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Abstract

Consumption of herbal products containing pyrrolizidine alkaloids (PAs) is one of the major causes for hepatic sinusoidal
obstruction syndrome (HSOS), a deadly liver disease. However, the crucial metabolic variation and biomarkers which
can reflect these changes remain amphibious and thus to result in a lack of effective prevention, diagnosis and treatments
against this disease. The aim of the study was to determine the impact of HSOS caused by PA exposure, and to translate
metabolomics-derived biomarkers to the mechanism. In present study, cholic acid species (namely, cholic acid, taurine
conjugated-cholic acid, and glycine conjugated-cholic acid) were identified as the candidate biomarkers (area under the ROC
curve 0.968 [95% CI 0.908-0.994], sensitivity 83.87%, specificity 96.55%) for PA-HSOS using two independent cohorts of
patients with PA-HSOS. The increased primary bile acid biosynthesis and decreased liver expression of farnesoid X receptor
(FXR, which is known to inhibit bile acid biosynthesis in hepatocytes) were highlighted in PA-HSOS patients. Furtherly,
a murine PA-HSOS model induced by senecionine (50 mg/kg, p.o.), a hepatotoxic PA, showed increased biosynthesis of
cholic acid species via inhibition of hepatic FXR-SHP singling and treatment with the FXR agonist obeticholic acid restored
the cholic acid species to the normal levels and protected mice from senecionine-induced HSOS. This work elucidates that
increased levels of cholic acid species can serve as diagnostic biomarkers in PA-HSOS and targeting FXR may represent a
therapeutic strategy for treating PA-HSOS in clinics.
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Abbreviations

CA Cholic acid

CYP7A1 Cholesterol 7-alpha-hydroxylase
CYP8B1 Sterol 12-alpha-hydroxylase

FXR Farnesoid X receptor

GCA Glycocholic acid

HSOS Hepatic sinusoidal obstruction syndrome
HBV Hepatitis B virus infections

PBC Primary biliary cirrhosis

PA Pyrrolizidine alkaloid

PPAs Pyrrole-protein adducts

ROC Receiver operating characteristic
SHP Small heterodimer partner

TCA Taurocholic acid

OCA Obeticholic acid
Introduction

Drug-induced liver injury is a frequent cause of liver injury.
It can mimic both acute and chronic forms of liver disease
and often represents a diagnostic and therapeutic challenge
for the treating physician (Chalasani et al. 2021; Hoofna-
gle and Bjornsson 2019). The diagnosis of DILI, especially
HILI caused by the intake of herbal medicines and herbal
dietary supplements, is challenging due to the lack of char-
acteristic clinical features and specific tests. Hepatic sinusoi-
dal obstruction syndrome (HSOS) was initially described in
the 1920s and linked to the ingestion of herbs/plants contain-
ing pyrrolizidine alkaloids (PAs) (Willont and Robertson
1920). To date, over 15,000 HSOS cases by PA exposure via
food, health supplements, or herbal medicine such as Gynura
Jjaponica have been reported worldwide (Zhu et al. 2021;
IPCS 1988). And PA-HSOS is now regarded as an intrinsic
drug-induced liver injury and a well-known, albeit rare life-
threatening disease (Hoofnagle and Bjornsson 2019; Wang
et al. 2018).

Given the high mortality rate of severe PA-HSOS (over
80%), extensive efforts have been devoted to enabling its
accurate and timely diagnosis. The Roussel Uclaf Causality
Assessment Method (Danan and Bénichou 1993) is popu-
lar for the diagnosis of DILI, but is not specific enough for
PA-HSOS. The pathological confirmation by liver biopsy is
regarded as the golden criteria for inspecting HSOS follow-
ing hematopoietic stem cell transplantation (HSCT-HSOS)
(Mohty et al. 2016; Jones et al. 1987; McDonald et al.
1984) that were potentiated by the chemotherapy and radia-
tion therapy used during preparation for transplantation.
However, ascites has been detected in nearly all PA-HSOS
patients; and percutaneous liver biopsy in case of ascites can
cause of severe complications (e.g., intraperitoneal bleed-
ing and liver rupture), which makes it difficult to perform a
liver biopsy in patients with PA-HSOS (Zhuge et al. 2018).
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Recently, the Nanjing criteria for PA-HSOS (Zhuge et al.
2019) was promulgated by the Chinese Society of Gastro-
enterology Committee of Hepatobiliary Disease, which
includes a confirmed history of PA-containing plant use (or
the detection of blood pyrrole-protein adducts [PPAs, metab-
olites of PAs, which was used for traceability diagnosis with
PA-HSOS])), elevation of serum total bilirubin or abnormal
laboratory liver tests. Therefore, a noninvasive biomarker for
the timely and accurate diagnosis of PA-HSOS in the clinic
would be welcomed.

As new biomarkers of DILI emerge via metabolomics,
circulating bile acids have been increasing investigated both
in animal studies and human studies (Schadt et al. 2016;
Aubrecht et al. 2013). Metabolomics studies have noted that
bile acids were broadly altered in rats exposed to 13 diverse
hepatotoxins which are known to cause DILI, including
acetaminophen (APAP) (Yamazaki et al. 2013). Notably, not
all the bile acids in the plasma are consistently elevated upon
exposure to these hepatotoxins, suggesting that selected bile
acids in circulation could be potentially used as biomarkers
for DILI. Glycodeoxycholic acid, for example, was identified
as a prognostic biomarker for APAP-induced DILI (Wool-
bright et al. 2014). More recently, Tian et al. (2021) found
that increased serum level of taurocholic acid (TCA) was
correlated with the severity and clinical resolution of DILI.

Bile acids are synthesized in the liver from cholesterol
(Myant et al. 1977). In the hepatocytes of liver, CA, and
CDCA, two primary bile acids are catalyzed from choles-
terol in the classic pathway mainly catalyzed by cholesterol
7-alpha-hydroxylase (CYP7A1), which further conjugate
with taurine or glycine, and then reach the intestine through
the bile duct to form secondary bile acids (such as DCA and
LCA) via microbial modifications in the gut by deconjuga-
tion, dehydrogenation, dihydroxylation, epimerization, etc.
CYP7A1 (via the classic pathway) and CYP8BI1 (via the
alternative pathway) function in primary bile acid biosynthe-
sis from cholesterol. And studies have shown that when bile
acid levels reach extremely high levels, the enzyme activities
of CYP7A1 and CYP8B1 are repressed by a nuclear receptor
cascade involving farnesoid X receptor (FXR, NR1H4) and
small heterodimer partner (SHP, NROB2), thereby suppress-
ing the biosynthesis of bile acids in hepatocytes (Li-Hawkins
et al. 2002). Our previous studies (Xiong et al. 2014 and
2019) has noted that PA exposure in rodents impaired bile
acids homeostasis in a way quite different from those in
DILI induced by other toxins and the hepatic expression
of farnesoid X receptor (FXR, BR1H4), which is known to
inhibit bile acid biosynthesis in hepatocytes, was decreased.
Disturbed bile acid homeostasis has also been discovered in
rodents and liver cells exposed to PAs (Waizenegger et al.
2021; Pang et al. 2021; Hessel-Pras et al. 2020). However,
the results obtained in these studies do not allow adequate
translation of bile acids as biomarkers for PA-HSOS. In
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addition, whether targeting FXR may represent an unrec-
ognized therapeutic intervention for PA-HSOS remains
unknown.

The present study aimed to identify informative diagnos-
tic biomarkers of PA-HSOS using a combination of non-
targeted metabolomics and targeted analysis of bile acids
in clinical samples from two cohorts of PA-HSOS patients
and patients with other different etiologies of chronic liver
diseases. We also explored modulation of FXR activity as a
potential therapy using a murine HSOS model induced by
exposure to the PA senecionine, a representative hepatotoxic
PA present in Gynura japonica extracts. Flow diagram of the
study is illustrated in Fig. 1. This study translates metabo-
lomics-derived biomarkers to the mechanism and lays the
scientific basis for the clinical treatment of PA-HSOS.

Materials and methods
Patients and controls

Human sera samples and data of patients with HSOS were
obtained retrospectively from Drum Tower Hospital. The
diagnosis was independently performed by two experi-
enced hepatologists, according to the Nanjing criteria for
PA-HSOS (Zhuge et al. 2019). Simply, patients with a con-
sistent diagnosis were included in the study, and those with
inconsistent diagnosis were excluded. All patients were with
a definite history of intake of PA containing herbs/plants,
or the detection of blood pyrrole-protein adducts (PPAs)
(metabolites of PAs) (Table S1). Patients with two or more
liver diseases, or PA-HSOS in combination with biliary
diseases, as well as unknown cause of liver disease, were
excluded. Finally, 60 PA-HSOS patients were consecutively

enrolled and were randomly divided into two cohorts:
cohort 1 (n=30) for the discovery of potential biomark-
ers using non-targeted metabolomics approach and cohort
2 (n=30) for the validation of the biomarkers by targeted
metabolic profiling. Age-and sex-matched healthy donors
(HD, n=30) were recruited from subjects who participated
in routine physical examinations at the same hospital. In
addition, a total of 112 patients with different etiologies were
enrolled in this study, including patients with hepatitis B
virus infections (HBV, n=60) and primary biliary cirrhosis
(PBC, n=52), from Shuguang Hospital. And the study was
approved by the institutional review boards of corresponding
hospitals and was designed and performed in accordance
with the ethical guidelines of the 1975 Helsinki Declaration.
The requirement for written informed consent was waived
due to the retrospective nature of the study.

Chemicals and reagents

Senecionine with purity of over 98% was purchased from
Chengdu Biopurify Phytochemicals, Ltd. (Sichuan, China)
and dissolved in acidified 0.9% sodium chloride (pH 6.5) to
prepare a solution containing 5 mg of senecionine per mL
for animal experiments. Senecionine was also dissolved in
acidified phosphate buffer to obtain a solution of 500 mM
and diluted with culture medium for cell culture treatment.
Obeticholic acid, the FXR agonist, with purity over 95%
was purchased from AdipoGen Life Sciences (CA, USA)
and suspended in 0.5% sodium carboxymethyl cellulose to
prepare a mixture containing 2 mg of obeticholic acid per
mL for animal experiments.

Authentic reference standards for bile acids were obtained
from Sigma (NY, USA), including cholic acid (CA), tau-
rine-conjugated CA (TCA), glycine-conjugated CA (GCA),

Fig. 1 Flow diagram of the
study. Potential endogenous
biomarkers for diagnosis of PA-
HSOS were identified by using
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chenodeoxycholic acid (CDCA), taurine-conjugated CDCA
(TCDCA), glycine-conjugated CDCA (GCDCA), ursodeox-
ycholic acid (UDCA), taurine-conjugated UDCA (TUDCA),
glycine-conjugated UDCA (GUDCA), hyodeoxycholic acid
(HDCA), taurine-conjugated HDCA (THDCA), glycine-
conjugated HDCA (GHDCA),deoxycholic acid (DCA),
taurine-conjugated DCA (TDCA), glycine-conjugated DCA
(GDCA),lithocholic acid (LCA), taurine-conjugated LCA
(TLCA), glycine-conjugated LCA (GLCA), and D,-CA
(used as the internal standard in LC-MS analysis). FXR
antibody (No. Ab85606) was purchased from Abcam (MA,
USA).

Animal experiments

C57BL/6 J mice were obtained from Laboratory Animal Ser-
vices Centre, the Shanghai University of Traditional Chinese
Medicine. FXR whole body knock-out (Fxr~'") mice (Ding
et al. 2021) and the sibling littermates were obtained from
the City of Hope National Medical Center. All mice were
maintained on the standard laboratory by a 12 h light—dark
cycle at 22 °C-25 °C and 55% + 5% humidity-controlled
environment with food and water ad libitum prior to the
experiment. All animals were received humane care in com-
pliance with regulations of experimental animal administra-
tion issued by the State Committee of Science and Technol-
ogy of the People's Republic of China and the related ethics
regulations of SHUTCM. All experiments were approved by
the animal research committee of SHUTCM (Registration
No. PZSHUTCM220808017). Prior to treatment, the mice
were randomly divided into different groups, fasted over-
night but with free access to water, and finally anesthetized
with sodium pentobarbital for the collection of bio-samples.

An experimental HSOS model was established by expos-
ing mice to senecionine at 50 mg/kg body weight (p.o.)
according to our previous reports (Wang et al. 2022a, b;
Yang et al. 2017). A cohort of male C57BL/6 J mice
(8-week-old) were randomly divided into 4 groups with 13
mice each and then exposed to a single dose of 0.9% sodium
chloride or senecionine (50 mg/kg body weight, p.o.) for 6,
12, 24, and 48 h. Ten mice from each group were anesthe-
tized with sodium pentobarbital for the collection of blood
samples, bile samples, liver tissues and ileum samples.
Serum alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) activities, and total bilirubin (Tbil) and
total bile acid (TBA) levels were determined with a Hitachi
Automatic Analyzer 7080 (Hitachi High-Tech Science Sys-
tems Corp, Ibaraki, Japan). An aliquot of the liver tissues
was applied for haematoxylin and eosin (HE) staining. The
remaining three mice in each group were separately immobi-
lized with glutaraldehyde through perfusion to prepare liver
samples for scanning electron microscope (SEM) to identify
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the ultrastructure of sinusoidal endothelium according our
previous reports (Wang et al. 2022a, b).

To test the contribution of FXR in senecionine-induced
toxicity, ten male Fxr~'~ mice (8-week-old) and the age- and
sex-matched sibling littermates were randomly divided into
two groups with five mice each and then exposed to a sin-
gle dose of 0.9% sodium chloride or senecionine (50 mg/kg
body weight, p.o.) for 24 h, respectively.

Obeticholic acid, the FXR agonist, was used to explore
the potential therapy for PA-HSOS. HSOS mice (male
C57BL/6 J mice, 8-week-old) induced by senecionine expo-
sure (50 mg/kg body weight, p.o.) were either post-treated
with obeticholic acid (20 mg/kg body weight, p.o.) at 6 and
30 h after senecionine exposure or pre-treated with obet-
icholic acid (20 mg/kg body weight, p.o.) for 3 days on a
daily basis.

Primary hepatocytes culture and treatments

Murine hepatocytes were primary cultured according to the
methods described previously (Yang et al. 2017). Cells were
seeded into six well plates at the density of 2x 10”5 in a
1 mL volume and then incubated with solvent control or
serial concentrations of senecionine (2-20 uM) for 6 h for
the collection of cell lysis.

Non-targeted metabolomics study

Sera samples from HD and PA-HSOS (cohort 1) was applied
for a non-targeted metabolomics study by using previously
reported UPLC-QTOF-MS approaches with minor modi-
fication (Beger et al. 2019; Zhang et al. 2018). Briefly, an
aliquot of 100 pL of serum was precipitated by adding 400
pL of acetonitrile and methanol mixture (400 pL, v/v, 3:1)
before being vortex for 10 s. Precipitated protein was then
removed by centrifugation at 15,000 g for 10 min at 4 °C.
And 400 pL of the supernatant was transferred to a tube
and dried under a gentle stream of nitrogen at room tem-
perature. Finally, the supernatant was reconstituted with 80
pL of water/acetonitrile (4:1) solution (containing 5 pg/mL
L-2-chlorophenylaliaine as the internal standard) for UPLC-
QTOF-MS analysis. Besides, a control sample was made by
mixing an aliquot of 5 pL of all serum samples and prepared
by the method described above.

Chromatographic separation was performed on Waters
ACQUITY UPLC BEH C18 column (2.1 x 100 mm,
1.7 pm) using Waters ACQUITY UPLC-QTOF-MS
(Waters Corp., MA, USA). The column temperature was
maintained at 45 °C. The gradient mobile phase condi-
tion was composed of phase A (5 mM ammonium acetate
modified by the addition of 0.1% formic acid in waters)
and phase B (acetonitrile), and the gradient elution was
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as follows: 0—-3 min, 10-40% B; 3—4 min, 40-60% B;
4-8.5 min, 60-65% B; 8.5-10 min, 65-95% B; 10—12 min,
95% B; 12—14 min, 95-10% B. The flow rate was 0.4 mL/
min and the injection volume was 2 pL. In addition, each
sample was randomly analyzed thrice for technological
repeat. The control sample was analyzed between every 20
samples to ensure the performance of the analysis.

The mass spectrometry and accurate mass acquisition
was operated in both positive and negative modes with a
waters QTOF Premier operating at electrospray ionization
(ESI). The optimal capillary voltage was set at 3000 V, and
cone voltage at 4 V. The source temperature was main-
tained at 120 °C, and the desolvation temperature (nitro-
gen) at 450 °C. The desolvation gas (nitrogen) flow rate
was set at 800 L/h, and cone gas flow rate at 50 L/h, col-
lision energy was set at 10 V to 30 V. Scan range was set
from m/z 50-1000. During the MS analyses, all the data
were collected using the lock spray to ensure accuracy and
reproducibility. A lock-mass of leucine enkephalin (m/z
554.2615 in ESI- mode and m/z 556.2771 in ESI+ mode)
was used for calculating the accurate molecular weight of
biomarker candidates. The data were collected in centroid
mode and the lock spray set at 10 s and averaged over 10
scans for correction.

Targeted quantification of bile acids

A total of 18 individual bile acids were quantified by using
a previously described UPLC-MS method (Xiong et al.
2019; Yang et al. 2008) with standard curves prepared
from authentic reference compounds.

Fluorescence immunostaining

Immunostaining of FXR was conducted on the liver tis-
sues of humans, including patients with PA-induced HSOS
(n=3) and patients without histologic liver injury (normal
controls, NC) (n=3), which was acquired from diagnos-
tic biopsy and surgical specimens and studied retrospec-
tively. Human tissue materials were obtained from Nanjing
Drum Tower Hospital, the Affiliated Hospital of Nanjing
University School of Medicine (Jiangsu Province, China)
in 2019. Signed informed consent was obtained from all
participants prior to enrollment. This study was approved
by the Ethics Committee of Nanjing Drum Tower Hospital
and was designed and performed in accordance with the
ethical guidelines of the 1975 Helsinki Declaration. All
patients were diagnosed with PA-HSOS via consuming
G. japonica in accordance with the previously described
criteria (Zhuge et al. 2019).

qPCR

The total RNA of mouse primary hepatocytes or dissected
liver and ileum tissues from mice was extracted using TRI-
zol Reagent (Invitrogen, TX, USA) in accordance with the
manufacturer’s protocol. cDNA was generated from 1 pg of
the total RNA with a PrimeScript® RT reagent kit incorpo-
rated with gDNA Eraser (Perfect Real Time) (Takara, Shiga,
Japan). gPCR was performed using SYBR Premix Ex Taq
(Takara, Shiga, Japan). Each sample was run in triplicate.
The relative expression of each target gene was quantified
using the 2722 method and normalized to that of Gapdh
using densitometry (Relative RNA expression = target
gene/Gapdh). The primer sequences used for gPCR were
listed in Table S2.

Molecular docking

A structure-based virtual screening was performed to test the
effect of senecionine on FXR. The protein structure of FXR
was downloaded from the protein data bank (PDB code:
4QEG6). Molecular dynamics simulations were also per-
formed to test the stability of the senecionine-FXR complex.

Luciferase assay

HEK?293T cells were transfected with PRE (FXR down-
stream gene promoter region), expressed FXR and RXRa
plasmids for 6 h using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) (Yang et al., 2016). Then, the medium was
replenished with fresh medium containing senecionine
(5—100 uM) and/or CDCA (100 uM; a known FXR agonist)
for 24 h. After treatment, cells were collected to measure
firefly and renilla luciferase activity using the Dual-lucif-
erase Reporter system (Promega, Madison, WI). Renilla
luciferase activity was standardized to the Firefly luciferase
activities.

Data analysis

The raw mass spectrometric data of UPLC-Q-Tof were ana-
lyzed using the MarkerLynx application manager for Mass-
Lynx 4.1 software (Waters Corp., MA, USA). The param-
eters were as follows: retention time range: 0—12 min; width
of average peak at 5% height and peak-to-peak baseline noise
were automatically calculated; no smoothing; marker inten-
sity threshold: 2000 counts; mass window for marker collec-
tion: 0.02 Da; retention time window for marker collection:
0.1 min; noise elimination level: 6; isotopic peaks are removed
for analysis. After data processing, a list of intensities of the
peaks detected is generated using Rt (retention time) and m/z
data pairs (Rt_m/z) as identifiers for each peak. The corre-
sponding ion intensities of each peak was normalized by the
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internal standard (L-2-chlorophenylaliaine), and the intensities
in the three replicates of a same sample were averaged. Any
peak with missing value (ion intensity =0) in more than 20%
samples or with variations over 30% in control sample was
removed. The resulting matrix of each peak and correspond-
ing ion intensity for each sample were further analyzed using
SIMCAP software (Umetrics, Sweden).

The orthogonal projection to latent structure-discriminant
analysis (OPLS-DA) was conducted to optimize model for
screening the variables responsible for the discrimination of
PA-HSOS patients from HD. The default seven-round cross-
validation was used to guard against overfitting; 1/7th of the
samples were excluded from the model in each round. And
the R2Y (cum) and the Q2(cum) were calculated to estimate
the goodness of fit of the model and the ability of predic-
tion, respectively. Variable importance in the project (VIP)
value and the OPLS-DA S-plot were used to identify the
variables responsible for the differences between patients
with PA-HSOS and HD, and markers were chosen based
on their contribution to the variation and correlation with
the data set.

Potential markers responsible for HSOS were identified
by comparing their exact molecular masses, retention time,
and MS/MS fragments data with the standard references
available and those of data from literatures and online data-
bases including Human Metabolome Database (http://www.
hmdb.ca/), METLIN (http://metlin.scripps.edu/index.php),
Lipid maps (http://www.lipidmaps.org/), KEGG (http://
www.genome.jp/kegg/). And the pathway analysis of sig-
natures revealed by metabolomics study was performed by
the online MetaboAnalyst (https://www.metaboanalyst.ca/).

Indeterminate results of human samples were considered
false-negative and incorporated into the final analysis. Miss-
ing values for clinical physical examinations (such as ALT,
AST, etc.) were handled by the worst-case imputation. All
quantitative data are presented as the mean + the standard
error of mean (mean + SEM). Data were analyzed by the
Student’s 7-test or one-way ANOVA analysis with LSD post
hoc test using GraphPad Prism (Version 8; GraphPad, La
Jolla, CA, USA). The bioinformatic analysis was conducted
using R software (version 3.5.1; MathSoft, Seattle, WA).
The difference in diagnostic performance was assessed using
receiver operating characteristic (ROC) curves. And Spear-
man correlation analysis was performed. For all analysis,
p <0.05 was considered significant.

Results
Clinical characteristics of patients with PA-HSOS

Consumption of herbs/plants containing PAs, such as G.
Jjaponica, is a well-known factor for PA-HSOS in China (Zhu
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et al. 2021; Zhuge et al. 2019). In the present study, physical
examinations and a definite history of intake of PA contain-
ing herbs/plants or the detection of blood pyrrole-protein
adducts (PPAs) (metabolites of PAs) based on UPLC-MS/
MS analysis led to the diagnosis of 60 cases of PA-HSOS.
Taking one 62-year-old male patient as an example: he took
a decoction made from ~ 10 g of fresh-sliced G. japonica
root on a daily basis for 1 month, and started to complain of
abdominal distension for 16 days prior to being admitted to
the Drum Tower Hospital (Jiangsu, China). In this case, the
G. japonica herb was grown by the patient’s family, and we
were able to collect a sample and analyze it for PA contents.
Approximately 3.89 mg of PAs per gram herb were detected
in the herb sample, including 1.52 mg/g of senecionine and
its N-oxide, 1.32 mg/mg of seneciphylline and its N-oxide,
and 1.05 mg/g of seneciphyllinine and its N-oxide. The con-
centration of PPAs was 93.84 nmol/L in the serum of this
patient. The severity of the disease was classified as very
severe (score 4) according to the EBMT criteria for sever-
ity grading of HSCT-HSOS in adults promulgated by the
European Society for Blood and Marrow Transplantation
(Mohty et al. 2016). He was poorly responsive to supportive
therapies such as anticoagulant treatment. And he improved
after receiving trans-jugular intrahepatic portosystemic
stent-shunt (TTPS) therapy.

The clinicopathological characteristics of the patients
with PA-HSOS are summarized in Table 1. The average
duration of the disease before patients were entered into the
study was ~44 days (ranging from 5 to 135 days). Note that
67% of patients were classified as mild (score 1); 17% were
classified as moderate (score 2); 3% were classified as severe
(score 3); and 13% were classified as very severe (score 4).
Given the present lack of known effective treatments for
PA-HSOS in the clinic, patients commonly receive support-
ive therapies such as anticoagulant treatment (Zhuge et al.
2018 and 2019). However, those with more severe HSOS
are unlikely to respond to anticoagulant treatment. There are
reports of severe HSOS patients surviving after receiving
TIPS therapy (Zhuge et al. 2019). In the present study, 40%
of the patients were responsive to supportive therapies; 37%
were poorly responsive to supportive therapies but improved
after receiving TIPS therapy; 12% died; and the rate of fol-
low-up loss was 12%.

PA-HSOS is associated with increased primary
bile acids biosynthesis and elevated serum
concentrations of cholic acid species

Firstly, a non-targeted metabolomics study was performed to
identify potential biomarkers related to PA-HSOS (Fig. S1).
OPLS-DA of the metabolomics data (analyzed using both
positive and negative ion modes) revealed clear separation
between the identified features present in the sera of HD
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Table 1 Clinicopathological characteristics of patients with PA-HSOS

Characteristics

Cohort 1 (n=30)
Mean

Incidence of abnor-

Cohort 2 (n=30)
Mean

Incidence of

Age (y), mean (range)
Male, n (%)

Disease cause in days, mean (range)

ALT (U/L), mean (range)
AST (U/L), mean (range)
ALP (U/L), mean (range)
GT (U/L), mean (range)

Tbil (mmol/L), mean (range)
Dbil (mmol/L), mean (range)
ALB (g/L), mean (range)

PT (s), mean (range)

DD (mg/mL), mean (range)
WBC (10°/L), mean (range)
PL (10°/L), mean (range)
PPAs (nmol/L), mean (range)
Severity grading, n (%)

62 (41,76)

20 (67%)

54 (11-90)

85.3 (17.1-317.2)
110.6 (22.4-321.1)
138.6 (53.2-380.1)
137.3 (27-564)
54.4 (8.7-360.9)
39.7 (4.7-313.2)
32.6 (29.1-37.6)
15.1 (11.9-25.8)
2.3 (0.27-9.43)

5.7 (3.07-11.1)
122.5 (53-279)
23.4 (0-80.16)

Mild (score 1) 19 (31.7)
Moderate (score 2) 8 (13.3)
Severe (score 3) 1(1.7)
Very severe (score 4) 2(3.3)
Survival outcome

Responsive to supportive therapies 10 (16.7)
Not responsive to supportive therapies 12 (20.0)
but improved after receiving TIPS

Death 2(3.3)
Follow-up loss 5(8.3)

mal (%) abnormal (%)

64.5 (46,80)

20 (67%)

47 (10-90)
63.0 70.6 (12.4-281) 50.2
81.5 81.1(22.6-381.7) 60.0
23.1 136.8 (75.3-244.4) 24.0
84.6 118.1 (34-336.9) 88.0
85.2 46.9 (16.9-239.3) 84.0
96.2 27.3(6.9-137.5) 96.0
96.2 33.3(27.1-49.4) 92.0
48.0 25.5(10.4-165.2) 56.5
85.7 1.5 (0.2-6.15) 77.3
15.0 6.5 (3.5-11.8) 16.7
52.4 106.4 (6.3-177) 66.7
63.3 33.7 (0-190.4) 88.0

21 (35.0)

2(3.3)

1(L.7)

6 (10.0)

14 (25.0)

10 (16.7)

5(8.3)

1(1.7)

Reference range: ALT, 6-40; AST, 6-40; ALP, 47-185; GT, 11-50; Tbil, 5-17.5; Dbil, 1.7-6.8; ALB, 35-50; PT, 10-15; D-Dimer, 0-0.5;

WBC, 4-10; PL, 100-300; PPAs, 0

4Severity of the disease was classified according to the EBMT criteria for severity grading of HSCT-HSOS in adults. Abbreviation: HSOS,
hepatic sinusoidal obstruction syndrome; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GT,
gamma glutamyl transpeptidase; Tbil, total bilirubin; Dbil, direct bilirubin; ALB, albumin; PT, Prothrombin time; DD, D-dimer; WBC, white

blood cells; PL, platelets; PPAs, pyrrole-protein adducts (PAs metabolite)

and PA-HSOS (cohort 1) (Fig. 2A). With the aid of S-plots
and VIP-plots, 49 differentially expressed endogenous com-
pounds were identified (criteria: fold change > 1.5 and VIP
value > 1.5) (Table S3). These compounds were predomi-
nantly bile acids, phosphatidylcholines (PCs), lysophos-
phatidylcholines (LysoPCs), sphingosine, amino acids,
fatty acids, bilirubin, angiotensin, etc. Among them, bile
acids, PCs, amino acids, bilirubin, and angiotensin were
obviously increased in PA-HSOS patients. On the other
hand, lysoPCs, fatty acids, and sphingosine were signifi-
cantly decreased in PA-HSOS patients. These differentially
expressed endogenous compounds were then used as input
for pathway analysis. And several pathways were found to be
significantly altered in PA-HSOS patients, including primary
bile acids biosynthesis, fatty acid biosynthesis, sphingolipid

metabolism and alpha-linolenic acid metabolism. Most obvi-
ously, the pathway for primary bile acids biosynthesis was
dramatically increased in patients with PA-HSOS (Fig. 2B),
a finding consistent with results from our previous genomics
and metabolomics study in rodents after senecionine expo-
sure (Xiong et al. 2014). We then evaluated the protein level
of FXR (known to inhibit the biosynthesis of primary bile
acids in hepatocytes) in liver tissues from diagnostic biop-
sies and surgical specimens of PA-HSOS patients (n=3)
and NC (n=3) by fluorescence immunostaining. FXR lev-
els were obviously decreased in livers of patients with PA-
HSOS compared to NC (Fig. 2C).

We then quantified the 18 bile acids (including 6 pri-
mary bile acids and 12 secondary bile acids) in sera sam-
ples from HD and PA-HSOS (cohort 1 and 2) and found
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Fig.2 PA-HSOS is associated with increased serum concentrations
of cholic acid species and decreased FXR in liver tissues. OPLS-DA
score plots (A) and Pathway analysis of signatures from the non-tar-

several individual bile acids were dramatically increased in
the patients with PA-HSOS (Fig. 3A). Among them, CA,
TCA and GCA were increased by 14.5 to 96.9-fold (CA:
0.50 nmol/ml serum in HD vs 7.25 nmol/ml serum in Cohort
1 and 7.78 nmol/ml serum in Cohort 2; TCA: 0.15 nmol/
ml serum in HD vs 14.54 nmol/ml serum in Cohort 1 and
5.13 nmol/ml serum in Cohort 2; GCA: 0.79 nmol/ml serum
in HD vs 36.89 in Cohort 1 and 21.74 nmol/ml serum in
Cohort 2), respectively. We then compared different bile
acid species as concatenated into various groups (includ-
ing for example unconjugated and conjugated bile acids)
and noted especially dramatic elevation of CA species (fold
change =40.6, p <0.001) (Fig. 3B and Fig. 3C); the term
cholic acid species (CA species) here refers to CA, TCA,
and GCA. Moderately elevated serum Tbil is common for
most patients with PA-HSOS (Zhang et al. 2021) and a sig-
nificant difference in serum Tbil between those PA-HSOS
patients who survived and those who died during a follow-
up period of 3 years was reported (34.3 versus 44.0 umol/L,
p <0.05) (Shang et al. 2021). Spearman correlation analysis
showed that total and individual CA species were positively
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geted metabolomics dataset (B). C Typical florescence immunostain-
ing image of FXR in liver tissues from patients of PA-HSOS (n=3)
and NC (n=3)

correlated with Tbil levels in patients with PA-HSOS
(Fig. S2A and S2B). ROC analyses suggested that CA spe-
cies have potential diagnosis capacity for PA-HSOS (AUC
0.968 [95% CI 0.908-0.994], sensitivity 83.87%, specific-
ity 96.55%) with a cut-off value of 1.5 pmol/L (Fig. 2D
and Table S4). Interestingly, the level of CA species was
significantly increased in the PA-HSOS patients who were
not responsive to supportive therapies as compared to those
who were responsive to supportive therapies (81.5 versus
21.9 pmol/L, p <0.01; AUC 0.745 [95% CI 0.597-0.861],
sensitivity 68.18%, specificity 76.00%, p <0.001) with a
cutoff value of 26.2 umol/L (Fig. S3), implying a good abil-
ity in differentiating those PA-HSOS patients likely to be
responsive to therapy.

PPAs (the currently recommended xenobiotic markers
for PA-HSOS, whose exact structures are largely unknown)
were detected in 72% of patients with PA-HSOS (Table 1)
and poorly correlated with Tbil (r=-0.11, p=0.49). PPAs
are with highly specificity for diagnosing PA-HSOS from
HD (specificity 100.00%) yet with low sensitivity (70.97%)
(Fig. S4A and B); PPAs levels are poorly correlated with
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HSOS patients. B Fold change of 6 bile acid species in PA-HSOS
patients relative to the mean values of healthy controls. Concentra-
tion C and diagnostic performance of CA species in differentiating
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mean+SEM. *¥*p<0.01, ***p<0.001 vs. HD. CA, cholic acid;
GCA, glycocholic acid; TCA, taurocholic acid; CDCA, chenodeoxy-

the severity of the disease (AUC 0.587, sensitivity 54.55%,
specificity 72.00%, p =0.305) (Fig. S4C and D). PPAs are a
specific but not a sensitive indicator for PA-HSOS diagnosis.
Taken together, CA species apparently outperform PPAs for
diagnosing PA-HSOS.

Elevation of serum bile acids in different etiologies of
chronic liver diseases (HBV, PBC, etc.) have also been
reported (Wei et al. 2023; Sang et al. 2021; Chen et al.
2020a, b). Thus, the specificity of CA species for PA-HSOS
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cholic acid; GCDCA, glycochenodeoxycholic acid; TCDCA, tauro-
chenodeoxycholic acid; UDCA, ursodeoxycholic acid; GUDCA, gly-
coursodeoxycholic acid; TUDCA, tauroursodeoxycholic acid; HDCA,
hyodeoxycholic acid; GHDCA, glycohyodeoxycholic acid; THDCA,
taurohyodeoxycholic acid; DCA, deoxycholic acid; GDCA, glycode-
oxycholic acid; TDCA, taurodeoxycholic acid; LCA, lithocholic acid;
GLCA, glycolithocholic acid; TLCA, taurolithocholic acid

was also determined in present study. Compared with
patients with other etiologies in liver injury, PA-HSOS
patients had obviously higher concentration of total CA
species, GCA, TCA, and CA (Fig. S5A) and the three eti-
ologies showed different patterns in CA species (Fig. S5B).
ROC analyses showed that AUCs for total CA species were
0.759 (95% CI 0.673-0.845; sensitivity 81.36%, specific-
ity 63.33%) in PA-HSOS patients and HBV patients (Fig.
S5C), and 0.757 (95% CI 0.669-0.846; sensitivity 81.36%,
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«Fig.4 Senecionine induces severe liver injury in mice. Mice were
orally treated with blank solvent (VEH) or senecionine (SEN, 50 mg/
kg) for 6, 12, 24 and 48 h. A Typical images of HE staining of liver
tissues (n=3). Scale bar: 200 pm. B Typical scanning electron
microscopy images of liver tissues (n=3). Scale bar: 5 pm. The yel-
low asterisk indicates the loss of fenestrae organized as sieve plates
in sinusoidal. The yellow arrow indicates the formation of large gaps
in the sinusoidal endothelium and exposure of the Disse space. M
indicates the visible hepatocyte microvilli through the gap in HSECs.
C Serum ALT and AST activities, and TBA levels (n=10). D The
hepatic mRNA expression of Fxr, Shp, and Cyp7al (n=5). Values
are expressed as the mean + SEM. *p <0.05, **p <0.01, ***p <0.001
vs. VEH group

specificity 59.61%) in PA-HSOS patients and PBC patients,
respectively (Fig. S5D), suggesting that CA species levels
have potential capacity for distinguishing PA-HSOS from
HBYV and PBC.

Senecionine induces severe HSOS in murine
and inhibits hepatic FXR

Experimental HSOS models have been well established
by oral exposure to monocrotaline (Huang et al. 2019;
DeLeve et al. 1999), senecionine (Hessel-Pras et al. 2020;
Yang et al. 2017; Lin et al. 2011), or retronecine (Wang
et al. 2022a, b; He et al. 2021). In the last decades, PA-
HSOS cases are often associated with the oral intake of
G. japonica (Zhu et al. 2021; Zhuge et al. 2019), in which
senecionine is identified as one of the major PAs (Wang
et al. 2022a, b; Xiong et al. 2019; Lin et al. 2011). There-
fore, we here induced a previously reported murine HSOS
model by a single oral exposure of senecionine.
Senecionine exposure (50 mg/kg) caused the loss of
fenestrae in the hepatic sinusoidal endothelium of mice and
large gaps in the sinusoidal endothelium at 6 h after sene-
cionine treatment and more severe injury occurs at 12-48 h
after senecionine treatment (Fig. 4). Notably, senecionine
exposure for 24 h showed the most severe hepatic parenchy-
mal cell injury and sinusoidal endothelium damage (Fig. 4B
and C), which was typical for PA-HSOS. Serum ALT and
AST activities were peaked at 24 h after senecionine expo-
sure and decreased greatly at 48 h after senecionine expo-
sure while TBA levels were kept at high level at 24-48 h
after senecionine exposure (Fig. 4D). In addition, hepatic
mRNA expression of Fxr was decreased after senecionine
exposure (Fig. 4E), which was consist with the decreased
hepatic expression of FXR in PA-HSOS patients. A nuclear
receptor cascade involving FXR and SHP is reported to sup-
press the activity of CYP7A1 and CYP8BI1 thus suppressing
bile acid biosynthesis in liver and contributing to bile acid
homeostasis (Russell 2003; Chiang 2003; Myant and Mitro-
poulos 1977). qPCR analysis of the disserted liver tissue
from HSOS model mice showed significant decrease in the
mRNA levels of Fxr (Fig. 4E). Further, senecione exposure

also resulted in decreased hepatic mRINA levels of Shp yet
increased Cyp7al level, supporting that senecionine expo-
sure affects FXR’s down-stream genes in mice.

Elevated serum concentrations of cholic acid species
are detected in a murine HSOS model induced
by senecionine

Individual bile acids were then quantified in samples from
mice with senecionine exposure for 24 h. As noted, several
individual bile acids were elevated in mice exposed to sene-
cionine for 24 h (Fig. 5A). Among them, CA was increased
by 5.9-fold (0.16 nmol/ml serum in VEH vs 0.95 nmol/ml
serum in SEN), TCA increased by 31.4-fold (0.27 nmol/ml
serum in VEH vs 8.48 nmol/ml serum in SEN), and GCA
increased by 20.0-fold (0.01 nmol/ml serum in VEH vs
0.02 nmol/ml serum in SEN), respectively. And all bile acid
species were obviously increased, among which CA spe-
cies showed especially dramatic elevation (about 21.7-fold,
0.44 nmol/ml serum in VEH vs 9.45 nmol/ml serum in SEN)
(Fig. 5B). This phenomenon was consistent with our find-
ings for the PA-HSOS patients in present study. We collected
bile flow and dissected liver and ileum samples from naive
control and senecionine-induced HSOS model mice (sene-
cionine exposure for 24 h) to assess potential impairment of
CA species (Fig. S6). Compared to controls, the level of CA
species was increased by 82% in the liver yet was decreased
by 34% in bile flow from the HSOS model animals; this level
did not change in the ileum (Fig. 5C); individually, the TCA
level increased by 54% in the liver yet was decreased by 33%
in bile flow, and the CA level was increased by 308% in the
liver yet was decreased by 66% in bile flow and by 72% in
the ileum samples (Fig. S6). These data suggest an increased
accumulation of CA species in liver and decreased secre-
tion of CA species in bile flow and ileum. qPCR analysis of
the disserted liver tissue from HSOS model mice showed
significant decrease in the mRNA levels of Fxr (Fig. 5D).
Further, senecione exposure also altered the hepatic mRNA
levels of Fxr downstream genes responsible for bile acids
biosynthesis (i.e., Shp, Cyp7al and Cyp7al) and secretion
including multidrug resistance-associate protein 2 (Mrp2)
and the bile salt export pump (Bsep).

The inhibition effect of senecionine on FXR were also
evaluated by in silico and in vitro studies. First of all,
molecular docking was performed (Fig. SE). The docking
score showed that the binding force of senecionine with
FXR was —10.279 kcal/mol (while the positive drug obet-
icholic acid was -14.916 kcal/mol). The senecionine-FXR
complex was further analyzed by molecular dynamics simu-
lation at 100 ns (Fig. S7). The RMSD of the complex is
between 0.15 and 0.25 and the RMSD fluctuation is rather
small, indicating that the senecionine-FXR complex is sta-
ble. According to the analysis of centroid evolution (Fig.
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«Fig.5 Increased serum concentrations of cholic acid species are
detected in a murine HSOS model induced by senecionine. A murine
HSOS model was established based on a single exposure to senecio-
nine (50 mg/kg) orally for 24 h. A Concentration of individual bile
acid in serum. B Changes of 6 bile acid species in HSOS mice. C
Concentration of CA species in serum, liver, bile and ileum samples.
D The mRNA expression of Fxr and downstream genes in disserted
liver tissues. E The binding mode of senecionine to FXR receptor. F
Effect of senecionine on FXR luciferase activity in primary cultured
murine hepatocytes. G The mRNA expression of Fxr and down-
stream genes in primary cultured murine hepatocytes after senecio-
nine exposure. Values are expressed as the mean+SEM. *p<0.05,
*¥p <0.01, **¥*p<0.001 vs. VEH group. ## p<0.01, ### p<0.001
vs. CDCA treatment

S7B), senecionine in the complex is always located at the
initial binding site of the protein and the distance between
senecionine and FXR protein and the initial binding site
in senecionine-FXR complex is very stable. The binding
energy decomposition analysis showed (Table. S5) that van
der Waals force played a major role in senecionine-FXR
complex, and electrostatic interaction and hydrophobic inter-
action played a complementary role. The binding energy
of senecionine-FXR complex was -127.031 kJ/mol. These
data proved that senecionine shows high potency of bind-
ing with FXR. Then Luciferase analysis was performed to
test whether senecionine impaired bile acids homeostasis
through modulating FXR activity. As results, senecionine
significantly inhibited FXR in a dose-dependent manner
with or without FXR activation by CDCA, a known FXR
agonist (Fig. 5F). Additionally, effects of senecionine on
the mRNA expression of FXR down-stream genes were also
investigated in mice primary cultured hepatocytes. Senecio-
nine exposure significantly decreased the mRNA expression
levels of Fxr, Shp, and Mrp2 while increased the mRNA
expression level of Cyp7al (Fig. 5G), suggesting an increase
in bile acid biosynthesis in hepatocytes.

On the other hand, no obvious changes between naive
controls and HSOS model mice were found in the ileum
for the mRNA expression of Fxr or its known downstream
genes such as fibroblast growth factor 15 (Fgf15), ileum
bile acid-binding protein (Ibabp), etc. (Fig. S8). The data
indicated that senecionine exposure inhibited hepatic FXR-
SHP signaling, which then increased bile acid biosynthesis
in liver. Therefore, activating FXR might be a new therapy
for PA- HSOS in clinics.

The FXR agonist obeticholic acid protects mice
from senecionine-induced HSOS

Considering the importance of FXR in senecionine-induced
toxicity, Fxr~'~ mice were exposed to senecionine. We noted
that the extent of senecionine-induced liver injury is exac-
erbated in Fxr'~ HSOS model mice, as assessed based
on histological changes and serum indexes (Fig. 6). FXR

deficiency can lead to cholestasis (Wang et al. 2008), and
Fxr~'~ mice are highly sensitive to liver injuries induced
by hepatotoxins such as APAP (Yan et al. 2021; Lee et al.
2010). Fxr~'~ mice develop spontaneous liver tumors with
aging (Yang et al. 2007). Recently, FXR deficiency is found
to potentiate iron hepatotoxicity, accompanied with hepatic
steatosis as well as dysregulated iron and bile acid homeo-
stasis (Xiong et al. 2022). These lines of evidence imply that
FXR may protect mice against senecionine-induced HSOS.

OCA is a known FXR agonist (Pellicciari et al. 2002) and
is FDA-approved for treatment of primary biliary cholangitis
patients not responding or intolerant to UDCA (Nevens et al.
2016). We used OCA to test whether pharmacological acti-
vation of FXR can protect mice from senecionine-induced
HSOS. Histologically, OCA treatment at 6 and 30 h after
senecionine exposure attenuated senecionine-induced HSOS
(Fig. 7). The magnitude of increase in serum ALT and AST
activities and Tbil and TBA levels was also decreased in
mice that were treated with OCA after senecionine expo-
sure (Fig. 7C). In addition, the magnitude of the increase in
CA species in dissected liver tissues was reduced by OCA
treatment (Fig. 7D) and the magnitude of the changes in
the mRNA expression of Fxr, Shp and Cyp7al in disserted
liver tissues was recovered by OCA treatment (Fig. 7E). We
also pretreated mice with OCA for 3 days before senecio-
nine exposure to test if there is any prophylactic effect from
this FXR agonist. The extent of senecionine-induced hepatic
parenchymal cell injury and the damage in the sinusoidal
endothelium (evident by loss of fenestration on the sieve
plate) was reduced in mice that were pretreated with OCA
prior to model induction (Fig. 8). The serum levels of CA
species as well as altered mRNA expression of Fxr and int
downstream genes were also recovered to normal in HSOS
model mice pretreated with OCA. These results demonstrate
that activation of FXR with the agonist OCA can confer
therapeutic effects against senecionine-induced HSOS in
mice.

Discussion

Diagnosing PA-HSOS is difficult because the manifesta-
tions in PA-HSOS overlap with other liver diseases (Zhang
et al. 2021; Zhuge et al. 2019). This will result in a lack of
effective prevention, diagnosis and treatments against this
disease. The pathological confirmation by liver biopsy is
regarded as the gold standard for diagnosing HSOS. How-
ever, it is difficult to perform a liver biopsy in patients with
PA-HSOS because percutaneous liver biopsy in case of
ascites can cause of severe complications (e.g., intraperi-
toneal bleeding and liver rupture). As a continuation of
our investigation into the toxicity and safety assessment of
PA-containing herbs, our present study examined candidate
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Fig.6 Fxr-/- aggregates senecionine-induced HSOS in mice. A Fxr-
/- mice and WT mice were orally treated with senecionine (50 mg/
kg) for 24 h. B HE staining of liver sections. C Serum levels of ALT,

endogenous biomarkers for the diagnosis of PA-HSOS by
using UPLC-MS based metabolomic approaches with clini-
cal samples from patients with PA-HSOS, and efforts had
been made to translate metabolomics-derived biomarkers
to the mechanism. Our major findings were as follows: (1)
primary bile acid biosynthesis was dramatically increased
in patients with PA-HSOS; (2) increased CA species (CA,
TCA, and GCA) are potential diagnostic markers for PA-
HSOS; (3) FXR agonist obeticholic acid reduced CA spe-
cies to normal levels in senecionine-induced HSOS model
mice and protected mice from senecionine-induced HSOS
(Fig. 9).

PPAs have been identified as metabolite biomarkers for
PA-HSOS (Zhuge et al. 2019; Gao et al. 2015); however,
analysis of the 60 PA-HSOS patients in the present study
shows that PPAs content varied from undetected to hundreds
of nmol/L in serum. Gao et al. (2015) also established that
variance PPAs content is linked to both the amount and the
duration of PA intake, as well as on sampling time. Our

@ Springer

AST, and TBA. Values are expressed as the mean +SEM. **p <0.01,
*##%p <(0.001 vs. VEH between mice in same genotypes. #p <0.05,
##p <0.01 vs. mice received same treatment

previous kinetic study of PPAs in an experimental HSOS
model caused by multiple exposure of mice to G. japonica
extracts study proved that PPAs cleared faster in serum
(T ke ~4.0 days) and more than 90% PPAs were removed
2 weeks after the last dosing (Chen et al. 2020a, b). How-
ever, lots of patients have no awareness of PA exposure and
it usually takes weeks to months for the onset of PA-HSOS
(Zhuge et al. 2019). Thus, and as noted previously, PPAs
are suitable for traceability diagnosis with PA-HSOS in the
newly promulgated Nanjing criteria for PA-HSOS (Zhuge
et al. 2019). Furthermore, the simplified Nanjing criteria, in
which the detection of blood PPAs and the history of ingest-
ing PA-containing herbal medicine/plants were not included,
also exhibit excellent performance in diagnosing PA-HSOS
(Zhang et al. 2021).

Previous studies have revealed increased serum level of
total bile acids in animals exposed to PAs (Sutherland et al.
1992; Mendel et al. 1988). These results suggested that total
bile acids in serum could be a sensitive index of hepatic
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«Fig.8 OCA confers a prophylactic effect against senecionine-
induced HSOS in mice. A Mice were pretreated with OCA (20 mg/
kg) for 3 successive days, followed by a single exposure of senecio-
nine (50 mg/kg) and sacrificed at 24 h after senecionine exposure. B
Typical images of HE staining and SEM of dissected liver tissues. C
Serum ALT, AST, and TBA level. D Total and individual CA spe-
cies in serum. E Hepatic mRNA expression of Fxr, Shp, and Cyp7al.
Values are expressed as the mean+SEM. *p<0.05, **p<0.01,
*#%p <0.001

function as altered by PA exposure. Genomics studies by
our group (Xiong et al. 2014) and others (Waizenegger et al.
2021; Hessel-Pras et al. 2020) further suggested impaired
expression of several genes involved in bile acid biosynthe-
sis in rodents and human HepaRG cells. Bile acid synthe-
sis begins with the formation of 7a-hydroxycholesterol by
CYP7AL1, leading to the formation of the two primary bile
acids CA and chenodeoxycholic acid (Russell 2003). CA
biosynthesis involves an additional hydroxyl group at steroid
ring position 12, catalyzed by CYP8B1 (Li-Hawkins et al.
2002). Bile acids such as chenodeoxycholic acid, deoxy-
cholic acid, and lithocholic acid can promote the interaction
between FXR ligand-binding domain and steroid receptor
coactivator-1 or LXXLL peptides with other nuclear recep-
tors (such as LXRa and RXRa) (Makishima et al. 1999;
Parks et al. 1999), where L is leucine and X is any amino
acid. When bound to bile acids, FXR suppresses the tran-
scription of the genes encoding CYP7A1 and CYP8B1, and
promotes the transcription of the genes for the hepatic efflux
transporters BSEP, MRP2 (Wang et al. 2008), thus prevent-
ing accumulation of cytotoxic bile acids within hepatocytes
under normal conditions.

Our fluorescence immunostaining experiments in the
present study showed decreased FXR protein levels in liver
tissues from diagnostic biopsies and surgical specimens of
PA-HSOS patients. FXR is highly expressed in the liver
and ileum. Primary bile acid biosynthesis can be regulated
by a hepatic FXR/SHP cascade or an ileum FXR/fibro-
blast growth factor 19/15 (FGF19 in human and FGF15
in murine) cascade (Song et al. 2009; Inagaki et al. 2005;
Goodwin et al. 2000). In murine senecionine-induced
HSOS, the hepatic FXR/SHP cascade was inhibited yet
the ileum FXR/FGF15 cascade was not obviously affected.
The fact that Fxr~'~ mice have aggregated liver injury dur-
ing senecionine-induced HSOS suggest that FXR may pro-
tect against PA-HSOS. Consistent with the idea of a pro-
tective effect of FXR against PA-HSOS, treatment of mice
with the FXR agonist OCA showed a therapeutic effect in
senecionine-induced HSOS; OCA pretreatment also pro-
tected mice against developing HSOS upon senecionine
exposure. And OCA reduced the increased CA species lev-
els in serum to normal levels. Sinusoidal injury happens
at the beginning of HSOS and distinguishes HSOS from
other DILI (DeLeve et al. 1999 and 2003). FXR agonists

can inhibit sinusoidal remodeling and decreased portal
pressure both in non-cirrhotic and cirrhotic hypertension
(Schwabl et al. 2017; Verbeke et al. 2014). In present
study, OCA was found to protect mice from senecionine-
induced sinusoidal injury, specifically reducing damage to
fenestration on the sieve plate. Taken together, the present
study suggests a possible therapeutic intervention of PA-
HSOS based on OCA-mediated activation of FXR.

The study has limitations. First, it is a single-centered
retrospective study. Results from the discovery cohort
were validated using a dependent cohort containing age-
and sex-matched patients with PA-HSOS. However, the
diagnostic performance of CA species in PA-HSOS needs
to be further warranted by large multiple-center prospec-
tive studies. Second, the association of altered CA species
with the severity of PA-HSOS cannot be predicted because
of the unmatched sample size of patients with different
severity grades (i.e., 66.7%, 16.7%, 3.3%, and 13.3% of
PA-HSOS patient were graded as mild, moderate, severe,
and very severe, respectively). Instead, we found CA spe-
cies have good ability in differentiating those PA-HSOS
patients likely to be responsive to therapy. Thirdly, the
disorder of cholic acid species in the pathogenesis of PA-
HSOS has not been elucidated. Elevated levels of individ-
ual CA, TCA, and GCA have been identified other DILI. A
recent study (Ghallab et al. 2022) found increased TCA in
APAP overdose and the interruption of bile acid re-uptake
by pharmacological NTCP blockage and Oatp knockout
strongly reduced APAP-induced hepatotoxicity. In our
present study, we observed that inhibition of bile acid
biosynthesis by pharmacological FXR activation (using
OCA) reduced senecionie-induced hepatotoxicity in mice
while and Fxr knockout strongly aggregates the injury.
Our ongoing project will focus on illustrating the essential
role of CA species in the pathogenesis of PA- HSOS.

In conclusion, PA-HSOS patients display significantly
increased levels of CA species in serum. The results from
our discovery cohort of 30 PA-HSOS patients were validated
using a second cohort containing age- and sex-matched PA-
HSOS patients. Serum levels of CA species were positively
correlated with a conventional clinical indicator for PA-
HSOS (Tbil) and showed excellent diagnosis ability for PA-
HSOS. Levels of CA species also showed good ability in
differentiating likely therapy-responsive PA-HSOS patients.
Studies in a murine HSOS model induced by senecionine
suggested that PAs may increase the biosynthesis of CA
species by promoting CYP7AI and CYP8BI transcription
via inhibition of the hepatic FXR-SHP cascade, and suggest
a possible therapeutic intervention for treating PA-HSOS
based on FXR agonists such as OCA.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00204-024-03762-x.
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Fig. 9 Proposed model for the
contribution of FXR-mediated
bile acid homeostasis in PA-

metabolomics-derived

HSOS. Patients with PA-HSOS s

show increased serum level
of CA species and decreased
hepatic expression of FXR.

In hepatocytes, senecionine '
inhibits Fxr and its downstream
genes to promote bile acids
synthesis and reduce bile acids
secretion. Genetic knockout

of Fxr enhances senecionine-
induced liver damage. Phar-
macological activation of Fxr
rescues mice from senecionine-
induced liver injury and recov-
ers levels of CA species
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