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Abstract: Antrodia cinnamomea is a traditional plant and a unique fungus native to Taiwan that has
been reported to have many biological functions, including anti-inflammatory and anticancer activi-
ties. The compound 4-acetylarylquinolinol B (4-AAQB) is one of the main bioactive compounds in
the stamens of Antrodia cinnamomea, and has many biological functions, such as anti-inflammatory,
antiproliferative, blood sugar reduction, antimetastasis, and vascular tone relaxation. In recent
years, the increasing evidences have shown that 4-AAQB is involved in many diseases; however, the
relevant mechanisms have not been fully clarified. This review aimed to clarify the improvement by
4-AAQB in different pathological processes, as well as the compound’s molecular mechanisms, in
order to provide a theoretical reference for future related research

Keywords: 4-acetylarylquinolinol B; hepatocellular carcinoma; glioblastoma; osteoclastogenesis;
nonalcoholic fatty liver diseases

1. Introduction

Antrodia cinnamomea is a type of edible fungus found in Taiwan, and is regarded as
an important natural resource due to its medicinal and biological properties [1,2]. It has
a variety of biological effects, including anticancer, anti-inflammatory, antioxidant, and
hepatoprotective activities [3–6]; therefore, is widely used in the treatment of abdominal
pain, inflammation, liver disease, and cancer [3,7]. The compound 4-acetylarylquinolinol B
(4-AAQB) (Figure 1) [8,9], one of the main bioactive compounds in the stamens of Antrodia
cinnamomea, was isolated and identified in 2009 [9,10]. At present, the biosynthetic
pathway of 4-AAQB is not clear, but it may be related to the ubiquinone biosynthetic
pathway [11–15]. Figure 2 shows the proposed biosynthetic pathway of 4-AAQB [8]. It has
been reported that 4-AAQB has anti-inflammatory, antiproliferative, blood-sugar-lowering,
antimetastasis, vascular tone relaxation, and autophagy regulatory activities [7,9,16], and
is involved in many kinds of cancers [17]. In this review, we summarized the roles and
mechanisms of 4-AAQB in different pathological processes studied in recent years, hoping
to provide a theoretical reference for future related research.
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Figure 2. The proposed biosynthetic pathway of 4-acetylarylquinolinol B.

2. The Protective Role of 4-Acetylarylquinolinol B in Cancer
2.1. The Protective Role of 4-Acetylarylquinolinol B in Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is a very heterogeneous malignant disease among
tumors found so far, and is the second most common cause of cancer death, with more
than 700,000 deaths a year [18–20]. The main risk factors for HCC are alcohol consumption,
hepatitis B/C virus infection, metabolic disorder, and aflatoxin B1 [21]. HCC most often
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occurs in the case of chronic liver inflammation and fibrosis, and then develops into
tumors through a variety of processes [18]. At present, the pathogenesis of HCC is not
completely clear; therefore, there is a lack of effective treatments for HCC [22]. The
compound 4-AAQB has been reported to improve HCC. The results of the study by Yu-Wei
Lin et al. showed that after HepG2 cells were treated with 4-AAQB for 72 h, the proportion
of cells in the G1 phase of the cell cycle increased significantly, the proportion of cells in
the S phase decreased significantly, and the proportion of cells in the G2/M phase had no
notable change, indicating that 4-AAQB inhibited the cell cycle by increasing the number
of HepG2 cells in the G1 phase and reducing the number of HepG2 cells in the S phase.
The mechanism research revealed that the 4-AAQB treatment decreased the levels of CDK2
and CDK4 and increased the p27 level in a dose-dependent manner. When treated with a
low dosage (0.1 µg/mL) of 4-AAQB, the protein expressions of p53 and p21 in HepG2 cells
were also increased. However, a higher dosage of 4-AAQB reduced the protein expression
of p53 and p21 [23]. CDK2 and CDK4 have been considered as the main regulators of G1
arrest [24,25], while p27 is an inhibitor of CDK2 and CDK4, and can lead to cell cycle arrest
at the G1 phase [26–28]. Collectively, 4-AAQB inhibited the growth of HepG2 cells in vitro
by inducing cell cycle arrest, mostly through p27-mediated decreases in CDK2 and CDK4.
In addition, p53 and p21 also played minor roles in the growth inhibition of HepG2 when
cells were treated with low dose of 4-AAQB. In the above study, when the cells were treated
with 4-AAQB, p27 mRNA decreased, while the p27 protein level increased [23]. Different
from traditional tumor-suppressor genes, p27 gene is rarely inactivated in cancer cells in a
homozygous manner. Therefore, the reason for the opposite changes in p27 mRNA and
protein induced by 4-AAQB is that 4-AAQB upregulates the p27 protein level by reducing
its degradation in HepG2 cells [29–31]. How 4-AAQB regulates the degradation of p27
needs to be further clarified. The degradation pathway of p27 is a promising target for
HCC treatment.

Similar to the above, another study by Chien-Hsin Chang et al. showed that 4-AAQB
suppressed the proliferation of hepatoma cells (HepG2 and Huh-7 cells) by inducing cell cy-
cle arrest in the G1 phase in a dose-dependent manner in vitro and in vivo, and significantly
inhibited the growth of Huh-7 hepatoma cells in xenotransplantation and in situ models.
The mechanism study revealed that 4-AAQB could effectively suppress the phosphoryla-
tion of mTOR, PI3K, ERK, and Akt in Huh-7 cells, indicating that the PI3K/Akt/mTOR
and ERK pathways were inhibited by 4-AAQB. The treatment of Huh-7 cells with LY294002
(PI3K-specific inhibitor), PD98059 (ERK-specific inhibitor), or rapamycin (mTOR inhibitor)
had similar inhibitory effects to those of 4-AAQB on Huh-7 cell proliferation, indicating
that 4-AAQB inhibited HCC by suppressing the PI3K/Akt/mTOR and ERK pathways.
4-AAQB significantly reduced the production and release of vascular endothelial growth
factor(VEGF), and inhibited the activity of Rho GTPases. In addition, 4-AAQB suppressed
Huh-7 cell migration in vitro and its lung metastasis in vivo [9]. The high level of VEGF is
involved in the migration of HCC [32] and the activated PI3K/Akt/mTOR pathway could
upregulate VEGF production, indicating that PI3K/Akt/mTOR pathway mediated the inhi-
bition of VEGF by 4AAQB [33]. The Rho GTPase signaling cascade, which includes Rho and
Rac, is activated by VEGF, and is an important regulator of cell migration [34], indicating
that 4-AAQB suppressed Huh-7 cells migration in vitro and its lung metastasis in vivo via
Rho GTPase signaling cascade. Collectively, 4-AAQB inhibits hepatoma cells proliferation
and metastasis via suppressing PI3K/Akt/mTOR, ERK pathways and inhibition of Rho
GTPase signaling pathway via suppressing VEGF production [9]. It has been reported
that PI3K/AKT/mTOR promotes G1 progression and inhibits apoptosis in cancers [35–37].
However, the above research revealed that 4-AAQB only promoted G1 phase arrest via
PI3K/AKT/mTOR pathway, but could not induce apoptosis [9], the reason needs to be
clarified. PI3K/Akt/mTOR signaling pathway will become an important target of 4-AAQB
in HCC. Whether 4-AAQB plays an anti-HCC role through other signal pathways needs to
be further studied.
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In addition to inducing cell cycle arrest, 4-AAQB can also improve HCC through cancer
stem cells(CSCs). CSCs are a kind of cells with self-renewal and differentiation ability. CSCs
can lead to tumor metastatic recurrence and play an important role in the occurrence and
development of a variety of tumors [38]. The reason why CSCs inhibits tumor immunity
may be that it can lead to tumor immune escape [39]. Moreover, CSCs also can resist
apoptosis-inducing immune killing by expressing anti-apoptotic proteins such as Bcl-2
and Bcl-xL, or suppress immune response by secreting immunosuppressive cytokines [40].
The dendritic cells (DCs) vaccines can inhibit CSCs, thus having better therapeutic effects
on cancers [41]. Ting Yi Li and colleagues demonstrated that 4-AAQB could suppress
liver cancer stem cells(LCSCs) marker, EpCAM and AFP, in a dose-dependent manner
and promote the antitumor ability of DCs, indicating that 4-AAQB inhibited LCSC by
activating DCs. The compound 4-AAQB also notably suppressed the tumorigenicity by
decreasing β-catenin protein expression, and reducing the secretion of immune-escape-
related cytokines. Furthermore, 4-AAQB could promote immune-cell proliferation and DC
maturation, as well as ameliorate the tumor immune environment of LCSCs, by reducing
the immunosuppressive cytokines IL-6 and IL-10. When immature DCs were cocultured
with EpCAM + HepG2 cells, 4-AAQB could promote the expression of MHC class I and
II on the surfaces of LCSCs and DCs, and upregulate the expression of dendritic cell
costimulatory molecule CD80 and cytokines related to immune activation, suggesting that
4-AAQB enhanced the antigen presentation ability of DCs. Thus, 4-AAQB could suppress
HCC by inhibiting LCSC via strengthening the immune function of DCs [42]. In recent
years, tumor immunotherapy has developed rapidly. It is well known that the function of
DCs in cancer patients may be abnormal. Therefore, targeting DCs is an important tumor
immunotherapy [43]. IL-6 can inhibit Th1 immunity of tumors [44,45], while 4-AAQB
notably inhibited the IL-6 of EpCAM + HepG2 cells at a very low dose [42], indicating that
4-AAQB improved the immune function of DCs via IL-6 inhibition. The aforementioned
study indicated that 4-AAQB could strengthen the immune function of DCs against LCSCs
by inducing DC maturation and enhancing their antigen presentation ability. Whether
4-AAQB can activate DCs through other mechanisms remains to be further studied.

2.2. The Protective Role of 4-Acetylarylquinolinol B in Glioblastoma

Glioblastoma (GBM) is an inherent brain tumor that is considered to originate from
glial stem cells or progenitor cells [46]. It is a common primary malignant central nervous
system (CNS) tumor with a 5-year survival rate of only 5% and a median survival rate
of <15 months [47,48]. GBM has the characteristics of continuous self-renewal potential,
strong tumorigenicity and invasiveness, high recurrence, and resistance to chemotherapy.
Related to the above characteristics is a small subset of tumor cells of GBM called GBM
stem cells (GBM-SCs) [49,50]. The results of the study by Heng-Wei Liu et al. showed
that compared with other glioma types, the abnormal expression of β-catenin was a
characteristic of GBM and was associated with the poor prognosis in patients with GBM.
Immunohistochemistry showed an increased β-catenin expression in primary and recurrent
GBM compared with the adjacent non-neoplastic brain tissues, indicating that the aberrant
expression of β-catenin was involved in GBM, and was the cause of poor prognosis. The
in-depth studies revealed that β-catenin promoted the carcinogenicity and recurrence of
GBM, as well as its cancer stem-cell-like characteristics. In human GBM cell lines (U87MG
and DBTRG-05MG cells), 4-AAQB notably reduced the β-catenin level and disrupted GBM-
SC-associated oncogenic β-catenin/TCF-1/STAT3 signaling in a dose-dependent manner.
The decrease in the β-catenin level induced by 4-AAQB was positively correlated with
the reductions in β-catenin, Sox2, and Oct4 expression in the nucleus. Moreover, 4-AAQB
significantly decreased the viability of U87MG and DBTRG-05MG cells, and effectively
inhibited the migration and invasion of GBM cells as evidenced by the downregulation
of the levels of catenin, vimentin, and slug [51]. The undifferentiated GBM-SCs have
strong proliferation, invasiveness, and drug resistance, as well as high colony and tumor
ball formation efficiency, and are related to tumor formation, recurrence, and reduced
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treatment response [52–54]. The compound 4-AAQB can significantly inhibit the stem-
cell-like phenotype and reduce the self-renewal ability of GBM cells, which is consistent
with the forementioned notable reductions in expressions or in the nuclear localizations
of β-catenin, Sox2, and Oct4. The results of tumor xenotransplantation in vivo confirmed
the results in vitro, showing that 4-AAQB significantly inhibited tumor growth induced
by GBM-SCs in vivo. Summarily, 4-AAQB significantly suppressed GBM-SC-mediated
tumorigenesis by inhibiting β-catenin, suggesting that β-catenin of GBM-SCs is a potential
target in the treatment of GBM [50]. Previous studies have shown that 4-AAQB could
inhibit tumor stem cells by enhancing DCs’ immunity [42]; therefore, whether 4-AAQB can
suppress GBM-SCs via DCs needs to be studied.

2.3. The Protective Role of 4-Acetylarylquinolinol B in Colorectal Cancer

Colorectal cancer (CRC) has been reported to be the second most commonly diagnosed
cancer in the world [55,56]. Although the great progress has been made in the field of
the cancer treatment, nearly 86% of patients with end-stage tumors die within 5 years
after the initial diagnosis [57]. The incidence rate of CRC varies from region to region,
usually associated with a western lifestyle, decreased physical activity, obesity, and poor
diet [58,59]. An increasing amount of evidences have showed that tumor stem cells in
CRC are associated with therapeutic resistance, tumor regeneration, and recurrence of
CRC [60–63]. It has been reported that superoxide dismutases (SODs) and miRNA are
involved in CRC [64–66]. The results of the study by Oluwaseun Adebayo Bamodu et al.
showed that in CRC, the expression of SOD2 increased and the expression of hsa-mir-324-
5p decreased, which were related to the severity of the CRC. Furthermore, hsa-mir-324
could directly interact with and inhibit the expression of SOD2 in CRC cells, while 4-AAQB
significantly inhibited the cell viability of the human CRC cell lines DLD1 and HCT116 by
weakening their proliferation, migration, invasion, and clonogenic ability, and inhibited the
tumorigenicity of CRC. The mechanism of study revealed that 4-AAQB could upregulate
hsa-mir-324-5p expression and decrease SOD2 expression, which was associated with
the simultaneous downregulation of SOD2, N-cadherin, vimentin, c-myc, and bcl-xl2,
accompanied by the upregulation of E-cadherin and the bax2 protein, indicating that
4-AAQB played an anticancer role by inhibiting epithelial mesenchymal transformation
(EMT) and promoting apoptosis of CRC cells through hsa-mir-324. The compound 4-
AAQB also effectively inhibited the SOD2-promoted CSC-like phenotype, as evidenced
by suppressing the proliferation and self-renewal of CRC cells. The upregulation of hsa-
mir-324-5p expression in CRC cells inhibited their tumorigenicity in vitro and in vivo. In
addition, 4-AAQB synergistically enhanced the anticancer effect of FOLFOX (folinate (folic
acid), fluorouracil (5FU) and oxaliplatin) by inducing the re-expression of hsa-mir-324
inhibited by SOD2 and suppressing SOD2-mediated tumorigenicity. Collectively, 4-AAQB
suppressed SOD2-enhanced tumorigenicity by promoting hsa-mir-324 expression [67].
SOD2 was previously reported to be a tumor suppressor [68], which was contrary to the
results of the above studies. This may have been due to the different expression levels of
SOD2 in different tumor tissues. Whether 4-AAQB can inhibit tumors by upregulating
SOD2 in some tumors remains to be studied. Additionally, the mechanism of 4-AAQB’s
action on hsa-mir-324 remains to be clarified.

3. The Protective Role of 4-Acetylarylquinolinol B in Nonalcoholic Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD), including fatty liver, nonalcoholic steato-
hepatitis, and liver cirrhosis, is a clinicopathological syndrome characterized by liver
fat accumulation, excluding excessive drinking and viral infection. Due to its high in-
cidence rate (about 20–30%) and the lack of an effective clinical treatment, NAFLD has
become a serious chronic disease in the world [52–54]. NAFLD is associated with many
factors, including type 2 diabetes mellitus (T2DM), insulin resistance, dyslipidemia, and
hypertension; however, the exact mechanism is not fully understood [69,70]. I-Chuan
Yen and colleagues found that 4-AAQB ameliorated methionine/choline-deficient(MCD)
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diet-induced NASH by attenuating steatosis, hepatic ballooning, and immune cell filtration,
and by reducing the plasma levels of ALT and AST. The mechanism research showed that
4-AAQB suppressed NLRP3 inflammasome-mediated inflammation by reducing the levels
of NLRP3, ASC, caspase-1, and IL-1β; mitigated endoplasmic reticulum (ER) stress by
suppressing IRE1α, PERK, CHOP, and eIF2α; and activated the nuclear factor erythroid
2-related factor 2 (Nrf2) and Sirtuin 1(SIRT1) signaling pathways in in vitro and in vivo
models [71]. Evidence indicated that the ER stress/NLRP3 inflammasome pathway was
significantly correlated with NAFLD [72,73], suggesting that 4-AAQB improved NAFLD
by inhibiting the ER stress/NLRP3 inflammasome pathway. SIRT1 ameliorated NAFLD
by inhibiting hepatic inflammation, ER stress, and lipogenesis [74–76]. Contrarily, SIRT1
gene knockout exacerbated NAFLD by activating the NLRP3 inflammasome and subse-
quent inflammation, indicating that SIRT1 mediated 4-AAQB improvement of NAFLD via
suppressing the ER stress/NLRP3 inflammasome [77]. The research has revealed that Nrf2-
deficient mice were prone to NASH [78]. Therefore, Nrf2 is also regarded as a promising
therapeutic target for NAFLD [79,80]. Furthermore, activation of Nrf2 ameliorated NASH
progression by suppressing ER stress [81]. SIRT1 was involved in the activation of Nrf2
in vivo [82]. All in all, it was indicated that 4-AAQB ameliorated NAFLD by inhibiting
the ER stress/NLRP3 inflammasome by activating the SIRT1-Nrf2 pathway, which needs
to be further confirmed [71]. Our previous studies showed that the autophagy/NLRP3
inflammasome was closely related to liver lipid metabolism [83,84], and 4-AAQB could
regulate autophagy [85]. These indicated that whether 4-AAQB can improve NAFLD by
regulating the autophagy/NLRP3 inflammasome is worthy of further study.

4. The Protective Role of 4-Acetylarylquinolinol B in Inflammation

The inflammation is a protective reaction of the body that is triggered by the nox-
ious stimuli such as infection and tissue injury [86–88]. The invading pathogens activate
macrophages to release proinflammatory cytokines (tumor necrosis factor (TNF)-α, in-
terleukin (IL)-6, and IL-1 β) and proinflammatory mediators such as cyclooxygenase
(COX)-2 and nitric oxide (NO) [89]. Sepsis is a serious systemic inflammatory response
and immune-system response pattern to injury that eventually leads to multiple organ
dysfunction [90,91]. The compound 4-AAQB has been reported to have anti-inflammatory
effects [6]. Chien Hsin Chang and colleagues found that 4-AAQB inhibited the production
of TNF-α/IL-6 in lipopolysaccharide (LPS)-induced RAW264.7 macrophages and peritoneal
macrophages, and LPS-induced peritoneal macrophage migration in a dose-dependent
manner. In LPS-induced macrophages, 4-AAQB could also suppress the expression of the
inducible nitric oxide synthase (iNOS) and NO production. The aforementioned indicated
that 4-AAQB could inhibit the production of proinflammatory mediators induced by LPS.
In LPS-induced macrophages, the phosphorylation levels of extracellular signal related
kinase 1/2 (ERK1/2), p38 MAP kinase (p38), and c-jun NH2 terminal kinase (JNK) were
upregulated, while 4-AAQB could inhibit this change, indicating that 4-AAQB suppressed
the MAPK pathway that was involved in inflammation. The compound 4-AAQB also
inhibited the phosphorylation of NF-κB subunit p65 and IkBα, as well as STAT1. All in all,
4-AAQB inhibited LPS-induced inflammation through the inhibition of MAPK, NF-κB, and
STAT-1, and is a candidate for the treatment of inflammatory diseases [92]. In the above
studies, 4-AAQB inhibited the production and release of proinflammatory factors through
the MAPK, STAT1, and NF-KB pathways. Whether 4-AAQB can promote the production
and release of anti-inflammatory factors through some signal pathways is a topic worthy of
study. The NLRP3 inflammasome plays an important role in inflammation [83,84]. There-
fore, whether 4-AAQB can inhibit NLRP3-inflammasome-mediated inflammation remains
to be clarified.

5. The Protective Role of 4-Acetylarylquinolinol B in Osteoclastogenesis

Studies have revealed that the exposure to a microgravity (µXg) environment can lead
to reduced osteoblast formation and osteoclast differentiation induction; thus, the bone loss
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remains a problem for astronauts [93,94]. Therefore, the inhibition of osteoclastogenesis
is considered to be a promising strategy for the prevention of osteoporosis under µXg
conditions [94,95]. Chia-Hsin Wu et al. exposed the monocyte/macrophage-like cell line
RAW264 7 to simulated µXg for 24 h, followed by treatment with 4-AAQB/alendronate
(AlN) and osteoclast differentiation factor receptor activator of nuclear factor kappa-B
ligand (RANKL). The results showed that 4-AAQB weakened osteoclast formation and
reabsorption induced by RANKL under µXg conditions, and that 4-AAQB also notably
inhibited µXg-induced osteoclast differentiation, as evidenced by the reduction in the
critical regulators of osteoclast differentiation, including c-Fos, nuclear factor of activated
T-cells cytoplasmic 1 (NFATc1), and dendritic cell-specific transmembrane protein (DC-
STAMP). The in-depth research revealed that 4-AAQB upregulated the levels of cleaved
caspase-3 and cleaved PARP, but downregulated cleaved caspase-8 levels in µXg. Moreover,
the protein levels of cyclin E, cyclin D3, and p21 were reduced by 4-AAQB. These results
indicated that 4-AAQB promoted apoptosis and caused cell cycle arrest at the G1-S phase
under µXg conditions. Meanwhile, 4-AAQB also significantly inhibited autophagy by
reducing the levels of LC3B-II/LC3B-I and p62. While 3-methyladenine (3-MA) and
chloroquine (CQ) (two autophagy inhibitors) had similar effects to those of 4-AAQB,
indicating that 4-AAQB suppressed RANKL-induced osteoclastogenesis by suppressing
autophagy under µXg conditions, and that 4-AAQB can be used as a potential agent against
µXg-induced osteoclast formation [96]. Coenzyme Q10, which has a similar chemical
structure to 4-AAQB, could inhibit osteoclast differentiation and promote the proliferation
and differentiation of osteoblasts [97–99]. Whether 4-AAQB can promote the proliferation
and differentiation of osteoblasts is worthy of further study.

6. Conclusions

Recent studies have shown that 4-AAQB plays a protective role in many pathological
processes. In this review, we summarized these as follows: (1) 4-AAQB inhibited HepG2
cells proliferation in vitro through induction of cell cycle arrest, mostly via p27-mediated
decrease of CDK2 and CDK4; (2) 4-AAQB suppressed hepatoma cell proliferation and
metastasis by inhibiting the PI3K/Akt/mTOR and ERK pathways, as well as VEGF pro-
duction; (3) 4-AAQB could suppress HCC by suppressing LCSC via strengthening of
the immune function of dendritic cells; (4) 4-AAQB notably inhibited GBM-SC-mediated
tumorigenesis through β-catenin inhibition; (5) 4-AAQB ameliorated NAFLD through inhi-
bition of the ER stress/NLRP3 inflammasome by activating the SIRT1-Nrf2 pathway, which
requires further confirmation; (6) 4-AAQB improved CRC by inhibiting SOD2-enhanced
tumorigenicity via the promotion of hsa-mir-324 expression; (7) 4-AAQB inhibited LPS-
induced inflammation and mitigated sepsis by suppressing the MAPK, STAT1, and NF-kB
pathways; and (8) 4-AAQB improved RANKL-induced osteoclastogenesis by inhibiting
autophagy under µXg conditions (Table 1). It can be seen from the above that 4-AAQB can
play an antitumor role by regulating the cell cycle, cell migration, SOD2, cancer stem cells,
and cellular immunity (Figure 3). Whether the dosage of 4-AAQB is related to its antitumor
effect and whether its antitumor effect has side effects need to be further studied. It can be
seen from the above that 4-AAQB can promote lipid metabolism and inhibit inflammation
via NLRP3 inflammasome/ER stress/autophagy. indicting that the NLRP3 inflammasome,
endoplasmic reticulum stress, and autophagy are common important targets of 4-AAQB
in different diseases. Therefore, the improvement of 4-AAQB in targeting the NLRP3
inflammasome/ER stress/autophagy in different diseases is a topic worthy of study in the
future. Further, the signal pathways involved in the action of 4-AAQB need to be further
studied. The synthesis and metabolism of 4-AAQB will be the focus of future research.
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Table 1. Summary of protective roles of 4-acetylarylquinolinol B in pathological processes.

Type of
Pathological Processes

Protective Mechanism of
4-Acetylarylquinolinol B Experimental Model Reference

Liver cancer
Induction of cell cycle arrest, mostly
via p27-mediated decreases in CDK2

and CDK4
HepG2 cells [23]

Liver cancer
Inhibition of PI3K/Akt/mTOR and

ERK pathways, as well as
VEGF production

HepG2 and Huh-7 [9]

Liver cancer
Inhibition of LCSC via strengthening
of the immune function of dendritic

cells
HepG2 cells model [42]

Glioblastoma (GBM)
Inhibition of GBM stem-cell-mediated

tumorigenesis by suppressing
β-catenin

Human GBM cell lines U87MG
and DBTRG-05MG [50]

Nonalcoholic fatty liver
diseases (NAFLD)

Inhibition of the ERS/NLRP3
inflammasome by activating the

SIRT1-Nrf2 pathway
C57BL/6 mice, NAFLD model [71]

Colorectal cancer (CRC)
Inhibition of SOD2-enhanced

tumorigenicity via promotion of
hsa-mir-324 expression

Human CRC cell lines DLD-1 and
HCT116 [67]

Inflammation Inhibition of MAPK, STAT1, and
NF-kB pathways

Murine macrophages, peritoneal
macrophages, and mice [92]

Osteoclastogenesis Inhibition of autophagy under
µXg Conditions RAW264.7 cell line [96]
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