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Abstract

Background Malignant transformation from hepatic fibrosis to carcinogenesis may be a therapeutic target for hepa-
tocellular carcinoma (HCC). The aim of this study was to evaluate anti-cancer efficacy of Pien-Tze-Huang (PZH), and to
investigate the underlying mechanisms by integrating transcriptional regulatory network analysis and experimental
validation.

Methods A diethylnitrosamine (DEN)-induced HCC model in rats was established and used to evaluate the anti-can-
cer efficacy of PZH. After detecting a transcriptomic profiling, the “disease-related gene—drug effective target”inter-
action network was constructed, and the candidate targets of PZH against malignant transformation from hepatic
fibrosis to HCC were identified and verified in vitro.

Results PZH effectively alleviated the pathological changes of hepatic fibrosis and cirrhosis, and inhibited tumor
formation and growth in DEN-induced HCC rats. Additionally, the administration of PZH reduced the levels of various
hepatic function-related serological indicators significantly. Mechanically, a ferroptosis-related SLC7A11-GSH-GPX4
axis might be one of potential targets of PZH against malignant transformation from hepatic fibrosis to HCC. Espe-
cially, high SLC7A11 expression may be associated with poor prognosis of HCC patients. Experimentally, the adminis-
tration of PZH markedly increased the trivalent iron and ferrous ion, suppressed the expression levels of SLC7A11 and
GPX4 proteins, and reduced the GSH/GSSG ratio in the liver tissues of DEN-induced HCC rats.

Conclusions Our data offer an evidence that PZH may effectively improve the hepatic fibrosis microenvironment
and prevent the occurrence of HCC through promoting ferroptosis in tumor cells via inhibiting the SLC7A11-GSH-
GPX4 axis, implying that PZH may be a potential candidate drug for prevention and treatment of HCC at an early
stage.
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Introduction

Liver cancer is the top 10 most prevalent cancer world-
wide, with 905,677 people suffering from it in 2021, hav-
ing caused 830,180 deaths and being the third leading
cause of cancer deaths [1]. As one of the most important
and common type of liver cancer, hepatocellular carci-
noma (HCC) is often developed from hepatic fibrosis,
30% of patients with hepatic fibrosis will develop cirrho-
sis, and more than 80% of these patients may eventually
develop HCC, posing a serious risk to the life and health
of patients [2]. Liver resection, liver transplantation, abla-
tion therapy, etc. are often carried out as the therapeu-
tics for HCC at the early stage; in contrast, the targeted
drug—sorafenib and interventional therapies such as
radiotherapy and chemotherapy have become the main
treatment methods for HCC patients at the late stage [3].
Considering the unfavorable clinical efficacy and various
side effects of the exsiting therapeutics strategies, it is of
great significance to develop novel drugs for controlling
the aggressive progression from hepatic fibrosis to HCC
at the early stage.

Drug repositioning is a research strategy to discover
new indications for existing drugs, which has the advan-
tages of low research and development cost, time-saving
and labor-saving in the process of new drug develop-
ment [4]. In recent years, traditional Chinese medicine
(TCM) has shown unique advantages in tumor treatment
[5]. Growing clinical evidence show that TCM combined
with chemotherapy drugs may improve patients’ survival
quality, prolong survival period, reduce the side effects
caused by chemotherapy and targeted drugs and allevi-
ate patients’ pain [6]. Pien-Tze-Huang (PZH), a Chinese
patent drug approved and marketed by CFDA, has been
extensively used for the treatment of various inflam-
matory diseases and human cancers, such as colorectal
cancer, osteosarcoma, etc. [7-9]. In particular, PZH has
shown favorable efficacy in the treatment of viral hepa-
titis and HCC. The clinical efficiency of PZH reached
67.25-72.86% when used alone for the treatment of viral
hepatitis [10-12] and increased to 59.6—85.3% when used
in combination (herbal medicine, chemotherapy, radio-
therapy) for the treatment of HCC [13, 14]. PZH treat-
ment can effectively improve HCC patients’ symptoms of
little food, dry mouth and throat, weakness, fever, pan-
cytopenia, hepatomegaly, jaundice, greasy coating and
abdominal distension [12, 13]. However, whether PZH
may interfere with the malignant transformation from
hepatic fibrosis to HCC and its underlying pharmacologi-
cal mechanisms have not been fully elucidated.

In the current study, we firstly evaluated the pharma-
cological efficacy of PZH against the malignant trans-
formation from hepatic fibrosis to HCC based on a
diethylnitrosamine (DEN)-induced HCC model in rats,
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and then performed the transcriptomics profiling related
to the disease progression and drug efficacy using liver
tissues collected from normal group, DEN model group
and PZH administration group. After screening HCC-
related genes and PZH effective genes, the “disease gene-
drug target” interaction network was constructed and the
core regulatory genes were screened by calculating the
nodes’ topological features, which were further experi-
mentally validated in vivo.

Methods

Animal experiments

Male Sprague—Dawley (SD) rats (n=48, 200-220 g in
weight) were purchased from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. (Production License
No. SCXK 2016-0011, Beijing, China) and housed at the
Experimental Animal Center, Institute of Fundamental
Research, Chinese Academy of Traditional Chinese Med-
icine, Beijing, China. All rats were housed under specific
pathogens-free conditions, with a constant temperature
of 24C+1C in a 12-h light/12-h dark cycle room and
were fed with ad libitum water and food access. Prior to
the experiments, the rats were allowed a 1-week acclima-
tization period.

A total of 48 SD rats were randomly divided into four
groups: normal control (n=12), DEN model (n=12),
DEN+PZH low-dose (n=12), and DEN+PZH high-
dose (n=12) groups. Rats in the normal control group
were fed a normal diet. DEN model, DEN+PZH low-
dose and DEN+PZH high-dose groups were injected
intraperitoneally with 0.01% DEN (catalog number
NO0756, Sigma Aldrich, St. Louis, MO, USA) weekly by
the experimentalists for a period of 16 weeks. Besides,
rats in the DEN+PZH low dose group were given with
0.01 g/kg/day PZH (Zhangzhou Pien-Tze-Huang Phar-
maceutical Co., Ltd., Zhangzhou, China), while rats in
the DEN +PZH high dose group were given with 0.04 g/
kg/day PZH.

The body weight of all rats was recorded at least once
a week during the experiment. The experiment was car-
ried out for 16 weeks, and the rats were executed at the
11, 14 and 16 weeks, with three rats in each group. Before
execution, the rats were fasted for 12 h and water was
ingested normally. On the day of execution, the rats were
weighed and injected intraperitoneally with 0.3% sodium
pentobarbital (1 ml/100 g), and kept warm with an elec-
tric blanket during anesthesia. When the rats were deeply
anesthetized, blood was collected from the abdominal
aorta using a disposable blood collection needle. In addi-
tion, the liver and kidney were collected from each rat,
weighed and recorded, and the ratio of liver (kidney) to
body weight was calculated as the liver index (kidney
index). The livers were also photographed and recorded.
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The blood of rats was centrifuged to obtain serum, which
was quickly stored in -80°C refrigerator together with liv-
ers and kidneys.

Hepatic fibrosis and HCC, ferroptosis -related serum
markers detection

Blood samples from rats were collected through the
orbital venous system. Serum levels of alkaline phos-
phatase (ALP), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total serum protein (TP), hyalu-
ronic acid (HA), a marker of hepatic fibrosis, and tumor
serum marker alpha fetoprotein (AFP), reduced glu-
tathione (GSH) and oxidized glutathione (GSSG), were
measured using enzyme linked immunosorbent assay
(ELISA) kits (YJ003360, YJ059335, YJ059334, YJ601216,
YJ358140, ml003120, LOT20220704A, Shanghai Enzyme
Linked Biotechnology Co., Ltd.)

Histopathological evaluation

After removing the liver, the liver was fixed in 10% for-
malin, and following routine procedures, the paraffin was
cut into 3 pm sections. The slices were fished in a water
bath at 43 °C, then moved to a 43 °C section extension
table for spreading and placed in a 60 °C oven for 2~4 h
and overnight at 37 °C. After dewaxing and rehydration,
the sections were stained with hematoxylin and eosin,
and finally sealed with neutral gum, observed under a
light microscope and photographed for pathology.

Gene expression profiling

Liver tissues from normal, DEN model and PZH admin-
istration groups were collected, and mRNA-Seq [llumina
NovaSeq 6000 (Illumina, CA, USA) were performed
to obtain the transcriptomic dataset of rat liver tissues.
The data set consisted of transcriptomic data from liver
tissues of three normal rats, three DEN model rats and
three rats in the PZH administration group. Using |log
Fold Change|>2, P<0.001 as the intergroup differ-
ence screening criteria, the intergroup difference genes
between the DEN model group and the normal group
was screened to obtain the HCC-related genes; the inter-
group difference genes between the PZH administration
group and the DEN model group was screened to obtain
the PZH effective genes. The gene expression data have
been uploaded and are publicly available in the NCBI
GEO database (GEO No. GSE221790, https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE221790).

Network construction analysis

A total of 1956 differentially expressed genes were iden-
tified by comparison of [MOD vs. CON] and [PZH vs.
MOD], which were respectively indicated as HCC-
related genes and PZH effective genes. Then, the “disease
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gene-drug target” interaction network was constructed
using the links among the HCC-related genes and PZH
effective genes, and was imported into Cytoscape (ver-
sion:3.9.1). Cytohubbe, one of Plug-in of Cytoscape was
used to calculate the three network topological features,
including nodes’ degree, betweenness, and closeness, and
the nodes whose topological feature values are greater
than one times the median of all nodes was selected
as the core nodes in the network for the next pathway
enrichment analysis.

Pathway enrichment analysis

Based on the database for Kyoto Encyclopedia of Genes
and Genomes (KEGG, Encyclopedia of Genes, https://
www.kegg.jp/) and the Database for Annotation, Visuali-
zation and Integrated Discovery (DAVID, Bioinformatics
database, https://david.ncifcrf.gov/, version: 6.8), func-
tional enrichment analysis was performed for the above
core genes, and the correction method was chosen Bon-
ferroni, with P values < 0.05 were used to select pathways.

Evaluation on associations of SLC7A11 expression

with HCC progression and patients’ prognosis

A HCC dataset [TCGA Provisional, Tumor Samples
with mRNA data (RNASeqV2) (373 samples)] was col-
lected from the TCGA database (https://cancergenome.
nih.gov/), including solute carrier family 7 member 11
(SLC7A11) mRNA expression data in HCC clinical sam-
ples for statistical analysis of clinicopathological charac-
teristics and prognostic relevance.

Prussian blue iron stain

Iron staining was performed using the Prussian Blue
Iron Stain kit (With Eosin) (G1424, Solarbio). The kit
consisted of Al: Perls staining solution A and A2: Perls
staining solution B. After routine dewaxing and rehydra-
tion of liver paraffin sections, A1 and A2 were mixed in
equal amounts, and the sections were stained with Perls
working solution dropwise for 25 min, washed with PBS
for 3 min, washed twice, and then the background was
lightly stained with eosin staining solution for 15~ 30 s,
and finally rinsed with tap water for 3 s. Finally, the sec-
tions were dehydrated, transparent, and sealed. The
nuclei as well as other tissues were stained red, while
iron-containing heme or trivalent iron was stained blue.
The staining results were quantitatively analyzed using
Image] software.

FeZ* content testing

The Fe>™ content in rat liver tissues was detected using
the Ferrous Content (Ferrous Zine Colorimetric Assay)
Kit (ml518042, Shanghai Enzyme Linked Biotechnol-
ogy Co., Ltd.). Liver tissues of rats were cut up and
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homogenized in an ice bath by adding a certain pro-
portion of the extract. The extracts were centrifuged
at 12,000 rpm for 5 min at 4 °C. The supernatant was
removed and placed on ice for testing. The samples were
incubated with the assay reagent for 15 min at room tem-
perature and the absorbance was measured at 562 nm
using a visible spectrophotometer.

Immunohistochemistry staining

Immunohistochemical staining was performed using a
rabbit/mouse two-step detection kit (Cat No. SV0002/
SV0001, Boster Biological Technology Co., Ltd.) and
DAB kit (Cat No. AR1027, Boster Biological Technol-
ogy Co., Ltd.). The antibody was glutathione peroxidase
4 (GPX4, dilution 1:2000, 67763-1-Ig, Proteintech). The
experimental method as well as the staining score were
performed based on our previous studies [15].

Western blot analysis

To evaluate the regulatory effects of PZH on the expres-
sion levels of SLC7A11 protein in the liver tissues of
different groups, western blot analysis was performed
according to the protocol in our previous study [15]. The
detailed information on these antibodies is provided as
follows: SLC7A11 (dilution 1:2000, host species: Rab-
bit, ab175186, Abcam), glyceraldehyde-3-xphosphate
dehydrogenase (GAPDH, dilution 1:5000, host species:
Mouse, 60004-1-1G, Proteintech), HRP-conjugated Affin-
ipure Goat Anti- Mouse IgG(H+L) (dilution 1:5000,
SA00001-1, Proteintech), Anti-Rabbit IgG, HRP-linked
Antibody (dilution 1:5000, 7074S, Cell Signaling).

Statistical analyses

All data were statistically analyzed using GraphPad Prism
(version 9.1.2). Data are expressed as mean =+ standard
deviation (SD), and one-way ANOVA was used for the
3 groups, with two-way comparisons between the two
groups that differed. P values<0.05 were considered
significant.

Results

PZH attenuates DEN-induced hepatic fibrosis and cirrhosis,
and inhibits tumor formation and growth

To verify whether PZH could play a role in reversing
the malignant transformation from hepatic fibrosis to
HCC, we evaluated the pharmacological effects of PZH
based on a DEN-induced HCC model in rats (Fig. 1A).
During the experiment, one rat in the PZH high-dose
group died. As shown in Fig. 1B, DEN injury in rats led
to progressive hepatic fibrosis and cirrhosis, followed by
HCC. The liver surface of the control rats was smooth,
red in color and soft in texture. After 11 weeks of mod-
eling, DEN caused hepatic fibrosis in the rats, with fine
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particles as well as a small number of protrusions on the
liver surface, advanced fibrosis and cirrhosis at 14 weeks,
with a rough liver surface and uneven edges, and a large
number of white bumps visible, and all rats had obvious
tumor lesions at 16 weeks, with multiple white nodules
on the liver surface with hemorrhage, a hard texture and
an increased volume. The administration of PZH signifi-
cantly inhibited fibrosis progression and tumor forma-
tion. Figure 1C displayed the histopathological changes
in the liver tissues of different groups. Among them, the
morphology of the normal liver tissues showed the intact
hepatic lobule structure, hepatocyte cords arranged radi-
ally around the veins, and hepatocytes of uniform size.
By 11 weeks of DEN injury, the liver tissues of the model
rats showed fibrosis and sclerosis, with a large number
of fibroblasts and fibroblasts (indicated by blue arrows
in Fig. 1C) appearing, the central vein disappearing,
hepatocyte cords becoming disorganized, and hepato-
cytes enlarging. At week 14, the liver tissues of DEN rats
showed pseudo lobules, a large number of vacuoles and
deformed fatty oil droplets (indicated by green arrows
in Fig. 1C). HCC had formed by week 16, and the liver
of DEN rats showed deep stained nuclei, increased kar-
yoplasmicratio (indicated by black arrows in Fig. 1C),
inconsistent hepatocyte size and disorganized arrange-
ment, along with inflammatory cell infiltration. Under
PZH treatment, hepatic fibrosis was reduced in DEN rats,
hepatocyte morphology improved, and with increasing
doses, the structure of liver lobules became intact, and
vacuolation and steatosis were greatly reduced (Fig. 1C).

PZH attenuates DEN-induced hepatic and renal
pathological damage, improves hepatic function,

and inhibits fibrosis and tumorigenesis

By monitoring the body weight of rats for 16 weeks, we
observed that PZH effectively improved the body weight
reduction in DEN rats caused by the occurrence and
progression of HCC, and further autopsy of rats showed
that their liver and kidney pathological damage was also
significantly alleviated. Starting from the 2nd week of
administration, the body weights of the DEN model, PZH
low and high dose groups were dramatically lower than
the normal group (all P<0.05, Fig. 2A). The body weights
of the DEN model group decreased at week 9, week 13,
and after PZH treatment, the body weights of the PZH
low and high dose groups increased rapidly from week
11 and were markedly higher than the model group at
week 14 (all P<0.001). After 14 weeks, the liver index (all
P<0.01, Fig. 2C) and kidney index (all P<0.05, Fig. 2B)
of the DEN model group were higher than those of the
normal control group. After 16 weeks of treatment, the
PZH low and high dose groups observably reduced the
liver index (all P<0.05) and kidney index (all P<0.01) in
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Fig. 2 Pharmacological effects of PZH on body weight, renal index, liver index and hepatic function-related serum indices (ALP, AST, ALT, TP) as well
as fibrosis (HA) and tumor-related serum markers (AFP) in rats with DEN-induced HCC. A Body weights of rats in different groups. B Renal index of
rats in different groups. C Liver indices of different groups of rats. Serum ALP (D), AST (E), ALT (F), TP (G), AFP (H), and HA (I) levels. Data are expressed
as mean = standard deviation. *P<0.05, " P<0.01, " P<0.001, compared with normal group; " P<0.05, " P<0.01,” P<0.001, compared with DEN

group

DEN-induced rats. We examined the hepatic function-
related serum indices and fibrosis and tumor-related
serum markers in rats, and found that PZH significantly
improved hepatic function, and inhibited fibrosis and
tumor progression in DEN-induced HCC rats (Fig. 2).
ALP, ALT, and AST were significantly higher in DEN-
induced HCC rats than in normal controls at weeks 11
and 16 (all P<0.05, Fig. 2D—F). The hepatic fibrosis mark-
ers (HA) and tumor serum markers (AFP) were dramati-
cally higher in the DEN model group than in the normal
control group, showing a time-dependent increase (all
P<0.05, Fig. 2H-I). In contrast, TP of DEN model rats
were statistically different only at 14 weeks compared
with the normal control group (P<0.01, Fig. 2G). After

the treatment of low-dose PZH, ALP, AST, ALT, TP,
HA, and AFP were decreased in DEN-induced rats (all
P<0.05, Fig. 2D-I), similar to the changes of the PZH
high-dose group (all P<0.05 Fig. 2D-I), except TP with-
out any significant differences.

PZH has a potential to reverse the malignant

transformation from hepatic fibrosis to HCC

In order to identify the effective genes of PZH in the
malignant transformation process of “hepatic fibrosis-
HCC’, we collected liver tissues from normal control,
DEN model and PZH administration groups and per-
formed mRNA sequencing to obtain transcriptomic
datasets of the rat liver tissues. Differences between
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groups were screened by |log Fold Change|>2, P<0.001,
and genes of no specific significance were removed. As
shown in Additional file 1: Tables S1 and S2, there were
1993 HCC-related genes with differential expression pat-
terns by comparing between the DEN model group and
the normal control group, including 1470 up-regulated
genes and 523 down-regulated genes. In addition, there
were 1757 PZH effective genes, including 781 up-regu-
lated genes and 976 down-regulated genes by compar-
ing between the PZH administration group and the DEN
model group.

Following the construction of the “disease gene—
drug target” network based on the links among the
HCC-related genes and the PZH effective genes, a
total of 647 core nodes with topological features in the
network were screened as candidate targets of PZH
against HCC. Functionally, the PZH candidate targets
were significantly enriched into six network modules
(Fig. 3). In the cell functional module, focal adhesion
kinase (FAK), one of the signaling molecules of focal
adhesion, was highly expressed in HCC tissues, and
was reported to be activated to promote metastasis and
adhesion of cancer cells [16]. Recent studies have also
indicated that FAK may regulate proliferation, survival
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and angiogenesis of cancer cells, and function as a
prognostic indicator of HCC [17]. In addition, various
anti-cancer drugs such as sorafenib may regulate intra-
cellular iron metabolism and lipid peroxidation to pro-
mote ferroptosis in HCC cells, which has become a new
therapeutic strategy for the treatment of HCC [18, 19].
Functional modules of amino acid metabolism included
glutathione metabolism, and cysteine and methionine
metabolism-related pathways. Functional modules of
lipid metabolism included the classical PPAR signal-
ing and the peroxisome pathways. The development
and progression of HCC may be closely related to
lipid biosynthesis and desaturation, and reversing the
imbalance of lipid metabolism may be one of the ther-
apeutic approaches for HCC [20, 21]. Moreover, the
HCC-related functional module included the chemi-
cal carcinogenesis, p53 signaling pathway, and apelin
signaling pathway, and the immune inflammatory sys-
tem-related functional module was involved by PI3K-
Akt signaling pathway, which has been reported to be
highly expressed in HCC patients and closely related to
cancer cell proliferation, survival, invasion and angio-
genesis [22]. These data imply that PZH might have a
potential to reverse the malignant transformation from
hepatic fibrosis to HCC.
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PZH reverses the malignant transformation from hepatic
fibrosis to HCC by promoting cellular ferroptosis
via the SLC7A11-GSH-GPX4 axis
Among the six functional modules of the “HCC-related
gene-PZH effective gene” interaction network, we found
that the ferroptosis signaling pathway was highly enriched
by PZH candidate genes against HCC. Ferroptosis is a
newly discovered mode of cell death in recent years, and
promoting ferroptosis in HCC cells has become a novel
therapeutic strategy [23]. Both SLC7A11 and glutamate-
cysteine ligase catalytic (GCLC) and glutamate-cysteine
ligase modifier subunit (GCLM) in the amino acid path-
way are involved in the ferroptosis process and regulate
GSH synthesis indirectly or directly (Fig. 4A) [24]. In
our transcriptomic dataset, the ferroptosis related gene
SLC7A11 was significantly up-regulated in the model
group and dramatically down-regulated after the admin-
istration of PZH (Fig. 4B). Notably, accumulating studies
have indicated SLC7A11 as a ferroptosis suppressive gene
that may be overexpressed in many human cancers [25].
SLC7A11 (also known as xCT) is a member of the con-
stituent cystine/glutamate reverse transporter proteins
for uptake of cysteine for glutathione biosynthesis and
antioxidant defense [26]. Upon intracellular uptake, cys-
tine is reduced to cysteine, which is the rate-limiting pre-
cursor for GSH synthesis [27]. In the presence of GSH,
GPX4 mediates the conversion of toxic lipid peroxides
to nontoxic lipid alcohols [28]. Inhibition of SLC7A11
may lead to GSH depletion, which subsequently reduces
the expression of GPX4, resulting in cellular/subcellular
membrane damage caused by iron-dependent accumula-
tion of lipid peroxides [29]. These findings prompt us to
hypothesize that PZH might have a potential to regulate
DEN-induced pathological changes from hepatic fibrosis
to HCC through regulating SLC7A11-GSH-GPX4 axis.

To evaluate the associations of SLC7A11 expression
with various clinicopathological characteristics of HCC
patients, we divided 373 HCC patients into high (n=187)
and low (n=186) expression groups according to the
median of SLC7A11 expression levels (63.54). Accord-
ing to the statistical results, SLC7A11 overexpression
was more frequently occurred in HCC patients with high
preoperative serum AFP level, and unfavorable overall
survival status (all 0.01 <P<0.05, Table 1). According to
Kaplan—Meier survival curve analysis shown in Fig. 5A,
HCC patients with high SLC7A11 expression had sig-
nificantly shorter disease-free survival (P=0.04) and
overall survival (P=0.001) than those with low SLC7A11
expression.

To investigate the regulatory effects of PZH on fer-
roptosis related pathways, we firstly examined the Fe*"
content in the liver tissues of DEN-induced HCC rats.
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Compared with the normal group, the Fe’* content
in the liver tissues of DEN rats in the model group was
decreased significantly (P<0.001, Fig. 5B), which was
reversed by the treatment of PZH effectively (P<0.05,
Fig. 5B). In addition, prussian blue iron staining was used
to detect iron deposition in the liver tissues, and Figs. 5D
and G displayed that there was a small amount of blue
iron deposition in the DEN model group compared to
the normal control group, but a large amount of blue
iron deposition appeared after the treatment of PZH
(P<0.01). Moreover, western blot results demonstrated
that the ferroptosis inhibitor SLC7A11 was significantly
up-regulated in the DEN model group (P<0.001), but
was dramatically reduced by PZH treatment (P<0.01),
as shown in Fig. 5F-1. The regulatory effects of PZH on
GSH as well as GSSG levels was determined by ELISA
using the serum collected from different groups. As
shown in Fig. 5C, PZH treatment could reduce the ratio
of GSH to GSSG. Further immunohistochemical staining
indicated that the ferroptosis inhibitor GPX4 was posi-
tively stained in the cytoplasm and nucleus of tumor cells
and the immunoreactive score of GPX4 protein was also
markedly up-regulated in the DEN model group, which
was dose-dependently reduced by the treatment of PZH
(all P<0.01, Fig. 5E and H).

Discussion

HCC has become the sixth most common cancer and
is a highly aggressive tumor. Patients have poor prog-
nosis and 5-year survival rate is less than 20% [30], so
it is urgent to find potential drugs that can control the
progression of HCC. Drug repositioning is a research
method used to discover new indications for existing
drugs, greatly reducing the time and cost of new drug
development [31]. PZH, a proprietary Chinese medicine
[32], has been used for more than 460 years in China and
is widely used clinically for cancers such as HCC [33],
osteosarcoma [34] and colon cancer [35]. In this study,
we performed network analysis combined with experi-
mental validation to evaluate the efficacy of PZH in the
treatment of HCC, and explain the action mechanism
of PZH against HCC. On the basis of the HCC model of
rats induced by DEN, we found that PZH could reduce
hepatic fibrosis and cirrhosis, effectively improve the
body weight reduction, reduce the pathological dam-
age of liver and kidney, improve hepatic function and
inhibit tumor. Further studies revealed that PZH inhib-
ited SLC7A11 protein expression, down-regulated GSH/
GSSG ratio, and decreased GPX4 protein expression
levels in the liver. The above findings suggest that PZH
may promote ferroptosis in HCC cells by inhibiting the
SLC7A11-GSH-GPX4 axis.
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HCC is a multi-stage malignant transformation pro-
cess, which in most cases is a dynamic change from
chronic hepatitis to hepatic fibrosis, cirrhosis, and finally
HCC [36]. Herein, the DEN-induced rat HCC model was

chosen to simulate the above malignant transformation
[37]. From the general and pathological observation on
the liver tissues, we observed 3 stages in DEN-induced
rat HCC models, including the inflammation stage, the
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Table 1 Associations between SLC7A11 expression and various clinicopathological features in HCC patients based on TCGA dataset

Features No. of patients  SLC7A11 expression P
High (n,%) Low (n,%)

Gender Male 252 136(53.97) 116 (46.03) 0.01<p<0.05
Female 121 51 (42.15) 70 (57.85)

Age (years) <61 177 84 (47 .46) 93 (52.54) 0.05
261 195 102 (52.31) 93 (47.69)

Preoperative serum AFP level Positive 148 82 (5541) 66 (44.59) 0.01<p<0.05
Negative 131 55(41.98) 76 (58.02)

Tumor Stage (American Joint Committee on Cancer) T1~T2 277 136 (49.10) 141(50.90)  0.06
T3~T4 93 51 (54.84) 42 (45.16)

Metastasis Stage (American Joint Committee on Cancer) MO 267 134(50.19) 133 (49.81) 0.25
M1 4 1(25.00) 3(75.00)

Lymph Node Stage (American Joint Committee on Cancer) NO 253 128(50.59) 125 (4941) 0.26
N1 4 3(75.00) 1(25.00)

Disease Free Status Non- Recurred 146 65 (44.52) 81 (55.48) 0.05
Recurred 176 89 (50.57) 87 (4943)

Overall Survival Status Living 243 110 (45.27) 133 (54.73) 0.01<p<0.05
Deceased 130 77 (59.23) 53 (40.77)

Hepatic Fibrosis Ishak Score 0 75 35(46.67) 40(53.33) 0.12
1~4 59 30(50.85) 29(49.15)
5~6 80 38(47.50) 42 (52.50)

Neoplasm Disease Stage (American Joint Committee on Cancer) Stage | 172 80(46.51) 92(53.49) >0.05
Stage I 87 48(55.17) 39(44.83)
Stage Il 85 49(57.65) 38(44.71)
Stage IV 5 2(40.00) 3(60.00)

Neoplasm Histologic Grade G1 55 20(36.36) 35(63.64) >0.05
G2 178 89(50.00) 89(50.00)
G3 123 71(57.72) 52(42.28)
G4 12 7(58.33) 5(41.67)

Vascular Invasion None 207 96(46.38) 111(53.62) 0.05
Micro 110 58(52.73) 52(47.27)

Adjacent Hepatic Tissue Inflammation Extent None 118 53(44.92) 65(55.08) >0.05
Mild 100 49(49.00) 51(51.00)
Severe 18 8(44.44) 10(55.56)

Surgical Margin Resection Status RO 326 158(48.47) 168(51.53) >0.05
R1 17 10(58.82) 7(41.18)
R2 1 0(0.00) 1(100.00)

fibrosis stage and the HCC stage. After PZH treatment,
the histological changes of liver tissues were improved,
and the serum parameters related to hepatic function
and tumor-related serum parameters were reversed.
According to the above results, it is proved that PZH can
inhibit the occurrence of HCC and precancerous lesions,
and delay the malignant transformation process of liver
“inflammation-cancer”.

To reveal the mechanism of action of PZH intervention
in HCC, we screened 647 possible candidate targets of
PZH and enriched them for functional modules. Among
them, PZH candidate genes were significantly enriched
in ferroptosis signaling pathway. Ferroptosis is a new
form of cell death discovered in 2012 and is characterized
by signature mitochondrial damage, such as reduced or
absent mitochondrial cristae [38]. Accumulating studies
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have revealed that a variety of drugs can act by promoting
ferroptosis in cancer cells, for example: erastin, sulfasala-
zine and sorafenib [38, 39]. Currently, the classical axis
SLC7A11-GSH-GPX4 is the primary prevention system
for ferroptosis [40]. In transcriptomic data, the SLC7A11
gene was significantly overexpressed in the DEN model
group and was associated with poor prognosis in HCC
patients. We performed western blot analysis and immu-
nohistochemistry, and found that SLC7A11 and GPX4
protein expression were reduced in HCC cells and the
GSH/GSSG ratio was decreased after PZH treatment.

Iron metabolism is also one of the mechanisms of ferrop-
tosis. In the cell, free iron exists as Fe?* and Fe3*, while
circulating iron (Fe>") enters the cell by binding to trans-
ferrin receptor 1 (TFR1), and Fe®" is reduced to Fe?* by
ferric reductase [41]. When ferroptosis occurs in cells,
the excess Fe?" reacts with peroxides in the cytoplasm in
a Fenton reaction to produce ROS [42]. In our findings,
Fe*™ and Fe’* were significantly increased in HCC cells
after PZH intervention.

In conclusion, our data offer an evidence that
PZH may effectively improve the hepatic fibrosis



Yan et al. Cancer Cell International (2023) 23:109

Normal liver Liver fibro

LY

Sis Liver cirrhosis

Page 12 of 14

Liver cancer

SLC7A11

\
"

Cystine

IR

Ferroptosis

~

-
-
-
-
-
-
i
~
- 1 ~
- R ~
o ~
~
- Fe3+ SIS

AR (g3

~
~
~
~
%

Cell membrané *

-

ettt vml\lwl\l\l\l\lllll\ﬁﬁl\l'l\lmlvwlwlwl\l\l\l\lvl\lml\lvl\l\ﬁl\l\lll\l\l\l\lll\l\ﬁl\l\lll\lml\l\l\l\ﬁﬁl\l!l\|L|\l\l\|1|I|\l\l\lll|lI|\l\l\||lI|\|\l\|4|Ilr|\l\l\|1lIlr'\l:\IJl||I|\l\'\||lI|\l\l\'1l||il\l\l\||ll|\|\l\l!l|ln\‘\'\lllll\‘\l\l&lllrl\l\[ R T TR R R RO

Ferroptosis
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to decreased cystine uptake and reduced GSH synthesis, which in turn downregulates GPX4, leading to cellular/subcellular membrane damage

caused by the accumulation of iron-dependent lipid peroxides

microenvironment and prevent the occurrence of HCC
through promoting ferroptosis in tumor cells via inhibit-
ing the SLC7A11-GSH-GPX4 axis (Fig. 6), implying that
PZH may be a potential candidate drug for prevention
and treatment of HCC at an early stage.

Abbreviations

AFP Alpha fetoprotein

ALP Alkaline phosphatase

ALT Alanine aminotransferase

AST Aspartate aminotransferase

DAVID Database for Annotation, Visualization and Integrated Discovery

DEN Diethylnitrosamine
ELISA Enzyme linked immunosorbent assay
FAK Focal adhesion kinase

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GCLC Glutamate-cysteine ligase catalytic

GCLM Glutamate-cysteine ligase modifier subunit
GPX4 Glutathione peroxidase 4

GSH Reduced glutathione

GSSG Oxidized glutathione

HA Hyaluronic acid

HCC Hepatocellular carcinoma

KEGG Kyoto Encyclopedia of Genes and Genomes

PZH Pien-Tze-Huang

SD Sprague-Dawley

SD Standard deviation

SLC7A11  Solute carrier family 7 member 11
TCM Traditional Chinese medicine
TFR1 Transferrin receptor 1

TP Total serum protein

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512935-023-02946-2.

Additional file 1: Table S1. Differentially expressed genes between

the DEN model group and the normal group. Table S2. Differentially
expressed genes between the PZH administration group and the DEN
model group. Table S3. Topological feature values of nodes in the interac-
tion network of disease gene-drug target. Table S4. Functional enrich-
ment analysis of PZH putative targets based on KEGG pathway.

Acknowledgements
Not applicable.

Author contributions

YXY and LYD designed the experiments. YXY, LYD and LCC collected and
analyzed the data. YXY and LYD performed experiments and analyzed data.
YXY wrote the manuscript. MX, XTT, HZX and ZC performed part of the


https://doi.org/10.1186/s12935-023-02946-2
https://doi.org/10.1186/s12935-023-02946-2

Yan et al. Cancer Cell International (2023) 23:109

experiment. ZYQ revised the manuscript. ZYQ and LN supervised the study.
LY provided funding. All authors have made a significant contribution to this
study and have approved the final manuscript. All authors read and approved
the final manuscript.

Funding
This study was funded by the Natural Science Foundation of Fujian Province of
China (2020J01733).

Availability of data and materials

The data sets generated in the current study have been deposited into the
NCBI GEO database (GEO No. GSE221790, https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE221790) and data supporting the results are included
in this published article and in the Additional file.

Declarations

Ethics approval and consent to participate

In this study, all experimental protocols were approved by the Research
Ethics Committee of the Institute of Chinese Materia Medica, China Academy
of Chinese Medical Sciences (No. 2021B105). The experimental operations
were performed in accordance with the ethical standards and regulations of
the Laboratory Animal Care Center, Chinese Academy of Traditional Chinese
Medicine, Beijing, China.

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no competing interests regarding the publi-
cation of this paper.

Author details

!College of Pharmacy, Fujian University of Traditional Chinese Medicine, No. 1,
Qiuyang Road, Shangjie Town, Minhou County, Fuzhou 350122, China. ?Insti-
tute of Chinese Materia Medica, China Academy of Chinese Medical Sciences,
No. 16, Nanxiaojie, Dongzhimennei, Beijing 100700, China.

Received: 17 January 2023 Accepted: 15 May 2023
Published online: 06 June 2023

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71(3):209-49.

2. ChenL, Kong D, Xia S, Wang F, Li Z, Zhang F, et al. Crosstalk between
autophagy and innate immunity: a pivotal role in hepatic fibrosis. Front
Pharmacol. 2022;13:891069.

3. Allaire M, Bruix J, Korenjak M, Manes S, Maravic Z, Reeves H, et al. What
to do about hepatocellular carcinoma: recommendations for health
authorities from the international liver cancer association. JHEP Rep.
2022;4(12):100578.

4. O'Brien JT, Chouliaras L, Sultana J, Taylor JP, Ballard C, RENEWAL Study
Group. Renewal: repurposing study to find NEW compounds with
Activity for lewy body dementia-an international Delphi consensus.
Alzheimers Res Ther. 2022;14(1):169.

5. Parekh HS, Liu G, Wei MQ. A new dawn for the use of traditional Chinese
medicine in cancer therapy. Mol Cancer. 2009;8:21.

6. LiuY,Yang S,Wang K, Lu J, Bao X, Wang R, et al. Cellular senescence and
cancer: focusing on traditional Chinese medicine and natural products.
Cell Prolif. 2020;53(10): €12894.

7. ZhangYQ, Li X, ShiYL, ChenT, Xu ZJ, Wang P, et al. ETCM v.20: an update
with comprehensive resource and rich annotations for traditional
Chinese medicine. Acta Pharmaceutica Sinica B. 2023. https://doi.org/10.
1016/j.apsb.2023.03.01.

10.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 13 of 14

Huang L, ZhangY, Zhang X, Chen X, Wang Y, Lu J, Huang M. Therapeutic
potential of Pien-Tze-Huang: a review on its chemical composition,
pharmacology, and clinical application. Molecules. 2019;24(18):3274.
Chen Z. Pien Tze Huang (PZH) as a multifunction medicinal agent in
traditional chinese medicine (TCM): a review on cellular, molecular and
physiological mechanisms. Cancer Cell Int. 2021;21(1):146.

Li ML, Wang GS, Chen LR. 70 cases of viral hepatitis treated by Pien-Tze-
Huang. J Tradit Chin Med. 1993;1:29-30.

. Zhang CT,Wu YQ, Wang YQ, Wang GS, Zhu FM, Chen HJ, et al. Observa-

tion on the efficacy of Pien-Tze-Huang in treating acute and chronic viral
hepatitis. Shanghai J of Tradit Chin Med. 1992;9:33-4.

Xu WY, Yan GF. Observation on the efficacy of Pien-Tze-Huang in treating
viral hepatitis. Heilongjiang Med J. 2003;6:542-3.

Zhao SL, Pan J. Clinical observation of Pien-Tze-Huang capsules with
interventional chemotherapy for patients with primary liver cancer.
Chronic Pharmacol J. 2006,9:49-51.

Xu YY, Yu EX. Clinical analysis of 42 cases of middle and late stage

liver cancer treated with Pien-Tze-Huang. Shanghai J Tradit Chin Med.
1994;12:4-5.

. Zhang Y, Mao X, Chen W, Guo X, Yu L, Jiang F, et al. A Discovery of clini-

cally approved formula FBRP for repositioning to treat HCC by inhibiting
PI3K/AKT/NF-kB activation. Mol Ther Nucleic Acids. 2020;19:890-904.
Ayesha M, Majid A, Zhao D, Greenaway FT, Yan N, Liu Q, et al. MiR-4521
plays a tumor repressive role in growth and metastasis of hepatocar-
cinoma cells by suppressing phosphorylation of FAK/AKT pathway via
targeting FAM129A. J Adv Res. 2021,36:147-61.

Cao J, Yan YQ. Progress of research on the relationship between the
adherent spot kinase family and hepatocellular carcinoma. J of Hepa-
tobil Surg. 2008;02:153-6.

Ma S, Adzavon YM, Wen X, Zhao P, Xie F, Liu M, et al. Novel insights in
the regulatory mechanisms of ferroptosis in hepatocellular carcinoma.
Front Cell Dev Biol. 2022;10:873029.

LuY, Chan YT, Tan HY, Zhang C, Guo W, Xu Y, et al. Epigenetic regulation
of ferroptosis via ETS1/miR-23a-3p/ACSL4 axis mediates sorafenib
resistance in human hepatocellular carcinoma. J Exp Clin Cancer Res.
2022;41(1):3.

Pope ED 3rd, Kimbrough EO, Vemireddy LP, Surapaneni PK, Copland JA
3rd, Mody K. Aberrant lipid metabolism as a therapeutic target in liver
cancer. Expert Opin Ther Targets. 2019;23(6):473-83.

. ChenT,Yuan Z, Lei Z, Duan J, Xue J, Lu T, et al. Hippocalcin-Like 1

blunts liver lipid metabolism to suppress tumorigenesis via directly
targeting RUVBL1-mTOR signaling. Theranostics. 2022;12(17):7450-64.
Paskeh MDA, Ghadyani F, Hashemi M, Abbaspour A, Zabolian A,
Javanshir S, et al. Biological impact and therapeutic perspective of
targeting PI3K/Akt signaling in hepatocellular carcinoma: promises and
challenges. Pharmacol Res. 2022;187:106553.

Peng, LiN, Tang F, Qian C, Jia T, Liu J, et al. Corosolic acid sensitizes
ferroptosis by upregulating HERPUD1 in liver cancer cells. Cell Death
Discov. 2022;8(1):376.

Da DZ, Pan ZA, Dang CY, Li HL. Review on the research progress of
GCLC and GCLM in tumors. World J of Cancer Res. 2022;1:1-6.

LiangV, Su 'S, Lun Z, Zhong Z, Yu W, He G, et al. Ferroptosis regula-

tor SLC7A11 is a prognostic marker and correlated with PD-L1 and
immune cell infiltration in liver hepatocellular carcinoma. Front Mol
Biosci. 2022;9:1012505.

Li'S, LuZ, SunR, Guo S, Gao F, Cao B, et al. The role of SLC7A11 in
cancer: friend or foe? Cancers. 2022;14(13):3059.

Shi Z, Naowarojna N, Pan Z, Zou Y. Multifaceted mechanisms mediating
cystine starvation-induced ferroptosis. Nat Commun. 2021;12(1):4792.
Seibt TM, Proneth B, Conrad M. Role of GPX4 in ferroptosis and its
pharmacological implication. Free Radic Biol Med. 2019;133:144-52.
Liu X, Chen C, Han D, Zhou W, Cui Y, Tang X, et al. SLC7A11/GPX4
inactivation-mediated ferroptosis contributes to the pathogen-

esis of triptolide-induced cardiotoxicity. Oxid Med Cell Longev.
2022;2022:3192607.

Hu J, Gong N, Li D, Deng Y, Chen J, Luo D, et al. Identifying hepatocellular
carcinoma patients with survival benefits from surgery combined with
chemotherapy: based on machine learning model. World J Surg Oncol.
2022;20(1):377.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221790
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221790
https://doi.org/10.1016/j.apsb.2023.03.01
https://doi.org/10.1016/j.apsb.2023.03.01

Yan et al. Cancer Cell International

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2023) 23:109

Loscalzo J. Molecular interaction networks and drug development: novel
approach to drug target identification and drug repositioning. FASEB J.
2023;37(1):22660.

Liu CS. Overview of pharmacology and clinical application of Pien Tze
Huang. Chronic Pathematology J. 2006;52:64-6.

Lin'Y, Lai WF, Li CC, Liu YD, Lin GQ. Study the protective effect of Pien-Tze-
Huang on hepatocellular carcinoma ascites mice based on ANXA1/VEGF
pathway. Fujian J of TCM. 2020;51(1):37-40.

Guo WT, Zhang Y. Effect of Pien-Tze-Huang on the growth of human
osteosarcoma tumor stem cell transplantation tumor in nude mice. Chin
Med Herald. 2018;15(10):4-7.

Zheng LP, Cao ZY, Chen XZ, Lin W. Inhibitory effect of Pien-Tze-Huang on
proliferation and liver metastasis of mouse colon cancer cells. Fujian J of
TCM. 2016;47(5):16-7.

Vucur M, Roderburg C, Bettermann K, Tacke F, Heikenwalder M, Trautwein
C, et al. Mouse models of hepatocarcinogenesis: what can we learn for
the oncotarget. Hepatology. 2010;1(5):373-8.

Li XF, Chen C, Xiang DM, Qu L, Sun W, Lu XY, et al. Chronic inflammation-
elicited liver progenitor cell conversion to liver cancer stem cell with
clinical significance. Hepatology. 2017,66(6):1934-51.

Chen H,Wang C, Liu Z, He X, Tang W, He L, et al. Ferroptosis and its
multifaceted role in cancer: mechanisms and therapeutic approach.
Antioxidants. 2022;11(8):1504.

Cheng K, Guo Q, Shen Z, Yang W, Zhou Y, Sun Z, et al. Frontiers of ferrop-
tosis research: an analysis from the top 100 most influential articles in the
field. Front Oncol. 2022;12:948389.

Liu M, Kong XY, Yao Y, Wang XA, Yang W, Wu H, et al. The critical role and
molecular mechanisms of ferroptosis in antioxidant systems: a narrative
review. Ann Transl Med. 2022;10(6):368.

Wang Y, Tang B, Zhu J, Yu J, Hui J, Xia S, et al. Emerging mechanisms and
targeted therapy of ferroptosis in neurological diseases and neuro-oncol-
ogy. Int J Biol Sci. 2022;18(10):4260-74.

Qi X,Wan Z, Jiang B, Ouyang Y, Feng W, Zhu H, et al. Inducing ferroptosis
has the potential to overcome therapy resistance in breast cancer. Front
Immunol. 2022;13:1038225.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Pien-Tze-Huang prevents hepatocellular carcinoma by inducing ferroptosis via inhibiting SLC7A11-GSH-GPX4 axis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Animal experiments
	Hepatic fibrosis and HCC, ferroptosis -related serum markers detection
	Histopathological evaluation
	Gene expression profiling
	Network construction analysis
	Pathway enrichment analysis
	Evaluation on associations of SLC7A11 expression with HCC progression and patients’ prognosis
	Prussian blue iron stain
	Fe2+ content testing
	Immunohistochemistry staining
	Western blot analysis
	Statistical analyses

	Results
	PZH attenuates DEN-induced hepatic fibrosis and cirrhosis, and inhibits tumor formation and growth
	PZH attenuates DEN-induced hepatic and renal pathological damage, improves hepatic function, and inhibits fibrosis and tumorigenesis
	PZH has a potential to reverse the malignant transformation from hepatic fibrosis to HCC
	PZH reverses the malignant transformation from hepatic fibrosis to HCC by promoting cellular ferroptosis via the SLC7A11-GSH-GPX4 axis

	Discussion
	Anchor 27
	Acknowledgements
	References


