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a b s t r a c t

Eclipta prostrata L. has been used in traditional medicine and known for its liver-protective properties for
centuries. Wedelolactone (WEL) and demethylwedelolactone (DWEL) are the major coumarins found in
E. prostrata L. However, the comprehensive characterization of these two compounds on non-alcoholic
fatty liver disease (NAFLD) still remains to be explored. Utilizing a well-established zebrafish model of
thioacetamide (TAA)-induced liver injury, the present study sought to investigate the impacts and
mechanisms of WEL and DWEL on NAFLD through integrative spatial metabolomics with liver-specific
transcriptomics analysis. Our results showed that WEL and DWEL significantly improved liver function
and reduced the accumulation of fat in the liver. The biodistributions and metabolism of these two
compounds in whole-body zebrafish were successfully mapped, and the discriminatory endogenous
metabolites reversely regulated by WEL and DWEL treatments were also characterized. Based on spatial
metabolomics and transcriptomics, we identified that steroid biosynthesis and fatty acid metabolism are
mainly involved in the hepatoprotective effects of WEL instead of DWEL. Our study unveils the distinct
mechanism of WEL and DWEL in ameliorating NAFLD, and presents a “multi-omics” platform of spatial
metabolomics and liver-specific transcriptomics to develop highly effective compounds for further
improved therapy.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The escalating prevalence of non-alcoholic fatty liver disease
(NAFLD), affecting approximately 30% of the adult population
globally, has turned it into the leading chronic liver disorder [1].
NAFLD is essentially attributed to metabolic dysfunction and can be
characterized by the hepatic fat accumulation, which evolves from
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benign fatty liver to non-alcoholic steatohepatitis [2,3]. With
ongoing liver damage, NAFLD often progresses to severe outcomes
such as liver dysfunction and primary liver cancer, contributing to a
marked increase in liver-related mortality [4,5]. NAFLD is also
strongly associated with obesity [6], insulin resistance [7] and other
metabolic diseases [8]. Despite the demand for NAFLD treatments
continues to rise, currently no drugs have yet been approved, and
the development of effective and affordable treatments for NAFLD
is still challenging.

Eclipta prostrata L. is widely used in traditional medicines for its
liver-tonifying properties across Asia, America and Africa [9,10],
exhibiting favorable biological effects on diverse liver diseases
caused by alcohol overdose [11], infectious agents [12], toxins
damage [13], hepatic fibrosis [14], etc. Wedelolactone (WEL) and
demethylwedelolactone (DWEL), the naturally occurring coumarins
University. This is an open access article under the CC BY-NC-ND license (http://
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in Eclipta prostrata L., are considered to be the predominant bioac-
tive ingredients for its therapeutic properties. Not only for liver
injury, WEL has also been reported to alleviate various metabolic
disorders like hyperlipidemia and hyperglycaemia, potentially via
the activation of AMP-activated protein kinase (AMPK)/peroxisome
proliferator-activated receptor a (PPARa) to reduce lipids [15].
However, the specific impact and mechanisms of WEL in NAFLD
remains inadequate, and there is still a lack of knowledge on the
potential benefit of DWEL on NAFLD, leaving the uncertainty of
whether the methyl group absence in DWEL contributes to the
differences in biological processes compared to WEL.

As a vertebrate model organism, zebrafish (Danio rerio) exhibit
various beneficial traits, making them a preferred choice in many
major liver diseases [16e18]. Besides the superiorities of rapid
development and cost-effectiveness, zebrafish also possess a high
degree of physiological and genetic similarity to humans, especially
regarding hepatic cellular composition, function, and the underly-
ing cellular processes [19]. More remarkably, the liver-specific
fluorescent transgenic lines allow for precise and direct in vivo
visualization, accelerating the research of disease pathogenesis as
well as the advancement of therapeutic strategies [20,21]. The
multi-omics analysis, which can be utilized on zebrafish model, has
been recognized as an increasingly powerful tool in liver disease
research. The combination of metabolomics and transcriptomics
stands out as particularly significant [22e24]. While the conven-
tional metabolomics profiles reveal numerous metabolites
alterations in these metabolic disorders, the spatial information is
utterly lost after tissue homogenization. The spatial resolved
metabolomics, which employs the mass spectrometry imaging
(MSI) technique, enables the mapping of thousands of functional
metabolites without labeling in situ. It also facilitates the charac-
terization of drug distribution andmetabolism in spheroids [25,26],
cancer tissues and organs [27e29], prompting us to investigate the
liver damage in zebrafish. Moreover, integrating spatial metab-
olomics with transcriptomics shall yield a great deal of differently
expressed genes and metabolic pathways, bridging the gap be-
tween phenotype and genotype by converging two disparate data
sets.

In our present study, we employed the transgenic zebrafish
featuring liver-specific red fluorescence to construct the NAFLD
model through thioacetamide (TAA) induction, and explored the
impacts and the underlying mechanism of WEL and DWEL on
NAFLD. The design of this study is shown in Scheme 1. We found
that both WEL and DWEL could ameliorate metabolic disturbances
Scheme 1. The strategy of integrating spatial metabolomics and transcriptomics deciphers t
(DWEL) on non-alcoholic fatty liver disease (NAFLD). TAA: thioacetamide; MALDI-MSI: matr
time-of-flight; PCA: principal component analysis; GSEA: gene set enrichment analysis; MO
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caused by NAFLD, while WEL profoundly exerts its effects through
the modulation of steroid biosynthesis and fatty acid metabolism.
The integrative approach of spatial metabolomics and tran-
scriptomics not only provides valuable insights into unravelling the
intricate dynamics of metabolic remodeling in NAFLD, but also
enhances our ability for the development of novel therapeutic
strategies targeting related metabolic disorders.

2. Materials and methods

2.1. Reagents and chemicals

1,5-Diaminonaphthalene (1,5-DAN) was purchased from Shan-
ghai Aladdin Bio-chemical Technology Co., Ltd (Shanghai, China).
Acetonitrile (ACN) was afforded by Merck (Darmstadt, Germany).
The indium tin oxide-coated slides were provided by
Bruker Daltonics (Billerica, MA, USA). Superfrost Plus slides were
purchased from ThermoFisher Scientific (Waltham, MA, USA).
Wedelolactone (WEL) and demethylwedelolactone (DWEL) were
both purchased from TargetMol (Boston, MA, USA), and dissolved
in dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO, USA). Thio-
acetamide (TAA) was obtained from Sigma.

2.2. Zebrafish maintenance

The transgenic zebrafish line Tg (lfabp10:DsRed), selectively
expressing red fluorescent protein DsRed in liver [21], was
sourced from Zebrafish Drug Screening Platform of Shandong
Academy of Sciences (Jinan, China). The adult zebrafish were
housed in an aquaculture facility with 14-h light and 10-h dark-
ness photoperiod at 28 ± 0.5 �C. The embryos were maintained in
E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM
MgSO4 and 0.0001% methylene blue) within the incubator at the
same temperature and photoperiod. All the experimental pro-
cedures were carried out under the approval of the Biology
Institute, Qilu University of Technology Animal Ethics Committee
(Approval number: SWS20210315).

2.3. Hepatoprotective activity assay

The well-developed zebrafish larvae at 72 h post-fertilization
(hpf) were randomly transferred to a 6-well plate with 20 larvae
per well. To test the hepatoprotective activity of WEL and DWEL,
zebrafish were treated with 10 mM TAA along with different
he hepatoprotection mechanisms of wedelolactone (WEL) and demethylwedelolactone
ix-assisted laser desorption/ionization-mass spectrometry imaging; Q-TOF: quadrupole
D: model; FAs: fatty acids.



P. Chen, Z. Zhu, H. Geng et al. Journal of Pharmaceutical Analysis 14 (2024) 100910
concentrations of WEL or DWEL (30 mM, 10 mM, and 3 mM). Those
exposed solely to 10 mM TAAwere served as the model group. The
zebrafish maintained in fresh fish water without any treatment
were utilized as the blank control. At 120 hpf, the larvae were
anesthetized with tricaine (Sigma) and immobilized in 3% meth-
ylcellulose (Beyotime, Shanghai, China), and then were observed
and photographed under the inverted fluorescent microscope
(Olympus, Tokyo, Japan).

2.4. Oil red O staining

To prepare the oil red O working solution, 0.5 g of oil red O
powder (Sigma) are fully dissolved in 100 mL isopropanol and
stored at 4 �C in the dark. Before use, the stock solution was diluted
with distilled water at the ratio of 3:2 (V/V), and then was thor-
oughly filtered through the 0.22 mm micropore filter to obtain the
working solution without sediment. After treatment, zebrafish
larvae were fixed in the 4% paraformaldehyde at 4 �C overnight,
followed by dehydration in a sequential gradient of 25%, 50%, 75%,
and 100% propylene glycol/phosphate-buffered saline (PBS) for
10 min respectively. The larvae were then stained with the oil red O
working solution overnight at room temperature, and redehy-
drated in 100%, 75%, 50%, 25% propylene glycol/PBS. The patho-
logical changes were observed using the stereomicroscope.

2.5. Biochemical analysis

The zebrafish larvae were gathered and washed in PBS three
times, followed by homogenization in cold saline at a weight-to-
volume ratio of 1:9. The homogenate was then centrifuged at
15,000 g for 15 min at 4 �C and the supernatant was retained and
measured for protein concentration using the Bradford kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Following the
manufacturer's kits and instructions, the activities or contents of
aspartate transaminase (AST) and total triglyceride (TG) in the su-
pernatant were detected.

2.6. Preparation of frozen sections of zebrafish

The whole body of zebrafish was embedded in optimal cutting
temperature (OCT) compound and sectioned into continuous
fifteen-micron tissue sections using a cryostat microtome (CryoStar
NX50 NOVPD, Thermo, Bremen, Germany). For each zebrafish, one
of the frozen sections was subjected to hematoxylin and eosin
(H&E) staining, and two of the frozen sections were subjected to
matrix-assisted laser desorption/ionization-mass spectrometry
imaging (MALDI-MSI) analysis in positive and negative ion modes,
respectively.

2.7. MALDI-MS imaging analysis

1,5-DAN was selected as the matrix for MALDI-MS imaging of
zebrafish whole-body section. 2.5 mg/mL 1,5-DAN in ACN/H2O
(70:30, V/V) was sprayed onto the surface of zebrafish section by
using a HTX TM-Sprayer™ (HTX Technologies, Carrboro, NC, USA).
The flow rate of 1,5-DAN solution was set to 75 mL/min. Nozzle
nitrogen pressure and temperature was set 10 psi and 55 �C,
respectively. Fourteen cycles of 1,5-DAN solution were sprayed on
zebrafish section, and the nozzle-to-slice distance was set to 4 cm.
MALDI-MSI experiments were performed in the m/z range of
70e1,000 using a RapifleX MALDI Tissuetyper™ TOF/TOF MS
(Bruker Daltonics). LasAtten value was optimized according to the
3

ion intensities andmass resolutions of metabolites and lipids. Laser
repetition rate was set to 5,000 Hz and the laser shots were set to
200. Ion source voltage 1 and ion source voltage 2 were set to 20 kV
and 17.42 kV, respectively. The Lens voltage was set to 11.6 kV. The
imaging resolution was 20 mm. The MS images were constructed
using SCiLS Lab 2018b software (GmbH, Bremen, Germany). The ion
intensities and in situ data analysis including principal component
analysis, probabilistic latent semantic analysis, data-driven seg-
mentation analysis was also calculated using SCiLS Lab 2018b
software.

2.8. RNA sequencing analysis

The liver of the zebrafish was carefully dissected, and the total
RNA was extracted using TRIzol reagent (ThermoFisher). The RNA
integrity was evaluated utilizing the RNA Nano 6000 Assay Kit on
the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA,
USA). Then the cDNA library were constructed using Stranded
mRNA LTSample Prep Kit (Illumina, Santa Clara, CA, USA) and
sequenced on Illumina NovaSeq 6000 platform, which were con-
ducted by OE Biotech Co., Ltd (Shanghai, China). The raw tran-
scriptome data was processed using Trimmomatic [30] and the
clean reads were mapped to the Danio rerio genome (assembly
GRCz11) using HISAT2 [31]. DESeq2 R package was used to identify
the differentially expressed genes (DEGs) among two comparison
groups [32], with the threshold of P value < 0.05 and fold change
>1.2 or fold change <0.8. Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) enrichment analysis of DEGs were performed by the
cluster profile R package. Gene Set Enrichment Analysis (GSEA) was
conducted using the OECloud tools (https://cloud.oebiotech.com)
and single-sample GSEA (ssGSEA) was performed using GSVA R
package [33].

2.9. Quantitative real-time PCR (qRT-PCR) assay

Total RNA was extracted using Spin Column Animal Total RNA
Purification Kit (Sangon Biotech, Shanghai, China), and then were
subjected to reverse transcription by AMeasy 1st Strand cDNA
Synthesis Kit (Allmeek, Beijing, China). Next, qRT-PCR analysis was
performed using 2� PerfectHS SYBR QPCR Mixture Kit (Allmeek).
Specific primer information was shown in Supporting information
Table S1. The relative mRNA levels of target genes were calculated
by 2�△△Ct method and b-actin was used as control for
normalization.

2.10. Statistical analysis

Statistical analysis was conducted using GraphPad Prism Soft-
ware (version 8.0, San Diego, CA, USA). All data were presented as
mean ± standard deviation (SD). Student's t-test and one-way
analysis of variance (ANOVA) followed by Dunnett's test were uti-
lized for conducting comparative analysis of two groups and mul-
tiple groups, respectively. A P value below the threshold of 0.05 was
considered statistically significant.

3. Results and discussion

3.1. The protective effects of WEL and DWEL in TAA-induced liver
injury

To evaluate the potential hepatoprotective effects of WEL and
DWEL, zebrafish larvae were exposed to TAA to induce the liver

https://cloud.oebiotech.com


Fig. 1. Effects of wedelolactone (WEL) and demethylwedelolactone (DWEL) on thioacetamide (TAA)-damaged zebrafish larvae. (A) The structure of WEL and DWEL, and their
hepatoprotection against TAA-damaged zebrafish larvae. (B) Quantification of liver area in each group. (C) Quantitative analysis of the liver fluorescence intensity. Data are pre-
sented as mean ± standard deviation (SD) (n ¼ 10). *P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance. NAFLD: non-alcoholic fatty liver disease; IOD: integrated optical density.

P. Chen, Z. Zhu, H. Geng et al. Journal of Pharmaceutical Analysis 14 (2024) 100910
injury, and simultaneously treated with WEL or DWEL until 120
hdf. As shown in Fig. 1A, the TAA-treated group displayed a sig-
nificant reduction in both liver size and fluorescent intensity when
compared to the untreated control group. Notably, the liver area as
well as the integrated optical density (IOD) were significantly
increased when treated with WEL or DWEL (Figs. 1B and C), sug-
gesting that both WEL and DWEL could ameliorate liver injury.
Meanwhile, no visually pathological changes were observed in
zebrafish treated with WEL or DWEL.

3.2. The suppression of WEL and DWEL on lipid accumulation in
zebrafish liver

TAA is known to dysregulate the lipid metabolism of the liver,
inducing lipid accumulation which promoted the impairment of
the hepatocyte function. To verify the effect of WEL and DWEL on
lipid accumulation, zebrafish larvae were subjected to red oil O
staining. Obviously, TAA treatment leads to higher levels of lipids
than the control (Fig. 2), implying that TAA caused NAFLD in
zebrafish. Less lipids were found inWEL or DWEL-treated zebrafish
in a dose-dependent manner, which suggested that WEL or DWEL
treatment reduced lipids accumulation in zebrafish liver (Figs. 2A
and B). The yolk sac of the zebrafish, 70% of which is neutral lipid
primarily metabolized in liver, is regarded as an important mani-
festation of liver function [34,35]. According to the results in Fig. 2C,
zebrafish treated with TAA showed an increase of yolk sac area,
indicating a delayed absorption and live injury. Strikingly, bothWEL
and DWEL could promote the absorption of the yolk and lead to a
decrease of the yolk sac area, in line with the results of the red oil O
staining. We also found that WEL and DWEL reduce the level of
aspartate aminotransferase (AST) and total triglyceride (TG) that
4

was elevated by TAA induction (Fig. S1). Taken together, WEL and
DWEL treatment alleviated lipids accumulation in zebrafish liver.

3.3. Imaging the spatial distributions of WEL and DWEL and their
metabolites in whole-body zebrafish sections

Mass spectrometry imaging enables simultaneous character-
ization of the spatial distributions and relative contents of drugs
and their metabolites in heterogeneous biological tissues. A better
understanding of the biodistribution and metabolism of the drugs
is certain to advance the research on their safety and efficacy. In this
study, we successfully mapped the spatial distributions of WEL and
DWEL in different organs of zebrafish in whole-body zebrafish
sections. Moreover, we can also detect and image the phase I and
phase II metabolites of WEL and DWEL in zebrafish whole-body
sections.

Fig. 3A illustrates the metabolites of WEL identified in zebrafish.
In the WEL group, WEL underwent demethylation to generate
DWEL, and we also detected methylation metabolites of WEL. In
addition, we found thatWEL, as well as DWEL andmethylatedWEL,
can continue to undergo sulfation and glucuronidation phase II
metabolic reactions in zebrafish (Fig. 3A). This finding is consistent
with the previously reported metabolism of WEL in rats [36]. More
notably, we identified the sulfated-glucosidated metabolites of
WEL, DWEL, and methylatedWEL in vivo, which, to our knowledge,
has not been reported previously. A total of fourteen metabolites of
WEL were identified in zebrafish. Fig. 3B shows the MS images of
WEL and its fourteen metabolites in different organs of zebrafish.
The results indicate that WEL and its phase I and phase II metab-
olites mainly distributed in the liver and intestines, while their
contents in other organs such as the brain, muscles, and eyes are



Fig. 2. Effects of wedelolactone (WEL) and demethylwedelolactone (DWEL) on lipids accumulation in zebrafish liver. (A) Oil red O staining of zebrafish larvae. (B) Staining
quantitation of zebrafish liver of each group. (C) Quantitative analysis of yolk area in zebrafish larvae. Data are presented as mean ± standard deviation (SD) (n ¼ 10). *P < 0.05,
**P < 0.01, ***P < 0.001, ns: no significance. The white dotted lines outline the liver area.

Fig. 3. The metabolism and spatial signatures of wedelolactone (WEL) and demethylwedelolactone (DWEL) in zebrafish. (A) Metabolism pathway of WEL and the structural in-
ferences of its metabolites. (B) Mass spectrometry (MS) images depicting the spatial distribution of WEL and its metabolites in zebrafish whole-body section. (C) Metabolism
pathway of DWEL and the structural inferences of its metabolites. (D) MS images depicting the spatial distribution of DWEL and its metabolites in zebrafish. WEL-Sulf: sulfated
wedelolactone; WEL-GlcA: glucuronidated wedelolactone; WEL-Sulf-GlcA: sulfated-glucuronidated wedelolactone; WEL-Sulf-Glc: sulfated-glucosidated wedelolactone; DWEL-
Sulf: sulfated demethylwedelolactone; DWEL-GlcA: glucuronidated demethylwedelolactone; DWEL-Sulf-GlcA: sulfated-glucuronidated demethylwedelolactone; DWEL-Sulf-Glc:
sulfated-glucosidated demethylwedelolactone; MWEL: methylated wedelolactone; MWEL-Sulf: methylated and sulfated wedelolactone; MWEL-GlcA: methylated and glucur-
onidated wedelolactone; MWEL-Sulf-GlcA: methylated, sulfated and glucuronidated wedelolactone; MWEL-Sulf-Glc: methylated, sulfated and glucosidated wedelolactone.
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very low. This suggests that the liver and intestines are the main
metabolic organs of WEL in zebrafish, and may also be the main
target organs for WEL to exert its biological effects.

In the DWEL group (Fig. 3C), we found that DWEL could first
undergo methylation in zebrafish to generate methylated DWEL.
Afterwards, DWEL and methylated DWEL can be further combined
with sulfuric acid and glucuronic acid with 80 Da and 176 Da mass
shifts. In addition, we discovered that one molecule of DWEL and
methylated DWEL can be combined with one molecule of sulfuric
acid and one molecule of glucuronide to undergo both sulfation and
glucuronidation reactions with 256 Da mass shift. And, one mole-
cule of DWEL and methylated DWEL can be combined with one
molecule of sulfuric acid and one molecule of glucose to undergo
both sulfation and glucosidation reactions with 242 Da mass shift.
This analysis also represents the first characterization of DWEL
metabolism in vivo. As with WEL, the parent compound and me-
tabolites of DWEL predominantly characterized within the liver and
gut, whereas the glucosidated or glucuronidated metabolites of
DWEL were also detected in other organs throughout the entire
body (Fig. 3D). Table S2 shows the high performance liquid
chromatography-high resolution mass spectrometry (HPLC-HR-
MS) data of WEL and DWEL metabolites, and all the metabolites
were verified using exact molecular weights and a mass accuracy of
less than 5 ppm.We further carried out HPLC-HR-MS/MS analysis on
these target compounds and the structure-specific pattern ions of
the target analyte were used for further identification (Figs. S2�11).
Taken together, our study highlights the metabolism of WEL and
DWEL in zebrafish, implying that zebrafish possess a complete
metabolic organ system and similar metabolic enzyme systems as
humans, providing an ideal model for drug metabolism research.

3.4. Spatial metabolomics highlights the metabolic modulation by
WEL and DWEL on NAFLD

We further carried out spatial metabolomics on zebrafish whole-
body sections to explore the metabolic alterations during the
development of NAFLD and the metabolic modulations by WEL and
DWEL on NAFLD. No significant variations were discerned in terms
of the zebrafish size and the H&E staining results among the control,
NAFLDmodel,WEL, andDWEL groups (Fig. 4A). Then, we performed
data-drivenwhole-body segmentation analysis based on the region-
specific metabolite fingerprints (Fig. 4B). In the whole-body seg-
mentation map, different regions with similar metabolite profiles
were grouped together and given a specific color. It was found that
all the zebrafish whole-body sections presented significant color
diversity, and the liver and intestines regions were assigned as hot
red color and other organs were more often assigned as cool blue
color. More interestingly, we found that the liver regionwas given a
more intense red compared to the control, WEL, and DWEL groups
(Fig. 4B). This result suggests that significant metabolic reprog-
ramming occurred in the liver tissue during the development of
NAFLD and its metabolic profile gradually returned to normal after
the administration of WEL and DWEL.

Given the limitations of zebrafish larvae size, profiling of NAFLD-
related metabolic alteration has traditionally been performed on
whole zebrafish larvae, which has resulted in the inability to accu-
rately obtain organ-specific metabolic signatures. The introduction
of MSI into metabolomics offered an insight approach to precisely
characterize NAFLD related metabolic alterations. As shown in Figs.
4C and D, when we extracted the metabolic profiles on zebrafish
whole-body section for principal component analysis (PCA) and
probabilistic latent semantic analysis (PLSA), the metabolic features
of the control, NAFLD model, WEL, and DWEL groups were difficult
to be identified and distinguished. However, if liver-specific meta-
bolic profileswere extracted on liver region of zebrafishwhole-body
6

section for PLSA analysis, we discovered obvious clustering and
grouping trends for control, NAFLD model, WEL, and DWEL groups
(Fig. 4E). Overall, liver metabolism was significantly altered in the
NAFLD group compared to the control group, while the metabolic
characteristics of theWEL and DWEL groups were closer to those of
the control group (arrows in Fig. 4E), whichwould suggest thatWEL
and DWEL were able to partially inhibit the metabolic alterations
caused by NAFLD. This also echoes our previous finding that WEL
and DWEL can prevent or ameliorate liver injury.

We proceeded to screen and image the discriminatory metab-
olites modulated by WEL and DWEL on NAFLD. As a primary
participant in systemic nitrogen metabolism and energy meta-
bolism, glutamine exhibited disrupted metabolic homeostasis
within NAFLD, showing a marked increase of its expression. This
condition, however, was notably mitigated by the introduction of
WEL and DWEL (Fig. 4F). Catalyzed by glutaminase, glutamine can
be metabolized into glutamate, which subsequently enters the TCA
cycle for energy production or is employed for glutathione syn-
thesis [37]. Correspondingly, we revealed a similar trend in the
levels of glutamate and glutathione (Figs. 4G and H). Hepatic
glycogen metabolism is intricately intertwined with systemic lipid
metabolism, and fatty liver can also contribute to an increase in
hepatic gluconeogenesis [38]. Here, an elevation in glucose and
glucose phosphate (GPP) levels was showed in NAFLD, which were
downregulated by WEL and DWEL intervention (Figs. 4I and J). The
levels of malic acid and succinic acid, both participants in the TCA
cycle, were also elevated in NAFLD, indicating the liver's urgent
need for energy supply, which was consequently reversed under
the influence of WEL and DWEL (Figs. 4K and L). Moreover, spatial
metabolomics showed an increase in cholesterol, phospholipids,
and fatty acids within NAFLD, such as cholesterol sulfate (CSS),
phosphatidylethanolamine (PE)-34:0, phosphatidylserine (PS)-
36:2, fatty acid (FA)-16:0, FA-16:1, FA-18:0, FA-20:4, FA-22:5, and
FA-22:6. The administration of WEL and DWEL can reverse these
lipid disturbances (Figs. 4M�W). However, it is also important to
note that not all lipids are regulated with WEL and DWEL uptake,
such as phosphatidylglycerol (PG)-36:4, PG-36:5, and PG-38:4
(Fig. S12). Taken together, we discovered that WEL and DWEL can
significantly alleviate the metabolic alterations caused by NAFLD.

3.5. Liver-specific transcriptome analysis reveals the differential
gene expression patterns and potential functional pathways of WEL
and DWEL treatment for NAFLD

To delve into the intricate molecular pathways underlying the
therapeutic effects of WEL and DWEL on NAFLD, RNA sequencing
was conducted on the zebrafish liver from the control, NAFLD, as
well as WEL and DWEL treatment groups. Utilizing the transgenic
zebrafish with liver-specific fluorescent proteins expression and
visualization characteristics, the zebrafish liver was accurately
isolated under a fluorescence microscope, which ensures the
exclusive collection of liver samples and the focused transcriptomic
analysis. Compared to the control group, a total of 5,587 differen-
tially expressed genes (DEGs) were identified in the NAFLD group
induced by TAA, with 2,664 up-regulated and 2,923 down-
regulated. And the WEL treatment group exhibited 1,408 DEGs
(619 up-regulated and 789 down-regulated) when contrasted with
the NAFLD group, whereas the DWEL group and NAFLD group
demonstrated 529 DEGs (321 up-regulated and 208 down-
regulated, Figs. 5AeC. The stacking histogram of fragments per
kilobase of transcript per million mapped reads (FPKM) values
presents a high consistency in gene expression patterns within the
group (Fig. 5D). It is worth mentioning that there are 71 DEGs
overlapped in three experimental comparisons, representing the
shared regulation by both WEL and DWEL treatments on TAA-



Fig. 4. Spatial metabolomics screened out discriminatory metabolites modulated by wedelolactone (WEL) and demethylwedelolactone (DWEL) on non-alcoholic fatty liver disease
(NAFLD). (A) The hematoxylin and eosin (H&E) stain image for model, WEL or DWEL, and normal groups. (B) Metabolite-driven whole-body segmentation analysis based on the
matrix-assisted laser desorption/ionization-mass spectrometry imaging (MALDI-MSI) data. (C) Whole-body principal component analysis (PCA). (D) Whole-body probabilistic latent
semantic analysis (PLSA). (E) Liver specific PLSA analysis. (FeW) MALDI-MS images and expression levels of altered metabolites in zebrafish whole-body section and liver region.
***P < 0.001. CT: control; GPP: glucose phosphate; CSS: cholesterol sulfate; lysoPE: lyso-phosphatidylethanolamine; PE: phosphatidylethanolamine; C26:0-OH-SFT: C26:0-OH
sulfatide; PS: phosphatidylserine; LysoPC: lyso-phosphatidylcholine; FAs: fatty acids.
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Fig. 5. Wedelolactone (WEL) and demethylwedelolactone (DWEL) extensively altered gene expression patterns in zebrafish liver. (A) Venn diagram analysis of the total differ-
entially expressed genes (DEGs) in three comparisons: non-alcoholic fatty liver disease (NAFLD) group vs. control group, WEL treatment groups vs. NAFLD group and DWEL
treatment groups vs. NAFLD group. (B, C) The statistics of DEGs that up-and down-regulated were showed by colored columns (B) and volcano plot (C). (D) Stacking histogram of
fragments per kilobase of transcript per million mapped reads (FPKM) values of the genes in each sample. (E) Heatmap of the 71 DEGs overlapped among the three comparisons. (F)
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs in WEL and DWEL treatment groups vs. NAFLD group.

Fig. 6. The integrated analysis of transcriptomic and metabolomic profiles following wedelolactone (WEL) and demethylwedelolactone (DWEL) treatment. (A) Single-sample gene
set enrichment analysis (ssGSEA) of the key metabolic pathway across each sample. (B) Gene set enrichment analysis (GSEA) of steroid biosynthesis and fatty acid elongation in WEL
and DWEL treatment group vs. non-alcoholic fatty liver disease (NAFLD) group. (C) The biological processes of steroid synthesis, fatty acid metabolism, and glutathione metabolism,
and the crucial genes involved. (D) The relative mRNA levels of genes in essential metabolic pathways determined by quantitative real-time PCR (qRT-PCR). Data are presented as
mean ± standard deviation (SD) (n ¼ 10). *P < 0.05, ***P < 0.001, ns: no significance. NES: normalized enrichment score; FDR: false discovery rate; TAA: thioacetamide; farnesyl-PP:
farnesyl pyrophosphate.
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induced NAFLD. The clustering heatmap further illustrated the
mRNA profiles of these 71 genes clearly segregated WEL and DWEL
treatment groups from the NAFLD group (Fig. 5E). Through KEGG
enrichment analysis, we found that several biological processes
including cellular signaling, energy metabolism, apoptosis, and
extracellular matrix interactions were profoundly enriched, indi-
cating that these pathways are shared mechanisms through which
WEL and DWEL regulate NAFLD (Fig. S13).

When performing pathway enrichment analysis on DEGs of
the WEL vs. NAFLD group and DWEL vs. NAFLD group, distinct
differences were observed (Fig. 5F). For the WEL treatment group
compared to NAFLD group, the DEGs were predominantly enriched
in pathways related to steroid biosynthesis, apoptosis, biosynthesis
of cofactors, folate biosynthesis and DNA replication, which are
closely associated with maintaining normal hepatic function and
reducing fat deposition [39,40]. In contrast, the DEGs between
DWEL treatment and NAFLD group were primarily enriched in
extracellular matrix (ECM)-receptor interaction, MAPK signaling
pathway, intestinal immune network for IgA production, one-
carbon pool by folate and Fanconi anemia pathway, etc. These
pathways are involved in biological processes such as regulation of
signal transduction and immune modulation, indicating that WEL
and DWEL exert their effects through different mechanisms on
NAFLD.

3.6. The integrated analysis of transcriptomics and metabolomics
systematically revealed the differences in the regulation of hepatic
metabolism by WEL and DWEL

To gain a deeper insight into the changes in metabolic pathways
induced by WEL and DWEL treatments, an integrated analysis
combining transcriptomics and metabolomics was conducted.
Single-sample gene set enrichment analysis (ssGSEA) revealed
significant metabolic dysfunction in NAFLD at the gene level.
Interestingly, the majority of these metabolic pathways can be
effectively reversed by WEL treatment. However, the effects of
DWEL were comparatively limited, indicating a direct correlation
between these pathways and the regulatory effects of WEL, rather
than DWEL, on NAFLD (Fig. 6A). The metabolic pathways of steroid
biosynthesis and fatty acid elongation were then tested by gene set
enrichment analysis (GSEA), revealing a downregulation of these
pathways with WEL treatment (Fig. 6B). Steroid biosynthesis and
fatty acid elongation are highly relevant biological processes to
NAFLD, as their dysregulation leads to the accumulation of
cholesterol and fatty acids, which are crucial contributors to the
lipotoxicity in NAFLD progression [41,42]. These results strongly
indicated that WEL exerted its therapeutic effect on NAFLD through
regulation of cholesterol and fatty acid metabolism, which is
consistent with the results obtained from metabolomics analysis.

We further validated several relevant genes expression through
qRT-PCR to strengthen the evidence for the underlying mecha-
nisms ofWEL on NAFLD (Figs. 6C and D). Emopamil-binding protein
(Ebp), an important enzyme in cholesterol biosynthesis, catalyzes
the transformation of delta(8)-sterols into their delta(7)-isomers
and is crucial for the steroid homeostasis [43,44]. Its expression
can be significantly upregulated in TAA-induced NAFLD and
reversely downregulated by WEL treatment. We also verified the
markable downregulation of the dgat2 gene by WEL in the fatty
acid metabolism pathway. Dgat2 is responsible for encoding diac-
ylglycerol O-acyltransferase, which utilizes diacylglycerol and fatty
acyl-CoA as substrates to catalyze the formation of triglycerides
[45]. The downstream gene pnpla3, which is involved in the
remodeling of acyl chains in triglycerides [46], was assessed to be
upregulated in response to WEL treatment. Additionally, we vali-
dated that WEL can reversely regulate the expression of chac1,
9

leading to the degradation of glutathione [47], which is consistent
with the metabolomic data (Figs. 6D and 4H). In summary, we have
demonstrated that WEL and DWEL improve NAFLD through sepa-
ratemechanisms. Inhibition of steroid biosynthesis andmodulation
of fatty acid metabolism are important pathways specifically
associated with the effects of WEL, not DWEL.

4. Conclusion

Our study provides evidence of the therapeutic effects of WEL
and DWEL on NAFLD, and proposes a novel approach combining
MSI-based spatial metabolomics with liver-specific transcriptomics
to explore their underlying mechanisms. Through spatial metab-
olomics, the in vivo metabolic pathways of WEL and DWEL in
zebrafish as well as the discriminatory endogenous metabolites
were comprehensively mapped. Furthermore, transcriptomics
analysis revealed the distinct mechanisms of WEL and DWEL on
NAFLD, and unveiled the hepatoprotective effects of WEL is mainly
associated with the modulation of steroid biosynthesis and fatty
acid metabolism. Our findings not only provide a holistic under-
standing of the impacts of WEL and DWEL on NAFLD, but also
emphasize the significance of integrative spatial metabolomics and
liver-specific transcriptomics in elucidating the intricate mecha-
nisms for effective intervention.
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