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Abstract: Objective: To determine the potential molecular mechanisms underlying the therapeutic effect of curcumin on
hepatocellular carcinoma (HCC) by network pharmacology and experimental in vitro validation. Methods: The predictive
targets of curcumin or HCC were collected from several databases. the identified overlapping targets were crossed with Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) platform. Two of the candidate pathways were selected to conduct an
experimental verification. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium (MTT) assay was used
to determine the effect of curcumin on the viability of HepG2 and LO2 cells. The apoptosis and autophagy of HepG2 cells were
respectively detected by flow cytometry and transmission electron microscopy. Besides, western blot and real-time polymerase
chain reaction (PCR) were employed to verify the pS3 apoptotic pathway and adenosine 5'-monophosphate (AMP)-activated
protein kinase (AMPK) autophagy pathway. HepG2 cells were pretreated with pifithrin-o (PFT-o) and GSK690693 for
further investigation. Results: The 167 pathways analyzed by KEGG included apoptosis, autophagy, p53, and AMPK
pathways. The GO enrichment analysis demonstrated that curcumin was involved in cellular response to drug, regulation of
apoptotic pathway, and so on. The in vitro experiments also confirmed that curcumin can inhibit the growth of HepG2 cells by
promoting the apoptosis of p53 pathway and autophagy through the AMPK pathway. Furthermore, the protein and messenger
RNA (mRNA) of the two pathways were downregulated in the inhibitor-pretreated group compared with the experimental
group. The damage-regulated autophagy modulator (DRAM) in the PFT-a-pretreated group was downregulated, and p62 in the
GSK690693-pretreated group was upregulated. Conclusions: Curcumin can treat HCC through the p53 apoptotic pathway and
the AMPK/Unc-51-like kinase 1 (ULK1) autophagy pathway, in which the mutual transformation of autophagy and apoptosis
may occur through DRAM and p62.
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1 Introduction that seriously harm human physical and mental health.
The survival time of affected patients is usually only
6—9 months (Brar et al., 2020). It was reported that

the abnormal energy metabolism of tumors is one of

Hepatocellular carcinoma (HCC), the third most
fatal cancer type, is one of the major malignant tumors

the ten hallmarks of cancer, and that tumors produce
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Warburg effect. This effect in tumors is among the
main underlying reasons for their occurrence and
development (Fan et al., 2019; Zhu et al., 2020). As a
receptor of energy metabolism, studies have shown
that the activation of adenosine 5'-monophosphate
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(AMP)-activated protein kinase (AMPK) can effect-
ively inhibit the Warburg effect, counteract the disorder
of energy metabolism in tumors, and thus play an
anti-tumor role (Vander Heiden et al., 2009). The liver
is the primary organ of energy metabolism, and abnor-
mal energy metabolism here is key to the occurrence
and development of HCC. Glycolysis is the principal
method for producing energy in liver tumor cells, and
AMPK can treat HCC by inhibiting glycolysis (Rahib
et al., 2014; Liberti and Locasale, 2016). Activated
AMPK can promote autophagy by regulating autophagy-
related proteins in the mammalian target of rapamycin
complex 1 (mTORC1), Unc-51-like kinase 1 (ULK1),
and phosphatidylinositol 3-kinase catalytic subunit
type 3 (PIK3C3)/vacuolar protein sorting 34 (VPS34)
complexes (Li and Chen, 2019; Bai et al., 2022).

Curcumin is a phenolic pigment extracted from
the rhizome of Curcuma sp. in the family Zingiberaceae.
It has been proved to have anti-angiogenesis, anti-
inflammatory, antioxidant, anti-tumor, and cell cycle
regulatory effects. What is more, it has low toxicity
and small side effects on normal cells, making it a
potential drug choice for tumor intervention. Studies
have verified that curcumin can relieve HCC by inhibit-
ing the growth, proliferation, metastasis, and inva-
sion of liver cancer cells (Zhou et al., 2020) as well as
angiogenesis (Chiablaem et al., 2014), and promoting
their autophagy (Jiang et al., 2021) and apoptosis
(Wang FL et al., 2020). Although the specific mecha-
nism of curcumin in the treatment of HCC has been
studied from multiple perspectives, the role of AMPK
in the treatment of curcumin on HCC remains to be
elucidated.

Network pharmacology was first proposed by
Andrew L., who revealed a complex network relation-
ship among disease, gene, target, and drug through
interdisciplinary theories such as systems biology,
bioinformatics, and multifaceted pharmacology (Hop-
kins, 2007; Zhang et al., 2019). It constitutes a fast,
effective, and economical way to screen therapeutic
targets. In our study, network pharmacology was
performed to infer the common targets according to
the overlapping targets of curcumin and HCC, and
then the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) was employed to
analyze the Gene Ontology (GO) function and Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment in core targets. The apoptotic pathway
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is one of the vital pathways in KEGG analysis.
Besides, AMPK-related pathways contain the AMPK/
ULKI1 autophagy pathway. Studies have revealed that
both apoptosis and autophagy can lead to cell death
(Wang, 2015). In addition, apoptosis may promote or
suppress autophagy and vice versa (Maiuri et al.,
2007; Wang, 2015). However, the relationship between
apoptosis and autophagy in curcumin-treated HCC
remains a mystery. We chose the p53/caspase 9/
caspase 3 apoptotic pathway and AMPK/ULK autoph-
agy pathway to further investigate this connection. It
was reported that p53/damage-regulated autophagy
modulator (DRAM) may induce autophagy (White,
2016; Liu and Liu, 2020), and autophagy may trigger
apoptosis through p62 (Moscat and Diaz-Meco, 2009;
Islam et al., 2018). Firstly, HepG2 cells were treated
with different concentrations of curcumin to explore
whether it can treat HCC through apoptosis and
autophagy. Then, HepG2 cells were pretreated with
pifithrin-a. (PFT-0) and GSK690693 to explore the
kind of relationship between apoptosis and autophagy
in curcumin-treated HCC (Fig. 1).

2 Materials and methods

2.1 Analyses of curcumin and HCC by network
pharmacology

2.1.1 Potential targets of curcumin

The possible curcumin targets were collected
from four databases: traditional Chinese medicine
integrated database (TCMID; http://www.megabionet.
org/tcmid) (Xue et al., 2013), the encyclopedia of
traditional Chinese medicine (ETCM; http://www.tcmip.
cn/ETCM) (Xu et al., 2019), SwissTargetPrediction
(http://www.swisstargetprediction.ch) (Gfeller et al.,
2013; Daina et al., 2019), and comparative toxicogen-
omics database (CTD; http://ctdbase.org) (Davis et al.,
2019). TCMID is a comprehensive database designed
to bridge the gap between traditional Chinese medi-
cine and modern life sciences. ETCM includes com-
prehensive and standardized information on herbs,
formulas of TCM, and their ingredients. SwissTar-
getPrediction is intended to predict the most proba-
ble protein targets of small molecules. Targets with
probability>0 were chosen for target screening. CTD
can be used to manually curate the scientific literature
for chemical-gene, chemical-disease, gene-disease,
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Fig. 1 General framework of this study. TCMID: traditional Chinese medicine integrated database; CTD: comparative
toxicogenomics database; ETCM: the encyclopedia of traditional Chinese medicine; OMIM: online mendelian inheritance
in man; TTD: therapeutic target database; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes;
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium; TEM: transmission electron microscopy;
PCR: polymerase chain reaction; PFT-a: pifithrin-a; HCC: hepatocellular carcinoma.

chemical-phenotype, and chemical-exposure associa-
tions from all species. The screening criterion was
interaction count more than 10. Furthermore, other
potential curcumin targets were supplemented by
exploring the literature with “curcumin and AMPK”
as keywords from the PubMed database (https://
pubmed.ncbi.nlm.nih.gov). We picked all targets (gene
and protein) in the literature in which curcumin targets
contained AMPK. The UniProt (http://www.uniprot.org)
was used to convert all therapeutic target names to
gene symbols.

2.1.2 Potential targets of HCC

DrugBank-drug and drug target database (https://
www.drugbank.ca) (Wishart et al., 2018) is a database
containing extensive biochemical and pharmacological
information about drugs, their mechanisms, and their

targets. Online mendelian inheritance in man
(OMIM; https://omim.org) (Amberger et al., 2019) is
mainly about human genes and phenotypes and the
relationships between them. GeneCards (http://www.
genecards.org) (Fishilevich et al., 2017) integrates
gene-centric data, including genomic, transcriptomic,
proteomic, genetic, clinical, and functional informa-
tion. We picked out the targets with relevance score
of >16.35. Therapeutic target database (TTD; http://db.
idrblab. net/ttd) (Wang YX et al., 2020) is a database
including the known and explored therapeutic protein
and nucleic acid targets, the targeted disease, pathway
information, and the corresponding drugs directed at
each of these targets. DisGeNET (https://www.disgenet.
org) (Pifiero et al., 2020) is a comprehensive discovery
platform designed to address a variety of questions
concerning the genetic underpinning of human diseases.



The screening criterion was of Score gda>0.3. Then,
“hepatocellular carcinoma and AMPK” were used as
keywords in the PubMed database to add unrecorded
targets. All the genes and proteins of literature cura-
tion were picked out as targets, and the HCC-related
targets were obtained from these databases. UniProt
Knowledgebase (UniprotKB; https://www.uniprot.org/
help/uniprotkb) was used to standardize the nomencla-
ture used.

2.1.3 Pathway and biological functional enrichment
analysis of overlapped targets

The online website Venny 2.1 (https://bioinfogp.
cnb. csic. es/tools/venny) was used to obtain the inter-
section of both HCC and curcumin targets and create
a Venn diagram. DAVID platform (https://david.nciferf.
gov) has not only a comprehensive annotation func-
tion, but it also updates gene annotation data regularly.
The targets of curcumin-treated HCC were recorded
into the DAVID platform and the species was set as
“Homo Sapiens,” and then analyzed by GO function
and KEGG pathway enrichment to obtain biological
processes and metabolic pathways. These data were
saved and R language analysis software was used for
visual processing.

2.2 Experimental verification and extension
2.2.1 Chemicals and reagents

Curcumin was purchased from Sigma (St. Louis,
MO, USA), and dissolved in dimethyl sulfoxide
(DMSO) to prepare mother liquor at 100 mmol/L.
The anti-caspase 3 (19677-1-AP), p53 (60283-2-1g),
and AMPKa (66536-1-Ig) antibodies were obtained
from Proteintech Group, Inc. (Wuhan, China). The
anti-autophagy-related protein 1 (anti-ATG1)/ULK1
(bs-3602R), phospho-AMPKa2 (Thr172; bs-4002R),
phospho-ATG1 (Ser556; bs-3464R), Beclinl (bs-
1353R), microtubule-associated protein light chain 3B
(LC3B; bs-4843R), DRAM (bs-10285R), SQSTM1/
p62 (bs-55207R), and PB-actin (bs-0061R) antibodies
were acquired from Beijing Biosynthesis Biotechnology
Co., Ltd. (Beijing, China). The anti-caspase 9 (9508S)
antibody was obtained from Cell Signaling Technology
(Beverly, MA, USA). The AMPK/ULKI inhibitor
GSK690693 (S1113) and p53 inhibitor PFT-a HBr
(52929) were purchased from Selleck Chemicals
(Shanghai, China).
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2.2.2 Cell culture and MTT assay

LO2 and HepG2 cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM,;
Hyclone, USA; XT-SH30022,01B) supplemented with
12% (volume fraction) fetal bovine serum (Hang-
zhou Sijiqing, Hangzhou, China; 11011-8611) and 1%
(0.01 g/mL) penicillin streptomycin combination
(Solarbio, Beijing, China; P1400) at 37 °C in a humidi-
fied atmosphere containing 5% CO,, and 0.25%
(2.5 g/L) trypsin (Solarbio; T1300) was used for cell
passage. To evaluate cell viability, HepG2 or LO2 cells
(1x10* cells/well) were seeded in 96-well culture plates
until the cells attained 80%—-90% confluence, and the
medium was then replaced with 100 puL/well of fresh
medium containing different concentrations (0, 20,
40, and 60 pmol/L) of curcumin for 24 h. Subsequently,
20 uL of 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide tetrazolium (MTT) was
added to each well and incubated for 4 h at 37 °C.
The medium was removed and DMSO (150 pL/well)
was added, and the plates were shaken on a shaking
table for 5—10 min until the dark blue formazan crys-
tals that formed in intact cells were solubilized with
DMSO. Finally, the absorbance was measured at
490 nm with a microplate reader.

2.2.3 Flow cytometry assay

In order to evaluate cell apoptosis, HepG2 cells
(1x10° cells/well) were seeded in six-well culture plates
and incubated for 24 h under an atmosphere contain-
ing 5% CO, at 37 °C. On the second day, the cells
were treated with 1 mL of various concentrations
(0, 20, 40, and 60 pmol/L) of curcumin. After incuba-
tion for 24 h, the cells were washed with cold sterile
phosphate-buffered saline (PBS) solution (Boster, CA,
USA; PYGO0021). Next, the HepG2 cells were resus-
pended in 100 pL binding buffer (1x10° cells) with
Annexin V-fluorescein isothiocyanate (FITC) and prop-
idium iodide (PI; BD Pharmingen, 556507) for 30 min
in the dark. After washing with PBS again, cell apop-
tosis was analyzed using a FACS Caliburt™ Flow
Cytometer (BD Biosciences, NJ, USA) within 1 h.

2.2.4 Transmission electron microscopy

HepG2 cells were plated into 6-well plates
(1x10° cells/well), and cells were divided into groups
according to individual cell experiments after HepG2
cells were grown to 80%-90% confluence. The cells
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were then digested by trypsin and collected in non-
enzymatic EP tubes. After washing with buffer solu-
tion, 2.5% (volume fraction) glutaraldehyde buffer
stationary solution was added to the cell precipitation
overnight. Following further washing with buffer
solution, the cells were fixed after adding 2% (volume
fraction) osmium tetroxide buffer stationary solution,
subjected to sample gradient dehydration with gradient
ethanol, and the ethanol in the sample was replaced
with acetone. Subsequently, the cells were penetrated
with epoxy resin to create an embedded system. Ultra-
thin sections of 60 nm were prepared, and the changes
of mitochondria, lysosomes, and autophagosomes in
the cells were observed under transmission electron
microscope (TEM; JEOL, Beijing, China).

2.2.5 Western blot assay

HepG?2 cells were treated in six-well culture plates
as above. Then, they were washed twice with ice-cold
PBS, and harvested in radioimmunoprecipitation
(RIPA) lysis buffer containing protease inhibitor phenyl-
methanesulfonyl fluoride (PMSF) within 1 h on ice.
The lysates were centrifuged at 12 000 r/min for 10 min
at 4 °C, and the supernatant was collected. According
to the results of protein concentration determined by a
bicinchoninic acid (BCA) detection kit (Boster; AR0146),
protein extracts of equal concentration were prepared
with 5% loading buffer, pure water, and the original
protein extracts. The samples underwent 8%, 10%, 12%,
or 15% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and were transferred
onto a polyvinylidene difluoride membrane in a wet
transfer system (Bio-Rad, CA, USA). The membrane
was blocked with 5% (0.05 g/mL) fat-free milk in
Tris-buffered solution containing 1% (volume fraction)
Tween 20 (TBST). Next, they were incubated with
primary antibodies against AMPKa (1: 1000 dilution,
volume ratio, the same below), phospho-AMPK
(p-AMPK; 1:1000), ULK1 (1:1000), phospho-ULK1
(p-ULK1; 1:1000), LC3B (1:1000), Beclinl (1:1000),
caspase 3 (1:750), caspase 9 (1:1000), p53 (1:300),
and B-actin (1:1000) in TBST buffer overnight. On
the next day, they were washed and incubated with
secondary antibodies for 90 min. Signals were detected
using an electrochemiluminescence (ECL) kit (Boster;
AR1197), and B-actin served as an internal reference.

Apart from the above treatments, to measure
the protein expression of AMPKa, p-AMPK, ULKI,

p-ULK1, LC3B, Beclinl, caspase 3, caspase 9, p53,
DRAM (1:1000), p62 (1:1000), and B-actin, HepG2
cells were pretreated with 15 umol/L GSK690693 or
15 pmol/L PFT-a for 2 h, and added into 40 umol/L
of curcumin, according to the above-described method.

2.2.6 Real-time PCR assay

Treated HepG2 cells, different concentrations
(0, 20, 40, and 60 umol/L) of curcumin, 40 pmol/L
of curcumin plus 15 umol/L of GSK690693, and
40 pmol/L of curcumin plus 15 pmol/L of PFT-a were
extracted into the non-enzymatic EP tubes. Then, 1 mL
of TRIzol universal and 0.2 mL of chloroform were
added in sequence. After centrifugation, the top color-
less aqueous phase was taken, and 0.5 mL isopropyl
alcohol was added. The tube was left at room temper-
ature for 10 min and then centrifuged at 12000 r/min
and 4 °C for 10 min. This was followed by washing
the precipitates with 75% (volume fraction) ethanol
(diethyl pyrocarbonate (DEPC) water preparation).
After drying, they were dissolved in 50 pL of RNase-
free distilled water (dH,0). The concentration and
purity of the RNA were determined by the assessment
of absorbance at 260 nm and 280 nm using a Nano-
Drope 1000 Spectrophotometer (Thermo Fisher Scien-
tific Inc., Waltham, MA, USA). Reverse transcription
of RNA was performed into complementary RNA
(cDNA) using a PrimeScripte RT Reagent kit (TaKaRa,
Beijing, China) according to the manufacturer’s instruc-
tions. Taking B-actin as an internal reference, the
specific primers used for PCR were listed in Table 1.

2.2.7 Statistical analysis

The statistical analysis was performed using
GraphPad Prism 7.0 (GraphPad Software, La Jolla,
CA, USA). Each experiment was carried out at least
three times. Data were presented as mean+standard
deviation (SD). The significance of differences was
analyzed using one-way analysis of variance (ANOVA),
and P<0.05 was considered as the threshold.

3 Results
3.1 Potential targets of curcumin

Two protein targets were obtained from the
TCMID database, 71 targets were discovered using
the SwissTargetPrediction database, 75 targets were
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Table 1 Specific primer sequences used in the study

Gene Upstream primer (5'—3") Downstream primer (5'—3")
AMPK CAACTATCGATCTTGCCAAAGG AACAGGAGAAGAGTCAAGTGAG
ULK]I AACAAGAAGAACCTCGCCAAGTCTC CCACCGTTGCAGTACTCCATAACC
p62 TGATTGAGTCCCTCTCCCAGATGC CCGCTCCGATGTCATAGTTCTTGG
p53 GCCCATCCTCACCATCATCACAC GCACAAACACGCACCTCAAAGC
DRAM GGTCGTCAGCCGCCTTCATTATC TCTCTGGAGGTGTTGTTCCCGTATC
p-actin CCTGGCACCCAGCACAAT GGGCCGGACTCGTCATAC

AMPK: adenosine 5'-monophosphate (AMP)-activated protein kinase; ULK: Unc-51-like kinase 1; DRAM: damage-regulated autophagy modulator.

provided by the CTD database, and 8 targets of
curcumin were identified from the ETCM database. A
total of 143 drug target proteins were obtained after
merging the targets of the four databases. In addition,
121 literature targets were obtained by searching the
PubMed database with “curcumin and AMPK” as
keywords, and 229 drug targets were finally obtained
by eliminating the repeated targets (Table S1).

3.2 Targets related to HCC

The analysis of data from five different databases
identified 407 targets associated with HCC. A total of
345 targets were discovered using the GeneCards
database, 30 targets were identified by the DrugBank
database, 64 targets were obtained from the OMIM
database, 29 targets were provided by the TTD data-
base, and 9 targets were found in the DisGeNET data-
base. What is more, the PubMed database was used to
find 63 targets with “hepatocellular carcinoma and
AMPK” as keywords, and 445 disease targets were
ultimately obtained (Table S2).

3.3 Curcumin-target-HCC network analysis

The intersections of screened curcumin targets
and HCC targets were obtained by Venny 2.1, and a
Venn diagram was drawn. As shown in Fig. 2a, 102
common targets of curcumin in HCC were acquired,
which included the intersection targets of AMPK and
pS3 (Table S3). GO and KEGG enrichment analyses
were performed on the corresponding targets of cur-
cumin through the DAVID platform. The KEGG enrich-
ment analysis revealed 167 pathways of curcumin-
treated HCC (Table S4), including the PI3K-Akt path-
way, hepatitis B, human papillomavirus infection, pro-
teoglycans in cancer, apoptosis, autophagy, p53 path-
way (Fig. 2b), and AMPK pathway (Fig. 2c). The first
20 passages of the KEGG pathway enrichment analysis
were imported into R language analysis software for
visual processing (Fig. 2d). The GO enrichment analysis

showed that curcumin had a total of 2405 biological
processes, such as cellular response to chemical stress,
cellular response to drug, regulation of apoptotic path-
ways, and reactive oxygen species metabolic process.
One hundred and fifty molecular features were detected
to regulate HCC, containing phosphatase binding,
protein serine/threonine kinase activity, protein phos-
phatase binding, cytokine activity, etc. Besides, we
found 41 HCC cell components, including cyclin-
dependent protein kinase holoenzyme complex, tran-
scription regulator complex, etc. The specific GO analy-
sis results were shown in Table S5 and Fig. 2e.

3.4 Inhibition of HepG2 cell proliferation by
curcumin

In order to study the inhibitory effect of curcumin
on hepatoma cells and normal liver cells, MTT assay
was used to detect cell viability in vitro. The results
showed that curcumin inhibited the activity of LO2
cells and HepG2 cells in a dose-dependent manner;
however, with the increase of drug dose, the inhibitory
rate of LO2 cells became significantly lower than that
of HepG2 cells, especially at a high dose of 60 umol/L
(P<0.01; Fig. 3a), indicating that curcumin caused
little damage to normal liver cells and exerted an obvi-
ous inhibitory effect on the proliferation of hepatoma
cells.

3.5 Effects of curcumin on HepG2 cell apoptosis
and autophagy

Our group used Annexin V-FITC/PI staining to
detect the apoptosis rate of HepG2 cells, and the
results demonstrated that curcumin at the concentra-
tion of 20, 40, and 60 pmol/L significantly induced the
apoptosis of HepG2 cells compared with the control
group (P<0.01; Figs. 3b and 3c). Furthermore, autophago-
somes and lysosomes were found by TEM in the
experimental group, indicating the occurrence of
autophagy (Fig. 3d).
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3.6 Promotion of HepG2 cell apoptosis by curcumin  apoptosis, and the p53 pathway was also linked to

through the p53 pathway

apoptosis. Given that apoptosis plays an important
role in tumor cell death, we speculated that the

Previous network pharmacology demonstrated  curcumin-dependent p53 pathway may be partly
that curcumin-treated of HCC was closely related to  induced by the initiation of apoptosis. To examine
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Fig. 3 Effects of curcumin on HepG2 cell proliferation, cell apoptosis, and autophagy. Cell experiments were divided
into four groups: control group (no curcumin); curcumin (20 pmol/L) group; curcumin (40 pmol/L) group; and curcumin
(60 pmol/L) group. Data were expressed as meantstandard deviation (SD), n=3. " P<0.05, ” P<0.01, ™ P<0.001, ™" P<0.0001,
compared with the control group. (a) Cell survivals of HepG2 and LO2 cells. (b, ¢) Representative plots and quantification of
apoptosis rates of HepG2 cells. (d) The changes of mitochondria, lysosomes, and autophagosomes in the cells under transmission
electron microscope (TEM; 30000%). The arrowhead marks mitochondria, the single arrow marks autophagosome, and
the hollow arrow marks lysosome. Cur: curcumin; FITC: fluorescein isothiocyanate; PI: propidium iodide.

curcumin-induced apoptosis, the three apoptosis pro-  with different concentrations for 24 h, it could upregu-
teins, p53, caspase 3, and caspase 9, were analyzed late the protein expression of p53, caspase 3, and
by western blot. Under the stimulation of curcumin  caspase 9 in a dose-dependent manner (Figs. 4a—4d).
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activated protein kinase a; ULK1: Unc-51-like kinase 1; LC3B: microtubule-associated protein light chain 3B; Cur:
curcumin.



The messenger RNA (mRNA) expression of pS3 was
significantly upregulated (Fig. 4d). What is more,
with the increase of curcumin concentration, TEM
revealed that the mitochondria swelled, and the number
of mitochondrial ridges decreased, which were disor-
dered and even disappeared, eventually forming vacu-
olar mitochondria, indicating that curcumin could
cause mitochondrial damage in HepG2 cells (Fig. 3d).
These results suggested that curcumin plays an anti-
cancer role in HepG2 cells through p53, caspase 9,
and caspase 3 pathways, and regulates the hepatoma
cell survival of curcumin through apoptosis mediated
by mitochondria.

3.7 Promotion of the autophagy of HepG2 cells
by curcumin through the AMPK/ULK1 pathway

According to the literature and network pharma-
cology, there are autophagy and AMPK pathways
in curcumin-treated HCC, and the AMPK/ULK1
pathway can promote the autophagy of HCC. The
western blot results of the predicted targets AMPKa
and ULK1 showed that curcumin could upregulate
their protein expression in a dose-dependent manner
(Figs. 4f—4h). The protein expression levels of two
autophagy biomarkers, LC3B and Beclinl, were in-
creased, and the protein expression levels of p-AMPK
and p-ULK1 were upregulated (Figs. 4f, 4i-41). More-
over, the mRNA expression levels of AMPK and
ULKI1 were also significantly upregulated (Figs. 4m
and 4n). All the above results suggested that cur-
cumin played an anticancer role in HepG2 cells
through the AMPK/ULKI1 pathway, and mainly re-
gulated the effect on hepatoma cell survival through
autophagy.

3.8 Effect of PFT-a on the apoptosis and autophagy
of liver cancer cells induced by curcumin

In order to verify the role of curcumin in PFT-
a-pretreated HepG2 cell vitality in vitro, PFT-o was used,
which is a p53 inhibitor that blocks p53-dependent
p53 response gene transcription. HepG2 cells were
pretreated with 15 umol/L of PFT-a for 2 h, and then
40 umol/L of curcumin was added for 24 h. Compared
with the experimental group (40 pmol/L of curcumin),
both the protein and the mRNA expression levels of p53
apoptotic pathway were obviously downregulated in the
PFT-a-pretreated group (Figs. 5a—5e). Furthermore, the
protein and mRNA expression levels of AMPK/ULK1
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pathway and autophagy biomarkers were also signifi-
cantly decreased (Figs. 5f=51). These results suggested
that PFT-a-pretreated HepG2 cells with curcumin
treatment could inhibit not only the p53 apoptotic
pathway, but also the AMPK/ULK1 autophagy pathway.

3.9 Disruption of autophagy and apoptosis by
GSK690693 of liver cancer cells induced by
curcumin

GSK690693 is an autophagy inhibitor that can
effectively block AMPK and death-associated protein
kinase 3 (DAPK3) of the calcium/calmodulin-dependent
protein kinase (CAMK) family. Meanwhile, GSK690693
can affect the activity of ULK1 and effectively inhibit
the activation of STING-dependent interferon regula-
tory factor 3 (IRF3). As shown in Fig. 6, our study
found that the proteins of AMPK/ULKI1 pathway and
autophagy biomarkers were markedly downregulated
in the GSK690693-pretreated group as compared
with the experimental group. Moreover, the mRNA
expression levels of both AMPK and ULK1 were
decreased to the same extent. In addition, the p53 pro-
tein and mRNA expression levels and their apoptotic
pathway protein expression levels were significantly
downregulated (P<0.05; Fig. 6). The overall results
above indicated that AMPK/ULKI1 inhibitors could
not only inhibit the AMPK/ULK1 autophagy pathway,
but also the p53 apoptotic pathway.

3.10 Mutual transformation between apoptosis
and autophagy on curcumin-treated hepatoma cells

DRAM is a lysosomal protein encoded by the
p53 target gene, which can induce macroautophagy,
and is also a medium for programmed cell death
induced by p53 (Crighton et al., 2006). The western blot
and real-time PCR analysis showed that DRAM was
downregulated in the PFT-a-pretreated group compared
with the experimental group (P<0.05; Figs. 7a—7c).
Studies have confirmed that the loss of p62 ZZ do-
main can restore the apoptosis sensitivity of cells in
tumors, and thus autophagic apoptosis is recognized
to be involved in p62 (Moscat and Diaz-Meco, 2009;
Lee et al., 2021). As shown in Figs. 7d—7f, the expres-
sion of p62 protein and mRNA suggested that p62
levels in the pretreatment groups of GSK690693 were
both upregulated when compared with that in the
experimental group (P<0.05).
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analyses of DRAM. (d—f) Western blot and real-time PCR analyses of p62. PFT-a: pifithrin-o; DRAM: damage-regulated

autophagy modulator; Cur: curcumin.

4 Discussion

HCC is a highly prevalent and fatal tumor. At
present, conventional chemotherapy, liver transplantation,
radiofrequency ablation, and arterial revascularization
are commonly used in the clinical treatment of HCC.
However, due to its frequent recurrence and low ob-
jective response rate, the therapeutic effect is often
unsatisfactory (Li et al., 2016). It is well known that
liver is the main site of energy metabolism in the body,
and AMPK is the principal sensor of energy metab-
olism. Glycolysis is the fundamental process for liver
tumor cells to produce energy. AMPK can treat HCC
by inhibiting glycolysis, i.e., the Warburg effect (Har-
die and Alessi, 2013). Donadon et al. (2010) found that
the long-term use of metformin (AMPK activator)
could significantly reduce the incidence of HCC in
clinical settings, and Zheng et al. (2013) reported that
the inhibition of AMPK activation could promote the
progression of HCC. Curcumin has been confirmed
as a potential anti-liver cancer drug (Darvesh et al.,

2012; Ailioaie and Litscher, 2020). In our study, 102
common targets and 167 pathways of curcumin and
HCC were established by network pharmacology. The
KEGG enrichment analysis demonstrated that apop-
totic pathway was one of the first ten passages, and
that caspase 9 and caspase 3 in the p5S3 pathway could
promote apoptosis. Besides, the AMPK/ULK1 auto-
phagy pathway was one of the related AMPK pathways.
To the best of our knowledge, curcumin in the treat-
ment of HCC may affect not only the apoptotic signal-
ing molecules, including p53, caspase 9, and caspase 3
(Liu et al., 2017), but also the autophagic signaling
molecules, including LC3B, Beclinl, and cytochrome
¢ (Glick et al., 2010; Onorati et al., 2018; Jiang et al.,
2021). However, no previous studies on the treatment
of HCC by curcumin have confirmed the role of
AMPK/ULK1 autophagy pathway. Our experimental
results indicated that curcumin could promote cell
apoptosis through the p53 pathway and promote auto-
phagy through the AMPK/ULK1 pathway, thus reducing
the survival rate of HepG2 hepatoma cells to achieve



the purpose of HCC treatment, which was consistent
with the prediction results of network pharmacology.

As widely known, apoptosis, which represents
type I programmed cell death, is an active cell death
process regulated by genes during ontogeny (D'Arcy,
2019). The important mechanism of tumor escape is
immune-controlled cell apoptosis. Autophagy or type
II programmed cell death is vital for cell self-digestion,
degradation, and homeostasis maintenance (D'Arcy,
2019). It has been proved that autophagy plays a com-
plex bidirectional regulatory role in tumors. At the
early stage of tumor occurrence, autophagy can remove
damaged organelles of senescent cells, thus prevent-
ing chromosomal variation and inhibiting the initia-
tion of tumorigenesis (Liang and Jung, 2010). In the
process of tumor growth, tumor cells obtain energy
and nutrients to maintain their growth and reproduc-
tion after autophagy degradation and reabsorption
(Quan and Lee, 2013). Studies have revealed that
autophagy and apoptosis have two relationships, that
is, mutual promotion and mutual antagonism. When
the ultimate goal of autophagy and apoptosis is to pro-
mote cell death, there are three kinds of relationships
between these two phenomena. The first is that they
regulate cell death separately; the second is a mutual
complementary relationship (i.e., the two can be trans-
formed into each other); the third is a substitution rela-
tionship (i.e., if one is weakened, the other is strength-
ened) (Maiuri et al., 2007; Marifio et al., 2014; Wang,
2015). Previous studies have demonstrated that cur-
cumin could alleviate HCC by inducing apoptosis and
autophagy (Xu et al., 2013; Jiang et al., 2021), but the
relationship between these two processes is unknown.
In this study, the pretreatment of HepG2 cells with
PFT-a or GSK690693 and then their treatment with
40 pmol/L of curcumin demonstrated that either PFT-a
or GSK690693 could inhibit cell apoptosis and auto-
phagy, which suggested that there may be a second
relationship between apoptosis and autophagy in
curcumin-treated HCC.

Studies have confirmed that p53 in the nucleus
can activate autophagy through a variety of pathways,
including the activation of AMPK and then the activa-
tion of tuberous sclerosis complex 1 (TSC1)/TSC2
complex to promote autophagy, upregulation of DRAM
to induce autophagy, etc. (Chen and Debnath, 2010;
Jing et al., 2011). DRAM was reported as the first
directly linked molecule of p53 and autophagy; apart
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from DRAM-induced autophagy, DRAM is also of
importance in p53-induced apoptosis (Crighton et al.,
2006, 2007; Liu and Liu, 2020). Our study showed
that DRAM in the PFT-a-pretreated group was lower
than that in the experimental group, suggesting that
autophagy induced by the p53 apoptosis protein may
occur through the increase of DRAM expression in
curcumin-treated HCC. In recent years, research
highlighted that the p73 of p53 family could also in-
duce autophagy, whose mechanism might be related
to the activation of ATG5 (He et al., 2013). Besides,
p53 can upregulate autophagy by inhibiting mTORC1
(Chen and Debnath, 2010). The above relationship
possibly exists, although it needs more specific evi-
dence. The p62 protein is involved in the autophagy
degradation of ubiquitinated proteins, but multiple
studies have considered p62 as a molecule linking
autophagy and apoptosis (Jin et al., 2009; Katsuragi
et al., 2015; Lamark et al., 2017). In tumors, p62 re-
duction could restore cell sensitivity to apoptosis; p62
in the AMPK/ULKI1 inhibitor GSK690693-pretreated
group was higher than that in the curcumin-treated
group, which indicated that autophagy-induced apop-
tosis might be related to p62 reduction. Zhao et al.
(2020) found that oroxylin A triggered apoptosis
through activating caspase 8 and hydrolyzing p62 in
HCC cells, which might be a p62-mediated caspase
8-dependent form of apoptosis. The specific mech-
anism may be that caspases are recruited into the
autophagosome that acts as an intracellular activation
platform. In the process of being recruited to an
autophagosome, ubiquitin caspase 8 binds to p62
through the ubiquitin-binding domains of p62, and
then p62 directly interacts with LC3 to be recruited
to an autophagosome. Importantly, p62 not only enforces
caspase 8 into autophagosomes but also activates cas-
pase 8 (Julien and Wells, 2017; Tsapras and Nezis,
2017).

5 Conclusions

Despite the potential of the network pharmacology
approach, some targets and pathways have not been
reported. Herein, we used this tool to demonstrate that
curcumin may inhibit the proliferation and survival of
HCC via apoptosis through the p53 pathway and
autophagy through the AMPK pathway. Our findings
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further suggested that there may be a mutual trans-
formation of autophagy and apoptosis to promote cell
death, which occurs through DRAM and p62 in HepG2
cells.

Acknowledgments

This work was supported by the General Project of
Shaanxi Science and Technology Plan (No. 2021JM-472), the
Key Laboratory Project of Education Department of Shaanxi
Province (Nos. 21JS014 and 21JS007), the Subject Innovation
Team of Shaanxi University of Chinese Medicine (No. 2019-
YL14), and the Postgraduate Student’s Innovation Project of
Shaanxi University of Chinese Medicine (No. 2021-09), China.

Author contributions

Yang CHEN, Yu FAN, and Dongyan GUO designed the
experiments and analyzed the data. Yang CHEN, Qian LI,
and Sisi REN performed the experimental research. Ting
CHEN, Bingtao ZHAI, and Jiangxue CHENG analyzed the
experimental data. Bingtao ZHAI and Dongyan GUO verified
the experiments. Xiaoyan SHI and Liang SONG guided the
experiment. Yang CHEN wrote and edited the manuscript.
Yu FAN and Dongyan GUO revised this manuscript. All authors
have read and approved the final manuscript, and therefore,
have full access to all the data in the study and take responsi-
bility for the integrity and security of the data.

Compliance with ethics guidelines

Yang CHEN, Qian LI, Sisi REN, Ting CHEN, Bingtao
ZHAI, Jiangxue CHENG, Xiaoyan SHI, Liang SONG, Yu
FAN, and Dongyan GUO declare that they have no conflict of
interest.

All procedures followed were in accordance with the
cthical standards of the responsible committee on human
experimentation (institutional and national) and with the
Helsinki Declaration of 1975, as revised in 2008 (5). Ethical
approval was not required in accordance with local guidelines.

References

Ailioaie LM, Litscher G, 2020. Curcumin and photobiomodula-
tion in chronic viral hepatitis and hepatocellular carcin-
oma. Int J Mol Sci, 21(19):7150.
https://doi.org/10.3390/ijms21197150

Amberger JS, Bocchini CA, Scott AF, et al., 2019. OMIM.
org: leveraging knowledge across phenotype-gene rela-
tionships. Nucleic Acids Res, 47(D1):D1038-D1043.
https://doi.org/10.1093/nar/gky1151

Bai ZS, Peng YL, Ye XY, et al., 2022. Autophagy and cancer
treatment: four functional forms of autophagy and their
therapeutic applications. J Zhejiang Univ-Sci B (Biomed &
Biotechnol), 23(2):89-101.
https://doi.org/10.1631/jzus.B2100804

Brar G, Greten TF, Graubard BI, et al., 2020. Hepatocellu-
lar carcinoma survival by etiology: a SEER-Medicare

database analysis. Hepatol Commun, 4(10):1541-1551.
https://doi.org/10.1002/hep4.1564

Chen N, Debnath J, 2010. Autophagy and tumorigenesis. FEBS
Lett, 584(7):1427-1435.
https://doi.org/10.1016/j.febslet.2009.12.034

Chiablaem K, Lirdprapamongkol K, Keeratichamroen S, et al.,
2014. Curcumin suppresses vasculogenic mimicry cap-
acity of hepatocellular carcinoma cells through STAT3 and
PI3K/AKT inhibition. Anticancer Res, 34(4):1857-1864.

Crighton D, Wilkinson S, O'Prey J, et al., 2006. DRAM, a
p53-induced modulator of autophagy, is critical for apop-
tosis. Cell, 126(1):121-134.
https://doi.org/10.1016/j.cell.2006.05.034

Crighton D, Wilkinson S, Ryan KM, 2007. DRAM links auto-
phagy to p53 and programmed cell death. Autophagy, 3(1):
72-74.
https://doi.org/10.4161/auto.3438

D'Arcy MS, 2019. Cell death: a review of the major forms of
apoptosis, necrosis and autophagy. Cell Biol Int, 43(6):
582-592.
https://doi.org/10.1002/cbin. 11137

Daina A, Michielin O, Zoete V, 2019. SwissTargetPrediction:
updated data and new features for efficient prediction of
protein targets of small molecules. Nucleic Acids Res,
47(W1):W357-W364.
https://doi.org/10.1093/nar/gkz382

Darvesh AS, Aggarwal BB, Bishayee A, 2012. Curcumin and
liver cancer: a review. Curr Pharm Biotechnol, 13(1):218-
228.
https://doi.org/10.2174/138920112798868791

Davis AP, Grondin CJ, Johnson RJ, et al., 2019. The compara-
tive toxicogenomics database: update 2019. Nucleic Acids
Res, 47(D1):D948-D954.
https://doi.org/10.1093/nar/gky868

Donadon V, Balbi M, Mas MD, et al., 2010. Metformin and
reduced risk of hepatocellular carcinoma in diabetic
patients with chronic liver disease. Liver Int, 30(5):750-758.
https://doi.org/10.1111/j.1478-3231.2010.02223.x

Fan TJ, Sun GH, Sun XD, et al., 2019. Tumor energy metabol-
ism and potential of 3-bromopyruvate as an inhibitor of
aerobic glycolysis: implications in tumor treatment. Can-
cers (Basel), 11(3):317.
https://doi.org/10.3390/cancers11030317

Fishilevich S, Nudel R, Rappaport N, et al., 2017. Gene-
hancer: genome-wide integration of enhancers and target
genes in GeneCards. Database (Oxford), 2017:bax028.
https://doi.org/10.1093/database/bax028

Gfeller D, Michielin O, Zoete V, 2013. Shaping the interaction
landscape of bioactive molecules. Bioinformatics, 29(23):
3073-3079.
https://doi.org/10.1093/bioinformatics/btt540

Glick D, Barth S, Macleod KF, 2010. Autophagy: cellular and
molecular mechanisms. J Pathol, 221(1):3-12.
https://doi.org/10.1002/path.2697

Hardie DG, Alessi DR, 2013. LKB1 and AMPK and the cancer-
metabolism link - ten years after. BMC Biol, 11:36.
https://doi.org/10.1186/1741-7007-11-36



He Z, Liu H, Agostini M, et al., 2013. p73 regulates autophagy
and hepatocellular lipid metabolism through a transcrip-
tional activation of the ATGS5 gene. Cell Death Differ,
20(10):1415-1424.
https://doi.org/10.1038/cdd.2013.104

Hopkins AL, 2007. Network pharmacology. Nat Biotechnol,
25(10):1110-1111.
https://doi.org/10.1038/nbt1007-1110

Islam A, Sooro MA, Zhang PH, 2018. Autophagic regulation of
p62 is critical for cancer therapy. Int J Mol Sci, 19(5):1405.
https://doi.org/10.3390/ijms 19051405

Jiang LH, Cai XL, Li S, et al., 2021. Hydroxyethyl starch cur-
cumin enhances antiproliferative effect of curcumin against
HepG2 cells via apoptosis and autophagy induction. Front
Pharmacol, 12:755054.
https://doi.org/10.3389/fphar.2021.755054

Jin ZY, Li Y, Pitti R, et al., 2009. Cullin3-based polyubiqui-
tination and p62-dependent aggregation of caspase-8 me-
diate extrinsic apoptosis signaling. Cell, 137(4):721-735.
https://doi.org/10.1016/j.cell.2009.03.015

Jing KP, Song KS, Shin S, et al., 2011. Docosahexaenoic acid
induces autophagy through p53/AMPK/mTOR signaling
and promotes apoptosis in human cancer cells harboring
wild-type p53. Autophagy, 7(11):1348-1358.
https://doi.org/10.4161/auto.7.11.16658

Julien O, Wells JA, 2017. Caspases and their substrates. Cell
Death Differ, 24(8):1380-1389.
https://doi.org/10.1038/cdd.2017.44

Katsuragi Y, Ichimura Y, Komatsu M, 2015. p62/SQSTM1
functions as a signaling hub and an autophagy adaptor.
FEBS J, 282(24):4672-4678.
https://doi.org/10.1111/febs.13540

Lamark T, Svenning S, Johansen T, 2017. Regulation of selec-
tive autophagy: the p62/SQSTMI1 paradigm. Essays
Biochem, 61(6):609-624.
https://doi.org/10.1042/EBC20170035

Lee SH, Cho WIJ, Najy AJ, et al., 2021. P62/SQSTM1-induced
caspase-8 aggresomes are essential for ionizing radiation-
mediated apoptosis. Cell Death Dis, 12(11):997.
https://doi.org/10.1038/s41419-021-04301-7

Li M, Zhang W, Wang B, et al., 2016. Ligand-based targeted
therapy: a novel strategy for hepatocellular carcinoma.
Int J Nanomedicine, 11:5645-5669.
https://doi.org/10.2147/1IN.S115727

Li YJ, Chen YY, 2019. AMPK and autophagy. /n: Qin ZH (Ed.),
Autophagy: Biology and Diseases. Springer, Singapore,
p.85-108.
https://doi.org/10.1007/978-981-15-0602-4 4

Liang CY, Jung JU, 2010. Autophagy genes as tumor suppres-
sors. Curr Opin Cell Biol, 22(2):226-233.
https://doi.org10.1016/j.ceb.2009.11.003

Liberti MV, Locasale JW, 2016. The Warburg Effect: how does
it benefit cancer cells? Trends Biochem Sci, 41(3):211-218.
https://doi.org/10.1016/j.tibs.2015.12.001

Liu WH, Zhang ZB, Lin GS, et al., 2017. Tetrahydrocurcumin
is more effective than curcumin in inducing the apoptosis
of H22 cells via regulation of a mitochondrial apoptosis

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(8):682-698 | 697

pathway in ascites tumor-bearing mice. Food Funct, 8(9):
3120-3129.
https://doi.org/10.1039/c7f000484b

Liu X, Liu JK, 2020. Tanshinone I induces cell apoptosis
by reactive oxygen species-mediated endoplasmic reticu-
lum stress and by suppressing p53/DRAM-mediated
autophagy in human hepatocellular carcinoma. Artif Cells
Nanomed Biotechnol, 48(1):488-497.
https://doi.org/10.1080/21691401.2019.1709862

Maiuri MC, Zalckvar E, Kimchi A, et al., 2007. Self-eating
and self-killing: crosstalk between autophagy and apop-
tosis. Nat Rev Mol Cell Biol, 8(9):741-752.
https://doi.org/10.1038/nrm2239

Marifio G, Niso-Santano M, Baehrecke EH, et al., 2014. Self-
consumption: the interplay of autophagy and apoptosis.
Nat Rev Mol Cell Biol, 15(2):81-94.
https://doi.org/10.1038/nrm3735

Moscat J, Diaz-Meco MT, 2009. p62 at the crossroads of
autophagy, apoptosis, and cancer. Cell, 137(6):1001-1004.
https://doi.org/10.1016/j.cell.2009.05.023

Onorati AV, Dyczynski M, Ojha R, et al., 2018. Targeting
autophagy in cancer. Cancer, 124(16):3307-3318.
https://doi.org/10.1002/cner.31335

Pifiero J, Ramirez-Anguita JM, Saiich-Pitarch J, et al., 2020.
The DisGeNET knowledge platform for disease genom-
ics: 2019 update. Nucleic Acids Res, 48(D1): D845-
D855.
https://doi.org/10.1093/nar/gkz1021

Quan WY, Lee MS, 2013. Role of autophagy in the control of
body metabolism. Endocrinol Metab, 28(1):6-11.
https://doi.org/10.3803/EnM.2013.28.1.6

Rahib L, Smith BD, Aizenberg R, et al., 2014. Projecting cancer
incidence and deaths to 2030: the unexpected burden of
thyroid, liver, and pancreas cancers in the United States.
Cancer Res, 74(11):2913-2921.
https://doi.org/10.1158/0008-5472.CAN-14-0155

Tsapras P, Nezis IP, 2017. Caspase involvement in autophagy.
Cell Death Differ, 24(8):1369-1379.
https://doi.org/10.1038/cdd.2017.43

Vander Heiden MG, Cantley LC, Thompson CB, 2009. Under-
standing the Warburg effect: the metabolic requirements
of cell proliferation. Science, 324(5930):1029-1033.
https://doi.org/10.1126/science.1160809

Wang FL, Ye X, Zhai DD, et al., 2020. Curcumin-loaded
nanostructured lipid carrier induced apoptosis in human
HepG2 cells through activation of the DR5/caspase-
mediated extrinsic apoptosis pathway. Acta Pharm, 70(2):
227-237.
https://doi.org/10.2478/acph-2020-0003

Wang KW, 2015. Autophagy and apoptosis in liver injury.
Cell Cycle, 14(11):1631-1642.
https://doi.org/10.1080/15384101.2015.1038685

Wang YX, Zhang S, Li FC, et al., 2020. Therapeutic target
database 2020: enriched resource for facilitating research
and early development of targeted therapeutics. Nucleic
Acids Res, 48(D1):D1031-D1041.
https://doi.org/10.1093/nar/gkz981



698 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(8):682-698

White E, 2016. Autophagy and p53. Cold Spring Harb Per-
spect Med, 6(4):a026120.
https://doi.org/10.1101/cshperspect.a026120

Wishart DS, Feunang YD, Guo AC, et al., 2018. DrugBank
5.0: a major update to the DrugBank database for 2018.
Nucleic Acids Res, 46(D1):D1074-D1082.
https://doi.org/10.1093/nar/gkx1037

Xu HY, Zhang YQ, Liu ZM, et al., 2019. ETCM: an encyclo-
paedia of traditional Chinese medicine. Nucleic Acids
Res, 47(D1):D976-D982.
https://doi.org/10.1093/nar/gky987

Xu MX, Zhao LL, Deng CY, et al., 2013. Curcumin suppresses
proliferation and induces apoptosis of human hepatocel-
lular carcinoma cells via the wnt signaling pathway. Int J
Oncol, 43(6):1951-1959.
https://doi.org/10.3892/1j0.2013.2107

Xue RC, Fang Z, Zhang MX, et al., 2013. TCMID: traditional
Chinese medicine integrative database for herb molecular
mechanism analysis. Nucleic Acids Res, 41(D1):D1089-
D109s5.
https://doi.org/10.1093/nar/gks1100

Zhang RZ, Zhu X, Bai H, et al., 2019. Network pharmacology
databases for traditional Chinese medicine: review and

assessment. Front Pharmacol, 10:123.
https://doi.org/10.3389/fphar.2019.00123

Zhao Y, Zhu Q, Bu XM, et al., 2020. Triggering apoptosis by
oroxylin a through caspase-8 activation and p62/SQSTMI
proteolysis. Redox Biol, 29:101392.
https://doi.org/10.1016/j.redox.2019.101392

Zheng LY, Yang W, Wu FQ, et al., 2013. Prognostic signifi-
cance of AMPK activation and therapeutic effects of
metformin in hepatocellular carcinoma. Clin Cancer Res,
19(19):5372-5380.
https://doi.org/10.1158/1078-0432.CCR-13-0203

Zhou CG, Hu C, Wang B, et al., 2020. Curcumin suppresses
cell proliferation, migration, and invasion through modu-
lating miR-21-5p/SOX6 axis in hepatocellular carcinoma.
Cancer Biother Radiopharm, ahead of print.
https://doi.org/10.1089/cbr.2020.3734

Zhu W, Zhou BL, Rong LJ, et al., 2020. Roles of PTBP1 in
alternative splicing, glycolysis, and oncogensis. J Zhejiang
Univ-Sci B (Biomed & Biotechnol), 21(2):122-136.
https://doi.org/10.1631/jzus.B1900422

Supplementary information
Tables S1-S5



