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Intrahepatic cholestasis of pregnancy (ICP) is one of the common pregnancy
complications that may threaten the health of both pregnant women and their
fetuses. Hence, it is of vital importance to identify key moleculars and the
associated functional pathways of ICP, which will help us to better understand
the pathological mechanisms as well as to develop precise clinical biomarkers.
The emerging and developing of multiple omics approaches enable
comprehensive studies of the genome, transcriptome, proteome and
metabolome of clinical samples. The present review collected and summarized
the omics based studies of ICP, aiming to provide an overview of the current
progress, limitations and future directions. Briefly, these studies covered a broad
range of research contents by the comparing of different experimental groups
including ICP patients, ICP subtypes, ICP fetuses, ICP models and other
complications. Correspondingly, the studied samples contain various types of
clinical samples, in vitro cultured tissues, cell lines and the samples from animal
models. According to the main research objectives, we further categorized these
studies into two groups: pathogenesis and diagnosis analyses. The pathogenesis
studies identified tens of functional pathways that may represent the key
regulatory events for the occurrence, progression, treatment and fetal effects
of ICP. On the other hand, the diagnosis studies tested more than 40 potential
models for the early-prediction, diagnosis, grading, prognosis or differential
diagnosis of ICP. Apart from these achievements, we also evaluated the
limitations of current studies, and emphasized that many aspects of clinical
characteristics, sample processing, and analytical method can greatly affect the
reliability and repeatability of omics results. Finally, we also pointed out several
new directions for the omics based analyses of ICP and other perinatal associated
conditions in the future.
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1 Introduction

Intrahepatic cholestasis of pregnancy (ICP) is one of the
common pregnancy complications. It is characterized by
the symptoms of itching (pruritus), and can be confirmed by the
detection of increased serum bile acids. The incidences of ICP are
obviously various in different countries, which are range from less
than 1% to more than 27% (1). It occurs more commonly in a few
cold regions such as Finland and Chile, especially in winter months.
The latest cohort shows that the overall incidence of ICP in Chinese
population is about 6.06% (2). The risk factors associated with ICP
include but not limited to advanced maternal age, multiple
gestation, and multiplicity of pregnancy. Besides, several genetic
mutations in MDR3 and MRP?2 are also reported to be involved in
the etiology of ICP (3).

ICP usually appears in the late second and early third trimesters
of pregnancy (4). Although the clinical symptoms and biochemical
abnormality of ICP resolve rapidly after delivery, it can be a serious
threat to both maternal and fetal health. Besides the pruritus and
impaired liver function, recent studies also showed that ICP is
associated with increased risk of other pregnancy complications
such as gestational diabetes mellitus (GDM) and preeclampsia (PE)
(5, 6). Most importantly, it also increases the risk of adverse
perinatal outcomes, including preterm delivery, meconium
excretion into the amniotic fluid, respiratory distress syndrome,
and sudden intrauterine fetal death (7). Hence, it is important to
early and precisely diagnosis of ICP, which will benefit the
treatments to prevent adverse effects on both pregnant women
and their fetuses.

Although the complex pathogenesis is not fully understood, the
estrogen-bile acid axis is known to play a key role in the
development of ICP (8). The current laboratory tests of ICP are
mainly based on the detection of serum bile acid and several liver
functional enzymes (such as aspartate transaminase and alkaline
phosphatase) (9). Over the past decades, the developing of multiple
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“omics” techniques provides comprehensive approaches to
systematically screening novel targets for various prenatal related
conditions (10). Compared to single gene or pathway based
analysis, omics-driven study offers a global view of the
pathological or physiological conditions at the level of different
molecular systems.

Several reviews and meta-analyses have already summarized
recent knowledge about clinical symptoms, delivery risks,
biochemical signatures, pharmacological treatments and
management of ICP (3, 11, 12). We have summarized the
canonical and novel biomarkers involved in the pathogenesis of
ICP in a previous review (13). In addition to the dominant role of
estrogen-bile acid axis, we also illustrated the role of genetic factors,
hormones, hypoxia, and inflammatory factors in the regulation of
ICP. However, more and more omics based studies of ICP have
been performed to screen for novel targets or pathways in recent
years. It is in urgent need to comprehensively collect and
summarize these datasets to obtain an overview of the current
progress, limitations and future directions of the omics based
studies of ICP. The correct selection of technical strategy, sample
type and sample group is the first and key step of omics studies to
address a specific clinical issue. Thus, in the present review, we will
first summarize the technical strategy, sample source and
experimental grouping of these studies, aiming to provide a
connection between the experimental design and the
corresponding research objective (Figure 1). Second, since omics
technologies serve as both discovery and translational tools for
clinical researches. We will then integrate and summarize the main
findings according to the two corresponding categories:
pathological mechanism and diagnosis model, which can offer an
overview of the current achievements. Finally, to provide
constructive instructions for possible reanalysis and new analysis
in the future, we will also evaluate the limitations of current studies
and propose new directions for future studies. Although the present
review is a broad review without in-depth meta-analysis and re-
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The framework of the current review. The diagram shows the main contents and objectives of the current review.
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analysis, it will provide well-organized information about the
experimental design and main findings of these studies as
Supplementary Tables.

2 Classification of omics studies by
technical strategy

A comprehensive literature search of PubMed database was
conducted by using the combined keywords of the disease term
(“Intrahepatic Cholestasis of Pregnancy”) and one of the technology
term (“genomics”, “transcriptomics”, “proteomics”, or
metabolomics”) separately. We further manually curated the
results to filter non-English articles and those studies without
original datasets. After the extensive review, we obtained a list of
35 omics based studies of ICP (Supplementary Data 1). In addition
to different omics types, we also divided these studies into two main
catalogues according to the theoretical coverage: untargeted and
targeted (Figure 2). The untargeted studies are intended to
investigate all the possible moleculars in the samples, while the
targeted studies aim to test only a specifically selected list of
molecular targets. Generally, the untargeted methods for
genomics and transcriptomics are based on next-generation
sequencing and microarray. And mass spectrometry is the
common technology for untargeted and targeted proteomics and
metabolomics. We also incorporated gene or protein panel studies
based on traditional low-throughput methods to obtain a full
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overview of the research field. This section is mainly focus on the
classification and features of different omics strategies, while the
summary of the corresponding experimental design and findings
are described in the following sections.

2.1 Genomics strategies

Based on the central dogma, DNA sequence is the initial and
core component of multiple omics. It contains both coding
and non-coding information for the following RNA transcription
and protein translation. Although the whole sequences of human
genome are completely sequenced, genomics approaches are widely
used to decode disease associated gene mutations and variations
among individuals. In addition to the changes of DNA sequence
itself, epigenomics approaches aim to uncover DNA modifications
or chromatin states that could be dysregulated to cause disease
indirectly. Currently, there lacks of direct genomics and
epigenomics analyses of ICP. A recent study carried out the first
genome-wide association studies (GWAS) and meta-analyses of
ICP by using three large cohorts of whole-genome sequence (WGS)
data: the NIHR-RD, 100KGP and FinnGen (14). A total of 11
genomic loci were found to be significantly associated with ICP.
And further functional prioritization showed that liver-enriched
genes and liver-specific cis-regulatory elements may contribute to
the susceptibility of ICP. Similar to other GWAS analyses of human
diseases (15), most of the loci are non-coding and synonymous

-» Genomics
1 | 0

-+ Transcriptomics

7 0 2

8 [

=» Metabolomics

7l

Targeted approaches

9

Global overview of the omics datasets. Global overview and classification of omics datasets of ICP according to the molecular types.
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variants, with no direct relevance to ICP. Thus, further validation
and experiments are needed to clarify the causality and
downstream pathways.

2.2 Transcriptomics strategies

Transcriptomics focuses on the analysis of the expression levels
and splicing patterns of both coding and non-coding RNAs. GWAS
analysis only identifies DNA elements that may affect the regulation
of gene expression among individuals, while transcriptomics are
usually used to identify common transcripts that are differentially
expressed between different samples. A total of 9 studies of
transcriptomics analyses of ICP have been collected in this review
(16-24), including 7 untargeted and 2 targeted studies (Table 1).
Among the untargeted studies, mRNA, miRNA, and IncRNA
microarrays are used to detect differentially expressed coding and
non-coding genes. Compared to microarray strategies, the high-
throughput RNA-sequencing technology could identify more genes,
and is also capable of identifying alternative splicing. However,
microarray-based transcriptomics are still useful and efficient in
analyzing of clinical samples (25). Additionally, the remaining 2
targeted studies tested the selected gene expression profiles of
mitochondrial or bile acid transport related genes by using the
method of RT-PCR (reverse transcription-polymerase
chain reaction).

2.3 Proteomics strategies

Although transcriptomics approaches can be used to detect the
expression of protein-coding genes. It is known that mRNA and the
corresponding protein expressions are not well correlated (26).

TABLE 1 List of transcriptomics datasets.

Published Research

10.3389/fendo.2023.1267195

Thus, mass spectrometry based proteomics can be used to study
the expression levels, isoforms and post-translational modifications
of proteins. The present review collected a total of 9 proteomics
studies of ICP (27-35), including 8 untargeted and 1 targeted
studies (Table 2). There are three types of technologies for the
analyses of untargeted proteomics studies, including: 2D-PAGE MS
(two-dimensional polyacrylamide gel electrophoresis followed by
mass spectrometry), DDA (data-dependent acquisition) based LC-
MS/MS (Liquid chromatography—-tandem mass spectrometry), and
DIA (data-independent acquisition) based LC-MS/MS. These three
strategies represent different developing stages of proteomics
technologies (36). The 2D-PAGE MS relies on the selection of gel
spots for the following MS detection, which is low-efficient and low-
throughput. The DDA based LC-MS/MS is the most widely used
high-throughput proteomics strategy to systematically analyze the
protein composition. It can also be combined with various labeling
methods, such as TMT (Tandem Mass Tag) and iTRAQ (Isobaric
Tag for Relative and Absolute Quantitation), for the quantification
of thousands of proteins in a single experiment. The recently
emerged DIA based LC-MS/MS further improves the coverage
and accuracy by scanning all the spectra in the sample, offering a
comprehensive and unbiased approach for protein quantification.
As a complement of MS based strategy, the target study is focused
on the detection of mTOR signaling associated proteins by
immunohistochemistry.

2.4 Metabolomics strategies

Recently, a new theory has been proposed that metabolites play
important roles in connecting the central dogma and the biological
phenotype (37). Hence, metabolomics not only provide qualitative
or quantitative information about various metabolites, it can also

Sample

Sample = Analytic

Coverage S Grouping design Reference
year 9 objective ping 9 source type method
2009 | Targeted Pathogenesis ICP vs Control Human body | Placenta RT-PCR (16)
X Gene
2010 | Untargeted Pathogenesis ICP vs Control Human body Placenta K (17)
microarray
P t, Cholate-fed and Control G
2010 | Untargeted Pathogenesis regnan oate-ted and Lontro Mouse Liver éne (18)
(mouse model) microarray
ICP female offspri Control femal G
2013 | Untargeted Pathogenesis eﬁna € olisprings vs Lontrol temate Mouse Liver ?ne (19)
offsprings (mouse model) microarray
. . Gene
2014 | Untargeted Pathogenesis mild ICP vs severe ICP vs Control Human body = Placenta . (20)
microarray
2016 | Targeted Pathogenesis ICP vs Control Human body | Placenta RT-PCR (21)
iRNA
2018 | Untargeted Diagnosis ICP vs Control Human body = Serum m? (22)
microarray
Di is; IncRNA
2021 | Untargeted 1agnosTs ICP vs Control Human body Serum nf: (23)
Prognosis microarray
iRNA
2022 | Untargeted Diagnosis ICP vs Control Human body = Serum m% (24)
microarray
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TABLE 2 List of proteomics datasets.

10.3389/fendo.2023.1267195

Published Research . . Sample Sample | Analytic
Coverage o Grouping design Reference
year objective source type method
2013 | Untargeted Pathogenesis ICP vs Control Human body = Placenta iTRAQ LC-MS/MS (27)
2014 | Untargeted Pathogenesis ICP vs Control Human body = Placenta 2D-PAGE MS (28)
T holate vs Control (in vit I
2019 | Untargeted Pathogenesis auroc O_a e vs Control (in vitro n i Placenta iTRAQ LC-MS/MS (29)
cultured tissue model) vitro tissue
2019 | Targeted Pathogenesis ICP vs Control Human body = Placenta Immunohistochemistry (30)
2021 | Untargeted Diagnosis ICP vs Control Human body = Serum DIA LC-MS/MS (31)
2022 | Untargeted Pathogenesis ICP vs Control Human body = Placenta DIA LC-MS/MS (32)
h holic aci
2022 | Untargeted Pathogenesis ¢ enodeo:fyc !? ic acid vs Cell line HTRS cells TMT LC-MS/MS (33)
Deoxycholic acid vs Control
2023 | Untargeted Pathogenesis mild ICP vs severe ICP vs Control | Human body  Placenta DIA LC-MS/MS (34)
. X Plasma
2023 | Untargeted Diagnosis ICP vs Control Human body DIA LC-MS/MS (35)
exosomes

offer phenotype associated information about gene activities by
pathway mapping. It has been a useful tool for discovering and
developing biomarkers for various human diseases. The current
review collected a total of 16 metabolomics studies of ICP (38-53),
including 7 untargeted and 9 targeted studies (Table 3). Mass
spectrometry is also the basic technology of metabolomics.
However, compared to the detection of the intact metabolite ions
(on the MS1 level), the application of further fragmentation (on the
MS2 level) can greatly improve the recognition of metabolite
structures (54). Additionally, it should also be noted that different
separation and processing methods, such as gas (GC) or liquid (LC)
chromatography, may be sensitive to a specific group of
metabolites (55).

3 Summary of sample source and
experimental design

Sample selection determines the research objectives, and
different sample types could reflect different aspects of a disease
(Figure 3). GWAS datasets are based on the sequencing of blood
sample, which is one of the most easily obtained clinical samples to
reveal genome variations. For other omics datasets of ICP, most of
the studies used patient-derived samples (including placenta,
serum, plasma, urine, and hair), which are all non-invasively
obtained due to the limitation of clinical sampling. However,
several studies used other samples from in vitro tissues, cell lines
or animal models, which greatly expand sample sources and
improve the experimental designs. For example, the HTRS8 cells
were used to investigate the direct effects of BAs on placental
trophoblast (33). The in-vitro cultured and treated placenta tissue
was also used to investigate the direct effects of taurocholate on
placental villous (29). In addition, the rat model was applied to
explore the treatment mechanism of paeoniflorin by the analysis of
serum and fecal samples (48). The mouse model was applied to
explore the effects of ICP on female oftsprings by the analysis of
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liver sample (19). Moreover, the pig model was applied to
dynamically investigate the homeostasis of BA during the
development of the fetus (44).

Most of the studies are based on the comparison of ICP patients
and the pregnant women without common conditions. A few
studies classified the ICP patients into mild and severe sub-
groups, according to the serum total bile acid (TBA) level and
clinical symptoms (20, 34, 41, 46, 50). One study further classified
ICP patients into four subtypes based on three serum indicators:
TBA, direct bilirubin (DBIL), and alanine aminotransferase (ALT)
(47). In addition to the canonical cases of ICP, two studies also
collected and investigated the cases of asymptomatic
hypercholanemia of pregnancy (AHP), which is diagnosed only
by the detection of elevated level of serum TBA without clinic
symptoms (pruritus and jaundice) (43, 51). Moreover, one study
also compared the serum BA profiles between ICP and gestational
diabetes mellitus (GDM) for differential diagnosis (38).

4 Integrated overview of current
omics studies

4.1 |dentification of targets for exploring
pathological mechanism

Next, we summarized and classified the main research
objectives of these studies into two main groups: pathogenesis
and diagnosis analyses. More specifically, the pathogenesis studies
aim to identify key moleculars and pathways associated with the
pathophysiology of ICP, its effects in the offsprings, or the treatment
mechanism (Supplementary Data 2). Various functional terms and
signaling pathways are found to be associated with ICP based on
these omics studies, showing the complexity of the molecular
mechanisms (Figure 4). A few common functional pathways
(such as apoptosis, lipid metabolism, immune response, primary
bile acid biosynthesis, and oxidative stress) are identified in multiple
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TABLE 3 List of metabolomics datasets.

Published Research

10.3389/fendo.2023.1267195

Sample Sample

Analytic

Coverage o Grouping design Reference
year 9 objective ping 9 source type method
H
2016 | Targeted Diagnosis ICP vs GDM vs Control bolz;lan Serum LC-MS/MS (38)
. . Human .
2017 | Untargeted Diagnosis ICP vs Control bod Urine LC-MS (39)
ody
. . Human i
2018 | Untargeted Diagnosis ICP vs Control bod Hair GC-MS (40)
y
. . . Human R
2018 | Targeted Diagnosis mild ICP vs severe ICP vs Control body Urine LC-MS/MS (41)
. . Human
2018 | Targeted Diagnosis ICP vs Control body Serum LC-MS/MS (42)
. . Human X
2019 | Targeted Diagnosis AHP vs ICP vs Control body Urine LC-MS/MS (43)
2019 | Targeted Pathogenesis G60, G90, and LO Pig Serum LC-MS/MS (44)
. . Human
2021 | Untargeted Diagnosis ICP vs Control bod Placenta LC-MS (45)
ody
) . . Human
2021 | Targeted Diagnosis mild ICP vs severe ICP vs Control bod Plasma LC-MS/MS (46)
y
. . Human
2021 | Targeted Diagnosis ICP1 vs ICP2 vs ICP3 vs ICP4 vs Control body Serum LC-MS/MS (47)
. . . s Serumy;
2022 | Untargeted Pathogenesis 170-Ethinyl estradiol, Paeoniflorin and Control Rat Facces LC-MS (48)
H
2022 | Untargeted Pathogenesis ICP vs Control bol;r;lan Plasma LC-MS/MS (49)
. . Human
2022 | Untargeted Pathogenesis mild ICP vs severe ICP vs Control bod Plasma LC-MS/MS (50)
y
H
2022 | Targeted Diagnosis AHP vs ICP vs Control bol;r;lan Serum LC-MS/MS (51)
Wt-Ve,WT-EE,TR-Ve,TR-EE ethinylestradiol
2022 | Targeted Pathogenesis (EE) administration to Mrp2-deficient (TR) rats Rat Plasma LC-MS (52)
and their wild-type (WT) controls
Placenta;
. Human
2023 | Untargeted Pathogenesis ICP vs Control body Serum; LC-MS/MS (53)
Urine

samples. Firstly, the results confirmed that the dominant regulatory
pathway of estrogen- bile acid axis can be prioritized by omics
studies. Secondly, it can be seen that many other pathways are not
commonly found among different types of omics studies. This is
mainly due to the differences of experimental grouping and sample
types. Thus, these pathways may also represent different aspects of
the regulations of ICP and its adverse outcomes. For example, the
apoptosis index is found to be significantly higher in the placenta of
ICP patients, compared to healthy pregnant women. And the key
protein ERP29, which is known to induce apoptosis, is also verified
to be over-expressed in the placenta of ICP group (27). Another
example is that a trancriptomics analysis of placenta reveals a list of
8 hub regulatory genes (including CCL3, CCL25, CXCL6, CXCL14,
CCR4, CCR6, CCR9 and IL-7R), which are involved in immune
response. And further experiments of immune cell infiltration
showed that the numbers of immune cells are increasing from
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mild ICP to severe ICP (20). However, it should be noted that many
of the other functional pathways are only predicted by
bioinformatics analysis. Thus, future experiments are needed to
verify these pathways as well as to identify more key moleculars.
Nevertheless, various types of omics studies has already provided a
plenty of novel pathways and their targets for us to better
understand the molecular mechanisms of the occurrence,
progression, treatment and fetal effects of ICP.

4.2 Screening of biomarkers for developing
diagnostic models

On the other hand, the diagnosis studies aim to screen for

potential biomarkers for precision diagnosis, differential diagnosis
and grading of ICP (Figure 5). By combing these studies, a total of
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43 test models are obtained for the diagnosis of ICP and its related
complications (Supplementary Data 3). Since omics-driven
biomarker discovery usually requires multiple rounds of
screening, the integrated Supplementary Table provides a useful
resource for future evaluation and validation of these candidate
biomarkers. Specifically, 31 testing models are used for the
diagnosis of ICP, while 9 models are used for the grading of
different types of ICP (mild versus severe). Additionally, there are
also two and one models for differential diagnosis of AHP and
GDM respectively. The biomarkers of these models are identified
and tested in four types of samples: serum, plasma, plasma
exosomes, and urine. Serum and plasma are the most commonly
used body fluids for clinical diagnosis. Recently, exosomes derived
from multiple tissues are found to be an ideal source of biomarkers
due to its stability and functional connections (56). For example,
five serum-derived exosomal proteins (including Elongation factor

Frontiers in Endocrinology

1-alpha 1, Beta-2-glycoprotein I, Zinc finger protein 238, CP
protein and Ficolin-3) are found to be promising biomarkers for
the diagnosis of ICP (35). Finally, urine could used be a non-
invasive source of biomarkers. For example, several sulfated bile
acids (such as sulfated dihydroxy glycine bile acid, glycine cholic
acid 3-sulfate, sulfated dihydroxy taurine bile acid and taurine
cholic acid 3-sulfate) in urine can be used as potential biomarkers
for the grading of mild and severe types of ICP (41).

Compared to singular molecular based model, the combination
of multiple biomarkers can usually increase the diagnostic
performance. For example, a panel with four serum proteins
(including S100A9, LDHA, APOA1 and CHE) outperformed any
of the individual indicators (31). Moreover, the combination of
different types of moleculars can also greatly optimize the diagnostic
efficiency. For example, the area under the curve (AUC) of an
integrated model with two metabolites and one protein can be
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increased to 0.932 for early diagnosis of ICP by using the serum
samples obtained from the first trimester (45). Among the models
with outstanding discrimination (AUC>0.9), it can be seen that
metabolites, especially various subtypes or derivatives of bile acids,
are generally outperformed than proteins and other types of
biomarkers. This may particularly due to the current diagnosis
criteria, which is mainly based on the serum levels of BAs. However,
the seeking of non-metabolite biomarkers may be helpful for the
precise diagnosis and prognosis of ICP and its conditions in
addition to metabolites. It may also be used to screen for key
genes and regulatory pathways associated with the development of
ICP. For example, several miRNAs are found to be potential
diagnosis biomarkers for ICP. And functional prediction analyses
further showed that these miRNAs could be the upstream regulators
for fatty acid biosynthesis and mTOR signaling pathway (24).

5 Limitations of current omics studies

We previously proposed a refined framework of precision and
translational proteomics for clinical studies with constructive
suggestions (57). This framework could also be applicable for
other omics studies to evaluate the data quality. Firstly, we
suggest that it is needed to clearly describe the detailed
experimental information. The minimal required and important
information should include multiple aspects of clinical features,
sample processing, and analytical method. Secondly, it is
recommended to freely share the main results as well as the raw
data, which can provide valuable resources for follow-up analysis

10.3389/fendo.2023.1267195

and reanalysis. Thirdly, it is also of vital importance to perform
additional verification experiments for initial screening analysis, in
order to validate the results as well as to further identify reliable
targets. Considering the above issues, we systematically assessed the
information related to the experimental design, data availability and
experimental verification of these omics datasets (Supplementary
Data 1).

5.1 Experimental design

Since ICP threatens the health of both the pregnant women and
the fetuses, it is usually treated with therapeutic drug such as
ursodeoxycholic acid (UDCA) after diagnosis. Thus, it should be
noted that treated-ICP is clearly not equal to untreated-ICP,
considering both of the phenotypes and the molecular changes.
However, only 14 studies (about 40%) collected the samples under
the condition of none drug treatment (Figure 6A). A total of 6
studies used the samples treated or partially treated with drugs.
These studies may produce ambiguous results to explain the
intrinsic pathogenesis of ICP. Additionally, pregnancy is a long-
term process, and can be divided into three trimesters. Hence,
sample timing is also important to the interpretation and
application of the omics results. For example, samples from the
first trimester can be used for early predicting or exploring the
initial etiology of ICP. The sampling time of placenta is generally
known to be postpartum. However, most of the studies of serum,
plasma and urine samples did not clearly mention the sampling
time, making it hard to evaluate the potential usage of the results

Cleary,,

SCripeg/

Drug i
treatment

\ treated

?N\\D:3705462

. \e: materna, Vil

. 6\“@\“0‘5} DIALC-yy 7S
o Statistics: P<o'05 S

Urine |

%)
o
3
=11
o

,,,Tfﬁthned

Serum |

Clear

Plasma/ ’Vot

Cleayy,
Cribey

3
O
Q e,
Qfa\% "o
3
des,

>

Western blot

%
A >

Metabolomics

/BMID: 24391750

e )
Sample: unkon NS

(° 5thod: iTRAQ LOMSTA D g
listics; p<g,051F

FIGURE 6

Raw data
availability

The limitations of the current datasets. Pie and venn diagrams for the differential classification of the experimental information associated with drug
treatment (A), sample time (B), analytical method (C), representative placenta proteomics datasets (D), raw data availability (E) and experimental

verification for untargeted studies (F).

Frontiers in Endocrinology

09

frontiersin.org


https://doi.org/10.3389/fendo.2023.1267195
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

(Figure 6B). The placenta tissue is the maternal-fetal interface that
connects the health of the mother and the child. The sampling
position of placenta is of vital importance for interpreting the
results, due to the complexity of the structure and composition of
placenta (58). However, there is also no consistent standards and
procedures of sampling among the 12 studies of placenta. Finally,
the analytical and statistical methods for the initial screening of
candidate markers are also varied among different studies
(Figure 6C). As the evolving of omics based technologies, the
newly emerged methods usually outperform than the old ones
greatly. For example, the shotgun proteomics based on LC-MS/
MS can identify a lot more proteins, compared to the low
throughput and time-consuming approach based on 2D-PAGE.
And the recently developed DIA proteomics further improves the
quantitative accuracy and may be used directly for clinical diagnosis
(59). Considering the above issues, the differences of these
experimental information could make it hard to directly compare
and integrate the results, even for the sample type of tissue. For
example, we compared the differentially expressed proteins among
and between three groups of proteomics analysis of placenta, and
found that there are few overlapped proteins (Figure 6D). These
protein groups are identified through different sampling position,
proteomics method, and statistical criteria. Thus, it is still worth to
perform independent experiments with the consideration of the
above issues to obtain more reliable and repeatable results in
the future.

5.2 Data availability

One of the benefits of omics-based study is that it could provide
abundant resources for the academic community. Thus, to enable
in-depth integration or reanalysis of the source datasets, it is
encouraged to deposit the raw data to public databases. There are
already many specialized data centers for the storage of different
types of large omics data. For example, the Sequence Read Archive
(SRA) is developed to store genomics or transcriptomics data based
on next generation sequencing (60). The ProteomeXchange
consortium provides standardize platforms for data submission
and sharing (61). And the MetaboLights repository aims to store
metadata and raw data associated with metabolomics experiments
(62). However, only a few of these omics studies have uploaded the
raw data to public databases (Figure 6E).

5.3 Experimental verification

Omics based initial studies (untargeted) usually generate a list of
candidate moleculars ranging from tens to thousands (63).
However, false positive remains a common problem due to
complex factors, including but not limited to sample variation,
sample quality, operational error, technical bias, and statistical
limitation. Thus, it is also required to perform additional
verification experiments to further check the quality of the results
as well as to identify key targets. However, only less than half of the
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untargeted studies have performed verification experiments by
using new methods and new samples (Figure 6F).

6 Suggestions of new research
directions for future omics studies

The current collected omics driven studies have already covered
a broad range of research topics in the field of ICP. However, there
are still many novel issues that could be worthy of attention in the
near future. We divide the new directions into the following six
categories (Figure 7). Some of the topics may have already been well
studied in other pregnant complications such as GDM and PE.
However, most of the issues could provide new directions or hints
for the analyses of ICP and other pregnant complications by using
various omics strategies.

6.1 New considerations for clinical issues

As mentioned above, most of the experimental designs focused
on the comparison of ICP and the normal pregnant groups.
However, ICP may threaten the health of both pregnant women
and the fetus. Therefore, more attentions should be paid to the early
prediction, precision diagnosis, differential diagnosis, birth
outcome, long-term health effects and new treatments of ICP.
Firstly, it was reported that a panel of four serum biomarkers
could predict the risk of GDM in about 7 years before pregnancy
(64). Thus, it would be interesting to find if there are such early
biomarkers for ICP. Secondly, the current standards for diagnosis
and treatment of ICP are quite simple without an international
consensus (65). A few studies have classified ICP into different
subtypes based on the symptoms, and found that their perinatal
outcomes are different correspondingly (47). In respect of diagnosis
period, ICP can also be divided into early-onset or late-onset groups
(66). We then believe that omics-driven studies can further improve
the precise classification of ICP in the future. Thirdly, as ICP is a
pregnancy-associated hepatic disorder, it should be also
comparatively analyzed with other liver diseases or conditions
with similar symptoms (such as acute fatty liver, viral hepatitis,
steatohepatitis, septic pyelonephritis, hyperbilirubinemia
syndromes, bile duct obstruction and drug associated icterus) at
the molecular level. Fourthly, it is also important to search for
possible biomarkers for the evaluation of adverse birth outcome,
including preterm labor, stillbirth, fetal distress, and low birth
weight. Additionally, it is needed to investigate the long-term
effects of ICP on both pregnant women and the fetuses. For
example, the recurrence rate of ICP in subsequent pregnancies is
high and the symptom tends to be more severe (65). And both the
male and female children of ICP mothers may have high risk of
metabolic diseases with altered lipid profiles (19). Finally, the
current first-line therapy drug for ICP is ursodeoxycholic acid
(UDCA) (67). There are also other potential drugs, which are also
found to be complements or alternatives of UDCA for the treatment
of ICP (12, 68). For example, the combination of rifampicin and
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for future studying of ICP based on omics strategies.

UDCA is reported to be effective in the treating of severe ICP
patients who are not sensitive to UDCA (69).

6.2 New strategies based on the state-of-
the-art technologies

Traditional omics studies are featured as bulk analyses, which are
based on a plenty of mixed cells. However, a tissue sample actually
contains multiple types of cells. And even the gene expression profiles
among morphologically indistinguishable cells are also highly
heterogenous (70). As the emerging and developing of single-cell
based technologies, it is possible to test the genome, transcriptome,
proteome or metabolome considering cellular heterogeneity (71, 72).
For example, the cell atlas of human placenta in GDM patients is
constructed by single-cell RNA sequencing, and identifies cell type
specific markers that may help to understand the molecular
mechanism of GDM (73). In addition, the recent emerged spatial
RNA sequencing can further map gene expressions to microstructural
localizations by combining both histological imaging and RNA
sequencing (74, 75). Similarly, spatial proteomics and metabolomics
are also capable of detection of protein and metabolites spatially based

on mass spectrometry imaging (76, 77).
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6.3 New types of molecular targets

At transcript level, tRNA-derived small RNAs and circular
RNAs have been the research hotspots and are reported to play
important roles in various diseases (78, 79). For example, a circular
RNA was found to be involved in the regulating of trophoblast
functions in GDM (80). At protein level, more and more evidences
have shown that novel small open reading frames (sORFs) are
hidden in various non-coding transcripts (81). The sORF encoded
small proteins can serve as a novel resource of disease markers. The
canonical shot-gun proteomics strategy is mainly based on digested
peptide fragments. However, various endogenous bioactive peptides
are also known to be widely exist in human body with important
biological functions (82). Thus, we suggest that both small proteins
and bioactive peptides could be analyzed by peptidomics approach
without digestion procedure. For example, over 200 peptides, which
are found to be associated with gestational diabetes (GDM) induced
fetal macrosomia, were identified in umbilical cord plasma (83). In
addition to sequence cleavage, mature proteins may also be post-
translationally modified at specific residues, which determine
protein structure and functional activity. Various types of post-
translational modifications (PTMs) are involved in almost all
biological processes and highly associated with human diseases
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(84). However, there are few studies of protein PTMs in the field of
perinatal complications.

6.4 From human sample to microbiota

Besides human genome, the metagenome of microbiota also
plays important roles in regulating human health and disease (85). It
was found that gut microbiome could be involved in the
pathogenesis of pregnant conditions such as pre-eclampsia (PE)
and gestational diabetes mellitus (GDM) (86, 87). There are also
increasing evidences shown that maternal microbiota can influence
fetal development and growth in recent years (88). Hence,
metaomics approaches, especially metagenomics, have been the
research hotspots in the field of perinatal medicine (89, 90). A
recent mendelian randomization study indicated that there may exist
causal association between gut microbiota and ICP (91). Thus, it will
be interesting to investigate the role of microbiota in the occurrence
and progression of ICP in the future. The mostly applied methods of
studying microbiome are metagenome and 16S rRNA, which are
based on the sequencing of the whole or specific genomic sequences
(92). As the rapidly development of multiple omics technologies, it is
also possible to perform other meta-omics analyses such as
metatransciptomics, metaproteomics and meta-metabolomics (93).

6.5 From initial screening to the in-depth
follow-up studies

Most of the studies are preliminary analyses based on the omics
datasets, which only identify a list of potential key moleculars
without in-depth investigation. Thus, it is needed to perform
follow-up studies to further validate the results and to dig for
more valuable information. According to the research objectives,
there are also two directions for the follow-up studies: functional
analysis and biomarkers analysis. For example, in the initial study of
placental proteins between ICP and healthy pregnant women, a
total of 38 differentially expressed (DE) proteins were identified
(27). And the study only performed verification analysis on the
expression of three apoptosis associated DE proteins (including
ERp29, PRDX6 and MPO). However, in the following studies, the
ERp29-centric regulation pathway and its downstream targets were
comprehensively analyzed by using the cell models of ICP (94, 95).

Moreover, the published datasets provide valuable resources for
the whole community to perform data mining and deep research by
combining the recent novel findings in other fields. For example,
several new cell death related pathways (including necroptosis,
pyroptosis, ferroptosis, and cuproptosis) have been found to play
important roles in various physiological and pathological processes
(96). Among these pathways, ferroptosis is especially found to be
associated with pregnancy related diseases and could be a potential
target for therapy (97). As mentioned above, initial proteomics
screening of placenta tissue showed that differentially expressed
proteins are highly associated with apoptosis and autophagy based
on functional annotation. However, bioinformatics annotation is
relying on the knowledge-based database such as GO (Gene
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Ontology), which lacks of enough information about new findings.
A recent study reanalyzed the published transcriptome and found
that EGFR is the hub gene associated with destroyed autophagy and
ferroptosis in placenta (98). Hence, it is reasonable and necessary to
carry out more additional studies to verify if these new cell death
related pathway are involved in the pathogenesis of ICP.

6.6 From single omics to integrated multi-
omics studies

Furthermore, the integration of multiple omics datasets could
provide a multifaceted and holistic overview of the research content
(99, 100). Here, we broadly classify the integration studies into three
different levels. Firstly, the integration of different batches can be
used to increase sample size. For example, in the genome-wide
association studies (GWAS) analysis of ICP, a total of three large
cohorts (including 1138 cases and 153,642 controls) were combined
in order to obtain a large sample of ICP (14). Secondly, the
integration of different subtype of moleculars is useful for a more
comprehensive analysis. For example, the transcripts contain
multiple subtypes including mRNA, IncRNA and microRNA. By
combining these three subtypes of RNAs, a competing endogenous
RNA (ceRNA) network was constructed to infer the regulatory
relations and pathways involved in the pathogenesis of ICP (32).
Thirdly, the integration of different types of moleculars can be
performed for a more systematic analysis. For example, by
combining proteomics and metabolomics data, the key protein
(Peroxisomal ACOX1) and its substrate (L-palmitoylcarnitine)
were found to be both differentially expressed and involved in
fatty acid metabolism (45).

7 Conclusions

Conclusively, ICP is a self-limiting hepatic disease during the
perinatal period. However, it could be a threat to both maternal and
fetal health. Recent studies also showed that ICP might have long-
term effects on both the pregnant women and the child. Hence, it is
of vital importance to identify key moleculars and the associated
functional pathways of ICP, which can help us to better understand
the pathological mechanisms as well as to develop precise clinical
biomarkers. Over the past decades, the emerging and developing of
various omics methods offer large-scale approaches to
systematically study the genome, transcriptome, proteome and
metabolome of clinical samples. In the present review, we
comprehensively collected and summarized the studies of ICP
based on genomics, transcriptomics, proteomics, and
metabolomics strategies. In brief, the experimental designs of
these studies include different research objects (such as ICP, ICP
subtypes, ICP fetuses, ICP models, and other complications). The
studied samples contain clinical samples (including placenta, blood,
serum, plasma, urine, and hair), in vitro cultured tissues, cell lines
and the samples from animal models. According to the main
research objectives, we further categorized these studies into two
groups: pathogenesis and diagnosis analyses. The pathogenesis
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studies identified tens of functional pathways that may represent the
key regulatory events for the occurrence, progression, treatment
and fetal effects of ICP. On the other hand, the diagnosis studies
provide more than 40 potential models for the early-prediction,
diagnosis, grading, prognosis or differential diagnosis of ICP.
Additionally, we also evaluated the limitations of current studies
by following the suggestions proposed in a previous framework of
precision and translational proteomics. Specifically, we emphasized
that many aspects of clinical characteristics, sample processing, and
analytical method can greatly affect the reliability and repeatability
of omics results. We also propose to share the omics datasets for the
community to perform reanalysis and in-depth follow-up studies.
Finally, although these omics studies have already covered a broad
range of research contents, there are still many new research topics
that needed to be addressed in the future. We thus pointed out 6
new research directions including new clinical issues, new
strategies, new molecular types, microbiata, follow-up studies and
integrated studies, which may benefit the omics based analyses of
ICP and other perinatal associated conditions in the future.
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