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Abstract
Cross-communication between cancer cells and macrophages within the tumor microen-

vironment fulfills the critical roles in the progression of cancers, including hepatocellular

carcinoma (HCC). Ligustilide exerts anti-inflammation, anti-injury, and anti-tumor pleiotro-

pic pharmacological functions. Nevertheless, its roles in HCC cells and tumor microenvi-

ronment remain elusive. In the current study, ligustilide dramatically restrained HCC cell

viability and migration but had little cytotoxicity to normal hepatocytes. Importantly, ligu-

stilide antagonized HCC cell co-culture-induced macrophage recruitment and M2 polari-

zation by enhancing the percentage of CD14þCD206þ cells and macrophage M2 markers

(CD163, Arg1, CD206, CCL22, IL-10, and TGF-b). Mechanistically, ligustilide repressed

yes-associated protein (YAP) activation by reducing nuclear translocation, protein expres-

sion, transcriptional regulatory activity of YAP, and increasing p-YAP levels. Noticeably,

blocking the YAP offset the suppressive effects of ligustilide on macrophage recruitment

and M2 polarization evoked by HCC cells. Moreover, the release of interleukin-6 (IL-6) was

mitigated by ligustilide in a YAP-dependent manner in HCC cells, concomitant with inhibi-

tion of IL-6R/STAT3 signaling activation. Of interest, interdicting the IL-6 aggravated

ligustilide-mediated suppression in HCC-induced macrophage recruitment and M2 polar-

ization; whereas exogenous IL-6 treatment reversed the above effects. Additionally, block-

age of IL-6R signaling also overturned IL-6-induced macrophage recruitment and M2 phenotype. Consequently, these findings

support a notion that ligustilide not only restrains HCC cell malignancy but also antagonizes HCC cell-evoked macrophage

recruitment and M2 polarization by inhibiting YAP/IL-6 release-induced activation of the IL-6 receptor/signal transducer and

activator of transcription 3 (IL-6R/STAT3) signaling. Thus, ligustilide may be a promising therapeutic agent to fight HCC by

regulating cancer cells and cross-talk between tumor cells and macrophages in tumor microenvironment.
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Introduction

Liver cancer currently ranks as the sixth most prevalent
cancer in incidence and causes 782,000 deaths annually.1

Hepatocellular carcinoma (HCC) appropriates the over-
whelming majority of liver cancers (comprising

approximately 90% of cases) and is a frequently occurring
and aggressive malignancy that typically develops as a
sequel to protracted chronic liver disease or cirrhosis.2

Epidemiological investigation confirms a rising incidence
and mortality of HCC, a primary liver tumor, in
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North America, European regions, and Asia,3,4 and corrob-
orates that HCC leads to the fourth-highest number of
deaths annually worldwide.2,4 Due to the great advances
in traditional interventions of surgery resection, transplan-
tation, chemotherapy, and immunotherapy, patients with
early-stage HCC usually achieve encouraging results in
terms of both safety and efficacy from these strategies.
Nevertheless, a majority of patients with HCC are diag-
nosed at an advanced stage, and are highly resistant to
the current curative treatment options, resulting in 70%
tumor recurrence within five years.2,5 Thus, novel thera-
peutic approaches are urgently needed for the treatment
of HCC.

Traditional research has mainly focused on the direct
regulation of cancer cell malignant behavior, such as cell
proliferation and invasion. Noticeably, increasing evidence
supports a critical role of tumor microenvironment (TME)
in the initiation and progression of cancers including
HCC.6–8 Actually, TME usually refers to the environment
where tumor cell exists and includes many stromal cells,
such as fibroblast and macrophages. Among them, tumor-
associated macrophages (TAM) are the abundant andmajor
components within the TME and exhibit great phenotypic
heterogeneity.9,10 Epidemiological investigation reveals a
positive relationship between high densities of TAM and
poor prognosis in HCC patients.11 In fact, TAM usually

originate from circulating monocytes and can be recruited
within the TME by tumor cell-derived extracellular signals
that may educate TAM from tumoricidal M1 phenotype to
pro-tumor M2 phenotype; while macrophages will in turn
affect tumor growth and the evolution of tumor cells.6,12,13

The cross-talk between cancer cells and TAM can drive
malignancy and therapy failure, including that of
HCC.11,14 Remarkably, driving macrophage M2 polariza-
tion may facilitate the development of HCC and metastasis
in vivo by regulating cell viability, invasion, and migra-
tion.10,14 Currently, deciphering the mechanism lying
beneath the interaction between HCC cells and TAM is a
novel therapeutic strategy against HCC.14

Ligustilide (Figure 1(a)) is a proverbial and natural bio-
active benzoquinone derivative extracted from Chinese
herbal medicines, such as Radix Angelica Sinensis that has
been used to alleviate various diseases syndromes for over
a thousand years. Multiple studies have corroborated that
ligustilide exerts broad pharmaceutical applications in var-
ious diseases, such as cardiovascular disease,15 brain injury,
and inflammation.16 Increasing evidence reveals the critical
roles of ligustilide in the progression of several carcinomas,
including ovarian cancer,17 breast cancer,18 melanoma,19

and glioma.20 For instance, administration with ligustilide
restrains the migration of glioma cells.20 Noticeably, a
recent study confirms the pro-apoptotic efficacy of

Figure 1. Ligustilide mitigated the malignancy of HCC cells. (a) The chemical structure of ligustilide. (b) Cell viability was determined in normal hepatocytes after

ligustilide treatment. (c) HCC cell line HepG2 was treated with the indicated doses of ligustilide. Then, CCK-8 assay was used to determine cell viability. (d) The protein

expression of proliferation-related Ki67 was analyzed by Western blotting. (e and f) The effects of ligustilide on HCC cell apoptosis (e) and migration (f) were

investigated. *P< 0.05 vs. control group. (A color version of this figure is available in the online journal.)
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ligustilide in prostate-cancer-associated fibroblast in TME,
implying a potential role of ligustilide in prostate cancer
progression by affecting TME.21 However, the roles of lig-
ustilide in HCC remain elusive. In the current research, we
sought to investigate the function of ligustilide in HCC cell
proliferation, apoptosis, and migration. Additionally, the
potential of ligustilide on TME in HCC was also elaborated
by exploring its roles in cancer cell-induced macrophage
polarization.

Materials and methods

Cell lines and cell culture

The human HCC cell line HepG2, monocytic cell line THP-
1, and normal human HL-7702 hepatocytes were obtained
from the American Type Culture Collection (ATCC;
Manassas, VA, USA). For culture, the HepG2 and THP-1
cells were maintained in RPMI medium (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA, USA) and
100U/mL penicillin/streptomycin. During this process,
cells were kept in a 5% CO2 incubator with saturated
humidity at 37�C.

Cell counting kit-8 (CCK-8) assay for cell viability

HCC cells and normal human HL-7702 hepatocytes were
cultured in a medium containing ligustilide (�96% purity;
Sigma, St. Louis, MO, USA) ranging from 0 to 200mmol/L.
Approximately 24 h later, cells in each well were further
incubated with medium supplemented with 10 lL CCK-
8 reagent (Beyotime, Shanghai, China) for 1.5 h.
Subsequently, the OD values at 450 nm were determined
for assessment of cell viability.

Cell apoptosis detection

HCC cells were treated with the indicated concentrations of
ligustilide. Then, cells were centrifuged, resuspended, and
incubated with 5lL Annexin V-FITC and 10 lL PI
(Beyotime). After incubation at room temperature for
15min in the dark, cells were then subjected to a
FACScan flow cytometer (Becton Dickinson, NJ) to analyze
cell apoptosis.

Wound healing assay

Cancer cells were seeded in a 24-well plate and treated with
ligustilide. Then, a disposable pipette tip was applied to
construct a single scratch wound. After wounding, the
non-adherent cells were then removed by rinsing the
monolayer of cells using phosphate-buffered saline.
Approximately 48 h later, the wounded cultures were pho-
tographed by microscopy, and the scratch wound widths
were quantified to assess cell migration ability. All experi-
ments were carried out in triplicate.

Construction of YAP recombinant vector

TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) was
applied to extract total RNA from HCC HepG2 cells.

Then, the cDNAwas synthesized according to the instruc-
tions provided with the SuperScript II First-Strand
Synthesis System (Invitrogen). Subsequently, human full-
length yes-associated protein (YAP) cDNA was prepared
by the PCR application. Subsequently, the YAP cDNA
was digested and inserted into the pCDNA3.1(þ) plasmid
(Invitrogen) to generate a YAP recombinant plasmid
(rYAP). Then, 0.5 mg of rYAP vectors or empty vectors
were used to transfect HepG2 cells with Lipofectamine
2000 (Invitrogen). The efficacy of YAP expression was eval-
uated by Western blotting.

IL-6 receptor (IL-6R) knockdown

To interdict the expression of IL-6R in macrophages, the
siRNA sequences targeting IL-6R and the scrambled con-
trol (si-con) were bought from Invitrogen. Macrophages
derived from THP-1 cells were then transfected with
20 nM siRNA-IL6R or si-con according to the manufac-
turer’s recommendations. Then, the effect on IL-6R expres-
sion was evaluated at 48 h post-transfection by Western
blotting.

Co-culture and transwell assay

HCC cells and macrophages co-culture were conducted
using a transwell co-culture chamber (Corning,
Kennebunk, NY, USA). Briefly, HepG2 cells pre-treated
with the indicated doses of ligustilide (�96% purity),
rYAP plasmids, or exogenous IL-6 (10 ng/mL) were
seeded into the upper chamber. Before platting in the
bottom chamber, THP-1 monocytes were induced into M0
macrophage by incubation with 100 nM phorbol 12-myris-
tate 13-acetate (PMA, Sigma) for 24 h. Macrophages
co-cultured with RPMI medium were introduced as the
control group. Approximately 48 h later, the chamber was
fixed with 4% paraformaldehyde. Then, 0.1% crystal violet
solution was added to stain the migrated cells, followed
by photographing under a light microscope (�100
magnification).

Flow cytometric evaluation

To assess macrophage polarization, THP-1 macrophages
were collected after co-cultured with HCC cells for 48 h.
Then, cells were incubated with fluorescent conjugated
anti-human APC-CD14 antibodies (macrophage marker;
eBiosciences, San Diego, CA) and FITC-CD206 antibody
(M2 macrophage marker). After treatment for 1 h, cells
were rinsed and analyzed with a FACScan flow cytometer
and Cell Quest software (Becton Dickinson, San Jose, CA)
to assess macrophage M2 polarization.

qRT-PCR assay

The prepared cDNAwas applied as an amplified template
to perform the real-time PCR using a commercial SYBR
Premix Ex TaqTM II Kit (TaKaRa, Dalian, China). All proto-
cols were conducted according to the manufacturers’
instructions. For quantitation of the transcriptional levels
of CD206, CD163, CCL22, Arg1, TGF-b, IL-10, YAP, CTGF,
and IL-6, the specific oligonucleotide primers for these
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genes were synthesized by Shenggong Biotechnology Co.,
Ltd. (Shanghai, China). The PCR reactions were performed
on an ABI PRISM 7000 system (Applied Biosystems, Foster
City, CA, USA). b-Actin was referred to as an internal con-
trol to calculate the relative mRNA expression using the
2���Ct method.

ELISA measurement

After co-culture between M0 macrophages and HCC cells,
all cells were collected. Then, the contents of IL-6 in HCC
cell supernatants and TGF-b, IL-10 in supernatants from
macrophages were determined using the commercial
ELISA kits (Invitrogen). All procedures were conducted
according to manufacturers’ instructions.

Immunoblotting analysis

Cells were lysed with RIPA lysis buffer. The nuclear protein
was prepared using a Nuclear Protein Extraction Kit
(Beyotime). Then, the bicinchoninic acid (BCA) protein
assay kit (Beyotime) was used to determine the isolated
protein concentration. Afterward, equal amounts of protein
extracts were loaded onto a 12% SDS-PAGE gel and trans-
ferred to the polyvinylidene difluoride membrane. Then,
membranes were blocked with Tris-buffer saline (TBS) con-
taining 5% non-fat milk and incubated with primary anti-
bodies against Ki67, YAP, p-YAP, Lamin B, IL-6R, signal
transducer and activator of transcription 3 (STAT3), and
p-STAT3 (all from Abcam, Cambridge, MA, USA) over-
night at 4�C. Following extensive washing with TBST,
horseradish peroxidase-conjugated secondary antibodies
were introduced for further incubation for 2 h. Bound anti-
bodies were then visualized using ECL detection reagent
(Millipore, Boston, MA). For normalization, Lamin B was
applied for gene expression in nucleus, and b-actin for the
expression other genes. A Gel DocTM XR imaging system
(Bio-Rad Laboratories, Hercules, CA, USA) and Image J
software were used to evaluate protein expression.

Luciferase reporter assay

The transcriptional activity of YAP was detected as out-
lined in previous reports.22 Briefly, HCC cells were co-
transfected with 8xGTIIC-luciferase plasmid and b-gal
plasmid (Ambion, USA) using LipofectamineTM2000 fol-
lowed by ligustilide exposure. Approximately 72 h later,
the activity of luciferase was determined using a
Luciferase Reporter Assay Kit (BioVision, Milpitas, CA,
USA). The activity of b-Gal was defined as a standard con-
trol for luciferase activity. All protocols were carried out
according to the standard instructions.

Statistical analysis

Data in this research were analyzed using the SPSS19.0 soft-
ware and are shown as mean� SD of three or more inde-
pendent experiments. Statistical comparisons were
conducted using Student’s t-test, ANOVA with post hoc
Student–Newman–Keuls tests. The criterion for statistical
significance was P< 0.05.

Results

Ligustilide counteracts cell proliferation and migration

in HCC cells but has little cytotoxicity to normal

hepatocytes

Prior to investigation of the function of ligustilide inHCC, its
cytotoxicity to normal hepatocytes was determined. As
shown in Figure 1(b), exposure to ligustilide at concentra-
tions ranging from 0 to 200lM presented little toxicity on
cell viability of normal HL-7702 hepatocytes. Further analy-
sis substantiated that treatment with ligustilide dramatically
restrained cell viability in HepG2 HCC cells in a dose-
dependent manner; nevertheless, there was no obvious
difference between 100- and 200mmol/L-treated groups
(Figure 1(c)). Concomitantly, 100mmol/L of ligustilide sup-
pressed the protein levels of proliferation-related Ki67
(Figure 1(d)). In parallel to these results, increased apoptosis
in HCC cells was also validated after ligustilide treatment
(Figure 1(e)). Additionally, cell migration ability was inhib-
ited following ligustilide administration (Figure 1(f)).

The ability of cancer cells to recruit and skew

macrophages toward M2 phenotype is inhibited by

ligustilide

To elaborate on the involvement of ligustilide in TME, we
first investigated its efficacy on macrophage recruitment
and polarization under the influence of cancer cells. Here,
ligustilide treatment notably impaired the ability of HCC
cells to recruit PMA-primed macrophages (Figure 2(a)).
Importantly, HCC cell co-culture elevated the positive
ratio of CD14þCD206þ cells in THP-1 macrophages,
which was attenuated after ligustilide treatment (Figure 2
(b)). Moreover, stimulation of HCC cells with ligustilide
reduced the mRNA levels of macrophage M2 phenotype
markers, including CD163 (Figure 2(c)), CD206, CCL22,
and Arg1 (Figure 2(d)). Analogously, ligustilide impeded
co-culture-evoked transcripts and production of M2 mac-
rophagemarker TGF-b and IL-10 (Figure 2(e) and (f)). Thus,
ligustilide may interdict M2 macrophage induction ability
under HCC cell conditions.

Administration with ligustilide restrains nuclear

translocation and activation of YAP

As shown in Figure 3(a), ligustilide administration
decreased the mRNA levels of YAP in HCC cells.
Moreover, ligustilide impeded 8xGTIIC-luciferase activity
(Figure 3(b)) and expression of the downstream effector of
YAP, CTGF (Figure 3(c)), and indicating inhibitory effects
on the transcriptional activity of YAP. Simultaneously, the
accumulation of YAP protein in nucleus of HCC cells was
decreased after ligustilide treatment (Figure 3(d)). It is
known that phosphorylation of YAP can suppress nuclear
translocation of YAP and its transactivation. Here, ligusti-
lide treatment decreased total YAP protein levels and
increased the levels of phosphorylated YAP protein
(Figure 3(e)).
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Figure 2. The ability of HCC cells to induce macrophage recruitment and M2 polarization was abrogated by ligustilide. (a) HCC cells under ligustilide exposure, or not,

were co-cultured with PMA-treated THP-1 macrophages using the Transwell co-culture system. Macrophage migration was then analyzed. Macrophages without any

treatment were defined as a control group. Scale bars, 100 mM. (b) Flow cytometry was used to detect the percentage of CD14þCD206þ cells in macrophages. (c and

d) The mRNA levels of M2 macrophage phenotype markers were determined by qRT-PCR. (e and f) The transcript (e) and release (f) of M2 macrophage marker IL-10

and TGF-b were further explored. *P< 0.05 vs. control group. §P< 0.05 vs. CC-treated group. (A color version of this figure is available in the online journal.)

Figure 3. Ligustilide restrained nuclear translocation and activity of YAP in HCC cells. (a) ThemRNA levels of YAP were detected in HCC cells after ligustilide treatment

by qRT-PCR. (b) Then, luciferase activity of 8xGTIIC was applied to measure the transcriptional activity of YAP. (c) The expression of CTGF was determined. (d) The

protein levels of YAP in nucleus were analyzed by Western blotting. (e) Total YAP and p-YAP protein levels were also measured. *P<0.05.
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Elevation of YAP counteracts ligustilide-mediated
inhibition of macrophage recruitment and polarization
towards M2 phenotype induced by HCC cells

Transfection with recombinant YAP plasmid dramatically
elevated the mRNA (Figure 4(a)) and protein levels of YAP
(Figure 4(b)) in HCC cells. Functional analysis substantiat-
ed that ligustilide treatment mitigated HCC cell co-culture-
evoked macrophage recruitment, which was reversed after
YAP overexpression (Figure 4(c)). Additionally, reactivat-
ing YAP signaling overturned the inhibitory efficacy of lig-
ustilide on a co-culture-induced positive percentage of
CD14þCD206þ macrophages (Figure 4(d)). Concomitantly,
the expression of M2 macrophage markers was increased
after YAP overexpression relative to that of macrophages
co-cultured with ligustilide-treated HCC cells, including
CD163, CCL22, Arg1 and CD206 (Figure 4(e)), TGF-b and
IL-10 (Figure 4(f)).

Release of IL-6 by YAP in HCC cells is responsible for
ligustilide-mediated macrophage recruitment and M2
polarization

Further analysis revealed that ligustilide reduced the levels
of IL-6 mRNA (Figure 5(a)) and release (Figure 5(b)) in
HCC cells. Nevertheless, these decreases were reversed
after YAP overexpression (Figure 5(a) and (b)), indicating
that ligustilide may suppress IL-6 release in HCC cells by
interdicting YAP. Importantly, inhibition of IL-6 by its anti-
body noticeably offset the suppressive effect on macro-
phage recruitment triggered by ligustilide-stimulated
HCC cells (Figure 5(c)). Moreover, incubation with IL-6
antibody resulted in declines in the percentage of
CD14þCD206þ cells (Figure 5(d)), expression of CD206,
CD163, CCL22, Arg1 (Figure 5(e)), and production of

IL-10 and TGF-b (Figure 5(f)) in macrophages co-cultured
with HCC cells under ligustilide exposure. Intriguingly,
additional supplementation with IL-6 reversed the inhibi-
tion effect of ligustilide on HCC cell-induced macrophage
recruitment and M2 polarization (Figure 5(c) to (f)).

Inhibition of IL-6R-STAT3 signaling by ligustilide
accounts for macrophage M2 polarization evoked by
IL-6 release from HCC cells

Accumulating evidence has implicated IL-6 signaling in
tumor-macrophage polarization and carcinogenesis in sev-
eral cancers.23,24 As shown in Figure 6(a) and (b), macro-
phages co-culturedwith HCC cells exhibited higher protein
levels of IL-6R and p-STAT3. However, HCC cells treated
with ligustilide restrained the activation of IL-6R-STAT3
signaling in macrophages. Of interest, cessation of IL-6R
expression muted the IL-6R-STAT3 pathway (Figure 6(c)
and (d)). Moreover, IL-6 enhanced co-culture-induced mac-
rophage migration (Figure 6(e)) and the percentage of
CD14þCD206þ cells (Figure 6(f)), and these effects were
muted by blocking the IL-6R signaling. Additionally, si-
IL-6R transfection in macrophages reduced IL-6-induced
mRNA expression of Arg1, CD206, CD163, CCL22
(Figure 6(g)), IL-10, and TGF-b (Figure 6(h)), and produc-
tion of IL-10 and TGF-b (Figure 6(i)) when cells were co-
cultured with HCC cells.

Discussion

Recently, HCC is the second most prevalent aggressive
liver tumor after hepatoblastoma and constitutes one of
the most lethal cancer-related malignant carcinomas world-
wide.2,3 In the present study, we highlighted a key finding
that ligustilide suppressed carcinogenesis of HCC cells by

Figure 4. YAP involves in the inhibitory efficacy of ligustilide against HCC cell-induced macrophage recruitment and polarization towards M2 phenotype. (a and b)

HCC cells were transfected with the recombinant rYAP plasmids, and the effects on YAP mRNA and protein levels were evaluated. (c to f) HCC cells transfected with

rYAP vectors were treated with ligustilide, and co-cultured with macrophage. Then, cell migration (c), % of CD14þCD206þ cells (d), mRNA levels of CD163, CCL22,

Arg1, CD206 (e), and production of IL-10 and TGF-b (f) were assessed. *P< 0.05 vs. control group. §P< 0.05 vs. CC-treated group. &P< 0.05 vs. CC and LIG group.
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Figure 5. IL-6 secretion by YAP in HCC cells accounted for ligustilide-mediated macrophage recruitment and M2 polarization. (a and b) HCC cells were transfected

with rYAP plasmids, prior to exposure to ligustilide. Then, the mRNA levels (a) and the contents of IL-6 in supernatants (b) were determined. (c and d) HCC cells

stimulated with ligustilide, anti-IL-6 antibody, or exogenous IL-6 were co-cultured with macrophages. Then, macrophage migration (c) and % of CD14þCD206þ cells

(d) were analyzed. (e and f) The subsequent effects on the transcripts of CD163, CD206, Arg1, CCL22 (e), and production of IL-10 and TGF-b (f) were further evaluated.

*P<0.05 vs. control group. §P< 0.05 vs. CC-treated group. &P< 0.05 vs. CC and LIG group.

Figure 6. Blocking the IL-6R-STAT3 signaling by ligustilide involved in HCC cell co-culture-induced macrophage recruitment and M2 polarization evoked by IL-6

release. (a and b) After co-culture with HCC cells treated with ligustilide, the protein levels of IL-6R, p-STAT3, and STAT3 were analyzed. (c and d) After transfection

with si-IL-6R, the activation of IL-6R/STAT3 signaling was detected. (e to i) Macrophages transected with si-IL6R were co-cultured with HCC cells exposed to IL-6

conditions. Afterward, cell migration (e), % of CD14þCD206þ cells (f), transcripts of CD206, Arg1, CCL22, CD163 (g), and the transcripts (h) and release (i) of IL-10

were monitored. *P<0.05 vs. CC group. §P< 0.05 vs. CC and IL-6 treated group.
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inhibiting cell viability and migration. More importantly,
ligustilide restrained HCC cell co-culture-evoked macro-
phage recruitment and M2 polarization by regulating acti-
vation of IL-6R-STAT3 signaling via YAP-induced IL-6
secretion. Consequently, this study may highlight a prom-
ising therapeutic agent for HCC by regulating cancer cell
malignancy and cancer cell-mediated macrophage polari-
zation within the TME.

Ligustilide fulfills pleiotropic pharmacological func-
tions, such as anti-inflammation and anti-brain injury.15,16

Intriguingly, the anti-tumor function of ligustilide has
become a hotspot of research in the last few decades. In
ovarian cancer, ligustilide exerts anti-apoptotic efficacy.17

Similarly, the suppressive function of ligustilide in cell pro-
liferation has been confirmed in non-small cell lung
cancer.25 It is worth mentioning that ligustilide exhibited
little cytotoxicity to normal hepatocytes before we sought
to investigate its function in HCC. Of interest, ligustilide
restrained cell proliferation and migration but enhanced
cell apoptosis in HCC cells. Analogously, a previous
study corroborated that ligustilide impeded glioblastoma
cell mobility.20 Consequently, ligustilide may suppress the
progression of HCC by directly affecting cancer cell growth
and migration.

Increasing evidence has supported TME as a key and
essential intrinsic portion for cancer initiation, develop-
ment, and ultimately prognosis, including HCC.7,8

Usually, tumor cells can constantly interact with surround-
ing stromal cells in the TME to regulate the progression of
HCC.6 Tumor-associated macrophages constitute the major
components in TME and are associated with poor progno-
sis of patients with HCC.14 After recruitment into the TME,
macrophages will polarize into anti-tumor M1 or pro-
tumor M2 phenotypes in response to factors secreted
from carcinoma cells. It is a fact that cancer cells can pro-
mote M2 polarization of tumor-associated macrophages
that will further facilitate tumor survival, growth, and
metastasis.7,26,27 Analogously to the previous study,12,26

HCC cells could evoke macrophage recruitment and sub-
sequent polarization toM2 phenotype. Importantly, we cor-
roborated an interesting finding that ligustilide engendered
the suppression in HCC cell-induced recruitment and M2
polarization of macrophages. Currently, an increasing body
of evidence has suggested that targeting macrophage polar-
ization towards M2 phenotype could complement the tra-
ditional therapeutic approach and improve therapeutic
outcomes for these malignancies.13,14 Therefore, ligustilide
may affect the development of HCC by regulating the
cross-talk between cancer cells and macrophages within
the TME.

Further experiment corroborated the suppression of
YAP activation by ligustilide in HCC cells by decreasing
YAP nuclear expression, transcriptional activity and
increasing p-YAP expression that can prevent YAP trans-
locating to nucleus and inhibit its transactivation.28,29 YAP
is overexpressed in HCC patients, and its activity is elevat-
ed during the progression of liver carcinoma.30 Noticeably,

YAP activation aggravates carcinogenesis by regulating
tumor cell proliferation, chemoresistance, and metasta-
sis.29,31 Emerging evidence confirms the increasing atten-
tion on the relation between YAP activation and
macrophage polarization in the development of carcino-
ma.32 In HCC, enhancement of YAP expression promotes
macrophage M2 polarization, and ultimately fosters HCC
progression.26 Additionally, YAP facilitates macrophage
recruitment in HCC cells.12 Our current data substantiated
that YAP elevation counteracted the inhibitory effects of
ligustilide on HCC-induced macrophage recruitment and
M2 polarization. Noticeably, antagonizing the YAP onco-
genic pathway can attenuate M2 tumor-associated macro-
phages, leading to the suppression of colon
tumorigenesis.33

Mechanistically, ligustilide inhibited IL-6 production in
a YAP-dependent manner in HCC cells. Importantly, a pre-
vious study confirmed that YAP induced IL-6 release that
enhanced tumor-associated macrophage recruitment.12 IL-
6 is a common pro-inflammatory cytokine and can be pro-
duced by various cells, including tumor cells, and macro-
phages.12,24 IL-6 has been implicated as a potential
stimulator to regulate monocytic cell migration.34

Accumulating evidence has proved that IL-6 intermediates
macrophage polarization and oncogenesis by binding to IL-
6R to activate the STAT3 signaling.24,35 Here, IL-6 released
fromHCC cells further activated the IL-6R–STAT3 pathway
in macrophages. Especially, the suppressive effects of ligu-
stilide on macrophage recruitment and M2 polarization
were further aggravated after IL-6 antibody incubation
and were reversed after exogenous IL-6 treatment.
Noticeably, IL-6 addition enhanced macrophage recruit-
ment and M2 polarization, which was overturned by IL-
6R/STAT3 signaling blockade. Analogously to this result,
production of IL-6 from triple-negative breast cancer cells
also facilitates M2 macrophage polarization by activating
the IL-6R signaling.24 Additionally, targeting IL-6 to regu-
late macrophage M2 polarization in TME may be a novel
therapeutic strategy for colorectal cancer.23

Conclusions

The current research highlighted a clear perspective that
ligustilide could directly affect HCC cell survival and
migration. Additionally, ligustilide suppressed HCC cell-
induced macrophage recruitment and M2 polarization by
inhibiting the IL-6R/STAT3 signaling via blockage of YAP-
mediated IL-6 release from HCC cells. These findings sug-
gest that ligustilide may attenuate the progression of HCC
by regulating cancer cell malignancy and the interplay
between tumor cells and macrophages in the TME.
Consequently, this study supports that ligustilide may be
a potential therapeutic agent that can complement and
optimize the available therapeutic strategy for HCC.
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