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Abstract. Cancer is the second leading cause of death after
cardiovascular disease. In 2015, >8.7 million people died
worldwide due to cancer, and by 2030 this figure is expected
to increase to ~13.1 million. Tumor chemotherapy drugs
have specific toxicity and side effects, and patients can also
develop secondary drug resistance. To prevent and treat
cancer, scientists have developed novel drugs with improved
antitumor effects and decreased toxicity. Ailanthone (AIL) is a
quassinoid extract from the traditional Chinese medicine plant
Ailanthus altissima, which is known to have anti-inflammatory
and antimalarial effects. An increasing number of studies have
focused on AIL due to its antitumor activity. AIL can inhibit cell
proliferation and induce apoptosis by up- or downregulating
cancer-associated molecules, which ultimately leads to cancer
cell death. Antitumor effects of AIL have been observed in
melanoma, acute myeloid leukemia, bladder, lung, breast,
gastric and prostate cancer and vestibular neurilemmoma. To
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the best of our knowledge, the present study is the first review
to describe the antitumor mechanisms of AIL.
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. Introduction

Cancer, as a complex disease, is the result of long-term inter-
action of various exogenous and endogenous carcinogenic
factors (1-3). Normal cell division has a certain maximum
number of divisions, and it is precisely regulated by a series
of internal factors such as genes, enzymes and proteins.
Tumor cells often divide uncontrollably without following the
principles of normal self-limited cell division, and can invade
or spread to other healthy parts of the body, leading to the
formation of tumors (4). Cancer is the second leading cause of
death worldwide (5). With nearly 60% of the world's popula-
tion in Asia, 48.4% of new cancer cases and more than half of
cancer-associated deaths (57.3%) occur in this region, where
cancer mortality is higher compared with that in other regions,
such as Europe, Africa and America (5). Lung cancer has the
highest morbidity and mortality rates of all cancer types in
men in China (6). In China, the most common cancer types
among men and women are lung and breast cancer, respec-
tively (6). Currently, the US Food and Drug Administration
has approved ~150 anticancer drugs, which are classified into
either cytotoxic or targeted drugs. Cytotoxic drugs can kill
cancer cells by targeting mitotic and/or DNA replication path-
ways, whereas targeted drugs block the growth and spread of
cancer by inhibiting molecular targets associated with cancer
progression and migration (7). However, targeted drugs are
often more expensive, and cytotoxic drugs often have various
side effects and toxicity levels. Therefore, identification and
isolation of natural compounds from medicinal plants has
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received increasing attention for the development of novel
anticancer drugs, with the aim overcome drug resistance and
long-term survival.

2. Natural products as antitumor drugs

Medicinal plants have a long history of being used to treat
various types of cancer. For example, numerous Asian
countries, such as China, Japan and Thailand, have used
traditional medicinal plants to treat cancer for thousands of
years (8-10). Several of the antineoplastic drugs that have been
used in a clinical setting originate from plants, some of which
have significantly prolonged the survival time of patients.
For example, vincristine is used to treat leukemia (11),
lymphoma (12), breast cancer (13), lung cancer (14) and
pediatric solid cancers (15); paclitaxel is used to treat ovarian,
breast, lung, bladder and head and neck cancer (16); docetaxel
is used to treat breast (17) and lung (18) cancer; and irinotecan
is used to treat colorectal and lung cancer (19). In addition, a
number of natural products (including evodiamine, peimine,
isorhynchophylline, Coptis chinensis, ephedrine, oridonin and
matrine) improve the drug resistance of cancer cells (breast
cancer resistance to paclitaxel and epirubicin; gastric cancer
resistance to fluorouracil; lung adenocarcinoma cell resistance
to cisplatin and docetaxel; and hepatocellular carcinoma
resistance to cisplatin), which is the primary cause of cancer
chemotherapy failure (20). Recently, an increasing number of
studies have focused on the anticancer mechanism of natural
products. Wu et al (21) have reported that icariin induces
apoptosis in human lung adenocarcinoma cells by activating
the mitochondrial apoptotic pathway. Furthermore, lycorine
has notable antitumor effects in various types of cancer, such
as breast, esophageal, ovarian, prostate, melanoma and liver
cancer (22). Acridone alkaloids are another class of natural
products primarily obtained from Swinglea glutinosa, which
has selective cytotoxicity against human prostate, lung,
breast and liver carcinoma cell lines (23). In the Allium cepa
assay and the yeast proliferation model, Kanchnar guggulu
was evaluated for its cytotoxicity by inhibiting mitosis and
anti-proliferation effects, confirming its potential in cancer
treatment, and current studies have shown that it has anti-
tumor effect (24,25). In addition, it has been confirmed that
the use of a standardized Chinese herbal formula (including
Radix and Rizoma Ginseng, Rhizoma Atractylodis, Poriae;
Radix Glycyrrhiza Preparata, Rehmannia glutinosa, Radix
Paeoniae alba, Radix Angelica sinensis, Rhizoma Chuang
xiong, Ramulus Cinnamomum, Semen Armeniaca amarum,
Radix Platycodonois, Radix Saposhnikoviae, Fructus Jujubae,
Massa Medica Fermentata, Cordyceps, RhizomaDioscoreae,
Radix Ophiopogonis, Radix Bupleuri, Colla Corii asini,
Semen Lablab album, Rhizoma Zingiberis, Ganoderma and
Rhodiolae crenulatae) in patients with advanced lung cancer
is acceptable and safe (26), therefore natural products have a
broad application in the development and application of anti-
tumor drugs.

3. Ailanthone (AIL) as an anti-tumor drug

Ailanthus altissima is a plant of the genus Ailanthus in
the family Simaroubaceae (27). As a traditional Chinese

DING et al: APPLICATION OF AILANTHONE IN HUMAN CANCER

medicine, it has a long history in China; for example, its
bark, root bark and fruit have been used for the treatment of
ascariasis, diarrhea, spermatorrhea, bleeding and gastrointes-
tinal diseases (28). AIL, extracted from Ailanthus altissima,
is a pentacyclic diterpene lactone compound (Fig. 1). It has
notable clinical benefits in the treatment of inflammation (29),
malaria (30), allergies (31), tuberculosis (32), ulcer s (33),
amoeba-associated disease (34) and HIV (35) and has anti-
tumor effects (36). Numerous in vitro studies have revealed
that AIL has inhibitory effects on sever types of cancer cells,
such as melanoma (37), acute myeloid leukemia (38,39),
bladder (40), lung cancer (41,42), gastric (43), liver (44) and
breast (27,45) cancer, vestibular schwannomas (VS) (46),
osteosarcoma (47) and prostate cancer (48). The specific anti-
tumor mechanism of AIL is summarized in Fig 2. In addition,
AIL was found to improve the resistance of prostate cancer
cells and leukemia cells to MDV3100 and doxorubicin (DOX),
respectively (48,49). An overview of the antitumor mechanism
of AIL in various types of cancer cells will be discussed in the
present review.

Antitumor activity of AIL against melanoma. In 2011, a total
of 9,128 melanoma deaths occurred in the United States. The
overall age-adjusted melanoma death rate was 2.7 per 100,000
and the mortality rate of malignant melanin is even higher (50).
It has become one of the most serious malignant tumors
threatening human health (51). Liu et a/ (37) demonstrated that
AIL inhibited cell proliferation and promoted apoptosis of
B16 and A375 melanoma cells in a dose-dependent manner by
downregulating the phosphoinositide 3-kinase (PI3K)/protein
kinase B (AKT) signaling pathway and inducing the activa-
tion of apoptotic initiating factors. The results of their study
also revealed that the number of viable cells significantly
decreased with increasing AIL concentrations 24-h following
incubation (37). Subsequently, the potential mechanisms were
explored; AIL induced G,/G, phase arrest in B16 cells and
G,/M phase arrest in A375 cells, significantly increasing the
apoptotic rate in a dose-dependent manner (37).

Distinct apoptotic characteristics, such as nuclear conden-
sation, irregular contraction of chromatin and apoptotic bodies
were observed in the AIL-treated B16 cells, whereas the
protein expression levels of p21 were increased and the levels
of cyclins E and B were decreased. These results suggested
that AIL inhibited cell proliferation by regulating cell
cycle-associated protein expression to block the cell cycle of
melanoma cells; the expression levels of PI3K, phosphorylated
(p)-PI3K and p-AKT were also decreased, indicating that AIL
inhibited the activity of the PI3K/AKT signaling pathway (37).
In addition, the decrease of the mitochondrial membrane
potential, increase of cytochrome ¢ and Apaf-1 expression and
activation of caspase-9 and -3 indicated that AIL mediated
apoptosis through the mitochondrial pathway (37). Overall,
these results suggested that AIL may be a potential antitumor
agent to treat melanoma.

Antitumor activity of AIL against acute myeloid
leukemia (AML). Acute myeloid leukemia (AML) is an
aggressive, heterogeneous, myeloid malignancy. It is the
most common adult acute leukemia and accounts for ~80%
of cases (52). microRNAs (miRNAs/miRs) are short RNA
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Figure 1. Molecular structure of ailanthone.

molecules that negatively regulate gene expression; miRNAs
are downregulated in numerous types of solid tumors,
such as gastric cancer (53), lung cancer (54) and osteosar-
coma (55). Moreover, abnormal expression levels of miRNAs
(miR-128a, miR-92a, miR-143 and miR-342) are associated
with the development of AML (56,57). miRNA-449a is
downregulated in several types of solid tumors (including
gastric and liver cancer) and can regulate the expression
of tumorigenesis-associated genes, such as Flotillin 2 (58)
and SOX4 (59). Based on these findings, Zhang et al (38)
explored the potential role of miR-449a in AML and demon-
strated that AIL inhibited the activity of AML cells and
induced apoptosis by targeting miR-449a. AIL inhibited cell
viability in a dose-dependent manner and exerted significant
inhibitory effects on tumor cell migration and invasion,
possibly via the downregulation of matrix metalloproteinase
(MMP)-9 and vimentin (38). In addition, AIL also notably
increased the levels of cleaved-caspase-7, -3 and -9, leading
to increased tumor cell apoptosis in the AIL-treatment
group (P<0.05) (38). Further investigation reported that
AIL significantly (P<0.01 or P<0.001) increased the mRNA
expression levels of miR-449a in AML cells. Subsequently,
following transfection of a miR-449a inhibitor into AML
cells, the levels of cleaved-caspase-7, -3 and -9 and the apop-
totic rate in the AIL-treatment group were decreased, with
the latter being significant (P<0.05). In addition, the protein
expression levels of Notchl and 2, p-PI3K and p-AKT in the
AlL-treatment group were also lower compared with those in
the control group, and the inhibitor of miR-449a reversed this.
These results suggested that AIL upregulated the expression
of miR-449a in the Notch and PI3K/AKT signaling path-
ways (38). Wei et al (39) reported that AIL promoted apoptosis
by inducing autophagy in HL-60 promyelocytic leukemia
cells. Their results demonstrated that acidic vesicular organ-
elles, which are one of the characteristics of autophagy, were
observed in the experimental group. The protein expression
levels of the autophagy-associated proteins were determined,
and the results revealed that levels of Beclin-1 and light
chain (LC)3-II were upregulated, while the levels of p62
and LC3-I were downregulated in a dose-dependent manner
(all P<0.05) (39). Therefore, these results indicated that AIL
induced autophagy and that AIL may be a potential treatment
for AML.
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Antitumor activity of AIL against bladder cancer. Bladder
cancer is one of the most common malignant tumors in the
urinary system. Global cancer statistics in 2018 found that
bladder cancer is more common in men, in whom it is the sixth
most common cancer and ninth leading cause of cancer-asso-
ciated death (5). Currently, the combination of surgery and
cisplatin-based chemotherapy is the standard treatment (60);
however, cisplatin-based chemotherapy is often accompanied
by secondary drug resistance, which can reduce the long-term
therapeutic effect and is particularly evident in invasive urothe-
lial cancer (61). Cisplatin resistance in patients with bladder
cancer is associated with overexpression of NF-E2-related
factor (Nrf2), and increased Nrf2 in resistant cells has been
recognized as an important factor in maintaining drug resis-
tance (62). Nrf2 also promotes the epithelial-mesenchymal
transition by downregulating E-cadherin, and knockdown
of Nrf2 impairs tumor cell migration and invasion (63).
Yes-associated protein (YAP) is the primary effector of the
Hippo pathway, which also participates in chemotherapy
resistance of bladder cancer (64). When the Hippo pathway
is inhibited, YAP is transported into the nucleus and binds
to transcription factors, such as transcriptional enhanced
associate domains, to promote the expression of target genes
(c-Myc, Cyr61 and survivin) that regulate cell proliferation,
migration and survival (64). Conversely, knockdown of YAP
and silencing of Nrf2 can enhance the sensitivity of bladder
cancer cells to cisplatin and reduce the migration of tumor
cells (62). Daga et al (40) demonstrated that AIL inhibited
the proliferation and migration of bladder cancer cells by
reducing the expression of Nrf2, YAP and c-Myc. Moreover,
a similar effect was identified in cisplatin-resistant bladder
cancer cells. The results of MTT and colony formation assays
demonstrated that AIL was more effective compared with
cisplatin in inhibiting the growth of 253J B-V and 253J bladder
cancer cell lines (40). Of note, the growth inhibition rate of the
cisplatin-resistant cell lines, 253J B-V C-r and 253J C-r was the
same as that of the sensitive cells, confirming the cytotoxicity
and antiproliferative effect of AIL. Furthermore, AIL exhib-
ited low cytotoxicity in normal adult HK-2 renal cortex cells,
indicating that the toxicity of AIL to normal cells was lower
compared with that of cancer cells (40). Further flow cytom-
etry analysis demonstrated that AIL primarily arrested cells
in the G/G, phase of the cell cycle and inhibited migration
and invasion; however, this did not induce apoptosis. In addi-
tion, protein expression levels of Nrf2, YAP and c-Myc were
decreased in the AIL-treatment group. Overall, Daga et al (40)
demonstrated that AIL overcame cisplatin resistance in
bladder cancer cells by downregulating the expression of Nrf2
and YAP, suggesting that AIL may be an effective drug for
patients with bladder cancer that are resistant to chemotherapy.

Antitumor activity of AIL against lung cancer. Lung cancer
is one of the most common malignancies in the world and is
the leading cause of cancer-associated death, accounting for
18.4% of deaths among patients with cancer (5). Ni ef al (42)
screened 3,000 herbal monomers using an ATP luminescent
high-throughput assay and demonstrated that AIL had the
potential to inhibit the proliferation of non-small cell lung
cancer (NSCLC) cells. AIL inhibited the proliferation and
colony formation of NSCLC A549, H1299 and H1975 cells
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Figure 2. Antitumor mechanism of ailanthone. Green arrows indicates upregulation, and red arrows indicate downregulation of molecular targets. Bcl-2, B
cell lymphoma-2; Bax, Bcl-2-associated X; mi, micro; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; JAK, Janus kinase; STAT3, signal transducer
and activator of transcription 3; RAF, RAF proto-oncogene serine/threonine-protein kinase; MEK, mitogen-activated protein kinase; ERK, extracellular
signal-regulated kinases; MMP-9, matrix metalloproteinase-9; EMT, epithelial mesenchymal transition; LC3, light chain 3; Cyt-c, cytochrome C.

in a dose- and time-dependent manner, and the growth
inhibition ability of AIL was greater compared with that of
cisplatin, which is a first-line chemotherapeutic drug for
lung cancer (42). Orthotopic lung tumor models revealed
that the volume and weight of tumors were smaller in the
AlL-treated group. In addition, flow cytometry analysis
demonstrated that AIL induced G, or G,/M arrest of tumor
cells in a dose-independent manner and induced apoptosis
in H1975 cells, but did not induce apoptosis in A549 and
H1299 cells (42). Western blotting showed that caspase-3 and
poly-ADP-ribose polymerase (PARP) were activated in H1975
cells, but not in A549 and H1299 cells; similarly, following
DAPI staining, AIL was observed to induce DNA damage
in H1299 and H1975 cells, but not in A549 cells (42). This
indicated that AIL-mediated growth inhibition was dependent
on the induction of apoptosis and DNA damage. The authors
further elucidated its mechanism of action using cDNA micro-
array analysis and reported that 1,222 genes were significantly
differentially expressed in A549, H1299 and H1975 cells;
among them, four genes, namely proliferating cell nuclear
antigen (PCNA), replication protein A 1 (RPAI), acyl-CoA
desaturase and DNA ligase 1, were involved in both nucleotide
excision repair and DNA replication signaling pathways (42).
Subsequent experiments revealed that the mRNA levels of
PCNA and RPA] were significantly decreased in all tested cell
lines, while the protein expression levels of RPA1 were signifi-
cantly decreased in a dose-dependent manner, and PCNA
levels were not altered. Lastly, using animal experiments, it
was confirmed that AIL inhibited subcutaneous xenograft and
orthotopic lung tumor growth and prolonged the survival time
of tumor-bearing mice (42). This indicated that AIL inhibited
RPA1 expression in a dose-dependent manner, thus inhibiting
DNA replication and tumor cell growth.

Hou et al (41) demonstrated that AIL inhibited the PI3K/AKT
and Janus kinase (JAK)/signal transducer and activator of

transcription (STAT)3 signaling pathways by increasing the
expression levels of miR-195, as well as by promoting apoptosis
and autophagy in the A549 lung cancer cell line. Abnormal
expression of miR-195 is associated with the development and
progression of numerous types of tumors, such as breast (65),
lung (66), liver (67) and prostate cancer (68). The viability of
A549 cells treated with different concentrations of AIL was
significantly decreased (P<0.01 or P<0.001) compared with that
in the control group. Cell proliferation and cyclin D1 expression
levels were also significantly decreased in cells treated with AIL
(P<0.01), suggesting that AIL also inhibited the proliferation of
lung cancer cells. Apoptotic analysis demonstrated that AIL
significantly increased the rate of apoptosis of tumor cells, and
the protein expression levels of cleaved-caspase-3 and -9 were
increased, further indicating that AIL pomoted apoptosis (41).
However, Ni et al (42) did not report that AIL induces apoptosis
in A549 cells. Considering that a previous study identified that
miR-195 was associated with lung cancer (66), Hou et al (41)
detected the expression levels of miR-195 and the protein
expression levels of autophagy-related proteins Beclin-1 and p62
rin AIL-treated A549 cells. It was concluded that AIL promoted
apoptosis and autophagy by upregulating miR-195, which was
verified by knockdown of miR-195. Also the upregulation of
miR-195 inhibited the PI3K/AKT and JAK/STAT3 signaling
pathways (41). Therefore, AIL was hypothesized to exert its
anticancer effects by upregulating the expression of miR-195 in
lung cancer.

Antitumor activity of AIL against gastric cancer. The inci-
dence of gastric cancer in East Asia (including Mongolia,
China, Japan and Korea) is notably higher compared with
that in other regions, such as Northern America, Northern
Europe, and Africa (5). Gastric cancer has become the fifth
most frequently diagnosed cancer and the third leading cause
of cancer-associated death in the world (5). Chen et al (43)
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explored the antitumor effect of AIL on human SGC-7901
gastric cancer cells. The results revealed that AIL inhibited the
proliferation of SGC-7901 cells in a dose- and time-dependent
manner. The ICs, value of AIL in SGC-7901 cells at 24 h was
significantly (P<0.05) lower than that of the taxol group, which
was used as a positive control. The apoptotic rate was also
significantly (P<0.001) increased with increasing concentra-
tions of AIL. Furthermore, AIL significantly increased the
percentage of cells in the G,/M phase in a dose-dependent
manner. The protein expression levels of Bcl-2 and Bax
were down- and upregulated, respectively, in cells treated
with AIL. Characteristic apoptotic morphology (nuclear
shrinkage and chromatin condensation) were also observed in
the AIL-treatment group following Hoechst 33258 staining,
indicating that AIL induced apoptosis in SGC-7901 cells (43).

Antitumor activity of AIL against liver cancer. Liver cancer
was the sixth most commonly diagnosed cancer and the fourth
leading cause of cancer-associated death worldwide in 2018 (5).
The incidence rate of liver cancer is often higher in countries
with a lower Human Development Index (5). Primary liver
cancer includes hepatocellular carcinoma (HCC), comprising
75-85% of total cases, intrahepatic cholangiocarcinoma,
comprising 10-15% of cases, and other rare types (5). The
5 year survival rate of patients with liver cancer is still low
(~18%), even following systemic treatment (69). Zhuo et al (44)
investigated the anticancer effect of AIL in Huh7 human HCC
cells. AIL reduced the viability of Huh7 cells in a dose- and
time-dependent manner. Colony formation was also inhib-
ited in a dose-dependent manner. Flow cytometry analysis
showed that after 48 h of exposure to different concentrations
of AIL (0, 0.2, 0.4, or 0.8 uM), the percentage of cells in the
G,/G, phase increased notably, confirming that AIL arrested
the cell cycle. The expression levels of proteins regulating the
cell cycle were investigated, and it was demonstrated that AIL
decreased the expression of cyclins D and E, CDK2, CDK4
and CDKG®, and increased the expression of p21 and p27 (44).
The expression levels of cell division cycle 25A, which acts
as an upstream regulator of the CDK/cyclin complex, and
retinoblastoma protein (Rb), which is a positive regulator of
the cell cycle, were also significantly inhibited by AIL. In
addition, AIL induced double-stranded DNA breakage and
activated ataxia telangiectasia mutated proteins/ataxia telan-
giectasia, Rad3-assocaited proteins and Chk1/Chk2 pathways
in Huh7 cells, which may lead to G,/G, cell cycle arrest (44).
Furthermore, AIL also induced apoptosis of Huh7 cells in a
dose-dependent manner, and significantly increased the levels
of cleaved caspase-9 and -3, indicating that AIL can induce
caspase-dependent apoptosis; in addition, AIL mediated apop-
tosis via the mitochondrial pathway, which was determined
by detection of apoptosis-inducing factor and endonuclease
G levels in the cytoplasm of Huh7 cells and the detection of
decreased mitochondrial membrane potential (44). This study
further revealed that AIL inhibited the PI3K/AKT signaling
pathway using western blotting. Furthermore, the authors
confirmed that AIL inhibited the growth and angiogenesis of
Huh7 cell xenografts in nude mice, and its low toxicity was
also verified (44). These results suggested that AIL exerted
notable antitumor activity in Huh7 cells and may have poten-
tial as a novel drug for the treatment of HCC.
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Antitumor activity of AIL against breast cancer. Breast cancer
is the most commonly diagnosed cancer in the world, and was
leading cause of cancer-associated death in women in 2018 (5).
It has been reported that AIL significantly inhibits the prolif-
eration of human MCF-7 breast cancer cells in a time- and
dose-dependent manner (27). The inhibition rates of MCF-7
cells were 7.38-35.95, 22.73-47.6 and 35.64-56.76% at 24,
48 and 72 h, respectively, following treatment with different
concentrations of AIL (0.5, 1.0, 2.0, 4.0 and 8.0 ug/ml) (27).
AIL also promoted apoptosis in a dose-dependent manner,
and the apoptosis rate in the 8.0 yg/ml group was 75.51%,
which was significantly increased compared with that of the
control group (P<0.01). In addition, the percentage of cells in
G,/G, phase were cells increased, whereas the percentage of
cells in S and G,/M phase were notably decreased compared
with that of the control group (27). In addition, the apoptosis
of breast cancer MCF-7 cells in the AIL group was increased
by upregulating the expression levels of Bax, caspase-3 and
downregulating the expression of Bcl-2 (27). This indicated
that AIL arrested the cell cycle and promoted apoptosis in
breast cancer cells.

Gao et al (45) reported that AIL significantly reduced the
viability of breast cancer cells, suppressed cell proliferation
and induced apoptosis. AIL downregulated cyclin D1 and
upregulated p53 and p21 protein levels in MDA-MB-231
cells (45). The ICs, of AIL on MDA-MB-231 cells was
9.8 uM at 48 h, which was lower compared with that of
human non-tumorigenic breast epithelial MCF-12A cells;
this indicated that AIL had lower cytotoxic effects on normal
cells compared with that in cancer cells (45). In addition,
AIL significantly decreased the percentage of BrdU-positive
cells compared with the control group (P<0.05). An apop-
tosis assay revealed that AIL significantly increased the
percentage of apoptotic cells, and AIL increased the protein
levels of cleaved caspase-3 and -9 (P<0.001). Transwell
assay results revealed that AIL significantly reduced cell
migration and invasion; also the levels of migration- and
invasion-associated proteins MMP-9 and vimentin were
significantly (P<0.05, P<0.001) decreased in the AIL-treated
group (45). The data from reverse transcription-quantitative
PCR indicates that upregulation of miR-148a may mediate
cell proliferation, apoptosis, migration and invasion affected
by AIL in MDA-MB-231 cells. Furthermore, it was demon-
strated that AIL inhibited AMP-activated protein kinase
(AMPK) and Wnt/p-catenin signaling pathway by regulating
miR-148a in MDA-MB-231 cells (45). Overall, these two
studies suggested that AIL had potential in the treatment of
breast cancer.

Antitumor activity of AIL against VS. VS, also known as
acoustic schwannoma, originates from the myelin-forming
Schwann cells that surround the vestibular branches of the
eighth (auditory) cranial nerve (70). VS accounts for 6-7%
of all intracranial tumors, 90% of which are located in the
cerebellopontine angle (71). Yang et al (46) demonstrated the
anticancer effect of AIL in human VS cells. AIL inhibited
VS cell proliferation at 0.4, 0.6, 0.8 and 1 yM after 48-h
treatment, and promoted apoptosis in a dose-dependent
manner via downregulation of miR-21. Administration of
AIL significantly reduced the mRNA and protein expression
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levels of cyclin D1, which is a critical target of proliferative
signals in the G, phase to promote cell cycle progression (46).
AIL significantly increased the apoptotic rate (P<0.001) and
the expression levels of cleaved caspase-9 and -3. In addi-
tion, increased expression levels of the autophagy-associated
proteins Beclin-1 and LC3-II, and decreased levels of p62
in the AIL group compared with those in the control cells
suggested that AIL can promote the autophagy of VS
cells (46). Previous studies have demonstrated that high
levels of miR-21 expression are associated with several types
of cancer (72-74), thus it was explored whether miR-21 func-
tioned in AIL-mediated growth inhibition of VS cells. miR-21
levels were increased in VS cells compared with those in
healthy tissue using microarray analysis techniques (46). AIL
significantly decreased the levels of miR-21 in tumor cells
(P<0.01), indicating that miR-21 was negatively regulated
by AIL; overexpression of miR-21 reversed the aforemen-
tioned results, suggesting that miR-21 participated in the
antitumor mechanism of AIL (46). Furthermore, the possible
mechanism by which AIL induced apoptosis and autophagy
in VS cells was explored, reporting that AIL blocked the
Ras/RAF proto-oncogene serine/threonine-protein kinase
(Raf)/mitogen-activated protein kinase kinase (MEK)/ERK
and mTOR pathways in a miR-21-dependent manner (46).
Therefore, these results demonstrated that AIL may be a
potential antitumor agent for treating VS.

Antitumor activity of AIL against osteosarcoma. Statistics
from 1973 to 2004 show that osteosarcoma is the most common
primary malignant tumor of bone in children and adolescents
in the United States (75). At present, complete surgical resec-
tion combined with chemotherapy is the primary method of
treatment for osteosarcoma (76). A number of studies have
demonstrated that abnormal expression of miRNA (miR-27a,
95-3p, 195 and 133b) was associated with osteosarcoma growth,
metastasis and prognosis (77-79). For example, Kong et al (47)
revealed that different concentrations of AIL inhibited MG63
osteosarcoma cell viability (P<0.01 or P<0.001) and prolif-
eration (P<0.01) compared with those in the control group by
increasing the levels of miR-126. Furthermore, cell migration
and invasion were also inhibited by AIL, whereas the rate of
apoptosis was increased. Protein expression levels of cyclin
D1 and Bcl-2 were decreased, while Bax, cleaved PARP and
cleaved caspase-3 were increased following treatment of MG63
cells with AIL compared with untreated cells (47). In addi-
tion, PTEN protein expression levels were increased; however,
PI3K and AKT phosphorylation levels were decreased (47).
This indicated that the activation of the PI3K/AKT pathway
was suppressed by AIL in MG63 cells. miR-126 was expressed
at low levels in osteosarcoma cell lines MG63, U20S, HOS
and Saos-2 compared with those in normal osteoblast hFOBI
cells (47). These effects of AIL inducing MG63 cell prolifera-
tion, migration and invasion were all reversed when miR-126
was knocked down, indicating that AIL exerts its antiosteosar-
coma effect by upregulating miR-126.

Antitumor activity of AIL against prostate cancer. In 2018,
prostate cancer is the second most common type of cancer
in the world and the fifth leading cause of cancer-associated
death among men (5). Androgen deprivation therapy is
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the primary treatment for metastatic prostate cancer and
includes three methods: Surgery, radiotherapy and castra-
tion drugs, such as Goserelin (80). Drug castration therapy
primarily targets androgen receptors (ARs), which serve
an important role in the development of prostate cancer.
When ARs are phosphorylated following activation via
endogenous androgen ligands (testosterone and dihydrotes-
tosterone), the ligand-receptor complex, in association with
coregulatory factors (for example, c-Fos, c-Jun, NFkB and
sex-determining region Y gene translocates into the nucleus
and binds to specific genomic DNA regions to regulate
target gene expression (81). Androgen binding is the most
important stimulator of androgen receptor activation (81);
therefore, drug castration therapy is primarily aimed at
eliminating this stimulus. A previous study has reported
that >80% of patients respond to castration therapy in the
early stages of treatment; however, almost all patients even-
tually progress to the terminal stage of castration-resistant
prostate cancer (CRPC) (82). The drugs currently used in
CRPC are docetaxel (83), cabazitaxel (84), abiraterone (85),
radium-223 (86) and enzalutamide (87). In addition, the AR
antagonist MDV3100 has also been reported to be effective
against CRPC (88). Most of the AR antagonists used in clinic
target the ligand-binding domain of the receptor. Therefore,
AR shear variants (AR-Vs) that lack the ligand binding
domain are resistant to antiandrogen therapy, including
MDV3100 and abiraterone (89). He et al (48) demonstrated
that AIL targeted p23 to overcome MDV3100 resistance in
prostate cancer cell lines. The group used dihydrotestos-
terone to stimulate 22RV1 prostate cancer cells to activate
the ligand-dependent receptor full-length AR (AR-FL),
and transfected with AR1-651 (this segment of AR lacks
a ligand-binding domain (LBD), but can be continuously
activated to introduce AR-Vs. After 12-h incubation with
various natural compounds, a dual luciferase assay was used
to detect AR transcriptional activity, and it was observed
that AIL effectively reduced the transcriptional activities
of AR-FL and AR-Vs. The same results were also demon-
strated in LNCaP and c4-2b prostate cancer cell lines (48).
A sulforhodamine B assay confirmed that AIL inhibited
the proliferation of several AR-positive prostate cancer cell
lines, including LNCaP, c4-2b,22RV1 and LAPC4. However,
its proliferation inhibitory effect was weaker in AR-negative
tumor cell lines and normal prostate cells (48). Similarly,
AIL was more effective at inhibiting AR-positive cell migra-
tion compared with that of AR-negative prostate cancer cells.
After combining AIL (0.1 uM) with the AR antagonists bicalu-
tamide (BIC) and MDV3100, c4-2b androgen-insensitive and
22RV1 castration-resistant cells proliferation was inhibited,
indicating that AIL overcame drug resistance (48). AIL was
also demonstrated to significantly inhibit the increase in
tumor volume in 22RV1 xenografts in animal experiments
with BALB/c nude mice. In addition, the oral bioavailability
of AIL was 25.7% and did not exhibit significant hepato-
toxicity; however, there was some damage to the gastric
mucosa (48). Of note, VCaP xenografts were more sensitive
to AIL compared with MDV3100. CRPC 22RV1 xenografts
were resistant to BIC and MDV3100 treatment; however, AIL
markedly inhibited tumor growth and reduced the tumor
volume by 82% (95% confidence intervals, 70-95%) (48).
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AIL also significantly reduced the expression levels of AR
proteins in LNCaP, 22RV1, LNCaP-MDV3100-R and VCaP
prostate cancer cells in a dose-dependent manner, and these
reductions were not associated with the presence or absence
of androgen stimulation (48). An immunoprecipitation assay
showed that AIL induced AR protein degradation and ubig-
uitination by preventing the interaction between AR and its
molecular chaperones, heat shock protein HSP90 and HSP70;
in addition, AIL downregulated AKT and CDK4 expression,
which may be associated with inhibition of proliferation (48).

In the absence of a ligand, the AR resides in the cytosol
bound to a complex of HS, chaperone and co-chaperone
proteins (90). This protein complex is also termed foldosome
and component proteins, including HSP90, HSP70 and p23, in
which p23 serves an important role in maintaining the stability
of the foldosome (90). Using the ProteOn XPR36 system, it
was demonstrated that AIL could bind to p23 and inhibit its
interaction with HSP90 in the foldosome, thus destabilizing
the complex (90). In summary, targeting p23 is the main
mechanism by which AIL induces the degradation of AR, and
destabilizes the folding complex. Therefore, AIL is a potential
candidate for the treatment of prostate cancer, which requires
further investigation.

4. Preclinical safety evaluation of AIL

Unfortunately, most of the aforementioned studies did not eval-
uate the effect of AIL on normal cell lines (27,37-40,43,46,47).
Only a few studies have evaluated the cytotoxicity of AIL in
normal cells or the toxicity and the side effects in animal
models (42,44,45,48). Gao et al (45) and He et al (48) have
reported that cancer cells are more sensitive to AIL compared
with normal cells. Traditional chemotherapeutic drugs have
various side effects, such as myelosuppression, hepatotoxicity,
nephrotoxicity, digestive tract reaction, neurotoxicity and
pulmonary fibrosis, which markedly reduce the quality of
life of patients with cancer and hinder the progress of treat-
ment (91). Antitumor drugs extracted from traditional Chinese
medicine exhibit less toxicity and fewer side effects compared
with traditional chemotherapeutics. For example, Ni et al (42)
demonstrated that AIL significantly inhibited NSCLC cell
proliferation in vitro and tumor growth in vivo with low
toxicity, and no damage was observed in the liver and kidney
of SCID-Bg mice following AIL treatment. He et a/ (48) found
that AIL does not induce significant hepatotoxicity in BALB/c
nude mice; however, it can cause some damage to the stomach.
To evaluate the in vivo cytotoxic effects of AIL, Zhuo et al (44)
observed hematoxylin and eosin-stained sections from the
heart, lung, liver, kidney and spleen and revealed no notable
morphological changes were found in the AIL-treated animals.

In a recent study, Tang et al (92) used Kunming mice to
evaluate the toxicity and safety of AIL. The acute toxicity
experiments indicated that the main organs affected by
AIL were the liver, spleen, intestine, colon and stomach.
According to the toxicity of the classification standard,
Globally Harmonized System of Classification and Labeling
of Chemicals (93), the median lethal dose of AIL is
27.3 mg/kg, which is level 2 (severe). The primary causes of
death from AIL included gastrointestinal hemorrhage and
liver steatosis (92). In addition, the toxicity of AIL in the blood
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system was also investigated; AIL significantly reduced the
numbers of red blood cells (RBC), hemoglobin, hematocrit
and mean corpuscular hemoglobin concentration and increase
the MCN, RDWCYV and platelet counts in mice; however, this
process was reversed following drug withdrawal, indicating
that AIL may have hematologic toxicity, but it was not the
primary cause of death in mice (92). In the autopsy report,
in addition to gastrointestinal hemorrhage and liver steatosis
in the high concentration group, hepatic steatosis, cholestasis,
splenomegaly and chronic gastritis were also observed in
the low concentration treatment group. In addition, the study
showed that AIL had reproductive toxicity, as the testis and
epididymis of male mice had marked atrophy and pathological
damage, while ovarian follicle development was hindered,
with corpus luteum necrosis in female mice (92).

5. Antitumor mechanism of AIL

Effects on apoptosis. One of the antitumor effects of AIL is
the activation of the apoptosis pathway. Apoptosis is a form
of programmed cell death regulated by genes, through which
abnormal cells in the body can be removed and to maintain
homeostasis. Defects within apoptosis are associated with
numerous diseases, such as autoimmunity, degenerative
diseases and cancer (94). Dysregulation of apoptosis may lead
to the formation of tumor cells (95). Therefore, molecular
pathways that promote apoptosis have become effective
targets against tumor growth. AIL has been demonstrated to
induce apoptosis in numerous types of cancer cells via the
intrinsic and extrinsic pathways by regulating multiple molec-
ular targets (37,43), including the caspase and Bcl-2 family
proteins (43), transcription factors (such as [-catenin) (45),
tumor suppressor genes (such as TP53) (45) and signaling
pathways, such as PI3K/AKT (37) and JAK/STAT3 (41).

Members of the Bcl-2 family. The Bcl-2 family of proteins
are key regulators of apoptosis via the mitochondrial
apoptosis pathway and by promoting the caspase cascade
activation (96,97). The balanced ratio of various Bcl-2
proteins determines whether the cell undergoes apoptosis or
survives (98). AIL treatment downregulates Bcl-2 and upregu-
lates Bax proteins in melanoma (37), gastric cancer (43),
breast cancer (27) and osteosarcoma (47) cells. Mitochondrial
membrane potential changes have been observed in mela-
noma (37) and hepatocellular carcinoma (44) cells treated
with AIL compared with untreated cells, suggesting that the
mitochondrial apoptosis pathway is involved.

TP53. The tumor suppressor protein p53, encoded by the TP53
gene in humans, serves an important role in preventing cancer
development (99). TP53 is the most frequently mutated gene in
human cancer (100). p53 can also promote apoptosis, relying
on the induction of pro-apoptotic Bcl-2 proteins (99). In addi-
tion, p53 is an important mutual regulator of AMPK (101). AIL
notably upregulated p53 protein levels in MDA-MB-231breast
cancer cells, which promoted apoptosis (45).

Effects on signaling pathways
PI3K/AKT/mTOR signaling pathway. The PI3K/AKT/mTOR
signaling pathway is one of the most important intracellular
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pathways that is frequently activated in a wide range of
cancer types, including melanoma (102), breast cancer (103),
lung and colorectal cancer (104). The PI3K/AKT/mTOR
signaling pathway regulates cell proliferation, differentiation
and metabolism, leading to anti-apoptosis and cancer cell
survival. In addition, activation of the PI3K/AKT/mTOR
pathway is also associated with tumor pathogenesis (including
breast cancer, melanoma, gastric, lung, pancreatic and thyroid
cancer and acute myeloid leukemia) and drug resistance,
such as etoposide, DOX, cytarabine (105-107). PI3K, AKT
or mTOR kinase inhibitors are already in clinical develop-
ment (102,104). It has been demonstrated that AIL treatment
suppresses the PI3K/AKT/mTOR pathway by decreasing the
phosphorylation of PI3K and AKT, thus inducing apoptosis. In
melanoma (37), acute myeloid leukemia (38), lung cancer (41),
liver cancer (44), VS (46) and osteosarcoma (47), AIL exerts
its antitumor activity mainly by inhibiting the PI3K/AKT
pathway.

JAK/STAT3 signaling pathway. The JAK/STAT3 signaling
pathway serves a key role in cell survival and apoptosis; it
is activated and its components are abnormally expressed
in a variety of tumors, including leukemia (108), prostate
cancer (109), renal cell carcinoma (110), lung (111), colon (112)
and pancreatic cancer (113). In recent years, the JAK/STAT3
signaling pathway has been considered as a potential target
for antitumor therapy (114). The phosphorylation of STAT3
increased in various types of cancer (109); therefore, analysis
of p-STAT3 protein expression levels can be used to determine
whether AIL acts on the JAK/STAT?3 signaling pathway. A
previous study has demonstrated that AIL exerts its antitumor
effects on lung cancer by upregulating miR-195, which inhibits
the JAK/STATS3 signaling pathway (41).

Ras/RafiMEK/ERK signaling pathway.TheRas/Raf/MEK/ERK
signaling pathway also serves a pivotal role in tumor cell
survival. Activation of the Ras protein is observed in ~30% of
human cancer types, including pancreatic, lung, endometrium,
ovary, prostate, stomach, liver and breast cancer (115). ERK
promotes survival, metastasis and cell proliferation, primarily
by activating the epidermal growth factor receptor and Ras
small guanosine triphosphatases; p-ERK translocates into the
nucleus and regulates various transcription factors, such as the
Ets family of transcription factors (116). In VS, AIL acts on this
signaling pathway to exert its antitumor effects (46).

Wnt/B-catenin signaling pathway. Dysregulation in the
Wnt/B-catenin pathway has been observed in numerous types
of human cancer, such as colon cancer, melanoma, pancreas
cancer and adrenocortical carcinoma (117). Wnt/f-catenin is
an important signal transduction pathway for the regulation
of cell proliferation, apoptosis and metastasis (118). The
expression levels of P-catenin are associated with poor
prognosis in patients with breast cancer (119). Gao et al (45)
reported that AIL inhibited the activation of the AMPK and
Wnt/B-catenin signaling pathways by regulating miR-148a in
MDA-MB-231 cells.

Notch signaling pathway. Notch can function as a proto-onco-
gene in tumors, including breast cancer and lymphoid
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malignancies (for example T cell acute lymphoblastic
leukemia, B cell chronic lymphocytic leukemia and splenic
marginal zone lymphoma), and can also serve as a tumor
suppressor gene (120). Notch signaling pathway is regulated
at the transcriptional or post-transcriptional levels. The ubiq-
uitination pathway, miRNA (including miR-1, -34, -146, -199
and -200) and Cyclin/Cdk complex can all affect the Notch
signaling pathway (121). Notch is particularly important in the
hematopoietic system (122). Notch mediates the proliferation,
self-renewal and differentiation of stem and progenitor cells
to generate mature cells in the blood (122). The activation of
Notch signaling is associated with poor prognosis of patients
with AML (123), and targeting Nocthl has been considered
as a novel strategy for AML treatment (124). AIL has been
demonstrated to deactivate the Notch and PI3K/AKT signaling
pathways by upregulating miR-449a expression (38).

Effects on cell proliferation and cell cycle. Cell proliferation is
highly regulated in normal cells, and dysregulation of the cell
cycle may lead to excessive or uncontrolled proliferation and
promote metastasis (4). A number of studies have documented
that AIL mediates its antiproliferative effect in cancer cells via
modulation of various molecular targets, such as cyclin, CDKs,
CDK inhibitors (CKIs) and the Rb gene (125). Cyclin binds to
specific CDKs to form cyclin/CDK complexes that are impor-
tant in regulating transcription, DNA repair, differentiation
and apoptosis. The synthesis and destruction of cyclins is one
of the primary means of regulating the cell cycle in vivo (125).
CKI, as a negative regulator of the cell cycle, can be divided
into two classes: The Ink4 family and the Cip/Kip family (126).
AIL exerts its effects by regulating cyclin, CDK and CKI
expression. Cyclins E and B were downregulated and p21 was
upregulated in melanoma (37) and breast cancer (45), whereas
cyclin D1 was downregulated in lung (41) and breast (45) cancer,
VS (46) and osteosarcoma (47). In hepatocellular carcinoma,
the expression levels of cyclins D and E were inhibited and
CDK2, 4 and 6 were decreased, while the expression levels
of p21 and p27 was increased (44). The expression of CDK4
was downregulated in prostate cancer (48). In addition, the Rb
gene, one of the most important antioncogenes, can be phos-
phorylated by cyclin D/CDK4 or cyclin E/CDK2, releasing the
transcription factor E2F. Transcription factor E2F regulates the
expression of numerous genes, including cyclins E and A, cdkl,
B-myb, dihydrofolate reductase, thymidine kinase and DNA
polymerase (127). These genes serve an important role in the
cell cycle and DNA synthesis (127,128). AIL can also act on the
retinoblastoma (Rb) gene in HCC, reducing the expression of Rb
protein, which is a positive regulator of the cell cycle (44).

Deregulation of cell metabolism and proliferation are major
characteristics of tumor cells. AMPKs are activated when cells
are metabolically stressed. AMPK activation regulates various
cellular processes, such as cell proliferation, polarity, autophagy
and apoptosis (129). Gao et al (45) demonstrated that AIL inhib-
ited breast cancer cell proliferation by inhibiting AMPK.

Effects on autophagy. Autophagy serves a pivotal role in the
cellular homeostasis of specific tissues, including liver tissue
and skeletal muscle. Its functions include cell survival regula-
tion (such as the response to metabolic alterations, recycling
damaged macromolecules and organelles) and various forms of
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programmed cell death (130). Autophagy can be considered
as a tumor-suppressing process in specific tissues (131). The
detection of autophagy-associated proteins Beclin-1, p62 and
LC3-I/1I can be used to analyze the role of AIL in promoting
autophagy (130). Beclin-1 serves an important role in the
formation of autophagosomes, which can initiate autophagy
by binding to type III phosphatidylinositol and triphosphate
kinase, and is considered to be a marker of autophagy
initiation (132). p62 is an adaptor molecule involved in the
activation of autophagy, targeting polyubiquitinated protein
aggregates to autophagic lysosomes and degrading autophagic
lysosomes (133). Therefore, p62 expression levels are a reli-
able indicator of autophagy (133). LC3 protein is sheared at
the carboxyl end by cysteine protease ATg4 with endonuclease
activity, which exposes glycine residues and produces LC3-I
localized in the cytoplasm (134). After being modified and
processed by a ubiquitin-like system, including Atg7 and
Atg3, LC3 is covalently bound to phosphatidylethanolamine
to form LC3-II, which is localized to the autophagosome
membrane (135). The LC3-I/II ratio can be used to assess
the rate of autophagy (134). By detecting the aforementioned
proteins, it was demonstrated that AIL induced autophagy in
promyelocytic leukemia (39), lung cancer (41) and VS (46)
cells.

Effects on cell invasion and metastasis. Invasion and metas-
tasis occur in the moderate and advanced stages of various
types of cancer (136,137). As aforementioned, it has been
shown that AIL inhibits metastasis in cancer cells by modu-
lating molecular targets, including matrix metalloproteinases
(MMPs). MMPs can degrade various protein components in
the extracellular matrix, destroy the histological barrier of
tumor cell invasion and serve a key role in tumor invasion
and metastasis (138). Overexpression of MMPs, particularly
MMP-2 (gelatinase A) and MMP-9 (gelatinase B) has been
associated with tumor progression, metastasis and poor prog-
nosis in breast, lung, colon, gastric, pancreatic, and prostate
cancer (139). Zhang et al (38) and Gao et al (45) demonstrated
that the inhibitory effect of AIL on invasion and migration
of breast cancer cells and acute myeloid leukemia cells was
associated with decreased MMP-9 expression.

Effects on drug resistance. Tumor chemotherapy is often
accompanied by drug resistance difficulties. It has been
demonstrated that traditional Chinese medicine plant extracts,
such as curcumin (140), matrine (141) and resveratrol (142),
can improve drug resistance and reduce the use of chemo-
therapy drugs. He ef al (48) also confirmed that AIL improved
resistance to MDV3100 in prostate cancer cell lines.

6. Conclusions

The antitumor effect of AIL involves numerous mechanisms
(Table I); however, the current research on the underlying
mechanisms of AIL function is still relatively superficial.
Based on existing studies, it has been observed in few studies
in this review that the advantages of AIL as an antitumor agent
are its relatively low toxicity and fewer side effects compared
with existing chemotherapeutic drugs (42,44,48). However, it
cannot be ignored that the median lethal dose in mice observed
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by Tang et al (92) was rated as level 2 (severe). Considering that
the research investigating AIL is still in its infancy, there are
few comparative studies on the efficacy of AIL and existing
chemotherapy drugs. Therefore, this conclusion remains to
be verified. Furthermore, the majority of studies lack in vivo
experiments and clinical trials, and there are no further studies
on the bioavailability and side effects of AIL. Therefore, in
subsequent studies, researchers should focus on the efficacy of
AIL compared with existing chemotherapy drugs, as well as
in vivo and clinical trials. It is hypothesized that in the future,
when its efficacy is demonstrated to be favorable compared
with existing chemotherapy, AIL may be used as an effective
novel anticancer treatment.
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