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Abstract

CKGROUND
Intrahepatic cholestasis of pregnancy (ICP) is a pregnancy-specific liver condition that
typically arises in the middle and late stages of pregnancy. Short-chain fatty acids
(SCFAs), prominent metabolites of the gut microbiota, have significant connections with
various pregnancy complications, and some SCFAs hold potential for treating such
complications. However, the metabolic profile of SCFAs in patients with ICP remains

unclear.

AIM
To investigate the metabolic profiles and differences in SCFAs present in the maternal
and cord blood of patients with ICP and determine the clinical significance of these

findings.

METHODS
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Maternal serum and cord blood samples were collected from both patients with ICP
(ICP group) and normal pregnant women (NP group). Targeted metabolomics was

used to assess the SCFA levels in these samples.

RESULTS

Significant differences in maternal SCFAs were observed between the ICP and NP
groups. Most SCFAs exhibited a consistent declining trend in cord blood samples from
the ICP group, mirroring the pattern seen in maternal serum. Correlation analysis
revealed a positive correlation between maternal serum SCFAs and cord blood SCFAs
[r (Pearson) = 0.88, P = 7.93e-95]. In both maternal serum and cord blood, acetic and
caproic acids were identified as key metabolites contributing to the differences in
SCFAs between the two groups (variable importance for the projection > 1). Receiver
operating characteristic analysis demonstrated that multiple SCFAs in maternal blood
have excellent diagnostic capabilities for ICP, with caproic acid exhibiting the highest

diagnostic efficacy (area under the curve = 0.97).

CONCLUSION

Compared with the NP group, significant alterations were observed in the SCFAs of
maternal serum and cord blood in the ICP group, although they displayed distinct
patterns of change. Furthermore, the SCFA levels in maternal serum and cord blood
were significantly positively correlated. Notably, certain maternal serum SCFAs,

specifically caproic and acetic acids, demonstrated excellent diagnostic efficiency for

ICP.
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Core Tip: Intrahepatic cholestasis of pregnancy (ICP) is a pregnancy-specific liver
condition that typically arises in the middle and late stages of pregnancy. Short-chain
fatty acids (SCFAs), prominent metabolites of the gut microbiota, have significant
connections with various pregnancy complications. This work assesses the SCFA levels
in maternal serum and cord blood samples which are collected from both patients with
ICP and normal pregnant women by using targeted metabolomics, then the correlation
between maternal and cord blood SCFAs are explored. At the same time, the clinical
diagnostic potential of key differential SCFAs are assessed.

INTRODUCTION

Intrahepatic cholestasis of pregnancy (ICP) is a pregnancy-specific liver condition that
typically arises in the middle and late stages of pregnancy. ICP is characterized by
increased bile acid levels in maternal blood and persistent skin itching[ll. Although the
clinical symptoms in patients with ICP often subside quickly after delivery, the
perinatal mortality rate for fetuses and newborns can be as high as 5%. Additionally,
ICP tends to recur in up to 70% of subsequent pregnancies?l. While the exact
pathogenesis of ICP remains incompletely understood, it is believed to be influenced by
genetic, hormonal, and environmental factors/2l.

Recent research has shed light on the role of gut microbiota and their metabolites in
the progression of ICPI®l. Short-chain fatty acids (SCFAs), prominent metabolites of the
gut microbiota, play a pivotal role in preserving host metabolism, maintaining intestinal
barrier function, fostering immune tolerance, and regulating autoimmune activityl4l.
SCFAs have significant connections with various pregnancy complicationsl®, and some
SCFAs hold potential for treating such complicationsl®l. However, the metabolic profile

of SCFAs in patients with ICP remains unclear. Hence, we herein used targeted
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metabolomics technology to analyze SCFAs in the maternal and cord blood of both
patients with ICP and normal pregnant (NP) women. The primary objectives were to
investigate the changes in SCFAs in patients with ICP and their offspring, examine the
correlation between maternal and umbilical blood SCFAs, and assess their clinical
significance and diagnostic value. Ultimately, the study aims to identify novel

biomarkers for diagnosing and treating ICP by focusing on gut microbiota metabolites.

MATERIALS AND METHODS

Study population

In this study, we selected 34 patients with ICP (ICP group) who delivered at our
hospital between October 2020 and March 2022 to comprise the study group.
Additionally, we included 30 NP women from the same period as controls (NP group),
based on predefined inclusion and exclusion criteria. The inclusion criteria
encompassed meeting the diagnostic standards for ICP as established by the Chinese
Medical Association’] and having reached a gestational age of = 28 wk with no other
pregnancy-related complications. Furthermore, participants needed to volunteer for the
study and provide informed consent.

The exclusion criteria specified that participants should not have a history of major
diseases affecting organs or systems, including cardiovascular, cerebrovascular,
pulmonary, hepatic, renal, or endocrine conditions. They should also be free from
severe internal or external complications apart from ICP and should not have taken
antibiotics, probiotics, or prebiotics within one month before the sample collection.
Additionally, they should not have experienced diarr or other gastrointestinal
symptoms. The study received approval from the Ethics Committee, and all
participants signed written informed consent forms. All methods used in this study

adhered to the principles of the Helsinki Declaration.

nollection of clinical data and biological samples
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The demographic and clinical information for both groups of participants,
encompassing data such as age, pre-pregnancy body mass in and pregnancy-
related weight gain, was meticulously collected. Fasting venous blood samples were
obtained from the subjects before delivery, and umbilical cord blood samples were
collected during the delivery process. Following collection, the samples were promptly
stored at 4 °C and allowed to stand for a duration of 4 h. Subsequently, the samples
underwent centrifugation, and the resulting serum was extracted and stored at —80 °C.

Furthermore, clinical indicators, including but not limited to hemoglobin, total bile acid,
and D-dimer levels; fetal biparietal diameter; abdominal circumference; and fetal birth
weight, were extracted from the medical record system. These clinical indicators
encompassed blood parameters before delivery, fetal ultrasound data, and the outcome
of the pregnancies. The ultrasound metrics for the fetuses were derived from the last

obstetric ultrasound conducted by the subjects within one week before the delivery.

Detection and analysis of SCFAs

The maternal and cord blood samples were meticulously collected and subjected to a
process involving a mixare of 50% H2SO4 and an extraction solution. This extraction
solution comprised an internal standard, 2-methyl pentanoic acid (25 mg/L), and
methyl tert-butyl ether. The procedure involved a sequence of steps, including
vortexing, oscillation, low-temperature ultrasound, and centrifugation, culminating in
allowing the mixture to stand before extracting the supﬁnatant. Subsequently, the
supernatant underwent detection of SCFAs, specifically acetic acid, propionic acid,
butyric acid, isobutyric acid, isovaleric acid, valeric acid, and caproic acid, utilizing a
gas chromatography-mass spectrometer (SHIMADZU GC2030-QP2020 NX, J&W
Scientific, Folsom, CA, United States).

principal component analysis and orthogglal projections to latent structures

To assess intergroup differences in SCFAs between maternal and cord blood samples,

discriminant analysis were used. Important differential metabolites were identified

based on variable importance for the projection (VIP) values. Cluster and correlation
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analyses of SCFAs were conducted using R software (v.4.2.2), utilizing the pheatmap
package, cor() function, and cor.test() function. Furthermore, potential biomarkers were
evaluated and screened using the receiver operating characteristic (ROC) cury,

For pathway analysis, the seven types of SCFAs were integrated into the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, leading to the identification of
24 pathways (Supplementary Table 5). Finally, the KEGG pathway enrichment results

were visualized using the website https:/ /www.bioinformatics.com.cn.

Statistical analysis
Statistical alalysis was conducted using SPSS (v.26.0) and GraphPad Prism (v.8.0.2)
software. The Kolmogorov-Smirnov test was used to inspect the normality and
homogeneity of variance of all the data. For quantitative data that adhered to a normal
distribution, group-wise statistical differences were assessed using&tudent‘s t-tests. The
data was presented as mean + SD. In cases where the quantitative data did not follow a
ormal distribution, the Wilcoxon rank sum test was used. Values were presented as
median and interquartile range (IQR) for data that were noénormally distributed for
continuous variables. Categorical data was expressed as percentages (%), and the
statistical distinctions between groups were examined using the chi-square test or
Fisher's exact test. To explore the correlation between SCFAs and clinical indicators, the
Spearman correlation coefficient was used. Additionally, the relationship between
maternal serum and cord blood SCFAs was analyzed using linear regression and the
Pearson correlation coefficient. The resultant plots were gelﬁated utilizing R software
(v.4.2.2), particularly with the ggplot2 (v.3.4.2) package. Statistical significance was
defined as P < 0.05.

RESULTS
Clinical data of subjects
In this study, a total of 64 subjects were included, 34 with ICP and 30 NP women. The

baseline data and clinical indicators for all participants were presented in
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Supplementary Tables 1-4, with Table 1 highlighting the indicators that exhibited
statistical differences. The analysis revealed no statistically significant differences (P >
0.05) between the two groups in terms of age, years of education, and the number of
pregnancies and births. However, the ICP group exhibited lower uterine height, and
abdominal circumference during pregnancy than the NP group (P < 0.05). Also,
Compared with the NP group, the ICP group showed a lower trend in weight gain
during pregnancy (P > 0.05). Additionally, the hemoglobin level of the ICP group was
significantly lower than that of the NP group (P < 0.05), while the serum alanine
aminotransferase, total bile acid, and glycyrrhetinic acid levels were significantly higher
in the ICP group (P < 0.001).

Pre-delivery ultrasound examinations indicated that the ICP group had smaller
biparietal diameter, fetal head circumference, abdominal circumference, and femoral
length than the NP group (P < 0.05). Furthermore, perinatal outcomes revealed that the
ICP group had an earlier gestational delivery, a higher rate of cesarean section, and

lower birth weights for newborns than the NP group (P < 0.001).

Characteristics of altered maternal serum SCFAs metabolic spectrumn in the ICP group
The metabolic profile of maternal serum SCFAs in the ICP and NP groups exhibited
significant differences, as indicated by the results of targeted metabolomics quantitative
analysis (Figure 1A and B). In the serum of the ICP group, all SCFAs, except for
isobutyric acid, demonstrated a decreasing trend (Figure 1C-E). Notably, acetic acid and
caproic acid were identified as key metabolites responsible for the differences in serum
SCFAs between the two groups, each with a VIP value greater than 1 (Figure 1C).
Quantitative analysis further confirmed that acetic acid represented the most abundant
SCFA in both the ICP and NP groups. Furthermore, isobutﬁic acid displayed a notable
difference in serum content between the two groups, with significantly higher levels in
the ICP group than the NP group, while being present at very low levels in the NP
group (Figure 1E).
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Characteristics of SCFAs metabolic spectrumn changes in cord blood of the ICP group

The metabolic profile of SCFAs in cord blgod was investigated in both ICP and NP
groups. Targeted metabolomics analysis revealed that there were no significant
differences in the metabolic profiles of SCFAs between the two groups (Figure 2A and
B). However, the VIP diagram indicated that acetic acid and caproic acid were key
metabolites contributing to the differences in SCFAs between the two groups, each with
a VIP value greater than 1 (Figure 2C). Most SCFAs exhibited a decreasing trend in the
ICP group compared with the NP group (Figure 2D and E). Among the seven SCEAs
detected, the acetic acid level was the highest in cord blood, and its level was
significantly lower in the ICP group than in the NP group (P < 0.01, Figure 2E).
Additionally, the isobutyric acid levels in cord blood sho an opposite trend to that
in maternal serum, with a significant decrease observed in the ICP group compared

with that in the NP group (P < 0.01, Figure 2E).

Cord blood SCFAs' correlation with SCFAs found in maternal serum

Further analysis was conducted to explore the correlation between SCFAs in maternal
blood and SCFAs in cord blood. The stacked bar chart depicting the percentage of
SCFAs in the blood samples of the subjects (Figure 3A) highlighted that the isobutyric
acid and caproic acid levels in the total SCFAs of maternal serum were exceptionally
low but significantly increased in cord blood SCFAs. Notably, the acetic acid levels
were the highest in both maternal serum and cord blood. However, the acetic acid
levels were notably lower in cord blood than in maternal serum (75.18% ©s 84.99%).

The scatter plot of the linear regression (Figure 3B-D) indicated a robust positive
correlation between the total SCFAs in cord blood of the ICP and NP groups and the
SCFAs in maternal serum (P < 0.001). These findings suggest a close correlation
between SCFAs in cord blood and maternal serum. However, among all subjects, only
acetic acid and caproic acid exhibited a significant positive correlation for an individual

SCFA (P <0.05, Table 2).
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Clinical significance and functional analysis of differential SCFAs

To further explore the correlation between SCFAs and clinical indicators, SCFAs in
maternal serum and cord blood from the two subject groups with statistically different
clinical indicators were analyzed (Spearman analysis, Figure 4A). The results revealed
that the correlation between acetic acid and caproic acid in maternal serum and cord
blood exhibited a consistent trend with clinical indicators. For instance, both of these
SCFAs displayed a negative correlation with total bile acid levels (P < 0.05), and caproic
acid demonstrated a significant positive correlation with neonatal birth weight (P <
0.001). However, isobutyric acid showed a significant positive correlation with total bile
acids in maternal serum but exhibited an opposite trend in cord blood (P < 0.05). ROC
curve analysis showed that multiple SCFAs in maternal serum possessed excellent
diagnostic capabilities for ICP (area under the curve > 0.8), with caproic acid
demonstrating the highest diagnostic efficacy (area under the curve = 0.97, Figure 4B).
To gain insights into the function of SCFAs, a KEGG pathway enrichment analysis was
conducted. It was observed that SCFAs participate in 24 pathways, primarily involving
metabolic and biological pathways, such as carbohydrate metabolism, energy
metabolism, the digestive system, and the nervous system (Supplementary Table 5,
Figure 4C). Among these pathways, the digestion and absorption of proteins in the
digestive system were predominantly influenced by SCFAs. Acetic acid was involved in
most pathway metabolisms, isobutyric acid participated in four of them, while caproic
acid was not linked to the mentioned pathways. For detailed information, please refer
to Supplementary Table 5, which may provide valuable insights into the metabolism

and digestive status of the ICP group.

DISCUSSION

SCFAs are the byproducts of dietary fiber fermentation in the gut microbiota under
anaerobic conditions. Different gut microbiota can produce varying SCFAs, and the top
three SCFAs in the human body are acetic acid, propionic acid, and butyric acid®l. Prior

studies have indicated that, during pregnancy, the total SCFAs in maternal peripheral
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blood circulation decrease significantly compared with those in non-pregnancy, with
reductions in acetic acid and propionic acid levels, while butyric acid levels increasel?.
As pregnancy progresses, the level of butyric acid in peripheral blood circulation
increases, while the acetic acid, propionic acid, and isobutyric acid levels remain
relatively stablel'0l. SCFAs are associated with various pregnancy complications and can
impact fetal growth and development in the wombl'-13l. A recent report in Science
Advances found that SCFAs produced by the maternal microbiome play a role in
supporting normal placental development, and their absence can limit placental growth
and damage placental vascularizationl'4l. However, the alterations in SCFAs in the
maternal blood of patients with ICP and their influence on fetal health remain unclear.

This study uncovered that both ICP and NP groups exhibited significantly higher
acetic acid, propionic acid, and butyric acid levels in maternal serum SCFAs than other
SCFAs. In umbilical cord blood S s, acetic and propionic acids were the most
abundant, with similar butyric acid, isobutyric acid, and caproic acid levels, while the
isovaleric acid and valeric acid levels were the lowest. These changes may be linked to
placental transport functions. Correlation analysis revealed that both acetic acid and
caproic acid in maternal and cord blood were negatively correlated with total bile acids
in peripheral blood. ROC analysis indicated that multiple SCFAs in maternal blood
exhibited good diagnostic capabilities for ICP, with caproic acid demonstrating the
highest diagnostic efficacy. KEGG pathway analysis suggested that acetic acid is
involved in most pathway metabolisms, which may be related to the metabolism in
patients with ICP.

Acetic acid is the most abundant SCFA in the human body and is produced by
species in the Bacteroidetes phylum, one of the most abundant microbial groups in the
intestinel!3l. Acetic acid can promote the recruitment of immune cells in the intestine,
thereby regulating intestinal inflammationl!>l. Moreover, acetic acid has an inhibitory
effect on liver adipogenesis, reducing lipid aggregation in adipose tissuell®l. Research
has shown that when acetic acid is added only to the drinking water of pregnant mice

during pregnancy, their offspring are immune to induced allergic airway diseasel!3,
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suggesting that acetic acid can traverse the placenta and have an impact on the fetus.
This study discovered that compared with the NP group, acetic acid in the maternal
serum and cord blood of the ICP group exhibited a significant decline and_was
significantly negatively correlated with total bile acids in maternal circulation. These
results suggest that acetic acid plays a protective role in the progression of ICP,
although the precise mechanisms in intrahepatic cholestasis and ICP require further
investigation.

Caproiﬁcid, as a putrefactive SCFA, results from the fermentation of amino acids or
proteins that are not digested or absorbed in the small intestine, leading to the
production of protein breakdown products!!7l. Animal experiments have demonstrated
that supplementation of exogenous caproic acid can increase phospholipid metabolism
in the mother and enhance progesterone synthesis in the ovaries, potentially improving
the embryonic survival rate in early pregnancy!'l. Interestingly, obese pregnant women
have been observed to have lower caproic acid levels in their feces than normal-weight
pregnant womenll. In the context of this study, both maternal serum and cord blood
caproic acid levels displayed a decreasing trend in patients with ICP, and maternal
serum caproic acid levels exhibited a positive correlation with weight gain during
pregnancy, which might be related to metabolic adaptation. Previous research has
indicated that caproic acid can inhibit NF-kB transactivation and possess anti-
inflammatory effectsl20. However, further exploration is necessary to determine
whether it exerts anti-inflammatory and protective effects on patients with ICP and
their fetuses.

In contrast to other SCFAs, this study identified a significant increase in isobutyric
acid in the maternal serum of patients with ICP. Your previous research has also noted
that the level of isobutyric acid in the peripheral blood circulation of pregnant women
with pregnancy complications, such as pre-eclampsia and gestational diabetes,
significantly increased compared with the NP group, aligning with the findings of this
studylb2ll. This suggests that isobutyric acid plays a pivotal role in promoting the

progression of pregnancy complications. Serinol?2l has commented that SCFAs
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produced by gut microbiota are linked to host health. While it is generally believed that
SCFAs have a more significant positive impact on host metabolism than harm, in
specific situations, excessive production of SCFAs can have detrimental effects on the
host, making it challenging to definitively classify SCFAs as beneficial or harmful to the
host. The results of this study imply that elevated isobutyric acid levels in maternal
blood circulation not only lead to pathological changes in the mother but also impact

the growth and development of the fetus in the uterus.

CONCLUSION

This study conducted an analysis of SCFAs in both maternal serum and umbilical cord
blood from the ICP and NP groups, elucidating the trends of SCFA changes in the two
sample types. It was observed that a significant positive correlation exists between
maternal serum SCFAs and umbilical cord blood SCFAs, distinguishing it from most
existing studies that concentrate on fecal or human serum samples. The compzehensive
analysis of changes in SCFAs in patients with ICP provides valuable insights. However,
this study has certain limitations. Firstly, the sample size was relatively small, and
samples were collected from a single hospital within the same period, which may affect
the robustness of the results. Expanding the clinical sample size and collecting samples
from other regions in synchrony would enhance the reliability of the data. Secondly,
SCFAs, being closely related to factors such as place of residence, lifestyle, diet, and
medication, were not fully accounted for in the subjects' information, potentially
introducing bias into the results. Thirdly, the effects and mechanisms of SCFAs,
especially acetic acid, caproic acid, and isobutyric acid, on patients with ICP and their
fetuses have not been comprehensively explored. Further in wvivo and in wvitro
experiments are required to elucidate their mechanisms of action, providing a solid

theoretical foundation for SCFAs as diagnostic and therapeutic targets for ICP.

QRTICLE HIGHLIGHTS

Research background
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trahepatic cholestasis of pregnancy (ICP) is a liver condition specific to pregnancy.
Short-chain fatty acids (SCFAs), important metabolites produced by the gut microbiota,

are significantly linked to several pregnancy complications.

Research motivation

However, the metabolic profile of SCFAs in patients with ICP is still uncertain.

Research objectives

The study aimed to examine the correlation between maternal and umbilical blood
SCFAs and investigate the changes in SCFAs in patients with ICP and their offspring.
Additionally, the research sought to assess the clinical significance and diagnostic value
of these SCFAs. Ultimately, the study aimed to identify novel biomarkers for

diagnosing and treating ICP by focusing on gut microbiota metabolites.

Research methods
Therefore, in this study, we utilized targeted metabolomics technology to analyze
SCFAs in the maternal and cord blood of patients with ICP and normal pregnant (NP)

women.

Research results

The study revealed that maternal serum SCFAs in both the ICP and NP groups showed
significantly higher levels of acetic acid, propionic acid, and butyric acid compared to
other SCFAs. In umbilical cord blood, acetic and propionic acids were found to be the
most abundant, with similar levels of butyric acid, isobutyric acid, and caproic acid,
while isovaleric acid and valeric acid levels were the lowest. Furthermore, the
correlation analysis indicated a negative correlation between both acetic acid and

caproic acid in maternal and cord blood, and total bile acids in peripheral blood.

Research conclusions
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Significant alterations were observed in the SCFAs of maternal serum and cord blood in
the ICP group, compared with the NP group. It is notable that the SCFA levels in
maternal serum and cord blood were significantly positively correlated in the ICP
group. Additionally, certain maternal serum SCFAs, specifically caproic and acetic

acids, exhibited excellent diagnostic efficiency for ICP.

Research pEﬁpectives
Additional in vivo and in vitro experiments are needed to clarify the mechanisms of
action of SCFAs, establishing a strong theoretical basis for their use as diagnostic and

therapeutic targets for ICP.
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