMP — matrix metalloproteinase

MPI — myocardial performance index

mPTP — mitochondrial permeability transition pore
MPV — mean platelet volume

Na* — sodium ion

NAD* / NADH — nicotinamide adenine dinucleotide (oxidised) / nicotinamide

adenine dinucleotide (reduced)
NAFLD - non-alcoholic fatty liver disease
NALCN - sodium-activated leak channel non-selective

NCX — sodium-calcium exchanger

NF-KB — Nuclear Factor kappa-light-chain-enhancer of activated B cells

NK — natural killer

NICE — National Institute for Health and Care Excellence

NO — nitric oxide



NPY — neuropeptide Y

NTCP — sodium-taurocholate co-transporting polypeptide
NT-proBNP — N terminal pro-B-type Natiuretic Peptide
OATP — organic anion transporting polypeptide
OLETF — Otsuka Long-Evans Tokushima Fatty

OST o/p — organic solute transport o/

OT — oxytocin

OTR — oxytocin receptor

P4 — progesterone

PAC — premature atrial contraction

PGE: — prostaglandin E>

PGF., — prostaglandin Fz,

PGl — prostacyclin

PHM — Pregnant Human Myometrium

PKC - protein kinase C

PLB — phospholamban

PLC-B — phospholipase C f3

POC - point of care

PPROM — preterm premature rupture of membranes
PRA / PRB — progesterone receptor A/ B

PSC — primary sclerosing cholangitis

PTB — preterm birth

PTGS2 / COX-2 — prostaglandin-endoperoxidase synthase 2 / cyclooxygenase 2

PTHrP — parathyroid hormone-related peptide



PTL — preterm labour

PVS — portal vein stnosis

PXR — Pregnane-X receptor

RhoA — ras homolog family member A

RMSSD - root mean squared of successive differences
ROC - receiver-operating characteristic

ROCE - receptor-operated calcium entry

ROCK — Rho-associated protein kinase

RSD - relative standard deviation

SAMe — S-adenosyl-L-methionine

SDNN - standard deviation of N-N intervals
SERCA — sarco/endoplasmic reticulum Ca?*-ATPase
SHP — small heterodimer protein

SK —small conductance calcium-sensitive potassium channels
SOCE - store-operated calcium entry

SPE — screen-printed electrode

SR — sarcoplasmic reticulum

SUR - sulphonylurea receptor

SVT — supraventricular tachycardia

TCA —taurocholic acid

TCDCA — taurochenodeoxycholic acid

TNF-o — tumour necrosis factor-a

TIMP — tissue inhibitor of matrix metalloproteinase

TRPC — transient receptor potential cation channel subfamily C



TSBA — total serum bile acid

TUDCA — tauroursodeoxycholic acid

UDCA — ursodeoxycholic acid

VCAM-1 — vascular adhesion molecule-1
VDCC - voltage-dependent calcium channel
VDNC - voltage-dependent sodium channels
VEGF - vascular endothelial growth factor

ZEB1/2 — zinc finger E-box-binding homeobox 1
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1. Introduction

1.1 Intrahepatic cholestasis of pregnancy

1.1.1 Aetiology and epidemiology

Intrahepatic cholestasis of pregnancy (ICP) is the most common pregnancy-specific
liver disease. It was first described in literature in 1883 as “recurrent jaundice in
pregnancy”, however, nowadays it is described as “obstetric cholestasis™ in most
current reports. Typically, women with ICP present with maternal pruritus without a
rash and elevated maternal total serum bile acid (TSBA) concentrations that are often
concurrent with deranged serum liver enzyme concentrations; all of which tend to
spontaneously resolve within 48 hours of delivery of the fetus (Williamson and
Geenes, 2014).

The global incidence of ICP is known to vary with geographic location and ethnic
origin of the mother, however it is estimated to affect approximately 0.2-2.0% of
pregnancies worldwide (Geenes and Williamson, 2009). Historically, inhabitants of
Chile were found to have the highest rates of the disease, particularly women of the
indigenous Araucanian Mapuche Native American population who were reported to
have a 27.6% prevalence of ICP (Reyes et al., 1978). These rates have now fallen
according to more recent studies; the reason for this decrease over time is unclear as
diagnostic criteria for the disease has become more inclusive (Reyes, 2008). In the
United Kingdom, the incidence of ICP is estimated to be 0.7% of the pregnant
population, however women of South Asian descent having rates of up to 1.5%
(Abedin et al., 1999). Apart from ethnicity, other risk factors for the disease include
Hepatitis C seropositivity and women who >35 years old at the time of pregnancy
(Paternoster et al., 2002, Koivurova et al., 2002).

The disease has a complex aetiology, however in general it is thought that women
with certain genotypes are predisposed to developing ICP due to environmental
impact and pregnancy-induced hormonal changes (Dixon and Williamson, 2016).
The latter is evidenced by exogenous estrogen treatment, multifetal pregnancies,

hormonal contraception and assisted conception using in vitro fertilisation being



associated with higher rates of ICP (Kreek et al., 1967, Gonzalez et al., 1989, Batsry
et al., 2019, Alemdaroglu et al., 2020). Studies have shown that the disease has
familial clustering, with significant concurrence between first degree relatives
(Eloranta et al., 2001). With regard to genomic studies, there has been a particular
research emphasis on evaluation of potential mutations of biliary transport encoding
genes ATP binding cassette (ABC) B4 (MDR3), B11 (BSEP) and C2 (MDR2),
ATPase phospholipid transporting 8B1 (ATP8B1) (FIC1) and the genes encoding
bile acid receptors Pregnane-X receptor (PXR) and Farnesoid-X receptor (FXR)
(Dixon and Williamson, 2016). Additionally, there appears to be a seasonal
susceptibility to the disease in some European countries during winter months,
which is thought to be due to selenium and/or Vitamin D deficiency (THORLING,
1955, Fisk et al., 1988, Johnston and Baskett, 1979, Williamson and Geenes, 2014,
Gengosmanoglu Tiirkmen et al., 2018).

In normal pregnancy, the fetal serum concentrations of bile acids are higher than in
the maternal circulation, consistent with the fetus having relative hypercholanaemia
compared to its mother. There is also a progressive increase of fetal serum bile acid
concentrations with gestation which is thought to be due to the limited ability of the
immature fetal liver and kidneys to excrete these compounds (Lunzer et al., 1986,
Marin et al., 2008). Bile acids are therefore mainly transferred from the fetus to the
maternal compartment via the placental barrier, however, pathological cholestasis
has not been reported in either compartment due to their small amounts. In
pregnancies complicated by ICP, the feto-maternal gradient for bile acid transfer is
reversed and a high concentration of circulating bile acids in the mother leads to the
accumulation of a high level of bile acids in the fetal compartment (Figure 1.1)
(Laatikainen, 1975, Monte et al., 1995).
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Figure 1.1: Schematic representation of the feto-maternal serum bile acid
concentration gradient in normal pregnancies and pregnancies complicated by ICP.

1.1.2 Bile acid structure, synthesis, transport and the role of bile acids in ICP

Bile acids are detergent compounds which are the end products of cholesterol
catabolism and have the essential function of emulsifying lipids into micelles after
consumption of food. They can also act as signalling molecules to upregulate genes
encoding their own synthesis and transportation (Chiang, 2013). Bile acids are
steroid structures made of three 6-carbon rings and one 5-carbon ring with a carbon
side chain terminating in a carboxyl group with differing attached hydroxyl groups
depending on the specific bile acids. The hydroxyl groups can either be positioned
above (described as B) or below (described as o) the steroid nucleus. All human bile
acids are formed by 24 carbon atoms and have hydroxyl groups at the 30, 7a and/or
12a positions. The orientation of these groups contribute to the amphipathic nature
of bile acids as the a side of the molecule is hydrophilic and the B side is
hydrophobic (Monte et al., 2009).
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Synthesis of bile acids can occur via one of two pathways: the classical (or neutral)
pathway and the alternative (or acidic) pathway (Chiang, 1998). The classical
pathway accounts for 90% of synthesised bile acids. It occurs in the hepatocytes of
the liver via the hydroxylation of cholesterol by the cytochrome p450 enzymes
cholesterol 7-a hydroxylase (CYP7AL), the rate-limiting enzyme, along with sterol
12-0 hydroxylase (CYP8B1) and which make the primary bile acid cholic acid (CA)
(Chiang, 2013). Without the latter enzyme, the other primary bile acid
chenodeoxycholic acid (CDCA) is formed (Chiang, 2013). The remaining 10% of
bile acids are synthesised via the alternative pathway which is initiated in by sterol
27 hydroxylase (CYP27A1), an enzyme which is widely distributed in the
mitochondria of macrophages and other tissues and also leads to the formation of the
primary bile acid CDCA (Chiang, 2013).

To prevent the cytotoxic accumulation of bile acids in hepatocytes, they are
transported into the bile canaliculi or hepatic vein. Canalicular transport occurs via
the bile salt export pump (BSEP), encoded by ABCB11, which acts as the rate
limiting step for bile acid removal from the blood (Kullak-Ublick et al., 2000). Prior
to primary bile acids being transported into the canalicular lumen, they are
conjugated at their carboxyl group to the amino acids glycine and taurine at a ratio of
3:1 with the aid of the enzymes bile acid-CoA synthase (BACS) and bile acid CoA:
amino acid N-acyltransferase (BAAT). Conjugation of bile acids further increases
their amphipathic nature. Bile itself is made from bile salts, phospholipids and
cholesterol. The phospholipid phosphatidyl choline is exported into the canaliculi via
the multidrug resistance 3 protein (MDR3), which is encoded by ABCB4, and
cholesterol is exported via the ABCG5/G8 heterodimer, thereby allowing the
formation of bile micelles in the canaliculi (Graf et al., 2003, Oude Elferink and
Paulusma, 2007).

The micelles are then transported into the gallbladder and released into the
duodenum of the intestine after food consumption. In the intestine, conjugated CA
and CDCA are deconjugated then converted to the secondary bile acids deoxycholic
acid (DCA) and lithocholic acid (LCA) respectively via 7a-dehydroxylation by the



intestinal flora. Approximately 95% of bile acids are re-absorbed from the distal
ileum and transported back into the liver via the portal vein with the aid of the apical
sodium-dependent bile acid transporter (ASBT), intestinal bile acid binding protein
(IBABP) and organic solute transporters (OST) o and [, in a process known as
enterohepatic circulation (Stieger and Meier, 2011). They are then taken back up into
the hepatocytes by sodium (Na*)-taurocholate co-transporting polypeptides (NTCP)
or organic anion transporting polypeptides (OATP) (Meier and Stieger, 2002)
(Figure 1.2).


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/organic-anion-transporting-polypeptide
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Figure 1.2: : Schematic representation of bile acid synthesis and enterohepatic
circulation.



1.1.3 Risk of ICP-associated adverse outcomes and the importance of disease
severity

ICP has traditionally been stratified as either mild or severe depending on maternal
TSBA concentration, mild ICP is diagnosed in women who have elevated TSBA
concentrations whilst severe ICP is determined by further elevated TSBA

concentrations of >40 pmol/L.

Although ICP generally resolves spontaneously after delivery and was initially
thought to be benign for the mother, it has since been shown to be associated with
other comorbidities such as gestational diabetes mellitus (GDM), maternal
dyslipidaemia, and preeclampsia during the gestational period (Wikstrém Shemer et
al., 2013, Dann et al., 2006, Martineau et al., 2014b, Rezai et al., 2015). In addition
to this, long-term follow up studies have shown that ICP is associated with the
development of postpartum metabolic disease in the mother, including an increased
risk of type 2 diabetes and hypothyroidism (Wikstrém Shemer et al., 2015,
H&mal&inen et al., 2019). A higher incidence of gallstones, chronic liver disease and
liver cancer after an ICP-complicated pregnancy has also been reported (Marschall et
al., 2013, Erlinger, 2016). Evidence from human studies and mice also suggests that
ICP programmes the fetus to be predisposed to metabolic disease later on in life; 16
year-old children whose mothers had ICP during their pregnancy had an increased
BMI, waist girth and fasting insulin compared to a control cohort from
uncomplicated pregnancies (Papacleovoulou et al., 2013). This corresponds with
data that neonates born from ICP-complicated pregnancies have a higher birthweight
and ponderal index, however there is also conflicting evidence that ICP increases the
rate of small for gestational age infants and cholestasis induces intrauterine growth
restriction in mice (Martineau et al., 2014b, Li et al., 2020, Madazli et al., 2015,
Chen et al., 2019Db).

The focus of research and clinical management has been on improving fetal and
neonatal outcomes since it was first reported that the prognosis of the fetus from an
ICP pregnancy can be poor; this was later confirmed by data from a small Finnish

cohort which showed increased rates of intrauterine death (IUD), fetal distress and



meconium stained amniotic fluid (Friedlaender and Osler, 1967, Laatikainen and
Ikonen, 1977). The increased rates of these adverse outcomes in pregnancies
complicated by ICP were further confirmed in Australian, North and South
American cohorts (Fisk and Storey, 1988, Alsulyman et al., 1996, Rioseco et al.,
1994). Later studies of larger Swedish and UK cohorts by Glantz et al. (2004) and
Geenes et al. (2014) confirmed that ICP is associated with the increased risk of
intrauterine death (IUD), iatrogenic and spontaneous preterm labour (PTL),
meconium staining of amniotic fluid, fetal hypoxia and neonatal unit admission
(Geenes et al., 2014a, Glantz et al., 2004). Importantly, the latter investigations
highlighted that fetal complications did not arise until maternal TSBA concentrations
reached the severe threshold of 40 pmol/L and regression analysis showed that the
risk increased with every increasing unit of TSBA concentration (Glantz et al., 2004,
Geenes et al., 2014a). The association of risk of adverse outcomes increasing with
severity of ICP has also been confirmed in smaller cohorts as well as the more recent
findings of an increased risk of fetal respiratory distress syndrome (Estiu et al., 2017,
Gunaydin et al., 2017, Cui et al., 2017, Wikstrém Shemer et al., 2013, Lee et al.,
2008, Zecca et al., 2006) .

A recent study by Ovadia et al. (2019) found that peak maternal TSBA
concentrations are the most effective biomarker and predictor for IUD; the
equivalent was not found when investigating other markers of liver dysfunction such
as serum alanine aminotransferase (ALT), aspartate aminotransferase (AST) or
bilirubin concentrations (ROC area under the curve 0.94 vs. 0.56, 0.58 and 0.79
respectively) (Ovadia et al., 2019). Furthermore, when comparing the individual
patient data of 5269 ICP participants and 165,123 control participants, it was found
that the patients most at risk of ICP-associated 1UD and/or spontaneous PTL can be
further stratified as maternal TSBA concentrations of >100 umol/L causing the
highest risk (Ovadia et al., 2019) (Figure 1.3). The threshold of >100 umol/L for
identifying the women at highest risk of IUD has also been supported by other
studies of smaller cohorts (Di Mascio et al., 2019, Herrera et al., 2018, Kawakita et
al., 2015, Brouwers et al., 2015).
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Figure 1.3: Graphs taken from the Ovadia et al. publication depicting the

relationship between maternal TSBA concentrations and the perinatal outcomes of

(A) intrauterine death and (B) spontaneous preterm labour (adapted from (Ovadia et

al., 2019))



These data were reported from singleton pregnancies. However, data from twin
pregnancies (the incidence of which is strongly associated with assisted conception
and relatively elevated hormone levels) have shown that these pregnancies generally
have earlier an onset of ICP, higher TSBA concentrations during pregnancy, higher
rates of spontaneous preterm birth (PTB) and earlier IUD events compared to
singleton pregnancies (Batsry et al., 2019). Composite adverse perinatal outcomes in
twin pregnancies complicated by ICP compared to control twin pregnancies in
Chinese cohorts also correlated with severity of disease; a stratified subgroup of
participants with TSBA concentrations >100 pmol/L were not studied (Mei et al.,
2018, Mei et al., 2019, Shan et al., 2016). In addition, twin pregnancies conceived
via assisted conception had worse perinatal outcomes than twin pregnancies

conceived spontaneously (Feng et al., 2018).

The duration of ICP also affects the prognosis of the fetus in singleton pregnancies;
recent data has shown that ICP which had a gestational onset of <30 weeks, i.e. an
early-onset diagnosis is associated with an increased rate of PTL, meconium-stained
amniotic fluid and fetal distress compared to later-onset diagnosis (Lin et al., 2019,
Jinetal., 2015, Estiu et al., 2017).

1.1.4 Diagnostic criteria for ICP

Given the above data, the focus of ICP diagnosis should be on accurate testing of
maternal TSBA concentrations and subsequent targeted management of women with
TSBA concentrations >100 pmol/L in order to decrease the likelihood of ICP-
associated adverse perinatal outcomes. The diagnostic criteria of ICP, however, can
vary between centres. Measurement of maternal serum TSBA is not a routine test in
clinical sites that manage ICP patients nor is it always available, and hence it is not
always used for diagnosis and management (Bacq and Sentilhes, 2014). The
majority of women who are eventually diagnosed with ICP initially present with
pruritus and are then found to have deranged tests of liver function which can
include a combination of TSBA, ALT, AST, alkaline phosphatase (ALP), gamma
glutamyl transferase (GGST) and/or bilirubin (Williamson and Geenes, 2014). ICP



is diagnosed when other causes of these two symptoms have been excluded, however
recent evidence suggests that differential diagnosis does not result in a significant
number of women being diagnosed with an alternative disorder (Williamson and
Geenes, 2014, Donet et al., 2020). Most women are diagnosed after thirty weeks of
gestation, however the disease can present as early as eight weeks into pregnancy
(Berg et al., 1986).

Bile acids circulate around the body whilst bound to the albumin in serum. Due to
the nature of their synthesis and function, TSBA concentrations are raised post-
prandially and have displayed a diurnal rhythm (Galman et al., 2005). The typical
bile acid concentration threshold for diagnosis of ICP, if maternal TSBA results are
used for diagnosis, is 10-14 umol/L in a non-fasted patient or 6-10 umol/L if the
patient has fasted (Williamson and Geenes, 2014). If the TSBA concentration
initially presents at, or eventually surpasses a threshold of 40 pumol/L, then women
are typically classed as having severe ICP. Whether the patient is fasted prior to
their TSBA test is dependent on the centre they present at, however postprandial
TSBA concentrations have been shown to be more sensitive for diagnosing liver
disease and predicting perinatal outcomes (Kaplowitz et al., 1973, Laatikainen, 1978,
Sargin Orug et al., 2014). Furthermore, unpublished data from our group suggests
that postprandial tests are more accurate for identifying women with severe ICP,
suggesting that centres that use fasted tests may be underdiagnosing this subgroup of
cases (Mitchell and Ovadia et al., unpublished). It has been suggested that ratio of
CA:CDCA could act as a useful diagnostic test for women with ICP, however its
efficacy is not yet confirmed (Jurate et al., 2017). In normal pregnancies, the 3:1
glycine to taurine conjugation ratio results in glycine-conjugated bile acids being
more concentrated in serum, however ICP pregnancies result in a switch in the ratio
and a higher concentration of taurine-conjugated bile acids; particularly the
concentration of taurocholic acid (TCA) is significantly increased although neither
the ratio of CA:CDCA nor TCA alone have been proven as efficient markers of the
disease (Tribe et al., 2010).



1.2 Measuring bile acids

1.2.1 Current methods of measuring bile acids

In addition to being used for diagnosis and management of ICP, measurement of
TSBA concentrations is also used for managing patients with a other liver diseases
including hepatobiliary disease, liver sclerosis and bile acid malabsorption (Ferraris
etal., 1983, Luo et al., 2018). Although it is clear that TSBA concentrations,
particularly those exceeding 100 pumol/L, provide the best predictive biomarker for
ICP-associated IUD and PTL, the specificity and sensitivity of the use of TSBA
concentrations for diagnosis of ICP has been debated due to the relatively low
concentrations of bile acids in the blood and the lack of capacity of the most
clinically available versions of this assay to determine individual bile acid

concentrations (Jurate et al., 2017, Manzotti et al., 2019).

There are currently many different assays capable of measuring TSBA or the serum
bile acid profile in the clinical laboratory including chromatographic methods
coupled with mass spectrometry, immunoassays, enzymatic assays, fluorometry,
ultraviolet detection and proton nuclear magnetic resonance spectroscopy (Manzotti
etal., 2019). The former more complex chromatography and spectrometry
separation methods in this list are the ideal technique for measuring bile acid
concentrations due to their high accuracy and ability to detect specific individual bile
acids, however they have long turnaround times, equipment is costly and rarely
available in clinical laboratories (Danese et al., 2017). Enzymatic assays are more
commercially available and cheaper, and therefore are more commonly used in
clinical laboratories. The most current and advanced versions of these assays
measure the TSBA concentration through the use of the enzyme 3a-hydroxysteroid
dehydrogenase (3a-HSD) to oxidise the 3a-hydroxyl group on bile acids to a 3-
keto/oxo group in the presence of coenzymes nicotinamide adenine dinucleotide
(reduced) (NADH) and thio-NAD™ (which are simultaneously oxidised and reduced
into NAD™ and thio-NADH respectively) (Figure 1.4). The concentration of
accumulated thio-NADH is then measured using spectrophotometry at a wavelength
of 405/660nm (Zhang et al., 2005). The detection limit using this method is 180
pumol/L and the precision of this method to measure TSBA concentrations in serum



has been reported to be 97%, however not all centres have the equipment to measure
TSBA concentrations in their clinical laboratories despite it being relatively
inexpensive and more available than other methods (Danese et al., 2017). In
addition, clinical laboratories may conduct TSBA assays infrequently and therefore a
delay in obtaining serum TSBA results may result in an inaccurate reflection of the
current TSBA concentration of the patient. This is particularly concerning when
considering the time-sensitive nature of the result: TSBA concentrations can rise to
>100 pumol/L rapidly, ICP is mostly diagnosed late in pregnancy and the risk of IUD

increases with gestational age (Ovadia et al., 2019).

Ho™
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Figure 1.4: Schematic representation of the compounds of the enzymatic reaction

used to detect total bile acid concentrations in serum.

1.2.2 Novel methods of ICP diagnosis

Research has therefore moved towards investigating alternative methods to utilise

the enzymatic reaction that can provide the same specificity but can also be
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inexpensive, widely distributed and provide a quick turnaround to allow the
feasibility of frequent testing and provision of rapid results. The development of an
effective biosensor would be the logical solution for this problem. Biosensors are
analytical devices that rely on a biological component, such as an enzyme, to
generate a signal that is transduced and quantified in proportion to the concentration
of the chosen analyte present (Bhalla et al., 2016). They can be classed as optical,
electrochemical, thermometric, piezoelectric (referring to the electrical charge
generated from mechanical stress) or magnetic (Damborsky et al., 2016). Since the
successful development of the first glucose oxidase biosensor by Clark and Lyons in
1962, there has been an exponential investment into the research, development and
implementation of biosensors, particularly in the fields of public health and
environmental monitoring as they are cost-effective, provide fast results and require
minimal operational time (Clark and Lyons, 1962, Eggins, 2002). There is a
particular demand for biosensors that detect biomarkers for highly researched
diseases such as cancer, cardiovascular disease and neurodegeneration (Janegitz et
al., 2014). Electrochemical biosensors are the most common type that are used for
monitoring and diagnosing diseases in clinic due to their inherent sensitivity,
however they are often hindered by complications relating to selectivity and stability
due to poor coupling between the biological component and transducer (Chaubey
and Malhotra, 2002).

1.2.3 Components of an electrochemical biosensor

In the simplest terms, the architecture of an electrochemical biosensor firstly requires
a biological recognition element, or receptor, that can specifically bind to the target
analyte, or substrate. The biological event triggered by either the binding of the
analyte to its recognition element (such as an antibody), or a highly specific reaction
of the analyte with the biological element (such as an enzyme) generates a
biochemical signal which is picked up by an electrical interface; this is usually made
up of electrodes. The biochemical signal is therefore transduced into an electrical
signal which is measured, amplified and finally processed to give a comprehensible
readout (Figure 1.5). In addition to the recognition element being highly specific to

the target analyte, the biosensor must show little variation between assays, be



reproducible within the target analyte’s physiological concentration range, provide a
rapid or real-time readout if it is to be used in a point-of-care (POC) setting and be
free from any electrical or physical interference such as pH and/or temperature.
Furthermore, in order for the biosensor to be a viable device for use in clinical
settings, it must be cheap, small, portable and require minimal training for the

operator to use (Grieshaber et al., 2008).
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Figure 1.5: Schematic representation of the general elements of an electrochemical

biosensor from sample to final result readout.

Electrochemical biosensors require a two- or three-electrode setup; the electrodes
themselves are of great importance as they can determine how successful a biosensor
is. A two-electrode setup consists of a working (or sensing) and a combined

counter/reference (or auxillary) electrode. However, a three-electrode setup that has



an additional separate reference electrode is often preferred due to its increased
stability (Liu, 2012). A three-electrode setup is often controlled by an instrument
known as a potentiostat, which has the role of regulating the difference in potential
(the amount of energy required to move one unit of charge) between the working and
reference electrode and measuring the flow of current between the working and
counter electrodes. It is connected to a computer interface that can process this
signal and display a readout of the measured current. Potentiostats can have varying
operating voltages, accuracies, current ranges, sizes and signal processing methods,
and therefore need to be chosen carefully depending on the reaction occurring at the

biosensor and what its commercial use will be (Doelling, March 2000).

The reference electrode is commonly made from silver that has been coated with a
layer of silver/silver chloride (Ag/AgCl). It is kept at a distance from the reaction
site and has the important function of maintaining a well-known electrochemical
potential (Grieshaber et al., 2008). As it passes a very minimal amount of current
during the reaction, there is little lowering of potential due to electrolyte resistance or
“iR drop”, resulting in a stable potential at this electrode and compensation for iR
drop across the whole solution. The working electrode is where the redox reaction
takes place and is therefore often referred to as the cathode or anode depending on
whether electron donation or acceptance occurs. The biological recognition element
used in the reaction, particularly if it is an enzyme, is often immobilised onto the
working electrode in order to increase storage stability, sensitivity, selectivity and
reproducibility as well as reduce the reaction time (Sassolas et al., 2012). Methods
for electrode modification to enable enzyme immobilisation include physical
adsorption onto the surface of the electrode, covalent bonding, entrapment using a
gel or polymer matrix, crosslinking the element to the electrode or use of a
membrane to encapsulate it (Moehlenbrock and Minteer, 2011). The counter
electrode does not participate in the redox reaction and instead serves as a source or
sink of electrons which allows flow of current between itself and the working
electrode. Both the working and counter electrodes are required to be highly
conductive but also chemically stable to prevent electrode fouling; materials often
used to make these electrodes are platinum, gold, carbon and silicon (Chaubey and
Malhotra, 2002).
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Biosensors are undergoing an era of miniaturisation to develop the already available
microscale components into nanoscale. Nanostructural electrodes, particularly made
of nanotubes, nanoparticles and nanorods, are thought to make more effective
biosensors. This is due to a combination of the high surface area and provision of
particularly active sites for electrochemistry on the recognition element, therefore
allowing higher sensitivity and capture efficiency (Patolsky et al., 2006). Fabrication
of electrodes using carbon nanotubes is common as they are less likely to be subject
to electrode fouling due to their complex structures and are a highly conductive and
strong material, although they have been reported to disintegrate with long-term use
(Pasinszki et al., 2017). Another disadvantage of nanostructures is that the electrode
fabrication technique is likely to have inconsistencies in uniformity even when
standardised, which will cause slight variation in analyte measurements between
assays (Liu, 2012).

1.2.4 Electrochemical detection techniques

The main types of electrical biosensors measure current generated from redox
reactions, changes in electrical potential or changes in the conduction properties of
the reaction solution: these biosensors are referred to as amperometric,
potentiometric or conductometric respectively (Eggins, 2002). Each of these types
of biosensor has its own advantages and disadvantages. Conductometric sensors are
inexpensive and reproducible but require a large change in conductance for detection
which gives rise to a larger window for inaccuracy. Potentiometric biosensors are
governed by the Nernst equation and can continuously measure activity of a wide
range of ions, however, are sensitive to interference from changes in pH and

temperature.

1.2.5 Amperometric biosensors

Amperometric biosensors are the most commonly used type and importantly

function linearly, i.e. the value of the current is directly proportional to the



concentration of the target analyte. Additionally, amperometric biosensors are
relatively advantageous compared to the other two types as they possess the highest

sensitivity and are more rapid and inexpensive (Mehrvar and Abdi, 2004).

The current generated from these sensors can be measured by a range of techniques
which are widely described as voltammetry and amperometry. In amperometry, the
electrode is held at a constant potential however in voltammetry, the current is
measured as response of a varied applied potential (Eggins, 2002). In
chronoamperometry, the potential is stepped up once in a square-wave fashion then
kept constant until the end of measurement. There are different techniques within
voltammetry, such as cyclic voltammetry where the applied potential is scanned back
and forth between two fixed voltages at a specific scan rate, resulting in the
measurement of the oxidation and then reduction of the electroactive species. Linear
sweep voltammetry is simply the first half of a cyclic voltammogram with the
applied potential only scanned in one direction. Differential pulse voltammetry can
also be used for measurements, whereby a specific potential is applied as a pulse on
top of the gradual linear sweep from one voltage to another (Eggins, 2002) (Figure
1.6).
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Figure 1.6: Panel of example graphs depicting different types of electrochemical
measurement techniques. Methods of changing the applied potential are shown in
blue and the resulting currents are shown side by side in red. Asterisks on the pulse

voltammetry graphs display when current measurements are taken.

Amperometric sensors are well known for their amenability to miniaturisation and
the utilisation of disposable electrodes, which make them ideal for measurements in
a POC setting. To take advantage of their disposability, the electrodes used for
amperometric biosensors are being increasingly screen-printed, both in commercial
and experimental settings. This allows for mass production, improving cost-

efficiency and standardisation between assays. However, they do allow interference
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from other non-target analytes in the medium and depend on a consistently high
concentration of oxygen in the medium throughout the reaction for the enzyme or
coenzyme to act as an electron donor or acceptor. Therefore the current flow can be
difficult to detect, and sensitivity and specificity may be low. In order to combat this
problem, electrodes are often modified with artificial electron transferring agents

known as electron mediators.

1.2.6 Electron mediators

Electron mediators act as a “shuttle” and move electrons from the redox reaction
directly to the electrode surface to aid electrical communication (Figure 1.7).
Electron mediators therefore allow the reaction to take place at a lower working
potential, which reduces the likelihood of non-target analytes participating in the
redox reaction and electrode fouling taking place (Chaubey and Malhotra, 2002).
Some of the main mediators that have been extensively studied include quinones,
methylene blue, ruthenium and ferrocene derivatives (Kim et al., 2013).
Additionally, dyes such as methylene green, meldola’s blue, azure A and B and
toluidine blue O have been used for NADH-based sensors (Kumar and Chen, 2008,
Zhu et al., 2007, Prieto-Simdn and Fabregas, 2004). The mediators themselves are
specifically chosen so their redox potential is lower than the other electrochemically
active species in the medium (Mehrvar and Abdi, 2004). Mediators are particularly
useful if the redox reaction at the electrode requires a coenzyme such as NADH (the
same coenzyme used in the enzymatic method of TSBA testing) that cannot be
regenerated at the electrode surface without dramatically increasing the potential and
therefore allowing the redox of other electroactive species that are normally present
in human serum, such as catecholamines, uric acid and ascorbic acid (Kumar and
Chen, 2008). Additionally, the regeneration of NADH at the surface of the electrode
can also give way to electrode fouling due to the formation of NAD dimers on the
electrode surface (Turner et al., 1987, Yuan et al., 2019). Mediators therefore allow
NADH to be used as a coenzyme in the sensor without negatively impacting the

sensor’s efficiency.



The use of mediators in chemically modified electrodes has allowed the development
of what is now termed 2" generation sensors, however the most recent and advanced
3" generation biosensors for diagnostic use are working towards going back to a
direct electron transfer mechanism, although these are currently still under

development and not available for commercial use (Das et al., 2016).
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Figure 1.7: Schematic representation of direct electron transfer in the absence of a

mediator and mediated electron transfer (mediator is depicted in blue).

1.2.7 Recent developments in creating an electrochemical bile acid biosensor

Possibly the first electrochemical method of bile acid sensing was by Ferri et al. in
1984, who used differential pulse voltammetry to determine the concentrations of
conjugated and unconjugated CA in human bile (Ferri et al., 1984). Shortly after,
amperometric techniques were used on human serum and plasma with glassy carbon
electrodes that had been modified with immobilised 3a-HSD; the detection limit for
the sensor used in plasma was 1uM however the full working range was not stated
(Teodorczyk and Purdyt, 1990, Albery et al., 1987). In 1990, a microelectrode sensor
was developed to detect dynamic bile acid activity for in vitro liver cell culture
experiments; the sensor appeared to have adequate sensitivity the bile acids DCA,
TCA and CA (Yuetal., 1990). Pulse amperometric detection of conjugated and
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unconjugated bile acids in combination with reversed-phase high performance liquid
chromatography (HPLC) has been successfully conducted with detection limits of
<10 pmol/L in gallbladder bile and ileal fluid (Chaplin, 1995, Dekker et al., 1991).
Determination of ursodeoxycholic acid (UDCA) purity has also been experimentally
conducted using this method (Scalia et al., 1995). Flow injection analysis within
HPLC using a potentiometric detector of CA concentrations has also been performed
(Arias De Fuentes et al., 2000).

Concentrations of CA in bovine and ovine gallbladder bile has also been measured
with detection limits of <3.3 umol/L using hanging mercury drop electrodes and
square wave stripping voltammetry (Yilmaz et al., 2015). A sensor designed for
human urine had a total bile acid detection range of 2-100 umol/L and utilised the
enzymes bile acid sulfate sulfatase and B-hydroxysteroid dehydrogenase with
measurement via cyclic voltammetry, however samples required dilution before
testing and direct assays of urine were not successful (Koide et al., 2007). Yeast has
been used in a biosensor to investigate the toxicity i.e. hydrophobicity of known
concentrations of various bile acids by their oxygen metabolism behaviour using
chronoamperometry (Campanella et al., 1996). A bare electrode sensor for detection
of primary bile acids after they have been subjected to dehydration, which increases
their redox reactivity and enables anodic oxidation, has also been reported (Klouda
etal., 2018). Anodic electrochemical oxidation of CA with lead dioxide and
platinum foil has also been demonstrated, however the process for this is

significantly slower than those which utilise mediators (Medici et al., 2001).

The use of screen-printed electrodes (SPESs) has been introduced into bile acid
sensing research. Bartling et al. (2009) used the components of the enzymatic
method currently commonly used for clinical diagnosis to measure CA, TCA and
TCDCA in bovine serum at concentration ranges of 0-200 pumol/L with iridium-
modified carbon thick-film SPEs and cyclic voltammetry techniques (Bartling et al.,
2009). Lawrance et al. (2015) spiked human serum with up to 150 pmol/L of TCA
and used chronoamperometry on carbon SPEs were chemically modified using

meldola’s blue (MDB) by the manufacturer (Lawrance et al., 2015). The group who
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developed the enzymatic technique, Zhang et al., have also further developed the
reaction for use in a biosensor made from carbon SPEs modified with MDB and
detection with differential pulse voltammetry (Zhang et al., 2016a). This device was
able to sense human serum TCA concentrations ranging between 5 and 400 pmol/L
and provided similar results to the commercially available enzymatic assay
commonly used in clinical laboratories (Zhang et al., 2016a). Most recently, this
group have further developed this sensor to have further increased sensitivity to TCA
concentrations with detection within a working range of 5-150 pmol/L in human
serum that has been diluted 106-fold (Tian et al., 2018). This sensor used ruthenium
as an electron mediator which was prepared in a solution with 3a-HSD and NADH,
added to the diluted serum and subsequently measured via chronoamperometry on a
bare SPE (Figure 1.8) (Tian et al., 2018).
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Figure 1.8: Graph from Tian et al.’s publication reporting an indirect
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Although there has been research and development towards a biosensor that
successfully detects TSBA concentrations with large working ranges, there has been
very little progress towards finding optimal methods for chemical modification of
electrodes to enable commercialisation and implementation of such a biosensor in
the clinic. Given the pertinence of the most recent findings regarding thresholds of
TSBA concentrations for indicating the risk of IUD and the necessity to manage
patients with TSBA concentrations of >100 pmol/L to prevent an IUD occurring, a
bile acid-detecting biosensor that can sensitively detect bile acids around this range
and yield rapid results in a POC setting would dramatically improve clinical

management of these patients.

1.3 Treatment of ICP

The most common pharmacotherapy currently used to treat ICP is UDCA, a
hydrophilic bile acid which is present in trace amounts in humans and has been
identified in large amounts in bear bile in its taurine-conjugated form. There is a
large amount of evidence that UDCA therapy significantly improves maternal
outcomes in cases of ICP. In observational studies investigating UDCA treatment
for ICP, pruritus and deranged liver function markers improved upon initiation of the
drug (Diaferia et al., 1996, Davies et al., 1995, Parizek et al., 2016, Zapata et al.,
2005, Berkane et al., 2000, Ambros-Rudolph et al., 2007, Palma et al., 1997, Deveer
etal., 2011). There is evidence that the maternal serum bile acid profile of women
with ICP is significantly altered by UDCA therapy: CA and CDCA concentrations
are significantly decreased and the glycine:taurine conjugation ratio that is reversed
in women with ICP compared to uncomplicated pregnancies is normalised (Brites et
al., 1998, Mazzella et al., 2001). Recent retrospective data has showed that women
with severe ICP who had been treated with UDCA had similar outcomes to a
matched cohort with mild ICP, although the median peak TSBA concentration of the
former group was 56.21 pmol/L and therefore below the 100 pumol/L threshold for
substantially increased risk of adverse fetal outcomes (Yang et al., 2019). There is
evidence that UDCA therapy is more successful for some women with ICP than

others i.e. many women are unresponsive to the drug; the reasons for this are



unknown but genetic factors, dosage and gestation at diagnosis have been postulated
as possible causes (Williamson and Geenes, 2014). However, measurements of
individual bile acids in serum have demonstrated that UDCA becomes the principal
bile acid in all UDCA-treated patients, forming 60% of the TSBA and significantly
decreasing the proportion of CA and CDCA (Manna et al., 2019).

In contrast, there is relatively little published data determining whether UDCA is
beneficial for the ICP-affected fetus. ICP is known to create a transplacental primary
bile acid gradient from the mother to the fetus, leading to accumulation of bile acids
of a pathological concentration in the fetal compartment (Monte et al., 1995).
Several studies have demonstrated that UDCA lowers deranged TSBA
concentrations in the fetus as well as the mother, reducing the impaired
transplacental gradient and facilitating placental transfer of bile acids from the fetal
to the maternal compartment (Geenes et al., 2014b, Estiu et al., 2015, Brites, 2002).

The first phase of a large randomised controlled trial of UDCA vs. placebo in 2012
by Chappell et al. showed a significant reduction in pruritus and a decrease in
meconium-stained amniotic fluid with UDCA treatment, however the number of
participants in each cohort were too low to confirm its efficacy at reducing the rate
of other adverse perinatal outcomes (Chappell et al., 2012). Since then, the same
group have recently published the results of a larger randomised controlled trial of
UDCA vs. placebo on 322 and 318 women respectively (Chappell et al., 2019). This
study measured the primary composite perinatal outcome of IUD, preterm delivery
(i.e. iatrogenic and spontaneous preterm delivery) and neonatal unit admission, as
well as the secondary maternal outcomes of liver function marker concentrations,
pruritus and delivery details. Although there was a reduction of meconium-stained
amniotic fluid as in the previous phase of the study, it was found that UDCA did not
change the composite primary outcome in this cohort, therefore suggesting that it has
a minimal reduction effect on ICP-associated adverse perinatal outcomes (Table 1.1).
UDCA treatment did, however, significantly reduce pruritus and ALT concentrations
as well as the estimated blood loss at delivery (Chappell et al., 2019). Itis
noteworthy that only 73 of the participants who received UDCA therapy had severe
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ICP, and 23 of this subgroup had TSBA concentrations of >100 umol/L, suggesting
the group most at risk of adverse outcomes was small in number and further
investigations with larger numbers severe ICP cases are required to assess the
efficacy of UDCA on perinatal outcomes in severe disease (Chappell et al., 2019).

Ursodeoxycholic acid Placebo (n=318) Adjusted effect estimate (95% ClI) pvalue
(n=322)
Perinatal death, preterm delivery,* or neonatal 74 (23%) 85 (27%) RR 0-85 (0-62 10 1-15) 028
unit admission
In-utero fetal death 1(<1%) 2(1%) RR0-51(0-0410 6-25) 0-60
Preterm delivery* 54 (17%) 65 (20%) RR 079 (0-57 10 1-10) 017
Known neonatal death up to 7 days after birth 0 0 -
Neonatal unit admission for=4 h 45 (14%) 54 (17%) RR0-81(0-58101-13) 021
Livebirth 321(>99%) 316 (99%)
Gestational age at delivery, weeks 376 (371381 37-4(37-0-38-1) Median difference 0-1 (0-0to 0-3) 0-065
Birthweight, g 3105 (2775-3390) 3040 (2660-3320) Median difference 94-0 (18710 169-3) 0-014
Birthweight percentilet 59-3 (28-4) 563 (27-8) - -

<10th percentile 16 (5%) 18 (6%) RR 0-89 (0-47 10 1-69) 073

<3rd percentile 7 (2%) 7 (2%) RR1-09 (0-38t03-12) 0-88
Mode of delivery

Spontaneous vaginal (cephalic) 193 (60%) 182 (57%) RR1.04 (0-91101.20) 056

Vaginal (breech) 1(<1%) 3(1%)

Assisted vaginal (cephalic) 21(7%) 35(113%)

Pre-labour caesarean 71(22%) 62 (19%)

Caesarean 36 (11%) 36 (11%) RR1-00 (0-68101-46) 10
Presence of meconium-stained amniotic fluid 34 (11%) 52 (16%) RR0-65(0-43 10 0-98) 0-040
Apgar score at 5 min after birthf 3-0(9-0-10-0) 9.0 (9-0-10-0) Median difference 0 (-0-4 to 0-4) 1.0
Apgar score of <7 at 5 min after birth, n/N (%) 8/321 (2%) 71316 (2%)

Umbilical cord blood sampling, N 112 102

Umbilical arterial pH 72(01) 72(01) Mean difference-0-02 (-0-04t0 0-01) 018
Nights in the neonatal unit§ 5-5(3-0-13.0) 6.0 (2:0-16.0) Median difference 0 (-3-2103-2) 1.0
Main diagnosis for first neonatal unit admission

Prematurity, n/N (%) 14/45 (31%) 17/54 (31%)

Respiratory disease, n/N (%) 16/45 (36%) 15/54 (28%)

Infection suspected or confirmed, n/N (%) 5745 (11%) 7154 (13%)

Other¥], n/N (%) 10/45 (22%) 15/54 (28%)

Data are n (%), median (IQR), or mean (SD), unless otherwise indicated; N is equal to the total number of infants in the group, unless otherwise indicated; <1% of observations
are missing, unless otherwise indicated. Adjusted effect estimates and p values are shown for primary outcomes, and for secondary outcomes that were prespecified for
testing in the published protocol.* RR=risk ratio. *Delivery at <37 weeks' gestation. tCalculated using the INTERGROWTH-21st tool.®® $Data are for livebirths only. §Data are
for infants with at least one night in a neonatal unit only. YA full list of diagnoses is given in the appendix (p 29).

Table 2: Perinatal outcomes

Figure 1.9: Figure taken from the Chappell et al. publication reporting the primary
and secondary outcomes of a randomised controlled trial of ursodeoxycholic acid vs.

placebo. RR = relative risk (Chappell et al., 2019).

Another common drug that has been used to treat ICP is S-adenosyl-L-methionine
(SAMe), an amino acid metabolite which has been shown to regulate hepatocyte

growth and apoptosis (Mato and Lu, 2007). Trials where small numbers of



participants have been randomised to either SAMe or UDCA have shown that
UDCA had a greater normalising effect on deranged serum biochemistry and there
was only a small significant improvement when both therapies were used in
combination compared to administering UDCA alone (Roncaglia et al., 2004, Binder
et al., 2006, Floreani et al., 1996, Nicastri et al., 1998). Rifampicin, an antibiotic that
promotes biliary secretion but has also been suggested to be hepatotoxic with long-
term use, has been shown to improve serum TSBA concentrations and transaminitis
when used as an adjuvant therapy with UDCA when women were not responding to
UDCA monotherapy (Geenes et al., 2015, Liu et al., 2018). UDCA is more
beneficial than cholestyramine, a bile acid sequestrant, as well as dexamethasone, a
corticosteroid, both of which have also been used for ICP treatment (Kondrackiene
et al., 2005, Glantz et al., 2005).

UDCA treatment has therefore been shown to improve maternal outcomes in
pregnancies complicated by ICP and is demonstrably more effective than other
available pharmacotherapies, but its effect on perinatal outcomes for women affected
by severe ICP requires further investigation (Gurung et al., 2013).

The early induction of labour is another form of treatment for ICP. IUD was thought
to mainly occur between 37 and 39 weeks of gestation and therefore induction of
labour to avoid an IUD event is currently conducted around 38 weeks if ICP cases
are actively managed (Geenes and Williamson, 2009). Although this inevitably
means the fetus will be at risk of complications that arise from the induction of
labour, active management in most published studies have reported minimal adverse
outcomes, even in severe ICP (Sharma et al., 2016, Wikstrom Shemer et al., 2013,
Jain et al., 2013, Lee et al., 2008). More recent studies have suggested that the
optimum gestational age for induction of labour is 36 weeks for patients who have
extremely elevated TSBA concentrations of 100 umol/L, which could lower IUD
rates but simultaneously increase complications associated with preterm birth
(Ovadia et al., 2019, Puljic et al., 2015, Lo et al., 2015).
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1.4 ICP-associated spontaneous preterm labour

1.4.1 Risk of ICP-associated preterm labour

Although ICP-associated preterm labour (PTL) can be iatrogenic as a result of active
management, the risk of spontaneous PTL is also known to increase with ICP. Ina
Swedish cohort of 96 women with severe ICP, 409 women with mild ICP and 185
controls, women with severe ICP were found to have an increased risk of
spontaneous preterm birth (PTB) compared to the other two cohorts (OR 1.02, 95%
Cl11.01-1.03) (Glantz et al., 2004). A prospective population-based cohort study
using the United Kingdom Obstetric Surveillance System investigated 669 singleton
pregnancies complicated with severe ICP and also found a significantly increased
risk of PTB when compared to 2,205 control patients (adjusted OR 2.25, 95% ClI
1.54-3.27) (Geenes et al., 2014a). A more recent systematic review of a larger
cohort of 1936 patients with severe ICP from multiple global sites by Ovadia et al.
(2009) showed that risk in these patients can be further stratified in 20 pmol/L
increments of maternal TSBA concentrations (Ovadia et al., 2019). There was a
higher risk of PTB in singleton pregnancies with maternal TSBA concentrations of
>100 pmol/L than those with TSBA concentrations of 40-99 umol/L, showing that
this subset of severe participants are most at risk of a PTB (HR 2.77, 95% CI 2.13-
3.61vs. HR 1.31, 95% CI 1.06-1.69) (Ovadia et al., 2019).

1.4.2 Excitation-contraction coupling in the myometrium

To understand how PTB arises, the mechanisms underlying the process of birth at
term in uncomplicated pregnancies must be understood. The central mechanical
organ involved in birth or parturition is the uterus, which possesses a middle layer of
smooth muscle known as the myometrium (Figure 1.10). The myometrium has both
tonic and phasic properties, the former is necessary to accommodate fetal growth
during gestation whilst the latter allows for the process of uterine contraction during
labour (Young, 2007, Csapo et al., 1965). In order for the mechanical event of
uterine contraction to take place, or indeed the contraction of any smooth muscle, a
rise in the concentration of intracellular calcium ([Ca?*];) and an increase

(depolarisation) in the resting membrane potential must occur, a phenomenon which
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is known as excitation-contraction coupling (Parkington et al., 1999b, Sanborn,
2000). During contraction, basal concentrations of [Ca?*]; in the myocyte have been
reported to increase from 150nm to 500nm due to the influx of exogenous Ca?* and
release of [Ca?*]i from intracellular stores which results in the generation of an action
potential (AP) (Word et al., 1991). Myocytes in the myometrium are known to have
spontaneous activity in the absence of uterotonins i.e. endogenous or exogenous
agonists of uterine contraction, this is thought to be due to a specialised non-
contractile cell known as interstitial Cajal-like cells or uterine telocytes that act as a

‘pacemaker’ (Duguette et al., 2005).
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Figure 1.10: Diagram depicting the anatomy of the human uterus during pregnancy

According to microelectrode recordings of APs in non-labouring myometrium, AP
waveforms can be one of two types: plateau or spike (Nakao et al., 1997). During
plateau APs, which occur in most in vitro preparations of human myometrium, there
Is an initial time to peak is rapid and is followed by a plateaued decay (Parkington et
al., 1999a). In contrast, spike APs often occur relatively quickly and in close

proximity to each other, resulting in bursts of multiple spikes (Parkington et al.,



1999a). Spike APs are known to cause the myometrium to undergo progressive
recruitment, meaning the area of excitation becomes larger within the burst.
However, a dual model has recently been proposed in which the contraction of the
whole uterus is aided by local APs globally increasing uterine wall tension which
results in the mechanical induction of further APs in the tension-induced area
(Young, 2016).

Both spike- and plateau-types of AP propagate from cell to cell of the myometrium
via gap junction proteins; these are clusters of transmembrane channels which allow
a phenomenon known as cell-to-cell coupling/communication whereby ions, small
molecules and electrical signals can pass from one neighbouring myocyte to another
(Bruzzone et al., 1996). The predominant type of gap junction protein expressed in
myometrium is known as connexin43 (GJA1 or Cx43) and has been established to be
expressed at a low density at the time of quiescence and dramatically upregulated at
the time of parturition (Balducci et al., 1993). Connexin40 and 45 have also been
identified in the myometrium and have displayed differential properties of voltage-
dependent conductance in models of other organs (Kilarski et al., 1998, Beblo et al.,
1995, Veenstra et al., 1994). The increased connectivity between myocytes that
result from gap junction upregulation is essential for transition of the uterus from a
quiescent to an active state and allows for a synchronised uterine contraction and
peristalsis to occur (Garfield et al., 1977). Gap junctions in myometrial tissue are
known to develop spontaneously in vitro and the ability to from gap junctions is
dependent the stage of myometrial maturation which are governed by

cyclooxygenase and lipoxygenase pathways (Garfield et al., 1987).

In the resting myometrial cell, high concentrations of Na*and Ca?" ions are found
extracellularly whilst a high intracellular concentration of chloride (CI) ions and
potassium (K*) ions is maintained (Sanborn, 2000). Ca?* entry into the cell serves as
the excitatory initiation of an AP which eventually leads to contraction. The
majority of Ca?* influx into the myocyte is due to voltage-dependent Ca?* channels
(VDCCs). In the uterus, L-type (where L stands for long-lasting) VDCCs form the

functional majority of these channels, and this has been demonstrated via the



inhibition of the [Ca®*]iincrease and myometrial contraction by L-type VDCC
blocking drugs such as nifedipine, magnesium (Mg?*) and nitrendipine (Longo et al.,
2003, Maigaard et al., 1986, Tasaka et al., 1991). L-type VDCCs are activated by
depolarisation of the membrane potential and have a slow voltage-dependent
inactivation (Jmari et al., 1986). More recently, T-type (where T stands for
transient) VDCCs have also been shown to play a role in myometrial contraction.
These channels are expressed in half of myocytes and their functional importance
was demonstrated by the T-type blocker Mibefradil attenuating a [Ca®*]; increase in
vitro (Young and Zhang, 2005).

Although voltage-dependent channels have been shown to be the main source of
extracellular Ca* entry, more recently store- or receptor-operated Ca®* entry (SOCE
or ROCE) has also been demonstrated as a source of [Ca?*]i increase (Sanborn,
2007). The sarcoplasmic reticulum (SR), a membrane-bound Ca?* store,
encompasses a regulatory complex of Ca?*-ATPases (SERCA), which sequesters
[Ca2*]i by moving it from the cytosol of the cell across the SR membrane to the
lumen; inhibition of SERCA it is known to be inhibited by phospholamban (PLB).
Transient receptor potential cation channel subfamily C (TRPC) channel homologue
expression has been detected in the myometrium and are thought to contribute to
SOCE and ROCE; attenuation of TRPC4 and TRPCG6 function resulted in a decrease
of G protein-coupled receptor (GCPR) -induced [Ca?*]i increase and, in addition,
TRPC3 expression is upregulated in response to myometrial stretch (Dalrymple et
al., 2007, Chung et al., 2010, Ulloa et al., 2009). More recently, the STIM and Orai
families of proteins are thought to mediate SOCE and ROCE; both families have
been reported to be expressed in the labouring myometrium and Orai-1 expression
was upregulated in response to cytokine administration (Chin-Smith et al., 2014).

In the majority of smooth muscle cells, there is an intracellular accumulation of CI-,
the efflux of which results in membrane depolarisation (Leblanc et al., 2005). This
occurs via Ca?*-activated CI- channels (CACCs) which are expressed in one third of
myocytes and cause CI- efflux in response to increased [Ca?*]i and also allow
excitability of the myometrium by enabling other VDCCs (Jones et al., 2004).



After the AP, efflux of K™ ions results in membrane repolarisation and therefore K*
channels play a major role in maintenance of the resting membrane potential of the
myocyte (Brainard et al., 2007). The large-conductance Ca?*- and voltage-sensitive
potassium (BKCa) or Maxi-K channel is predominantly responsible for K* efflux
and is known to reduce membrane excitability and inactivate VDCCs, therefore
promoting uterine relaxation during pregnancy (Wang et al., 1998). Towards the end
of gestation and during labour, this channel becomes insensitive to Ca?* and
therefore promotes a contractile state (Khan et al., 1997). ATP-sensitive potassium
channels (Katp) also contribute to efflux and make up the K* channel component of
the inward rectifier potassium (Kir6) channel family which is mediated by
sulphonylurea receptors (SUR) (Inagaki et al., 1996). Downregulation of this
channel occurs at later gestation to facilitate parturition and Katp agonists have been
shown to inhibit oxytocin (OT)-induced contractions in the myometrium (Longo et
al., 2003, Curley et al., 2002). Voltage-gated potassium channels (Kv) which are
responsive to L-type VDCC activity, are known to be widely expressed in the
myometrium, maintain membrane resting potential and Kya channels in particular
have been shown to be down-regulated by circulating oestrogen but not progesterone
(P4) (Knock et al., 2001). Furthermore, blocking Kyz channels increases the
frequency of contractions in the myometrium (McCallum et al., 2011). More
recently, human ether-a-go-go-related gene (hERG or Kyi1) channels, which play a
prominent role in cardiac AP conduction, have been shown to attenuate contraction
amplitude and duration in the myometrium before labour; increased hERG inhibition
occurs during labour (Parkington et al., 2014). Small conductance Ca?*-sensitive K*
channels (SK) are a type of channel that is formed by a complex of o pore-forming
subunits and constitutively bound calmodulin (CaM) at a CaM binding domain (Xia
etal., 1998). Ca®* binding to the SK channel results in a change in the channel

conformation and results in mediation of gating (Xia et al., 1998, Lee et al., 2003).

In order to maintain the resting potential, a Na*/K* ATPase pump acts to move Na*
out of the cell and K™ into the cell. During active labour, this channel is known to be
downregulated in the myometrium to facilitate a contractile state (Esplin et al.,



2003). Voltage-dependent Na* channels (VDNCs) are thought to produce fast Na*
currents which contribute to the inward Na* current during myometrial APs,
however in general this channel is not well studied and its role in contraction is
unclear (Ohya and Sperelakis, 1989). More recently, Na*-activated leak channel
non-selective (NALCN) has revealed to be upregulated during labour and contributes

to membrane excitability (Reinl et al., 2015).
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Figure 1.11: Schematic representation of the ion channels and pathways in the

myometrial cell that lead to uterine contraction.

1.4.3 Mechanical myocyte contraction

The mechanical contraction of the myometrium occurs due to the sliding of actin and
myosin filaments which results from an AP-induced cascade of events within the
myocyte, therefore causing the generation of force. In order for actomyosin cross-
bridge cycling to occur, actin needs to be converted into a filament form and attach
to the cell membrane of the myocyte; therefore causing tension (Yu and Lopez

Bernal, 1998). In order for actomyosin cross-bridges to form, myosin is



phosphorylated by the Ca?*-sensitive enzyme myosin light chain kinase (MLCK)
which is activated by CaM bound in a complex with [Ca?*]i (Word et al., 1994).
Phosphorylated myosin and actin form complexes which convert ATP in order to
induce the mechanical sliding of both types of filament. This process causes a further
increase of [Ca?"]i via the SR and the influx of extracellular Ca®* via VDCCs which
therefore acting as a positive feedback loop and further promoting the cross-bridge

cycling between actin and myosin.

Release of [Ca*]i from the SR is caused by the binding of a uterotonin to a GPCR,
resulting in binding of Gagq/11 to phospholipase C Beta (PLC-B) which increases
free inositol triphosphate (1P3) and 1,2-diacylglycerol (DAG) (Walsh, 1991) (Figure
1.11). Binding of IPs to its receptor on the SR results in the release of [Ca®*];
(Luckas et al., 1999). The mechanism of DAG-stimulated [Ca?*]; increase in the
myometrium is less clear, however it is known that DAG is known to activate
protein kinase C (PKC) (L6pez Bernal et al., 1995). PKC has 12 known isoforms to
date and has been shown to have conversely excitatory or inhibitory effects.
Inhibiting PKC has been shown to decrease OT and endothelin-1 (ET-1) induced
myometrium contractility however has also been shown to inhibit the PLC-$
pathway and therefore decrease 1P3 production (Morrison et al., 1996, Breuiller-
Fouché et al., 1998, Phillippe, 1994, Sanborn et al., 2005). Specifically, PKC is
known to activate the smooth muscle-specific phosphorylation dependant inhibitor
CPI-17, which in turn inhibits myosin phosphatase and leads to increased MLC
phosphorylation and therefore enhanced contraction (Kitazawa et al., 2000) (Figure
1.11).

Myometrial contraction by uterotonins can also be Ca?*-independent. Ras homolog
family member A (RhoA), a G-protein from the Rho family of GTPases, activates
RhoA-GDP to form RhoA-GTP which in turn acts through Rho-associated protein
kinases (ROCKS) to inhibit myosin light chain phosphatase (MLCP). This leads to
the prolonged phosphorylation of myosin by MLCK and enhanced tension (Moore et
al., 2000, Moran et al., 2002) (Figure 1.11). This phenomenon has been described as

calcium sensitisation (Amano et al., 1996). Interestingly, arachidonic acid, a



precursor of prostaglandin synthesis and also generated from DAG, has also
previously been thought to activate ROCKs (Araki et al., 2001).

Relaxation of the muscle occurs via the dephosphorylation of myosin through
myosin phosphatase and the uptake of [Ca®*]i back into the SR and extrusion through
the plasma membrane. The disassociation of the actomyosin complex results in the
decrease of force (Walsh, 1991).

1.4.4 Phases of parturition: the role of progesterone

It has been stipulated that parturition occurs in four distinct phases. In phase 0 the
uterus is quiescent, phase 1 refers to the activation uterine function, phase 2 refers to
the stimulation of the uterus by uterotonins and phase 3 refers to the final uterine
involution and expulsion of the fetus and placenta (Figure 1.12) (Lye et al., 1998).
During phase 0, uterine quiescence is maintained by high circulating concentrations
of the hormone P4 which is initially secreted by the ovarian corpus luteum and later
on, the placenta, and mediated by the P4 receptors PRA and to a higher extent PRB
(Pieber et al., 2001, Csapo and Pinto-Dantas, 1965). This is contributed to, minorly,
by parathyroid hormone-related peptide (PTHrP) which is stimulated by P4
(Ferguson et al., 1992). The beta-adrenergic agonist prostacyclin (PGI.) and
endogenous synthesis nitric oxide (NO) (an agonist of BKCa channels) have also
been shown to inhibit myometrial activity (Lye and Challis, 1982, Chwalisz and
Garfield, 1997). The combination of these agents, mainly led by P4, results in the
inhibition of [Ca2*] release via increased CAMP or cGMP (Vannuccini et al., 2016).

The transition from quiescence to the initiation of parturition (phase 1) is a complex
process which has been shown to be due to a switch from anti-inflammatory to pro-
inflammatory pathways due to a functional withdrawal of P4, whereby high
circulating concentrations of P4 are sustained although its bioactivity decreases
(Csapo and Pinto-Dantas, 1965). High bioactivity of P4 during quiescence causes the
antagonism of transcription factors Nuclear Factor kappa-light-chain-enhancer of
activated B cells (NF-KB) and activator protein 1 (AP-1) which are known to aid

transcript of proinflammatory cytokines and chemokines such as interleukin 1, 6 and



8 (IL-1, IL-6, IL-8), prostaglandin-endoperoxide synthase 2 or cyclooxygenase 2
(PTGS2 or COX-2) and chemokine ligand 2 (CCI2) (Hardy et al., 2006, Loudon et
al., 2003, Dong et al., 2009, Shynlova et al., 2008). P4 also maintains uterine
quiescence via the increase in expression of zinc finger E-box-binding homeobox 1
transcription factor (ZEB1) and ZEB2 (Renthal et al., 2010). During phase 1 there is
also a decrease in ligand binding to PR, primarily PRA, with P4 in a nuclear P4/PRA
complex in association with an increase in the P4 metabolising enzyme 200-HSD
which results in the activation of Cx43 transcription (Nadeem et al., 2016, Nadeem
etal., 2017).
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Figure 1.12: Schematic representation of uterine activity during the four phases of
parturition and the change in signalling molecules during each phase.

1.4.5 Contraction-associated proteins

Cx43, oxytocin receptor (OTR), prostaglandins and their receptors are part of a
group described as “contraction-associated proteins” (CAPs) which have an
increased production during phase 1 of parturition and promote the contraction of the

myometrium (Chow and Lye, 1994). Myometrial stretch during phase 2 upregulates



the expression of CAP genes, which is thought to explain the high incidence of PTL
in multifetal pregnancies (Lye et al., 1998, Turton et al., 2013, Lye et al., 2001).

The hormone OT in an extensively studied stimulant of uterine contraction
(Arrowsmith and Wray, 2014). Plasma concentrations of OT are known to rise
during parturition, likely via a pulsatile manner of secretion from the pituitary gland
and local secretion from the amnion, chorion and decidua (Blanks and Thornton,
2003, Chibbar et al., 1993) (Figure 1.10). OT receptor (OTR), a GPCR which leads
to [Ca2*]i mobilisation when activated, is known to be exponentially upregulated
during gestation which allows the myometrium to be extremely sensitive to OT at
the time of parturition (Kimura et al., 1992). Expression of OTRs is known to be
increased in PTL as well as full-term labour (Fuchs et al., 1984). OTRs are also
differentially expressed throughout the uterus to aid peristalsis, with the highest
expression observed in the fundus and a relatively low expression in the lower
segment (Mitchell and Schmid, 2001). Regulation of OTR expression is thought to
be contributed by circulating steroids; with oestrogen and cholesterol causing an
upregulation whilst P4 causes a downregulation (Gimpl and Fahrenholz, 2000, Fang
etal., 1996). Recently, activation of the OTR pathway has also been shown to
modulate myometrial contractions by inhibiting Na*-sensitive Kate channels and

therefore preventing K* efflux (Ferreira et al., 2019).

Some prostaglandins, particularly prostaglandin F», and E2 (PGF», and PGE>
respectively), are potent uterotonins that are known to increase in concentration prior
to and during spontaneous labour in humans (Romero et al., 1996). PGF,, and PGE>
in the myometrium are mediated by the GPCRs FP and EP respectively which are
known to have contractile effects via mobilisation of [Ca?*]i (Abramovitz et al.,
1994, Ashath et al., 1996, Senior et al., 1993). Similar to OTR, prostaglandin EP
receptors are heterogeneously expressed throughout the myometrium in order to aid
peristalsis and have differential effects when activated. EP1 receptors are more
predominant in the fundus of the uterus and their relaxation-inducing counterparts
EP2 and EP4 are found in the lower segment of the uterus, therefore allowing uterine

peristalsis (Challis et al., 2002, Astle et al., 2005). Prostaglandin receptors increase



[Ca?']i in the myometrium by activating PKC. There is also evidence that
prostaglandins change membrane fluidity, thereby affecting membrane-bound ion
exchangers and therefore [Ca?*]i (Deliconstantinos and Fotiou, 1986). In addition to
enhancing contractility, these prostaglandins are also thought to contribute to
cervical ripening prior to delivery by activating enzymes that promote cervical
remodelling (Kelly, 2002).

There is evidence that OT also stimulates contraction via mechanisms other than
stimulating Ca?* release. PGE2 and PGF, synthesis is increased upon OT
administration and OTR expression is downregulated after prostaglandin inhibition,
suggesting that both families of uterotonins positively interact together in the
myometrium to enhance uterine contractions (Jenkin, 1992, Wu et al., 1998). Similar
to OT, oestrogen upregulates prostaglandin synthesis whilst P4 downregulates it
(Challis et al., 2002). In addition, corticotropin-releasing hormone (CRH) is known
to induce prostaglandin synthesis and vice versa, via decreasing levels of 11p-
hydroxysteroid dehydrogenase type 2 (11p-HSD2), an oxygen-dependent enzyme
that activates the stress-induced hormone cortisol which in turn stimulates further
placental CRH production through positive feedback (Gao et al., 2008). Placental
CRH is released throughout gestation and acts as a “clock” to signal when the

initiation of parturition will take place (McLean et al., 1995).

During the quiescent stages of pregnancy, the cervix is tightly closed due to the
strength derived from the collagen fibrils and extracellular matrix. During
parturition, cervical ripening or softening takes place. This refers to the process of
remodelling the cervix via degradation of the extracellular matrix and collagen by
matrix metalloproteinases (MMPs) and collagenases respectively (Uldbjerg et al.,
1983, Iwahashi et al., 2003, Nagase and Woessner, 1999). Relaxin is thought to
increase the transcription of MMPs and inhibit tissue inhibitors of metalloproteinases
(TIMPs), thereby increasing the degradation of cervical extracellular matrices
(Palejwala et al., 2001).



1.4.6 Mechanisms of preterm labour

Preterm labour refers to the onset of labour at 20-37 weeks of gestation and affects
approximately 7.3% of pregnancies in the UK with the highest global rates of PTB
observed to be in India and China (Stock and Ismail, 2016, Blencowe et al., 2012).
In 2 out of 3 cases, PTB is caused by spontaneous PTL due to an infection or
idiopathic causes, with the remainder due to iatrogenic reasons (Goldenberg et al.,
2008). PTB has been shown to be the global leading cause of infant mortality during
the first four weeks of life (Blencowe et al., 2012). In addition to this, the
implications of PTB for surviving infants can be carried through to adulthood;
infants are often born with neurodevelopmental disorders and organ immaturity and
PTB has been shown to be the most significant cause of “years of life lost” from a
disability (Murray et al., 2012, Mwaniki et al., 2012). The attempt to delay or
prevent PTL using pharmacotherapy is known as tocolysis. Although tocolytics have
been extensively studied, an efficient tocolytic which works for all cases of PTL has
not been discovered and they are often primarily used to delay labour for 48 hours in
order to transport the mother to a tertiary centre with adequate neonatal intensive
care facilities and administer antenatal corticosteroids to aid fetal lung maturation
(van Vliet et al., 2014). Current methods of tocolysis have not demonstrably reduced
adverse perinatal outcomes such as neonatal respiratory distress syndrome or
neonatal demise (Haas et al., 2009). Tocolytics generally fall into the
pharmacological categories of B-sympathomimetics or f2-adrenoreceptor agonists,
Ca?* channel blockers, NO donors, OTR antagonists and prostaglandin inhibitors
(Younger et al., 2017).

Although a large proportion of spontaneous PTB occurs due to an unknown cause,
some mechanisms have been elucidated. Chorioamnionitis is a common cause of
PTB in earlier gestations, resulting in an inflammatory cascade leading to the
production of cytokines and chemokines within the decidua and amnion. These in
turn stimulate prostaglandin production which results in uterine contraction as well
as cervical ripening and preterm premature rupture of membranes (PPROM) due to
the action of MMPs and overriding the P4 “block” (Romero et al., 1998). The

inflammatory response also results in activation of the stress response and therefore



CRH is released from the pituitary gland and placenta which further increases

prostaglandin production due to the increase in cortisol (Yoon et al., 1998).

The onset of PTL later on in gestation is more likely to be due to myometrial stretch,
placental senescence or oxidative stress (Keelan, 2018). It is thought that premature
remodelling of the cervix also contributes to the mechanism of PTL that occurs later
on in gestation (Vink and Feltovich, 2016). Relaxin gene expression is dramatically
upregulated in patients with PPROM (Bryant-Greenwood, 1991, Petersen et al.,
1992). Relaxin is an insulin-like hormone that is mainly secreted by the corpus
luteum; women who have ovarian stimulation (and therefore have multiple corpora
lutea) as part of assisted reproduction treatments have been shown to have an
increased risk of PTB in association with serum relaxin concentrations (Weiss et al.,
1993, Weiss et al., 1976). As discussed previously, relaxin plays a key role in
cervical ripening. There is also evidence that relaxin increases inflammatory
compounds such as natural Killer (NK) cells, leukocytes and macrophages in the
rhesus monkey endometrium as well as arteriole number (Goldsmith et al., 2004). In
humans, it has been shown to stimulate separation of the pubis symphysis in
preparation for parturition (MacLennan et al., 1991). Relaxin was previously shown
to inhibit myometrial contractile activity in animal models in vitro, and was therefore
thought to be beneficial as a tocolytic, however it has since been shown there is
limited evidence of its efficacy and is species specific in its ability to halt
contractions (Bain et al., 2013, MacLennan and Grant, 1991, Petersen et al., 1991).

1.4.7 Bile acid-specific characteristics of preterm infants

As the fetus is developing its hepatobiliary excretion system during pregnancy, there
is impaired hepatic clearance and enterohepatic circulation (Macias et al., 2009, de
Belle et al., 1979). Consequently, the fetus has a mildly hypercholanaemic
phenotype as discussed in section 1.1.1. Due to the lack of intestinal flora in the
fetus whilst in utero, only primary bile acids are able to be synthesised, although
secondary bile acids synthesised by the mother are transferred across the placenta
(Setchell et al., 1988). Additionally, there is an increased hydroxylation of bile acids



in order to increase hydrophilicity and aid clearance (Setchell et al., 1988). Preterm
infants have a more cholestatic phenotype compared to full-term infants which is
thought to be due to their more immature bile acid metabolism and excretion, and
this results in the upregulation of alternative pathways of bile acid excretion to
compensate for their accumulation in the fetal compartment. This is evidenced by
data showing increased concentrations of primary bile acids in urine in early preterm
infants and lower concentrations of ketonic bile acids in their urine whilst the reverse
has been found in healthy neonates born at full-term (Yamato et al., 2001, Maeda et
al., 2003). Bile acid profiling of infants who were born preterm showed higher
median bile acid concentrations than that of full-term neonates (Zohrer et al., 2016).
Large concentrations of CDCA and hydroxylated bile acids such as 1B-hydroxylated
bile acids and hyocholic acid have been found in preterm infant urine and meconium
respectively, with the former persisting even 7 months postnatally (Nishiura et al.,
2010, Kumagai et al., 2007). In addition, metabolomics analysis of amniotic fluid
from women who had PTL has demonstrated that there were significant increases in
concentrations of conjugated primary bile acids compared to women who underwent
labour at full term (Menon et al., 2014).

Therefore, preterm infants often have a phenotype of hepatic decompensation
(Beath, 2003). It is unclear, however, how elevated bile acid concentration and
upregulation of alternative metabolism pathways in the fetal compartment

contributes to preterm birth in these infants.

1.4.8 Mechanisms of ICP-associated preterm labour

Liver dysfunction outside of ICP has also been associated with PTL; diseases such as
non-alcoholic fatty liver disease (NAFLD) and hepatitis B virus result in higher rates
of PTL which is thought to be due to dysfunctional retinoid metabolism (Zhuang et
al., 2017, Mawson, 2016). Additionally, gestational diabetes mellitus and
preeclampsia, diseases which have an increased incidence in ICP-complicated
pregnancies, are also known to cause higher rates of PTB (Deryabina et al., 2016,
Morgan, 2016).



There is a large paucity of data regarding how and why ICP induces spontaneous
PTL, although some studies have shown elevated bile acids increase contractility of
the myometrium. Early experiments by Campos et al. (1986) demonstrated that
prolonged intravenous infusion of CA to pregnant sheep, resulting in their serum bile
acid concentration being elevated to 829 + 305 pmol/L compared to the
concentration of 24.4 £ 5.7 umol/L observed in control sheep and caused all lambs to
be delivered preterm (Campos et al., 1986). The same group also showed that rat
myometrium has an increased contractility in response to in vitro administration of
CA (Campos et al., 1988). Germain et al. (2003) elucidated a potential mechanism
of how elevated bile acids could cause spontaneous preterm labour. In their study,
patients diagnosed with ICP required a lower concentration of intravenous OT
infusion to increase uterine contractions compared to controls (Germain et al., 2003).
Although the patients in this study were not diagnosed using TSBA concentrations,
in vitro exposure of myometrial strips and cells to CA also resulted in increased
sensitivity to OT and OTR upregulation respectively, indicating that elevated bile
acids activate the OTR pathway to increase contractility (Figure 1.13) (Germain et
al., 2003). The observations of OT-induced increase contractile activity in
myometrial strips from ICP cases was also confirmed in experiments by Isreal et al.
(1986) (Israel et al., 1986). Interestingly, amniotic fluid taken from patients with ICP
showed that PGF», and PGE: increases prior to spontaneous labour suggesting that
increased prostaglandin production may also have involvement in ICP-associated
PTL (Romero et al., 1996).
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Figure 1.13: Figure taken from the Germain et al. publication depicting (A) a
northern blot image for oxytocin receptor mRNA of cultured myometrial cells that
were incubated with increasing concentrations of cholic acid and (B) graph showing
mean concentrations of cholic acid and (B) graph showing mean concentrations of
mMRNA/18S rRNA from these experiments (n=5). Asterisk shows where p<0.05
(Germain et al., 2003)

1.4.9 Adverse outcomes due to placental pathologies

There is also evidence that the increase in ICP-associated PTL is triggered by
placental oxidative stress due to the elevated bile acid concentration. There are
distinct differences in the placental phenotype of pregnancies complicated by ICP.
Placental tissue from ICP cases have increased morphological abnormalities such as
smaller chorionic villi and blood vessels, decreased villous cavity volume, dense

fibrotic stroma, thickened amniotic basement membranes and an increased number
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of syncytial knots; the latter morphological characteristic was also observed in
placental explant cultures exposed to TCA and TCDCA (Figure 1.12) (Geenes et al.,
2011, Costoya et al., 1980, Du et al., 2014b, Wikstrom Shemer et al., 2012, Herrera
etal., 2018) (Figure 1.14). Exposure of CA, TCA and DCA also causes dose-
dependent vasoconstriction in isolated chorionic veins (Sepulveda et al., 1991,
Lofthouse et al., 2019). This has been supported by evidence of altered gene-
expression profiles for blood vessel formation pathways and placental proteome
alterations (Du et al., 20144, He et al., 2014, Qin et al., 2017a). The hypoxia-
inducible transcription factor HIF-1a, which is upregulated in preeclampsia, has also
been shown to be upregulated by ICP with subsequent effects on glycometabolic

gene regulation (Wei and Hu, 2014).

Placentas from rodent models of ICP have shown markers of apoptosis and increased
oxidative stress; human placenta and serum samples have also shown DNA damage
from oxidative stress and a higher oxidative stress index which has thought to result
in modified mitochondrial gene expression in the placenta (Mella et al., 2016, Perez
et al., 2006, Ozler et al., 2014, Wu et al., 2016). ICP severity has also been
associated with serum and umbilical vein concentrations of irisin, a hormone which
is increased in response to exercise and oxidative stress (Chen et al., 2019a). Irisin
concentrations were also found to successfully predict the incidence of severe ICP in
this study and thought to be responsible for the reduced placental oxidative stress
between mild and severe ICP groups due to irisin’s ability to induce metabolic
protective pathways (Chen et al., 2019a). An upregulation of placental and serum
neuropeptide Y (NPY), which is thought though to act as a vasoconstrictor in
response to stress, was observed in women with ICP as was decreased vasodilator
enzyme inducible NO synthase (Yue et al., 2018). Increased plasma ET-1, a
vasoconstricting peptide, is also known to be markedly increased in women with ICP
and associated with neonatal asphyxia and the incidence of PTB (Kebapcilar et al.,
2010a). Vascular endothelial growth factor (VEGF) was also highly expressed as a
response to in vitro hypoxic conditions of ICP placental tissue compared to controls
(Zhang et al., 2015). A recent study showed lithocholic acid (LCA) administration
induces endoplasmic reticulum (ER) stress in ICP placentas via activation of the

P13K/Akt pathway; this was not observed during administration of relatively less



hydrophobic bile acids TCA or UDCA (Chao et al., 2019). In addition, the long non-
coding RNA Linc02527was found to be expressed in fetal placenta and serum in
association with TSBA concentration; Linc 02527 was shown to promote autophagy

in an immortalised placental cell line (Hu et al., 2018).

Figure 1.14: Figure taken from Geenes et al. publication of representative light
micrographs of H&E stained villous trophoblast sections prepared from women with
intrahepatic cholestasis of pregnancy (ICP; n = 28) and normal pregnancies (n =
12). Morphological abnormalities identified in the ICP samples included amnion
cell columnarisation, thick glassy amnionic basement

membrane and meconium histiocytes (A), small terminal villi (B) and focally
thickened dense amniotic membranes (C). Terminal villi (D) and amnionic basement

membrane (E) from normal placenta (Geenes et al., 2011).

An ICP-induced increase in markers of oxidative stress has also been observed in
other tissues; serum levels of thiol and disulphide, oxidised and reduced forms of
compounds that play a role in oxidative balance, were shown to be significantly
lower and higher respectively in both mild and severe ICP, therefore indicating
oxidative stress in these patients (Sanhal et al., 2018). The serum ischaemia
modified albumin/albumin ratio (IMAR), used to measure oxidative status, was
found to be significantly higher in women with mild ICP in comparison to controls
(Tayyar et al., 2019). Plasma levels of the lipid peroxidation and oxidative stress
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biomarkers 8-epimer of PGF, (8-is0-PGF..) and glutathione peroxidase (Gpx) were
found to be negatively associated with ICP severity, which was thought to
demonstrate dysfunctional lipid peroxidation and therefore failure of antioxidant
pathways (Hu et al., 2015).

These data together therefore suggest that exposure of elevated bile acid
concentrations to the placenta causes morphological changes which may result in
spontaneous PTL and/or IUD due to fetal asphyxia and intrauterine distress due to
insufficient blood flow and placental ischaemia. In support of this hypothesis,
placental expression of 113-HSD2 is reduced in severe ICP specifically by elevated
CDCA, therefore reducing levels of active cortisol (Martineau et al., 2014a).
Placental levels of CRH, urocortin and wolfram syndrome 1 protein (which has a
role in Ca?* homeostasis) were higher in women who had early-onset ICP compared
to late-onset ICP and controls (Xu et al., 2019). In contrast to this, one study found
fetal serum cortisol to be higher in mild ICP and lower in severe ICP in comparison
to controls; the authors postulated that this was due to suppression of the fetal stress
response caused by elevated circulating bile acids (Wang et al., 2011).

There is evidence that ICP induces placental inflammation. Increased expression of
interleukin (IL)-17, cluster of differentiation (CD)83+ dendritic cells and heat shock
proteins have been reported in placentas from ICP cases, as well as lower expression
of IL-35 and CD1a+ dendritic cells (Kong et al., 2018, He et al., 2014). Bile acids
have also shown to activate the NF-KB pathway, resulting in placental inflammation
due to the upregulation of vascular cell adhesion molecule-1 (VCAM-1), tumour
necrosis factor-a (TNF-a) and IL-4 (Zhang et al., 2016b). A Disintegrin-like
Metalloproteinase with ThromboSpondin motif 12 (ADAMTS-12), an enzyme with
a role in remodelling vasculature and inflammation, was also found to be higher in
ICP placentas (Oztas et al., 2016).

Inflammatory markers in other reproductive tissues are increased in ICP. Bile acids

also cause the upregulation of VCAM-1 and inflammation (I)CAM-1 in human
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umbilical vein endothelial cells in vitro (Qin et al., 2006). An increase in NK cells,
NK T cells and interferon gamma has been reported in the decidua of ICP cases
(Ling et al., 2007). Serum levels of high sensitivity C-reactive protein (hs-CRP), IL-
4,1L-6, IL-12, IL-17, IL-31 and TNF-a are also higher in ICP patients; some of these
cytokines have been associated with lower Apgar scores (Wang et al., 2019a, Basile
etal., 2017, Kirbas et al., 2016, Zhang et al., 2018, Biberoglu et al., 2016). Levels of
neopterin and the soluble receptor for IL-2 have been reported as increased in
patients with ICP as well as reduced levels of immunoglobulins (Wang et al., 2004).
Serum concentrations of Chinitase-3-like protein 1 (CHI3L1), a growth factor
produced by activated macrophages and neutrophils, have been reported as
significantly higher in patients with ICP, with an association between concentration
of transaminases but not bile acids (Temel Yiksel et al., 2019). Other serum
diagnostic tests of inflammation have been associated with PTB and disease severity
in ICP such as mean platelet volume (MPV) (OR=2.68, 95% CI 1.13-6.32),
circulating D-dimer (a product of fibrinolysis) and neutrophil-to-lymphocyte ratio
(Yayla Abide et al., 2017, Oztas et al., 2015, Kebapcilar et al., 2010b, Kirbas et al.,
2014).

Bile acid-induced activation of the OTR pathway resulting in [Ca?*]i mobilisation
and myometrial contraction, increased placental vasoconstriction and oxidative stress
as well as activation of inflammation pathways induced by ICP are therefore likely

to play a part in the increased incidence of spontaneous PTL observed in this disease.

1.4.10 UDCA treatment for ICP-associated preterm labour

As of yet, there have been no clinical trials of UDCA treatment of ICP with a
reported reduction in the incidence of spontaneous PTL. A retrospective
observational study of untreated vs. UDCA-treated women with ICP showed an
increase in PTL in the UDCA-treated group which was attributed to the higher
TSBA concentrations observed in this cohort (Joutsiniemi et al., 2015). A larger
prospective randomised controlled trial of UDCA vs. placebo showed no beneficial
effects of UDCA treatment on PTL, however the majority of women recruited onto



this study had mild ICP (Chappell et al., 2019). The results from this trial have been
supported by previous findings from smaller cohorts (Palma et al., 1992, Palma et
al., 1997, Glantz et al., 2005).

UDCA treatment has been shown to reduce the number of syncytial knots, collagen
levels and villitis observed in placentas from ICP, suggesting it could have a
protective effect in the placenta (Geenes et al., 2011, Wikstrom Shemer et al., 2012,
Patel et al., 2014, Gruszczynska-Losy et al., 2019). UDCA perfusion also attenuated
TCA-induced vasoconstriction and inhibited TCA uptake by OATP4AL in the
placental villi (Lofthouse et al., 2019). It also inhibited activation of the NF-kB
pathway and subsequent placental inflammation by competing for bile acid receptor
TGR5 (Gpbarl) binding (Zhang et al., 2016b). High doses of UDCA treatment in
women with ICP resulted in a high expression of bile acid transporter breast cancer
related protein (BCRP) in synctiotrophoblast cells of the placental villi, suggesting it
aids in bile acid export from the fetus (Azzaroli et al., 2013). UDCA, unlike CDCA,
did not repress 113-HSD2 expression, suggesting another potential benefit of this
drug (Martineau et al., 2014a). Placental oxidative stress in a mouse model of ICP
was attenuated by an FXR agonist, showing that this bile acid receptor could also

have a protective role through its activation (Wu et al., 2015).

UDCA has therefore shown some in vitro benefits against pathologies associated
with PTL and therefore could provide protection from PTL induced by ICP, however
further investigation is required to fully elucidate whether it is appropriate to use
UDCA treatment to manage ICP-associated PTL and also to establish its mechanism

of action in vivo.

1.5 ICP-associated intrauterine death

1.5.1 Hypotheses for the cause of IUD and measurement of cardiac
parameters to assess fetal health

The exact cause of ICP-associated 1UD is unknown; post-mortem examinations have

observed that fetuses are appropriately grown and in the majority of cases there are



no cardiotocograph (CTG) abnormalities in the hours preceding the IUD event (Fisk
and Storey, 1988). In addition to the placental phenotype in ICP causing PTL, it has
been speculated that fetal hypoxia due to placental chorionic vessel vasoconstriction
is a potential mechanism for ICP-associated IUD. Indeed, low Apgar scores as a
measure of fetal asphyxia and fetal acidosis as determined by umbilical cord blood
testing have both been associated with ICP and TSBA concentrations, the latter of
which was a case report of IUD with a TSBA concentration of 220 umol/L (Oztekin
et al., 2009, Sterrenburg et al., 2014).

Acute hypoxia in the fetus can also be determined by alterations in the fetal heart
rate (FHR). The FHR can be highly indicative of fetal well-being, with episodic
accelerations and decelerations of FHR and reduced fetal heart rate variability
(fFHRV) being indicative of fetal distress due to chronic hypoxia and fetal acidosis
(DiPietro et al., 2015). fHRV is known to increase with gestational age due to the
maturation of the autonomic nervous system (ANS) and its increasing influence on
FHR (Schneider et al., 2009). Gestational age and fetal behavioural or activity state
are the main factors that impact fHRV. However due to its complexity, investigation
into other influencing factors are still ongoing. There are no conclusive data about
the effect of ICP on fHRV.

Another hypothesis for the cause of ICP-associated 1UD is the incidence of a sudden
fetal cardiac arrythmia. Fetal cardiac arrythmias are considered fairly common and
are detected in 2% of all pregnancies during routine ultrasound (Bravo-Valenzuela et
al., 2018). The majority of arrythmias are caused by ectopic beats that result from
premature atrial contractions (PACs), a subset of arrythmias which are classed as
non-sustained or transient and are generally considered to be benign (Donofrio et al.,
2014). In contrast, sustained arrythmias, such as supraventricular tachycardia (SVT)
and atrial fibrillation, are known causes of fetal hydrops and 1UD (Batra and Balaji,
2019). Typically, echocardiography is used to detect fetal arrythmias. However
using ECG as a diagnostic tool is the current gold standard to investigate electrical
anomalies in cardiac rhythm via the investigation of cardiac time intervals (CTI)
such as PR, QRS and QT interval lengths and fHRV (Strasburger et al., 2007).
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Measuring the ECG in the fetus, however, has proven difficult and until the recent
advancement of signal processing technology was not possible to do whilst in utero
(Simpson, 2006).

Investigation of the CTIs mentioned above is useful for diagnosis of various
disorders. An prolongated QTc interval length, a QT interval that has been corrected
for heart rate, is a symptom observed in Long QT Syndrome and Torsades De
Pointes and associated with arrythmia-induced sudden death in adults (Moss et al.,
1985, Myerburg et al., 1997). An prolongated PR interval length is a clinical
indicator for atrioventricular (AV) block, which has been shown to lead to the

development of atrial fibrillation and a higher risk of mortality (Cheng et al., 2009).

1.5.2 Cardiac time interval lengths in ICP-complicated pregnancies

It is now well known that liver disease in adults can lead to cardiac dysfunction
(Ludvigsson et al., 2014, Czul et al., 2013, Kempler et al., 1994) . Approximately
50% patients with liver cirrhosis develop a multifactorial syndrome known as
cirrhotic cardiomyopathy, which can involve QTc interval prolongation, contractile
dysfunction, cardiac hypertrophy, and dysfunctional cardiac hemodynamics (Zardi et
al., 2010). Women with ICP have been reported to also have an prolongated QT
interval length and an increased QT dispersion as measured by ECG, and these
findings were associated with the severity of ICP (Kirbas et al., 2015). However,
the same findings were not observed in fetuses of ICP pregnancies. A recent study
showed no difference in QT interval length or ST segment depression between case
and control fetuses upon examination of intrapartum ECGs (Joutsiniemi et al., 2019).
However, the mean TSBA concentration in the case cohort was 15.9 umol/L and

most participants were UDCA-treated (Joutsiniemi et al., 2019).

Several studies have demonstrated ICP-associated changes the physiology of the
fetal heart, with one of the most interesting findings being the change in PR interval
length. In a cohort of patients with UDCA-treated mild ICP who had a mean TSBA

concentration of 28.3 umol/L, the fetal mechanical PR interval as measured by



echocardiography was significantly longer when compared to the control cohort
(Figure 1.15) (Strehlow et al., 2010). Although a significant correlation between
TSBA concentration and fetal PR interval length was not present, there was an
association between the presence of ICP and the prolongation of fetal PR interval
length when confounding factors were removed (Strehlow et al., 2010). A study with
an untreated cohort of women diagnosed with ICP also found an prolonged fetal
mechanical PR interval length (Rodriguez et al., 2016). TSBA concentrations were
not measured in this cohort and ICP was diagnosed by persistent palm and sole
pruritus, although all ICP women were stated to have significantly deranged serum
concentrations of total bilirubin and transaminases (Rodriguez et al., 2016). Multiple
linear regression showed that the prolongation in PR interval length persisted even
after controlling for the liver dysfunction markers that had been measured
(Rodriguez et al., 2016). An investigation that included women with both mild and
severe ICP showed a significant association between disease severity and mechanical
PR interval length (Kadriye et al., 2019). In vitro experiments on whole neonatal rat
hearts showed a prolongation of PR interval length upon perfusion of TCA at a
concentration of 400 umol/L, an effect that was prevented by co-treatment with
UDCA (Adeyemi et al., 2017).
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Figure 1.15: Figure taken from Stehlow et al. depicting a pulsed doppler tracing of
combined mitral inflow and aortic outflow waveforms used to detect PR interval
length in their study. The mechanical PR interval, which is shown between the 2
vertical lines, begins at the start of the A wave and ends at the initiation of systole.
(Strehlow et al., 2010)

1.5.3 Fetal left ventricular dysfunction in ICP

Echocardiography analysis of severe ICP cases have shown evidence of left
ventricular dysfunction in fetal hearts of mothers with ICP. Investigation into the
fetal modified myocardial performance index (MPI) showed increased isovolumetric
contraction and relaxation times (Henry and Welsh, 2015). The differences in left
ventricular MPI (LMPI) in particular were found to be exacerbated in patients with
severe ICP as opposed to mild; the majority of women in this study had not
commenced UDCA treatment at the time of measurement (Henry and Welsh, 2015).
In addition to the increase in LMPI values in ICP, a non-significant decrease in E/A
ratio has been reported, suggesting further abnormalities in ventricular diastolic
function (Sanhal et al., 2017). Contrary to previous data, the LMPI in this study was
not affected by severity of ICP, however investigating the predictive ability of these
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LMPI values on adverse perinatal outcomes yielded a statistically significant ROC
curve (Sanhal et al., 2017). There was no difference between untreated and UDCA-
treated disease cohorts (Sanhal et al., 2017). The aforementioned data are further
supported by a more recent study which found an increased LMPI, isovolumetric
contraction and relaxation times in a larger cohort with a mean TSBA concentration
of 39.4 umol/L and also found a significant correlation between adverse perinatal
outcomes and LMPI; all participants in this study had been treated with UDCA (Ozel
etal., 2018).

Patients with severe ICP have demonstrated increased fetal diastolic myocardial
tissue velocities of the mitral and tricuspid annuli when compared to matched control
and mild ICP cohorts, particularly the mean systolic and early and late diastolic
motion velocities (Ataalla et al., 2016). The use of UDCA treatment in the ICP cases
was not clarified (Ataalla et al., 2016). Left ventricular global longitudinal strain,
diastolic and systolic strain rates were found to be significantly decreased in patients
with ICP, this impairment was associated with severity of ICP (Fan et al., 2014).
Again, it was not clear whether this cohort has been treated with UDCA (Fan et al.,
2014). In addition to dysfunctional myocardial deformation, concentrations of N
terminal pro-B-type Natiuretic Peptide (NT-proBNP), a marker of cardiac failure, in
umbilical cord blood were found to be increased in ICP participants, a result that was
again associated with severity of ICP (Fan et al., 2014). An increase in another
marker of cardiac failure, cardiac troponin I (cTnl), has also been found to be
significantly higher in a cohort of fetuses from ICP-complicated pregnancies; the
mean maternal TSBA concentration in this cohort was 36 pumol/L (Zhang et al.,
2009a). Concentrations of fetal cTnl and LMPI values were found to positively
correlate with maternal TSBA concentration (Zhang et al., 2009a).

1.5.4 Cardiotocograph abnormalities and case reports in ICP

There have been numerous investigations that have found ICP-associated
abnormalities in CTG tracings during parturition, some of which have preceded fetal
demise. According to National Institute for Health and Care Excellence (NICE)



guidelines, a non-reassuring or abnormal CTG is defined by the observation of
irregularities in baseline heart rate, baseline heart rate variability and/or heart rate
decelerations and accelerations (NICE, 2017). Laatikainen et al. first reported the
association between the increased occurrence of CTG abnormalities and severe ICP
(Laatikainen and Tulenheimo, 1984). This finding has since been confirmed in
multiple studies which have reported a higher incidence of fetal distress, abnormal
FHR and non-reassuring events in intrapartum CTGs in women with ICP (Al
Shobaili et al., 2011, Wong et al., 2008, Heinonen and Kirkinen, 1999).

Some ICP case reports have highlighted fetal arrhythmic activity detected via CTG
monitoring and/or echocardiography. One report presented a patient with ICP that
had tachydysrhythmia leading to atrial flutter confirmed by ultrasound; the severity
of ICP and usage of UDCA treatment in this patient was not stated (Al Inizi et al.,
2006). SVT with secondary hydrops fetalis was reported antenatally via
echocardiogram in a patient at 28 weeks of gestation, this patient was later diagnosed
with mild ICP and the SVT resolved with antiarrhythmic therapy; UDCA treatment
was administered to treat the ICP (Shand et al., 2008). A similar case was also
reported whereby the SVT only resolved after the fetus was delivered, demonstrating
that fetuses from pregnancies complicated by ICP can be resistant to antiarrhythmic
therapy (Altug et al., 2015). Lee et al. have described sudden fetal bradycardia in
two cases diagnosed with TSBA concentrations of 79 pumol/L and 36 pmol/L
respectively (Lee et al., 2009). The former case had a sudden prolonged deceleration
after the onset of labor which resulted in fetal demise (Figure 1.16). The latter case
resulted in a live birth however prolonged decelerations were observed during labor;
UDCA treatment normalised this patient’s TSBA concentration prior to labor (Lee et
al., 2009). Fetal bradycardia has also been reported in a case of a pregnancy
complicated by primary sclerosing cholangitis (PSC) which resulted in an extreme
elevation of circulating TSBA concentrations (Nolan et al., 1994). One case of a
woman diagnosed with severe ICP who had her TSBA concentrations lowered by
UDCA treatment reported sudden fetal demise with CTG parameters shown as
normal one day prior (Sentilhes et al., 2006). However, IUD in ICP is not always
preceded by CTG abnormalities, as reported by one case where there was careful

antenatal monitoring prior to the IUD event (Laatikainen and Tulenheimo, 1984).
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Figure 1.16: Images of a CTG trace taken from the Lee et al. publication depicting
the onset of a prolonged deceleration (B) which eventually resulted in cessation of

heart rate and fetal demise (E) (Lee et al., 2009).

1.5.5 Experimental evidence of bile acid-induced cardiac dysfunction

In addition to the above data that has been recorded in humans, there is also
substantial in vitro evidence of elevated bile acid concentrations causing contractile
dysfunction in the heart. Early experiments on rats demonstrated that injection of
CA resulted in dose-dependent bradycardia (Joubert, 1978). Negative ionotropic
effects were also observed upon administration of conjugated and deconjugated



primary and secondary bile acids on rat ventricular muscle resulted in a decrease in
active tension (Binah et al., 1987). The transmembrane action potential in the
ventricular myocytes was also found to be reduced which resulted from a disruption
in the movement of inwards Ca?* and outwards K* currents (Binah et al., 1987).
Administration of CA on mice ventricular muscle strips has also been demonstrated
to cause a decrease in contractile tension (Zavecz and Battarbee, 2010). Perfusion of
TCA in whole neonatal rat hearts results in slowing conduction velocity at the
atrioventricular node, an effect which was attributed to abnormal modulation of T-
type VDCCs (Adeyemi et al., 2017). Investigations on human atrial trabeculae have
also shown that conjugated primary bile acids cause a dose-dependent increase in
arrhythmic contractions; TCA in particular was the most effective in doing this
(Rainer et al., 2013). Incubation of rat cardiac mitochondria with bile acids caused
an induction in mitochondrial permeability transition pore (mPTP) opening, an effect
that was more significant for the most hydrophobic bile acids tested (Ferreira et al.,
2005).

Knocking out bile acid receptor genes Fxr and small heterodimer (Shp) in mice
results in cardiac hypertrophy, bradycardia and prolongated PR and QT interval
lengths, an effect that is mimicked upon injection of bile acids into wild type mice
(Desai et al., 2017). Moreover, administration of the bile acid sequestering drug
cholestyramine resulted in restoration of normal cardiac function in the double
knockout mice (Desai et al., 2017). Inducing cholestasis in mice also resulted in
bradycardia, hypertrophy and an increase in ejection fraction and cardiac stress
markers (Desai et al., 2015). The same group also found “cholecardia” in these
models, a term used to describe metabolic dysfunction in hearts subjected to a
cholestatic state. A metabolic switch from fatty acid to glucose oxidation was
observed based on gene expression studies, suggesting the presence of cardiac stress;
this was again reversed by the normalisation of circulating bile acid concentrations
(Desai et al., 2017).

Administration of TCA to early versions of a neonatal rat model consisting of a

synchronously beating neonatal rat cardiomyocyte monolayer resulted in a dose-



dependent reduction in the rate and amplitude of contractions (Williamson et al.,
2001). It is thought the alteration in Ca®* dynamics caused by TCA, and other
conjugated bile acids, is mediated via the acetylcholine muscarinic M2 receptor
(Sheikh Abdul Kadir et al., 2010, Ibrahim et al., 2018). Further evidence from
neonatal mouse ventricular cardiomyocytes has shown conjugated bile acids act
partially through the Gi pathway, however unconjugated bile acids are potent
agonists for Tgr5 (Ibrahim et al., 2018). A further developed version of the above
model, consisting of co-culture of rat neonatal cardiomyocytes and myofibroblasts,
has been established to reflect the transient expression of myofibroblasts observed in
the fetal heart during the later trimesters of gestation (Figure 1.17) (Miragoli et al.,
2011). Importantly, the TCA-induced dysfunction is not observed in a
corresponding cardiomyocyte-only maternal model, which supports the majority of
evidence pointing to a fetus-specific cardiac dysfunction in observed in ICP
(Miragoli et al., 2011, Schultz et al., 2016).
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Figure 1.17: Figure of optical recording taken from the Miragoli et al. publication
depicting (A) normal spontaneous electrical activity observed in a monolayer of

cardiomyocytes coated with a monolayer of myofibroblasts (B) reduction of



conduction velocity upon administration of taurocholic acid (C) self-sustained re-

entrant excitation arrhythmic activity (Miragoli et al., 2011)

1.5.6 UDCA treatment in ICP-induced fetal heart dysfunction

As demonstrated by data from echocardiography studies investigating LMPI and PR
interval length, UDCA treatment does not appear to have a protective effect against
ICP-induced increase in these parameters. Case reports have also not conclusively
shown that UDCA improves ICP-induced CTG abnormalities, although this has not
been addressed in a prospective study. The largest clinical trial thus far investigating
the efficacy of UDCA on ICP-associated perinatal outcomes, demonstrated that
UDCA treatment in ICP does not have a significant effect in preventing a composite
outcome that included all preterm birth (iatrogenic and spontaneous), IUD and
neonatal unit admission (Chappell et al., 2019). Although 76% of women enrolled
onto this trial had mild ICP, a sub-group analysis of only women with serum bile
acid concentrations >40 pumol/L did not demonstrate a difference in the composite
outcome between UDCA and placebo treated women (Chappell et al., 2019).
However, the number of women in this trial who had peak TSBA concentrations of
>100 pumol/L prior to treatment was low (9 vs. 7 women in each group), which
suggests further studies on UDCA treatment are required to form conclusions about
this subset of women who are most at risk of an 1TUD (Chappell et al., 2019, Ovadia
etal., 2019).

Although in vivo data has not demonstrated a beneficial effect of UDCA in fetal
hearts of pregnancies complicated by ICP, very few studies have addressed this
question in severe cases, and in vitro models suggest it has a protective effect against
TCA-induced dysfunction. Incubation of neonatal rat cardiomyocytes with UDCA
resulted in the attenuation of TCA-induced contractile dysfunction and changes in
Ca?* dynamics (Miragoli et al., 2011). This was also seen in preparations of human
atrial trabeculae exposed to TCA (Rainer et al., 2013). A protective effect was also
observed in TCA-induced slowing of ventricular conduction in perfusions of

neonatal rat hearts, an effect that was thought to occur through targeting of
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developmentally regulated T-type VDCCs (Figure 1.18) (Adeyemi et al., 2017). It
has been shown that UDCA attenuates TCA-induced depolarisation of the resting
membrane potential of neonatal myofibroblasts but not cardiomyocytes in a fetal
heart model consisting of both cell types, an effect thought to be mediated by the
SUR subunits of the Katp channel (Schultz et al., 2016, Miragoli et al., 2011).
Evidence from a neonatal mouse ventricular cardiomyocyte model has shown UDCA
to be a potent agonist for Tgr5 expressed in this cell type, although it did not
decrease the contraction rate as seen in the above studies (Ibrahim et al., 2018).
Other studies suggest UDCA acts by displacing more hydrophobic bile acids rather
than having a direct action on the heart, as demonstrated by UDCA attenuating portal
vein stenosis (PVS)-induced Ca?* influx dysfunction in rat ventricular muscle strips
but having no effect on acute exposure of CA to rat papillary muscle (Zavecz and
Battarbee, 2010).
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Figure 1.18: Graphs taken from the Adeyemi et al. publication depicting (A)
percentage change of PR interval length from baseline (B) percentage change of
fetal heart rate from baseline in neonatal rat hearts perfused with increasing
concentrations of taurocholic acid and ursodeoxycholic acid (amended from
(Adeyemi et al., 2017))

1.5.7 UDCA treatment of the heart in the absence of ICP

In the absence of ICP or elevated hydrophobic bile acids, treatment with UDCA has

been shown to be protective against cardiac dysfunction in various animal models of
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disease. Historic experiments by Ro et al. demonstrated the ability of UDCA to
cease spontaneous and pharmacologically induced arrythmias in rabbit atria in vitro
(Ro et al., 1986). UDCA treatment prior to induction of global ischemia and
reperfusion injury in isolated rat hearts improved the recovery of myocardial
contractility and decrease lactate dehydrogenase (LDH) concentrations (Lee et al.,
1999). Taurine-conjugated UDCA (TUDCA) prevented apoptosis in rats that have
had induced myocardial infarction (Rivard et al., 2007). In mice that had transverse
aortic constriction, administration of TUDCA reduced ER stress markers,
myocardial fibrosis and cardiac hypertrophy (Rani et al., 2017). TUDCA
administration in mice with abdominal aortic aneurysm resulted in a reduction in the
amount of apoptosis markers and ER stress chaperones (Qin et al., 2017b). In a rat
model of CoClz-induced hypoxia, UDCA inhibited the activation of p53 and HIF-1a;
transcription factors which have been implicated in dysregulation of cardiac function
in hypoxia (Mohamed et al., 2017). It has also been shown to increase cell viability
and reduce the effects of CoCl,-induced hypoxia via upregulation of ERK and PI3K-
Akt signalling pathways and inhibition of sphingomyelinases (SMases) in neonatal
rat cardiomyocytes (Hanafi et al., 2016). The cytoprotective effects via the PI13k-Akt
pathway has also been found in rats with left coronary artery occlusion due to
inhibition of mPTP; UDCA was also found to improve post-ischemic recovery of
myocardial ATP content in these rats (Rajesh et al., 2005). Mice with induced
myocardial fibrosis had significantly decreased fibrosis, collagen I and 11l and
TGFp-1 expression upon administration of UDCA (Li et al., 2017). In mouse
models of obesity, TUDCA has been shown to normalise mPTP opening, SERCA2a
and PLB activity as well as contractile dysfunction in the heart (Ceylan-Isik et al.,
2011, Turdi et al., 2013). In the Otsuka Long-Evans Tokushima Fatty (OLETF)
diabetic model, TUDCA normalised mitochondrial phosphorylation enzymes and the
mPTP opening threshold in rat cardiomyocytes (Miki et al., 2009). In a study
investigating a range of bile acids on rat cardiac mitochondria, glycol-conjugated
UDCA was found to be the least toxic and had the least significant effect on mPTP

opening and membrane potential (Ferreira et al., 2005).

Use of animal models has therefore supported the use of UDCA treatment for

cardiac injury caused by myocardial infarction, obesity and diabetes. In addition to



the above animal experiments, clinical trials investigating UDCA treatment in adults
have supported its use in cardiac disease. In a randomised placebo-controlled
crossover study of 16 men with chronic heart failure, it was found that UDCA
significantly improved post-ischaemic blood flow in the arm and there was a non-
significant trend for improvement in the leg (von Haehling et al., 2012). It has also
been demonstrated to reduce diastolic blood pressure in healthy participants
(Schiedermaier et al., 2000). A study of 11 patients with coronary heart disease
(CHD) demonstrated that UDCA improved endothelium-dependent nitric oxide-
independent vasodilation in the arm, a function which is usually decreased in
patients with CHD (Sinisalo et al., 1999). Moreover, an investigation on patients
with atrial fibrillation showed they have lower levels of conjugated UDCA in their
serum (Rainer et al., 2013).

UDCA has also been suggested to attenuate heart transplant rejection. In a
retrospective study of cholestatic patients who were receiving cardiac allografts,
adjuvant UDCA therapy lowered the number of acute rejection episodes in the first 6
months post-surgery (Béhrle et al., 1998). It has demonstrated a protection against
allograft rejection in murine models without cholestasis; UDCA treated mice had
indefinite survival of mismatched cardiac allografts and increased generation of
regulatory T cells which have a suppressive activity in leukocyte cultures (Zhang et
al., 2009b). These outcomes are in agreement with an earlier study on rats that
showed UDCA treatment with concomitant anti-thymocyte globulin administration
prolongs cardiac allograft survival and increases allograft tolerance (Olausson et al.,
1992).

Although UDCA treatment does not appear to clinically improve the risk of ICP-
associated 1UD in the small (and underpowered) studies that have been performed to
date, further investigations are required to establish whether it is effective in severe
cases of ICP. This is of particular interest as in vitro evidence from models of the
fetal heart show it attenuates cardiac dysfunction caused by more hydrophobic bile
acids.



1.6 Summary and aims

Intrahepatic cholestasis of pregnancy is disease that is commonly diagnosed through
measurement of total serum bile acids (TSBA) concentrations and treated with
ursodeoxycholic acid (UDCA). Evidence has shown there is a relatively high risk of
spontaneous preterm labour (PTL) and intrauterine death (IUD) once maternal TSBA
concentrations exceed 40 pmol/L and a markedly increased risk when TSBA
concentrations are elevated above 100 pumol/L. Currently, many centres that treat
patients with ICP operate infrequent and delayed measurement of TSBA
concentrations, the most sensitive marker for predicting adverse outcomes. The
exact mechanisms of ICP-associated spontaneous PTL and IUD are unknown and
there is not enough data to confirm whether UDCA can successfully prevent these

outcomes.

The following aims were created given the current knowledge of ICP and its

outcomes:

1) Development of a bile-acid detecting biosensor that can sensitively detect
serum concentrations of 100 pumol/L and can be eventually used in a point-
of-care setting.

2) Creation and validation of an in vitro model of the PTL-complicated
myometrium and to assess the effect of elevated bile acid exposure and
UDCA therapy in order to elucidate mechanisms of ICP-associated PTL

3) Investigation of mechanisms of ICP-associated 1UD using non-invasive fetal
ECG monitoring and assessment of the efficacy of UDCA therapy
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2. Development of a point-of-care bile acid biosensor

2.1 Abstract

Rapid and accurate measurements of maternal bile acid concentrations would
provide an immense clinical benefit to diagnosis and management of intrahepatic
cholestasis of pregnancy (ICP), a disease characterised by elevated maternal total
serum bile acid concentrations which are associated with adverse fetal outcomes.
The work described in this chapter aimed to develop a point-of-care bile acid
electrochemical biosensor. The bile acid-specific enzyme (3a-hydroxysteroid
dehydrogenase) and coenzyme (nicotinamide adenine dinucleotide (NAD™)) were
used to measure 0-100 umol/L of the bile acid taurocholic acid (TCA) using
chronoamperometry on a methylene blue-modified screen-printed carbon electrode.
A calibration assay of this biosensor showed a non-linear measurement of current vs.
TCA concentration, a relative standard deviation ranging between 20.5% and 47.9%
and a sensitivity of 1.1 nA per umol/L of TCA. Additional development of this
biosensor is required to improve the sensitivity and specificity to TCA as well as

further modification for enzyme immobilisation.

2.2 Introduction

Intrahepatic cholestasis of pregnancy (ICP) is the most common pregnancy-specific
liver disorder and is associated with increased fetal adverse outcomes, including
intrauterine death (IUD) and spontaneous preterm labour (PTL). ICP is typically
diagnosed in women who present with pruritus and have elevated maternal total
serum bile acid (TSBA) concentrations, usually at a threshold of 10-14 pmol/L when
the serum sample has been taken from a patient who hasn’t fasted (Williamson and
Geenes, 2014). Women often also have deranged liver function markers. It has been
established that the most effective biomarker for predicting the likelihood of fetal
adverse outcomes occurring is maternal TSBA concentrations (Ovadia et al., 2019).
The risk of ICP-associated IUD and PTL is known to increase with severity of
disease: studies have shown increased rates of these outcomes at TSBA
concentrations of 40 pmol/L, and markedly more so when concentrations exceed 100
pumol/L (Geenes et al., 20144, Glantz et al., 2004, Ovadia et al., 2019). The majority

of ICP cases are known to present at >30 weeks of gestation and the risk of adverse



fetal outcomes increases with gestational age. There is currently no evidence that the
current pharmacotherapies available to treat ICP attenuate the associated risk of fetal
adverse outcomes, however active management i.e. early induction of labour, is
commonly utilised alongside close monitoring of TSBA concentrations (Lee et al.,
2008).

As discussed in section 1.2, there are numerous methods currently available for
measuring TSBA concentrations, the most commonly available being an assay that
utilises an enzymatic method; this reaction relies on the electrochemical
measurement of reduced nicotinamide adenine dinucleotide (NADH) that has been
generated by the oxidation of bile acids via the bile-acid specific enzyme 3a-
hydroxysteroid dehydrogenase (3a-HSD). Whilst this method has proven to have
high sensitivity and specificity, not all clinical sites have the assay available or
conduct it frequently which can result in a delay in reporting real time TSBA
measurements. This has an impact on clinical care as these results are time-sensitive
in nature. A point-of-care (POC) method of detecting TSBA concentrations would
therefore be the ideal solution to providing rapid and accurate results;
electrochemical biosensors have been leaders at the forefront of techniques to
monitor and diagnose diseases within a clinical setting (Pasinszki et al., 2017).
Electrochemical biosensors that utilise the aforementioned enzymatic method have
already demonstrated sensitivity to bile acids in serum using carbon screen-printed
electrodes (CSPEs) that have been modified with the electron mediators Meldola’s
blue (MDB) and Ruthenium, the latter biosensor was able to measure taurocholic
acid (TCA) at a sensitivity of 5-150 pmol/L in diluted human serum, however
neither biosensor had been successfully modified to allow the immediate
measurement of TSBA concentrations (Lawrance et al., 2015, Tian et al., 2018,
Zhang et al., 2016a).

The aim of this project is therefore to develop a POC bile acid biosensor that can
sensitively detect TSBA concentrations of 100 umol/L in order to aid the monitoring

and diagnosis of ICP.
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2.3 Materials and Methods

2.3.1 Reagents for CSPE modification and chronoamperometry measurements

Methylene blue (MEB), MDB and sodium pyrophosphate powder for CSPE
modification was purchased from Sigma-Aldrich (Sigma-Aldrich, Dorset, UK).
BNADH, BNAD", ethylenediaminetetraacetic acid (EDTA), human serum (male,
type AB), TCA, TRIZMA® (tris[hydroxymethyl]amino-methane) hydrochloride for
chronoamperometry measurements were also purchased from Sigma-Aldrich
(Sigma-Aldrich, Dorset, UK). Deionised water was obtained from a Triple Red
(Triple Red Ltd., Bucks, UK) system.

2.3.2 CSPE modification

Carbon DRP-110 screen-printed electrodes (Dropsens Ltd, Spain) were modified by
air-drying 10 pl of 1 mmol/L and 10 mmol/L solutions of MEB or MDB (made with
deionised water) on the working electrode overnight (Figure 2.1). Modified CSPEs
were kept at room temperature in the dark during modification and when not in use.
Negative controls (electrodes that were not modified with an electron mediator) were
made by air drying 10ul of deionised water to the working electrode overnight. Each

modified CSPE was used for measurement once and disposed of after use.

Counter
Working Electrode o
Electrode

C.E.

connection Reference

Electrode

W.E.
connection

R.E.
connection

Figure 2.1: Photograph of the commercially available DRP-110 screen-printed
electrode used for experiments prior to modification. Image provided by Dropsens
Ltd.



2.3.3 Chronoamperometric measurement

In order to assess the ability of CSPE modification to aid electrooxidation at the
surface of the working electrode, 0-100 pumol/L solutions of BNADH were made via
serial dilutions with 0.1 mol/L sodium pyrophosphate buffer as the solvent (pH 9.5).
Each chronoamperometric measurement was conducted using a 60 uL volume
sample droplet on the CSPE which was connected to an EmStat3+ potentiostat
(PalmSens, Netherlands) using custom CSPE connectors (Dropsens Ltd, Spain).
Chronoamperometric measurements were made at room temperature and in the
absence of a Faraday cage using a potential step of +0.1V that lasted for a period of
30 seconds at the working electrode. Data was sampled at a rate of 10 Hz and

visualised using PSTrace V4.6 software (Palmsens, Netherlands).

Further experiments were conducted to assess whether the MEB-modified CSPES
could detect TCA in buffer and human serum-based solutions. To create the sample
droplets for these experiments, stock solutions of 3a-HSD were made by dissolving
10 mg of 30-HSD in 500 pl of 0.1 mol/L Tris-HCI containing 0.001 mol/L EDTA
(pH 7.2). Stock solutions of 20 mmol/L BNAD* were made using 0.1 mol/L sodium
pyrophosphate buffer (pH 9.5) as the solvent. A mixture of 150 pl of either pooled
human serum or sodium pyrophosphate buffer (pH 9.5) was spiked with TCA at
concentrations of 0, 10, 20, 30, 40, 50 and 100 umol/L, to which 40 pl of BNAD"*
stock solution and 5 pul of 3a-HSD stock solution were added and mixed thoroughly
to create test droplets for a calibration assay. The mixture was left to rest for 1
minute at room temperature before deposition onto the working electrode of the
MEB-modified CSPE and chronoamperometeric measurement as described above.

The three part reaction in this assay is described below:

a-HSD R .
3a-hydroxy bile acid + BNAD* ———» 3-keto bile acid + BNADH + H*
BNADH + MEB* —— BNAD* + MEBH"

MEBH" —— MEB* + H* + 2¢-
“where MEBH is the reduced form of methylene blue



2.3.4 Data visualisation and statistical analysis

Chronamperometry data and graphs of current vs. time were created using PSTrace
V4.6 software (Palmsens, Netherlands) and exported into Microsoft Excel v2016
(Microsoft Corporation, WA, US). The calibration plot of current vs. TCA
concentration in pooled serum was created and statistically analysed using GraphPad
Prism v8.0 (GraphPad Software, US). Readings from the 5-second time point of the
30-second chronoamperometric measurement were taken and the mean current and
standard deviation was calculated. Comparison of mean current generated from each
TCA concentration was conducted via one-way analysis of variance with a post-hoc
Bonferroni test. Significant differences in the current generated from each TCA
concentration in comparison to baseline (0 pmol/L) have been reported. Relative
standard deviation (RSD) was calculated by dividing standard deviation with the
mean current for each TCA concentration tested. Linear regression was used to
calculate the slope and y intercept of the calibration plot; these results were was used

to ascertain sensitivity of the sensor.

A Cottrell plot of current vs. time'*’2 was generated by taking the mean of all
choroamperometric measurements for each of the 300 data points taken over 30
seconds. Statistical analysis to measure deviation of the fitted line for each
concentration was conducted using a runs test using GraphPad Prism v8.0
(GraphPad Software, US).

2.4 Results

2.4.1 Methylene blue is a more effective electron mediator than meldola’s blue

The electrode mediators MDB and MEB were used to modify bare CSPESs which
were then used to detect the electrooxidation of varying concentrations of NADH via
chronoamperometry. Both dyes used for CSPE modification resulted in a higher
current measured than the CSPEs which were unmodified by a mediator (Figure
2.2A and B). Of the two mediators that were chosen, it was observed that CSPEs
modified with 1 mmol/L of MDB generated a lower range of current values than
1mmol/L MEB (-0.06 — 0.32 pA vs. -0.01 —0.83 pA, n=1) when measuring 0-100



pumol/L of NADH (Figure 2.2C and D respectively). Additionally, modification with
MEB displayed clear incremental increases in current in response to increasing
NADH concentrations which was not observed with MDB-modification (Figure
2.2A and D).
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Figure 2.2: Investigation of different types of CSPE modification (A) Current values
taken from the 5-second timepoint of chronoamperometric measurements of 0-100
pumol/L NADH (B-D) Chronoamperometric plots of CSPE medication with water, 1
mmol/L Meldola’s Blue and 1 mmol/L Methylene Blue respectively. n=1 for each
NADH concentration and electrode modification tested.

2.4.2 The optimal concentration for methylene blue modification is 1 mmol/L

Two concentrations of MEB were used to modify bare CSPEs in order to find the
optimum concentration of electron mediator for the working electrode. 1 mmol/L of

MEB generated larger current values than 10 mmol/L of MEB when measuring

10.000



concentrations of 250 (1.26 vs. 1.01 pA, n=1), 500 (1.95 vs. 1.52 yA, n=1) and 1000
(2.64 vs. 2.05 pA, n=1) umol/L of NADH (Figure 2.3).
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Figure 2.3: Comparison of 1 and 10 mmol/L of MEB solution used for CSPE
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2.4.3 Methylene blue-modified CSPEs can detect TCA in buffer

A mixture of BNAD" and 3a-HSD with varying concentrations of TCA was made in

sodium pyrophosphate buffer and measured on the MEB-modified CSPE. When

spiking the buffer mixture with 50 and 100 pumol/L of TCA, an incremental increase

in current (0.07 and 0.14 pA respectively, n=1) was observed in comparison to the

baseline (0 umol/L) measurement (0.003 pA, n=1, Figure 2.4).
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Figure 2.4: Chronoamperometric measurement of sodium pyrophosphate buffer

spiked with NAD+, 3a-HSD and 0, 50 and 100 pumol/L of TCA

2.4.4 Methylene blue-modified CSPEs can detect TCA in pooled human serum

Pooled human serum was spiked with BNAD", 3a-HSD and 0-100 umol/L of TCA.
Increasing the concentration of TCA from 0 umol/L (0.087 + 0.03 pA, RSD 34.4%,
n =7) to 10 umol/L (0.089 + 0.02 pA, RSD 24.5%, n = 10), 30 pmol/L (0.091 +
0.01 pA, RSD 13.2%, n = 6) 40 pmol/L (0.096 + 0.02 uA, RSD 25.9%, n = 5) and
50 pmol/L (0.115 = 0.03 pA, RSD 28.6%, n = 8) led to non-significant increases in

current (Figure 2.5A). A significant increase was found between the mean current
measurements of 100 umol/L (0.187 + 0.04 pA, 20.5%, n =9, p < 0.0099) when
compared to 0 umol/L of TCA (Figure 2.5A). A non-significant decrease was found

when comparing the mean current measurements of 20 umol/L (0.085 + 0.04 pA,
RSD 47.9%, n = 12) and O pmol/L of TCA (Figure 2.5A). Linear regression
analysis of the resulting calibration plot from these measurements resulted in a slope
of y =0.001053X + 0.07069 (Figure 2.5A). Cottrell analysis of the electrode
response demonstrated that all concentrations of TCA had a linear regression best fit

line that significantly deviated from the raw data (p > 0.0001 for all,

Figure 2.5B).
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Figure 2.5: (A) Calibration plot of 0-100 pumol/L TCA-spiked pooled serum with
linear regression best fit line. Asterisks demonstrate p value of 0.005 in comparison

to baseline measurements of O umol/L TCA. Results are presented as mean + SEM.

(B) Cottrell plot of mean data generated from 30 second chronoamperometric
measurement. Best fit lines are not displayed.



2.5 Discussion

2.5.1 Summary of findings

This project aimed to develop a biosensor that could accurately detect maternal
TSBA concentrations of 100 umol/L in a POC setting. In these experiments, the
efficacy of modifying a CSPE were initially tested using two electron mediators,
MEB and MDB, to investigate their ability to facilitate electrooxidation of NADH at
the working electrode surface. A concentration of 1 mmol/L of MEB solution air
dried onto the CSPE was found to be the more effective electron mediator
modification. MEB-modified CSPEs were used to measure the current transients
generated from the oxidation of the bile acid TCA within human pooled serum.
Although current transients could be detected at concentrations between 0-100
umol/L of TCA, the incremental increase in TCA concentration did not result in a

linear relationship of current vs. concentration.

2.5.2 Comparison to previous work on CSPEs

There are relatively few bile acid biosensors that have been reported as successful in
a research setting; currently three have demonstrated sensitivity using human serum
on disposable CSPEs. Lawrance et al. (2015) used MDB-modified CSPEs to create
a linear calibration of TCA-spiked serum at a range of 4.5-150 pumol/L with a
relative standard deviation (RSD) of 8% and a sensitivity of 2.95 nA per umol/L
(Lawrance et al., 2015). Zhang et al. (2016) also used in-house manufactured
MDB-modified CSPEs to detect TSBA concentrations at a range of 5-400 umol/L in
human serum samples from patients with hyperbilirubinemia using differential pulse
voltammetry (Zhang et al., 2016a). Tian et al. (2018) of the same group developed a
ruthenium-modified CSPE to detect TSBA concentrations 5-150 pmol/L in diluted
human serum (Tian et al., 2018). It has therefore has been the most sensitive bile
acid sensor reported so far, although ruthenium, NAD" or 30-HSD were added to the
diluted serum prior to measuring as immobilisation of these components to the CSPE

was not successful (Tian et al., 2018).
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The same method of using electron mediator modified-CSPEs was used in these
experiments; screen-printed electrodes have the enormous advantage of being highly
reproducible, amenable to miniaturisation, disposable and inexpensive, which
increase their viability for commercial manufacture of biosensors for use in POC
settings (Couto et al., 2016). Compared to the aforementioned bile acid biosensors,
this biosensor had a higher RSD range (20.4 - 47.9%) and a lower sensitivity (1.053
MA per pmol/L of TCA). The RSD generally lowered as the concentration of TCA
increased, which suggests that sensitivity is associated with TCA concentration,
possibly due the background signal being overcome by the larger electrochemical

signal generated with higher TCA concentrations.

Calculation of the Cottrell equation, which describes changes in current over time
after a potential step and can give information about the diffusion and depletion of
the electroactive species at the electrode surface, yielded non-linear plots for all
concentrations of TCA that were tested. The shape of the curve eventually leads to a
straight line towards the origin of the graph, suggesting that there is a higher rate of
current generation and the beginning of the 30-second measurement that leads to a
linear relationship by the end of the measurement. This is possibly due to a large
amount of MEB generated upon the initial application of the potential step, therefore
allowing increased electrooxidation at the electrode surface at the beginning of the
measurement and a slower rate of current decline than expected. Future experiments
to combat this could therefore attempt to further optimise the concentration of MEB
solution used to modify the electrode as well as investigating the optimal

concentrations of BNAD™ and 3u0-HSD in the reaction.

2.5.3 Potential causes of low sensitivity of the biosensor

Pooled human serum which had been spiked with TCA, BNAD* and 3a-HSD yielded
a non-linear calibration plot and low sensitivity. Spiking sodium pyrophosphate
buffer with the same components appeared to have a clearer signal to noise ratio
which suggests that the serum itself may be obstructing the electrooxidation reaction.
However, it must be stated that the buffer-based experiments were only conducted



once. The main component of serum is aloumin, which bile acids are known to bind
to and circulate, and have been known to cause biosensors to lose sensitivity (Sabaté
Del Rio et al., 2019). In order to reduce albumin-based reduction in sensitivity and
an improve the signal to noise ratio, various dilutions of serum could be tested. A
biosensor that had a higher sensitivity for bile acid concentrations in serum that was
diluted 6-fold has already been demonstrated (Tian et al., 2018). Ascorbic acid, uric
acid and paracetamol are known to be the main electroactive interferents present in
human serum that interfere with NADH oxidation. To combat this, an electron
mediator was used to lower the potential window of the working and electrode and
minimise electroactivation of these components in the pooled serum, however this
may have still allowed some electroactivation of unwanted species. This could be
prevented via minimisation of electrode fouling as mentioned previously. The
enzyme used for the biosensor, 3a-HSD, could have also catalysed the oxidation of
other species in the serum such as sulphated progesterone metabolites which have
coincidentally been implicated in the pathogenesis of ICP (Abu-Hayyeh et al., 2016).
In future experiments, variations in serum composition could be accounted for via a

standard addition of TCA which could be used for calibration of the measurement.

At the time of conducting experiments, the established threshold for the increased
risk of IUD was at a maternal TSBA concentration of >40 pumol/L (Geenes et al.,
2014a, Glantz et al., 2004). However, data has since shown that the IUD risk
dramatically increases at TSBA concentrations of >100 pumol/L (Ovadia et al.,
2019). Future experiments will therefore focus on developing the biosensor to have a
high sensitivity around this concentration as this would be valuable for aiding

clinical management of patients with severe ICP.

2.5.4 Use of electron mediator and method of modification

MEB was found to be the more favourable electron mediator in this study. MEB has
demonstrated to be an efficient an electron mediator for NADH oxidation, and is
most commonly used for sensing of nucleic acids (Dai et al., 2008, Komura et al.,
2004, Wang et al., 2019b). The efficacy of MEB’s ability to aid electrooxidation of



NADH depending on pH, mediator concentration, temperature and timing (Mark et
al., 2010). When testing CSPEs which had been modified using 1 mmol/L and 10
mmol/L MEB solutions in this study, the former concentration was found to be
optimal. This is not in agreement with the Langmuir model which demonstrates that
MEB concentration is associated with adsorption capacity on CNTs (Yao et al.,
2010). As the measurements of both concentrations were conducted on different
days, ambient temperature could have played a role in the unexpected difference in
current transients as well as the possibility of experimental error during the
modification steps. Electrode fouling from the higher concentration of MEB could
have also played a role in the unexpected results observed. Additionally, only one
sensor was made and tested for each concentration of MEB and NADH, so results

may have differed with repeat experiments.

In the above experiments, both electron mediators were adhered to the CSPE via air
drying of solutions at room temperature. This resulted in some expected leaching of
the water-soluble mediator dye upon the addition of both buffer- and serum-based
samples. Leaching or diffusion of mediators into the sample can result in a loss of
activity via denaturation, binding to other biological components in the sample or
lowering of the volume of electron mediator at the working electrode surface. This
in turn can result in a change in the required potential and the stability, sensitivity
and specificity of the biosensor to be lost, and could have played a part in the low
specificity of the MEB-modified CSPE in response to TCA-spiked human serum
samples as well as the non-linear Cottrell plot. The ideal electron mediator would
therefore not diffuse into the sample, and there are other more refined techniques of
electrode modification which could potentially combat this. Modification of NADH-
based biosensors to encompass mediators have been conducted via
electropolymerisation, i.e. the growth of mediator polymers under electrochemical
conditions, and entrapment, which are avenues to explore in future experiments
(Prieto-Simén and Fabregas, 2004). Electropolymerisation in particular is known to
increase stability and sensitivity of the mediator with each added layer of the
monomer; electropolymerisation of specifically MEB has been reported to be
effective for sensing biological components such as haemoglobin, glucose and

markers of cardiovascular disease (Brett et al., 1999, Silber et al., 1996, Li et al.,
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2018). In addition, modification of MEB on multi-walled CNTs have been shown to
reduce leaching due to the ability of CNTs” hollow structure to entrap MEB
polymers (Moyo et al., 2012).

2.5.5 Alternative materials for working electrode fabrication

The working electrode on the CSPE was made using carbon, however there is
evidence that modification of the working electrode with CNTs could result in a
more effective biosensor for biomarkers, and particularly for sensing NADH (Rivas
et al., 2007, Fanjul-Bolado et al., 2007). CNTs are constructed via flat sheets of
graphene that are rolled into hollow tubes and can be single-walled (where a single
layer forms the tube) or multi-walled (where several additional concentric layers are
wrapped around the tube), the latter of which is more commonly used in biosensing
due to its more successful ability to act as a scaffold for immobilisation of biological
recognition elements and electron mediators (Georgakilas et al., 2015, Cho et al.,
2018). The electroactive surface area and ability to transfer electrons is dramatically
increased which results in an magnified electrical signal as a result of the highly
active groups for electron transfer at the end of the tubes (Fortunati et al., 2019).
Multi-walled CNTs could therefore could be used to entrap 30-HSD, NAD* and
MEB within the working electrode, which would aid direct electron transfer between
the analyte and the electrode surface (Kumar et al., 2015). Experimental evidence
from a glucose dehydrogenase-based biosensor has demonstrated the successful non-
covalent attachment of NAD™ in multi-walled CNTs (Zhou et al., 2010). Other
graphene nanostructures, such as capsules and nanowires, have also demonstrated
efficacy at immobilising enzymes on the working electrode (Kumar et al., 2015,
Bagal-Kestwal et al., 2018). The use of CNT-modified CSPEs could even result in
the lack of necessity for an electron mediator due to the high conductivity of the
material. Both multi-walled and single-walled CNT-modified CSPEs are
commercially available from the same company that manufactured the CSPEs used
in these experiments and are therefore a potential avenue for increasing the

sensitivity whilst sustaining the feasibility of commercial manufacture of the sensor.



2.5.6 Microfluidics for future experiments

Recently, microfluidics platforms, i.e. the manipulation of very small volumes of
liquid, have been integrated with biosensors in order to form a “lab-on-a-chip” for
use in the biomedical field (Mark et al., 2010). These systems tend to involve the
continuous flow of liquids through multiple micro-channels and the occurrence of
several processing techniques on the same platform; these can include sample
separation, purification and the final biosensing steps. In theory, multiple samples
can be measured for multiple analytes on the same chip (Prakash et al., 2012). One
of the main advantages of microfluidics technology is the ability to encompass a
high surface-to-volume ratio, therefore only requiring a minute volume of sample (as
low as picolitres) for accurate measurements (Liu et al., 2010, Luka et al., 2015).
They also increase sensitivity and specificity, have a rapid performance, are
amenable to miniaturisation, portability and can provide real-time results, which
would be ideal for a POC biosensor (Liu et al., 2010, Luka et al., 2015). Recently,
“lab-on-a-chip” technology has been utilised to successfully extract and
fluorescently label a panel of PTB biomarkers for detection (Bickham et al., 2020).
In our case, microfluidics would be particularly useful to allow the bile acid
biosensor to be truly POC as the manual separation of serum from whole blood prior
to measurement would no longer be required, electroactive interferents could be
removed and serum could be adequately diluted to increase sensitivity (Tian et al.,
2018). In addition, the ability to separate and detect individual bile acids in serum
would be particularly useful as conjugated CA in particular are known to be raised in
women with ICP (Tribe et al., 2010).

Recent research advances have also created stretchable and wearable “lab-on-a-
patch” biosensors which have proven effective in an experimental setting for
continuous non-invasive monitoring of cortisol, glucose and lactate in sweat and
interstitial fluid (Bae et al., 2019, Toi et al., 2019, Jia et al., 2013, Lee et al., 2020).
Previous research has shown TSBA concentrations exhibit diurnal variation and
increase after consumption of food (Galman et al., 2005). Therefore, a “lab-on-a-
patch” biosensor would be useful for research purposes to standardise the most

appropriate methods of testing and optimal bile acid ranges for predicting outcomes



in women with ICP (depending on the type of biofluid being monitored) as well as
for clinical purposes to aid effective monitoring and response, particularly in patients
who have severe ICP and/or TSBA concentrations of >100 umol/L. “Lab-on-a-
patch” biosensors also take us one step towards personalised medicine, and are
therefore likely to play a huge part in monitoring other diseases with known

biomarkers that oscillate in a short period of time.

2.6 Conclusion

A successful electrochemical biosensor has the clear advantage over the current
colorimetric assay used due to biosensors in general being cheap, having a high
sensitivity and specificity for the target analyte and an ease of portability which
make it ideal for use in a clinical or home setting (Rechnitz and Nakamura, 1988).
Biosensors are defined in the simplest terms as a method of measuring one or more
target analyte that uses a biological recognition element to generate a quantifiable
signal (Turner et al., 1987). More recently, biosensors have been suggested to be
devices where the biological recognition element is directly interfaced to the signal
transducer and acts as the primary selective component (Kissinger, 2005). By this
definition, a bile acid biosensor would require 3a-HSD and BNAD™* immobilised
onto the working electrode and this will be one of the next aims for further
developing this biosensor. Recognition elements in a biosensor can be immobilised
to the transducer using various methods, such as adsorption, entrapment,
encapsulation and covalent- or cross-linkage (Malhotra and Chaubey, 2003). In
order for this biosensor to eventually be used in a POC setting, future experiments to
immobilise 3a-HSD and NAD™ onto the CSPE will also be required, perhaps using
CNTs and/or Nafion. The use of a microfluidics-based platform is a promising future

direction for continuous monitoring of bile acid concentrations.
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3. Investigation of bile acid-induced contractions in human
myometrial cells

3.1 Abstract

Intrahepatic cholestasis of pregnancy (ICP), commonly treated with the drug
ursodeoxycholic acid (UDCA), is associated with an increased risk of spontaneous
preterm labour which is positively correlated with maternal serum bile acid
concentrations. We aimed to investigate how bile acids and UDCA affect uterine
contractions via the investigation of intracellular calcium ([Ca?']i) handling in

primary human myometrial cells subjected to exogenous drug stimulation.

Primary human myometrial cells were isolated from biopsies of non-labouring
myometrium and cultured until passage five or six. Cells were incubated with
Fluo4-AM prior to 20-minute treatments of 10 nmol/L oxytocin (OT) (n=3), 100
pmol/L taurocholic acid (TCA) (n=3), a combination of OT and TCA (n=3), 10
nmol/L prostaglandin E2 (PGE2) (n=4) or Fa, (PGF24) (n=7) with and without
concomitant 100 umol/L UDCA treatment. Time-lapse imaging was performed and
the amplitude, time to peak, duration and time to decay of the [Ca®*]; transients was

measured.

Analysis of the [Ca?*]i handling of myometrial cells after OT and OT+TCA
administration resulted in an increase in the amplitude of [Ca?*]i transients when
compared to the vehicle control (p = 0.003 and p < 0.0005 respectively).
Concomitant UDCA administration resulted in a significant decrease in amplitude (p
=0.002). Administration of OT and OT+UDCA resulted in a decrease in the time to
peak, duration and time to decay of [Ca?*]; transients (p < 0.0005 and p = 0.001
respectively for all three parameters). Administration of TCA alone did not affect
[Ca?*]i transients. Administration of PGE- resulted in an increase in the time to peak
(p = 0.011), duration (p = 0.023) and time to decay (p = 0.036) of [Ca?*]; transients.
Concomitant UDCA administration resulted in a decrease in the time to decay (p =
0.043). Administration of PGF, resulted in a significant increase in amplitude of
[Ca?*)i transients (p = 0.026). Concomitant UDCA administration had no effect.

Based on these results, the action of TCA in inducing contractile activity in
myometrial cells is via an increased sensitivity to OT which is consistent with

previous data regarding 1CP-associated spontaneous preterm labour. UDCA
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administration attenuated this effect as well as attenuating the PGE2-induced increase
in the time to decay, suggesting further investigation of its use to protect against

stimulation of myometrial contraction is warranted.

3.2 Introduction

Intrahepatic cholestasis of pregnancy (ICP) is the most common gestational liver
disease. As evidenced by previous studies of Swedish and British cohorts,
spontaneous preterm labour (PTL) is known to increase in women with severe ICP,
which is defined by maternal TSBA concentrations of >40 pmol/L (Geenes et al.,
2014a, Glantz et al., 2004). More recent analysis of global individual patient data
has shown that this risk markedly increases in ICP-affected women with singleton
pregnancies who have TSBA concentrations of >100 umol/L (Ovadia et al., 2019).
ICP is often treated with the drug ursodeoxycholic acid (UDCA), however evidence
from the largest randomised controlled trial of this pharmacotherapy to date did not
show a statistical difference in a composite result of fetal adverse outcomes, one of
which included the incidence of spontaneous preterm birth (Chappell et al., 2019).
Preterm birth (PTB) is known to be the leading cause of infant mortality and
increases the risk of developing a disability in later life (Blencowe et al., 2012,
Murray et al., 2012).

The mechanism for ICP-induced PTL is unknown, although there is evidence that
bile acids can affect myometrial contractile activity. Chronic infusion of the bile
acid cholic acid (CA) in sheep resulted in a 100% of lambs being spontaneously
delivered prematurely (Campos et al., 1986). Experimental evidence has shown that
rat myometrial strips increased contractile activity as a result of CA exposure in vitro
(Germain et al., 2003). A potential mechanism of bile acid-induced myometrial
contraction has been suggested to be via an upregulation of the oxytocin receptor
(OTR) and therefore increased sensitivity to oxytocin (OT) as evidenced by protein
expression studies of myometrial strips (Germain et al., 2003). Increased oxytocin
sensitivity has also been demonstrated in ICP cases during parturition (Israel et al.,
1986). Pathological findings from human placental tissue has also demonstrated that

bile acid exposure induces placental oxidative stress and inflammation during
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pregnancy which may also contribute to the induction of preterm labour (Geenes et
al., 2011, Costoya et al., 1980, Du et al., 2014b, Wikstrom Shemer et al., 2012,
Sepulveda et al., 1991, Perez et al., 2006).

The aim of this project is to investigate how elevated bile acid concentrations affect
the contractility of myometrial cells via the measurement of intracellular calcium

([Ca?*]i) handling in a 2D human myometrial cell model of PTL.

3.3 Patients and methods

Recruitment of non- 1cm myometrial biopsy taken from Primary cell isolation
labouring women lower segment of uterus performed
undergoing an
elective c-section

Fluorescent time-lapse imaging Incubation with Fluo4 AM prior Myometrial cells
and analysis of calcium to exposure to OT / TCA / PGE, / cultured up to
transients in myometrial cells PGF,, £ UDCA treatments passage 5/6

Figure 3.1: Schematic flowchart of the methods used for obtaining and investigating

myometrial cells
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3.3.1 Participant recruitment and myometrial biopsy

Women were recruited prior to undergoing an elective caesarean section procedure
due to breech presentation or previous caesarean section at Queen Charlotte’s and
Chelsea Hospital (local ethics committee, REC 3357). After informed consent, a
1cm biopsy of the lower segment of the uterus was taken during the procedure by
Vasso Terzidou (Institute of Reproductive and Developmental Biology, Imperial
College London). Primary cell isolation of the biopsies was performed by Sung Hye
Kim (Institute of Reproductive and Developmental Biology, Imperial College

London).

3.3.2 Primary myometrial cell culture

Myometrial cells were cultured in high glucose full Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal calf serum, 1% L-Glutamine and 1%
penicillin and streptomycin (Invitrogen, Paisley, UK) in T25 flasks (Corning, US)
inside an incubator maintained at 37°C and 5% carbon dioxide. Cells were passaged
upon full confluency and cultured until passage 5 or 6 for [Ca?*]i handling assays.
For each passage, flasks were washed in Dulbecco’s Phosphate Buffered Saline (D-
PBS) (Invitrogen, Paisley, UK) and trypsinised in 0.25% Trypsin-EDTA (Invitrogen,
Paisley, UK) for 5 minutes before inhibition by full DMEM. Cells were pelleted,
resuspended and split into new T25 flasks. Cells were split into round coverslips
(MatTek Corp, US) prior to drug treatment and imaging for [Ca?*]i handling
experiments (Figure 3.1). Only one passage from the myometrial biopsy was used

for each experiment.

3.3.3 Drug treatments

For [Ca?*]i handling experiments, oxytocin (OT) (Sigma Aldrich, Gillingham, UK),
Prostaglandin (PG) Ez (Tocris Bioscience, Bristol, UK), and F», (Cayman Pharma,
Czech Republic), taurocholic acid (TCA) (Sigma Aldrich, Gillingham, UK) and
ursodeoxycholic acid (UDCA) (Sigma Aldrich, Gillingham, UK) were dissolved in
non-sterile Hank’s buffered saline solution (HBSS) to create stock solutions, and

subsequently serially diluted with HBSS in order to obtain the final concentrations
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used for treatments. HBSS was prepared by addition of a vial of Phenol Red-free
Hank’s balanced salts (Sigma Aldrich, Gillingham, UK), 0.35 g/L sodium
bicarbonate (Sigma Aldrich, Gillingham, UK) and 2.38 g/L N-2-
hydroxyethylpiperazine-N-ethanesulfonic acid (HEPES) (VWR, Lutterworth, UK) to
1L distilled water. OT, PGE:z and PGF», were diluted to a concentration of 10
nmol/L whilst TCA and UDCA were diluted to a concentration of 100 pmol/L for

treatments.

3.3.4 Optical recording of analysis of [Ca?*];

Coverslips were incubated for 20 minutes in 1ml of full DMEM containing 20 mM
Fluo4 acetoxymethyester (Fluo4 AM) (Invitrogen, Paisley, UK). After incubation
the coverslip was washed in non-sterile HBSS and mounted on a holder. The holder
was then mounted on an inverted microscope (Nikon Eclipse T1) with a MICAM
Ultima Camera for optical recording at a x200 magnification. Images were taken at a
frame rate of 1 frame/ms for 480 seconds. Three recordings were taken from
different representative areas of the coverslip. One of five sets of drug treatments
using OT, TCA, PGE2 or PGF», were subsequently administrated to the cells and
incubated for 20 minutes (Table 3.1).

20 minutes 3x480s 20 minutes 100 3% 480 s optical recordin
@ 10nmol/L ==t optical =F»  pmoliL =t P g
oxytocin recording | ursodeoxycholic acid
20 minutes 100 3x480s 20 minutes 100 3% 480 s optical recordin
) pmol/L == optical === pumol/L —p P 9
taurocholic acid recording | ursodeoxycholic acid
20 minutes 3x480s 20 minutes 100 3x480s ‘ 20 minutes 100 ’ 3x480s
?3) 10nmol/L optical pumol/L taurocholic optical pumol/L optical
oxytocin recording acid recording | ursodeoxycholic acid | recording
20 minutes 3x480s 20 minutes 100 n .
4) 10nmMol/L ==l Optical m==dp pumol/L — AT S R el
prostaglandin E2 | recording | ursodeoxycholic acid
20 minutes 10 3x480s 20 minutes 100 3% 480 s optical recordin
(5) nmol/L optical pumol/L P g
prostaglandin F2. | recording ‘ ursodeoxycholic acid

Table 3.1: Table depicting the order of drug administration in the five sets of

composite drug treatments and their accompanying incubation times

Time-lapse imaging was subsequently repeated using the same protocol. UDCA was

administered as the final treatment prior to another set of three time-lapse recordings
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for each coverslip. Optical recording experiments were completed in collaboration
with Francisca Schultz (Institute of Reproductive and Developmental Biology,

Imperial College London).

Fiji software (Vale Lab, Schindelin et al, 2012) was used to create a stack of 480
images for each recording in order to analyse the intracellular [Ca?*]i transients. The
autocorrect tool was used to improve the brightness and contrast for the entire stack
to a standard level and regions of interest were manually drawn around each visible
myocyte from each stack. The fluorescence within each region of interest
throughout the 480s period was exported as a Microsoft Excel spreadsheet and
plotted as f mV vs. time using Clampfit v10 software (Molecular Devices, US). The
time to peak, amplitude, time to decay and durations of [Ca?*]; transients within each
region of interest were measured using the callipers included in Clampfit software
(Figure 3.2). The mean and standard deviation of all regions of interest was
calculated from all three recordings taken from each post-treatment coverslip and

subsequently used for statistical analysis.
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Figure 3.2: (A) Representative fluorescent image taken from a stack of 480 with
regions of interest drawn around myometrial cells to be measured using Fiji
software (B) Representative intracellular calcium transient of fluorescence vs. time
in one cell visualised using Clampfit software, labels have been used to indicate

which parameters were measured.

3.3.5 Statistical analysis

In order to perform statistical analysis on the [Ca?*]i handling data, the mean of each
parameter from the three stacks of images was calculated as the representative value

for that experiment. Therefore, the mean of each experiment was calculated from
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approximately 100-700 cells. Statistical differences between all the changes in
parameters following administration of each drug was measured using a repeated
measures ANOVA. Multiple comparisons between specific drug treatments were
conducted using a Tukey test; differences between groups were considered
statistically significant if p > 0.05. The mean and standard deviation of each [Ca®'];
transient parameter in response to each drug treatment has been reported in the text
along with the absolute p values from the aforementioned statistical analyses. Each
[Ca?*]i handling parameter which was measured has been plotted on a separate graph
but displayed together in one panel for each set of treatment, each differently

coloured line on the same graph is representative of a different experiment.

Statistical tests were conducted using Stata IC v.16 (Stata Corporation, TX, US).
Graphs were created using GraphPad Prism v.8.0 (GraphPad Software, US).

3.4 Results

3.4.1 OT administration changes the parameters of [Ca?*]i transients;
concomitant UDCA treatment has no effect

Analysis of the effect of OT + UDCA administration by repeated measures ANOVA
showed that there was no significant difference in the amplitude of [Ca?*]; transients
between all treatment groups (n = 3, p = 0.0857, Figure 3.3A).

Repeated measures ANOVA revealed a significant difference in the time to peak of
the [Ca2']; transients between all treatment groups (n = 3, p = 0.0012, Figure 3.3B).
Further analysis using multiple comparison tests revealed that both OT
administration (82.8 + 23.9's, n = 3, p < 0.0005, Figure 3.3B) and UDCA
administration (97.7 £ 2.8 s, n = 3, p = 0.0010, Figure 3.3B) resulted in a significant
decrease when compared to the vehicle control of HBSS (193.2 £ 9.8 s, n=3, Figure
3.3B).

The same trend was observed when analysing the duration and time to decay of
[Ca?*)i transients. Comparison of results by repeated measures ANOVA yielded
significant values for the duration (n = 3, p = 0.0003, Figure 3.3C) and time to decay
(n =3, p=0.0031, Figure 3.3D). Comparison of specific pairs of treatments using

multiple comparisons tests revealed that OT administration (181.0 £34.2s,n=3,p

— 109 —



< 0.0005, Figure 3.3C) and UDCA administration (221.5 + 14.9 s, n = 3, p = 0.0010,
Figure 3.3C) significantly decreased the duration of [Ca?']; transients compared to
HBSS alone (361.2 +11.1s, n =3, Figure 3.3C). AnOT-(98.1+124s,n=3,p<
0.0005, Figure 3.3D) and UDCA- (115.1 £ 3.0 s, n = 3, p = 0.0010, Figure 3.3D)
induced decrease in the time to decay of [Ca?*]; transients was also observed when
compared to HBSS alone (177.8 + 15.3 s, n = 3, Figure 3.3D).
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Figure 3.3: Measurements of the change in calcium transients in response to
oxytocin (OT) and ursodeoxycholic acid (UDCA) administration (A) amplitude (B)
time to peak (C) duration (D) time to decay. Data points signify mean values and
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error bars represent the standard error of means, each n is represented by a
different colour, ** = p < 0.005, *** = p < 0.0005

3.4.2 TCA administration with or without concomitant UDCA administration
does not alter [Ca?*]i transients

Analysis of the effect of TCA £ UDCA administration by repeated measures
ANOVA showed that there were no significant differences between treatment groups
when analysing the amplitude (n = 3, p = 0.9376, Figure 3.4A), time to peak (n = 3,
p = 0.8487, Figure 3.4B), duration (n = 3, p = 0.8871, Figure 3.4C) and time to
decay (n = 3, p = 0.1082, Figure 3.4D) of [Ca?"]; transients. Multiple comparison
testing also showed there were no significant differences between specific pairs of
treatments.
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Figure 3.4: Measurements of the change in calcium transients in response to
taurocholic acid (TCA) and ursodeoxycholic acid (UDCA) administration (A)
amplitude (B) time to peak (C) duration (D) time to decay. Data points signify mean
values and error bars represent the standard error of means, each n is represented
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3.4.3 TCA administration further increases the OT-induced increase in the
amplitude of [Ca?*]i transients; concomitant UDCA administration reduces
this

Analysis of the effect of OT + TCA £ UDCA administration by repeated measures
ANOVA showed that there was a significant difference in the amplitude of [Ca®'];
transients between all treatment groups (n = 3, p = 0.0010, Figure 3.5A). Multiple
comparison tests showed significant differences in amplitude upon OT
administration (1204.5 = 236.1 mV, n=3, p = 0.003, Figure 3.5A) and OT + TCA
administration (1533.1 + 258.3 mV, n = 3, p < 0.0005, Figure 3.5A) in comparison
to the HBSS control (404.2 £ 15.2 mV, n=3, Figure 3.5A). There was a non-
significant increase in the amplitude of [Ca2*]; transients when comparing the OT
and OT + TCA administrations (n=3, p = 0.2100, Figure 3.5A). Upon UDCA
administration, there was a significant reduction in amplitude compared to the OT +
TCA administration (659.5 £ 119.2 mV, n = 3, p = 0.0020, Figure 3.5A). A
significant reduction was also observed when comparing the amplitude after UDCA
administration and OT administration alone (n = 3, p = 0.0280, Figure 3.5A).

Analysis by repeated measures ANOVA resulted in no significant changes in [Ca?*];
transients between drug treatments for the other parameters of time to peak (n =3, p
= 0.4317, Figure 3.5B), duration (n = 3, p = 0.4476, Figure 3.5C) or time to decay (n
=3, p=0.0988, Figure 3.5D).
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Figure 3.5: Measurements of the change in calcium transients in response to
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3.4.4 PGE; administration increases [Ca?*]; transient parameters; UDCA
administration partially reduces this

Analysis of the effect of PGE, + UDCA administration on the amplitude of [Ca2"];
transients by repeated measures ANOVA showed there were no significant

differences between treatment groups (n = 4, p = 0.0568, Figure 3.6A).

There was a significant difference in the time to peak of [Ca®*]i transients between
treatment groups when analysed by repeated measures ANOVA (n =4, p = 0.0146,
Figure 3.6B). Multiple comparisons tests indicated that there was a significant
increase in the time to peak upon PGE administration (214.8 £38.0s,n=4,p =
0.011, Figure 3.6B) and UDCA administration (198.4 £ 26.6 s, n =4, p = 0.025,
Figure 3.6B) when compared to the HBSS control (116.9 £ 8.8 s, n = 4, Figure
3.6B).

A significant difference was also observed between treatment groups when analysing
the duration of [Ca?*]; transients when using a repeated measures ANOVA (n =4, p
=0.0227, Figure 3.6C). Multiple comparisons tests showed that the duration of
[Ca2*); transients significantly increased upon PGE, administration in comparison to
the HBSS control (342.2 £ 46.5 vs. 208.3 £ 19.4 s, n =4, p =0.0070, Figure 3.6C).

No significant difference in the time to decay of [Ca?*]i transients between treatment
groups was found using repeated measures ANOVA (n =4, p = 0.0649, Figure
3.6D). However, multiple comparisons tests indicated that there was a significant
increase in the time to decay upon PGE; administration (127.3 £ 10.5 vs. 91.4 + 10.6
s,n=4,p=0.036, Figure 3.6D). Subsequent administration of UDCA resulted in a
reduction in the time to decay (92.9 £ 17.3 s, n = 4, p = 0.043, Figure 3.6D).
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Figure 3.6: Measurements of the change in calcium transients in response to
prostaglandin E2 (PGE2) and ursodeoxycholic acid (UDCA) administration (A)
amplitude (B) time to peak (C) duration (D) time to decay. Data points signify mean
values and error bars represent the standard error of means, each n is represented

by a different colour, * = p < 0.05, ** = p < 0.005

3.4.5 PGF2, administration increases the amplitude of [Ca?*]i transients; this
is not observed upon administration of UDCA

Analysis of the effect of PGF2, + UDCA administration on the amplitude of [Ca?'];

transients by repeated measures ANOVA showed there was a significant differences
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between treatment groups (n =7, p = 0.0051, Figure 3.7A). Multiple comparisons
tests indicated a significant increase in amplitude after PGF,, administration in
comparison to the HBSS control (5052.5 £+ 1690.3 vs. 3156.5 + 1088.7 mV,n=7,p
= 0.0260, Figure 3.7A). No significant differences in the time to peak (n=7,p =
0.0771, Figure 3.7B) or duration (n = 7, p = 0.8931, Figure 3.7C) of [Ca®'];
transients was found between treatment groups when analysed by a repeated
measures ANOVA. A significant difference in the time to decay of [Ca?*] transients
was observed between treatment groups (n = 7, p = 0.0444, Figure 3.7D), however
multiple comparisons tests indicated no significant differences between specific pairs

of treatments.
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Figure 3.7: Measurements of the change in calcium transients in response to
prostaglandin F2o0. (PGF2a) and ursodeoxycholic acid (UDCA) administration (A)
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amplitude (B) time to peak (C) duration (D) time to decay. Data points signify mean
values and error bars represent the standard error of means, each n is represented

by a different colour, * = p < 0.05

3.5 Discussion

3.5.1 Summary of findings

This investigation measured the [Ca?*]; handling and gene expression of primary
human myometrial cells in response to OT, TCA, PGE; and PGF,, administration
with or without concomitant UDCA administration. It was observed that OT
administration alone significantly decreased the time to peak, duration and time to
decay of [Ca®*]i transients in this model. Co-administration of UDCA also resulted
in a significant decrease in the time to peak, duration and time to decay of [Ca®'];
transients compared to the HBSS vehicle. In an experiment where additional TCA
administration took place, OT administration significantly increased the amplitude of
[Ca2*)i transients. A further significant increase was observed after TCA
administration. Subsequent UDCA administration resulted in the amplitude
significantly decreasing. No change was observed in the [Ca?*]i handling of
myometrial cells after administration of TCA alone. Administration of PGE>
significantly increased the time to peak, duration and time to decay of [Ca®'];
transients. Co-administration of UDCA significantly decreased the time to decay.
Administration of PGF,, significantly increased the amplitude of [Ca?*]; transients,

an effect that was no longer observed after administration of UDCA.

These results demonstrate that TCA increases the size of [Ca2*]i transients in human
myometrial cells in vitro if it is co-administrated with OT. UDCA administration is
associated with a partial attenuation of the OT + TC and prostaglandin-induced

increase in [Ca?*]; transient measurements.
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3.5.2 Bile-acid induced effects on myometrial contractions

The [Ca?*]i. handling of myometrial cells was assayed with the aim of assessing
contractility; excitation-contraction coupling occurs via a membrane depolarisation
and rapid increase of [Ca?*];, which eventually leads to the formation of actomysosin
crossbridges and contraction of the cell. This is the first study to examine the effect
of bile acids on the [Ca?']; handling of primary human myometrial cells in vitro.

The effect of the drug UDCA has not been studied on any assays of myometrial
contractility.

The clinical context of this investigation was to evaluate potential mechanisms of
ICP-associated spontaneous preterm labour (PTL). The risk of this adverse outcome
has been associated with concentrations of maternal total serum bile acid (TSBA)
concentrations, with a steep increase in risk once maternal TSBA concentrations rise
above 100 pumol/L (Geenes et al., 2014a, Glantz et al., 2004, Ovadia et al., 2019). In
this investigation, we observed that exposure to 100 umol/L of the bile acid TCA
resulted in increased the amplitude of [Ca?*]; transients in human myometrial cells
when administered with OT. The increase in amplitude of [Ca']; transients upon
TCA administration is consistent with data that shows that spontaneous preterm
labour is more prevalent in women with ICP (Ovadia et al., 2019, Geenes et al.,
2014a, Glantz et al., 2004).

This investigation also supports data from previous studies which observed that
women with a diagnosis of ICP required a lower dose of OT to elicit uterine
contractions during the induction of labour; this was also observed in contraction
assays using myometrial strips from women with ICP incubated with oxytocin
(Germain et al., 2003, Israel et al., 1986). The mechanism of this was stipulated to
be via the increased expression of OTR which was evidenced by incubation of
myometrial strips with cholic acid (CA) and subsequent protein quantification
(Germain et al., 2003). In the above investigation, we have observed that a
significant increase in the amplitude of [Ca']; transients of primary myometrial cells
is observed with a combination of OT and TCA treatment but not TCA alone,

suggesting that the mechanism of ICP-induced PTL is at least partially via an
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upregulation of OTR in the myometrium by increased bile acid concentrations and
therefore increased sensitivity to OT. Increased circulating estradiol has also been
reported in women with ICP that have had oxytocin-induced labour which suggests
that bile acid effects on estrogen signalling should be investigated in the future
(Kauppila et al., 1980).

Chronic infusion of sheep with CA also resulted in a shorter gestation period in
comparison to untreated counterparts (Campos et al., 1986). More recently, there is
evidence of liver dysfunction being associated with spontaneous PTL outside of ICP,
with correlations observed in TSBA, alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) concentrations regardless of the cause or classification of
disease (You et al., 2020). Estradiol, carbon tetrachloride and CA-induced
cholestasis in mice also resulted in higher rates of spontaneous preterm birth which
correlated with serum TSBA concentrations and reversed by FXR activation (You et
al., 2020).

There is plentiful evidence to show that hydrophobic bile acids increase Ca?*
handling in other models. Ca?* is an important cell signal for activation for various
processes such as apoptosis, secretion and, in our interest, contraction (Berridge et
al., 2000). Secretion of bile from the apical membrane of the hepatocyte to the
canaliculus in cholestatic disease is thought to be facilitated by a hydrophobic bile
acid-induced increase in [Ca?*]i. This has been evidenced by chenodeoxycholic acid
(CDCA), deoxycholic acid (DCA), taurodeoxycholic acid (TDCA), TCA and
taurolithocholic acid (TLCA) interacting with the endoplasmic reticulum (ER) and
golgi apparatus, mobilising [Ca?*]i and causing an increase in cytoplasmic [CaZ*]i in
rat hepatocytes (Murray et al., 2012, Erlinger, 1990, Combettes et al., 1988, Gregory
et al., 2004). Concomitant exposure to TUDCA was observed to attenuate this effect
(Thibault and Ballet, 1993).

Models of other tissues have also documented hydrophobic bile acid-induced

increases in [Ca®']i. Exposure of DCA in mouse oesophageal epithelial cells is
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associated with an increase in [Ca*]i. (Yamada et al., 2011). In the pancreas, the
Takeda G-Protein Receptor 5 (TGR5) agonist (INT-777) and sulphated TLCA also
demonstrated the ability to induce [Ca?*]i release via GPCR-induced cCAMP
activation of the ryanodine receptor and inositol triphosphate receptor (Husain et al.,
2012, Kumar et al., 2012, Gerasimenko et al., 2006). In pancreatic acinar cells, CA,
DCA and CDCA inhibited sarco/endoplasmic reticulum Ca?*-ATPase (SERCA)
leading to an increase in [Ca®*]i and apoptosis due to impaired Ca?* signalling (Kim
et al., 2002). In a model of colon cancer, DCA treatment resulted in increased
[Ca?*]i which subsequently resulted in MAPK activation (Centuori et al., 2016).
Rapid increases in [Ca?'];.induced by DCA and CDCA was also associated with the

formation of pre-cancerous crypts in a model of colon cancer (Momen et al., 2002).

The functional association between a bile acid-induced increase in [Ca?*]i. and
contraction of cardiac muscle has also been investigated in vitro. In neonatal
cardiomyocytes, TCA has been observed to bind to muscarinic 2 (M>) receptors,
causing dysfunctional Ca?* dynamics via CAMP inhibition and arrhythmic activity
(Sheikh Abdul Kadir et al., 2010, Gorelik et al., 2002, Williamson et al., 2001, Gao
et al., 2014). Reduced activity of T-type voltage-dependent Ca?* channels (VDCC)
has also been stipulated to cause TCA-induced slowing of conduction velocity in the
neonatal rat heart (Adeyemi et al., 2017). UDCA has a protective effect in models of
the heart, restoring SERCA activity, improving markers of ER stress and preventing
arrhythmia caused by hypertension, obesity or hydrophobic bile acid exposure (Ye et
al., 1991, Bal et al., 2019, Schultz et al., 2016, Gorelik et al., 2003, Ceylan-Isik et al.,
2011, Turdi et al., 2013).

Bile acid-induced contractile dysfunction via disruption of Ca* signalling has also
been reported in other tissues. TDCA, taurochenodeoxycholic acid (TCDCA) and,
to a lesser extent, tauroursodeoxycholic acid (TUDCA) causes a dose-dependent
relaxation of vascular smooth muscle via the inhibition of VDCC-induced Ca?*
influx rather than release from intracellular stores (Pak et al., 1994). Evidence of the
impact of bile acids on smooth muscle contraction include experimental data

showing DCA induced relaxation in a model of the gallbladder via increasing [Ca?*];
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efflux (Sunagane et al., 1990). In rat bladder smooth muscle cells, lithocholic acid
(LCA) was observed to decrease [Ca?*]i via the sodium-calcium exchanger (NCX)
and therefore promoting relaxation (Zhu et al., 2016). In some studies, DCA has
demonstrated to induce the increase of [Ca®']i. and therefore peristalsis in the colon,
whilst others have demonstrated inhibition of colonic motility via blocking L-type
VDCC activity (Hu et al., 2012, Kim et al., 2017). TCA was also demonstrated to
reversibly inhibit contractions in ileum smooth muscle cells as a result of NCX
activation (Laurence and Simmonds, 1963, Sparrow and Simmonds, 1965, Romero
etal., 1993).

In this investigation, administration of UDCA induced a significant decline in the
amplitude of [Ca?*]; transients induced by the combination of OT and TCA
treatment. The largest randomised controlled trial to date to assess the ability of
UDCA therapy improve perinatal outcomes complicated by ICP demonstrated that
UDCA therapy did not change the incidence of spontaneous preterm birth, although
the majority of participants in the aforementioned trial had mild ICP with TSBA
concentrations of <40 pmol/L (Chappell et al., 2019). However, in in vitro studies,
TUDCA is protective against ER stress and inflammatory mediators in the fetal
membranes and in myometrium (Liong and Lappas, 2014). UDCA in its
unconjugated or taurine-conjugated form has been observed to improve
dysfunctional Ca?* signalling in other in vitro models. In rat vascular smooth muscle
cells, UDCA inhibited hyperplasia and proliferation induced by activation of the
AKT/mTOR signalling pathway (Huang et al., 2020). UDCA and TUDCA has also
attenuated TLCA-induced increase in Ca®* efflux in rat hepatocytes (Bouscarel et al.,
1993). This suggests that there is a potential for UDCA therapy to be protective
against ICP-induced spontaneous PTL, however more work is required to ascertain if
it has any functional benefit in attenuating PTL-associated myometrial contractions
in women with ICP. Additionally, the subset of women with ICP who would benefit

from UDCA therapy requires more detailed investigation.
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3.5.3 Effect of oxytocin and prostaglandin with or without UDCA treatment

Administration of OT alone non-significantly increased the amplitude and
significantly decreased the time to peak, duration and time to decay of [Ca®'];
transients. The oxytocin-induced peak in [Ca?*]; of primary myometrial cells has
previously been characterised, and oxytocin is known to increase amplitude of
baseline [Ca?*)i transients in these cells as well as induce a reversible oscillatory
waveform which is consistent with what was observed in these data (Burghardt et al.,
1999). UDCA treatment had no effect on OT-induced changes in [Ca?*]i transients,
this evidenced by a maintenance in the significance of reduction in the time to peak,
duration and time to decay of [Ca®*]; transients which was induced by OT
administration. The only previous report of the effect of UDCA on OT is on isolated
toad skin, and found that UDCA inhibited the OT-induced increase in sodium
transport (Alonso et al., 1995). The data collected in this investigation is therefore
novel and cannot be compared to previous literature. Further investigation of the

effect of UDCA on OT in myometrial may be worthwhile.

The increase in amplitude of [Ca?*]; transients observed in response to OT, PGE; and
PGF», exposure is an expected observation based on multiple historical studies of the
same drug treatments and fluorescent labelling of [Ca?*]i on primary human
myometrial cells and strips, causing a proportional increase in MLCK
phosphorylation and a subsequent initiation of force and contractile activity in this
cell or tissue type (Mackenzie et al., 1990, Luckas et al., 1999). However, evidence
taken from Pregnant Human Myometrium (PHM) cell lines and primary myometrial
cells has shown that Ca?* mobilisation as a result of OT and PGE treatment occurs
from both intracellular and extracellular sources (Monga et al., 1996, Thornton et al.,
1992).

3.5.4 Bile acid interactions with prostaglandin E

Although the effects of bile acids on PGE> synthesis in the myometrium has not been
studied, there is now plentiful evidence that relatively hydrophobic bile acids induce
PGE: production in other models. Colonic perfusion of LCA, CDCA, and DCA
induced PGE:> synthesis (Hikasa et al., 1989, Narisawa et al., 1987). This was also
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observed in models of oesophageal cancer after exposure to CDCA and DCA (Kaur
and Triadafilopoulos, 2002, Zhang et al., 1998, Kawabe et al., 2004). In pancreatic
cancer models, CDCA and DCA caused dose-dependent stimulation of PGE>
synthesis (Nakamura et al., 1994, Tucker et al., 2004). Exposure of rabbit
gallbladders to TDCA led to increased prostacyclin and PGE; release (Myers et al.,
1995). Contrastingly, DCA inhibited PGE> synthesis via binding to Farnesoid-X
receptor (FXR) and inhibiting the enzyme phospholipase A2 in colon crypts (Jain et
al., 2018). However, the majority of these data suggest that hydrophobic bile acids
have a stimulatory effect on PGE> production. Prostaglandins also appear to have an
inhibitory effect on bile acid circulation, as evidenced by PGF,, and PGE>
supressing bile flow and bile acid secretion in the rat liver, suggesting a negative
feedback mechanism between the two signalling molecules (Beckh et al., 1994).

In this investigation, administration of UDCA concomitantly with PGE: resulted in a
significant decrease of the time to decay of [Ca?*];. transients compared to PGE;
administration alone. There also appeared to be non-significant attenuation of PGE»-
and PGFx,.-induced increases in amplitudes of [Ca?*]i transients. Although the effect
of UDCA on prostaglandins or their synthesis has not been investigated in the
myometrium, it has been studied in other cells and tissues. UDCA reduced PGE>
levels in the supernatant of lymphocytes collected from healthy controls in
comparison to those which were incubated with CDCA (Nishigaki et al., 1996). In
gallbladder smooth muscle collected form patients with symptomatic cholesterol
gallstones, UDCA increased contractility whilst significantly decreasing production
of PGE: (Behar et al., 2013, Guarino et al., 2007). It also supressed dysfunctional
PGE>-induced contraction of gallbladder muscle in guinea pigs which was not
observed with CDCA treatment (Xiao et al., 2003). Patients with multiple
cholesterol gallstones that had undergone long-term treatment with UDCA also had
decreased levels of PGE: in the gallbladder (Kano et al., 1998). Mucosal
concentrations of PGE, were lower in rat colons pre-treated with a carcinogen and
subsequently treated with UDCA in comparison to colons without UDCA treatment
(Ikegami et al., 1998, Earnest et al., 1994). UDCA attenuated CDCA-induced PGE>
production in primary human gastric cancer cells in vitro, but it did not affect COX-2
expression (Wu et al., 2018). TUDCA treatment attenuated the ER stress-induced
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increase in PGE: levels in rat livers (Aslan et al., 2018). In contrast to the
aforementioned data, UDCA prevented the ethanol-induced fatty liver in rats from
metabolising PGE> and therefore increased its circulating levels (Lukivskaya et al.,
2001). The above data therefore highly suggests that UDCA attenuates
dysfunctional PGE: synthesis.

A recent investigation of sphingolipid concentrations in a Polish cohort of women
with who had been diagnosed with mild ICP found that circulating plasma
concentrations of C16 Ceramide (C16-Cer) in these women were higher than
controls and reduced in response to UDCA treatment (Mikucka-Niczyporuk et al.,
2020). Ceramides are a class of sphingolipids that act as pro-inflammatory and —
apoptotic signals, and have demonstrated to upregulate the synthesis of COX-2 and
subsequent production of PGE2 in the amnion and cervix (Chalfant and Spiegel,
2005, Kishore et al., 2017, Nakamura et al., 2001, Subbaramaiah et al., 1998). C16-
Cer levels in particular have also been significantly positively associated with the
incidence of PTL (Signorelli et al., 2016, Laudanski et al., 2016). However, the
median TSBA concentration of the untreated cohort of cases was 11.13 pmol/L and
elevated TSBA concentrations were not mandatory for ICP diagnosis in the
aforementioned study (Mikucka-Niczyporuk et al., 2020). Unfortunately, rates of
PTL in these participants were not reported or analysed in relation to circulating
TSBA and C16-Cer concentrations (Mikucka-Niczyporuk et al., 2020). However,
the downregulation of C16-Cer by UDCA in the myometrium could provide a
potential mechanism to explain the significant decrease in the PGEz-induced increase
in the time to decay and the non-significant decrease in the amplitude of [Ca?*]i.
transients observed in our study. Although the effect of TCA in combination with
prostaglandin treatment was not studied in this investigation, this would certainly be
an interesting avenue to investigate in future due to the indication that ceramides
may be markers for ICP. Circulating concentrations of prostaglandins in women with
ICP and their relation to TSBA concentrations could also be assayed as an
observational study. In addition, the aforementioned data demonstrating the
protective effect of UDCA against PGE: in other non-myometrial models that have

not been exposed to high levels of hydrophobic bile acids suggests that UDCA could
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be worth investigating as a tocolytic therapy in pregnancies that are not complicated
by ICP.

3.5.5. Limitations of calcium handling assays

Fluo-4 AM has been demonstrated to effectively indicate [Ca?*]; in primary human
myometrial cells that have been stimulated by oxytocin exposure (Murtazina et al.,
2011). Fluo-4 is one of several high-affinity Ca?*-binding fluorescent indicators that
can be loaded into cells using an acetoxymethyl (AM) ester derivative; the use of
these have now become common methods of measuring dynamic movement of
freely diffusible [Ca*]i.in living cells (Paredes et al., 2008). Although these
methods have benefits, such as being non-invasive, they have limitations due to their
ability to enter and their de-esterified form accumulate in the cell’s organelles,
particularly mitochondria (Paredes et al., 2008). Fluo-4 AM specifically has been
demonstrated to accumulate in the sarcoplasmic reticulum more than the other high-
affinity indicators fluo-2 AM and fluo-3 AM (Terentyev et al., 2002). This in turn
leads to a slower recovery rate and higher peak of [Ca?'];. transients (Terentyev et al.,
2002). In order to combat this, an alternative fluo-AM could be used as a [Ca®'];
indicator in future experiments. Loading of a [Ca?']; indicator via a patch pipette for
localised delivery can also be used which has been demonstrated to successfully

deliver dextran-conjugated [Ca?*];. indicators (Hagen et al., 2012).

3.5.6 Alternative models of the myometrium to investigate preterm labour

In this investigation, primary cells were isolated from the lower segment of the non-
labouring pregnant uterus and cultured until confluent enough for experiments.
There is contrasting evidence of whether the location of uterine biopsy is relevant, as
both lower and upper segments of the uterus have been demonstrated to have the
same functional physiology in contraction experiments of myometrial strips which
suggests that the location of biopsy did not have an effect on the contractile
properties of the cells in our investigations (Luckas and Wray, 2000). However, the
expression of Cx43, vimentin and PTGS2 were found to be higher in cells from the

lower segment suggesting that biopsies from both sections have transcriptome
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differences and the bile acid response to both types of tissue should be investigated
(Mosher et al., 2013).

An in vitro primary cell model holds many advantages due to the ability to use a
relatively simple technique to study the physiological processes of the myometrium,
however due to the requirement to culture the cells to their fifth or sixth passage to
obtain the appropriate confluency for investigation, there are legitimate concerns of
how well the cells represent the response of the original tissue they were obtained
from. However, data from primary myometrial cells showed stable expression of
smooth muscle cell markers and response to inflammatory stimuli for ten passages
(Mosher et al., 2013). Modified models of primary myometrial cells have previously
been utilised to investigate contraction, e.g. primary myometrial cells from non-
labouring tissue have been cultured on top of a layer of flexible collagen in order to
simulate stretching of the myometrium. This in vitro model has demonstrated that
consistent stretching induces COX2 activity which led to higher concentrations of
PGE:> and prostacyclin and lower concentrations of PGF», in the surrounding
medium and can be considered as an alternative method in lieu of drug-induced

contractions in this investigation (Sooranna et al., 2004).

Primary cell models also have the experimental disadvantages of a lower life span
and proliferative capacity as well as decreased contractility in response to agonists
(Campbell et al., 1974). In addition, biopsies from caesarean sections are required
which can be difficult to obtain due to ethical considerations and dependency on a
non-essential procedure during invasive surgery. To combat these difficulties, an
immortalised cell line may be useful to do an investigation of treatments on large
sample numbers with ease. The PHM cell line, a human pregnancy-derived
immortalised myometrial cell line, is commercially available and has been
demonstrated to be OT-sensitive and effective for contractile studies on myometrial
cells with the use of Fluo-4 AM as a [Ca**]; indicator (Monga et al., 1996, Makieva
et al., 2016, Murtazina et al., 2011). A cell line using immortalised non-pregnancy
human myometrial cells which were transfected with human telomerase reverse

transcriptase (hnTERT) has been developed and is also commercially available and
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has been extensively used to study the myometrium (Condon et al., 2002, Shay and
Wright, 2005). Comparative assays between PHM-1 and hTERT cells to primary
myometrium cells showed that the transcriptome OT-induced [Ca?*]i. increase of
PHM-1 cells was most similar to the primary myometrial cells, however hnTERT
cells exhibited the most similar responses to a panel of 61 inhibitory and excitatory
drugs overall (Siricilla et al., 2019). Both of these cell lines could therefore be an
alternative to primary cell culture of human myometrium in order to investigate the

effect of bile acids and drug treatments on a larger sample size.

However, 2D culturing systems do not mimic the cell-to-cell interactions that would
occur in vivo. 3D culturing systems of the human myometrium have therefore been
developed as an alternative technique, although these will not mimic a true
biochemical environment in vivo as well as the inability to replicate the mechanical
pressure that occurs during parturition (Drover and Casper, 1983). These have the
benefit over 2D systems in that they improve the ability to study and mimic the
physiological mechanisms of parturition and responsiveness to drugs in vivo (Ravi et
al., 2015). 3D human myometrial cell culture systems have been developed via
scaffold, bioengineering and 3D-bioprinting methods (Malik and Catherino, 2012,
Souza et al., 2017, Heidari Kani et al., 2017, Vidimar et al., 2018, Yochum et al.,
2018). Stem cell differentiation to create functional myometrial cells has also been
explored to combat the limited proliferative capacity of primary myometrial cells in
order to form a 3D model (Heidari Kani et al., 2017, Xiao et al., 2010). Although
these type of culture systems require a much larger scope of technical expertise,
specialised equipment and a larger expense, use of these techniques could be a

possibility in future studies to investigate ICP-associated parturition.

Myometrial strips connected to force transducers in an organ bath ex vivo are
possibly the most frequently used model for contractility and drug discovery assays
of the pregnant myometrium; this was the technique used to demonstrate that bile
acids induce a higher sensitive of OT via upregulation of OTR (Germain et al.,
2003). Myometrial strips are thought to provide a closer representation to in vivo

responses due to being investigated whilst freshly isolated and in addition to
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allowing real-time observation of contractile properties in response to different
environments, the same strips can be assayed afterwards for histology, mRNA and
protein expression analyses to elucidate on mechanisms of contraction (Anderson et
al., 2009). Myometrial explants or tissue pieces that are biopsied and subsequently
incubated with different treatments have also been utilised as an ex vivo model
(Welsh et al., 2012). Comparisons between snap-frozen fresh myometrial biopsies,
ex vivo myometrial pieces, in vitro primary myometrial cells at passage 4 and
hTERT cells has shown that the transcriptomes of the ex vivo myometrial pieces
resembled the fresh biopsies the closest, with the mRNA expression of parturition-
associated key genes such as PGR, OXTR and GJAL being significantly higher or
lower than fresh biopsies (Georgiou et al., 2016). Although a pro-inflammatory
phenotype was observed in all 3 models compared to the fresh biopsies, the study
showed that ex vivo models were more likely to represent a fresh biopsy than in vitro
models (Georgiou et al., 2016). However, there is also evidence that pregnant non-
labouring myometrial tissue undergo rapid phenotypic changes during their
incubation ex situ; transcriptome analysis has shown that the progesterone (P4)
receptor PRA:PRB ratio significantly increases after 6 hours of incubation, which is
consistent with the transition from phase 0 of labour (quiescence) to phase 1
(initiation) (llicic et al., 2017). Furthermore, mRNA quantification of this tissue also
observed significant culture-induced changes in expression of ESR1, PTGS2 and
OTR and a non-responsiveness of ESR1 and PTGS2 expression to P4 and estrogen
treatments (llicic et al., 2017).

Manipulation of the myometrium in vivo can be conducted using animal models,
although there are barriers regarding translational applicability to human parturition
(Mitchell and Taggart, 2009). Induction of cholestasis and investigation of
spontaneous preterm birth has been investigated via utilisation of estradiol, CCl4 and
CA in animal models [18]. Such models can also be used to investigate whether
other mechanistic pathways are involved in bile acid-induced PTL, particularly via
the inhibition or activation of receptors that bile acids are known to mediate.
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3.5.7 Further investigation of this model

Future investigations using this model will include mRNA and protein expression
studies. The aim of these studies will be to investigate the expression of genes and
proteins which are upregulated in PTL, such Tumour Protein 53, interleukin-9,
PTGS2 and calmodulin as well as other myometrial markers such as alpha-smooth
muscle actin and estrogen receptor (Charpigny et al., 2003). Quantification of
MRNA will be via RT-gPCR. Measurements of mMRNA will allow us to observe
which genes have an upregulated transcription in myometrial cells, however, they
may not necessarily reflect the level of protein translation and expression (Vogel and
Marcotte, 2012). Therefore, a common and relatively simple method for
quantification of protein levels in cells that could also be conducted in addition to
MRNA measurement is western blotting (or immunoblotting) (Towbin et al., 1979).

3.5.8 Other limitations

The main limitation of the data presented in this chapter is the low number of
samples in each experiment. Due to the time-consuming nature of the time-lapse
imaging of [Ca?*]; handling and subsequent measurement, the majority of treatment
sets were only replicated three times. Ideally, a larger number of replicate
experiments would have been conducted in order to get a more representative set of
data about the responses to the different drug treatments used. In addition, since
performing these experiments, it was discovered that the risk of spontaneous PTL
dramatically increases at maternal TSBA concentrations of >100 umol/L (Ovadia et
al., 2019). TCA has the most substantial elevation in concentration in untreated ICP
compared to the other bile acids present in the maternal and fetal bile acid pool,
however, only one concentration of TCA and UDCA was used in these experiments.
Using a larger range of bile acids and concentrations would provide more insight in

the association between severity of ICP and ICP-induced PTL.

The experiments in which both OT and TCA were exposed to the myometrial cells
concomitantly resulted in [Ca?*]i handling data measurements that were relatively
lower than measurements captured with OT and TCA treatment alone. It is difficult
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to ascertain exactly why this was, however, due to all these particular experiments
being conducted during a small time period, an ineffective/expired batch of Fluo-
4AM could provide a likely explanation for the lower levels of fluorescence
observed. ldeally, these experiments would be repeated to obtain measurements

which are more comparable to the rest of the optical recordings.

3.6 Conclusion

This is the first investigation to measure the [Ca?*]i handling of primary human
myometrial cells in response to bile acid exposure. We observed that exposure to
TCA, in addition to OT, significantly increased the amplitude of [Ca?'];. transients
which was not observed with OT alone which provides support to the hypothesis that
raised maternal TSBA concentrations as a result of ICP induce spontaneous preterm
labour via increasing the sensitivity of oxytocin in the myometrium. UDCA was
demonstrated to reduce the increased amplitude of [Ca?*]; transients induced by the
combination of oxytocin and taurocholic acid as well as PGE; and PGF, treatments;
this a novel finding as the myometrial response to UDCA has not been measured in
any models or observational studies.

Future investigations will concentrate on investigating the mechanisms by which the
above drug treatments affect [Ca?*]i handling in the myometrium via assays of
MRNA and protein quantification. The data in this study is suggestive that UDCA
should be further investigated as a potentially useful pharmacotherapy for bile acid-

induced [Ca?*]; dysregulation in the myometrium.
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4. Observations of fetal cardiac dysfunction in intrahepatic

cholestasis of pregnancy

4.1 Abstract
Intrahepatic cholestasis of pregnancy (ICP) is associated with increased 1UD risk.
This study aimed to assess the relationship between bile acid concentrations and fetal

cardiac dysfunction in ICP with or without ursodeoxycholic acid (UDCA) treatment.

Bile acid profiles and NT-proBNP, a marker of ventricular dysfunction, were
assayed in umbilical venous serum from 15 controls and 76 ICP cases (36 untreated,
40 UDCA-treated). Fetal ECG traces were obtained from 43 controls and 48 ICP
cases (26 untreated, 22 UDCA-treated). PR interval length and heart rate variability
parameters (RMSSD, SDNN) were measured in two behavioural states (quiet and
active sleep). Partial correlation coefficients (r) and median [IQR] are reported.

In untreated ICP, fetal total serum bile acids (TSBA, r=0.49, p = 0.019), their
hydrophobicity index (r=0.20, p = 0.039), glycocholate (r=0.56, p = 0.007) and
taurocholate (r=0.44, p = 0.039) positively correlated with fetal NT-proBNP.
Maternal TSBA (r=0.40, p = 0.026) and alanine aminotransferase (r=0.40, p = 0.046)
also positively correlated with fetal NT-proBNP. No significant correlations to NT-
proBNP were observed in the UDCA-treated cohort. Fetal PR interval length
positively correlated with maternal TSBA in untreated (r=0.46, p = 0.027) and
UDCA-treated ICP (r=0.54, p = 0.026). Fetal RMSSD in active sleep (9.6 [8.8,11.3]
vs. 8.7 [7.6,9.6] ms, p = 0.028) and SDNN in quiet sleep (11.0 [9.5,14.9] vs. 7.9
[5.1,9.7] ms, p = 0.013) and active sleep (25.4 [21.0,32.4] vs. 18.2 [14.7,25.7] ms, p
= 0.003) were significantly higher in untreated ICP cases than controls. UDCA
treatment was associated with a significant reduction in RMSSD in active sleep (8.5
[7.4,9.7] ms, p = 0.030).

An elevated fetal and maternal serum bile acid concentrations in untreated ICP are
associated with an abnormal fetal cardiac phenotype characterised by increased NT-
proBNP concentration, PR interval length and heart rate variability. UDCA

treatment partially attenuates this phenotype.
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4.2 Introduction

Intrahepatic cholestasis of pregnancy (ICP), the most common gestational liver
disease, is diagnosed in women with pruritus and elevated maternal total serum bile
acid (TSBA) concentrations (Geenes et al., 2014b, Glantz et al., 2004). ICP is
associated with adverse pregnancy outcomes; maternal TSBA concentrations >40
pmol/L resulted in the increased likelihood of spontaneous preterm birth, prolonged
neonatal unit (NNU) admission and fetal asphyxia in a prospective Swedish cohort,
and intrauterine death (IUD) was also increased in a UK cohort (Glantz et al., 2004,
Geenes et al., 2014a). More recently, maternal TSBA concentrations were found to
be the most useful predictive biomarker for ICP-associated IUD (Ovadia et al.,
2019). The prevalence of IUD was shown to increase from 0.28% to 3.44% in
singleton pregnancies with maternal TSBA concentrations of >100 umol/L; the
prevalence of 1UD in the control cohort of this study was found to be 0.31% (Ovadia
etal., 2019).

The mechanism of ICP-associated IUD is unknown, post-mortem evidence has
shown that infants are appropriately grown after an IUD event (Fisk and Storey,
1988). However, there is evidence of fetal cardiac dysfunction in pregnancies
complicated by ICP, with speculation of a sudden arrhythmic event causing fetal
demise (Williamson et al., 2001). Echocardiography has demonstrated fetal atrial
flutter and supraventricular tachycardia in ICP and cardiotocography (CTG)
monitoring has detected bradycardia preceding an IUD (Al Inizi et al., 2006, Shand
etal., 2008, Altug et al., 2015, Lee et al., 2009). Women with both ursodeoxycholic
acid (UDCA) -treated and untreated ICP have impaired fetal left ventricular function,
evidenced by increased left ventricular myocardial performance index (LMPI),
increased myocardial tissue velocities, reduced left ventricular (LV) global strain
rate and increased isovolumetric contraction and relaxation times via
echocardiography, all of which are more pronounced in severe ICP (Henry and
Welsh, 2015, Sanhal et al., 2017, Ozel et al., 2018, Ataalla et al., 2016, Fan et al.,
2014). In addition, concentrations of N-terminal pro-B-type natriuretic peptide (NT-
proBNP) and cardiac troponin I, markers used for diagnosis of heart failure and left
ventricular systolic dysfunction, are increased in fetal umbilical venous blood from
ICP pregnancies (Fan et al., 2014, Zhang et al., 2009a).
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There is evidence of increased fetal PR interval length in both UDCA-treated and
untreated ICP which is associated with disease severity (Strehlow et al., 2010,
Rodriguez et al., 2016, Kadriye et al., 2019). Although there is currently no
evidence to suggest ICP prolongs fetal QTc interval length, maternal QTc interval
prolongation has been reported in women with mild ICP (Kirbas et al., 2015).

Investigation of the cardiac time intervals (CTIs) mentioned above are useful for
diagnosis of various disorders. A prolonged QTc interval (a QT interval that has
been corrected for heart rate) length is an electrophysiological anomaly observed in
Long QT Syndrome and Torsades De Pointes and associated with arrythmia-induced
sudden death in adults (Moss et al., 1985, Myerburg et al., 1997). A prolonged PR
interval length is a clinical indicator for atrioventricular (AV) block, which has been
shown to lead to the development of atrial fibrillation and a higher risk of mortality
(Cheng et al., 2009).

There are no conclusive data about the effect of ICP on fetal heart rate variability
(FHRV), an established indicator of fetal autonomic nervous system function and
wellbeing in utero, or the effect of UDCA treatment on this parameter (Van
Leeuwen et al., 2013). Fetal heart rate activity exists in four different behavioural
states (1F-4F), defined based on specific heart rate patterns, eye and body
movements (Nijhuis et al., 1982). The fetus spends the majority of the time in 1F
and 2F, thought to resemble non-REM (quiet) sleep and REM (active sleep),
respectively (Pillai and James, 1990). Analysing fHRV in the context of behavioural
state is necessary in order to differentiate between normal and abnormal activity. For
example, state 1F has a reduced heart rate variability and movement activity
compared to state 2F (Nijhuis et al., 1982).

UDCA marginally reduces maternal pruritus and most studies have shown improved
concentrations of maternal and fetal TSBA in ICP (Chappell et al., 2012, Chappell et
al., 2019). UDCA has a demonstrably lower bile acid hydrophobicity index (HI), a
measure associated with bile acid-induced intra- and extracellular cytotoxicity
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(Heuman, 1989, Hofmann, 1999). It has a protective effect in in vitro fetal heart
models, attenuating taurocholic acid (TCA)-induced slowing of ventricular
conduction velocity in neonatal rat hearts and inhibiting TCA-induced conduction
abnormalities in human fetal and adult heart models (Rainer et al., 2013, Adeyemi et
al., 2017, Schultz et al., 2016). The impact of UDCA on human fetal cardiac
dysfunction in vivo, however, is yet to be fully established. There have been reports
of fetal demise and CTG abnormalities occurring in UDCA-treated pregnancies and
fetuses of UDCA-treated cohorts have displayed left ventricular dysfunction and
prolonged mechanical PR interval length (Lee et al., 2009, Sanhal et al., 2017,
Strehlow et al., 2010, Schultz et al., 2016, Miragoli et al., 2011, Sentilhes et al.,
2006), however most of the aforementioned studies do not adjust for severity of
hypercholanaemia.

The aim of this project is to establish whether untreated severe ICP causes a fetal
cardiac phenotype that predisposes to potentially fatal cardiac arrhythmia using
measurement of fetal cardiac time intervals (CTI), fHRV and NT pro-BNP
concentrations in the umbilical venous blood. We also aim to evaluate the impact of

UDCA treatment on fetal cardiac parameters.

4.3 Patients and Methods

4.3.1 Recruitment for umbilical venous blood assays

Umbilical venous blood was collected from ICP participants £ UDCA treatment and
matched controls after informed consent from St. Thomas’ and Queen Charlotte’s
Hospitals, UK, between September 2009 and January 2019 (ethical approval REC
numbers 15/WM/0017 and 08/H0707/21) (Figure 4.1). Some participants were also
recruited from the PITCHES trial (n=14) (EudraCT number: 2014-004478-41)
(Chappell et al., 2019). Recruitment of participants was conducted by the NIHR
Clinical Research Network team at each site.
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ICP was diagnosed in women with pruritus and non-fasting serum TSBA
concentrations >10 pmol/L. Peak maternal TSBA concentrations taken during
pregnancy were used to classify women as having mild (10-39 pmol/L) or severe
(>40 pmol/L) ICP. Women treated with UDCA (500-2500 mg per day) were
analysed separately to untreated cases. Women recruited as controls had
uncomplicated pregnancies with no symptoms of ICP and no diagnosis of ICP in
previous pregnancies. Maternal and fetal demographic and delivery details for these
participants are summarised in Table 4.1.

Umbilical venous blood was collected immediately after delivery in plain
vacutainers, centrifuged for 15 minutes at 3500rpm and umbilical serum frozen
within 30 minutes at -80°C. Umbilical venous blood was collected by the clinical
staff on call at the time of delivery and processing and freezing steps were conducted
by the laboratory research staff. NT-proBNP concentrations were measured using a
human proBNP enzyme linked immunosorbant assay (ELISA) kit (Raybiotech, GA,
USA) as per manufacturer’s instructions. Individual bile acids were measured using
ultra-performance liquid chromatography tandem mass spectrometry (UPLC-
MS/MS) by Anita Lévgren-Sandblom and Hanns-Ulrich Marschall (Karolinska
Institute, Sweden). The HI of fetal bile acids in each serum sample was calculated
using the mole fraction and the previously reported hydrophobicity of individual bile
acids by Heuman et al (Heuman, 1989).

4.3.2 Recruitment for ECG recording

Prospective cohorts of women with ICP or uncomplicated pregnancy who were >20
weeks of gestation were recruited after informed consent from Nottingham City
Hospital between October 2007 and January 2011 and St. Thomas’, Queen
Charlotte’s and St. Richard’s Hospitals in the UK between January 2015 and June
2019 (REC numbers 08/H0707/21 and 15/WM/0017) (Figure 4.1). Some participants
were also recruited from the PITCHES trial (n=3) (Chappell et al., 2019). Initial
ethics applications at the beginning of the study were written by Victoria Geenes and
Jenny Chambers (King’s College London). Recruitment of participants and fitting
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of the ECG monitor was conducted by the NIHR Clinical Research Network team at
St. Thomas’, Queen Charlotte’s and St. Richard’s Hospitals. Some participants were
also recruited and had the monitor fitted by Sahil Deepak (King’s College London).
Recruitment and fitting of the monitor at Nottingham City Hospital was conducted
by Indu Asanka Jayawardane (Nottingham City Hospital).

Although ethical permission was granted to collect umbilical venous blood in
women who underwent ECG recording, a separate cohort was required due to the
low number of women who gave both types of sample. ICP was diagnosed as
described in section 4.3.1. Maternal TSBA concentrations were tested via enzymatic
assay within 3 days of participation to obtain a measurement close to the time of
fECG recording. ICP cases treated with UDCA (500-2500 mg per day) at the time of
fECG acquisition were analysed separately to untreated cases. Demographic and

delivery details of participants are shown in Table 4.2,

Women were not eligible for recruitment if they had a multifetal pregnancy, were in
active labour, had diabetes mellitus, hypertension or any cardiac/liver disorders or if
the fetus had identified congenital abnormalities. Birth weight centile for fetuses who
underwent ECG and umbilical venous blood sample collection was calculated using
GROW software and based on the mean birth weight reported in 2012 in England
and Wales (Ghosh et al., 2018).

Based on questionnaires submitted after ECG recordings, no women felt unwell or
had decreased fetal movements at the time of recording or up to 24 hours afterwards.
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{ Inclusion criteria:
+ =18 yearsold
+ =24 weeks gestation
« Informed consent
+ For cases: diagnosis of ICP (pruritis and
elevated maternal TSBA concentrations)
= For controls: uncomplicated pregnancy

Exclusion criteria:

« Multifetal pregnancies

+ Diabetes

« Hypertension disorders

» Maternal/fetal heart disorders

+ Other liver disorders
.

( For ECG analysis: ( For umbilical venous blood analysis: |

« 39 participants from Nottingham City Hospital = 61 participants from Queen

+ 33 participants from St. Thomas’ Hospital Charlotte’s Hospital

+ 12 participants from Queen Charlotte's Hospital + 30 participants from St. Thomas’

| = 9 participants from St. Richard’s Hospital | | Hospital
91 ECGs that passed [ 79 ECGs that passed |
quality threshold for quality threshold for
CTlanalysis HRV analysis

Participant cohért n Participant COh(;'il‘t n [ Participanlcohért n
Controls 43 Controls 33 Controls 15
Untreated severe ICP 10 Untreated severe ICP 10 | Untreated severe ICP 15
UDCA-treated severe ICP |6 UDCA-treated severe ICP | 4 UDCA-treated severe ICP | 25
Untreated mild ICP 16 Untreated mild ICP 16 Untreated mild ICP 21
UDCA-treated mild ICP 16 UDCA-treated mild ICP 16 | UDCA-treated mild ICP 15

Figure 4.1: Flowchart depicting numbers of participants in each analysed cohort

and the sites they were recruited from.

4.3.3 ECG recording and processing

The Monica AN24 (Monica Healthcare Limited, Nottingham, UK) was used to
obtain overnight fECG recordings as previously described (Graatsma et al., 20009,
Piéri et al., 2001). Monica DK v1.9 software (Monica Healthcare Limited,
Nottingham UK) was used to obtain a trace of fetal heart rate (FHR), maternal heart
rate (MHR) and maternal movement over the recording period, as previously
described (Figure 4.2). In order to remove probably periods of maternal wakefulness,
the first and last hour of the recording were excluded from analysis. A two-hour
period of the recording was chosen where there was a low indication of maternal
movement through observation of the Monica AN24 inbuilt accelerometer and
acceleration patterns in the MHR as well as ensuring the chosen period had a
minimal loss of FHR signal. This 2-hour period was used for PR and QT interval

length measurement and heart rate variability (HRV) analysis.
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Figure 4.2: Image displaying the correct electrode placement for the Monica AN24.

Image courtesy of Monica Healthcare Limited (Nottingham UK).

4.3.4 Analysis of cardiac time intervals

The PR and QT interval lengths were measured by two independent observers who
were familiar with ECG waveform analysis. Monica DK v1.9 was used to extract
the raw ECG waveform from the recordings (sample frequency 1kHz), with an
inbuilt algorithm that detects R peak frequency and amplitude. Monica DK v1.9 was
used to create an averaged waveform of all identified cardiac cycles that lay within a
specified heart rate range in the two-hour period. An averaged waveform created
from the FHRs of 110 to 169 beats per minute (bpm) was used to mark cardiac time
intervals. The P, Q, R, S and T of each averaged fECG waveform were marked and
the PR and QT interval automatically calculated by the Monica DK v1.9. Analysis of
the maternal ECG (MECG) used the same two-hour period as the fECG. Averaged
waveforms that did not have a clearly identifiable P and T wave were excluded from
analysis; all other morphological abnormalities were also noted. QT intervals were

corrected for FHR or MHR using Bazett’s formula.

— 140 —



4.3.5 Fetal behavioural state coding

MATLAB vR2017a software (Mathworks Inc, US) was used to plot the FHR in bpm
(sampled at 0.25s intervals) vs. time in the selected two-hour analysis period. The
behavioural state of the fetus was assessed prior to HRV analysis in order to ensure
equivalent behavioural states were compared during statistical analysis of HRV.
Behavioural state, classed as 1F (quiet sleep), 2F (active sleep), 3F (quiet awake), 4F
(active awake) or “indeterminable” was allocated for the entirety of the selected two-
hour analysis period as previously described; each determinable state was required to

have a minimum duration of 3 minutes (Nijhuis et al., 1982).

4.3.6 Heart rate variability analysis

Time-domain HRV analysis was conducted on the fetal and maternal ECG files
through the calculation of the root mean squared of successive differences
(RMSSD), standard deviation of normal to normal intervals (SDNN) and median
heart rate. A .csv file containing measurements of maternal and fetal R-R intervals
was extracted from the raw ECG waveform file using Monica DK v1.9. MATLAB
was used to calculate the quality of the ECG per 30 second epoch based on a
standard length and absolute difference between consecutive intervals (Lucchini et
al., 2020). Epochs which were <70% quality within the chosen two-hour window
were excluded from analysis. The mean R-R interval value of each 30 second epoch
was determined using MATLAB; these values were subsequently used to calculate
the median RMSSD and SDNN after fetal behavioural state for each epoch was
allocated using the method described above. MATLAB scripts were written and
edited by Maristella Lucchini, Joel Yang and William Fifer (Columbia University,
us).

4.3.7 Statistical analyses

Initial investigation of differences between laboratory, clinical and delivery details of
women who had ECG recording or NT-proBNP measurements was performed via a

Kruskal Wallis analysis of variance (ANOVA) after participants were designated
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into control, untreated and UDCA-treated cohorts of mild or severe ICP. Multiple
comparison tests to compare significance between specific pairs of cohorts were not
conducted for this data. Missing delivery data is indicated as “unknown” in Tables
4.1 and 4.2; these data were excluded from statistical analyses. A p value of < 0.05
was considered statistically significant and data are presented as median [IQR] or n
(%).

Partial correlation analysis was used to investigate the strength of association
between fetal NT-proBNP concentration and fetal bile acid profiles or maternal
TSBA, alanine aminotransferase (ALT) and bilirubin concentrations in untreated and
UDCA-treated ICP. Partial correlations investigating fetal NT-proBNP
concentrations were controlled for the co-variates of mode of delivery, induction of
labour, gestational age at delivery and fetal sex. Due to the low numbers of data
available for neonatal unit admission, this covariate was omitted from all correlation

analyses.

Partial correlation analysis was also used to investigate the strength of associations
between cardiac time intervals or HRV measurements and maternal TSBA
concentrations at the time of ECG recording in untreated and UDCA-treated ICP.
Correlations investigating fetal cardiac data were controlled for the covariates of
gestational age and fetal sex. Correlations investigating maternal cardiac data were
controlled for the covariates of maternal BMI and maternal age. Information on
maternal bilirubin concentrations of participants who underwent ECG analysis was
not collected due to the lack of association with bilirubin in the previous umbilical
venous blood assays. Correlation analyses between maternal ALT concentrations and
ECG parameters were not conducted due to a lack of a significant difference in
concentration between groups as measured by Kruskal-Wallis ANOVA. Skewness
and kurtosis tests confirmed all continuous variables were abnormally distributed

and were therefore log-transformed (using natural logarithm) prior to analysis.
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Fetal HRV data were separated by behavioural state; the small sample size and lower
likelihood of finding the fetus in behavioural states 3F or 4F prevented the statistical
analysis of these data and they were therefore excluded. Due to low numbers of
cases for the HRV analysis, Kruskal Wallis ANOVA with post-hoc Dunn’s test was
conducted between case and control cohorts instead of a separate partial correlation

to assess the effect of UDCA treatment.

Individual dot plots and box and whisker plots have been presented to report the
results of the one-way ANOVA analyses. Added variable scatter plots of the
aforementioned partial correlation analyses are presented with adjusted data points
based on covariates; fitted lines have been drawn in plots that reported statistically
significant correlation coefficients (r). Partial correlation analysis was initially
conducted between control and untreated cases as one cohort to establish the impact
of a range of TSBA concentrations on parameters of interest. Subsequent analyses
investigated only untreated and UDCA-treated ICP cases if the initial correlation was
significant. Statistical analysis and figures were created using Stata 1C v15.0 (Stata
Corporation, TX, USA). Statistical advice was provided by Paul Seed (King’s
College London).

4.4 Results

4.4.1 Clinical and demographic details of participants

Demographic and delivery details of participants who underwent umbilical venous
assays are presented in Table 4.1 Clinical and demographic details of participants
who underwent ECG recording are presented in Table 4.2. Participants with ICP had
increased rates of induced labour in both groups compared to controls with
uncomplicated pregnancy, and infants from participants with severe ICP, in whom

fetal ECG was collected, had increased neonatal unit admission.
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Control Untreated Severe ICP UDCA-treated Severe ICP Untreated Mild ICP UDCA-treated Mild ICP P

n 15 15 25 21 15

White British 7(47) 6 (40) 15 (60) 6(29) & (40)

White other 3(20) 6 (40) 6(24) 11 (52) 3(20)
Maternal ethnicity (n) Asian or Asian other |3 (20) 2(13) 2 (8) 1(5) 1(7) 0.258

Black or Black other 1(7) 1(7) 010) 3(14) 3(20)

Other / Unknown 1(7) o (0) 2 (8) 00} 2(13)

Yes 010) 9 (60) 13(52) 18 (86) 11(73)
Induction of labour (n) No 10 (67) 5 (33) 11 (44) 2(10) 4(27) <0.001 **¥

Unknown 5 (33) 1(7) 1(4) 1(5) 0(0)

svD 1(7) g (60) 11 (44) 11 (52) 9 (60)

ELCS 1(7) 1(7) 3(12) 6 (29) 3(20)
Mode of delivery (n) EMCS 9 (60) a(27) 9(36) 1(5) 1(7) 0.011 *

Instrumental 2(13) 1(7) 2(8) 2(10) 2(13)

Unknown 2(13) o(0) 0(o) 1(5) 0(0)

Female 8(53) 5(33) 15 (60) 8(38) 5(33)
sex (n) Male 5(33) 10(67) 10 (40) 11 (52) 10(67) 0.270

Unknown 2(13) 0 (0) 0(0) 2 (10) 0 (0]
Gestational age at delivery [weeks™™") 39" [39% 40™] 38" [37*,38"] 37*! [35 37 38*7 [38™,397 387 377,387 0.0001 ***
Birth weight (g) 3948 [3495,4330] 3302 [3050,3402] 3070 [2428,3308] 3270 [2975,3468] 3340 [3050,3645] 0.0001 ***
Birth weight centile (%) 93.0[75.3,100.0] 79.0 [49.0,98.0] 69.0 [26.0,94.8] 57.0[36.0,90.8] 77.0[56.0,94.0] 0.109
APGAR 1 minute £7 (n) 1(7) 2 (13) 2 (8) 3(14) o (o) nfa
APGAR 5 minutes =7 (n) 0(0) 0(0) 114) 0(0) o (o) n/a
Arterial pH £ 7.0 (n) o(0) o(0) 010) o(0) (o) nfo
Venous pH = 7.0 (n) 00} o (0) 010) 00} o (o) nfa
Mon-reassuring CTG during labour (n) 0i0o) 4(27) 11(4) 5(24) G (40) 0.661
Presence of meconium-stained amniotic fluid [n) 1(7) 3 (20) 4(16) 2 (10} o (o) 0.309
Admission to NNU (n) 0(0) 1(7) 6124 0(0) o (o) 0.006 **

Table 4.1: Demographic and delivery details of the participants from whom umbilical venous blood was collected for NT-proBNP measurement

and UPLC-MS/MS measurement of bile acid profiles. Results are presented as median [IQR] or n (%). Significant p values are presented in
bold. *=p<0.05, **=p<0.005, ***=p<0.0005.
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Control Untreated Severe ICP  UDCA-treated Severe ICP Untreated Mild ICP UDCA-treated Mild ICP P
: 43 10 ] 16 16
Maternal age (years) 34.0[30.5,36.0] 37.0[32.0,39.0] 30.5 [26.0, 35.0] 36.0[26.0,37.0] 33.5[30.3,30.8] 0720
Gestatational age at recording [weeks ™) 34" [307 377 35" [31%, 367 33™ [287,367] 357 [347 367 35" [347,367 0.433
White British 261(59.1) 5(50.0) 5(83.3) 9(56.3) 10(62.5)
White other 9 (20.5) 1(10.0) 1(16.6) 4(25.0) 5(31.3)
Maternal ethnicity [n) Asian or Asian other 1(2.3) 1(10.0) 0 (D) 1(6.3) 1(6.3) 0.203
Black or Black other 1(2.3) 0(0) 0(0) 0(0) 0(0)
Other / Unknown 7(15.9) 3(30.0) 0{0) 2{12.5) 0(0)
BMI (kg/m?) 23.0[21.7,28.8] 22.2 [21.0,25.8] 20.0 [17.8,24.0] 22.6[20.7,25.8] 24.3[20.5,26.8] 0.339
Yes 4(9.0) 5 (50.0) 2(33.3) 10 (62.5) 9 (56.3)
Induction of labour (n) No 21(47.7) 3(30.0) 0 (0) 5{31.3) 4(25.0) <0.001 **#
Unknown 19{43.2) 2(20.0) 4 (66.7) 1(6.3) 3(18.8)
SVD 23(52.3) 5{50.0) 1{16.7) 10 (62.5) 7 (43.8)
ELCS 11(25.0) 2{20.0) 2(33.3) 2{12.5) 3(18.8)
Mode of delivery (n) EMCS 3(6.8) 1(10.0) 0 (0) 2(12.5) 3(18.8) 0.739
Instrumental 2(4.5) 1(10.0) 1(16.7) 2({12.5) 3(18.8)
Unknown 5{11.4) 1(10.0) 2(33.3) 0o o0{o)
Female 19{43.2) & (60.0) 0(0) 8(50.0) 7 (43.8)
Sex (n) Male 21(477) 3 (30.0) 4(66.7) 8 (50.0) 8 (50.0) p.292
Unknown 4(9.0) 1{10.0) 2(33.3) o(0) 1(6.3)
Gestational age at delivery (weeks™™) 397 [387,40™) 387 [377,397) 367 [347 387 377 367,387 377 [377,397) <0.001 ***
Birth weight (g) 3345 [3014,3765] 2690 [2590,3235] 2760 [2573,2993] 3175 [2883,3438] 3255 [2970,3603] 0.029 *
Birth weight centile (%) 63.0[26.5,83.5] 34.0[23.0,69.0] 71.0[17.0,95.8] 84.0[43.394.8] 71.0[61.8,90.8] 0121
APGAR 1 minute £7 (n) 2(5.3) oio) 0(0) 0o o0{o) 0.895
APGAR 5 minutes <7 (n) 0 (0) 0 (0) 0(0) 0 (0) 0(0) nfa
Arterial pH 7.0 (n) 0 (0) 0(0) 0(0) 0(0) 0(0) n/a
Venous pH < 7.0 (n) 0 (0) 0(0) 0(0) 0(0) 0(0) n/a
MNon-reassuring CTG during labour (n) 0 (0} 0(0) 0 (D) 1i6.3) 1(6.3) 0.107
Presence of meconium-stained amniotic fluid (n) 3(6.8) 1(10) 0(0) 1(6.3) 1(6.3) 0.870
Admission to NNU (n) 0 (o) oio) 0(0) 1(6.3) 2(12.5) 0.590

Table 4.2: Demographic and delivery details of the participants who underwent ECG recording and analysis. Results are presented as median
[IQR] or n (%). Significant p values are presented in bold. *=p<0.05, ***=p<0.0005.
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4.4.2 Maternal and fetal TSBA concentrations and fetal bile acid
hydrophobicity index positively correlate with fetal NT-proBNP
concentrations

One-way ANOVA demonstrated significant differences in peak maternal and fetal
TSBA concentrations, and fetal NT-proBNP concentrations at delivery between
participant cohorts (Figures 4.3A-C). Multiple comparison tests indicated maternal
and fetal TSBA concentrations in severe ICP were significantly higher than in
controls (Figures 2A and B). Similarly, fetal NT-proBNP concentrations were

significantly higher in untreated severe ICP than in controls (Figure 4.3C).

One-way ANOVA of individual bile acids in umbilical venous blood demonstrated
significant differences between fetal concentrations of TSBA, CA, GCA, TCA,
CDCA, GCDCA, LCA, UDCA and GUDCA between cohorts (Table 4.3).

There were significant positive correlations between fetal NT-proBNP and HI of the
fetal bile acids (Figure 4.4A) and with concentrations of fetal TSBA, GCA and TCA
in the untreated ICP cohort (Figure 4.4B). No correlations were observed between
fetal NT-proBNP concentrations and fetal TSBA in the UDCA-treated cohort
(Figure 4.4B).
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Figure 4.3: TSBA and NT-proBNP concentrations of control (n=15), severe

untreated ICP (n=15), severe U
(n=21) and UDCA-treated mild
measured during pregnancy (B)

DCA-treated ICP (n=25), mild untreated ICP
ICP (n=15) (A) Peak maternal TSBA concentrations
corresponding fetal TSBA concentrations measured

using umbilical venous blood (C) Fetal NT-proBNP concentrations measured using

umbilical venous blood. *=p<O0.

05, ***=p<0.001, ****=p<0.0001.
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Control Untreated Severe ICP UDCA-treated Severe ICP Untreated Mild ICP UDCA-treated Mild ICP P
n 15 15 25 21 15
Fetal NT-proBNP concentration (pg/L) 1634 [981,4378] 6536 [1408,10500] 3511 [2243,7600] 3422 [1688,5186] 3108 [2374,4069] 0.015 *

Fetal TSBA concentration at delivery (umolfL)

2.180[1.75,2.85]

9.590 [5.20,18.12]

12.630 [3.45,26.50]

3.910[3.19,7.31]

4.910[2.01,7.39]

<0.0001 #*#+*

unconjugated 0.03 [0.03,0.04] 0.06 [0.03,0.07] 0.06 [0.04,0.13] 0.05 [0.03,0.10] 0.05 [0.03,0.08] 0.013 *
cA G-conjugated 0.25 [0.20,0.42] 1.84[1.22,4.68] 1.31[0.43,3.27] 0.83 [0.35,2.15] 0.36 [0.26,0.10] <0.0001 *+++
T-conjugated 0.39 [0.34,0.65] 2.03[1.20,6.27] 1.13[0.44,2.28] 0.97 [0.63,1.78] 0.70 [0.26,0.78] 0.001 ***
unconjugated 0.02 [0.01,0.02] 0.02 [0.01,0.02] 0.02 [0.02,0.06] 0.02 [0.01,0.02] 0.02 [0.01,0.02] 0.002 **
coca G-conjugated 0.51 [0.40,0.58] 1.72 [0.63,2 68] 2.05 [0.80,4.29] 0.72 [0.56,1.15] 0.98 [0.33,1.96] 0.001 *#*
T-conjugated 0.80 [0.49,1.19] 1.41[1.03,2.26] 0.87 [0.69,1.63] 1.01 [0.64,1.90] 0.76 [0.32,1.85] 0.167
Individual fetal unconjugated 0.01 [0.00,0.01] 0.01 [0.00,0.02] 0.01 [0.00,0.02] 0.01 [0.00,0.04] 0.01 [0.00,0.01] 0.835
serum hile acid DCA )
concentrations at G-conjugated 0.01 [0.01,0.02] 0.01 [0.01,0.04] 0.02 [0.01,0.03] 0.01 [0.01,0.02] 0.01 [0.01,0.02] 0.677
delivery (umol/L) T-conjugated 0.00 [0.00,0.01] 0.01 [0.00,0.04] 0.00 [0.00,0.02] 0.01 [0.00,0.02] ND n/a
unconjugated 0.01 [0.00,0.01] 0.01 [0.00,0.01] 0.02 [0.01,0.02] 0.01 [0.00,0.02] 0.01 [0.01,0.02] 0.001 *#*
LCA G-conjugated ND ND ND ND ND nfa
T-conjugated ND 0.00 [0.00,0.01] 0.00 [0.00,0.01] ND 0.00 [0.00,0.01] n/a
unconjugated 0.00 [0.00,0.01] 0.00 [0.00,0.01] 0.87 [0.35,2.68] 0.00 [0.00,0.02] 0.20 [0.04,0.69] <0.0001 *++*
ubcA G-conjugated ND ND 2.33[0.43,5.20] 0.00 [0.00,0.01] 0.36 [0.11,0.82] n/a
T-conjugated ND ND 0.24 [0.07,0.50] ND 0.03 [0.02,0.00] n/a
Peak maternal TSBA concentration during pregnancy (umol/L) (3 5[2.0.4.0] 71.0[44.0,32.0] 94.0 [65.0,156.0] 22.0[16.5,27.5] 31.0[21.0,34.0] <0.0001 *+++

Peak maternal ALT concentration during pregnancy (IU/L)

13.0[10.0,21.0]

147.0 [52.0,361.0]

129.0[95.0,256.0]

92.0 [34.5,201.0]

181.5 [33.0,290.5]

<0.0001 *#+*

Peak maternal bilirubin concentration during pregnancy (pmol/L) 7.0[5.0,8.0] 11.0[7.0,12.0 16.0[13.0,23.0] 7.0[5.0,8.5] 8.0[6.0,12.5] <0.0001 *++*
Time between ICP onset and delivery (days) nfa 5.0[3.0,24.0] 36.0[27.5,58.5] 10.0[5.5,30.0] 23.0[11.0,33.0] n/a
UDCA dosage (mg) n/a n/a 2000 [1250,2000] n/a 1000 [1000,1500] n/a
Duration of UDCA treatment (days) nfa nfa 36 [26,65] nfa 12 [6,31] n/a

Table 4.3: Fetal and maternal laboratory and treatment details of the participants from whom umbilical venous blood was collected for NT-

proBNP measurement. Results are presented as median [IQR] or n (%). Significant p values are presented in bold. *=p<0.05, **= p<0.005,
***=p<0.0005, ****=p<(.0001. ND signifies “not detected”.
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Figure 4.4: (A) Added variable plot of partial correlation analysis between fetal NT-proBNP concentration and fetal bile acid hydrophobicity
index (HI) measured using umbilical venous blood samples taken from controls, untreated and UDCA-treated ICP (B) Table demonstrating
partial correlation analysis of individual fetal serum bile acids and NT-proBNP concentrations from women with untreated or UDCA-treated

ICP only. r=correlation coefficient. Significant p values are presented in bold. *=p<0.05, **=p<0.01
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4.4.3 Maternal peak TSBA and ALT concentrations positively correlate with
fetal NT-proBNP concentrations

No correlation was found between fetal NT-proBNP and maternal bilirubin
concentrations (Figure 4.5). A significant positive partial correlation was observed
between concentrations of fetal NT-proBNP and maternal TSBA and ALT when
analysing untreated ICP cases and controls together (Figure 4.6A and B). Analysis
of untreated ICP cases demonstrated significant positive correlations between fetal
NT-proBNP and maternal TSBA and ALT concentrations (Figure 4.6C and E). No
correlations were observed in the UDCA-treated group (Figure 4.5D and F).

fetal NT-proBNP vs. peak maternal bilirubin

o
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Figure 4.5: Added variable plots demonstrating the lack of partial correlation
between fetal NT-proBNP and peak maternal bilirubin concentrations in control

participants (n=15) and participants with untreated ICP (n=36).
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Figure 4.6: Partial correlation between fetal NT-proBNP concentration and
maternal TSBA or ALT concentrations (A & D) in both controls (n=15) and women
with untreated ICP (n=36) (B & E) in women with untreated ICP only (n=36) (C &
F) in women with UDCA-treated ICP only (n=40). Plots with both controls and
cases on the same graph have diamond-shaped green data points, plots with
untreated ICP cases only have circle-shaped red data points and plots with UDCA-

treated cases only have circle-shaped purple data points.
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4.4.4 Maternal TSBA concentrations positively correlate with the
prolongation of the fetal PR interval length, but not the length of the QTc
interval or QRS duration

One-way ANOVA demonstrated significant differences in fetal PR interval length
between cohorts (Table 4.4). Partial correlation analysis demonstrated a significant
positive correlation between maternal TSBA and fetal PR interval length
measurements when analysing untreated ICP cases and controls together (Figure
4.7C). Analysis of ICP cases demonstrated significant positive correlations between
maternal TSBA concentrations and fetal PR interval length for both untreated and
UDCA-treated cases (Figure 4.7D and E respectively). No significant correlations
with maternal TSBA concentration were observed when analysing fetal QTc interval
length or QRS duration (Figure 4.8A and B respectively). There were no significant
correlations between maternal TSBA concentrations and maternal CT1 (Figure
4.10A-C).
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Control Untreated Severe ICP  UDCA-treated Severe ICP Untreated Mild ICP UDCA-treated Mild ICP ]
n
43 10 6 16 i6
TSBA concentration at recording (umol/L) 1.0[1.0,6.0] 53.5 [42.5,63.3] 785 [50.5,123.0] 19.5[14.3,27.3] 215[18.0,24 8] <0001 **+
ALT concentration at recording (IU/L) 12.0[11.0,15.0] 165.0 [95.8,350.0] 435 [10.8,116.0] 102.0 [75.3,200.3] 79.0[33.3,120.0] 0.072
PR interval length 117.0[111.0,127.0] 133.0 [120.8,143 5] 1285 [114.3,137.3] 119.5 [107.8,130.3] 79.0[33.3,120.0] 0.021 *
Fetal cardiac time interval
QTc interval length 409.9 [384.2,426.3] 390.5 [352.2,425.0] 400.6 [357.2,418 5] 411.6 [372.6,428.2] 397 5 [357.0,422 1] 0.680
measurements (ms)
QRS Duration 30.0 [26.0,34.0] 31.5[28.8,34.0] 30.0 [28.8,33.0] 31.5 [30.0,33.0] 31.5[30.0,33.8] 0.758
Behavioural  RMSSD (ms) 7.9 [6.7,9.6] 7.8[6.7,58.9] 8.8[7.1,10.4] 8.6[6.9,10.5] 8.0[7.0,8.7] 0.763
state 1F SDMN [ms) 7.9[5.09.7] 10.4 [9.2,17 5] 9.0[5.8,12.2] 12.4[9.5,145] 11.0[7.3,13.5] 0.062
Fetal heartrate (quiet sleep) .
il Median heartrate (bpm) |129.9 [125.0,135.3] 128.1[121.2,129.8] 121.9[114.0,129.8] 126.9[125.9,131.1] 1285 [121.4,133.3] 0.721
variability
measurements Behavioural  RMSSD (ms) 8.7 [7.6,9.6] 10.6[8.8,11.4] 87[7.1,11.0] 9.4[8.8,11.1] 8.5[7.6,9.7] 0.049 *
state 2F SDNN [ms) 18.2 [14.7,25.7] 26.2 [21.6,34 6] 19.1[12.7,29.1] 25.4 [20.6,31.8] 219[17.7,25 9] 0.021 *
[active sleep) .
Median heartrate (bpm) |134.5 [130.4,140.3] 1305 [129.2,139.1] 132.1[126.4,134.0] 133.2 [129.5,138.9] 133.4[130.2,140.7] 0.913
PR interval length 152.0[139.0,170.5] 124.0[117.5,152.5] 1450 [140.5,154.8] 159.0 [143.3,166.8] 151.5[140.8,166.5] 0.087
Maternal cardiac time interval .
measurements (ms) QTc interval length 409.6 [396.1,433 3] 402 9 [357.1,415 8] 4277 [373.3,452 7] 408.0 [382.5,415 5] 412 6 [388.8,425 2] 0.357
QRS Duration 54.0[49.5,59.5] 55.0 [49.5,70.0] 53.0 [48.0,62.0] 53.0 [46.8,56.5] 58.0[52.5,61.8] 0.320
RMSSD [ms) 26.1 [16.6,37.2] 27.0[19.9,38.7] 39.5[29.6,53.9] 34.5[24.2,42.0] 256 [19.5,43.1] 0.208
Maternal heartrate variability
measurements SDNN [ms) 50.0 [41.7,59.2] 479 [34.9,61.6] 715 [43.7,77.9] 56.2 [36.3,66.7] 44 [27 6,59.9] 0.189
Median heartrate (bpm) |74.9 [67.4,82.0] 73.2 [65.0,84.4] 72.3 [64.9,77.8] 72.7 [67.7,79.5] 69.1 [66.4,76.4] 0.679

Table 4.4: Laboratory details, cardiac time interval measurements and heart rate variability measurements of participants who underwent ECG

recording and analysis. Results are presented as median [IQR]. Significant p values are presented in bold. *=p<0.05, ***=p<0.0005.
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Figure 4.7: (A & B) Representative averaged fECG waveforms taken from Monica

DK software of a control and untreated severe ICP participant. PR intervals have

been shaded in grey. (C-E) added variable plot demonstrating the partial correlation

between maternal TSBA concentration and fetal PR interval length in control

participants (C) In both controls (n=43) and women with untreated ICP (n=26) (D)

in women with untreated ICP only (n=26) (E) in women with UDCA-treated ICP

only (n=22). Plots with both controls and cases on the same graph have circle-

shaped green data points, plots with untreated ICP cases only have diamond-shaped
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Figure 4.8: (A&B) Added variable plots demonstrating the lack of partial correlation between fetal QTc and QRS interval lengths and maternal

TSBA concentrations in control participants (n=43) and participants with untreated ICP (n=26).
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4.4.5 Maternal TSBA concentrations positively correlate with fetal heart rate
variability

To investigate ICP-induced changes in fHRV, we performed time domain analysis
on the RR intervals derived from fetal ECGs of women with untreated ICP. One-way
ANOVA demonstrated significant differences in RMSSD and SDNN values in
behavioural state 2F (Table 4.4).

Partial correlation analysis demonstrated a lack of correlation between maternal
TSBA concentrations and fetal RMSSD values from behavioural state 1F (quiet
sleep), while a significant positive correlation was observed in values from
behavioural state 2F (active sleep) (Figure 4.9A and C respectively). Positive
correlations were also observed between maternal TSBA concentrations and fetal
SDNN values in both behavioural states (Figure 4.9B and D respectively).

When all untreated cases were compared using one-way ANOVA, there was a
significant increase of RMSSD values in behavioural state 2F (active sleep) (9.6
[8.8,11.3] vs. 8.7 [7.6,9.6] ms, p = 0.028 (Figure 4.9G) and SDNN values in
behavioural state 1F (quiet sleep) (11.0 [9.5,14.9] vs. 7.9 [5.1,9.7] ms, p = 0.013
(Figure 4.9F) and active sleep 2F (25.4 [21.0,32.4] vs. 18.2 [14.7,25.7] ms, p = 0.003
(Figure 4.9H). UDCA treatment was associated with a significant reduction in
RMSSD in behavioural state 2F (8.5 [7.4, 9.7] ms, p = 0.030, Figure 4.9G), and there
were a non-significant attenuation of the ICP-associated increase in SDNN values in
UDCA-treated cases (Figure 4.9F and H). There were no significant correlations
between maternal TSBA concentrations and maternal HRV values (Figure 4.10D-F).
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Figure 4.9: Added variable plots demonstrating the partial correlation between maternal TSBA concentration and fetal time domain fHRV
measurements of behavioural states 1F and 2F in controls (n=16 in 1F and n=33 in 2F) and untreated ICP (n=13 in 1F and n=26 in 2F) (E-H)
Box and whisker plots demonstrating the medians and IQRs of fetal RMSSD and SDNN values of control, untreated ICP and UDCA-treated ICP
cohorts in behavioural states 1F and 2F respectively. RMSSD data points are displayed as triangles whilst SDNN data points are displayed as
squares. *=p<0.05, **=p<0.005
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Figure 4.10: Added variable plots demonstrating the lack of partial correlation between maternal TSBA concentration and maternal ECG
parameters of controls (n = 43) and participants with untreated ICP (n = 26). (A-C) Maternal cardiac time interval measurements, (D-F)

Maternal heart rate variability parameters.
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4.5 Discussion

4.5.1 Summary of findings

In this study, we have demonstrated that untreated ICP is associated with a fetal
cardiac phenotype that positively correlates with fetal and maternal serum bile acid
concentrations. Fetal TSBA, and conjugated CA concentrations and bile acid HI
positively correlated with fetal NT-proBNP concentrations. Additionally, maternal
TSBA concentrations positively correlated with fetal PR interval length, fHRV and
fetal NT-proBNP concentrations. Peak maternal ALT concentrations in untreated
ICP also positively correlated with fetal NT-proBNP concentrations. Using a
matched cohort of participants with UDCA-treated ICP, we found that the fetuses of
women taking UDCA treatment did not have the same dysfunctional cardiac

phenotype for most parameters, suggesting that UDCA may be cardioprotective.

4.5.2 Importance of bile acid hydrophobicity and severity of elevation

The fetal cardiac phenotype observed in untreated ICP constituted, in part, an
elevated fetal NT-proBNP concentration in umbilical venous blood, which is an
indicator of fetal distress, tachy- and bradyarrhythmia and heart failure in fetuses
with congenital heart defects (Miyoshi et al., 2018). The range of NT-proBNP
concentrations obtained from control participants was similar to previous reports,
therefore elevated NT-proBNP concentrations suggest that ICP fetuses have a
cardiac phenotype concordant with arrhythmic activity and fetal distress
(Schwachtgen et al., 2005).

Measurement of total and individual serum bile acids in umbilical venous blood
demonstrated that fetal TSBA, GCA and TCA concentrations and bile acid HI are
positively correlated with fetal NT-proBNP concentrations. This is the first study to
report this association in untreated ICP. GCA and TCA form the majority of the
maternal serum bile acid pool in ICP (Tribe et al., 2010). CA and TCA
administration causes cardiac dysfunction in experimental models and both are

demonstrably deleterious in comparison to UDCA (Adeyemi et al., 2017, Schultz et
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al., 2016, Miragoli et al., 2011, Zavecz and Battarbee, 2010). This suggests that fetal
cardiotoxicity may be an explanation for the novel finding of a correlation between
elevated NT-proBNP concentration and increased fetal bile acid HI, an established
indicator of bile acid cytotoxicity (Hofmann, 1999). The association of the severity
of fetal cardiac phenotype with increasing serum concentrations of maternal and/or
fetal TSBA is in agreement with previous studies (Henry and Welsh, 2015, Ataalla et
al., 2016, Fan et al., 2014, Kadriye et al., 2019). Severity of hypercholanaemia is
associated with adverse fetal outcomes, e.g. IUD when maternal TSBA
concentrations exceed 40 pmol/L and markedly so at >100 umol/L (Geenes et al.,
2014a, Glantz et al., 2004, Ovadia et al., 2019). No 1UD events occurred in this
study, although only three participants had TSBA concentrations of >100 pmol/L;
one untreated fECG study participant had a TSBA concentration of 187 umol/L and
two untreated NT-proBNP assay participants had TSBA concentrations of 100
pmol/L and 151 pmol/L.

4.5.3 Relevance of findings in UDCA-treated participants

UDCA-treated participants did not have the same fetal cardiac phenotype as
untreated ICP which may be explained by the alterations in the fetal bile acid
composition and HI, which has previously been demonstrated in studies of both
healthy and hypercholanaemic patients (Setchell et al., 2005, Takano et al., 1994).
The bile acid HI may be of more relevance than the TSBA concentration, as it is
noteworthy that the TSBA concentrations were not lower in the maternal or fetal
serum samples following UDCA treatment. Although higher NNU admission rates
were observed in UDCA-treated severe participants (24%) compared to untreated
severe participants (7%) in this study, other fetal outcomes showed association with
the bile acid HI rather than the TSBA concentration itself . Consistent with this
observation, UDCA treatment alters the concentration of individual bile acids in
maternal serum; specifically the proportion of UDCA rises from <0.5% to 60%
whilst CA reduces from 51% to <20% in the serum of women with ICP after UDCA
treatment (Manna et al., 2019). Unlike untreated participants, fetal TSBA and GCA

concentrations in UDCA-treated participants did not correlate with fetal NT-proBNP
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concentrations, which is in line with the calculated HI and their association with fetal

NT-proBNP concentration.

The recent PITCHES trial did not demonstrate an impact of UDCA treatment on a
composite measure of adverse pregnancy outcome that included 1UD, preterm birth
and NNU admission (Chappell et al., 2019). This is not contradictory to our data
related to an ICP-associated fetal cardiac phenotype as this study of fECG is of
particular relevance to the aetiology of IUD. There were three IUDs in the
PITCHES trial cohort (two did not receive UDCA treatment) from a total of 604
participants (Chappell et al., 2019). Furthermore, 76% of the 605 PITCHES
participants had TSBA concentrations <40 umol/L, and only 7% participants had

concentrations >100 pmol/L at the time of randomisation (Chappell et al., 2019).

4.5.4 Abnormal cardiac time intervals in ICP

The positive correlation between maternal TSBA concentrations and fetal PR
interval length is in agreement with findings from previous studies which have
reported ICP-induced changes in fetal mechanical PR interval, however UDCA-
treated mothers were used as participants in these studies with no matched untreated
cases investigated (Strehlow et al., 2010, Rodriguez et al., 2016).

PR interval prolongation is typically used as a diagnostic tool for first-degree
atrioventricular (AV) block (Cheng et al., 2009). According to the PRIDE study
which used echocardiography to measure fetal PR intervals, an average length of
>150ms was considered long enough to warrant further investigation of first-degree
AV block (Friedman et al., 2008). Other studies which have used non-invasive fECG
have demonstrated mean lengths of 105-135 ms at term (Smith et al., 2018). The
above data corresponds with the mean PR interval lengths from our cohorts, however
two participants from the severe untreated ICP group would warrant further

screening for AV block if using the above diagnostic criteria. (Taylor et al., 2003).
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Experimental data has demonstrated that bile acid-induced PR interval prolongation
occurs via TCA activation of muscarinic acetylcholine M. receptors, resulting in
intracellular calcium dynamic disruption via T-type voltage-dependent calcium
channels and slowing of conduction velocity at the AV node (Adeyemi et al., 2017,
Sheikh Abdul Kadir et al., 2010). Expression and activation of these receptors have
been established to affect impulse conduction at the AV node in the human heart
(Martin, 1977). This suggests a mechanism by which higher circulating TCA
concentrations causes fetal PR interval length prolongation in untreated ICP.

Fetal PR interval prolongation has previously been reported in both untreated and
UDCA-treated cohorts, suggesting that UDCA is not completely protective
(Rodriguez et al., 2016). However, UDCA has a cardioprotective effect in
experimental fetal heart models (Rainer et al., 2013, Adeyemi et al., 2017, Schultz et
al., 2016, Miragoli et al., 2011). TCA-induced PR interval prolongation observed in
an in vitro model of the fetal heart was attenuated by UDCA, although 400 uM of
TCA was used which is rarely physiologically observed in ICP (Adeyemi et al.,
2017). UDCA hyperpolarised the membrane voltage of in vitro myofibroblasts via
the sulphonylurea receptors, thereby increasing potassium conductance and
counteracting the effects of TCA (Miragoli et al., 2011). UDCA acted as an agonist
for the bile acid receptor Tgr5 (GPBARL) in murine ventricular cardiomyocytes
although it did not elicit contractile changes in this cell type (Ibrahim et al., 2018).
Cardioprotective effects of UDCA in non-cholestatic adults with cardiac disease has
also been reported and serum concentrations of conjugated UDCA are lower in
patients who have had atrial fibrillation events (Rainer et al., 2013, Béhrle et al.,
1998, von Haehling et al., 2012). The tauro-conjugated form of UDCA (TUDCA)
has also been shown to reduce markers of hypoxia as well as high fat or obesity-
induced intracellular calcium dysregulation in murine cardiomyocytes (Ceylan-Isik
etal., 2011, Turdi et al., 2013, Mohamed et al., 2017). UDCA perfusion in isolated
rat hearts reduces ischaemia-induced injury and protects against apoptosis associated
with myocardial infarction (Rajesh et al., 2005, Lee et al., 1999). In addition to the
evidence of its beneficial effect in animal models and in vitro models of human
hearts, UDCA has been shown to improve post-ischaemic blood flow in adults with

chronic heart failure (von Haehling et al., 2012).
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A lack of association between fetal QTc interval length and ICP was found in our
study, which is agreement with recent data, however this study mainly utilised data
from UDCA-treated participants (Joutsiniemi et al., 2019). Investigations using the
Monica AN24 as well as fetal magnetocardiograms in uncomplicated pregnancies
have demonstrated the fetal T-wave has a low amplitude and is difficult to discern,
which is thought to be attributed to opposing directions of ventricular repolarisation
in different areas of the heart (Strand et al., 2019, Wacker-Gussmann et al., 2018).
Flat and low amplitude fetal T-waves were observed in the ECG data collected for
this study which suggests an alternative method to accurately measure the fetal QT

interval is required.

4.5.5 Maternal vs. fetal cardiac susceptibility to bile acid-induced
dysregulation

Our data has shown a lack of correlation between maternal TSBA concentrations and
maternal ECG parameters in comparison to control pregnancies. Maternal QTc
interval lengths were found to be within normal range which is contrary to a previous
study using an adult 12-lead ECG device (Kirbas et al., 2015). Whilst TCA caused a
disruption in calcium signalling in in vitro models of the fetal heart, it is important to
note that the effect of calcium dynamic disruption was not observed in the adult heart
models from these studies which is reflective of the absence in maternal ECG
anomalies observed in our data and suggests a fetus-specific receptivity to bile acid
induced disruption (Miragoli et al., 2011). The lack of effect on the adult heart could
simply be due to the specific physiology of the fetal heart; it is known that the fetal
heart lies in a relatively hypoxic state in utero which leads to a transient development
of cardiac myofibroblasts, a cell type which is associated with ischaemic injury in
the adult heart and has been shown to be hyperpolarised by UDCA (Schultz et al.,
2016). However, when observing cholestasis outside of pregnancy, it has been
shown that elevated bile acids can lead to PR interval prolongation via a disorder
known as cirrhotic cardiomyopathy; this has been documented in adults with liver
cirrhosis and models of cholestasis showing that the adult heart is not in fact
protected from and increased concentration of bile acids outside of pregnancy
(Vasavan et al., 2018).
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4.5.6 Importance of measuring fetal heart rate variability

The behavioural state of the fetus is indicative of fetal wellbeing and is closely
associated with fetal movement, FHR and fHRV (Van Leeuwen et al., 2013). This is
the first study to our knowledge that investigates behavioural state-specific time
domain measurements of fHRV in women with untreated and UDCA-treated ICP.
Statistically significant differences were more prominent in behavioural state 2F
(active sleep), likely due to fetuses spending more time in this behavioural state,
resulting in a larger number of data points, as well as the wider scope of fHRV
fluctuation when the fetus is in an active state (Nijhuis et al., 1982). Median SDNN
and RMSSD values from case cohorts were within the normal range cited in
previous literature and no infants in our study had clinical indicators of fetal hypoxia
at delivery, although there are reports of ICP-induced fetal hypoxia in other cohorts
(Oztekin et al., 2009, Sterrenburg et al., 2014, Laatikainen, 1975). Based on the
limited literature available which has investigated fHRV in ICP, our data does not
agree with a previous study demonstrating the lowering of fHRV in women with via
measurement of differential index (Ammala and Kariniemi, 1981). However, our
data is consistent with spectral analysis of rats with ICP which showed an increase in
fHRV in the 15 minutes prior to arrhythmic events (Shao et al., 2007).

Interpreting changes in fHRV is difficult as it is a complex phenomenon affected by
multiple factors and patterns tend to have a high variation between individuals.
Governed by the parasympathetic and sympathetic branches of the ANS, fHRV and
Is known to increase with gestational age in accordance with the associated
maturation of the ANS and its ability to maintain homeostasis. The relatively high
fHRV in our gestationally matched cohort of ICP women suggests either withdrawal
of activity from the sympathetic branch of the ANS or an increase in
parasympathetic activity in comparison to controls. This relative autonomic
imbalance appears to be restored in ICP participants who have had UDCA treatment.
An increased fHRYV is directly associated with increased vagal tone, a signal of
efficient parasympathetic response and respiratory sinus arrythmia, the latter of
which refers to the normal variation in heart rate caused by breathing. However,
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vagal tone has also been demonstrated to increase prior to the onset of atrial
fibrillation in adults, although research on using HRV or vagal tone as a predictive
marker for atrial fibrillation has had conflicting results and the relationship is still not
fully understood (van den Berg et al., 1997, Huang et al., 1998, Lombardi et al.,
2004, Zimmermann and Kalusche, 2001, Perkiomaki et al., 2014).

HRV in the fetus has also been known to increase with maternal physical activity
(Dietz et al., 2016, Stone et al., 2017). Although we deliberately analysed periods of
the fetal ECG where the maternal movement was observed to be low, ICP is known
to cause pruritis which typically worsens during the night (Ovadia and Williamson,
2016). It is possible that the movement caused by itching or a change in maternal
sleep position which may not have been picked up by the Monica AN24’s inbuilt
accelerometer could have affected the fHRYV in the untreated participants. It has
been observed that fHRV reduces in the semi-recumbent and supine sleeping
positions of the mother, and increase in periods of changing sleep position (Stone et
al., 2017).

Uterine activity has also been shown to heavily influence fHR, whereby fHRV
increases during uterine contractions in comparison to “rest” periods during active
labour, and it has been shown that fHRV is more indicative of fetal distress when
contractions are taken into account (Romano et al., 2006, Warmerdam et al., 2018).
This is particularly interesting, as it is known the incidence of spontaneous preterm
labour is increased in women with ICP and there is supporting evidence of bile acid
perfusions inducing contractions via an increased receptivity to the contraction
hormone oxytocin in sheep and in vitro models of human myometrium (Campos et
al., 1986, Campos et al., 1988, Israel et al., 1986, Germain et al., 2003). This
suggests further studies are required investigating the relationship between fHRV,
uterine activity and exposure to a high concentration of bile acids in women with
ICP. In this study we have used the statistical (also known as time domain) method
of RMSSD analysis to ascertain HRV in the fetus as opposed to spectral or
frequency domain measures of fHRV. Although each method has its limitations,

frequency domain analysis of fHRV will be particularly useful in investigating
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women with ICP as this technique is more likely to identify transient or periodic

changes in the heart rate (Huikuri et al., 2003, Van Leeuwen et al., 2007).

Our data therefore does suggest an autonomic imbalance in women with ICP and a
higher fHRV which may predispose the fetal heart to an arrythmia, however the
clinical significance of this finding is likely to be minor due to the lack of hypoxic
phenotypes of these fetuses at delivery as well as the other influencing factors which

could have caused the rise in variability.

4.5.6 Limitations

A limitation of this study is the fact that the UDCA-treated and untreated participants
were not matched for severity of hypercholanaemia. In future, if it were feasible to
study a prospectively recruited cohort of untreated vs UDCA-treated women with
TSBA concentrations of >100 pmol/L, this would enable comparison of fetal cardiac
parameters and markers of bile acid synthesis to establish the association between
fetal cardiac function and highly elevated TSBA concentrations. The optimal
experimental design would have taken both umbilical venous blood and fECG
samples from the same participants to avoid differences in demographic data
between severe ICP cohorts. Additionally, data on the duration of delivery would
also be collected as part of multivariate statistical analysis of fetal NT-proBNP
concentrations. To eliminate the potential effect of individual differences in HRV,
this study should be repeated with a larger cohort of ICP participants prior to and
after UDCA treatment with responsiveness to the drug also assessed. Ideally, diurnal
post-prandial fluctuations in TSBA concentrations and their relationship to fetal
cardiac dysfunction would also be evaluated, but the requirement for hourly
venepuncture from pregnant women and the inability to obtain good quality fECG

data during wakefulness precluded this approach.

4.6 Conclusion
This study has demonstrated a fetal cardiac phenotype that is associated with severity
of ICP in untreated pregnancies. Although further investigation is required to assess

the impact and importance of these anomalies, these data provide a step towards
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understanding the mechanisms of ICP-associated fetal cardiac pathologies and
support the hypothesis that elevated circulating fetal bile acids may predispose the
fetal heart to a sudden arrhythmic event. Further studies measuring fetal cardiac
parameters in a larger cohort, particularly in women who have serum bile acid
concentrations >100 pumol/L, are required to establish the risk of elevated serum bile
acid concentrations, to stratify those who would benefit most from increased fetal
heart monitoring, and to clarify whether UDCA treatment is protective for these
high-risk pregnancies.

167



Chapter 5:
Conclusion




5. Conclusion

Intrahepatic cholestasis of pregnancy (ICP) is a disorder that is characterised by
elevated maternal total serum bile acid (TSBA) concentrations resulting in an
abnormal feto-maternal placental bile acid gradient and increased TSBA
concentrations in the fetus (Geenes et al., 2014b). ICP is associated with an
increased risk of adverse fetal outcomes, including spontaneous preterm labour
(PTL) and intrauterine death (IUD), both of which are directly correlated with
maternal TSBA concentrations with a substantially increased odds ratio at
concentrations of >100 pmol/L (Ovadia et al., 2019) . The exact mechanisms of
these fetal adverse outcomes are largely unknown, although there is experimental
and observational evidence to suggest that ICP-associated PTL is due to an increase
in the pregnant myometrium’s responsiveness to oxytocin (OT), and ICP-associated
IUD is due to a sudden fetal arrhythmia (Israel et al., 1986, Germain et al., 2003,
Ataalla et al., 2016, Fan et al., 2014, Sanhal et al., 2017, Shand et al., 2008, Lee et
al., 2009). ICP is currently commonly treated by the drug ursodeoxycholic acid
(UDCA); although UDCA is protective in in vitro models of the fetal heart, there is
currently no data on its effect on the myometrium nor evidence that UDCA treatment
decreases the likelihood of PTL or IUD in pregnancies complicated by ICP
(Adeyemi et al., 2017, Schultz et al., 2016, Miragoli et al., 2011, Chappell et al.,
2019).

The overall aim of this project was to improve the monitoring of ICP and
mechanistic understanding of ICP-associated PTL and IUD. As a starting point, we
aimed to better diagnosis and monitoring of ICP via the development of a novel bile
acid biosensor that could be utilised in a point-of-care (POC) setting and yield
immediate measurements of TSBA concentrations. Next, we aimed to investigate
the mechanisms of ICP-associated spontaneous preterm labour (PTL) via exposure
of contractile agonists and bile acids to in vitro primary human myometrial cell
culture model. Finally, we aimed to investigate the mechanism of ICP-associated

intrauterine death (IUD) via non-invasive fetal ECG monitoring.
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Measurement of TSBA concentrations in the clinical laboratory for diagnostic or
monitoring purposes occurs via a colorimetric assay that utilises an enzymatic
reaction that accumulates NADH at concentrations analogous to the TSBA present in
the sample (Zhang et al., 2005). This assay, although high in sensitivity and
specificity, is not necessarily available at all sites that manage women with ICP nor
are the results always immediately provided (Danese et al., 2017). In order to fulfil
the first aim of this project, an electrochemical biosensor was developed with the use
of the aforementioned enzymatic reaction which measured NADH accumulation
from taurocholic acid (TCA)-spiked samples on a commercially available carbon
screen-printed electrode (CSPE) via chronoamperometry. The CSPE biosensor was
subsequently manually modified with various concentrations of the electron
mediators Meldola’s blue and methylene blue (MEB). Although the MEB-modified
biosensor was able to detect NADH concentrations generated from TCA
concentrations of up to 100 umol/L, there was a high relative standard deviation
between the each biosensor measurement and a non-linear relationship between the

TCA concentration and the current generated from NADH accumulation.

Although the field of biosensor development is expansive, research and development
into bile acid biosensing is relatively niche. As it has now been established that
maternal TSBA concentrations are the most effective biomarker for determining the
risk of IUD in ICP-complicated pregnancies, the necessity to develop a sensitive
POC biosensor for TSBA measurement is paramount in order to quickly assess and
identify the subset of patients who are most at risk of an adverse outcome (Ovadia et
al., 2019). Although this work has not yet fulfilled this aim, there has been
substantial progress towards optimising and establishing the correct experimental
protocols for future work. Additionally, we have shown MEB is a successful
electron mediator for detection of TCA which had not been validated prior to this
work. The aims for this project in the near future are to optimise the biosensor to
accurately test TCA-spiked pooled human serum around and above concentrations of
100 pmol/L and, following on from this, validate the biosensor using serum samples
collected from women with ICP which have been previously tested via colorimetric
assay in a clinical laboratory. The main focus, and perhaps the greatest difficulty, to

fulfil these aims will be the successful modification of the biosensor which has not
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yet been achieved by any research groups that are investigating bile acid biosensing
(Tian et al., 2018). Future work will also involve making the first steps towards
development of a “lab-on-a-chip” biosensor for TSBA concentrations via
microfluidics technology, which will be particularly useful as circulating TSBA

concentrations are susceptible to diurnal variation (Gélman et al., 2005).

There is currently a paucity of data regarding the mechanism of ICP-associated PTL,
however there is evidence that bile acids cause the myometrium to be more
responsive to exogenous OT via upregulation of the oxytocin receptor (Germain et
al., 2003, Israel et al., 1986). The effect of UDCA treatment on the myometrium is
unknown. In order to fulfil the second aim of this project, we used a primary
myometrial cell model to investigate ICP-associated PTL. This model was exposed
to a combination of elevated bile acids and/or uterotonic drugs and the subsequent
contractile response was measured via the optical recording of intracellular calcium
([Ca?*);) transients. We found that TCA further increases the OT-induced changes in
[Ca2*)i transients and co-administration of UDCA results in the attenuation of this
effect. UDCA also appeared to attenuate prostaglandin-induced changes in [Ca®']i

transients.

There is currently no literature that has measured the effect of elevated bile acids on
the [Ca?*]i of myometrial cells, nor the effect of UDCA on myometrial contractility.
The results from this study are therefore novel and provide a step towards
understanding the mechanisms of ICP-associated PTL and the potential benefit of
UDCA treatment. Although it has been suggested that bile acids increase
myometrial sensitivity to OT and therefore increase the likelihood of spontaneous
PTL in women with ICP, there is still relatively little supporting evidence for this
theory. Here, we have provided data that agrees with this hypothesis as well as
showing that exposure of myometrial cells to TCA alone does not elicit any changes
to [Ca?*]; transients, therefore further reinforcing the assumption that its mechanism
of action is via the oxytocin receptor. Perhaps the most interesting result is the
response of the model to UDCA administration following exposure to the uterotonic
drugs or TCA. The ability of UDCA to attenuate TCA and prostaglandin-induced
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changes to [Ca?*]; transients suggests it may be worthwhile investigating its ability to

act as a tocolytic therapy for both ICP- and non ICP-associated spontaneous PTL.

Further experiments in the near future that will utilise this cell model will involve
measurement of MRNA and proteins that are known to be markers of spontaneous
PTL in the myometrium. One of the main limitations of the optical recording
experiments was the low number of experiments; this was mainly due to the time-
intensive nature of the experiments and analysis. Future investigations could explore
other models to examine myometrial contractility such as cell lines or myometrial
strips. It would also be valuable to investigate the effect of a larger range of
concentrations of TCA due to the relationship between TSBA concentrations and
rate of PTL in pregnancies complicated by ICP. In addition, the effect of TCA in
combination with prostaglandin administration was not investigated in these
experiments so this would also be interesting to study as there is evidence that
hydrophobic bile acids stimulate prostaglandin E2 synthesis in other tissues (Jain et
al., 2018, Hikasa et al., 1989, Nakamura et al., 2001).

Although the mechanisms of ICP-associated IUD have not been fully elucidated,
there is now a large amount of evidence pointing to a sudden fetal cardiac arrythmia
as the cause; this is evidenced by the observation of cardiotocography and
echocardiography abnormalities such as bradycardia and left ventricular dysfunction,
and in vitro studies demonstrating TCA-induced arrythmia in fetal heart models (Lee
et al., 2009, Ataalla et al., 2016, Fan et al., 2014, Sanhal et al., 2017, Strehlow et al.,
2010, Gorelik et al., 2002, Sheikh Abdul Kadir et al., 2010). The last aim of this
project was to investigate the mechanisms of ICP-associated IUD via the assessment
of the fetal heart in ICP-complicated pregnancies. In order to fulfil this aim, we
conducted an observational study to study the fetal cardia phenotype in women with
mild or severe ICP who had either been untreated or treated with UDCA. A novel
transabdominal fetal ECG (fECG) monitor, the Monica AN24, was used to record
the ECG of these participants and umbilical venous serum samples were collected
after delivery to measure the concentration of NT-proBNP, a marker of heart failure.

We found that maternal and fetal TSBA concentrations were associated with the
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degree of PR interval prolongation, heart rate variability and NT-proBNP
concentration respectively. We also found that conjugated cholic acid, the main bile
acid raised in ICP, and hydrophobicity index are associated with the increase in fetal
NT-proBNP concentrations observed in ICP. Importantly, we found that participants
from a matched UDCA-treated cohort did not have the same abnormal cardiac

phenotype.

This work has added to the evidence which suggests that ICP-associated 1UD is
caused by a fetal arrhythmia. Although there have already been studies suggesting
ICP causes fetal PR interval prolongation and elevated NT-proBNP concentrations,
the analysis of fetal heart rate variability in ICP-complicated pregnancies is
completely novel and supports the hypothesis that ICP causes a pro-arrhythmogenic
phenotype in the fetal heart (Rodriguez et al., 2016, Strehlow et al., 2010, Fan et al.,
2014). Importantly, the association between hydrophobicity index and conjugated
cholic acid with fetal NT-proBNP concentration has not been explored before and
supports in vitro evidence that TCA causes arrhythmic activity in fetal heart models
via activation of M receptors (Sheikh Abdul Kadir et al., 2010). This work also
demonstrates that the severity of hypercholanemia in ICP is directly correlated with
the degree of fetal cardiac dysfunction which is in line with observations of the rate
of IUD in women with extremely elevated maternal TSBA concentrations (Ovadia et
al., 2019). We observed that fetuses from pregnancies where the mother had
received UDCA treatment did not have the same associations between TSBA
concentration and fetal heart rate variability or NT-proBNP concentration. Although
there is in vitro evidence to suggest that UDCA is cardioprotective in the fetal heart,
the largest randomised controlled trial investigating the effect of UDCA on fetal
outcomes to date did not show that UDCA treatment prevented a composite of
adverse outcomes in ICP that included ICP-associated IUD (Adeyemi et al., 2017,
Miragoli et al., 2011, Schultz et al., 2016, Chappell et al., 2019). However, 76% of
participants in this trial had mild ICP and only 7% had maternal TSBA
concentrations of >100 pmol/L which suggests that further investigation of the fetal
heart in a subset of women with substantially elevated TSBA concentrations is

warranted.
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The relatively low proportion of women with TSBA concentrations of >100 umol/L
was also a limitation in our study, as only three participants from the untreated ICP
cohort had maternal TSBA concentrations above this threshole. Future
investigations will focus on recruiting a larger number of participants with severe
hypercholanemia as this appears to be the population that is most at risk of fetal
cardiac dysfunction. Ideally, a future study in these participants would also take
longitudinal fECG measurements pre- and post-UDCA treatment to eliminate the
effect of individual variability and robustly assess whether UDCA treatment is

beneficial.

This project has utilised a range of novel approaches from several different academic
disciplines in order to improve the monitoring and mechanistic understanding of
ICP. Biosensor technology was used to develop a device to improve monitoring of
ICP, a novel myometrial cell model of ICP-associated PTL was subjected to [Ca?*];
handling assays and a novel transabdominal fECG monitor was used to assess fetal
cardiac dysfunction associated with ICP. Moreover, novel data analysis techniques,
particular for heart rate variability analysis, have been utilised to fulfil the aims of

this project.

We have demonstrated that the development of a POC bile acid biosensor is feasible
and worthwhile, particularly due to findings of the adverse effect of relatively
hydrophobic bile acids on the pregnant myometrium and fetal heart as well as the
importance of severity of hypercholanemia. In addition, development of this
biosensor is important due the current lag between taking a blood sample and
receiving TSBA measurements from the assays commonly utilised in clinical
laboratories, which can delay clinical decisions in managing women with ICP. We
have also shown that UDCA treatment may be protective against adverse fetal
outcomes in pregnancies with substantially elevated maternal TSBA concentrations,

suggesting that further investigation into its benefit is required.
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