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KEYWORDS Abstract  Antrodia cinnamomea is extensively used as a traditional medicine to prevention and treat-
ment of liver cancer. However, its comprehensive chemical fingerprint is uncertain, and the mechanisms,
especially the potential therapeutic target for anti-hepatocellular carcinoma (HCC) are still unclear. Using
UPLC—-Q-TOF/MS, 139 chemical components were identified in A. cinnamomea dropping pills (ACDPs).
Based on these chemical components, network pharmacology demonstrated that the targets of active

Antrodia cinnamomea,
UPLC—Q-TOF/MS;
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carcinoma;
Network pharmacology; components were significantly enriched in the pathways in cancer, which were closely related with cell
PI3K/AKT; proliferation regulation. Next, HCC data was downloaded from Gene Expression Omnibus database
Cell cycle (GEO). The Cancer Genome Atlas (TCGA) and DisGeNET were analyzed by bioinformatics, and 79 bio-

markers were obtained. Furtherly, nine targets of ACDP active components were revealed, and they were
significantly enriched in PI3K/AKT and cell cycle signaling pathways. The affinity between these targets
and their corresponding active ingredients was predicted by molecular docking. Finally, in vivo and
in vitro experiments showed that ACDPs could reduce the activity of PI3K/AKT signaling pathway
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and downregulate the expression of cell cycle-related proteins, contributing to the decreased growth of
liver cancer. Altogether, PI3K/AKT-cell cycle appears as the significant central node in anti-liver cancer

of A. Cinnamomea.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hepatocellular carcinoma (HCC) has been known as the most
frequent subtype of liver cancer, and is the fourth cause of cancer-
related mortality worldwide'?, not only due to the high rate of
spread, metastases and recurrence, but also to the dismal treatment
effect. At present, a variety of drugs, such as sorafenib and
regorafenib, improve the overall survival rate of HCC patients.
However, these drugs have some problems, including short time
effect, drug resistance, and other problems. Therefore, it is urgent
to find new drugs with safety, high efficiency, low toxicity and
reversing drug resistance.

As a mainstream form of complementary and alternative
medicine, traditional Chinese medicine (TCM) has been widely
accepted for cancer patients because of its beneficial effects and
lack of serious side effects®. Antrodia cinnamomea is a rare fungus
that grows in Taiwan, China, distributing over broad-leaved forests
at an altitude of 200—2000 m. Pharmacological studies have
shown that A. cinnamomea has anti-tumor, liver protection, im-
mune regulation, inhibiting vascular neointimal formation,
lowering blood pressure and cholesterol, inhibiting platelet ag-
gregation, and other physiological activities* °. Of the numerous
functions, the effects of hepatoprotective especially anti-HCC
were the most often reported. A. cinnamomea could reduce
HCC cell viability, proliferation, migration and invasion, and
induce apoptosis'®~'*. However, the predominant role and the
mechanism of A. cinnamomea in anti-HCC have not been
elucidated.

Nowadays, A. cinnamomea is commercially available in the
form of fermented wine or pure cultures in powdered, tablet,
dropping pill and capsule form, and has gradually become one of
the most popular hepatoprotective agents and health products in
Taiwan'> "7, Recent studies showed that A. cinnamomea contains
a variety of physiologically active compounds, including terpe-
noids, adenosine, organic germanium, trace elements, proteins,
ergosterol, vitamins, nicotinic acid, nucleic acid lectins, chitin,
lignin, etc.””®'®. However, current reports about the chemical
fingerprint of A. cinnamomea are scattered, and the systematic
study is lacking. Furthermore, the studies on A. cinnamomea are
mostly focused on the therapeutic effects or quantitative analysis
of individual components'®”?*. From a holistic perspective, the
comprehensive chemical fingerprint and the correlations among
the chemical composition, molecular targets, signaling pathway
and anti-HCC activity have remained elusive.

In the current work, using UPLC—Q-TOF/MS, we identified,
for the first time, that there are 139 chemical components in A.
cinnamomea dropping pills (ACDPs), including 102 terpenoids,
eight benzenoids, two purine nucleosides and 27 other classes.
Next, according to network pharmacology, we showed that
CCNB1, CASPS, CCNE1, CDKI, PIK3CA, MET, AURKA,
TOP2A and TERT might be the potential protein targets, and
KEGG pathway enrichment analysis revealed that they were

significantly enriched in PI3K/AKT and cell cycle signaling
pathway. Lastly, in vivo and in vitro experiments verified that
ACDPs inhibited the proliferation of HCC in the dose- and time-
dependent manner, the activity of PI3K/AKT signaling pathway
was decreased, accompanied with the downregulated expression
of cell cycle-related proteins.

2. Materials and methods

2.1.  Preparation of ACDPs methanol extract and UPLC—Q-
TOF/MS analysis

ACDPs were supplied by Greathealer Healthcare Technology
Company Limited (Taiwan, China). The ACDPs samples were
crushed into powder through a 50 mesh screen. One grams ACDPs
sample was weighted and placed in 50 mL centrifuge tube, and
then the sample was extracted with 20 mL methanol (Darmstadt,
Germany). After vortexing for 1 min and sonicating for 30 min,
the mixture was centrifuged at 10,000 r/min for 5 min. 1 mL
supernatant was filtered using a 0.22 pm nylon membrane before
UPLC-Q-TOF/MS analysis. UPLC analysis was completed with
LC-30AD UPLC system (Shimadzu Corporation, Kyoto, Japan),
while mass spectrometry was implemented by a hybrid quadru-
pole time-of-flight tandem mass spectrometer Q-TOF/MS (Triple
TOF™ 5600" MS system, AB Sciex Corporation., Foster City,
CA, USA).

2.2, Strategy of identification and characterization of
compounds

Sciex OS software (version 1.5.0, Sciex, USA) was employed to
analyze the results of UPLC-Q-TOF/MS. Utilizing Triple
TOF™5600" MS system, the mass accuracy of all acquired
ions were less than 5 ppm, and their exact isotopic pattern
could be determined. Therefore, the molecular formula was
determined easily by accurate mass and isotopic abundance
ratio, using “formula finder function” of Sciex OS 1.5.0 soft-
ware. The fragmentation behavior of the compound with similar
structure was investigated, and then the rules were applied to
the structural elucidation of their derivatives with the same
basic structure. The compound structure was determined mainly
through calculating the exact mass of MS/MS fragments and
comparing those fragments with compounds from the TCM
MS/MS database and on-line Chemspider database using Sciex
OS 1.5.0 software or literature. The TCM MS/MS database with
1320 components was supplied by AB Sciex Corporation., and
the on-line Chemspider database can perform on-line analysis
of more than 44 million compounds, and will be constantly
updated.
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2.3.  Target prediction of ACDPs active ingredients

As shown on of Fig. 1, the active ingredients of ACDPs were
screened by the SwissADME programme (http://swissadme.ch/
index.php)®>. First, gastrointestinal absorption (GI absorption)
was set as “HIGH” as the condition for drug absorption, which
was used to screen active compounds with good oral bioavail-
ability. Secondly, two or more compounds with “YES” in the five
predicted properties (Lipinski, Ghose, Veber, Egan, Muegge) can
be regarded as active ingredients. According to the selected active
ingredients, Swiss Target Prediction (http://swisstargetprediction.
ch/) was applied to predict the possible targets®®. Swiss Target-
Prediction selected the targets whose probability is > 0.12 in the
prediction results for further analysis. At the same time, experi-
mentally verified targets information was downloaded from
NPASS (http://bidd2.nus.edu.sg/npass/) and the entries related to
the active components of ACDPs were extracted. Finally, target
information was integrated and accumulated to obtain the possible
targets of ACDPs active ingredients.

2.4.  Prediction for targets of HCC

Download the gene expression profile data of HCC from Gene
Expression Omnibus (GEO, https://portal.gdc.cancer.gov/) data-
base, and the matrix meeting the following conditions would be
used to screen the differential expression genes (DEGs): (1) the

total sample size was greater than 80; (2) the tumor tissue and
normal tissue samples were both included. GSE14520,
GSE45267, GSE64041, and GSE112790 met the above conditions
and were downloaded locally. FactoMineR, limma and pheatmap
package in R software (version 4.0) were used in turn for principal
component analysis (PCA), DEGs screening and cluster analysis.
The DEGs (FDR<0.05 and [log,FC|>1) were integrated with the
RobustRankAgggreg (RRA) package and visualized by ggplot2.
Liver Hepatocellular Carcinoma (LIHC) of The Cancer Genome
Atlas (TCGA, https://portal.gdc.cancer.gov/) was used for testing
the DEGs after integration. Survival analysis and Receiver Oper-
ating Characteristic (ROC) were completed by the survival and
survivalROC package in the R software respectively. Genes that
met the following conditions were targets for LIHC: (1) P < 0.05;
(2) AUC>0.7. Download the proven HCC targets from DisGeNET
(http://www.disgenet.org/home/) and merge them with predicted
targets. Part of the technical route was shown in Fig. 1.

2.5. Enrichment analysis of the common targets of ACDPs and
HCC

Take the intersection of the targets of ACDPs and HCC that play
an anti-HCC role in ACDPs. These targets were imported into
STRING (https://string-db.org) to construct protein—protein
interaction network. The module analysis of the network was
carried out by using the MCODE plug-in of Cytoscape (version
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Flow chart of the prediction for targets of active components from ACDPs by bioinformatics.
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3.7.1) and the DAVID (https://david.nciferf.gov/tools.jsp) was
applied to GO and KEGG enrichment analysis.

2.6.  Molecular docking studies

The molecular docking study was accomplished in Sybyl-X 2.0,
and crystal structure of AURKA (PDB: 5ZAN), CASP8 (PDB:
4117), CCNB1 (PDB: 2JGZ), CCNE1 (PDB: 6GU2), MET (PDB:
1CMB), CDK1 (PDB: 4YC3), PIK3CA (PDB: 6PYS), TERT
(PDB: 1X2B) and TOP2A (PDB: 5NNE) was obtained from the
RCSB Protein Data Bank. All polar hydrogen atoms were added
and solvation parameters were assigned. Before the docking
process, the ligand substructures were extracted and water mole-
cules were removed. The surflex-dock total score was expressed in
—logK, to represent binding affinities. The higher docking total
score, the stronger interaction of proteins and bioactive
compounds.

2.7.  Cell culture and treatment

The human hepatoma cell lines HepG2, Huh-7 and SMMC-7721
were purchased from Cell Bank of the Chinese Academy of Sci-
ence (Shanghai, China). HepG2 cells were cultured in MEM
media, Huh-7 cells and SMMC-7721 cells were cultured in
RPMI1640. All of the medium supplement with 10% FBS (v/v)
and 1% penicillin-streptomycin in a humid atmosphere with 5%
CO, at 37 °C.

2.8.  Cell viability assay

CCK-8 assay was carried out to determine cell viability as pre-
viously described”’. Cells were seeded onto 96-well plates
(5 x 10* cells per well) with each experiment being repeated 6
times. After being incubated at 37 °C for 24 h, cells were treated
with various concentrations of ACDPs for 24 or 48 h. Next, 10 pL
CCK-8 reagent was added into each well for another 1 h of in-
cubation at 37 °C following the manufacturer’s instructions
(Beyotime, China). Then, optical density (OD) values were
measured at 450 nm using a microplate reader.

2.9.  EdU assay

EdU assay was carried out to determine cell proliferation as
previously described”®. Cells were cultured on coverslips, and
then treated by 3.2 mg/mL ACDPs for 24 h. Next, EQU was added
onto each coverslip and incubated for 2 h. After that, cells were
incubated with stationary liquid (PBS containing 4% polyoxy-
methylene) at room temperature for 30 min, followed by incu-
bation with glycine for 5 min and permeabilized with penetrating
agent (PBS containing 0.5% TritonX-100) for 10 min. After being
washed with PBS, the cells were treated with Apollo staining
reaction liquid (RiboBio, China) for 30 min followed by the
addition of penetrating agent and methanol for washing. Cells
were subsequently washed with PBS and added with Hoechst
33,342 reaction reagents for 30 min. Apollo and 4’,6-dimidyl-2-
phenylindole were screened to record EdU-positive cells by
confocal microscope.

2.10.  Colony formation experiment

The steps of colony formation experiment were as follows:
3000 cells/well were seeded and treated with different

concentrations of ACDPs. After 1 weeks of culture with medium,
the colonies were clearly visible. On top of that, colonies were
fixed with 4% polyoxymethylene, stained with crystal violet,
photographed and counted with Image J software.

2.11.  Western blot analysis

Cells were prepared with lysis buffer (1% Triton X-100, 150 mmol/L
NaCl, 10 mmol/L Tris-HCI, pH 7.4, 1 mmol/L EDTA, 1 mmol/L
EGTA, pH 8.0, 0.2 mmol/L Na3;VO,, 0.2 mmol/L phenyl-
methylsulfonyl fluoride (PMSF), and 0.5% nonidet P (NP)-40).
Equal amounts of protein (60—100 pg) were separated by 10% SDS-
PAGE and electro-transferred on to a polyvinylidenefluoride
(PVDF) membrane. Membranes were blocked with 5% non-fat milk
intris-buffered saline-Tween (TBST) for 2 h at room temperature and
incubated with specific primary antibodies against cyclin E1 (1:500,
sc-377,100, Santa Cruz), CDK1 (1: 500, ab265590, Abcam),
PIK3CA (1:500, sc-293,172, Santa Cruz), AKT1 (1:500, sc-5298,
Santa Cruz), p-AKT (1:500, #4060, Cell Signaling Technology),
cleaved-caspase 8 (1:500, #8592P, Cell Signaling Technology), or
tubulin (1:1000, ab7291, Abcam) at 4 °C overnight. The membranes
were then incubated with HRP-conjugated secondary antibody
(1:1000, Seracare) for 1 h at room temperature, following the blots
were visualized using GE ImageQuant™ LAS 4000 detection sys-
tem. The protein bands of interest were quantified using Quantity
One software (Bio-Rad).

2.12.  Animal and tumor allograft model

Eight-week-old BALB/c mice underwent a tumor-burdened
experiment. For the experiment, mice were maintained in spe-
cific pathogen-free (SPF) environment with standard rodent chow,
water and light—dark cycles every 12 h at constant room tem-
perature. All animal procedures conformed to the Guide for the
Care and Use of Laboratory Animals published by the National
Institutes of Health, and were approved by the Institutional Ani-
mal Care and Use Committee of Hebei Medical University (Shi-
jiazhuang, China).

The mice were randomly divided into three group: model
group (normal saline NS: 0.1 mL/10 g/day); ACDPs high-dose
group (400 mg/kg/day); ACDPs low-dose group (200 mg/kg/day).
We injected 1 x 107 Huh-7 cells with phosphate buffer saline
(PBS) subcutaneously into the skin above the right shoulder of
mice. The mice were treated through intragastric administration
for 9 days. And the body weights of mice and volumes of the
tumors were measured every 3 days. Finally, the mice were
sacrificed with cervical dislocation and tumors were collected for
further analysis.

2.13.  Haematoxylin and eosin (H&E) staining and
immunohistochemistry

Tumor tissues were fixed with 4% polyoxymethylene, dehydrated
by ethanol and placed in xylene, then embedded in paraffin wax
and sliced. The sections were baked at 65 °C for 4 h, dewaxed,
hematoxylin stained for 15 min, decolorized with hydrochloric
acid alcohol solution for 5 s. And then we stained them with eosin
for 2 min and made it dehydrated. Finally, we mounted them in
neutral gel and observed the tumor tissue sections with
microscope.

The immunohistochemical analyses were processed according
to standard procedures. In short, the slices were baked and then
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dewaxed in xylene and hydrated in gradient alcohol. Then, 3%
H,0, was added to the sections to remove endogenous peroxidase.
Immunostained sections were preincubated with 5% normal goat
serum and then incubated with specific primary antibodies against
cyclin E1 (1:500, sc-377,100, Santa Cruz), CDK1 (1: 500,
ab265590, Abcam), PIK3CA (1:500, sc-293,172, Santa Cruz),
AKT1 (1:500, sc-5298, Santa Cruz), p-AKT (1:500, #4060, Cell
Signaling Technology), cleaved-caspase 8 (1:500, #8592, Cell
Signaling Technology). The sections were incubated with the
horseradish peroxidase streptavidin biotinylated secondary anti-
body (Dako) followed by diaminobenzidine (DAB kit, Vector
Laboratories). For the negative controls, the primary antibody was
replaced with non-immune rabbit or mouse serum. Staining in-
tensities were determined by measurement of the integrated op-
tical density (IOD) with light microscopy using a computer-based
Image-Pro Morphometric System. The results are expressed as the
mean value of at least three randomly chosen slides in each group.

2.14.  Statistical analysis

Data analysis was performed using SPSS version 16.0 or Graph-
pad Prism six software. Data are presented as means + standard
deviation (SD) from at least three independent experiments, and
each independent experiment was repeated at least three times to
obtain the mean. Normally distributed datasets were analyzed with
the unpaired Student’s 7-test for two independent groups or paired
t test for two dependent groups, and the one-way analysis of
variance (ANOVA) followed by the post Bonferroni’s multiple
comparisons test for >3 groups. For all statistical comparisons, a
value of P < 0.05 was considered statistically significant, and
denoted with one, two and three asterisks when lower than 0.05,
0.01 and 0.001, respectively.

3. Results

3.1.  Identification and characterization of constituents of
ACDPs

The MS spectra were obtained in both positive and negative ion
modes. The representative total ion chromatograms (TIC) are
displayed in Supporting Information Fig. STA and B. In positive
mode, 17,764 spectra were obtained, and in negative mode, 11,496
spectra were obtained (Fig. SIC and D). Imported the data into
Sciex OS 1.5.0 software, selected the ion with mass error less than
5 ppm, the isotope distribution was correct, and contain secondary
fragments as the target ion for qualitative analysis. The com-
pounds were rapidly selected by targeted and non-targeted peak
finding approaches, and then tentatively identified by comparing
with TCM MS/MS database, on-line Chemspider database or
inferred through mass spectrometry fragment ion analysis and
literature data. A total of 139 compounds were rapidly selected by
targeted and non-targeted peak finding approaches, including 102
terpenoids, eight benzenoids, two purine nucleosides and 27 other
classes. 139 chemical components listed in Supporting
Information Table S1.

3.1.1. Identification of terpenoids

Many terpenoid compounds have been isolated from ACs recently
and have significant anti-tumor activities and research values
because their toxicity is much lower than that other com-
pounds®”*’. Predominant in ACDPs are generally terpenoids in a

large number, including diterpenoids, triterpenoids, tetraterpe-
noids and keratosterol. Among them, triterpenoids are the main
components. A common feature of these structures is ergostane or
lanostane skeleton. In order to better understand the MS frag-
mentation pattern of terpenoids from ACDP constituents, we took
compound 1 as an example, which showed [M+H]T ion at m/z
455.3152 on the TOF-MS spectrum. The molecular formula was
speculated to be C29H4204 based on the analysis of its elemental
composition and fractional isotope abundance. The main fragment
ions were analyzed via the TOF-MS/MS screening and the main
fragment ions were analyzed via the MS/MS screening and
observed at m/z 437 [M + H—H,O]", 409 [M + H—H,0—CO]",
297 [M + H-H,0—CO—CgHy;s]", 205 [M + H—H,0—
CO—C;sH,,]" in the positive ion spectrum. These fragments were
coincided with the reference substance antcin A. These fragments
were coincided with the antcin A in the TCM MS/MS database.
As such, compound 1 was finally identified to be antcin A. The
mass spectra, fragment information and Sciex OS screening
interface of antcin A in positive mode were illustrated in Fig. 2A
and B.

For the components not in the TCM MS/MS database, analysis
was conducted using the on-line Chemspider database, fragmen-
tation pathway and literature data. We took compound 7 as an
example, which showed a protonated ion [M+H]" at m/z
489.3207 with the molecular formula CyoH44Og in the positive
ionization mode. The hydrogen adduct [M+H]" was observed in
positive ionization mode. Further MS/MS scan showed that they
produced fragment ions at m/z 471.3101, 453.2986, 435.2878,
407.2930, 175.1478, etc. Compound 7 was identified as antcin K
by comparing with on-line Chemspider database, inferred through
mass spectrometry fragment ion analysis. The mass spectra and
fragment information were illustrated in Fig. 2C.

102 terpenoid components listed in Table S1 were identified or
inferred in ACDP. It can be seen that terpene alcohols are prone to
continuous loss of HO and CO,, and the research and analysis of
the chemical structure showed that there was ring split phenom-
enon. Some compounds should be assigned as the isomers via
their high-resolution mass values. For example, compounds 2 and
5 were preliminarily identified as antcin B, antcin F or zhankuic
acid A by comparing with TCM MS/MS database and literature
data. We checked with Chemspider and found that zhankuic acid
A is the same as antcin B, consistent with the previous results®'.
Compounds 2 and 5 displayed a similar deprotonated ion [M+H] "
at m/z 469.2944 and 469.2945 with the same molecular formula
Cy9H400s. The fragment information of the two compounds was
relatively similar. The clogP values of the antcin B and antcin F
were calculated using ChemDraw software. Antcin F has smaller
clogP value while antcin B has higher value. They were 4.687 and
5.362, respectively. The clogP value of one compound, which was
the logarithm of its partition coefficient between n-octanol and
water 10g(Coctanol/Cwater), Was a well-established measure of a
compound hydrophilicity. Therefore, antcin F was firstly eluted.
Compound 5 was identified as antcin F, compound 2 was identi-
fied as antcin B (zhankuic acid A).

3.1.2.  Identification of benzenoids

A total of eight benzenoids were identified. We took compound
108 as an example. Based on the analysis of its elemental
composition and fractional isotope abundance, its molecular for-
mula was predicted to be C;oH;,0,4 The precise molecular weight
was 197.0808, and the main fragment ions were analyzed via the
MS/MS screening and observed at m/z 167 [M + H—CH,0]", 139
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M + H-CH,0,]", 124 [M 4 H—C;Hs0,]", 109
[M 4+ H—C,4HgO,]" and 77 [M + H—C,4HgO,] " in the positive ion
spectrum. It was identified as 4,7-dimethoxy-5-methyl-1,3-
benzodioxole by searching the database, inferred through mass
spectrometry fragment ion analysis and literature data”. The mass
spectra, fragmentation pathway and Sciex OS screening interface
of 4,7-dimethoxy-5-methyl-1,3-benzodioxole in positive mode are
illustrated in Supporting Information Fig. S2A and B,

3.1.3.  Identification of nucleosides

As nitrogen-containing compounds, nucleoside compounds easily
produce [M-+H]" quasi-molecular ion peaks in positive ion mode.
In secondary mass spectrometry, nucleosides are prone to lose
ribose (CsHgO,4, 132 Da) or deoxyribose (CsHgOs, 116 Da) to
produce base quasi-molecular ion peaks. Compound 111 with the
[M+H]™ ion at m/z 268.1042, which produced the fragment ions
at m/z 136 and m/z 119. The main fragment ions at m/z 136 was
obtained by the loss of CsHgO, from the precursor ion at m/z 268,
while the ion at m/z 119 was produced by continuous loss of NHj3.
Based on the analysis of its elemental composition and fractional
isotope abundance, its molecular formula was predicted to be
C0H3N504. By searching the database, inferred through mass
spectrometry fragment ion analysis and literature data, compound
111 was identified as adenosine. The mirror image matching di-
agram of secondary fragments of compound 111 and reference
substance in TCM MS/MS database was illustrated in Fig. S2C
and D.

3.1.4.  Identification of other classes

In addition, 27 other compounds have been identified from
ACDPs, including unsaturated fatty acids and vitamins, etc.
Compound 139 was selected as an example. The precise molec-
ular weight was 181.0722, and the main fragment ions were
analyzed via the MS/MS screening and observed at m/z 163 [M—
H-H,0]", 101 [M-H-C,HgO3]", 59 [M—H-C4H,,0,]", 89 [M—
H—C3HgOs3], and 71 [M—-H—C3H;oO4]" in the negative ion
spectrum. Based on the analysis of its elemental composition and
fractional isotope abundance, its molecular formula was predicted
to be C¢H 40¢. According to the fragment information and TCM
MS/MS database, the compound was identified as mannitol. The
secondary fragment of this substance was consistent with the
secondary fragment of the reference substance in the TCM MS/
MS database. The mass spectra, fragment information and Sciex
OS screening interface of mannitol in negative mode are illus-
trated in Supporting Information Fig. S3A and B.

For both aliphatic and aromatic carboxylic acids, their typical
pattern of mass spectrometry is continuous loss of H,O (18 Da)
and CO, (44 Da). Took compound 115 as an example, the precise
molecular weight was 133.0146, and the molecular formula was
speculated to be C4;HgOs based on the analysis of its elemental
composition and fractional isotope abundance. Ion of 115 [M—H—
H,0] fragment was generated by losing H,O from [M—H] ™ ion.
Then, 71 [M—H-H,0O—CO,] " ion was formed through losing CO,
from 115 [M—H-H,0]  ion. Compound 115 was identified as
malic acid by comparing with on-line Chemspider database,
inferred through mass spectrometry fragment ion analysis and
literature data®. The mass spectra and fragment information were
illustrated in Fig. S3C.

3.2.  Results of prediction and enrichment analysis of the active
components of ACDPs

Firstly, the compounds in ACDPs were searched in the Swiss
ADME database. There were 72 active ingredients with high
gastrointestinal absorption and appropriate drug-likeness. Swiss
TargetPrediction was used to predict the targets of compounds,
and to construct the composition-target network (Fig. 3A and
Supporting Information Table S2). At the same time, the infor-
mation about the verified targets of ACDPs was downloaded, and
the repeated targets were merged (Supporting Information Table
S3). Then, the enrichment analysis of GO and KEGG after inte-
gration of all targets were shown in Fig. 3B and C and Supporting
Information Table S4. GO enrichment analysis showed that the
targets of ACDPs were closely related to positive regulation of
ERK1 and ERK2 cascade, inflammatory response, negative
regulation of apoptotic process, positive regulation of cell prolif-
eration, and so on (Fig. 3B). KEGG pathway enrichment analysis
indicated that the targets of ACDPs were significantly enriched in
pathways in cancer, hepatitis B, FoxO signaling pathway, insulin
resistance, and so on (Fig. 3C).

3.3.  The results of prediction for biomarkers of HCC

514 HCC samples and 341 normal samples were acquired in the
datasets of GSE14520, GSE45267, GSE64041, and GSE112790
(Supporting Information Table S5). As shown in Fig. 4A-D, the
results of PCA suggested that tumor and normal tissue samples in
each dataset came from different populations, which indicated that
the source of the sample was reliable. Then, the results of different
analysis of limma package (Supporting Information Table S6)
were shown in Fig. 4E—H after visualization of ggplot2, and the
heat map of differential expression genes (DEGs) were shown in
Fig. 41-L. The clustering results of heat map proved that the
DEGs could distinguish tumor tissues and normal tissues, so the
DEGs were representative of the whole sample. DEGs were in-
tegrated by RobustRankAggreg (RRA), and 293 DEGs, including
120 up- and 173 down-regulated genes, were obtained (Fig. 4M
and Supporting Information Table S7). DKK1, REG3A, DEFBI,
MMP12 and LCN2 were the top five up-regulated genes, while
STAB2, CLEC1B, CXCL14, FCN3 and ASPM were the top five
down-regulated genes.

The TCGA database contained 374 HCC tissues and 50 normal
tissues. Survival analysis showed that 113 DEGs from patients
with  HCC were significantly related to overall survival
(Supporting Information Table S8). ROC analysis showed that 41
DEGs from patients with HCC were significantly related to the
identification of tumors (Supporting Information Table S9). In
LIHC, the DEGs with significant influence on overall survival
were AURKA, CCNBI, cyclin dependent kinase 1 (CDKI1),
SUMO-activating enzyme subunit 1 (SAE1) and topoisomerase
Il (TOP2A), and the corresponding ROC curves of these genes
were shown in Fig. 5. By combining results from LIHC that were
significant for overall survival and tumor identification, 41 DEGs
(41 up-regulated genes) closely related to HCC were gained.
Validated targets were downloaded from DisGeNET database and
there were 5725 entries related to HCC. 40 HCC targets
(Supporting Information Table S10) were gathered by setting the
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Figure 5
HCC patients. (F)—(J) ROC curves of AURKA, CCNB1, CDK1, SAE1

threshold value to 0.5. Finally, 79 Biomarkers of HCC were ob-
tained by merging these targets.

3.4.  Results of enrichment analysis of the HCC-related targets
of ACDPs

15 targets related to HCC in ACDPs were acquired from the
intersection of ACDPs targets and HCC targets (Fig. 6A). Then we
built the protein—protein interaction (PPI) network with STRING
database and Cytoscape. Based on this, we used the MCODE
plug-in to calculate the modules with special functions in the PPI
network. nine targets, including CCNB1, CASP8, CCNE1, CDK1,
PIK3CA, MET, AURKA, TOP2A and TERT, were gathered by
modularization analysis score>4. KEGG pathway enrichment
analysis of these targets showed that they were significantly
enriched in phosphoinositide-3 kinase (PI3K)/AKT and cell cycle

False positive rate

Results of DEGs filtered and selected by TCGA database. (A)—(E) Survival curves of AURKA, CCNB1, CDK1, SAEI and TOP2A in

and TOP2A in HCC patients.

signaling pathway, such as pathways in cancer, viral carcinogen-
esis, and P53 signaling pathway (Fig. 6B and Supporting
Information Table S11). Meanwhile, the network of these targets
with the active ingredients of ACDPs was shown in Fig. 6C. Then,
a molecular docking approach was used to predict the interaction
between ACDP bioactive compounds and corresponding target
proteins. As shown in Supporting Information Table S12, zhan-
kuic acid E had the potentially high binding affinity with CDKI1,
PIK3CA and CCNEI, ganoderiol B had the potentially high
binding affinity with CDK1 and PIK3CA, ganodermanontriol had
the potentially high binding affinity with CCNE1, lucidumol A
had the potentially high binding affinity with TERT, and so on.
Three- and two-dimensional binding mode of the active com-
pounds and proteins were shown in Fig. 6D and E and Supporting
Information Fig. S4. Taken together, these results indicated that
ACDPs might play an anti-hepatoma role through decreasing the
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expression of cell cycle-related protein regulated by the PI3K/ cell lines. Firstly, we examined the effect of ACDPs on cell

AKT signaling cascade. viability using the CCK-8 assay. Cells were pretreated with

different concentrations (0, 0.4, 0.8, 1.6, and 3.2 mg/mL) of
3.5.  ACDPs repress the proliferation of HCC cells in vitro ACDPs for 24 or 48 h. As shown in Fig. 7A—C, treatment of cells
through PI3K/AKT/cell cycle axis with ACDPs dose- and time-dependently inhibited the viability of

HCC cells. Then, the colony formation experiment further proved
To further verify the effect of ACDPs on HCC cells, we turned to that ACDPs had reasonable anti-liver cancer effect in vitro
culture HepG2, Huh-7 and SMMC-7721, the human hepatoma (Fig. 7D), similar to the results of CCK-8 assays. Furtherly, the
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Figure 7 ACDPs repress the proliferation of HCC cells in vitro through PI3K/AKT/cell cycle axis. (A)—(C) CCK-8 for the viability of HCC
cells, cultured in medium containing 0, 0.4, 0.8, 1.6, 3.2 mg/mL ACDPs for 24 and 48 h. Data are presented as mean + SD, *P < 0.05,
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anti-proliferation effect of ACDPs was confirmed by EdU assay
(Fig. 7E—G). According to the results from the informatics,
ACDPs might affect the expression of cell cycle-related proteins
by regulating PI3K/AKT pathway. The expression of cyclin E1
and CDKI1 in Huh-7 cell was detected by Western blot. As shown
in Fig. 7H, they were significantly reduced after ACDPs-
stimulation. We also found that the expression of cleaved-
caspase eight was increased upon ACDPs-stimulation. Mean-
while, ACDPs decreased the expression of PIK3CA and the ac-
tivity of AKT. In conclusion, ACDPs could exert an anti-cancer
effect via PI3K/AKT signaling pathway in liver cancer.

3.6.  ACDPs inhibited tumor growth and downregulated the
expression of cell cycle-related protein in HCC-xenograft mice

To furtherly verify the antitumor effect of ACDPs and explore its
possible mechanism in vivo, the HCC model of BALB/c mice was
established. As shown in Fig. 8A and B, compared with the model
group, ACDPs inhibits tumor growth in mice in a dose-dependent
manner. Administration with 200 and 400 mg/kg/day ACDPs
reduced tumor weight by 48% and 67% respectively, and signif-
icantly reduced tumor volume (Fig. 8C and D). The weight change
curve of mice in each group was showed in Supporting
Information Fig. S5, indicating that ACDPs had no obvious
toxicity or side effects. Immunohistochemical staining was used to
detect the expression levels of cell cycle-related proteins and the
activity of PI3K/AKT signaling pathway. The expression levels of
cyclin E1, CDK1, PIK3CA, p-AKT and AKT were significantly
decreased, and that of cleaved-caspase eight was increased
(Fig. 8E). Altogether, these data indicated that the ACDPs-
induced the inhibition of cell proliferation was correlated with
the induction of cell cycle arrest and the blockade of PI3K/AKT
signaling pathway.

4. Discussion

HCC is one of the leading causes of cancer-related deaths
worldwide, with more than 500,000 new cases annually, and its
prevention and treatment still remains as a major clinical chal-
lenge. TCM has the characteristics of multiple targets and func-
tions, and it has been widely used in the treatment of cancers
because of its advantages, such as preferentially killing cancer
cells, less side effect, less drug resistance, and improving the
body’s immunity. Extracts of A. cinnamomea has been reported to
have anti-HCC activity via regulating cell apoptosis, viability,
migration or invasion in a variety of liver cancers''~'*. However,
the main role of A. cinnamomea in anti-HCC and the relationship
between the chemical components and targets remained remains
to be not fully studied. In this study, we were the first to sys-
tematically analyze the chemical fingerprint in ACDPs. Drop pills
are prepared by mixing medicinal plant extract with molten
pharmaceutical base followed by dripping the mixture into an
immiscible coolant until solidified droplets are achieved. The
polymeric substance was detected in the MS chromatogram and
shown as a zigzag peak, which are used to stabilize and increase
bioavailability of the drug. The main peak in the chromatogram
was polymeric substance as shown in Fig. SI1. However, the
presence of polymeric substance does not affect the identification

of active ingredients in ACDPs. Using UPLC—Q-TOF/MS, 139
chemical components in ACDPs, including 102 terpenoids, eight
benzenoids, two purine nucleosides and 27 other classes, were
preliminarily determined. Next, it needs to be combined with the
reference substance and other structural identification methods for
accurate structural identification. Among of them, antcin A, antcin
B, antcin C, antcin D, antcin K, antcin G, camphoratin C, cam-
phoratin G, zhankuic acid B, zhankuic acid C, and Zhankuic acid
E are the main ingredients. The whole process was rapid, efficient
and accurate, suggesting the developed method could serve as a
good strategy for qualitative analysis of the TCM with the
advantage of high efficiency and sensibility.

On the basis of the chemical composition, composition-target
network was established. The enrichment analysis of GO and
KEGG were performed to analyze the targets of the active com-
ponents of ACDPs. We found that these active components were
enriched in cancer or cancer-related signal pathways, such as
prostate cancer, pancreatic cancer, non-small cell lung cancer,
cellular response to hypoxia, cellular response to hypoxia, TNF
signaling pathway, inflammatory response, negative regulation of
apoptotic process and positive regulation of cell proliferation, and
so on. Next, though information biology analysis, 79 biomarkers
of HCC were obtained from the database of GEO, TCGA and
DisGeNET. AURKA, CCNB1, CDK1, SAE1 and TOP2A were the
DEGs that significantly influenced the overall survival, and liver
cancer patients with higher expression of these genes showed a
worse prognosis. AURKA is an important regulator in mitotic
progression, and frequently upregulated in HCC and other human
cancers”™ *°, As is known to all, CCNB1 and CDKI1 are abso-
lutely essential for cell division and tumorigenesis. CCNB1 is a
crucial G2/M phase promotor, and the cyclin B/CDK1 complex is
the principal CDK that facilitates G2/M cell cycle transition®.
SAEI is a component of a heterodimeric small ubiquitin-related
modifier that plays a vital role in SUMOylation, a post-
translational modification involving in cellular events such as
regulation of transcription, cell cycle and apoptosis. A recent
study showed that SAE1 was overexpressed in HCC, and its
overexpression was stage and grade-dependent and associated
with poor survival’’. TOP2A is one of the tumor drivers in a
myriad of malignant tumors, and it increased cancer cell prolif-
eration through inhibiting P53 activity’®. TOP2A overexpression
in HCC correlated with chemoresistance and shorter patients
survival®’. Finally, it is worth mentioning that, the most critical
nine targets of ACDPs, CCNB1, CASPS, CCNEl, CDKIl,
PIK3CA, MET, AURKA, TOP2A and TERT, obtained by the final
screening, and they were significantly enriched in PI3K/AKT and
cell cycle signaling pathway, which might suggest the predomi-
nant role of ACDPs in suppressing HCC tumor progression.

Next, molecular docking is a theoretical simulation method
that simulate the interaction of ligand and receptor, and predict the
binding patterns and affinity. To investigate the interaction be-
tween ACDP bioactive compounds and target proteins, a molec-
ular docking assay was carried out. The zhankuic acid E and
ganoderiol B had the potentially high binding affinity with CDK1,
PIK3CA, and zhankuic acid E and ganodermanontriol had the
potentially high binding affinity with CCNE]1, lucidumol A had
the potentially high binding affinity with TERT, and so on.
Zhankuic acid E, ganodermanontriol and lucidumol A belong to
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triterpenoids, well known anti-tumor components***'. At present,
there are few studies about the relationship between zhankuic acid
E and tumor. It is reported that other popular triterpenoids from
A.cinnamomea plays key roles in anti-tumor, such as zhankuic
acid A significantly improved the levles of G2/M arrest and sub
G1 accumulation levels, trigging cell apoptosis and death of the
resistant cell lines*?, zhankuic acid A and zhankuic acid C induced
cell apoptosis in colon cancer cell lines HT-29 and SW-480"*,
The ganodermanontriol significantly promoted apoptosis of Hela
and HepG2 cells**°, specifically suppressed proliferation in
human breast cancer cells and colon cancer cells, and might be a
potential chemotherapeutic agent for the treatment of cancer*’**.
The lucidumol A reduced cell growth in Caco-2, HepG2 and HeLa
cells in a dose-dependent manner®’. Overall, the results from
bioinformatics were accurate and feasible.

Finally, to verify these bioinformatics analysis results, a series
of experiments were carried out. Herein, firstly, we found that
ACDPs dose- and time-dependently inhibited the proliferation in
multiple hepatocellular carcinoma cells, and exerted potent
treatment effects on tumor growth in Huh7-cell-bearing mice,
consisted with our previous prediction and the existing literatures
about A. cinnamomea'®. Then, according to bioinformatics that
the anti-tumor efficacy of ACDPs might be related to its regulation
on the PI3K/AKT/cell cycle axis, the results from Western blot of
Huh-7 cells and immunohistochemistry of tumor tissues showed
that ACDPs inhibited the expression of cell cycle-related protein
and PIK3CA, decreased the activity of p-AKT, and upregulated
the level of cleaved-caspase 8. Although a large number of studies
have been reported the importance of PI3K/AKT pathway in liver
cancer, very few have focused on the effect of A. cinnamomea on
HCC PI3K/AKT pathway so far. It had been reported that ethanol
extracts of fruiting bodies of A. cinnamomea suppressed the ex-
pressions of PI3K and phosphorylation of AKT in human
adenocarcinoma cells***’, which was consistent with our study in
HCC. It is known that the activation of PI3K/AKT signaling re-
sults in HCC cell proliferation, adhesion, migration, and
invasion’' >*. PI3K is activated through ligand binding, which
phosphorylates AKT. PI3K/AKT signal pathway increased cyclin
D1 and CDK4 expression, thereby promoting cell proliferation
and cell-cycle G1/S transition®>°. In addition, PI3K/AKT directly
triggers CDK1 activation, and promotes the entry of G2/M phase
from S phase. Meanwhile, PI3K/AKT pathway was related to
MDM2-P53 axis. MDM?2 is one of the downstream proteins of
AKT, and is phosphorylated by AKT, which causes the nuclear
localization of MDM?2 followed by its interaction with the tumor
suppressor P53 and eventual degradation®’. Therefore, ACDPs
might downregulate cell cycle-related protein expression by
inhibiting the PI3K/AKT signaling pathway, and PI3K/AKT/cell
cycle axis may be the major pharmacological targets for ACDPs
effects on anti-HCC.

5. Conclusions

In summary, a total of 139 chemical components are identified in
ACDPs. Results from network pharmacology show that CCNB1,
CASP8, CCNEI1, CDK1, PIK3CA, MET, AURKA, TOP2A and
TERT may be the potential protein targets, and molecular docking
predicts the affinity between these targets and their corresponding
active ingredients. KEGG pathway enrichment analysis reveal that
the targets are significantly enriched in PI3K/AKT and cell cycle

signaling pathway, which are verified by in vivo and in vitro ex-
periments, suggesting that PI3K/AKT-mediated cell cycle pro-
gression plays the central role in the suppression of liver cancer of
A. cinnamomea.
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