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ABSTRACT

Polyphyllin I (PPI) and polyphyllin II (PII) are the main active substances in the Paris polyphylla. However,
liver toxicity of these compounds has impeded their clinical application and the potential hepatotoxicity
mechanisms remain to be elucidated. In this work, we found that PPI and PII exposure could induce
significant hepatotoxicity in human liver cell line L-02 and zebrafish in a dose-dependent manner. The
results of the proteomic analysis in L-02 cells and transcriptome in zebrafish indicated that the hepa-
totoxicity of PPI and PII was associated with the cholesterol biosynthetic pathway disorders, which were
alleviated by the cholesterol biosynthesis inhibitor lovastatin. Additionally, 3-hydroxy-3-methy-lglutaryl
CoA reductase (HMGCR) and squalene epoxidase (SQLE), the two rate-limiting enzymes in the choles-
terol synthesis, selected as the potential targets, were confirmed by the molecular docking, the over-
expression, and knockdown of HMGCR or SQLE with siRNA. Finally, the pull-down and surface plasmon
resonance technology revealed that PPI could directly bind with SQLE but not with HMGCR. Collectively,
these data demonstrated that PPI-induced hepatotoxicity resulted from the direct binding with SQLE
protein and impaired the sterol-regulatory element binding protein 2/HMGCR/SQLE/lanosterol synthase
pathways, thus disturbing the cholesterol biosynthesis pathway. The findings of this research can
contribute to a better understanding of the key role of SQLE as a potential target in drug-induced
hepatotoxicity and provide a therapeutic strategy for the prevention of drug toxic effects with similar
structures in the future.
© 2022 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

used in the treatment of boils, carbuncles, sore throat, snake and
insect bites, body pain, muscle contractions, and other diseases. The

Paris polyphylla is a traditional herbal medicine that has been
used for hundreds of years to treat many diseases due to its diverse
bioactivities and therapeutic benefits, while the clinical safety of
Paris polyphylla application is also a matter of great concern. Paris
polyphylla exhibits heat clearing and detoxifying effects, reduces
swelling, and helps with pain relieving and liver cooling. It is often
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study has shown that excessive ingestion of Rhizoma Paridis sapo-
nins (RPS) leads to side effects such as nausea, vomiting, diarrhea,
heart palpitations, and convulsions [1]. Animal model studies have
also revealed a close correlation between the long-term use of RPS
and hepatotoxicity [2]. Our previous research found that Rhizoma
Paridis treatment could result in obvious liver injury in different
models, and that the hepatotoxicity effect was mainly associated
with lipid metabolism and energy metabolism disorders [3,4].
Despite that, the basis of hepatotoxic substances and their potential
targets remain unclear.

Polyphyllin I (PPI) and polyphyllin II (PII), two main active in-
gredients of Paris polyphylla [5,6], are attracting huge attention due
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to their various biological activities, including anti-inflammatory
and anti-cancer effects. However, some reports have stated that
these two main compounds are responsible for Paris polyphylla-
induced hepatotoxicity [7,8]. For example, PPI exerts more exten-
sive cytotoxicity on HepaRG cells and HL-7702 cells than other
saponins, and its hepatotoxicity is attributed to the reactive oxygen
stress pathway and the Fas death pathway [7]. A subsequent study
also found PII-induced apoptosis in HepaRG cells and HL-7702 cells,
which is related to the death receptor pathway and the mito-
chondria pathway. In the previous study, we explored the hepa-
totoxicity of polyphyllin VI (PVI) and VII (PVII), which belong to
pennogenin-like compounds, and the results suggested that the
hepatotoxicity caused by these compounds may be related to
cholesterol synthesis disorders. Besides, PPI and PII are main active
components isolated from Paris polyphylla, sharing similar steroid
structures. However, the hepatotoxicity induced by PPI and PII and
the related underlying mechanisms are poorly characterized. Thus,
it is suggested that the same targets or the same pathways should
exist for the toxic response of PPI and PII to some extent, but it is not
certain whether it is consistent with the targets of PVI and PVIIL.
Therefore, to fully understand the toxicity of PPI and PII, the aim of
this research was to focus on the similar hepatotoxicity response
and the similar targets of PPI and PII. First, to obtain more
comprehensive and accurate biological information from different
levels, the in vitro and in vivo animal models were used in com-
bination to confirm the hepatotoxicity of PPI and PII, which has
already become an irresistible trend as they both can complement
the advantages of each other. Furthermore, to gain insights into
physiological pathways, omics analysis was performed to discover
the biomarkers associated with liver injury [9,10] by measuring the
levels of global protein and gene abundance to provide additional
biological insights [11], since they do not require prior knowledge
of the identities and the role of the proteins and genes present
[12,13]. Through systematic bioinformatics analysis, we screened
out the differentially expressed proteins, pathways, and potential
targets involved in the hepatotoxic pathogenesis of PPI and PII,
which were verified by the molecular docking, small interfering
RNA (siRNA) transfection [14], pull-down analysis [15], and surface
plasmon resonance (SPR) assessment [16].

Collectively, our data indicated that PPI- and Pll-induced hepa-
totoxicity was related to the cholesterol disorder, thereby providing
proof of concept that the squalene epoxidase (SQLE) is the prom-
ising biomarker for diagnosing Paris polyphylla-induced liver
damage.

To the best of our knowledge, this is the first study to explore the
molecular mechanism underlying the hepatotoxic effects of PPl and
PII under similar experimental conditions. The results sent up a
note warning clinicians not to overuse the Paris polyphylla and
provided the reference for the formulation and implementation of
the clinical compatibility detoxification program in the future.

2. Materials and methods
2.1. Drugs

PPI (C-036-180, 711) and PII (C-037-190, 509) were purchased
from Ruifensi Bio-Technology Co., Ltd. (Chengdu, China). Aspartate
aminotransferase (AST, C-010-2-1), alanine aminotransferase (ALT,
C-009-2-1), superoxide dismutase (SOD, A001-3), glutathione
(A006-2), bicinchoninic acid (BCA, A045-4), malondialdehyde
(MDA, A003-4), triglyceride (TG, H305-1), total cholesterol (T-CHO,
A111-11-1), triphosadenine (ATP, A095-1-1), adenosine triphos-
phatase (ATPase, A016-2-2), and sorbitol dehydrogenase (SDH)
were obtained from Nanjing Jian Cheng Bioengineering Institute
Co., Ltd. (Nanjing, China). Sodium dodecyl sulfate (SDS, BL517A) and
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phosphate buffered saline (PBS, BL551A) were obtainded from
Biosharp Life Sciences Co., Ltd. (Hefei, China). 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES, CO215) was obtained
from Beyotime Biotechnology Ltd. (Shanghai, China). The anti-
bodies for 3-hydroxy-3-methy-Iglutaryl CoA reductase (HMGCR,
sc271595), SQLE (sc271651), lanosterol synthase (LSS, sc514507),
and sterol-regulatory element binding protein 2 (SREBP-2,
sc13552) were obtained from SanTa Cruz Biotechnology (Shanghai,
China). Roswell Park Memorial Institute (RPMI) 1640 medium was
obtained from Corning Co., Ltd. (New York City, NY, USA).

We used 3.00 mg of PPI and PII which were dissolved in 200 pL
of dimethyl sulfoxide (DMSO) as a reserve solution and diluted with
embryo culture water or RPMI 1640 medium when in use. These
samples were diluted in a gradient manner to obtain the different
samples prior to exposure.

2.2. In vitro cell experiments

2.2.1. Cell culture

The normal human liver cell line (L-02 cells) was obtained from
Cell Resource Center, IBMS, CAMS/PUMC (Beijing, China) and
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (TransGen Biotech Co., Ltd., Beijing, China) and 1%
penicillin-streptomycin solution (Corning Co., Ltd., New York City,
NY, USA) at 37 °C in a 5% CO; incubator (Thermo Fisher Scientific
Inc., Waltham, MA, USA).

2.2.2. Viability assay

L-02 cells were seeded in 96-well plates at a density of
5 x 10> cells/well with 100 pL of RPMI 1640 medium for 12 h. The
cells were treated with PPI and PII at different concentrations for
24 h, and the only medium served as a control culture. Then, 10 puL
of cell counting kit-8 solution (Bio-Rad, Hercules, CA, USA) was
added, followed by incubation at 37 °C for 60 min. The absorbance
of each well was measured using a microplate reader (Thermo
Fisher Scientific Inc.) and the percentage of cell viability was
calculated according to the formula: cell viability (%) = optical
density (OD)drugs treated/ODDMSO treated X 100%.

2.2.3. Hoechst apoptosis staining and biochemical evaluation

Sterile slides were placed in the 6-well plates and 1 x 10° L-
02 cells were seeded with 2 mL of RPMI 1640 medium. After
exposure, the Hoechst apoptosis staining was performed according
to the instructions of the kit. For the biochemical evaluation, the
supernatant and the cell samples were collected and stored in the
1.5 mL centrifuge tubes at —80 °C until the subsequent experiments
were performed. Each treatment was conducted in three biological
replicates.

2.2.4. Proteomic analysis

Quantitative proteomic analysis was performed according to the
methodology published in our previous study [17]. Briefly, proteins
of L-02 cells from different groups were extracted by triethyl
ammonium bicarbonate (TEAB)/acetone, reduced and alkylated
with DL-dithiothreitol and iodoacetamide, and digested with
trypsin in TEAB. After being labeled with isobaric tags for relative
and absolute quantification reagents (iTRAQ) kit (TMT10 plex
Isobaric Label Reagent Set; Thermo Fisher Scientific Inc.), the dried
and pooled peptides were re-dissolved in buffer solution (10 mM
TEAB and 2% acetonitrile) and separated using Ultimate 3000 high
performance liquid chromatography (Thermo Fisher Scientific Inc.)
to obtain 10 fractionated samples. Subsequently, 2 pg of dried
sample was re-dissolved in buffer (1% acetonitrile and 0.1% formic
acid) to perform the liquid chromatography-mass spectrometry
(LC-MS) analysis, equipped with the Easy-nLC 1000 system



Z. Li, Q. Fan, M. Chen et al.

(Thermo Fisher Scientific Inc.), PepMap 100 Cyg reversed-phase
(RP) column (75 pm x 250 mm, Thermo Fisher Scientific Inc.),
and the Q-Exactive HF system (Thermo Fisher Scientific Inc.). Ac-
cording to the abundance level, the proteins with an intergroup P-
value (P < 0.05) and the fold change (FC > 1.2 or FC < 0.8) were
considered as the differential expressional proteins (DEPs). Finally,
the gene ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway enrichment analyses were conducted to
annotate and analyze the biological information.

2.2.5. Immunofluorescence (IF) assay

L-02 cells with different treatments were fixed in 4% para-
formaldehyde (pH 7.4) at room temperature. Blocking buffer
(1x PBS, 1% bovine serum albumin (Shanghai XP Biomed Ltd.,
Shanghai, China), 0.3% Triton™ X-100 (Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China)) was applied to the sample
for 45 min. Subsequently, the samples were incubated with the
primary antibodies (anti-SREBP-2, HMGCR, SQLE, and LSS) at 4 °C
overnight, goat anti-mouse/rabbit IgG fluorescent secondary anti-
body for 1 h in turn and counterstained with 4',6-diamidino-2-
phenylindole. Finally, stained samples were visualized under a
confocal microscope (Zeiss LSM 780, Carl Zeiss, Jena, Germany)
equipped with x63 oil objective.

2.2.6. Protein expression assessment by Western blot

The proteins of samples collected from different treated groups
were extracted according to the instructions provided with the
Nuclear-Cytosol Extraction Kit AGE (#P1200) (Applygen Technolo-
gies Inc, Beijing, China) with 1% protease inhibitors. The proteins,
adjusted with the total amount of proteins equal, were loaded in SDS
lysis buffer (10% SDS, 1.5 M Tris-HCl at pH 6.8, and 30% acrylamide
(TEMED, Abcam (Shanghai) Co., Ltd., Shanghai, China)). Following
the separation by SDS-polyacrylamide gel electrophoresis, the sam-
ples were transferred to polyvinylidene fluoride membranes
(ISEQ00010, Millipore, Boston, MA, USA) and blocked with 5%
skimmed milk for 1 h. Finally, the membranes were incubated with
the primary antibodies at 4 °C overnight and then with the
horseradish peroxidase-labeled secondary antibody for 1 h. Western
blot bands were visualized with a scanner (V30, Epson (China) Co.,
Ltd., Beijing, China) and analyzed with Adobe software (Adobe
Photoshop).

2.3. In vivo zebrafish experiments

2.3.1. Zebrdfish breeding and handling

The wild-type AB and transgenic zebrafish (fabp10a: dsRed;
ela3l: eGFP) used in this experiment were cultured and supplied by
the Beijing Key Laboratory for Quality Evaluation of Chinese
Materia Medica (Beijing, China). The eggs produced by the adult
zebrafish of 5—6 months old were cultured in the medium
(0.137 mol/L Nacl, 5.4 mol/L KCl, 0.25 mol/L NaHPO4, 0.44 mol/L
K2HPO4, 1.3 mol/L CaCly, 1.0 mol/L MgS04, and 4.2 mol/L NaHCOs3)
until 4-day post-fertilization (dpf). All the experiments carried out
were in accordance with the Animal Management Rules of the
Ministry of Science and Technology of the People's Republic of
China and approved by the Animal Ethics Committee of Beijing
University of Traditional Chinese Medicine (Beijing, China).

2.3.2. The acute toxicity and the maximum non-lethal dose (LCp)
evaluation of PPI and PII

In this experiment, four dpf zebrafish larvae were exposed to
various concentrations of PPI and PII in a 12-well plate with 20
larvae/well of 4 mL of test solution for 24 h (80 zebrafish larvae per
exposure group, three independent experiments). At the same
time, the only medium was used as the blank control group. At the
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end of exposure, the dose-toxicity curve and LCy were calculated by
data statistics software.

2.3.3. The hepatotoxicity and the mechanism assessment of PPl and PII

The sub-lethal concentrations (including 1/2 LCy and 3/5 LCp)
were selected as the subsequent experimental concentrations to
investigate the effect of PPI and PII on liver phenotype (fluorescent
area), histological level, and biochemical indicators of different
zebrafish samples. Finally, the transcriptome was performed to
further explore the hepatotoxicity mechanism of PPI and PII ac-
cording to the published literature [18].

2.34. Gene transcription analysis by reverse transcription-
polymerase chain reaction (RT-PCR)

The 120 larvae after exposure to PPl were harvested, and total
RNA was extracted from them using TRIzol (Takara, Beijing, China).
The quality of RNA was assessed with the value obtained at 0D260/
280. After reverse transcription to complementary DNA (1 pg/uL),
the ABI Step One plus RT-PCR system (Applied Biosystem, Waltham,
MA, USA) was used to measure the expression levels of key genes
(SREBP-2, HMGCR, and SQLE) related to the cholesterol biosyn-
thesis pathway. The RT-PCR reaction conditions and reaction vol-
ume followed the kit instructions. B-actin was selected as the
internal reference gene. The primers used in this study are
described in Table S1.

2.4. Biology process validation by lovastatin

To confirm the biological process affected by PPI, lovastatin was
used as the inhibitor. The whole experiment was carried out as
mentioned in the above section and the effect of lovastatin on the
survival rate of zebrafish treated with PPI and pathological struc-
ture was elected as the evaluation criterium.

2.5. Pull-down verified the binding of PPI to protein

2.5.1. Preparation of protein samples and pull-down

The cell lysate (1x cocktail protease inhibitor) was applied to
lysate cell samples at 4 °C and the protein concentration was
measured by BCA method. A 50 uL of cell sample and 250 uL of
methyl 3-[tert-butyl(dimethyl)silylJoxypropanoate (TBS) were
added into the Pierce™ spin column (Thermo Fisher Scientific Inc.)
and centrifuged at 1,250 g for 50 s to remove the TBS. Then, the
300 pL of biotin (5 mM) and the PPI-labeled biotin were applied to
the spin column for the incubation process at 4 °C for 60 min, which
was terminated by biotin blocking solution and washed by TBS. A
total of 300 L of protein trapping solution was used to capture the
PPI-labeled biotin and the sample was washed with 250 pL of
washing buffer. Finally, the protein was re-suspended in the
2x loading buffer and separated by electrophoresis experiment to
screen the interesting band, which was cut down for subsequent
experiments.

2.5.2. Identification by mass spectrometer

The samples were washed routinely with ultrapure water, de-
staining solution, acetonitrile, and NH4HCO3. Subsequently, the
protein was reduced and alkylated with dithiothreitol and iodoa-
cetamide, followed by digestion with trypsin. The dried peptides
were re-dissolved in buffer solution (acetonitrile:water:formic
acid (FA); 60:35:5, V/V/|V). The dried polypeptides desalinated by
Ziptip Cyg column (Merck KGaA, Darmstadt, Germany) were re-
dissolved in 0.1% FA and identified by a mass spectrometer sys-
tem. The detailed parameter settings were the same as what is
mentioned above. The information on polypeptide was analyzed
by the Proteome Discoverer 2.4 (Sequent HT, Thermo Fisher
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Scientific Inc.). To select the most important proteins for subse-
quent in-depth research, an analysis of the GO and KEGG pathways
was conducted.

2.6. Molecular docking

The Mol2 format file of the ligand, namely, PPI, was converted
into Protein Data Bank (PDB) format by using Chem3D software.
Next, 3D structures of SQLE and HMGCR with PDB format were
obtained from the PDB data, and dehydration and hydrogenation
were performed by PyMOL software (http://www.PyMOL.org).
Finally, AutoDock tool system 1.5.6 was applied to obtain the cor-
responding active pocket, set the coordinate and size of the grid
box, evaluate the binding of the core component to the core target,
and visualize the docking results using PyMol.

2.7. Cell transfection

Cells were transfected with expression plasmids at a final con-
centration of 4 pug or 100 nM siRNA using lipofectamine 2000
(Invitrogen, Thermo Fisher Scientific Inc.). The culture medium was
changed 6 h after transfection. The effect of PPI on cell proliferation
and the relative expression levels of proteins were determined.

2.8. Oil red O

Cells were washed with PBS twice and fixed with 4% para-
formaldehyde for 15 min. After being washed with 60% isopropanol
twice, the cells were incubated with Oil red O for 10 min, followed
by washing with 60% isopropanol twice and then with PBS twice.
Stained cells were observed on the Olympus IX73 inverted light
microscope (Tokyo, Japan), and were quantitated by the Image]
software.

2.9. Flow cytometry

The cells were harvested and washed twice with cold PBS. Then,
the cells were resuspended in 100 pL of 1x binding buffer, and
stained with 5 pL of YF647A-Annexin V-fluorescein isothiocyanate
and 5 plL of propidium iodide for 20 min in the dark. Flow cytometry
assay was performed using a fluorescence activated cell sorting
instrument (Beckman Coulter, Inc., Bria, CA, USA).

2.10. SPR assay

The binding kinetics of PPI to SQLE and HMGCR were assessed
by OpenSPR™ (Wayen Biotechnologies, Inc. (Shanghai), Shanghai,
China). Briefly, SQLE and HMGCR (0.2 mg/mL) were immobilized on
a COOH chip with PBS as the running buffer. The PPI was diluted
with the running buffer (1% DMSO + HEPES) at concentrations of 0,
2.5, 5,10, and 20 pmol/L and injected into the chamber with the set
parameters of 20 puL/min flow rate, 240 s contact time, and 180 s
dissociation time. Finally, the dissociation constant, association
constant (K,), and affinity constant were determined by Trace-
Drawer software [19].

2.11. Statistical analysis

The data of the quantitative toxicity curves in the text were
presented as mean + standard deviation, and the rest of the data
were presented as standard error. Two-way analysis of variance and
Dunnett's multiple comparisons tests were used to compare and
analyze the statistical differences between treatments and controls
("P < 0.05 and P < 0.01).
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3. Results
3.1. PPI and PII induced hepatotoxicity in L-02 cell

Cell viability can be used as a reliable marker for cell injury. The
results showed that PPI and PII dose-dependently decreased the
cell viability (P < 0.05) (Figs. 1A and B). Also, the cytotoxicity of PPI
was obviously stronger than PII, and the ICs5q values of PPI and PII
were 2.36 + 0.17 pg/mL and 7.85 + 0.23 pg/mL, respectively. Based
on the cell viability assessment, sub-lethal concentrations (<LCqp)
of PPI and PII were calculated, including 0.66 pg/mL (low concen-
tration), 0.88 png/mL (medium concentration), and 1.1 ug/mL (high
concentration) for PPI, and 2.8 pug/mL (low concentration), 3.9 ug/
mL (medium concentration), and 4.4 pg/mL (high concentration)
for PII in all subsequent experiments. Meanwhile, the morpholog-
ical changes of the L-02 cells treated with PPI and PII were observed
(Fig. 1B). Most untreated cells were adherent to the plate with an
intact cytoskeleton. A dramatic decrease in viable cell numbers was
observed. The cells fixed at high concentration exposure exhibited
cytoplasmic shrinkage, obvious deformed cell shapes and disrupted
cell junctions, and detached from each other. The expression of
caspase-3 (Fig. 1C) was elevated in treatment groups in a dose-
dependent manner. After staining L-02 cells (Fig. 1D) with
Hoechst 33,258, the number of cells decreased significantly and
apoptosis occurred. In addition, we measured the changes of
cellular liver function enzymes and other biochemical indexes
(Fig. 1E). The MDA, TG, T-CHO, AST, and ALT showed a growing
trend. The results showed that the liver function decreased and
lipid accumulation was caused by PPI and PII treatment. Decreased
expression of ATPase, ATP, SOD, and SDH showed that PPI and PII
affected energy metabolism and antioxidation of L-02 cells.

3.2. Identification and function annotation of DEPs

To elucidate the molecular events occurring during PPI and PII
exposure, DEPs regulated by PPI and PII in L-02 cells were identified
and analyzed using iTRAQ labeling technology coupled with RP-LC-
MS/MS (Figs. 2A and B). To improve the experimental reliability, the
proteins with at least two peptides were analyzed statistically to
provide information on peptides and proteins. Thus, 3,694 and
3,663 proteins with false discovery rate values of less than 1% at the
peptide and protein levels were identified and quantified using
proteome discoverer (version 1.4) through its built-in MASCOT
(version 2.3.2). The full details of annotated proteins up- or down-
regulated are listed in Fig. 2C. To obtain a global overview of the
toxic effects, the proteins with significant changes were analyzed
using a hierarchical cluster and the proteome date exhibited dra-
matic changes in the different groups with obvious differences and
some similar profiles in abundance.

A total of 185 and 85 proteins in the L-02 cells showed different
expression levels (P < 0.05, FC > 1.2 or P < 0.05, FC < 0.8) after PPI
and PII exposure through the Volcano plot, respectively (Fig. 3A). To
better understand the biological significance of these proteins and
pick out more important target proteins, the GO pathway analysis
was performed to obtain the biological information comments from
the aspect of biological process [20], cellular component, and mo-
lecular function [21] (Fig. 3B). For the sake of illustrating changes in
biological process, KEGG pathway analysis was conducted and the
top 15 pathways of different groups were listed (Fig. 3C), suggesting
that the chemical-induced hepatotoxicity was related to the meta-
bolism pathway and the shared and affected proteins caused by PPI
and PII were mainly associated with the cholesterol biosynthesis
process and so on. In order to identify specific biomarkers for PPl and
PII, the proteins with similar expression level trends and in consis-
tence with the biological events were selected as the targeted
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Fig. 1. Polyphyllin I (PPI) and polyphyllin II (PII) induced hepatotoxicity in L-02 cell. (A) Cell proliferation in L-02 cells was determined by the cell counting kit-8 assay. (B) The effect
of PPI and PII exposure on L-02 cell morphology. (C) The activation of Caspase-3 was assessed. (D) L-02 cells apoptosis was stained with Hoechst 33,258. (E) Effects of PPI and PII on
liver function enzyme and biochemical indexes in L-02 cells, including aminotransferase (ALT), aspartate transaminase (AST), serum total cholesterol (T-CHO), triglyceride (TG),
superoxide dismutase (SOD), malondialdehyde (MDA), adenosine-triphosphate (ATP), adenosine triphosphatase (ATPase), and sorbitol dehydrogenase (SDH) were quantified and
compared with control. P < 0.05 and **P < 0.01. The data were represented as the mean =+ standard error of the mean. H: high concentration; L: low concentration.

proteins. The results showed that only three proteins met the 3.3. Hepatotoxicity of PPl and PII in zebrafish
screening criteria: HMGCR, SQLE, and alkaline phosphomonoes-

terase, which were associated with liver fibrosis and cholestasis and The acute toxicity of PPI and PII on 4 dpf zebrafish was assessed
might be the potential biomarkers associated with hepatotoxicity of first, and PPI and PII could induce lethal effects in a concentration-
PPI and PII. The details of the key proteins are listed in Table S2. dependent manner (Fig. 4A). The exposure of sub-lethal
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different treatment groups. Ctrl: control; L: low concentration; H: high concentration.

concentrations of PPI and PII was then implemented to evaluate
the toxicity effects on liver morphology. Besides, apoptosis was
observed in the treatment groups compared with the control
group (Fig. 4B). The prominent liver phenotypic defects, including
blurred regional boundaries of liver tissue from the surrounding
tissue and changed liver area (Figs. 4C and D), were discovered in a
concentration-response relationship. Furthermore, the hematox-
ylin and eosin staining results of the control group showed the
intact cell structure, while the PPI and PII exposure induced non-
compact cellular structure and vacuolation (Fig. 4E). Finally, the
hepatotoxicity of PPI and PII was verified by the increased levels of
liver function enzymes (AST and ALT), including T-CHO and TG
levels, which revealed the existence of an intimate connection
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between the lipid metabolism disorders and hepatotoxicity
(Fig. 4F).

3.4. Identification and function annotation of differently expressed
genes (DEGs)

RNA sequencing was conducted to explore the transcriptome of
the control and the treated groups. For these groups, apparent
clustering was observed in the principal component analysis, sug-
gesting the existence of differentially expressed gene models among
the groups (Fig. 5A). Compared with the control group, the genes in
the administration group were clustered together. Furthermore, the
differential genes were screened with the FC > 1.2 or FC < 0.83, and
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Fig. 3. The proteomic analysis of the L-02 cell samples. (A) Volcano plots of protein profiles after exposure were selected by P < 0.05, with a fold change (FC) > 1.2 or FC < 0.8. (B)
Gene ontology (GO) analysis of differentially expressed proteins. (C) The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the most significantly affected proteins. L:
low concentration; H: high concentration; GTP: guanosine triphosphate; AMP: adenosine monophosphate; IMP: inosine 5'-monophosphate; ATP: adenosine triphosphate; TBP:
TATA box-binding protein; NF-kB: nuclear factor-kB; NADP: nicotinamide adenine dinucleotide phosphate; GABA: gamma-aminobutyric acid; AMPK: AMP-activated protein kinase;
PI3K-Akt: phosphatidylinositol-4,5-bisphosphate 3-kinase-protein kinase B; HIF-1: hypoxia-inducible factor-1; ECM: extracellular matrix.

P < 0.05 (t-test) as the standard (Fig. 5B), and the changes in the
profiles of the PPI/PlI-treated groups were listed compared with the
control (Fig. 5C). Furthermore, the Venn analysis was performed and
244 differential genes were selected responsible for the hepato-
toxicity of PPI and PII (Fig. 5D). After Venn analysis, we screened out
a total of 244 differential genes. More importantly, we found that
drugs exposure disturbed the binding and catalytic activity in mo-
lecular functions, and affected the unsaturated fatty acids biosyn-
thesis and metabolic processes (Figs. 5E and F) in the biological
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process. The KEGG analysis (Fig. 5G) provided more clues that the
DEGs were mainly related to the metabolism of the fatty acids,
during which the steroid biosynthesis pathway was prominently
affected, and these results were similar to the in vitro results.

3.5. Potential target protein screening and validation

To validate these observations in vivo, lovastatin was used as
the positive active compound, which could improve the survival
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Fig. 5. Effect of polyphyllin I (PPI) and polyphyllin II (PII) exposure on the transcriptome of zebrafish sample. (A) Principal component analysis and (B) Volcano plots of genes
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Fig. 4. Hepatotoxicity of polyphyllin I (PPI) and polyphyllin II (PII) in zebrafish. (A) Dose-toxicity curve of PPI and PII on 5 day-post-fertilization zebrafish. (B) The cell apoptosis was
evaluated by acridine orange. The liver site is circled and the arrow indicates apoptotic cells. (C) The statistics of liver area. (D) The liver morphology of zebrafish after exposure of PPI
and PIL (E) Hematoxylin and eosin staining of zebrafish liver tissues. Red arrows indicate vacuolation and blue arrows indicate inflammatory cells. (F) Effect of PPI and PII on liver
function enzymes (aspartate transaminase (AST) and aminotransferase (ALT)), as well as triglyceride (TG) and total cholesterol (T-CHO) levels. P < 0.05 and **P < 0.001. L: low

concentration; H: high concentration; Ctrl: control.
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element binding protein 2 (SREBP-2), and squalene epoxidase (SQLE) in the L-02 cells through (C1) Western blot and (D1) immunofluorescence (IF). (The C2 and D2 is the visualized
result of three independently repeated experiments). (E) The effect of PPI on mRNA expression levels of HMGCR, lanosterol synthase (LSS), SQLE, and SREBP-2. (F) Molecular docking
of compounds and targets with the lowest binding free energy. Data were represented as mean + standard error of the mean in comparison with the control group. P < 0.05 and
"P < 0.01. L: low concentration; H: high concentration; Ctrl: control; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

rate and the pathological state of liver injury of zebrafish induced
by PPI (Figs. 6A and B), providing further evidence that the hep-
atotoxicity effect of PPI is related to the enhanced steroid
biosynthesis pathway. In order to verify the above experimental
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screening results, the Western blotting and RT-PCR were per-
formed to confirm the expression levels of key proteins, including
SREBP-2, HMGCR, SQLE, and LSS as well as the related genes in
L-02 cells and zebrafish, separately. The results showed that the
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expression levels of SREBP-2, HMGCR, SQLE, and LSS proteins
were significantly greater in the PPI treatment groups compared
to the control group (Figs. 6C1 and C2), which were similar to the
results of immunofluorescence (IF) (Figs. 6D1, 6D2, and S1).
Compared with the control, the genes of SQLE and LSS were up-
regulated while the SREBP-2 and HMGCR genes were down-
regulated in zebrafish (Fig. 6E). At the same time, we used mo-
lecular docking technology to simulate docking (Fig. 6F). In
conclusion, the SREBP-2, HMGCR, SQLE, and LSS proteins were
potentially toxic targets of PPI and PII.

3.6. Knockdown or overexpression of HMGCR and SQLE affected
hepatotoxicity of PPl

To further confirm these observations and to demonstrate that
HMGCR and SQLE are indeed the critical targets of PPI and PII, we
evaluated the effect of knockdown of HMGCR (Fig. 7A) and SQLE
(Fig. 7B) expression on PPI-mediated hepatotoxicity using siRNA.
We found that partial knockdown of the two proteins significantly
attenuated the inhibitory effect of PPI exposure on the growth of L-
02 cells in a dose-dependent manner (Figs. 7C and D).

We then transfected the hepatic cell line L-02 with HMGCR and
SQLE short hairpin RNA to overexpress HMGCR (Fig. 7E) and SQLE
levels (Fig. 7F). Also, overexpression of HMGCR or SQLE enhanced
the inhibitory effect of PPI on cell proliferation (Figs. 7C and D).
Taken together, these data revealed a strong correlation between
HMGCR/SQLE expression and PPI-induced hepatotoxicity.

We found that PPI-induced apoptosis and lipid accumulation in
L-02 cells, which significantly declined after the knockdown of the
SQLE (Figs. 8A and B). Similar to our observation, SQLE protein
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expression levels were down-regulated in cells with SQLE
knockdown by immunoblotting (Fig. 8C). In contrast, the cell
apoptosis and lipid accumulation, as well as the up-regulation of
SQLE level, were observed in the PPI treated group (Figs. 8D and
E), which were reinforced by the overexpression of SQLE (Fig. 8F).

Similarly, knockdown of the HMGCR could ameliorate the
hepatotoxicity of PPI, accompanied by the decreased cell apoptosis
and fat accumulation (Figs. 9A—C), while enhanced HMGCR could
exacerbate the result (Figs. 9D—F).

However, HMGCR knockdown (si-HMGCR) or overexpression
(OE-HMGCR) had no effect on the expression of SREBP-2 and SQLE
(Figs. 9C and F), and the SQLE knockdown (si-SQLE) or over-
expression (OE-SQLE) had no effect on SREBP-2 and HMGCR (Figs.
8C and F), which demonstrated that other proteins played an
important role of in cholesterol biosynthesis.

3.7. PPl directly bound with SQLE

The above experiment revealed that PPI-induced hepatotoxicity
resulted from the disorder of the steroid biosynthesis pathway. To
determine the direct target of PPI, the PPI-labeled biotin (Fig. 10A)
was designed and synthesized. Furthermore, the in vitro pull-down
assay was conducted and 571 proteins that potential bind to PPI
were identified (Fig. 10B) and related to the various bioactivity
(Fig. 10C). Among these proteins, many of which were mainly
associated with the metabolism process, including the steroid
biosynthesis (Fig. 10D). More importantly, the SQLE was screened in
the PPI-Sepharose 4 B beads. To confirm the interaction between
PPI and SQLE as well as HMGCR, we conducted the molecular
docking and SPR experiment. The results of mean binding energies
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Fig. 7. Knockdown (si-) or overexpression (OE-) of 3-hydroxy-3-methy-Iglutaryl CoA reductase (HMGCR) and squalene epoxidase (SQLE) affected hepatotoxicity of polyphyllin I
(PPI). The L-02 cells showed knockdown of (A) HMGCR and (B) SQLE. CCK-8 was used to detect the hepatotoxicity of PPI in L-02 cells, which was influenced by the si- or OE- of the
(C) HMGCR and (D) SQLE. The L-02 cells overexpressed the (E) HMGCR and (F) SQLE. “P < 0.01. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; NC: negative control.
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Fig. 8. The effect of knockdown (si-) or overexpression (OE-) of squalene epoxidase (SQLE) attenuated the hepatotoxicity of polyphyllin I (PPI). (A) Results of apoptosis in si-SQLE cell
line by flow cytometry; (B) Results of oil red staining to observe cellular fat accumulation in si-SQLE; (C) Expression of cholesterol synthesis-related proteins in si-SQLE cell line; (D)
Results of apoptosis in OE-SQLE cell line by flow cytometry; (E) Results of oil red staining to observe cellular fat accumulation in OE-SQLE; (F) Expression of cholesterol synthesis-
related proteins in OE-SQLE cell line. P < 0.05 and P < 0.01. L: low concentration; H: high concentration; SREBP-2: sterol-regulatory element binding protein 2; HMGCR: 3-
hydroxy-3-methy-Iglutaryl CoA reductase; GADPH: glyceraldehyde-3-phosphate dehydrogenase.

of docking for the PPI with HMGCR and SQLE were —14.4 and —14.7, 4. Discussion

respectively. Meanwhile, the kinetic and affinity values for PPI

associated with SQLE, such as Ka, Kq, and Kp, were 5.77 x 1072 (1 / Recently, Rhizoma Paridis, a traditional Chinese medicine
MS), 1.51 x 1072 (1/s), and 2.63 x 10~> M (Fig. 10E), respectively, (TCM) with extensive pharmacological activities, has raised
suggesting that PPI could effectively bind to SQLE, but not to widespread concern about its hepatotoxicity effects, but the ma-
HMGCR. terial basis and underlying mechanisms are unclear. Consistently,
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our previous study showed that Rhizoma Paridis could induce one of the most induction factors and pathways for Rhizoma
hepatotoxicity effects in vitro in the L-02 cells, zebrafish, and SD Paridis-induced hepatotoxicity [22]. Besides, the previous study
rat model [18]. Furthermore, lipid metabolism disorder might be [7] has shown that PPI and PII are the main toxic compounds in
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Rhizoma Paridis. However, what is not clear is the potential targets
as well as the relationship between the mechanism of hepato-
toxicity and material basis. Therefore, the aim of this experiment
was to discover the mechanism and the key targets associated
with PPI- and PlI-induced hepatotoxicity. As we know, these two
compounds are both steroid saponins, which are the main raw
materials for steroid hormone drug synthesis [23]. Hepatotoxicity
of steroid hormones is frequently reported in clinical and pre-
clinical studies [24]; therefore, the great guiding significance is
highlighted for clinical safety.
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4.1. PPI and PII hepatotoxicity in L-02 cells and zebrafish

One of the major findings of this study was that the hepato-
toxicity of PPI and PII was confirmed both in vitro and in vivo from
the phenotypic and biochemical indices. Consistent with previously
reported studies, the results of this study showed that PPI and PII
induced obvious changes in L-02 cell phenotypes, cell apoptosis,
the levels of ALT, AST, TG, T-CHO, and MDA, as well as the effective
decrease of the SOD, SDH, ATP, and ATPase. Meanwhile, the
sub-lethal concentration exposure of PPl and PII could cause
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significant toxic effects on zebrafish liver, including the reduced
liver area and obvious changes in the liver structure-manifested
liver cell apoptosis, accompanied by increased levels of ALT, AST,
T-CHO, and TG. Thus, PPI and PII possessed hepatotoxicity in
zebrafish and L-02 cells at a certain concentration and their
mechanism might be associated with the fat metabolism disorder.

4.2. Relation of PPI and PII hepatotoxicity to the cholesterol
bioprocess disturbance

In order to provide better insights into the full spectrum of
pathological alterations at the molecular level, the proteome in L-
02 cells and transcriptome in zebrafish were carried out, respec-
tively. We employed Venn analysis to screen out the differential
genes that were co-altered by these two compounds and per-
formed an in-depth analysis of these genes. The changes in the
protein and transcriptional levels from the two different models
were discovered. Notably, the cholesterol biosynthetic process and
metabolism pathways stood out in the proteomics and tran-
scriptome data sets. As we know, cholesterol, a basic substance for
life-sustaining activities [25], is not only important for the main-
tenance of blood circulation, including T-CHO and high-/low-
density lipoprotein-cholesterol [26—28], but also the precursor of
bile acid biosynthesis [29], which plays a key role in preventing the
accumulation of toxic metabolites as well as violations of the liver
and other organs [30]. The liver is the main organ of cholesterol
synthesis which is represented by an intricate and multistep
pathway [31]. Under the normal condition, cholesterol levels are
finely regulated by the balance of diet cholesterol absorption, liver
synthesis, biliary excretion, and peripheral tissue uptake [32], and
disturbance of cholesterol metabolism homeostasis is a causal
factor in the development of cholestasis, liver fibrosis, cirrhosis, and
even liver failure [33]. To confirm the pivotal role of enhanced
cholesterol biosynthesis in PPI-induced hepatotoxicity, lovastatin
was used as the inhibitor and it could rescue zebrafish mortality
and alleviate the degree of liver injury in zebrafish. Thus, the
conclusion was made that the PPl-induced hepatotoxicity was
related to dysregulation of cholesterol homeostasis in the liver,
which was perfectly in tune with our previous results [18], rein-
forcing that the hepatotoxicity of Rhizoma Paridis was caused by
cholesterol disorder. Furthermore, we also hypothesized that a
similar response mechanism exists in the various compounds with
similar steroidal structures, providing a reference for their mech-
anistic study in the future. At the same time, the above experiments
also further confirmed the consistency of zebrafish and in vitro cell
models in drug hepatotoxicity evaluation and that the combined
utilization of the different models could accurately screen out the
potential key targets for further experiments.

4.3. SREBP-2/HMGCR/SQLE/LSS as the potential pathways for PPl
and PII hepatotoxicity

The cholesterol biosynthesis pathways have been found to
involve in the most complex biochemical process and consist of 30
enzymatic steps, among which HMGCR and SQLE are found to be the
rate-limiting enzymes which play a crucial role in drug-elicited liver
toxicity [34—36]. Interestingly, HMGCR and SQLE are the most
regulated and related differential proteins in the proteomics data set.
In addition, SREBP-2, which acts as a transcription factor, could
activate the expression of all the genes involved in the de novo
cholesterol synthesis pathway [14,37], including the HMGCR and
SQLE. It was previously reported that lanosterol synthase was found
to be the key gene closely associated with cholesterol biogenesis
[38—40]. Therefore, SREBP-2/HMGCR/SQLE/LSS pathways were
selected as the potential signaling pathways to explore the
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hepatotoxicity mechanism of PPI and PII. To confirm the accuracy of
the above experimental results, the proteins and the promoted gene
expression levels of SREBP-2, HMGCR, SQLE, and LSS in L-02 cells and
zebrafish were assessed, respectively. The results showed that the
levels of SREBP-2/HMGCR/SQLE/LSS proteins were significantly
augmented as detected by Western blotting and IF analysis in L-
02 cells. Moreover, the expression levels of SREBP-2/HMGCR/SQLE/
LSS genes were also elevated by PPI exposure in a concentration-
dependent manner in zebrafish, suggesting that SREBP-2/HMGCR/
SQLE/LSS were potential pathways for PPI and PII hepatotoxicity.

4.4. HMGCR and SQLE proteins as the potential targets

To get a better understanding of the relationship between com-
pounds and the above biological responses, the pull-down assay was
applied to capture the key targets [41] where the HMGCR and SQLE
were considered as the potential direct binding proteins to PPI,
verified by the molecular docking and siRNA technology. The mean
binding energies of docking of PPI uncovered that PPI had a strong
binding ability to HMGCR and SQLE proteins. Furthermore, cyto-
toxicity of PPI was significantly attenuated by knockdown of HMGCR
or SQLE, while overexpression of HMGCR or SQLE exacerbated the
cytotoxicity of PPI. However, the results of SPR, considered as the
gold standard for characterizing intermolecular interactions [42,43],
demonstrated a combination of PPl and SQLE protein only, but not
the HMGCR. The reason for this contradictory phenomenon of
HMGCR was probably that HMGCR was the key rate-limiting enzyme
of cholesterol biosynthesis and the expression level of which was
inevitably involved in the response to PPl-induced hepatotoxicity
through a system homeostasis regulation but not the direct-binding
of PPL In fact, the structure of SQLE is similar to PP, suggesting a
greater possibility of the existence of direct-binding between each
other. Extensive studies have shown that SQLE is associated with
cancer [44,45], and these experiments provided proof that except for
HMGCR, the SQLE protein is also a promising biomarker for drug-
induced liver damage, especially for other steroid saponins with a
similar construct. Taken together, these findings supported our
conclusion that SQLE protein acted as the critical directly targeted
protein in mediating the PPI-induced hepatotoxicity.

5. Conclusion

In summary, this is the first study disclosing the hepatotoxicity
mechanism of PPI and PII that they could directly bind with the SQLE
protein, subsequently causing a significant disturbance of lipid
metabolism through SREBP-2/HMGCR/SQLE/LSS pathways, which
contributed to hepatotoxicity. Therefore, this article provides inno-
vative information for people to pay attention to the hepatotoxicity
of Paris polyphylla during clinical practice. Despite that, the SQLE
binding sites to PPI remain to be clarified and it is still obscure
whether the PPI-induced hepatotoxicity is also associated with the
direct binding of other proteins with similar structures in the liver. It
is worth noting that the characteristic feature of TCM Paris polyphylla
is multi-component and multi-targets as described in the Chinese
patent medicine or prescription. Our experimental results only re-
flected the toxicity mechanism and target of PPI and it is unclear
whether there are interactions between the PPI and other drugs or
chemical components during its clinical use. At the same time, there
is a certain relationship between the clinical effects of drugs and the
state of the body, suggesting that further research is required.
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