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Purpose: To reveal the potential mechanism of PDA on hepatocellular carcinoma SMMC-7721 cells in vitro.
Methods: The cytotoxic activity, colony formation, cell cycle distribution, apoptosis and their associated protein analysis, intracellular 
reactive oxygen species (ROS) and Ca2+ levels, proteins in Nrf2 and Ntoch pathways and metabolite profiles of PDA against 
hepatocellular carcinoma were investigated.
Results: PDA with cytotoxic activity inhibited cell proliferation and migration, increased intracellular ROS, Ca2+ levels and MCUR1 
protein expression in a dose-dependent manner, caused cell cycle arrest in the S phase and induced apoptosis via adjusting the levels of 
Bcl-2, Bax, and Caspase 3 proteins, and inhibited the activation of Notch1, Jagged, Hes1, Nrf2 and HO-1 proteins. Metabonomics data 
showed that PDA significantly regulated 144 metabolite levels tend to be normal level, especially carnitine derivatives, bile acid 
metabolites associated with hepatocellular carcinoma, and mainly enriched in ABC transporter, arginine and proline metabolism, 
primary bile acid biosynthesis, Notch signaling pathway, etc, and proved that PDA markedly adjusted Notch signaling pathway.
Conclusion: PDA exhibited the proliferation inhibition of SMMC-7721 cells by inhibiting ROS/Nrf2/Notch signaling pathway and 
significantly affected the metabolic profile, suggesting PDA could be a potential therapeutic agent for patients with hepatocellular 
carcinoma.
Keywords: isoquinoline alkaloid, apoptosis, acylcarnitine, bile acids, metabolomics

Introduction
Hepatocellular carcinoma (HCC), as the third cancer killer after lung cancer and colorectal cancer, is one of the commonest 
primary liver malignancies threatening the health of people worldwide.1,2 According to the latest survey data, the number of 
new cases of HCC worldwide was 91 million, and the number of deaths was 83 million in 2020.3 Its higher morbidity and 
mortality are mainly related to its characteristics of asymptomatic, rapid growth and high aggressiveness, for this reason, 
clinically, most patients are usually diagnosed as locally advanced or metastatic or inoperable due to complications.4 Study has 
shown that the main factors that trigger HCC include chronic with hepatitis B or C virus infection, aflatoxin-contaminated 
foodstuffs, chronic alcohol consumption, etc, in most cases, cirrhosis is the strongest risk factor for HCC.5

Current drugs used clinically to treat HCC remain a concern for patients due to their drug resistance and side effects.6 

Therefore, the search for new drugs to treat HCC has become a focus of global researchers. In recent years, natural medicine, 
especially traditional Chinese medicines with clear curative effects, has possessed a significant guiding role in the development of 
new drugs, a large number of natural products have been proven to play an important role in the prevention and treatment of 
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various diseases, including cancer, Alzheimer’s disease, hypertension and insomnia.7–9 Phellodendron chinense Schneid 
(Rutaceae), as a traditional medicinal plant, has been used widely to quench the fire and clear heat, dry dampness and counteract 
toxicity in the field of traditional Chinese medicine for centuries.10 More recently, researchers from various countries have 
studied the chemical composition and biological activity of P. chinense, showing that alkaloids are its main components, 
especially isoquinoline alkaloids.11 Pharmacological studies have confirmed that alkaloids have a variety of pharmacological 
activities, including anti-inflammatory, immune-enhancing, hypolipidemic, hypoglycemic, and antitumor effects.12 Notably, 
berberine, the active alkaloid ingredient in P. chinense, has shown significant inhibitory effects against various cancers, such as 
lung cancer, liver cancer, colorectal cancer, ovarian cancer and prostate cancer.13 Isoquinoline alkaloids derivatives, as a class of 
N-heterocyclic active ingredients widely present in the plant, have a high probability of success as lead compounds in the drug 
discovery and development process,14 which was reflected in several isoquinoline alkaloid-based drugs, such as the antirheu
matic sinomenine, the antitussive codeine, the analgesic morphine, and the acetylcholinesterase inhibitor galanthamine.15 Thus, 
novel isoquinoline alkaloids from natural products as promising drug leads remain an active area of drug development.

In our previous work, the isoquinoline alkaloids derivative, Phellodendronoside A (PDA) was isolated from the bark 
of P. chinense in our lab, which possessed potent anti-inflammatory activity against lipopolysaccharide-induced 
RAW264.7 cells10 and anticancer activity, while being less toxic to normal hepatocyte lines. So, we expected that 
PDA, as an isoquinoline alkaloid, could be a new drug for the treatment of cancer, just like berberine. In this research, the 
anticancer mechanism of PDA had been elucidated by molecular biological methods including MTT, colony formation 
assay, flow cytometry and Western blot. The global metabolic profiling of SMMC7721 cells induced by PDA was 
investigated using a non-targeted metabolomics approach based on ultra-performance liquid chromatography-mass 
spectrometry/mass spectrometry (UPLC-MS/MS).

Materials and Methods
Instruments, Reagents, and Antibodies
Ultra-High-Performance Liquid Chromatography (Dionex, USA); High-speed refrigerated centrifuge (Eppendorf, 
Germany); GAPDH (GB15002), Caspase3 (GB11009-1), Hes1 (GB11374), CyclinD1 (GB111935), CyclinE1 
(GB111938), BCL-2 (GB113375), Jagged (GB11122), Notch1 (GB111690), horseradish peroxidase (HRP) conjugated 
goat anti-mouse (GB25301) and goat anti-rabbit (GB23303), and Bax (GB12690) were purchased from Wuhan 
servicebio Technology CO., LTD. MCUR1 (13706, CST), HO-1 (25614-1-AP) and Nrf2 (16396-1-ap) were ordered 
from Proteintech, Wuhan.

Cell Culture
Human HCC cell lines, SMMC-7721, provided by Prof. Suiqing Chen (Henan University of Chinese Medicine, China), 
were cultured using RPMI 1640 medium (20210823, Solarbio, Beijing, China) containing 10% fetal bovine serum (FBS, 
04–001-1ACS, BI, Israel), 100 U/mL penicillin and 100 μg/mL streptomycin (Solarbio, China) at 37°C in a humidified 
carbon dioxide incubator with 5% CO2. SMMC-7721 cell lines were authenticated using short tandem repeat DNA 
testing by the FuHeng Center in March 2022. All studies were approved by the Ethics Committee of the Henan 
University of Chinese Medicine and conducted in accordance with its guidelines.

Cytotoxic Assay
MTT assay was used to determine the cytotoxicity of PDA on SMMC-7721 cells. SMMC-7721 cells (3 × 103 cells/well) 
were seeded in a 96-well plate for 24 h, and PDA with purity greater than 98% was diluted with 1640 into different 
concentrations (25, 30, 35, 40, 45, 50 μmol/L) and treated for 24 h. Then, 20 μL of Thiazolyl Blue Tetrazolium Bromide 
(MTT, M8180, Solarbio, Beijing, China) solution was added and incubated at 37°C for another 4 h. 150 μL of DMSO 
was added to the wells where the MTT solution was removed. Finally, the absorbance of the solution was measured at 
490 nm.
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Colony Formation Assay
The colony formation assay was used to assess the inhibitory effect of PDA on cell proliferation. Cells were inoculated at 
1×103 cells/well in 6-well plates and cultured for 2 weeks until the colonies were formed, and the medium was changed 
every 3 days with fresh medium. Afterwards, the colonies were fixed with 70% ethanol and stained with crystal violet, 
and then the wells were washed to image and count the colonies.

Cell Cycle Distribution Analysis
Flow cytometry (FCM) was used to evaluate the effect of PDA on the cell cycle distribution of SMMC-7721. Cells (1.5 × 
105 cells/well) were collected after PDA treatment for 24 h and fixed overnight in 70% ethanol. Cells were centrifuged, 
washed and incubated with RNase A solution (200 μg/mL). Afterwards, PI solution (100 μg/mL) was added and 
incubated again in darkness. Cells were detected by FCM (FACSCalibur, BD, USA).

Apoptosis Analysis
FCM was used to detect intracellular apoptosis levels. Cells in 6-well plates (1.5 × 105 cells/well) were incubated with 
PDA for 24 h and suspended in a binding buffer. Subsequently, 5 μL of Annexin V-FITC and 5 μL of PI (556547, BD, 
USA) were added into the buffer, respectively, and flow analysis was performed immediately after incubation in the dark.

Intracellular ROS Analysis
Cellular ROS levels were measured using the Reactive Oxygen Assay Kit (Beyotime). Briefly, cells that had been 
incubated with PDA for 24 h were collected in 6-well plates (1.5 × 105 cells/well). The DCFH-DA probe was added to 
the cells and incubated for 20 min at 37°C. Subsequently, cells were washed three times with PBS and DCF fluorescence 
was measured by FCM.

Determination of Intracellular Ca2+

A Ca2+ detection assay kit (20171206, Solarbio Science & Technology, Beijing China) was used to evaluate the level of 
cellular Ca2+. SMMC-7721 cells were inoculated into 6-well plates at 1.5×105 per well. After 24 h of culture, the cells 
were collected and incubated with 500μL Fluo-4 (AM) for 20 min; then, five times the volume of HBSS containing 1% 
fetal bovine serum was added and cultured for 40 min. The cells were washed with HEPES buffer and detected by FCM.

Western Blot
Cells were collected from 6-well plates (5 × 104 cells/mL, 3 mL) after 24 h incubation with PDA and lysed on ice with 
RIPA lysis buffer. Protein concentration in the supernatant was quantified using the BCA Protein Assay Kit (G2026, 
Servicebio, Wuhan, China). Equal amounts of protein samples (40 μg) were separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and electrically transferred to polyvinylidene difluoride (PVDF) 
membranes. The membranes were blocked with 0.1% Tween-20 (TBST) containing 5% skimmed dry milk powder for 
4 h and incubated with primary antibody (dilution 1:1000) in a shaking incubator at 4°C overnight, washed with TBST 
and then incubated with enzyme-labeled secondary antibody (dilution 1:500) blocking solution for 1 h. Finally, the target 
proteins were detected using BosterECL Star Western blotting detection reagent (AR1170, BOSTER, Wuhan, China).

UPLC-MS/MS Analysis
The UPLC-MS/MS analysis was performed as described technique in a previous article by our team.9 Briefly, the cell 
supernatant obtained by homogenization was analyzed via a UPLC-ESI-MS/MS data acquisition instrument system (MS, 
QTRAP® System, UPLC, Shim-pack UFLC SHIMADZU CBM30A system): Waters ACQUITY UPLC HSS T3 C18 
(1.8 µm, 2.1 mm×100 mm); mobile phase A as ultrapure water with 0.04% acetic acid and mobile phase B was 
acetonitrile with 0.04% acetic acid; elution gradient. LIT and triple quadrupole scans were gained on a triple quadrupole- 
linear ion trap mass spectrometer (QTRAP), QTRAP® LC-MS/MS System.
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Statistical Analysis
Data from at least 3 independent experiments were expressed as means ± standard deviation (SD). Statistical analysis of 
variance in multiple group comparisons was performed using one-way analysis of variance (ANOVA) and followed by 
SNK post-hoc for group-wise comparisons in Statistical Product and Service Solutions (SPSS) 25.0 software. P < 0.05 
was considered statistically different. Raw data obtained by UPLC-MS/MS were processed by Pro-file Analysis software 
and subjected to principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS- 
DA) to obtain score plots. Potential markers (p-value <0.05 and VIP value >1.0) were screened using the Human 
Metabolome Database (HMDB), METLIN and other databases. Identified molecules were entered into the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) for metabolic pathway analysis.

Results
PDA Inhibits Cell Proliferation and Colony Formation
The chemical structure of PDA is shown in Figure 1A. Cell viability was assessed by treatment with PDA at 0, 25, 30, 
35, 40, 45 and 50 μM for 24 h. As shown in Figure 1B, PDA displayed significant cytotoxicity at 30 µmol/L compared 
with the control group and inhibited the proliferation of SMMC-7721 cells in a dose-dependent manner. PDA treatment 
at concentrations of 25, 30, 35, 40, 45 and 50 μM exhibits 6.88%, 18.08%, 29.20%, 41.42%, 48.06% and 49.47% of 
inhibition on cell viability, respectively, and the IC50 value of PDA was ~ 47.52 μmol/L. Thus, PDA at concentrations of 
30–40 µmol/L was selected for further studies.

Afterward, the long-term cytotoxicity of PDA to SMMC-7721 cells was detected by cell colony formation. As shown 
in Figure 1C and D, chronic exposure to PDA (30–40 µmol/L) also dose-dependently inhibited colony formation and 
decreased the numbers of SMMC-7721 cell colonies.

PDA Causes Cell Cycle Arrest in the S Phase
As shown in Figure 2A and B, PDA treatment for 24 h resulted in cell cycle arrest in the S phase in a dose-dependent 
manner. As the concentration of PDA increased, the proportion of S phase cells on SMMC-7721 cells increased from 26.8% 
(0 μM) to 49.9% (40 μM), while the proportion of G0/G1 phase cells decreased from 49.8% (0 μM) to 27.2% (40 μM), with 
no significant effect on the proportion of G2/M-phase cells. Afterward, cyclins were also detected (Figure 2C–E), the 
expression of cyclin E was down-regulated, while cyclin D1 was up-regulated after PDA intervention, which was consistent 
with the cell cycle results detected by flow cytometry.

PDA Induces Apoptosis
The results showed that the apoptosis rates of SMMC-7721 cells (the sum of early and late apoptosis) increased from 
0.08% (0 μM) to 22.35% (40 μM) (Figure 3A and B), indicating that PDA induced apoptosis in a dose-dependent 
manner. In addition, the expressions of apoptosis-related proteins were further examined (Figure 3C). The quantitative 
results showed that PDA could significantly decrease the expression of Bcl-2 protein, increase the expression of Bax, and 
ultimately activate Caspase 3 to induce apoptosis in SMMC-7721 cells (Figure 3D–F).

PDA Inhibits Cell Proliferation by Inhibiting ROS/Nrf2/Notch Pathway
ROS, a by-product of the oxidative phosphorylation process, can also inhibit proliferation in cancer cells by promoting 
apoptosis.16 Intracellular ROS and Ca2+ levels increased in a dose-dependent manner after treatment with 30–40 μM 
PDA for 24 h compared with the control group (Figure 4A and B). Besides, after 24 h of treatment with PDA, the 
expressions of Notch1, Jagged, Hes1, MCUR1, Nrf2, and HO-1 were detected, which were thought to be associated with 
abnormally elevated ROS in the cells. As shown in Figure 4C and D, the results indicated that PDA also dose- 
dependently increased the expression of cellular MCUR1 protein and decreased the expression of Notch1, Jagged, 
Hes1, Nrf2 and HO-1 proteins (Figure 4E–I), indicating that PDA inhibited cell proliferation by inhibiting ROS/Nrf2/ 
Notch pathway.
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Metabolomics Analysis
Metabolomics techniques have been widely used in the discovery of candidate biomarkers for cancer staging, prognosis 
and treatment selection. Small-molecule metabolites in metabolic profiles are influenced by drugs or pathological 
processes and can provide insights into the metabolic consequences of liver disease and represent attractive candidates 
to understand HCC phenotypes. To this end, we have performed metabolic profiling after PDA treatment. As shown in 
Table 1, 696 metabolites were detected in the SMMC-7721 cell samples and were grouped into 12 known classes, but the 
majority of which were lipids and derivatives, amino acid and derivatives, organic acid and derivatives, nucleotide and 
derivates, etc.

Figure 1 Anticancer effect of PDA treatment on SMMC-7721 cells. (A) Chemical structure of PDA. (B) The cytotoxicity of PDA at different concentrations (25–50 μmol/L) 
on SMMC-7721 cells was measured by the MTT method after 24 h treatment. (C) Formed colonies were stained with crystal violet. (D) Formed colonies were counted by 
using ImageJ software. The data from three independent experiments were represented as mean ± SD (n = 6). **p < 0.01 indicating statistical differences compared with the 
control group.
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As shown in Figure 5A, the metabolic profile of the PDA group was significantly separated from that of the Con 
group according to the OPLS-DA analysis. A volcano plot was used to visually represent the differentially expressed 
metabolites in the PDA vs Con. This analysis screened for 144 differential metabolites in PDA vs Con (Figure 5B), 
among which 106 metabolites were up-regulated and 38 metabolites were down-regulated. The histogram of the top 20 
differential metabolites in PDA vs Con is shown in Figure 5C (red and green markers indicate up- and down-regulation, 
respectively). The enrichment analysis of differential metabolites using KEGG showed that the intracellular metabolites 
after PDA treatment were mainly enriched in primary bile acid biosynthesis, arginine and proline metabolism, ABC 
transporters, notch signaling pathway and central carbon metabolism in cancer, etc. (Figure 5D). Finally, a cluster 

Figure 2 Effect of PDA on the cell cycle of SMMC-7721 cells. Cells were treated with PDA (0, 30, 35 and 40 μM) for 24 h. (A) The proportion of cells in different phases 
was measured by flow cytometry. (B) The proportion of cells in (A) was statistically analyzed. (C) The expression of Cyclin D1 and Cyclin E was determined by Western 
blotting. (D and E) The levels of Cyclin D1 and Cyclin E were analyzed by grayscale of blots. The data of three independent experiments were demonstrated as mean ± SD. 
*p < 0.05, **p < 0.01 indicating statistical differences compared with the control group.
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Figure 3 Effect of PDA on apoptosis level on SMMC-7721 cells. (A) Annexin V-FITC/PI staining presented the rate of apoptosis cells after 24 h of PDA treatment. (B) PDA- 
induced apoptosis in a dose-dependent manner. (C–F) Representative pictures and quantification results showed changes in the expression of Bcl-2, Bax, and cleaved- 
Caspase 3. The data of three independent experiments were demonstrated as mean ± SD. *p < 0.05 and **p < 0.01 indicating statistical differences compared with the 
control group.
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Figure 4 PDA inhibited cell proliferation via the ROS/Nrf2/Notch signaling pathway in SMMC-7721 cells. (A) DCFH-DA staining presented the level of ROS after 24 h of 
treatment. (B) Fluo-4 (AM) staining presented the level of Ca2+ after 24 h of treatment. (C) After 24 h of exposure to PDA, the expressions of Notch1, Jagged, Hes1, 
MCUR1, Nrf2 and HO-1 were analyzed by Western blotting. (D–I) The quantification results of Notch1, Jagged, Hes1, MCUR1, Nrf2 and HO-1 were analyzed by grayscale 
of blots. The data of three independent experiments were demonstrated as mean ± SD. *p < 0.05 and **p < 0.01 indicating statistical differences compared with the control 
group.
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heatmap analysis of differential metabolites in the KEGG pathway was performed. As shown in Figure 5E, the 
differential metabolites in the Con group are well clustered into one group and separated from the PDA group, and 
most of the differential metabolites showed up-regulated PDA after treatment.

Table 1 Classification of the Metabolites Detected in SMMC- 
7721 Cell Samples

Class Number of Compounds

Lipid and derivative 190

Amino acid and derivative 172

Organic acid and derivative 109
Nucleotide and derivate 64

Benzene and substituted derivative 54

Heterocyclic and derivate 33
Carbohydrate 32

Others 11
Vitamins and derivative 10

Alcohol 8

Hormone 7
Bile acid 6

Figure 5 Score scatter plot of OPLS-DA for PDA vs Con (A). Volcano plots depicting the up-and down-regulated metabolites between pairs of samples from PDA vs Con 
(B). (C) The bar graphs of the top 20 differential metabolites (of them, up-regulated red-marked and down-regulated green-marked) are in PDA vs Con. (D) KEGG 
enrichment analysis of differential metabolites after PDA treatment. The color of the dots means the p-value (the more obvious the purple, the more significant the 
enrichment). The size of the dots indicates the number of enriched differential metabolites. (E) Clustering heatmap of differential metabolites in the KEGG pathway.
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Discussion
Since P. chinense has been used for centuries in China as Chinese herbal medicine for various diseases and has an 
excellent therapeutic effect on inflammation diseases.11 At the same time, the berberine isolated from P. chinense has an 
inhibitory effect on the proliferation of various tumor cells in addition to the treatment of inflammatory diseases. Our 
previous study has shown that PDA also has an anti-hepatocellular carcinoma effect. In this study, we provide substantial 
evidence that PDA inhibits the proliferation of SMMC-7721 cells and induced cancer apoptosis by inhibiting the ROS/ 
Nrf2/Notch signaling pathway and significantly modulating metabolic profile.

As we all know, cell cycle progression is closely related to cell growth, and effectively controlling the proliferation of 
cancer cells is a key factor in the prevention and treatment of tumorigenesis.17 The DNA-binding dye PI can be used to reflect 
the DNA content in cells by fluorescence intensity, for which we have studied the effect of PDA on the cell cycle by flow 
cytometry.18 As expected, PDA arrested cell cycle on SMMC-7721 cells in the S phase, with the S phase ratio increasing from 
26.8% (0 μM) to 49.9% (40 μM). Cyclins play a decisive role in the progression of the cell cycle, and high concentrations of 
cyclins bind to kinases to form complexes that are activated to help cells pass the checkpoint, and interruption of any point will 
hinder the entire process of cell replication.19 In mammalian cells, G1 progression is controlled by Cyclin D, which activates 
the cyclin-dependent kinases, followed by the activities of cyclin E–CDK2, which regulate entry into, and progression through 
the S phase.20 Cyclin D1 and Cyclin E are essential regulators of the G1-S cell-cycle transition.21 It can be seen from the results 
that the trend of expression levels of proteins responsible for regulating the cycle is also consistent with the results of flow 
cytometry. PDA can significantly increase the protein expression of Cyclin D1 and reduce Cyclin E, indicating that PDA can 
regulate cyclins and block cell cycle to the S phase, thus inhibiting cell proliferation.

As one of the important signaling pathways for cell-to-cell contact, the Notch pathway maintains the dynamic balance 
between cell differentiation, proliferation and apoptosis, and plays a key role in the direction of cell differentiation.22 In recent 
years, more and more literature has reported that the Notch pathway plays a crucial role in liver development, repair and 
homeostasis, particularly closely bound up with the occurrence and development of hepatocellular carcinoma, with inap
propriate activation of the Notch pathway occurring in a variety of tumors, including liver cancers.23,24 Numerous studies have 
shown that inhibiting nuclear transcription factor E2-related factor 2 (Nrf2) expression can induce tumor cell apoptosis, inhibit 
proliferation, metastasis and reduce chemotherapy resistance, suggesting that Nrf2 may be a potential target for tumor 
therapy.25–27 Nrf2 is present as a key regulator in the maintenance of intracellular redox homeostasis and antioxidant defense, 
and the activation of Nrf2 can regulate the expression of a variety of genes and proteins, thereby neutralizing ROS and 
restoring the REDOX balance of cells.28,29 Overmetabolism of cancer cells is known to lead to higher ROS levels, which can 
be maintained below the toxicity threshold due to the development of effective antioxidant systems.30 Once ROS over
production exceeds the toxic threshold or the antioxidant system is compromised, significant DNA damage will be caused, and 
cancer cells will be removed from the proliferative advantage of low or moderate ROS levels, leading to apoptosis.31,32 

Furthermore, a study reported that Nf2 strongly regulates Notch1 activity, reduced Nrf2 expression significantly inhibited 
Notch1 and heme oxygenase-1 (HO-1) expression and increased endogenous ROS levels following ionizing radiation 
exposure.27 In the present study, the results of the Western blot showed that PDA treatment significantly inhibited Notch 
pathway-related proteins (notch1, Jagged, hes1) and reduced the expression of Nrf2 and HO-1. In addition, PDA treatment 
significantly increased intracellular ROS and Ca2+ levels, as well as the expression of mitochondrial Ca2+ uptake protein 
MCUR1. As a by-product of intracellular oxidative phosphorylation, an excessive increase of ROS can regulate a variety of 
cytokines to induce cell cycle arrest and tumor cell apoptosis.32,33 As a site of intracellular Ca2+ storage, mitochondrial 
function is destroyed when intracellular Ca2+ level overloaded occurs.34 Mitochondrial uptake of calcium is a critical factor in 
regulating intracellular signal transduction, energy status, ROS production and cell survival.35 Mitochondria uptake of Ca2+ 

depends on regulatory subunits of the mitochondrial Ca2+ uptake channel, such as MCUR1 (mitochondrial calcium uniporter 
regulator 1).36 As we know, excessive intracellular ROS and dysregulation of calcium homeostasis in mitochondria can easily 
lead to cell apoptosis. Bcl-2, which inhibits apoptosis, and Bax, which promotes apoptosis, can bind to and inhibit each other, 
and their relative amounts determine whether apoptosis occurs.34 Caspase-3 is the most critical apoptotic protease downstream 
of cascade reactions.37 Flow cytometry and Western blot results indicated that PDA induced apoptosis and significantly reduce 
the expression of Bcl-2 and increase the expressions of Bax and Caspase 3 in SMMC-7721 cells. The above results suggested 
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that PDA can induce apoptosis and ultimately inhibit cell proliferation by inhibiting the ROS/Nrf2/Notch pathway. Notably, 
one study showed that MCUR1 knockdown significantly decreased the expression of Notch1 in the cytoplasm and its active 
form NICD1 in the nucleus of HCC cells, while overexpression of MCUR1 had a remarkable effect to induce the Nrf2 nuclear 
translocation and Notch1 activation.38 As for the inconsistencies Inactivation of the downstream pathway due to MCUR1 
elevation reported in the literature, it is speculated that it may be due to cell line selection. In addition, as described in their 
manuscript, Snail, the zinc finger protein that is a key transcriptional regulator of EMT, Snail knockdown significantly 
inhibited the MCUR1-induced EMT of HCC cells, and MCUR1 overexpression promoted the migration and invasion of HCC 
cells, which could be reversed by Snail knockdown. Snail may also be the reason for this difference, and the expression of 
Snail in the SMMC-7721 cell line will be further studied in subsequent experiments.

Abnormal lipid metabolism and inflammation will affect the occurrence and development of liver cancer.39 A total of 
144 differential metabolites were screened by metabonomics techniques, of which 38 were down-regulated, mainly 
including organic acids and acylcarnitines, and 106 were up-regulated, mainly including amino acids. Analysis of the 
metabolites in the Top 20 showed that 6 of the 10 metabolites down-regulated were carnitine derivatives, including 
l-Carnitine, Carnitine C2:0, Carnitine isoC4:0, Carnitine 2-methyl-C4, Carnitine C5:0, Carnitine C4:0. Acylcarnitine 
transport long-chain fatty acids from the cell membrane into the mitochondrial matrix.40 Carnitine binds to long-chain 
acyl-coenzyme A and converts it to acylcarnitine, which is transported to mitochondria for subsequent β-oxidation to 
provide energy for cell activities.41 Carnitine deficiency blocks β-oxidation and causes lipid metabolism dysfunction and 
induces protein catabolism.42 A study showed that acylcarnitine concentrations increased with tumour growth in 
a transgenic mouse model of hepatitis B surface antigen mimicking HBV carriers, with and without aflatoxin-B1 
treatment; this result was consistent with a pilot study using human serum from HCC patients.43 Sorafenib, as an oral 
multi-target tyrosine kinase inhibitor, improves the median overall survival time of HCC patients and also inhibits the 
absorption of carnitine by downregulating the human organic cationic transporter OCTN2 located largely in the small 
intestinal mucosa and skeletal muscle.44 In this study, the decreased levels of acylcarnitine metabolites (l-Carnitine, 
Carnitine C2:0, Carnitine isoC4:0, Carnitine 2-methyl-C4, Carnitine C5:0, Carnitine C4:0) after PDA treatment attenuate 
mitochondrial metabolism and blocked β-oxidation within mitochondria. It is noteworthy that PDA treatment can also 
significantly increase the levels of intracellular ROS and Ca2+. As we all know, Mitochondria, as the main site of cellular 
energy metabolism and the generation of oxygen free radicals, were also considered to be a “Ca2+ pool” with the ability 
to absorb a large amount of Ca2+.45 Ca2+ is not only an important messenger for cell proliferation, but it is also an 
indispensable signal for cell death. Ca2+ participates in and plays a crucial role in the energy metabolism, physiology, and 
pathology of mitochondria. Studies have shown that increased Ca2+ concentration in cells is transmitted into mitochon
dria and activates several key enzymes in the tricarboxylic acid cycle (TAC), such as pyruvate dehydrogenase, isocitrate 
dehydrogenase, and ketoglutarate dehydrogenase, increasing oxidative phosphorylation levels and stimulating ATP 
production to ultimately energy metabolism.46 Oxidative phosphorylation in mitochondria is the main source of the 
production of ROS. Meanwhile, mitochondria are very sensitive targets of ROS, with significant destructive effects. 
Under moderate stress, the increased Ca2+ and ROS could enhance the corresponding signaling pathway for adapting to 
the elevated requirement of ATP, proliferation, and autophagy. However, once Ca2+ and ROS accumulation exceed the 
threshold, death-related events, such as apoptosis and strong autophagy. Abnormally elevated ROS and Ca2+ overload 
lead to the continuous opening of mitochondrial permeability transition pore, which results in the change of mitochondria 
transmembrane potential, the release of cytochrome c and the activation of caspase-3 for apoptosis.47 These results 
indicated that PDA caused dysregulation of intracellular calcium homeostasis and increased ROS impair mitochondrial 
function, which is consistent with decreased β oxidation caused by decreased acylcarnitine metabolites.

Moreover, the Notch pathway, as one of the significantly enriched pathways by KEGG, has also been found in the 
metabolomics experiment, which further confirmed PDA can induce apoptosis by inhibiting ROS/Nrf2/Notch pathway. 
Study showed that dysregulation of Notch signaling in the liver is associated with impaired lipid metabolism, inflamma
tion and fibrosis.23 It was reported that lingonberry supplementation attenuated hepatic Notch1 signaling and decreased 
intracellular triglyceride accumulation, and thus improving lipid profile by improving the expression of the genes 
involved in hepatic fatty acid metabolism.48 A study suggests that curcumin treatment can and attenuate hepatosteatosis 
and decrease cholesterol, triglyceride and low-density lipoprotein levels in serum by suppressing the hepatic Notch-1 
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pathway.49 As expected, PDA can significantly inhibit the activation of the Notch signaling pathway in SMMC-7721 
cells while reducing the level of intracellular acylcarnitine, which the inhibition of PDA on the abnormally activated 
Notch pathway may also affect the metabolism of intracellular acylcarnitine metabolites.

In recent years, study50 found that the metabolites of bile acids in HCC patients were significantly different from 
those in healthy people, and the abnormal rise of some bile acids was believed to be closely related to the occurrence of 
HCC. Xie et al51 showed that the levels of taurocholic acid, glycine cholic acid, taurocholic acid, deoxycholic acid and 
taurocholic acid were significantly elevated in the liver of a high-fat diet-induced HCC mouse model compared to the 
healthy control group. The above elevated bile acid levels have been confirmed in many studies to be associated with the 
development and progression of HCC: for example, excessive TCA and DCA have been confirmed to induce the up- 
regulated expression of cancer-related inflammatory genes.52 Long-term exposure of hepatocytes to excess bile acids 
leads to sustained DNA damage, apoptosis and inflammation of hepatocytes, thus increasing the risk of inducing HCC.53 

Notably, PDA treatment not only inhibited the proliferation of SMMC-7721 cells but also significantly reduced the level 
of intracellular cholic acid and noncholic acid (Figure 5E) and the other two metabolites in the primary bile acid 
biosynthesis pathway: glycine, 2-aminoethanesulfonic acid (taurine) in the study. In addition, a previous study has shown 
that PDA possesses an excellent inhibitory effect on inflammation in vitro, and can effectively reduce nitric oxide, tumor 
necrosis factor-α, interleukin-1β, and interleukin-6 pro-inflammatory mediators.10 Therefore, we speculate that the anti- 
inflammatory effect of PDA may be closely related to its ability to reduce the level of intracellular bile acid-related 
metabolites. Study54 found that the level of total bile acids in the organ showed abnormal changes in the pathological 
state of the liver, and some bile acid changes may affect the activity of certain bile acid receptors, which in turn could 
affect the development and progression of HCC through immune inflammation or apoptosis. Farnesol X receptor, 
G protein-coupled receptor 1, pregnane X receptor, etc, have been confirmed to affect the development of HCC in 
a variety of ways. FXR can reduce the production of ROS by reducing the level of intrahepatic bile acids,55 but in this 
study, PDA can significantly reduce the level of bile acid-related metabolites and increase the level of intracellular ROS. 
Therefore, it is speculated that PDA may inhibit the process of HCC by regulating the metabolism of bile acids.

Conclusion
In conclusion, the present study proved that hepatocellular carcinoma SMMC-7721 cells treated with PDA showed 
inhibition of cell proliferation and occurrence of apoptosis in vitro. It may play an anti-liver cancer effect by inhibiting 
the ROS/Nrf2/Notch pathway and regulating the level of intracellular acylcarnitine and bile acid-related metabolites. This 
study would help to deepen specific insights into the anti-hepatoma mechanisms of PDA and facilitate the clinical 
application of PDA as a potential therapeutic agent for hepatocellular carcinoma in the future.
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