Submitted 28 November 2023
Accepted 21 April 2024
Published 21 May 2024

Corresponding author
Shaoqin Ge, gesq67@163.com

Academic editor
Gwyn Gould

Additional Information and
Declarations can be found on
page 12

DOI 10.7717/peer;j.17380

© Copyright
2024 Song et al.

Distributed under
Creative Commons CC-BY 4.0

OPEN ACCESS

Pseudotargeted lipidomics analysis
of scoparone on glycerophospholipid
metabolism in non-alcoholic
steatohepatitis mice by LC-MRM-MS

Qi Song'?, Ziyi Zhao', Hu Liu', Jinling Zhang', Zhiqiang Wang’,
Yungi Zhang', Guowei Ma' and Shaoqin Ge'*

! College of Traditional Chinese Medicine, Hebei University, Baoding, Hebei, China
*Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing, China

* Hebei Key Laboratory of Public Health Safety, School of Public HealthPublic Health, Hebei University,
Baoding, Hebei, China

* College of Basic Medical Science, Hebei University of Technology, Baoding, Hebei, China

ABSTRACT

As the inflammatory subtype of nonalcoholic fatty liver disease (NAFLD), the
progression of nonalcoholic steatohepatitis (NASH) is associated with disorders of
glycerophospholipid metabolism. Scoparone is the major bioactive component in
Artemisia capillaris which has been widely used to treat NASH in traditional Chinese
medicine. However, the underlying mechanisms of scoparone against NASH are not
yet fully understood, which hinders the development of effective therapeutic agents for
NASH. Given the crucial role of glycerophospholipid metabolism in NASH progression,
this study aimed to characterize the differential expression of glycerophospholipids
that is responsible for scoparone’s pharmacological effects and assess its efficacy against
NASH. Liquid chromatography-multiple reaction monitoring-mass spectrometry (LC-
MRM-MS) was performed to get the concentrations of glycerophospholipids, clarify
mechanisms of disease, and highlight insights into drug discovery. Additionally,
pathologic findings also presented consistent changes in high-fat diet-induced NASH
model, and after scoparone treatment, both the levels of glycerophospholipids and
histopathology were similar to normal levels, indicating a beneficial effect during the
observation time. Altogether, these results refined the insights on the mechanisms of
scoparone against NASH and suggested a route to relieve NASH with glycerophospho-
lipid metabolism. In addition, the current work demonstrated that a pseudotargeted
lipidomic platform provided a novel insight into the potential mechanism of scoparone
action.

Subjects Biochemistry, Molecular Biology, Gastroenterology and Hepatology, Metabolic Sciences
Keywords Scoparone, NASH, Glycerophospholipid metabolism, Pseudotargeted lipidomics

INTRODUCTION

Nonalcoholic steatohepatitis (NASH) is caused by the interaction of several potential
factors, including lipotoxicity, mitochondrial dysfunction, oxidative stress and liver
endoplasmic reticulum (ER) stress, showing the characteristics of fat accumulation, liver
inflammation and hepatocyte ballooning, which can evolve into liver fibrosis, cirrhosis and
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hepatocellular carcinoma (Sheka et al., 2020). With the continuously rising global burden
of obesity, NASH is currently one of the most frequent causes of liver transplantation and
is predicted to become an even larger problem in coming decades (Younossi et al., 2019).
Several therapeutic strategies that target various stages in the development of steatosis
and steatohepatitis have been evaluated, yet only limited therapies are currently available
(Ratziu, Francque & Sanyal, 2022). Due to the growing incidence of NASH, it remains
urgent to develop a suitable pharmacotherapy.

Glycerophospholipids, as the most abundant and ubiquitous phospholipids in
mammalian cellular membranes, are a critical series of compounds of membrane structures
forming cellular organelles and cell—cell barriers and are involved in biological process
regulations, such as inflammatory stress, lipotoxicity, and lipid signaling (Mukhopadhyay
& Trauner, 2023). Dysregulation of glycerophospholipids in liver is suggested as a potential
key link in the mechanism of disease progression toward NASH in humans (Gorden
et al., 2015). Hepatocytes have a high demand for glycerophospholipids, which play
a key role in promoting the assembly and secretion of very-low-density lipoprotein
triglyceride (Fu et al., 2011; Kim et al., 2018; Van der Veen et al., 2017; Walker et al., 2011).
The metabolic disorder of glycerophospholipids is related to the destruction of hepatocyte
membrane functional integrity, resulting in the release of extracellular lipotoxic lipids
(Payne et al., 2014). Glycerophospholipids on the lipid droplet surface can promote
multiple lipid droplets to aggregate into bigger ones (Hafez ¢ Cullis, 2001). In addition,
glycerophospholipids have been related to multiple deleterious effects on the liver, such
as increased cholesterol biosynthesis, reductions in mitochondrial fatty acid oxidation,
increased mitochondrial permeability and swelling (Paul, Lewinska ¢» Andersen, 2022), as
well as ER stress and hepatocyte apoptosis (Liu et al., 2020b).

As one of the major bioactive components in Artemisia capillaris, scoparone has been
shown to be efficacious in treating liver disorders, shows hepatoprotectivity, and contributes
directly to the therapeutic effect (Gao et al., 2020; Hui et al., 20205 Liu & Zhao, 2017,
Wang et al., 2016). The antihyperlipidemic properties of scoparone and other coumarin
derivatives were investigated in a rat model of CCly-induced hepatic injury-dependent
hyperlipidemia (Tasdemir et al., 2017). The results indicated that scoparone pretreatment
protected from CCls-induced elevation in serum total cholesterol, triglyceride, low-
density lipoprotein levels and a concomitant decrease in high-density lipoprotein levels.
Subsequently, studies have found that scoparone could protect the liver against alcohol-
induced liver injury by regulating the levels of PE(19:1(9Z)/0:0), PE(17:1(9Z2)/0:0),
PG(19:1(9Z2)/14:0) using a lipidomics strategy (Zhang et al., 2016). However, there is
limited information to evaluate the alterations in glycerophospholipid metabolism of the
hepatoprotective effects of scoparone against NASH. Herein we employed a pseudotargeted
lipidomic approach to analyze glycerophospholipids by using ultra-performance liquid
chromatography (UPLC)-hybrid triple quadrupole-linear ion trap (QTRAP)-MS/MS
in the time-scheduled multiple reaction monitoring (MRM) mode. The present study
might provide detailed new insights into the role of scoparone in the regulation of
glycerophospholipid metabolism that is of value in understanding the potential treatment
of NASH.
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MATERIALS & METHODS

Drug and chemicals

The 42 kinds of glycerophospholipids isotope-labeled internal mix standards were obtained
at Avanti (Birmingham, AL, USA) (Table S1). All reagents were HPLC grade and used
for sample preparative and analytical UPLC analysis (Thermo Fisher Scientific, Waltham,
MA, USA). Scoparone (>98%, HPLC, CAS number 120-08-1) was supplied by purechem-
standard Corp. (Chengdu, China). High-fat diet (HFD: 45% energy from fat) and normal
chow diet (NCD: 15% energy from fat) were purchased from Keao Xieli (Beijing, China).

Experimental animals and design
The experiments were approved by the animal management regulations of the Ethical and
Animal Welfare Committee of Hebei University (No. IACUC-2019016XG). 4-week-
old male C57BL/6 mice, weighing 18-22 g, were purchased from Qinda (Qingdao,
China). Animals were acclimatized to their housing environment for 1 week prior to
experimentation. The temperature of the housing facility was maintained at 24 &+ 1 °C
with a relative humidity of 60 &+ 5% and a 12-h day-night cycle. They were subsequently
randomized into three groups, with 8 mice per group in the control group, NASH group
and scoparone group. After 1 week of acclimation, the control group was fed the NCD
while other groups were fed the HFD for 20 weeks. At week 21, olive oil (control and NASH
groups) or scoparone (scoparone group) was administered by gavage (50 mg/kg) for seven
consecutive days.

After the end of 7-day treatment, all mice were humanely sacrificed. Liver samples were
collected, and blood was immediately centrifuged (579 g for 15 min at 4 °C). The liver
tissue samples were stored at —80 °C for subsequent lipidomic analysis.

Biochemical assays

The serum levels (n =8 per group) of triglyceride (TG), aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were detected by commercially available kits
(Millipore, Burlington, MA, USA), according to the manufacturer’s instructions. These
assay kits were purchased from Jiancheng Bioengineering (Nanjing, China).

Hematoxylin and eosin and oil red O staining analysis

For hematoxylin and eosin (H&E), liver tissues were fixed within 4% paraformaldehyde for
24 h, followed by dehydration, paraffin embedding, serially sectioning (4p.m), and staining
with H&E for evaluation of histopathological changes. Liver sections for Oil Red O staining
were cut 8 pm-thick, fixed with 4% paraformaldehyde and stained with hematoxylin and
Oil Red O. These reagents were obtained from Solarbio Life Science (Beijing, China).

Lipid extraction and sample preparation

Hepatic lipids (n = 8 per group) were extracted from 30 mg of liver tissue by homogenizing
in 300 pL methanol: water solution (v/v =1:1) (Song et al., 2022). Each homogenate was
added to 300pl chloroform, vortexed and then sonicated for 10 min. After the lower layer
(chloroform fraction) was taken by centrifugation, 300 L chloroform/methanol mixture
(v/v =2:1) was added for extraction followed by vortexing and then sonicating for 10
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min. After centrifugation and recovery of the lower layer of chloroform, both chloroform
extracts were combined and evaporated completely. The lipid residue was dissolved in 200
pL isopropanol-methanol solution (v/v =1:1), and 20 nL mixed isotope internal standard
was added. After vortex and centrifugation, the supernatant was collected for LC-MRM-MS
analysis.

Quantitative phospholipid profiling by LC-MRM-MS

Chromatography. The LC system was carried out using an ExionLC System that consisted
of a binary high-pressure mixing gradient pump with a degasser, a column oven, and a
thermostated autosampler. Finally, the conditions were optimized as follows:

The injection volume was 5 nL, and the autosampler temperature was held at 10 °C.
Fluents used were 4:6 water/acetonitrile (eluent A, v/v) and 9:1 methanol/acetonitrile
(eluent B, v/v), both added with 10 mM ammonium formate and 0.1% formic acid. The
column temperature was 55 °C, and the flow rate was 0.35 mL/min. Chromatographic
separation was performed using a UPLC HSS T3 (1.7 um, 2.1 x 100 mm, Waters). The
elution gradient began at 0% B for 1.5 min, then a linear increase to 55% at 5 min, 60% at
10min, 70% at 13 min, 90% at 15 min and 100% B at 16 min, and then held at 100% for
2 min. Thereafter, the system returned to the initial conditions and was held constant for
up to 2 min to allow column equilibration.

Mass spectrometry. The MS was QTRAP® 6500+ (Sciex, Framingham, MA, USA)
fitted with an IonDrive™ Turbo V source. MS data were performed using the scheduled
multiple-reaction monitoring (MRM) mode operating in the positive- and negative-ion ESI
mode. Source condition was as follows: ion spray voltage was —4.5KV/+5.5KV, collision
gas was medium, curtain gas was 40psi, ion source temperature was 400 °C, gas 1 was 50
psi, and gas 2 was 55 psi.

Data processing

All data for samples were uploaded to MRMPROBS software (RIKEN Center for Sustainable
Resource Science, Saitama, Japan) for automated data acquisition, processing, and
report generation. Integrated peak area of metabolites was used to calculate the relative
concentration of each detected lipid. The formula is as follows: CA = A1/ A2* C*V/
N; where, CA, analyte concentration (ng/mL); Al, analyte intensity; A2, internal standard
intensity; C, internal standard concentration (mg/mL); V, constant volume (0.2mL);

N, sample volume. The data were output to Microsoft Excel and the concentrations
were reported as ng/mL in the reconstituted solution. The multivariate data analysis
was performed using Ezinfo3.0 software (Waters Corp., Milford, MA, USA) for the
unsupervised principal components analysis (PCA) and orthogonal projection to latent
structure-discriminant analysis (OPLS-DA). OPLS-DA was utilized to validate the PCA
model. The furthest metabolites from the origin showing a higher value of VIP-plots
generated from OPLS-DA were potential biomarkers.

Statistical analysis
All statistical analyses were performed with SPSS 19.0 statistical analysis software (IBM,
Armonk, NY, USA). A value of p < 0.05 was considered statistically significant.
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RESULTS

Scoparone alleviates HFD-induced hepatic steatosis and injury

To examine the effects of scoparone on NASH, the mice were fed with an HFD for up
to 20 weeks. As expected, HFD-fed animals accelerated weight gain and increased serum
TG, AST, and ALT levels, reflecting hepatocyte damage. With the daily bodyweight of the
mice measured over the course of the scoparone treatment, a significant weight change
was observed in the 5-day treatment ( p < 0.05) (Fig. 1A). After 7 days of treatment with
scoparone, the levels of serum TG, AST and ALT had been dramatically reduced (p < 0.01)
(Figs. 1B, 1C and 1D).

H&E staining of liver tissues (Fig. 1E) exhibited numerous large lipid droplets (hepatic
steatosis), local infiltration of inflammatory cells (hepatic inflammation) and diffuse
vacuolization of hepatocellular cytoplasm (hepatocellular ballooning) in the NASH group
compared with the control group. Strikingly, scoparone treatment effectively improved
hepatocellular ballooning, hepatic steatosis, and inflammation in HFD-fed mice. The
above histological outcomes indicating the effects of scoparone on hepatic steatosis
were confirmed by staining with Oil Red O (Fig. 1F). Results showed that hepatic fat
accumulation was apparent in NASH mice, while scoparone strongly suppressed the effect
of HFD on hepatic steatosis. Collectively, these results suggested that scoparone robustly
inhibited hepatic inflammation, hepatic steatosis, and hepatocellular ballooning.

The glycerophospholipid profile analysis by LC-MRM-MS

The representative LC-MRM-MS total ion flow chromatogram of each group showed
good peak shape, separation, and intensity, indicating that the chromatographic and MS
conditions optimized were suitable for the liver analysis in this study (Fig. 2). A total of
340 glycerophospholipids were detected with quantitative thresholds in liver. The stability
and reproducibility of the data were assessed by the quality control (QC) samples during
the experiment (Fig. S1). After peak alignment, filtering and normalization, the RSD of
intensity of the above glycerophospholipids in repeated QC sample measurement was less
than 40%. Unsupervised PCA analysis was employed to visualize the separation between
the control and NASH group (Figs. 3A and 3B). Obvious separation was observed in the
OPLS-DA analysis, indicating the unique differential glycerophospholipids expression of
each group (Figs. 3C and 3D). In order to discover potentially valuable disease-related
biomarkers, glycerophospholipids that differed with statistical significance between the
control and NASH groups after correcting for multiple comparisons were screened.
Variables that made significant contributions to the classification were determined by a
threshold of VIP values, which could be obtained from OPLS-DA (Figs. 3E and 3F). A total
of 14 glycerophospholipids associated with HFD-induced mouse model were screened
following the above-mentioned criteria and performed clustering heat map analysis (Fig.
4). In addition, the levels of these glycerophospholipids were significantly changed in the
NASH group compared with the control group (Fig. 52).
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Figure 1 Scoparone diminishes steatosis and hepatic inflammation in HFD-fed NASH-like mice. (A)
Mice weight 7 days after drug administration; (B) Serum TG; (C) Serum ALT; (D) Serum AST; (E) HE-
stained liver tissue, magnification, x400; (F) Oil red O-stained liver tissue, magnification, x400. Data are
mean + SD, n=_8. *P < 0.05 and **P < 0.01 compared with the control group; #P < 0.05 and ##P < 0.01
compared with the NASH group.

Full-size &l DOT: 10.7717/peerj.17380/fig-1

Effect of NASH treated with scoparone based on metabolic profile
The PCA analysis of liver samples revealed distinct separation among the control, NASH
and scoparone groups (Figs. 5A and 5B). The OPLS-DA score plot revealed the metabolic
trajectory of the scoparone group was similar to the control group and in the direction
away from the NASH group (Figs. 5C and 5D). The apparent trend suggested that the
pathological process of NASH might be reversed by scoparone.
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Figure 2 The typical total ion chromatograms of QC, control, NASH and scoparone samples in the
negative mode (A) and the positive mode (B).
Full-size Gal DOI: 10.7717/peerj.17380/fig-2

Scoparone ameliorates metabolic dysregulation of
glycerophospholipids in NASH mice

Lipidomic analysis showed that the amount of phosphatidylethanolamine (PE)
(18:1/20:4), lysophosphatidylcholine (LPC) (18:0), phosphatidylcholine (PC) (16:0/20:4),
PE(16:0/20:4), PE(18:1/20:3), PE(18:0/22:4), PC(18:1/20:4), and PE(18:0/22:5) was higher
in the NASH group compared with the control group (Fig. 6A). In parallel, HFD-fed
mice had a notable decrease of PC(18:0/18:2), PC(16:0/20:5), and PC(18:2/20:2). It was
noteworthy that these glycerophospholipids exhibited clear differences in mice after
taking scoparone. Scoparone had striking and consistent increase of PC(18:0/18:2),
PC(16:0/20:5), and PC(18:2/20:2) compared to HFD-fed mice, significantly reduced
PE(18:1/20:4), LPC(18:0), PE(16:0/20:4), PC(16:0/20:4), PE(18:1/20:3), PE(18:0/22:4),
PC(18:1/20:4), and PE(18:0/22:5) as anticipated. Correlation analyses showed significant
relationships between the above glycerophospholipids (Fig. 6B). In summary, HFD-fed
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induced dysregulations of glycerophospholipids, which were found to be regulated with

scoparone treatment.

DISCUSSION

Recent epidemiological data suggest that the prevalence of NASH among the general

adult population is 3-5%, being the second most common indication for liver transplant

(Sayiner et al., 2018). However, there are no therapies approved for NASH, and non-

pharmacologic treatment aimed at reducing fatty liver through exercise and body weight
loss is reccommended (Vuppalanchi et al., 2021). Therefore, it is urgent to seek for the ideal

drugs that can alleviate the progress of NASH.

Scoparone is the main active ingredient of Artemisia capillaris, an effective Chinese herbal
medicine for NASH. Although the mechanism of action has not been fully elucidated, the
therapeutic effect of scoparone is to suppress inflammation and further improve NASH by

Song et al. (2024), PeerJ, DOI 10.7717/peerj.17380

8/16


https://peerj.com
https://doi.org/10.7717/peerj.17380/fig-3
http://dx.doi.org/10.7717/peerj.17380

PeerJ

5 S S s s [

100

200

€00

00

S00

900

200

800

TOW

20N

EOW

OW

SON

90N

LOW

80N

PE(18:0/22:4)
LPC(18:0)

PC(16:0/20:4)
PC(18:1/20:4)
PE(18:0/22:5)
PE(16:0/20:4)
PE(18:1/20:4)
PE(18:1/20:3)
PC(18:0/18:2)
LPE(16:1)

LPC(14:0)

PC(18:2/20:2)
PC(16:0/20:5)

PC(16:1/16:1)

class

1

Figure 4 Heatmap visualization of glycerophospholipids linked to HFD-fed NASH-like mice.
Full-size Gal DOI: 10.7717/peer;j.17380/fig-4

2]

+ Control
+ NASH
# Scoparone

+ NASH

15002000 1500 1000 599
X 500 1000 1500 ypp
1200 [
— T
1000 -~ -
7 S
800 /,r" s
600 / 3 X
/ IR A N\
400 * \
/
o . o
| o
| . :
2000 | s
\ N /
\ "
a0\ o . //
600! \ #
300 . .
~ - ~
1000/ e o
1200 s —
1500 1000 500 o 500 1000 1500 600 500 400 300 200 100 O 100 200 300 400 500 600

1

+ Control

+ Scoparone

Figure 5 Metabolic profiles of liver samples in mice with NASH induced by scoparone. PCA score plot
in the negative mode (A) and positive mode (B); OPLS-DA plot in the negative mode (C) and positive

mode (D).

Full-size & DOI: 10.7717/peer;j.17380/fig-5

inhibiting the PI3K/AKT/mTOR, ROS/P38/Nrf2 axis, and TLR4/NF-«B signaling pathway
(Liu et al., 2019; Liu et al., 2020a). Interestingly, it has been reported that scoparone also
reduces the accumulation of fat via suppression of PPAR y to repress adipogenic gene
expression in 3T3-L1 preadipocytes (Noh et al., 2013). Therefore, it is likely that scoparone
attenuates NASH by acting on multiple biological pathways, yet lipid mechanisms of
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scoparone against NASH remain incompletely understood. In order to shed some light on
the levels of glycerophospholipids of scoparone against HFD-induced mice, we conducted
lipidomic analysis in a NASH animal model.

With the ideal analytic stability and fast scan speed, LC-MRM-MS have proven to be
powerful tools for lipidome studies (Chen ¢ Zhang, 2020; Jung et al., 2020). Examining the
specific lipid classes to evaluate candidate medicines, we first performed a deeper study
of scoparone on HFD-induced glycerophospholipids changes in mice via pseudotargeted
lipidomics using LC-MRM-MS. In total, 14 altered glycerophospholipids associated
with HFD-induced mouse model were identified in liver. Interestingly, the levels of 11
glycerophospholipids were found to be modulated in response to scoparone treatment.
Glycerophospholipids changed significantly under scoparone intervention, including
PC(18:0/18:2), PC(16:0/20:5), PC(18:2/20:2), LPC(18:0), PE(18:1/20:4), PE(16:0/20:4),
PC(16:0/20:4), PE(18:1/20:3), PE(18:0/22:4), PC(18:1/20:4), and PE(18:0/22:5). The levels
of identified PE(18:1/20:4), LPC(18:0), PE(16:0/20:4), PC(16:0/20:4), PE(18:1/20:3),
PE(18:0/22:4), PC(18:1/20:4), and PE(18:0/22:5) that have been shown up-regulated in the
NASH group compared with the control group were found to be down-regulated in the
scoparone group compared with the NASH group. The levels of identified PC(18:0/18:2),
PC(16:0/20:5), and PC(18:2/20:2) that have been shown down-regulated in the NASH
group compared with the control group were found to be up-regulated in the scoparone
group compared with the NASH group.

In obese individuals, adipocytes turn into hypertrophy, and the metabolism of PE
and PC is dysregulated. On the other hand, the dysregulations of PE and PC may
cause hepatotoxicity and induce NASH via various mechanisms such as lipid droplet
accumulation (Arendt et al., 2013). In patients with NASH, the levels of PE and PC were
correlated with disease severity (Alcoriza-Balaguer et al., 2019). The alterations in PE and
PC metabolism in liver with steatosis or steatohepatitis could be observed (Li ef al., 2006).
Previous studies reported that PE and PC could be a common response to hepatocyte
stress, inflammation, and lipid accumulation (Elblehi, Hafez ¢ El-Sayed, 2019; Guo &
Davies, 2013; Kitagawa et al., 2015).

LPC is a potential bioactive lipid found in hepatocytes that is involved in the induction
of inflammatory responses (Trovato et al., 2021). Both exogenous and endogenous LPC can
induce hepatocyte lipoapoptosis, which is related to endoplasmic reticulum stress (Cher et
al., 2022). As patients with NASH show increased hepatic LPC content, this dysregulation
is likely to contribute further to the disease’s progression (Liangpunsakul ¢ Chalasani,
2018). Instead, a lower intracellular LPC concentration could attenuate fatty acid uptake
of hepatocytes, thereby reversing the experimental NASH (Kawarno et al., 2015).

In summary, our experiments indicate that scoparone attenuates HFD-induced lipid
accumulation and hepatic inflammation, regulating glycerophospholipid metabolism.
Overall, our data shows for the first time how scoparone regulates dysregulations
of glycerophospholipid metabolism induced by HFD-fed, and has a rudimentary
understanding of the corresponding mechanism.
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CONCLUSIONS

As far as we know, this is the first study showing that scoparone alleviates NASH via
specifically targeting glycerophospholipids based on a pseudotargeted lipidomic strategy. All
in all, in this study, we reported that scoparone regulated glycerophospholipid metabolism
during the pathogenesis of NASH and also acted as an important anti-lipotoxic and
anti-inflammatory. The positive results confirm and extend the understanding of the
regulatory mechanism of scoparone on NASH, representing a potential avenue for the
amelioration of NASH.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by grants from the Natural Science Foundation of Hebei Province
(No. H2019201426), the Science and Technology Project of Hebei Education Department
(No. QN2021017), Medical Science Foundation of Hebei University (No. 2021A08),
College Students’ Innovative Entrepreneurial Training Plan Program (No. 2022379). The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Natural Science Foundation of Hebei Province: H2019201426.

Science and Technology Project of Hebei Education Department: QN2021017.
Medical Science Foundation of Hebei University: 2021A08.

College Students’ Innovative Entrepreneurial Training Plan Program: 2022379.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Qi Song conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, and approved the final draft.

e Ziyi Zhao performed the experiments, prepared figures and/or tables, and approved the
final draft.

e Hu Liu performed the experiments, prepared figures and/or tables, and approved the
final draft.

e Jinling Zhang performed the experiments, prepared figures and/or tables, and approved
the final draft.

e Zhigiang Wang conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

e Yunqi Zhang performed the experiments, prepared figures and/or tables, and approved
the final draft.

e Guowei Ma performed the experiments, prepared figures and/or tables, and approved
the final draft.

Song et al. (2024), PeerdJ, DOI 10.7717/peerj.17380 12/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.17380

Peer

e Shaoqin Ge conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

Hebei University Affidavit of Approval of Animal Welfare and Ethical

Data Availability
The following information was supplied regarding data availability:
The raw data are available in the Supplemental Files.

Supplemental Information

Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.17380#supplemental-information.

REFERENCES

Alcoriza-Balaguer MI, Garcia-Canaveras JC, Lopez A, Conde I, Juan O, Carretero J,
Lahoz A. 2019. LipidMS: an R package for lipid annotation in untargeted liquid
chromatography-data independent acquisition-mass spectrometry lipidomics.
Analytical Chemistry 91:836—-845 DOI 10.1021/acs.analchem.8b03409.

Arendt BM, Ma DWL, Simons B, Noureldin SA, Therapondos G, Guindi M, Sherman
M, Allard JP. 2013. Nonalcoholic fatty liver disease is associated with lower hepatic
and erythrocyte ratios of phosphatidylcholine to phosphatidylethanolamine. Applied
Physiology, Nutrition, and Metabolism 38:334—-340 DOI 10.1139/apnm-2012-0261.

Chen GY, Zhang QA-O. 2020. Simultaneous quantification of free fatty acids and
acylcarnitines in plasma samples using dansylhydrazine labeling and liquid
chromatography-triple quadrupole mass spectrometry. Analytical and Bioanalytical
Chemistry 412:2841-2849 DOI 10.1007/s00216-020-02514-x.

Chen H, Ma ], LiuJ, DouL, Shen T, Zuo H, Xu F, Zhao L, Tang W, Man Y, Ma Y, LiJ,
Huang X. 2022. Lysophosphatidylcholine disrupts cell adhesion and induces anoikis
in hepatocytes. FEBS Letters 596:510-525 DOI 10.1002/1873-3468.14291.

Elblehi SS, Hafez MH, El-Sayed YS. 2019. L- o-Phosphatidylcholine attenuates mercury-
induced hepato-renal damage through suppressing oxidative stress and inflam-
mation. Environmental Science and Pollution Research International 26:9333-9342
DOI 10.1007/511356-019-04395-9.

Fu$, Yang L, Li P, Hofmann O, Dicker L, Hide W, Lin X, Watkins SM, Ivanov AR,
Hotamisligil GS. 2011. Aberrant lipid metabolism disrupts calcium homeosta-
sis causing liver endoplasmic reticulum stress in obesity. Nature 473:528-531
DOI 10.1038/nature09968.

GaoY,XiB,LiJ,LiZ,Xu]J, Zhong M, Xu Q, Lian Y, Wei R, Wang L, Cao H, Jin
L, Zhang K, Dong J. 2020. Scoparone alleviates hepatic fibrosis by inhibiting
the TLR-4/NF-« B pathway. Journal of Cellular Physiology 236:3044—3058
DOI 10.1002/jcp.30083.

Song et al. (2024), PeerJ, DOI 10.7717/peerj.17380 13/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.17380#supplemental-information
http://dx.doi.org/10.7717/peerj.17380#supplemental-information
http://dx.doi.org/10.7717/peerj.17380#supplemental-information
http://dx.doi.org/10.1021/acs.analchem.8b03409
http://dx.doi.org/10.1139/apnm-2012-0261
http://dx.doi.org/10.1007/s00216-020-02514-x
http://dx.doi.org/10.1002/1873-3468.14291
http://dx.doi.org/10.1007/s11356-019-04395-9
http://dx.doi.org/10.1038/nature09968
http://dx.doi.org/10.1002/jcp.30083
http://dx.doi.org/10.7717/peerj.17380

Peer

Gorden DL, Myers DS, Ivanova PT, Fahy E, Maurya MR, Gupta S, Min J, Spann NJ,
McDonald JG, Kelly SL, Duan J, Sullards MC, Leiker TJ, Barkley RM, Quehen-
berger O, Armando AM, Milne SB, Mathews TP, Armstrong MD, Li C, Melvin WV,
Clements RH, Washington MK, Mendonsa AM, Witztum JL, Guan Z, Glass CK,
Murphy RC, Dennis EA, Merrill AH, Russell DW, Subramaniam S, Brown HA.
2015. Biomarkers of NAFLD progression: a lipidomics approach to an epidemic.
Journal of Lipid Research 56:722—736 DOI 10.1194/jlr.P056002.

Guo L, Davies SS. 2013. Bioactive aldehyde-modified phosphatidylethanolamines.
Biochimie 95:74-78 DOI 10.1016/j.biochi.2012.07.010.

Hafez IM, Cullis PR. 2001. Roles of lipid polymorphism in intracellular delivery.
Advanced Drug Delivery Reviews 47:139—-148 DOT 10.1016/50169-409X(01)00103-X.

Hui Y, Wang X, Yu Z, Fan X, Cui B, Zhao T, Mao L, Feng H, Lin L, Yu Q, Zhang J,
Wang B, Chen X, Zhao X, Sun C. 2020. Scoparone as a therapeutic drug in liver
diseases: pharmacology, pharmacokinetics and molecular mechanisms of action.
Pharmacological Research 160:105170 DOI 10.1016/j.phrs.2020.105170.

Jung JH, Taniguchi K, Lee HM, Lee MY, Bandu R, Komura K, Lee KY, Akao Y, Kim KP.
2020. Comparative lipidomics of 5-Fluorouracil-sensitive and -resistant colorectal
cancer cells reveals altered sphingomyelin and ceramide controlled by acid sphin-
gomyelinase (SMPD1). Scientific Reports 10:6124 DOIT 10.1038/s41598-020-62823-0.

Kawano Y, Nishiumi S, Saito M, Yano Y, Azuma T, Yoshida M. 2015. Identification of
lipid species linked to the progression of non-alcoholic fatty liver disease. Current
Drug Targets 16:1293—1300 DOI 10.2174/1389450116666150408103318.

Kim Y-C, Seok S, Byun S, Kong B, Zhang Y, Guo G, Xie W, Ma J, Kemper B, Kemper JK.
2018. AhR and SHP regulate phosphatidylcholine and S-adenosylmethionine levels
in the one-carbon cycle. Nature Communications 9:540
DOI10.1038/s41467-018-03060-y.

Kitagawa E, Yamamoto T, Yamamoto K, Nakagawa T, Hayakawa T. 2015. Accumula-
tion of lipid in rat liver was induced by vitamin Be deficiency and was ameliorated
by supplemental phosphatidylcholine in the diet. Bioscience, Biotechnology, and
Biochemistry 79:1320-1326 DOI 10.1080/09168451.2015.1020755.

Li Z, Agellon LB, Allen TM, Umeda M, Jewell L, Mason A, Vance DE. 2006. The ratio of
phosphatidylcholine to phosphatidylethanolamine influences membrane integrity
and steatohepatitis. Cell Metabolism 3:321-331 DOI 10.1016/j.cmet.2006.03.007.

Liangpunsakul S, Chalasani N. 2018. Lipid mediators of liver injury in nonalcoholic fatty
liver disease. The American Journal of Physiology-Gastrointestinal and Liver Physiology
2:1522-1547.

Liu B, Deng X, Jiang Q, Li G, Zhang J, Zhang N, Xin S, Xu K. 2019. Scoparone alleviates
inflammation, apoptosis and fibrosis of non-alcoholic steatohepatitis by suppressing
the TLR4/NF-« B signaling pathway in mice. International Immunopharmacology
75:105797 DOI 10.1016/.intimp.2019.105797.

Liu B, Deng X, Jiang Q, Li G, Zhang J, Zhang N, Xin S, Xu K. 2020a. Scoparone
improves hepatic inflammation and autophagy in mice with nonalcoholic steato-
hepatitis by regulating the ROS/P38/Nrf2 axis and PI3K/AKT/mTOR pathway in

Song et al. (2024), PeerJ, DOI 10.7717/peerj.17380 14/16


https://peerj.com
http://dx.doi.org/10.1194/jlr.P056002
http://dx.doi.org/10.1016/j.biochi.2012.07.010
http://dx.doi.org/10.1016/S0169-409X(01)00103-X
http://dx.doi.org/10.1016/j.phrs.2020.105170
http://dx.doi.org/10.1038/s41598-020-62823-0
http://dx.doi.org/10.2174/1389450116666150408103318
http://dx.doi.org/10.1038/s41467-018-03060-y
http://dx.doi.org/10.1080/09168451.2015.1020755
http://dx.doi.org/10.1016/j.cmet.2006.03.007
http://dx.doi.org/10.1016/j.intimp.2019.105797
http://dx.doi.org/10.7717/peerj.17380

Peer

macrophages. Biomedicine & Pharmacotherapy 125:109895
DOI 10.1016/j.biopha.2020.109895.

Liu P, Zhu W, Chen C, Yan B, Zhu L, Chen X, Peng C. 2020b. The mechanisms of
lysophosphatidylcholine in the development of diseases. Life sciences 247:117443
DOI 10.1016/j.1f5.2020.117443.

Liu X, Zhao X. 2017. Scoparone attenuates hepatic stellate cell activation through
inhibiting TGF- p/Smad signaling pathway. Biomedicine ¢& Pharmacotherapy
93:57-61 DOI 10.1016/j.biopha.2017.06.006.

Mukhopadhyay TK, Trauner D. 2023. Concise synthesis of glycerophospholipids. The
Journal of Organic Chemistry 88:11253-11257 DOI 10.1021/acs.joc.2c02096.

Noh JR, Kim YH, Hwang JH, Gang GT, Yeo SH, Kim KS, Oh WK, Ly SY, Lee IK, Lee
CH. 2013. Scoparone inhibits adipocyte differentiation through down-regulation of
peroxisome proliferators-activated receptor gamma in 3T3-L1 preadipocytes. Food
Chemistry 141:723-730 DOI 10.1016/j.foodchem.2013.04.036.

Paul B, Lewinska M, Andersen JB. 2022. Lipid alterations in chronic liver disease and
liver cancer. JHEP Reports: Innovation in Hepatology 4:100479
DOI 10.1016/j.jhepr.2022.100479.

Payne F, Lim K, Girousse A, Brown RJ, Kory N, Robbins A, Xue Y, Sleigh A, Cochran
E, Adams C, Dev Borman A, Russel-Jones D, Gorden P, Semple RK, Saudek V,
O’Rahilly S, Walther TC, Barroso I, Savage DB. 2014. Mutations disrupting the
Kennedy phosphatidylcholine pathway in humans with congenital lipodystrophy and
fatty liver disease. Proceedings of the National Academy of Sciences of the United States
of America 111:8901-8906.

Ratziu V, Francque S, Sanyal A. 2022. Breakthroughs in therapies for NASH and remain-
ing challenges. Journal of Hepatology 76:1263—1278 DOI 10.1016/j.jhep.2022.04.002.

Sayiner M, Lam B, Golabi P, Younossi ZM. 2018. Advances and challenges in the
management of advanced fibrosis in nonalcoholic steatohepatitis. Therapeutic
Advances in Gastroenterology 11:1756284818811508.

Sheka AC, Adeyi O, Thompson J, Hameed B, Crawford PA, Ikramuddin S. 2020.
Nonalcoholic steatohepatitis: a review. JAMA 323:1175-1183
DOI 10.1001/jama.2020.2298.

Song Q, Liu H, Zhang Y, Qiao C, Ge S. 2022. Lipidomics revealed alteration of the
sphingolipid metabolism in the liver of nonalcoholic steatohepatitis mice treated
with Scoparone. ACS Omega 7:14121-14127 DOI 10.1021/acsomega.2c00693.

Tasdemir E, Atmaca M, Yildirim Y, Bilgin HM, Demirtas B, Obay BD, Kelle M,
Oflazoglu HD. 2017. Influence of coumarin and some coumarin derivatives on
serum lipid profiles in carbontetrachloride-exposed rats. Human & Experimental
Toxicology 36:295-301 DOI 10.1177/0960327116649675.

Trovato FM, Zia R, Napoli S, Wolfer K, Huang X, Morgan PE, Husbyn H, Elgosbi
M, Lucangeli M, Miquel R, Wilson I, Heaton ND, Heneghan MA, Auzinger G,
Antoniades CG, Wendon JA, Patel VC, Coen M, Triantafyllou E, McPhail MJ.
2021. Dysregulation of the lysophosphatidylcholine/autotaxin/lysophosphatidic
acid axis in acute-on-chronic liver failure is associated with mortality and systemic

Song et al. (2024), PeerJ, DOI 10.7717/peerj.17380 15/16


https://peerj.com
http://dx.doi.org/10.1016/j.biopha.2020.109895
http://dx.doi.org/10.1016/j.lfs.2020.117443
http://dx.doi.org/10.1016/j.biopha.2017.06.006
http://dx.doi.org/10.1021/acs.joc.2c02096
http://dx.doi.org/10.1016/j.foodchem.2013.04.036
http://dx.doi.org/10.1016/j.jhepr.2022.100479
http://dx.doi.org/10.1016/j.jhep.2022.04.002
http://dx.doi.org/10.1001/jama.2020.2298
http://dx.doi.org/10.1021/acsomega.2c00693
http://dx.doi.org/10.1177/0960327116649675
http://dx.doi.org/10.7717/peerj.17380

Peer

inflammation by lysophosphatidic acid-dependent monocyte activation. Hepatology
74:907-925.

Van der Veen JN, Kennelly JP, Wan S, Vance JE, Vance DE, Jacobs RL. 2017. The
critical role of phosphatidylcholine and phosphatidylethanolamine metabolism in
health and disease. Biochimica et Biophysica Acta Biomembranes 1859:1558—-1572
DOI 10.1016/j.bbamem.2017.04.006.

Vuppalanchi R, Noureddin M, Alkhouri N, Sanyal AJ. 2021. Therapeutic pipeline
in nonalcoholic steatohepatitis. Nature Reviews Gastroenterology ¢ Hepatology
18:373-392 DOI 10.1038/s41575-020-00408-y.

Walker AK, Jacobs RL, Watts JL, Rottiers V, Jiang K, Finnegan DM, Shioda T, Hansen
M, Yang F, Niebergall L], Vance DE, Tzoneva M, Hart AC, Nair AM. 2011. A
conserved SREBP-1/phosphatidylcholine feedback circuit regulates lipogenesis in
metazoans. Cell 147:840-852 DOT 10.1016/j.cell.2011.09.045.

Wang X, Zhang A, Hui S, Ying H, Yan G. 2016. Discovery and development
of innovative drug from traditional medicine by integrated chinmedomics
strategies in the post-genomic era. Trends in Analytical Chemistry 76:86—94
DOI10.1016/j.trac.2015.11.010.

Younossi ZM, Marchesini G, Pinto-Cortez H, Petta S. 2019. Epidemiology of nonal-
coholic fatty liver disease and nonalcoholic steatohepatitis: implications for liver
transplantation. Transplantation 103:22-27 DOI 10.1097/TP.0000000000002484.

Zhang A, Qiu S, Sun H, Zhang T, Guan Y, Han Y, Yan G, Wang X. 2016. Scoparone
affects lipid metabolism in primary hepatocytes using lipidomics. Scientific Reports
6:28031 DOI 10.1038/srep28031.

Song et al. (2024), PeerJ, DOI 10.7717/peerj.17380 16/16


https://peerj.com
http://dx.doi.org/10.1016/j.bbamem.2017.04.006
http://dx.doi.org/10.1038/s41575-020-00408-y
http://dx.doi.org/10.1016/j.cell.2011.09.045
http://dx.doi.org/10.1016/j.trac.2015.11.010
http://dx.doi.org/10.1097/TP.0000000000002484
http://dx.doi.org/10.1038/srep28031
http://dx.doi.org/10.7717/peerj.17380

