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Objective: Psoralea corylifolia L. (FP) has received increasing attention due to its
potential hepatotoxicity.

Methods: In this study, zebrafish were treated with different concentrations of an
aqueous extract of FP (AEFP; 40, 50, or 60 pg/mL), and the hepatotoxic effects of
tonicity were determined by the mortality rate, liver morphology, fluorescence
area and intensity of the liver, biochemical indices, and pathological tissue
staining. The mMRNA expression of target genes in the bile acid metabolic
signaling pathway and lipid metabolic pathway was detected by gPCR, and
the mechanism of toxicity was initially investigated. AEFP (50 ug/mL) was
administered in combination with FXR or a peroxisome proliferator-activated
receptor a (PPARa) agonist/inhibitor to further define the target of toxicity.

Results: Experiments on toxic effects showed that, compared with no treatment,
AEFP administration resulted in liver atrophy, a smaller fluorescence area in the
liver, and a lower fluorescence intensity (p < 0.05); alanine transaminase (ALT),
aspartate transaminase (AST), and y-GT levels were significantly elevated in
zebrafish (p < 0.01), and TBA, TBIL, total cholesterol (TC), TG, low-density
lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol
(HDL-C) levels were elevated to different degrees (p < 0.05); and increased
lipid droplets in the liver appeared as fatty deposits. Molecular biological
validation revealed that AEFP inhibited the expression of the FXR gene,
causing an increase in the expression of the downstream genes SHP, CYP7AL,
CYP8B1, BSEP, MRP2, NTCP, peroxisome proliferator-activated receptor y
(PPARy), ME-1, SCD-1, lipoprotein lipase (LPL), CPT-1, and CPT-2 and a
decrease in the expression of PPARa (p < 0.05).

Conclusion: This study demonstrated that tonic acid extracts are hepatotoxic to
zebrafish through the inhibition of FXR and PPARa expression, thereby causing
bile acid and lipid metabolism disorders.
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GRAPHICAL ABSTRACT

Introduction

Psoralea corylifolia L. (FP), an important traditional herbal
medicine, has a long history of clinical application and has been
widely used in many countries. The whole plant has important
medicinal value and is used to treat various diseases, such as
leucoderma, menstrual ~disorders, uterine bleeding, and
endometriosis (Chen et al.,, 2023; Alam et al., 2018). FP (Psoralea
corylifolia L. ) and its formulations are also widely used in China for
the treatment of bone and skin diseases (Makwana et al., 2020; Li T
et al., 2022). More than 200 compounds, mainly coumarins,
flavonoids, and terpenoids, have been isolated and identified
from psoriasis (Gao et al,, 2021; Wu et al, 2020). These major
components have biological activities, such as antitumor, anti-
inflammatory, antioxidant, and osteogenic effects (Li N et al,
2022; Cariola et al,, 2023; Zhang et al.,, 2016). In recent years, a
number of adverse reactions have been associated with psoralens,
such as hepatotoxicity, phototoxic dermatitis, and allergy, with
hepatic injury being the most common (Shi et al., 2022; Wang
etal., 2019). Tian et al. (2017) analyzed 84 cases of adverse reactions
due to the use of psoralens from 1978 to 2016. A total of 48 patients
had liver injury, which accounted for 57.14% of all cases (Tian et al.,
2017). Other clinical studies have shown that PF has a high risk of
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hepatotoxicity (Li et al., 2019; Rong et al., 2020; Liu et al., 2019).
These clinical studies suggest that PF-induced liver injury is mainly
hepatocellular injury and cholestasis. The risk of liver injury may
increase with an overdose, the use of raw products, or
improper dosing.

In the past, PF-induced liver injury has been extensively studied
in animal models, such as mice and rats. Wang ] et al. (2012)
evaluated the effect of FP ethanol extracts (1.875, 1.25, and
0.625 g/kg/day) administered for 28 consecutive days on the liver
of Wistar rats, and the results showed that hepatic cholestasis was
the main cause of hepatic injury caused by PF. Duan et al. (2020)
gavaged male Wistar rats with an FP aqueous extract (2.1 g/kg/day)
for 28 consecutive days and found that altered bile acid metabolism
and energy metabolism were strongly correlated with hepatic injury
via quantitative proteomics and metabolomics analyses. However,
some studies have shown that coadministration of PF (0.22 g/kg/
day) with Epimedii Folium (EF) for 6 days induces the low-dose
lipopolysaccharide-mediated recruitment of hepatic T lymphocytes
in rats, possibly leading to specific liver injury. Alanine transaminase
(ALT) and aspartate transaminase (AST) levels are significantly
elevated, multiple cytokines are overexpressed, and a strong
inflammatory response is activated (Gao et al., 2020). The dose
and type of liver injury caused by PF, whether inherent or specific,
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TABLE 1 The primers used for Real-time quantitative PCR.

10.3389/fphar.2024.1308655

Function Gene NCBI
Internal reference B-actin-F 5'-AGAGCTATGAGCTGCCTGACG-3' NC_007112.7
B-actin-R 5'-CCGCAAGATTCCATACCCA-3'
Lipid metabolism PPARy-F 5'-CACTCGCTGGACATCAAGCC-3' NC_000005.10
PPARy-R 5".-TCCTGTAGCTGTACATGTGCGT-3'
PPARaa-F 5'-CGGGCTTCAGGTTTCCACTA-3' NC_007136.7
PPARaa-R 5'-ACGAATAGCGTTGTGGGACA-3'
SCD1-F 5'-AACACCAGCCAATCGGAGAG-3' NC_007123.7
SCD1-R 5'-TGCTCTAAACACGTGGACCC-3'
MEL-F 5'-ATGTTACACGCAACCCCCAT-3’ NC_007127.7
MEI-R 5'-ACCCGCAAAACTTGCACATC-3'
ACS-F 5'-CTTCAGACGCAACTTCCCCT-3’ NC_007205.1
ACS-R 5'-CCCTGTGGAAATCCTGCTGT-3'
LPL-F 5-GCTCTCACGAGCGCTCTATT-3' NC_007133.7
LPL-R 5-TCCTGCGTGTGCGAATTTTG-3'
ACS-F 5'-CTTCAGACGCAACTTCCCCT-3' NC_014408.1
ACS-R 5'-CCCTGTGGAAATCCTGCTGT-3'
CPT1-F 5'-TGCAGGGGAGATGTAGACCA-3' NC_000085.7
CPT1-R 5'-TGACAGTCCACTTCATCGGC-3'
CPT2-F 5'-AACTTCGAGCACTCTTGGGG-3' NC_000001.11
CPT2-R 5'-GATGAGTCTACGGACGCAGG-3'
PGAR-F 5'-CGAGATGACACCCGAAGGAG-3' NC_000083.7
PGAR-R 5'-CCGAGCCAGAACTCACCATT-3
Bile acid metabolism FXR-F 5'-GAATGACCACAAGTTCACC-3' NC_000003.12
FXR-R 5'-AAGAAGGGAAGTCCAATACC-3
SHP-F 5'-CGACTGTCCGCTCACTCTG-3' NC_007121.7
SHP-R 5'-CCTCCTGCAGTCCTGCTATC-3'
CYP7A1-F 5"-TTGCGCATGCTTTTGAACGA-3' NC_000008.11
CYP7A1-R 5'-TCAAAGGTTCGCCTCACCTC-3'
CYP27A1-F 5'-AACGCATGCTGCATCCAAAG-3' NC_000002.12
CYP27A1-R 5'-CGCGTCTCGAAGAGAATGGA-3'
CYP8BI1-F 5'-CAGACGAACCGGAGAACCTC-3' NC_000003.12
CYP8B1-R 5'-CCTCCGAGCTGCACTGTAAA-3'
MRP2-F 5'-GGTTCAGGAGGACATGTGGG-3' NC_054685.1
MRP2-R 5'-ACCCTCAGCATCTACGGTCT-3'
BSEP-F 5'-GCAGGACTCATGGCTCTGTT-3' NC_007122.7
BSEP-R 5'-CCCCATTGTTGGGCAGAGAT-3'
NTCP-F 5-ATTGTCGAGGCGCTGATCTT-3' NC_000002.12
NTCP-R 5"-TGGGGCTCATTCGTCACTTC-3'
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Mortality rate of zebrafish at different concentrations (%).

are controversial. Disturbances in bile acid metabolism and
transport, oxidative stress, mitochondrial damage, inhibition of
hepatocyte regeneration and repair, and inflammatory responses
have been the focus of related research (Hou et al., 2020; Wang X
etal,, 2012; Men et al., 2022). Elucidating the complex mechanism of
action of PF is highly challenging because of the problems associated
with PF-induced hepatotoxicity. The systematic and efficient study
of the process of PF-induced liver injury will help reduce the risk
of drug use.

Zebrafish, a new model organism, shares more than 87%
homology with humans and is widely used in drug research
(Goessling and Sadler, 2015 Cox and Goessling, 2015). Zebrafish
have the advantages of small size, easy feeding, high spawning rate,
high survival rate, and low reproduction cost, etc. These
characteristics can meet the requirements of large sample sizes of
experimental animals for toxic drug screening and compensate for the
influence of traditional animal models on experimental results due to
large individual differences (Rosa et al., 2022; Hernandez-Silva et al.,
2023). Specific parts of the transgenic zebrafish were stained with
fluorescent labels. By observing the location and level of fluorescent
markers in specific organs, the target organs affected by drug toxicity
can be quickly determined. The safety of 12 kinds of Chinese
medicines in Zhuanggu Guanjie pills was rapidly evaluated using a
zebrafish model (Chai et al, 2022). Several traditional Chinese
medicines (such as Dipsacus asperata), which are considered safe,
can also cause obvious toxic reactions in zebrafish, but no reports exist
on the toxicity of D. asperata in traditional animal models. It has been
proven that zebrafish are more sensitive to drug toxicity (Cassar et al,,
2020). The zebrafish model has the advantages of real-time use, high
efficiency, and simplicity in evaluating potential drug toxicity and
rapid screening of toxic drugs; it can form a good communication
bridge with traditional in vivo and in vitro models and can be used for
preliminary screening of drugs in the early stage of research and
development, evaluation of potential toxic components of drugs, and
determination of main target organs.

In this
characteristics and mechanism of FP hepatotoxicity. This

study, zebrafish were wused to explore the
study provides reliable theoretical support for the use of FP in

traditional Chinese medicine and the development and

application of preparations.
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Materials and methods

Plant materials and preparation of
FP extracts

FP was purchased from Xinjiang Xingikang Pharmaceutical Co.,
Ltd. and authenticated by researcher Shi-xia Huo (Xinjiang Institute
of Traditional Uyghur Medicine). Voucher specimens (No.
20190507) were deposited at the Xinjiang Institute of Traditional
Uyghur Medicine, China. A measure of 1,000 g of FP was accurately
weighed and extracted thrice with 10 volumes of pure water for 1 h
(h) by reflux. After filtration, the three aqueous extracts were
combined, concentrated, and dried, and a dry powder with a
concentration of 7.74 g/g (equivalent to the crude drug) was
obtained. The aqueous extract of FP (AEFP) was stored at
2°C-8°C. The main constituents were quantified by HPLC, and
AEFP was found to contain psoralen (3.06 mg/g), isopsoralen
(2.20 mg/g), and psoralen phenol (14.65 mg/g).

Chemicals

The FXR agonist obeticholic acid (FXR-A, C10777289, HPLC >
98%) and the peroxisome proliferator-activated receptor a (PPAR«)
agonist fenofibrate (PPARa-A, C13541890, HPLC > 99%) were
purchased from Shanghai Macklin Biochemical Technology Co.,
Ltd. The FXR inhibitor (Z) guggulsterone (FXR-I, J05j12R136632,
HPLC > 98%) and the PPARa inhibitor MK-886 (PPARa-I,
C10011L126310, HPLC > 99%) were purchased from Shanghai
Yuanye Biotechnology Co., Ltd. ALT (C009-2-1), AST (C010-2-1),
TBA (E003-2-1), TBIL (C019-1-1), y-GT (C17-2-1), total
cholesterol (TC) (Alll-1-1), TG (A1l10-1-1), low-density
lipoprotein cholesterol (LDL-C) (A113-1-1), and high-density
lipoprotein cholesterol (HDL-C) (A112-1-1) reagent test Kkits
were purchased from Nanjing
Institute Co., Ltd.

Jiancheng Bioengineering

Zebrafish maintenance

Zebrafish were reared under standard conditions (14 h of
light and 10 h of darkness) in a temperature-controlled (28°C)
system. In this study, the transgenic zebrafish Tg (Ifabp:EGFP)
strain was used to label hepatocytes with green fluorescent
protein. The zebrafish strains were obtained from the Key
Laboratory for Drug Screening Technology of Shandong
Academy of Sciences. To obtain the transgenic juvenile fish,
healthy and sexually mature female and male fish of the
transgenic line 1fabp-EGFP were placed in a screened mating
box. The barrier was removed at 8:30 a.m. The following
morning, zebrafish embryos were obtained from 11:00 to 12:
00 a.m. The embryos were washed three times and disinfected
with 0.1% methylene blue. The embryos were transferred into
zebrafish embryo culture water and cultured at 28°C with 14 h of
light control. All the experiments were carried out in compliance
with the ethical guidelines and under the supervision of the
Ethics Committee of the Biology Institute, Shandong Academy
of Sciences.
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FIGURE 2

(A) Effects of AEFP on swim bladder size, yolk sac absorption, and liver phenotypic changes of zebrafish (blue arrow: swim bladder and red arrow:
yolk sac). (B) Effects of AEFP on the body length and area growth of zebrafish. (C) Effects of AEFP on the yolk sac and fish maw area (x+s,n = 6); * p < 0.

05 vs. the CON group.

Drug treatment

Zebrafish larvae were collected 72 h post-fertilization (hpf).
Healthy zebrafish were selected under a microscope and
transferred to 6-well plates, with 20 zebrafish in each well.
According to the preliminary results, the blank control group
(zebrafish culture water), AEFP (40, 50, 60, 70, 80, 90, 100, 110,

Frontiers in Pharmacology

and 120 ug/mL), FXR-I (1.5 pmol-L™"), FXR-I (1.5 umol-L™" + AEFP
50 pg/mL), FXR-A (5.5 pmol-L™"), FXR-A (5.5 umol-L™' + AEFP
50 pg/mL), PPARa-I (0.5 umol-L "), PPARa-I (0.5 pmol-L™' + AEFP
50 pg/mL), PPARa-A (6 pmol-L™"), and PPARa-A (6 pmol-L™" +
AEFP 50 pg/mL) were used, and 200 uM 1-phenyl 2-thiourea (PTU)
was added to each group to inhibit melanin production. The mixture
was subsequently incubated in a light incubator at a constant

frontiersin.org
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(A) Effects of AEFP on liver morphology of Zebrafish; Effects of AEFP on the (B) liver fluorescence intensity and (C) liver fluorescenc area of zebrafish

(X+s, n = 6); *p < 0. 05, and **p < 0.01 vs. the CON group.

temperature of 28.0°C + 0.5°C for 3 days, after which the solution
was changed every day. Three parallel replicates were performed.
The development of larvae was observed using an FSX100 Bio
Imaging Navigator instrument (Olympus).

Effect of AEFP on mortality and
malformation in zebrafish

The deaths of the zebrafish in each group at 24, 48, and 72 h
post-exposure (hpe) were recorded (whether the zebrafish survived
was judged by the heartbeat).

Liver fluorescence area and intensity

Seventy-two hpf zebrafish were anesthetized with tetracaine, and the
zebrafish were photographed by fixing their side position (eyes
overlapping). The fluorescence area and intensity of the zebrafish liver
were observed using an inverted fluorescence microscope. The
parameters for fluorescence observation were as follows: excitation
wavelength, 490 nm, and emission wavelength, 516 nm (Olympus
§ZX16, Tokyo, Japan). Image-Pro Plus 5.1 Chinese software was used
to measure the area and intensity of liver fluorescence, and GraphPad
Prism 6 software was used to construct a histogram for visual comparison.

Determination of transaminase activity in
the zebrafish liver

Seventy-two hours after administration, the zebrafish in the control
group and administration group were collected in 1.5-mL EP centrifuge
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tubes. After 3 rounds of cleaning with 9% normal saline, the cleaning
solution was transferred to a preweighed 1.5-mL centrifuge tube after
observing that there was no residue. The residual water in the centrifuge
tube was removed as much as possible and weighed, and precooled 4-C
normal saline was added at a mass ratio of 1:9 (w/w). Juvenile fish
(approximately 50 fish) were prepared as 10% tissue homogenates with
180 pL of 4°C normal saline using an ultrasonic crusher. The mixture
was centrifuged at 4°C and 3,500 r/min for 10 min, after which the
supernatant was collected for later use.

The homogenate was collected to measure the protein
concentration of each group by the BCA method, and the enzyme
activity and content were subsequently measured according to the
instructions of the ALT, AST, TBA, TBIL, y-GT, TC, TG, LDL-C, and
HDL-C kits. The activity of AST and ALT in tissue (U/g prot) = the
activity of AST/ALT in the homogenate (U/L) obtained by standard
curve + the protein concentration of the homogenate to be measured (g
prot/L); TBA, TBIL, y-GT, TC, TG, LDL-C, and HDL-C content = A
(absorbance) to determine + a standard x standard concentration
(umol/L), and the experiment was repeated three times.

Oil Red O staining

Twenty larvae were randomly selected from each group and
fixed in paraformaldehyde at 4°C overnight. On the second day, the
larvae were washed with phosphate-buffered saline (PBS) twice and
then soaked in PBS containing 25%, 50%, 75%, and 100% propylene
glycol for dehydration and infiltration. Then, the sections were dyed
with 0.5% Oil Red O solution at room temperature for 4 h. After
staining, the cells were gradually rehydrated with PBS and propylene
glycol until the larvae were in 100% PBS. Finally, the larvae were
fixed on methylcellulose slides.
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FIGURE 4
Effects of AEFP on (A) liver transaminase, (B) bile acid metabolism, and (C) lipid metabolism of zebrafish (x +s, n = 6); **p < 0.01 vs. the CON group.

Histopathological examination of the ethanol gradient, and soaked in xylene. Then, the zebrafish

zebrafish liver were embedded in paraffin, sliced, stained with

hematoxylin-eosin (HE), and sealed. The tissue sections

Ten zebrafish were randomly selected from each group, were observed and imaged under a microscope (Olympus
fixed with 4% paraformaldehyde, dehydrated with an  FSX100, Tokyo, Japan).
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the CON group.

In situ hybridization

Partial coding sequences of the zebrafish FXR and PPARa genes
were amplified via PCR using first-strand cDNA templates derived
from 6 days post-fertilization (dpf) zebrafish juveniles. The forward
primer 5'-TCAAATGCCGTTGGGTGGTA-3' and reverse primer 5'-
TA ATACGACTCACTATAGGGTGCAAGGCTGTGAAACAA
CAG-3' were used to amplify the partial PPARa cDNA. The

Frontiers in Pharmacology
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forward primer 5'-TCAGCTTGACGTCTTTTCCCA-3' and reverse
primer  5'-TAATACGACTCACTATAGGGCACAAGTGAGCGC
GTTGTA G-3' were used to amplify the partial FXR cDNA. PCR
products were purified and used as templates for in vitro transcription
reactions using T7 RNA polymerase (DIGRNALABELINGKIT (SP6/
T7) to generate digoxigenin-labeled FXR or PPARa antisense
riboprobes. In all the experiments, normal translating ribose was
used as a negative control. In situ hybridization was performed.
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Analysis of gene expression by RTq-PCR

Fifty zebrafish from each group were homogenized using an
ultrasonic pulverizer and added to a 1.5-mL EP tube without
enzyme sterilization, after which the RNA was extracted
according to the instructions of the SPARK easy IMO proved
tissue/cell RNA extraction kit, which was used directly in
subsequent experiments.

For RTq-PCR, 2pL of the synthesized cDNA template
was removed, and 10pL of SYBR qPCR Super Mix Plus
was added to a 0.2-mL PCR tube. Then, 1 x 1 pL upstream
primer and 1 x 1 pL downstream primer were mixed, and 20 uL
of RNase-free water was added. The solution was gently
mixed and centrifuged to prepare a 20-pL PCR system with {-
actin as the internal reference. The samples were
predenatured at 95°C for 60s, denatured at 95°C for 30s,
annealed at 60°C for 30s, and annealed at 72°C for 30 s. After
40 cycles, fluorescence quantitative analysis was carried out
using PCR software, and CT was obtained. The results of
the relative expression of the target gene mRNA were
calculated by the 27" method, and the expression multiplier
of the target gene in the administration group was calculated
by the 2™ method. Gene-specific primers for real-time
fluorescence quantitative PCR were synthesized by Xi ’an
Qingke Biotechnology Co., Ltd., and the primer sequences are
shown in Table 1.
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Statistical analysis

The data SPSS
25.0 software, and the results are expressed as + S. A f-test

experimental were analyzed using
was used to compare the differences between two groups, and
ANOVA was used to compare the differences between multiple
groups. GraphPad Prism 6 software was used to construct

a graph.

Results

Effect of AEFP on the mortality of zebrafish
Using SPSS 21.0, LC; = 55.50 pg/mL, LC;( = 63.93 ug/mL, and

LCso = 76.04 ug/mL were calculated, as shown in Figure 1. The final

concentrations used for drug administration were confirmed to be

40, 50, and 60 pg/mL, as shown in Figure 1.

Effects of AEFP on zebrafish morphology
The morphological changes in the juvenile zebrafish induced

by different concentrations of drugs were observed under a

fluorescence microscope. The bladders of the zebrafish in the
blank control group had a normal shape and clear edges. After
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Effects of AEFP combined with FXR and PPARa agonists and inhibitors on the liver fluorescence intensity and area of zebrafish. The concentration of
AEFPis 50 pg/mL, FXR-lis 1.5 uM, FXR-Ais 5.5 uM, PPARa-1is 0.5 pM, and PPARa-A is 6 uM. *p < 0. 05 and ***p < 0.001 vs. the CON group; #p < 0. 05 and

#p < 0.01 vs. the AEFP group.

40 pg/mL, 50 pg/mL, and 60 pg/mL AEFP were administered, the
swim bladder obviously decreased or even disappeared. The yolk
sac absorption of the blank juvenile fish was normal, and the yolk
sac absorption of the zebrafish in each administration group was
delayed to different degrees, especially in the group administered
60 pg/mL AEFP, as shown in Figures 2A, C. As the concentration
of the AEFP administered increased, the body length of the
zebrafish had a tendency to decrease, but no significant
difference was observed. Moreover, some inhibition of the
body area was observed, which was most obvious at 50 pg/mL
(p < 0.05), as shown in Figure 2B.

Phenotypic changes in the liver

Changes in the liver morphology and area of zebrafish after
administration were observed under a fluorescence microscope.
The livers of the juvenile fish in the blank control group were
transparent and normal in shape. The livers of the juvenile fish
after treatment with different concentrations of AEFP in a
medicated bath showed varying degrees of damage. Compared
with that of the blank control group, the liver color of zebrafish
treated with 40 pg/mL was gray, and the boundary was unclear.
The liver area of the group administered 50 ug/mL AEFP
decreased significantly. In the group administered 50 pg/mL
AEFP, at 72 hpe, the liver of juvenile zebrafish was obviously
atrophied and degenerated, and the liver area was reduced, as
shown in Figure 3A.
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Compared with those in the blank control group, the
fluorescence area and intensity in juvenile zebrafish liver
tissue were altered at 72 hpe. In the 50-ug/mL group, the
atrophied and degenerated, the
fluorescence area decreased. With increasing drug bath

liver obviously and
concentration, the decrease in liver fluorescence intensity
became more obvious and dose-dependent, as shown in

Figures 3B, C.

Effect of AEFP on the biochemical indices
of zebrafish

Compared with that in the blank group, ALT activity in the
zebrafish in the AEFP group was significantly greater at 72 hpe (p <
0.01). At 72 hpe, 60 pug/mL AEFP significantly increased AST
activity in zebrafish (p < 0.01) (Figure 4A).

Compared with those in the blank group, the TBA content in
the groups administered 50 ug/mL and 60 ug/mL AEFP
significantly increased at 72 hpe (p < 0.05 and p < 0.01,
respectively). At 72 hpe, treatment with 60 ug/mL AEFP
significantly increased the TBIL concentration in the zebrafish
(p < 0.05) (Figure 4B).

Compared with those in the blank group, the doses of
50 and 60 ug/mL AEFP significantly increased the TC
content in zebrafish at 72 hpe (p < 0.05). At 72 hpe, a dose
of 50 pg/mL AEFP significantly increased the TC content in the
zebrafish (p < 0.05). Concentrations of 50 ug/mL and 60 ug/mL
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significantly increased
0.05) (Figure 4C).

the LDL-C concentration (p <

Observation of lipid deposition in zebrafish
liver tissue

Oil Red O staining was used to study the accumulation of fat in
the zebrafish liver. As shown in Figure 9, compared with that in the
blank control group, the liver Oil Red O staining in the 40-pg/mL,
50-pg/mL, and 60-pug/mL AEFP dosage groups was deepened to
different degrees after 72 hpe was administered, and the color
gradually deepened with increasing dosage (p < 0.001). This
finding indicates that AEFP can lead to fat deposition in
zebrafish liver tissue, as shown in Figure 5.

Histopathological observation of liver tissue

In the control group, the liver structure was normal, with
clear cell margins and close contact. In the group treated with
40 pg/mL AEFP, no obvious histological change was observed
except for the loose connection of local hepatocytes. Compared
with those in the control group, some hepatocytes in the group
treated with 50 ug/mL AEFP were vacuolated. In the group
treated with 60 ug/mL AEFP, the morphology of the
hepatocytes was irregular, the volume decreased, and fatty
degeneration of the hepatocytes occurred, as shown in
Figure 6A. The results given in Figure 6B show that AEFP
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induced an increase in the rate of vacuolation in the zebrafish
liver, but no significant trend was observed.

Effect of AEFP on the mRNA expression
in zebrafish

At the mRNA level, we found that the expression of the FXR and
CYP27A1 genes was inhibited in the bile acid metabolism signaling
pathway in the AEFP-treated group, whereas the expression levels of
SHP, CYP7A1, CYP8B1, BSEP, MRP2, and NTCP were significantly
increased at 72 hpe after the administration of AEFP (aqueous
extract of FP) (p < 0.01). WEFP also had a regulatory effect on key
genes involved in lipid metabolism, ie, PPARa, peroxisome
proliferator-activated receptor y (PPARy), ME-1, SCD-1,
lipoprotein lipase (LPL), CPT-1, CPT-2, and PGAR. The
regulatory effect and the expression levels of PPARa, PPARy,
ME-1, SCD-1, LPL, CPT-1, CPT-2, and PGAR were significantly
greater than those in the blank control group at 72 hpe after drug
administration (p < 0.01), as shown in Figure 7.

Effects of the combination of AEFP with FXR
and PPARa agonists and inhibitors on
the liver

Compared with that in the control group, the liver area in the

AEFP-alone group was significantly lower (p < 0.05), and the liver
fluorescence intensity was significantly lower (p < 0.001); moreover,

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1308655

Gao et al.

10.3389/fphar.2024.1308655

# # #
5= ##H# = 4=
= R _ 10+ b
£ g ** = ## #
Iy
= £ &4 e 3 ok
3 2 >
> 3 g ]
o 3 69 g ek
< < 2 2+
z
x 24 Z 4 <
E £ °ZE‘ 1 cax
2 1+ 3 S 2 i
& od = & o z é 0
R QQ » QQ v {8 3 D ((Q by QQ v QQ
S & , : !
€ ¥ K \,é’f ,(+‘2'va(" ¥ dg'\,.vq’ &
@ ' & ]
Q.‘- Q"g. ‘(.\' Q‘\g.
5 157 - < 57 #
< [ P
o = > 4
o HH## - ¢}
» 1.0+ °
e ; 2 ¥ 3
< < 2
< z <
4 2+
an= 0.5+ £ z
s £ § 1- :
s S @
% s 2
2 0.0- s g 0
R > & g s
S E o8 & T & s o &
\a Q?. \XV' v@- o X
T IR & &
FF
Q <

FIGURE 10

Effect of combined administration on the results of MRNA. The concentration of AEFP is 50 pg/mL, FXR-1is 1.5 yM, FXR-A is 5.5 pM, PPARa-1 is
0.5 uM, and PPARa-A is 6 uM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the CON group; *p < 0. 05, *#p < 0.01, and #*#3 p < 0.001 vs. the AEFP group.

the liver fluorescence intensity in the FXR inhibitor-alone group was
significantly lower (p < 0.05, p < 0.001). The liver area in the PPARa
inhibitor group was significantly reduced (p < 0.01), and the
fluorescence intensity in the liver was significantly decreased (p <
0.05). Compared with that in the AEFP group, the liver area in the
FXR-A and AEFP groups was significantly lower (p < 0.05), and the
liver fluorescence intensity was significantly lower (p < 0.05). In the
FXR stimulation group, the liver area in the zebrafish
coadministered with the PPARa inhibitor and AEFP increased
significantly (p < 0.05), and the liver fluorescence intensity
increased significantly (p < 0.01). In the group coadministered
with the PAPRa inhibitor and AEFP, the liver area decreased
significantly (p < 0.01), and the liver fluorescence intensity
tended to weaken. In the group administered with the
PPARa agonist and AEFP together, the liver area increased,
and the liver fluorescence intensity increased significantly (p <
0.01) (Figure 8).

Effects of FXR and PPARa agonist inhibitors
on the expression of FXR and PPARa in the
livers of zebrafish

Compared with those in the control group, the staining depth of
FXR and PPARa in the liver in the AEFP group was decreased, the
FXR staining depth in the liver in the FXR agonist group was
increased, and the depth of PPARa staining in the liver in the
PPARa agonist group was increased. Compared with that in the
AEFP-alone group, the depth of liver FXR staining in the FXR
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agonist and AEFP coadministration group was greater; moreover,
the depth of liver PPARa staining in the PAPRa agonist and AEFP
coadministration group was greater, as shown in Figure 9.

Effects of AEFP combined with FXR and

PPARa agonists and inhibitors on the mRNA
expression of key genes involved in bile acid
metabolism and lipid metabolism pathways

The mRNA levels of FXR, SHP, and PPARa in the AEFP group
were significantly lower (p < 0.05) than those in the control group,
while the mRNA levels of CYP7A1 and LPL were significantly
greater (p < 0.05). In the FXR inhibitor group, the mRNA levels
of FXR and SHP were significantly lower (p < 0.05), while the mRNA
level of CYP7A1 was significantly greater (p < 0.001). In the FXR
agonist group, the mRNA levels of FXR and SHP were significantly
increased (p < 0.05), while the mRNA level of CYP7Al was
significantly decreased (p < 0.001). In the PPARa inhibitor
group, the mRNA level of PPARa was significantly decreased
(p < 0.001), and the mRNA level of CYP7Al was significantly
decreased (p < 0.05). The mRNA levels of PPARa and LPL were
significantly lower in the PPARa agonist group (p < 0.01).

Compared with those in the AEFP group, the mRNA levels of
FXR were significantly downregulated (p < 0.05), and the mRNA
level of CYP7AL1 was significantly downregulated (p < 0.001) in the
coadministration group of the FXR inhibitor and AEFP. The mRNA
levels of FXR and SHP in the coadministration group of the FXR
agonist and AEFP were significantly upregulated (p < 0.001); the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1308655

Gao et al.
AEFP
FXR |
SCD-1 T PPARa |/ sup 1
ME-1 '1'
Fat deposition 1‘
CYP7A1 T
Increase TG 1‘ CYPS8B1
Bile acids 1‘
T PPARY compensatory
increcss)
AL MRP2 (Cholestasis)
NTCP(Compensnmry increass)
BSEP
//
e
bile acid metabolism
disorders
lipid metabolism
FIGURE 11

Effects of AEFP on the pathways in zebrafish.

mRNA levels of PPARa in the coadministration group of the PAPRa
inhibitor and AEFP were significantly decreased (p < 0.001), and the
mRNA level of CYP7AL1 was significantly downregulated (p < 0.05);
and the mRNA level of LPL in the coadministration group of the
PAPRa agonist and AEFP was significantly upregulated (p < 0.01),
as shown in Figure 10.

Discussion

The use of zebrafish is an important tool for high-throughput
screening of drug hepatotoxicity. Although the liver structure of
zebrafish is different from that of mammals, the basic
physiological processes, genetic mutations, and pathogenic
responses of zebrafish to environmental damage are highly
similar (Bala et al., 2020; Bambino et al., 2019). In this study,
transgenic 1fabp:EGFP zebrafish were used as experimental
models. After being exposed to different concentrations of
AEFP for 72 hpe, the liver was damaged to different degrees,
as indicated by a gray color, blurred edges, and a reduced area
compared with those in the blank group. With increasing drug
concentration, the color of the liver gradually deepened.
Moreover, the fluorescence area and intensity in the liver
decreased to different degrees. Further observation showed
that, compared with that in the blank group, the delay in yolk
sac absorption was most obvious when 60 ug/mL AEFP was
administered. Approximately 70% of the yolk sac of zebrafish
is composed of neutral lipids, which provide nutrients during
early embryonic development (Katoch and Patial, 2021; Zhang
et al,, 2019; Jiang et al., 2022). When the liver is damaged, the
metabolic rate of the yolk sac slows, hindering lipid metabolism in
the yolk sac and thus causing an absorption delay in the yolk sac.
Yolk sac absorption can also be used as an indirect indicator of
liver function (Bambino et al., 2019).
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The liver biomarkers ALT and AST are important indices for
evaluating liver function and mainly exist in the cytoplasm of
hepatocytes. Damage to hepatocytes leads to an increase in cell
membrane permeability, the release of ALT and AST into the body,
and an increase in transaminase levels (Lala et al., 2023; Zhang et al.,
2023). After AEFP treatment, the levels of ALT and AST in the
zebrafish increased significantly, indicating that AEFP has a certain
toxic effect on zebrafish hepatocytes. Moreover, after AEFP
administration, the total bile acid, total bilirubin, total
cholesterol, triglyceride, LDL-C, and HDL-C levels in zebrafish
increased, suggesting that AEFP can cause cholestasis and lipid
metabolism disorders. In addition, the liver phenotype, Oil Red O
staining, and pathology results showed that the fluorescence
intensity of the liver decreased obviously after administration at
72 hpe, and lipid deposition was observed in the liver. The
hepatotoxic effect of AEFP on zebrafish was confirmed, and it
was hypothesized that the mechanism of hepatotoxicity of AEFP
might be related to hepatocellular injury, cholestasis, and lipid
metabolism disorders.

Therefore, the study of pathways associated with hepatic bile
acid and lipid metabolism is an important direction for
elucidating the mechanisms of AEFP hepatotoxicity. Altered
expression of genes related to cholesterol biosynthesis and bile
acid metabolism was revealed by mRNA analysis of zebrafish
liver samples. Bile formation is an essential function of the liver,
and bile acids (BAs), which are evolutionarily conserved
molecules synthesized from cholesterol in the liver, are critical
for the regulation of bile metabolism and lipid metabolism
(Chiang and Ferrell, 2018). The lipoid X receptor (FXR) was
the first receptor demonstrated to be activated by endogenous
bile acids, and FXR plays a crucial role in the regulation of bile
acid homeostasis. FXR inhibits the expression of genes related to
bile acid synthesis (CYP7A1 and CYP8B1) and, thus, reduces the
bile acid concentration in hepatocytes (Appelman et al., 2021; Lee
et al, 2021). In addition, FXR activation limits bile acid
accumulation in hepatocytes by inhibiting the expression of
the bile acid membrane transporter protein NTCP and
induces bile acid efflux from the liver by upregulating the
expression of the bile acid efflux pump BSEP. The FXR/SHP
pathway controls the homeostasis of cholesterol and bile acids in
enterohepatic circulation, and FXR inhibits SHP transcription
when bile acid levels are elevated (Yu et al., 2021). The results
showed that AEFP inhibited the expression of FXR in the liver
and that feedback induced the expression of the SHP, CYP7A1,
and CYP8BI1 genes, thus increasing the synthesis of bile acids;
moreover, it induced the upregulation of NTCP expression,
causing the accumulation of bile acids in hepatocytes. The
increase in the expression of the BSEP and MRP2 genes may
be a compensatory response caused by cholestasis. Hepatic
transporters play a crucial role in the (ATP-dependent) efflux
of BAs and substrates into somatic circulation. MRP2, a member
of the multidrug resistance-associated gene family, is expressed
in the basolateral membranes of hepatocytes and undergoes
adaptive upregulation in response to bile deposition injury or
BA feeding (Wang et al, 2023). Additionally, FXR is an
important regulator of lipid metabolism. Studies have shown
that the bile acid-induced FXR/SHP pathway reduces TG levels
by inhibiting adipogenic sterol regulatory element-binding
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protein 1 (SREBP-1c), leading to the repression of genes involved
in adipogenesis, including desaturase 1 (SCD) and ME-1 (Ding
et al., 2021). Another study showed that FXR could prevent
hepatic TG accumulation by inducing PPARa activity and
stimulating fatty acid P-oxidation in human hepatocellular
carcinoma cells (Guan et al., 2022).

Moreover, PPARa efficiently induces the expression of
numerous genes involved in a variety of lipid metabolic
pathways, including microsomal, peroxisomal, and mitochondrial
fatty acid oxidation; fatty acid doping and activation; fatty acid
elongation and desaturation; triglyceride synthesis and catabolism;
lipoprotein metabolism; glucose metabolism; bile acid metabolism;
and a wide range of other metabolic pathways and genes (Samuel
and Shulman, 2018; Kersten and Stienstra, 2017). Thus, PPARa
deficiency or suppressed expression can cause a reduction in the
transcript levels of a series of proteins and enzymes related to fatty
acid metabolism in the liver, leading to reduced fatty acid oxidation,
impaired lipoprotein anabolism, and intracellular fat deposition in
the liver (Attema et al.,, 2022; Zeng et al., 2022; Yu et al,, 2015).
PPARy and LPL are both genes that promote lipolysis. Activation of
PPARy reduces fatty acid delivery to the liver and muscle and
decreases fat synthesis. Moreover, PPARy induces the expression of
LPL in adipocytes, which promotes lipid metabolism and reduces
blood lipid levels, thereby increasing plasma HDL, LDL, and TG
levels. The enzyme LPL is one of the key factors in the process of
adipogenic differentiation [Nakamura et al., 2014; Lim et al,, 2021].

Moreover, we confirmed that when FXR and PPARa agonists were
coadministered with AEFP, the original decreases in fluorescence
intensity and area indices in the livers of the zebrafish caused by
AEFP were reversed. In contrast, the administration of FXR and PPARa
inhibitors reduced the fluorescence intensity and area. The decrease
intensified. After testing the relevant mRNA levels (SHP, CYP7A1, and
LPL), it was found that AEFP may cause hepatotoxicity by
downregulating the expression of the FXR and PPARa genes and
affecting downstream pathways. ISH further confirmed that the
regulation of the FXR and PPARa genes by AEFP is concentrated
in the liver.

AEFP can cause liver injury in juvenile zebrafish via liver
inflammation and lipid metabolism disorders, which leads to fat
deposition by activating the inflammasomes and inhibiting the
expression of key target genes of the PPAR signaling pathway.
FXR expression was inhibited, which caused cholestasis and
further aggravated the occurrence of liver injury. The AEFP
pathway in zebrafish is shown in Figure 11.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

Ethical approval was not required for the study involving

humans in accordance with the local legislation and

Frontiers in Pharmacology

14

10.3389/fphar.2024.1308655

Written informed consent to

study was

institutional requirements.
this

participants or the participants’ legal guardians/next of kin in

participate in not required from the
accordance with the national legislation and the institutional
requirements. The animal studies were approved by the Qilu
University of Technology (Shandong Academy of Sciences). The
studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent was
obtained from the owners for the participation of their animals

in this study.

Author contributions

S-YG: data curation, methodology, writing-original draft.
J-CZ: data curation, formal analysis, project administration,
draft. QX:
administration, writing-review and editing. CS: resources,

writing-original conceptualization,  project
supervision, writing-review and editing. MA: methodology,
supervision, writing-review and editing. AT: methodology,
resources, supervision, writing-review and editing. S-XH:
resources, supervision, writing-review and editing. YZ: formal
analysis, methodology, project administration, supervision,
writing-review and editing. Z-JL: methodology, resources,
supervision, writing-review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
study was supported by the National Natural Science

Foundation of China (82060782), the Xinjiang Uygur
Autonomous  Region  Youth  Science Fund  Project
(2022D01B191), Tianshan Talents Project of the Xinjiang
Uygur  Autonomous Region  (2022TSYCCX0021 and
2022TSYCLJ009), Young Qhuang Scholars Program, Open
Project ~ Foundation of  Xinjiang Key  Laboratory

(2021D04017), and Xinjiang High-level Talents Introduction
Tian-chi Plan.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1308655

Gao et al.

References

Alam, F, Khan, G. N, and Asad, MHHB (2018). Psoralea corylifolia L:
ethnobotanical, biological, and chemical aspects: a review. Phytother. Res. 32 (4),
597-615. Epub 2017 Dec 15. PMID: 29243333; PMCID: PMC7167735. doi:10.1002/
ptr.6006

Appelman, M. D.,, van der Veen, S. W., and van Mil, S. W. C. (2021). Post-
translational modifications of FXR; implications for cholestasis and obesity-related
disorders. Front. Endocrinol. (Lausanne) 12, 729828. PMID: 34646233; PMCID:
PMC8503269. doi:10.3389/fendo.2021.729828

Attema, B., Janssen, A. W. F,, Rijkers, D., van Schothorst, E. M., Hooiveld, GJEJ, and
Kersten, S. (2022). Exposure to low-dose perfluorooctanoic acid promotes hepatic
steatosis and disrupts the hepatic transcriptome in mice. Mol. Metab. 66, 101602. Epub
2022 Sep 14. PMID: 36115532; PMCID: PMC9526138. doi:10.1016/j.molmet.2022.
101602

Bala, A., Mondal, C., and KantiHaldar, P. (2020). Zebra fish in toxicology research:
streptavidin conjugated peroxidase assay in the development phase of zebrafish
embryos to study liver toxicities. Curr. Drug Discov. Technol. 17 (5), 735-739.
PMID: 31368875. doi:10.2174/1570163816666190801120016

Bambino, K., Morrison, J., and Chu, J. (2019). Hepatotoxicity in zebrafish larvae.
Methods Mol. Biol. 1965, 129-138. PMID: 31069672. doi:10.1007/978-1-4939-9182-2_9

Cariola, A., El Chami, M., Granatieri, J., and Valgimigli, L. (2023). Anti-tyrosinase
and antioxidant activity of meroterpene bakuchiol from Psoralea corylifolia (L.). Food
Chem. 405, 134953. Epub 2022 Nov 17. PMID: 36423556. doi:10.1016/j.foodchem.2022.
134953

Cassar, S., Adatto, L, Freeman, J. L., Gamse, ]. T., Iturria, L., Lawrence, C., et al. (2020).
Use of zebrafish in drug discovery toxicology. Chem. Res. Toxicol. 33 (1), 95-118. Epub
2019 Nov 16. PMID: 31625720; PMCID: PMC7162671. doi:10.1021/acs.chemrestox.
9b00335

Chai, Y. Y, Xu, Y. X,, Xia, Z. Y, Li, A. Q,, Huang, X,, Zhang, L. Y,, et al. (2022).
Influence of Zhuanggu guanjie pill on seven cytochrome P450 enzymes based on probe
cocktail and pharmacokinetics approaches. Curr. Drug Metab. 23, 1054-1066. Epub
ahead of print. PMID: 36503399. doi:10.2174/1389200224666221209154002

Chen, L., Chen, S., Sun, P., Liu, X., Zhan, Z., and Wang, J. (2023). Psoralea corylifolia
L. a comprehensive review of its botany, traditional uses, phytochemistry,
pharmacology, toxicology, quality control and pharmacokinetics. Chin. Med. 18 (1),
4. PMID: 36627680; PMCID: PMC9830135. doi:10.1186/5s13020-022-00704-6

Chiang, J. Y. L., and Ferrell, J. M. (2018). Bile acid metabolism in liver pathobiology.
Gene Expr. 18 (2), 71-87. Epub 2018 Jan 11. PMID: 29325602; PMCID: PMC5954621.
doi:10.3727/105221618X15156018385515

Cox, A. G, and Goessling, W. (2015). The lure of zebrafish in liver research:
regulation of hepatic growth in development and regeneration. Curr. Opin. Genet.
Dey. 32, 153-161. Epub 2015 Apr 6. PMID: 25863341; PMCID: PMC4780866. doi:10.
1016/j.gde.2015.03.002

Ding, L., Yang, Q. Zhang, E, Wang, Y, Sun, S, Yang, Y, et al. (2021).
Notoginsenoside Ft1 acts as a TGR5 agonist but FXR antagonist to alleviate high fat
diet-induced obesity and insulin resistance in mice. Acta Pharm. Sin. B 11 (6),
1541-1554. Epub 2021 Mar 30. PMID: 34221867; PMCID: PM(C8245856. doi:10.
1016/j.apsb.2021.03.038

Duan, J., Dong, W., Xie, L., Fan, S., Xu, Y., and Li, Y. (2020). Integrative proteomics-
metabolomics strategy reveals the mechanism of hepatotoxicity induced by Fructus
Psoraleae. J. Proteomics 221, 103767. Epub 2020 Mar 31. PMID: 32240813. doi:10.1016/
j.jprot.2020.103767

Gao, H. T, Lang, G. Z,, Zang, Y. D, Ma, ], Yang, J. Z, Ye, F,, et al. (2021). Bioactive
monoterpene phenol dimers from the fruits of Psoralea corylifolia L. Bioorg Chem. 112,
104924. Epub 2021 Apr 20. PMID: 33933806. doi:10.1016/j.bioorg.2021.104924

Gao, Y., Wang, Z,, Tang, J., Liu, X,, Shi, W., Qin, N, et al. (2020). New incompatible
pair of TCM: Epimedii Folium combined with Psoraleae Fructus induces idiosyncratic
hepatotoxicity under immunological stress conditions. Front. Med. 14 (1), 68-80. Epub
2019 Mar 28. PMID: 30924023. doi:10.1007/s11684-019-0690-z

Goessling, W., and Sadler, K. C. (2015). Zebrafish: an important tool for liver disease
research. Gastroenterology 149 (6), 1361-1377. Epub 2015 Aug 28. PMID: 26319012;
PMCID: PMC4762709. doi:10.1053/j.gastro.2015.08.034

Guan, B, Tong, J., Hao, H., Yang, Z., Chen, K,, Xu, H,, et al. (2022). Bile acid
coordinates microbiota homeostasis and systemic immunometabolism in

cardiometabolic diseases. Acta Pharm. Sin. B 12 (5), 2129-2149. Epub 2021 Dec 22.
PMID: 35646540; PMCID: PMC9136572. doi:10.1016/j.apsb.2021.12.011

Hernandez-Silva, D., Alcaraz-Pérez, F., Pérez-Sanchez, H., and Cayuela, M. L. (2023).
Virtual screening and zebrafish models in tandem, for drug discovery and development.
Expert Opin. Drug Discov. 18 (8), 903-915. Epub 2022 Nov 30. PMID: 36383405. doi:10.
1080/17460441.2022.2147503

Hou, X. D,, Song, L. L., Cao, Y. F,, Wang, Y. N, Zhou, Q,, Fang, S. Q,, et al. (2020).
Pancreatic lipase inhibitory constituents from Fructus Psoraleae. Chin. J. Nat. Med. 18
(5), 369-378. PMID: 32451094. doi:10.1016/S1875-5364(20)30043-1

Jiang, H. Y., Gao, H. Y, Li, J,, Zhou, T. Y., Wang, S. T, Yang, J. B,, et al. (2022).
Integrated spatially resolved metabolomics and network toxicology to investigate the

Frontiers in Pharmacology

15

10.3389/fphar.2024.1308655

hepatotoxicity mechanisms of component D of Polygonum multiflorum Thunb.
J. Ethnopharmacol. 298, 115630. Epub 2022 Aug 17. PMID: 35987407. doi:10.1016/j.
j€p.2022.115630

Katoch, S., and Patial, V. (2021). Zebrafish: an emerging model system to study liver
diseases and related drug discovery. J. Appl. Toxicol. 41 (1), 33-51. Epub 2020 Jul 12.
PMID: 32656821. doi:10.1002/jat.4031

Kersten, S., and Stienstra, R. (2017). The role and regulation of the peroxisome
proliferator activated receptor alpha in human liver. Biochimie 136, 75-84. Epub
2017 Jan 8. PMID: 28077274. doi:10.1016/j.biochi.2016.12.019

Lala, V., Zubair, M., and Minter, D. A. (2023). Liver function tests. Treasure Island
(FL): StatPearls Publishing.

Lee, Y., Kim, B.R,, Kang, G. H,, Lee, G. ., Park, Y. J., Kim, H,, et al. (2021). The effects
of PPAR agonists on atherosclerosis and nonalcoholic fatty liver disease in ApoE-/-
FXR-/- mice. Endocrinol. Metab. Seoul. 36 (6), 1243-1253. Epub 2021 Dec 28. PMID:
34986301; PMCID: PMC8743579. doi:10.3803/EnM.2021.1100

Li, A., Gao, M., Zhao, N,, Li, P., Zhu, J., and Li, W. (2019). Acute liver failure
associated with Fructus Psoraleae: a case report and literature review. BMC
Complement. Altern. Med. 19 (1), 84. PMID: 30975110; PMCID: PMC6458792.
doi:10.1186/5s12906-019-2493-9

Li, N,, Liu, T., Zhu, S, Yang, Y., Wang, Z., Zhao, Z,, et al. (2022). Corylin from
Psoralea fructus (Psoralea corylifolia L.) protects against UV-induced skin aging by
activating Nrf2 defense mechanisms. Phytother. Res. 36 (8), 3276-3294. Epub 2022 Jul
12. PMID: 35821646. doi:10.1002/ptr.7501

Li, T., Gao, S., Han, W., Gao, Z., Wei, Y., Wu, G,, et al. (2022). Potential effects and
mechanisms of Chinese herbal medicine in the treatment of psoriasis.
J. Ethnopharmacol. 294, 115275. Epub 2022 Apr 26. PMID: 35487447. doi:10.1016/j.
jep.2022.115275

Lim, S. H,, Lee, H. S., Han, H. K., and Choi, C. I. (2021). Saikosaponin A and D inhibit
adipogenesis via the AMPK and MAPK signaling pathways in 3T3-L1 adipocytes. Int.
J. Mol. Sci. 22 (21), 11409. PMID: 34768840; PMCID: PMC8583978. do0i:10.3390/
ijms222111409

Liu, Y. L, Ge, F. L, Zhu, J. X,, Jing, J., Wang, J. B., Zhang, Y. M,, et al. (2019). Re-
evaluation of liver injury associated with Buguzhi Preparations based on passive
monitoring data and hospital cases. Zhongguo Zhong Yao Za Zhi 44 (19),
4272-4276. PMID: 31872709. doi:10.19540/j.cnki.cjcmm.20190508.501

Makwana, S., Mehere, N., Bedarkar, P., Biswajyoti, P., and Harisha, C. R. (2020).
Comparative pharmacognosy and phytochemical evaluation of leaf, root and stem of
Psoralea corylifolia Linn. (Bakuchi). Ayu 41 (4), 235-241. Epub 2022 Jun 3. PMID:
35813361; PMCID: PMC9261993. doi:10.4103/ayu.ayu_79_21

Men, W. J., Meng, Z. J., Wang, Q., Chen, M. Y., Zhai, Y. X, Shi, H., et al. (2022). The
changes of hepatic bile acid synthesis and transport and bile acids profiles in
isopsoralen-induced liver injury C57BL/6] mice. Pharm. Biol. 60 (1), 1701-1709.
PMID: 36066106; PMCID: PMC9467544. doi:10.1080/13880209.2022.2116057

Nakamura, M. T., Yudell, B. E,, and Loor, J. J. (2014). Regulation of energy
metabolism by long-chain fatty acids. Prog. Lipid Res. 53, 124-144. Epub 2013 Dec
18. PMID: 24362249. doi:10.1016/j.plipres.2013.12.001

Rong, J., Xie, Z., Chen, E., Ma, S., Zhang, S., Zhao, Y., et al. (2020). Fructus psoraleae-
induced severe liver injury and treatment with two artificial liver support systems: a case
series study. Ther. Apher. Dial. 24 (3), 324-332. Epub 2019 Oct 25. PMID: 31577858.
doi:10.1111/1744-9987.13438

Rosa, . G.S., Lima, C., and Lopes-Ferreira, M. (2022). Zebrafish larvae behavior
models as a tool for drug screenings and pre-clinical trials: a review. Int. J. Mol.
Sci. 23 (12), 6647. PMID: 35743088; PMCID: PMC9223633. doi:10.3390/
ijms23126647

Samuel, V. T., and Shulman, G. L. (2018). Nonalcoholic fatty liver disease as a nexus of
metabolic and hepatic diseases. Cell Metab. 27 (1), 22-41. Epub 2017 Aug 31. PMID:
28867301; PMCID: PMC5762395. doi:10.1016/j.cmet.2017.08.002

Shi, Z., Gao, ], Pan, ], Zhang, Z., Zhang, G., Wang, Y., et al. (2022). A systematic
review on the safety of Psoraleae Fructus: potential risks, toxic characteristics,
underlying mechanisms and detoxification methods. Chin. J. Nat. Med. 20 (11),
805-813. PMID: 36427915. doi:10.1016/S1875-5364(22)60234-6

Tian, W. Y., Lan, S, Zhang, L., Sun, L., Huang, J. K,, Yang, X. H,, et al. (2017). Safety
evaluation and risk control measures of Psoralea corylifolia. Zhongguo Zhong Yao Za
Zhi 42 (21), 4059-4066. PMID: 29271140. doi:10.19540/j.cnki.cjemm.20170919.011

Wang, J., Jiang, Z., Ji, J., Li, Y., Chen, M., Wang, Y., et al. (2012). Evaluation of
hepatotoxicity and cholestasis in rats treated with EtOH extract of Fructus Psoraleae.
J. Ethnopharmacol. 144 (1), 73-81. Epub 2012 Aug 30. PMID: 22954498. doi:10.1016/j.
jep.2012.08.028

Wang, S., Feng, R,, Wang, S. S., Liu, H.,, Shao, C,, Li, Y., et al. (2023). FOXA2 prevents
hyperbilirubinaemia in acute liver failure by maintaining apical MRP2 expression. Gut
72 (3), 549-559. Epub 2022 Apr 20. PMID: 35444014. doi:10.1136/gutjnl-2022-326987

Wang, X, Lou, Y. J., Wang, M. X, Shi, Y. W,, Xu, H. X,, and Kong, L. D. (2012).
Furocoumarins affect hepatic cytochrome P450 and renal organic ion transporters in
mice. Toxicol. Lett. 209 (1), 67-77. doi:10.1016/j.toxlet.2011.11.030

frontiersin.org


https://doi.org/10.1002/ptr.6006
https://doi.org/10.1002/ptr.6006
https://doi.org/10.3389/fendo.2021.729828
https://doi.org/10.1016/j.molmet.2022.101602
https://doi.org/10.1016/j.molmet.2022.101602
https://doi.org/10.2174/1570163816666190801120016
https://doi.org/10.1007/978-1-4939-9182-2_9
https://doi.org/10.1016/j.foodchem.2022.134953
https://doi.org/10.1016/j.foodchem.2022.134953
https://doi.org/10.1021/acs.chemrestox.9b00335
https://doi.org/10.1021/acs.chemrestox.9b00335
https://doi.org/10.2174/1389200224666221209154002
https://doi.org/10.1186/s13020-022-00704-6
https://doi.org/10.3727/105221618X15156018385515
https://doi.org/10.1016/j.gde.2015.03.002
https://doi.org/10.1016/j.gde.2015.03.002
https://doi.org/10.1016/j.apsb.2021.03.038
https://doi.org/10.1016/j.apsb.2021.03.038
https://doi.org/10.1016/j.jprot.2020.103767
https://doi.org/10.1016/j.jprot.2020.103767
https://doi.org/10.1016/j.bioorg.2021.104924
https://doi.org/10.1007/s11684-019-0690-z
https://doi.org/10.1053/j.gastro.2015.08.034
https://doi.org/10.1016/j.apsb.2021.12.011
https://doi.org/10.1080/17460441.2022.2147503
https://doi.org/10.1080/17460441.2022.2147503
https://doi.org/10.1016/S1875-5364(20)30043-1
https://doi.org/10.1016/j.jep.2022.115630
https://doi.org/10.1016/j.jep.2022.115630
https://doi.org/10.1002/jat.4031
https://doi.org/10.1016/j.biochi.2016.12.019
https://doi.org/10.3803/EnM.2021.1100
https://doi.org/10.1186/s12906-019-2493-9
https://doi.org/10.1002/ptr.7501
https://doi.org/10.1016/j.jep.2022.115275
https://doi.org/10.1016/j.jep.2022.115275
https://doi.org/10.3390/ijms222111409
https://doi.org/10.3390/ijms222111409
https://doi.org/10.19540/j.cnki.cjcmm.20190508.501
https://doi.org/10.4103/ayu.ayu_79_21
https://doi.org/10.1080/13880209.2022.2116057
https://doi.org/10.1016/j.plipres.2013.12.001
https://doi.org/10.1111/1744-9987.13438
https://doi.org/10.3390/ijms23126647
https://doi.org/10.3390/ijms23126647
https://doi.org/10.1016/j.cmet.2017.08.002
https://doi.org/10.1016/S1875-5364(22)60234-6
https://doi.org/10.19540/j.cnki.cjcmm.20170919.011
https://doi.org/10.1016/j.jep.2012.08.028
https://doi.org/10.1016/j.jep.2012.08.028
https://doi.org/10.1136/gutjnl-2022-326987
https://doi.org/10.1016/j.toxlet.2011.11.030
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1308655

Gao et al.

Wang, Y., Zhang, H,, Jiang, J. M., Zheng, D., Tan, H. S,, Tang, L. M,, et al. (2019).
Multiorgan toxicity induced by EtOH extract of fructus psoraleae in wistar rats.
Phytomedicine 58, 152874. Epub 2019 Feb 25. PMID: 30889421. doi:10.1016/j.
phymed.2019.152874

Wu, X, Gao, X,, Liu, X, Zhang, S., Yang, H., Zhu, X,, et al. (2020). Quality control of
Psoralea corylifolia L. Based on high-speed countercurrent chromatographic
fingerprinting. Molecules 25 (2), 279. PMID: 31936676; PMCID: PMC7024294.
doi:10.3390/molecules25020279

Yu, L, Lu, H,, Yang, X, Li, R, Shi, ], Yu, Y,, et al. (2021). Diosgenin alleviates
hypercholesterolemia via SRB1/CES-1/CYP7A1/FXR pathway in high-fat diet-fed rats.
Toxicol. Appl. Pharmacol. 412, 115388. doi:10.1016/j.taap.2020.115388

Yu, X. H,, Zheng, X. L., and Tang, C. K. (2015). Peroxisome proliferator-activated
receptor a in lipid metabolism and atherosclerosis. Adv. Clin. Chem. 71, 171-203. Epub
2015 Jul 23. PMID: 26411415. doi:10.1016/bs.acc.2015.06.005

Frontiers in Pharmacology

16

10.3389/fphar.2024.1308655

Zeng, W, Yin, X, Jiang, Y., Jin, L., and Liang, W. (2022). PPARa at the crossroad of
metabolic-immune regulation in cancer. FEBS J. 289 (24), 7726-7739. Epub 2021 Sep
19. PMID: 34480827. doi:10.1111/febs.16181

Zhang, C.J., Meyer, S. R., O’Meara, M. J., Huang, S., Capeling, M. M., Ferrer-Torres,
D, et al. (2023). A human liver organoid screening platform for DILI risk prediction.
J. Hepatol. 78 (5), 998-1006. Epub 2023 Feb 3. PMID: 36738840. doi:10.1016/j.jhep.
2023.01.019

Zhang, X., Zhao, W., Wang, Y., Lu, J., and Chen, X. (2016). The chemical constituents
and bioactivities of Psoralea corylifolia linn. a review. Am. J. Chin. Med. 44 (1), 35-60.
PMID: 26916913. doi:10.1142/S0192415X16500038

Zhang, Y., Cen, ], Jia, Z., Hsiao, C. D., Xia, Q., Wang, X, et al. (2019). Hepatotoxicity
induced by isoniazid-lipopolysaccharide through endoplasmic reticulum stress,
autophagy, and apoptosis pathways in zebrafish. Antimicrob. Agents Chemother. 63
(5), 016399-€1718. doi:10.1128/AAC.01639-18

frontiersin.org


https://doi.org/10.1016/j.phymed.2019.152874
https://doi.org/10.1016/j.phymed.2019.152874
https://doi.org/10.3390/molecules25020279
https://doi.org/10.1016/j.taap.2020.115388
https://doi.org/10.1016/bs.acc.2015.06.005
https://doi.org/10.1111/febs.16181
https://doi.org/10.1016/j.jhep.2023.01.019
https://doi.org/10.1016/j.jhep.2023.01.019
https://doi.org/10.1142/S0192415X16500038
https://doi.org/10.1128/AAC.01639-18
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1308655

	Evaluation of the hepatotoxicity of Psoralea corylifolia L. based on a zebrafish model
	Introduction
	Materials and methods
	Plant materials and preparation of FP extracts
	Chemicals
	Zebrafish maintenance
	Drug treatment
	Effect of AEFP on mortality and malformation in zebrafish
	Liver fluorescence area and intensity
	Determination of transaminase activity in the zebrafish liver
	Oil Red O staining
	Histopathological examination of the zebrafish liver
	In situ hybridization
	Analysis of gene expression by RTq-PCR
	Statistical analysis

	Results
	Effect of AEFP on the mortality of zebrafish
	Effects of AEFP on zebrafish morphology
	Phenotypic changes in the liver
	Effect of AEFP on the biochemical indices of zebrafish
	Observation of lipid deposition in zebrafish liver tissue
	Histopathological observation of liver tissue
	Effect of AEFP on the mRNA expression in zebrafish
	Effects of the combination of AEFP with FXR and PPARα agonists and inhibitors on the liver
	Effects of FXR and PPARα agonist inhibitors on the expression of FXR and PPARα in the livers of zebrafish
	Effects of AEFP combined with FXR and PPARα agonists and inhibitors on the mRNA expression of key genes involved in bile ac ...

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


