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Abstract. Astragalus membranaceus Bunge is widely used
in Traditional Chinese Medicine to treat various cancers.
Astragaloside-IV (AS-IV) is one of the major compounds
isolated from A. membranaceus Bunge and has been demon-
strated to have antitumor effects by inhibiting cell proliferation,
invasion and metastasis in various cancer types. Numerous
studies have used in vitro cell culture and in vivo animal
models of cancer to explore the antitumor activities of AS-IV.
In the present study, the antitumor effects and mechanisms of
AS-IV reported in studies recorded in the PubMed database
were reviewed. First, the antitumor effects of AS-IV on prolif-
eration, cell cycle, apoptosis, autophagy, invasion, migration,
metastasis and epithelial-mesenchymal transition processes
in cancer cells and the tumor microenvironment, including
angiogenesis, tumor immunity and macrophage-related
immune responses to cancer cells, were comprehensively
discussed. Subsequently, the molecular mechanisms and
related signaling pathways associated with antitumor effects
of AS-IV as indicated by in vitro and in vivo studies were
summarized, including the Wnt/AKT/GSK-3f (glycogen
synthase kinase-3f)/p-catenin, TGF-p/PI3K/AKT/mTOR,
PI3K/MAPK/mTOR, PI3K/AKT/NF-kB, Rac family small
GTPase 1/RAS/MAPK/ERK, TNF-a/proteinkinase C/ERK1/2-
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NF-«xB and Tregs (T-regulatory cells)/IL-11/STAT3 signaling
pathways. Of note, several novel mechanisms of Toll-like
receptor 4 (TLR4)/NF-xB/STAT3, pSmad3C/3L, nuclear
factor erythroid 2-related factor (NrF2)/heme oxygenase 1,
circDLST/microRNA-489-3p/eukaryotic translation initiation
factor 4A1 and macrophage-related high-mobility group box 1-
TLR4 signaling pathways associated with the anticancer activity
of AS-IV were also included. Finally, the limitations of current
studies that must be addressed in future studies were pointed out
to facilitate the establishment of AS-IV as a potent therapeutic
drug in cancer treatment.
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1. Introduction

Cancer is the second leading cause of death worldwide. It
is estimated that 19.1 million new cancer cases are reported
annually and 13 million cancer-related deaths will occur in
2030 (1). Due to the frequent cancer recurrence and metastasis,
there is an urgent requirement to explore novel therapeutic
agents and molecular mechanisms for precision-targeted
cancer therapy (2). While cancer pathogenesis and the mecha-
nisms of progression remain to be fully elucidated, it is known
that the proliferation, invasion, migration and metastasis of
cancer cells are associated with apoptosis, autophagy, epithe-
lial-mesenchymal transition (EMT) and immune tolerance of
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cancer cells. Therefore, induction of apoptosis, suppression
of invasion and metastasis and enhancing autophagy and
the tumor microenvironment (TME) have been proposed as
cancer treatment approaches (3.4).

Conventional cancer treatments include surgery, chemo-
therapy and radiation therapy. While these treatment options
may kill or eradicate tumor cells, they damage surrounding
normal cells, resulting in adverse effects on patients.
Therefore, there is a requirement to develop effective anti-
cancer treatments with fewer adverse effects on patients.
Another treatment option is immunotherapy, which has advan-
tages due to its use of specific antibodies or chimeric antigen
receptor-engineered T-cells (CART-cell) to specifically target
tumor antigens on the cancer cell surface. However, its use is
limited to a small number of cancers, including blood cancers
such as lymphoma (5).

Traditional Chinese Medicine (TCM) has long been used
as an anticancer agent to inhibit tumor growth, regulate the
TME and cancer immunity, and improve the efficacy of
chemotherapeutic drugs such as cisplatin to reduce tumor
recurrence and metastasis (6,7). TCM has the advantages
of multiple targets and minimal side effects compared to
pharmaceutical treatments. TCM decoctions, single TCM
herbs and monomer TCM-derived compounds have exhibited
anticancer effects in experimental animal tumor models and
clinical trials (8,9). Numerous TCMs have been found to
increase tumor cell apoptosis and autophagy, and inhibit their
proliferation, angiogenesis, EMT, invasion, migration and
metastasis (10,11). Certain TCM decoctions or their compo-
nents have been indicated to improve the efficacy of cancer
chemotherapy, radiation therapy or immunotherapy (12).

Astragalus membranaceus Bunge has been used in TCM
for >2,000 years and it is growing mainly in Shanxi, Inner
Mongolia, Gansu and other Chinese provinces of China, Korea
and Mongolia. The dried root of A. membranaceus Bunge is
known by its Chinese name Huangqi and is used in TCM
herbal decoctions for treating various diseases. There are two
botanical sources of A. membranaceus Bunge: A. membrana-
ceus Bunge and A. membranaceus Var. mongholicus Bunge.
Further details of these two botanical sources may be found
in Plants of World Online (13). While the composition of
A. membranaceus Bunge varies by region and country, its
major components include astragalus polysaccharides, sapo-
nins and flavonoids. It also contains other constituents, such as
amino acids, trace elements (e.g. Fe, Zn, Se, Mn, Co and Cu)
and active small molecules such as riboflavin, chlorogenic acid,
folic acid and sterols (14). These components have different
biological activities, such as anti-inflammatory, antioxidant,
antitumor, antiviral and improvement of cardiovascular
functions (15,16).

Studies have indicated that saponins are the primary
constituents responsible for the antitumor activity of A. membra-
naceus Bunge (17,18). Astragaloside-IV (AS-IV; 3-O-p-D-xy
lopyranosyl-6-O-f-D-glucopyranosyl-cycloastragenol) is one
saponin extracted from A. membranaceus Bunge. As a major
active component of A. membranaceus Bunge, AS-IV has
been found to have multiple biological functions, including
antitumor, anti-oxidation, immune regulation and anti-inflam-
matory. The chemical structure of AS-IV is presented in
Fig. 1 (19-21). The antitumor effects of A. membranaceus

Bunge and its component AS-IV have been assessed in
different cancer types, including lung, colon, liver, gastric
and breast cancers, through in vitro cultured cancer cell lines
and in vivo animal models with xenografted tumors (22,23).
Accumulating evidence suggests that the antitumor effects of
AS-IV are mainly conferred via mechanisms that increase
apoptosis and autophagy, inhibit cell proliferation, invasion,
migration and metastasis, and regulate the TME, including
angiogenesis and innate and acquired immunity (10,23). The
present review focuses on recent progress made regarding the
antitumor effects in various cancer types and the antitumor
mechanisms and related signaling pathways of AS-IV iden-
tified by in vitro and in vivo studies, and proposes potential
applications of AS-IV in antitumor therapy.

2. Inhibitory effects of AS-IV on growth and proliferation
of cancer cells

Apoptosis induction and cell cycle arrest in cancer cells. Cell
proliferation and apoptosis are crucial cellular processes for
cancer pathogenesis. Apoptosis is a continuous cascade to
induce cell death that is usually regulated by extrinsic and
intrinsic signaling pathways and characterized by morpho-
logical and molecular changes in the cancer cells (Fig. 2). In
each cellular apoptotic pathway, different caspases are ubiqui-
tously activated to induce apoptosis, of which caspase 3, 8 and
9 are the primary upregulated caspases. In addition, certain
anti-apoptotic proteins, such as B-cell lymphoma 2 apoptosis
regulator (BCL2) and B-cell lymphoma-extra large (BCL-xI)
are downregulated (24,25).

The extrinsic apoptotic pathway is activated via dimer-
ization of cell surface receptors such as Fas (CD95/Apol),
tumor necrosis factor receptors (TNFRs) and TNF-related
apoptosis-inducing ligand receptors, which are bound by
specific ligands. When cells are stimulated by death signals,
the cytoplasmic domains of death receptors recruit death
adaptor proteins, such as Fas-associated protein with death
domain (FADD) and TNFR1-associated death domain, which
then activate pro-caspase 8 and pro-caspase 10 and form
death-inducing signaling complex (DISC) to initiate apoptosis.
The activated pro-caspase 8 and pro-caspase 10 in the DISC
are then directly cleaved to induce cleavage of pro-caspase 3,
pro-caspase 6 and pro-caspase 7 to form caspase 3, caspase 6
and caspase 7, respectively, leading to cell apoptosis.

The intrinsic apoptotic pathway is initiated by inducing
mitochondria to release cytochrome c into the cytoplasm.
The apoptotic peptidase activating factor 1 and pro-caspase
9 are recruited to the cytoplasm to form the apoptosome with
cytochrome c, which then activates apoptosis effector proteins
caspase 3, 6, 7 and 9, resulting in apoptosis (Fig. 2). The
intrinsic apoptotic pathway is usually regulated by the mito-
chondrial apoptotic proteins, including pro-apoptotic proteins
such as BCL2-associated X apoptosis regulator (BAX), BCL2
antagonist/killer 1, BID, BCL2-interacting killer, BCL2-like
11 (BCL2L11; also known as BIM) and phorbol-12-my-
ristate-13-acetate-induced protein 1 (also known as NOXA),
as well as anti-apoptotic proteins such as BCL2, BCL-xL,
BCL2L2 (also known as BCL-W), BCL2-related protein Al
(also known as BFL1), Diablo IAP-binding mitochondrial
protein (also known as SMAC), X-linked inhibitor of apoptosis
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Figure 1. Chemical structure of AS-IV. AS-IV has the molecular formula C, HO,, and molecular weight of 794.97 g/mol. AS-1V, astragaloside-1V.

(XIAP), MCLL1 apoptosis regulator BCL2 family member
(MCL1) and caspase 8 and FADD-like apoptosis regulator
(also known as CFLIP) (26,27). Therefore, inducing apoptosis
in cancer cells via drugs targeting each apoptotic pathway is a
promising approach in anticancer therapy.

AS-IV was indicated to suppress cell proliferation in
three non-small cell lung cancer (NSCLC) cell lines, A549,
NCIH1299 and HCCS827. The expression of anti-apoptotic
BCL2 was decreased in AS-IV-treated cells, while the expres-
sion of BAX and caspase 3 was increased, indicating that
AS-1IV induced apoptosis of NSCLC and osteosarcoma cells
via the intrinsic pathway (28,29). In addition, when colorectal
cancer (CRC) SW620 and HCT116 cell lines were treated
with AS-IV, their growth was significantly inhibited. Flow
cytometry indicated that these cells mainly exhibited GO/G1
phase arrest after being treated with AS-IV. The mRNA and
protein levels of cyclin D1 and cyclin-dependent kinase 4
(CDK4) were markedly decreased during GO/G1 arrest (30).
Another study determined that AS-IV caused cell cycle arrest
in GO phase with increased expression of the tumor suppressor
CDK inhibitor 1A (also known as P21). An in vivo study
suggested that AS-IV inhibited CRC cell proliferation and
tumor growth in a xenograft CRC mouse model. Cytochrome
¢ and HtrA serine peptidase 2 (also known as OMI) were

released from mitochondria into the cytoplasm, promoted by
AS-1V, suggesting that AS-IV has antitumor effects via the
intrinsic apoptosis pathway. Further analysis indicated that
the BAX/BCL2 ratio and expression levels of caspase 3 and
caspase 9 were upregulated by AS-IV (Fig. 2) (23).

A recent study found the viability and proliferation of
SK-Hepl and Hep3B cells of hepatocellular carcinoma (HCC)
cells to be significantly reduced after treatment with different
doses of AS-IV. Western blots indicated that AS-IV activated
the extrinsic and intrinsic apoptotic pathway proteins caspase
3,8 and 9. In addition, the levels of the anti-apoptotic proteins
XIAP,MCLI1, CFLIP and baculoviral IAP repeat containing 5
(BIRCS5/Survivin) were all reduced by AS-IV in both SK-Hepl
and Hep3B cells. This study suggested that AS-IV suppresses
HCC cell proliferation and growth via both the extrinsic and
intrinsic apoptotic pathways (Fig. 2) (31).

Suppressing tumor cell growth by activation of autophagy.
Autophagy is the self-phagocytosis of cytoplasmic organelles
to degrade misfolded proteins, damaged organelles or cancer
cells. Autophagy frequently occurs through the fusion of
the endoplasmic reticulum (ER) and mitochondria, and its
activation is mainly through the adenosine monophosphate
(AMP)-activated protein kinase (AMPK)-mammalian target



4 ZHOU et al: ANTICANCER EFFECTS AND MECHANISMS OF ASTRAGALOSIDE-IV

Extrinsic pathway

Fas

Intrinsic pathway

D

AT
(FADD )
_—_

T DISC

(o] -8,-10
pro aspase ‘ -
| . /
£ Apaf-1 (— JCyt-c
Caspase-8,-10 a
g e
< pro ’ Caspase-9

pro Caspase -3,-6,-7

[

-~ Caspase-9

Caspase -3,-6,-7

!

Apoptosis

R B2 BolaL _

XIAP, MCL1,C-FLIP

T
-8 —

Stress signal

AN

'{AMPK ) ——  (JINK1

Bax
Bak
Beclin1
\ = Bcl2
mTOR VPS34
Smac

(Beclin1 ATG14

\ VPS34

¥

Autophagy
induction

Figure 2. Effect of AS-IV on apoptosis and autophagy. Extrinsic and intrinsic signaling pathways of apoptosis and autophagy are all affected by AS-IV.
XIAP, X-linked mammalian inhibitor of apoptosis; MCLI1, myeloid cell leukemia 1; c-FLIP, cellular FLICE-like inhibitory protein; SMAC, second
mitochondria-derived activator of caspases; AS-1V, astragaloside-IV; Apaf-1, apoptotic peptidase activating factor 1; JNKI, c-Jun N-terminal kinase 1;
FADD, Fas-associated protein with death domain; DISC, death-inducing signaling complex; BCL2, B-cell lymphoma 2 apoptosis regulator; BCL-x1, B-cell
lymphoma-extra large; BAX, BCL2-associated X apoptosis regulator; Bak, BCL2 antagonist/killer 1; AMPK, adenosine monophosphate-activated protein

kinase; VPS34, vacuolar protein sorting 34; ATG14, autophagy related 14.

of rapamycin (mTOR) pathway and mitogen/activated protein
kinase 8 (MAPKS; also known as JNK1)-phosphatidylinositol
3-kinase (PI3K) catalytic subunit type 3 (PIK3C3; also known
as VPS34) pathways (32,33). Several molecular complexes
are involved in autophagic processes, including the JNKI,
autophagy-related 13 like (ATGI13L), ATG101, VPS34
complex-PI3K regulatory subunit 4 (PIK3R4; also known
as VPSI15), PIK3C3/VPS34, Beclin 1 (BECNI1), ATG14 and
ubiquitin-conjugation proteins-ATGS5, ATG12 and ATGI16L1
(Fig. 2) (34). Certain autophagy-related proteins such as seques-
tosome 1 (also known as P62), microtubule-associated protein 1
light chain 3 (LC3) unlipidated (LC3-I) and lipidated (LC3-1I)
forms, and BECNI are usually affected in cancer cells. P62 is
responsible for recognizing ubiquitin-labeled substrates targeted
for autophagy. LC3 is a major effector of autophagy and its
conversion from LC3-I to LC3-II may activate autophagy (35).
Bevacizumab inhibits tumor growth of multiple cancer
types, including lung adenocarcinoma, but its therapeutic effi-
cacy is markedly decreased by drug resistance. A recent study
suggested that AS-IV was able to improve Bevacizumab's anti-
tumor efficacy in treating lung adenocarcinoma. They observed
that the levels of the autophagy-related proteins P62, LC3I and
LC3II in cells treated with AS-IV + Bevacizumab were signifi-
cantly higher than those in cells only treated with Bevacizumab,
indicating that AS-IV reduced drug resistance and improved the

antitumor efficacy of Bevacizumab (Fig. 2) (36). Another study
combined AS-IV with a-solanine, neferine and 2,3,5,6-tetra-
methylpyrazine (named as SANT) to significantly inhibit cancer
cell proliferation and migration and enhance autophagy flux
in the cultured breast cancer cell line MDA-MB-231. SANT
increased the levels of the autophagy proteins ATG16L1 and
ATG4D and ATG9B to promote autophagic activity (37).
Cisplatin is a classical antitumor drug widely used to clini-
cally treat cancer patients. It was found that cisplatin leads to
upregulation of autophagy-related proteins, such as BECN1 and
LC3-II/1, and the ER stress-related proteins heat shock protein
family A member 5 (also known as GRP78) and eukaryotic
translation initiation factor 2a kinase 3 (also known as PERK),
indicating that cisplatin increases autophagy and ER stress in
NSCLC cells. AS-IV was reported to significantly increase
chemosensitivity to cisplatin in the NSCLC cell lines A549,
HCC827 and NCI-H1299. Combined treatment with cisplatin
and AS-IV increased cell apoptosis and suppressed cell prolif-
eration in A549 and H1299 cells, suggesting that AS-IV acts
synergistically with cisplatin to produce stronger antitumor
effects in NSCLCs. AS-IV may also enhance chemosensitivity
to cisplatin in HCC. After co-treatment of HepG2 cells with
cisplatin and AS-IV, the antitumor effects of cisplatin on cell
proliferation and tumor growth were significantly increased in
HepG2 cells and H22 tumor-bearing mice, respectively (38-40).
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Inhibiting cancer cell invasion, migration and metastasis.
Cancer cells not only proliferate rapidly, but also invade
surrounding cells or tissues in the TME or migrate to near and
distant organs via direct invasion or the circulatory system. In a
previous study, flow cytometry was used to analyze cell growth
and migration of NSCLC A459 cells treated with AS-IV,
indicating that, in addition to inhibiting cell proliferation and
promoting apoptosis, AS-IV reduced cell migration (28). The
inhibitory effect of AS-IV on cancer cell invasion was also
observed in SiHa cervical cancer cells using the Transwell
migration assay. Western blot analysis suggested that the protein
levels of transforming growth factor 31 (TGF-f1), N-cadherin
(also known as CDH2) and vimentin (VIM) were significantly
decreased, but E-cadherin (also known as CDHI) protein levels
were increased in AS-IV-treated cells compared to untreated
cells. These results indicated that AS-IV suppressed SiHa cell
invasion and migration by downregulating TGF-1, CDH2 and
VIM expression and upregulating CDH1 expression. Tumor
growth and metastasis were also lower in AS-IV-treated cells
than those in the untreated control cells (22).

In addition, a transwell invasion assay suggested that
numbers of invading SK-Hepl and Hep3B cells were signifi-
cantly reduced by AS-IV (31). Assessment of the invasion of
cervical cancer cells treated with AS-IV indicated that it signifi-
cantly reduced cancer cell invasion of HeLa and SiHa cells.
Furthermore, an in vivo study in which mouse models with
xenografted human cervical cancer were treated with AS-IV
suggested that after 35 days of treatment, tumor volumes in the
AS-IV-treatment group (25 mg/kg/day) were significantly lower
compared with those in the PBS-control group. These findings
indicated that AS-IV was able to inhibit invasion of cultured
cancer cells and in in vivo animals with cancer xenografts (41).

Suppressing EMT in cancer pathogenesis. EMT is one mecha-
nism for transforming normal epithelial cells into mesenchymal
cells and then malignant cancer cells. In tumorigenesis, EMT
can be initiated by growth factors such as TGF-B1 or epidermal
growth factor receptor (EGFR) (42). Therefore, drugs inhib-
iting EMT have therapeutic potential in cancer treatment. The
glycogen synthase kinase 3p (GSK-3p) inhibitor 1-Az was
found to attenuate the decrease in cell migration, invasion and
EMT, indicating that GSK-3f activity is required for promoting
migration, invasion and EMT in GBM cells via AKT/GSK-3f3
signaling (43-45). AS-IV was found to inhibit the EMT
process of gastric cells and glioma U251 cells by inhibiting
the TGF-pB1-induced PI3K/AKT/nuclear factor kB (NF-«xB)
pathway, indicating that AS-IV may have therapeutic potential
for treating gastric cancer (GC) (46,47). AS-IV was also found
to suppress phosphorylation of P38, MAPK, PI3K, AKT and
mTOR in cultured SiHa cervical cancer cells. Further analysis
indicated that AS-IV suppressed the invasion and metastasis of
cervical cancer by interfering with the EMT (Fig. 3) (22).

3. Inhibiting tumor growth by improving the TME, tumor
immunity and immunotherapy and decreasing tumor
angiogenesis

Improving the TME to suppress tumor growth. The TME
contributes to tumor immunity, angiogenesis, tumor-associated
macrophages (TAMs) with an M2 phenotype, fibroblast

growth and microRNAs (miRNAs) that surround tumor cells.
Macrophages are the most abundant immune cells in the TME
and their polarization has a key role in suppressing tumori-
genesis. A recent study indicated that AS-IV has inhibitory
effects on interleukin (IL)-4/IL-13-induced macrophage M2
polarization. AS-IV decreased M2 macrophages to inhibit cell
proliferation, invasion and migration in ovarian cancer cells.
Further analysis suggested that AS-IV attenuated the expres-
sion of high-mobility group box 1 (HMGBI) and Toll-like
receptor 4 (TLR4) in macrophages co-cultured with ovarian
cancer cells and decreased the expression of M2 markers of
TGF-B, matrix metallopeptidase 9 (MMP-9) and IL-10. Of
note, exogenous expression of HMGBI reduced the inhibitory
efficacy of AS-IV against the macrophage M2 polariza-
tion-induced malignant potential in ovarian cancer cells.
Therefore, AS-IV may alleviate ovarian cancer progression by
regulating macrophage M2 polarization against ovarian cancer
cells within the TME (48). Tumor fibroblast cells typically have
roles in increasing tumor growth. In one study GC-associated
fibroblasts (GCAF) were isolated and treated with different
AS-IV concentrations. They indicated that AS-IV treatment
markedly inhibited GCAF-induced proliferation, migration
and invasion of cancer cells. Further analysis suggested that
AS-IV treatment significantly upregulated miR-214 expression
and downregulated miR-301a expression in GCAFs. These
findings indicated that AS-IV is able to inhibit the pathological
functions of GCAFs, suggesting that regulating the TME is a
potential therapeutic approach for cancer treatment (49).

Inducing the transformation of M2-macrophages into
MI-macrophages. Innate and adaptive immunities in the TME
have a modulatory role in recognizing and killing tumor cells.
Therefore, immune escape of cancer cells may promote tumor
progression, invasion and metastasis. One of the key innate
immune cells is the macrophage, which may promote or inhibit
the development and progression of tumor cells. Macrophages
are usually divided into M1 and M2 subgroups, which exert
different functions. Activated M1 macrophages mainly fight
invading pathogens and inhibit tumor growth, while activated
M2 macrophages promote tumor progression (50).

Since the M2 macrophages are found in most tumors,
decreasing their numbers or transforming them into M1
macrophages is an important immunotherapeutic strategy for
cancer treatment. Certain studies have used small molecules
to inhibit different receptors, tyrosine kinases or other impor-
tant transduction pathways in TAMs to induce the M2 to M1
transformation and suppress tumor growth (51-53). Another
study used IL-1 and IL-4 to transform monocytes into M2
macrophages, collected the conditioned medium from M2
macrophages (M2-CM) and applied it to A549 and H1299
lung cancer cell lines treated with AS-IV. They observed
that AS-IV significantly inhibited IL-13- and IL-4-induced
production of M2 macrophages by reducing the expression of
cluster of differentiation 206 (CD206) in M2 macrophages.
AS-IV was also indicated to suppress the M2-CM-induced
proliferation and invasion of A549 and H1299 cells (54). One
study investigated the effect of AS-IV on CRC by subcutane-
ously injecting the CRC cell line CT26 into the mice to create
a xenografted CRC mouse model. They found that after AS-IV
was administered to mice with tumors, the proliferation of
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Figure 3. Molecular mechanisms and signaling pathways of AS-IV's antitumor effects. AS-IV increases apoptosis and autophagy and inhibits cell proliferation,
invasion, migration, metastasis and EMT via signaling pathways including WNT/AKT/GSK-3p/CTNNBI1, TGF-f/PI3K/AKT/mTOR, PI3K/MAPK/mTOR,
PI3K/AKT/NF-xB, RACI/RAS/MAPK/ERK, TNF-a/PKC/ERK1-2/NF-«xB, IL-13/AMPK/TLR4 and Tregs/IL-11/STAT3. AS-1V, astragaloside-IV; Tregs,
regulatory T cells; CTLS, cytotoxic T lymphocytes; TLR4, Toll-like receptor 4; EMT, epithelial-mesenchymal transition; GSK, glycogen synthase kinase;
PKC, protein kinase C; AMPK, adenosine monophosphate-activated protein kinase; RAC1, Rac family small GTPase 1.

CT26 cell-derived tumors in vivo was suppressed by reducing
M2 macrophages and increasing M1 macrophages. AS-IV was
observed to induce apoptosis of CT26 cells in vitro and inhibit
transplanted tumor growth and cell proliferation by inducing
M2 macrophage transformation into M1 macrophages. AS-IV
also decreased the production of anti-inflammatory factors
such as TGF-f, IL-10 and vascular endothelial growth factor A
(VEGF-A) and increased the production of pro-inflammatory
factors such as interferon (IFN)-v, IL-12 and TNF-a to exert its
antitumor activity via related signaling pathways (Fig. 3) (55).

Activating cytotoxic T lymphocytes (CTLs). The adap-
tive antitumor immunity is mainly mediated by CTLs and
regulatory T cells (Tregs). Tregs are characterized by the
expression of surface markers CD4 and CD25 and fork-
head box P3 and have been proposed as a key component
of acquired tolerance to tumors. CD8* CTLs are activated
by Tregs and immune-suppressive cytokines to kill tumor
cells (56). It has been indicated that AS-IV is able to induce
antitumor effects by regulating the activities of immune cells.
A tryptophan-catabolizing enzyme, indoleamine 2,3-dioxy-
genase (IDO), was found to induce immune tolerance and be
involved in tumor escape from host immune surveillance (57).
Another study established a xenograft lung cancer model by
implanting IDO-overexpressing murine lung carcinoma cells
into C57BL/6 mice, which were treated with AS-1V, and their
Tregs and CTLs in splenetic mononuclear cells were isolated
for analysis. They found that AS-IV was able to downregulate
Tregs and upregulate CD8" CD28* CTLs in vivo and in vitro
by blocking IDO-induced immune escape and inhibiting
tumor growth (58) (Fig. 3).

Improving immunotherapy by decreasing expression of
programmed death-ligand 1 (PD-LI) and pro-inflammatory
factors IFN-y, IL-12 and TNF-a. AS-IV was found to
improve immunotherapy and suppress angiogenesis. A study
investigated the anticancer effects of AS-IV by assessing
the proliferation, EMT and angiogenesis of the GC cell
lines SGC7901 and MGCR803 treated with AS-IV, trans-
fected with an miR-195-5p inhibitor or a pcDNA3.1 vector
expressing PD-L1. They found that AS-IV inhibited EMT
and angiogenesis in GC cells and that PD-L1 was a poten-
tial target of miR-195-5p. Downregulation of miR-195-5p or
upregulation of PD-L1 eliminated the inhibitory effect of
AS-IV on EMT and angiogenesis on GC cells. Therefore,
AS-1V inhibited EMT and angiogenesis in GC cells via
upregulation of miR-195-5p and reduction of PD-L1 expres-
sion, indicating the therapeutic potential of AS-IV on GC
cells via miR-195-5p-mediated regulation of PD-L1. AS-IV
treatment was also observed to increase the chemosensitivity
of CRC cells to cisplatin (12,59-61). One study explored the
therapeutic mechanisms of AS-IV in CRC by injecting CT26
cancer cells into mice and assessing the effects of AS-IV
on immunological functions based on macrophage markers,
inflammatory factors and cytokines in tumors. They found
that AS-IV induced apoptosis and decreased proliferation of
CT26 cells in vitro and significantly decreased the transforma-
tion of M1 macrophages into M2 macrophages. In a mouse
tumor model, AS-IV suppressed tumor growth and decreased
anti-inflammatory factors such as TGF-f3, IL-10 and VEGF-A,
but promoted the infiltration of pro-inflammatory factors such
as IFN-vy, IL-12 and TNF-a into transplanted tumor tissues.
Of note, combined treatment of AS-IV and PD-1 produced a
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synergistic antitumor effect by inhibiting tumor growth and
increasing T-cell infiltration. Therefore, in combination with
immune checkpoint inhibitors, AS-IV may achieve improved
antitumor effects in several cancer types (55).

Suppressing tumor angiogenesis to prevent tumor growth.
Tumor angiogenesis is a growth abnormality in malignant
tumors to maintain vascular supply and provide essential
nutrients and oxygen to proliferating cancer cells. Due to the
low-oxygen TME, angiogenesis is triggered by hypoxia to
release multiple growth factors via hypoxia-induced factors
by cancer cells, fibroblasts and macrophages, which are
recruited to tumors (62). Therefore, blocking vascular supply
or inhibiting the function of blood vessel receptors with
pharmacological drugs has been proposed to promote tumor
starvation and induce cell death in cancer treatment (63). A
study indicated that AS-IV inhibited angiogenesis in mouse
models with xenografted tumors treated with AS-IV by
reducing protein levels of heparin-binding epidermal growth
factor (EGF)-like growth factor, thrombospondin 2, amphi-
regulin, leptin, cellular communication network factor 3 (also
known as insulin-like growth factor binding protein 9), EGF,
coagulation factor III and the pro and active forms of MMP-9
in tumors, and increasing protein levels of serpin family E
member 1 (also known as PAI-1) and platelet factor 4 (37).
Another study indicated that AS-IV significantly reduced
tumor weight and inhibited tumor microvessel formation in a
nude mouse model of human HCC. They observed that the
expression of angiogenesis-related factors such as fibroblast
growth factor 2, VEGF, hepatocyte growth factor, transferrin
and coagulation factor VII was decreased by AS-IV, indi-
cating that the antitumor effects of AS-IV are mediated via
decreased microvessel count and expression of angiogenic-
and thrombosis-related factors (19).

The anticancer effects of AS-IV in different cancer cell
lines in vitro and different cancer models in vivo are summa-
rized in Tables I and II.

4. Antitumor mechanisms and related signaling pathways

The antitumor effects of AS-IV are involved in various aspects
of cancer pathogenesis, including cell proliferation, invasion,
migration, metastasis, immune responses and apoptosis.
Numerous studies have investigated the molecular mecha-
nisms, including the signaling pathways and target genes,
by which AS-IV inhibits tumor growth. The major signaling
pathways involved in the antitumor effects of AS-IV are
discussed below.

AKT/GSK-3f/B-catenin signaling pathway. Dysfunction of the
AKT/GSK-3p/p-catenin (CTNNBI) signaling pathway affects
the proliferation, invasion and migration of various cancer
cells (64). Activated AKT induces phosphorylation of GSK-33,
inhibiting apoptosis and inducing the nuclear translocation
of CTNNBI, increasing the expression of EMT-associated
transcription factors such as Twist family BHLH transcrip-
tion factor 1, zinc finger E-box binding homeobox 1 and
Snail family transcriptional repressor 1. GSK-33 was found to
promote tumor proliferation and growth via the AKT pathway
in NSCLCs (65).

A study indicated that AS-IV suppressed the migration and
invasion of HCC cells. In addition, the morphologies of HCC
cells were altered after treatment with AS-IV. Furthermore, the
levels of phosphorylated AKT (pAKT), GSK-3p and CTNNBI1
were decreased in AS-IV-treated HCC cells, indicating that
AS-IV suppressed the growth, invasion and migration of HCC
cells by targeting the AKT/GSK-33/CTNNBI pathway (66).
When the A549 NSCLC cells were treated with AS-IV at
concentrations of 12 and 24 ng/ml for 48 h, the phosphorylation
of AKT, GSK-3f3 and CTNNBI was significantly inhibited,
suggesting that AS-IV also suppressed lung cancer progres-
sion by regulating the AKT/GSK-33/CTNNBI pathway
(Fig. 3) (28).

The TGF-f1-mediated PI3K/AKT/mTOR pathway and PI3K/
MAPK pathway. The PI3K/AKT pathway is a common
pathway regulating the proliferation, apoptosis, metastasis and
EMT of cancer cells, which typically express high levels of
PI3K and AKT and have high levels of pAKT. Therefore, inac-
tivation or inhibition of the PI3K/AKT pathway may decrease
cancer cell proliferation and invasion. Indeed, inhibition of
the PI3K/AKT pathway increased apoptosis and inhibited
metastasis of cancer cells (67). Several studies indicated that
Astragalus radix and AS-IV components exert antitumor
effects by suppressing the PI3K/AKT pathway (68). Another
study investigated the mechanism of action of AS-IV in the
BGC-823 and MKN-74 cell lines, examining the protein levels
of pAKT, AKT, P65 and phosphorylated P65 (pP65) by western
blot after treatment with AS-IV with or without 10 ng/ml
of TGF-p1. They found that the pAKT/AKT and pP65/P65
ratios were increased by TGF-f1 in BGC-823 and MKN-74
cells. However, this upregulation was attenuated by AS-IV,
indicating that AS-IV suppresses TGF-f1-induced activation
of the PI3K/Akt/NF-«B signaling pathway, inhibiting GC cell
proliferation and growth (46). In addition, AS-IV was also
found to reduce the proliferation of SW962 cells of vulvar
squamous cell carcinoma (VSCC) cells and induced cell-cycle
arrest in GO/G1 phase by upregulating P53 and P21 expres-
sion, and downregulating cyclin D1 expression. Since TGF-1
stimulated cell proliferation, AS-IV treatment decreased the
expression of TGF-BRII and Smad4 in the SW962 cell line of
VSCC. Thus, AS-IV may inhibit cell proliferation through the
TGF-p/Smad signaling pathway in VSCC (69).

Another study investigated the effects of AS-IV on tumor
growth in vivo using xenograft tumor models created by
injecting the breast cancer cell line MCF7 subcutaneously
into nude mice. After treating mice with Sanhuang decoction,
whose main component is AS-1V, for four weeks, it was found
to significantly inhibit grafted tumor growth. Furthermore,
the expression of PI3K, AKT and mTOR was significantly
decreased, indicating that Sanhuang decoction/AS-IV inhib-
ited cancer growth via the PI3K/AKT/mTOR pathway (70). In
addition, AS-IV was reported to increase chemosensitivity to
carboplatin in the treatment of prostate cancer in cultured cells
and tumor xenograft through interfering with AKT/NF-kB
signaling to suppress EMT, which was induced by carbo-
platin (71). The TGF-f1-mediated PI3K/MAPK signaling
pathway is also involved in the invasion and migration of
cancer cells (72). One study assessed the effect of AS-IV
on the PI3K and MAPK pathways in cultured SiHa cervical
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cancer cells, finding that AS-IV suppressed the phosphoryla-
tion of P38, MAPK, PI3K, AKT and mTOR. Therefore, AS-IV
may inhibit the invasion of cancer cells, likely via the MAPK
and PI3K pathways (Fig. 3) (22).

The MAPK/ERK/NF-xB signaling pathway. The
MAPK/rat sarcoma virus (RAS)/ERK signaling pathway
regulates cell proliferation, apoptosis and invasion by phos-
phorylating related targets in tumorigenesis. The RAS/MAPK
kinase/ERK pathway is the most important signaling cascade
of all MAPK pathways, regulating tumor cell survival and
development (73,74). This pathway is interrupted in various
cancers. Glioma is a common primary brain tumor aggres-
sively invading the central nervous system. After glioma U251
cells were treated with AS-IV, their proliferation and invasion
were decreased in a dose-dependent manner. In addition, a
wound-healing assay indicated that U251 cell migration was
significantly delayed by AS-IV (75). When they explored the
underlying molecular mechanisms, they indicated that AS-IV
significantly decreased the phosphorylation of MAPK and
ERK, leading to the inactivation of downstream targets of the
MAPK/ERK cascade, such as the MYC proto-oncogene BHLH
transcription factor, which was inhibited by AS-IV, indicating
that AS-IV inactivated the MAPK/ERK signaling pathway to
prevent glioma cell invasion and migration (Fig. 3) (75).

The Rac family small GTPase 1 (RACI)/MAPK/ERK signaling
pathway. AS-1V was found to inhibit the proliferation and inva-
sion of MDA-MB-231 cells and suppress breast tumor growth
and metastasis to the lungs. Its antitumor activity reflected the
inactivation of ERK1/2 and JNK, downregulation of MMP-2
and MMP-9, decreased levels of activated RAC1 and inhibi-
tion of RAC1/MAPK signaling, indicating the potential of
AS-IV to treat metastatic breast cancer (76).

The protein kinase C (PKC)-a/ERKI-2/NF-«kB signaling
pathway. The migration and invasion ability of A549 lung
cancer cells was suppressed by AS-IV under in vitro culture
conditions. In addition, MMP-2, MMP-9 and integrin 31
expression was found to be significantly decreased, but CDG1
expression was significantly increased by AS-IV treatment.
Further analysis indicated that AS-IV significantly decreased
TGF-B1, TNF-a and IL-6 expression. Of note, the PKC
pathway inhibitor AEBO71, ERK inhibitor U0126 or NF-kB
inhibitor PDTC were able to attenuate AS-IV suppression of
cell invasion and migration, indicating that AS-IV inhibits
migration and invasion of human lung cancer A549 cells by
regulating the PKC-a/ERK1-2/NF-kB pathway (Fig. 3) (77).

Immune regulatory signaling pathways in cancer. Antitumor
immunity is typically mediated by macrophages engulfing
cancer cells or by CTLs or NK cells killing the cancer cells.
Tumor growth and progression are typically suppressed by
M1 macrophages, while M2-polarized macrophages have
been reported to promote tumor invasion, migration and
metastasis and can activate tumor-promoting genes in cancer
cells (78). B7-H3 expression is upregulated in various cancers,
inhibiting CTLs and inducing immune escape of cancers (79).
After treatment with AS-IV, B7-H3 expression was decreased,
suppressing the proliferation of colorectal cell lines SW620

and HCT116. Further analysis indicated that AS-I'V was able to
suppress CD276 (also known as B7-H3) expression by inducing
the expression of miR-29c. These anticancer effects of AS-IV
may be mediated by CTLs via the B7-H3/NF-«B/CCNDI1
signaling pathway (Fig. 3) (30).

AS-IV has also been shown to induce immunity against
cancer as an adjunct (80). Treatment of the cancer cell lines
A549 and H1299 with M2-CM promoted their migration
ability, but M2-CM combined with AS-IV significantly
reduced their migration in wound-healing assays, indicating
that AS-IV inhibited cancer cell migration. After AS-IV
was administered to a lung tumor mouse model, the number
of M2 macrophages decreased in the tumor tissue. Further
analysis indicated that AS-IV induced the transformation of
M2 macrophages into M1 macrophages mainly by inhibiting
IL-13 and IL-4 and suppressing AMPKa activation in M2
macrophages, since silencing AMPKa partially attenuated
the inhibitory effect of AS-IV on cancer cell proliferation and
invasion (Fig. 3) (54).

5. Other novel anticancer mechanisms and related
pathways

Suppressing M2 macrophage polarization via the
TLR4/NF-kB/signal transducer and activator of transcription
3 (STAT3) signaling pathway. Recently, a study reported that
AS-IV suppressed HCC cell proliferation and invasion by
inducing macrophage polarization. After macrophages were
treated with AS-IV, CD206 levels in M2 macrophages were
quantified by flow cytometry and the levels of pSTAT3, pNF-«xB
and TLR4 in macrophages were determined. AS-IV was
found to decrease the M2 macrophage numbers and pSTATS3,
pNF-«B and TLR4 levels, suppressing HCC cell proliferation
and invasion by regulating the TLR4/NF-xB/STAT3 signaling
pathway. In addition, small interfering RNA targeting TLR4
inhibited Huh-7 cell proliferation, indicating that AS-IV
inhibited HCC tumor growth by suppressing M2 macrophage
polarization via the TLR4/NF-«B/STAT3 signaling pathway
(Fig. 3) (81).

Regulation of the pSMAD3C/3L and NFE2-like BZIP
transcription factor 2 (NFE2L2)/heme oxygenase 1 (HO-1)
pathways. Recently, a study indicated that AS-IV decreased
the growth and multiplicity of primary liver cancer in mouse
models. After 20 weeks of AS-IV treatment, it was observed
that AS-IV acted on the TGF-1/SMAD and NFE2L2 (also
known as NRF2)/HO-1 pathways, increasing the levels of
pSMAD3C and pNRF2, HO-1 and NAD(P)H quinone dehy-
drogenase 1 (NQOI) and decreasing the levels of pPSMAD2C,
pPSMAD2L and pSMAD3L, PAI-1 and smooth muscle a-actin
in mice with liver cancer. In vitro analysis also confirmed
that AS-IV regulated the levels of pPSMAD3C, pSMAD3L,
HO-1 and NQOI1 via the pSMAD3C/3L and NRF2/HO-1
pathways in HSC-T6 and HepG?2 cells, which was activated
by TGF-p1. These findings suggest that AS-IV promotes a
switch in SMAD3 signaling from pSMAD3L-mediated onco-
genesis to pSMAD3C-mediated tumor suppression, increasing
levels of pSMAD3C, inhibiting pPSMAD3L and pSMAD2C,
and promoting NRF2 phosphorylation via TGF-f1 signal
mediation-specific pPSMAD?3 (Fig. 4) (82).
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Figure 4. Novel signaling pathways for the antitumor effects of AS-IV. Recently identified signaling pathways for the anticancer effects of AS-IV include
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high mobility group box 1; circDLST, circRNA dihydrolipoamide S-succinyltransferase.

Targeting the circDLST/miR-489-3p/eukaryotic translation
initiation factor 4A1 (EIF4Al) pathway. Circular RNAs have
been reported to have important roles in regulating malignant
cancer progression. In most cancer cells, circRNA dihydro-
lipoamide S-succinyltransferase (circDLST) and EIF4Al
are highly expressed, while miR-489-3p expression is low.
In the cultured GC cell lines HGC-27 and MKN-45 treated
with AS-1V, it suppressed cell proliferation and metastasis by
downregulating circDLST, increasing miR-489-3p expres-
sion and inhibiting EIF4A1 expression, preventing cancer
progression. Conversely, inhibition of miR-489-3p decreased
the antitumor activity of AS-IV. These findings indicated
that AS-IV inhibits cancer cell growth and progression via
a novel circDLST/miR-489-3p/EIF4A1 mechanism with
circDLST-mediated downregulation of EIF4A1. AS-IV was
also found to suppress the growth of HCC in vitro and in vivo
by upregulating miR-150-5p and repressing (3-catenin through
a mechanism of miR-150-5p/p-catenin (83-85).

Suppressing the HMGBI/TLR4 signaling pathway to inhibit
M?2-macrophage polarization-induced cancer progression.

AS-IV treatment suppressed M2 macrophage markerexpression
of CD206, C-C motif chemokine ligand 24 (CCL24), peroxi-
some proliferator-activated receptor ¥ (PPRAY), arginase 1 and
IL-10 in the ovarian cancer line SKOV3, indicating that AS-IV
inhibits macrophage M2 polarization to improve the antitumor
effect in the TME. In addition, AS-IV was indicated to inhibit
the expression of HMGBI1 and TLR4 and decrease the expres-
sion of M2 markers TGF-f3, MMP-9 and IL-10 in co-cultures
of ovarian cancer cells with macrophages. Blocking HMGBI1
signaling suppressed M2 macrophage-induced ovarian cancer
cell proliferation, invasion and migration, suggesting HMGBI1
reversed the inhibitory effect of AS-IV on M2-macrophage
polarization-induced malignant ovarian cancer cell progres-
sion. These findings indicate that AS-IV may protect against
ovarian cancer cell progression by suppressing HMGB1/TLR4
signaling (Fig. 4) (48,86).

6. Conclusion and future perspectives

The antitumor effects of AS-IV have been demonstrated
in vitro in cultured cancer cells and in vivo in animal cancer
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models at different stages of cancer progression. In each
of these processes, AS-IV appears to increase tumor cell
apoptosis and autophagy, inhibit tumor cell proliferation,
invasion, migration and EMT, increase CTL immune activi-
ties and promote the transformation of M2 macrophages into
M1 macrophages. The antitumor effects of AS-IV are mainly
via upregulation or downregulation of different signaling
pathways or various recently identified novel mechanisms.
In addition, AS-IV increases the sensitivity of the cancer
cells to cisplatin and other drugs, increasing chemotherapy
and immunotherapy efficacy. These findings highlight
the antitumor role of AS-IV and the potential of AS-IV as
an antitumor drug or adjuvant for use in cancer therapy.
However, current studies have their limitations and future
priorities should be on developing and utilizing AS-IV as
a new clinical drug. First, while several signaling pathways
were found to be associated with the action of AS-IV, the
direct targets and specific molecular networks of AS-IV for
antitumor effects require to be further elucidated. In addition,
the dose of AS-IV used in numerous studies varies greatly.
Therefore, the safe and effective dose of AS-IV requires to
be accurately established. Future studies should determine
the effective doses of AS-IV to produce antitumor effects.
Furthermore, to date, only a small number of studies have
investigated the toxicity and the potential adverse effects of
AS-1V in vivo and in vitro. Therefore, the toxicity and side
effects of AS-IV should be studied to enable safer clinical
applications.

Finally, while A. membranaceus Bunge or TCM decoc-
tions containing A. membranaceus Bunge have been
used in the clinic to treat cancer patients, no single AS-IV
compound has been tested in the treatment of the patients.
The main reason why a single compound AS-IV has not yet
been investigated in clinical trials may be that the safe and
effective dose, toxicity and potential adverse effects of AS-IV
have not been determined accurately. This issue can probably
be resolved by a biotech company to carefully design and
perform in vitro and in vivo antitumor experiments of AS-IV
based on the Food and Drug Administration guidelines for
the registration of a new drug. Subsequently, clinical trials are
required to further confirm the safety and efficacy of AS-IV
in cancer patients.
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