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gaps in current knowledge. The AOP model provides a means for evaluating critical interactions between stres-
sors and biological systems which result in adversity, meaning there is significant potential value in using this
model in clinical research. However, AOPs have so far not been applied in this context, which may be attribu-
table to the fact that the method is not yet streamlined with established practices in evidence-based medicine,

such as systematic review.

Here, we present one approach to developing a clinically focused AOP for intrahepatic cholestasis of preg-
nancy; aiming to enhance understanding of the mechanistic link between this common, gestational liver dis-
ease and its association with preterm birth.

Mechanistic aspects of the disease pathogenesis, and use of AOPs to broaden inclusion and improve integra-
tion of in vitro and in vivo data in clinical research are discussed.

We also demonstrate for the first time how central components of systematic review can be integrated into

the development of an AOP.

Introduction

Intrahepatic cholestasis of pregnancy (ICP) is a complex disease of
abnormal bile acid metabolism associated with adverse perinatal out-
comes; in particular, spontaneous preterm birth is reported in up to
44% of affected women (Floreani and Gervasi, 2016; Diken et al.,
2014; Alsulyman et al., 1996). The cause of this condition is unknown;
however, genetic, environmental and infectious aetiologies have all
been implicated (Diken et al., 2014). Currently, there are limited
biomarkers for disease severity or risk stratification, so it is difficult
to monitor affected mothers, or determine the optimal timing of deliv-
ery (Arthuis et al., 2020).

Cholestasis is frequently encountered as a toxic endpoint in chem-
ical risk assessment (Noor, 2015) and consequently bile acid metabo-
lism has been studied extensively by toxicologists. One approach to
understanding complex problems in toxicology is the development of
Adverse Outcome Pathways (AOPs). The AOP framework is endorsed
by the Organisation for Economic Co-operation and Development
(OECD) and other international regulatory bodies to concisely review
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the evidence causally linking indicators of molecular, cellular, tissue
and organ level dysfunction to adverse health effects (Villeneuve
et al.,, 2014). An AOP starts with a ‘Molecular Initiating Event’- MIE,
and ends with an ‘Adverse Outcome’- AO (Fig. 1a). The MIE and AO
are connected via measurable and essential ‘Key Events’ (KE). Each
KE is supported by a KE description which summarises the current bio-
logical understanding, methods for measuring the KE and the species
exhibiting the KE (the biological domain of applicability). Adjacent
KEs in an AOP are linked by ‘Key Event Relationships’ (KER) supported
by KER descriptions. These constitute summaries of the biological
plausibility, empirical evidence and consistency of experimental out-
comes supporting the KER. There is detailed methodological guidance
for developing AOPs, including a structured evaluation process
(Villeneuve et al., 2014; OECD, 2018).

Despite the rigorous approach to evidence synthesis at the core of
AOP development, systematic review principles are not integral to
the framework. This might raise concerns among clinicians about the
reliability of AOPs (Wood et al., 2008). At present, implementation
of systematic review principles more broadly in toxicology is desirable
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Abbreviations: AOP: Adverse Outcome Pathway, KE: Key Event, MIE: Molecular Initiating Event, AO: Adverse Outcome, KER: Key Event Relationship, FXR: farnesoid X receptor, BA: bile acids, SPB: spontaneous preterm birth, ICP intrahepatic cholestasis of pregnancy

Fig. 1. Proposed AOP: FXR inhibition leading to increased incidence of spontaneous preterm birth. 1a. Diagram to show basic structure of an AOP from Molecular
Initiating Event (MIE) to Adverse Outcome (AO). 1b. Key Events (KE) and Key Event Relationships (KER) constituting the proposed AOP. 1lc. Supporting
information for the essentiality of each KE 1-5 (the extent to which there is evidence that blocking one KE prevents a later KE). 1d. The biological plausibility and
empirical evidence for KERs 1-4. Evidence for each KE and KER is graded as high, moderate or low according to OECD guidance (OECD, 2018). Grading is
indicated by the text box border: solid line (high), dashed line (moderate), dotted line (low).

but contentious (Whaley et al., 2016). There are pragmatic difficulties
designing a search strategy and approach to study evaluation that can
accommodate the spectrum of subject areas and study types character-
istic of an AOP, inclusive of molecular through to population level
events. Nevertheless, to achieve wider, inter-disciplinary acceptance
of the AOP framework, these aspects are likely to be required.

Here, we use the AOP framework to examine one aspect of ICP
pathogenesis: inhibition of the nuclear receptor Farnesoid X receptor
(FXR) leading to spontaneous preterm birth. This AOP does not exam-
ine sudden fetal demise, which is also a clinical concern in women
with ICP. We demonstrate multilevel evidence synthesis in a clinical
context, indicate current gaps in ICP research and for the first time,
demonstrate one approach to integrating AOP development and sys-
tematic review.

Materials and methods

The method for AOP development used here was based on the
OECD Users' Handbook supplement to the Guidance Document for
developing and assessing AOPs (OECD, 2018). In addition, a system-
atic approach to evidence evaluation was adapted from the Handbook
for Conducting a Literature-Based Health Assessment using the Office
of Health Assessment and Translation Approach for Systematic Review
and Evidence Integration (OHAT, 2015) and the Science in Risk
Assessment and Policy tool (SciRAP) (Molander et al., 2015; Roth
et al., 2021). Briefly, structured searches inclusive of Web of Science,
Embase, PubMed, the Cochrane Library and Medline (Ovid), including
in-process and other non-indexed citations, were undertaken on 8th
December 2016 and 1st February 2017, respectively. The search strat-
egy combined the following keyword and MeSH terms —including all
subheadings: “obstetric”, “pregnancy”, “cholestasis” and “intrahepatic
cholestasis”, combined using Boolean operators OR/AND, and was
approved in advance by information specialists at the Karolinska Insti-
tute library. ‘Obstetric cholestasis’ (OC) is synonymous to the term ‘in-
trahepatic cholestasis of pregnancy’ and the search was designed to
identify articles where the diagnostic criteria for this condition had

» o«

been carefully considered. Duplicate articles were removed and results
were limited to journal articles and reviews published after 1st Jan-
uary 2003. This date restriction was chosen to match that set during
development of the 2011 Royal College of Obstetrics and Gynecology
(UK) guidance document on the diagnosis and management of ICP
(RCOG, 2011).

Titles and abstracts of articles identified in the search were
screened by a single reviewer against pre-defined exclusion criteria
(Fig. 2); only articles specifying OC or ICP were included. Relevant
articles were imported to an Endnote library and stratified by publica-
tion type. Review articles were read in full by a single reviewer and
used to map out the scope of current understanding of ICP.

Journal article titles and abstracts were screened by the same
reviewer and stratified by main focus or outcome measure. Well stud-
ied areas were identified as possible KEs. These were arranged into a
putative AOP network, beginning with KEs at the lowest level of bio-
logical organization i.e. molecular, and moving up to an individual
or population level. The resulting network was compared to the results
of the scoping exercise and any major discrepancies identified.

One AOP from the network was evaluated in full. Each constituent
KE was developed into a KE description, encompassing research on
current biological understanding, methods for quantification and the
biological domain of applicability i.e. the species, sex and life stage
of subjects relevant to the KE. As an example, the biological domain
of applicability for ‘KE: increased oxytocin receptor expression during
labour’ would be restricted to female mammals with reproductive
potential.

The empirical evidence for developing each KER into a KER
description was assembled as follows. A single reviewer re-screened
the titles and abstracts of journal articles in the Endnote library, and
collated relevant studies or study endpoints according to pre-defined
exclusion criteria for each KER (Fig. 2). The reference lists of these
articles were searched for additional records. Data was extracted and
entered into evidence tables with pre-defined headings. For in vitro
and in vivo studies: an article identifier, details of any stressor (i.e.
application of a chemical or other exposure prompting one KE to lead
to the next KE), the species tested, the dose range used, the duration of
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Fig. 2. Literature search results. Results of the initial literature search for articles relevant to intrahepatic cholestasis of pregnancy. Stratification of these results
and further analysis of articles to identify relevant records for each Key Event Relationship (KER) in the proposed Adverse Outcome Pathway: Farnesoid X receptor
inhibition leading to spontaneous preterm birth are also shown. A secondary literature search for identifying articles of relevance to KER4 is also shown. The final
result is the number of studies and study endpoints relevant to each KER 1-4. Abbreviations: ICP: intrahepatic cholestasis of pregnancy, KER: key event relationship,

FXR: farnesoid X receptor.

exposure, observed effects, and whether dose-response effects were
seen, were recorded. For studies involving human subjects: an article
identifier, population studied, effects observed and statistical data
were tabulated. If no empirical evidence was identified from the End-
note library a separate literature search was undertaken to encompass
experiments undertaken in different contexts. Details of secondary lit-
erature searches were recorded separately.

All included studies underwent a reliability assessment using the
SciRAP tool (Molander et al., 2015) or a variant thereof. We acknowl-
edge that SciRAP is not a validated tool for evidence appraisal in this
setting, therefore this exercise was to explore possible avenues for evi-
dence appraisal during future AOP development. No studies were
excluded on this basis, and the outcomes are not discussed in this text.

Evidence for the biological plausibility of each KER was compiled
by the authors and inconsistencies in empirical evidence were consid-
ered and recorded separately.

To standardize the evaluation of AOPs, the OECD handbook
(OECD, 2018) provides guiding questions for grading four major and
one optional aspect of the AOP. The combined results of these give a
confidence rating for the AOP as a whole. In this case, four major
aspects were evaluated:

- The biological domain of applicability of the whole AOP

- The essentiality of each KE i.e. the extent to which each KE is essen-
tial for progression to the subsequent KE

- The biological plausibility of each KER
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- The empirical evidence for each KER

No statistical analysis was performed as this is not part of the AOP
development process. Ethical permission was not required for this
analysis of pre-published literature.

Results
Results of the literature search

Results of the literature search are shown as a PRISMA-style dia-
gram (Fig. 2) (Moher et al., 2009). Briefly, 445 articles were screened
by title and abstract. Of these, 35 review articles were used to define
the current scope of ICP research. Screening of the remaining 410 jour-
nal abstracts identified possible KEs and facilitated building a putative
AOP network (Fig. 3). No discrepancies between this network and the
scoping exercise were identified.

Summary results of the AOP

The proposed AOP: inhibition of FXR leading to increased preva-
lence of spontaneous preterm birth is presented in Fig. 1b. This AOP
comprises 5 KEs and four KERs. This AOP was selected for evaluation
due to the clear sequence of KEs at each level of biological organiza-
tion. This is a preferred situation in AOP development, as it creates a
basis for predicting outcomes at higher levels (i.e. in a tissue or organ-
ism), using measurements taken at lower levels (i.e. cellular or molec-
ular level) (OECD, 2018).

Current Research in Toxicology 3 (2022) 100065
Evaluation of the AOP: Biological domain of applicability

KEs 1-3 represent biological processes which are essential to
human health as well as mammals and fish of both sexes and at all life
stages (Koutsounas et al., 2015; Gadaleta et al., 2010). KE 4 is
restricted in applicability to mammals, since the presence of a uterus
is essential for its contractility to be affected by any process. Preterm
birth in mammals other than humans is little researched and there is
little intervention when it occurs, as such, the relevance of sponta-
neous preterm birth is almost exclusive to humans (Phillips et al.,
2015). In this study, the domain of applicability is limited to human
females.

Evaluation of the AOP: Essentiality of KEs

All KEs in this AOP were graded as having high essentiality, mean-
ing there was direct evidence that blocking an earlier KE prevented
one or more later KEs (see Fig. 1c):

- KE1: Substantial experimental evidence demonstrates that antago-
nizing or silencing FXR inhibits transcription of genes involved in
bile acid metabolism (Li et al., 2016; Li et al., 2016; Chen et al.,
2015; Song et al., 2014; Abu-Hayyeh et al., 2013; Lien et al.,
2014), and can raise bile acids (Li et al., 2016; Li et al., 2016;
Lien et al., 2014). FXR agonists increase transcription of these
genes (Li et al., 2016; Song et al., 2014; Abu-Hayyeh et al., 2013;
Lien et al., 2014; Plass et al., 2002; Milona et al., 2010).

Changes in
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Fig. 3. Suggested Adverse Outcome Pathway (AOP) Network for Intrahepatic Cholestasis of Pregnancy. Each box represents a Key Event (KE). Closed arrows
indicate direct Key Event Relationships (KERs) and arrows with dotted lines indicate possible KERs (I.e. where there are knowledge gaps). Abbreviations:

FXR = farnesoid X receptor, TGR5 = Takeda G-protein-coupled receptor 5.
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- KE2: Well-characterized FXR target genes cause elevation in bile

acids if inhibited at mRNA or protein level (Li et al., 2016; Li

et al., 2016; Lien et al., 2014; Trauner et al., 1997; Vallejo et al.,

2006; Liu et al., 2003; Barth et al., 2003).

KE3: Direct in vitro and epidemiological evidence that elevated bile

acids result in a higher frequency of uterine contractions compared

to controls (Israel et al., 1986; Germain et al., 2003; Zhao et al.,

2014), plus some in vivo evidence that exposure to bile acids results

in spontaneous preterm birth (Campos et al., 1986; Perez et al.,

1994).

- KE4: Supporting in vitro and human data that the uterotonic oxy-
tocin stimulates more frequent contractions if the biochemical
environment contains higher bile acids (Israel et al., 1986;
Germain et al., 2003). In addition, threatened pre-term labor is
managed with agents to relax the uterus and suppress contractions
(Tsatsaris et al., 2004).

Evaluation of the AOP: Biological plausibility of KERs

Biological plausibility is based on whether there is a demonstrable
mechanistic link between two KEs, in keeping with known biological
relationships (OECD, 2018). Guidance for grading biological plausibil-
ity incorporates modified Bradford Hill criteria (OECD, 2018), and is
used to address the defining question: is there an established mecha-
nistic relationship between the two KEs constituting the KER (OECD,
2018). Briefly, for a KER where there is broad acceptance of the pro-
posed relationship and supporting mechanistic evidence, biological
plausibility is considered high; for a KER where there is support
according to analogy to other biological phenomena but incomplete
understanding of the relationship in question, biological plausibility
is considered moderate. In cases where there is statistical demonstra-
tion but poor biological understanding, the biological plausibility of
the KER is graded as low (OECD, 2018). In this AOP the biological
plausibility of KER1 was graded as moderate; although the exact mech-
anistic basis of FXR function is unclear, there is broad acceptance that
activation of FXR in response to ligand binding and removal of co-
repressors is required for target gene transcription, and inhibition of
this process prevents downstream effects (Tu et al., 2000;
Gronemeyer et al., 2004). KER2 was graded as high, owing to the
well-established relationship between bile acid transporters and serum
bile acid levels (Chiang, 2013). KER3 was graded as moderate;
although specific understanding of the control of uterine contractions
has not been established, there is available evidence to support several
proposed pathways through which increased levels of bile acids in
pregnancy may augment underlying biological regulation of uterine
activity (Germain et al., 2003; Ahanya et al., 2005; Simjak et al.,
2015). One such example includes increased myometrial oxytocin
receptor expression in women with ICP, (Germain et al., 2003) which
is particularly significant given the established importance of oxytocin
in the initiation and progression of labour at any gestation (Laudanski
and Pierzynski, 2003; Uvnds-Moberg et al., 2019). However, the
inability of oxytocin receptor antagonists to reliably arrest preterm
labour in women without ICP indicates specific mechanistic control
of labour in circumstances including pre-term birth is inadequately
understood to grade this KER as high. Finally, KER4 was graded as
low; uterine contractions are one of several processes considered
essential for parturition, however at present there is insufficient bio-
logical understanding of these processes and the factors controlling
their initiation to conclude on the regulation of human birth and its
timing i.e. term vs pre-term (Gimpl and Fahrenholz, 2001).

Evaluation of the AOP: Empirical evidence for KERs
Overall, 40 endpoints from 18 studies were found to be relevant to

KER1; 26 endpoints from 18 studies relevant to KER2 and 9 endpoints
from 5 studies relevant to KER3. For KER4 a new literature search was
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undertaken as this relationship was too poorly represented by the data
in the original literature search. From this, 12 endpoints from 12 stud-
ies were found to be relevant to KER4. Details of the search and exclu-
sion criteria for all KERs are shown in Fig. 2.

Empirical support carries less overall influence in concluding on
confidence in an AOP compared to assessments of essentiality or bio-
logical plausibility (OECD, 2018) and can also be graded as high (a
change in a downstream KE is demonstrated in response to multiple
specific stressors), moderate (the relationship is demonstrated by
few stressors, or inconsistencies are found in available data) or low
(limited information is available or inconsistencies are significant).
The empirical support for KERs in this AOP was rated as high for KERs
1 and 2 and moderate for KERs 3 and 4 (Fig. 1d).

Evaluation of the AOP: Overall confidence

Taking together the results of the domain of applicability, essential-
ity of KEs, biological plausibility and empirical support of KERs, the
overall confidence in this AOP was concluded as moderate to high.
KERs 3 and 4 were both graded as having moderate empirical support,
and moderate or low biological plausibility respectively. This reduced
confidence in the AOP overall and was primarily attributable to
aspects of parturition which are poorly characterized.

Discussion

In this paper we describe the process of developing an AOP net-
work (Fig. 3) for ICP and evaluation of one AOP therein. In addition,
we demonstrate one method for incorporating systematic review prin-
ciples in the identification of relevant literature for the AOP network
and for individual KERs. Based on recommended evaluation methods
(OECD, 2018) confidence in this AOP was deemed moderate to high.

There are a number of methodological limitations to this work,
which will be discussed in turn. Firstly, supporting evidence for this
AOP was not collected after February 2017. Although this means the
evidence base for the AOP is outdated, the decision was made not to
retrospectively add data from newer studies. Instead, we intend to
repeat the AOP process as a structured update and demonstrate how
evidence for KEs and KERs can gradually be strengthened with multi-
ple iterations, evolving in line with increasing evidence. It would be
particularly advantageous if newer studies were found to address
research gaps in the AOP or result in modifications to the proposed
pathway. Secondly, although current guidance on AOP development
does not require a risk-of-bias evaluation to be undertaken, we
acknowledge that this is absent in this work. Here, the SciRAP tool
was used as an example of a systematic approach to evidence appraisal
which could be included in the evidence evaluation process; particu-
larly to improve the robustness and transparency of AOP evaluations.
The SciRAP tool has been developed for the purpose of evaluation of
toxicity studies and provides criteria to evaluate aspects of reliability,
in contrast to risk-of-bias domains as traditionally done in systematic
review (Waspe et al., 2021). Importantly, studies were not excluded
from analysis based on the SciRAP evaluation. The scope of a reliabil-
ity assessment cannot be considered directly equivalent to a risk-of-
bias evaluation (Waspe et al., 2021) and targeted approaches to consis-
tent evaluation across different study types are required. It is hoped
that further work will result in a concrete proposal for incorporating
critical appraisal into the AOP framework. Finally, it is usual practice
for two or more reviewers to consider inclusion and exclusion of stud-
ies in a systematic review and for discrepancies to be discussed by a
third, external reviewer (OHAT, 2015). Resource limitations meant
this was not possible, however retrospective re-evaluation could be
undertaken as all decisions have been clearly documented throughout
and search results archived. This may have a downstream effect on the
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results of the AOP, which can be accommodated by the framework of
AOPs as ‘living documents’ (OECD, 2018).

The utility of AOPs in a clinical context should also be discussed.
An AOP is a clear and reproducible way of summarizing the distribu-
tion of evidence contained in large numbers of studies in one info-
graphic; the AOP shown here incorporates endpoints from more than
60 research articles, which exceeds the number usually encompassed
in a single systematic review. Rapid access to the evidence base for
specific biological relationships as well as distinct pathologies has
many advantages, particularly when mechanistic aspects and epidemi-
ological associations are encompassed. In turn this information can be
used for hypothesis generation, to expose areas of poor understanding
and to identify potential biomarkers for focusing future research. How-
ever, AOPs do not necessarily provide answers and do not take the
place of primary research, systematic review or meta-analysis, instead
being considered an adjunct to these methods.

The least well supported aspects of the AOP presented here relate
to the poorly understood nature of labor initiation and the character-
ization of uterine contractions throughout gestation (Kota et al.,
2013; Vinken et al., 2009). It is impressive that a small number of
experiments have been conducted to support the influence of bile acids
on uterine contractility, however, these data are limited, and these
limitations are seen in the AOP. Furthermore, the biochemical control
of parturition is highly sophisticated, incorporating complex signaling
cascades between the fetus and fetal membranes, as well as maternal
reproductive tract. This AOP does not explore the impact of altered
bile acid metabolism on such tissues. However, emerging technologies
such as Fetal-Membrane-Organ-on-Chip devices, may well facilitate
examination of this delicate hormonal interplay (Richardson et al.,
2020).

AOPs describe the consequences to a biological system once suffi-
cient stress causes homeostatic mechanisms to be exceeded. Therefore,
given the vast adaptive capacity of living organisms to cope with bile
acid stress, this work supports the idea that at the point of diagnosing
ICP, metabolic disruption is already severe. Given the high incidence
of gestational diabetes among sufferers of ICP this aspect may also
warrant further attention (Martineau et al., 2014).

ICP is an uncomfortable and anxiety provoking condition for suffer-
ers and their families, and there is great need to improve identification
of those at highest risk of fetal compromise (Geenes and Williamson,
2009; Walker et al., 2002). Ideally, systematic integration of mechanis-
tic and epidemiological data would provide much needed insight into
this and other poorly understood conditions; adoption of the AOP
framework may well be key in achieving this.
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