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BACKGROUND: Ji Desheng Snake Pill (JDS) has been used in the clinic as
an adjuvant therapy for patients with hepatocellular carcinoma (HCC), its
active ingredient and potential drug mechanism have not yet been
clarified. Ferroptosis is a metabolic cell death putative dependent on
ferric ions, and the process is closely related to tumour development.
OBJECTIVE: To explore the potential drug mechanism of anti-tumour
action of JDS and the correlation between JDS and Ferroptosis.
MATERIALS AND METHODS: Tumour xenograft animal model was
constructed by in vivo experiments and HepG2 cell culture in vitro to
observe the anti-tumour drug effects after JDS intervention. Combined
with transcriptomics to explore the drug action mechanism of JDS
exerting anti-tumour effects.

RESULTS: In the in vivo experiments, We found that JDS significantly
increased the level of ferritin deposition in subcutaneous grafted tumors
and attenuated cell proliferation, thereby delaying tumor progression. In
vitro, we found that JDS drug serum significantly reduced the migration
and growth of HepG2 cells, and promoted the accumulation of lipid
peroxides and induced Ferroptosis, and then we found that the main
mechanism of JDS was closely related to p53 and other related pathways
by transcriptomics sequencing. Finally, a retrospective study revealed
that inhibition of p53 pathway activation could reduce the promotion of
Ferroptosis by JDS.

CONCLUSION: The present study demonstrated that JDS could promote
the accumulation of lipid peroxides by activating the p53 signaling
pathway, and induced Ferroptosis in HCC cells, which significantly
reduced the proliferation of HCC cells.
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Abstract

BACKGROUND: Ji Desheng Snake Pill (JDS) has been used in the clinic as an adjuvant therapy for

patients with hepatocellular carcinoma (HCC), its active ingredient and potential drug mechanism have

not yet been clarified. Ferroptosis is a metabolic cell death putative dependent on ferric ions, and the

process is closely related to tumour development.

OBJECTIVE: To explore the potential drug mechanism of anti-tumour action of JDS and the correlation

between JDS and Ferroptosis.

MATERIALS AND METHODS: Tumour xenograft animal model was constructed by in vivo

experiments and HepG2 cell culture in vitro to observe the anti-tumour drug effects after JDS

intervention. Combined with transcriptomics to explore the drug action mechanism of JDS exerting anti-

tumour effects.

RESULTS: In the in vivo experiments, We found that JDS significantly increased the level of ferritin

deposition in subcutaneous grafted tumors and attenuated cell proliferation, thereby delaying tumor

progression. In vitro, we found that JDS drug serum significantly reduced the migration and growth of

HepG?2 cells, and promoted the accumulation of lipid peroxides and induced Ferroptosis, and then we

found that the main mechanism of JDS was closely related to p53 and other related pathways by

transcriptomics sequencing. Finally, a retrospective study revealed that inhibition of p53 pathway

activation could reduce the promotion of Ferroptosis by JDS.

CONCLUSION: The present study demonstrated that JDS could promote the accumulation of lipid

peroxides by activating the p53 signaling pathway, and induced Ferroptosis in HCC cells, which

significantly reduced the proliferation of HCC cells.
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Introduction

Hepatocellular carcinoma (HCC) is a high-mortality primary liver cancer, and as one of the most

common malignancies, it is the third leading cause of cancer-related deaths' .HCC has been found to be

highly associated with risk factors such as genetics, hepatitis, and obesity?. Safer, effective and non-

invasive therapeutic strategies are still the focus of HCC research.

Ferroptosis, an emerging type of programmed cell death, is caused by iron-dependent lipid

peroxidation, which results from a combination of aberrant cellular metabolism and an imbalance in

redox homeostasis’. Many metabolic disorders are strongly associated with this process. Ferroptosis has

also been implicated as a key mechanism in the regulation of cancer in a variety of cancers**. In the field

of liver cancer, researchers have found that Ferroptosis plays an important role in the treatment of HCC.

One of the non-coding RNAs (ncRNAs) has the ability to control iron concentration in HCC cells,

thereby affecting disease progression and drug resistance in tumours®. Clinically, sorafenib, a first-line

drug for the treatment of hepatocellular carcinoma, exhibits a strong Ferroptosis effect’. Therefore, the

development of drugs targeting Ferroptosis for the treatment of HCC has great potential for development.

Many traditional Chinese medicines and their active ingredients have shown better anti-tumour

effects, and compared with traditional western medicines, traditional Chinese medicines have the

advantages of less toxic side effects and a wide range of safe concentrations'®!!. Ji Desheng Snake Pill

(JDS) was developed based on the empirical formula of Mr. Ji Desheng, a famous traditional Chinese

medicine practitioner in Jiangsu Province, and clinical studies in recent years have shown that it has

achieved certain clinical efficacy in the treatment of hepatocellular carcinoma, and it has a great potential

to be developed into an anti-tumour drug targeting Ferroptosis!>!3. Polyphyllin, as the main active

ingredient of Chonglou, has been found to inhibit breast cancer progression by inhibiting the PI3K/AKT

4
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pathway'4. In colorectal cancer research, Polyphyllin can inhibit the Notch pathway to prevent cancer

cell growth!S. In HCC, Polyphyllin has been found to activate the ZBTB16/PPARY/RXRa signaling axis

to treat liver cancer!®. In Ferroptosis, Polyphyllin can promote the accumulation of lipid peroxides

through PI3K/SREBP-1/SCDI signaling axis to cause Ferroptosis!’. Therefore, further in-depth

investigation of the drug mechanism of action of JDS will help to discover new ways to treat HCC.

Therefore, the potential anti-tumour drug action mechanism of JDS has not yet been clarified, and

the link between JDS and Ferroptosis deserves to be explored in depth. The aim of this study was to

investigate the link between JDS and Ferroptosis and the specific mechanism of action by which it exerts

anti-tumour effects.
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Methods and Materials

Main Reagents and Drugs

Ji Desheng Snake Pill is sourced from commercialized products manufactured by Jinghua

Pharmaceutical Group Co., Ltd., under the production approval by National Medical Products

Administration of China (National Medicine Permission Number Z32020048). Nrf2 (1:1,000, HY -

P81051, MCE, USA), GPX4 (1:1,000, 67763-1-Ig, Proteintech, China), ACSL4 (1:1,000, 22401-1-

AP, Proteintech, China), SLC7A11 (1:1,000, FNab10533, FineTest, China), p53 (1:1,000, 60283-

2-Ig, Proteintech, China), p21 (1:1,000, HY-P80773, MCE, USA), MDM2 (1:1,000, CSB-

PA156585, Cusabio, China), MDM4 (1:1,000, CSB-PA013627GAO01HU, Cusabio, China) and

GAPDH (1:1,000, 60004-1-Ig, Proteintech, China).

Animal cell group culture and intervention

Seventy 5-week-old BALB/C male nude mice were purchased from Jiangsu Huachuang Xinnuo

Company. The animal experiment was approved by the Animal Ethics Committee of Jiangnan University

(JN. N020240830b0250228). The concentration of HepG2 cells was adjusted to 1 x 107/mL, and 0.1 mL

of cell suspension was inoculated into each of 40 nude mice. Tumour volume was measured using vernier

calipers, and group pharmacological interventions were started when the tumour volume reached 100

mm3. Using statistical software, the animals were randomly divided into the following groups: blank

control group (saline group), low concentration of Ji Desheng Snake Pill (JDS) group (25 mg/kg/d), high

concentration of JDS Snake Drug group (50 mg/kg/d), and cisplatin (CDDP) group (25 mg/kg/d). All

nude mice were executed after anaesthesia, and tumour blocks were taken to measure their length and

width, and their volume and weight were calculated.

UPLC-Q-TOF-HRMS

https://mc.manuscriptcentral.com/scienceprogress
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The configured JDS drug solution was analyzed and assayed using Ultra-high-performance liquid

chromatography-quadrupole-time-of-flight-high-resolution mass spectrometry (UPLC-Q-TOF-HRMS )

for compositional analysis and detection. The detection conditions were as follows: Liquid phase:18

Liquid mobile phase: waters BEH C18 column (1.7um, 2.1*50mm); Mobile phase: A: 0.1% formic acid;

B: 0.1% formic acid acetonitrile; Gradient elution: (0—2min, 95%A, 5%B; 2-30min, 95%-2%A, 5%-

98%B; 30-35 min, 2%A, 98%B; 35-39 min, 2%-95% A, 98%-5% B; 39~40min, 95%A, 5%B); Flow

rate: 0.4mL/min column temperature: 40°C; The detection volume was 3uL. The detection conditions of

the positive mode of mass spectrometry were as follows: nitrogen flow rate 800L/h; Voltage 2kv;

Desolvation temperature 400°C; The ion source temperature was 110°C. Collision voltage 20-40V; The

collection mass number ranged from 50 to 1200. The detection condition of the negative electric mode

of mass spectrometry was 1.5kv, and the other setting conditions were the same as those of the positive

electric mode.

Histopathology

Tissue wax blocks were made from the transplanted tumour and sectioned. Sections were soaked

in xylene, gradient dehydrated, stained with hematoxylin-eosin dye solution on tissue sections and then

soaked in distilled water and washed, again gradient dehydrated with ethanol, transparent with xylene

for 20 minutes, then neutral gel was added to seal the sections and the tissue changes were observed

under light microscope. Tissue immunofluorescence The sections were permeabilised with 0.3% Triton

x-100 for 20 minutes. After sealing with 5% BSA for 1 h, the sections were incubated with primary

antibody at 4 °C overnight. The next day the sections were incubated for 1 h with secondary antibody

with fluorescent labelling. Sections were blocked using an anti-fluorescence quenching blocking solution

containing DAPI. Final images were obtained on a laser microscope.

7
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128 HepG2 cell group culture and intervention

129 HepG?2 cells were gifted by Fang Fei's group at Jiangnan University. HepG2 cells were cultured in

oNOYTULT D WN =

9 130 DMEM medium (Gibco, item no.: C11965500BT) containing 10% FBS (Gibco, item no.: 10099141) in
12 131 an incubator at 37°C with 5% CQO2. SD rats were dosed with JDS drug in order to extract JDS drug serum
132 for pharmacological intervention on HepG2 cells, where 5% JDS drug serum was used in the low
17 133 concentration JDS group and 10% JDS drug serum was used in the high concentration JDS group.

20 134 CCK-8 assay

22 135 HepG?2 cells were seeded in 96-well plates at a density of 3x103 cells/well, and after the cells were
25 136 adhered to the wall and grew, the medium was configured with different concentrations (0, 2%, 4%, 6%,
137 8%, 10%) of JDS drug serum, and the medium was configured with different concentrations (0, 5, 10,
30 138 15, 20, 25 pmol/L) of Erastin (MCE, item no.: HY-15763). ) in the medium, respectively, and after 24 h
33 139 of intervention, configured CCK-8 working solution (APExBIO, item no.: K1018) was added to each
35 140  well and incubated at 37 °C for 2 h. The medium was then incubated for 2 h at 37 °C for 2 h at 37 °C.
38 141 The OD value (absorbance) was detected at 450 nm.

142 Cellular scarring

43 143 The six-well plate was pre-marked with a marker pen, and HepG2 cells were inoculated in the six-
46 144 well plate at a density of 5 x 105 cells/well. After the cells had grown adherently and fused to 90% of
48 145 the area, a 200 pl pipette tip was used to make a cut along the centre of the well plate perpendicular to
51 146 the marking line of the marker pen, and then rinsed carefully three times with PBS to remove cell debris.
147 The growth status and migration of labelled cells in each well were photographed using an inverted light
56 148 microscope at the time points of 0 and 24 h of incubation. Image migration distances were analysed using
59 149 Imagel] software and the migration rate (MR) was calculated. MR (%) = (24 h scratch distance/0 h scratch

60 8
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distance) x100.

JC-1

According to the experimental protocol provided by the reagent vendor, the JC-1 Mitochondrial

Membrane Potential Detection Kit (C2003, Beyotime, China) was used to load the in situ probe on the

intervened chondrocytes, and the working solution was configured and then incubated with the cells for

20 min at 37°C environment, and washed by PBS, and then observed under the fluorescence inverted

microscope and pictures were collected.

WB

HepG2 cells and tumour tissues were lysed and proteins were extracted using RIPA lysis buffer

(Thermo Scientific, item number: 89901). Sample protein concentrations were determined using a

NanoDrop microspectrophotometer (Thermo Scientific). 20 pg of sample per group was used and

separated by 10% SDS-PAGE and then transferred to a PVDF membrane. After sealing with 5%

skimmed milk for 2 h at room temperature, the membranes, after washing using TBST, were then

incubated with primary antibodies at 4 °C overnight. The next day the membranes were washed and

incubated with the secondary antibody with HRP at room temperature for 1 hour at room temperature.

The luminescence intensity was subsequently detected on a chemiluminescence imager (ImageQuant

LAS 4000mini) using the ECL Substrate Kit (Tanon, item no. 180-506), and the expression levels of the

relevant proteins were determined by calculating the bands with ImagelJ software.

ROS

According to the experimental protocol provided by the reagent vendor, the intervened

chondrocytes were loaded with in situ probes using the ROS assay kit ROS assay (Dojindo, R252), and

the working solution was configured and incubated with the cells for 20 min at 37°C, washed with

9
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PBS, and then observed under a fluorescence inverted microscope and pictures were collected.

Glutathione (GSH) Assay

According to the experimental protocol provided by the reagent vendor, the intervened

chondrocytes were loaded with in situ probes using the ROS assay kit ROS assay (Dojindo, R252), and

the working solution was configured and incubated with the cells for 20 min at 37°C, washed with

PBS, and then observed under a fluorescence inverted microscope and pictures were collected.

Malondialdehyde (MDA) assay

Cells were collected and pooled with EP tubes as required in the kit instructions (Jiancheng,

A003-1). After 500 pL of extract was added to the tubes, the cells were repeatedly broken by ultrasonic

waves for 30 times, and then divided into EP tubes, the supernatant was collected and placed on ice,

and 300 pL of malondialdehyde working solution, 100 pL of distilled water, and 100 pL of

malondialdehyde reagent were added, respectively. A water bath at 100 °C for 120 min was used and

immediately placed on ice for cooling process, centrifuged again and appropriate amount of

supernatant was aspirated and placed in a 96-well plate, and the OD value of each well was tested by

an enzyme marker. The OD value of each well was measured by an enzyme marker and brought into

the formula to calculate the amount of MDA in the samples to be tested.

Transcriptomics and data analysis

The transcriptomes of the control and high JDS concentration groups were determined using the

[llumina NovaSeq 6000. Each group had 3 independent replicates for a total of 6 samples. Quality control

of raw reads and adapter trimming was done using fastp (v 0.20.0). High quality reads were retained and

used for further downstream analysis using a quality Phred score cutoff of 30. Transcripts were quantified

using RSEM. Transcribed nucleotide sequences were searched and annotated against the protein database

10
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by running BLAST (blastx). Differential expression analysis was performed using the DESeq2R

software package and principal component analysis (PCA) was performed on each sample based on

expression. Transcripts with log2foldChange > = 2 and p-value <= 0.05 were considered significantly

up-regulated in the differential analysis, and transcripts with log2foldChange <= -2 and p-value <=0.05

were considered significantly down-regulated. Gene ontology (GO) enrichment analysis based on

differentially expressed genes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were

performed in Cytoscape.

Statistical analysis

All data are shown as mean and standard deviation (SD), and all experiments were guaranteed to

be tested three or more times in independent experiments. Data between groups were statistically

analysed and plotted in GraphPad Prism 8.0 using the unpaired two-tailed Student's t-test.

11
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Results

1. The Therapeutic Component in JDS

After the UPLC-Q-TOF-HRMS results were examined, we found that the main components in JDS

include 49 active ingredients, which mainly include phenolic acids, flavonoids, alkaloids and steroids

(Supplementary table 1). Thirty-seven components were identified in cationic mode (Fig.1A), which

mainly contained Diosmetin 7-O-rutinoside, Swertisin, 5-Methoxyfurfural, etc. Twelve components

were identified in anionic mode (Fig.1B), which mainly contained Ethylparaben, Chrysoeriol-7-O-

rutinoside, 4-Hydroxybenzoate and other components.

2. JDS inhibits xenograft tumour growth in vivo

Low and high concentrations of JDS and cisplatin were used to intervene in nude mice transplanted

with HepG2 cells, respectively, in order to observe and compare the antitumour drug effects of JDS. The

results showed that the volume and weight of the transplanted tumours were significantly reduced after

intervention with low concentration of JDS, high concentration of JDS and cisplatin compared to the

blank control group (Fig.2A). Meanwhile, the histopathological staining results combined with Ki67

fluorescence staining showed that the cell density in the transplanted tumour was reduced, the number

of proliferating cells was reduced after the intervention of low concentration of JDS, high concentration

of JDS and cisplatin (Fig.2B,C). And by fluorescent labelling of GPX4 and ASCL4 proteins (Fig.2D),

we found that the expression level of GPX4 protein in the transplanted tumour was decreased and the

expression level of ACSL4 protein was increased after the intervention of low concentration of JDS, high

concentration of JDS and cisplatin. To quantify the expression levels of Ferroptosis-related proteins

within the transplanted tumour in a single step, we used WB to detect the protein expression levels of

12
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NRF2, ASCL4, SLC7A11 and GPX4 in the transplanted tumour (Fig.2E). The results showed that JDS

was able to promote the expression level of ASCL4 protein, reduce the protein expression level of NRF2,

SLC7A11 and GPX4, and exacerbate the level of Ferroptosis in the transplanted tumour, and the anti-

tumour effect of JDS showed a drug concentration gradient.

3. JDS promotes GPX4-mediated Ferroptosis process to inhibit HepG2 cell proliferation

Firstly, we screened and determined the optimal intervention concentrations of JDS drug serum and

Erastin on HepG2 cells by CCK-8 assay. The results showed (Fig.3A) that when the intervention time

was 24h, JDS drug serum greater than 6% significantly reduced the proliferation viability of HepG2

cells; meanwhile, when Erastin was 20 puM, it significantly reduced the proliferation viability of HepG2

cells, and the IC50 of Erastin was 19.67 uM.In order to determine whether JDS drug serum played an

inhibitory role in the proliferation of HepG2 cells, we determined the optimal concentration of JDS drug

serum by performing the CCK-8 assay on HepG2 cells in each group. proliferation, we performed cell

scratch assay on each group of HepG2 cells, and the results showed (Fig.3B) that the proliferation

efficiency and migration rate of HepG2 cells were decreased after the intervention of low concentration

of JDS drug serum, high concentration of JDS drug serum, and Erastin, compared with the control group

in 24 h. The results showed that the proliferation efficiency and migration rate of HepG2 cells were

decreased after the intervention of low concentration of JDS drug serum, high concentration of JDS drug

serum, and Erastin, compared with the control group. The Ferroptosis process was closely linked to the

state of oxidative stress, and ROS accumulation was closely related to the state of mitochondria. By

observing the degree of ROS accumulation and changes in mitochondrial membrane potential levels in

HepG2 cells in each group (Fig.3C,G), we found that low concentration of JDS drug serum, high

13
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concentration of JDS drug serum, and Erastin intervention were enough to promote the accumulation of

ROS and the decrease of membrane potential in HepG2 cells. And by detecting GSH and MDA content

in HepG2 cells in each group, the results showed (Fig.3D,E) that low concentration of JDS drug serum,

high concentration of JDS drug serum and Erastin interventions promoted the level of MDA content and

reduced the level of GSH content. Meanwhile, in order to quantify the expression levels of Ferroptosis-

related proteins in transplanted tumours as soon as possible, we used WB to detect the protein expression

levels of NRF2, ASCL4, SLC7A11, and GPX4 in HepG2 cells in each group (Fig.3F). The results

showed that JDS was able to promote the expression level of ASCL4 protein and reduce the protein

expression level of NRF2, SLC7A11 and GPX4, and the results of the in vitro experiments were

consistent with those in the in vivo experiments.

4. JDS promotes Ferroptosis reversal of the protective effect of Fer-1 in HepG2 cells

In order to further verify the effect of Ferroptosis on HepG2 cells, the pharmacological effect of

JDS on HepG2 cells was determined after the intervention of HepG2 cells using Fer-1, an Ferroptosis

inhibitor. WB detected the protein expression levels of NRF2, ASCL4, SLC7A11, and GPX4 in the

HepG?2 cells of each group, and the results showed that (Fig.4A), Fer -1 intervention promoted the protein

expression levels of NRF2, SLC7A11 and GPX4, and decreased the protein expression level of ASCL4;

the intervention with JDS drug serum was able to reverse the effect of Fer-1 on HepG2 cells, and JDS

decreased the protein expression levels of NRF2, SLC7A11 and GPX4, and increased the protein

expression level of ASCL4, which promotes the the production of Ferroptosis process in HepG2 cells.

By performing cell scratch assay on HepG2 cells in each group, the results showed (Fig.4B) that

compared with the control group, Fer-1 intervention promoted the migration of HepG2 cells; while JDS

14
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drug serum intervention was able to reverse the effect of Fer-1 on HepG2 cells and inhibit the migration

of HepG2 cells. Meanwhile, the results of JC-1 and ROS also showed that (Fig.4C,D), compared with

the control group, there was no difference between the degree of accumulation of ROS and the level of

mitochondrial membrane potential in HepG2 cells after the intervention of Fer-1; whereas, the

intervention of JDS drug serum exacerbated the degree of accumulation of ROS, and led to the decrease

in the level of mitochondrial membrane potential. Similarly, the detection of MDA and GSH content in

HepG2 cells in each group showed that there was no difference in the levels of MDA and GSH content

in HepG2 cells after Fer-1 intervention, whereas JDS drug serum intervention promoted the levels of

MDA content and decreased the levels of GSH content in HepG2 cells(Fig.4E,F).

5. Transcriptomic analyses targeting the interventional effects of JDS on HepG2 cells

In order to further explore the potential mechanism of drug action exerted by JDS snake drug against

hepatocellular carcinoma cells, HepG2 cells from the blank control group and the high concentration of

JDS drug serum group were collected for RNA-Seq, and the correlation analysis between the samples

showed that (Fig.5A), there was a significant difference in the transcriptional level of the HepG2 cells in

the blank control group and the HepG2 cells after the intervention of the JDS drug serum. The PCA

analysis of the results also further confirmed that there were differences in gene expression between the

two groups after down-regulation (Fig.5B).Venn diagram analysis of the number of differential genes

between the two groups showed (Fig.5C) that the number of genes co-expressed in the two groups was

13,047 genes, whereas 1,506 uniquely expressed genes existed in the blank group, and 395 uniquely

expressed genes were expressed after the JDS intervention. Through differential gene clustering analysis

heatmap display we found that there was a significant difference between the two groups (Fig.5D). By
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volcano scatter plot we can find that 1349 gene expression levels were up-regulated and 2086 gene

expression levels were down-regulated after JDS intervention (Fig.5E). Annotation analysis of the

differential genes by using GO database showed that they were mainly concentrated in the terms of

protein binding, cellular components and cellular processes (Fig.5F). The most obvious changes after

annotation analysis of differential genes by using KEGG database focused on Signal transduction

(Fig.5G). The results of GO enrichment analysis showed (Fig. SH) that the words related to lipid

metabolism, such as regulation of sterol biosynthetic process, regulation of cholesterol biosynthetic

process, regulation of cholesterol metabolic process, and regulation of lipid biosynthetic process pathway,

underwent a bright change after JDS intervention. These results suggest that JDS is closely related to

lipid metabolism process in the process of anti-HCC. The results of enrichment analysis using KEGG

showed (Fig.5I) that circadian rhythm, steroid biosynthesis, FoxO signaling pathway, MAPK signaling

pathway, p53 signaling pathway and Ferroptosis were significantly altered in response to JDS

intervention. Further addressing the relationship between the differential genes and the KEGG pathway

was demonstrated by enrichment analysis of chordal plots (Fig. 5J), which showed that the intervention

of JDS promoted the expression of related genes, such as SAT1, MAP1LC3B2, and ALOX15, and

lowered the expression level of the SLC7A11 gene, which promotes the Ferroptosis process. Meanwhile,

JDS was also in the upstream and downstream pathways closely related to Ferroptosis, such as p53

signaling pathway, MAPK signaling pathway and FoxO signaling pathway. Finally, the protein

interaction network analysis diagram (Fig.5K) was drawn to demonstrate the potential connection

between differential genes.

6. JDS promotes Ferroptosis by activating the pS3 signaling pathway
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In order to validate the results of RNA-Seq, we intervened HepG2 cells with JDS and the p53

inhibitor PFT-a to further explore the drug action mechanism of JDS. The results of WB showed (Fig.6A)

that compared with the blank group, the protein expression levels of p53,p21 were significantly increased

in HepG2 cells after JDS intervention, and those of MDM2 and MDM4 were levels were significantly

reduced; at the same time, p53,p21 protein expression levels were reduced and MDM2 and MDM4

protein expression levels were increased in HepG2 cells after PFT-a intervention; whereas, compared to

the JDS group, p53,p21 protein expression levels were increased and MDM2 and MDM4 protein

expression levels were reduced in HepG2 cells after co-intervention of JDS and PFT-a. After we found

by mitochondrial membrane potential, GSH and MDA assay (Fig.6B-D), compared with the blank group,

the mitochondrial membrane potential level decreased, GSH level decreased, and MDA content

increased after JDS intervention; and compared with the PFT-a group, the same manifestations were

observed in the HepG2 cells after the co-intervention of JDS and PFT-a. The results of Ferroptosis-

related protein expression content of the cells in each group showed (Fig.6E) that compared with the

blank group, the protein expression level of ACSL4 was significantly increased in HepG2 cells after JDS

intervention, and the protein expression levels of NRF2, GPX4 and SLC7All were significantly

decreased; meanwhile, the protein expression level of ACSL4 in HepG?2 cells after PFT-a intervention

was decreased, and the protein expression levels of NRF2, GPX4 and SLC7A11 increased; whereas,

compared with the JDS group, the protein expression levels of ACSL4 in HepG2 cells were decreased,

and the protein expression levels of NRF2, GPX4 and SLC7A11 increased after the co-intervention of

JDS and PFT-q, and the PFT-o intervention attenuated the effect of JDS on Ferroptosis. We further

observed the mitochondrial morphology by electron microscopy to determine the oxidative stress damage

in HepG2 cells (Fig.6F), and the results showed that the mitochondrial morphology in the tumour cells
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in the control group was relatively intact, presenting an elongated strip, with the internal mitochondrial

cristae morphology intact; the mitochondria of the tumour cells appeared to have obvious morphological

changes after the intervention of JDS, presenting an elliptical and round shape, with the disappearance

of the internal cristae morphology of the mitochondria, and the mitochondrial damage was serious; the

mitochondrial damage was severe after the co-intervention of JDS and The mitochondrial morphology

was improved after the co-intervention of JDS and PFT-a, and the drug effect of JDS was attenuated by

PFT-a.

7. PFT-a intervention attenuates the effect of JDS on xenograft tumour Ferroptosis

To further validate the conclusions drawn from the in vitro experiments, we used xenograft tumours

to observe the effect of PFT-a intervention on the antitumor efficacy of JDS. The anti-tumour efficacy

was initially judged by recording the weight and volume of the xenograft tumours in each group, and the

results showed (Fig.7A) that the volume and weight of the xenograft tumours were significantly reduced

after JDS intervention compared to the blank control group, and the volume and weight of the xenograft

tumours were increased after the co-intervention of JDS and PFT-a compared to the JDS group. And the

number of Ki67-positive cells in the transplanted tumours in each group was observed by

immunofluorescence, and the results showed (Fig.7B) that the number of Ki67-positive cells in the

transplanted tumours was significantly reduced after the intervention with JDS compared to the blank

control group; and the number of Ki67-positive cells in the transplanted tumours was increased after the

co-intervention of JDS and PFT-a relative to the JDS group. The results of pathological staining also

showed (Fig.7C) that the cell density within the transplanted tumour was reduced after JDS intervention

compared to the blank group; whereas the PFT-a intervention attenuated the drug effect of JDS raising
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the cell density within the transplanted tumour. We used WB to observe the expression levels of p53

signaling pathway and Ferroptosis-related proteins in the transplanted tumours of each group, and the

results showed (Fig.7D) that JDS intervention increased the protein expression levels of p53, p21 and

ASCLA4 in the transplanted tumours, and decreased the protein expression levels of MDM2, MDM4,

NRF2, SLC7A11, and GPX4; while PFT-a intervention attenuated the drug effects produced by JDS,

reduced the protein expression levels of p53, p21 and ASCL4 in the transplanted tumour, and increased

the protein expression levels of MDM2, MDM4, NRF2, SLC7A11 and GPX4. We thus concluded that

the p53 inhibitor PFT-a could reduce the anti-tumour effect produced by JDS because it inhibited the

activation of p53 by JDS and attenuated the Ferroptosis-promoting effect of JDS.
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Discussion

The global prevalence of hepatic cell carcinoma (HCC) is increasing year by year, and HCC is still

a worldwide health problem!8. With the advancement of medical science and technology, various kinds

of treatments for HCC are emerging'®. Currently, the main treatments for liver cancer include surgery,

chemotherapy, targeted therapy, immunotherapy, etc. However, these treatments can only slow down the

disease progression of HCC, and are still very helpful to the patients. However, these treatments can only

slow down the progression of HCC, and their help to patients is still very limited, so it is very necessary

to find more effective and safe treatments with less side effects.

In the field of antitumour therapy, more and more traditional Chinese medicines have been explored

by researchers and have achieved great potential in clinical treatment and improved the quality of life of

cancer patients?’. JDS has been gradually and innovatively applied in various disease areas and achieved

certain efficacy in anticancer therapy?!23. The active ingredients contained in JDS, such as Chonglou and

Di Jin Cao, have been deeply studied in various tumour treatment fields'®?*. Among them, Chonglou

mainly contains steroidal saponins such as Chonglou saponin I, Chonglou saponin II and Chonglou

saponin II1'°. Dijinzhao mainly contains flavonoids such as kaempferol, quercetin and scopolamine. Most

of these components have been found to have some anticancer effects in research?*. In the treatment of

liver cancer, kaempferol can inhibit the cell cycle by regulating the ATM/CHEK2/KNLI1 pathway in

hepatocellular carcinoma cells, thus exerting antitumour drug effects?>. Quercetin can slow down the

progression of hepatocellular carcinoma by inhibiting vesicles secreted by vascular endothelial cells?®.

p53 is a widely studied oncogene that is closely associated with the cell cycle and carcinogenesis,

and relevant studies have reported mutations and inactivation of the p53 gene in typically more than 50%

of cancer patients?’. In the field of hepatocellular carcinoma, activation of p53 promotes the expression
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of the downstream protein p21, and researchers have found that by degrading the p21 protein promotes

cell proliferation and increases oncogenic potential®®. In a similar study, degradation of p53 expression

by the ubiquitinating enzyme MARCHS5 would further exacerbate the progression of HCC?. Our study

showed that JDS intervention significantly increased the protein expression of p53 and p21 and delayed

HCC.

At the same time, we showed that p53 is closely related to Ferroptosis sensitivity. p53 can

transcriptionally inhibit SLC7A11, which is the subunit of System x- and is responsible for the

transporter activity of the main antioxidant system’. Inhibition of System xc- inhibits cystine uptake,

inhibits GSH synthesis, and leads to a decrease in the activity of the enzyme GPX4, which leads to a

decrease in the activity of the enzyme GPX43!. Inhibition of System xc- activity inhibits cystine uptake

and GSH synthesis, which in turn leads to a decrease in the activity of the membrane lipid repair enzyme

GPX4, which reduces the antioxidant capacity of the cells and induces Ferroptosis in tumour cells®2. On

the other hand, activation of p53 affects the phospholipase iPLA2f, which promotes the production of

lipid peroxides and MDA, and accelerates Ferroptosis®*. The results of transcriptomics showed that the

p53 signaling pathway was significantly activated by JDS intervention, which significantly reduced the

transcript levels of p53 antagonism-related MDM-2 and MDM-4, and consequently increased the p53

transcript levels in cancer cells. Thus p53 plays a key role in Ferroptosis. Our study found that JDS acts

on the p53 signaling pathway and promotes the protein expression level of p53 to reduce SLC7A11

synthesis, leading to abnormal intracellular antioxidant function and reduced GSH level, promoting the

production of MDA and the impairment of mitochondrial function, which effectively reduces Ferroptosis

antagonism exerted by GPX4, and ultimately leads to the emergence of tumour cell Ferroptosis.
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Although our study preliminarily explored the potential of JDS as a novel inducer targeting

Ferroptosis and the mechanism of drug action it exerts. However, JDS, as a pharmaceutical compound

composed of multiple Chinese medicines, the small molecule compounds that exert specific drug

effects still need to be further identified and discussed in depth. In the future, multidisciplinary

collaboration between clinical medicine, biochemistry and materials science needs to be actively

pursued to further extract the effective drug components within JDS, and optimisation of the innovative

preparation process will be more helpful in the search for the discovery of effective measures for the

treatment of HCC.

In summary, firstly, we found that JDS can promote the accumulation of lipid peroxides and

facilitate the Ferroptosis process to improve tumour progression. Through the use of transcriptomics

technology and the combination of in vivo and in vitro experiments, we found that JDS inhibits tumour

growth by activating the p53 signaling pathway and exerts Ferroptosis-promoting drug effects. In

conclusion, JDS plays an anti-tumour role by activating the p53 signaling pathway, aggravating the

accumulation of lipid peroxides and promoting the Ferroptosis process.
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JDS(Ji Desheng Snake Pill)
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BSA(Bovine Serum Albumin)

DAPI(2- (4-Amidinophenyl)-6-indolecarbamidine dihydrochloride)
CCK-8(Cell Counting Kit-8)

MR(migration rate)

ROS(reactive oxygen species)

MDA (Malondialdehyde)
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Fig. 1: The Therapeutic Component in JDS.

(A) TIC plot of JDS in positive ion mode; (B) TIC plot of JDS in negative ion mode.
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Fig. 2: JDS inhibits xenograft tumour growth in vivo.

(A) Representative images of transplanted tumours and quantitative results of body weight and volume;

(B) Representative images of HE staining of transplanted tumours; (C) Representative images and

quantitative results of Ki67 immunofluorescence in transplanted tumours; (D) Representative images and

quantitative results of GPX4 and ASCL4 immunofluorescence in transplanted tumours; (E)

Representative images and quantitative results of WB assay for iron-death-related proteins. (E)

Representative images and quantification results of Ferroptosis-related proteins detected by WB. Mean

+ standard deviation (Mean + SD, n=3) was used for statistical plots. *P < 0.05, ***P < (.01, ***P <

0.001 vs con group.
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Fig. 3: JDS promotes GPX4-mediated Ferroptosis process to inhibit HepG2 cell proliferation.

(A) Survival rate and IC50 values of HepG2 cells after 24 h of JDS and Erastin intervention; (B)

representative images and quantification results of migration rate in scratch assay; (C) representative

images and quantification results of mitochondrial membrane potential; (D) quantification results of GSH;

(E) quantification results of MDA; (F) representative images and quantification results of iron-death-

related proteins in WB assay; (G) representative images and quantification results of ROS; (H)

representative images and quantification results of ROS. results; (G) Representative images and

quantification results of ROS; Mean + standard deviation (Mean + SD, n=3) was used for statistical

plots. *P < 0.05, ***P < (0.01,***P < 0.001 vs con group.
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Fig. 4: JDS promotes Ferroptosis reversal of the protective effect of Fer-1 in HepG2 cells.

(A) Representative images and quantification results of Ferroptosis-related proteins detected by WB; (B)

Representative images and quantification results of mobility shift in scratch assay; (C) Representative

images and quantification results of mitochondrial membrane potential; (D) Representative images and

quantification results of ROS; (E) Quantification results of GSH; (F) Quantification results of MDA.

Mean + standard deviation (Mean + SD, n=3) was used for statistical plots. *P < 0.05, ***P < (0.001 vs

con group; ##P < 0.01, ###P < 0.001 vs Fer-1 group
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Fig. S: Transcriptomic analyses targeting the interventional effects of JDS on HepG2 cells.

(A) Heatmap of inter-sample correlation; (B) PCA downscaling distribution plot; (C) Venn diagram of

sample gene differences between two groups; (D) Heatmap of differential gene clustering analysis

between two groups; (E) Scatter plot of differential gene volcano between two groups; (F) Differential

gene GO annotation analysis between two groups; (G) Differential gene KEGG annotation analysis

between two groups; (H) Differential gene GO enrichment analysis between two groups; (I ) differential

gene KEGG enrichment analysis between two groups; (J) chordal plot of differential gene GO

enrichment analysis between two groups; (K) protein interaction network analysis plot.
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Fig. 6: JDS promotes Ferroptosis by activating the pS3 signaling pathway.

(A) Representative images and quantification results of p53 signaling pathway proteins detected by WB;

(B) Representative images and quantification results of mitochondrial membrane potential; (C)

Quantification results of GSH; (D) Quantification results of MDA; (E) Representative images and

quantification results of iron-death-associated proteins detected by WB; (F) Transmission electron

microscopy to observe the changes in the morphology of mitochondria in the cells of each group. Mean

+ standard deviation (Mean + SD, n=3) was used for statistical plots. *P < 0.05, **P < 0.01,***P <

0.001 vs con group; #P < 0.05,##P < 0.01, ###P < 0.001 vs JDS group
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Fig. 7: PFT-o intervention attenuates the effect of JDS on xenograft tumour Ferroptosis.

(A) Representative images of transplanted tumours and quantitative results of weight and volume; (B)

Representative images and quantitative results of Ki67 immunofluorescence in transplanted tumours; (C)

Representative images of HE staining of transplanted tumours; (D) Representative images and

quantitative results of WB detection of the p53 signaling pathway and iron-death-related proteins. Mean

+ standard deviation (Mean + SD, n=3) was used for statistical plots. *P < 0.05, **P < 0.01,***P <

0.001 vs con group; #P < 0.05,##P < 0.01, ###P < 0.001 vs JDS group
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original western blot for three repeats-Figure?
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original western blot for three repeats-Figure3
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original western blot for three repeats-Figure4
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original western blot for three repeats-Figure6
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original western blot for three repeats-Figure6
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original western blot for three repeats-Figure6
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original western blot for three repeats-Figure7
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original western blot for three repeats-Figure7
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original western blot for three repeats-Figure7
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Molecular Tonization
Compounds Class I Class 11 Formula Q1 (Da) Q3 (Da) JDS1 JDS2 JDS3
weight (Da) model
Aldehyde
5-Methoxyfurfural* Others C6H603 127.04 53.04 126.0317 [M+H]+ 36267595 35299932 35160594
compounds
Diosmetin-7-O-
Neohesperidoside Fl id Flavones C28H32015 609.18 301.08 608.1741 [M+H]+ 32524972 32358014 36902643
(Neodiosmin)*
2-
(hydroxymethyl)pyridin- Alkaloids Alkaloids C6HTNO2 126.06 108.05 125.0477 [M+H]+ 36329981 33472771 31616620
3-ol
Diosmetin 7-O-rutinoside Flavonoids Flavones C28H32015 609.18 301.08 608.1741 [M+H]+ 32522086 32168502 35477474
Phenolic
Ethylparaben Phenolic acids C9H1003 165.06 92.03 166.063 [M-H]- 35052713 29160722 35787807
acids
5-Hydroxymethyl-2- Aldehyde
Others C6H603 127.04 53.04 126.0317 [M+H]+ 33365271 32433830 32114945
furaldehyde* compounds
Chrysoeriol-7-O-
Flavonoids Flavones C28H32015 607.17 299.05 608.1741 [M-H]- 26309165 34176129 36015489
rutinoside
Phloroglucinol Others Others C6H603 127.04 81.03 126.0317 [M+H]+ 32283958 31984623 31640103
Swertisin Flavonoids Flavones C22H22010 447.13 297.08 446.1213 [M+H]+ 27185537 27288233 35339638
5.
Others Others C6H603 127.04 53.04 126.0317 [M+H]+ 31409951 28974897 28810520
hydroxymethylenefural*
Choline Alkaloids Alkaloids C5HI4NO+ 104.11 60.08 104.107 [M]+ 28278989 27521974 27679419
Kaempferide 3-
Flavonoids Flavonols C28H32015 609.18 301.07 608.1741 [M+H]+ 23986921 22796460 35773096
rutinoside*
Acacetin-7-O-rutinoside
Flavonoids Flavones C28H32014 593.19 285.08 592.1792 [M+H]+ 26452144 22435014 31940978
(Linarin)*
7-Methoxy-3-[1-(3-
Other
pyridyl)methylidene]-4- Flavonoids CI6H13NO3 268.1 136.06 267.0895 [M+H]+ 24360796 25230773 26692720
Flavonoids
chromanone
Peonidin-3-0-(6"-O-p- C31H29013
Flavonoids Anthocyanidins 609.16 301.07 609.1603 [M]+ 23855657 18004875 27077349
coumaroyl)glucoside +
4-amino-2-
Alkaloids Alkaloids C5HIINO2 118.09 58.07 117.079 [M+H]+ 22304182 21336466 21119946
methylbutanoic acid*
Zarzissine Alkaloids Alkaloids C5H5NS 136.06 119.04 135.0545 [M+H]+ 22907584 18949016 22246549
Betaine* Alkaloids Alkaloids C5H1INO2 118.09 58.07 117.079 [M+H]+ 22228385 20381392 21364825
Alcohol
2-Decanol* Others C10H220 157.16 157.16 158.1671 [M-H]- 20564441 21224592 21636332
compounds
6a,10a-Dihydroxy-1-
oxoeremophila- Sesquiterpenoid
Terpenoids CISHI805 279.12 149.02 278.1149 [M+H]+ 20883591 18954859 19591552
7(11),8(9)-dien-12,8- s
olide
3-Hydrocinnamyl-6- Alcohol
Others C24H3006 415.21 119.09 414.2042 [M+H]+ 16349112 29917806 12936997
CinnamylGlucose compounds
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2,5-0-Di- Phenolic
Phenolic acids C24H3006 415.21 119.09 414.2042 [M+H]+ 17901629 28273491 11891717
CinnamylSorbitol acids
4'-Demethyleucomin Other
Flavonoids C28H32014 593.18 285.08 592.1792 [M+H]+ 18045712 16481609 22366638
glucosyl rhamnoside* Flavonoids
Lidocaine Alkaloids Alkaloids CI14H22N20 235.18 86.1 234.1732 [M+H]+ 18731872 19617289 17823836
Acacetin-7-O-
Flavonoids Flavones C28H32014 593.19 285.08 592.1792 [M+H]+ 17402692 14853821 22304277
neohesperidoside*
3-Chloroaniline Alkaloids Alkaloids C6H6CIN 128.03 93.06 127.0189 [M+H]+ 17084174 17099828 20313282
Phenolic
4-Hydroxybenzoate Phenolic acids C7H603 137.02 93.03 138.0317 [M-H]- 19458978 15523474 18795881
acids
Phenolic
Dibutyl phthalate Phenolic acids C16H2204 279.16 149.02 278.1518 [M+H]+ 17819947 18720634 16930306
acids
Des-O-
Others Lactones C16H2204 279.16 149.03 278.1518 [M+H]+ 17996145 17414390 17792530
Methyllasiodiplodin
7-{[(2S.3R 4R 58,6R)-
3.4-dihydroxy-6-
(hydroxymethyl)-5-
{[@R 3R AR 5R,6S)-
3.4,5-trihydroxy-6-
Flavonoids Flavones C28H32014 593.19 285.08 592.1792 [M+H]+ 17189483 14262154 21478992
methyloxan-2-
ylJoxy}oxan-2-ylJoxy}-
5-hydroxy-2-(4-
methoxyphenyl)chromen-
4-one*
triptobenzene D Terpenoids Ditepenoids C20H2602 297.18 297.18 298.1933 [M-H]- 18396096 13847323 17575344
2-Methylpyrrolidine-2-
Alkaloids Alkaloids C6H11NO2 130.09 84.09 129.079 [M+H]+ 16547912 16172408 15608534
carboxylic acid
Alcohol
1-Decanol* Others CI10H220 157.16 157.16 158.1671 [M-H]- 14764753 15441061 16413551
compounds
34- Aldehyde
Others C7H603 137.02 93.04 138.0317 [M-H]- 15680772 14316842 16494649
Dihydroxybenzaldehyde compounds
N-(3-hydroxy-4-
methoxyphenethyl)-4- Alkaloids Alkaloids CI4H2INO4 268.15 136.06 267.1471 [M+H]+ 15202246 14945783 15237357
hydroxybutanamide
Lauryldiethanolamine Others Others C16H35N02 274.28 88.08 273.2668 [M+H]+ 14232286 13305054 13816417
Chrysoeriol-6-C-
9760379.
rhamnoside-7-O- Flavonoids Flavones C28H32014 593.18 447.13 592.1792 [M+H]+ 13781142 14512549
2
rhamnoside
Phyllanthusiin E Others Others CI3H808 291.01 247.03 292.0214 [M-H]- 11812246 10635809 15140620
1,2,3,4-Tetrahydro-3- CI2HI2N20
Alkaloids Alkaloids 217.1 144.08 216.0899 [M+H]+ 12051354 11335894 14006184
carboxy-2-carboline 2
Norephedrin 3-O-(2"-
8220743.
Phenylpropanyl)Glucosid Alkaloids Phenolamine C24H33NO6 43224 119.09 431.2308 [M+H]+ 11219128 17125932
7
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6-Demethoxy-4'-O-

methylcapillarisin Others Chromone C28H32015 607.16 299.06 608.1741 [M-H]- 11885772 10067873 14170398
rhamnosyl glucoside
8-(5-Hydroxy-2,6,6-
Trimethylcyclohex-2-En- Sesquiterpenoid 8701393.
Terpenoids CI18H3002 279.23 81.07 278.2246 [M+H]+ 13304099 12724689
1-Y1)-6-Methyloct-5-En- s 4
2-one
9-hydroxy-8-
{[(28,3R,4S,5S,6R)-
3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2- Others Others CI8HI809 377.09 341.11 378.0951 [M-H]- 11595587 10952868 11708653
ylloxy}-1H,3H-
naphtho[2,3-c]furan-1-
one
Sesquiterpenoid
Tanaphillin Terpenoids CI15H1805 279.12 149.02 278.1154 [M+H]+ 10910552 10889169 12213310
s
2,6-Dimethyl-7-octene-
Terpenoids Monoterpenoids C10H2003 187.13 97.06 188.1412 [M-H]- 11149188 11447867 11389462
2,3,6-triol
Piperidine
8,10-Diethyllobelionol Alkaloids C14H27NO2 24222 170.15 241.2042 [M+H]+ 11283203 10173765 10575193
alkaloids
Sulfo jasmonate Others Others CI2H1807S 305.07 96.96 306.0773 [M-H]- 8658722 11472677 11350265
Piperidine 9890080.
2-Piperidone Alkaloids C5HONO 100.08 56.05 99.0684 [M+H]+ 10925922 10634282
alkaloids 8
9170516.
Inokosterone* Steroids Steroid C27H4407 481.32 445.3 480.3087 [M+H]+ 10674071 11239035
7
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