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Abstract: Aim: The purpose of the present research was to investigate the effect and mechanism of Astragaloside IV
(AS-IV) on liver cancer progression in vivo and in vitro. Since M1 macrophages play an essential role in suppressing
tumors, while M2 macrophages can accelerate the incidence and progression of tumors by promoting angiogen-
esis, increasing tumor cell invasion and inhibiting tumor immune response, the effect and mechanism of AS-IV on
macrophage polarization and their role in the development of HCC was explored. Methods: The effects of different
concentrations of AS-IV (0O, 50, 80, 100, 120, and 150 uM) on the capacity of hepatocellular carcinoma (HCC) cells
to proliferate, migrate, and invade were detected. THP-1 cells were subjected to incubation in PMA for the purpose
of stimulating differentiation into MO macrophages. These macrophages were treated using LPS, IFN-y, and PMA to
produce M1 macrophages or treated using PMA, IL-13, and IL-4 to produce M2 macrophages. HCC cells and M1 or
M2 macrophages were co-cultured for 48 hours, then the cell proliferation and migration were measured. The MTT
assay was employed to determine cell viability. The capability of the cells to migrate and invade was investigated
utilizing the Transwell assay and the wound healing assay. The expression of the M2 macrophage CD206 in macro-
phages treated with AS-IV was evaluated by flow cytometry. The expression of p-signal transducer and activator of
transcription 3 (STAT3), phosphorylated (p)-NF-kB, and toll-like receptor 4 (TLR4) in macrophages was measured af-
ter treatment with AS-IV and M2 induction. To verify the function of the TLR4/NF-kB/STAT3 signaling pathway, TLR4
expression was knocked down in M2 macrophages, then the proliferation and migration and the M2 macrophage
markers of HCC cells were measured. The effect of AS-IV on HCC in vivo was confirmed by a subcutaneous tumor
mouse model. AS-IV was 2 was administered by gavage (0, 40, 80, and 100 mg/kg) for every 3 days. The tumor
volume and weight were recorded. Results: AS-1V suppressed the capacities of HCC cells to proliferate, migrate, and
invade in a dose-dependent way. M2 macrophages could promote the proliferative, migratory, and invasive ability
of Huh-7 cells, which were suppressed by AS-IV. AS-IV directly attenuated the expression of M2 macrophage mark-
ers, indicating that AS-IV can inhibit macrophage M2 polarization. M2 macrophages stimulated the expression of
p-STAT3, p-NF-kB, and TLR4, while AS-IV decreased the expression compared to the M2 group, indicating that AS-IV
can regulate the TLR4/NF-kB/STAT3 signaling pathway. TLR4 small interfering RNA (siRNA/si) inhibited the prolif-
eration of Huh-7 cells. The tumor volume, as well as weight of mice, was significantly reduced by AS-IV, indicating
the antitumor impact of AS-IV in vivo. Conclusion: AS-IV can inhibit the proliferative, invasive, and migratory ability of
liver cancer through the suppression of the M2 polarization of macrophages, and the mechanism may involve the
TLR4/NF-kB/STAT3 signaling pathway. The present study indicates that AS-IV could be an alternative drug to treat
liver cancer, and the polarization of macrophages may be a novel treatment target for HCC.
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Introduction the 2017 report of the American Cancer Soci-

ety, the incidence and mortality rates of hepa-
Primary liver cancer is one of the most preva- tocellular carcinoma (HCC) are increasing, and
lent cancers. It has an elevated incidence rate the five-year survival is as low as 17.7% [2].
and is ranked as the third major contributor to Primary liver cancer includes HCC, cholangio-

cancer-associated mortality [1]. According to carcinoma, and mixed-type liver cancer, of
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which HCC is the most frequent form, are
responsible for 85-90% of cases [3]. The main
characteristics of HCC are its aggressive inva-
sive and metastatic potential and poor progno-
sis [4]. Even after surgical resection, patients
with HCC have a remarkably low five-year over-
all survival [5]. The main reason is that the
recurrence and metastasis rates of HCC are
high, and the specific pathogenesis of HCC
remains unclear [6]. Thus, it is critical to further
comprehend the molecular mechanisms of
HCC progression as well as to explore innova-
tive treatment approaches so as to manage the
progression and metastasis of HCC.

Astragaloside IV (AS-1V) is among the most rep-
resentative effective constituent of Astragalus
membranaceus. It is a type of AS monomer,
which performs diverse biological functions,
such as anti-infection, anti-inflammatory, and
antioxidant properties [7]. Previous studies
have shown that AS-IV can effectively improve
the immunity of mice, promote the production
of immune factors, and improve the antitumor
effect of immune cells; thus, it can be used as
a natural immune regulator [8-12]. Certain
studies suggested that AS-IV can suppress
tumor growth by suppressing the expression of
VEGF and cyclooxygenase 2 in tumor cells [13,
14]. The mechanism of AS in the treatment of
malignant tumors is similar to that of a variety
of clinical chemotherapy drugs, which lead to
apoptosis through cytotoxicity, thereby inhibit-
ing tumor proliferation [15]. Tin et al. applied
AS-1V to human colon cancer cells and discov-
ered that it can effectively stimulate the apop-
tosis of tumor cells by DNA fragmentation and
chromatin condensation [16]. AS-IV can inhibit
the invasive and migratory abilities of cervical
cancer cells in vivo and in vitro by TGF-B1-
mediated PISK and MAPK signaling pathways
[17]. However, the effects and mechanism of
AS-IV on HCC have not been well-investigated
to date.

Under different stimulating conditions, macro-
phages can polarize into two cell subtypes with
different phenotypes, namely M1 (classically
activated macrophages) and M2 (selectively
activated macrophages) [18]. The induction of
M1 macrophages can be achieved with the aid
of lipopolysaccharide (LPS) and interferon
(IFN)-y. M1 macrophages have been shown to
express nitric oxide synthase (iNOS), which is
inducible and secretes numerous pro-inflam-
matory factors (TNF-q, IL-12, and IL-6) and pro-
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duce reactive oxygen species, which result in
an inflammatory response and tissue damage
[19]. M2 macrophages may be stimulated by
IL-4 and IL-13, and their characteristics include
an elevated expression of macrophage man-
nose receptor (MMR) CD206 and arginase-1
(Arg-1). M2 macrophages secrete large quanti-
ties of the anti-inflammatory factor IL-10 and
produce TGF-B [20]. Therefore, M2 macro-
phages have important anti-inflammatory prop-
erties and participate in tissue repair and
angiogenesis [21-24]. In the early stage of tu-
morigenesis, tumor-associated macrophages
(TAMs) are mainly produced from normal tis-
sues near the cancerous area. Macrophages in
normal tissues are recruited into the cancer-
ous area by the factors C-C motif chemokine
ligand 2, granulocyte-macrophage CSF, and
macrophage colony-stimulating factor (CSF),
which are secreted by tumor cells and pro-
mote tumorigenesis [25]. During tumor devel-
opment, TAMs derive from monocytes in
peripheral blood circulation, and a number of
them will undergo differentiation and prolifera-
tion to finally form mature TAMs [26]. Different
tumor microenvironments determine whether
TAMs enter the classical activation pathway
and polarize into M1 or M2 types [27, 28].
M1-type TAMs can release TNF and play a role
in suppressing tumors, while M2-type TAMs
can accelerate the occurrence and develop-
ment of tumors by promoting angiogenesis,
increasing tumor cell invasion, and inhibiting
tumor immune response [29]. However, the
association between M1 or M2-type TAMs and
the development of HCC has not been well
explored thus far.

Therefore, to identify novel treatments for HCC,
the present research focused on investigating
the effect and mechanism of AS-IV on the pro-
gression of HCC in vivo and in vitro. Since cer-
tain studies suggested that AS-IV may affect
macrophage polarization [11, 30, 31], and mac-
rophages exert a crucial function in the tumor
immune response, we examined the involve-
ment of macrophages in the effects of AS-IV on
HCC.

Materials and methods
Cell culture and AS-IV treatment
THP-1 and human hepatoma Huh-7 cells were

procured from the Shanghai Institute of
Biochemistry and Cellular Biology of the
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Chinese Academy of Sciences. Subsequently,
culturing of these cells was performed in
DMEM that contained 10 percent fetal bovine
serum (FBS), 100 pg/ml streptomycin, and 100
U/ml penicillin (Beyotime, Shanghai, China).
Cells were cultured at a temperature of 37°C
in @ humid environment containing 5% CO,.
AS-IV (Shanghai Ronghe, Shanghai, China) was
dissolved in DMSO to treat macrophages.
DMSO was used at a final concentration of
<0.1 percent (v/v). The cells were subjected to
incubation for 48 hours in the presence or
absence of IL-4/1L-13, followed by treatment
with AS-IV. Macrophages that had adhered to
the walls were subjected to treatment using
0.1 percent DMSO for 48 hours for the purpose
of removing the influence of DMSO. The con-
centration of AS-IV was set as 0, 50, 80, 100,
120, and 150 pM, and the incubation time was
24 or 48 h.

Macrophage polarization

For the purpose of differentiating into MO mac-
rophages, THP-1 cells were subjected to incu-
bation in 320 nmol/L PMA (Sigma-Aldrich, St
Louis, MO, USA) for 18 hours. The MO macro-
phages were treated using 320 nmol/I PMA
for 12 hours and subjected to further incuba-
tion in 100 nmol/I PMA, 100 ng/ml LPS
(Sigma-Aldrich, St Louis, MO, USA), and 20 ng/
ml IFN-(Sigma-Aldrich, St Louis, MO, USA) for
48 hours at a temperature of 37°C to yield
M1 polarized macrophages. MO macrophages
were subjected to treatment using 320 nmol/I
PMA for 12 hours. Subsequently, they were
cultured in 100 nmol/I PMA, 20 ng/ml IL-4,
and 20 ng/ml IL-13 for 48 hours at a tempera-
ture of 37°C for the purpose of generating M2
polarized macrophages. Following that, macro-
phages together with HCC cells were co-cul-
tured in the co-culture chamber for 48 h at
37°C, then used in subsequent experiments.

MTT assay

The MTT test was performed for the purpose
of determining cell viability. At a density of
3,000-5,000 cells per well, cells were plated in
96-well plates to obtain the desired results.
After being cultured all night at 37°C, the cells
were exposed to a range of increasing AS-IV
dosages (0, 50, 80, 100, 120, and 150 M) for
48 hours. A 100-microliter volume of MTT
(Sigma-Aldrich, St Louis, MO, USA,; final concen-
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tration: 500 g/ml) was introduced into each
well following the removal of the media. Then,
the cells were incubated in an incubator for 4
hours at 37°C. Subsequently, 100 pl 20% SDS
solution (Bio-Bad Laboratories) was added for
20 h. Finally, the microplate reader (BioTek
Instruments, Inc.) was utilized to measure
absorbance at 570 nm. Cell viability was pre-
sented as the proportion of the experimental
group in contrast with that of the controls.

Wound healing assay

For culturing the cells, they were placed into
6-well plates (1105 cells/well) and subjected
to culture till they reached 90-95 percent con-
fluence. After 24 h, a straight line was drawn
perpendicularly to the horizontal line at the
bottom of the plate using a sterile pipette tip.
To eliminate the unattached cells, rinsing was
performed 3 times using PBS, followed by dry-
ing. DMEM was subsequently introduced, and
the cells were subjected to culturing at a
temperature of 37°C in a 5% CO, incubator.
Wound healing was determined by photograph-
ing the cells at O and 48 h after scratching
using a Nikon Coolpix 990 camera (Nikon
Corporation) and was examined with the aid
of Imagel) software (version 1.43, National
Institutes of Health, Bethesda, Maryland, USA).

Transwell assay

Similar to Shao et al. [32], the cells were digest-
ed and centrifuged before resuspension in a
serum-free medium that contained 0.2 per-
cent bovine serum albumin (Gibco Invitrogen,
Shanghai, China). The concentration was
increased to 5x10° cells per milliliter of solu-
tion. Subsequently, 100 pl of cell suspension
was introduced into the Transwell chamber
(BD Biosciences, San Jose, CA, USA), and 600
pl of media comprising 20% FBS was intro-
duced to the bottom chamber of a 24-well
plate. The cells were then grown for 48 hours.
Then, the Transwell chamber was withdrawn,
and the culture media contained within the well
was disposed of. The cells were rinsed twice
with the aid of PBS, followed by the fixing in
methanol for 30 minutes. Moreover, the cham-
ber was stained using 0.1 percent crystal
violet for 20 minutes. The cells on the top layer
that had not migrated were carefully brushed
off utilizing a cotton swab and subjected to
rinse thrice with PBS to remove any remaining
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residue. Finally, the cells were observed in five
fields of view and counted using a microscope
(BX-40, Olympus, Tokyo, Japan) at 400x mag-
nification.

Flow cytometry

In total, 2 ml cells in the logarithmic growth
phase (1x108 cells/ml) were inoculated in a
6-well plate before being subjected to the cor-
responding treatment. The cells were harvest-
ed 24 hours after they were placed in culture.
The cell precipitate was filtered after being
centrifuged for 5 minutes at a rate of 1200x g
at ambient temperature, and the supernatant
was removed. Afterward, rinsing of the cells
was performed twice using pre-cooled PBS,
incubated with pre-cooled 75% ethanol, fol-
lowed by fixing for 4 hours at 4°C. After being
centrifuged for 5 minutes at a rate of 3000x g,
the supernatant was extracted and washed
once with 3 ml PBS. Subsequently, incubation
of the cells was conducted in the fluorescent
antibody (Sigma-Aldrich, St Louis, MO, USA) at
4 degrees Celsius in the darkness for 30
minutes. Flow cytometry was subsequently
employed for the purpose of identifying the
number of apoptotic cells. A computer program
called ModFit (Verity Software House, Top-
sham, ME, USA) was used to examine the
results.

Immunofluorescence staining

First, the adherent cells were rinsed using 0.01
M PBS for 5 min each and then subjected to
incubation in 10 percent normal goat serum
(Sigma-Aldrich, St Louis, MO, USA) at a tem-
perature of 37°C for 45 minutes. Next, the
excess liquid was removed, and a mouse anti-
CD68 primary antibody (1:500, Sigma-Aldrich,
St Louis, MO, USA) was introduced, followed by
incubation throughout the night at 4°C. After
washing the cells thrice for 5 minutes using
0.01 M PBS, they were subjected to incuba-
tion in darkness at 4°C in a sheep anti-rabbit
Fluorescein Isothiocyanate (FITC)-conjugated
18G (1:500, Sigma-Aldrich, St Louis, MO, USA).
Subsequently, the cells were rinsed thrice in
the darkness using 0.01 M PBS for 5 minutes
each time, followed by six washes with 0.01 M
PBS (Sigma-Aldrich, St Louis, MO, USA) for 5
minutes each time. After that, the results were
examined with the aid of a fluorescence micro-
scope (400x%, Axiovert 135TV, Carl Zeiss) and
photographed.
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Western blotting

After 48 hours of culture with AS-IV, the cells
were digested for 20 minutes using 0.25%
trypsin (Sigma-Aldrich, St Louis, MO, USA) and
placed into a 1.5 ml Eppendorf tube, followed
by washing twice using PBS. A total of 50
ul protein lysate was added, and the lysed pro-
tein solution was centrifuged for 10 minutes
at a rate of 12,000x g and a temperature of
4°C. Then, the supernatant was obtained. A
BCA kit (Sigma-Aldrich, St Louis, MO, USA)
was utilized for the purpose of measuring
the abundance of proteins. According to the
quantitative results, the concentration of pro-
teins in all samples was adjusted to the same
level, followed by denaturation at 100°C for
10 minutes. The samples were treated with 10
percent SDS-PAGE (40 pg/lane). Electropho-
resis was performed at 90 V for 90 min.
Subsequently, the proteins were loaded onto a
nitrocellulose membrane for 2 h. In total, 5 ml
blocking solution (PO023B, Beyotime, Shang-
hai, China) was introduced into the membrane,
followed by incubation at 25°C for 1 hour.
Next, 3 ml primary antibodies (Sigma-Aldrich,
St Louis, MO, USA) were introduced and sub-
jected to incubation throughout the night at
4°C. Keeping the membrane at ambient tem-
perature, it was rinsed thrice (5 min each time)
using PBS-Tween 20 buffer (PBST, 0.05 per-
cent Tween 20) before being used. Next, we
added a 3 ml secondary antibody (Sigma-
Aldrich, St Louis, MO, USA) for the purpose of
incubating the membranes for 2 hours at
ambient temperature. The membrane was
rinsed in PBST buffer three times (5 min each).
In accordance with the instructions of the
SuperSignal West Pico chemiluminescence
detection kit (Pierce; Thermo Fisher Scientific,
Inc.), the substrate and enhancer were mixed
in equal proportions and added to the mem-
brane for 3-5 min. Eventually, the bands were
displayed by means of an ECL technique. The
quantification of the protein levels was per-
formed with Image) software (version 1.43,
National Institutes of Health, Bethesda, Mary-
land, USA), followed by normalization to those
of a-tubulin.

Reverse transcription-quantitative PCR (RT-
qPCR)

First, TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) was employed for the purpose of
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Table 1. Primers used in real-time PCR

Gene Primer (5’'—3")

CD206 Forward: GCAGAAGGAGTAACCCACCC
Reverse: TGGCAAATGAAGGCGTTTGG
TGF-B  Forward: CCAAGCTTATGCCGCCCTCCGGGC

Reverse: GCGTCGACCAGCTGCACTTGCAGGAG

CD209 Forward: GCAGAAGGAGTAACCCACCC
Reverse: TGGCAAATGAAGGCGTTTGG

IL-10 Forward: ACCTGGTAGAAGTGATGCC
Reverse: CAAGGAGTTGTTTCCGTTA

GAPDH Forward: CTGCACCACCAACTGCTTAG
Reverse: GTCTGGGATGCAAATTGTGA

extracting total RNA, and cDNA was generated
as per the protocols stipulated by the manu-
facturer of the iScript cDNA Synthesis kit (Bio-
Rad Laboratories, Inc.). RNA was collected and
thawed at 4°C, and then the RT reaction sys-
tem was prepared in a 0.2-ml PCR tube with
the following components: Total RNA (0.5-1
pg), 1 ul iScript reverse transcriptase, 4 ul 5X
reaction mixture, 14 pl H,0 and 1 pyl RNA. The
PCR tube was subsequently placed for 5 min-
utes at 25°C, incubated at 42°C for 30 min,
denatured at 85°C for 5 minutes, and sus-
tained at 4°C. The reaction system was as
follows: A total of 10 pyl 2x SYBR Green PCR
buffer (Sigma-Aldrich, St Louis, MO, USA), 3 ul
ddH,0, 1 pl 1 ul 5 pl template DNA, reverse
primer (10 yM), and, forward primer (10 uM).
Table 1 lists the primers that were utilized in
the RT-qPCR experiment. The reaction was as
follows: Incubation at 50°C for 2 minutes, fol-
lowed by incubation at 95°C for 10 minutes,
and then 40 cycles of 95°C for 15 minutes
and 60°C for 1 minute. The quantification
cycle (Cq) values were obtained using ABI
7500 instrument (v2.0.6, Applied Biosystems;
Thermo Fisher Scientific, Inc.). The final gene
expression was presented as relative expres-
sion based on the following calculation formula:
Ratio (reference/target) =20 (reference)-Ca (target)

Cell transfection

The experiment included the following groups:
Control, induction (M2), AS-IV, AS-IV + induc-
tion (M2 + AS-IV), induction + si-TLR4 (M2 + si-
TLR4) and induction + si-TLR4 + AS-IV (M2 +
si-TLR4 + AS-IV). Macrophages were classified
into six groups: Control, induction (M2), AS-1V,
AS-IV + M2, M2 + si-TLR4 and M2 + AS-IV + si-
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TLR4. Shanghai GeneChem Co., Ltd synthe-
sized the human TLR4 siRNA. The sequences
for si-TLR4 were forward (F), 5-UUCGAG-
ACUGGACAAGCCATT-3” and reverse (R), 5-UG-
GCUUGUCCAGUCUCGAATT-3’, while the sequ-
ences for siRNA-negative control (NC) were F,
5-UUCUCCGAACGUGUCACGUTT-3’ and R, 5-
ACGUGACACGUUCGGAGAATT-3". Briefly, cells
were inoculated into 12-well plates (5x10°
cells/well). Then, 100 nM siRNA was dissolved
in 50 pl serum-free Opti-MEM (Gibco, Grand
Island, NY, USA), while 1 pl Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.)
was dissolved in 50 yl serum-free Opti-MEM
and agitated well. The solutions were placed at
ambient temperature for 5 minutes, followed
by mixing and incubation for another 20 min-
utes. For transfection, the normal DMEM medi-
um with serum in the 12-well plates containing
the cells was replaced with 400 pl serum-free
Opti-MEM medium/well. The transfection solu-
tion containing Lipofectamine and siRNAs was
introduced to the corresponding wells of the
12-well plates. After 6 hours, the serum-free
media was replenished using a hormal DMEM
medium (Gibco, Grand Island, NY, USA). The
cells were then treated with the correspond-
ing reagents (AS-IV, macrophage polarization
reagents).

Animal experiments

Fifty male BALB/c-nude mice (aged between
4-5 weeks and weighing 20+1.2 g) were pro-
cured from Shanghai Bikai Biotechnology Co.,
Ltd (Shanghai, China). They were housed at
24°C in the animal center of Shanghai Jiao-
tong University School of Medicine (humidity of
41%; 12 hours dark/light cycle). The mice
were classified into 5 groups in a random
manner: O, 20, 40, 80, and 100 mg/kg AS-IV
(10 mice/group). Huh-7 cells (5x107 cells/0.2
ml) and M2-type macrophages (1x107 cells/
0.2 ml) were administered by subcutaneous
injection into nude mice, similarly to Fu et al.
[33]. Approximately 2 weeks later, when the
tumor diameter increased to 5 mm, AS-IV was
administered every 3 days. There were four dif-
ferent doses of the medication, each of which
was administrated by gavage at 20, 40, 80,
and 100 mg/kg. Tumor size was measured
every 5 days. After 40 days, we performed cer-
vical dislocation for the purpose of sacrificing
the mice, harvested, and photographed the
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Figure 1. Impact of varying doses of AS-IV on the proliferation, migration, and invasion of HCC cells. Values are
presented as mean = S.E.M. A. Cell viability of HCC cells; B. Healing rates of HCC cells; C. Migration cell counts of
HCC cells; D. Representative images obtained from wound closure assay; E. Representative images obtained from

ko

Transwell assay. Scale bar =50 pm.

tumor. The volume of the tumor was calculated.
We measured the tumor’s long diameter (a) and
short diameters (b), both of which were subse-
quently utilized to derive the volume of the
tumor (V) according to the following equation:
V = nxaxb?/6. The present research had a limit
of 2.0 cm? for the greatest possible tumor vol-
ume allowed. The humane outcomes com-
prised a swift increase in body weight by more
than 15%; the mice were incapable of self-
feeding and drinking; the tumor growth exceed-
ed >10% of the animal original body weight, or
the average tumor diameter became >20 mm;
and sustained infection of body organs.
Approval of the present animal experimenta-
tion was granted by the Ethics Committee of
Shanghai Jiaotong University School of
Medicine (approval no. RJH-8956).

Data analysis

SPSS 17.0 software (SPSS, Inc.) was employed
for performing all analyses of statistical data.
Analysis of variance (one-way analysis of vari-
ance (ANOVA) and Tukey’s post-hoc test) was
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P<0.01 compared to control using ANOVA and Tukey’s post-hoc test.

utilized to examine the differences existing
among various groups. We conducted all tests
a minimum of three times in total. Additionally,
all the data were presented as the mean *
standard deviation. P<0.05 was considered a
significant difference.

Results

Impacts of varying dosages of AS-IV on the
capability of HCC cells to proliferate, migrate,
and invade

The MTT test was used for detecting the viabil-
ity of HCC cells in each of the groups. The
results shown in Figure 1A revealed that the
cell viability began to decrease upon reach-
ing the AS-IV dosage of 100 upM, and it
decreased to the lowest level once the dosage
was elevated to 150 uyM AS-IV. These results
showed that AS-IV had an effect on the prolif-
erative capacity of HCC cells in a dose-depen-
dent way. For subsequent experiments, 120
UM AS-IV was selected. To verify the impact of
AS-1V on cell migration, changes in the width of
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Figure 2. Impacts of macrophage polarization on the proliferation, migration, and invasion of HCC cells. Values are
expressed as mean + S.E.M. A. Cell viability of HCC cells; B. Healing rates of HCC cells; C. Migration cell counts
of HCC cells; D. Representative images obtained from wound closure assay; E. Representative images obtained
from Transwell assay. Scale bar =50 ym. "*P<0.01 versus Control; ***P<0.01 versus Control; #P<0.01 versus M2;
##P<0.01 versus M2. The statistical analysis was performed using ANOVA and Tukey’s post-hoc test.

the wound were observed at O and 48 h after
treatment of HCC cells with AS-IV. The findings
illustrated that the width of the wound of cells
treated with 100, 120, and 150 yM AS-IV was
considerably wider in contrast with the width in
the control group, and the healing rate in these
groups was lower as opposed to the control
(Figure 1B and 1D). To explore the impact of
AS-IV on the invasiveness of HCC cells, a
Transwell assay was conducted following 48 h
of the invasion experiment. The findings dem-
onstrated that as opposed to the control group,
the proportion of cells invading the lower com-
partment following the treatment with AS-IV
was significantly reduced (P<0.05; Figure 1C
and 1E), indicating that the invasiveness of
cells following AS-IV treatment was substan-
tially attenuated.
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AS-1V inhibits tumor proliferation and migra-
tion by inhibiting macrophage polarization

To delve into whether the influence of AS-IV on
the capacity of HCC cells to proliferate was
achieved by inhibiting the polarization of mac-
rophages, HCC cells and macrophages were
first co-cultured for 48 h, and divided into M1
induction (M1), M2 induction (M2), M1 induc-
tion + AS-IV treatment (M1 + AS-IV) and M2
induction + AS-IV treatment (M2 + AS-IV)
groups. The MTT test was used to determine
the viability of the cells in each group. The
findings (Figure 2A) illustrated an elevation in
the cell viability in the M2 group, but a decrea-
se in the AS-IV group. The cell viability was
decreased in the M2 + AS-IV group, indicating
that AS-IV has an impact on the proliferative
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Figure 3. Distribution of macrophage subpopulations and the proportions of M2 macrophage markers. Values
are presented as mean * S.E.M. A. Representative images of flow cytometry results of CD206; B. Percentages of
CD206-positive cells ("P<0.01 in contrast to M2); C. Relative mRNA levels of CD209; D. Relative mRNA levels
of TGF-B. ""P<0.01 in contrast to Control; ##¥P<0.01 in contrastto M2. Statistical analyses were performed using

ANOVA and Tukey’s post-hoc test.

capacity of HCC cells and can reverse the
effect of M2 induction. The findings from the
wound healing assay demonstrated that, as
opposed to the control group, the width of the
wound in the M2 group was substantially
reduced, whereas the widths of the wounds in
the AS-IV and M2 + AS-IV groups were wider in
contrast with the M2 group (Figure 2B and 2D).
Similarly, the number of cells that passed
across the chamber was substantially elevated
following the treatment with M2 macrophages
compared with the control, but it was substan-
tially lowered by AS-IV treatment (Figure 2C and
2E).

Distribution of macrophage subpopulations
and M2 macrophage markers

The expression of the M2 macrophage CD206
in macrophages treated with 120 M AS-IV was
assessed with the aid of flow cytometry for the
purpose of determining if AS-1V suppressed IL-
4 and IL-13-stimulated macrophage M2 polar-
ization. As illustrated in Figure 3A and 3B,
upon treating THP-1 monocytes for 72 hours
using IL-4 and IL-13, a remarkable up-modula-
tion of CD206 was detected, which was greatly
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diminished by AS-IV therapy. These findings
revealed that AS-IV blocked the polarization of
macrophage M2 cells. The levels of mRNA
expression in macrophage surface markers
were detected utilizing RT-gPCR to further veri-
fy the influence of AS-IV on M2 polarization. As
depicted by Figure 3C and 3D, 120 uM AS-IV
lowered the CD209 and TGF-B in M2 macro-
phage expression. Thus, these findings show
that AS-IV can suppress the polarization of M2
macrophages in vitro in an effective manner.

Expression of the TLR4/NF-kB/STAT3 signaling
pathway

In order to thoroughly examine the possible
molecular mechanism of AS-1V on the M2 polar-
ization of macrophages, the total p65, p-STAT3,
p-p65, TLR4, and total STAT3 expression levels
in macrophages were measured after treat-
ment with AS-IV and IL-4/IL-13. The findings
(Figure 4) demonstrated that the M2 polariza-
tion of macrophages upregulated the expres-
sion of TLR4, p-STAT3, and p-p65 as opposed
to the control group, while AS-IV treatment
reduced the expression of TLR4, p-STAT3, and
p-p65 as opposed to the M2 group.

Am J Transl Res 2022;14(3):1551-1566
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Figure 4. Expression of the TLR4/NF-kB/STAT3 signaling pathway. A. Repre-
sentative images of western blots; B. Results of the expression of TLR4; C.
Results of the ratios of p-NF-kB/NF-«kB; D. Results of the ratios of p-STAT3/
STAT3. **P<0.01 in contrast to Control; ##P<0.01 in contrast to M2. The
statistical analyses were performed using ANOVA and Tukey’s post-hoc test.

Effect of treatment of macrophages with TLR4
SiRNA on the proliferative and migratory capa-
bilities of HCC cells

AS-IV, and the effect was
more pronounced after treat-
ing the cells with TLR4 siRNA
(P<0.05), indicating that the
impact of AS-IV on the migra-
tory and invasive capabilities
of Huh-7 cells was associated
with TLR4.

Changes in mRNA expression
of M2 macrophage markers
after TLR4 siRNA transfection

In order to confirm whether
the influence of AS-IV on
the polarization of M2 was
correlated with the TLR4, the
mRNA levels of macrophage
surface markers were evalu-
ated by RT-qPCR after treat-
ing the macrophages with
TLR4 siRNA. As shown in
Figure 6A and 6B, compared
to normal macrophages treat-
ed with AS-lV, the expres-
sion of TGF-B, CD209, and
M2 macrophage markers was
substantially attenuated by

AS-IV treatment in the si-TLR4 group (P<0.05).
The above findings show that AS-IV can inhibit
the polarization of the M2 macrophages in vitro

through the TLR4 signaling pathway.

In order to verify whether AS-IV affects the
growth of HCC cells by the TLR4/NF-kB/STAT3
signaling pathway, TLR4 expression was knock-
ed down in M2 macrophages. The expression
of TLR4 mRNA was determined with the aid
of RT-qPCR. As depicted by Figure 5A and 5B,
the TLR4 mRNA expression was considerably
reduced by si-TLR4, which demonstrated that
the siRNA transfection was successful. To veri-
fy that the influence of AS-IV on HCC cells is
facilitated by the TLR4/NF-kB/STAT3 signaling
pathway, HCC cells were treated with AS-IV and
co-cultured with macrophages for 24 h. The
results showed that AS-IV inhibited cell prolif-
eration (Figure 5C). After transfecting the HCC
cells with TLR4 siRNA, their proliferation was
also inhibited, which indicates that AS-1V inhib-
its the HCC cells’ capacity of proliferating th- vivo
rough the TLR4 signaling pathway. As demon-
strated by Figure 5D and 5F, the proportion of
cells that invade the lower compartment in the
Transwell assay was considerably reduced by
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Differences in the expression of proteins cor-
relate with the TLR4/NF-kB/STAT3 signaling
pathway after transfection with TLR4 siRNA

The total p65, p-STAT3, p-p65, TLR4, and total
STAT3 expressions in macrophages were de-
tected by means of western blotting. The find-
ings were displayed in Figure 7. It was found
that AS-IV attenuated the expression levels of
p-p65, TLR4, and p-STAT3 in macrophages,
which was further decreased by transfection
with TLR4 siRNA. Therefore, AS-IV, together
with si-TLR4, exacerbated the decrease in the
p-p65, TLR4, and p-STAT3 expression in
macrophages.

Inhibitory influence of AS-IV on hepatoma in

To confirm the aforementioned in vitro results,
the present research subsequently examined
if AS-IV exhibited an in vivo impact on the

Am J Transl Res 2022;14(3):1551-1566
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P<0.01 in contrast to Control;

##P<0.01 in contrast to M2. Statistical analyses were performed using ANOVA and Tukey’s post-hoc test.

growth of liver cancer. A Huh-7 hepatoma
mouse model was created through the injec-
tion of Huh-7 cells into the mice’s subcutane-
ous tissue. In contrast with the control group,
AS-IV suppressed the growth of tumors in the
Huh-7 hepatoma model (Figure 8). In contrast
with the control group, therapy with 40, 80,
and 100 mg/kg AS-IV resulted in substantial
reductions in both tumor weight and volume.

Discussion

Primary liver cancer is the third major contribu-
tor to cancer-associated mortality worldwide.
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Theincidence has been increasing in recent
years [34]. The characteristics of primary liver
cancer include rapid advancement, a lower
resection rate, a higher incidence of postsurgi-
cal recurrence, and a negative reaction to con-
servative treatment [35]. Although improve-
ments in surgical procedures have boosted the
resection rates of liver cancer, this rate remains
unsatisfactory (25-40%) [36]. Since most of the
liver cancer patients are in Barcelona Clinic
Liver Cancer stage B or C when they are first
diagnosed, they cannot undergo surgical resec-
tion, percutaneous ablation, or liver transplan-
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proliferate in a dosage-depen-
dent way, thus suppressing
the migratory and invasive
capacities of HCC cells.

In the past few years, AS-IV
has been demonstrated to
have antitumor activity in a
number of studies. AS-IV can
significantly improve the che-
mosensitivity of non-small-
cell lung cancer (NSCLC) cells
to cisplatin [37]. Zheng et al.
discovered that AS-IV can
enhance the taxol chemosen-
sitivity of breast cancer and
inhibit their proliferation [38].
In addition, AS-IV can inhibit
the proliferative, invasive, and
migratory capabilities of he-
patoma cells by suppressing
the Akt/GSK-3B/B-catenin sig-
naling pathway [39]. It may
also promote Bax expression,
inhibit Bcl-2 expression, and
activate the caspase-3-de-
pendent apoptosis process
[40]. AS-IV also assumes an
integral function in tumor-infil-
trating lymphocytes in the
cancer microenvironment. It
was reported that AS-IV may
suppress the protein and
MRNA expression of indole-
amine 2,3-dioxygenase in the
microenvironment of lung can-
cer, downregulate the propor-
tion of regulatory T cells, as
well as increase the propor-
tion of cytotoxic T cells and
the antitumor immune res-
ponsiveness [41]. AS-IV can
also partially block the AMP-
activated protein kinase sig-
naling pathway and suppress
the polarization of the M2
macrophages in the microen-
vironment, thus inhibiting the
proliferative, invasive, migra-

tation [3]. As a consequence, it is critical to tory, and angiogenesis of lung cancer [31]. To
investigate novel therapeutic approaches for explore the impact of AS-IV on M2 macro-
the purpose of treating liver cancer. The find- phages in liver cancer cells, HCC cells and con-
ings of the present research illustrate that trol macrophages (M2 macrophages) were co-
AS-1V influenced the capability of HCC cells to cultured in the present study and then treated
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Tukey’s post-hoc test.

with AS-IV for 48 h before measuring their pro-
liferative, migratory, and invasive capacities.
The results indicated that M2 macrophages
can promote the proliferative, migratory, and
invasive capacities of Huh-7 cells, which were
inhibited by AS-IV. The differential expression of
specific genes and cell surface marker proteins
is the most common method to distinguish dif-
ferent polarization states of macrophages [42].
M1 macrophages stimulated by IFN-y and LPS
showed high expression of CD86 on their cell
surfaces, and upregulated expression of
CD197, TNF-q, IL-6, IL-1B, and iNOS. M2 ma-
crophages induced by IL-13 and IL-4 showed
high expression of the mannose receptor
CD206 on their cell surface, and upregulated
expression of CD209, TGF-B, Arg-l, peroxisome
proliferator-activated receptor-y, macrophage
galactose N-acetyl-galactosamine-specific lec-
tin 2, and other genes [43, 44]. Flow cytometry
illustrated that AS-VI reduced the expression of
the M2 macrophage markers CD206, CD209,
and TGF-B, indicating that AS-IV can inhibit
macrophage M2 polarization.

Macrophages are widely distributed in various
organs of the body, such as the spleen, liver,
and brain [45-49]. Macrophages are a type of
immune cell with variable phenotype and
diverse functions. They are easily affected by
the microenvironment of different physiologic
and pathologic conditions and can be polariz-
ed into several functional subtypes. In the
tumor microenvironment, there are two types
of TAM subgroups with different molecular
characteristics and biologic functions, namely
M1 type TAMs with classical polarization, and
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M2 type TAMs with alternative polarization
[50]. M1 type TAMs are mainly induced by IFN-y
and LPS, thus presenting a type | immune
response, secreting a variety of pro-inflamma-
tory cytokines, and playing a role in Killing bac-
teria and tumors [51]. By contrast, M2-type
TAMs are mainly induced by IL-4 and IL-13 from
tumor cells or T cells, which inhibit the cellular
immune response and secrete factors to pro-
mote angiogenesis [52]. They also release
metalloproteinases to promote matrix protein
degradation and secrete growth factors so as
to enhance the proliferative capacities of tumor
and endothelial cells [53]. As a result, M2-type
TAMs can accelerate the occurrence and pro-
gression of tumors [54]. The current results
suggest, for the first time, that AS-IV can inhibit
macrophage M2 polarization in liver cancer,
which may be one of the important mecha-
nisms of its antitumor effect in HCC.

To further explore the mechanism by which
AS-IV inhibits macrophage M2 polarization, the
function performed by the TLR4/NF-kB/STAT3
signaling pathway was investigated. TLR4 is a
crucial molecule belonging to the TLR family,
since it can mediate innate immunity, and acts
as an endotoxin recognition receptor and a link
between acquired and innate immunity [55].
TLR4 mainly works through the TLR4/NF-kB/
STAT3 signaling pathway. As illustrated by the
findings of the present study, the M2 polariza-
tion of macrophages stimulated the expression
of TLR4, p-STAT3, and p-p65 as opposed to the
control group, while AS-IV treatment attenuat-
ed the expression of these molecules as
opposed to the M2 group. Such findings indi-
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cate that AS-IV can regulate the TLR4/NF-kB/
STAT3 signaling pathway. Without any stimula-
tion signal, NF-kB is positioned in the cyto-
plasm and binds to the inhibitor of NF-kB (Ikb)
as a complex, thus inhibiting its activity [56].
LPS or free fatty acids from gut-derived LPS
can activate TLR4 and bind to myeloid diff-
erentiation factor 88 to form a complex, which
might trigger the NF-kB inhibitor kinase and
promote the dissociation of NF-kB into the
nucleus [57]. This action can activate target
gene transcription and cause a series of cyto-
kine synthesis and release. A previous study
has shown that AS-IV can suppress the trigger-
ing of the NF-kB signaling pathway and reduce
the phosphorylation of Ikb, thereby reducing
the nuclear translocation of NF-kB, and down-
regulating the expression of IL-13, TNF-«, and
other inflammatory cytokines [58]. Research
indicates that AS-IV might suppress the LPS-
induced acute inflammatory response across
many organs of rats by the mechanisms of
modulating TLR4/NF-kB and decreasing the
production of TNF-a and IL-6 [59]. AS-IV could
also inhibit TLR4 and the NF-kB signaling path-
way in vitro and in vivo by treating LPS-induced
epithelial cells and unilateral ureteral obstruc-
tion model mice with astragaloside IV [60].
Upon transfection of cells with TLR4 siRNA,
their proliferation was also inhibited, which
indicates that AS-IV inhibits the proliferation of
HCC cells by the TLR4/NF-kB/STAT3 signaling
pathway. The invasive and migratory capacities
of Huh-7 cells were also significantly sup-
pressed by transfection with TLR4 siRNA, indi-
cating that the effect of AS-IV on the invasion
and metastasis abilities of Huh-7 cells may be
associated with the inhibition of TLR4.

To confirm the role of TLR4 in macrophage M2
polarization, the markers of M2 macrophages
were determined after TLR4 siRNA interven-
tion. Since TLR4 siRNA considerably attenuat-
ed the expression of the TGF-B and M2 macro-
phage markers CD209, these findings suggest-
ed that AS-IV may successfully suppress the
polarization of the M2 macrophages in vitro
by suppressing the TLR4 signaling pathway.
Similar results were obtained in other animal
models. For example, Zhou et al. highlighted
that AS-IV might suppress the inflammatory
response through the TLR4/NF-kB signaling
pathway, thus impeding the progression of
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renal fibrosis [60]. Zhang et al. demonstrated
the effectiveness of AS-IV in suppressing LPS-
induced acute inflammatory response in rats
through the modulation of TLR4/NF-kB [61].
AS-1V could also reduce the levels of TNF-at and
IL-6 by modulating the TLR4/NF-kB signaling
pathway, as well as improving vascular endo-
thelial dysfunction caused by hyperglycemia
[62]. It was also reported that AS-IV could pro-
tect rat cardiac hypertrophy by suppressing the
TLR4/NF-kB signaling pathway as well as its
downstream inflammatory cytokines [63]. In a
myocardial ischemia/reperfusion rat model,
AS-IV can downmodulate the TLR4/NF-kB sig-
naling pathway and suppresses apoptosis,
thereby reducing myocardial damage [64].
Finally, to confirm that AS-IV exhibited an anti-
tumor impact on liver cancer in vivo, a mouse
model was created by injecting the mice sub-
cutaneously with Huh-7 cells and M2-type mac-
rophages. The findings confirmed that treat-
ment with 40, 80, and 100 mg/kg AS-IV sub-
stantially reduced tumor volume and weight in
contrast to the control group, showing that
AS-1V has an anticancer impact in vivo.

In conclusion, the present findings illustrate
that AS-IV can suppress the proliferative, inva-
sive, and migratory ability of liver cancer by
suppressing the polarization of M2 macroph-
ages. The mechanism may involve the TLR4/
NF-kB/STAT3 signaling pathway. The present
research suggested that AS-IV might be an
alternative drug to treat liver cancer, and the
polarization of macrophages may be a new tar-
get for HCC treatment.
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