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Abstract

To investigate the effect of icariin (ICA) on hepatocellular carcinoma (HCC) and its autophagy/apoptosis mechanism in HCC.
The anti-HCC mechanism of ICA was investigated using HCC cells treated with 20 pmol/L ICA. Cell viability and prolifera-
tion were assessed using CCK-8 and colony formation assays, respectively, while TUNEL staining evaluated anti-apoptotic
effects. DHE staining quantified intracellular ROS levels, and JC-1 staining assessed mitochondrial membrane potential. The
expression of LC3 was detected by immunofluorescence staining. Additionally, HepG2 cells (2.0 x 10°) were implanted into
the thymus of BALB/c nude mice, which received intraperitoneal injections of 40 mg/kg ICA. Western blotting was used to
evaluate the expression of proteins related to apoptosis and autophagy. ICA effectively inhibited the proliferation and inva-
sion of HCC cells, enhancing autophagy and apoptosis. Silencing of IncRNA LOXLI-ASI reduced p-catenin expression and
downregulated PI3K/AKT/mTOR pathway phosphorylation. Targeting -catenin with siRNA augmented apoptosis in HepG2
cells through elevated levels of Bax and caspase-3/8/9 and boosted autophagy via increased expression of LC3-II, Atg5, Atg7,
Atg8, and Beclin-1. ICA reversed this autophagic effect, while rapamycin enhanced ICA’s efficacy. In vivo, ICA suppressed
tumor growth and promoted autophagy and apoptosis in mice. Icariin induces autophagy and apoptosis in HCC cells via the
p-catenin signaling pathway mediated by IncRNA LOXL1-AS]1, offering a novel approach to HCC clinical management.
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Introduction

Hepatocyte apoptosis is a key pathological feature of
HCC, and targeting this may help disease progression
(Wang 2015). However, no specific clinical treatment cur-
rently target this pathway, and its underlying mechanisms
remain under investigation (Wang 2014). Autophagy is
a complex mechanism that transfer cellular materials to
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lysosomes for degradation (Wu et al. 2021) and plays a
dual role in liver cancer, both suppressing and promoting
tumor growth. The modulation of autophagy can influence
liver cancer outcomes by either enhancing or diminishing
prognosis (Liu et al. 2017). For instance, the resistance
of HCC to sorafenib is linked to autophagy, which sus-
tains tumor viability by promoting drug resistance, while
excessive autophagy might suppress apoptosis (Li et al.
2018; Liu et al. 2017; Wu et al. 2021). Strategies that regu-
late apoptosis to curb excessive autophagy could enhance
therapeutic efficacy (Spirina et al. 2020; Tompkins and
Thorburn 2019). Activation of the Wnt/p-catenin signaling
pathway has been reported to reduce Beclin-1 expression
and autophagy in tumor cells, thereby increasing apopto-
sis (Nguyen et al. 2009). While autophagy and apoptosis
are distinct processes that similar upstream signals can
initiate, their interplay remains poorly understood in HCC
(Sun et al. 2020). Exploring the crosstalk and bidirectional
interactions between autophagy and apoptosis could open
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new therapeutic avenues for HCC treatment (Niu et al.
2020).

ICA, the primary active component of the Chinese herb
Epimedium (Li et al. 2021), has been widely recognized
for its regulatory effects on cancer, particularly in HCC
(Li et al. 2020a, b; Mo et al. 2021; Wang et al. 2020; Li
et al. 2021; Yu et al. 2020). It has been shown to modu-
late immune responses by reducing T lymphocyte subsets
and enhancing the production of inflammatory markers,
key factors in HCC prognosis (Qin et al. 2020). In addi-
tion, ICA can also inhibit the invasion and metastasis of
tumor cells and prolong the survival time of patients with
advanced HCC by inducing apoptosis (Algandaby et al.
2017; Bailly 2020; Chen et al. 2019; Qin et al. 2020; Tang
et al. 2015; Wang 2014; Yang et al. 2017). The bidirec-
tional regulation of ICA is also reflected in autophagy.
Recent studies have found that ICA plays a role in anti-
autophagy (Algandaby et al. 2017) and can also induce
autophagy (Yang et al. 2019). Several in vitro experiments
highlight ICA’s role in the crosstalk between autophagy
and apoptosis, enhancing apoptosis through autophagy
inhibition (Bailly 2020; Jiang et al. 2018; Tang et al.
2015). Nevertheless, its specific function in autophagy
and apoptosis within HCC remains to be fully elucidated.
Autophagy can induce apoptosis and inhibit apopto-
sis (Sun et al. 2020). The precise role of ICA in these
processes, particularly through bidirectional autophagy,
remains a key question.

LncRNA, consisting of over 200 nucleotides, plays cru-
cial roles in regulating tumor cell proliferation, differentia-
tion, autophagy, and apoptosis (Huang et al. 2020a, b; Yu
and Dai 2021). It primarily influences cellular processes by
interacting with miRNAs (ceRNA hypothesis) (Xie et al.
2019) and forming IncRNA-protein complexes (Kazimierc-
zyk et al. 2020). Various IncRNAs have been confirmed to
induce autophagy in HCC. For instance, IncRNA HNF1A-
AS1, IncRNA CCATI1, IncRNA HCGI11, and IncRNA
LINCO00665 can stimulate autophagy by regulating the
expression of ATGS5, ATG7, ATG12, and MAP4K3 in HCC,
respectively (Guo et al. 2019; Li et al. 2019a, b; Liu et al.
2016; Shan and Li 2019). LOX1-AS1 is located on human
chromosome 15Q24.1, consisting of 10781 nucleotides and
five exons (Sun et al. 2019). Studies have confirmed that
LOXL1-AS1 plays a carcinogenic role in a variety of human
cancers, such as HCC (Yu and Dai 2021), lung adenocarci-
noma (Li et al. 2020a, b), non-small-cell lung cancer (Xie
et al. 2019), medulloblastoma (Gao et al. 2018), and breast
cancer (Li et al. 2019a, b). Recent findings suggest that
LOXL1-AS1 promotes glucose metabolism, proliferation,
migration, and epithelial-mesenchymal transition of HCC
by targeting miR-377-3p/NFIB (Xie et al. 2019). However,
the role of LOXL1-AS1 in the autophagy and apoptosis of
HCC remains unexplored.
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The nuclear accumulation of f-catenin plays a carci-
nogenic role in HCC (Cordenonsi et al. 2011), promoting
unrestricted cell proliferation, invasion, and metastasis. Our
previous studies found that O-GlcNAc-mediated p-catenin
glycosylation induces proliferation and invasion, thereby
inducing apoptosis of HCC cells (Gao et al. 2019). Addi-
tionally, it has been observed that activation of the Wnt/p-
catenin signaling pathway reduces autophagy while increas-
ing apoptosis in tumor cells (Huang et al. 2020a, b; Nguyen
et al. 2009). Therefore, investigating the role of B-catenin in
HCC is crucial.

In this study, we aim to investigate how ICA may regulate
the autophagy/apoptosis of HCC cells induced by LOXLI
through p-catenin. We first measured ICA activity, prolif-
eration, invasion, and apoptosis of HCC cells. ROS produc-
tion and mitochondrial membrane potential of HepG2 and
Bel-7402 cells were measured to evaluate ICA’s effect on
HCC cell apoptosis. TEM and 3-MA were used to evaluate
the autophagy of ICA in HepG2 cells. qRT-PCR evaluated
whether ICA activated LOXLI-AS1/B-catenin signaling in
HepG2 cells. Knocking down LOXLI-ASI and p-catenin
was to explore the mechanism of autophagy and apoptosis.
Finally, the apoptosis/autophagy effects of ICA were verified
by the xenograft tumor model in vivo.

Methods and materials

Cell culture and reagents (Sun et al. 2020; Zhou
etal. 2017)

The HepG2 cells (American Type Culture Collection) and
Bel-7402 cells were cultured in ATCC-formulated Eagle’s
Minimum Essential Medium (EMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco), penicillin (100
units/mL, Gibco), and streptomycin (100 g/mL, Gibco). The
cell lines were incubated with 5% CO, at 37 °C. ICA with
a purity of 99% was obtained from Selleck and dissolved
in DMSO (concentration 1 mg/mL) at various concentra-
tions (2.5, 5, 10, 20, and 40 mM) and stored at — 20 °C. The
medium was changed to phenol red-free medium with 10%
FBS before ICA was added. All cells were confirmed to
be negative for mycoplasma by Mycoplasma Detection Kit
(Solarbio, Beijing, China). Autophagy inhibitors 3-methya-
ldenine (3-MA) and agonists rapamycin were obtained from
Sigma-Aldrich (St. Louis, MO).

In our initial experiments, we employed both Bel-7402
and HepG?2 cells to establish a broader understanding of
ICA’s effects across different HCC models. Bel-7402 cells
were specifically used in early experiments to validate the
reproducibility of HepG2 findings and to ensure that the
observed effects were not cell line—specific. After prelimi-
nary experiments, we focused on HepG?2 cells for detailed
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investigation due to their consistent response profiles and
extensive characterization in literature, which supports their
relevance for elucidating the molecular mechanisms under-
pinning HCC responses to treatment.

Cell transfection assay

The siRNAs targeting p-catenin and LOXLI-ASI were
designed and synthesized by RiboBio (Guangzhou, China).
The sequences for LOXL1-ASI-targeting siRNA (si LOXL1-
AS1) were 5-GCUCAGUCUUACUAAUAAAGG-3’ (sense)
and 5'-UUUAUUAGUAAGACUGAGCAC-3’ (antisense).
For p-catenin-targeting siRNA (si B-catenin), the sequences
were 5'-GCUCAGUCUUACUAAUAAAGG-3' (sense) and
5'-UUUAUUAGUAAGACUGAGCAC-3’ (antisense). The
plasmid and siRNAs were transfected into HepG2 cells
using Lipofectamine 3000 (L3000150, Thermo Fisher Sci-
entific, USA) according to the manufacturer’s instructions
[41]. The HepG?2 cells were divided into 7 groups: PBS
(phosphate buffer saline) (control), ICA (20 umol/L), ICA
(20 pmol/L) + 3-methyladenine (3-MA, 1.0 mM), 3-methy-
ladenine (3-MA, 1.0 mM), si-p-catenin (100 pmol/L), si-f-
catenin (100 pmol/L) + ICA (20 pmol/L), si-p-catenin (100
pmol/L) + rapamycin (100 nmol/L) + ICA (20 pmol/L), si-
LOXL1-AS1 (100 pmol/L), si-p-catenin (100 pmol/L). The
Bel-7402 cells were divided into 2 groups: PBS (phosphate
buffer saline) (control) and ICA (20 pmol/L). Cells in all
groups were harvested after 48 h to measure the expression
of corresponding cellular markers.

Cell growth assay (Sun et al. 2020)

Cell proliferation was evaluated using the Cell Counting
Kit-8 (CCK-8) assay. Cells were isolated and seeded in a
complete growth medium at a density of 1.5 x 10 cells.
HepG2 and Bel-7402 cells were pretreated with PBS, 20
pmol/L ICA, 1.0 mM 3-MA, and ICA (50 pmol/L) + 3-MA
(1.0 mM) for 48 h. Subsequently, the 96-well plates were
placed in an incubator at 37 °C with 5% CO,. CCK-8 assay
was performed according to the manufacturer’s instructions.
Absorbance at 490 nm was obtained by a microplate reader
(BioTek Instruments, Inc).

Colony formation assay (Sun et al. 2020)

HepG2 and Bel-7402 cells were pretreated with PBS and
20 pmol/L ICA. Cells were cultured in a drug-free medium
for approximately 14 days. The cells were fixed with cold
methanol-glacial acetic acid and stained with crystal violet
for 4 h. Finally, the staining results were observed under an
inverted microscope at X 100 magnification (Tokyo, Japan).

Cell invasion assay and cell scratch assay (Sun et al.
2020)

A Transwell assay was performed to detect cell invasion
in HepG2 and Bel-7402 cells. HepG2 and Bel-7402 cells
were seeded (5 x 10* cells/200 pL) into the upper Transwell
chamber with serum-free DMEM. The lower chamber was
filled with 500 uL EMEM containing 10% FBS. Simulta-
neously, PBS (control) or 20 pmol/L ICA was added into
the upper chamber. After a 24-h incubation, cells in lower
chambers were fixed in 95% ethanol and stained with hema-
toxylin. The invasive number of cells was calculated and
imaged under an inverted microscope at X 400 magnification
(Tokyo, Japan). For cell scratch assay, 5 X 10° cells were
scraped in a 6-well plate using a sterile pipette for a gap of
about 1 mm. HepG2 and Bel-7402 cells were pretreated with
PBS, 20 pmol/L ICA at 37 °C for 24 h. Cell images in the
scratch area were captured under an inverted microscope at
% 100 magnification (Tokyo, Japan).

Cell apoptosis assay (Li et al. 2021; Ni et al.
2020; Sun et al. 2020)

TUNEL staining was performed to detect cell apoptosis.
HepG?2 cells treated with ICA for 24 hours were processed
using a TUNEL assay kit (Roche Applied Science, Indianap-
olis, in the USA) at 37 °C for 60 min and at 18-25 °C for 15
min with DAPI-Fluoromount-G. Fluorescence was evaluated
using an inverted microscope (Eclipse Ti-U, Nikon, Japan)
with an excitation range of 450-500 nm and detection at
515-565 nm (green) and 358—461 nm (blue). The number
of TUNEL-positive cells and the DAPI-stained nuclei was
determined and repeated at least 3 times. To avoid bias and
ensure that all results were reliable, counting was anony-
mously conducted by two independent individuals (Ferretti
et al. 2019).

Dihydroethidium (DHE) staining

DHE staining was employed to assess intracellular levels
of superoxide anions, serving as an indicator of ROS. Cells
were seeded at a density of 7500 cells per well in a black
96-well plate with a clear bottom and incubated at 37 °C for
24 h to allow attachment. After 24 h incubation, the medium
was replaced with one containing previously specified con-
centrations of various substances. Subsequently, the medium
was with a 10 uM fluorescent probe (DHE 100 pL/well).
The probe stock solution was prepared in DMSO, and the
working solution was prepared in PBS. Fluorescence was
measured at a wavelength of 475/579 nm (DHE) at 1-min
intervals for 2 h (Pienikkowska et al. 2021).
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JC-1 staining

JC-1 staining was used to measure the mitochondrial mem-
brane potential. The cells were stained with 2.5 mmol/L
JC-1 staining solution for 30 min at 37 °C in the dark.
The images were obtained using fluorescence microscopy
(Tokyo, Japan) at x 400 magnification.

Cellautophagy assay (Sun et al. 2020)

The position of LC3 was detected by immunofluorescence
staining. MRFP-GFP-LC3 adenovirus (Hanbio, China) was
transfected into liver cancer cells for 24 h, followed by treat-
ment with 20 pmol/L ICA for 48 h. Cells were then fixed
in 4% paraformaldehyde and examined under a confocal
microscope (Leica, Germany) to observe LC3 staining. The
GFP-positive/mRFP-positive (yellow) and GFP-negative /
mRFP-positive (red) spots in cells were counted by confocal
to evaluate autophagy flux. The experiment was repeated
thrice, and each group counted 50-100 cells (Zhou et al.
2019).

Western blot

Cells and tumor tissues were lysed using ice-cold RIPA
buffer with protease inhibitors. Protein concentrations were
determined colorimetrically using bicinchoninic acid pro-
tein dye reagent (Pierce, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Proteins were separated using SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked with 5% BSA in
TBST and incubated with primary antibodies sourced from
Abcam: anti-PI3K, AKT and mTOR (Abcam), anti-GAPDH
(Abcam), anti-Ki67 (Abcam), anti-caspase-3,8,9 (Abcam),
anti-VEGF (Abcam), anti-MMP-9 (Abcam), anti-cleaved
caspase-3,9, anti-fB-catenin, anti-Bcl-2, anti-Bcl-XL, anti-
Bax, anti-LC3-II/LC3-1, anti-Atg5, anti-Atg7, anti-Atgs8,
anti-Beclin-1, and anti-p62. After washing, the membranes
were incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibody (Santa Cruz Biotechnology). The
target proteins were visualized using the Amersham ECL
Prime Western Blotting Detection Reagent (Amersham
Pharmacia Biotech). Finally, protein images were obtained
by a ChemiDoc XRS imaging system and analyzed by Quan-
tity One analysis software (Bio-Rad Laboratories).

Quantificational real-Time PCR Analysis (Deng et al.
2018)

The expression of f-catenin and LOXLI1-AS1 was quantified
using quantitative real-time PCR (qQRT-PCR) on the CFX96
Real-Time System (Bio-Rad, USA). Sangon Biotech (Shang-
hai, China) provided the primers, and GAPDH/U6 was used
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as the internal reference. The following primers were used:
p-catenin forward: 5'-CTCCAAGAATGGAGGCTGTAG
GAA-3', reverse: 5'-CCTATGAGATGGAGCAGGCAAGA-
3'; LOXL1-ASI1 forward: 5-TTCCCATTTACCTGCCCG
AAG-3', reverse: 5S'-GTCAGCAAACACATGGCAAC-3';
and GAPDH forward: 5'-CTGGGCTACACTGAGCACC-3',
reverse: 5'-AAGTGGTCGTTGAGGGCAATG-3'. Data were
analyzed using the comparative Ct (2722 method.

The xenograft tumor model assay

Six-week-old female BALB/c thymus nude mice were used
to establish an orthotopic xenograft mouse model, and
HepG?2 cells (2.0 x 10°%) were inoculated on the right side
near the hind legs of each nude mouse. The model mice were
divided into a control group (saline injection) and an ICA
group (40 mg/kg ICA injection), with 6 mice in each group.
Mice in the ICA group received intraperitoneal injections of
40 mg/kg ICA three times a week on the first day after the
injection of tumor cells. All animals were killed on the 30th
day, and the median survival time and tumor weight were
measured (Huang et al. 2020a, b).

Immunohistochemistry assay

Mouse tumor tissues were fixed in a 4% neutral formal-
dehyde solution, dehydrated with gradient alcohol, trans-
parent with xylene, embedded in paraffin, and sliced into
4-um-thick sections. For antigen retrieval, sections were
treated with EDTA (pH 8.0) in a composite-bottom alu-
minum pressure cooker. The sections were then blocked for
endogenous peroxidase activity with 3% hydrogen peroxide
at room temperature for 10 min, followed by three washes in
PBS for 5 min each. Subsequently, sections were incubated
with primary antibodies against Ki67 and VEGF (Abcam)
at room temperature (25 °C) for 2 h, followed by three PBS
washes of 2 min each. Secondary antibodies were applied
for 30 min at 25 °C and then washed off similarly. DAB was
added to the tissue for 10 min. After hematoxylin counter-
staining for 1 min and gradient ethanol dehydration, xylene
was added, and the slides were sealed with neutral gum.
Finally, the staining results were observed under an inverted
microscope at X 100 magnification (Tokyo, Japan) (Nahari
et al. 2007).

Statistics analysis (Sun et al. 2020)

SPSS software (version 19.0) was used for all the statistical
analyses. The data were presented as mean + SD. Statistical
comparisons were analyzed by one-way analysis of variance
(ANOVA) followed by the least significant difference (LSD)
test. The difference was considered statistically significant
when values of P < 0.05.
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Results
ICA inhibited cell proliferation and invasion in vitro

The effect of ICA on viability and proliferation in HepG2
was confirmed by CCK-8 (Fig. 1A) and colony formation
(Fig. 1B). Compared with the control group, ICA treat-
ment significantly inhibited the viability and proliferation
of HepG2 cells (p < 0.01). The mRNA expression of Ki67
was significantly inhibited in the ICA-treated HepG2 and
Bel-7402 cells group (Fig. 1C). The inhibitory effect of ICA
on cell invasion was demonstrated using a Transwell assay,
which showed a significant reduction in the invasive capac-
ity of HepG2 cells (Fig. 1D, p < 0.01). The relative expres-
sions of MMP-9 and VEGF were decreased significantly in
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the cells to access the level of ROS were detected by DHE staining.
E JC-1 staining measured the mitochondrial membrane potential,
magnification X400. F qRT-PCR was performed to assess the rela-
tive IncRNA level of LOXL1-AS1 in HepG2 cells, Bel-7402 cells,
and L-02 groups. G qRT-PCR performed the relative IncRNA level
of p-catenin in HepG2 cells, Bel-7402 cells, and L-02 groups. Data
was represented as the mean + SD of three independent experiments.
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HepG2 and Bel-7402 cells treated with ICA (Fig. 1E, F). It
followed that ICA inhibited cell proliferation and invasion
in vitro.

ICA promoted cell apoptosis in vitro

Further investigations confirmed that ICA could induce
apoptosis in HCC cells. TUNEL staining (Fig. 2A) dem-
onstrated increased apoptosis in HepG2 and Bel-7402 cells
following ICA treatment compared to controls. The rela-
tive expressions of cleaved caspase-3 and caspase-9 were
increased significantly in HepG2 and Bel-7402 cells treated
with ICA groups (Fig. 2B, C, p < 0.05). In addition, ICA
significantly reduced the production of ROS in the cell
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Fig.3 ICA-induced autophagy of HCC cells. A Representative
images of intracellular double-membrane vesicles, the ultrastructural
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membrane (Fig. 2D). The JC-1 findings confirmed that the
ICA intervention could reduce the transmembrane potential
of mitochondria, as revealed by the transition from red to
green JC-1 fluorescence (Fig. 2E). The results revealed that
ICA could induce apoptosis of hepatoma cells.

ICA promoted cell apoptosis via the LOXL1-AS1/
B-catenin axis in vitro

To explore ICA impact on apoptosis by regulating the
LOXL1-AS1/B-catenin axis, we performed qRT-PCR assays
for LOXLI1-AS1 and f-catenin in HCC cells and human
normal hepatocytes L-02 (ATCC). Our findings indicated
higher expression of LOXLI-AS1 in HCC cells compared to
L-02 cells (Fig. 2F), with p-catenin showing a similar pat-
tern (Fig. 2G). These results suggest that ICA can promote
apoptosis by targeting the LOXL1-AS1/p-catenin axis.

N @ & o
8 g8 & g
8 8 8 8

Cell viability (% of Control)
3
B

h). D-H The representative column diagrams showed results of rela-
tive protein expression. I HepG2 cells were treated with ICA, ICA
(20 umol/L) + autophagy inhibitors: 3-methyladenine (3-MA, 1.0
mM), 3-MA, (1.0 mM) for 24 h. Cell viability was determined by
CCK-8 assay. Data was represented as the mean + SD of three inde-
pendent experiments. *P < 0.05, **P < 0.01 vs. control, **P < 0.01
vs. ICA + 3-MA

ICA-induced autophagy in HCC cells

We observed the activation of autophagy by TEM to further
clarify the effect of ICA on autophagy. Findings revealed an
increased number of dual-membrane structures resembling
autophagosomes in HepG?2 cells treated with ICA (Fig. 3A).
Then, ICA-induced cell autophagy was blocked by 3-MA
treatment. In the blank control group, diffusely distributed
mRFP and GFP signals were detected, indicative of LC3
dispersion. Twenty-four hours after ICA application, yellow
and red spots were observed in the perinuclear region, sug-
gesting the formation of early autophagosomes. The combi-
nation of 3-MA + ICA blocked the autophagy flux induced
by ICA. Moreover, the number of mRFP-GFP-LC3 spots
in the 3-MA + ICA group was significantly decreased as
compared with the 3-MA group (Fig. 3B). Western blot anal-
ysis revealed increased levels of LC3-II and Beclin-1 and
decreased levels of p62 and LC3-I in cells treated with ICA,
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Fig.4 Silencing IncRNA LOXLI-AS! inhibited B-catenin expression
and PI3K/AKT/mTOR phosphorylation of HepG2 cells. A qRT-PCR
analyzed the expression level of pB-catenin. B Protein expression of
B-catenin, PI3K, p-PI3K, AKT, p-AKT, mTOR, and p-mTOR was
analyzed by Western blotting. C-I The representative column dia-

confirming autophagy induction (Fig. 3C-H, p < 0.05). The
addition of 3-MA reversed ICA’s inhibitory effects on HCC
cell proliferation as measured by the CCK-8 assay (Fig. 31),
further validating that ICA induces autophagy in HCC cells.

Silencing IncRNA LOXL1-AS1 inhibited B-catenin
expression and PI3K/AKT/mTOR phosphorylation

Activation of the Wnt/B-catenin signaling pathway reduces
Beclin-1 expression, diminishes autophagy, and increases
apoptosis in tumor cells (Nguyen et al. 2009). B-catenin, a
pivotal protein in the Wnt/B-catenin signaling pathway, plays
a crucial regulatory role in several physiological processes,
including embryonic development, cell differentiation, pro-
liferation, movement, adhesion, and apoptosis (Chen et al.
2020). Additionally, it is implicated in various stages of
tumorigenesis. To further explore the relationship between
LOXLI-ASI and B-catenin, the expression of B-catenin of
HepG2 cells transfected with si-LOXLI-AS1 was detected by
gqRT-PCR, and the result showed that si-LOXLI-ASI could
inhibit B-catenin in HepG2 cells (Fig. 4A). The expression
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grams showed results of relative protein expression of P-catenin,
PI3K, p-PI3K, AKT, p-AKT, mTOR, and p-mTOR. Data was repre-
sented as the mean + SD of three independent experiments. **P <
0.01 vs. NC; ns means no significant difference

of pB-catenin, PI3K, p-PI3K, AKT, p-AKT, mTOR, and
p-mTOR of HepG2 cells transfected with si-LOXLI-
AS1 was detected by Western blot, and we found that the
expressions of B-catenin, p-PI3K, p-AKT, and p-mTOR in
HepG?2 cells were inhibited by si-LOXL1-AS1 (Fig. 4B-I).
These findings suggest that IncRNA LOXLI-ASI regulates
B-catenin expression and PI3K/AKT/mTOR phosphoryla-
tion in HepG?2 cells.

Silencing IncRNA B-catenin promoted apoptotic
of HepG2 cells

To examine the effect of IncRNA f-catenin on the apopto-
sis of HepG?2 cells, cells were transfected with a p-catenin
silencing construct. TUNEL staining confirmed signifi-
cant induction of apoptosis following B-catenin knockout
(Fig. 5A). In si-p-catenin-treated HepG2 cells, the expres-
sion of apoptosis-related proteins Bcl-2, Bel-XL, Bax, and
caspase-3/8/9 was detected by Western blot (Fig. 5B-H).
We found that the expression of Bcl-2 and Bel-XL was sig-
nificantly downregulated, and the expression of Bax and
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Fig.5 Silencing B-catenin promoted apoptosis of HepG2 cells. A
TUNEL staining measured the apoptotic rate of HepG2 cells trans-
fected by si-p-catenin. B The apoptotic-related protein expression of
Bcl-2, Bel-XL, Bax, and caspase-3/8/9 was detected by Western blot-

caspase-3/8/9 was upregulated. The results suggested that
silencing IncRNA f-catenin promoted apoptotic of HepG2
cells.

Silencing IncRNA B-catenin induced autophagy
of HepG2 cells

In addition, we examined the effect of p-catenin on the
autophagy of HepG2 cells. Western blot also verified the
level of f-catenin and the related level of autophagy protein
in cells intervened by ICA. The results showed that si-p-
catenin inhibited the expression of f-catenin and LC3-I and
promoted the expression of LC3-1II, Atg5, Atg7, Atg8, and
Beclin-1, and ICA strengthens the role of si-f-catenin, while
3-MA promotes the role of si-f-catenin and ICA (Fig. 6).
The results suggested that silencing p-catenin induced
autophagy of HepG?2 cells.

NC si-p-catenin NC si-g-catenin

ting in HepG2 cells transfected by si-p-catenin. C-H The representa-
tive column diagrams showed results of relative protein expression of
Bcl-2, Bel-XL, Bax, and caspase-3/8/9. Data was represented as the
mean =+ SD of three independent experiments. **P < 0.01 vs. NC

ICA suppressed the tumor growth in vivo

To further assess ICA’s impact on hepatocellular carcinoma,
we established a xenograft mouse model. ICA treatment
significantly reduced the weight and volume of xenograft
tumors (Fig. 7A, B). Additionally, survival analysis indicated
that ICA treatment improved survival rates of the treated
mice, extending survival times significantly compared to the
control group (Fig. 7C). Moreover, ICA markedly decreased
the expression of the proliferation marker Ki67 in xenograft
tumors (Fig. 7D), aligning with our in vitro findings. ICA
also reduced the expression of p62 and LC3-I, along with
phosphorylation levels of PI3K, AKT, and mTOR (Fig. 8),
confirming its antitumor efficacy.
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Fig.6 Silencing f-catenin induced autophagy of HepG2 cells. A
HepG2 cells were treated with si-p-catenin, si-f-catenin+ICA, si-p-
catenin + rapamycin+ICA, and negative control. Protein expression
of P-catenin, LC3-II/LC3-1, Atg5, Atg7, Atg8, and Beclin-1 was
performed by Western blotting. B-H The representative column
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diagrams showed results of relative protein expression of f-catenin,
LC3-II/LC3-1, Atg5, Atg7, Atg8, and Beclin-1. Data was represented
as the mean + SD of three independent experiments. **P < 0.01 vs.
NC, **P < 0.01 vs. ICA+3-MA
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Fig.7 ICA suppressed the tumor growth in vivo. Nude mice bear-
ing subcutaneous xenograft HepG2 were treated with PBS, 40 mg/
kg ICA alone. A, B The tumor weight and volume were determined
when the mice were killed on the 30th day. C The survival of mice

Discussion
ICA, a natural active ingredient in Epimedium herb (Li et al.

2021), has been identified as an inhibitor of autophagy and
inducer of apoptosis in tumors (Bailly 2020; Jiang et al.
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was determined every 2 days for 30 days. D Expression of Ki67 was
analyzed by immunohistochemistry (magnification, X400). **P <
0.01 vs. control

2018; Tang et al. 2015). However, its role in modulating
the crosstalk between autophagy and apoptosis during
anti-HCC activity remains unexplored. During HCC pro-
gression, autophagy plays a dual role, both inhibiting and
promoting cancer, which may lead to completely different
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Fig.8 ICA-induced autophagy of tumor in vivo. A The protein
expression of autophagy-related markers (Beclin-1, ATGS, p62, LC3-
1I/LC3-1) and PI3K/AKT/mTOR and p-PI3K/p-AKT/p-mTOR was
detected by Western blotting in tumor tissue. GAPDH was used as
the control. B-K The representative column diagrams showed results

outcomes. This phenomenon may be influenced by shared
genes, such as Bcl-2 and Atg5, which regulate autophagy
and apoptosis. Although autophagy and apoptosis are dis-
tinct processes, they can be initiated by common upstream
signals, potentially resulting in the concurrent activation of
both pathways (Sun et al. 2020). The pro-apoptotic effect
of autophagy has been reported in liver diseases (Wang
2015). In this study, we verified that ICA can inhibit HCC
and induce apoptosis of HCC cells in vitro and in vivo.
Apoptosis and autophagy are closely related to the PI3K/
AKT pathway. mTOR is an important downstream regula-
tor of the PI3K/AKT pathway and plays an important role
in protein synthesis and autophagy (Nakagawa et al. 2014).
Our findings revealed that ICA can inhibit the progression
of HCC by triggering the PI3K/AKT pathway. In addition,
autophagy is essential for the growth of tumor cells, and the
loss of autophagy can lead to DNA damage in cancer cells
by inducing ROS (Deng et al. 2018). This study proved that
ICA can induce autophagy of HCC cells in vivo for the first
time. Moreover, we found that ICA induced autophagy in
HCC cells, significantly increasing the expression of LC3-
IT and BECN1 while decreasing p62 expression. Icariin has
also been shown to play an anti-triple-negative breast cancer
role by activating autophagy via the AMPK/mTOR/ULKI1
pathway and promoting apoptosis (Zhao et al. 2024). Trybus
et al. (2021) found physcion that increased the number of
autophagic vacuoles and lysosomes, upregulated LC3 pro-
tein, and promoted cell apoptosis by activating caspase-3/7
and downregulating Bcl-2 expression, underscoring its anti-
tumor efficacy. The antitumor mechanism of crosstalk induc-
ing autophagy and promoting apoptosis was consistent with
our results. The crosstalk between autophagy and apoptosis
is manifested in the regulation of common pathways shared

P62 relative level

of relative protein expression of Beclin-1, ATGS, p62, LC3-1I/LC3-
1, PI3K/AKT/mTOR, and p-PI3K/p-AKT/p-mTOR. Data was repre-
sented as the mean + SD of three independent experiments. **P <
0.01 vs. NC

by regulatory genes, including p53, Atg5, and Bcl-2, which
affect cell fate. However, the mechanisms of autophagy and
apoptosis in HCC need further exploration.

HepG?2 cell lines, utilized extensively due to their key
hepatocyte characteristics, remain popular for studying
hepatic tumors. More than 40 hepatic tumor cell lines are
used in research, with HepG2 being prominent for over four
to five decades (Arzumanian et al. 2021). Despite its pop-
ularity, HepG2 cells lack several uptake transporters and
enzymes and the biomarker hGSTP1 for HCC (Choi et al.
2015). In this study, we used 2 cell lines, HepG2 cells and
Bel-7402 cells, to explore the effects of ICA in experiments
of cell proliferation, invasion, and cell apoptosis assays to
avoid potential mistakes.

LOXLI-ASI has been shown to be involved in tumor ini-
tiation and progression, but there is little data support for
LOXLI-ASI in HCC research. Yu and Dai (2021) verified
that high LOXL1-AS1 expression predicted poor progno-
sis in patients with HCC, suggesting that the LOXLI1-AS1/
miR-377-3p/NFIB axis may exacerbate liver cancer pro-
gression. Overexpression of LOXLI-AS1 in HCC cell lines
was shown to promote proliferation and inhibit senescence
in primary HCC cells by activating the AKT pathway,
sequestering miR-1224-5p, and upregulating ITPRIPL2
(Chen et al. 2023). This study confirmed that the expres-
sion level of LOXL1-AS1 in hepatoma cells was significantly
higher than that of L-02 cells. Meanwhile, we previously
found that O-GlcNAc-mediated p-catenin glycosylation
induced proliferation and invasion, inhibiting HCC cell
apoptosis (Gao et al. 2019). Other studies have shown that
B-catenin can reduce autophagy and increase apoptosis of
tumor cells as well (Huang et al. 2020a, b). In this study,
we confirmed that ICA promoted HCC cell apoptosis via
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the LOXL1-AS1/p-catenin axis, with B-catenin reducing the
expression of anti-apoptotic proteins Bcl-2 and Bcl-XL,
and increasing pro-apoptotic factors Bax and caspase-3/8/9.
In addition, we verified the expression of -catenin in si-
LOXLI-ASI HCC cells, and si-p-catenin inhibited the
expression of f-catenin and LC3-I and promoted the expres-
sion of LC3-II, Atg5, Atg7, Atg8, and Beclin-1. Yu et al.
(2019) found that IncRNA AWPPH promoted the prolifera-
tion, migration, and invasion of ovarian cancer cells by acti-
vating the Wnt/B-catenin signaling pathway. However, the
regulatory role of the LOXL1-AS1/B-catenin axis in tumors
remains underexplored.

Despite significant finding, our study has certain limita-
tions as well. Our study used HepG2 cells, which, while
commonly employed in HCC research, are originally derived
from a benign hepatoma and may not fully represent the
malignant properties of hepatocellular carcinoma. This dif-
ference, as discussed in recent literature (Arzumanian et al.
2021), highlights the need for careful interpretation of our
results.

In conclusion, this study is the first to propose and
confirm that ICA can induce HCC autophagy and prompt
apoptosis through the LOXL1-AS1/B-catenin axis, offering
potential new directions for clinical treatment. However,
the deeper mechanism of the effect of ICA on autophagy
in liver cancer still needs to be further revealed. Therefore,
examining the pathway proteins involved in ICA’s effects
on autophagy represents a valuable future research avenue.
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