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Liver cancer is the third most commmon cause of cancer-related death following lung and
stomach cancers. As a highly lethal disease, liver cancer is diagnosed frequently in less
developed countries. Natural compounds extracted from herbs, animals and natural
materials have been adopted by traditional Chinese medicine (TCM) practices and
reported to be effective in the development of new medications for the treatment of
diseases. It is important to focus on the mechanisms of action of natural compounds
against hepatocellular carcinoma (HCC), particularly in terms of cell cycle regulation,
apoptosis induction, autophagy mediation and cell migration and invasion. In this review,
we characterize novel representative natural compounds according to their
pharmacologic effects based on recently published studies. The aim of this review is to
summarize and explore novel therapeutic drug targets of natural compounds, which could
accelerate the discovery of new anticancer drugs.

Keywords: natural compound, HCC, liver cancer, signaling pathway, target

INTRODUCTION

Liver Cancer

Liver cancer is among the top five cancers in both incidence and mortality across all ages and sexes
(1, 2) and is the third-leading cause of cancer-related death worldwide, following lung and stomach
cancers (3-5). Liver cancer comprises diverse primary hepatic tumors (6). As a highly lethal disease,
liver cancer is diagnosed frequently in less developed countries (7). In 2012, more than 782,500 new
liver cancer cases were diagnosed, and more than 745,000 liver cancer-related deaths were recorded
globally; of these, half of the total numbers of cases and deaths occurred in China (2, 7-9).
Furthermore, the incidence of liver cancer is rising in many countries, including China, the United
States and some European countries (2, 10). However, recent research indicates that the highest
rates of liver cancer-related death are found in East and Southeast Asia (2).
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Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the most common
histological subtype of primary liver cancer, accounting for
70% to 85% of the total liver cancer burden worldwide (11).
Although surgical and medical treatments are available, drugs
can cause severe side effects, and surgery offers limited treatment,
especially for patients with advanced HCC (12). Sorafenib
(Nexavar, Bayer Healthcare Pharmaceuticals, Onyx
Pharmaceuticals) is one of several anti-HCC drugs and can
prolong overall survival and progression-free survival by
almost 3 months in patients with advanced HCC (12).
However, its therapeutic potential is limited by its adverse
effects, drug resistance and high cost (13). Additionally, there
is still a high likelihood of progressive disease outside of the
treated volumes following radiotherapy (RT) (14). Therefore, it is
necessary to find a novel effective therapeutic treatment that can
be used to control the progression and prognosis of HCC.

Natural Compounds

Natural compounds extracted from herbs, animals or natural
materials have been reported as effective compounds in the
development of new medications for the treatment of diseases
(15). More than 60% of drugs used to treat cancers originate from
natural products (16, 17). For example, oblogifolin C (OC), a
compound extracted from Garcinia yunnanensis Hu, has been
reported to be effective against cancer (18). In recent years,
Chinese herbal extracts or natural compounds isolated from
traditional Chinese medicines (TCMs) have been used to treat
patients with liver cancer (19, 20). For instance, curcumin is used
for the treatment of HCC due to its multiple pharmacologic effects
against HCC (13, 21). Recent evidence indicates that most
anticancer drugs that have been applied for the treatment of
HCC have serious side effects (15), whereas natural compounds
with effective anticancer activities tend to have fewer side effects
(22, 23), although their pharmacological mechanisms of action in
combating HCC are complex and require further elucidation (24).

Pharmacological Mechanism and Targets

Over the past twenty years, compelling functional studies have
shown that cell death is a natural barrier to cancer development
(25). It is widely known that apoptosis is triggered in response to
cell death signaling (25, 26), and recent reports further indicate
that autophagy and necroptosis can mediate cell death (27).
Recent evidence shows that natural compounds can target one or
multiple signaling pathways to induce apoptosis (28-30). For
example, psoralen, a major active component of Psoralea
corylifolia, induces apoptosis in liver cancer cells (31).
Arresting the cell cycle is another common way to control the
growth of cancer cells. At the molecular level, liver cancer is
characterized by disruptions in cell cycle regulatory processes via
various pathologic mechanisms (32). It is important to focus on
the mechanisms by which natural compounds affect the cell cycle
in HCC. In addition, some natural compounds have been
observed to inhibit the migratory and invasion abilities of
cancer cells. For example, Licochalcone A, a compound
isolated from the root of Glycyrrhiza inflata, suppresses the

migration and invasion of HCC via the downregulation of
MKK4/JNK (33).

Over the past few decades, the methods used to identify
anticancer targets have fundamentally changed (34). Scientists are
currently able to identify genes at the molecular level and investigate
the pharmacological mechanisms underlying the anticancer action
of a drug. Figure 1 shows some gene products known to affect cell
cycle progression, apoptosis, migration, invasion and angiogenesis.
Based on the literature, the major pathways implicated in HCC are
the RAF/MEK/ERK (Figure 1), phosphatidylinositol-3 kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR)
(Figure 1), WNT/B-catenin, insulin-like growth factor, hepatocyte
growth factor/c-MET and growth factor-regulated angiogenic
signaling pathways (37). These pathways may be targeted to
reverse, delay or prevent tumorigenesis. In earlier studies, the
approaches used to inhibit Ras function failed due to insufficient
knowledge regarding its downstream targets Raf and MEK (38).
Thus, it is necessary to understand extended signalling pathways to
identify realistic targets.

The Aim of This Review

In this review, we aim to characterize novel representative
natural compounds from recently published papers according
to their pharmacologic effects on apoptosis, migration, invasion
and cell cycle progression. In addition, we review several anti-
HCC natural compounds and the major molecular signalling
pathways they target in HCC. Studies investigating these natural
compounds were identified by searching the literature for
English language papers in the PubMed, UCL Library and
Web of Science and Medline databases.

THE PHARMACOLOGY OF NATURAL
COMPOUNDS IN HCC THERAPY

Cell Cycle

Cell cycle dysregulation is one of the most important
characteristics of liver cancer. Cell cycle progression is mainly
mediated by cyclin-dependent kinases (CDKs) (32). After a CDK
binds its regulatory subunit, cyclin, and undergoes site-specific
phosphorylation, it is activated and allows the cell to enter a
phase of the cell cycle (39). During different phases of the cell
cycle, the expression of cyclins is restricted by ubiquitination and
other transcriptional regulators of cyclin genes, while the
expression of CDKs is stable and constitutive (40). There are
five main phases of the cell cycle as follows: GO (quiescent state);
G1, S and G2 phases (all of which are considered interphases);
and M phase (cell division stage); the transitions between the
phases require different cyclin-CDK complexes. During the
progression from the Gl to S phase, cyclin D/E binds and
activates CDK2/4/6; subsequently, CDK2/4/6 phosphorylates
retinoblastoma protein (pRB) (39). Hyperphosphorylated pRB
can dissociate complexes of E2Fs, allowing the cell to enter the S
phase (41). The transition from the G2 to M phase is controlled
by the cyclin B-CDK1 complex. CDKI1 is rendered inactive via
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FIGURE 1 | Examples of molecular targets in tumor cells for liver cancer drug development. LHRH, luteinizing hormone releasing hormone; EGF, epidermal growth

factor; TLR4, Toll-like receptor 4; MAPK, mitogen-activated protein kinase. The figure shows the following two major pathways implicated in HCC: the Raf/MEK/Erk
pathway, which is the prototypical MAPK cascade (35), and the PIBK/Akt/mTOR pathway (36).
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the phosphorylation by Weel and Mytl. The removal of the
inhibitory phosphate of CDK1 by the phosphatase CDC25C
allows entry into mitosis (42). Therefore, many natural
compounds inhibit tumor proliferation by targeting either the
activity of CDKs or the expression of cyclins.

Cell cycle checkpoints are surveillance mechanisms in
eukaryotic cells that allow the repair of cellular damage in
response to stress (43). Regulators usually act on different
checkpoints, including the G1-S, G2 and mitotic spindle
checkpoints. At the G1-S checkpoint, the two families of CDK
inhibitors are INK4 and Cip/Kip. The INK4 family (including
pl6, p15, p18, and p19) negatively regulates only CDK4/6-cyclin
D complexes at the G1 checkpoint, while the Cip/Kip family
(including p21, p27, and p57) can inhibit all CDK-cyclin
complexes (32). At the G2 checkpoint, human checkpoint
kinase 2 (Chk2) and Chkl, which are activated by ATM
(ataxia telangiectasia mutated) and ATR (ATM and Rad3-
related) signalling, respectively, phosphorylate CDC25C, which
exposes the binding site on CDC25 for the 14-3-3 protein. This
interaction results in the inhibition of CDK1. The mitotic spindle
checkpoint is disrupted by kinetochore-associated proteins,

including MAD2, BUBR1, BUBI and BUB3 proteins (39).
Under normal conditions, there is only transient arrest
between the phases. However, with the application of drugs
targeting specific regulators, the cell cycle could be arrested at a
fixed checkpoint, followed by apoptosis.

In this review, the natural compounds discussed are mainly
categorized based on when they arrest the cells in the cell cycle,
which can be measured via flow cytometry. The largest group of
compounds arrests HCC at the G2/M phase. Asparanin A (44),
chalcone flavokawain B (FKB) (45), and curcumin (46) induce
G2/M phase arrest by regulating the levels of cyclins, CDKs,
CDK inhibitors and related proteins. For example, asparanin A
(44), wentilactone B (WB) (47) and curcumin (46) upregulate the
p21-mediated inhibition of CDK-cyclin complex formation, and
WB (47) and FKB (45) downregulate CDC25C expression,
resulting in the inhibition of CDKI. Hellebrigenin increases
the levels of p-ATM, which increases the level of p-Chk2 and,
consequently, reduces the level of CDC25C (48, 49). Sun et al.
found that isocorydine could upregulate Chkl expression to
induce G2/M arrest via CDC25C activity (50). Furthermore,
these natural compounds affect upstream regulators to arrest
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tumor cells via different pathways, including the PIK3/Akt (45-
48), p38 mitogen-activated protein kinase (MAPK) (46, 51), p53
(46, 47, 52-54), Ras/Raf/ERK (47) and NF-«kB pathways (53).
For example, WB (47) increases Raf/ERK signalling related to
cell arrest and could bind GTP-Ras, resulting in downstream
Raf signalling.

The second group of compounds arrests cells in the S phase
by regulating the cdk/cyclin expression levels, including hispolon
via the ERK pathway (55), Chrysanthemum indicum extract (56),
Mirabilis himalaica extract (57) and Juglanthraquinone C (58)
regulate the cell cycle via p21 mediation.

The third group of compounds arrests cells in the G1 phase
and includes isosuillin (via p-Rb/E2F-1 regulation) (59),
resveratrol and tanshinone II-A (via the p53 pathway), and
silibinin (via p-Rb and p21 regulation) (46). However, two
drugs were not mentioned in these three groups because they
can arrest cells in multiple phases. 2’-Epi-2’-O-acetylthevetin B
(GHSC-74) (60) induces S and G2/M phase arrest via the
downregulation of the CDK1 and cyclin Bl protein levels,
while naringenin (61) induces G1 and G2/M phase arrest via
the p53 pathway.

Apoptosis
Apoptosis, a type of programmed cell death, is the most common
form of cell death and is a spontaneous barrier to cancer
development (27). The following three different pathways
initiate apoptosis: the extrinsic or cell-surface death receptor
pathway, intrinsic mitochondrial pathway and intrinsic
endoplasmic reticulum (ER) pathway. Caspase, a latent
protease during homeostasis, plays an important role in
regulating apoptosis because upstream and downstream
caspases function as initiators and effectors, respectively.
Caspase-8, caspase-9 and caspase-12 are upstream caspases in
the extrinsic, intrinsic and intrinsic ER pathways, respectively,
and converge on caspase-3, whose activation results in nuclear
apoptosis (28). The cascade of proteolysis leading to the final
disassembly is followed by nuclear fragmentation induced by
downstream caspases (27). Several natural compounds have been
shown to increase the expression of caspases to promote
apoptosis in HCC. For example, GHSC-74 (60) and dentatin
(62) increased the levels of caspase-9 and caspase-3, which affect
the intrinsic pathway. Furthermore, asparanin A (44) and
isosuillin (59) are involved in the intrinsic and extrinsic
pathways because of their ability to regulate caspase-3, -8, and
-9 expression. FKB (45) increased not only caspase-3 and 9
expression but also procaspase-8 and -12 activity, implying that
FKB can influence the activity of all three apoptosis pathways.
The cleavage of poly (ADP ribose) polymerase (PARP) caused by
caspase-3 is also a marker used to measure apoptosis (50).
Isocorydine and ergone increase the levels of cleaved PARP,
providing further evidence of caspase-3 activation (50, 63).

The extrinsic pathway is initiated by the binding of a ligand to
a death receptor, and the most well-known death receptors
include CD95, TRAIL-R1/R2 and TNFR-1; these receptors
contain a death domain (DD) (64), and the common ligands
are Fas ligand (FasL) and TNF-related apoptosis-inducing ligand
(TRAIL) (65). Signalling from proteins containing DDs is

responsible for the recruitment and assembly of the death-
inducing signalling complex (DISC), which comprises a Fas-
associated death domain (FADD) or TNF receptor-associated
death domain (TRADD) and procaspase-8/-10 (28). Isosullin
(59) increases FADD expression, resulting in the activation
of the extrinsic pathway. Neriifolin (66) was also observed to
increase the levels of Fas and FasL, and the gene expression of
the TNF ligand and TNFR was elevated upon treatment with
osthole (54).

The intrinsic ER pathway, which is a mitochondria-
independent pathway, is a unique apoptosis pathway activated
in response to ER stress and involves disruption of ER function
due to cellular stressors, such as oxidative stress and
glycosylation inhibition (28). Alterations in ER homeostasis
trigger specific signalling pathways; for example, the unfolded
protein response (UPR) can induce the disassociation of the
adaptor protein TNF receptor-associated factor 2 (TRAF2) from
procaspase-12, leading to caspase-dependent apoptosis (67). 6-
Shogaol (46) is an example of a natural compound that targets
this pathway. One group found that 6-shogaol regulated ER
signalling-dependent apoptosis via the PKR-like ER kinase
(PERK)/elF2a pathway. PERK, as a UPR sensor, is activated
upon the accumulation of misfolded proteins, which, in turn,
leads to the phosphorylation of its downstream target elF2c. (68).
Phosphorylated elF20 prevents misfolded protein accumulation;
therefore, decreased levels of elF20. promote apoptosis (69). 6-
Shogaol not only induced the upregulation of PERK and
downregulation of elF2a: but also elevated the level of caspase-
3, implying that HCC apoptosis induced by 6-shogaol depends
on the intrinsic ER pathway.

The intrinsic pathway, which is widely acknowledged as the
primary form of apoptosis that mitigates cancer development (27),
involves the regulation of mitochondrial outer membrane
permeabilization (MOMP) by Bcl-2 family proteins. The
proapoptotic members of the Bcl-2 family include Bax, Bak,
Bad, Bcl-X,, Bid, Bik, Bim and Hrk, and the antiapoptotic
members include Bcl-2, Bcl-X;, Bcl-W, Bfl-1, and Mcdl-1. The
latter group acts as inhibitors of apoptosis mainly by binding and
restraining proapoptotic proteins (e.g., Bax and Bak) (28). Thus,
the ratio of Bax/Bcl-2 has been considered an important marker of
the activation of the intrinsic pathway. The compounds arctigenin
(52), celastrol (70) and phoyunbene B (53) all increase the ratio of
Bax/Bcl-2, indicating that these drugs play proapoptotic roles in
the caspase-8 pathway. Two research groups analyzed this ratio
with the drug osthole (54, 71) but obtained conflicting results;
Zhang et al. found no large difference, while Chao et al. reported
that the ratio increased. There discrepancies were likely due to the
investigation of different types of expression as the former study
examined expression at the gene level, while the latter study
measured protein levels. Mcl-1 is an effector downstream of
many important pathways involved in the response to cellular
damage (72); thus, Mcl-1 expression has been investigated in
many studies. Silibinin (49) and y-Bufarenogin (73) induced the
downregulation of Mcl-1 protein and mRNA expression.
Moreover, the expression of Bid, as a linker between death
receptors and the mitochondrial apoptosis pathway (74), was
examined in response to treatment with Momordica charantia
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lectin (MCL) (75), and the results showed that the expression of
truncated bid was increased, leading to apoptosis. Bax and Bak,
which are located on the outer mitochondrial membrane, promote
the release of cytochrome ¢, which is the most important
proapoptotic signalling protein (27). Cytochrome c binds the
adaptor protein apoptotic protease-activating factor 1 (Apaf-1)
within the caspase-9 complex, resulting in the activation of
caspase-3 (72). The level of cytochrome ¢ in the cytosol was
increased by many compounds, such as furanodiene (51), 2-
methoxyjuglone (76) and oleanolic acid (53). Li et al. (56) found
that the expression of both Apaf-1 and cytochrome c
was increased.

These proteins are not the only regulators of the three
apoptosis pathways. In addition, MAPK pathways, including
the ERK, JNK and p38 pathways, have a profound influence on
apoptosis (77). The level of phosphorylated ERK was increased
in response to treatment with furanodiene (51) and hispolon
(55), indicating that both drugs induced apoptosis, at least
partially, via the ERK pathway. Furthermore, Longikaurin A
(78) increased the level of phosphorylated JNK and its
downstream effector c-jun, leading to apoptosis. The level of
phosphorylated JNK also increased upon treatment with WB
(47), leading to elevated Bad levels; thus, WB likely induced
apoptosis via the Ras/JNK pathway. Increased levels of
phosphorylated p38 were observed upon treatment with
protocatechuic acid (PCA) (79) and furanodiene (51),
indicating that these two drugs induce apoptosis by promoting
p38 MAPK signalling. In contrast, FKB (45) could inhibit p38
but also induce apoptosis likely because although p38 may be
involved in apoptosis, inhibiting p38 decreases the level of Bcl-2,
which is an anti-apoptotic protein.

p53 is an important transcription factor that regulates the
expression of apoptosis-related genes in response to cellular
stresses. As a tumor suppressor protein, it tightly regulates cell
growth by promoting apoptosis and DNA repair under stressful
conditions (80). More than 50% cancer patients harbor somatic
mutations in p53 genes, so it is not surprised that p53 has been
an attractive target for cancer therapy. Strategies have been
developed to target p53, including gene therapy to restore p53
function and inhibition of p53-MDM2 interactions (81). p53
regulates distinct aging hallmarks, which is closely related to
cancer and aging therapeutics. MDM2 protein is a core negative
regulator of p53 and maintains low levels of p53 in normal cells
(82). Direct regulation of the p53-MDM2 axis is associated with
elevated p53 activity, both in early aging or with delayed-onset
aging (83). Many drugs, such as isosuillin (59), psoralen (31) and
berbamine (84), induce apoptosis via the p53-dependent
pathway. NF-xB is another target for regulating apoptosis.
Dentatin (62) could induce the downregulation of NF-xB,
leading to decreased levels of inhibitor of apoptosis proteins
(IAPs), which directly suppress caspase activation. Therefore, the
downregulation of NF-xB could promote apoptosis in HCC.
However, NF-kB has been shown to promote the expression of
antiapoptotic proteins, such as Bcl-2 and Bcl-xL (85).
Hydroxytyrosol inhibited the activity of NF-kB, leading to the
downregulation of these genes (86). Moreover, the PI3K/Akt

pathway, a cell proliferation-related pathway, was inhibited by
y-bufarenogin, leading to decreased levels of the antiapoptotic
protein Mcl-1, which is also involved in the induction
of apoptosis.

Autophagy

Autophagy is a basic catabolic process that degrades damaged
cellular components and recycles normal organelles to maintain
cellular homeostasis (87). Interestingly, autophagy plays dual roles
in cell survival and cell death during cancer development, which is
often related to its complex relationship with apoptotic machinery
(88). For example, although platycodin D (PD) (89) induces cell
death mainly via autophagy, it can trigger a cytoprotective
mechanism in HepG2 cells. However, autophagy plays a more
critical role in the cell death pathway in developing tumors and
remains a therapeutic aim for treating HCC. LC3 is a basic marker
of autophagosomes, and PD (89) and MCL (75) can induce higher
levels of LC3-II. As the Afg-5 and Afg-7 genes are related to
autophagosome formation, the deletion of the Atg-5 gene in mice
can cause the development of multiple benign tumors in the liver,
and the liver-specific deletion of Atg-7 in mice also induces tumor
production. Therefore, the expression level of these two genes is a
marker of autophagy in tumors. Tetrandrine (90) upregulated the
expression of Atg-7, while oroxylin A (91) induced the
overexpression of Atg-5 and Atg-7; both drugs induced cell
death via autophagy. There are many important targets in the
autophagic pathway as follows: Beclin-1, p53 and mammalian
target of rapamycin complex 1 (mTORCI) (65). Beclin-1 is an
important autophagic regulator that can interact with members of
the Bcl-2 family (92) as it contains a BH3 domain. Beclin-1
disassociates from Bcl-2 family proteins upon interaction with
stress sensor-coupled BH3 proteins and induces autophagy and
apoptosis by the release of proapoptotic proteins (e.g., Bax and
Bak) (27). Oroxylin A (91) and berberine (93) upregulate the
expression of beclin-1, resulting in the induction of autophagy and
apoptosis. p53 can trigger cell death when located in the nucleus
but inhibits autophagy when located in the cytoplasm (94).
Cytoplasmic p53 activates the downstream effector AMPK,
which phosphorylates TSC2, which, in turn, inhibits mTOR
signalling and prevents the cell from undergoing apoptosis (95).
Allicin induced autophagy by decreasing the levels of cytoplasmic
p53. Furthermore, PD (89) and tetrandrine (90) trigger autophagy
via the ERK pathway, and oroxylin A (91) induces HCC death by
inhibiting the PI3K/mTOR pathway. These results show that the
downregulation of PI3K leads to decreased levels of
phosphorylated Akt. Moreover, the expression of mTOR and
PTEN, two tumor suppressor proteins, was elevated. Therefore,
oroxylin A induced autophagy via the PI3K-PTEN-Akt-mTOR
signalling pathway. Another therapeutic target for tumor, p62,
known as stress-inducible cellular protein, interacts with various
signaling proteins to regulate cellular functions (96). It also serves
as a classical receptor of autophagy, involved in many signal
transduction pathways (97). Growth of liver tumors caused by
the inhibition of autophagy can be greatly diminished by
concomitant deletion of p62 or Nrf2. Interestingly, upregulation
of p62 was also observed to be advantageous for cancer therapy.
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Through controlling DNA-damage-induced histone H2A
ubiquitination in autophagy-deficient cells, p62 increases the
sensitivity of cancer cells to radiation (98).

Thus, modulating cellular levels of p62 in cancer therapeutics
is important.

Invasion and Migration

Cancer cell metastasis is a complex process that requires
invasion, migration, adhesion and angiogenesis (99). To
initiate the metastatic process, cancer cells acquire the ability
to invade membranes and disrupt intercellular interactions,
which is a critical characteristic of malignant tumors (100).
Subsequently, invading tumor cells dissolve the extracellular
matrix (ECM), which, when occurs excessively, is a hallmark
of tumor invasion and migration (27). Thus, cancer cells migrate
and invade by damaging the ECM (101). Recent research has
demonstrated that some natural compounds present anticancer
potential in HCC by inhibiting migration and invasion. One
example is PD, which is isolated from Platycodonis Radix and
has been reported to effectively inhibit HepG2 cell migration and
invasion in HCC cells (102).

Matrix metalloproteinases (MMPs) are proteolytic enzymes
(103), are involved in ECM degradation in physiological processes
(104) and can promote the migration and invasion of cancer cells
(100). Among these MMPs, MMP-2 (72 kDa gelatinase) and MMP-
9 (92 kDa gelatinase) are particularly crucial for cancer cell invasion
and migration (105). Increasing evidence indicates that natural
compounds can contribute to the inhibition of migration and
invasion in HCC by downregulating MMP-2/-9. For example,
portulacerebroside A, which is derived from Portulacaoleracea,
could inhibit MMP-2 and MMP-9 enzyme activity to disturb the
migration and invasion of human HCCLM3 cells (106).

The transcription of MMP-2/-9 genes is regulated by
transcription factors, including nuclear factor kB (NF-xB)
(107, 108) and activator protein-1 (AP-1) (109, 110). NF-xB is
an important multisubunit transcription factor that mediates
cellular responses to inflammation, cell viability and invasion
(111). The natural compound gambogic acid has been shown to
inhibit metastasis in SK-HEP1 cells by decreasing NF-kB
expression and downregulating MMP-2 and MMP-9 via the
regulation of the actin cytoskeleton; this occurs through the
suppression of integrin B1-mediated Rho family GTPases (112).
Integrins, a family of transmembrane proteins, consist of an o
and a B subunit. Integrin 31 mediates the interaction between the
actin cytoskeleton and ECM (113) by regulating the activity of
Rho family GTPases, including Rho, Rac and Cdc42, and has
been discovered to mediate invasion and migration in cancer
cells in various ways (114, 115). In addition, tissue inhibitors of
metalloproteinases (TIMPs) are endogenous inhibitors of MMPs
(116). Controlling the balance between TIMPs and MMPs can
affect the invasion and migration of cancer cells (117, 118).

However, the processes of invasion and migration in HCC
require specific intracellular signalling pathway activations, such
as MAPK signalling cascades (33, 119). According to recent
natural compound studies, most novel natural compounds
inhibit tumor invasion and migration via the following three

major signalling pathways to regulate MMP-2/-9: ERK1/2, p38
MAPK and PI3K/Akt (33, 120, 121). For instance, hispolon,
which is isolated from the medicinal mushroom Phellinus
linteus, decreases the activities of MMP-2/-9 by inactivating
the ERK1/2 signalling pathway, reducing RhoA protein
expression and inhibiting the phosphoinositide 3-kinase
(PI3K)/Akt signalling pathway in SK-Hepl cells (100). It has
been reported that urokinase-plasminogen activator (uPA) leads
to the inhibition of metastasis (100, 122) and that integrin-f1
mediates focal adhesion kinase (FAK), Src, and PI3K signalling
(123) to downregulate downstream Akt and suppress the
expression of RhoA, Cdc42, and Racl (Figure 2). These
activities contribute to the inhibition of MMP-2/-9 (112)
However, some natural compounds regulate MMP-2/-9 via the
ERK-1/-2 signalling pathway, which may be activated by its
upstream regulators Raf and MEK. For example, galangin, which
is found in Alpinia officinarum, could inhibit the suppression of
MMP-2/MMP-9 enzyme activity to disturb migration and
invasion in human HepG2 cells via the protein kinase C
(PKC)/ERK cascade (124). PKC isoforms are major signal
transduction enzymes that respond to extracellular signals (125).

The process of tumor metastasis is complicated. Numerous
studies have investigated whether natural compounds inhibit the
invasion and migration of liver cancer cells via various signalling
pathways. VEGF receptor signalling, specifically VEGFR2, can
lead to the activation of the downstream kinases Src and FAK,
which induce the expression of Rho-GTPases (126, 127), whose
activation results in the inhibition of cell migration and invasion
(128); therefore, VEGFR knockdown reduces tumor migration.
For example, corosolic acid in Actinidia chinensis can block the
VEGFR2 ATP binding pocket and mitigate the downstream Src/
FAK/cdc42 signalling pathway to reduce the migration and
invasion of Huh7, HepG2, and Hep3B cells in vitro and in
vivo (129).

In addition, it has been reported that reactive oxygen species
(ROS) induce downstream VEGEFR activation (130), resulting in
the accumulation of unfolded proteins in the ER lumen and
subsequent ER stress (131). Accumulating evidence suggests that
ER stress mediates inositol-requiring kinase 1 (IRE1) to regulate
Akt expression, which could inhibit cell migration (132).
Piperlongumine and bufalin reduce tumor migration by
activating ER stress (132-134). A recent study investigating
brucine, which is an alkaloid derived from the seeds of
Strychnos nux-vomica Linn, indicated that brucine inhibits the
migration and invasion of cancer cells by suppressing the
transcriptional activity of hypoxia inducible factor 1 (HIF-1), a
critical transcription factor activated during hypoxic stress (135).
(-)-Epigallocatechin-3-gallate (EGCG), a compound isolated
from green tea, can inhibit thrombin-induced migration and
invasion via the ERK1/2 pathway (136), suggesting that
thrombin has antimetastatic effects on liver cancer cells.

Overall, the inhibition of MMP-2/-9 and the balance between
MMP-2/-9 and TIMP-1/-2 could play a critical role in liver
cancer therapy. Furthermore, several natural compounds could
exert their inhibitory effects on cell migration and invasion via
various pathways.
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FIGURE 2 | Cell cycle progression. (A) Example of targets of cell cycle arrest at the G2/M transition and G1/S transition in tumor cells for the development of liver
cancer drugs. ATM, ataxia telangiectasia mutated; ATR, ATM and Rad3-related; Chk, human checkpoint kinase; ERK, extracellular signal-regulated kinase.

(B) Example of targets of cell cycle arrest at the G1/S transition in tumor cells for the development of liver cancer drugs. pRB, retinoblastoma protein; CDK, cyclin-
dependent kinase.
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DISCUSSION AND CONCLUSION

In the battle against HCC, natural compounds have been
investigated with the goal of developing new drugs with potent
anticancer activities.

Thus far, several natural compounds, such as curcumin,
silibinin, berberine and quercetin, have been proven to induce
cell cycle arrest (Table 1), apoptosis (Table 2) and autophagy
(Table 3) and inhibit cell metastasis (Table 4) in HCC via
different pharmacologic mechanisms and signalling pathways
(21). Regarding the cell cycle, some herbal compounds target the
regulation of CDK and cyclin expression in different phases to
prevent tumor proliferation. It can be deduced from recent
research that most natural compounds regulate p21 or modify
CDC25C via the Raf/Erk pathway to inhibit cyclin B arrest cells
in the G2/M phase (Figure 2A). In addition, other natural
compounds have been shown to inhibit CDK to arrest cells in
the G1/S phase (Figure 2B).

Apoptosis is a fundamental process that balances the
development and maintenance of tissue homeostasis. In
modern cancer therapy, the effective control of cancer cell
apoptosis is important (152); therefore, it is critical to identify
natural compounds that can accurately target the signalling
intermediates in proapoptotic signalling pathways (153). The
apoptosis machinery includes the following three main cascades:
the extrinsic pathway, intrinsic ER pathway and intrinsic, or
mitochondrial, pathway. Several natural compounds exert their
activities through these pathways (Table 2). Recent studies have
indicated that natural compounds regulate downstream caspases
to induce apoptosis through the caspase pathway (Figure 3). In
addition, the proapoptotic members of the Bcl-2 family play an
important role in triggering apoptosis, and the ratio of Bax/Bcl-2
serves as an important marker of the status of the apoptosis
pathway. Increasing evidence indicates that several signalling
pathways are involved in inducing apoptosis, such as the MAPK,

PI3K/Akt, and NF-xB pathways. ER stress could induce
apoptosis via a mitochondria-independent mechanism
(Figure 3). According to recent research achievements, most
natural compounds, such as curcumin, have multiple targets;
thus, the targets of natural compounds in the apoptosis pathway
need to be clarified to better determine their pharmacologic
mechanisms. The modulation of apoptosis and autophagy seems
a critical aspect in the mechanism of action of natural
compounds against liver cancer. Sesquiterpenes, particularly
alpha-bisabolol, have been shown to inhibit protective
autophagy and promote apoptosis in diverse cancer models. In
Chen’s study (154), alpha-bisabolol inhibited tumor cells in a
dose- and time-dependent manner and showed the different
cytotoxic effects on various human cancer cell lines. In particular,
alpha-bisabolol seemed to have a stronger death effect on human
liver cancer cell line HepG2. It might induce HepG2 apoptosis
through first stimulating Fas-mediated apoptosis which led to
elevated expression of Fas, then intrigued the activation of p53
and NF-xB. In addition, it is reported that alpha-bisabolol has
the effect of anticancer through the mitochondrial pathway (155,
156). Intrinsic apoptosis mitochondrial mechanisms are effective
in alpha-bisabolol-induced cell death, which is likely to
mitochondrial and lysosomal death subroutines. The viability
of cancer cells can be induced by alpha-bisabolol in a low-toxical
way, which provides a perspective strategy of anticancer.
Autophagy is known for its dual roles in cancer development.
On the one hand, autophagy can protect cells from dying under
conditions, such as nutrient deprivation; on the other hand,
autophagy can also lead to cell death (157). For example, PD
exerts a cytoprotective mechanism in HrpG2 cells and
participates in the formation of autophagosomes. Natural
compounds can function in different stages of autophagy.
Tetrandrine and oroxylin A affect the expression of Atg-5 and
Atg-7, which are two genes involved in the generation of LC3-II
(158). Oroxylin A and berberine can upregulate Beclin-1

TABLE 1 | The targets and pathways of natural compounds in the process of arresting cell cycle progression in HCC.

Phase of cell Target Signalling pathway Natural compound Chinese medicine Reference
cycle

G2/M cyclin A, Cdk1/4, and caspase- Caspase pathway Asparanin A Asparagus officinalis L (44)

3/8/9
G2/M cyclin B1, cdc2/25¢, and Myt1  PIKB/Akt pathway Chalcone Flavokawain B Rhizomes of Alpinia plants (45)
G2/M P38 and p53 PIK3/Akt, p38 MAPK, and p53 pathways  Curcumin Curcumalonga L (46)
G2/M cyclin B1 and cdc2 Ras/Raf/MAPK pathway Wentilactone B (WB) Aspergillus wentii EN-48 (47)
S cdk/cyclin ERK pathway Hispolon Phellinus igniarius (55)
S p21 p21 pathway Chrysanthemum indicum Chrysanthemum indicum (56)
extract
S p21 p21 pathway Mirabilis himalaica extract Mirabilis himalaica (57)
S p21 p21 pathway Juglanthraquinone C Juglans mandshurica (58)
Maxim
G1 p-Rb/E2F-1 Iso-suillin (59)
G1 p53 p53 pathway Resveratrol Grape (46)
G1 p53 p53 pathway Tanshinonell-A Salvia miltiorrhiza root (46)
G1 p-Rb, p21 STAT3 pathway Silibinin milk thistle (Silybum (46)
marianum)
S and G2/M CDK1 and Cyclin B1 Caspase-dependent and -independent 2’-gpi-2’-O-Acetylthevetin Cerbera manghas L (60)
pathways B
G1 and G2/M Bcel family and cytochrome ¢ Caspase pathway Naringenin Citrus fruits 61)
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TABLE 2 | The targets and pathways of natural compounds in the process of inhibiting apoptosis in HCC.

Target Signalling Natural Compound Chinese medicine Reference
pathway

procaspase-8/12 and  p38 MAPK Chalcone Flavokawain B rhizomes of Alpinia plants (45)

caspase-9/3 cascades

p53 and Bcl-2 family p53 pathway Psoralen Psoralea corylifolia (31)

p53 p53 pathway Resveratrol Polygonumcuspidatum Sieb. etZucc. 21)

p53 p53 pathway Quercetin Foods, including onions, grapes, beverages (i.e., tea, wine, 21)

and beer) and green vegetables

p53 p53 pathway Curcumin Curcumalonga L. 21)

NF-xB NF-xB pathway Icariin Synergizes with Arsenic Trioxide E Herba (137)

Mcl-1 and Bcl-xL STAT3 pathway Silibinin Silybum marianum (138)

Mcl-1 PI3-K/Akt cascade  y-Bufarenogin toad skin (73)

JNK ROS/JNK/c-Jun Longikaurin A Isodon ternifolius (78)
signalling pathways

Cleaved PARP and caspase pathway  Asparanin A Asparagus officinalis L. (43)

caspase-3/8/9

Cleaved PARP Isocorydine Dicranostigma leptopodum (Maxim.) Fedde) (50)

cytochrome ¢ p38 and ERK Furanodiene Curcuma wenyujin (51)
MAPK pathway

caspase-3/9, Bcl caspase pathway  2-Methoxyjuglone Juglans cathayensis (76)

family, and

cytochrome 3

caspase-3/9 and Bcl caspase pathway  Juglanthraquinone C Juglans mandshurica Maxim (58)

family

caspase-3/8/9 and p73 pathway Wasabia japonica extract (WJE) Wasabia japonica (139)

Fas/FasL

caspase-3/8/9 and p53 pathway Iso-suillin Suillus luteus (59)

FADD

caspase-3/8/9 p53 pathway Berbamine Berberis amurensis (84)

caspase-3/8 and Longikaurin A Isodon ternifolius (78)

cleaved PARP

caspase-3/8, ERK Hispolon Phellinus linteus (55)

cytochrome ¢, and Bcl

family

Caspase-3, PERK/ 6-Shogaol Zingiber Officinale (140)

elF2a

caspase-3 gene hexane extract Murdannia bracteata (141)

caspase-3 and Bax caspase-3 Tanshinonell-A Salvia miltiotthiza Bge. (Danshen) 21)
pathway

caspase-3 caspase pathway  GHSC-73 Cerbera manghas L. (60)

caspase 8/9, Bid and  caspase pathway =~ Momordica Charantia lectin (MCL) bitter gourd (75)

bim

capase-3/9 caspase pathway  2’-epi-2’-O-Acetylthevetin B (GHSC-74) Cerbera manghas L. (60)

capase-3/8/9, Fas/ caspase pathway  Neriifolin Cerbera manghas L. (66)

FasL

capase-3/8/9, and Bcl  p53 Ergosta-4,6,8(14),22-tetraen-3-one (ergone)  various medicinal fungi such as Polyporus umbellatus, (63)

family Russula cyanoxantha, and Cordyceps sinensis.

capase-3/8/9 caspase pathway  HH-F3 Graptopetalum paraguayense (142)

capase-3 caspase pathway  apple flavonoid-enriched fraction (AF4) Northern Spy apples (44)

Blc-2 family and Fas/  NF-kB pathway Arctigenin Saussurea medusa, Arctium lappal., T. nucifera, Forsythia (143)

FasL and p53 pathway intermedia and tropical climbing shrub Ipomea cairica

Bcl-2,Bcl-XL and Bid Berberine Huanglian(Coptis chinensis Franch., Coptis deltoidea C. (21)

Y.Cheng et Hsiao, or Coptis teeta Wall.)

Bcl-2 family, IAPs, and  NF-kB pathway Dentatin Clausena excavata (62)

caspase-3

Bcl-2 family and JNK1 signalling Icaritin Epimedium (144)

caspase-3 pathway

Bcl-2 family and Myrtenal cumin, pepper, mint and eucalyptus (145)

caspase-3

Bcl-2 family Celastrol Tripterygium wilfordii (70)

Bcl-2 family p53 pathway Pulsatilla saponin A Pulsatilla chinensis regel (52)

Bcl-2 family p53 pathway (E)-3-(4-hydroxy-2-methoxyphenyl)-propenoic  Mirabilis himalaica (57)

acid 4-hydroxy-3-methoxypheny! ester
Bcl-2 family p53 pathway CKBM Mangnolia officinalis (19)
(Continued)
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TABLE 2 | Continued

Target Signalling Natural Compound Chinese medicine Reference
pathway

Bcl family and p53 oleanolic acid Olea europaea,Viscum album L., Aralia chinensis |. (53)
cytochrome ¢
Bcl family and caspase pathway Naringenin citrus fruits 61)
cytochrome ¢
Bcel family caspase pathway  phoyunbene B Pholidota yunnanensis (146)
Bcel family NF-xB pathway hydroxytyrosol (HT) olive ail (86)
Bel family caspase pathway  Methyl protodioscin Dioscorea collettii var. hypoglauca (Dioscoreaceae) (33)
Bcel family caspase pathway  osthole Cnidium monnieri (L.) Cusson (71)
Bel family ERK and JNK Wentilactone B Aspergillus wentii EN-48 (47)

MAPK pathways
apaf-1/cytochrome ¢/ caspase pathway  Chrysanthemum indicum extract Chrysanthemum indicum (56)
capase-9

JNK and p38 Protocatechuic acid (PCA) Lonicera japonica (79)

MAPK pathway

PIK3/Akt pathway  Hellebrigenin Helleborus and Kalanchoe (48)
TABLE 3 | The targets and pathways of natural compounds in the process of inhibiting autophagy in HCC.
Target Signalling pathway Compound Chinese medicine Reference
LC3-Il and autophagosome p-53 independent Momordica Charantia lectin (MCL) bitter gourd (75)
LC3-lI MEK/ERK pathway Platycodin D Platycodonis Radix (102)
LC3-II p53 and PIBK/mTOR pathways Allicin Garlic (95)
beclin-1 (mTOR) signalling pathway Berberine Coptidis rhizoma (93)
ATG7 partially ERK Tetrandrine Stephaniae tetrandrae (90)
Atg-5 and Atg-7 PIBK-PTEN-Akt-mTOR signalling pathway oroxylin A Scutellariae radix 91)
TABLE 4 | The targets and pathways of natural compounds in the process of inhibiting migration and invasion in HCC.
Target Signalling pathway Compound Chinese medicine Reference
VEGFR2 VEGFR2/Src/FAK corosolic acid Actinidia chinensis (129)
thrombin PAR/ERK1/2 (-)-epigallocatechin-3-gallate (EGCG) Green tea (136)
ROS-potentiated hepatocyte growth factor (HGF) Resveratrol grape (147)
ROS ROS-ER-MAPKs-CHOP Piperlongumine longer pepper plants (132)
Roh GTPases and MMP-  Actin Cytoskeleton and NF-jB Gambogic Acid Garcinia hanburyi (112)
2/-9
MMP-2/-9 and TIMP-1/- ERK1/2, p38MAPK, FAK/PISK/AKT/  11-epi-Sinulariolide Acetate Sinularia flexibilis (148)
2 mTOR
MMP-2/-9 and TIMP-1/- portulacerebroside A Portulacaoleracea (106)
2
MMP-2/-9 NF-xB caffeic acid phenyl ester propolis (149)
MMP-2/-9 PIBK/Akt, ERK1/2 Hispolon Phellinus linteus (100)
MMP-2/-9 B1-Integrin/FAK Marine Bromophenol Bis (2,3-Dibromo-4,5-dihydroxy- marine algae (150)

phenyl)-methane
MMP-2/-9 PKC/ERK Galangin Alpinia officinarum 124)
MMP-2, TIMP-2 binding abilities of NF-kB and AP-1 Plumbagin Plumbago zeylanica (151)
Linn.
LC3-Il, and p-53 independent Momordica Charantia lectin (MCL) bitter gourd (75)
autophagosome
LC3-II MEK/ERK pathway Platycodin D Platycodonis Radix (102)
LC3-ll p53 and PIBK/mTOR pathways Allicin Garlic (95)
HIF-1 Brucine Strychnos nux-vomica (135)
Linn.,
beclin-1 (mTOR) signalling pathway Berberine Coptidis rhizoma (93)
ATG7 partially ERK Tetrandrine Stephaniae tetrandrae (90)
Atg-5 and Atg-7 PIBK-PTEN-Akt-mTOR signalling oroxylin A Scutellariae radix 91)
pathway
Platycodin D Platycodonis radix (102)
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FIGURE 3 | Proposed signalling pathway by which natural compounds induce apoptosis and example of targets of apoptosis in tumor cells for liver cancer drug
development. FasL, Fas ligand; FADD, Fas-associated protein with death domain; TNFR1, tumor necrosis factor receptor 1; TRADD, TNFR1-associated via death
domain; DISC, death-induced signalling complex; IAP, inhibitor of apoptosis protein; UPR, unfolded protein response; ER, endoplasmic reticulum; PERK, double-
stranded RNA-activated protein kinase-like ER kinase; TRAF2, TNF receptor-associated factor 2; ELF2, eukaryotic initiation factor 2.

expression, thereby affecting the initiation process of autophagy.
Allicin can decrease the cytoplasmic p53 levels, which induces
autophagy and inhibits apoptosis. Tetrandrine acts via the ERK
pathway, whereas oroxylin A, a multitarget compound, affects
not only Beclin-1 but also the PI3K-PTEN-Akt-mTOR signalling
pathway (Table 3).

It has been reported that regulating the expression of MMP-
2/-9 could inhibit the migration and invasion of HCC (124) (55).
MMP-2 and MMP-9 are believed to be the key targets for
inhibiting cell metastasis, and compounds could up- or
downregulate MMP-2/-9 expression through various signalling
pathways. Several natural compounds have been shown to
inhibit HCC migration and invasion by modulating MMP-2/-9
expression and activity through the following three signalling
pathways: Erk1/2, p38 MAPK and PI3K/Akt (Figure 4). In
addition, RhoA is required for cell migration (150) and can
abrogate the expression of MMP-9 to inhibit HCC metastasis
(157) (Figure 4). Some natural compounds, such as 11-epi-
sinullariolide acetate, isolated from Sinularia flexibilis, may

inhibit metastasis through the ERK1/2, p38MAPK and FAK/
PI3K/AKT/mTOR pathways to regulate the expression of MMP-
2/-9.

TCMs are well known for their heterogeneous composition of
molecules that affect multiple targets and pathways (158). Some
natural compounds isolated from TCMs, such as hispolon, an
active phenolic compound of Phllinus linteus, act on multiple
targets. Hispolon has been reported to regulate the components
of cell cycle progression and apoptotic machinery to delay the S
to G2/M transition and induce apoptosis by increasing Bax
expression and promoting cytochrome c release (55). Hispolon
also inhibits cell migration and invasion via the inactivation of
the Erk1/2 signalling pathway, RhoA protein expression and the
PI3K pathway (100). Furthermore, MCL, a compound extracted
from bitter gourd, targets caspase 8/9 to induce apoptosis and
inhibits LC-II to trigger autophagy through a p53-independent
pathway (75). These multifaceted compounds exhibit great
potential in liver cancer therapy. Currently, sorafenib is the
only drug used as the standard first-line treatment for
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advanced HCC, but drug resistance to sorafenib is a serious
problem. Although much progress is needed before potential
natural compounds are approved as clinical drugs for the
treatment of HCC, some compounds, such as the ingredients
of the TCMs Chan Su and bufalin, could improve sorafenib
efficacy and reduce drug resistance. Scientists have investigated
whether bufalin-mediated Akt activation through the IRE1
pathway to induce apoptosis can reverse resistance to sorafenib
(131). This research paved the way for a new application of
natural compounds as they may contribute to reducing the drug
resistance of established treatments, such as sorafenib.

Targeted therapy with chemicals effectively prolongs the life
of patients, while drug resistance hinders their application (159).
Liver cancer stem cells are the key cells responsible for the
occurrence and recurrence of liver cancer, and the key to
curing tumors is to intervene with liver cancer stem cells (160).
It can be pleasantly surprising to determine that multiple natural
products play critical roles in terms of liver cancer recurrence
and resistance to therapies. Luffa cylindrica gaffes, for example,
can reduce the proportion of cancer stem cells in the blood of
HCC patients, which reduces the recurrence and spread of
cancer cells (161). Researchers found that its self-synthetic
psyche base derivatives in vitro and in vivo can significantly
inhibit the growth of human liver cancer cells and reduce the
stem characteristics of liver cancer cells. This derivative may be

achieved by suppressing the AKT/mTOR/p70S6K and AKT/
GSK3 beta/B-catenin signalling pathways (162). Poplar is a
flavonoid compound extracted from Chinese medicine wood
butterflies. Poplar has a wide range of pharmacological activities
(163). It has been found that poplar has an obvious inhibitory
effect on the formation of the stem cell globulin formation rate of
liver cancer and that poplar can reduce the protein expression of
cell stem markers, blocking hedgehog signal transduction,
thereby playing a role in inhibiting the development of liver
cancer (164).

There are several risk factors for liver cancer, including
hepatitis virus, alcohol addiction, liver cirrhosis and hepatotoxic
carcinogens in moldy food (165). About 1/3 of patients with liver
cancer have a history of chronic hepatitis may be related to
chronic hepatitis B(HBV) and hepatitis C(HCV) (166,
167).Because of the high mortality of virus-caused HCC,
antiviral therapy for HCV and HBV is urgently needed.
Clinically HBV-induced HCC is usually characterized by
elevated serum HBV-DNA levels and increases the risk of death
in the advanced stages of cancer (168). The treatment of HBV is
now done by vaccination, but even patients who have cured HBV
are still likely to have HCC recurrence. Therefore, it is more
urgent to find feasible ways to treat viral hepatitis thoroughly.

TCM has become a popular area of research in recent years.
As natural compounds attract significant attention from the
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scientific community and the pharmacological effects and their
potential mechanisms against hepatocellular carcinoma are well
studied in laboratory work, clinical data are needed to confirm
the specific efficacy of these compounds. With their advantages
of targeting multiple effectors and pathways, many anticancer
natural compounds, such as curcumin and resveratrol, are
currently undergoing clinical trials (169, 170). Based on the
database of several clinical studies investigating curcumin,
curcumin improves the effectiveness of chemotherapy and
radiotherapy. The expression of antimetastatic proteins was
also increased along with reduced side effects (171).
Combination therapy may be a good choice for natural
compounds in clinical applications. For resveratrol, based on
available clinical results, subsequent clinical trials are currently
investigating dose limits to address resveratrol’s poor
bioavailability with regard to extrapolating its effects to
humans (172). In addition, clinical research investigating
valuable Chinese herbal medicine is also ongoing. A recent
randomized, double-blind, and placebo-controlled clinical trial
investigating Ejiao (Asini Corii Colla) showed a promising effect
in women suffering from blood deficiency (173). To apply
natural medicines in clinical settings, the factors influencing
the action of drugs, such as delivery systems, formulations,
modulation of metabolism, and interactions with other
compounds, should be considered. In contrast, being a
“multitarget” drug may lead to lower selectivity, thereby
increasing the incidence of adverse effects. Elucidating the
exact mechanisms of these compounds and analysing their
clinical efficacy still requires further work. As illustrated in the
success of artemisinin in the treatment of malaria, natural
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In this review, the pathways and targets of HCC were
described in detail to help researchers propose new strategies
to seek selected natural products for the treatment of HCC by the
regulation of different targets. Due to the high incidence and
mortality of liver cancer and because treatment with chemical
drugs causes physical damage to varying degrees, it is particularly
important to extract low-toxicity and effective natural
compounds from traditional Chinese medicine.

AUTHOR CONTRIBUTIONS

HX and MY proposed the conception and design. YZ and WZ
performed the data collection and drafted the manuscript. LX
generated the figures and tables. HZ, MY, and HX reviewed the
data and provided final approval of the manuscript. All authors
contributed to the article and approved the submitted version.

ACKNOWLEDGMENTS

This research was supported by Shanghai University of
Traditional Chinese Medicine and HX’s research group. We
would like to thank Dr. Lao Yuanzhi, Dr. Shen Kaikai and Dr.
Zhang Li for their suggestions and Prof. Alasdair Gibb,
Department of Pharmacology, University College London, for
his comments concerning this paper.

11. Wallace MC, Preen D, Jeftrey GP, Adams LA. The Evolving Epidemiology of
Hepatocellular Carcinoma: A Global Perspective. Expert Rev Gastroenterol
Hepatol (2015) 9:765-79. doi: 10.1586/17474124.2015.1028363

Keating GM. Sorafenib: A Review in Hepatocellular Carcinoma. Targeted
Oncol (2017) 12:243-53. doi: 10.1007/s11523-017-0484-7

Darvesh AS, Aggarwal BB, Bishayee A. Curcumin and Liver Cancer: A
Review. Curr Pharm Biotechnol (2012) 13:218-28. doi: 10.2174/
138920112798868791

Schaub SK, Hartvigson PE, Lock MI, Hoyer M, Brunner TB, Cardenes HR,
et al. Stereotactic Body Radiation Therapy for Hepatocellular Carcinoma:
Current Trends and Controversies. Technol Cancer Res Treat (2018)
17:1533033818790217. doi: 10.1177/1533033818790217

Norikura T, Fujiwara K, Narita T, Yamaguchi S, Morinaga Y, Iwai K, et al.
Anticancer Activities of Thelephantin O and Vialinin A Isolated From
Thelephora Aurantiotincta. J Agric Food Chem (2011) 59:6974-9.
doi: 10.1021/j£200461j

Kim C, Kim B. Anti-Cancer Natural Products and Their Bioactive
Compounds Inducing ER Stress-Mediated Apoptosis: A Review. Nutrients
(2018) 10(8):1021. doi: 10.3390/nul0081021

Wong JH, Ng TB, Chan HHL, Liu Q, Man GCW, Zhang CZ, et al.
Mushroom Extracts and Compounds With Suppressive Action on Breast
Cancer: Evidence From Studies Using Cultured Cancer Cells, Tumor-
Bearing Animals, and Clinical Trials. Appl Microbiol Biotechnol (2020)
104:4675-703. doi: 10.1007/s00253-020-10476-4

Wang X, Lao Y, Xu N, Xi Z, Wu M, Wang H, et al. Oblongifolin C Inhibits
Metastasis by Up-Regulating Keratin 18 and Tubulins. Sci Rep (2015)
5:10293. doi: 10.1038/srep10293

Chen S-R, Qiu H-C, Hu Y, Wang Y, Wang Y-T. Herbal Medicine Offered as
an Initiative Therapeutic Option for the Management of Hepatocellular
Carcinoma. Phytother Res PTR (2016) 30:863-77. doi: 10.1002/ptr.5594

12.

13.

14.

15.

16.

17.

18.

19.

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 795548


https://doi.org/10.3322/caac.21254
https://doi.org/10.1016/j.eururo.2016.06.010
https://doi.org/10.1158/1055-9965.EPI-15-0578
https://doi.org/10.1053/j.semdp.2016.12.011
https://doi.org/10.1177/1403494817715400
https://doi.org/10.1056/NEJMra1713263
https://doi.org/10.3322/caac.21262
https://doi.org/10.1146/annurev-med-090514-013832
https://doi.org/10.1146/annurev-med-090514-013832
https://doi.org/10.1016/S0140-6736(13)62224-2
https://doi.org/10.1016/S0140-6736(13)62224-2
https://doi.org/10.1586/17474124.2015.1028363
https://doi.org/10.1007/s11523-017-0484-7
https://doi.org/10.2174/138920112798868791
https://doi.org/10.2174/138920112798868791
https://doi.org/10.1177/1533033818790217
https://doi.org/10.1021/jf200461j
https://doi.org/10.3390/nu10081021
https://doi.org/10.1007/s00253-020-10476-4
https://doi.org/10.1038/srep10293
https://doi.org/10.1002/ptr.5594
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zheng et al.

Natural Compounds for Liver Cancer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Boye A, Wu C, Jiang Y, Wang J, Wu J, Yang X, et al. Compound Astragalus
and Salvia Miltiorrhiza Extracts Modulate MAPK-Regulated TGF-B/Smad
Signaling in Hepatocellular Carcinoma by Multi-Target Mechanism.
] Ethnopharmacol (2015) 169:219-28. doi: 10.1016/j.jep.2015.04.013

Ting CT, Li WC, Chen CY, Tsai TH. Preventive and Therapeutic Role of
Traditional Chinese Herbal Medicine in Hepatocellular Carcinoma. J Chin
Med Assoc JCMA (2015) 78(3):139-44. doi: 10.1016/j.jcma.2014.09.003

Hu F, Han ], Zhai B, Ming X, Zhuang L, Liu Y, et al. Blocking Autophagy
Enhances the Apoptosis Effect of Bufalin on Human Hepatocellular
Carcinoma Cells Through Endoplasmic Reticulum Stress and JNK
Activation. Apoptosis An Int ] Programmed Cell Death (2014) 19:210-23.
doi: 10.1007/s10495-013-0914-7

Yang F, Li ], Zhu J, Wang D, Chen S, Bai X. Hydroxysaftlor Yellow A Inhibits
Angiogenesis of Hepatocellular Carcinoma via Blocking ERK/MAPK and
NF-xb Signaling Pathway in H22 Tumor-Bearing Mice. Eur J Pharmacol
(2015) 754:105-14. doi: 10.1016/j.ejphar.2015.02.015

Yie Y, Zhao S, Tang Q, Zheng F, Wu ], Yang L, et al. Ursolic Acid Inhibited
Growth of Hepatocellular Carcinoma HepG2 Cells Through Ampka-
Mediated Reduction of DNA Methyltransferase 1. Mol Cell Biochem
(2015) 402:63-74. doi: 10.1007/s11010-014-2314-x

D'Aguanno S, Del Bufalo D. Inhibition of Anti-Apoptotic Bcl-2 Proteins in
Preclinical and Clinical Studies: Current Overview in Cancer. Cells (2020) 9
(5):1287. doi: 10.3390/cells9051287

Prieto LI, Baker DJ. Cellular Senescence and the Immune System in Cancer.
Gerontology (2019) 65(5):505-12. doi: 10.1159/000500683

Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell
(2011) 144:646-74. doi: 10.1016/j.cell.2011.02.013

Carneiro BA, El-Deiry WS. Targeting Apoptosis in Cancer Therapy. Nat Rev
Clin Oncol (2020) 17:395-417. doi: 10.1038/s41571-020-0341-y

Su L-J, Zhang J-H, Gomez H, Murugan R, Hong X, Xu D, et al. Reactive
Oxygen Species-Induced Lipid Peroxidation in Apoptosis, Autophagy, and
Ferroptosis. Oxid Med Cell Longev (2019) 2019:5080843. doi: 10.1155/2019/
5080843

Ren X, Wang C, Xie B, Hu L, Chai H, Ding L, et al. Tanshinone IIA Induced
Cell Death via Mir30b-P53-PTPN11/SHP2 Signaling Pathway in Human
Hepatocellular Carcinoma Cells. Eur ] Pharmacol (2017) 796:233-41.
doi: 10.1016/j.ejphar.2016.11.046

Jiang Z, Xiong J. Induction of Apoptosis in Human Hepatocarcinoma
SMMC-7721 Cells In Vitro by Psoralen From Psoralea Corylifolia. Cell
Biochem Biophysics (2014) 70:1075-81. doi: 10.1007/s12013-014-0025-2
Bisteau X, Caldez MJ, Kaldis P. The Complex Relationship Between Liver
Cancer and the Cell Cycle: A Story of Multiple Regulations. Cancers (2014) 6
(1):79-111. doi: 10.3390/cancers6010079

Tsai J-P, Hsiao P-C, Yang S-F, Hsieh S-C, Bau D-T, Ling C-L, et al.
Licochalcone A Suppresses Migration and Invasion of Human
Hepatocellular Carcinoma Cells Through Downregulation of MKK4/JNK
via NF-xb Mediated Urokinase Plasminogen Activator Expression. PloS One
(2014) 9:¢86537. doi: 10.1371/journal.pone.0086537

Mak L, Liggi S, Tan L, Kusonmano K, Rollinger JM, Koutsoukas A, et al.
Anti-Cancer Drug Development: Computational Strategies to Identify and
Target Proteins Involved in Cancer Metabolism. Curr Pharm Design (2013)
19:532-77. doi: 10.2174/138161213804581855

Guo Y-J, Pan W-W, Liu S-B, Shen Z-F, Xu Y, Hu L-L. ERK/MAPK
Signalling Pathway and Tumorigenesis. Exp Ther Med (2020) 19:1997-
2007. doi: 10.3892/etm.2020.8454

Siegfried Z, Bonomi S, Ghigna C, Karni R. Regulation of the Ras-MAPK and
PI3K-mTOR Signalling Pathways by Alternative Splicing in Cancer. Int J
Cell Biol (2013) 2013:568931. doi: 10.1155/2013/568931

Li X, Li C, Zhang L, Wu M, Cao K, Jiang F, et al. The Significance of
Exosomes in the Development and Treatment of Hepatocellular Carcinoma.
Mol Cancer (2020) 19(1):1. doi: 10.1186/s12943-019-1085-0

De Luca A, Maiello MR, D'Alessio A, Pergameno M, Normanno N. The RAS/
RAF/MEK/ERK and the PI3K/AKT Signalling Pathways: Role in Cancer
Pathogenesis and Implications for Therapeutic Approaches. Expert Opin Ther
Targets (2012) 16(Suppl 2):S17-27. doi: 10.1517/14728222.2011.639361
Sava GP, Fan H, Coombes RC, Buluwela L, Ali S. CDK?7 Inhibitors as
Anticancer Drugs. Cancer Metastasis Rev (2020) 39:805-23. doi: 10.1007/
$10555-020-09885-8

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Dang F, Nie L, Wei W. Ubiquitin Signaling in Cell Cycle Control and
Tumorigenesis. Cell Death Differ (2021) 28:427-38. doi: 10.1038/s41418-
020-00648-0

Kuny CV, Kalejta RF. Human Cytomegalovirus Can Procure
Deoxyribonucleotides for Viral DNA Replication in the Absence of
Retinoblastoma Protein Phosphorylation. ] Virol (2016) 90(19):8634-43.
doi: 10.1128/JV1.00731-16

Shen Y, Sherman JW, Chen X, Wang R. Phosphorylation of CDC25C by
AMP-Activated Protein Kinase Mediates a Metabolic Checkpoint During
Cell-Cycle G/M-Phase Transition. J Biol Chem (2018) 293:5185-99.
doi: 10.1074/jbc.RA117.001379

Harrington K, Freeman D], Kelly B, Harper ], Soria J-C. Optimizing
Oncolytic Virotherapy in Cancer Treatment. Nat Rev Drug Discov (2019)
18:689-706. doi: 10.1038/s41573-019-0029-0

Liu W, Huang X-F, Qi Q, Dai Q-S, Yang L, Nie F-F, et al. Asparanin A
Induces G(2)/M Cell Cycle Arrest and Apoptosis in Human Hepatocellular
Carcinoma HepG2 Cells. Biochem Biophys Res Commun (2009) 381:700-5.
doi: 10.1016/j.bbrc.2009.02.124

Ji T, Lin C, Krill LS, Eskander R, Guo Y, Zi X, et al. Flavokawain B, a Kava
Chalcone, Inhibits Growth of Human Osteosarcoma Cells Through G2/M
Cell Cycle Arrest and Apoptosis. Mol Cancer (2013) 12:55. doi: 10.1186/
1476-4598-12-55

Jin M, Kong L, Han Y, Zhang S. Gut Microbiota Enhances the
Chemosensitivity of Hepatocellular Carcinoma to 5-Fluorouracil In Vivo
by Increasing Curcumin Bioavailability. Phytother Res PTR (2021) 35
(10):5823-37. doi: 10.1002/ptr.7240

Zhang Z, Miao L, Lv C, Sun H, Wei S, Wang B, et al. Wentilactone B Induces
G2/M Phase Arrest and Apoptosis via the Ras/Raf/MAPK Signaling
Pathway in Human Hepatoma SMMC-7721 Cells. Cell Death Dis (2013)
4:657. doi: 10.1038/cddis.2013.182

Deng L-J, Hu L-P, Peng Q-L, Yang X-L, Bai L-L, Yiu A, et al. Hellebrigenin
Induces Cell Cycle Arrest and Apoptosis in Human Hepatocellular
Carcinoma HepG2 Cells Through Inhibition of Akt. Chem-Biol Interact
(2014) 219:184-94. doi: 10.1016/j.cbi.2014.06.003

Han L, Yuan B, Shimada R, Hayashi H, Si N, Zhao H-Y, et al. Cytocidal
Effects of Arenobufagin and Hellebrigenin, Two Active Bufadienolide
Compounds, Against Human Glioblastoma Cell Line U-87. Int ] Oncol
(2018) 53:2488-502. doi: 10.3892/ij0.2018.4567

Sun H, Hou H, Lu P, Zhang L, Zhao F, Ge C, et al. Isocorydine Inhibits Cell
Proliferation in Hepatocellular Carcinoma Cell Lines by Inducing G2/m Cell
Cycle Arrest and Apoptosis. PloS One (2012) 7:¢36808. doi: 10.1371/
journal.pone.0036808

Liu M, Zhou J, Liu X, Feng Y, Yang W, Wu F, et al. Targeting Monocyte-Intrinsic
Enhancer Reprogramming Improves Immunotherapy Efficacy in Hepatocellular
Carcinoma. Gut (2020) 69:365-79. doi: 10.1136/gutjnl-2018-317257

Liu Q, Chen W, Jiao Y, Hou J, Wu Q, Liu Y, et al. Pulsatilla Saponin A, an
Active Molecule From Pulsatilla Chinensis, Induces Cancer Cell Death and
Inhibits Tumor Growth in Mouse Xenograft Models. J Surg Res (2014)
188:387-95. doi: 10.1016/j.js5.2014.01.026

Wang X, Bai H, Zhang X, Liu J, Cao P, Liao N, et al. Inhibitory Effect of
Oleanolic Acid on Hepatocellular Carcinoma via ERK-P53-Mediated Cell
Cycle Arrest and Mitochondrial-Dependent Apoptosis. Carcinogenesis
(2013) 34:1323-30. doi: 10.1093/carcin/bgt058

Ye J, Sun D, Yu Y, Yu J. Osthole Resensitizes CD133 Hepatocellular
Carcinoma Cells to Cisplatin Treatment via PTEN/AKT Pathway. Aging
(2020) 12:14406-17. doi: 10.18632/aging.103484

Huang G-J, Deng J-S, Huang S-S, Hu M-L. Hispolon Induces Apoptosis and
Cell Cycle Arrest of Human Hepatocellular Carcinoma Hep3B Cells by
Modulating ERK Phosphorylation. J Agric Food Chem (2011) 59:7104-13.
doi: 10.1021/j£20128%¢

Qi G, Liu Z, Fan R, Yin Z, Mi Y, Ren B, et al. Athyrium Multidentatum
(Doll.) Ching Extract Induce Apoptosis via Mitochondrial Dysfunction and
Oxidative Stress in HepG2 Cells. Sci Rep (2017) 7(1):2275. doi: 10.1038/
$41598-017-02573-8

Lang L, Zhu S, Zhang H, Yang P, Fan H, Li S, et al. A Natural
Phenylpropionate Derivative From Mirabilis Himalaica Inhibits Cell
Proliferation and Induces Apoptosis in HepG2 Cells. Bioorg Med Chem
Lett (2014) 24:5484-8. doi: 10.1016/j.bmcl.2014.10.011

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 795548


https://doi.org/10.1016/j.jep.2015.04.013
https://doi.org/10.1016/j.jcma.2014.09.003
https://doi.org/10.1007/s10495-013-0914-7
https://doi.org/10.1016/j.ejphar.2015.02.015
https://doi.org/10.1007/s11010-014-2314-x
https://doi.org/10.3390/cells9051287
https://doi.org/10.1159/000500683
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/s41571-020-0341-y
https://doi.org/10.1155/2019/5080843
https://doi.org/10.1155/2019/5080843
https://doi.org/10.1016/j.ejphar.2016.11.046
https://doi.org/10.1007/s12013-014-0025-2
https://doi.org/10.3390/cancers6010079
https://doi.org/10.1371/journal.pone.0086537
https://doi.org/10.2174/138161213804581855
https://doi.org/10.3892/etm.2020.8454
https://doi.org/10.1155/2013/568931
https://doi.org/10.1186/s12943-019-1085-0
https://doi.org/10.1517/14728222.2011.639361
https://doi.org/10.1007/s10555-020-09885-8
https://doi.org/10.1007/s10555-020-09885-8
https://doi.org/10.1038/s41418-020-00648-0
https://doi.org/10.1038/s41418-020-00648-0
https://doi.org/10.1128/JVI.00731-16
https://doi.org/10.1074/jbc.RA117.001379
https://doi.org/10.1038/s41573-019-0029-0
https://doi.org/10.1016/j.bbrc.2009.02.124
https://doi.org/10.1186/1476-4598-12-55
https://doi.org/10.1186/1476-4598-12-55
https://doi.org/10.1002/ptr.7240
https://doi.org/10.1038/cddis.2013.182
https://doi.org/10.1016/j.cbi.2014.06.003
https://doi.org/10.3892/ijo.2018.4567
https://doi.org/10.1371/journal.pone.0036808
https://doi.org/10.1371/journal.pone.0036808
https://doi.org/10.1136/gutjnl-2018-317257
https://doi.org/10.1016/j.jss.2014.01.026
https://doi.org/10.1093/carcin/bgt058
https://doi.org/10.18632/aging.103484
https://doi.org/10.1021/jf201289e
https://doi.org/10.1038/s41598-017-02573-8
https://doi.org/10.1038/s41598-017-02573-8
https://doi.org/10.1016/j.bmcl.2014.10.011
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zheng et al.

Natural Compounds for Liver Cancer

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Hou YQ, Yao Y, Bao YL, Song ZB, Yang C, Gao XL, et al. Juglanthraquinone
C Induces Intracellular ROS Increase and Apoptosis by Activating the Akt/
Foxo Signal Pathway in HCC Cells. Oxid Med Cell Longevity (2016)
2016:4941623. doi: 10.1155/2016/4941623

Yan Y, Yao S, Jia Z, Zhao J, Wang L. Iso-Suillin-Induced DNA Damage
Leading to Cell Cycle Arrest and Apoptosis Arised From P53
Phosphorylation in A549 Cells. Eur | Pharmacol (2021) 907:174299.
doi: 10.1016/j.ejphar.2021.174299

Sun YS, Lv LX, Zhao Z, He X, You L, Liu JK, et al. Cordycepol C Induces
Caspase-Independent Apoptosis in Human Hepatocellular Carcinoma
HepG2 Cells. Biol Pharm Bull (2014) 37(4):608-17. doi: 10.1248/bpb.b13-
00877

Zhao Z, Jin G, Ge Y, Guo Z. Naringenin Inhibits Migration of Breast Cancer
Cells via Inflammatory and Apoptosis Cell Signaling Pathways.
Inflammopharmacology (2019) 27:1021-36. doi: 10.1007/s10787-018-
00556-3

Ashwaq A-AS, Al-Qubaisi MS, Rasedee A, Abdul AB, Taufiq-Yap YH, Yeap
SK. Inducing G2/M Cell Cycle Arrest and Apoptosis Through Generation
Reactive Oxygen Species (ROS)-Mediated Mitochondria Pathway in HT-29
Cells by Dentatin (DEN) and Dentatin Incorporated in Hydroxypropyl--
Cyclodextrin (DEN-HpBcd). Int ] Mol Sci (2016) 17(10):1653. doi: 10.3390/
ijms17101653

Song J, Wang Y, Teng M, Zhang S, Yin M, Lu J, et al. Cordyceps Militaris
Induces Tumor Cell Death via the Caspase-Dependent Mitochondrial
Pathway in HepG2 and MCEF-7 Cells. Mol Med Rep (2016) 13:5132-40.
doi: 10.3892/mmr.2016.5175

Jannus F, Medina-O'Donnell M, Rivas F, Diaz-Ruiz L, Rufino-Palomares EE,
Lupiafiez JA, et al. A Diamine-PEGylated Oleanolic Acid Derivative Induced
Efficient Apoptosis Through a Death Receptor and Mitochondrial Apoptotic
Pathway in HepG2 Human Hepatoma Cells. Biomolecules (2020) 10:1375.
doi: 10.3390/biom10101375

SuZ, Yang Z, Xu Y, Chen Y, Yu Q. Apoptosis, Autophagy, Necroptosis, and
Cancer Metastasis. Mol Cancer (2015) 14:48. doi: 10.1186/s12943-015-0321-5
Ramos-Silva A, Tavares-Carreon F, Figueroa M, de la Torre-Zavala S,
Gastelum-Arellanez A, Rodriguez-Garcia A, et al. Anticancer Potential of
Thevetia Peruviana Fruit Methanolic Extract. BMC Complement Altern Med
(2017) 17(1):241. doi: 10.1186/512906-017-1727-y

Oakes SA. Endoplasmic Reticulum Stress Signaling in Cancer Cells. Am J
Pathol (2020) 190:934-46. doi: 10.1016/j.ajpath.2020.01.010

Hu X, Duan T, Wu Z, Tang C, Cao Z. Puerarin Inhibits the PERK-Eif2
[Formula: See Text]-ATF4-CHOP Pathway Through Inactivating JAK2/
STATS3 Signal in Pancreatic Beta-Cells. Am ] Chin Med (2021) 49(7):1723-
38. doi: 10.1142/80192415X21500816

Guan FHX, Bailey CG, Metierre C, O'Young P, Gao D, Khoo TL, et al. The
Antiproliferative ELF2 Isoform, ELF2B, Induces Apoptosis In Vitro and
Perturbs Early Lymphocytic Development In Vivo. ] Hematol Oncol (2017)
10:75. doi: 10.1186/s13045-017-0446-7

Li P-P, He W, Yuan P-F, Song S-S, Lu J-T, Wei W. Celastrol Induces
Mitochondria-Mediated Apoptosis in Hepatocellular Carcinoma Bel-7402
Cells. Am J Chin Med (2015) 43:137-48. doi: 10.1142/5S0192415X15500093
Chao X, Zhou X, Zheng G, Dong C, Zhang W, Song X, et al. Osthole Induces
G2/M Cell Cycle Arrest and Apoptosis in Human Hepatocellular Carcinoma
HepG2 Cells. Pharm Biol (2014) 52:544-50. doi: 10.3109/13880209.2013.
850517

Zheng J-F, He S, Zeng Z, Gu X, Cai L, Qi G. PMPCB Silencing Sensitizes
HCC Tumor Cells to Sorafenib Therapy. Mol Ther ] Am Soc Gene Ther
(2019) 27:1784-95. doi: 10.1016/j.ymthe.2019.06.014

Ding J, Wen W, Xiang D, Yin P, Liu Y, Liu C, et al. y-Bufarenogin, a Novel
Anti-Tumor Compound, Suppresses Liver Cancer Growth by Inhibiting
Receptor Tyrosine Kinase-Mediated Signaling. Oncotarget (2015) 6:11627-
39. doi: 10.18632/oncotarget.3435

Wang N, Liu H, Liu G, Li M, He X, Yin C, et al. Yeast B-D-Glucan Exerts
Antitumor Activity in Liver Cancer Through Impairing Autophagy and
Lysosomal Function, Promoting Reactive Oxygen Species Production and
Apoptosis. Redox Biol (2020) 32:101495. doi: 10.1016/j.redox.2020.101495
Zhang CZ, Fang EF, Zhang H-T, Liu L-L, Yun J-P. Momordica Charantia
Lectin Exhibits Antitumor Activity Towards Hepatocellular Carcinoma.
Investig New Drugs (2015) 33(1):1-11. doi: 10.1007/s10637-014-0156-8

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Yu H-Y, Zhang X-Q, Li X, Zeng F-B, Ruan H-L. 2-Methoxyjuglone Induces
Apoptosis in HepG2 Human Hepatocellular Carcinoma Cells and Exhibits
In Vivo Antitumor Activity in a H22 Mouse Hepatocellular Carcinoma
Model. J Natural Prod (2013) 76:889-95. doi: 10.1021/np400025b

Han Z, Liu D, Chen L, He Y, Tian X, Qi L, et al. PNO1 Regulates Autophagy
and Apoptosis of Hepatocellular Carcinoma via the MAPK Signaling
Pathway. Cell Death Dis (2021) 12:552. doi: 10.1038/s41419-021-03837-y
Liao YJ, Bai HY, Li ZH, Zou ], Chen JW, Zheng F, et al. Longikaurin A, a
Natural Ent-Kaurane, Induces G2/M Phase Arrest via Downregulation of
Skp2 and Apoptosis Induction Through ROS/JNK/c-Jun Pathway in
Hepatocellular Carcinoma Cells. Cell Death Dis (2014) 5:e1137.
doi: 10.1038/cddis.2014.66

Buskaran K, Hussein MZ, Moklas MAM, Masarudin M]J, Fakurazi S.
Graphene Oxide Loaded With Protocatechuic Acid and Chlorogenic Acid
Dual Drug Nanodelivery System for Human Hepatocellular Carcinoma
Therapeutic Application. Int J Mol Sci (2021) 22(11):5786. doi: 10.3390/
ijms22115786

Kanapathipillai M. Treating P53 Mutant Aggregation-Associated Cancer.
Cancers (2018) 10(6):154. doi: 10.3390/cancers10060154

Hong B, van den Heuvel APJ, Prabhu VV, Zhang S, El-Deiry WS. Targeting
Tumor Suppressor P53 for Cancer Therapy: Strategies, Challenges and
Opportunities. Curr Drug Targets (2014) 15:80-9. doi: 10.2174/
1389450114666140106101412

Zanjirband M, Rahgozar S. Targeting P53-MDM2 Interaction Using Small
Molecule Inhibitors and the Challenges Needed to be Addressed. Curr Drug
Targets (2019) 20:1091-111. doi: 10.2174/1389450120666190402120701
Wu D, Prives C. Relevance of the P53-MDM2 Axis to Aging. Cell Death
Differ (2018) 25:169-79. doi: 10.1038/cdd.2017.187

Cao Y, Cao ], YuB, Wang S, Liu L, Tao L, et al. Berbamine Induces SMMC-
7721 Cell Apoptosis via Upregulating P53, Downregulating Survivin
Expression and Activating Mitochondria Signaling Pathway. Exp Ther
Med (2018) 15:1894-901. doi: 10.3892/etm.2017.5637

Sheng J, Kohno S, Okada N, Okahashi N, Teranishi K, Matsuda F, et al.
Treatment of Retinoblastoma 1-Intact Hepatocellular Carcinoma With
Cyclin-Dependent Kinase 4/6 Inhibitor Combination Therapy. Hepatol
(Baltimore Md) (2021) 74(4):1971-93. doi: 10.1002/hep.31872

Zhao B, Ma Y, Xu Z, Wang J, Wang F, Wang D, et al. Hydroxytyrosol, a
Natural Molecule From Olive Oil, Suppresses the Growth of Human
Hepatocellular Carcinoma Cells via Inactivating AKT and Nuclear Factor-
Kappa B Pathways. Cancer Lett (2014) 347:79-87. doi: 10.1016/j.canlet.
2014.01.028

Goldsmith ], Levine B, Debnath J. Autophagy and Cancer Metabolism.
Methods Enzymol (2014) 542:25-57. doi: 10.1016/B978-0-12-416618-
9.00002-9

An'Y, Jiang J, Zhou L, Shi J, Jin P, Li L, et al. Peroxiredoxin 1 is Essential
for Natamycin-Triggered Apoptosis and Protective Autophagy in
Hepatocellular Carcinoma. Cancer Lett (2021) 521:210-23. doi: 10.1016/
j.canlet.2021.08.023

Li T, Tang Z-H, Xu W-S, Wu G-S, Wang Y-F, Chang L-L, et al. Platycodin D
Triggers Autophagy Through Activation of Extracellular Signal-Regulated
Kinase in Hepatocellular Carcinoma HepG2 Cells. Eur ] Pharmacol (2015)
749:81-8. doi: 10.1016/j.ejphar.2015.01.003

Liao X, Bu Y, Jia Q. Traditional Chinese Medicine as Supportive Care for the
Management of Liver Cancer: Past, Present, and Future. Genes Dis (2020)
7:370-9. doi: 10.1016/j.gendis.2019.10.016

Yao J-Y, Xu S, Sun Y-N, Xu Y, Guo Q-L, Wei L-B. Novel CDK9 Inhibitor
Oroxylin A Promotes Wild-Type P53 Stability and Prevents Hepatocellular
Carcinoma Progression by Disrupting Both MDM2 and SIRT1 Signaling.
Acta Pharmacol Sin (2021). doi: 10.1038/s41401-021-00708-2
Filali-Mouncef Y, Hunter C, Roccio F, Zagkou S, Dupont N, Primard C, et al.
The Ménage A Trois of Autophagy, Lipid Droplets and Liver Disease.
Autophagy (2021), 1-24. doi: 10.1080/15548627.2021.1895658

Zhou M, Deng Y, Liu M, Liao L, Dai X, Guo C, et al. The Pharmacological
Activity of Berberine, a Review for Liver Protection. Eur ] Pharmacol (2021)
890:173655. doi: 10.1016/j.¢jphar.2020.173655

White E, Lattime EC, Guo JY. Autophagy Regulates Stress Responses,
Metabolism, and Anticancer Immunity. Trends Cancer (2021) 7:778-89.
doi: 10.1016/j.trecan.2021.05.003

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 795548


https://doi.org/10.1155/2016/4941623
https://doi.org/10.1016/j.ejphar.2021.174299
https://doi.org/10.1248/bpb.b13-00877
https://doi.org/10.1248/bpb.b13-00877
https://doi.org/10.1007/s10787-018-00556-3
https://doi.org/10.1007/s10787-018-00556-3
https://doi.org/10.3390/ijms17101653
https://doi.org/10.3390/ijms17101653
https://doi.org/10.3892/mmr.2016.5175
https://doi.org/10.3390/biom10101375
https://doi.org/10.1186/s12943-015-0321-5
https://doi.org/10.1186/s12906-017-1727-y
https://doi.org/10.1016/j.ajpath.2020.01.010
https://doi.org/10.1142/S0192415X21500816
https://doi.org/10.1186/s13045-017-0446-7
https://doi.org/10.1142/S0192415X15500093
https://doi.org/10.3109/13880209.2013.850517
https://doi.org/10.3109/13880209.2013.850517
https://doi.org/10.1016/j.ymthe.2019.06.014
https://doi.org/10.18632/oncotarget.3435
https://doi.org/10.1016/j.redox.2020.101495
https://doi.org/10.1007/s10637-014-0156-8
https://doi.org/10.1021/np400025b
https://doi.org/10.1038/s41419-021-03837-y
https://doi.org/10.1038/cddis.2014.66
https://doi.org/10.3390/ijms22115786
https://doi.org/10.3390/ijms22115786
https://doi.org/10.3390/cancers10060154
https://doi.org/10.2174/1389450114666140106101412
https://doi.org/10.2174/1389450114666140106101412
https://doi.org/10.2174/1389450120666190402120701
https://doi.org/10.1038/cdd.2017.187
https://doi.org/10.3892/etm.2017.5637
https://doi.org/10.1002/hep.31872
https://doi.org/10.1016/j.canlet.2014.01.028
https://doi.org/10.1016/j.canlet.2014.01.028
https://doi.org/10.1016/B978-0-12-416618-9.00002-9
https://doi.org/10.1016/B978-0-12-416618-9.00002-9
https://doi.org/10.1016/j.canlet.2021.08.023
https://doi.org/10.1016/j.canlet.2021.08.023
https://doi.org/10.1016/j.ejphar.2015.01.003
https://doi.org/10.1016/j.gendis.2019.10.016
https://doi.org/10.1038/s41401-021-00708-2
https://doi.org/10.1080/15548627.2021.1895658
https://doi.org/10.1016/j.ejphar.2020.173655
https://doi.org/10.1016/j.trecan.2021.05.003
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zheng et al.

Natural Compounds for Liver Cancer

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Chu Y-L, Ho C-T, Chung J-G, Raghu R, Lo Y-C, Sheen L-Y. Allicin Induces
Anti-Human Liver Cancer Cells Through the P53 Gene Modulating
Apoptosis and Autophagy. J Agric Food Chem (2013) 61:9839-48.
doi: 10.1021/jf403241s

Tao M, Liu T, You Q, Jiang Z. P62 as a Therapeutic Target for Tumor. Eur J
Med Chem (2020) 193:112231. doi: 10.1016/j.ejmech.2020.112231

Liu WJ, Ye L, Huang WF, Guo L], Xu ZG, Wu HL, et al. P62 Links the
Autophagy Pathway and the Ubiqutin-Proteasome System Upon
Ubiquitinated Protein Degradation. Cell Mol Biol Lett (2016) 21:29.
doi: 10.1186/s11658-016-0031-z

Islam MA, Sooro MA, Zhang P. Autophagic Regulation of P62 Is Critical for
Cancer Therapy. Int ] Mol Sci (2018) 19(5):1405. doi: 10.3390/ijms19051405
Germano D, Daniele B. Systemic Therapy of Hepatocellular Carcinoma:
Current Status and Future Perspectives. World ] Gastroenterol (2014)
20:3087-99. doi: 10.3748/wjg.v20.i12.3087

Sarfraz A, Rasul A, Sarfraz I, MA S, Hussain G, Shafiq N, et al. Hispolon: A
Natural Polyphenol and Emerging Cancer Killer by Multiple Cellular Signaling
Pathways. Environ Res (2020) 190:110017. doi: 10.1016/j.envres.2020.110017
O'Neill EJ, Hartogh DJD, Azizi K, Tsiani E. Anticancer Properties of
Carnosol: A Summary of in Vitro and In Vivo Evidence. Antioxid (Basel
Switzerland) (2020) 9(10):961. doi: 10.3390/antiox9100961

Li T, Xu W-S, Wu G-S, Chen X-P, Wang Y-T, Lu J-J. Platycodin D Induces
Apoptosis, and Inhibits Adhesion, Migration and Invasion in HepG2
Hepatocellular Carcinoma Cells. Asian Pacific ] Cancer Prev APJCP (2014)
15:1745-9. doi: 10.7314/APJCP.2014.15.4.1745

JiY, Xiao Y, Xu L, He J, Qian C, Li W, et al. Drug-Bearing Supramolecular
MMP Inhibitor Nanofibers for Inhibition of Metastasis and Growth of Liver
Cancer. Advanced Sci (Weinheim Baden-Wurttemberg Germany) (2018)
5:1700867. doi: 10.1002/advs.201700867

Huang X-Y, Huang Z-L, Xu B, Chen Z, TJ R, Zheng Q, et al. Elevated MTSS1
Expression Associated With Metastasis and Poor Prognosis of Residual
Hepatitis B-Related Hepatocellular Carcinoma. J Exp Clin Cancer Res CR
(2016) 35:85. doi: 10.1186/513046-016-0361-8

Hadler-Olsen E, Winberg J-O, Uhlin-Hansen L. Matrix Metalloproteinases
in Cancer: Their Value as Diagnostic and Prognostic Markers and
Therapeutic Targets. Tumor Biol ] Int Soc Oncodevelopmental Biol Med
(2013) 34:2041-51. doi: 10.1007/s13277-013-0842-8

Ji Q, Zheng G-Y, Xia W, Chen J-Y, Meng X-Y, Zhang H, et al. Inhibition of
Invasion and Metastasis of Human Liver Cancer HCCLM3 Cells by
Portulacerebroside A. Pharm Biol (2015) 53:773-80. doi: 10.3109/
13880209.2014.941505

Verma S, Singh A, Mishra A. Gallic Acid: Molecular Rival of Cancer. Environ
Toxicol Pharmacol (2013) 35:473-85. doi: 10.1016/j.etap.2013.02.011

Ukaji T, Umezawa K. Novel Approaches to Target NF-kb and Other
Signaling Pathways in Cancer Stem Cells. Adv Biol Regul (2014) 56:108-
15. doi: 10.1016/j.jbior.2014.06.001

Yu M-H, Lee S-O. Hydroquinone Stimulates Cell Invasion Through
Activator Protein-1-Dependent Induction of MMP-9 in HepG2 Human
Hepatoma Cells. Food Chem Toxicol An Int ] Published Br Ind Biol Res Assoc
(2016) 89:120-5. doi: 10.1016/j.fct.2016.01.015

Sliva D. Signaling Pathways Responsible for Cancer Cell Invasion as Targets
for Cancer Therapy. Curr Cancer Drug Targets (2004) 4:327-36. doi:
10.2174/1568009043332961

Zhang W, Wang F, Xu P, Miao C, Zeng X, Cui X, et al. Perfluorooctanoic
Acid Stimulates Breast Cancer Cells Invasion and Up-Regulates Matrix
Metalloproteinase-2/-9 Expression Mediated by Activating NF-xb. Toxicol
Lett (2014) 229:118-25. doi: 10.1016/j.toxlet.2014.06.004

Park M-S, Kim N-H, Kang C-W, Oh C-W, Kim G-D. Antimetastatic Effects
of Gambogic Acid Are Mediated via the Actin Cytoskeleton and NF-xb
Pathways in SK-HEP1 Cells. Drug Dev Res (2015) 76:132-42. doi: 10.1002/
ddr.21249

DeMali KA, Wennerberg K, Burridge K. Integrin Signaling to the Actin
Cytoskeleton. Curr Opin Cell Biol (2003) 15:572-82. doi: 10.1016/S0955-
0674(03)00109-1

Clayton NS, Ridley AJ. Targeting Rho GTPase Signaling Networks in Cancer.
Front Cell Dev Biol (2020) 8:222. doi: 10.3389/fcell.2020.00222
Seetharaman S, Etienne-Manneville S. Cytoskeletal Crosstalk in Cell
Migration. Trends Cell Biol (2020) 30:720-35. doi: 10.1016/j.tcb.2020.06.004

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Han M, Gao H, Ju P, Gao M-Q, Yuan Y-P, Chen X-H, et al. Hispidulin
Inhibits Hepatocellular Carcinoma Growth and Metastasis Through AMPK
and ERK Signaling Mediated Activation of Ppary. Biomed Pharmacother
Biomed Pharmacother (2018) 103:272-83. doi: 10.1016/j.biopha.2018.04.014
Huang H-L, Liu Y-M, Sung T-Y, Huang T-C, Cheng Y-W, Liou J-P, et al.
TIMP3 Expression Associates With Prognosis in Colorectal Cancer and Its
Novel Arylsulfonamide Inducer, MPT0B390, Inhibits Tumor Growth,
Metastasis and Angiogenesis. Theranostics (2019) 9:6676-89. doi: 10.7150/
thno.34020

Lin XL, Li K, Yang Z, Chen B, Zhang T. Dulcitol Suppresses Proliferation and
Migration of Hepatocellular Carcinoma via Regulating SIRT1/p53 Pathway.
Phytomed Int ] Phytother Phytopharmacol (2020) 66:153112. doi: 10.1016/
j.phymed.2019.153112

Chen X, Ma W, Yao Y, Zhang Q, Li J, Wu X, et al. Serum Deprivation-
Response Protein Induces Apoptosis in Hepatocellular Carcinoma Through
ASK1-JNK/p38 MAPK Pathways. Cell Death Dis (2021) 12:425. doi: 10.1038/
541419-021-03711-x

Anton DB, Ducati RG, Timmers LESM, Laufer S, Goettert MI. A Special
View of What Was Almost Forgotten: P388 MAPK. Cancers (2021) 13
(9):2077. doi: 10.3390/cancers13092077

Zucchini-Pascal N, Peyre L, Rahmani R. Crosstalk Between Beta-Catenin
and Snail in the Induction of Epithelial to Mesenchymal Transition in
Hepatocarcinoma: Role of the ERK1/2 Pathway. Int J Mol Sci (2013)
14:20768-92. doi: 10.3390/ijms141020768

Mahmood N, Arakelian A, Khan HA, Tanvir I, Mazar AP, Rabbani SA.
uPAR Antibody (huATN-658) and Zometa Reduce Breast Cancer Growth
and Skeletal Lesions. Bone Res (2020) 8:18. doi: 10.1038/s41413-020-0094-3
Casar B, Rimann I, Kato H, Shattil SJ, Quigley JP, Deryugina EL In Vivo
Cleaved CDCP1 Promotes Early Tumor Dissemination via Complexing
With Activated B1 Integrin and Induction of FAK/PI3K/Akt Motility
Signaling. Oncogene (2014) 33:255-68. doi: 10.1038/0nc.2012.547

Chien S-T, Shi M-D, Lee Y-C, Te C-C, Shih Y-W. Galangin, a Novel Dietary
Flavonoid, Attenuates Metastatic Feature via PKC/ERK Signaling Pathway in
TPA-Treated Liver Cancer HepG2 Cells. Cancer Cell Int (2015) 15:15.
doi: 10.1186/512935-015-0168-2

Tyagi K, Roy A. Evaluating the Current Status of Protein Kinase C (PKC)-
Protein Kinase D (PKD) Signalling Axis as a Novel Therapeutic Target in
Ovarian Cancer. Biochim Biophys Acta Rev Cancer (2021) 1875:188496.
doi: 10.1016/j.bbcan.2020.188496

Bayliss AL, Sundararaman A, Granet C, Mellor H. Raftlin Is Recruited by
Neuropilin-1 to the Activated VEGFR2 Complex to Control Proangiogenic
Signaling. Angiogenesis (2020) 23:371-83. doi: 10.1007/s10456-020-09715-z
Wang X, Bove AM, Simone G, Ma B. Molecular Bases of VEGFR-2-Mediated
Physiological Function and Pathological Role. Front Cell Dev Biol (2020)
8:599281. doi: 10.3389/fcell.2020.599281

Claesson-Welsh L, Welsh M. VEGFA and Tumor Angiogenesis. ] Internal
Med (2013) 273:114-27. doi: 10.1111/joim.12019

Ku C-Y, Wang Y-R, Lin H-Y, Lu S-C, Lin J-Y. Corosolic Acid Inhibits
Hepatocellular Carcinoma Cell Migration by Targeting the VEGFR2/Src/FAK
Pathway. PloS One (2015) 10:e0126725. doi: 10.1371/journal.pone.0126725
Egea ], Fabregat I, Frapart YM, Ghezzi P, Gorlach A, Kietzmann T, et al.
European Contribution to the Study of ROS: A Summary of the Findings and
Prospects for the Future From the COST Action BM1203 (EU-ROS). Redox
Biol (2017) 13:94-162. doi: 10.1016/j.redox.2017.05.007

Zhai B, Hu F, Yan H, Zhao D, Jin X, Fang T, et al. Bufalin Reverses Resistance
to Sorafenib by Inhibiting Akt Activation in Hepatocellular Carcinoma: The
Role of Endoplasmic Reticulum Stress. PloS One (2015) 10:e0138485.
doi: 10.1371/journal.pone.0138485

Chen Y, Liu JM, Xiong XX, Qiu XY, Pan F, Liu D, et al. Piperlongumine
Selectively Kills Hepatocellular Carcinoma Cells and Preferentially Inhibits
Their Invasion via ROS-ER-MAPKs-CHOP. Oncotarget (2015) 6:6406-21.
doi: 10.18632/oncotarget.3444

Qiu D-Z, Zhang Z-J, Wu W-Z, Yang Y-K. Bufalin, a Component in Chansu,
Inhibits Proliferation and Invasion of Hepatocellular Carcinoma Cells. BMC
Complement Altern Med (2013) 13:185. doi: 10.1186/1472-6882-13-185
Zhang Z-], Yang Y-K, Wu W-Z. Bufalin Attenuates the Stage and Metastatic
Potential of Hepatocellular Carcinoma in Nude Mice. ] Trans Med (2014)
12:57. doi: 10.1186/1479-5876-12-57

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 795548


https://doi.org/10.1021/jf403241s
https://doi.org/10.1016/j.ejmech.2020.112231
https://doi.org/10.1186/s11658-016-0031-z
https://doi.org/10.3390/ijms19051405
https://doi.org/10.3748/wjg.v20.i12.3087
https://doi.org/10.1016/j.envres.2020.110017
https://doi.org/10.3390/antiox9100961
https://doi.org/10.7314/APJCP.2014.15.4.1745
https://doi.org/10.1002/advs.201700867
https://doi.org/10.1186/s13046-016-0361-8
https://doi.org/10.1007/s13277-013-0842-8
https://doi.org/10.3109/13880209.2014.941505
https://doi.org/10.3109/13880209.2014.941505
https://doi.org/10.1016/j.etap.2013.02.011
https://doi.org/10.1016/j.jbior.2014.06.001
https://doi.org/10.1016/j.fct.2016.01.015
https://doi.org/10.2174/1568009043332961
https://doi.org/10.1016/j.toxlet.2014.06.004
https://doi.org/10.1002/ddr.21249
https://doi.org/10.1002/ddr.21249
https://doi.org/10.1016/S0955-0674(03)00109-1
https://doi.org/10.1016/S0955-0674(03)00109-1
https://doi.org/10.3389/fcell.2020.00222
https://doi.org/10.1016/j.tcb.2020.06.004
https://doi.org/10.1016/j.biopha.2018.04.014
https://doi.org/10.7150/thno.34020
https://doi.org/10.7150/thno.34020
https://doi.org/10.1016/j.phymed.2019.153112
https://doi.org/10.1016/j.phymed.2019.153112
https://doi.org/10.1038/s41419-021-03711-x
https://doi.org/10.1038/s41419-021-03711-x
https://doi.org/10.3390/cancers13092077
https://doi.org/10.3390/ijms141020768
https://doi.org/10.1038/s41413-020-0094-3
https://doi.org/10.1038/onc.2012.547
https://doi.org/10.1186/s12935-015-0168-2
https://doi.org/10.1016/j.bbcan.2020.188496
https://doi.org/10.1007/s10456-020-09715-z
https://doi.org/10.3389/fcell.2020.599281
https://doi.org/10.1111/joim.12019
https://doi.org/10.1371/journal.pone.0126725
https://doi.org/10.1016/j.redox.2017.05.007
https://doi.org/10.1371/journal.pone.0138485
https://doi.org/10.18632/oncotarget.3444
https://doi.org/10.1186/1472-6882-13-185
https://doi.org/10.1186/1479-5876-12-57
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zheng et al.

Natural Compounds for Liver Cancer

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Shu G, Mi X, CaiJ, Zhang X, Yin W, Yang X, et al. Brucine, an Alkaloid From
Seeds of Strychnos Nux-Vomica Linn., Represses Hepatocellular Carcinoma
Cell Migration and Metastasis: The Role of Hypoxia Inducible Factor 1
Pathway. Toxicol Lett (2013) 222:91-101. doi: 10.1016/j.toxlet.2013.07.024
Bimonte S, Albino V, Piccirillo M, Nasto A, Molino C, Palaia R, et al.
Epigallocatechin-3-Gallate in the Prevention and Treatment of
Hepatocellular Carcinoma: Experimental Findings and Translational
Perspectives. Drug Design Dev Ther (2019) 13:611-21. doi: 10.2147/
DDDT.S180079

Li W, Wang M, Wang L, Ji S, Zhang J, Zhang C. Icariin Synergizes With
Arsenic Trioxide to Suppress Human Hepatocellular Carcinoma. Cell
Biochem Biophysics (2014) 68:427-36. doi: 10.1007/s12013-013-9724-3
Wang Y-X, Cai H, Jiang G, Zhou T-B, Wu H. Silibinin Inhibits Proliferation,
Induces Apoptosis and Causes Cell Cycle Arrest in Human Gastric Cancer
MGC803 Cells via STAT3 Pathway Inhibition. Asian Pacific ] Cancer Prev
APJCP (2014) 15:6791-8. doi: 10.7314/APJCP.2014.15.16.6791

Wu SH, Chyau CC, Chen JH, Tu SF, Lin HH, Chou FP. Anti-Cancerous
Effects of Wasabia Japonica Extract in Hep3B Liver Cancer Cells via ROS
Accumulation, DNA Damage and P73-Mediated Apoptosis. ] Funct Foods
(2015) 14:445-55. doi: 10.1016/j.j£.2014.12.032

Almatroudi A, Alsahli MA, Alrumaihi F, Allemailem KS, Rahmani AH.
Ginger: A Novel Strategy to Battle Cancer Through Modulating Cell
Signalling Pathways: A Review. Curr Pharm Biotechnol (2019) 20(1):5-16.
doi: 10.2174/1389201020666190119142331

Ooi KL, Loh SI, Tan ML, Muhammad TST, Sulaiman SF. Growth Inhibition
of Human Liver Carcinoma HepG2 Cells and o-Glucosidase Inhibitory
Activity of Murdannia Bracteata (C.B. Clarke) Kuntze Ex J.K. Morton
Extracts. ] Ethnopharmacol (2015) 162:55-60. doi: 10.1016/j.jep.2014.12.030
Hsu W-H, Chang C-C, Huang K-W, Chen Y-C, Hsu S-L, Wu L-C, et al.
Evaluation of the Medicinal Herb Graptopetalum Paraguayense as a
Treatment for Liver Cancer. PloS One (2015) 10:e0121298. doi: 10.1371/
journal.pone.0121298

Lu Z, Cao S, Zhou H, Hua L, Zhang S, Cao J. Mechanism of Arctigenin-
Induced Specific Cytotoxicity Against Human Hepatocellular Carcinoma
Cell Lines: Hep G2 and SMMC7721. PloS One (2015) 10:e0125727.
doi: 10.1371/journal.pone.0125727

Yu Z, Guo J, Hu M, Gao Y, Huang L. Icaritin Exacerbates Mitophagy and
Synergizes With Doxorubicin to Induce Immunogenic Cell Death in
Hepatocellular Carcinoma. ACS Nano (2020) 14(4):4816-28. doi: 10.1021/
acsnano.0c00708

Concepcion O, Belmar J, de la Torre AF, M Muiiz F, Pertino MW, Alarcon
B, et al. Synthesis and Cytotoxic Analysis of Novel Myrtenyl Grafted Pseudo-
Peptides Revealed Potential Candidates for Anticancer Therapy. Mol (Basel
Switzerland) (2020) 25(8):1911. doi: 10.3390/molecules25081911

Zhang B, Yin X, Sui S. Resveratrol Inhibited the Progression of Human
Hepatocellular Carcinoma by Inducing Autophagy via Regulating P53 and
the Phosphoinositide 3-Kinase/Protein Kinase B Pathway. Oncol Rep (2018)
40(5):2758-65. doi: 10.3892/0r.2018.6648

Aja I, Ruiz-Larrea MB, Courtois A, Krisa S, Richard T, Ruiz-Sanz J-1.
Screening of Natural Stilbene Oligomers From for Anticancer Activity on
Human Hepatocellular Carcinoma Cells. Antioxid (Basel Switzerland) (2020)
9(6):496. doi: 10.3390/antiox9060469

Lin J-J, Su J-H, Tsai C-C, Chen Y-, Liao M-H, Wu Y-J. 11-Epi-Sinulariolide
Acetate Reduces Cell Migration and Invasion of Human Hepatocellular
Carcinoma by Reducing the Activation of ERK1/2, P38mapk and FAK/PI3K/
AKT/mTOR Signaling Pathways. Marine Drugs (2014) 12:4783-98.
doi: 10.3390/md12094783

Liu X, Du Q, Tian C, Tang M, Jiang Y, Wang Y, et al. Discovery of CAPE
Derivatives as Dual EGFR and CSK Inhibitors With Anticancer Activity in a
Murine Model of Hepatocellular Carcinoma. Bioorg Chem (2021)
107:104536. doi: 10.1016/j.bioorg.2020.104536

Wu N, Luo J, Jiang B, Wang L, Wang S, Wang C, et al. Marine Bromophenol
Bis (2,3-Dibromo-4,5-Dihydroxy-Phenyl)-Methane Inhibits the
Proliferation, Migration, and Invasion of Hepatocellular Carcinoma Cells
via Modulating B1-Integrin/FAK Signaling. Marine Drugs (2015) 13:1010-
25. doi: 10.3390/md13021010

Zhou R, Wu K, Su M, Li R. Bioinformatic and Experimental Data Decipher
the Pharmacological Targets and Mechanisms of Plumbagin Against

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Hepatocellular Carcinoma. Environ Toxicol Pharmacol (2019) 70:103200.
doi: 10.1016/j.etap.2019.103200

Green DR, Levine B. To be or Not to be? How Selective Autophagy and Cell
Death Govern Cell Fate. Cell (2014) 157:65-75. doi: 10.1016/j.cell.2014.02.049
Chen X, Zhang S, Wang Z, Wang F, Cao X, Wu Q, et al. Supervillin Promotes
Epithelial-Mesenchymal Transition and Metastasis of Hepatocellular Carcinoma
in Hypoxia via Activation of the RhoA/ROCK-ERK/p38 Pathway. ] Exp Clin
Cancer Res CR (2018) 37:128. doi: 10.1186/s13046-018-0787-2

Chen W, Hou J, Yin Y, Jang J, Zheng Z, Fan H, et al. Alpha-Bisabolol Induces
Dose- and Time-Dependent Apoptosis in HepG2 Cells via a Fas- and
Mitochondrial-Related Pathway, Involves P53 and NFkappaB. Biochem
Pharmacol (2010) 80:247-54. doi: 10.1016/j.bcp.2010.03.021

Rigo A, Ferrarini I, Lorenzetto E, Darra E, Liparulo I, Bergamini C, et al. BID
and the a-Bisabolol-Triggered Cell Death Program: Converging on
Mitochondria and Lysosomes. Cell Death Dis (2019) 10:889. doi: 10.1038/
$41419-019-2126-8

Nagoor Meeran MF, Laham F, Azimullah S, Tariq S, Ojha S. o-Bisabolol
Abrogates Isoproterenol-Induced Myocardial Infarction by Inhibiting
Mitochondrial Dysfunction and Intrinsic Pathway of Apoptosis in Rats.
Mol Cell Biochem (2019) 453(1-2):89-102. doi: 10.1007/s11010-018-3434-5
Li C-L, Lin Y-K, Chen H-A, Huang C-Y, Huang M-T, Chang Y-J. Smoking
as an Independent Risk Factor for Hepatocellular Carcinoma Due to the o.7-
Nachr Modulating the JAK2/STAT3 Signaling Axis. J Clin Med (2019) 8
(9):1391. doi: 10.3390/jcm8091391

Li X, Wu L, Liu W, Jin Y, Chen Q, Wang L, et al. A Network Pharmacology
Study of Chinese Medicine QiShenYiQi to Reveal its Underlying Multi-
Compound, Multi-Target, Multi-Pathway Mode of Action. PloS One (2014)
9:¢95004. doi: 10.1371/journal.pone.0095004

Man S, Luo C, Yan M, Zhao G, Ma L, Gao W. Treatment for Liver Cancer:
From Sorafenib to Natural Products. Eur ] Med Chem (2021) 224:113690.
doi: 10.1016/j.ejmech.2021.113690

Brossa A, Fonsato V, Grange C, Tritta S, Tapparo M, Calvetti R, et al.
Extracellular Vesicles From Human Liver Stem Cells Inhibit Renal Cancer
Stem Cell-Derived Tumor Growth In Vitro and In Vivo. Int ] Cancer (2020)
147:1694-706. doi: 10.1002/ijc.32925

Abdel-Salam IM, Awadein NE-S, Ashour M. Cytotoxicity of Luffa Cylindrica (L.)
M.Roem. Extract Against Circulating Cancer Stem Cells in Hepatocellular
Carcinoma. ] Ethnopharmacol (2019) 229:89-96. doi: 10.1016/j.jep.2018.09.034

Liu Y, Qi Y, Bai Z-H, Ni C-X, Ren Q-H, Xu W-H, et al. A Novel Matrine
Derivate Inhibits Differentiated Human Hepatoma Cells and Hepatic Cancer
Stem-Like Cells by Suppressing PI3K/AKT Signaling Pathways. Acta
Pharmacol Sin (2017) 38:120-32. doi: 10.1038/aps.2016.104

Zhao T, Yin ZF. Research Progress on Effect of Traditional Chinese Medicine
on Liver Cancer Stem Cells. Liaoning ] Tradit Chin Med (2020) 47(7):209-
11. doi: 10.13192/j.issn.1000-1719.2020.07.058

Zhang YQ, Pan WN, Yan M, Cao JG, Chen F. Effects of Chrysin on the
Formation of Hepatoma Stem Like Cell Spheres and CK2 o And Glil
Expression. Natural Product Res Dev (2017) 29(12):2117-212086. doi:
10.16333/j.1001-6880.2017.12.020

Yang JD, Hainaut P, Gores GJ, Amadou A, Plymoth A, Roberts LR. A Global
View of Hepatocellular Carcinoma: Trends, Risk, Prevention and Management.
Nat Rev Gastroenterol Hepatol (2019) 16:589-604. doi: 10.1038/s41575-019-
0186-y

Haverkos HW. Viruses, Chemicals and Co-Carcinogenesis. Oncogene (2004)
23:6492-9. doi: 10.1038/sj.0nc.1207822

El-Serag HB. Epidemiology of Viral Hepatitis and Hepatocellular Carcinoma.
Gastroenterology (2012) 142(6):1264-73.e1. doi: 10.1053/j.gastro.2011.12.061
Ringelhan M, McKeating JA, Protzer U. Viral Hepatitis and Liver Cancer.
Philos Trans R Soc London Ser B Biol Sci (2017) 372(1732):20160274.
doi: 10.1098/rstb.2016.0274

Berman AY, Motechin RA, Wiesenfeld MY, Holz MK. The Therapeutic
Potential of Resveratrol: A Review of Clinical Trials. NPJ Precis Oncol (2017)
1:35. doi: 10.1038/541698-017-0038-6

Pricci M, Girardi B, Giorgio F, Losurdo G, Ierardi E, Di Leo A. Curcumin and
Colorectal Cancer: From Basic to Clinical Evidences. Int ] Mol Sci (2020) 21
(7):2364. doi: 10.3390/ijms21072364

Mansouri K, Rasoulpoor S, Daneshkhah A, Abolfathi S, Salari N,
Mohammadi M, et al. Clinical Effects of Curcumin in Enhancing Cancer

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 795548


https://doi.org/10.1016/j.toxlet.2013.07.024
https://doi.org/10.2147/DDDT.S180079
https://doi.org/10.2147/DDDT.S180079
https://doi.org/10.1007/s12013-013-9724-3
https://doi.org/10.7314/APJCP.2014.15.16.6791
https://doi.org/10.1016/j.jff.2014.12.032
https://doi.org/10.2174/1389201020666190119142331
https://doi.org/10.1016/j.jep.2014.12.030
https://doi.org/10.1371/journal.pone.0121298
https://doi.org/10.1371/journal.pone.0121298
https://doi.org/10.1371/journal.pone.0125727
https://doi.org/10.1021/acsnano.0c00708
https://doi.org/10.1021/acsnano.0c00708
https://doi.org/10.3390/molecules25081911
https://doi.org/10.3892/or.2018.6648
https://doi.org/10.3390/antiox9060469
https://doi.org/10.3390/md12094783
https://doi.org/10.1016/j.bioorg.2020.104536
https://doi.org/10.3390/md13021010
https://doi.org/10.1016/j.etap.2019.103200
https://doi.org/10.1016/j.cell.2014.02.049
https://doi.org/10.1186/s13046-018-0787-2
https://doi.org/10.1016/j.bcp.2010.03.021
https://doi.org/10.1038/s41419-019-2126-8
https://doi.org/10.1038/s41419-019-2126-8
https://doi.org/10.1007/s11010-018-3434-5
https://doi.org/10.3390/jcm8091391
https://doi.org/10.1371/journal.pone.0095004
https://doi.org/10.1016/j.ejmech.2021.113690
https://doi.org/10.1002/ijc.32925
https://doi.org/10.1016/j.jep.2018.09.034
https://doi.org/10.1038/aps.2016.104
https://doi.org/10.13192/j.issn.1000-1719.2020.07.058
https://doi.org/10.16333/j.1001-6880.2017.12.020
https://doi.org/10.1038/s41575-019-0186-y
https://doi.org/10.1038/s41575-019-0186-y
https://doi.org/10.1038/sj.onc.1207822
https://doi.org/10.1053/j.gastro.2011.12.061
https://doi.org/10.1098/rstb.2016.0274
https://doi.org/10.1038/s41698-017-0038-6
https://doi.org/10.3390/ijms21072364
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zheng et al.

Natural Compounds for Liver Cancer

Therapy: A Systematic Review. BMC Cancer (2020) 20:791. doi: 10.1186/
$12885-020-07256-8

Ko J-H, Sethi G, Um J-Y, Shanmugam MK, Arfuso F, Kumar AP, et al. The
Role of Resveratrol in Cancer Therapy. Int ] Mol Sci (2017) 18(12):2589.
doi: 10.3390/ijms18122589

Zhang L, Xu Z, Jiang T, Zhang ], Huang P, Tan J, et al. Efficacy and Safety of
Ejiao (Asini Corii Colla) in Women With Blood Deficient Symptoms: A
Randomized, Double-Blind, and Placebo-Controlled Clinical Trial. Front
Pharmacol (2021) 12:718154. doi: 10.3389/fphar.2021.718154

172.

173.

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zheng, Zhang, Xu, Zhou, Yuan and Xu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 795548


https://doi.org/10.1186/s12885-020-07256-8
https://doi.org/10.1186/s12885-020-07256-8
https://doi.org/10.3390/ijms18122589
https://doi.org/10.3389/fphar.2021.718154
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Recent Progress in Understanding the Action of Natural Compounds at Novel Therapeutic Drug Targets for the Treatment of Liver Cancer
	Introduction
	Liver Cancer
	Hepatocellular Carcinoma
	Natural Compounds
	Pharmacological Mechanism and Targets
	The Aim of This Review

	The Pharmacology of Natural Compounds in HCC Therapy
	Cell Cycle
	Apoptosis
	Autophagy
	Invasion and Migration

	Discussion and Conclusion
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


