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ABSTRACT

Hepatocellular carcinoma (HCC) is one of most common and deadliest malignancies.
Celastrol (Cel), a natural product derived from the Tripterygium wilfordii plant, has been
extensively researched for its potential effectiveness in fighting cancer. However, its clinical
application has been hindered by the unclear mechanism of action. Here, we used chemical
proteomics to identify the direct targets of Cel and enhanced its targetability and anti-
tumor capacity by developing a Cel-based liposomes in HCC. We demonstrated that Cel
selectively targets the voltage-dependent anion channel 2 (VDAC2). Cel directly binds
to the cysteine residues of VDAC2, and induces cytochrome C release via dysregulating
VDAC2-mediated mitochondrial permeability transition pore (mPTP) function. We further
found that Cel induces ROS-mediated ferroptosis and apoptosis in HCC cells. Moreover,
coencapsulation of Cel into alkyl glucoside-modified liposomes (AGCL) improved its
antitumor efficacy and minimized its side effects. AGCL has been shown to effectively
suppress the proliferation of tumor cells. In a xenograft nude mice experiment, AGCL
significantly inhibited tumor growth and promoted apoptosis. Our findings reveal that
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Cel directly targets VDAC2 to induce mitochondria-dependent cell death, while the Cel

liposomes enhance its targetability and reduces side effects. Overall, Cel shows promise
as a therapeutic agent for HCC.
© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Cell death is an indispensable part of the cell life process
and the self-regulation of living organisms. It is also a
critical process in diverse aspects of tumor development,
homeostasis, as well as treatment. Numerous different types
of programmed cell death (PCD) have been defined with
each possessing unique molecular and cellular mechanisms.
Among them are several types of PCD that are closely
related to mitochondrial dysfunction such as ferroptosis,
mitochondrial apoptosis and mitophagy in cancers [1,2].
This is mainly due to the fact that mitochondria can drive
aberrant cancer cell aerobic glycolysis, to acquire energy, and
regulates redox homeostasis, biogenesis and mitochondrial
tricarboxylic acid cycle in cancers. Thus, mitochondria
play a multifunctional and crucial role in the development
and progression of malignant tumor, and developing drugs
that target mitochondria will be a new strategy to treat
tumors. Emerging studies have proposed the induction
of mitochondria-dependent cell death as a new form of
treatment for different cancers, including liver cancer,
pancreatic cancer, and malignant melanoma [3-5]. Moreover,
most notably in hepatocellular carcinoma (HCC), disruption
of iron homeostasis and mitochondrial damage have been
reported to enhance radiosensitivity and trigger ferroptosis
and apoptosis to destroy cancer cells [6-8]. These studies have
attempted to overcome multidrug resistance by developing
approaches to induce mitochondria-dependent cancer cell
death.

Voltage-dependent anion channel (VDAC) is known as
the mitochondrial porin, located at mitochondrial outer
membranes, which control the transmembrane transport of
numerous ions and metabolites [9]. By regulating molecular
exchange between the cytosol and mitochondria, VDAC’s
key function is transporting metabolites and other essential
molecules. Additionally, VDAC has been shown to play a
role in triggering apoptosis, or PCD, in certain conditions,
and is implicated in a variety of diseases including
cancers [10]. Erastin (ERA), a ferroptosis activator, alters
the permeability of the outer mitochondrial membrane
and induces ferroptosis via binding directly to VDAC2/3 in
tumor cells [11], which suggests that the VDAC2/3 protein
participates in triggering ferroptotic cell death. ERA also
facilitates radiotherapy and chemotherapy in the treatment
of cancers [12]. Moreover, VDACs have also been regarded as
a key protein of mPTP for mitochondria-mediated apoptotic
pathway, facilitating the influx of pro-apoptotic members
from mitochondria into the cytosol through mitochondrial
pore channels [13]. The opening of VDACs has been reported
to promote ROS generation, and mitochondrial damage in
cancer cells [14]. Therefore, identifying potent and selective

inhibitors of mPTP may provide novel candidates for cancer
therapy.

Celastrol (Cel) is a natural triterpenoid compound
derived from Tripterygium wilfordii herb [15]. Cel has been
reported to exhibit multiple biological activities, including
suppressing the proliferation and growth of colorectal
cancer, melanoma, gastric cancer and prostate cancer [16,17].
Further investigation has revealed that Cel induces ROS-
mediated mitochondrial apoptosis and cell death in cancer
cells [16]. However, the exact molecular mechanism of Cel-
induced mitochondria-dependent cell death remains poorly
understood. At the same time, the severe side effects caused
by Cel represent a major barrier to any possible clinical
application [18].

Herein, we report for the first time that Cel is a novel
covalent inhibitor of VDAC2. It is reported that targeting
VDAC2 triggers mitochondrial apoptosis or ferroptosis in
human cancer cells [11,19]. Increasing evidence indicated
that nano-delivery system of ferroptosis-induced anticancer
was widely studied in cancer treatment [20,21]. In this study,
our data showed that Cel notably inhibited the growth and
proliferation of human liver cancer cells. We identified VDAC2
as a mitochondrial Cel binding protein, and further revealed
that Cel could directly bind to the cysteine residues of
VDAC?2. Further study demonstrated that Cel damages VDAC2
channels located at the mitochondrial outer membrane to
trigger the release of cytochrome C (Cyto C). In a domino effect,
this further results in ROS generation, cellular dysfunction,
and ion dyshomeostasis, ultimately inducing ROS-mediated
mitochondrial apoptosis or ferroptosis in liver cancer cells.
Moreover, we developed a method of coencapsulating Cel into
alkyl glucoside-modified liposomes (AGCL). The formulation
of the liposomes was based on alkyl glucose and the glucose
structural fragments were modified into the membrane
structure of liposomes. AGCL could effectively be recognized
by the glucose transporters (GLUT1) of tumor cells [22]. As a
result, the anti-tumor effect of Cel had been improved and its
side effects on normal tissues had been reduced.

Overall, our research findings provide evidence that VDAC2
acts as a direct effector for Cel-mediated cancer cell death.
Thus, we propose that this protein serves as a molecular
mechanism for the anti-tumor activity of Cel, while we have
demonstrated that a nano-formulation of Cel enhances its
targetability and reduces its side effects.

2, Materials and methods
2.1. Reagents and materials

Celastrol (Cel, over 98% purity) was from Shanghai yuanye Bio-
Technology Co.,Ltd (Shanghai, China). N-acetylcysteine (NAC),
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erastin (ERA) and deferoxamine (DFO) were procured from
AbMole BioScience. The following chemicals were used in
the click chemistry reaction and LC-MS/MS reagents: TAMRA-
azide (Sigma, USA), NaVc (Sigma, USA), CuSO, (Sigma, USA)
and Biotin-azide (Sigma, USA), THPTA (ClickChemistryTools),
TMT 10 plex reagent, high capacity neutravidin agarose
resin and TEAB (Thermo Fisher, USA). Liposomes materials:
cholesterol, soy bean phospholipid (SC95), DSPE-mPEG2000
and FITC-PEG-DSPE were obtained from Shanghai AV.T.
Pharmaceutical Co., Ltd (Shanghai, China). N-octyl B-D-
glucopyranoside was procured from Yuanye Bio-Technology
Co.,Ltd (Shanghai, China). Anhydrous ethanol and acetonitrile
HPLC grade were purchased from Tianjin Concord Technology
Co., Ltd (Tianjin, China). Moreover, specific primary antibodies:
anti-VDAC2 (ab154856), anti-Cyto C (ab133504), anti-Bad
(ab32445) and anti-Caspase-3 (ab184787) were purchased from
Abcam (Shanghai, China). Anti-Ki-67 was procured from
proteintech (Chicago, USA). g-actin antibody was purchased
from Affinity Biosciences (OH, USA). Human hepatoma cell
lines including SK-Hep1, HepG2 and H22 cells were procured
from the Chinese Academy of Medical Sciences (Beijing,
China). The experimental animals used were sourced from
Vital River Laboratory Animal Technology (Beijing, China).
Animal experiments were approved by the China Animal Care
and Use Committee (Aup-210320-WJG-001-01).

2.2. Cell viability assay

The Cell Counting Kit-8 (CCK-8) assay (Beyotime, China) was
performed to measure the viabilities of SK-Hepl or HepG2
cells that were incubated with serial dilutions of Cel, Cel-
P or Cel liposomes (dilution from 20 pM equal ratios to 0)
for 24 or 48 h, following the manufacturer’s protocol. After
incubation, the reagent (The ratio of CCK-8 reagent to medium
was 1:10) was added for 1 h, and absorbance was detected
using a multimode plate reader (EnVision2105, PerkinElmer,
USA).

2.3.  Insitu fluorescence labeling experiments

SK-Hep1 or HepG2 cells were cultured in six-well plates until
they reached 80%—90% confluence. After incubation with Cel-
P (2 pM) for 3-4 h with or without pre-treatment with excess
Cel (4 pM) for 1 h, cells were collected (1,000 rpm, 4 °C,
5 min), and then cells were broken by ultrasound with RIPA
(Thermo, USA) buffer with protease inhibitor cocktail. Finally,
the soluble protein is obtained by centrifugation (14,000 rpm,
4 °C, 10 min). A soluble protein solution was reacted with
a click chemistry cocktail containing NaVc (1 mM), THPTA
(100 pM), CuSO4 (1 mM) and TAMRA-N3 (50 pM) for 2—4 h.
The labeled proteins were precipitated by pre-chilled acetone
and collected by centrifugation for 12-15 min (14,000 rpm,
4 °C) and air-dried. The protein was dissolved in loading
buffer and heated (95 °C, 15 min), followed by 10 % SDS-
PAGE electrophoresis (80 V 40 min, followed by 120 V 120 min)
and fluorescence scanningin laser scanner (Azure Biosystems
Sapphire, Azure Biosystems, USA). Coomassie brilliant blue
(CBB) (Thermo, USA) staining was used as a loading control.
For recombinant human protein labeling, recombinant
protein was treated with probe or pre-incubated with

excessive Cel, and then reacted with click chemistry cocktail.
Proteins were separated by SDS-PAGE and visualized as
previously described. For competitive assay, protein was pre-
incubated with Cel for 1-2 h, and then processed as previously
described.

2.4.  Identification of targets and pull down assay

The general procedures were similar to those previously
described [23,24]. SK-Hep 1 or HepG2 cells were cultured until
80%—90% confluence. Sample was first pre-incubated with Cel
and then treated with 2 pM Cel-P. Cells were then collected
and lysed. Equal amounts of proteins were used for the click
reaction. Proteins after acetone-precipitation were dissolved
in PBS containing 1.5% SDS (sodium dodecyl sulfate), and then
diluted in 0.1% SDS. After incubating the streptavidin beads, a
sequential wash was performed using 1% SDS, 0.1% SDS and
6 M urea.

In-gel digestion was performed by excising the band of
interest (25-35 kDa) which was cut into small particles.
The particles were then washed with 25 mM ammonium
bicarbonate buffer (ABB) or 50% acetonitrile in 25 mM
ABB buffer, and subsequently dehydrated. Reduction and
alkylation of the gel particles were achieved using 10 mM DTT
or 50 mM IAA. The samples were then digested with 1-2 pg
trypsin overnight at 37 °C. The resulting peptides were labeled
using TMT regents and subsequently analyzed through LC-
MS/MS (Thermo fisher scientific, Orbitrap Eclipse™ Tribrid ™,
USA).

For pull down-Western blotting, the enriched protein was
eluted from beads by incubation with loading buffer at 95
°C for 10 min. The supernatant was then obtained through
centrifugation for 10 min, followed by usage in Western
blotting procedures.

2.5. Cellular imaging

Cells were seeded in four-chamber glass bottom dishes, then
incubated with Cel-P (1 uM) for 1 h. After an incubation
period of 3 h, the medium was removed, and cells were
gently washed with cold PBS. Subsequently, cells were fixed,
washed and permeabilized. Cells were then incubated with
click chemistry cocktail for 2-4 h at RT. For co-localization
experiments with target protein, cells were further treated
with anti-VDAC2 (1:2,000 ratio) overnight at 4 °C, and then
treated with a fluorescent secondary antibody and Hoechst
33342. Images were acquired using a confocal fluorescence
microscope (Leica TCS SP8 SR, Germany) and analyzed by an
Image] software.

2.6. Cellular thermal shift assay (CETSA)

SK-Hep 1 or HepG2 cells lysis (2-3 mg/ml) were treated with
Cel or DMSO for 1-2 h. 50 pl of each cell suspension was
dispensed into 10 PCR tubes and heated at the different
temperatures (starting temperature 4 °C) from 37 °C to 73 °C
by a thermal cycle for 3 min using applied biosystems PCR
analyzer (Thermo fisher scientific, USA). The supernatant was
obtained through centrifugation, and analyzed by Western
blotting analysis.
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2.7.  Plasmids constructs and purification of recombinant
proteins

Human VDAC2 gene was subcloned into pCold I vector
(Sangon, Shanghai, China) to generate a 6 x His-tagged fusion
protein. To obtain cysteine-mutated VDAC2 proteins (Cys13
to Ser13), plasmids with site-mutants gene subcloned into
pCold I vector were constructed by Sangon. The E. coli strain
BL21 was transformed with plasmids for proteins purification
in LB medium supplemented with 100 pg/ml ampicillin, and
then the bacteria were cooled for 30 min at 4 °C prior to
before adding 1 mM IPTG. Bacteria’s protein was extracted
in lysis buffer (150 mM NaCl, 20 mM Tris-HCl, protease
inhibitor cocktail). Subsequently, samples were centrifugated
to acquire supernatant, following by Ni-NTA beads column
(QIAGENQiagen, USA) to purify recombinant protein by using
binding buffer (150 mM NacCl, 20 mM Tris-HCl) with Imidazole.
The purity of recombinant protein was assessed by CBB after
10% SDS-PAGE gel separation.

2.8.  Molecular docking

The crystal structure of VDAC2 protein was obtained from
AlphaFold Protein Structure Database (ID: AF-P45880-F1).
Molecular docking was performed to obtain the optimized
binding conformation of the VDAC2-Cel system using the
Autodock vina software (version 1.5.6). The optimized
conformation was picked out based on the docking scores.
Moreover, Pyrx-0.8 and Pymol software were also employed
for molecular docking and mapping.

2.9. UV-visible spectra assay

UV-visible spectra of Cel was detected at 300-600 nm using a
multimode 96-well plate reader in PBS buffer. Cel (100 pM) was
treated with the specific proteins (20 pM) or GSH (1 mM), and
the absorbance of its spectra was recorded.

2.10. Mitochondrial function and fluorescence imaging

The co-localization experiments of Cel-P with mitochondria
required cell seeding in 4-chamber glass bottom dishes,
followed by treatment with Cel-P. After an incubation of
3 h, the medium was removed, and washed with PBS.
Subsequently, cells were further incubated with Mito-Tracker
Red (200 nM, Thermo fisher scientific, USA), and cells were and
fixed, gently washed, and then permeabilized. Samples were
incubated with click chemistry cocktail for 2-4 h at RT. Images
were acquired with fluorescence microscopy.

The mitochondrial membrane potential (MMP) was
ascertained through the wutilization of MitoScreen kit
(NO:551,302, JC-1 staining) provided by BD Biosciences.
The MMP of Cel-treated cancer cells was evaluated based on
the ratio of red to green fluorescence intensity. Moreover, for
the release of Cyto C to evaluate mitochondrial function, cells
were further treated with Mito-Tracker Red, incubated with
anti-Cyto C, and then treated with fluorescent secondary
antibody and Hoechst 33342. Images were acquired with
fluorescence microscopy.

2.11. Western blotting

Cells were collected and lysed in RIPA buffer. Protein samples
were separated on SDS-PAGE gel and transferred to PVDF
membrane. After blocking nonspecific binding with 5% BSA,
the membrane was immunoblotted with anti-VDAC2, anti-
Cyto C, anti-Bad, anti-Caspase-3 and B-actin overnight at 4 °C,
followed by incubation with secondary antibody. The protein
band was detected using the Enhanced Chemiluminescence
(ECL) (Azure C400, USA).

2.12.  Reactive oxygen species (ROS) analysis

Intracellular ROS was measured by incubating cells with Cel
(1 pM) for 12 h, followed by incubation with the DCFH-
DA fluorescent probe (S0033, Beyotime, China) according
to the manufacturer’s protocol. Fluorescence intensity was
determined using flow cytometric analysis or confocal
microscopy.

2.13. Lipid peroxidation (LPO), iron ion and glutathione
(GSH) assessment

LPO (A106-1-2), GSH (A006-2-1) and iron ion assay kit (A039-
2-1) were obtained from Jiancheng Bioengineering Institute
(Nanjing, China). These kits were used to detect intracellular
content of corresponding index in cancer cells with or without
Cel.

2.14. Colony formation assay

SK-Hepl or HepG2 cells were seeded into 12-well plates,
followed by treatment with the appropriate Cel (0.5 pM) for
24 h. The growth medium of cells was refreshed every 3
d After 12 d, cells were fixed in 4% paraformaldehyde and
stained with a crystal violet solution (HT90132-1 L, Sigma-
Aldrich, MO, USA) and images of colonies were taken by
microscopy.

2.15. Whole-proteomic analysis

Cells treated with Cel were collected and lysed with RIPA
containing 1% cocktail buffer. the protein concentration of
sample was measured using BCA kit. Next, for reduction and
alkylation of proteins, 5 mM DTT and 20 mM IAA were added
for 30 min. The samples were finally digested overnight with
trypsin at 37 °C and desalted with a commercial Cig column
(Waters, USA), and then analyzed by LC-MS/MS.

2.16. Differentially expressed protein (DEP) and gene
ontology (GO) analysis

DEP between the control (DMSO) and Cel groups was analyzed
according to the abundance intensity of the two groups,
which was performed by employing the “limma” package.
P values were adjusted utilizing Benjamini-Hochberg (BH)
method. DEPs were selected based on the absolute fold change
> 1.5 and adjusted P value of < 0.05. Volcano plots were
generated by the “ggplo2” package. Furthermore, GO analysis
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was performed using the “clusterprofiler” package depending
on selected DEPs.

2.17. RNA interference and transfection

The primer sequences for the small interfering RNAs (siRNAs)
were designed and synthesized by RiboBio Biotechnology
Co., LTD (Guangzhou, China). (Table S1). HepG2 cells were
70%-90% confluent at transfection. VDAC2 siRNA or negative
control (NC) vectors and lipofectamine 3000 were diluted in
Opti-MEM® Medium, respectively (Invitrogen, Carlsbad, CA),
then vectors merged with lipofectamine 3000 reagent (1:1
ratio) according to the manufacturer’s instructions. Finally, the
efficiency was determined by Western blot.

2.18. Design of CEL liposomes with or without alkyl
N-octyl-B-D-glucopyranoside

2.18.1. Preparation of AGCL or CL

The formulation of AGCL was based on alkyl glucose and
the glucose structural fragments were modified into the
membrane structure of liposomes. Liposomes with this
structural feature could effectively be recognized by GLUT1
of tumor cells. The thin film dispersion method was used to
prepare AGCL. The preparation steps and methods were as
follows: dissolution, hydration, ultrasonication and filtration
[22]. (1) 21.6 mg Cel, 240 mg SC95, 9 mg cholesterol, 28 mg
DSPE-mPEG2000 and 26 mg N-octyl-8-D-glucopyranoside were
placed into 50 ml round bottom flask, the flask was filled
with 15 ml of anhydrous ethanol to completely dissolve
all the ingredients. But CL didn’t contain N-octyl-8-D-
glucopyranoside. (2) A rotary evaporator (RE301, YAMATO,
Japan) was used to evaporate anhydrous ethanol under
reduced pressure at 50 °C, after that 23.6 ml purified water was
added and the solute film was hydrated for 25 min to obtain
the primary Cel liposomes solution. (3) The primary liposomes
solution was treated with 450 w ultrasound for 2 min. (4)
The primary liposomes were filtered by 0.22 pm membrane
to obtain the AGCL.

2.18.2. Preparation of FAGCL, FCL and DAGCL

To assess the cellular uptake and systemic distribution of
AGCL or CL, we prepared FITC fluorescent-labeled liposomes
(FITC Alkyl-Glu-Cel-LS, FAGCL), FITC fluorescent-labeled
liposomes (FITC Cel-LS, FCL) and DiR fluorescent-labeled
liposomes (DiR Alkyl-Glu-Cel-LS, DAGCL). The preparation
methods of FAGCL and DAGCL. The difference between the
two preparation methods was that FITC or DiR probe needed
to be added into the ethanol solution of excipients when
preparing FAGCL or DAGCL. Other preparation methods
of FAGCL or DAGCL were the same as preparation of
AGCL.

2.19. Characterization of AGCL

2.19.1. Particle size, polydispersity index (PDI) and zeta
potential

The Malvern Zetasizer Nano ZS (Malrvern Instruments,
UK) was used for characterizing the parameters of AGCL.
Measurements of particle size, PDI and zeta potential were

performed with a helium-neon laser of 633 nm at 25 °C. Zeta
potential was measured with DTS1070 sample cell, particle
size and PDI were measured with DTS0012 sample cell. These
data were obtained through three parallel tests for analysis.
The morphology of AGCL was examined by Transmission
Electron Microscope (TEM) (Hitachi, H-7650, Japan).

2.19.2. Cel content and release from AGCL
In the determination of encapsulation efficiency and drug
release study, the Cel content was detected by Waters E2965
high performance liquid chromatography (HPLC). The HPLC
conditions were as follows, chromatographic column used a
TC-Cy5 250 x 4.6 mm 5 um (Agilent, USA); column temperature
was set at 30 °C; the mobile phase was composed of
acetonitrile-water (0.1% phosphoric acid) in a ratio of 80:20
(v/v); fow rate: 1.0 ml/min; the detection wavelength was
425 nm and the samples were kept at constant temperature
of 20 °C; injection volume: 40 pl.

AGCL was loaded into dialysis bag (MWCO: 7000 Da, width:
25 mm) which was placed in 200 ml of a release solution
(30% ethanol, containing 0.5% ween 80) for drug release study.
Release samples were taken at 2, 4, 6, 8, 10, 12, 14, 24, 36, 48,
60 and 72 h post the initiation of the experiment. HPLC was
employed to quantify the amount of Cel in the release solution
and the cumulative release rate was calculated.

2.19.3. Entrapment efficiency (EE) of AGCL

The ultrafiltration method was used to determine the
encapsulation rate of AGCL. The specific operation steps
as follows [25]: AGCL was added into a 4 ml ultrafiltration
tube, and this tube was then centrifuged at 4 °C for 2 h
at a centrifugal speed of 5,000 rpm. The ultrafiltrate was
transferred into a 25 ml volumetric flask, and methanol was
added to the constant volume and the solution was shaken
well. The Cel in volumetric flask was quantified by HPLC
and the content of free Cel (Mf) was obtained. Equivalent
volume of AGCL was added into the 25 ml volumetric flask,
and an appropriate amount of methanol was added. After
sonication for 15 min, methanol was added to the volumetric
flask scale line when the flask temperature dropped to room
temperature and the solution was shaked well. The Cel in
liposomes solution (AGCL) was quantified by HPLC and the
content (Mc) of Cel in liposomes solution (AGCL) was obtained.
Mc is the total content of Cel encapsulated in liposomes and
Cel not encapsulated in liposomes.

EE(%)=(Mc — Mf)/Mc x 100%.

2.19.4. Differential scanning calorimetry (DSC)

The phase transition temperature of AGCL was measured
using a DSC (Nano DSC, TA, USA). The test conditions were
as follows: purified water was used as reference solution;
before the experiment, the sample and reference liquid were
degassed at a vacuum of 15 inches Hg for 10 min at 25 °C;
the sample chamber pressure was set to 3 atmospheres; the
heating range and heating rate were 20-110 °C and 1 °C/min,
respectively.
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2.19.5. X-ray diffraction (XRD)
AGCL were freeze-dried using a freeze dryer. Furthermore,
XRD of freeze-dried AGCL was obtained by X-ray
diffractometer (D8 ADVANCE, Bruker, Germany) over the
range of 5 — 70° (20) in increments of 4°/min at 40 kV and
40 mA using Co-Ka(1.79026 A).

2.19.6. Fourier transform infrared spectroscopy (FTIR)

AGCL were freeze-dried using a freeze dryer. Furthermore,
the FTIR spectrum of freeze-dried AGCL was obtained by
FTIR spectrometer (iS10, Nicolet, USA). The spectrums were
recorded in the range of 400-4000 cm~! with 32 scans. The
spectrometer had a resolution of 4 cm~?! and a signal-to-noise
ratio of 50,000:1.

2.19.7. Stability study of AGCL

The AGCL were prepared according to the described method
above. The AGCL were sealed in a vial and stored in a
refrigerator at 4 °C. After the preparation of the AGCL at the
0,1, 2, 4 and 6 weeks, the particle size, PDI and zeta potential
of AGCL were measured according to the previously described
methods to evaluate the stability of the AGCL.

2.20.
vitro

Targeting evaluation in vivo and cellular uptake in

Male BALB/c mice, six weeks old, were procured from
Vital River (Beijing, China). A tumor-bearing mice model
of H22 cell was established, based on a previous study
[26]. Intraperitoneal administration of DAGCL (the liposomes
equivalent to 1 mg/kg Cel) was done after 7 d The tumor-
bearing mice anesthetized with isoflurane were monitored for
DAGCL fluorescence using an In Vivo Xtreme Imaging System
(Bruker, USA) at predefined intervals of 3, 6, 12, 24, 48 and
72 h after injection. Eventually, mice were euthanized, and the
tumors and relevant organs were collected for fluorescence
measurement. For in vitro uptake assays, HepG2 cells were
seeded in four-chamber glass bottom dishes, and FAGCL or
FCL treatment of the cells was done at predefined intervals of
0, 1, 3, 6 and 12 h. Intracellular uptake of FAGCL or FCL was
evaluated by using confocal fluorescence microscopy (Leica
TCS SP8 SR, Germany) to detect fluorescent intensity.

2.21. Xenograft tumor model

Male BALB/c nude mice, six weeks old, were procured from
Vital River (Beijing, China). For the tumor xenograft assay,
SK-Hepl cells were suspended in 200 pl PBS, and then
subcutaneously injected into the right flank of the mice. After
7 d, the mice with tumor were randomly assigned to one of
three groups and administered either Cel (1 mg/kg) or AGCL
(the liposomes equivalent to 1 mg/kg Cel) intraperitoneally
once daily for 5 d each week when the tumors grew up
to around 50 mm?3. Following a two-week period, mice
were euthanized, followed by serum collection to evaluate
hepatic and renal function through examination of alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
urea (UREA), creatinine (CRE) and lactate dehydrogenase
(LDH). Subsequently, the lung, heart, kidney, liver, and spleen
were obtained and fixed in 4 % formaldehyde to enable

Hematoxylin and eosin (H&E) staining. Images were acquired
by brightfield light microscope. Meanwhile, tumor apoptosis
and proliferation were investigated by immumohistochemical
staining assay in tumor sections.

2.22. Statistical analysis

Statistical significance was analyzed by using GraphPad Prism
Software. Data are presented as mean =+ standard deviation
(SD) with atleast 3 replicates. The statistical analyses included
student’s t-test and one-way ANOVA. For a statistically
significant difference, the significance threshold was set as P
< 0.05.

3. Results and discussion

3.1.  Identification of VDAC2 as a direct target of Cel by
ABPP approach

Cel is a pentacyclic triterpene derivative from Tripterygium
genus that has been applied to treat a variety of diseases in
traditional Chinese medicine (Fig. 1A). There is accumulating
evidence demonstrating that Cel is a hepatoprotective agent
for multiple liver diseases including HCC [27,28]. In addition,
previous study found that Cel exerts anti-fibrosis effect by
inducing ferroptosis of activated hepatic stellate cells [23]. To
identify and explore the direct targets of Cel, Cel-probe (Cel-
P) with an alkyne-tag was chemically synthesized (Fig. 1A).
Cytotoxicity assays showed that Cel effectively suppressed the
proliferation of SK-hepl and HepG2 cells (Fig. 1B and S1A-
S1B). Cel-P had a similar killing effect on both HCC cell lines
as Cel (Fig. 1B andS1A-S1B), indicating that the additional
alkyne tag had almost no influence on the cytotoxicity of
Cel.

Activity-based protein profiling (ABPP) has frequently been
applied to identify direct targets of natural products and
drugs [29]. In particular, isobaric chemical tags (e.g., TMT
and iTRAQ) have been employed to identify target proteins
of bioactive small molecules in combination with ABPP [30].
Therefore, we used Cel-P to fish for the cellular target proteins
of Cel through a tandem mass tag (TMT)-ABPP strategy
(Fig. 1C). First, we applied Cel-P to label HepG2 and SK-
hep1 cells in situ, after which Cel-P binding proteins were
detected by a click reaction to attach a fluorescent tag
(Fig. 1D and S1C). A competition assay was performed to
examine whether Cel competed away Cel-P binding proteins,
and results indicated that a specific band of Cel-P binding
protein in the range of 25 to 35 kDa was significantly competed
out by excess Cel (Fig. 1E and S1D). Next, after pull-down assay,
this protein band was identified by TMT labeling and liquid
chromatography-coupled tandem mass spectrometry (LC-
MS/MS) quantification. MS data showed that the quantified
TMT tag ratio (Cel-P/Comp) of VDAC2 protein was the highest
in HepG2 cells (Fig. 1F) and among the highest in SK-Hep1l
cells (Fig. S1E). In addition, we used the alkyne tag in Cel-P for
performing a fluorescent imaging experiment to investigate
its subcellular localization, finding that it is primarily
present in the nucleus and cytoplasm in SK-Hepl cells
(Fig. S1F).
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the threshold of fold change (FC) ratio is defined as 2.

Furthermore, we identified two other members of the
VDAC family, VDAC1 and VDAC3, in both HCC cell lines. High
mobility group protein B1, pyrroline-5-carboxylate reductase
1 and other proteins were also identified in SK-Hep1l cells.
We have previously reported that celestrol targets HMGB1
to improve the inflammatory response in cerebral ischemia-
reperfusion [31]. Our data indicated that the quantified TMT
ratio (fold change, FC) of VDAC2 was higher in both HCC
cell lines (Fig. 1F). There is increasing evidence of VDAC2
functioning as a key crucial target protein for treating
various cancers and developing drug [3,32]. Here, our results
suggest that VDAC2 could serve as a critical target for
anti-tumor activities of Cel, but this needs to be further
confirmed.

3.2. Cel directly modifies to the cysteine residues of
VDAC2 by the electrophilic quinone methide moiety

To dissect the direct interaction mechanism of Cel with
VDAC2, we conducted a fluorescence staining experiment
to investigate the co-localization pattern between Cel-P
and VDAC2 in HepG2 cells (Fig. 2A). We further performed
pull-down experiments with competition by pre-treatment
with unmodified Cel. As expected, Cel-P effectively pulled
down VDAC2 protein, while pre-treatment with excess Cel
competed this interaction away (Fig. 2B). In addition, we
carried out a cellular thermal shift assay (CETSA), a method
to detect interactions between small molecule drugs or
compounds and proteins by assaying the thermal stability of
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protein (TSP) which is enhanced upon small molecule binding
[33]. The thermal stability of VDAC2 was found to be elevated
after incubation with Cel in a CETSA-WB assay, suggesting
the direct interaction of Cel with VDAC2 (Fig. 2C, 2D and
S2A).

We then further explored the binding mechanism of Cel
to VDAC2. The electrophilic quinone methide moiety which
is found in Cel is a Michael acceptor that can form a
covalent adduct between small molecule drugs and the thiol
of specific cysteines, and is important for the biological effect
of electrophilic natural products [34,35]. At the same time,
emerging studies have demonstrated that Cel can covalently
bind to the thiol of cysteine residues on its target proteins
to exert its biological activities [36-38]. We thus speculated
whether Cel can react with the thiol of cysteine residues
on VDAC2 through its electrophilic quinone methide moiety.
Aiming to investigate this phenomenon, we designed an
in vitro system with recombinant human VDAC2 (thVDAC2)
protein which was labeled with Cel-P through click chemistry
using fluorescent labels for detection purposes. Expectedly,
Cel-P showed evidence of a dose-dependent binding to
rhVDAC2 (Fig. 2E), and the labelling could be blocked by an
excessive amount of Cel (Fig. 2F). lodoacetamide (IAA) is an
essential alkylating reagent of cysteine for proteomics [39],
and is the basis of the IAA-yne (IAA attached to a terminal
alkyne moiety) probe commonly used for cysteine-reactivity
profiling [39]. We performed similar competitive binding
experiments with IAA-yne labelling of rhVDAC2 proteins
followed by click reaction with fluorescence tags. We found
that IAA-yne labelling of thVDAC2 could be competed away
by excess Cel (Fig. 2G), suggesting that Cel directly binds to
cysteine residues of VDAC2.

To investigate the exact Cel-binding sites on the VDAC2
protein, we performed molecular dynamics docking profiling
between the structures of Cel and VDAC2 protein. The
molecular docking results showed the direct interaction
between Cel and cysteine 13 (Cys13) of VDAC2 (Fig. 2H).
Next, we conducted site-specific mutation of Cys13 of
VDAC2 (VDAC2C134), Recombinant cysteine-mutated and
wild-type (WT) VDAC2 proteins were then used for labelling
experiments. The fluorescence intensity of Cel-P bound
mutant VDAC2¢134 proteins was significantly lower compared
to the WT (Fig. 2I), further indicating that Cel covalently
binds to Cys13 of VDAC2. Furthermore, as a complementary
method to monitor the binding of Cel to the target protein
[23,40], we made use of the fact that Cel shows a maximal
absorption peak at approximately 425-465 nm (Fig. S2B) and
that this maximal peak decreases when Cel reacts with the
nucleophilic thiol [40]. As expected, our data indicated that
this absorptive peak of Cel was reduced when mixed with
GSH, WT rhVDAC2, while mixing with mutant VDAG2C134
resulted in a relatively lower reduction. (Fig. 2J and S2C-S2D).
Overall, our results indicate that Cel covalently binds to the
cysteine 13 residue in VDAC2 (Fig. 2K).

3.3. Cel induces cytochrome C release via dysregulating
VDAC2-mediated mPTP function

In the outer membrane of mitochondria, there are mPTP
including VDACs, adenine nucleotide translocase and

Cyclophilin D [41]. Three members of the VDAC family,
VDAC1, VDAC2 and VDACS, serve a central role in regulating
energy metabolism inside and outside the mitochondria,
and are closely related to cell survival and death [42]. Small
molecule drugs can cause abnormalities in the structure or
function of VDACs, leading to disorders of mitochondrial
function and result in anti-tumor effects [19,43]. Our data
suggested that Cel could target to VDAC2 in the mitochondria
outer membrane, leading to the release of Cyto C into
the cytoplasm, causing oxidative stress and subsequently
activating downstream signaling pathways. These findings
will be further confirmed through subsequent experiments
(Fig. 3A). The results of the fluorescence staining experiment
revealed that Cel-P co-localized with mitochondria in SK-
Hep1 cells, suggesting the possibility of Cel targeting to the
mitochondria (Fig. 3B).

To further explore the impact of Cel on the mitochondria,
we decided to measure the MMP via JC-1 staining in SK-
Hep1 cells following treatment with Cel. Our results indicated
that Cel caused the unbalance of MMP and disturbed the
structure of mitochondrial membrane and mPTP (Fig. 3C).
The disturbance of mPTP has been demonstrated to cause
the release of intermembrane space proteins, such as Cyto
C [44] and accelerate ROS generation [14]. We revealed that
Cel induces the release of Cyto C from mitochondria into
the cytoplasm by immunofluorescence staining (Fig. 3D).
In addition, we further confirmed this phenomenon by
using Western blotting to detect Cyto C of mitochondria
or cytoplasm (Fig. 3E and 3F), and then induced the
occurrence of mitochondrial apoptosis and ROS generation
(Fig. 4C). It may eventually lead to cancer cell death.
Collectively, our data demonstrate that Cel impedes the
biological activity of VDAC2, resulting in the release of
Cyto C from the mitochondria and the dysregulation of
mPTP.

3.4. Cel induces ROS-mediated ferroptosis and apoptosis
via targeting VDAC2

The VDAC family are multifunctional mitochondrial proteins
participating in controlling cell ferroptosis and apoptosis
[43,45]. It is interesting to note that ERA, a major ferroptosis
activator, directly binds to VDAC2 and selectively induces
non-apoptotic signaling pathway in hepatic cancer cells
[11]. Here, we conducted further investigations into the
involvement of Cel acting with VDAC2 in regulating tumor
cell death and survival. We explored the global effects of
Cel on protein expression at the cellular level by proteomics
(Fig. 4A). Using proteomic data analysis, we identified and
quantified 858 (452 up, 406 down) DEPs (/fold change| >
1.5, FDR < 0.05) after Cel treatment (Fig. 4B). Subsequently,
GO enrichment of DEPs revealed Cel-regulated pathways
including ferroptosis, apoptosis and ROS related signaling
(Fig. 4C). We further analyzed the expressions of ferroptosis,
apoptosis and ROS related proteins such as KEAP1, STEAP3,
GLCM, BAD, CASP3 (Fig. 4D). Previous studies have shown that
VDAC?2 is involved in the regulation of mitochondria-related
ferroptosis, mitochondrial ROS level and BAX-mediated
apoptosis for limiting tumor development [46,47]. These could
be well matched with the biological processes and functions
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of VDAC2, suggesting that Cel binding to VDAC2 induces
ferroptosis and apoptosis in hepatic cancer cells.

We previously showed that Cel has the potential to
trigger ferroptotic cell death in activated hepatic stellate cells,
thus alleviating liver fibrosis [23]. To elucidate clearly the
involvement of ferroptosis in the anti-tumor effect of Cel,
we examined the levels of several markers of ferroptosis
including ROS, GSH, iron ions (Fe?*/Fe3*), and LPO at the
cellular level. DFO (a ferroptotic inhibitor), ERA (a ferroptotic
activitor) and NAC (a lipophilic antioxidant) were used in
the next examined experiments. Firstly, ROS generation
significantly increased in hepatic cancer cells after Cel
treatment, while NAC could effectively weaken this effect
(Fig. 4E). Cel induced the generation of ROS in hepatic cancer
cells as observed by electron microscopy. Pretreatment of cells
with NAC significantly reduced the generation of ROS (Fig.
S3A). In addition, according to our findings, treating hepatic
cancer cells with Cel resulted in cytotoxicity. However, this
effect was reversed by the administration of both DFO and

NAC. Interestingly, ERA had the opposite effect and enhanced
the cytotoxicity of Cel in these cells (Fig. 4F). Moreover, Cel
remarkably decreased GSH levels and enhanced the levels
of Fe?t/Fe3tand LPO, while co-incubation with ERA could
synergistically enhance these effects of Cel. On the other
hand, co-incubation with DFO and NAC could significantly
elevate GSH levels and decrease the levels of Fe?t/Fe3*and LPO
(Fig. 4G-4H and S3B-S3E).

Some studies have revealed that Cel could induce
mitochondrial dysfucntion to lead to apoptotic cell death
in tumor cells [48,49]. For instance, Cel was found to
elevate cellular ROS levels and ROS-mediated mitochondrial
apoptosis in cancer cells [16]. Moreover, targeting ferroptosis
and apoptosis is considered a novel strategy for the treatment
of tumors by triggering ROS-related signaling pathway [50].
In parallel, we also examined the expression of proteins pro-
apoptotic Bad and cleaved Caspase-3 involved in mediating
mitochondrial apoptosis. Results indicated that Cel elevated
the ratio of Bax/Bcl-2 expression, and facilitated Cyto C
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Fig. 4 - Cel triggers ROS-mediated ferroptosis and apoptosis via targeting VDAC2. (A) The workflow of proteomic analysis for
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to activate the caspase-3-mediated mitochondrial apoptotic
pathway (Fig. 4I). We also found that Cel induces the
generation of apoptotic bodies in hepatic cancer cells (Fig.
S3F-S3G). Taken together, these results confirmed that Cel
has potential anti-tumor properties that are attributed to
the triggering of ROS-mediated apoptosis and ferroptosis
mechanisms in hepatic cancer cells.

3.5.  Knockdown of VDAC2 aggravates Cel-induced
mitochondrial dependent cell death

To functionally verify that VDAC2 is an important target
protein in the regulation of ferroptosis and apoptosis to
exhibit its anti-tumor activity, we employed small siRNA
(Table S1) to knockdown VDAC2 (VDAC2XP) in hepatic cancer
cells. VDAC2 was effectively knocked down as assayed by
Western blotting analysis (Fig. 5A). Upon knockdown of
VDAC2, Cyto C was released from mitochondria into the
cytoplasm in VDAC2XP cells by Western blotting (Fig. 5D),
resulting in the elevation of ROS levels (Fig. 5B and 5C). As

reported in previous studies, Cyto C from mitochondria into
the cytoplasm leads to ROS production [51].

However, VDAC2 knockdown significantly restrained the
viability and proliferation of hepatic cancer cells (Fig. SE-5F).
On one hand, VDAC2 knockdown aggravated ROS generation
by Cel in VDAC2XP cells (Fig. 5G and S3H). On the other hand,
this knockdown of VDAC2 remarkably induced the generation
of apoptotic bodies by Cel in VDAC2XP cells (Fig. 5G-5I). Similar
to the current work, loss of VDAC2 has been reported to result
in PCD in cancer cells [19]. In summary, these data show that
the knockdown of VDAC2 induces ROS-mediated cell death
in hepatic cancer cells, Cel could further aggravate cellular
apoptosis in VDAG2KP cells.

3.6. Cel liposomes were designed to improve anti-tumor
targetability

Cel is a natural triterpenoid compound derived from
Tripterygium wilfordii herb [15]. It has been reported to
exhibit multiple biological activities, including suppressing
the proliferation and growth of liver cancer, gastric carcinoma
[16,52]. Here, our data showed that Cel could induce
ferroptosis and apoptosis by targeting VDAC2 protein, thereby
exerting its anti-liver cancer activity. Thus, Cel may be a
candidate compound for the management of liver cancer.
However, the severe side effects caused by Cel represent
a major barrier to any possible clinical application [53]. To
address these problems, we developed alkyl N-octyl-g-D-
glucopyranoside-modified Cel liposomes (Alkyl-Glu-Cel-LS,
AGCL), based on the idea that coencapsulation of Cel into
alkyl glucoside (Alkyl-Glu)-modified liposomes could improve
its tumor targetability and minimize its side effects. We used
a solvent displacement method to effectively load Cel into
GLUT1-targeting AGCL in order to construct AGCL (Fig. 6A).

In our previous study, we have exploited alkyl glucoside-
modified artemisinin liposomes to enhance its anti-liver
tumor activity [22]. The appearance of Alkyl-Glu-modified
liposomes (Alkyl-Glu-LS, AGL) and AGCL are shown in Fig. 6B.
TEM result indicated that the morphology of AGCL was
regular spherical (Fig. S4A). FTIR spectrum of AGCL (Fig. S4B)
indicated that the peaks for C=0 strechning vibration at
1735.70 cm~1, PO, symmetric stretching vibration at 1084.79
cm~! and PO, assymetric stretching vibration at 1231.67
cm~!, which were characteristic bands of phospholipid [54,55].
The C-O stretching vibration of DSPE-mPEG2000 and N-octyl-
B-D-glucopyranoside had influence on the C-O stretching
vibration of AGCL. The characteristic peaks of Cel and
cholesterol in AGCL were not obvious in the fingerprint region
of FTIR spectrum (1300-400 cm~!) (Fig. S4B), this indicated
the Cel and cholesterol had been loaded in AGCL [56]. In
addition, AGCL, Cel and other materials were analysed for
XRD (Fig. S4E). The characteristic peaks of Cel at 10.81°,
16.89° and 19.46°, the characteristic peaks of cholesterol
at 16.32°, 17.76° and 19.54°, and the characteristic peaks
of N-octyl-B-D-glucopyranoside at 13.46°, 22.46° and 36.96°
were absent in the XRD spectrum of AGCL. This indicated
that Cel, cholesterol and N-octyl-8-D-glucopyranoside were
as amorphous form in AGCL [56,57]. Zeta potential, PDI
and particle size of the AGCL were confirmed by using
a nanoparticle sizer to be approximately 83.41+0.39 nm,
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0.480+0.005 and —19.1 + 0.7 mV (Fig. 6C), respectively.
Furthermore, the drug release characteristics of AGCL was
consistent with the law of Higuchi kinetics equation, and the
drug release rate of AGCL was 0.0816 mg-h'2 (Fig. 6F). The
phase transition temperature of AGCL was determined by
using a Nano Differential Scanning Calorimeter, with results
showing that the main phase-transition temperature of AGCL

was 64.21 °C (Fig. 6G). The appearance of AGCL remained a red
semitransparent liquid during the 6-week storage period at 4
°C.The Characterizations of liposomes were tested at different
sampling points (Fig. 6D-6F). RSDs of particle size, PDI and zeta
potential of AGCL were 1.57 %, 1.60 % and 3.07 %, respectively.
The above data indicated that AGCL could be stably stored at
4 °C for at least 6 weeks.
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Fig. 7 - Cellular uptake efficacy and biodistribution of Cel liposomes are evaluated in vitro and in vivo. (A) The synthetic
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DAGCL solution. (F) Quantification of DAGCL accumulation in different tissues and tumors. (G) Cellular uptake efficacy of
Cel-nanomedicine by microscopy imaging (scale bar = 60 pm).

We next evaluated the cytotoxicity of AGCL in SK-Hep1 and
HepG2 cells. AGCL remarkably suppressed the proliferative
activity of SK-Hep1l and HepG2 cells by cytotoxic assay after
treatment for 24 or 48 h (Fig. 6H and 6I). AGCL was found to
inhibit the proliferation of SK-Hepl and HepG2 cells as seen
in the colony formation assay (Fig. 6]), indicating that AGCL
had effective cytotoxicity in liver cancer cells.

3.7.  Cellular uptake efficacy and biodistribution of Cel
liposomes are evaluated in vitro and in vivo

GLUT1 mediates the transmembrane transport of glucose in
tumor cells [58,59]. It has been reported that GLUT1 is a key
regulator of glucose metabolism [60], controlling the energy
intake of cancer cells [61]. Importantly, GLUT1-targeting AGCL
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AGCL-treated xenograft model mice group. (A) Experimental scheme to examine the inhibitory effect of AGCL on xenograft
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can accumulate in tumor tissues much more compared
to other normal organs [22]. To assess the cellular uptake
and systemic distribution of AGCL, we further designed
and prepared DAGCL (Fig. 7A). Subsequently, to evaluate
the cellular uptake efficiency of DAGCL (DAGCL equivalent
to 1 mg/kg Cel) in tumor cells, H22 tumor-bearing mice
were prepared to investigate the tumor targetability and
biodistribution of DAGCL (Fig. 7B). Firstly, in vivo fluorescence
imaging assay was carried out in xenograft mice at 0, 3, 6,
12, 24, 48 and 72 h after intraperitoneal (i.p.) injection of
DAGCL solution. In the initial stage, the fluorescence signal
was mainly concentrated in the mouse abdomens. Movement
of DAGCL from the abdomen to the tumor tissue could be
clearly observed from 6 to 24 h after injection. Following
administration for 48 h, the fluorescent signal diminished
gradually (Fig. 7C). To further determine the tumor targeting

of DAGCL, we dissected different tissues (tumor, spleen,
lung, heart, kidney, liver and intestine) from mice 24 h
after administration for fluorescence intensity detection. As
expected, DAGCL was mainly accumulated in the tumor and
liver after administration 24 h later, while DAGCL exhibited
prolonged circulation with notably time-dependent targeting
tumor during the period from 0 to 24 h after injection (Fig. 7D-
7F and S4F).

Moreover, we also performed in vitro uptake assays
in HepG2 cells by fluorescence imaging. FITC fluorescent-
labeled liposomes (FITC Alkyl-Glu-Cel-LS, FAGCL or FITC Cel-
LS, FCL) were designed and prepared. HepG2 cells were
incubated with FAGCL or FCL, and then FAGCL or FCL uptake
by cells was detected at 0, 1,3, 6,12 h, respectively. As
anticipated, FAGCL displayed an uptake increase that was
time-dependent in HepG2, and absorbed into cell membrane
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faster by cancer cells than liposomes without Alkyl-Glu (FCL)
(Fig. 7G). Thus, in vitro uptake experiments have shown
that Alkyl-Glu-could enhance the absorption of liposomes by
cancer cells. Moreover, the fluorescent liposomes exhibited
comparable efficacy to AGCL in inhibiting the proliferation
of hepatic cancer cells (Fig. S4C-S4D). Overall, these findings
demonstrate that AGCL has good biological targeting and
uptake by cell in vitro and in vivo.

3.8. Cel liposomes could effectively inhibit the growth of
xenograft tumor

To examine the effect of AGCL and Cel on the tumor inhibition
in vivo, we established a xenograft model by subcutaneously
injecting cells into the flank of nude mice [62]. On the one
hand, xenograft mice were administered with AGCL (the
liposomes equivalent to 1 mg/kg Cel) or Cel (1 mg/kg) by
intraperitoneal injection (i.p.), once daily for 5 d each week
when the tumors grew up to around 50 mm?3. On the other
hand, xenograft mice received the saline vehicle as model
group (Fig. 8A). The experimental findings demonstrated that
both AGCL and Cel significantly inhibited tumor progression
in the xenograft models by reducing the tumor size and
weight. (Fig. 8C-8E). Cel has shown potential in inhibiting
tumors, but AGCL exhibited a more potent tumor-inhibiting
effect. Consequently, AGCL’s therapeutic effect is significantly
superior to that of Cel. At the same time, histological
analysis of tumors revealed that AGCL and Cel induced tumor
necroptosis and decreased tumor cell Ki-67 immunoreactivity
(Fig. 8F). Finally, we assessed the comparative toxicities of
Cel and AGCL in mice by monitoring body weight, organ
physiology and serum indicators. Neither treatment resulted
in observable pathological changes in mouse lungs, hearts,
kidneys, livers and spleens as assessed by H&E staining
(Fig. 8G), nor significant changes in serum biochemical
indicators (Fig. S5). However, Cel treatment significantly
reduced mouse body weight, while AGCL had no significant
effect (Fig. 8B). There was a phenomenon that mice had loose
stool or diarrhea, while AGCL did not have this phenomenon.
The main reason for this phenomenon should be that Cel has
certain damage to intestinal villi, while AGCL has almost no
damage (Fig. 8G). In addition, both AGCL and Cel treatment up-
regulated the expression of Caspase-3, but the effect of AGCL
was better than that of Cel. In summary, AGCL plays a role
in slow release, enhances anti-tumor effect and alleviates the
stimulating effect on the intestine to reduce toxicity.

4, Conclusions

In summary, the present study demonstrated that Cel could
directly bind to VDAC2 to induce mitochondria-dependent
cell death in liver cancer cells. Further study indicated
that targeting cysteine residues of VDAC2 by Cel results
in the release of Cyto C into the cytosol, inducing ROS-
mediated mitochondrial apoptosis or ferroptosis in liver
cancer cells. Additionally, by co-encapsulating Cel within
Alkyl-Glu-modified liposomes at a low dosage, the anti-tumor
efficacy of Cel was improved while reducing its potential side
effects. AGCL mediated targeting delivery of Cel, inhibited the

proliferation and growth of tumor and triggered apoptotic
cell death, demonstrating an effective anti-HCC effect. The
low dosage requirement of Cel liposomes will provide great
benefits to patients suffering from HCC due to its high
efficacy with minimal side effects. Our study validates the
potential role of VDAC2 as a direct effector causing Cel-
mediated cell death in cancer cells, and further highlights the
augmented effectiveness and decreased toxicity of Cel when
co-encapsulated within liposomes.
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