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Editorial on the Research Topic
Investigating drugs used off-label in various cancers

Cancer drug discovery is a long, expensive, drawn-out process involving the identification and
optimization of lead compounds, followed by pre-clinical testing and clinical trials (1). It has been
proved that its span varies between 11.4 to 13.5 years, and the costs range from 161 to 1800
million dollars from initial experiments to completed regulatory reviews (2, 3). Currently, more
than 10,000 clinical trials investigating drug candidates in cancer are registered at www.
clinicaltrials.gov. However, only a limited number of drug candidates progress to the next
phase in clinical trials, with reports showing that less than 5% of drug compounds can be
approved to enter phase I trials (4). Collectively, there is an urgent need to expand more discovery
methods to remedy the growing anti-tumor medication needs gap.

Drug repurposing or repositioning is the application of a drug for another indication than
its original application (5). Discovering that already licensed medication readily available in
the market affects diseases otherwise not knowingly attributed to these drug molecules avoids
this research process. It can bring new, potentially life-saving treatments to patients with a
cheaper cost and a faster path. However, repositioning the drug for further indication may
accompany side effects not previously reported and will require validation in a new clinical
trial. Nevertheless, the safety profile can be referred to as the initial indication, thus,
increasing the likelihood of the drug through the trial (1).

Recent clinic reports show that several epidemiological studies reveal lower cancer incidence
in individuals receiving long-term psychotropic drug treatment. Varalda et al. investigated
psychotropic drugs for their anti-tumor activity and evaluated their cytotoxic activity in
colorectal carcinoma, glioblastoma, and breast cancer cell lines. The investigation revealed that
penfluridol, ebastine, pimozide, fluoxetine, fluspirilene, and nefazodone have apparent
cytotoxicity in all cancer cell lines tested in the low micromoles range. These psychotropic
drugs caused mitochondrial membrane depolarization, increased the acidic vesicular
compartments, and induced phospholipidosis in breast cancer MCF-7 cells. Varalda et al.
showed that psychotropic drugs via dual targeting of lysosomes and mitochondria are a novel
promising approach to cancer therapy, especially for cancer cells deficient in apoptotic machinery.
Chlorpromazine has been used to treat psychiatric disorders for more than six decades. Clinic
reports show that chlorpromazine is a potential anti-tumor medicine, but the mechanism is
unclear. Matteoni et al. tested the anti-tumor effect of chlorpromazine in six glioblastoma cell
lines. The results showed that chlorpromazine inhibited cancer cell viability in an apoptosis-
independent way, induced hyperdiploidy, reduced cloning efficiency, neurosphere formation, and
downregulated the expression of stemness genes. Furthermore, combining chlorpromazine with
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temozolomide, the first-line therapeutic in GBM patients, significantly
inhibited cell growth and cloning efficiency in GBM cell lines.

Volatile anesthetics, such as inhalation anesthetics in clinical
anesthesia, were found to regulate cancer-related signaling. Wang
et al. systematically summarize the research progress of volatile
anesthetics in anti-cancer signaling regulation. It provided good
insights for guiding clinical anesthesia procedures and instructing
to enhance recovery after surgery. Cyclovirobuxine D (CVBD) is a
triterpenoid alkaloid extracted from Buxus Sinica and other plants of
the same genus used in cardiomyopathy, myocardial infarction, and
arrhythmia (6, 7). Accumulating evidence showed that CVBD has a
potential anti-tumor effect in multiple tumor cell types. Zhang et al.
investigated the anti-cancer effect of CVBD on GBM and showed that
CVBD has a significant anti-proliferation effect on the T98G and
U251 cell lines. CVBD also induced apoptosis and mitochondrial
damage in GBM cells. Mechanistically, CVBD caused cofilin
mitochondrial translocation and superoxide species accumulation in
mitochondria in a dose-dependent manner. In addition, Li et al.
found that both anti-helminthic and anti-protozoal drugs suppressed
tumor growth by targeting multiple pathways via different
mechanisms. They suggested further evaluation of these anti-
parasitic drugs for cancer therapy.

Magnesium (Mg>"), the second most predominant intracellular
cation, plays an essential role in many physiological functions. Several
reports showed that the high intracellular concentration of
magnesium contributes to cancer initiation and progression in
various cancers. To investigate the effect of magnesium
concentration in cancer therapy, Li et al. designed a series of
experiments to assess the underlying mechanisms in bladder cancer
both in vitro and in vivo. The results indicated that cancer cell
proliferation was inhibited in a high concentration of MgCl, or
MgSO, treatment. MgCl, treatment induces apoptosis, Go/G; cell
cycle arrest, autophagy, and ER stress but not cell migration.
Combinational treatment of MgCl, and VPA dramatically reduced
the proliferation, migration, and in vivo tumorigenicity. Vitamin D is
a lipid-soluble hormone that promotes skeletal mineralization and
maintains calcium homeostasis by binding to the vitamin D receptor.
Vitamin D also involves cell proliferation, angiogenesis, apoptosis,
inflammation, and cell difference. Adelani et al. had a review article
summarizing the functions of vitamin D in Hepatocellular carcinoma
(HCC). They discussed the specific therapeutic targets from in vivo, in
vitro, and clinical studies. They elucidated that vitamin D-associated
target genes have essential functions in the anti-tumor effect through
inflammation, oxidative stress, invasion, and apoptosis pathways.
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Combining different chemotherapy medications is also an
excellent method to improve the anti-tumor effect and overcomes
chemotherapy resistance. Atorvastatin is a popular preventive
medicine for cardiovascular diseases. Yuan et al. used Atorvastatin
plus dexamethasone in two patients with leukemia-related chronic
subdural hematoma. However, this combinational therapy was not
effective for a patient with leukemia-related encephalopathy. Fan et al.
used Ascorbate plus tyrosine kinase inhibitors (TKIs) in
hepatocellular carcinoma cells. They found that Ascorbate
enhanced TKI’s efficacy in HCC cells by disturbing redox
homeostasis. Yang et al. screened the Human Epigenetic Drug
Database and tested the positive lead compounds in cytotoxic
experiments. Their results showed that the anti-hypertension drug
Hydralazine reduced the overall incidence rate in most subgroups of
hematologic neoplasms when chronically used at a low dose. Song
et al. presented a complete analysis of the historical progression in
Temozolomide (TMZ) development and suggested several research
directions for future research.

In conclusion, this Research Topic had a thriving collection of 11
articles on repurposing multiple existing medications for anti-cancer
treatment. These research results significantly contributed to the
development of novel cancer therapies.
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Background and Purpose: Drug repositioning is a promising strategy for discovering
new therapeutic strategies for cancer therapy. We investigated psychotropic drugs for
their antitumor activity because of several epidemiological studies reporting lower cancer
incidence in individuals receiving long term drug treatment.

Experimental Approach: We investigated 27 psychotropic drugs for their cytotoxic
activity in colorectal carcinoma, glioblastoma and breast cancer cell lines. Consistent
with the cationic amphiphilic structure of the most cytotoxic compounds, we investigated
their effect on mitochondrial and lysosomal compartments.

Results: Penfluridol, ebastine, pimozide and fluoxetine, fluspirilene and nefazodone
showed significant cytotoxicity, in the low micromolar range, in all cell lines tested.
In MCF7 cells these drugs caused mitochondrial membrane depolarization, increased
the acidic vesicular compartments and induced phospholipidosis. Both penfluridol and
spiperone induced AMPK activation and autophagy. Neither caspase nor autophagy
inhibitors rescued cells from death induced by ebastine, fluoxetine, fluspirilene and
nefazodone. Treatment with 3-methyladenine partially rescued cell death induced
by pimozide and spiperone, whereas enhanced the cytotoxic activity of penfluridol.
Conversely, inhibition of lysosomal cathepsins significantly reduced cell death induced
by ebastin, penfluridol, pimozide, spiperone and mildly in fluoxetine treated cells. Lastly,
Spiperone cytotoxicity was restricted to colorectal cancer and breast cancer and caused
apoptotic cell death in MCF7 cells.

Conclusions: The cytotoxicity of psychotropic drugs with cationic amphiphilic
structures relied on simultaneous mitochondrial and lysosomal disruption and induction
of cell death that not necessarily requires apoptosis. Since dual targeting of lysosomes
and mitochondria constitutes a new promising therapeutic approach for cancer,
particularly those in which the apoptotic machinery is defective, these data further
support their clinical development for cancer therapy.

Keywords: lysosomotropism, cationic amphiphilic drugs (CADs), autophagy, psychotropic drug, cancer,
repositioning
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Varalda et al.

Antitumoral Activity of Psychotropic Drugs

INTRODUCTION

Cancer represents a major public health problem, with total cure
remaining elusive for most cancer types (1, 2). Chemotherapy
resistance in patients with recurrent and advanced disease (3)
and strong systemic toxicity, especially in elderly (4), have
raised concerns over the progress of cancer therapy, making
it necessary to change the paradigm in the search for new
treatments, more effective and with milder adverse effects. Thus,
alternative cell death pathways capable of killing apoptosis-
and therapy resistant cancer cells, have gained vast interest
among cancer researchers, leading to the identification of
autophagy and lysosomal cell death programs as attractive means
to circumvent therapy resistance (5-8). Lysosomal activation
is common in aggressive cancers, where lysosomes promote
disease progression and treatment resistance (9-13). In cancer,
cell transformation increases the requirement for new biomass
production, and the core function of the lysosomes is to recycle
endogenous or exogenous macromolecules to provide energy
and metabolic precursors for the synthesis of new cell mass.
In response to typical challenges encountered by cancer cells,
such as nutrient starvation, growth factor withdrawal, energy
depletion, organelle damage, or accumulation of abnormal
proteins, autophagy is further enhanced to meet the cellular
needs (10, 13). In certain circumstances, however, the prolonged
over activation of the autophagosomal/lysosomal pathway can
lead to autophagic-dependent cell death a caspase-independent
form of programmed cell death (14), that can be evaluated as
an alternative cancer treatment modality (15). On the other
hand, since many tumors are highly dependent on autophagy
for survival and treatment resistance, pharmacological inhibition
of lysosomal activity can limit the growth of advanced diseases
and improve response to therapy (5, 16). Moreover, the cancer-
associated changes in lysosomal composition result in reduced
lysosomal membrane stability, thereby sensitizing tumor cells to
lysosome-dependent cell death (LDCD) (17). The main feature
LDCD is lysosomal membrane permeabilization (LMP) (17, 18)
with translocation to the cytoplasm of the lysosomal contents,
including cathepsins, which act as the main executors of this
cell death modality (19). Mitochondria have a well-recognized
role in the production of ATP, metabolic intermediates and also
participate in several signaling pathways; accumulating evidence
now suggests that mitochondrial bioenergetics, biosynthesis and
signaling are required for tumorigenesis. Thus, emerging studies
have begun to demonstrate that mitochondrial functions are
a potentially fruitful field for cancer therapy (20, 21). Drug
repositioning is a strategy for identifying new uses for approved
drugs that are outside the scope of the original medical indication
(22, 23) and psychotropic medications are promising compounds
for cancer treatment. Epidemiological studies have repeatedly
reported that individuals who are receiving long term drug
treatment with antipsychotics (24, 25), anti-depressant (26-28)
or anti-allergic drugs (29) have a lower cancer incidence than the
general population, suggesting that these medications might have
a direct effect on neoplastic cells. Pre-clinical studies confirmed
the direct anti-tumoral activity of these compounds in a wide
range of malignancies (30-34). However, despite the large body

of experimental evidence, the mechanisms of actions of these
compounds in cancer cells remain poorly defined.

In this study we screened a panel of psychotropic compounds
for their cytotoxicity in different tumor cell lines to clarify
the pharmacological properties underpinning their clinical
application for cancer therapy. We identified a group of drugs
characterized by cationic amphiphilic properties impairing both
mitochondrial and lysosomal function and reducing cancer cells
viability at clinically relevant concentrations.

METHODS

Cell Culture

HCT116, SW620, MCF7, MDA-MB-231, U87 and U251 cell lines
were purchased from the American Type Culture Collection
(ATCC). HCT116, MCF7, and U251 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco; Life
Technologies) supplemented with 10% fetal bovine serum (FBS,
Euroclone) and 1% antibiotics and antimycotics (Penicillin,
Streptomycin, Amphotericin, Sigma). SW620 and MDA-MB-213
cells were cultured in RPMI-1640 (Gibco, Life Technologies) with
10% fetal bovine serum (FBS, Euroclone) and 1% antibiotics and
antimycotics (Penicillin, Streptomycin, Amphotericin, Sigma).
U87 cells were cultured in Minimum Essential Medium (MEM,
Gibco; Life Technologies) with 10% FBS and 1% antibiotics and
antimycotics. All the cell lines were maintained in incubator at
37°C with 5% CO;.

Drugs

Psychotropic drugs used in the screening were purchased
from Cayman Chemicals, Sigma, TCI Chemicals and
Selleck Chemicals. List of drug used: aripiprazole,
brexpiprazole, cetirizine, diphenhydramine, droperidol, ebastine,
fluoxetine, fluspirilene, haloperidol, iloperidone, ketanserin,
metoclopramide, nefazodone, paliperidone, penfluridol,
pimozide, pipamperone, R59022, R59949, risperidone, ritanserin,
spiperone, trazodone, urapidil, way-100135, and ziprasidone. All
drugs were dissolved in DMSO at a 10 mmol/L concentration
and stored, in small aliquots at —20°C.

MTT Viability Assay

For each cell line, 1000 cells/well were plated in a volume
of 100 pL in 96 wells plate. Cells were treated with different
concentrations of drug (160, 80, 40, 20, and 10 pmol/L) and
incubated for 72h. For each concentration of drug, the same
concentration of vehicle (DMSO) was used as control. MTT
(thiazolyl blue tetrazolium bromide, Sigma) 0.5 mg/ml was, then,
added to each well and incubated for 4h at 37°C and 5% CO,.
Crystals were dissolved using 100 pl of acidic isopropanol (4
mmol/L HCI) and the absorbance (570 and 650 nm) was read at
the spectrophotometer (Victor, PerkinElmer).

To perform viability assay with biogenic amines 4,000
cells/well from MCF7 and HCT116 were plated in 96 wells
plate. Cells were treated with different doses of serotonin,
dopamine and histamine (Cayman Chemicals) in DMEM 0%
FBS and viability was evaluated after 24- and 48-h treatment by
MTT assay.
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Viability Rescue Assay

To perform viability rescue experiments, 1,500 MCF?7 cells were
plated in 96 wells plate and treated with 10 pwmol/L spiperone,
nefazodone, fluoxetine, fluspirilene, ebastine, pimozide or
5 pmol/L penfluridol in combination with vehicle alone
(DMSO), or with 5 pwmol/L carbobenzoxy-valyl-alanyl-aspartyl-
[O-methyl]fluoromethylketone (zVAD-fmk, AdipoGen), 2.5
mmol/L 3-methyladenine (3-MA, AdipoGen), 5 mmol/L
N-[[(2S,3S)-3-[(propylamino)  arbonyl]-2-oxiranyl]carbonyl]-
L-isoleucyl-L-proline, methyl ester (CA-074 me, Cayman
Chemical), 5 pmol/L cyclosporin A (Cayman Chemical) and
5 pmol/L N-Acetyl-L-cysteine (NAC, Sigma Aldrich). MTT
viability assay was performed after 72 h as previously described,
except for NAC where, prior to MTT adding, medium was
removed and each well was washed with 100 wL of phosphate
buffered saline. For biogenic amines viability rescue, 1,500
MCEF7 cells were seeded in 96 wells plate and treated with ICs
concentration of the following drugs: spiperone, nefazodone,
fluoxetine, fluspirilene, ebastine, pimozide, penfluridol in
combination with vehicle (DMSO) or 5 pwmol/L dopamine,
serotonin or histamine. MTT viability assay was performed as
described before after 24, 48, and 72 h.

Apoptosis Assay
Fifty thousand MCF7 cells were plated in 24 wells plate and
treated for 48 h with 10 pmol/L fluoxetine, ebastine, pimozide,
fluspirilene, spiperone, nefazodone, or 5 mol/L penfluridol.
Cells were then stained following the manufacturer’s
instruction (AdipoGen). Briefly, cells were incubated for 10 min
at room temperature with annexin binding buffer 1X (10
mmol/L HEPES/NaOH, pH 7.4, 140 mmol/L NaCl, 2.5 mmol/L
CaCl2) containing Annexin V-FITC. Lastly, cells were washed
and resuspended in annexin binding buffer 1X. Propidium
iodide was added to all the samples 5 min before FACS analysis
(Attune Nxt, Flow Cytometer, Thermo Fisher Scientific). Data
were analyzed with FlowJo™ software (Becton, Dickinson
and Company).

Migration Assay

Migration assay was performed using culture-insert 2 well
in p-dish (ibidi GmbH, Martinsried, Germany) as previously
described (35). Briefly 30,000 HCT116 cells and 25,000 MCF7
cells were plated in each side of the insert in 24 wells plate. After
24 h, inserts were removed, and cells were treated with respective
psychotropic drugs (5 pmol/L) or DMSO (0.05%) in complete
medium. Images were acquired at 0 and 24 h after treatment, with
phase contrast microscope and analyzed through Image]J software
(NIH, USA). Data were shown as % of closure rate relative to
time 0.

Vacuolization Assay

MCEF7 cells were plated at the concentration of 25,000 cells/well
in 48 wells plate and then treated with fluoxetine, ebastine,
penfluridol, pimozide, fluspirilene, spiperone, nefazodone at the
concentration of 5 pmol/L or rapamycin (10 pwmol/L). After
2h treatment one well from each treatment was treated with
bafilomycin Al (50 nmol/L) or 3-MA (1 mmol/L). Pictures

were acquired with a phase contrast microscope 4 and 6 h after
treatment, images were analyzed by Image] software. Analysis
shows the percentage of vacuolization rate for each treatment.

Mitochondrial Membrane Potential

Analysis

Mcf7 cells were plated at the concentration of 20,000 cells/well
in 48 wells plate and treated with 5 pmol/L fluoxetine, ebastine,
fluspirilene, nefazodone penfluridol, pimozide, spiperone.
DMSO 0.05% was used as negative control. After treatment,
cells were stained with 10 wg/ml JC-1 dye (Adipogen) in PBS
for 30 min in the dark at 37°C. FCCP (Cayman chemicals) was
added for 15 min after the staining as positive control. Signals
were acquired with a fluorescence microscope (FLoid Cell
Imaging Station, Life Technology) and images were analyzed by
Image]J software calculating red/green fluorescence ratio.

Lysotracker Assay

MCEF?7 cells were plated at the concentration of 20,000 cells/well
in 48 wells plate and treated with 5 wmol/L fluoxetine, ebastine,
fluspirilene, nefazodone penfluridol, pimozide, spiperone or 10
pwmol/L rapamycin for 16 h. After the treatment, medium was
removed and cells were stained with Lysotracker Deep Red
(Invitrogen, 50 nmol/L) and Hoechst 33342 (5 pg/ml) for nuclei
staining, in the dark at 37°C for 30 min. Signals were acquired
with a fluorescence microscope (FLoid Cell Imaging Station,
Life Technology). Lysotracker red signal/blue nuclei signal was
analyzed by Image] software.

Phospholipidosis Assay

MCEF?7 cells were plated at the concentration of 20,000 cells/well
in 48 wells plate and treated with 5 pwmol/L ebastine, fluoxetine,
fluspirilene, nefazodone penfluridol, pimozide, spiperone or 10
wmol/L rapamycin and stained with 1X LipidTox green (Thermo
Fisher Scientific) for 16 h.

Subsequently, nuclei were stained using Hoechst 33342
(5ng/ml) and plate was incubated for 30 min in the dark
at 37°C. Afterwards, cells were washed with PBS and fixed
with paraformaldehyde 4% for 15min in the dark. Signals
were acquired with a fluorescence microscope (FLoid Cell
Imaging Station, Life Technology) and images were analyzed by
Image]J software.

Western Blotting

MCEF7 cells were plated at the concentration of 150,000 cells/well
in 6 wells plate and treated with 5 pwmol/L ebastine, fluoxetine,
fluspirilene, nefazodone penfluridol, pimozide, spiperone for
16h. For experiment of autophagic flux two conditions were
carried out for each drug: drug alone and co-treatment of drug
and chloroquine 50 pmol/L. For experiment to evaluate LC3B
expression upon 3-MA treatment, cells were pre-treated with
3-MA 1 mmol/L for 2h and then cotreated with spiperone
and penfluridol 5 pmol/L for 16h. After treatments, whole
cell lysates were prepared using RIPA lysis buffer (25 mmol/L
Hepes pH 8, 135 mmol/L NaCl, 5 mmol/L EDTA, 1 mmol/L
EGTA, 1 mmol/L ZnCl2, 50 mmol/L NaF, 1% Nonidet P40, 10%
glycerol) with protease inhibitors (AEBSF, aprotinin, bestatin,
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E-64, EDTA, leupeptin, Sigma-Aldrich) and orthovanadate.
Lysates were then kept on a wheel for 20min at 4°C and
after centrifuged at 12,500g for 15min. Proteins contained
in the samples were collected and quantified using Pierce
BCA protein assay kit (Thermo Fisher Scientific). Successively,
proteins were denatured at 95°C for 5min in presence of 2%
Sodium Dodecyl Sulfate (SDS), 150 mmol/L dithiothreitol (DTT)
and 0.01% bromophenol blue. Electrophoresis of the samples was
performed using 6, 8, 10, or 15% polyacrylamide gels and proteins
were transferred from the gel to a PolyVinylidene DiFluoride
membrane (PVDE Amersham). Lastly, the membrane was
saturated using 3% Bovine Serum Albumin (BSA, Sigma) in
TBS/Tween-20 0.1% [Tris Buffered Saline 1X containing Trizma
base 50 mmol/L, NaCl 120 mmol/L, 0.1% Polyethylene glycol
sorbitan monolaurate (Tween-20)] for 1h and incubated with
primary antibody dissolved in the same buffer with sodium
azide 0.01%. Primary antibodies were anti-LC3B (Thermo
Scientific), anti-P-P70S6K T389 (Cell Signaling Technology),
anti-P70S6K (Cell Signaling Technology), anti-P-S6 S235/236
(Cell Signaling Technology), anti-S6 (Cell Signaling Technology)
anti-P-AMPKa T172 (Cell Signaling Technology), anti-AMPK
(Cell Signaling Technology), anti-GAPDH (Cell Signaling
Technology). The day after, primary antibody was removed and
the membrane was washed with TBS-Tween-20 0.1% for 15 min
three times and then incubated with horseradish peroxidase
conjugated secondary anti-mouse or anti-rabbit antibody (Perkin
Elmer Life Science) diluted 1:3000 in TBS-Tween-20 0.1% for
45 min. After washing, reading of the membrane was performed
using ECL Western Lightning Chemiluminescence Reagent Plus
(Perkin Elmer Life Science) and images acquired with the
Chemidoc Touch (Bio-Rad).

Immunofluorescence Microscopy Analysis
MCF?7 cells at the concentration of 50,000 cells/well were seeded
onto glass coverslips and treated with 5 pmol/L fluoxetine,
ebastine, penfluridol, pimozide, fluspirilene, spiperone,
nefazodone for 16h. After the treatment, cells were washed
with PBS and fixed with PFA 4% for 10 min at room temperature
and washed with PBS. Then cells were permeabilized incubating
with cold HEPES-Triton X-100 (20 mM HEPES pH 7.4, 300 mM
sucrose, 50mM NaCl, 3mM MgCl,, 0.5% Triton X-100)
for 5min at 4°C. Cells were washed with 0.2% PBS-BSA
and saturated using 2% PBS-BSA for 15min before placing
primary antibodies.

Antibodies used in these experiments were anti-mTOR
(Cell Signaling Technology), anti-Galectin-1 (Santa Cruz
Biotechnology), anti-LAMP1 (Santa Cruz Biotechnology). Cells
were incubated with primary antibodies for 30 min, then washed,
saturated with 2% PBS-BSA and incubated with secondary
antibodies conjugated with Alexa Fluor-488, —536 (Invitrogen)
and DAPI for 30 min.

After the incubation, glasses were mounted on glass slides
using Mowiol (20% Mowiol 4-88, 2.5% DABCO in PBS, pH 7.4).
Images were acquired at confocal microscope Leica TCS SP8 or
fluorescence microscope DM5500B (Leica) and analyzed using
Image] software.

Compounds Chemical Analysis

The properties of the compounds (LogP and basic pKa) were
investigated using ACD/ LAB software. As reported in the
publication of Muehlbacher (36) there is not a clear CADs
classification based on chemical properties. We decided to
apply the same parameters based on LogP and pKa applied
in the Muehlbacher’s manuscript. In particular, compounds
were considered CADs when LogP > 3, for the amphiphilic
characteristics, and a PKa > 7.4 for the cationic characteristics.

Statistical Analysis
Prism 8.0 software was used for statistical analysis (GraphPad
software Inc., San Diego, CA). In viability assays, ICsy was
determined using a variable slope model referring to the values
obtained during the assay; a semi-logarithmic dose-response
curve was created.

Statistical significance was analyzed using Student’s t-test with
p < 0.05 as the criterion of significance when two groups were
compared. Analysis of contingency tables were performed using
Prism 8.0 software (GraphPad software Inc., San Diego, CA) and
statistical significance was evaluated using Fisher exact test with
p < 0.05.

RESULTS

The Antitumoral Activity of Psychotropic
Drugs Transcends the Conventional

Therapeutic Classes and Tumor Type

To identify compounds with potential, clinically relevant,
anticancer activity we first assessed their effect on six different
tumor types represented by two colorectal cancer (CRC; HCT116
and SW620), two breast cancer (BC, MCF7, and MDA-MB-
231) and two glioblastoma (GB; U87MG and U251MG) cell
lines. Cells were treated for 72h with scalar doses of drugs
ranging from 10 to 160 wmol/L. The screened drugs (N = 26)
were represented by antipsychotics (n = 14), antidepressant
(n = 2), antihistamines (# = 3) and three compounds used
in scientific research with reported serotonin receptors
antagonistic  activity  (Figure 1, Supplementary Figure 1,
Supplementary Table 1). For drugs that induced more than 50%
cell viability reduction at a concentration lower than 100 pmol/L,
in a dose-dependent manner, the ICsy values were calculated
(Supplementary Figure 2, Supplementary Table 1).

The most effective drugs in all cell lines tested
belonged to all three pharmacological classes investigated
(antipsychotics, antidepressants, and antihistamines) (Figure 1,
Supplementary Figures 1, 2, Supplementary Table1). The
six most potent drugs induced more than 50% cell viability
reduction at a concentration lower that 10 pmol/L (penfluridol,
ebastine), 15 pmol/L (pimozide and fluoxetine) or 25 pwmol/L
(fluspirilene and nefazodone) in all cell lines tested; spiperone
and brexpiprazole proved to be highly effective in both CRC
and BC (with ICsp < 10 wmol/L and 10 < ICsg < 20 pwmol/L,
respectively) whereas their cytotoxicity was negligible in GB. A
tendency for the diphenylbutylpiperidines pimozide, fluspirilene
and penfluridol to be more effective in BC and CRC than in
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FIGURE 1 | Anticancer activity of psychotropic drugs. Two CRC (HCT116 and SW620), 2 BC (MCF7 and MDA-MB-231) and 2 GB (U87MG and U251) cell lines were
treated for 72 h with scalar doses of drugs ranging from 10 to 160 wmol/L. The screened drugs included antipsychotics, antidepressant, antihistamines, and three
compounds used in scientific research with reported serotonin receptors antagonistic activity (R59949, R59022; WAY-100135). Viabilities were assessed by MTT
assay. Data are presented as mean ICs + standard error of the mean (SEM) from three-five independent experiments, each performed in quadruplicate. ICsp, drug
concentration reducing by 50% viability compared to control. Histograms show drugs with ICsop < 100 pmol/L.

GB was also observed (Supplementary Table 1). Aripiprazole in all cell lines tested; ritanserin and the two structurally
and ritanserin demonstrated a moderate cytotoxicity, whereas  related compounds R59022 and R5949 in CRC cell lines
droperidol, haloperidol and iloperidone showed a weak effect  only, whereas iloperidone in MCF7 and U87MG cell lines
only in a fraction of cell lines. Notably, in the lower range  (Supplementary Figure 1).
of concentrations, some compounds induced a moderate Eight compounds, represented by the antihistamines
increase in cell viability reflecting cell proliferation: haloperidol  cetirizine and diphenhydramine, the antipsychotics paliperidone,
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FIGURE 2 | Effect of biogenic amines on HCT116 and MCF7 cell viability. MCF7 and HCT116 cells were grown for 24 or 48 h in serum-free medium in presence of
scalar doses of biogenic amines serotonin, dopamine, or histamine. Viabilities were assessed by MTT assay and presented as the percentage of viable cells vs.
control. Data show mean + SD of one representative experiment out of three independent experiments performed in quadruplicate.

pipamperone and risperidone, the antihypertensives ketanserin
and urapidil, and the antiemetic metoclopramide showed
no cytotoxicity, or caused a reduction of at least 50% of
cell viability only at very high concentrations (>60 pmol/L)
(Supplementary Figure 1, Supplementary Table1). A few
of these drugs i.e., urapidil, cetirizine, diphenhydramine and
metoclopramide even induced cell growth in one or more cell
lines tested (Supplementary Figure 1). These results clearly
suggest that the cytotoxic effect of these compounds in the
micromolar range is not associated with their conventional
pharmacological properties and clinical use.

Cytotoxicity of Psychotropic Drugs Is Not

Mediated by Biogenic Amine Receptors
At therapeutic concentrations, the main pharmacological targets
of these compounds are biogenic amines receptors (37, 38). The

precise role of biogenic amines such as histamine, dopamine,
and serotonin in cancer is still debated (39-41). To test
biogenic amines in our cell lines modes, we treated HCT116
and MCF7 cells with a wide range of concentrations of
serotonin, dopamine and histamine and evaluated viabilities
after 24 and 48h. In our assay conditions we observed no
significant effect on cell proliferation even at very high doses
(Figure 2). Long term treatment of MCF7 cells with the
strongest cytotoxic compounds penfluridol, ebastine, pimozide
or fluoxetine at clinically significant concentrations determined
only a modest increase of drugs efficacy, with ICsy values
that remained above 3 pmol/L even after 6 days of treatment
(Supplementary Figure 3).

Notably, neither dopamine, nor serotonin and histamine,
added to the culture media, were able to rescue the cytotoxic
effect of these drugs (Figure 3).

Frontiers in Oncology | www.frontiersin.org

12

October 2020 | Volume 10 | Article 562196


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Varalda et al.

Antitumoral Activity of Psychotropic Drugs

- DMSO

- ebastine 8.3 umol/L.

-+ ebastine 8.3 ymol/L + serotonin
—— ebastine 8.3 ymol/L + dopamine
- ebastine 8.3 ymol/L + histamine

Viability
(fold change relative to time 0)

T T
a8 72

Time (hours)

o

N & o @

24

- DMSO

- fluspirilene 11.2 pmol/L

-&- fluspirilene 11.2 umol/L + serotonin
~e- fluspirilene 11.2 umol/L + dopamine
=% fluspirilene 11.2 umol/L + histamine

Viability

(fold change relative to time 0)

1

24 a8 7:
Time (hours)

o
N

-e- DMSO

-e- penfluridol 5.2 umol/L

-4 penfluridol 5.2 umol/L + serotonin
~=- penfluridol 5.2 ymol/L. + dopamine

= penfluridol 5.2 umol/L+ histamine

Viability
(fold change relative to time 0)

*

N

o4

24 a8 7

Time (hours)

DMSO

spiperone 8.7 ymol/L

spiperone 8.7 umol/L + serotonin
spiperone 8.7 umol/L + dopamine
spiperone 8.7 ymol/L + histamine

4

R XX

W

Viability
(fold change relative to time 0)

T T
24 a8 7

o4
N

Time (hours)

three independent experiments performed in quadruplicate.

FIGURE 3 | The cytotoxic effect of psychotropic drugs is not reduced by co-treatment with biogenic amines. MCF7 cells were treated with psychotropic drugs alone
(at a concentration equivalent to ICsp) or in presence of 5 wmol/L biogenic amines serotonin, dopamine or histamine. Viabilities were assessed by MTT assay at
different time points and presented as fold change relative to control cells treated with vehicle only. Data show mean £ SD of one representative experiment out of
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These data further support the hypothesis that these
compounds affect tumor cell viability through a mechanism that
is not mediated by the major neuroreceptor systems implicated
in their psychotropic effects.

Psychotropic Drugs Affect Tumor Cell
Migration

To determine the effect of psychotropic drugs on the motility
of cancer cells, we assessed MCF7 and HCT116 cells migration
by the wound-healing assay (Figure 4). All active drugs caused a
reduction in the motility of MCF7 cells with the strongest effects
observed with penfluridol, spiperone, urapidil and brexpiprazole
(Figure 4A). On the contrary, the migration rate of HCT116 cells
was unexpectedly increased by the cytotoxic compounds ebastine
and penfluridol, as well as by different other compounds such
as urapidil, diphenhydramine, ritanserin, R59022 and R59949;
spiperone, and to a lesser extent, ketanserin and trazodone,
reduced HCT116 cells motility (Figure 4B). Overall, these results
show that: (i) the impact of the different compounds on the
migration rate is not strictly associated with their cytotoxic effect

or their conventional pharmacological properties and clinical
use; (ii) the effect of the compounds on cell motility is cell
line specific.

Psychotropic Drugs With Significant
Antitumoral Activity Display a Cationic

Amphiphilic Structure

Cationic amphiphilic drugs (CADs) are defined as chemical
compounds with the ability to passively diffuse through lipid
bilayers stacking in acid organelles such as lysosomes (42).
These compounds contain both a hydrophobic and a hydrophilic
domain; the hydrophobic domain contains one or more aromatic
rings whereas the hydrophilic part contains a functional amine
group that can be ionized (43). CADs family comprises a broad
spectrum of compound classes, including dozens of approved
drugs that are used to treat a wide range of diseases including
allergies, heart diseases, and psychiatric disorders (44, 45). Since
the antitumoral activity of compounds investigated in this study
is not apparently related to their conventional pharmacological
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FIGURE 4 | Effect of psychotropic drugs on cancer cells migration. Cell motility was evaluated by wound healing assay. MCF7 (A) and HCT116 (B) cells were plated
in 2 wells IBIDI chambers. After removing the insert, cells were treated with drugs (5 pmol/L) in DMEM 10% FBS. The widths of wounds were measured at 0 and 24 h.
Graphs show the closure rate. Data are presented as mean + SD from three independent experiments, each performed in triplicate. *, Student’s T-test p < 0.05; ™,
Student’s T-test p < 0.01; ***, Student’s T-test p < 0.001. Representative images of MCF7 and HCT116 wounds after treatment with penfluridol, spiperone, and
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treated with the negative control DMSO, carbony! cyanide 4-[trifluoromethoxy]phenylhydrazone (FCCP), positive control, ebastine, fluoxetine, fluspirilene, nefazodone,
penfluridol, pimozide, and spiperone (A). Histogram showing quantification of red/green fluorescent ratio as fold change relative to control (B). Data are presented as
mean =+ SD from three independent experiments, each performed in triplicate. **, Student’s T-test p < 0.01; ***, Student’s T-test p < 0.001.

properties and clinical use, we investigated the CADs properties  readily accumulate in the mitochondrial matrix, causing
of psychotropic drugs used in our screening evaluating their =~ mitochondrial membrane depolarization (45, 48, 49). Therefore,
chemical structure, logP and pKa in comparison to the well-  we evaluated the alteration in mitochondrial membrane potential
known CADs compounds amiodarone, chlorpromazine and (Aym) as a function of drug treatment, using the lipophilic
chloroquine (Supplementary Table 2) (46, 47). Since there isnot  cationic dye JC-1 (50). MCF7 cells were treated, for 16 h, with
a clear CADs classification based on chemical properties, we 5 pmol/L of each drug or with FCCP, used as positive control.
set LogP and pKa cut off as suggested by Muehlbacher (36). A significant reduction in A{ym was observed after treatment
Overall, 14 psychotropic drugs out of 26 were classified as CADs.  with ebastine, fluoxetine, penfluridol, pimozide, nefazodone and
Five out of seven most cytotoxic drugs in MCF7 (ICso < 15  fluspirilene, but not with spiperone (Figure 5).
pmol/L) were CADs, whereas spiperone and nefazodone, were
excluded from CAD classification just because of a LogP or ) . .
pKa value below the selected cut off (Supplementary Figure 4, Psychotropics Drugs Induce Vacuolization
Supplementary Table 2). Since CADs were represented also ~and Increase Acidic Compartments
among drugs without cytotoxic activity (e.g., haloperidol, =~ CADs are known to concentrate in acidic cell compartments
iloperidone, or ritanserin), cationic amphiphilic characteristics ~ because the retro-diffusion of the protonated form is inefficient
contribute strongly, but are not sufficient to confer significant ~ (mechanism known as ion-trapping or pH partitioning).
antitumoral activity to psychotropic compounds. If sufficiently intense, this sequestration results in the
osmotic formation of numerous large, fluid-filled vacuoles
. . . already after short term exposure to drugs (46). These
Psychotropic Drugs Cause Mitochondrial molecules are collectively referred to as lysosomotropic
Membrane Depolarization agents, for their propensity to concentrate into lysosomes
CADs can readily pass through phospholipids bilayers, (51). To test the hypothesis that cytotoxic psychotropic
particularly through membranes with a large transmembrane  drugs concentrate in MCF7 cells by this mechanism, MCF7
potential such as the mitochondrial inner membrane. They  were cultured in the presence of 10% FBS and treated with
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FIGURE 6 | Vacuolar structures formation after treatment of MCF7 cells with psychotropic drugs. Morphological alterations associated with psychotropic drugs
treatment in MCF7 were investigated after 4 h exposure by phase contrast microscopy. Representative images of cells treated with the negative control DMSO,
ebastine, fluoxetine, fluspirilene, nefazodone, penfluridol, pimozide and spiperone and rapamycin alone or with bafilomycin A1 and 3-MA (A). Histogram showing
quantification of vacuoles as fold change relative to control (B). Data are expressed as the mean + SD of a representative experiment out of three independent
experiments performed in triplicate. *p < 0.05; **, Student’s T-test p < 0.01; ***, Student’s T-test p < 0.001.

MCF7

drugs alone or in the presence of the V-ATPase inhibitor
bafilomycin Al or class III PI3K inhibitor 3-MA (Figure 6,
Supplementary Figure 5). Fluoxetine induced a strong vacuolar
morphology already 6h after treatment as previously reported
(46) (Supplementary Figure 5A); a less prominent, but still
significant increase of vacuolar structures was also observed
after treatment with fluspirilene, ebastine, pimozide, penfluridol
and nefazodone, whereas increase of vacuoles was not observed
with spiperone (Supplementary Figure 5). The mTOR inhibitor
rapamycin used as a positive control of autophagy induced a
mild vacuolar morphology.

In the presence of bafilomycin Al, a significant reduction
of vacuoles formation was observed with fluoxetine, ebastine,
fluspirilene, pimozide, and nefazodone, suggesting that these
drugs require an acidic environment to accumulate and induce
vesicles formation; on the contrary, a higher number of vesicles
was observed after treatment with penfluridol and spiperone,

suggesting that these drugs do not require pre-existing acidic
compartments to induce vacuolization although they can cause
the formation of autophagosome structures that accumulate after
inhibition of autophagosome-lysosome fusion and autolysosome
acidification by bafilomycin Al (Figure 6). The autophagosome
nature of vacuoles induced by all these compounds was
supported by the reduction of the number of vesicles in the
presence of the class III PI3K inhibitor 3-MA (Figure 6).

The nature of the vacuoles induced by psychotropic drugs was
further investigated by staining MCF?7 cells with the LysoTracker
dye, which is a highly soluble small molecule that is retained
in acidic subcellular compartments, such as late endosomes
and lysosomes, whose presence is an indirect indication for
autophagic activity (52). Although a transient increase of pH
in autophagosome-lysosome structures was observed after short
term treatment with penfluridol (Figure 6B), LysoTracker dye
staining clearly shows a strong increase of acidic compartments
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FIGURE 7 | Psychotropic drugs induce acidic compartment formation perturbing lysosomal and autophagic functioning. Effects of psychotropic drugs on intracellular
acidic compartments were evaluated by Lysotracker Deep Red staining after 6 and 16 h of treatment. Nuclei were stained using Hoechst 33342. Pictures were
acquired by fluorescence microscopy (magnification: 20x). Representative images of cells treated with DMSO, negative control, rapamycin, positive control, ebastine,
fluoxetine, fluspirilene, nefazodone, penfluridol, pimozide, and spiperone (A). Graphs showing quantification of red lysotracker staining/blue nuclei staining ratio as fold
change relative to negative control (B). Data are expressed as the mean =+ SD of a representative experiment out of three independent experiments performed in
triplicate. *p < 0.05; **, Student’s T-test p < 0.01; ***, Student’s T-test p < 0.001; ***o < 0.0001.

Lysotracker
Hoechst 33342

MCF7

Il 6h
= 16h

after overnight treatment with all drugs tested, consistent with
increased autophagosome-lysosome acidic structures (Figure 7,
Supplementary Figure 6).

Spiperone and Penfluridol Induce
Autophagy by Modulating mTOR and
AMPK Pathways

The increase of acidic structures can be a consequence
of both autophagy induction and reduced turnover in
the autophagosomal compartment caused by impaired
autophagosome-lysosome fusion and/or lysosomal function.
In order to clarify this issue, we investigated the main
regulators of autophagy: mTOR pathway (represented by
phosphorylations in 70S6K T389 and ribosomal protein S6
§235/236) and AMPK activation (Figure8). Starvation, a
strong inducer of autophagy, was used as positive control.

A strong inhibition of mTOR pathway, comparable to that
obtained with starvation, was observed after treatment with
penfluridol, whereas a milder but significant downregulation
of the pathway was detected with spiperone and, to a lesser
extent, with the other compounds (Figures8A-C), since
S6 Ser 235/236 phosphorylation might also be modulated
by kinases different from P70S6K (53). Notably, a partial
delocalization of mTOR from the lysosomal membrane,
further supporting mTOR inhibition, was observed after
treatment with both penfluridol and spiperone (Figure 8G,
Supplementary Figure 7).

In agreement with mTOR dislocation, a significant increase of
AMPK phosphorylation in the activation site T172, comparable
to that induced by starvation, was observed after treatment
with penfluridol and spiperone. On the contrary, AMPK
phosphorylation was unaffected or slightly reduced after
treatment with all other compounds (Figures 8A,D).
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FIGURE 8 | Effect of psychotropic drugs on mTOR and AMPK pathways and autophagic flux. Western blot analysis of MCF7 cells after 16 h treatment with
psychotropic drugs. Lysates were analyzed for p-AMPKa T172, AMPKa, p-P70S6K T389, P70S6K, P-S6 S235/236, S6, LC3B, and GAPDH (A). Histogram showing
quantification of P70S6K (B), S6 (C) and AMPK (D) phosphorylation normalized on total protein P70S6K, S6 and AMPKa, respectively. WB (E) and histogram (F)
showing the relative expression of LC3B II/I upon chloroquine treatment. Densitometric analyses are expressed as the mean + SD of three independent experiments
performed in triplicate. * Student’s T-test p < 0.05 **, Student’s T-test p < 0.01; ***, Student’s T-test p < 0.001, ***p < 0.0001. Delocalization of mTOR from the
lysosomal membrane was evaluated in MCF7 after 16 h treatment with psychotropic drugs. mTOR was stained using mTOR primary antibody and Alexa Fluor 488
secondary antibody (green). Lysosomes were stained using LAMP1 primary antibody and Alexa Fluor 536 secondary antibody (red). Representative images of DMSO,
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The conversion of the cytosolic LC3B form, LC3B-I, into the
faster migrating, phosphatidylethanolamine-conjugated, LC3B-
II form, a marker of autophagy induction (54) was significantly
enhanced in cells treated with penfluridol, spiperone and
pimozide (Figures 8E,F).

Psychotropic Drugs With Cationic
Amphiphilic Properties Cause Lysosomal
Disruption

CADs can accumulate into lysosomes and impair lysosomal
enzymatic activities (44, 55). It has also been shown that several
antipsychotic and antidepressant drugs extensively accumulate in
lysosomes and inhibit acid sphingomyelinase and phospholipases
(36, 56). Lysosomes are a major site of cellular membranes
degradation and complex lipids metabolism, therefore the

hallmark of drug-induced lysosomal impairment is accumulation
of phospholipids (42, 57). Therefore, we investigated whether
the antitumoral activity of psychotropic drugs was associated
with lysosomal impairment by incubating cells in the presence
of phospholipids conjugated to fluorescent dye. After incubation
for 24h with LipidTOX, MCF7 cells treated with ebastine,
fluspirilene, fluoxetine, pimozide and penfluridol showed a
strong increase of phospholipids aggregates; on the contrary,
this phenotype was not observed after treatment with non-CADs
spiperone and nefazodone and with the inducer of autophagy
rapamycin (Figures 9A,B).

Drugs with cationic amphiphilic properties accumulating
into lysosomes can also induce LMP. This phenomenon can
lead to the release of lysosomal enzymes inside the cytoplasm
and possibly cell death (17). Galectin-1 is a small protein
normally located in the cytoplasm and in the nucleus, that
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FIGURE 9 | Treatment with psychotropic drugs induces phospholipidosis in MCF7 cells. Accumulation of phospholipids in MCF7 cell line was evaluated after 16 h
treatment with drugs using LipidTox green staining. Nuclei were stained using Hoechst 33342. Pictures were acquired by fluorescence microscopy (magnification:
20x). Representative images of cells treated with DMSO, negative control, ebastine, fluoxetine, fluspirilene, nefazodone, penfluridol, pimozide, spiperone, and
rapamycin (A). Histogram showing quantification of Green LipidTox staining/blue nuclei staining ratio as fold change relative to control (B). Data are presented as
mean =+ standard deviation from three independent experiments, each performed in triplicate. ***, Student’s T-test p < 0.001.

accumulates and forms complexes to the lysosomal membrane Since apoptosis is not the primary mechanism of death
in case of lysosomal membrane damage and LMP (58). elicited by cytotoxic psychotropic drugs, except for spiperone,
To evaluate lysosomal membrane damage in response to  we investigated the role of autophagy by treating cells with
psychotropic drug treatment we investigated galectin-1 complex  the autophagy inhibitor 3-MA (59). As shown in Figure 11B,
formation by immunofluorescence. The formation of galectin-  3-MA co-treatment significantly rescued cell viability in cells
1 complexes was observed with all the drugs tested, apart from  treated with rapamycin and in cells treated with spiperone and
nefazodone, indicating that cytotoxic psychotropic drugs can  pimozide. Conversely, 3-MA enhanced penfluridol cytotoxicity,
induce lysosomal membrane damage (Figures 10A,B). whereas it did not show any effect in combination with
. . ebastine, fluoxetine, nefazodone and fluspirilene. However, since
Psychotropic Drugs Induce Different Types ¢ s reported that in particular conditions 3-MA could
of Cell Death induce autophagy (59) we performed western blot analysis to
To assess if apoptosis is involved in psychotropic drugs-  investigate the conversion of the cytosolic LC3 I to II form in
induced cell death we performed PI/Annexin V staining in =~ MCF7 cells treated with spiperone and penfluridol alone or in
MCF7 cells. FACS analysis at different time points showed an ~ combination with 3-MA (Supplementary Figure 9). Our data
increase in necrosis cells with all the drugs but a significant  indicate that in our experimental set-up 3-MA does not induce
induction of apoptosis after 48h of treatment with the sole  autophagy, on the contrary it is effective in suppressing LC3
spiperone (Supplementary Figure 8). These data were further  II conversion.
confirmed by viability rescue experiments with a pan caspase To further investigate the mechanism of the observed
inhibitor zVAD-fmk. As shown in Figure 11A, zVAD-fmk  cytotoxicity we assessed whether inhibition of lysosomal
significantly rescued cell death only in cells treated with  cathepsins B and L rescued cell viability in MCF7 cells, for this
spiperone and staurosporine, whereas it was ineffective with the =~ purpose we performed experiments with the inhibitor CA-074
other drugs. me (60). As displayed in Figure 11C CA-074 me significantly
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secondary antibody. Nuclei were stained using DAPI. Representative images showing cells treated with psychotropic drugs: DMSO, ebastine, fluoxetine, fluspirilene,
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change relative to control (B) Data are presented as mean + standard deviation from three independent experiments, each performed in triplicate. ****p < 0.0001.
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rescued cell death induced by ebastine, penfluridol, pimozide and
spiperone, while a mild but not significant effect was observed in
cells co-treated with fluoxetine.

Additionally, in order to clarify if oxidative stress was
involved in psychotropic drugs-induced cell death, we co-
treated MCF7 cells with the antioxidant NAC, however
no significant effect was observed in terms of viability
rescue (Figure 11D). With cyclosporin A, an inhibitor of the
mitochondrial permeability transition pore (mPTP), an additive
cytotoxic effect was observed with all drugs tested (Figure 11E).
Cyclosporin A has been reported to be a broad-spectrum
multidrug resistance modulator (61) and this activity possibly
induces psychotropic drugs retention resulting in a boost
of cytotoxicity.

DISCUSSION

Although cancer treatment has witnessed remarkable progress
over the past few decades, cancer remains a major threat to
humans, with total cure remaining elusive. Repurposing of well-
characterized and well-tolerated drugs for cancer therapy has
emerged as an attractive alternative for a long and costly process
of drug development (23). Psychotropic drugs are revealing
promising candidates for drug repositioning in cancer. Although
several in vitro and in vivo models reported the efficacy of this
family of drugs in reducing cancer cell viability and tumor growth
(30, 32, 62), the pharmacological properties underpinning the
possible clinical application of psychotropic drugs for cancer
therapy remain poorly understood. In this study we investigated
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FIGURE 11 | Effect of co-treatment of psychotropic drugs and the pan-caspase inhibitor ZVAD-fmk, the autophagy inhibitor 3-MA, the cathepsin inhibitor CA-074 me,
the antioxidant NAC or the inhibitor of mitochondrial membrane depolarization cyclosporin A. MCF7 cells were treated for 72 h with vehicle or psychotropic drugs (all
10 pmol/L except penfluridol, 5 wmol/L) alone, or in combination with zZVAD-fmk, 5 pmol/L (A), 3-MA, 2.5 mmol/L (B), CA-075 me, 5 wmol/L (C), NAC, 5 mmol/L (D),
cyclosporin A, 5 wmol/L (E) Data show mean =+ SD of at least three independent experiments performed in triplicate. The graphs show cell viability as the percentage
of viable cells vs. control. **, Student’s T-test p < 0.01; ***, Student’s T-test p < 0.001.

a large panel of psychotropic drugs for their potential anti-
tumoral activity evaluating their cytotoxic effect in six cell lines
derived from three different tumor types. By using stringent
screening conditions, we identified only a few compounds
that significantly reduced cell viability at clinically relevant
concentrations. These were represented by the antipsychotics
penfluridol, pimozide, fluspirilene, nefazodone, and spiperone,
the antidepressant fluoxetine and the antihistamine ebastine.
Except for spiperone, whose cytotoxicity was negligible in GB,
all the other compounds showed cytotoxic activity in all cell
lines tested.

The comparable efficacy, in three different tumor types, of
compounds with clinically different indications allows us to
speculate a common mechanism of action independent from
the phenotypic and molecular profile of the tumor and not
associated with the conventional pharmacological properties and
clinical use of these compounds. This hypothesis is corroborated
by the negligible cytotoxicity observed with other drugs with
superimposable biogenic amine receptors targeting, by the lack

of rescue of cell viability after co-treatment with biogenic amines
and by the drug concentration necessary to observe a biologic
effect, that it is at least one order of magnitude higher than that
needed for their conventional pharmacological targets (63).
Based on the analysis of structure and chemical-physical
properties, most psychotropic compounds with a significant
cytotoxic activity can be classified as CADs (36, 43). It is
well-demonstrated the formation of cytoplasmic vesicles in
cells exposed to CADs results from extensive ion-trapping-
based accumulation of lysosomotropic weak bases in acidic
compartments (36, 55). Vacuoles formation, inhibited by the
disruption of the lysosomal V-ATPase, was observed after short
term exposure of MCF7 cells to CADs fluoxetine, ebastine,
fluspirilene, pimozide but also to nefazodone, that is not
formally a CADs but might display some of their features.
Accumulation of vacuoles in the presence of bafilomycin A1 was
instead observed after treatment with penfluridol and spiperone,
suggesting that the formation of vesicles by these drugs does
not necessarily depend on ion-trapping in acidic compartments,
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but is favored by the block of lysosomal activity. The acidic
autophagosome nature of these vesicles was confirmed by the
requirement of class III PI3K for their formation and by the
positive staining with the lysosomotropic dye LysoTracker.
Notably, both spiperone and penfluridol, that induced the
formation of autophagosome structures independently from the
ion-trapping mechanism are likely true activator of autophagy,
as demonstrated by stimulation of AMPK and LC3B conversion
and downregulation of mTOR pathway observed in MCF?7 cells.

Although lysosomotropic CADs can increase lysosomal pH
after compound sequestration which could lead to suboptimal
conditions for lysosomal digestion (64, 65), lysosomal pH
increase may be a transient change and pH could be restored
after extended exposure to lysosomotropic compounds (47, 66,
67). The increased LysoTracker dye staining we observed after
overnight treatment with drugs indicates a pH recovery after
compound sequestration and reflects the increased lysosomal
volume, suggestive of the occurrence of lysosome biogenesis
induced by lysosomotropic drugs (47, 68). Moreover, drug
interactions with the lysosomal lipid bilayer and membrane
proteins could influence the dynamics of membrane fusion
and/or fission, thereby affecting trafficking steps and lysosomal
egress (67), causing a reduction in autophagic flux and
lysosomal enlargement.

Due to their chemical structure, CADs can accumulate
in acidic lysosomes (46) and incorporate to luminal
membranes where they function as effective inhibitors of
acid sphingomyelinase and other lysosomal lipases (36, 44).
At therapeutically relevant concentrations, CADs have been
shown to cause the lysosomal accumulation of various lipid
species, including sphingomyelin, phosphatidylethanolamine,
phosphatidylserine, phosphatidylcholine, lysophosphatidic acid,
and cholesterol, with induction of phospholipidosis (42, 57). In
our experimental model, CADs ebastine, fluspirilene, fluoxetine
and pimozide, that very rapidly accumulated in cells by ion-
trapping, caused a strong increase of phospholipids aggregates.
Our observations are supported by papers reporting the capacity
of these compounds to induce phospholipidosis. Gonzalez-
Rothi in 1995 first described the complication of pulmonary
phospholipidosis in a patient with manic-depressive illness
after treatment with fluoxetine (69); penfluridol, pimozide,
and fluspirilene have been reported in a screening of drugs
capable to inhibit sphingomyelinase and were found to induce
phospholipidosis in neuroglioma H4 cells (36, 44), whereas
ebastine was identified by electron microscope screening to
evaluate chemicals for drug-induced phospholipidosis (70).
Our results demonstrate that, also in cancer cells, ebastine,
fluspirilene, fluoxetine and pimozide act as typical CADs,
impairing lysosomal activity.

Some compounds investigated in this study, including the
antipsychotics diphenylbutylpiperidines fluspirilene, penfluridol,
and pimozide and antidepressants such as fluoxetine have been
previously reported as autophagy inducers in neurons and in
different cancer cell types such as BC and GB by affecting
a variety of targets (31, 71-73). Our study shows that the
cytotoxic activity of most of these compounds is essentially
based on their common cationic amphiphilic properties and

their capacity to perturb acidic intracellular compartments.
Moreover, although all investigated drugs caused the formation
of acidic structures, apparently inducing the autophagic flux,
only spiperone, penfluridol and, potentially, pimozide can be
considered true autophagy activators. Overall, these data raise
a critical issue related to clinical use of these compounds
as autophagy enhancers, but they also reveal interesting
therapeutic implications for compounds that transiently increase
upstream autophagic flow while compromising downstream
lysosomal function.

The lysosome is emerging as a driving force in the progression
of numerous human cancers, in which enhanced function of the
autophagy-lysosome system enables efficient nutrient scavenging
and growth in nutrient-poor microenvironments, promote the
metastatic potential and treatment resistance (11). But lysosomal
activation in aggressive cancers can lead to alterations in
lysosomal structure and function, which, paradoxically, renders
cancer cells more sensitive to lysosomal destabilization (5, 74).
This frailty can be targeted by lysosomotropic compound that
may have an antitumor effect preferentially killing the more
sensitive cancer cells by inducing dysregulation of lysosomal lipid
metabolism and LMP with release into the cytosol of cathepsins,
potent inducers of cell death (17, 75, 76). In our study, we
observed increased Lysotracker staining, suggestive of lysosomal
swelling that is considered a typical condition preceding LMP
(17, 77-79) and galectin-1 complexes, a surrogate marker of
lysosomal membrane damage (58), suggesting a possible role of
lysosomes in cancer cell death. This was confirmed for ebastine,
penfluridol, pimozide, and fluoxetine, whose cytotoxic activity
was partially rescued by inhibitor of cathepsins B and L but not
by treatment with both apoptosis or autophagy inhibitors.

Inhibition of apoptosis and autophagy were also ineffective in
reducing cell death induced by nefazodone and fluspirilene and
further experiments are required to clarify the mechanisms of cell
death induced by these drugs.

Notably, while inhibition of autophagy significantly
rescued pimozide and spiperone cytotoxicity, it further
increased cell death induced by penfluridol, the compound
that demonstrated the highest cytotoxicity in all cell lines
tested. The strong antitumoral activity of penfluridol may be
due to its ability to induce both ADCD and LMP. Most of
the known compounds that affect autophagy in neoplastic
cells are either inducers or inhibitors of this process (80, 81).
However, molecules that can modulate autophagy in a dual
mode, by both inducing and inhibiting the process, seem
to represent a novel and effective strategy for anticancer
therapy (82, 83).

Finally, all psychotropic compounds with cationic
amphiphilic properties caused a significant reduction in A{ym.
Since oncogenic activation leads to increased mitochondrial
metabolism and higher A{ym compared to that of non-
cancer cells (20) and experimental evidence demonstrates
that irreversible mitochondrial membrane depolarization
can induce cell death also in apoptotic resistant cells (84),
CADs appear excellent candidates for mitochondrial targeting
in cancer, as they can easily diffuse in tumor tissues and
interact with negatively charged mitochondrial membranes
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(20, 45, 49). Since in our cell line model cytotoxicity of
psychotropic drugs was not mediated by ROS and thiols
oxidation whereas apoptosis has been demonstrated only in
cells treated with spiperone, studies are underway to explore the
molecular mechanisms underlying CADs induced mitochondrial
membrane depolarization and its role in inducing cancer
cell death.

In addition to acute cytotoxicity, observed, in vitro, at lower
micromolar concentrations, in vivo psychotropic drugs with
cationic amphiphilic properties can also impair cancer cell
metabolism and sensitize tumors to chemotherapy at plasma
concentrations achieved with standard therapeutic regimens
(85, 86). Suggestive of their efficacy in human clinical setting,
epidemiologic studies have reported a reduced incidence of
glioma and CRC among users of tricyclic antidepressants (27),
a lower CRC risk under therapy with fluoxetine (26, 87)
and an association between post-diagnostic use of cationic
amphiphilic antihistamines and reduced cancer mortality as
compared with similar use of antihistamines that do not classify
as CADs (88).

In conclusion, the data presented above identify a subset
of psychotropic drugs as putative anticancer agents and
open a feasible, safe, and economically sound possibility
to test the clinical anticancer efficacy of this therapeutic
class of compounds. In particular, the cytotoxicity of
psychotropic drugs with cationic amphiphilic structures
relied on simultaneous mitochondrial and lysosomal
disruption and induction of cell death that not necessarily
requires apoptosis. Since dual targeting of lysosomes and
mitochondria constitutes a new promising therapeutic
approach for cancer, particularly those in which the apoptotic
machinery is defective, these data further support their
clinical development.
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Magnesium, the second most predominant intracellular cation, plays a crucial role in many
physiological functions; magnesium-based biomaterials have been widely used in clinical
application. In a variety of cancer types, the high intracellular concentration of magnesium
contributes to cancer initiation and progression. Therefore, we initiated this study to
investigate the likelihood of confounding magnesium with cancer therapy. In this study,
the anti-tumor activity of magnesium and underlying mechanisms were assessed in bladder
cancer both in vitro and in vivo. The results indicated that the proliferation of bladder cancer
cells was inhibited by treatment with a high concentration of MgCl, or MgSQ,. The
apoptosis, GO/G1 cell cycle arrest, autophagy, and ER stress were promoted following
treatment with MgCl,. However, the migratory ability of MgCl, treated cells was similar to
that of control cells, as revealed by the trans-well assay. Besides, no significant difference
was observed in the proportion of CD44 or CD133 positive cells between the control and
MgCl, treated cells. Thus, to improve the therapeutic effect of magnesium, VPA was used to
treat cancer cells in combination with MgCl,. As expected, combination treatment with
MgCl, and VPA could markedly reduce proliferation, migration, and in vivo tumorigenicity of
UCS cells. Moreover, the Wnt signaling was down-regulated, and ERK signaling was
activated in the cells treated with combination treatment. In conclusion, the accurate
utilization of MgCl, in targeting autophagy might be beneficial in cancer therapy. Although
further studies are warranted, the combination treatment of MgCl, with VPA is an effective
strategy to improve the outcome of chemotherapy.

Keywords: magnesium, apoptosis, autophagy, valproic acid, combinatorial treatment

INTRODUCTION

Bladder cancer ranks the second most frequent urological malignancy worldwide, with an estimated
549,393 newly diagnosed and approximately 199,922 deaths each year (1). Owing to high recurrence
rates, periodic cystoscopic tumor surveillance strategies, and high treatment expenses, the lifetime
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management of bladder cancer remains very expensive (2).
Chemotherapy continues to be the standard of care in patients
with unresectable and metastatic bladder cancer (3, 4). Notably,
cisplatin-based chemotherapy, a standard first-line treatment of
choice based on studies demonstrating improved survival
outcomes, has been the mainstay for bladder cancer for
decades (5, 6). However, patients who receive traditional
chemotherapeutic regimens might suffer from the significant
risk of off-target toxicity and the development of resistance to
drugs. To overcome these limitations, in recent years, many
alternative strategies, including nanotechnology, have been
developed to improve the therapeutic outcome of
chemotherapy (7). Nanotherapy with the favorable
characteristics of improved circulation and reduced toxicity has
been implicated as one of the most promising strategies in
clinical settings. Of note, the application of a yolk-shell
Fe;0,@MgSiO; nanoplatform with the polymerpoly (ethylene
glycol) and folic acid modifications has been shown to effectively
circumvent multidrug resistance in cancer cells (8). In bladder
cancer, a combination of Mg”*-Catechin nanocomposite
particles and siRNA has been suggested to be a promising
therapeutic modality of combining chemotherapy with gene
therapy to acquire higher therapeutic efficacy (9). Recently,
nanocomposite particles have received significant attention as
useful drug carriers for cancer therapy. However, whether the
component of the nanocomposite particle itself plays a role in
cancer therapy remains elusive. Magnesium ions (Mg>"), one of
the most common components used in the fabrication of
nanocomposites. Therefore, in this study, we made an attempt
to determine the anti-tumor effect of magnesium in
bladder cancer.

Magnesium (Mg”") is an essential mineral micronutrient that
functions as a cofactor for the activation of a variety of
transporters and enzymes, and required for the physiologic
functions of various organs. Green vegetables, including beans,
broccoli, have a high content of magnesium; besides, almonds,
bananas, cashews, egg yolk, flaxseed, including other nuts,
oatmeal, pumpkin seeds, sesame seeds, soybeans, and whole
grains are rich in magnesium (10). Intracellular Mg** may also
act as a secondary messenger and regulate the activities of a vast
array of enzymes and participate in the metabolism of various
nutrients (11, 12). In humans, the total serum magnesium ranges
0.70 to 1.10 mmol/L (13). Magnesium represents the second
most abundant intracellular cation and the fourth most common
cation in the human body. Furthermore, magnesium is
predominantly involved in many physiologic pathways, energy
production, and it also exhibits structural functions. Moreover,
magnesium and its alloys have been identified as promising
implant materials; besides, the treatment with magnesium
implants benefited almost all patients, including patients with
cancer (14). In 1904, Payr suggested the use of magnesium for
the treatment of cavernous haemangioma and large-vessel
aneurysms therapy (14). Subsequent studies also indicated that
magnesium alloys exhibit an inhibitory effect on tumor growth
(15-17). Accumulative pieces of evidence have indicated the
complex relationship between magnesium and cancer. Both

epidemiological and clinical studies suggested that magnesium
deficiency is associated with an increased risk of tumorigenesis
(18, 19). In breast cancer, the cancer cells promote the expression
of magnesium transport channels to enhance the intracellular
concentration of the mineral, thereby meeting the increasing
energy demand of cancer cells (20). Furthermore, reduced serum
levels of Mg®" is frequently associated in patients with solid
tumors and is frequently correlated with the advanced
malignancy. Moreover, several cycles of chemotherapy may
also lead to reduced serum levels of Mg** in patients with
cancer. In addition, in magnesium-deficient mice, tumor
growth was inhibited at its primary site; however, it was
increased in metastatic colonization (10). All these pieces of
evidence indicated that the role of magnesium in tumorigenesis
remains elusive and complex. Thus, it becomes imperative better
to understand the vital function of magnesium in tumor
development. Therefore, the present study investigated the
anti-tumor activity of magnesium and assessed the underlying
mechanisms in bladder cancer both in vitro and in vivo.

It appears that magnesium plays a protective role at the early
stage of carcinogenesis, but contributes to the proliferation of
existing tumors at the later stages (19). Combination therapy has
been considered as the standard first-line treatment to improve
the clinical outcome in several malignancies. Combination
therapy with anticancer drugs has been shown to be effective
in inducing the synergistic drug actions, prolonging the onset of
chemoresistance, and enhancing the immunogenicity of cancer
cells (21, 22). Histone deacetylase (HDAC) inhibitors represent a
group of potent epigenetic modulators that are known to exhibit
significant potential effects in cancer treatment. Valproic acid
(VPA), an HDAC inhibitor, has emerged as a potent drug for
cancer therapy in recent years and has shown promising
antitumor effects in a variety of in vitro and in vivo systems. In
early clinical trials, VPA alone or in combination with other
agents has revealed encouraging results (23). Furthermore, many
in vitro and in vivo studies suggest that VPA exhibits the
characteristic of high effectiveness and relatively low toxicity
profile. Considering these benefits of VPA, the present study also
examined the synergistic effect of the combination of VPA and
magnesium in cancer therapy.

Considering these evidences, we initiated this study to
investigate the possibility of confounding magnesium with
cancer therapy. In this study, the anti-tumor activity of
magnesium and/or in combination with VPA and underlying
mechanisms were assessed in bladder cancer both in vitro and
in vivo.

MATERIALS AND METHODS

Cell Cultures and Chemicals

Human bladder cancer cell lines (UM-UC3 and UM-UC5),
immortalized normal gastric cell line (Ges1), gastric cancer cell
line (MKN1), and HEK-293 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% nonessential amino acid, 1% Glutamine,
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100 U/ml streptomycin, and 100 U/ml penicillin in a humidified
atmosphere of 5% CO, at 37°C. Unless otherwise specified, all
the chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). For ERK inhibition, cells were pre-treated with
U0126 (Selleck Chemicals, Houston, TX, USA) for 2 h
followed by treatment with MgCl, for 24 h. For IREla
inhibition, cells were treated with STF083010 (Selleck
Chemicals, Houston, TX, USA) for 24 h.

Cell Viability Assay

In brief, cancer cells were seeded into 6-well plates at a density of
1.2x10° cells/well and then treated with different concentrations
of magnesium for 24 h. Subsequently, cells were rinsed with PBS
and digested with trypsin containing EDTA. Cell suspensions
were centrifuged by at 100 g for 5 min and then resuspended in
1 ml PBS. Cell number in 100 pl PBS was counted using a BD
Accuri C6 flow cytometer (BD Biosciences, San Diego, CA,
USA). Finally, the ICs5, was calculated as the concentration of
MgCl, that inhibited cell growth by 50%.

Viability of cells with MgCl, or VPA alone and in
combination was assessed with Cell Counting Kit-8 (CCKS;
Bimake, Houston, TX, USA) assay. Briefly, cells were seeded
into 96-well plates at a density of 2,000 cells/well and incubated
in a humidified incubator of 5% CO, at 37 °C. Then, a 200 ul
culture medium containing MgCl, and/or VPA was added to
each well of the treatment group for 24 h. Following different
treatments, 10 pl CCK-8 solution was added to each well, and
cells were incubated for 2 h at 37°C. The cell viability was
revealed by the absorbance (OD), which was measured at 450
nm using a microplate reader.

Flow Cytometric Analyses

For cell cycle distribution analysis, cells were seeded at a density
of 3x10° cells/well in a 6 cm dish and cultured for 12 h to adhere
to cells. Then, the cells were treated with MgCl, and/or VPA for
24 h. They were then harvested by centrifugation at 100 g for 5
min, washed twice with PBS, fixed with ice-cold 70% ethanol (in
PBS) at -20°C overnight. The fixed cells were stained in
propidium iodide (1 mg/ml) and ribonuclease-A (10 g/ml) (PI/
RNase; BD Biosciences) for 30 min at room temperature in the
dark. Cell cycle distribution was assessed by flow cytometry (BD
LSRFortessa, BD Biosciences). Data were analyzed by ModFit
software, and the distribution of cells in different phases of the
cell cycle was determined as a ratio of the fluorescent area of the
appropriate peaks to the total fluorescent area.

Apoptosis was determined using Annexin V/PI assay. Cells
were seeded in a 6 cm dish (3x10° cells/well). After 12 h, the cells
were treated with MgCl, and/or VPA for 24 h. Cells were
digested with trypsin and harvested by centrifugation at 100 g
for 5 min. The cells were resuspended with 100 pl of 1x binding
buffer containing 5 ul of Annexin V-FITC/PI for 15 min in the
dark at room temperature. The fluorescence of the cells was
quantified by flow cytometry (BD Biosciences, Franklin Lakes,
NJ, USA) using a FITC signal detector and a PI signal detector.

For the detection of cancer stem cells, the expression profiles
of CD133 and CD44 in cultured cells were analyzed by flow
cytometry. Briefly, cancer cells were treated with or without

MgCl, for 24 h and cells were then digested by trypsin. Following
incubation, the suspension was centrifuged, and cells were
suspended in PBS. The cell suspension was incubated with
FITC-conjugated anti-CD44 or PE-conjugated anti-CD133 at
4°C for 30 min in the dark. Labeled cells were resuspended in
PBS and analyzed by flow cytometer (BD Biotechnology).

RNA Extraction and Quantitative Real-
Time Polymerase Chain Reaction
(GQRT-PCR)

The total RNA from cancer cells was extracted with TRIzol
reagent (Tiangen Biotech, Beijing, China) according to the
manufacture’s protocol. One pg of total RNA was reverse
transcribed into complementary DNA (cDNA) using All-in-
One cDNA synthesis SuperMix (Bimake, Houston, TX, USA)
kit according to the manufacturer’s instructions. Quantitative
real-time PCR (qRT-PCR) was performed with 2x SYBR Green
qPCR Master Mix (Bimake, Houston, TX, USA) following the
manufacturer’s protocol on a CFX96 real-time PCR detection
system. The amplification program was as follows: initial
denaturation at 95°C for 15 min, followed by 45 cycles of
denaturation at 95°C for 10 s, annealing at 60°C for 30 s and
extension at 72°C for 20 s; final extension at 72°C for 10 min.
Primer sequences were listed in Table S1. Glyceraldehyde
phosphatedehydrogenase (GAPDH) or B-actin was used as an
internal control for the normalization of gene expression data.
The relative expression was calculated using the 2-**“" method.

Western Blotting

Cells treated with MgCl, and/or VPA were collected and lysed
with RIPA lysis buffer supplemented with protease inhibitor
cocktail. Cell suspensions were then centrifuged to collect clear
lysates in the supernatant and stored at -20°C. The protein
contents were quantitated using the bicinchoninic acid (BCA)
protein assay kit (Beyotime, Shanghai, China). Equal amounts
(20 ng) of cell extracts were resolved by SDS-PAGE, and
transferred to a PVDF membrane, blocked with a 5% non-fat
milk solution for 1 h at room temperature, and incubated with
primary monoclonal antibodies (as listed in Table S2) overnight
at 4°C. The membranes were then incubated with the
appropriate HRP-conjugated secondary antibodies at room
temperature for 1 h; the immunoblots were visualized with an
enhanced chemiluminescence detection system (Millipore,
Boston, USA).

Wound Healing and Migration Assay
The migration of the cells was assessed using a wound-healing
assay. Briefly, cells with or without MgCl, treatment were
cultured in 6-well plates and cultured to form a tight
monolayer. The monolayers were scratched with a 200 pl
sterile pipette tip and washed with PBS. Subsequently, the cells
were then cultured in serum-free media. After 0, 24, and 48 h,
cellular migration toward the scratched area was photographed
using an inverted microscope.

For the migration assay, a 24-well Transwell (8-(m pore size)
was used. Briefly, 2x 10* cells suspended in 200 pl serum-free
DMEM were seeded to the upper chamber of each well, 600 pl of
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FBS-containing medium was added to the bottom chamber.
After incubation for 24 h, cells that migrated to the lower
membrane of the chamber were fixed with methanol for 30
min at room temperature and stained with 0.2% crystal violet for
20 min. Cells were then counted in five randomly selected fields
(at x200 magnification) under an inverted microscope, and the
average cell number per view was calculated. All experiments
were performed in triplicate.

Colony Formation Assay

Following treatment with MgCl,, cells following treatment
MgCl, with were seeded into six-well plates at 1,000 cells/well
and cultured for 20 days in a humidified atmosphere of 5% CO,
at 37°C to allow for colony growth. At the assay endpoint, the
cells were washed gently with PBS and then fixed with
paraformaldehyde for 30 min and stained with 0.1% crystal
violet solution for 15 min. Stained colonies with a diameter
larger than 50 um were counted and photographed
under microscope.

Subcutaneous Tumorigenesis in Nude
Mice
The animals were cared for in accordance with the Guide for the
care and use of laboratory animals in China. All experimental
procedures were approved by the Animal Care and Use
Committee of the Northeastern University Committee, China.
Four-week-old male BALB/c nude mice were procured from
Charles River (Beijing, China). The mice were grouped-housed
under specific pathogen-free conditions, at a temperature of
24°C with a relative humidity of 50-60%, under a 12-h-light/
12-h-dark schedule. Animals were provided ad libitum access to
standard food and drinking water. All the mice were healthy and
had no infection during the experimental period. All surgical
procedures were performed under aseptic conditions. UC3 cells
(2x 107 cells/ml) were injected into the right super lateral
subcutaneous tissue of the nude mice. Tumor growth was
measured with calipers every 4 days, and tumor volume was
calculated according to the following equation: tumor volume
(mm?>) = 0.5 x the longest diameter x the shortest diameter?.
When the mean tumor volume reached approximately
100 mm®, mice were randomized into the vehicle control group
(received 100 pl physiological saline solution/2 days), MgCl,
treated group (50 mg/kg/2 days), VPA treated group (100 mg/kg/
2 days), and combination treatment group (50 mg MgCl,/kg/2
days+ 100 mg VPA/kg/2 days). The drug was administered by
intraperitoneal injection. At the termination of the experiment,
the mice were euthanized by cervical dislocation, and tumors
were harvested and weighed.

Statistical Analysis

Data were expressed as means + Standard Error of the Mean
(SEM). The differences between the two groups were assessed
using the unpaired Student’s t-test. Analysis of variance
(ANOVA) was performed for multiple comparisons. Statistical
analyses were performed using the SPSS 16.0 software (SPSS Inc.,
Chicago, IL, USA). A p-value of <0.05 was considered to be

statistically significant. Each experiment was conducted in
triplicate and repeated three times.

RESULTS

Magnesium Inhibited the Growth of
Bladder Cancer Cells UC3 and UC5

To determine the effects of magnesium on the bladder cancer cell
viability in vitro, we analyzed the impact of different
concentrations of magnesium on the bladder cancer cell lines.
It has been reported that a human normal serum reference range
for magnesium level is 0.70 to 1.10 mmol/L (13). Thus, we used
0.70 mmol/L magnesium as the lower concentration, defined as
1x. As illustrated in Figure 1A, the survival rate of UC3 cells was
markedly decreased by MgCl, in a dose-dependent manner. The
ICso of MgCl, in UC3 cells was approximately 42.5 mM. The
inhibitory effect on the viability of UC5 was also assessed. Results
showed that the IC5, of MgCl, in UC5 cells was about 28.3 mM
(Figure 1B), indicating that UC5 cells were more sensitive to
treatment with MgCl,. To further investigate the functions of
magnesium in bladder cancer cells, the survival rate of UC3 cells
with MgSO, exposure was evaluated. The IC5, of MgSO, in UC3
cells was about 56.6 mM (Figure 1C), possibly suggesting that
magnesium played an essential role in tumor growth. To better
illustrate the cytotoxicity of magnesium, a nontumorigenic HEK-
293 (kidney) cell line was applied. The ICs, of MgCl, in HEK-
293 cells was about 60.22 mM which was higher than that in UC3
and UCS5 cells (Figure S1). Based on these results, the subsequent
experiments were performed using 42.5 mM MgCl, in UC3 cells.

Effect of MgCl, on Canonical Cell Death
Modes

Inhibition of cell proliferation is often associated with cell cycle
arrest during chemotherapy. Many genes related to cyclin were
investigated. To further characterize the impact of MgCl,
treatment, detailed analyses of cell-cycle distribution were
performed. As anticipated, both qRT-PCR and Western blot
assay results revealed that p21 expression was markedly
increased following treatment with MgCl, (Figures 1D-F and
S2A). Surprisingly, there was no significant differences in the
expression of p16, CDK1, and cyclin B1 between the control and
MgCl, treated cells, indicating that the cell cycle distribution
remains mostly unaffected by treatment with MgCl,.

To further explore the roles of MgCl, in bladder cancer,
detailed analyses of canonical cell death modes, including
apoptosis, necrosis, and autophagic cell death were performed.
Flow cytometry was performed to analyze the apoptosis of cells
treated with MgCl,. The results demonstrated that the apoptotic
rate in the control cells was 4.2% and in the MgCl, treated cells
were augmented to 12.8% (Figure 1G). The results of QRT-PCR
assay revealed that the expression of HRK, FAS, TNFRSF10A,
and TNFRSF10B was up-regulated in MgCl, treated cells (Figure
2A). Western blot assay also further confirmed the increased
expression of apoptosis-related genes. The expression of Bak and
Bax was slightly enhanced in the cells treated with MgCl, (Figure
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2C and S2B). Western blot analysis of cytosolic wvs.
mitochondrial extracts revealed that Bax and Bak accumulated
in mitochondria (Figure S3), further confirming that apoptosis
was triggered by a high concentration of MgCl,.

Furthermore, a close relationship exists between apoptotic
cell death and ER stress. To confirm our hypothesis that MgCl,
induces apoptosis through ER stress, the expression of ER stress-
related genes (ATRCI, Bip, IREla, TRAF2, eIF, ERdj4, EDEM1,
and P58IPK) was analyzed. As revealed by qRT-PCR, increased
expression of Bip, IRE1q, elF, ERdj4, and EDEM1 were found in
MgCl, treated cells (Figure 2B). To further confirm whether
MgCl, can induce ER stress, a Western blot assay was performed
to detect the expression of CHOP, Bip, and BAP31. As presented
in Figure 2D, treatment with MgCl, enhanced the expression of
CHOP remarkably. These results indicated that MgCl, could
induce ER stress, which might play a crucial role in MgCl,-
induced apoptosis of UC3 cells.
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§°, 80- g 1004
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FIGURE 1 | Magnesium inhibited the proliferation of bladder cancer cells. (A) The survival rate of UC3 cells at different concentrations of MgCl, for 24 h. (B) The
survival rate of UC5 cells at different concentrations of MgCl, for 24 h. (C) The survival rate of UC3 cells at different concentrations of MgSQO, for 24 h. (D, E) mRNA
expression of P16 and P21 as determined by gRT-PCR. Data were expressed as mean + SEM of duplicate experiments. The differences between the two groups
were assessed using the unpaired Student’s t-test. *p < 0.05 versus control. (F) Protein expression as revealed by Western blot analysis. (G) Apoptosis was
evaluated by flow cytometry using double staining with Annexin V (Annexin V, horizontal line) and propidium iodide (PI, vertical line).

Autophagy plays a protective role in the resistance to
apoptosis under various apoptotic conditions (24). Autophagy
can function as an alternative cell death mechanism defined as
programmed cell death type II. Besides, during the progression of
autophagy, the cleavage of LC3 is increased. As determined by
Western blot assay, the expression of LC3-II was up-regulated in
MgCl, treated cells (Figure 3B and S2C). However, the
expression of other autophagy marker p62/SQSTM was down-
regulated following treatment with MgCl,. These results
indicated that autophagy was induced by MgCl, therapy.
Furthermore, additional autophagy-associated genes were also
analyzed. Results showed that the expression of ATG3, ATG5
and VDAC were increased following treatment with MgCl,
(Figures 3A, B), further confirming the role of autophagy in
MgCl, therapy. However, both QRT-PCR and Western blot assay
revealed that the BECN was decreased in the cells treated with
MgCl,, indicating that MgCl, mediated autophagy was
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spliced XBP1

independent of BECN expression. Akt-mTOR pathway is
essential for the induction of autophagy, and the results of
Western blot analysis revealed that both p-Akt and mTOR was
attenuated following treatment with MgCl, (Figure 3C). Taken
together, the results implicated that MgCl, triggered BECN
independent autophagy via Akt-mTOR signaling.

The present study also analyzed the expression of necroptosis
related genes RIPK1, PARP1, and MLKL. Results of qRT-PCR
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FIGURE 2 | MgCl, affected apoptosis and ER stress in bladder cancer cells UC3. (A) Expression of apoptosis-related genes as determined by gRT-PCR. (B) ER
stress-related gene expression as revealed via gRT-PCR. (C) Protein expression of apoptosis-related genes as revealed via western analysis. (D) Protein expression
of ER stress-related genes as determined by Western blot analysis. Data were expressed as mean + SEM of duplicate experiments. The differences between the two
groups were assessed using the unpaired Student’s t-test. *p < 0.05 versus control, and **p < 0.01 versus control.

indicated that there were no significant differences in the
expression of RIPK1 and PARPI between the control and
MgCl, treated cells (Figure 3E). However, MLKL mRNA level
was decreased in the cells treated with MgCl,. Western blot assay
further confirmed the decreased expression of MLKL in the
MgCl, treated cells (Figure 3D). Collectively, the results
indicated that necroptosis was inhibited with MgCl, treatment
in bladder cancer cells.
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FIGURE 3 | MgCl, affected autophagy and necroptosis in UC3 cells. (A) mRNA expression of autophagy-associated genes as revealed by qRT-PCR. (B) Protein
expression of autophagy marker genes as determined by Western blot analysis. (C) Evaluation of Akt phosphorylation (p-Akt) and mTOR as determined by Western
blot analysis. (D) Expression of MLKL as determined by Western blot analysis. (E) Gene expression related to necroptosis, as revealed by gRT-PCR. The differences
between the two groups were assessed using the unpaired Student’s t-test. Data were expressed as mean + SEM of duplicate experiments. *p < 0.05 versus

control, and *p < 0.01 versus control.

Effect of MgCl, on Wnt and Ras/Raf/MEK/
ERK Signaling

The Wnt signaling pathway has been implicated in tumorigenesis
and tumor recurrence, and clinical trial of drugs targeting the Wnt
pathway has shown promising results. Therefore, in the present
study, we analyzed the expression of Wnt signaling in bladder
cancer cells in vitro. Using QRT-PCR, we analyzed the expression of
SFRP2, WIF-1, Wnt3a, Wnt5a, APC, LEF], and c-Myc. The results
indicated that the expression of SFRP2, Wnt5a, LEF1, and c-Myc

was down-regulated following treatment with MgCl, (Figure 4A).
While the treatment with MgCl, up-regulated the expression of
WIE-1. However, there was no significant difference in the
expression of Wnt3a and APC between the control and MgCl,
treated group. Possibly, the Wnt signaling pathway was inhibited by
MgCl,. To support this hypothesis, we performed a Western blot
assay to evaluate the expression of B-catenin, which is a pivotal
component of the Wnt/B-catenin signaling pathway. The results
indicated that the expression of B-catenin was down-regulated
following treatment with MgCl, (Figure 4C).
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FIGURE 4 | MgCl, regulated Wnt and ERK signaling pathways in UC3 cells. (A) Wnt signaling genes expression analysis by gRT-PCR. (B) mRNA expression of
ERK signaling was determined by gRT-PCR. (C) Protein expression of B-catenin as determined by Western blot analysis. (D) Protein expression of ERK and ERK
phosphorylation (p-ERK) as determined by Western blot analysis. (E) Protein expression as determined by Western blot analysis in cells treated with U0126. Data
were expressed as mean + SEM of duplicate experiments. The differences between the two groups were assessed using the unpaired Student’s t-test. *o < 0.05
versus control, *p < 0.01 versus control, and ***p < 0.001 versus control.

The Ras/Raf/MEK/ERK signaling is yet another important
signaling pathway involved in carcinogenesis and progression.
Thus, the expression of H-Ras, N-Ras, Raf-1, and MEK2 was
analyzed using qRT-PCR, and results showed that all these genes
were activated following treatment with MgCl, (Figure 4B). The
expression of ERK was then examined using Western blot assay. As
represented in Figure 4D, there was no significant difference in the
expression of ERK between the control and MgCl, treated group.

However, ERK phosphorylation was enhanced in the MgCl, treated
cells. To further investigate the effect of MgCl, on Ras/Raf/MEK/
ERK signaling, the pretreatment with mitogen—activation protein
kinase kinase inhibitor, U0126, was performed. As anticipated,
pretreatment with U0126 suppressed the enhanced effect of
MgCl, on ERK phosphorylation (Figure 4E). Furthermore, the
upregulation of Bax and LC3-II induced by MgCl, treatment was
also inhibited in cells pre-treated with U0126 (Figure 4E and S3),
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possibly indicating that MgCl, induced apoptosis and autophagy
could be prevented through the inhibition of Ras/Raf/MEK/
ERK signaling.

MgCl, Exerted Minor Effects on the
Migration and Stemness

The epithelial-to-mesenchymal transition (EMT), together with
its reverse process mesenchymal-epithelial transition (MET),
plays an important role in cancer progression and metastasis.
In this study, E-cadherin was found to be up-regulated in the
MgCl, treated cells (Figure 5A). However, the expression of
epithelial gene ZO-1 was downregulated following treatment
with MgCl,. Furthermore, we performed a Western blot assay to
analyze the expression of mesenchymal genes. MgCl, suppressed
the expression of Zebl and Slug; however, it enhanced the
expression of Vimentin and o-SMA. It was found that the
EMT process was disrupted by treatment with MgCl,. MMPs
have been known to degrade the extracellular matrix, thus
promoting migration and invasion of cancer cells. The results
of Western blot analysis revealed that MgCl, reduced the
expression of MMP2 and MMP9. However, treatment with

MgCl, was shown to exert no significant effects on colony
formation, migration, and invasion (Figures 6A-C).

The EMT process is suggested to be closely associated with
the acquisition of cancer stemness properties. Therefore, we
examined the expression of genes related to cancer stemness.
Surprisingly, the expression of CD44 and CD133 was promoted
by treatment with MgCl, (Figure 5B). Next, we analyzed
whether prolonged treatment duration would have an impact
on the expression profile of these genes. At 48 h post-treatment
with MgCl,, there were no significant differences in the
expression profiles of ABCG2, CD44, and CD133 between the
control and MgCl, treated cells (Figure 5C). To better illustrate
the effect of MgCl, on the cancer stemness, we performed flow
cytometry to analyze the expression of cancer stem cells markers
CD44 and CD133 in immortalized normal gastric cells Gesl and
gastric cancer cells MKNI1. In both Gesl and MKNI cells,
treatment with MgCl, did not markedly alter the expression of
CD44 and CD133 (Figure 6D). Considering the gene expression
profile and cell biology experiments, it was apparent that the
migration and cancer stemness was not significantly inhibited by
treatment with MgCl,.
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groups were assessed using the unpaired Student’s t-test. *p < 0.05 versus control.
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control

VPA Enhanced the Anti-Tumor Effect

of MgCl,

Results indicated that MgCl, treatment reduced the acH4K5
abundance in UC3 cells (Figure S2E). Many literatures have
documented that enhancing acetylation could be useful in the
prevention of cancer cell proliferation and metastasis. Therefore,
to strengthen the anti-tumor function of MgCl,, cancer cells were
subjected to combination treatment with MgCl, and VPA (5
mM). As illustrated in Figure 7A, cells with combined treatment
of MgCl, and VPA developed considerably lower numbers of
colonies compared to control cells. Furthermore, the number of
cells with combined treatment that migrated through the trans-
well membrane was also markedly lower than that of control cells
(Figure 7B). These results confirmed that VPA could effectively
contribute to reinforce the anti-tumor function of MgCl,.

Next, we performed CCK8 assay to determine the inhibitory
effect of combined treatment on cell proliferation, and results
indicated that a considerably lower survival rate was observed in
the cells with combination treatment (Figure 8A and S4A).
Furthermore, the suppressive effect of MgCl, and/or VPA on in
vivo tumorigenicity was also evaluated in UC3 cells tumor-
bearing mice. The results revealed that MgCl, and VPA in
combination significantly reduced the tumor volume compared
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FIGURE 6 | Effect of MgCl, on the proliferation, migration, and stemness in the bladder cancer cells. (A) Colony formation in the UC3 cells treated with MgCl,.
(B) Trans-well assay of the UC3 cells treated with MgCl,. Scale bars indicate 100 um. (C) Results of the wound healing assay of the UC3 cells treated with MgCls.
Scale bars indicate 200 um. (D) The proportion of CD44 and CD133 positive cells in MKN1 or Ges1 cells treated with MgCl, by flow cytometry.

with control (216.95 + 77.21 mm® vs. 361.87 + 113.21 mm’, p =
0.035; Figures 8H, I). Consistent with the above results, the
tumor weight of UC3 cells tumor-bearing mice receiving
combined treatment was also significantly lower than the
control group (0.25 + 0.07 g vs. 0.39 + 0.12 g, p = 0.016;
Figures 8H, J).

Then, we further investigated the molecular mechanism
underlying combination treatment was then investigated, and
as revealed by flow cytometry, GO/G1 cell cycle arrest was most
severe in the cells receiving combination treatment (Figure 7C).
Consistent with the results of cell cycle analysis, cells with
combination treatment exhibited increased expression of
CDK1, cyclin B1, cyclin B2, cyclin D1, and p21 (Figure 8 and
S4B). Besides, the mRNA level of the apoptotic markers
TNFRSF10A, TNFRSF10B, and caspase 9 were also increased
in the cells receiving combination treatment (Figure 9A). Results
of Western blot assay also indicated that the expression of Bak
and Bax was also enhanced following combined treatment with
MgCl, and VPA (Figure 9B and S4B).

The expression of ER stress-related genes (Bip, CHOP, and
BAP31) was also analyzed using qRT-PCR and Western blot
assay. The mRNA expression of Bip and CHOP were up-
regulated in cell treated with combination treatment (Figure
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9D and S4C). The result of Western blot assays further
confirmed that the Bip expression was markedly enhanced by
combination treatment (Figure 9C). A specific IRE1ot inhibitor
STF083010 was applied to uncover the role of ER stress in
combination treatment. As shown in Figure S5, the
increasement in the expression of spliced XBP1 in the cells
with combination treatment was inhibited by STF083010 as
expected. Furthermore, the upregulation of TNFRSF10A in the
cells with combination treatment was also prevented by
STF083010, indicating that ER stress is possible a critical
regulator of apoptosis induced by combination treatment.

To demonstrate whether VPA could enhance induced
autophagy, the expression of ATG3, ATG5, LC3, VDAC, BECN,
and p62 was examined. The expression of ATG3, ATG5, LC3,
VDACI, and BECN at the mRNA level was significantly enhanced
with combination treatment (Figure 10A). Western blot analysis
also revealed an increased level of LC3-II protein production in
cells with combination treatment as compared to the control
(Figure 10B and $4D). Results of Western blot analysis also
showed that combination treatment promoted the VDAC
expression. However, the expression of p62 was suppressed
following treatment with MgCl, and VPA, as indicated by qRT-
PCR and Western blot analysis. In addition, the phosphorylation
of mTOR was also up-regulated in the cells receiving combination
treatment (Figure 10C), implying that induction of autophagy was
reinforced by combination treatment.

Furthermore, we also found that the Ras/Raf/MEK/ERK
signaling was activated, and the Wnt signaling was down-
regulated following treatment with MgCl,. Therefore, we next
investigated these signaling pathways in cells following
combination treatment. The expression of ERK and p38MAPK
were similar among the tested groups; however, the
phosphorylation of ERK and p38MAPK were predominantly
enhanced following combination treatment (Figure 10D). The
expression of [-catenin was up-regulated in the cells with VPA
treatment but was decreased in the cells with MgCl, or combination
treatment (Figure 10E). Collectively, these findings suggested that
combination treatment inhibited cell proliferation, induced cell
cycle arrest, enhanced apoptosis and autophagy, and suppressed
migration through activation of ERK signaling and inhibition of the
Wnht signaling pathway, thus VPA ameliorated the anti-tumor effect
of MgCl,.

DISCUSSION

The present study demonstrated that treatment with MgCl, could
affect the proliferation and apoptosis of bladder cancer cells through
the regulation of Ras/Raf/MEK/ERK and Wnt signaling pathways.
However, the migratory ability and stemness of cancer cells were
not markedly disrupted by treatment with MgCl,. Thus, when
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MgCl, in combination with VPA was used, the migration of cancer
cells was severely suppressed.

Accumulating pieces of evidence have reported that magnesium
can act as a protective agent in colorectal carcinogenesis by
suppressing c-Myc expression and ornithine decarboxylase
function in the intestinal mucosa (25). In this study, we
also found that the proliferation of bladder cancer cells was
inhibited by different concentrations of magnesium. As indicated

by flow cytometry analysis, treatment with MgCl, could trigger
apoptosis and induce cell cycle arrest. MgCl, altered the
expression of many genes associated with cell cycle and
apoptosis. Notably, p21 was up-regulated following treatment
with MgCl,. The p21 functions as a potent cyclin-dependent
kinase inhibitor, up-regulation of which could induce cell cycle
arrest (26). Besides, p21 can interact with various molecules, such
as p53 and Myc, depending on different stimuli (26). In fact, due
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to interaction with different units, p21 could also function as an
inhibitor of apoptosis, thus contributing to cancer development
(26, 27). Therefore, combination therapy is expected to
overcome challenges.

Autophagy, a lysosome-dependent cellular degradation
program, is an evolutionary conserved catabolic process that
provides cellular material to lysosomes for degradation to
regulate the cellular homeostasis. A complex interplay between
autophagy and apoptosis may contribute to cancer progression and
therapeutic outcomes. A growing number of studies indicated that
autophagy has a dichotomous role in the regulation of cancer (28,
29). In breast cancer, BECN and ATG7 mediated autophagy is
considered as a means of evading apoptosis following DNA
damage, thus prolonging cell survival (30). Thus, inhibition of
autophagy to improve clinical outcomes in patients with cancer
appears to be a favorable strategy. However, several studies have
indicated that inhibition of autophagy may not confer benefit in
cancer therapy as it may reduce anti-tumor T cell responses (28).
In the present study, MgCl, triggered autophagy through the

regulation of Akt/mTOR signaling. Indeed, targeting autophagy
represents a promising therapeutic strategy to circumvent
resistance and improve the outcomes of chemotherapy (31).
Therefore, the accurate utilization of MgCl, in targeting
autophagy might be beneficial in cancer therapy.

ER stress is a typical cellular stress response representing an
evolutionarily conserved mechanism for maintaining cellular
homeostasis. ER stress is closely associated with the induction
of apoptosis and autophagy (32, 33). In this study, the splicing
of XBP1 was induced with the MgCl, treatment, indicating that
the ER stress was triggered following treatment with MgCl,.
Furthermore, treatment with MgCl, up-regulated the
expression of CHOP, Bip, IRElq, eIF, ERdj4, EDEMI1, and
P58IPK. There are at least three pathways involving sensors of
ER stress: (1) pancreatic endoplasmic reticulum kinase (PERK)
phosphorylates eukaryotic initiation translation factor 2o
(eIF2a1); (2) translocation of activating transcription factor 6
(ATF6) from the ER to the Golgi and then the nucleus; and (3)
inositol-requiring enzyme low (IREla) splices X-box-binding
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protein (XBP1) mRNA (34). Considering the significant
upregulation of IREla and spliced XBP1 after MgCl,
treatment, we hypothesized that the IREla-XBP1 branch
might involve in the treatment. Results of STF083010
treatment confirmed that blocking IRElo could prevent the
splicing of XBP1 and reduce the expression of TNFRSF10A.

IRElol can activate Jun-N-terminal kinase (JNK) to trigger
autophagy or apoptosis (35). JNK mediated Bcl2
phosphorylation lead to the BECN/Bcl2 dissociation and
autophagy induction in the early phase of ER stress, and
sustained activation of JNK could trigger apoptosis due to
prolonged ER stress (32). Conceivably, MgCl, mediated the
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crosstalk between autophagy and apoptosis by modulating the
expression of these genes.

Wnt signaling modulates cancer stem cells, metastasis, and
immunity, is tightly associated with cancer (36). Inhibition of
Wnt signaling is a universal strategy for cancer therapy, and
some of Wnt signaling inhibitors are currently under clinical
testing (36, 37). In this study, Wnt signaling was suppressed
following treatment, possibly indicating that Wnt signaling was a
critical target of the combination therapy. The Ras/RAF/MEK/
ERK signaling pathway is another best-defined pathway in
cancer biology (38). ERKs belong to the MAPK family of
kinases, which also comprise of p38MAPK and JNK (39).
ERKs are suggested as a double-edged sword in cancers which
can activate pro-survival pathways contributing to cell
proliferation and migration, or can function against cancer by
regulating apoptosis, differentiation, and senescence (40).
Increased ERK phosphorylation emerged in the cells with
combination treatment in the present study. To uncover the
role of Ras/RAF/MEK/ERK signaling pathway in magnesium
treatment, the ERK inhibitor U0126 was applied. The Bax/Bcl2
ratio in MgCl, treated cells was decreased by U0126, indicating
that the Ras/RAF/MEK/ERK signaling pathway is critical for the
apoptotic effect of MgCl, treatment. In fact, U0126 has been
found to block the apoptosis in many cancer cell types (41, 42).
The down-regulation of Bax and cytochrome C in the
mitochondrial protein fractions from cells with U0126
exposure further confirmed the role of Ras/RAF/MEK/ERK
signaling pathway in MgCl, induced apoptosis.

EMT enhances cell migration and metastasis of cancer cells
(43, 44). As anticipated, E-cadherin expression was up-regulated
following treatment with MgCl,. However, loss of E-cadherin
conveys a poor prognosis in multiple human cancers, including
bladder cancer (45). In most experimental models, E-cadherin is
evaluated as an indicator of the occurrence of EMT (46).
Considering these evidences, we suggested that treatment with
MgCl, could inhibit the EMT process. However, the expression
of some of the marker genes was not apparent after treatment
with MgCl,. Furthermore, the results of the present study also
demonstrated that the migratory ability of cancer cells in control
and MgCl, treated group was similar. It is well recognized that
migration is critical for cancer cell invasion and dissemination.
Cancer stem cells, a subpopulation of cancers, harbor stemness
that is perceived to considerably contribute to cancer metastasis,
relapse, and therapy resistance (43). In previous studies, ABCG2,
CD44, and CD133 were used to identify and isolate the bladder
cancer stem cells (47, 48). In the present study, treatment with
MgCl, did not show an inhibitory effect on the expression of
ABCG2, CD44, and CD133. In contrast, an up-regulation in the
expression of CD44 and CD133 were presented in the cells
treated with MgCl, for 24 h. Possibly, MgCl, did not have a
favorable effect on the suppression of migration and stemness.
Indeed, E-cadherin acts as a pleiotropic molecule that can
contribute to either tumor-suppressing or tumor-promoting
processes (49).

Combination therapy has been shown to improve clinical
efficacy in many reports. VPA, a histone deacetylase inhibitor,

has been widely used as an effective chemotherapeutic drug in a
variety of cancers. VPA has been indicated to markedly promote
the action of a number of chemotherapy agents in bladder cancer
(50). In our previous study, the inhibitory effect on bladder
cancer was found to be improved when melatonin was used in
combination with VPA (51). In this study, combination
treatment with MgCl, and VPA revealed a potent ability in the
inhibition of cell proliferation, migration, and in vivo
tumorigenicity. The inhibitory effect of MgCl, on proliferation
and cell cycle was further strengthened by treatment with VPA.
In fact, VPA has been shown to improve the anti-tumor effect of
several first-line drugs, including Sorafenib and cisplatin (52, 53).
In sum, further studies are warranted to improve the therapeutic
effects of magnesium in cancer chemotherapy.

CONCLUSION

Collectively, the findings of the present study indicated that
combination treatment of MgCl, with VPA inhibited cell
proliferation, induced cell cycle arrest, enhanced apoptosis, and
autophagy, and suppressed migration through activation of ERK
signaling; thus, VPA ameliorated the anti-tumor effect of MgCl,.
Although further studies are warranted, the combination
treatment of MgCl, with VPA is an effective strategy to
improve the outcome of chemotherapy.
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Volatile anesthetics are widely used inhalation anesthetics in clinical anesthesia. In recent
years, the regulation of anti-cancer relevant signaling of volatile anesthetics has drawn the
attention of investigators. However, their underlying mechanism remains unclear. This
review summarizes the research progress on the regulation of anti-cancer relevant
signaling of volatile anesthetics, including sevoflurane, desflurane, xenon, isoflurane,
and halothane in vitro, in vivo, and clinical studies. The present review article ams to
provide a general overview of regulation of anti-cancer relevant signaling and explore
potential underlying molecular mechanisms of volatile anesthetics. It may promote
promising insights of guiding clinical anesthesia procedure and instructing enhance
recovery after surgery (ERAS) with latent benefits.

Keywords: volatile anesthetics, inhalation anesthesia, anti-cancer, volatile anesthesia, mechanism

INTRODUCTION

Cancer describes diseases characterized by uncontrolled cell division and tissue invasion. Cancer
hallmarks include maintaining proliferation signals, evading cell death, resisting treatment, enabling
invasion, inducing angiogenesis, and activating metastasis (1). Cancer treatment strategies include
traditional methods, such as surgery, chemo- and radio-therapy; and newer methods such as a
ligand or receptor-based target therapy, stem cell therapy, and various forms of novel drug delivery
systems (2). Until now, cancer is still an insurmountable problem worldwide, leading to high
morbidity and mortality (3).

Volatile anesthetics, including sevoflurane, desflurane, xenon, isoflurane, halothane and others,
are used for inhalational anesthesia in clinical practice. Volatile anesthetics target specific central
nervous system receptors to perform anesthetic functions, such as the neuronal GABA,4 receptor,
NMDA receptor and glutamate receptor subtypes. Volatile anesthetics can also affect cells by
changing transcriptional elements, thereby changing specific characteristics of cell function.
Previous studies have shown that volatile anesthetics have organ protection effects (4, 5).
Recently, researchers have focused on the regulation of anti-cancer relevant signaling of volatile
anesthetics on different kinds of cancer in vitro, in vivo, and clinical studies, but the specific
mechanism remains unclear.

Everything has two sides. Some studies reported that sevoflurane (6-12), isoflurane (7, 10, 11)
and halothane (13-15) may play tumor-promoting effects. We compared the articles and found that
the controversy may come from different cancer types, cell lines, incubation concentrations and
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other conditions. More research on differences should be studied
to discover potential conditions for volatile anesthetics and
suitable cancer types. Analysis articles aimed at comparing
opposite findings are also welcome. More in vivo and clinical
studies should be conducted to further determine the regulation
of anti-cancer relevant signaling of volatile anesthetics to guide
clinical anesthesia procedures.

This review summarized the regulation of anti-cancer
relevant signaling, including anti-proliferation, anti-migration
and invasion, anti-metastasis, apoptosis-inducing effects, and the
underlying mechanisms of volatile anesthetics. It may be
instructive for future clinical inhalation anesthesia and
beneficial for ERAS.

REGULATION OF ANTI-CANCER
RELEVANT SIGNALING

Sevoflurane

Sevoflurane (C4H;F;O, Table 1) is one of the most commonly
used volatile anesthetics. It is a colorless and sweet-smelling
inhalation anesthetic used to induce and maintain general
anesthesia. For induction and maintenance of general
anesthesia, sevoflurane concentration ranges from 0.5%-5%
and less than 4%, respectively. In the electrophysiological study
of neurons and recombinant receptors, sevoflurane is a positive
allosteric modulator of the GABA 4 receptors (16-18). However,
it can also act as a NMDA receptor antagonist (19), enhancing
glycine receptor electro-currents (20) and inhibiting nAChR
(21) and 5-HT3 receptor currents (22, 23). Sevoflurane is
particularly non-irritating to the respiratory tract, so it is
particularly suitable for asthma patients’ anesthesia.

SEVOFLURANE AND miRNAs

miRNAs are single-stranded, highly conserved small non-coding
RNAs. More and more studies have shown that miRNAs affect
cancer proliferation, metastasis, and invasion. In addition, miRNA
expression can also determine the pathogenesis, diagnosis, and
diseases prognosis of cancer (24). Recently, miRNAs are proposed
to function both as oncogenes and tumor suppressors by regulating
various target gene expressions (25, 26). Oncogenes are genes that

TABLE 1 | The volatile anesthetics.

may cause cancer and are often mutated and expressed at high
cancer cell levels. On the other hand, tumor suppressor genes, or
anti-oncogenes, are genes that protect cells from malignant
transformation (27). Recent studies have found that Sevoflurane
can regulate miRNA expression.

miR-203 has been implicated to play an essential role cancer
proliferation regulation and are of potential diagnostic value. It is
reported that miR-203 can act both as an oncogene and tumor
suppressor gene in the development of different types of cancers
(28-30). Fan and colleagues treated colorectal cancer cells (CRC,
cell lines: SW620 and HCT116) with 1%, 2%, and 4% sevoflurane
for 6 h to investigate the regulation of anti-cancer signaling of
sevoflurane in CRC cell lines. The study demonstrated a
proliferation suppression effect of sevoflurane, along with its
migration and invasion inhibitory effects, by regulating the ERK/
MMP-9 pathway through miR-203/Robol (31). In another
study, MDA-MB-231 and MCF-7 breast cancer cells were
exposed to 2% sevoflurane for 6 h. Results demonstrated that
clinical concentration of sevoflurane could significantly suppress
the proliferation of breast cancer cells via up-regulation of miR-
203 (32).

miRNA-637 is as a tumor suppressor effect and plays crucial
role in carcinogenesis and cancer progression (33-35). Emerging
evidence suggested that miRNA-637 regulates the migration and
invasion of glioma cells (36). In glioma in vitro models, U251
cells were treated with sevoflurane (1.7%, 3.4%, 5.1%) for 6 h. Yi
and colleagues reported that sevoflurane inhibited glioma
migration and invasion by up-regulating miRNA-637 and
suppression of downstream Aktl expression and activity (37).

In lung cancer, the regulation of anti-cancer signaling of
sevoflurane by regulating miRNA has also been investigated (38).
A study aimed at elucidating sevoflurane’s effect on the miRNA in
lung cancer cells showed that A549 cells pretreated with 3%
sevoflurane for 0.5 h caused an increase in apoptosis, thereby
significantly reduced the risk of cancer cell metastasis and
improving patients’ postoperative survival rate. Sevoflurane
pretreatment up-regulated tumor suppressor miRNA-21,
miRNA-221 and down-regulated oncogenic miRNA-34a in A549
cancer cells (39).

miR-124 is widely expressed in the nervous system (40). Rho-
associated coiled-coil-containing protein kinase (ROCK1) plays
essential roles in regulating tumorigenesis, cell apoptosis,
invasion and migration (41). As reported by Cao et al, 4.1%
sevoflurane pretreatment for 4 h inhibits glioma proliferation,

Volatile Anesthetics Sevoflurane Desflurane Xeon Isoflurane Halothane
Chemical Formula C4H3F,0 CaHsoFgO Xe C3H,CIFsO C,oHBICIF
CAS ID 28523-86-6 57041-67-5 20222-53-1 26675-46-7 1561-67-7
Molecular Formula F F F )F\ F r—54 . Cl /IL E Cl
F>i ~ FsC O)\F Xe I F>(j\o 3 F%_<
o~ °F 3 F
FT F Br
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invasion, and metastasis in U25land U87 cells through
enhancing miR-124-3p level, thereby suppressed tumor
malignancy-related ROCKI signaling pathway (42).

SEVOFLURANE AND MMPs

Matrix metalloproteinases (MMPs) are proteolytic enzymes that
contribute to the degradation of extracellular matrix and basement
membrane and are associated with cancer cell invasion. Among
them, MMP-2 and MMP-9 are remarkably up-regulated in
malignant tumors and contribute to cancer invasion (43).

Compared with normal brain tissue, MMP-2 is highly expressed
in gliomas. MMP-2 has shown multiple effects in tumor
progression, and promoted glioma malignancies (44, 45).
Research by Hurmath et al. suggested that 2.5% sevoflurane
incubation for 1.5 h suppressed the migration capability of
U87MG glioma cells by down-regulation MMP-2 activity (46).

Degrading extracellular matrix is considered first step of
tumor cell progression. Prior to tumor invasion into blood
vessels or lymph nodes, tumor cells degrade the extracellular
matrix, such as MMP-9 (47). Research evidence showed that in
an in vitro reperfusion injury model, preconditioning with 2.2%
sevoflurane for 45 min reduced MMP-9 release from human
neutrophils by interfering with its downstream CXCR2 and its
upstream PKC. By down-regulating MMP-9, sevoflurane
suppressed MC-38 colon cancer cells migration (48).

Sevoflurane also demonstrated growth and invasion
inhibitory effects in lung adenocarcinoma A549 cell line (49).
The mechanism of its growth inhibition may be related to the
synergistic down-regulation of X-linked inhibitor of apoptosis
(XIAP) and survivin. Furthermore, its the synergistic effect of
invasion inhibition may be related to the down-regulation of
MMP-2 and MMP-9.

SEVOFLURANE AND CELL CYCLE

Abnormal cell proliferation is most related to the influence of cell
cycle regulation (50). 2.5% Sevoflurane treatment for 4 h
significantly inhibited A549 cells’ proliferation, invasion and
induce cellular apoptosis and arrest the cell cycle at the G2/M
phase (51). Furthermore, 2% sevoflurane preconditioning for 6 h
possessed anti-proliferative and pro-apoptotic effects, possibly
related to the down-regulation of XIAP and survivin expression
and caspase-3 activation. Cell cycle arrest in the G2/M phase is
associated with the down-regulation of cyclin A, cyclin B1, and
cdc2 kinase expression. Sevoflurane can significantly inhibit
breast cancer cells’ proliferation by blocking the cell cycle in
the G1 phase (32).

SEVOFLURANE AND CELL APOPTOSIS

In colonic cancer, 3% sevoflurane incubation for 1 or 2 h induced
late apoptosis in Caco-2 cells in vitro (52). The study reported

that sevoflurane intervention increases CYP2E1, caspase-3, and
p53 expression. Furthermore, sevoflurane also facilitates an early
increase of de novo ceramide synthesis. These results suggested
that sevoflurane acts on both signaling pathways and metabolic
pathways in vitro.

In neck squamous cell carcinoma (HNSCC) cancer, 2% and
4% sevoflurane pretreatment for 2, 4, 6, and 8 h inhibited
proliferation, invasion, migration, and induced cellular
apoptosis of FaDu and CAL-27 cell lines (53). The anti-
proliferation effect of sevoflurane was associated with the
downregulation p-Akt expression, and the cell apoptosis effect
was associated HIF-1o activation, which regulated the Fas/FasL
signaling pathway.

SEVOFLURANE AND HIF-1a

The HIF is a family of transcription factors that involved in
crucial aspects of cancer biology, such as cell proliferation,
angiogenesis, metabolomic adaptation, and metastasis (54).
Sevoflurane preconditioning (1.5%, 2.5%, or 3.5% sevoflurane
incubation of A549 cells for 4 h) can inhibit the proliferation and
invasion of lung cancer A549 cells induced by hypoxia, which
may be related to the down-regulation of HIF-lo and its
downstream genes XIAP, survivin, fascin, and HPA (55).
Under hypoxia conditions, HIF-1ot activation is dependent on
the activation of the p38 MAPK signaling pathway. Also, the
study proved that sevoflurane partially reversed the hypoxia
induced p38 MAPK activity.

Activation of HIF-1a by sevoflurane regulates the Fas/FasL
signaling pathway to exert cell apoptosis as demonstrated
above (43).

SEVOFLURANE AND VEGF

Hypoxia regulates transcriptional factor HIF-1, which regulates
hypoxia-inducible angiogenic factor VEGF (56). VEGF is an
important survival factor for endothelial and tumor cells. In
tongue squamous cell carcinoma cell (TSCC), SCC-4 cells
incubated with 4.1% sevoflurane for 24 and 72 h was shown
attenuated VEGF level via increasing the DNA methylation of
the VEGF promoter region in vitro (37).

SEVOFLURANE AND WnT/B-CATENIN
SIGNALING

Sevoflurane was found to significantly inhibited the growth of a
panel of chronic myeloid leukemia (CML) cell lines (KCL22,
K562, KU812, LAMA84 and KBM-7) (57). It also inhibited
proliferation, differentiation and self-renewal capacities of CML
CD34 cells. Mechanistically, it is purposed that 2%, 4%, or 8%
sevoflurane preconditioning for 24 h dose-dependently decreases
B-catenin and c-Myc expressions and activities in K562 and
CML CD34 cells. The findings also reveal the Wnt/B-catenin
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pathway may be important targets of volatile anesthetics in
cancer treatment.

SEVOFLURANE AND PLATELETS
ACTIVATION

It has been demonstrated that activated platelets contribute to
tumor cells’ metastatic ability and protect circulating tumor cells
from immune cells (58, 59). Furthermore, surgery stress
potentiates platelets activation. Thus, a promising therapeutic
strategy of preventing platelets-induced metastasis during cancer
surgery procedure is much needed. Previous study suggested that
sevoflurane attenuates platelet activation in lung cancer patients
by reducing GPIIb/IIIa, CD62P, and PAR levels and these effects
are further validated in vitro. It is indicated that sevoflurane at 1
MAC reduces platelets-induced invasive potential of lung cancer
A549 cells through decreasing platelets activity (60).

Desflurane

Desflurane (C;H,FsO, Table 1) is widely used for anesthesia
maintenance in contemporary clinical work. Characterized by
low blood solubility, it functions as the fastest in acting and
revival of volatile anesthetics. Desflurane is prohibited for
anesthesia induction in infants and young children due to its
potential of causing adverse reactions.

DESFLURANE AND MMPs

In an in vitro reperfusion injury model, MC-38 colon cancer cells
were incubated with 6% of desflurane for 45 min. It was
demonstrated that desflurane could reduce the deliverance of
MMP-9 by intervening downstream of the CXCR2 pathway. By
down-regulating MMP-9, desflurane reduced the degradation of
matrigel and the migration of colorectal cancer cells (48).

DESFLURANE AND DFS

One study conducted a historical cohort study in which all
patients received the primary cytoreductive surgery for stage
III epithelial ovarian cancer, and the evaluation factor was
disease-free survival (DFS). Studies have found that, compared
with other volatile anesthetics, desflurane decreased the relative
risk of cancer recurrences and is associated with improved DFS
after surgery (61).

DESFLURANE AND THE IMMUNE
SYSTEM

According to a randomized trial, during the perioperative period,
desflurane anesthesia for breast cancer surgery can induce an

adequate immune response in terms of maintaining the ratio of
CD4(+)/CD8(+) T cells (62). Regarding leukocytes and NK cells,
desflurane anesthesia’s adverse immune response is less than that
of propofol.

Xenon

Xenon (Xe, Table 1), is the most stable gas of noble gas, which
targets the glycine binding site of the NMDA receptor and the
KATP channel. Xenon gas can dissolve in the fat of cells, causing
cell anesthesia and swelling, thereby temporarily stopping the
function of nerve endings. Owing to that xenon does not increase
the sensitivity of myocardium to catecholamines-induced
arrhythmia and it inhibits myocardial contraction but with
minimal inhibitory effect on cardiovascular function, xenon is
suitable for and widely used in cardiovascular surgery.

XENON AND RANTES

Regulated on activation, normal T cell expressed and secreted
(RANTES), also known as CCL5 and functioning on receptor
CCR5, is a cytokine that continues to increase in breast cancer
subtypes (63) and is associated with promoting breast cancer
metastasis and progression (64, 65). Ash et al. investigated the
effect of xenon on migration and oncogene expression in human
breast adenocarcinoma cells (66). It was demonstrated that 70%
xenon incubation for 20 min inhibited the migration of estrogen
receptor-positive (MCF-7) and negative (MDA-MB-231) breast
cancer cells and reduce the pro-angiogenic factor’s release.

XENON AND PMCA

It is reported that xenon, at partial pressures ranging from 0.5 to
1.5 atm (equivalent to 0.5 to 1.6 MAC) for 30 min, can inhibit the
pumping of plasma membrane Ca®*-ATPase (PMCA) in
synaptic plasma membrane vesicles in rat C6 glioma cells. This
mechanism may inhibit the physiological functions of cancer
cells (67).

Owning to the inertness of xenon, it can only be extracted and
liquefied, but cannot be synthesized artificially. Therefore, it is
costly to utilize xenon. However, with the development of novel
manufactured techniques, xenon is gradually adopted in various
countries. Although it has not been used clinically, it is suggested
that xenon may regulate anti-cancer relevant signaling and is
worthy of further exploration.

Isoflurane

Isoflurane (C;H,CIFsO, Table 1) is colorless and of pungent
odor. It is used for anesthesia maintenance and has the properties
of reducing pain sensitivity and relaxing muscles. Isoflurane may
bind to GABA and Glycine receptors, but has different effects.
However, the clinical application of isoflurane is gradually
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TABLE 2 | Regulation of anti-cancer relevant signaling of volatile anesthetics.

Volatile Cancer Type Cell Line Treatment Effects Mechanisms References
Anesthetics
Sevoflurane  Colorectal cancer SW620; Concentration:2.5%;  Inhibition of cell migration and Addressing ERK/MMP-9 signaling
HCT116 Time: 90 min invasion pathway by regulating
miR-203/Robo1 expression
Glioma U87TMG Concentration:2.5%;  Inhibition of cell migration MMP-2 activity| Hurmath FK
Time: 24 h et al. (46)
Lung adenocarcinoma  A549 Concentration:2.5%;  Inhibition of cell growth and XIAP|, survivinl, MMP-2|, MMP-9|  Liang H et al.
Time: 24 h invasion (49)
CML KCL22, K562, Concentration:2%, Inhibition of cell growth, Inhibiting Wnt/B-catenin in a p38 Ruan XG
KU812, 4%, 8%; proliferation, differentiation and MAPK-independent manner et al. (57)
LAMA84 and  Time: 24 h self-renewal capacities
KBM-7
Lung cancer A549 Concentration: Suppression of platelets-induced  Decreasing platelets activity via Liang H et al
1MAC invasion GPlIb/llla, CD62P, and PAR levels (55)
A549 Concentration: Inhibition of cell proliferation, XIAP], Liang H et al.
1.7%, 3.4%, and induction of apoptosis, and block suvivinl, activating caspase-3, cyclin  (51)
5.1%; of cell cycle progression Al, cyclin B1J, cdc2|
Time: 2, 4,6 h
A549 Concentration: Suppression of hypoxia-induced  HIF-1a, Liang H et al.
1.5%, 2.5%, 3.5%; growth and metastasis XIAP|, survivinl, fascinl, HPA/, (60)
Time: 4 h p38 MAPK activityt
A549 Concentration: 3% Increase of cell apoptosis mMiRNA-155] miRNA-146at Wang L
Time: 30 min miRNA-2231 etal. (39)
Glioma u251; Us7 Concentration: 4.1%  Inhibition of cell proliferation, miR-124-3p1 suppression of Gao C et al.
Time: 4 h invasion and migration ROCKT1 signaling pathway 42)
HNSCC CAL-27; FaDu Concentration: 2%,  Inhibition of cell proliferation, Anti-proliferative effect: p-Aktl Yang YQ
4% invasion and migration, and Cell apoptosis: activation of HIF-1a. et al. (53)
Time: 2,4,6,8 h induction of cell apoptosis which regulates Fas/FasL signaling
pathway
TSCC SCC-4 Concentration: 4.1%  Inhibition of tumor angiogenesis  Attenuate the hypoxia-induced LuYetal
Time: 24,72 h VEGF level via increasing the DNA (37)
methylation
Mouse colon MC-38 Concentration: 2.2%  Reduction in the invasion of Impairment of neutrophil MMP-9 Muller-
carcinoma Time:45 min CRCs release and interference with Edenborn, B
pathways downstream of CXCR2, et al. (48)
but upstream of PKC
Breast cancer MDA-MB; Concentration: 2% Suppression of cell proliferation miR-2031 Liu JY et al.
MCF-7 Time: 6 h (32)
Colonic cancer Caco-2 Concentration: 3% Induction of late apoptosis Induction of p53- S. KVOLIK
Time: 2 h dependent apoptosis etal. (52)
Desflurane Mouse colon MC-38 Concentration: 6% Reduction in the invasion of Impairment of neutrophil MMP-9 Muller-
carcinoma Time: 45 min CRCs release and interference with Edenborn, B
pathways downstream of CXCR2, etal. (48)
but upstream of PKC
Epithelial ovarian Not mentioned  Clinical Improved DFS Improved DFS Elias KM
cancer concentration etal. (61)
Breast cancer Not mentioned Concentration: 3%—-  Keeps the immune system stable  Preservation of CD4(+)/CD8(+) T cell
7% ratio
Xenon Rat glioma C6 Concentration:0.5-1  Inhibition of physiological PMCA activity| Singh G
atm (0.5-1.6 MAC);  functions of the cancer cells etal. (67)
Time:
Breast MDA-MB-231; Concentration:70%;  Inhibited cell migration and RANTES| Ash SA et al.
adenocarcinoma MCF-7 Time: 1, 3,5h secretion of a pro-angiogenesis (66)
factor
Isoflurane Rat glioma C6 Concentration:0.5%—- Enhancing glutamate uptake via  Enhancing neurotoxicity in C6 cells ~ Huang Y
4%; increasing the expression and via PKC- and PI3K-independent et al. (68)
Time: 1-24 h activity of EAAT3 pathways
Laryngeal papillomas Laryngeal Concentration: Inhibited cell proliferation and Reduces COX2 enhancement and Ren HB
papillomas 1.4%; apoptosis evasion PGE; release by inhibiting the etal. (70)
cells Time: 0.5 h activation of p38 MAPK
Hepatic carcinoma Hepatic Concentration:2 mg/  Inhibited cell growth and Proapoptotic genes expression?: Hu J et al.
carcinoma ml; promoted cell apoptosis, inhibited capspase-3; caspase-8, anti- (71)
cells Time: 48 h cancer migration and invasion apoptotic mRNA expression|: Bcl-2
(Continued)

Frontiers in Oncology | www.frontiersin.org

47

February 2021 | Volume 11 | Article 610514


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wang et al.

Volatile Anesthetics Regulate Anti-Cancer Signaling

TABLE 2 | Continued

Volatile Cancer Type Cell Line Treatment Effects Mechanisms References
Anesthetics
and Bax;
regulation of NF-xB activity and the
PIBK/AKT signaling pathway
Halothane Mouse sarcoma Mouse Concentration: 0%—  Increase of glucose uptake and Mitochondrion Fink B R
heteroploid 3.2%; lactate output and inhibition of etal (75)
strain; Time: 4 days oxygen consumption
Mouse
sarcoma |
strain
Rat hepatoma HTC Concentration: Inhibition of cell multiplication and  Cell replication Jackson S
0.1%-5.0%; cell growth H, et al. (76)
Time:24 h
Rat hepatoma HTC Concentration: Inhibited the synthesis of DNA DNA synthesis Jackson S
0.1%-5.0%; and cell replication H, et al. (77)
Time:24 h
Mouse neuroblastoma  N2A Concentration: 100 Disruption of actin distribution; Morphology changes Uemura E,
and 1000 ppm microspikes lost etal. (79)
Time:4, 12, 24 h
Breast cancer Clinical halothane- Halothane anesthesia improved Pituitary- adrenal cortex system; Fried | A (80)
nitrogen-oxygen the survival rates of patients carcinemia development; tumor
concentration immunity
Melanoma SK-MEL-37 Concentration: 4% Affect the progression of tumor Tumor cell metastasis; ICAM-1 Azuma K
Time: 3, 6, 12 or 24  cell metastasis et al. (83)
h
Rat Glioma C6 Concentration: Inhibited rat glioma cell growth Morphology changes via RhoA,
0.5%, 1%, 2%; ERK, and Akt activation
Time: 8 min
Lung carcinoma A549 Concentration: 1.5 Reduction of viability; Cellular structure changes Stephanova,
and 2.1 mM; suppression of mitotic activity; Eetal. (81)
Time: 8 min disturbances of nuclear and
nucleolar structures
Mouse neuroblastoma  NB2a Concentration:0.3%- Inhibited neuroblastoma cell Cellular morphological differentiation  HINKLEY R
2.1%; differentiation and neurite E et al. (82)
Time: up to 72 h extension; abolished microspike
formation
Rat glioma cells; Rat C6;B104 Concentration:0.5%— Might affect physiological Inhibited PMCA activity Singh, G
neuroblastoma cells 1.75%; functions of cancer cells et al. (67)
Time: 30 min
Human colon Caco-2; HEp-  Concentration:1.5%; Growth suppression Decrease in DNA, RNA and protein ~ S. Kvolik
carcinoma, larynx 2; MIA PaCa- Time: 2,4,6h synthesis; DNA fragmentation etal. (78)
carcinoma, pancreatic ~ 2; SW-620

carcinoma cells

replaced by sevoflurane and desflurane due to its potential
complication of inducing epileptiform EEG.

ISOFLURANE AND GLUTAMATE

Glutamate is the primary excitatory neurotransmitter and acts as
an effective neurotoxin when overexcited. Therefore, the
extracellular glutamate concentration must be kept low to
carry out neurotransmission and prevent damage effectively.
Isoflurane incubation of C6 glioma cells can increase the
expression and activity of type 3 excitatory amino acid
transporter (EAAT3) through a pathway that depends on PKC
and PI3K, thereby exhibiting higher glutamine in a time- and
concentration-dependent manner (68). In addition, it has been
reported that potential treatments targeting glutamine
metabolism can be used to treat many types of cancer (69).

ISOFLURANE AND COX-2

Cyclooxygenase (COX), also known as prostaglandin H, (PGH,)
synthase, is an essential enzyme for converting arachidonic acid to
PGH,. Studies have shown that inhibition of COX is related to
tumor behavior. A research report pointed out that 1.4% isoflurane
treatment for 0.5 h significantly reduced the enhancement of COX-
2 and the release of PGE2 of human laryngeal papilloma cells. By
inhibiting the activation of p38 MAPK, isoflurane inhibited cell
proliferation and apoptosis evasion (70).

ISOFLURANE AND CELL APOPTOSIS

An in vitro and in vivo study reported that isoflurane incubation
(2 mg/ml, 48 h) could not only inhibited liver cancer growth, but
also decreased cell viability in liver cancer patient. The specific
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mechanism involves upregulating the expression levels of
proapoptotic genes (caspase-3 and caspase-8) and
downregulating anti-apoptotic (Bcl-2 and Bax) mRNA
expression. Furthermore, isoflurane treatment inhibited
migration and invasion of hepatic carcinoma cells. The
molecular mechanisms underlying the tumor aggressiveness
suppressive role of isoflurane involved regulation of NF-xB
activity, and the PI3K/AKT signaling pathway (71).

Halothane

Halothane (C,HBrClF;, Table 1) is liquid anesthetic with
colorless, clear, volatile and scented properties. It is unstable in
nature and can be slowly decomposed by light and heat. Similar
to other volatile anesthetics, halothane performs its anesthetic
function by activating GABA-A, glycine, and NMDA receptors
(72-74).

HALOTHANE AND ENERGY METABOLISM

In the presence of halothane, glucose uptake and lactate output
increase and oxygen consumption is inhibited, 0.9% halothane
incubation showed 50% inhibition in the heteroploid strain and
0.35% halothane in the mouse sarcoma I strain. Also, population
growth and high-energy phosphate production are diminished.
A variety of biochemical mechanisms implicating the
mitochondrial mechanisms may be involved (75).

HALOTHANE AND DNA OR RNA
SYNTHESIS

Jackson et al. reported that halothane treatment varied in 0.1%-
5.0% for 24 h was found to inhibit cell multiplication and cell
growth in rat hepatoma cells, with 2.5% halothane pretreatment
for 6 h being the most significant (76). Another study suggested
that 0.1%-5.0% halothane preconditioning for 2 h inhibited the
incorporation of extracellular thymidine into DNA, thus
inhibiting DNA synthesis on hepatoma HTC cells (77).

Studies on cytotoxicity and anti-proliferative effects indicate that
the anti-tumor ability of inhaled anesthetics may be halothane>
sevoflurane> isoflurane. In human colon cancer (Caco-2), laryngeal
cancer (HEp-2), and poorly differentiated cells from lymph node
metastasis of colon carcinoma (SW-620), 1.5% halothane
preconditioning for 2, 4, and 6 h showed significantly growth
inhibitory effect. Among the cell lines studied, halothane
significantly reduced the DNA and RNA synthesis in Caco-2 and
Hep-2 cells. Furthermore, decrease in DNA, RNA and protein
synthesis were observed in Caco-2 and Hep-2 cells. In SW620 cells,
protein synthesis were decreased. A DNA fragmentation was
observed in MIA PaCa-2 and Caco-2 cells (78).

HALOTHANE AND MORPHOLOGY

In a study, cultured neuroblastoma cells were incubated of
halothane (100 or 1,000 ppm) for 4, 12, or 24 h in vitro.

Exposure to halothane resulted in significant changes in the
actin distribution pattern of neuroblastoma cells, and the cells
exhibited characteristic morphological changes (79).

A clinical study showed that the type of anesthesia influenced
the end results of therapy of cancer patients, the survival rates of
patients receiving halothane anesthesia were much higher than
ether-anaesthetized ones. The mechanism may involve
influences of anesthetics on the pituitary-adrenal cortex system
and carcinoma development and the role of immunity in tumor
cell implantation and growth of metastases (80).

It is reported that 1.5 and 2.21 mM halothane incubation
induced genotoxic and cytotoxic effects in lung cancer A549 cells
in vitro. Consequences of the regulation of anti-cancer relevant
effects involved reducing cell viability, inhibiting mitotic activity,
and destroying the nucleus and nucleolus structure (81).

Investigations of volatile anesthetics on cellular
morphological differentiation unveiled that 0.3%-2.1%
halothane preconditioning up to 72 h inhibited neuroblastoma
cells (clone NB2a) differentiation, the inhibition of neurite
extension dose dependently and virtually abolished microspike
formation even at the lowest concentration incubated. The
mechanism was demonstrated that halothane inhibited neurite
extension and abolished microspike formation (82).

HALOTHANE AND ICAM-1

Intercellular adhesion molecule 1 (ICAM-1) is a cell surface
glycoprotein commonly expressed on endothelial cells and
immune cells. Recent studied have reported that ICAM-1 is
expressed in several tumors, and high expression has been
positively correlated with metastatic potential. In human
melanoma SK-MEL-37 cells, 4% halothane incubation for 3, 6,
12, or 24 h was demonstrated to perform lower ICAM-1
expression. Thus it was concluded that halothane possessed
tumor metastasis inhibiting property by down-regulating
ICAM-1 expression in vitro (83).

HALOTHANE AND PMCA

The plasma membrane Ca*>*-ATPase (PMCA), is a ubiquitously
expressed Ca’* pump that releases Ca** from the calcium
reservoir to the cytoplasm, regulating physiological functions
including cell movement, growth and differentiation. Halothane,
at concentration ranging from 0.5% to 1.75% (0.5 to 1.6 MAC),
significantly inhibited plasma membrane vesicles Ca®" uptake
dose-dependently in rat C6 glioma cells, B104 neuroblastoma
cells and PC12 pheochromocytoma cells (67).

DISCUSSION

Recent studies have shown that volatile anesthetics regulate of
anti-cancer relevant signaling in human cancers. Specifically,
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Anti-cancer Property of Volatile Anesthetics
Sevofllurane Desfllurane Xelnon Isoﬂlurane Halofllurane
MMP-9|:MMP-2| MMP-9| PMCA activity | COX,| Mitochondrion
XIAP| :Survivin|; DFST RANTES] PGE,| Cell replication
fascin|: HPA | CD4(+)/CDS(+) capspase-37 DNA synthesis |
‘Wnt/B-catenin | T cell ratio] capspase-81 RNA synthesis|
platelets activity| Bdl-2| Protein synthesis|
miRNA-155] Bax| DNA fragmentation
miRNA-146aT NF-«B Morphology changes
miRNA-2237 PI3K/AKT PMCA activity |
miR-124-3pT Tumor immunity|
miR-203/bol T ICAM|
ROCK1|
DNA methylation |
miR-2037
p353 and Fas/FasL
FIGURE 1 | Mechanisms of regulation of anti-cancer relevant signaling of volatile anesthetics.

exposure to volatile anesthetics can change the biological
response of cancer cells or regulate the gene expression of
cancer cells, thereby exerting apoptosis induction, anti-
invasion, anti-migration and other anti-cancer properties.
There are many studies on the regulate of anti-cancer relevant
signaling of sevoflurane, but more research on desflurane, which
is also commonly used in clinical practice, is needed. As for the
promising new type of inhaled anesthesia xenon, due to the
difficulty of production and high price, it has not yet been widely
used in clinical practice. The prospect of scientific research is
worth exploring. There lacks of research articles concerning the
regulation of anti-cancer relevant signaling of enflurane,
methoxyhalothane, and ether. These documents are no longer
in clinical use, so we did not discuss them in this review.

Although volatile anesthetics are not traditionally regarded as
anti-cancer drugs, more and more research have focused on the
potential anti-cancer properties. Volatile anesthetics mainly act on
NMDA and GABA receptors. Although it is still unclear why
anesthetics can regulate of anti-cancer relevant signaling, it has
been reported that activated receptors can exert regulate anti-
cancer-related signaling in cancer cells (84-87). Therefore,
studying the regulation of anti-cancer relevant signaling of volatile
anesthetics and their related receptors is a new and enlightening
insight with important significance, and therefore may make
outstanding contributions to cancer biology. Considering different
types of cancer have different sensitivity to volatile anesthetics, this
current review may guide the choice of volatile anesthetics to best
improve the clinical prognosis of cancer patients and improve their
postoperative recovery (ERAS).

The shortcomings of contemporary researches relatively lack of
animal studies, clinical trials, genomics analysis and big data

analysis. Volatile anesthetics exert anesthetic functions via passing
through the respiratory tracts and blood-brain barrier and then
acting on the receptors. Do volatile anesthetics demonstrate
exceptional sensitivity of anti-cancer relevant signaling in lung
cancer and brain tumor? More specific and compelling trials are
needed, especially those related to sevoflurane and desflurane which
is clinically widely used, to clarify the relationship between
anesthetics and tumor prognosis, and to provide more precise
guidance for anesthesia management.

CONCLUSION

From the above research and investigation, it can be concluded
that volatile anesthetics could regulate anti-cancer relevant
signaling (Table 2). The underlying mechanism involves
miRNA, transcription factors, apoptotic pathway, MMP, etc.
Figure 1. Although the current research may shortcomings,
more in depth studies, especially clinical research, is warranted
to clarify the regulation of anti-cancer relevant signaling of
volatile anesthetics.
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The extremely poor prognosis of patients affected by glioblastoma (GBM, grade IV glioma)
prompts the search for new and more effective therapies. In this regard, drug repurposing
or repositioning can represent a safe, swift, and inexpensive way to bring novel
pharmacological approaches from bench to bedside. Chlorpromazine, a medication
used since six decades for the therapy of psychiatric disorders, shows in vitro several
features that make it eligible for repositioning in cancer therapy. Using six GBM cell lines,
three of which growing as patient-derived neurospheres and displaying stem-like
properties, we found that chlorpromazine was able to inhibit viability in an apoptosis-
independent way, induce hyperdiploidy, reduce cloning efficiency as well as neurosphere
formation and downregulate the expression of stemness genes in all these cell lines.
Notably, chlorpromazine synergized with temozolomide, the first-line therapeutic in GBM
patients, in hindering GBM cell viability, and both drugs strongly cooperated in reducing
cloning efficiency and inducing cell death in vitro for all the GBM cell lines assayed. These
results prompted us to start a Phase Il clinical trial on GBM patients (EudraCT # 2019-
001988-75; ClinicalTrials.gov Identifier: NCT04224441) by adding chlorpromazine to
temozolomide in the adjuvant phase of the standard first-line therapeutic protocol.

Keywords: glioblastoma, antipsychotic drugs (APDs), drug repurposing and repositioning, cancer stem cells (CSC),
neurospheres, drug synergism, clinical trials

Abbreviations: GBM, glioblastoma; CPZ, chlorpromazine; TMZ, temozolomide; DRD2, brain dopamine receptor D2; RPE-1,
retinal pigment epithelial cells; AMPA receptor, o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDA
receptor, N-methyl-D-aspartate receptor; MGMT, O-6-methylguanine-DNA methyltransferase.
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INTRODUCTION

Glioblastoma (GBM, glioblastoma multiforme) is the most
frequent and severe adult malignant brain tumor. The best
available therapeutic approach toward newly diagnosed GBM
patients, ie. surgical ablation followed by radiotherapy plus
concomitant and adjuvant chemotherapy with temozolomide
(TMZ), is associated with a median survival of 15 months (1).
GBM’s highly aggressive, chemo-resistant and relapse-prone
behavior is mainly attributed to its intra-tumor molecular
heterogeneity associated with unpredictable genetic drift under
therapeutic pressure (2). Such an adverse scenario prompts for
the identification of novel therapeutic approaches even by using
repurposed/repositioned drugs that, when supported by robust
evidence, represent an attracting alternative to novel drugs, being
safer, less expensive, and characterized by a shorter timeframe
from laboratory to the clinics.

We focused our attention on chlorpromazine (CPZ, Largactil,
Thorazine), the first member of the tricyclic drugs
phenothiazines, a medication used since six decades in the
treatment of psychiatric disorders. This molecule acts as an
antagonist of the brain dopamine receptor D2 (DRD2), thus
decreasing post-synaptic dopamine stimulating activity (3, 4).
DRD2 is highly expressed in GBM, mainly in glioma-initiating
cells, where it regulates homeostasis, enhancing resistance to
hypoxia and increasing cellular plasticity (5). Furthermore,
several reports show that CPZ can inhibit cancer cell growth
through several mechanisms (6-15). In addition, epidemiological
data suggest a reduction of cancer risk in psychiatric patients
treated with CPZ or related antipsychotic compounds (16, 17),
and anecdotal reports of favorable GBM evolution in psychiatric
patients treated with neuroleptic medications have been
published (16, 18).

We evaluated the ability of CPZ to affect several GBM cellular
parameters in vitro, using a large number of human GBM cell
lines, i.e. the anchorage-dependent cell lines T98G, U-87 MG,
and U-251 MG as well as three patient-derived, anchorage-
independent neurospheres characterized for their ability to
display a glioma stem-like cell behavior (19). In addition,
hTERT-immortalized retinal pigment epithelial cells (RPE-1)
(20), a non-cancer cell line from neuro-ectodermal origin, were
also used in selected assays.

Here we investigate, for the first time to our knowledge, the
synergistic effect between CPZ and TMZ, the reference drug for
first-line GBM clinical treatment, in inhibiting GBM cell growth
in either anchorage-dependent or -independent, patient-derived
stem-like neurospheres.

MATERIALS AND METHODS

Cell Lines

Anchorage-dependent cell lines T98G, U-251 MG and U-87 MG
were cultured as previously reported (21). Anchorage-
independent TS#1, TS#83 and TS#163 neurospheres are
patient-derived cell lines from surgical samples classified
according to WHO 2016 (22), isolated and cultured in order to

enrich them with glioma stem cells, as described (19, 23, 24).
Human hTERT-immortalized retinal pigment epithelial cells
(RPE-1) (20) were a kind gift from Giulia Guarguaglini, CNR,
Rome, Italy.

T98G, U-251 MG and U-87 MG are from the laboratory of
one of the authors (L.R.V.). Their authentication was performed
by short tandem repeat (STR) profiling, which resulted in >80%
match for eight loci as per interrogation of the ATCC STR
profiling database. TS#1, TS#83, and TS#163 neurospheres have
been defined as glioma stem-like cells according to established
criteria (25, 26). TS#83 grow partially in an anchorage-
dependent fashion.

All cell lines were Mycoplasma-free and used for a maximum
of 20 passages.

Drugs

CPZ was purchased, as “Largactil”, from Teofarma S.R.L., Valle
Salimbene (PV), Italy, as a 25 mg/ml solution (78 mM). TMZ
was purchased from Selleckchem (Houston TX, USA) and
diluted in DMSO as a 150 mM solution.

Cell Viability Assay

This assay was performed as previously described (27). Briefly, 5 x
10° cells were seeded in a 96-well plate and treated with CPZ for
48 h; then the relative number of viable cells was determined by
CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison,
WI), analyzed by means of a GLOMAX 96 Microplate
Luminometer (Promega) and dose-response curves were
generated (Prism v5, GraphPad Software Inc., San Diego, CA).
When synergy between TMZ and CPZ was assayed, cells were
initially treated with TMZ for 96 h and then CPZ was added for
further 48 h at a fixed dose, approximately corresponding to
inhibitory concentration IC10. Control samples were treated with
the same final concentration of the respective drug solvent(s)
(DMSO for TMZ and PBS for CPZ). A dose-response curve was
also calculated using TMZ as a single agent for each GBM cell line;
in these experiments, cells were exposed to the drug for 6 d.

Fluorescence Microscopy

For analysis of nuclear morphology by fluorescence microscopy,
treated cell lines were exposed to CPZ at the concentrations
reported as IC30 in Figure 1B for 48 h and control cells to an
equal volume of solvent (PBS). Cells were then fixed in 4%
paraformaldehyde, stained with Hoechst 33258 (Sigma-Aldrich,
St. Louis, MO; 1 mg/ml in PBS) and mounted in glycerol/PBS
(ratio 1:1, pH 7.4). Images were acquired by intensified video-
microscopy (IVM) with an Olympus fluorescence microscope
(Olympus Corporation, Tokyo, Japan), equipped with a Zeiss
charge-coupled device camera (Carl Zeiss, Oberkochen,
Germany). Control cells were exposed to an equal volume of
solvent (PBS).

Colony-Forming Assay

This assay was performed as described (27). Briefly, anchorage-
dependent GBM cells were plated at a concentration of 2-3 x 10
cells/well in 6-well plates and treated with increasing doses of
CPZ for 48 h. When synergy between TMZ and CPZ was
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FIGURE 1 | CPZ reduces cell viability in GBM cells. (A). Representative dose-response curves of all cell lines treated with CPZ for 48 h are shown. GBM
anchorage-dependent cell lines are represented by black lines, while RPE-1 by a green line and neurospheres by red ones. (B). Table showing uM CPZ
concentrations corresponding to the IC30 and IC50 calculated for each cell line. Values are expressed as mean + SE.

assayed, cells were initially treated with a sub-optimal dose of
TMZ for 96 h, then CPZ was added for further 48 h at a sub-
optimal dose. Cells were then washed, cultured for additional
12 d and subsequently stained using a 5% crystal violet solution
to assess the colony number. Control samples were treated with
the same final concentration of the respective drug solvents, PBS
for CPZ and DMSO for TMZ.

Neurosphere Formation Assay

This assay was performed as described (27). Briefly, TS#1, TS#83
and TS#163 cells were plated at 2.5 x 10° cells/well in a 6-well
plate and treated with increasing doses of CPZ for 48 h.
Alternatively, to evaluate the synergy between CPZ and TMZ,
cells were treated with the respective drug solvents, PBS for CPZ
and DMSO for TMZ, or a fixed dose of TMZ for 96 h and then
CPZ was added for further 48 h. Cells were then mechanically
dissociated into single cell suspension, counted, diluted at the
appropriate concentration and re-seeded in triplicate into new 6-
well plates (5 x 107 cells/well) in the absence of drugs. After 20
further days, neurosphere-forming efficiency was examined by
inverted microscopy.

RNA Extraction and RT-PCR

Both anchorage-dependent cells and neurospheres were treated
with a dose of CPZ corresponding to their respective IC30
for 24 h. Control samples were treated with the same
final concentration of PBS. Treated and control cells
were harvested, and total RNA was extracted using
miRNeasy Extraction Kit (QIAGEN, Hilden, Germany). RNA
concentration was determined using the NanoDrop 1000
spectrophotometer, then was reverse-transcribed into cDNA
with High Capacity cDNA Reverse Transcription Kit
(ThermoFisher Scientific, Waltham, MA). To quantify gene
expression, QRT-PCR was performed using SYBR Green in a
QuantStudio 6 Flex Real-Time PCR System (ThermoFisher
Scientific) and CT values were normalized to GAPDH. All
RT-PCR data were analyzed using the 27T method. Values
represent the fold changes referred to the respective value for
control cells, arbitrarily reported as 1.0.

Flow cytometry—Apoptosis

For apoptosis evaluation, treated cell lines were exposed to TMZ
(96 h) and CPZ (48 h), or their combination, at the lowest
concentrations considered synergistic based on the viability
analysis. Control cells were exposed to an equal volume of
solvent(s) (PBS and/or DMSO). Apoptosis was quantified
using a fluorescein isothiocyanate (FITC)-conjugated Annexin
V (AV) and propidium iodide (PI) detection kit (Marine
Biological Laboratory, Woods Hole, MA, USA). This assay
enables identifying both early (AV positive/PI negative) and
late apoptotic or necrotic (PI positive) cells. Alternatively, cell
death was evaluated by incubating cells with 1 um Calcein-AM
(ThermoFisher Scientific) at 37°C for 30 min. In live cells, the
non-fluorescent Calcein-AM is converted to a green-fluorescent
dye, whereas dead cells, with compromised cell membranes, do
not retain Calcein, thus not displaying green fluorescence.

Flow Cytometry-Cell Cycle

For cell cycle analysis, treated cell lines were exposed to CPZ at
the concentrations reported as IC30 in Figure 1B for 48 h and
control cells to an equal volume of solvent (PBS). Cells were then
fixed in cold 70% ethanol for 30 min at 4°C. After washing in
PBS, cells were incubated with ribonuclease (50 pl of a 100 pg/ml
stock of RNase), to ensure that only DNA, not RNA, was stained,
and PI (200 pl from a 50 pg/ml stock solution).

We measured the forward scatter (FS) and side scatter (SS) to
identify single cells. Pulse processing (pulse area vs. pulse width)
was used to exclude cell doublets from the analysis.

Samples were analyzed by collecting FL2 red fluorescence in a
linear scale at 620 nm. Acquisition was performed on a dual-laser
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and at
least 30,000 events/sample were run in low mode and acquired.
Data were analyzed using the Cell Quest Pro and ModFit software
(BD Biosciences).

Statistical Analysis

Unless otherwise specified, all tests were done in triplicate.
Results are expressed as mean * standard error. Differences
between two groups were analyzed using the Student’s two-
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tailed t test. Asterisks denote statistical significance (*p < 0.05;
*p < 0.01; **p < 0.001). When statistical analyses were
performed among more than two groups, data were analyzed
by One-way ANOVA test followed by Tukey’s Multiple
Comparisons Test (Prism v5).

We used the algorithm described by Fransson et al. (28), to
assess if the effect of the combination of CPZ and TMZ was
synergistic, additive or antagonist. The effect of either
compounds used as single agents compared with that of the
drug combination, is expressed as Combination Index (CI). A CI
value <0.8 indicates synergism; a CI value between 0.8 and 1.2
indicates an additive effect, while a CI value >1.2
indicates antagonism.

RESULTS

CPZ Reduces GBM Cell Viability

Figure 1A, depicts the effect on viability of a 48 h-exposure to
increasing doses of CPZ in six different GBM cell lines cells. The
graph refers to the anchorage-dependent cells T98G, U-87 MG,
and U-251 MG (solid, dashed, and dotted black lines,
respectively) and the TS#1, TS#83, and TS#163 neurospheres
(solid, dashed, and dotted red lines, respectively). In addition, the
non-cancer RPE-1 cells (20) were also assayed for their
susceptibility to CPZ (solid green line).

CPZ markedly affected cell viability in all six GBM cell lines.
Drug doses required to achieve IC30 and IC50 (the amount of
substance able to inhibit in vitro a given biological process by 30
or 50%, respectively) were lower for anchorage-dependent GBM
cells and appeared higher in stem-like neurospheres.
Interestingly, RPE-1 cells, also growing in an anchorage-
dependent fashion, appeared less sensitive to CPZ than
anchorage-dependent GBM cells, but more sensitive than
neurospheres, which are characterized by slow replication rates
and the need of an enriched stem cell culture medium. IC30 and
IC50 for all these cell lines are reported in Figure 1B.

CPZ Induces Cell Cycle Alterations and
causes Hyperdiploidy in GBM Cells

Several reports claim for CPZ the ability of protecting from
apoptosis in either normal neural cells exposed to toxic stimuli
(29, 30) or malignant glioma cells (10). According to these studies,
apoptotic cell death should not be involved in the drug-induced
decrease in GBM cell viability and/or proliferation rate. To
investigate this topic, we treated GBM cells with CPZ for 48 h
before analyzing cell cycle parameters via propidium iodide (PI)
FACS analysis. As shown in Figure 2A, all the anchorage-
dependent GBM cells treated with CPZ exhibited a significant
increase in the percentage of cells in G2/M phase of the cell cycle,
as it has been previously suggested for the sole U-87 MG cell line
(10). Furthermore, no increase of the hypodiploid peak,
characteristic of apoptosis, was detectable in any of these cell lines
after CPZ treatment, where, by contrast, an increased number of
hyperdiploid cells were apparent. Of note, RPE-1 cells undergoing
the same treatment did not display any hyperdiploid phenotype.

Analysis of nuclear morphology in CPZ-exposed GBM cells
confirmed the presence of abnormal nuclei. Also in this case,
RPE-1 cells did not show any apparent hyperploidy or alteration
of nuclear morphology (Figure 2B). The experimental results
obtained employing the three neurospheres show that cell cycle
modifications and nuclear aberrations after exposure to CPZ
were qualitatively comparable with those obtained with
anchorage-dependent GBM cells, although at a lesser extent
(Figure 2C, D).

These data confirm the ability of CPZ to interfere with the
G2/M phase of the cell cycle and induce aberrant mitotic
segregation in GBM cells, both phenomena able to induce cell
death via an apoptosis-independent mechanism. The anchorage-
dependent T98G cell line displayed a portion of hyperdiploid
cells at the baseline, as described (31). Nonetheless, treatment
with CPZ significantly increased the number of T98G
hyperdiploid cells, as evaluated either via cytometry or
fluorescence microscopy. Raw data regarding cell cycle analysis
are available as Supplementary Material.

CPZ Reduces GBM Cell Cloning Efficiency
A distinct hallmark of cancer cells, and especially GBM, is the

ability to generate clones from cells seeded in vitro at elevated
dilutions. We quantified the effect of CPZ in inhibiting cell
cloning efficiency in GBM cells by using different methods,
according to the capability of these cells to grow in an
anchorage-dependent or -independent fashion.

CPZ drastically reduced colony number in T98G, U-251 MG,
and U-87 MG anchorage-dependent cell lines. Colony number
was also reported in a histogram for each experimental set
(Figure 3A). In Figure 3B, a drastic drop in sphere
dimensions and a clear impairment in sphere forming ability
were also appreciable in the TS#1, TS#83, and TS#163
neurospheres, according to previous reports concerning other
primary GBM cell lines (5, 32). The dose-dependent effect of
CPZ in decreasing colony-forming efficiency in anchorage-
dependent GBM cells, as well as in reducing the proficiency of
neurospheres in forming 3D spheroids, strongly suggests the
ability of this compound to inhibit clonogenic power, a common
feature of cancer cells.

CPZ Downregulates Stemness Gene
Expression in GBM Cells

The sharp effect of CPZ in impairing neurosphere formation
drove us to investigate the capability of this compound to reduce
the stemness potential in stem-like GBM cells. Thus, we analyzed
the relative expression of the stemness genes OCT 3/4, SOX2,
NANOG, Nestin, OLIG2 and ALDHIA3 on TS#1, TS#83, and
TS#163 neurospheres by means of qRT-PCR, using the primers
listed in Table 1.

Cells were exposed to CPZ for 24 h at the concentrations
reported as IC30 in Figure 1B, or to an equal volume of solvent
for the respective controls. As shown in Figure 4A, we observed
a significant CPZ-induced reduction of the expression of selected
stemness markers in neurospheres, showing a behavior peculiar
for each cell line.
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For the sake of completeness, we carried out the same assay
also on the T98G, U-251 MG, and U-87 MG anchorage-
dependent GBM cell lines, where the influence of CPZ on the
expression of these stemness genes was clearly appreciable,
especially in the U-251 MG cell line (Figure 4B).

It is worth noting that ALDH is a stem cell marker whose
activity promotes tumorigenesis and progression in different
solid tumors (33). In particular, the isoform ALDHIA3
analyzed here promotes stemness, triggers mesenchymal

transition in GBM and increases resistance to TMZ (34

). CPZ

FIGURE 2 | CPZ induces alterations of the cell cycle and hyperdiploidy in GBM cells. Anchorage-dependent GBM cell lines [panels (A) and (B)] or neurospheres
[panels (C) and (D)] underwent treatment with CPZ at the calculated IC30 for 48 h. Flow cytometry analysis of the cell cycle. Left panels (A), (C). Histograms
obtained in a representative experiment. Numbers represent the percentage of cells in the different phases of the cell cycle or hyperdiploid cells. Right panels (A),
(C). Bar graphs showing mean + SE of data obtained from three independent experiments. Left panels (B), (D). Representative micrographs of the analysis of
nuclear morphology performed after cell staining with Hoechst 33258. Right panels (B), (D). Bar graphs showing the quantification of hyperdiploid cells performed by
counting at least 50 cells from 10 different fields observed with a 40x objective. Data are reported as mean + SE of data obtained from three independent
experiments. Statistical significance is referred toward the Control (*** p < 0.001).

significantly inhibited ALDHIA3 gene expression in TS#1

TS#163, U-87 MG, and U-251 MG cell lines.

GAPDH

determination was employed for normalization purposes.
Raw data regarding RT-PCR analysis are available as
Supplementary Material.

CPZ Synergizes With TMZ in Reducing
GBM Cell Viability

Since CPZ restrained cell growth in all the GBM cell lines
examined, we assayed its effect when administered in
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FIGURE 3 | CPZ reduces cloning efficiency in GBM cells. (A). Colony-
forming assay. Anchorage-dependent cells were treated with increasing
doses of CPZ, as indicated. At the end of the experiment, cells were stained
and counted. The results are reported in the histogram on the far right of the
panel along with statistical significance referred toward the Control (** p <
0.01; ** p < 0.001). (B). Neurosphere formation assay. Cells were treated
with increasing doses of CPZ, as indicated. Of note, TS#83 neurospheres
displayed a partial anchorage-dependent growing capability. At the end of the
experiment, neurospheres were photographed under an inverted microscope
using a 4x objective.

combination with TMZ, the first-line drug for GBM treatment.
In Figure 5, the effects of CPZ alone (blue lines in graphs, blue
columns in histograms) and TMZ alone (green lines in graphs,
green columns in histograms) on cell viability are shown for the
anchorage-dependent GBM cell lines and neurospheres (Figure
5A, B, respectively). In order to check for the effect of the
combination of the two drugs, we exposed GBM cells to
increasing doses of TMZ, ranging from 4 to 1,000 uM for 96 h
prior the addition of CPZ, which was administered at a fixed
concentration. CPZ doses were chosen in accordance with the
individual sensitivity of each cell line to this compound and
corresponded approximately to the IC10 (the amount of
substance able to inhibit in vitro a given biological process by

TABLE 1 | Primers used for assaying the relative expression of the indicated
stemness genes via qRT-PCR.

Primers Sequence

OCT 3/4 FWD 5-TGGAGAAGGAGAAGCTGGAGCAAAA-3’
OCT 3/4 REV 5-GGCAGATGGTCGTTTGGCTGAATA-3’
SOX2 FWD 5'-CGATGCCGACAAGAAAACTT-3’
SOX2 REV 5'- CAAACTTCCTGCAAAGCTCC-3’
Nanog FWD 5’-CAAAGGCAAACAACCCACTT-3’
Nanog REV 5-ATTGTTCCAGGTCTGGTTGC-3’
Nestin FWD 5'-CAGCGTTGGAACAGAGGTTGG-3'
Nestin REV 5'-TGGCACAGGTGTCTCAAGGGTAG-3’
OLIG2 FWD 5'-CCAGAGCCCGATGACCTTTTT-3
OLIG2 REV 5'-CACTGCCTCCTAGCTTGTCC-3'
ALDH1A3 FWD 5-TGAATGGCACGAATCCAAGAG-3'
ALDH1A3 REV 5'-CACGTCGGGCTTATCTCCT-3'
GAPDH FWD 5-TCCCTGAGCTGAACGGGAAG- '
GAPDH REV 5-GGAGGAGTGGGTGTCGCTGT-3'

10%) (see Figure 5). After 48 h of further incubation, cell viability
was assessed. The effect of the drug combination is indicated for
all the GBM cells assayed (red lines in graphs, red columns
in histograms).

By using the algorithm described by Fransson et al. (28), we
analyzed the outcome of the compounds used as single agents
compared with the one of the drug combination, and expressed it
as Combination Index (CI), whose value is reported on the top of
the red columns. When the addition of CPZ to TMZ yielded a
decrease in cell viability attributable to a synergistic effect of the
two drugs (CI value <0.8), the respective CI value was reported in
red. The combined effect of the two compounds was especially
evident in the anchorage-dependent GBM cell lines and in TS#1
neurospheres, where drugs synergistically cooperated to reduce
GBM cell viability. Raw data regarding cell viability analysis are
available as Supplementary Material.

CPZ Cooperates With TMZ in Inducing
Cell Death

With the aim of understanding the mechanisms elicited by TMZ,
CPZ or their combination on GBM cells, we analyzed their effect on
cell viability. Cytofluorimetric assay with Calcein-AM, coupled with
Annexin V/PI analysis, allowed us quantifying cell death and
apoptosis in the same experimental setup. The data reported in
Figure 6A, for anchorage-dependent GBM cells indicate that cells
treated with TMZ became positive to Annexin V, thus suggesting an
apoptotic cell death, as previously described (35, 36). By contrast,
CPZ appeared to induce toxicity via its ability to generate aberrant
mitoses that cause nuclear fragmentation and cell death. Indeed,
CPZ-treated cells were almost completely negative to Annexin V,
but positive to PL.

We found similar results in neurospheres (Figure 6B) that,
despite their positivity to Annexin V after treatment with TMZ,
were resistant to classical caspase-mediated apoptosis, but died by
ferroptosis, as we demonstrated earlier (37). Importantly, CPZ acted
in cooperation with TMZ also in inducing death in neurospheres.

Analysis of cell death by Calcein-AM, a non-fluorescent dye
converted to green-fluorescent calcein after acetoxymethyl ester
hydrolysis by intracellular esterases in living cells, substantially
confirmed data obtained by Annexin V/PI evaluation. Raw data
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FIGURE 4 | CPZ downregulates stemness gene expression in GBM cells. (A). Expression of stemness genes in the three stem-like cell lines (neurospheres).

(B). Expression of stemness genes in the three anchorage-dependent cell lines. In all cases, determinations were performed via gRT-PCR after 24 h of exposure to
CPZ. Histogram values represent the fold-changes referred to the respective value for untreated cells (Control), arbitrarily reported as 1.0 (gray columns on the left of
each graph). Statistical significance is referred toward the Control (* p < 0.05; ** p < 0.01; ** p < 0.001). In TS#83 cells and U-251 MG cells, in panel A and in

panel B respectively, the amount of OLIG2 mRNA was undetectable in Control as well in CPZ-treated cells.

regarding Annexin V and Calcein-AM analysis are available as
Supplementary Material.

CPZ Cooperates With TMZ in Reducing
GBM Cell Cloning Efficiency
Anchorage-dependent GBM cell lines exposed to a combination
of TMZ and CPZ drastically reduced their cloning efficiency.
Colony number, quantification of the experimental results and
their statistical significance are represented in the histogram on
the right of each experimental set (Figure 7A).

Then, we analyzed the sphere-forming efficiency in
neurospheres treated with sub-optimal doses of TMZ and/or
CPZ. While administration of these drugs as a single compound
did not reach a noticeable effect, the same doses, administered in
combination, produced a marked decrease in both sphere
number and volume (Figure 7B). This last feature was
particularly evident in the right panels (enlarged), where a
scale bar allowed the comparison of the size between
representative control and TMZ plus CPZ-treated neurospheres.

Colony- and sphere-forming ability assays demonstrate that
CPZ cooperated with TMZ in reducing GBM cell cloning
efficiency, a distinctive signature of malignancy in cancer cells.

DISCUSSION

The current therapeutic protocol for newly diagnosed GBM results
in suboptimal clinical outcomes. In this urgent need for novel
therapeutic strategies, scientifically supported drug repurposing
represents an appealing alternative, since it involves the use of
compounds with shorter development timelines and lower risks for
the patients, allowing faster and less expensive delivery from bench
to bedside of potentially effective drugs. In the oncology field, several

non-cancer drugs have been proposed and employed in clinical
trials for GBM patients (38). Among these, CPZ has been shown
effective in hindering key biological features of cancer cells in vitro,
also in the case of malignant gliomas (15).

Here we confirm the ability of CPZ in restraining key cancer cell
features, adding further information concerning the effect of the
drug on six human GBM cell lines, either anchorage-dependent or
patient-derived neurospheres. In all these cell lines, CPZ generated
nuclear aberrations that, associated with its ability to protect from
apoptosis, drove cells toward anomalous mitoses, possibly via the
described inhibition of the mitotic kinesin KSP/Eg5 (8), with
subsequent death to be expected via mitotic catastrophe. In the
same experimental setting, the RPE-1 non-cancer cell line resulted
less sensitive to the drug, when compared with the anchorage-
dependent GBM cells and, remarkably, refractory to the induction
of nuclear aberrations elicited by the drug, as detected in all the
GBM cells assayed. These last results need to be validated using
other non-cancer model systems; indeed, while the reasons for this
selectivity have not been identified yet, such evidence could be of
considerable interest in GBM therapy.

In addition, CPZ was able to downregulate the expression of
OCT 3/4, SOX2, NANOG, Nestin, OLIG2 and ALDHIA3,
universal cancer stem cells genes for GBM (39). In particular,
ALDHIA3 expression is related to resistance to TMZ (34).
Specifically, stemness characteristics in GBM appear related to
the expression of updated gene sets, especially when validated in
detailed culture conditions (organoids) and/or in vivo (40). It is
also worth mentioning that CPZ strongly affected GBM cloning
efficiency and neurosphere-forming capability, two features of
remarkable therapeutic relevance, since stem cells are considered
responsible for GBM drug resistance and clinical relapse (41, 42).

Noteworthy, the first described and most investigated feature of
CPZ is the inhibition of the dopamine receptor DRD2 [see (43) for a
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FIGURE 5 | CPZ synergizes with TMZ in reducing GBM cell viability. Anchorage-dependent GBM cell lines (A) and neurospheres (B). Dose—response effects of CPZ (blue),
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review]. More recently, this compound has also been identified,
together with some homologs, as an inhibitor of AMPA and NMDA
glutamate receptor channels (44). Dopamine, glutamate and their
receptors are vital for physiological neuronal synaptic signaling, and
the recent identification of neuron-glioma synapses is giving high
relevance to the role of these neuromediators and their post-synaptic
receptors in brain cancer proliferation and progression (45, 46).
Therefore, the pharmacological effects of CPZ on these receptors
might play a major role in brain cancer therapy.

The state of the art of GBM chemotherapy relies on TMZ, a drug
proficient in inhibiting GBM growth in vitro, even if the doses
required to reach the IC50 in these cells result quite high (19) and
not comparable at all with those reachable in vivo. TMZ, as an

alkylating agent, damages guanine residues of DNA. These damages
are partly recovered in cells expressing adequate levels of the O-6-
methylguanine-DNA methyltransferase (MGMT) gene. Since
expression, and thus activity, of the related protein is prevented in
some GBM cells by methylation of the promoter of this gene, GBM
cells displaying hypo- or non-methylated MGMT gene express
more MGMT protein, thus being less sensitive to TMZ, causing
an intrinsic or acquired resistance to this drug.

In order to provide a rationale for a clinical trial for GBM patients,
we evaluated the effect of the combination of CPZ plus TMZ on
selected cellular parameters, demonstrating a clear synergism between
these two drugs in reducing cell viability and a sharp cooperation in
restraining cloning efficiency and neurosphere formation. Moreover,
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FIGURE 6 | CPZ cooperates with TMZ in inducing cell death. Anchorage-dependent GBM cell lines (A) and neurospheres (B) were analyzed after treatment with
TMZ (96 h) and CPZ (48 h), or their combination, at the lowest concentrations considered synergistic on the basis of the viability analysis. Left panels. FACS analysis
after staining with Calcein-AM (which is retained in the cytoplasm of live cells). Numbers represent the percentage of Calcein-negative cells (dead cells). One
representative experiment is shown. Bar graphs below show the results obtained from four independent experiments, reported as means + SE. Right panels. FACS
analysis after double staining with Annexin V/PI. Dot plots from a representative experiment are shown. Numbers represent the percentages of Annexin V-positive
cells (bottom right quadrant), Annexin V/PI double positive cells (upper right quadrant), or Pl-positive cells (upper left quadrant). Note the high percentage of cells
positive for Pl in CPZ treated cells. Bar graphs below show results obtained from four independent experiments, reported as means + SE. ** p < 0.01 and

***p < 0.001 indicate significant differences vs single drug treatments (TMZ or CPZ).

by combining two different quantitative assays, Calcein-AM and
Annexin V/PI, we highlighted how these drugs induced cell death via
distinct mechanisms. The different mode of action exerted by these
drugs might explain their ability to cooperate in inducing cell death
and thus restraining GBM growth in both anchorage-dependent cells
and neurospheres. Indeed, while TMZ is known to block the DNA
replication fork, thus arresting the cell cycle in the G2/M phase, [see
Figure 2 and refs. (35, 36)], CPZ, besides its ability to hinder GBM
cells at the G2/M boundary (see Figure 2), appears capable of

protecting aberrant or defective cells from apoptosis. Such a feature
would drive these cells towards a mitosis with very little chances of
being completed, eliciting, on the contrary, the generation of daughter
cells with abnormal chromosomal makeup [see Figure 2 and ref (8)]
and death by mitotic catastrophe. It has been demonstrated that
autophagic cell death contributes to CPZ-induced cytotoxicity in
GBM cells (10). On these bases, the combination of TMZ plus CPZ
would simultaneously trigger apoptosis, ferroptosis (especially in
neurospheres), mitotic catastrophe, and autophagic death in GBM
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cells, synergistically increasing the cytotoxic effect in GBM and
contributing to overcome drug resistance.

GBM is a disease characterized by profound intra-tumor
heterogeneity (47) and hierarchically dependent upon pre-existing
cancer stem cells that undergo selection under therapeutic pressure
(48), with a consequent unpredictable genetic drift (2). Such a
scenario implies an intrinsic challenge in the choice of a suitable
targeted therapy. From the scientific literature and our results, CPZ
appears as a drug with multifaceted effects on cancer cells, being able
to affect major signal transduction pathways, spindle assembly and
apoptosis, all processes conceivably essential for the survival of the
different clones that characterize the marked GBM heterogeneity.

FIGURE 7 | CPZ cooperates with TMZ in reducing GBM cell cloning efficiency. (A). Anchorage-dependent cells T98G, U-87 MG and U-251 MG were exposed to
solvent(s) (Control), TMZ, CPZ or their association at the doses indicated, then rinsed and allowed to grow in the absence of drugs for the subsequent 12 d. Cell
colonies, after staining with crystal violet (left), were counted, and the values reported as percent colony number in the histogram (right). In these panels, variance
among groups was assessed via the Bartlett’s test for equal variances. Statistical analysis among groups was done using the One-way ANOVA test followed by the
Tukey’s Multiple Comparison Test (### significance <0.001 vs. Control; AA significance <0.001 vs. CPZ; §§§ significance <0.001 vs. TMZ; § significance <0.05 vs
TMZ). (B). Neurospheres TS#1, TS#83, and TS#163 were treated as described and allowed to grow and form spheres for the subsequent 20 d. For each cell line,
the four left images illustrate the effect of TMZ, CPZ or both drugs on neurosphere number and size, observed using a 4x objective. The two framed images on the
right are enlarged pictures of the respective neurospheres indicated by the red arrows; these neurospheres were randomly chosen due to their dimensions, in order
to appreciate their decrease in volume due to the treatment with the drug combo. This suggests a reduced sphere-forming ability in TMZ + CPZ-treated cells. In this
panel, no histograms with values and statistical significance are reported, due to the intrinsic difficulty of objectively counting floating neurospheres.

CPZ is the progenitor of the DRD2 inhibitors phenothiazines
and is used since the 50s in the therapy of several psychiatric
disorders, e.g. acute and chronic psychosis, and provides relief from
severe vomiting and untreatable hiccups. When necessary, CPZ can
be administered for long periods, with doses ranging from 50 to 400
mg/day. Its main side effects are a dose-dependent sedation and, at
higher doses, the occurrence of an extrapyramidal syndrome, both
reversible when the drug is suspended. Presently, second and third
generation neuroleptic drugs acting as DRD2 inhibitors are
available, but we focused on CPZ since it is included in the 2019
World Health Organization Model List of Essential Medicines (49).
The adverse reactions elicited by CPZ should not impede the
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treatment of GBM patients, also considering the poor prognosis
attainable, especially in subjects carrying a GBM with a hypo- or
non-methylated MGMT gene. In addition, CPZ crosses easily the
blood-brain barrier.

In the light of these considerations, we submitted a Phase II
clinical trial to our Institutional Ethical Committee (Comitato
Etico Centrale IRCCS-Sezione IFO-Fondazione Bietti, Rome,
Italy), which was approved on September 6, 2019 (EudraCT #
2019-001988-75; ClinicalTrials.gov Identifier: NCT04224441).
The schedule consists in the addition of CPZ to the standard
GBM treatment in patients carrying hypo- or un-methylated
MGMT gene, ie. those more resistant to TMZ. CPZ is
administered orally at the dose of 50 mg/day, in concomitance
with the adjuvant treatment with TMZ.

We are currently investigating, via high-throughput
methodologies, the effects of CPZ on GBM cell signaling and
energy metabolism, as well as identifying, via mass spectrometry,
other relevant cellular factors directly targeted by the drug.

We expect that our in vitro results on the effectiveness of CPZ
in restraining GBM cell growth, as well as its synergism with
TMZ, could be replicated in the ongoing clinical setting. In
addition to such a desirable outcome, which remains the main
goal of our efforts, the use of a repurposed medication would
allow reducing both development expenses and time predictable
for a new drug to travel from the experimental laboratory to
the clinics.
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and Jianhong Chen*

Department of Pharmacy, Daping Hospital, Army Medical University, Chongqing, China

Background: Cyclovirobuxine D (CVBD), a steroidal alkaloid, has multiple
pharmacological activities, including anti-cancer activity. However, the anti-cancer effect
of CVBD on glioblastoma (GBM) has seldom been investigated. This study explores the
activity of CVBD in inducing apoptosis of GBM cells, and examines the related mechanism
in depth.

Methods: GBM cell lines (T98G, U251) and normal human astrocytes (HA) were treated
with CVBD. Cell viability was examined by CCK-8 assay, and cell proliferation was
evaluated by cell colony formation counts. Apoptosis and mitochondrial superoxide
were measured by flow cytometry. All protein expression levels were determined by
Western blotting. JC-1 and CM-H,DCFDA probes were used to evaluate the
mitochondrial membrane potential (MMP) change and intracellular ROS generation,
respectively. The cell ultrastructure was observed by transmission electron microscope
(TEM). Colocalization of cofilin and mitochondria were determined by
immunofluorescence assay.

Results: CVBD showed a greater anti-proliferation effect on the GBM cell lines, T98G and
U251, than normal human astrocytes in dose- and time-dependent manners. CVBD
induced apoptosis and mitochondrial damage in GBM cells. We found that CVBD led to
mitochondrial translocation of cofilin. Knockdown of cofilin attenuated CVBD-induced
apoptosis and mitochondrial damage. Additionally, the generation of ROS and
mitochondrial superoxide was also induced by CVBD in a dose-dependent manner. N-
acetyl-L-cysteine (NAC) and mitoquinone (MitoQ) pre-treatment reverted CVBD-induced
apoptosis and mitochondrial damage. MitoQ pretreatment was able to block the
mitochondrial translocation of cofilin caused by CVBD.
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Conclusions: Our data revealed that CVBD induced apoptosis and mitochondrial
damage in GBM cells. The underlying mechanism is related to mitochondrial
translocation of cofilin caused by mitochondrial oxidant stress.

Keywords: cyclovirobuxine D (CVBD), glioblastoma (GBM), apoptosis, mitochondrial damage, oxidative stress

INTRODUCTION

Glioma, which is the most common central nervous system
cancer, accounts for about 40% to 50% of all intracranial
tumors (1). Glioblastoma (GBM), classified as grade IV by the
World Health Organization (WHO), is the most fatal and
malignant type of glioma (2). The median survival time of
GBM patients is about 18 months, and only about 30% of
patients achieve 2-year survival (3, 4). At present, the standard
therapy for GBM is surgical resection combined with local
radiotherapy, and adjuvant chemotherapy with the alkylating
agent temozolomide (TMZ) (5). Although patients treated with
TMZ have a significantly higher survival than those treated with
radiotherapy alone, the overall prognosis is still poor, and the
resistance of GBM cells to TMZ is often to blame (6, 7).
Therefore, there is an urgent need to find a novel and effective
anti-GBM agent.

Accumulated evidence has revealed that natural products
have marvelous anti-cancer effects, such as inhibiting cell
proliferation, inducing apoptosis and mitochondrial damage,
and promoting oxidative-stress (8-12). Cyclovirobuxine D
(CVBD) is an alkaloid derived from Buxus sinica and other
plants of the same genus (13). Published studies suggest that
CVBD has an effect on various cancer cells. For instance, CVBD
inhibits colorectal cancer tumorigenesis via the CTHRC1-AKT/
ERK-Snail signaling pathway (14), and exerts anticancer effects
by suppressing the EGFR-FAK-AKT/ERK1/2-Slug signaling
pathway in human hepatocellular carcinoma (15). Moreover,
CVBD inhibits cell proliferation and induces mitochondria-
mediated apoptosis in human gastric cancer cells (16), and
induces autophagy-associated cell death via the Akt/mTOR
pathway in MCF-7 human breast cancer cells (17). However,
the anticancer effects and detailed mechanism of CVBD action
against GBM have rarely been investigated.

Cofilin is from the actin-depolymerizing factor (ADF) family,
which is best known as a key regulator of actin filament dynamics
(18). Recent discoveries have increased our knowledge of cofilin
beyond its well-characterized roles. Cofilin has a pivotal role in
cancer progression, invasion, and apoptosis (19). Increasing
evidence indicates that the function of cofilin is strongly
associated with apoptosis mediated by mitochondrial
functioning and dynamics (20). After induction of apoptosis,
dephosphorylated cofilin is translocated from the cytosol into the
mitochondria before the release of cytochrome ¢ (21). The
excessive generation of reactive oxygen species (ROS) can be
harmful to cells, and cancer cells are more vulnerable to damage
by increased oxidative stress caused by exogenous agents (22).
ROS play a key role in cell growth, progression, differentiation,
and death, especially the increased ROS involved in the fate of

cancer cells (23, 24). Several studies have revealed that ROS
participate in the activation of the classic apoptosis pathway and
mitochondrial damage, through molecules and proteins
associated with either mitochondrial function or cell death
(25-28). Mitochondria are the main cellular organelles for
bioenergetics, metabolism, biosynthesis, and cell death (29).
Several reports have shown that the over-generation of
mitochondrial superoxide could promote GBM cell death via
phosphorylation of JNK (30). Mitochondrial superoxide
accumulation could activate the intrinsic apoptosis pathway in
multiple myeloma cells (31).

In our present study, the mechanism of CVBD for inducing
mitochondrial damage and apoptosis in GBM cells was revealed.
This work generates fresh insight into the association of CVBD-
induced GBM cell apoptosis with the mitochondrial superoxide -
mediated translocation of cofilin.

MATERIALS AND METHODS

Chemicals and Antibodies

Cyclovirobuxine D (Cat.no. A0075) was purchased from
CHENGDU MUST BIO-TECHNOLOGY CO., LTD (Chengdu,
China); Z-VAD-FMK (Cat.no. HY-16658), Mitoquinone (Cat.no.
HY-100116A) and CCCP (Catno. HY-100941) were purchased
from MedChemExpress (Monmouth Junction, NJ, USA); N-acetyl-
L-cysteine (NAC) (Cat.no. ST1546) was purchased from Beyotime
(Shanghai, China); DMSO (Cat.no. D8418) was purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA); antibodies
against C-Caspase3 (Cat.no. 9116S), GAPDH (Catno. 2118),
phospho -AKT (Cat.no. 4060S) were purchased from Cell
Signaling Technology (Beverly, MA, USA); cofilin (Cat.no.
ab42824), phospho-Cofilin (S3, Cat.no. ab12866), VDACI
(Cat.no. ab14734), phospho-ERK (Cat.no. ab50011), AKT
(Cat.no. ab200195) and ERK (Cat.no. ab17942)were obtained
from Abcam (Cambridge, UK); PARP (Cat.no. 13371-1-AP), and
cytochrome ¢ (Cat.no. 10993-1-AP) were purchased from
Proteintech (Rosemont, IL, USA).

Cell Lines and Cell Culture

The GBM cell lines, T98G and U251, were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). Human astrocytes (HA) and growth medium were
obtained from Scien Cell Research Laboratories (Carlsbad, CA,
USA). DMEM medium (Cat.no. SH30022.01, Hyclone
Laboratories, Inc. Logan, UT, USA) and 10% fetal bovine
serum (Cat.no. 10099141C, Gibco, Carlsbad, CA, USA) were
used for culturing the T98G and U251 cells. All cell lines were
cultured in a humidified atmosphere at 37 °C in 5% CO..
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CCK-8 Cell Viability Assay

Cells were seeded in 96-well plates with 5 x 10° cells/well and
incubated for 24 h, followed by treatment with CVBD (0, 40, 80,
120, 160 uM) for different periods of time (0, 12, 24, 36, 48 h).
Additionally, the cells were treated with CVBD (120 uM) for 24 h
after being pre-treated with NAC (20 uM) for 2 h or MitoQ
(0.5 uM) for 30 min. Subsequently, a 10 uL Cell Counting Kit-8
(CCK-8, MCE, Cat.no. HY-K0301, Monmouth Junction, NJ,
USA) was added to each well and incubated at 37 °C and 5%
CO, for 2 h before the absorbance at 450 nm was measured with
a microplate reader (Agilent Technologies, CA, USA). The cell
viabilities are expressed as a percentage.

Cell Colony-Forming Assay

Cells were seeded in six-well plates with 500 cells/well and then
incubated for 24 h, followed by treatment with different doses of
CVBD (0, 40, 80, 120, 160 uM) for 24 h. The medium containing
CVBD was then replaced with fresh complete medium and the
cells were incubated at 37 °C and 5% CO,, changing the culture
medium every three days. After 15 days, the colonies were fixed
for 10 min with 4% paraformaldehyde (PFA) (Cat.no. C0121,
Beyotime, Shanghai, China), followed by staining for 15 min
with crystal violet staining solution (Cat.no. P0099, Beyotime,
Shanghai, China). The colonies were scanned with CanoScan
Lide (Canon, Japan).

Apoptosis Assay

Cells were stained with Annexin V/FITC and PI (Cat.no. 556547,
BD Biosciences, Franklin Lakes, NJ, USA) following the
manufacturer’s specifications. Briefly, 2 x 10° cells/well were
collected and centrifuged at 600 g for 5 min. Cell pellets were
resuspended with 1 mL PBS. Centrifugation and resuspension
were repeated twice. Then, cells were stained with 2 ul Annexin
V/FITC and 5 pl PI in 1x binding buffer for 15 min at room
temperature in the dark. Quantitative analysis of apoptotic cells
was undertaken by flow cytometry (Accuri C6, BD Biosciences,
Franklin Lakes, NJ, USA).

Measurement of Mitochondrial Membrane
Potential (MMP)

Cells were seeded in six-well plates with 2 x 10> cells/well and
cultured for 24 h. Cells were stained with a JC-1 probe (Cat.no.
C2006, Beyotime, Shanghai, China) according to the
manufacturer’s instructions. After staining, cells were washed
twice and 2 ml/well of medium was added. The green and red
fluorescence were observed by fluorescence microscope (Thermo
Fisher Scientific, Waltham, MA, USA). The level of
mitochondrial membrane potential (MMP) is expressed as the
relative ratio of red (J-aggregates) and green (monomer)
fluorescence. Quantification of fluorescence intensity was
obtained through analysis using Image ] software (National
Institutes of Health, Bethesda, MD, USA).

Transmission Electronic Microscopy (TEM)
Cells were treated according to the previous method, and the
collected cell pellets were fixed at 4 °C overnight in 2.5%

glutaraldehyde, then were fixed at room temperature for 1.5 h
in 2% osmium tetroxide using uranyl acetate/lead citrate to
embed and stain the cells after fixation. The cell sections were
carried out using a transmission electron microscope at 60 kV.

RNA Interference Assay

The target sShRNA sequence was constructed by Gene Chem Co.
Ltd. (Shanghai, China). The sequence of the cofilin shRNA was
as follows: 5'-CCGGAAGGTGTTCAATGACATGAAAC
TCGAGTTTCATGTCATTGAACACCTTTTTTTG-3". The
control shRNA plasmid was purchased from Santa Cruz
Biotechnology, Inc. (Cat.no. sc-108060, Dallas, TX, USA).
293FT cells were co-transfected with the lentiviral packing
vectors pLP1, pLP2, and pLP/VSVG (Invitrogen, Carlsbad, CA,
USA), along with the shCofilin or shCon plasmid, using
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) for 48 h.
The supernatant containing the lentivirus was harvested and
used for infection of T98G and U251 cells. Subsequently, selected
stable cell lines were treated with 4 pig/ml puromycin (Cat.no.
P9620. Sigma—-Aldrich, St. Louis, MO, USA).

Measurement of Intracellular ROS
Generation

Cells were seeded in six-well plates with 2 x 10° cells/well and
incubated for 24 h. They were treated with the indicated
concentrations of CVBD for 24 h, or pre-treated with NAC for
2 h before being treated with CVBD. Following replacement of
the cell medium, we incubated the cells with 10 uM CM-
H,DCFDA serum-free culture medium for 30 min at 37 °C
(Cat.no. C6827, Molecular Probes, Thermo Fisher Scientific,
Waltham, MA, USA). Subsequently, the cells were washed
twice with PBS. The green fluorescence change of intracellular
ROS was observed using a fluorescent microscope (Thermo
Fisher Scientific, Waltham, MA, USA), and Image ] software
(National Institutes of Health, Bethesda, MD, USA) was used to
quantify the ROS fluorescence intensity.

Measurement of Mitochondrial Superoxide
Generation

Cells were seeded in six-well plates with 2 x 10° cells/well and
cultured for 24 h. The cells were treated with the indicated
concentrations of CVBD for 24 h, or were pre-treated with Mito
Q for 30 min before being treated with CVBD. After the drug
treatments, cells were incubated with MitoSOX " Red
(Invitrogen, Carlsbad, CA, USA) for 30 min at 37 °C.
Quantification of mitochondrial superoxide was by flow
cytometry (Accuri C6, BD Biosciences, Franklin Lakes,
NJ, USA).

Immunofluorescence

Cells were seeded on coverslips and cultured for 24 h. According
to the manufacturer’s protocol, mitochondria were stained with
MitoTracker (Deep Red FM) (Cat.no. M22426, Invitrogen,
Carlsbad, CA, USA) for 30 min at 37 °C. Cells were fixed with
4% paraformaldehyde (PFA) for 30 min in the dark, and
permeated with 0.1% Triton 100 (Cat.no. ST795, Beyotime,
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Shanghai, China) for 5 min. After being blocked in normal goat
serum for 30 min at room temperature, cells were incubated with
antibody overnight at 4 °C, followed by washing and incubating
with the appropriate secondary antibodies. After
immunostaining, cells were stained for 3-5 min with DAPI
nuclear stain. Cells were observed using confocal microscopy
(Cat.no. LSM 780NLO, Carl Zeiss, Germany).

Extraction of Cell Mitochondria

Cells were seeded in 100mm cell culture dish and cultured for
24 h. Cell mitochondria isolation as performed using the Cell
Mitochondria Isolation Kit (Cat.no. C3601, Beyotime, Shanghai,
China) according to the manufacture’s protocol. Cells were
collected and suspended with mitochondrial extraction agent.
After being centrifugating, the precipitate was followed by
washing twice with mitochondrial lysate agent. After being
centrifugating again, the supernatant was collected as
mitochondrial protein. Finally, the concentration of
mitochondrial protein sample was quantified by BCA assay.

Western Blotting

Cells were collected for lysis with RIPA buffer (Cat.no. P0013,
Beyotime, Shanghai, China), and the concentration of each
protein sample was quantified by BCA assay. The protein
samples (15-30 ug) were separated by 10-12% SDS-PAGE and
transferred to PVDF membranes (Cat.no. ISEQ00010, Millipore,
Billerica, MA, USA). The membranes were incubated overnight
with primary antibodies at 4 °C after being blocked with 5% milk
for 1 h. Subsequently, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated antibodies for 2 h
and visualized using an enhanced chemiluminescence (ECL)
substrate (Cat.no. 1705060, Bio-Rad, Hercules, CA, USA). We
used the Image ] software (National Institutes of Health,
Bethesda, MD, USA) to determine the gray density of the
protein bands.

Statistical Analysis

Colocalization correlation coefficients were determined using
Image ] software. All experimental data are represented as the
mean * SD from three independent experiments. The
comparisons were performed using a one-way analysis of
variance (ANOVA) or t-test by SPSS 19.0 (IBM Corporation,
Armonk, NY, USA). * P < 0.05, ** P < 0.01 or *** P < 0.001 was
considered statistically significant.

RESULTS

CVBD Inhibits Cell Proliferation in Human
GBM Cells

The chemical structure of cyclovirobuxine D (CVBD) indicated
in Figure 1A. To study the effect of CVBD on the growth of
human GBM cells and normal human astrocytes (HA), the cell
viabilities were determined by CCK-8 assay. We found that the
cell viabilities were decreased in a dose-dependent manner in
T98G and U251 cells treated with CVBD. The cell viability of

normal human astrocytes (HA) was affected only rarely
(Figure 1B). In addition, we also evaluated the effect of CVBD
on cell clone formation in T98G and U251 cells. As shown in
Figures 1C, D, treating T98G and U251 cells with CVBD clearly
reduced cell clone formation in a dose-dependent manner. These
results suggest that CVBD could inhibit GBM cell proliferation.

CVBD Induces Apoptosis in Human GBM
Cells

To determine whether CVBD causes GBM cell death, the
apoptosis of T98G and U251 cells was detected by flow
cytometry. Treatment of cells with CVBD for 24 h noticeably
induced apoptosis of T98G and U251 cells in a dose-dependent
manner (Figures 2A, B). Consistent with these findings, CVBD
treatment caused activation of cleaved- caspase3 and degradation
of PARP with formation of cleaved-PARP (Figures 2C, D).
Furthermore, T98G and U251 cells were pre-treated with Z-
VAD-FMK, a pan-caspase inhibitor, and this significantly
attenuated the apoptotic rate induced by CVBD (Figures 2E, F).
Western blotting results showed that pre-treatment with Z-VAD-
FMK could markedly attenuate the upregulation of C-PARP and
C-Caspase3 induced by CVBD, and inhibit the degradation of
PARP induced by CVBD (Figures 2G, H). Overall, these results
indicated that CVBD may induce caspase-dependent apoptosis of
T98G and U251 cells.

CVBD Induces Mitochondrial Damage in
Human GBM Cells

Several studies have suggested that cell apoptosis can be caused
by mitochondrial damage. To determine the effect of CVBD on
mitochondrial damage in T98G and U251 cells, the
mitochondrial membrane potential (MMP) was detected using
a fluorescent probe JC-1.,and CCCP as an classical
mitochondrial proton carrier uncoupling agent, which can
increase the proton permeability of the mitochondrial
membrane and destroy the mitochondrial membrane potential.
As shown in Figures 3A, B, treatment with CVBD or CCCP
enhanced the green fluorescence intensity and weakened the red
fluorescence intensity in T98G and U251 cells, which indicates
that the mitochondrial membrane potential (MMP) was
decreased. Notably, the result of MitoTracker (Deep Red FM)
staining showed the average length of mitochondria of cells
exposed to CVBD was shorter than those exposed to placebo
(control), which indicates that CVBD could lead to marked
mitochondrial fragmentation (Figures 3C, D). To determine
the morphology of mitochondria in T98G and U251 cells treated
with CVBD, the ultrastructural changes of cells were examined
by transmission electron microscopy (TEM). As shown in Figure
3E, the mitochondrial morphology of cells treated with CVBD was
shrunken and rounded compared to the control group. The release
of cytochrome ¢ (Cyto C) from mitochondria into the cytoplasm
indicated the activation of the intrinsic pathway of apoptosis,
which mitochondrial dependent. Therefore, we evaluated the
expression level of Cyto C in the cytosolic fraction by Western
blotting analysis. As shown in Figures 3F, G, CVBD significantly
increased the expression level of Cyto C in the cytosolic fraction.
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FIGURE 1 | CVBD inhibits cell proliferation and colony formation in glioblastoma (GBM) cells. (A) The chemical structure of cyclovirobuxine D (CVBD). (B) GBM cells
(T98G and U251) and normal human astrocytes (HA) were treated with CVBD (40, 80, 120, 160 uM) for 12, 24, and 48 h. Cell viability was measured by CCK-8
assay, and 0 uM CVBD was used as a control group. (C, D) Colony formation was assessed by plate clone formation assay in T98G and U251 cells (mean + SD of
three independent experiments, *P < 0.05, **P < 0.01, **P < 0.001 compared with the control group).

Together, these results show that CVBD induces mitochondrial
damage in GBM cells.

Mitochondrial Translocation of Cofilin Is
Required for CVBD-Induced Mitochondrial
Damage and Apoptosis in GBM Cells

We detected the eftect of CVBD on de-phosphorylation and
mitochondrial translocation of cofilin in T98G and U251 cells.
Western blotting showed that CVBD decreased the expression
level of phospho-cofilin in whole cell lysate (WCL), but increased
the expression level of cofilin in the mitochondria fraction and
decreased it in the cytosolic fraction in a dose-dependent manner
(Figures 4A, B). To further confirm whether cofilin was
translocated to mitochondria, the colocalization of cofilin and
mitochondria was detected by immunofluorescence analysis. As
shown in Figures 4C, D, the colocalization of the green puncta of
cofilin and MitoTracker (Deep Red FM) was observed in cells
treated with CVBD. The colocalization correlation coefficient of
CVBD treatment group significantly higher than control group
(Figure 4E).Overall, these results suggested that CVBD induced
mitochondrial translocation of cofilin in GBM cells.

Based on the above studies, we further investigated whether
mitochondrial translocation of cofilin is required for CVBD-
induced mitochondrial damage and apoptosis. Therefore, we
knocked down the cofilin with shRNA to clarify the role of cofilin
in CVBD-induced mitochondrial damage and apoptosis.
Western blotting results showed that knockdown of cofilin
significantly inhibited the high expression level of cofilin in the
mitochondria fraction induced by CVBD (Figures 4F, G).
Knockdown of cofilin inhibited the mitochondrial

fragmentation (Figures 4H, I) and attenuated the apoptosis
induced by CVBD (Figures 4], K). Consistent with these
findings, knockdown of cofilin reduced the CVBD-mediated
upregulation of C-PARP and C-Caspase3 and the release of
Cyto C from the mitochondria, and inhibited the degradation of
PARP induced by CVBD (Figures 4L, M). Taken together, these
results suggest that mitochondrial translocation of cofilin is
essential for CVBD-induced mitochondrial damage
and apoptosis.

CVBD Induces Accumulation of Reactive
Oxygen Species (ROS) in GBM Cells

We explored the effect of CVBD on ROS generation in GBM
cells, in which the green fluorescence of the CM-H,DCFDA
probe indicated intracellular ROS generation. As shown in
Figures 5A, B, green fluorescence was enhanced in a dose-
dependent manner in cells treated with CVBD. Subsequently,
cells pre-treated with N-acetyl-L-cysteine (NAC) showed
lower green fluorescence intensity than those treated with
CVBD alone (Figures 5C, D). In Figure 5E, the cell viability
of cells pre-treated with NAC is higher than in those treated
with CVBD alone. To further investigate whether ROS were
involved in CVBD-induced cell apoptosis, cells were pre-
treated with NAC for 2 h, and apoptosis was detected by
flow cytometry. As shown in Figures 5F, G, cells pre-treated
with NAC significantly decreased the apoptotic rate induced
by CVBD. Western blotting results showed that pre-treatment
with NAC significantly obstructed the CVBD-induced
upregulation of C-PARP and C-Caspase3 and the release of
Cyto C, and inhibited the degradation of PARP induced by
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FIGURE 2 | CVBD induces apoptosis in GBM cells. (A, B) T98G and U251 cells were exposed to various concentrations of CVBD (80, 120, 160 uM) for 24 h, and
0 uM CVBD was used as the control group. Apoptosis was detected by AnnexinV-FITC/PI staining and flow cytometry. (C, D) T98G and U251 cells were treated as
indicated in (A, B). The total cellular extracts of T98G and U251 cells were determined by Western blotting using antibodies against total PARP, cleaved PARP
(C-PARP), and cleaved-Caspase3 (C-Caspase3) (mean + SD of three independent experiments, *P < 0.05, **P < 0.01, **P < 0.001 compared with the control
group). GAPDH was used as a loading control. (E, F) T98G and U251 cells were pre-treated with Z-VAD-FMK (20 uM, 2 h) and post-treated with CVBD (120 uM)
for 24 h. Apoptosis was detected by AnnexinV-FITC/PI staining and flow cytometry. (G, H) T98G and U251 cells were treated as indicated in (E). The expression
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CVBD (Figures 5H, I). These findings indicated that  gradually increased after CVBD treatment. Subsequently, cells
intracellular ROS accumulation resulted in CVBD-meditated  pre-treated with MitoQ showed a lower percentage of

apoptosis in GBM cells. mitochondrial superoxide than those treated with CVBD alone

(Figures 6C, D). In Figure 6E, pretreatment with MitoQ, a
CVBD Induces Mitochondrial Superoxide mitochondrial superoxide inhibitor, reversed the decrease in cell
Production in GBM Cells viability induced by CVBD. To further investigate whether Mito

To further clarify the role of mitochondrial oxidative stress in ~ ROS are involved in CVBD-induced cells apoptosis, cells were pre-
apoptosis induced by CVBD, mitochondrial superoxide  treated with MitoQ and apoptosis was detected by flow cytometry.
production was detected by MitoSOX ™ Red staining and flow  As shown in Figures 6F, G, pre-treatment with MitoQ
cytometry. As shown in Figures 6A, B, the percentage of  significantly decreased the apoptotic rate induced by CVBD.
mitochondrial superoxide production in GBM cells was  Consistent with the above findings, Western blotting results
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FIGURE 3 | CVBD induces mitochondrial damage in GBM cells. (A, B) T98G and U251 cells were exposed to various concentrations of CVBD (80, 120, 160 uM)
for 24 h, and 0 uM CVBD was used as the control group. CCCP was used as the positive control (50 uM, 30 min). The mitochondrial membrane potential (MMP)
was detected by a fluorescence microscope using JC-1 probe staining (mean + SD of three independent experiments ***P < 0.001 compared with the control
group). (C, D) T98G and U251 cells were treated with CVBD (120 uM) for 24 h. Mitochondrial morphology was observed using MitoTracker (Deep Red FM) staining
followed by confocal microscopy. Scale bars: 10 uM. The average length of the mitochondria was measured by Image J software (mean + SD of three independent
experiments, “**P < 0.001 compared with the control group). (E) Representative TEM images of T98G and U251 cells, treated as indicated in (C). Red arrows
indicate mitochondria. Scale bars: 0.5 uM. (F, G) T98G and U251 cells were treated with various concentrations of CVBD for 24 h. The expression level of Cyto C in
the cytoplasm was detected by Western blotting analysis. GAPDH was used as a loading control (mean + SD of three independent experiments, “*P < 0.01, **P <
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FIGURE 4 | CVBD induces mitochondrial translocation of cofilin, and knockdown of cofilin attenuates CVBD-mediated mitochondrial damage and apoptosis.

(A, B) T98G and U251 cells were exposed to various concentrations of CVBD for 24 h. The expression level of p-cofilin and cofilin in the whole cell lysate (WCL) and
cofilin in the mitochondrial fractions was determined by Western blotting analysis. GAPDH and VDAC1 were used as loading controls. GAPDH was also used as
cytosolic marker (mean + SD of three independent experiments, “P < 0.05, **P < 0.01, **P < 0.001 compared with the control group). (C, D) T98G and U251 were
treated with CVBD (120 uM) for 24 h; the colocalization of MitoTracker (red) and cofilin (green) was observed by confocal microscopy. Scale bars: 10 uM. For

(E) Quantitative analysis of colocalization of MitoTracker (red) and cofilin (green). Colocalization correlation coefficients were represented as mean + SD (***P < 0.001
compared with the control group). For (F-M), T98G and U251 cells were stably knocked down and exposed to CVBD (120 uM) for 24 h. (F, G) The expression level
of cofilin in the WCL and mitochondrial fractions was determined by Western blotting. GAPDH and VDAC1 were used as loading controls. GAPDH was also used as
cytosolic marker. (H, 1) The mitochondrial morphology was observed using MitoTracker (Deep Red FM) staining, followed by confocal microscopy. Scale bars: 10
uM. The mitochondrial average length was measured with Image J software. (J, K) Apoptosis was detected by Annexin V-FITC/PI staining and flow cytometry.

(L, M) The expression level of PARP, C-PARP, C-Caspase3, and Cyto C (C) was determined by Western blotting analysis. GAPDH was used as a loading control
(mean + SD of three independent experiments, **P < 0.001).
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showed that pre-treatment with MitoQ significantly reduced the
upregulation of C-PARP and C-Caspase3 and the release of Cyto C
induced by CVBD, and could inhibit the degradation of PARP
induced by CVBD (Figures 6H, I). These results suggested that
apoptosis of T98G and U251 induced by CVBD was caused by
mitochondrial superoxide production.

N Control HE CVBD B NAC B CVBD+NAC
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Normalize of loading control
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FIGURE 5 | CVBD induces ROS generation and NAC inhibits ROS generation, attenuating CVBD-mediated apoptosis. (A, B) T98G and U251 cells were exposed
to various concentrations of CVBD for 24 h, and O uM CVBD was used as the control group. The ROS generation was observed by fluorescence microscopy using
a CM-H,DCFDA probe (mean + SD of three independent experiments, **P < 0.01, **P < 0.001 compared with the control group). (C, D) T98G and U251 cells were
pre-treated with NAC (20 uM, 2 h) and post-treated with CVBD (120 uM) for 24 h, and the ROS generation was observed by fluorescence microscopy using CM-
Ho-DCFDA probe staining. (E) T98G and U251 cells were treated as indicated in (C),
cells were treated as indicated in (C), and apoptosis was detected by AnnexinV-FITC/PI staining and flow cytometry. (H, 1) T98G and U251 cells were treated as
indicated in (C), and the expression of PARP, C-PARP, C-Caspase3, and Cyto C (C) was determined by Western blotting analysis. GAPDH was used as a loading
control (mean + SD of three independent experiments, ***P < 0.001 compared with CVBD treatment alone).

and the cell viability was examined by CCK-8 assay. (F, G) T98G and U251

Inhibited Mitochondrial Superoxide
Production Blocked CVBD-Meditated
Mitochondrial Translocation of Cofilin

To investigate whether the generation of mitochondrial
superoxide is related to the mitochondrial translocation of
cofilin induced by CVBD, we used Western blotting and an
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FIGURE 6 | CVBD induces mitochondrial superoxide generation and MitoQ inhibits mitochondrial superoxide production, which attenuates CVBD-mediated
apoptosis. (A, B) T98G and U251 cells were exposed to various concentrations of CVBD for 24 h, and 0 uM CVBD was used as the control group. The
mitochondrial superoxide generation was detected by flow cytometry using MitoSOX™ Red staining (mean + SD of three independent experiments, **P < 0.01,

***P < 0.001 compared with the control group). (C, D) T98G and U251 cells were pre-treated with MitoQ (0.5 uM, 30 min) and post-treated with CVBD (120 uM) for
24 h. The mitochondrial superoxide generation was detected by flow cytometry using MitoSOX™ red staining. (E) T98G and U251 cells were treated as indicated in
(C), and the cell viability was examined by CCK-8 assay. (F, G) T98G and U251 cells were treated as indicated in (C), and the apoptosis was detected by AnnexinV-
FITC/PI staining and flow cytometry. (H, I) T98G and U251 cells were treated as indicated in (C), and the expression of PARP, C-PARP, C-Caspase3, and Cyto C
(C) was determined by Western blotting analysis. GAPDH was used as a loading control (mean + SD of three independent experiments, **P < 0.01, **P < 0.001
compared with CVBD treatment alone).

immunofluorescence assay to evaluate the mitochondrial  mitochondria fraction, and reversed the downregulation of p-
translocation of cofilin. In Figures 7A, B, Western blotting  cofilin in the whole cell lysate (WCL). We subsequently
results show that pre-treatment with MitoQ markedly  determined the colocalization of cofilin and mitochondria by
decreased the CVBD-induced upregulation of cofilin in the = immunofluorescence assay. As shown in Figures 7C, D,
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pre-treatment with MitoQ obviously decreased the CVBD-
mediated colocalization of cofilin’s green puncta and
MitoTracker (Deep Red FM). The colocalization correlation
coefficient of pre-treatment with MitoQ group significantly
lower than CVBD treatment alone (Figure 7E). These results
indicated that inhibited mitochondrial superoxide generation
blocked CVBD-meditated mitochondrial translocation of cofilin.

DISCUSSION

Cyclovirobuxine D (CVBD), a steroidal alkaloid extracted from
Buxus sinica, has a long history of treating cardiovascular
diseases (13). However, studies are increasingly reporting that
CVBD shows remarkable suppressive effects in various cancers,
such as colorectal cancer, hepatocellular carcinoma, gastric
cancers, and breast cancer. In terms of mechanism, several
studies have found that CVBD, through the CTHRC1-AKT/
ERK-Snail pathway or EGFR-FAK-AKT/ERK1/2-Slug pathway,

inhibit cancer tumorigenesis through CVBD inducing
mitochondrial apoptosis in cancer cells. Moreover, CVBD
causes cancer cell death of autophagy associated with the AKT/
mTOR pathway (14-17). Meanwhile, CVBD could active AKT/
ERK signaling pathway in T98G and U251. In our current study,
we found that CVBD inhibited proliferation and induced
apoptosis of GBM cells. Mechanistically, we further found that
CVBD triggered apoptosis by causing mitochondrial
dysfunction, which is primarily attributed to the mitochondria
translocation of cofilin via the activation of mitochondrial
oxidative stress.

As previous published studies have mentioned, cofilin is best
known as an actin depolymerizing factor, and it could increase
the rate of actin depolymerization through regulating actin
dynamics (32, 33). Several studies reveal that cofilin, a member
of the cofilin/actin depolymerizing factor (ADF) family, plays a
critical role in mitochondrial function and apoptosis. Recently, it
was reported that de-phosphorylation and mitochondrial
translocation of cofilin are connected with mitochondrial

treatment alone).
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FIGURE 7 | Inhibited Mitochondrial superoxide production attenuates CVBD-induced mitochondrial translocation of cofilin. (A, B) T98G and U251 cells were pre-
treated with MitoQ (0.5 uM, 30 min) and post-treated with CVBD (120 uM) for 24 h. The expression level of p-cofilin and cofilin in the whole cell lysate (WCL), and
cofilin in the mitochondrial fractions, was determined by Western blotting analysis. GAPDH and VDAC1 were used as loading controls. GAPDH was also used as
cytosolic marker (mean + SD of three independent experiments, ***P < 0.001 compared with CVBD treatment alone). (C, D) T98G and U251 cells were treated as
indicated in (A), and the colocalization of MitoTracker (red) and cofilin (green) was observed by confocal microscopy. Scale bars: 10 uM. (E) Quantitative analysis of
colocalization of MitoTracker (red) and cofilin (green). Colocalization correlation coefficients were represented as mean + SD (**P < 0.001 compared with CVBD
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damage (34). Cofilin is also involved in the malignant invasion of
cancer cells (35), and has been identified as a key protein
involved in the initiation phase of oxidative stress-mediated
mitochondrial apoptosis (21, 36). Recent research suggested
that mitochondrial translocation of cofilin is an early stage in
cell apoptosis (21). Mitochondrial translocation of cofilin
induced by cyclohexene was found to be the underlying
mechanism of anti-leukemia (37). Cofilin was confirmed to
translocate to the mitochondria after isoalantolactone-induced
apoptosis in GBM (38). These results indicated that
mitochondrial translocation of cofilin is pivotal for inducing
cell apoptosis. However, only dephosphorylated cofilin could
translocate to the mitochondria and lead to mitochondrial
damage and cell apoptosis (21). During apoptosis, the
dephosphorylated expression level of cofilin is increased, and
cofilin is translocated from the cytosol to the mitochondria,
resulting in cytochrome c release and activating caspase-
dependent apoptosis (39). Consistent with these reports, our
study confirmed that cofilin dephosphorylates and translocates
to the mitochondria during CVBD-induced apoptosis, leading to
mitochondrial damage. CVBD treatment decreased the
expression level of phospho-cofilin in the whole cell lysate
(WCL) and increased the expression level of cofilin in the
mitochondria fraction. Knocking down cofilin reduced the
mitochondrial translocation of cofilin induced by CVBD.
Third, knocking down cofilin weakened the apoptosis induced
by CVBD, reduced the upregulation of cleaved-PARP and
cleaved-Caspase3 expression levels, and inhibited the release of
cytometry ¢ from the mitochondria mediated by CVBD.
Therefore, these results further support the idea that
mitochondrial translocation of cofilin is required for CVBD-
induced apoptosis.

It has been demonstrated that ROS play a key role in cell
proliferation and differentiation (40, 41), but excessive
generation of ROS can lead to oxidative damage of lipids,
proteins, and DNA (42). ROS and oxidant stress of cells have
been associated with cancer; increased ROS plays an important
part in initiation and progression of cancers (23, 43). Previous
reports have suggested that excessive production of ROS by
exogenous means is more harmful to cancer cells (22). For
instance, increasing ROS by exogenous drugs can cause
apoptosis, DNA damage, or mitochondrial dysfunction of
several cancers, including colorectal cancer, oral cancers, and
breast cancer cells (44-46). We found that the effect of CVBD in
inducing GBM cell apoptosis is related to the increase of
intracellular ROS. First, CVBD increased the level of
intracellular ROS in a dose-dependent manner. Second, NAC,
as a ROS inhibitor, exhibited clear effects by decreasing the level
of intracellular ROS induced by CVBD. Third, NAC pre-
treatment significantly attenuated the CVBD-induced apoptosis
in T98G and U251 cells. Thus, we explicated that CVBD-induced
apoptosis of GBM occurs by upregulating the level of
intracellular ROS.

Mitochondria play a pivotal role in cellular energy metabolism
and cell apoptosis (29, 47). In the literature we found that

approximately 90% of intracellular ROS is produced by the
mitochondria, which are the main source of superoxide radicals
(48, 49). Excessive mitochondrial oxidant stress could lead to
cytochrome c release from the mitochondria to the cytosol, and
activate caspase-apoptosis and DNA damage in cancer cells (50).
Mitochondrial superoxide production results in caspase activation
and pancreatic cancer cell apoptosis (51, 52). Scavenging MitoSOX
could effectively attenuate the mitochondria impairment and
apoptosis induced by DOX (53, 54). Consistent with these
findings, in our study we found that the effect of CVBD in
inducing GBM cell apoptosis is related to the increase of
mitochondrial superoxide. First, the level of mitochondrial
superoxide was increased by CVBD treatment in a concentration-
dependent manner. Second, MitoQ, as a mitochondrial-targeted
antioxidant, inhibited the generation of mitochondrial superoxide
aroused by CVBD. Third, pre-treatment with MitoQ also
significantly weakened the apoptosis caused by CVBD in T98G
and U251 cells. These results could be explained by the fact that
inhibition of the production of mitochondrial superoxide can
largely suppress the apoptosis-inducing effect of CVBD. We also
clarified the relationship between the generation of ROS and
mitochondrial superoxide with apoptosis induced by CVBD. In
light of this, we speculated whether ROS or mitochondrial
superoxide production can give rise to the mitochondrial
translocation of cofilin. A recent study demonstrated that methyl
antcinate A (MAA) activated the generation of ROS in Huh7 cells,
and that MAA led to mitochondrial translocation of cofilin. Pre-
treatment of Huh7 cells with NAC markedly attenuated the
apoptosis and mitochondrial translocation of cofilin induced by
MAA (55). However, whether mitochondrial superoxide
production is the reason for mitochondrial translocation of cofilin
has not yet been studied. Surprisingly, we found that the level of
cofilin in the mitochondria in GBM cells was decreased following
pre-treatment with MitoQ, compared to CVBD treatment alone.
Likewise, pre-treatment with MitoQ led to the colocalization of
cofilin and mitochondria being dramatically inhibited. These results
indicated that mitochondrial superoxide production could lead to
the mitochondrial translocation of cofilin.
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and Ji-Gang Dai*
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Drug repositioning is a strategy for identifying new antitumor drugs; this strategy allows
existing and approved clinical drugs to be innovatively repurposed to treat tumors. Based
on the similarities between parasitic diseases and cancer, recent studies aimed to
investigate the efficacy of existing antiparasitic drugs in cancer. In this review, we
selected two antihelminthic drugs (macrolides and benzimidazoles) and two
antiprotozoal drugs (artemisinin and its derivatives, and quinolines) and summarized the
research progresses made to date on the role of these drugs in cancer. Overall, these
drugs regulate tumor growth via multiple targets, pathways, and modes of action. These
antiparasitic drugs are good candidates for comprehensive, in-depth analyses of tumor
occurrence and development. In-depth studies may improve the current tumor diagnoses
and treatment regimens. However, for clinical application, current investigations are still
insufficient, warranting more comprehensive analyses.

Keywords: drug repositioning, antiparasitic drugs, macrolides, benzimidazoles, artemisinin, quinolines,
autophagy, ferroptosis

INTRODUCTION

There exists a close connection between parasitic infections and cancer (1-3). Helminth infections
are widespread the world over, and the causative parasites are thought to be responsible for causing
cancer in humans (4). Thus far, Schistosoma haematobium, Clonorchis sinensis, and Opisthorchis
viverrini have been recognized as clear biological carcinogens (1). The specific carcinogenic
mechanism is not yet clear, and the metabolites of catechol estrogens and parasite-derived
oxysterols may play an important role (5). Unlike worms, protozoa have not been identified as
biological carcinogens; however, certain characteristics of protozoa are similar to those of cancer. In
a manner similar to the immune evasion strategies employed by cancers, Trypanosoma cruzi and
Leishmania parasites leverage the immune mechanisms to persist in the body and establish a
chronic infection (6). Although malaria is the most widespread parasitic disease in the world, it does
not seem to be carcinogenic (2). However, the incidence of malaria is positively correlated with
mortality in most cancers, with the exception of colorectal, lung, gastric, and several other types of
cancer whose mortalities exhibit an inverse correlation with malaria (7, 8). Thus, the relationship
between malaria and cancer is worth exploring.

Cancer is the second leading cause of death worldwide and is a major burden of disease (9, 10).
However, with proper treatment, many cancers can be cured. Drugs are essential in the treatment of
tumors but are often not as effective as required because of drug resistance and low specificity (11).
Despite the emergence of highly specific monoclonal antibody drugs, the drugs are unsuitable
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Lietal

Antiparasitic Drugs in Cancer

for a wide range of clinical applications because they have strict
requirements for the target (12). Therefore, the development
of new antitumor drugs is still urgently needed. However, owing
to the similarities between parasitic diseases and cancer as well
as the successful clinical administration of antiparasitic drugs
for years, it seems feasible to repurpose existing antiparasitic
drugs into antitumor drugs. In fact, some antiparasitic and
antitumor drugs share the same target, a variety of drugs
targeting CDKs, TGR enzyme, tubulin/microtubule system
have been confirmed to have dual effects on anti-parasites and
anti-cancer (13).

Research on the repurposing antiparasitic drugs for tumors
has gradually gained popularity. However, many studies have
reported contradictory results. We selected two well-researched
antihelminthic drugs and two antiprotozoal drugs and
summarized the corresponding research progress to provide
direction for further exploration into the repurposing of
antiparasitic drugs as antitumor drugs.

PROGRESS ON THE USE OF
MACROLIDE ANTIPARASITIC DRUGS
FOR TREATING CANCER

Macrolides are antiparasitic drugs with dual functions in vitro
and in vivo. The mechanism of macrolides is mainly to increase
the concentration of the inhibitory transmitter GABA and
enhance the permeability of the nerve membrane to chloride

ions, causing neuromuscular paralysis and death (14).
Macrolides have long been used to kill nematodes and consist
of two main categories: avermectins and milbemycins. Apart
from the antiparasitic effects, macrolide drugs also show different
levels of anticancer activity (Figure 1).

Avermectins

Commonly used avermectins include avermectin (AVM),
ivermectin (IVM), doramectin (DRM), eprinomectin (EPM),
and selamectin (SLM). Although all these avermectins show
anticancer activity, studies on IVM are more comprehensive
than those on other drugs. IVM can regulate the natural
progression of tumors via multiple pathways.

Apoptosis is an important mechanism used by IVM:s to kill
cancer cells. Eukaryotic translation initiation factor 4A isoform 3
(EIF4A3) is an RNA-binding protein involved in the splicing
modulation of BCL2L1/Bcl-X and is considered to be closely
associated with apoptosis. SILAC-based quantitative proteomic
analysis revealed that IVM inhibited the expression of EIF4A3
and 116 EIF4A3-binding mRNAs (15). In LA795 cells, IVM
analogs (IVM, EPM, and SLM) can significantly inhibit currents
mediated by the transmembrane member 16A (TMEM16A), an
endogenous Ca’*-activated Cl* channel closely related to
tumorigenesis, thereby inducing apoptosis (16). In addition,
IVMs utilize the well-studied pathway of mitochondrial
apoptosis to exert their anticancer activity. When acting on
HeLa cells, IVM can increase the ratio of Bax/Bcl-2 and induce
release of mitochondrial cytochrome c into the cytoplasm, thus
stimulating caspase-9/-3-mediated apoptosis (17). In chronic
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FIGURE 1 | Efficacy of macrolide antiparasitic drugs in cancer. Apoptosis is the chief mechanism used by macrolide drugs to kill cancer cells. Macrolides trigger
apoptosis through the (1) mitochondrial pathway, (2) cell cycle arrest, and (3) inhibition of the current of Ca®* ion-activated CI” channels. Other than apoptosis, macrolides
can cause autophagic death of cancer cells by (4) degrading PAK1. When used for cancer cells, macrolides show selectivity for CSCs by (5) inhibiting stem cell genes
and inactivating PAK1. Macrolides also reverse the abnormal epigenetics of tumor cells through (6) the combination of PAH2 and SID domain. By binding to the
extracellular segment of EGFR, macrolides can (7) inhibit the transcription of P-gp, thereby reversing tumor resistance in which MDR and MASTA1 are also involved.
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myeloid leukemia and renal cell carcinoma cells, IVM can induce
apoptosis by inducing mitochondrial dysfunction (18).

Cell cycle arrest can easily lead to apoptosis. Several studies
have revealed that in cancer cells, IVM arrests the cell cycle in
different phases by regulating the expression of proteins that
control the cell cycle, thereby inducing apoptosis (19-22).
Especially in epithelial ovarian cancer, IVM induces apoptosis
through multiphasic cell cycle arrest, and exhibits KPNBI-
dependent antitumor effects (22). The cell cycle is also the
target of many chemotherapeutic drugs, and combinatorial
treatment with IVM and clinical drugs is worth investigating.
In fact, in multiple in vivo and in vitro experiments, IVM
significantly enhanced the efficacy of various drugs, including
cisplatin and tamoxifen, but this result still needs clinical
verification (20, 23).

Autophagy regulation is another important mechanism
underlying IVM action. A study on breast cancer revealed that
when IVM was applied to cancer cells, no obvious apoptosis was
observed before 24 h of treatment, but the inhibition of growth of
these cancer cells during the 24 h was evident. Later in that study,
autophagy flux increased during the first 24 h of IVM treatment,
and the anticancer effect during this period was reversed when
IVM was used to treat cancer cells Beclin 1 or Atg5 knockdown
(24). Current studies argue that IVM degrades PAKI in cancer
cells through the ubiquitination pathway, thereby inactivating
the AKT-mTOR pathway, which is the key negative regulatory
pathway of autophagy (24, 25). Although mechanisms used by
IVM require more detailed exploration, it is encouraging that
more studies indicate that induction of autophagy may be used as
a method of synergistic treatment in clinical tumor
chemotherapy, highlighting the potential of IVM as a clinical
adjuvant drug (26, 27).

In addition to the anticancer mechanism, the selective
functional characteristics of IVMs are also noteworthy.
IVMs exhibit more pronounced toxicity toward cancer cells
than toward non-cancer cells, which may be related to
higher mitochondrial biogenesis in cancer cells (28). More
importantly, when acting on cancer cells, IVM still exhibits
different levels of cytotoxicity in different cancer cell
subgroups. The CD44+/CD24- subpopulation of breast cancer
cells have been previously reported to possess stem/progenitor
cell properties (29, 30). IVM preferentially inhibits the viability
of CD44 +/CD24- subpopulation cells (cancer stem cells (CSCs))
and reduces the expression of stemness genes (NANOG,
POUS5FI1, and SOX2) (31). Current research points out that
this may be related to the ability of IVMs to inactivate p21-
activated kinase (PAK1), thereby reducing the levels of pStat3
and extracellular IL-6 and inhibiting the formation of CSCs (32).
Research on the specific effect of IVM on CSCs is still limited,
and many other knowledge gaps exist that require further
research. In general, the selective nature of IVMs shows that it
is almost non-toxic to non-cancer cells but can effectively inhibit
the growth of cancer cells, demonstrating its unique potential as
an anticancer drug.

IVMs have also shown anticancer capabilities in many fields
other than these mentioned above. Although research on these

aspects is rare, it has broadened the scope of exploration of
IVMs. The latest research showed that IVMs could reverse tumor
resistance. IVM at a low dose that does not produce evident
cytotoxicity can bind to the extracellular domain of EGFR, which
inhibits the activation of EGFR and its downstream signaling
cascade ERK/Akt/NF-xB, thus inhibiting the transcription factor
NF-kB and leading to reduction in P-glycoprotein (P-gp)
transcription (33). Moreover, in triple-negative breast cancer
(TNBC), the targeted disruption of the Sin3 (a master
transcriptional scaffold and corepressor that plays an essential
role in the regulation of gene transcription and maintenance of
chromatin structure) complex by introducing a Sin3 interaction
domain (SID) decoy that interferes with PAH2 binding by
sequestering SID-containing partner proteins reverted the
silencing of genes involved in cell growth and differentiation
(34-36). Interestingly, IVM and SLM can be used as small
molecule inhibitors of SID peptides that play a similar role to
that of Sin3 disruption, indicating that AVMs can also exert
anticancer effects by regulating the abnormal epigenetics of
tumors (37). Furthermore, the activation of WNT-TCF
signaling is implicated in multiple diseases, but there are no
WNT-TCF antagonists in clinical use. However, SLM and IVM
can reduce the expression of target proteins in this pathway by
mimicking dnTCF, further demonstrating the application
potential of these drugs (38).

Milbemycins

The milbemycin family comprises a series of 16-membered
macrolide antibiotics that contain a highly characteristic
spiroketal group that can be produced by several Streptomyces,
these antibiotics have strong biological activities and are used as
highly selective and potent broad-spectrum antiparasitic agents
(39-41). At present, research on milbemycins in cancer was
relatively rare, and milbemycins have been found to play an
important role in reversing tumor drug resistance. Milbemycins
can restore the sensitivity of cancer cells toward chemotherapy
drugs by reducing the expression of MDRI or P-gp, and its
concentration has no obvious cytotoxic effect on cancer cells (42,
43). Cisplatin (DDP) is one of the most widely used
chemotherapeutic drugs and is considered the first-line
treatment for many cancers, but drug resistance limits its
therapeutic potential. A recent study found that serine/
threonine kinase 1 (MAST1) was a major driver of DDP
resistance in human cancers (44). Encouragingly, in multidrug
and cisplatin-resistant human lung adenocarcinoma (A549/
DDP) cells, a milbemycin compound isolated from
Streptomyces sp. FJS31-2, named VM48130, reduced the
expression of multiple resistance-related genes, including
MAST]1, to reverse resistance, which further demonstrated the
potential of milbemycin as an adjuvant drug in clinical
chemotherapy (45). The anticancer mechanisms of these
compounds also include other aspects. For example,
moxidectin effectively inhibited the proliferation of rat C6 and
human U251 glioma cells. Mitochondria-related apoptotic
pathways, cell cycle arrest, and autophagy induced by the
AKT/mTOR signaling pathway in cancer cells are all
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considered to be involved in this process, but the specific
mechanism remains to be explored (46, 47).

PROGRESS ON THE USE OF
BENZIMIDAZOLE ANTIPARASITIC
DRUGS FOR TREATING CANCER

Benzimidazole is a broad-spectrum antiparasitic drug with a
structure similar to that of purines and is mainly used in clinics
for nematodes. Benzimidazoles include albendazole (ABZ),
flubendazole (FLU), fenbendazole (FBZ), oxibendazole (OBZ),
and febantel (FBT). In general, these drugs mainly exert their
antiparasitic effects by interfering with sugar metabolism,
affecting adenosine triphosphate (ATP) production, and
binding to tubulin to affect the cell cycle (48, 49). These
biological processes are also critical in cancer, and it seems
inevitable that such drugs are effective in tumor treatment.
Correspondingly, many studies have shown that benzimidazoles
have prominent anticancer activity ~(Figure 2).

Albendazole

Based on the antiparasitic mechanism, studies have found that
ABZ can inhibit glucose uptake through the GLUT1/AMPK/P53
signaling pathway, thereby disrupting sugar metabolism
in cancer cells and inducing cell apoptosis (50). ABZ,

a microtubule-targeting agent (MTA), induces apoptosis by
disrupting microtubule formation and causes mitotic arrest in
tumors (51, 52). ABZ causes bundles of short microtubules to
form along the edges of cells rather than covering the entire cell,
leading to a series of biological reactions (52). MTAs are a
class of drugs currently used in chemotherapy. A synergistic
antiproliferative effect is observed upon using combinatorial
therapy involving low concentrations of ABZ, colchicine, and
ABZ plus 2-methoxyestradiol (2ME) (53). However, recent
studies have revealed an interesting mechanism underlying the
anticancer activity of ABZs, i.e., targeting the microtubules. In
K562 cells, when compared with paclitaxel and other MTAs,
ABZ treatment significantly increased the number of cells
arrested at the G2/M phase in a short time, and ABZs did not
immediately activate apoptosis. Subsequently, ABZs could
upregulate SIRT3 expression, which is believed to regulate
SOD2 activity to clear mitochondrial reactive oxygen species
(ROS). They further speculated that this ability allowed ABZs to
protect cancer cells from cytotoxicity in the short-term, but when
SIRT3 expression was further reduced, this unique ABZ
mechanism was no longer effective (54, 55).

Whether it be inhibiting the glucose metabolism pathway or
targeting microtubules to exert anticancer activity, triggering cancer
cell apoptosis is the common end result. In fact, ABZs can induce
apoptosis in other ways. According to a study on cutaneous
squamous cell carcinoma, ABZs increase apoptosis-related signals
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FIGURE 2 | Efficacy of benzimidazole antiparasitic drugs in cancer. Benzimidazoles can cause energy metabolism disorders and reduce cancer cell tolerance to
hypoxic environments by (1) inhibiting the expression of HIF-1a and (2) inhibiting sugar intake through the GLUT/AMPK/P53 pathway. Apart from sugar metabolism,
benzimidazoles also induce apoptosis by (3) inhibiting microtubule polymerization and (4) ER stress, and (5) promoting MAPK phosphorylation. By affecting numerous
autophagy-related proteins (LC3, P62, and EVA1A) and downstream signals related to STATS3, benzimidazole can also cause (6) autophagic cancer cell death. (7)
Benzimidazoles reduce the expression of PD-1 and (8) inhibit the accumulation of MDSC in the TME to stimulate antitumor immunity.
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by inducing endoplasmic reticulum (ER) stress, and pretreatment
with the ER stress inhibitor 4-PBA attenuates ABZ-induced
apoptosis (56). Furthermore, in human leukemia U937 cells,
ABZs increase MAPK phosphorylation and upregulate TNF-o
expression, thus inducing apoptosis. The same pathway is
seemingly involved in the ABZ-induced death of HL-60 cells (57).

Moreover, most cancer cells generate ATP using accelerated
glycolysis rates, and glucose is converted to lactate instead of
being metabolized by oxidative phosphorylation, even when
oxygen is abundant (58, 59). Current research indicates that
hypoxia-inducible factor-1o: (HIF-10r) plays a critical role in this
process. In general, under hypoxic conditions, HIF-1o maintains
the survival requirements of cancer cells by regulating the
expression of a series of glycolytic enzymes and can also bind
to the vascular endothelial cell growth factor (VEGF) gene
promoter to induce VEGF expression and angiogenesis (60,
61). Therefore, HIF-1a is becoming an increasingly attractive
therapeutic target in the treatment of cancer. It is encouraging
that ABZs significantly inhibited the expression of HIF-1o in
non-small cell lung cancer and ovarian cancer; however, ABZ
treatment did not affect the HIF-10. mRNA level, suggesting that
other unknown regulatory pathways may be involved in this
process (62, 63).

Research institutions have already carried out phase I clinical
trials of oral ABZ to treat advanced cancer patients to detect its
maximum tolerated dose. Results from the 36 patients with
refractory solid tumors enrolled in the study showed that the
recommended dose for further study was 1,200 mg twice daily
for 14 days in a 21-day cycle, with myelosuppression being the
main dose-limiting toxicity (64). Although no patients achieved
partial or complete response according to the RECIST study’s
criteria, 4 out of 24 patients with assessable tumor markers (16%)
demonstrated a decrease in tumor markers of more than 50%. In
contrast, another patient had a significant decrease in tumor
markers and a prolonged period of stable disease. Overall, as
research continues to progress, new anticancer drugs based on
ABZ can be expected.

Flubendazole

Similar to ABZ, FLU induces monopolar spindle formation by
inhibiting tubulin polymerization, inhibiting proliferation and
migration, ultimately triggering apoptosis in a variety of cancer
cell lines (65-69). However, more distinctive is that autophagy
seems to play an important role in the anticancer activity of FLU.
Using molecular docking simulation technology to screen
numerous small molecule drugs approved by the Food and
Drug Administration (FDA), FLU was found to have the
highest antitumor activity and the ability to target autophagy-
related gene (ATG) 4 B. Molecular dynamics simulation revealed
that FLU bound with high affinity to ATG4B protein, and that it
could induce autophagy and exhibit an antiproliferative effect on
TNBC cancer cells (70). The latest research, however, has
proposed another possible mechanism for FLU’s anticancer
activity on TNBC cells. FLU treatment promotes autophagy by
upregulating the expression of Eva-1 homolog A (EVAIA), a
protein involved in autophagy and apoptosis-induced cell death
(71). EVA1A knockdown, results in the partial inhibition of LC3

puncta accumulation, p62 degradation, and LC3 lipidation in
TNBC cells (72). FLU also promotes autophagy in other
malignant cell lines, such as A549 and H460 (73), through the
regulation of the signal transducer and activator of transcription 3
(STAT3)-related pathway to induce apoptosis in human colorectal
cancer cells, but the specific mechanism remains unclear (74).

Moreover, FLU has clinical value because it is potentially
involved in tumor immunotherapy and molecular targeted drug
resistance. Programmed cell death protein-1 (PD-1) and
programmed cell death-ligand 1 (PD-L1) are immune system
regulators that play a role in dampening the immune response
to cancer cells, and PD-1 inhibitors have already changed the
paradigm of cancer treatment in many cancers (75, 76). However,
all available PD-1/PD-L1 treatments are antibodies that require
intravenous infusion, resulting in exorbitant costs. PD-1/PD-L1
treatments can also have unpredictable and/or poor response in
second-line treatment; therefore, finding a small molecule
inhibitor is more convenient (77). A study on melanoma
showed that FLU could inhibit the expression of PD-1 in cancer
cells and the accumulation of myeloid-derived suppressor cells
(MDSCs) in the tumor microenvironment, indicating its ability to
elicit the host’s antitumor immunity, but the specific mechanism
remains to be explored (78). In general, this suggests huge potential
application of FLU in tumor immunotherapy. Apart from this,
trastuzumab provides significant clinical benefit for HER2-positive
breast cancers, but nearly 70% of patients experience primary or
acquired resistance, which dramatically limits the therapeutic effect
(79). Encouragingly, FLU significantly reduced p95HER2
expression and the phosphorylation level of HER2, HER3, and
AKT, preventing the hetero-dimerization of HER2/HER3 in
trastuzumab-resistant cells (80), which play an important role in
trastuzumab resistance (81-83). Combination therapy with FLU
seems to be a possible solution to improve the efficacy
of trastuzumab.

PROGRESS ON THE USE OF
ARTEMISININ AND ITS DERIVATIVES
FOR TREATING CANCER

Artemisinin (ARS) is a 1,2,-trioxane from the Chinese medicinal
plant Sweet Wormwood, and since its antimalarial effect was
discovered, research on ARS has been continuously focused on.
A variety of ARS and its derivatives (ARTs), including
dihydroartemisinin (DHA), artemether (ARM), artesunate
(ART), and artemisitene (ATT), have emerged because of the
advancements of drug modification and synthesis technology.
ARS-based combination therapies are established standard
treatments for malaria worldwide (84-87). It is currently
considered that the heme-irons released by Plasmodium-
attacking red blood cells can cleave the endoperoxide bridge of
ARS via a Fe (II) Fenton-type reaction, and that free radical
intermediates kill the Plasmodia (88, 89). Other pathways are
also involved in ARTs antimalarial response (90, 91), but
comprehensive research on antimalarial mechanisms remains
necessary. Interestingly, as with other natural products,
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antimalarial properties are not the only benefits of ARTs, and
ARTs have shown application value in many diseases, including
cancer (Figure 3).

Long-term studies on the anticancer mechanism of ARTs
have shown that the endoperoxide moiety is essential for its
biological activity, and ARTs without the endoperoxide moiety
were inactive (92, 93). In general, ARTs mainly exert anticancer
effects in three ways with the endoperoxide moiety. (i) The
cleavage of the endoperoxide moiety leads to the formation of
ROS and oxidative stress in the tumor. Excessive production of
ROS causes death by damaging cellular components, including
DNA, proteins, and lipids (94); a notable feature of ARTs is that
they can spontaneously generate a large amount of ROS in a
heme-dependent manner (95-97). Many studies have indicated
that ARTs increase the expression of cleaved caspase-3 and
PARP in a variety of cancer cells by producing excessive
amounts of ROS, thus inducing apoptosis in cancer cells (98-
100). Further, excessive amounts of ROS may trigger an ER stress
response in cancer cells (99), but the specific mechanism is not
clear. Interestingly, increasing the concentration of ferrous ions
and oxygen in the tumor environment to further increase the
concentration of ROS has been shown to enhance the anticancer
activity of ARTs (101, 102), which provides a possible strategy
for the development of new anticancer drugs based on ARTs.

(ii) ARTs rely on excessive amounts of ROS to cause DNA
damage in cancer cells. In the alkaline comet assay, both ARS and
ART caused significant DNA damage, and the fold changes of
OTM and tail DNA significantly increased (103). In addition,
molecular docking indicated that various ARTs might induce

DNA damage in cancer cells by inhibiting topoisomerase 1 (104),
an enzyme that resolves the topological stress in genomic DNA by
preventing double-stranded breaks in the DNA during cell
proliferation (105). Subsequent studies involved in-depth
exploration of the specific mechanism of ARTs. ATT can
increase the expression of E3 ligase NEDD4, resulting in the
destabilization of c-Myc protein, thereby inhibiting the expression
of DNA topoisomerases. Importantly, neither a decrease in the
concentration of NEDD4 protein nor DNA damage has been
observed in non-cancer cells (106). DNA damage inducers such
as cisplatin and doxorubicin have become the first-line cancer
treatment (107, 108). However, these drugs lack strict selectivity,
and are toxic to non-cancer cells. The high selectivity of ATT as a
DNA damage inducer suggests that ARTs may be a potential
alternative to cisplatin and doxorubicin.

(iii) ARTs induce cycle arrest to trigger cancer cell death. This
anticancer effect of ARTS is closely related to excessive amounts
of ROS and oxidative DNA lesions that affect cell integrity,
leading to perturbations in DNA replication and cell division
mechanisms. More specifically, CDK4 encodes a cyclin-
dependent serine-threonine kinase in response to mitogenic or
proliferation-promoting stimuli and interacts with cyclin D1 to
phosphorylate the tumor suppressor protein Rb (109, 110). DHA
can regulate the cyclin D1-CDK4-Rb pathway by inhibiting the
expression of CDK4 to trigger cycle arrest (111). In cisplatin-
resistant human breast carcinoma cells, ARS exerts anticancer
activity by targeting multiple key cell cycle-related proteins,
including cyclin-B1, cyclin D1, and cyclin E, to trigger cycle
block (112). In general, with the help of the endoperoxide
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FIGURE 3 | Efficacy of ARTs in cancer. With the help of endogenous peroxides, ARTs can cause oxidative stress by (1) increasing the concentration of ROS, (2)
DNA damage, and (3) cell cycle arrest to cause cancer cell death. In addition to the common types of cell death, ARTs increase the concentration of unstable iron
ions in cancer cells by (4) regulating a variety of iron-related proteins and IRP1/IRP2, thereby triggering ferroptosis. ARTs strengthen the cancer-killing effect of NK
cells by (5) enhancing their degranulation ability and increasing the connection between NK cells and cancer cells. ARTs (6) reduce negative regulation factors (Treg
cells and MDSCs) and increase IL-4 and IFN-y in TME to stimulate T cell immune response.
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moiety, ARTs can kill cancer cells in a variety of ways. Moreover,
these pathways are closely interconnected.

Ferroptosis, a new type of programmed cell death that is iron-
dependent and differs from apoptosis, cell necrosis, and
autophagy, has recently become a research hotspot in cancer
(113-115). Interestingly, ART anticancer activity is also based on
ferroptosis. Current research shows two main mechanisms of
ferroptosis. In the first mechanism, the expression of the core
enzyme GPX4 in the antioxidant system is reduced or
inactivated, depending on the level of intracellular GSH (116).
In the second mechanism, unstable iron ions accumulate in
cancer cells (100). The accumulation of unstable iron ions may
be the main mechanism by which ART-induced ferroptosis. The
anticancer effects of ARTs are related to many iron-related
proteins, including transferrin (TF), transferrin receptors 1 and
2 (TFRC, TFR2), ceruloplasmin (CP), and lactoferrin (LTF)
(117). Furthermore, in DHA-induced ferroptosis, intracellular
GSH levels are not affected. However, when DHA is combined
with deferoxamine (DFO), an iron chelator, DHA-induced
ferroptosis is completely inhibited. Further, DHA may inhibit
the translation activity of a series of ferritin-related genes by
maintaining the binding of iron regulatory protein-1 (IRP1) and
IRP2 to iron-responsive element sequences, thus greatly
increasing the concentration of unstable iron ions in cancer
cells (118). However, counterintuitively, ARTs also strangely
induce a negative feedback pathway in ferroptosis. ARTs can
significantly increase the expression of GRP78, an antiferroptosis
glucose-regulated protein, and knockdown of GRP78-enhanced
ART-induced ferroptosis in AsPC-1 and PaTU8988 cells (119).
DHA increases the expression of HSPAS5, a negative regulator of
DHA-induced ferroptosis, by activating GPX4 in glioma cells
(120). It is worth considering that the induction of ferroptosis
activity by ARTs could be enhanced by inhibiting the negative
feedback pathway. In summary, the specific mechanism by

which ARTs induce ferroptosis is still unclear, and more
research is warranted. In addition, except for ferroptosis, other
types of programmed cell death modes, such as apoptosis and
autophagy, are also important for ARTSs to kill cancer cells, and
many excellent research results have been published (Table 1).
The regulation of the immune system seems to be one of the
antitumor mechanisms of ARTSs. This idea was first supported
when ARS was directly applied to natural killer (NK) cells, and the
degranulation ability of NK cells was enhanced to effectively kill
cancer cells. Combination treatment with the degranulation
inhibitor concanamycin A completely reversed these effects of
ARS. ARS does not change the expression of activated receptors on
the surface of NK cells to enhance their degranulation ability, but it
could induce the activation of downstream signaling molecules
(134). Subsequently, ARS can also increase the coupling between
tumor and NK cells, but the expression of the main ligands of NK
receptors is not affected; the specific mechanism needs to be
further explored (135). Moreover, except for the innate immune
system, ARTs can also regulate specific immune systems. For
example, ARM can reduce Treg cells and increase IL-4 and IFN-y
in the tumor microenvironment (136). More directly, treatment
with ARS in a 4T1 breast cancer model significantly reduced the
number of MDSCs and Treg cells in mice and significantly
increased CD4" IFN-y" T cells and cytotoxic T lymphocytes
(CTLs) (137). Although obvious immune regulation can be
observed, few studies have investigated immune system
regulation by ARTs, and the exact underlying mechanism
remains unclear; however, it is still a promising research direction.
As studies on ARTs in cancer have increased, so too have the
number of case reports and related clinical trials that support the
potential role of ARTSs in cancer treatment. There were two uveal
melanoma cases in which compassionate treatment with ART
was administered after ineffective standard chemotherapy (138).
One patient received fotemustine plus ART and reached a

TABLE 1 | Non- ferroptosis cancer cell death induced by ARTSs.

Cell death Cell line Drug Effect Reference

apoptosis C4, C4-2 and C4-2B prostate Ca DHA miR-34at, miR-71, Axl| Paccez et al. (121)

Apoptosis HL-60 and KG1a leukemia ART cleaved caspase3t, Bax/Bcl-21 Chen et al. (122)

Apoptosis AB49/TAX lung Ca ART Inhibit lysosome function and the clearance of dysfunctional Lietal (123)

mitochondria

Apoptosis 4T1 and MCF-7 breast Ca ART HSP70], Bcl-2|, cleaved caspase-91 Pirali et al. (124)

Autophagy-related RT4, RT112, T24, and TCCSup ART DNA damaget, LC3B-I|, LC3B-IIt Zhao et al. (125)

apoptosis bladder Ca

Apoptosis HCT116 and DLD-1 colorectal Ca ART, DHA  P531, DR51, caspase-3/71, cleaved PARP-11 Zhou et al. (126)

Apoptosis MM.1S and MM.1R multiple ARS, DHA  ROSt, cytochrome C translocationt Chen et al. (98)
myeloma

Apoptosis HT-29 and HCT-116 colorectal Ca DHA endoplasmic reticulum stress Elhassanny et al. (99)

Autophagy-dependent T24 and EJ bladder Ca ART ROS1T, pAMPK?t, pmTOR/, pULK11 Zhou et al. (127)

apoptosis

Apoptosis EGFR-mutant and KRAS -mutant DHA PSTATS|, Mcl-14, Survivin|, Bcl-2| Yan et al. (128)
lung Ca

Apoptosis 18 types of B-cell lymphoma ART endoplasmic reticulum stress Vatsveen et al. (129)

Apoptosis CNE-2Z Nasopharyngeal Ca DHA CLC-3 chloride channel proteint, cleaved caspase-31 Zhou et al. (130)

Autophagy A549 lung Ca DHA-37 HMGB11, pMAPK?, LC3-II/LC3-It Liu et al. (131)

Apoptosis HCT116 colorectal Ca ART Inhibit the NF-xB pathway, ROSt, Bax/Bcl-21 Chen et al. (132)

Apoptosis PC3, 22RV1 and LNCaP prostate ART Induce oxidative stress, survivinl, cleaved PARP1 Nunes et al. (133)

Ca
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temporary response, although the tumor progressed under prior
fotemustine therapy alone, and the patient died 23 months after
being diagnosed with stage 4 disease. The second patient reached
disease stabilization after administration of dacarbazine and
ART, and the survival time of the patient greatly exceeded that
of the median survival time for patients with uveal melanoma,
which is 2 to 5 months. Furthermore, the results of a phase I
clinical study on intravenous ART in patients with advanced
solid tumor malignancies were recently published (139).
Nineteen patients were enrolled in the study and had various
cancers. In the study, dose-limiting toxicities were observed in
one of six patients at dose levels of 12 mg/kg (neutropenic fever)
and 18 mg/kg (grade 3 hypersensitivity reaction on C1D1); both
patients treated with 25 mg/kg experienced dose-limiting
toxicities (one patient had grade 3 nausea/vomiting, and the
other experienced neutropenic infection, grade 3 ALT elevation,
and grade 4 ALT elevation). They also observed a disease control
rate of 27% (4 out of 16). In summary, although there are issues
to be resolved, ARTSs have great potential as anticancer drugs.

PROGRESS ON THE USE OF QUINOLINE
ANTIPARASITIC DRUGS FOR
TREATING CANCER

Similar to ARTs, the design and synthesis of quinoline drugs,
which are characterized by a quinoline ring, has been researched
for application as antimalarial drugs. Quinolines exert their

antimalarial effects during the blood or liver stages of the life
cycle of the parasite (140), but different drugs have different
mechanisms (141, 142). With the progress in research, an
increasing number of quinoline drugs have shown therapeutic
effects in other diseases, including cancer (Figure 4).

Chloroquine

Chloroquine (CQ), a 4-aminoquinoline, has been used as an
antimalarial drug for many years and is often recommended to be
co-administered with primaquine to prevent recurrence of
Plasmodium vivax (143). CQ is currently considered a
protonated, weakly basic drug that increases the pH and
accumulates in the food vacuole of parasites, thereby interfering
with the degradation of host red blood cell hemoglobin, and
preventing the growth of malaria parasite (144). The exact
mechanism requires further investigation. Similar to other
antiparasitic drugs, CQ has also shown potential in the
treatment of cancers and other diseases (145, 146).

As lysosomotropic agents, CQ increases the pH of the lysosome
from 4.5 to 6, such a change in pH is not conducive for the activity
of lysosomal enzymes. This mode of action is known as a
lysosomotropic effect (147, 148). Therefore, CQ can affect
various biological processes by acting on receptors, enzymes,
and transcriptional factors, which would determine the
therapeutic effects in cancer (149) (1). Inhibit autophagy to
induce anticancer effects. As an autophagy inhibitor approved
by the FDA. At present, this particular function has been studied
quite thoroughly. CQ blocks the final step of the autophagy
process by impeding the degradation of autophagic proteins

inhibit the drug delivery mediated by P-gp and BRCP.

autophagy

@
protein —>_
degradatiol \
— Iysosome
?
' w @, G
o CD80/86+ DC
H
=N N
S e
Quinolines
302 102 @ HER2/B-catenin
l < \ 5 NF-kB
Ml . 's
L - S | = e
t ® _'
PATM
cancer cell @ breaking % % P53 f
yrug
B M —
_
Pop | lsosel i saes)

drug

FIGURE 4 | Efficacy of quinoline antiparasitic drugs in cancer. Lysosomes are an important target of quinoline drugs, and quinolines increase the pH of the
lysosome, thereby triggering a variety of cascade reactions. Quinolines can (1) inhibit the degradation of autophagy proteins to block autophagy and (2) stimulate
antitumor immune responses by increasing tumor antigens. Mitochondria are also a target for quinolines. Quinolines increase the oxygen concentration in cancer
cells by (3) inhibiting the related processes of mitochondrial complex Ill and cause apoptosis by (4) inducing oxidative stress with the change in mitochondrial
membrane potential, (5) inhibiting the phosphorylation level of STAT3 in mitochondria, and (6) introducing double-strand breaks in DNA in cancer cells. (7) Quinolines
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such as light chain 3B-II (LC3B-II) (150, 151). Thus, CQ prevents
the production and recycling of important nutrients and
metabolites, causing tumor cell damage and death. Further, the
inhibition of the final stage of autophagy increases cytotoxic effects
in cancer cells by promoting cell apoptosis and cell cycle arrest
(152) (2). Regulate immunity to prevent tumor cells from
escaping. Successive studies have shown that when ultra-low
concentrations of chemotherapeutics are used on tumor cells,
the expression of some genes related to inflammation, immunity,
and tumor antigens in the cell increases, thereby increasing the
cell’s ability to use CTLs to induce immunogenic death of tumor
cells (153-157). A recent study reported for the first time the effect
of low concentrations of CQ on the immunogenicity of tumor
cells (158). In that study, when HCT-116 colon cancer cells were
treated with CQ and 5-fluorouracil in combination, their cell
lysates significantly induced the maturation of dendritic cells, and
the expression of surface markers, including CD80 and CD86, was
significantly increased. Additionally, dendritic cells increased the
production of CTLs and triggered tumor cell death. Subsequently,
they detected an increase in tumor-associated carcinoembryonic
antigen family gene expression in the treated cancer cells, but the
specific mechanism still needs to be explored, which may be
related to the inhibition of autophagy by CQ. CQ has also been
found to directly affect the function and differentiation of various
immune cells by altering the pH of the lysosome and has been
described in detail in this review (149).

CQ also has multiple functions in tumors by regulating a
variety of key signaling molecules. Platinum drugs are recognized
as the mainstay drugs for the treatment of epithelial ovarian
cancer (159). However, drug-resistant cancer cells can survive
the DNA damage induced by anticancer drugs through DNA
repair pathways or bypassing cell cycle checkpoints (160, 161);
however, CQ can upregulate the expression of p21"VAF/CIPL o
prevent this phenomenon and reverse the drug resistance of
cancer cells. This function seems to depend on autophagy
inhibition, but the connection is not yet clear (162). Many
other functions of CQ depend on its inhibitory effect on
autophagy. However, CQ can reduce the expression of CXC
chemokine receptor 4 (CXCR4) by inhibiting STAT3 expression,
thereby reducing the stemness of esophageal squamous cell
carcinoma cells. This process is independent of autophagy, and
the expression of key molecules, ATG7 and BECNI, in the
autophagy pathway does not change (163), suggesting that CQ
has other effects that do not depend on autophagy inhibition, but
these have not yet been elucidated. In addition, CQ can regulate
the expression of signaling molecules, including NF-«xB and p53,
to exert an anticancer effect (164).

As an autophagy inhibitor approved by the FDA, CQ has
received widespread attention, and the possibilities of its clinical
application have been extensively studied. To date, many clinical
trials using CQ alone or in combination to treat cancer have been
conducted (165, 166). Most findings indicate that the
combination of CQ with other drugs was well tolerated, and
the maximum tolerated dose increases compared with using CQ
alone. However, in these trials, no significant differences between
the treatment and control group and no significant improvement

in overall survival were observed. This may also be related to the
small sample size used in the phase I clinical trials; thus, the
efficacy of CQ should be further evaluated and explored in a
larger sample.

Atovaquone

Atovaquone (ATV), a hydroxy 1,4-naphthoquinoline, is a
homolog of coenzyme Q. Current research shows that ATV’s
antimalarial site is the mitochondrial complex IIT (141).
Compared with non-cancer cells, cancer cells rely more heavily
on mitochondrial functions to generate ATP for growth and
survival (167, 168). Naturally, respiratory energy metabolism,
especially oxidative phosphorylation, has become a focus of
research. ATV, an inhibitor of the mitochondrial complex III,
can significantly reduce the oxygen consumption rate and
increase the concentration of oxygen in cancer cells (169). In
clinical practice, hypoxia is a major problem in cancer treatment
(170). The current novel photodynamic therapy technology
mainly relies on ROS to kill cancer cells, but the hypoxic
tumor environment limits its therapeutic value (171, 172);
thus, combinations with ATV may be a solution. Many studies
have also revealed that ATV can indeed improve the efficacy of
radiotherapy, chemotherapy, and immunotherapy by reducing
the rate of oxygen consumption (173, 174).

The reduction in mitochondrial function greatly inhibits
the proliferation of CSCs, which mainly rely on mitochondrial
respiration rather than glycolysis. The decrease in mitochondrial
membrane potential and the increase in ROS levels lead
to apoptosis in CSCs; thus, ATV selectively acts on CSCs
(175). More specifically, ATV can inhibit the phosphorylation
of mitochondrial STAT3 but not of nuclear STAT3. The
inhibition of STAT3 phosphorylation is not accompanied by
changes in JAK, Src, or MEK, indicating that this function of
ATV is independent of JAK/Src/MEK (176). ATV can also
reduce the expression of a variety of STAT3 target genes,
thereby exerting anticancer effects in tumors (177, 178). There
is still much to be discovered regarding mitochondria and related
functions, an aspect that has received much attention in the
context of cancer treatment (179).

Mitochondrial respiratory function is not the only target of
ATVs. ATVs can degrade HER2 and B-catenin in a proteasome-
dependent manner, thereby inhibiting the activation of HER2/f-
catenin and triggering apoptosis in cancer cells; however,
application of the proteasome inhibitor MG-132 eliminates this
effect of ATV (180). In addition, ATV can also introduce double-
stranded breaks in DNA, thereby upregulating phosphorylated
ATM and p53 to trigger cycle arrest and apoptosis in cancer cells
(181). ATV is also an inhibitor of BRCP and P-gp-mediated drug
delivery (182), indicating the broader application value of ATV,
but its specific mechanism remains to be elucidated.

FUTURE DIRECTIONS

People are increasingly aware of the value of drug repositioning
with the urgent clinical situation that large number of new
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anticancer drugs have appeared unignorable drug resistance after
short-term clinical use (183, 184). Encouragingly, numerous
clinically approved non-cancer drugs have shown antitumor
activity in vitro, in vivo, and even clinically, and antiparasitic
drugs account for a large portion of these repurposed
drugs (185).

Based on the current research, the application of antiparasitic
drugs in anticancer therapy is multitargeted and multimodal
(Table 2). Macrolide drugs induce cell cycle arrest, apoptosis,
and autophagic death in cancer cells by regulating multiple targets
and multiple signaling pathways, including WNT-TCF and
PAK1-AKT-mTOR, and also play a role in reversing tumor
resistance. Benzimidazole drugs induce cancer cell death by
inhibiting sugar metabolism and interfering with the formation
of microtubules. In particular, benzimidazoles can also inhibit the
expression of HIF-1ot protein to inhibit the stress behavior of
cancer cells under hypoxic environments, and by changing the
tumor microenvironment to stimulate the host’s antitumor
immunity, benzimidazoles may also exert anticancer effects.
Endoperoxide is very important for the anticancer activity of
ARTs. Specifically, an endoperoxide moiety can produce a large
amount of ROS in tumor cells and trigger a series of biological
processes that are lethal to cancer cells. Interestingly, ARTSs
increase the concentration of unstable iron ions in cancer cells
by regulating various ferritin and related pathways to induce
ferroptosis, a new programmed cell death mode (115, 186), which
may be worthwhile to study further. Similar to clinical
antimalarial drugs, quinoline drugs also exert anticancer effects.
CQ, a lysosomotropic agent, affects various biological pathways in
cancer cells by changing the pH of lysosomes. Autophagy is

currently studied more thoroughly than other mechanisms, but
CQ also increases the immunogenicity of cancer cells. In addition,
as a competitive inhibitor of the mitochondrial complex III, ATV
can significantly affect the oxidative phosphorylation of cancer
cells to change the hypoxic environment of tumor cells and
greatly improve the efficacy of various clinical treatment
methods. At present, the application of antiparasitic drugs in
tumor treatment is not only at the stage of theoretical
experimentation, but several clinical trials have already been
carried out to analyzed the feasibility of specific drugs.

In summary, antiparasitic drugs are involved in almost all
aspects of tumors, including cell cycle, apoptosis, autophagy,
ferroptosis, stress, energy homeostasis, immunity, and drug
resistance. Besides, when used in combination with existing
clinical tumor drugs, many antiparasitic drugs show significant
synergistic effects (187-189). However, according to current
research results, antiparasitic drugs are still far from being
repurposed into antitumor drugs that can be widely used in
clinical practice. The current research on the anticancer
mechanisms of antiparasitic drugs is still not comprehensive
enough, and more thorough research is needed. In addition,
antiparasitic and tumor therapy have two different application
environments, and many problems remain to be solved. The
first problem is drug delivery; the external microenvironment
of the parasite-infected foci is relatively normal, whereas
the growth of tumors mainly depends on glycolysis, which
leads to an acidic external microenvironment. Whether this
microenvironment affects the delivery of drugs needs further
exploration. The second problem is drug concentration.
Different drug concentrations cause different dominant effects.

TABLE 2 | Antitumor mechanism of antiparasitic drugs.

Category Drug Drug action Effect
Macrolides Avermectins Apoptosis Inhibit CI"Channel, Mitochondrial related pathways
Cell cycle Cycle-related protein, KPNB1-dependent
Autophagy Ubiquitination pathway, PAK1|, Inactivate AKT-mTOR
Cell stemness Inhibit stemness genes, Inactivate PAK1, pStat3|, IL-6]
Milbemycins Drug resistance MDR1, P-gpl, MAST1}
Benzimidazoles Albendazole Energy homeostasis Inhibition GLUT1/AMPK/P53, HIF-1o.)
Cell cycle Inhibit microtubule formation
Apoptosis ER stress, pMAPK?, TNF-ot
Flubendazole Cell cycle Inhibiting tubulin polymerization
Autophagy EVA1A?t, LC3 punctal, p62 degradation|, and LC3 lipidation|, STATS related pathways
Immunity PD-1, accumulation of MDSCs|
Artemisinin and derivatives Artemisinin DNA damage ROS1, topoisomerase 1|
Cell cycle Cycle-related protein (cyclin-B1, cyclin D1, cyclin E)
Immunity Degranulation of NK cellst, MDSCs and Treg cells}, CD4 +IFN-y+ T and CTLt
Artesunate DNA damage ROS?T
Artemisitene DNA damage NEDD4+1, the stability of c-Myc|, DNA topoisomerases|
Dihydroartemisinin Cell cycle ROSt, CDK4|
Ferroptosis Iron-related proteins, Binding of iron IRP1 and IRP21, unstable iron ionst
Artemether Immunity Tregl, IL-4 and IFN-yt
Quinolines Chloroquine Autophagy Impeding the degradation of autophagic proteins
Immunity tumor-associated carcinoembryonic antigent, CD80 and CD861
Drug resistance p21WAF1/CIP11
Cell stemness STAT3], CXCR4]
Atovagquone Energy homeostasis Inhibiting mitochondrial complex Ill, Oxidative phosphorylation]

Cell stemness
Apoptosis

mitochondrial membrane potential|, ROSt, pSTATS in mitochondrial|
Degrade HER2 and B-catenin, pATM and p53t
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The concentration that has the best anticancer effect and does
not cause side effects in the human body needs to be established.
The third problem is that although antiparasitic drugs have
many advantages, we cannot rule out they might promote
tumor growth. Studies have shown that CQ-induced stress
in cancer cells can activate NF-xB, thereby conferring
transcriptional and phenotypic plasticity to cells, resulting in
the reprogramming of cells and allows tumor cells to escape cell
death induced by either drug therapy or the immune system
(190, 191). Fortunately, for the first two issues, many studies have
conducted in-depth study. Increasing evidence shows that
nanotechnology-based drug delivery methods yield better
therapeutic effects at lower concentrations and might be
clinically implemented in the near future (192-198). Successive
preclinical studies and clinical trials have clarified in detail the
therapeutic effects of different drug concentrations and various
possible side effects. However, there are very few studies have
investigated the cancer-promoting effects of antiparasitic drugs.
However, this may be very important for us to fully understand
the role of antiparasitic drugs in tumors. After understanding
these cancer-promoting effects, with the help of modern drug
modification and improvement technologies (199-202), it can
greatly accelerate the real application of antiparasitic drugs in
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Hepatocellular carcinoma (HCC) is a unique type of liver cancer instigated by underlying
liver diseases. Pre-clinical evidence suggests that HCC progression, like other cancers,
could be aided by vitamin D deficiency. Vitamin D is a lipid-soluble hormone usually
obtained through sunlight. Vitamin D elucidates its biological responses by binding the
vitamin D receptor; thus, promoting skeletal mineralization, and maintain calcium
homeostasis. Other reported Vitamin D functions include specific roles in proliferation,
angiogenesis, apoptosis, inflammation, and cell differentiation. This review highlighted
studies on vitamin D’s functional roles in HCC and discussed the specific therapeutic
targets from various in vivo, in vitro and clinical studies over the years. Furthermore, it
described recent advancements in vitamin D’s anticancer effects and its metabolizing
enzymes’ roles in HCC development. In summary, the review elucidated specific vitamin
D-associated target genes that play critical functions in the inhibition of tumorigenesis
through inflamsmation, oxidative stress, invasion, and apoptosis in HCC progression.

Keywords: vitamin D, therapeutic, inflammation, apoptosis, differentiation, proliferation, hepatocellular carcinoma

INTRODUCTION

Hepatocellular carcinoma (HCC) is a unique type of liver cancer instigated by underlying liver
diseases. In general, liver cancer constitutes a substantial public health problem that ranks as the sixth
most commonly diagnosed cancer and the third most common cause of cancer-related mortality in
2020 (1). Although liver cancer occurs in both genders, the incidence and mortality rates in males are 2
to 3 times higher than in females (1). The loss of the liver’s regenerative ability exacerbates HCC
progression, which subsequently potentiates organ failure (2). This loss of regenerative capacity is
further compounded by the disruption of various pathways associated with the pathogenesis and
progression of HCC, thereby making HCC an outcome of a complex cascade of events (3).
Furthermore, the increasing incidence of HCC is mainly associated with viral infections, including
hepatitis B (HBV) and C viruses (HCV), as well as other risk factors like non-alcoholic fatty liver
disease (4, 5) and mycotoxin exposure (6-9). Aside from these biotic, lifestyle, and environmental
factors, pre-clinical evidence suggests that HCC progression, like many other cancers, could be
facilitated by vitamin D (VD) deficiency and germline genetic variants in the Vitamin D receptor
(VDR) gene, which has been shown to influence the progression of hepatitis to HCC (10, 11). Also, an
epidemiological study showed that increased maternal ultraviolet (UV) exposure is associated with a
reduced risk of hepatoblastoma in oftspring (12). Additionally, evidence from the SEER data showed
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that the incidence of HCC in the United States is associated with
ambient UV exposure (13). Hence, this premise supports the VD -
cancer hypothesis and further augments the roles of vitamin D
metabolism in hepatocellular carcinogenesis (2).

Vitamin D (VD) is a lipid-soluble hormone usually obtained
through the exposure of skin to sunlight. Several factors, including
skin pigmentation and a modern lifestyle, could limit VD
formation, thus causing VD deficiency (14). In VD synthesis,
sunlight UV (B) (280-315 nm) exposure on the skin activates 7-
dehydrocholesterol to pre-vitamin Dj; and eventually
cholecalciferol (VD3) (2). Similarly, UV (B) exposure to
ergosterol in plants and fungi produces another form of vitamin
D, ergocalciferol (VD,) (15). Asides from the endogenous
synthesis of VD, VD; can also be obtained from diets while
VD, is principally used during vitamin D fortification. Both
forms of VD are naturally inactive and are activated via
hydroxylation. After synthesis, VD binding protein (DBP) binds
VD and transports it to the liver, where hydroxylation at carbon-
25 metabolizes VD to 25-hydroxyvitamin D (25(OH)D) through
25-hydroxylase. In this first phase of VD metabolism,
hydroxylation occurs predominantly in the hepatic cells
although extrahepatic VD hydroxylation reportedly occurs in
other tissues with evident 25-hydroxylase activities (16, 17).
Most importantly, during this first hydroxylation step, an
ubiquitous mitochondrial 25-hydroxylase, CYP27A1 does not
hydroxylate VD, whereas, CYP2R1 usually located in the liver
and testes hydroxylates both forms of VD (15). Equally, Zhu et al.
(18) reported CYP2R1 as a major but not the only 25-hydroxylase.
After the first hydroxylation, the glomerulus filters 25(OH)D
transported into the kidney and converts it to a steroid
hormone (the active form of VD), 1a, 25 (OH),D (calcitriol),
through 25(OH)D-10-hydroxylase (19). This metabolic activity in
the kidney signifies the second stage of VD hydroxylation.
Although 1o-hydroxylation occurs predominantly in the kidney,
peripheral tissues including the skin and lymph nodes exhibit
extra-renal production of the steroid hormone (20). Finally, in a
bid to activate VD’s biological response to regulate gene
expression, calcitriol binds VDR (17) in a binding sequence that
allows the effective functioning of retinoid X (RXR). RXR belongs
to the nuclear receptor family and a member of the steroid/thyroid
hormone, primarily functioning as transcription factors (21). RXR
also plays essential roles in metabolism and cell differentiation
(21). Hence, VD binding enables the VDR - RXR interaction,
leading to VD-related functions through gene transcription (22).
Thus, VD’s biological action is dependent on VDR, RXR, and the
availability of VD (23).

Asides from primary functions, which include promoting
skeletal mineralization and maintenance of calcium homeostasis,
VD performs pro-apoptotic, pro-differentiation, anti-
angiogenetic, anti-proliferative, anti-invasive, and anti-metastatic
functions (24). Reports show that VD is an indicator of HCC
prognosis and could be vital in predicting HCC patients’ mortality
(25). Meanwhile, VD deficiency is fast becoming a global public
health challenge (26), and it is continuously associated with an ‘all-
cause and cause-specific mortality, despite differences in the VD
baseline levels across the world (27, 28). Consequently, there are

pieces of evidence showing connections between VD deficiency
and HCC progression. For instance, Gaksch et al. (29) meta-
analysis proposed an inverse relationship between serum VD (25
(OH)D;) level and HCC risk; thereby, suggesting VD’s prospective
therapeutic ability in managing HCC. Moreover, increased
bioavailability of circulating 25(OH)D; was also associated with
HCC survival as against total or free VD level (30). In contrast, Liu
et al. (31) reported that increased 25(OH)D level was associated
with an increased risk of HCC incidence. However, they observed
that genetic variations related to VD metabolism could influence
HCC tumor response, survival, and mortality.

Despite the reported association with HCC development,
contrasting reports suggest that baseline VD level could play
little or no role in cirrhosis-linked HCC (32). Therefore, this
review highlights the in vivo, in vitro, and clinical studies on VD
therapeutic targets in HCC. Furthermore, it discussed the
significant limitations and possible solutions in using VD
as therapeutics.

VD, VDR, AND HCC PATHOLOGICAL
CONDITIONS

The progression of HCC and pathological conditions like liver
cirrhosis are linked to VD deficiency; hence, suggesting that
decreased 25(OH)D is associated with poor liver disease
prognosis (33). According to Berkan-Kawinska et al. (34) and
Yang et al. (35), patients with liver cirrhosis, HBV, and HCV
have decreased 25(OH)D levels and could benefit from VD
supplementation. VD deficiency has also been linked with
infections in patients with HCV-associated liver cirrhosis (36) and
the VD deficiency-associated polymorphisms, like rs1993116,
rs10741657, rs2282679, rs7944926, and rs12785878, linked with
HCV-related HCC (37). This study by Lange et al. (37) also showed
that reduced 25(OH)Dj; levels in HCV-related HCC patients is
associated with genetic variations of CYP2R1, GC, and DHCR?.
While the circulating form of VD (25(OH)Ds) instigates the
hormone’s anti-HCV capacity (38), the active form of VD (1a, 25
(OH),D3) induces CYP24AI expression in a VDR-dependent
manner. However, VDR expression, repressed by HBV transcript
upregulation, affects VD’s binding to the receptor (39). Also,
chronic HBV patients are at a higher risk of increased VD
deficiency (40).

HCV and HCV-related HCC patients had lower levels of VD
and VDR compared to healthy individuals (41). In the same vein,
Falleti et al. (42) reported that VDR polymorphisms are associated
with the occurrence of HCC in liver cirrhosis patients, specifically in
those with alcoholic etiology. In the study, HCC was linked with the
b allele of the BsmI A>G (B/b) polymorphism and the T allele of the
Taql T>C (T/t) polymorphism (42). Several studies have reported
relationships between VDR polymorphisms and HCC pathological
conditions. In a Chinese population hospital-based case-control
study, VDR 152228570 and DBP rs7041 polymorphisms vary
between HBV-related HCC patients and healthy individuals thus,
suggesting a relationship with increased risk of HBV-related HCC
(11). A meta-analysis strengthened these observations, which
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indicated that VDR rs7975232 and rs2228570 polymorphisms are
associated with HCC (43).

Although a non-association of VDR polymorphism and risk
of HBV infection in Vietnamese HBV patients was reported by
Hoan et al. (44), they suggested that Apal VDR polymorphism
(rs7975232) could be associated with clinical outcomes and
disease progression. Incidentally, Apal VDR polymorphism
was shown to be associated with HCC in HCV-cirrhotic
patients (45). On the contrary, SNPs of VDR at Bsml, Apal,
and Tagql loci showed no difference between HCC and non-HCC
patients, according to Yao et al. (46). However, the authors
reported a higher frequency of VDR FokI C > T polymorphism
in HCC patients. Also, HCC patients showed a higher prevalence
of FokI TT genotype, which is a risk factor for HCC development
(46). Interestingly, the FokI TT genotype was also associated with
HCC clinicopathology characterized by increased serum alpha-
fetoprotein (AFP), advanced tumor stage, cirrhosis, and lymph
node metastasis (47). Besides, the Fokl T allele is linked with a
predisposition to reduced VD levels and an increased probability
of cancer development in HCV patients (47).

Since there are associations between VD, VDR, and HCC
pathological conditions, understanding VD-related mechanisms
and therapeutic targets in HCC progression could further
substantiate existing evidence and highlight the roles of the
hormones in hepatocarcinogenesis.

THERAPEUTIC EFFECTS OF VITAMIN D
IN HCC

In Vitro Studies

Over the years, there have been reports of HCC’s resistance to
many drugs. An example is resistance to Everolimus, which acts as
an mTOR (mechanistic target of rapamycin) inhibitor. mTOR is a
serine/threonine-protein kinase found in the PI3K-related kinase
(PIKK) family. mTOR’s activation plays critical roles in cell
metabolism, proliferation, and HCC progression (48). Hence,
inhibiting mTOR is one of the suggested therapeutic targets used
to prevent and manage HCC (49). A recent study reported that
calcitriol treatment could restore HCC cell sensitivity, thus
becoming less resistant to everolimus (50). The reduced cell
resistance modulated through the epithelial-mesenchymal
transition pathway increased expression of miRNA-375 and
decreased expression of target genes, including Metadherin
(MTDH), Yes-associated protein-1 (YAP-I), and cellular Myc
(c-MYC) (50).

Likewise, Huang et al. (51) investigated calcitriol’s effects on
Histone deacetylase 2 (HDAC2) and cell cycle markers to explore
the senescence and apoptotic pathway involved in HCC. According
to Huang et al. (51), silencing the HDAC2 gene, which is usually
highly expressed in HCC tumors, enhances calcitriol’s inhibitory
effects. Equally, 1,25(OH),Dj; treatment decreased the expression of
HDAC2 with a dose-dependent increased expression of cell cycle
marker, cyclin-dependent kinase inhibitor (p21(WAFI1/Cip1)) (51).
This result suggests that VD could be a potential therapeutic agent
in managing HCC via cell cycle modulation. However, VD;

treatment significantly increased Thioredoxin Interacting Protein
(TXNIP); thus, enhancing apoptosis while reducing cell
proliferation and thioredoxin activities (52). TXNIP is a tumor
suppressor gene usually downregulated in HCC; therefore,
instigating HCC progression (53). Furthermore, in its hormonal
form, VD (1,25(0OH),Ds) exhibits anti-proliferative ability and
increases the apoptotic ratio in HCC cell lines (54). 1000 nM VD
treatment also showed potential cell growth ameliorating ability in
HCC cell lines according to the study of Xu et al. (51). Although VD
reduced cell viability and proliferation while activating apoptosis,
the effects were well enhanced when co-administered with
Astemizole (a non-sedating antihistamine). In the same study,
VD’s anti-invasive, anti-tumor, and cell migration inhibitory
properties were highlighted (55).

Recently, a combination of VD, analog, Doxercalciferol, and
Carnosic acid-enhanced Sorafenib induced HCC cell death
through blockage of autophagosomes/lysosomes fusion while
also activating autophagy and apoptosis (56). To further
elucidate the more apparent HCC related mechanisms, Wang
et al. (57) showed that 1,25(OH),D; reversed biological
alterations of hepatic progenitor cells caused by Aflatoxin Bl
(AFB1) in WB-344 cells. Furthermore, VD; attenuated the
activation of Protein kinase B (Akt) while suppressing the
expression of cysteine-rich angiogenic inducer 61 (CYR61) and
connective tissue growth factor (CTGF), thus indicating anti-
tumor effects. Calcitriol, also showed inhibitory roles in HCC by
suppressing the hepatocyte growth factor (HGF) and its receptor,
c-met (58).

Therefore, it can be deduced from these in vitro studies as
summarized in Table 1 that VD acts as an anti-tumor agent in
HCC, and it could regulate tumor growth/progression through
cell cycle modulation and mTOR inhibition.

In Vivo Studies

VD’s anti-inflammatory role in carcinogenesis is now considered an
established mechanism of its anti-carcinogenesis property (68). For
example, in an activated inflammatory response, dietary VD
significantly ameliorated cytokine production observed with
diethylnitrosamine (DEN) effects in rats (69). Similarly, a deficient
state of 1,25(0OH),Dj5 triggers inflammatory cytokines production
through STAT3 activation (Figure 1) (50). Guo et al. (54) also
linked the anti-tumor ability of 1,25(0OH),D; with the availability of
p27°°" in mice (54). p27°%" is a cyclin-dependent kinase inhibitor
known for its prognostic roles in carcinogenesis. Asides from
functioning as a tumor suppressor, p27kip ! promotes apoptosis,
regulates tumor drug resistance, protects against inflammatory
effects, and enhance cell differentiation as summarized in Table 1
(70). Also, the loss of p27°%" could negatively affect the anti-tumor
ability of 1,25(0OH),Ds. The ablation of kidney VD metabolic
enzyme, 25(0OH)Ds-1o-hydroxylase, resulted in tumor formation
and increased inflammatory responses in mice (54). However, in the
DEN-induced hepatocarcinogenesis mice model, loss of VD;
upregulated protein 1 (VDUPI) promotes carcinogenesis through
increased cell proliferation, expression of tumor necrosis factor-o
(TNF-¢) and nuclear factor-kappa B (NF-kB) activation, thus
suggesting VDUP1 as a potential anti-proliferative therapy
target (71).
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TABLE 1 | Summary of the effects of vitamin D on HCC targets genes.

Effects of vitamin D on in vitro HCC targets

S/ Vitamin D dosage (duration) HCC cell lines Target genes (method) Summarized findings on vitamin D effects References
N
1. 1,10, 100 or 1000 nM (48 H22 and Hepa1l-6  NA (Colony formation, Annexin V. 1,25(0OH),D5 reduced cell proliferation and induced apoptosis. (54)
hours) and Pl double-staining)
2. 0,10, 100 or 500 nM Huh7, HepG2, and  TXN VD3 had no significant effect on TXN and CDNK1B (52)
(24, 48, 72hrs) Hep3B CDNK1B
CDNK1A VD3 downregulated the expression of CODNK1A.
TXNIP VD3 upregulated the expression of TXNIP.
3. 10-7 M (12/24 hrs pre- PLC/PRF/5 EveR NA (Colony formation and cell 1a, 25 (OH),D restored everolimus sensitivity to everolimus-resistant (EveR) HCC cell lines (50)
treatment; 21 days co- and JHH-6 EveR proliferation)
treatment with Everolimus)
10-7 M for 6 days E-cadherin, cytokeratin 18, and 1a, 25 (OH),D caused EMT induction through decreased expression of vimentin and increased expression
vimentin (WB and IF) of E-cadherin and cytokeratin-18.
12hrs and 6 days of treatment. MTDH, YAP-1, and c-MYC (WB)  While 12hrs of 1a, 25 (OH).D treatment upregulated miR-375 expression, 6 days of treatment reduced
expression of miR-375 targets MTDH, YAP-1, and c-MYC.
4. 0,0.1,1,10,100 or 1000 nM  HpG2 HDAC2, p21(WAF1/Cip1) 1,25(0OH),D3 caused a dose-dependent decrease in the HCC growth rate. 1,25(0OH),D3 also decreased (51)
(Reverse transcription, WB) the mRNA expression and protein level of HDAC2 and increased the expression/protein level of p21
(WAF1/Cip1).
5. 1.0,10.0nM HepG2, Huh-Neo,  CYP24A1, CYP27B1, and VDR  1,25(0OH),D3 increased the expression of CYP24A1 (59)
(5hrs) Huh5-15, and (gRT-PCR, IHC)
Hep3B
6. 0.1,1,10, 100 or 1000 nM HepG2 and NA (Cell viability and proliferation) Astemizole (1-2 uM) increased VD-induced (>100 nM) cell viability and proliferation reduction, cell invasion, (55)
(24 hours) SMMC-7221 increased pro-apoptotic effects, and upregulated VDR expression-induced anti-tumorigenic effects.
7. 100nM WB-F344 CD133, EpCAM, HNF4a, CK19  1,25(0OH).D3 inhibited colony formation, cell viability of WB-334 and promoted apoptosis. (57)
(14 days) (FC, WB, Cell viability)
Cyclin D1, p27, lats1, YAP, TAZ, 1,25(0H),D5 caused a partial reversal of AKT phosphorylation (at Ser473) and gene alterations of cyclin D
CYR61, CTGF (WB) and p27kip.
1,25(0H),D5 blocked YAP/TAZ activation and LATS7 dephosphorylation.
8. 001-1uM HepG2 and Hep3B VD inhibited cell proliferation. VD also altered cadherin/catenin adhesion through an increased level of B- (60)
(7 days) catenin in Smad3*~ MEF cells as well as knockdown of Smad3 and VDR in HepG2 cells
9. 100 nM Doxercalciferol Huh7 and HCO2 BIM, Cas 9, Cas 3, Beclin1, The combination of Doxercalciferol, Carnosic acid, and sorafenib increases the expression of apoptosis (56)
Atg3, LC3-II and autophagy-related proteins.
Effects of vitamin D on in vivo HCC targets
S/ Vitamin D dosage (duration) Host organism Target genes (method) Summarized findings on vitamin D effects References
N
10. 0.1 pug/kg (14 days) Mice (HCC through  IL-6, TNF-a (ELISA) Exogenous supplementation of VD reduced inflaBmmatory cytokines in 1a(OH)ase knockout mice. (54)
orthotopic
transplantation)
11. 0.3 pg/100ul Rats VD3 induced antioxidant defense system 61)
(4-20 weeks)
12. N/A Human VDR, VDUP-1 (Reverse 25(0OH)D was reduced in HCC patients with concomitant increased VDR, and VDUP-1 mRNA upregulated 62)
transcription) expression.
13. 200 IU/kg (daily for 16 weeks)  Rats Nrf2, TGF-p1, Cas-3 (Reverse VD3 triggered hepatoprotective effects while enhancing the anti-tumor effects of 5-fluorouracil. It regulates (63)
transcription, ELISA) cancer progression through downregulation of Nirf2, TGF-f1 and induces apoptosis by upregulating
Cas-3.
14. Pig NA Administration via hepatic artery rather than intravenous route could allow for an increased dosage of VD (64)
15. 100nM Mice CK19 (IHC) 1,25(0H).D3 protected the liver integrity by reducing serum ALT, AST, and CK79 cells initially increased 57)
with AFB-1 administration.
(Continued)
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Generally, inflammation induces oxidative stress by activating
neutrophils and Kupffer cells, which subsequently triggers cancer
progression (72). Oxidative stress is usually associated with the
pathogenesis and progression of HCC. However, reports suggest
that VD5 could be involved in the attenuation of oxidative stress
(61, 69). The physiological advantage of this abuts the vital role of
inhibiting oxidative stress in managing hepatocarcinogenesis (73,
74). Besides, VDj; protected against oxidative stress-induced
carcinogenesis by reversing different antioxidant enzymes
altered in 3’ methyl-4-dimethyl-amino-azobenzene-induced
hepatocarcinogenesis (61).

Furthermore, increased serum level and gene expression of
the M30 apoptotic marker in HCC patients, amongst others,
indicates alteration of the apoptotic pathway in carcinogenesis
(62). Thus, the co-regulatory interaction between VD signaling
and apoptotic pathway in HCC is imperative in the
understanding of VD-related mechanisms (62). Besides, VD,
(cholecalciferol) treatment activates caspase 3 (Cas-3) expression
while downregulating protein expression of tumor growth factor
(TGF-P) (63). Likewise, co-administration with 5-fluorouracil
alleviated the increased liver function enzymes, alpha-fetoprotein
(AFP), and nuclear factor erythroid 2-related factor 2 (Nrf2)
expression in thioacetamide-induced HCC (63).

Therefore, the in vivo studies showed that VD could regulate
HCC progression via activation of apoptosis, reducing oxidative
stress and inflammatory effects (Table 1).

References
(60)
65)
(66)
(60)
(67)

Summarized findings on vitamin D effects

Clinical Studies

Despite promising data from in vitro and in vivo studies
suggesting VD’s crucial roles in carcinogenesis, established
reports and data from clinical studies are still few and far
between. These clinical trials included a phase 1 pilot study on
VD administration’s effects on serum calcium, hepatic and renal

Repression of tumor suppressors and induction of oncogenic proteins are associated with VD deficiency.
Co-administration with lipiodol could increase a safe dosage without hypercalcemia complications. Also,

the co-administration stabilized HCC patients through the mediation of tumor marker, AFP.
VD treatment repressed B —catenin expression while inducing the expressions of TBR2, Smad3 in HCC

patients. The study showed that VD treatment could restore TGF-B signaling in cirrhosis and liver cancer

patients.
In cirrhotic randomized control trial patients, VD3 supplementation significantly increased 25(0OH)D serum

concentrations. However, the supplementation with VD3 had no significant effect on liver function, fibrotic

Complete responses in some patients after Seocalcitol treatment showed that the analog could help
and mineral metabolism parameters.

stabilize HCC patients and may possess the anti-tumorigenic ability.

activator with PDZ-binding motif, HDAC2, histone deacetylase 2; MTDH, metadherin; EpCAM, epithelial cell adhesion molecule; CYP24A1, cytochrome P450 family 24 subfamilies A member 1; CYP27B1, cytochrome P450 family 27
subfamily B member 1; CYR61, cysteine-rich angiogenic inducer 61, CTGF, connective tissue growth factor; FC, flow cytometry; WB, Western blotting; gRT-PCR, quantitative reverse transcription PCR; AFB-1, aflatoxin B-1; Nif2; TGF-p1,

EMT, epithelial-mesenchymal transition; TXN, thioredoxin; TXNIP, thioredoxin interacting protein; HNF4a, hepatocyte nuclear factor 4 alpha; CDNK1, cyclin-dependent kinase inhibitor 1; YAP, Yes-associated protein; TAZ, transcriptional co-
tumor growth factor B-1; IL-6, interleukin 6; TNF-a, tumor necrosis factor-alpha; Cas-3, caspase 3; VDR, vitamin D receptor; VDUP-1, vitamin D3-upregulated protein-1; CK19, cytokeratin 19; IHC, immunohistochemistry.

g ;\F § functions by Finlay et al. (75). In the study, HCC patients
£ <X & received up to a 20-fold increased 1,25-(OH),D; via hepatic
oS e . . .
E ] 0(% ) arterial infusion without hypercalcemic complications. The study
4 NG 5 £ also reported 10 ug/day as a safe dosage with no renal or hepatic
:.’-, § % = 2 complications (75).
o Qs 3 %% However, to eliminate hypercalcemia effects of VD
= é i g g @ 5 administration, Morris et al. (74) reported in a relatively small
s § £ £ mB8z pilot study that co-administration of 1,25-(OH),D; with lipiodol
in HCC patients could be an excellent therapeutic measure
g through stabilization of tumor marker, AFP. From this clinical
= research, the authors suggested that the use of lipiodol could
[} . .
2 8 .. . c increase permitted 1,25-(OH),D; dosage about 50 folds (100 pg)
£Q g g g £ g without complications of hypercalcemia. Hence, this positive
= > =} S > . . .
o = wt T T I outcome could have resulted from the intra-arterial hepatic
Q T < -g administration route used in the study (65). In addition,
2% 2 5 _ 2 Dalhoff et al. (66) administered a starting dose of 10 ug/day
: 3 g £2 £ ¢ seocalcitol (VD analog) and reported that seocalcitol could
£33 T 5
59 S c 2 g8 g function as an anti-tumorigenic agent in phase 2 clinical trials.
g a g % 23 Qw; < _ The analog can thus stabilize HCC patients due to its cytostatic
£ Ea s Eg s 2 g rather than cytotoxic capacity (66).
S| 5f <9 S ;g 2 =g VD may also improve HCC by restoring initially lost tumor
- | 5g oE B~ « g S g growth factor-B (TGF-P) expression in liver tumor (60). In
w o5 SEg 3 Q Q & .
2% o g © w0 ® o= support of this, Chen et al. (63) reported that dysregulated
S Bz € - & VD-associated genes, including Foxhead box protein O4
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stress, and inflammation.

(FOXO4) and signal transducer and activator of transcription 1
(STATI), showed a strong correlation with TGF-f, while VD
supplementation reduces cell proliferation.

Furthermore, a selected European population Nested Case-
Control Study reported that increased concentration of
hormonal VD, 1,25-(OH),D; decreased the risk of HCC (76).
This study informed the idea that 1,25-(OH),Dj; treatment could
ameliorate HCC development. Likewise, a randomized controlled
trial also showed that 1,25-(OH),D3 supplementation of daily 2800
1U resulted in increased serum 1,25-(OH),D; concentration in
cirrhotic patients without significantly altering the mineral
metabolism parameters (74).

THE ROLE OF VITAMIN D
METABOLIZING ENZYMES

Beyond the modulating roles of circulating VD hitherto described,
evidence is emerging that these effects are elicited through its
metabolizing genes. In this vein, Horvath et al. (59) reported that
1,25(0OH),D; treatment caused a concurrent dose-dependent mRNA
increased expression of CYP24A1 at specific time points in some
HCC cell lines. The upregulated expression of CYP24A1 through 1,25
(OH),D; treatment suggests a positive correlation between the
enzyme and VD serum concentration. Chiang et al. (77) also
reported that 1,25(OH),D; cell line treatment induces upregulation
of CYP24A1 expression. Even though 25(OH)D-1o-hydroxylase,
CYP27B1 further augmented the upregulation of CYP24A1, as
reported by Bikle et al. (78), its transfection also induced cell arrest
at the GO/G1 phase through p21/p27; thus, inhibiting tumor cell
growth (76). Additionally, single nucleotide polymorphisms of
CYP24A1 are associated with an increased risk of HCV infection in

FIGURE 1 | 1,25 (OH),Ds signaling pathway involved in the regulation of HCC through apoptosis, invasion, proliferation, differentiation, tumorigenesis, oxidative

some high-risk Chinese population (79). Specifically, rs6013897
(T>A) was significantly associated with an increased risk of HCV
infection. In contrast, rs6068816 (C>T), rs3787557 (T>C), rs6022999
(A>G), and rs2248359 (C>T) were associated with increased risk of
chronic HCV infection. Consequently, combining VD5 treatment
and CYP24A1 inhibitors could annihilate the increased cytoplasmic
expression of CYP24A1.

LIMITATIONS OF THE USE OF VITAMIN D
AS THERAPEUTICS

VD intoxication, usually characterized by hypercalcemia, is a
significant limitation to the therapeutic use of the hormone in
alleviating pathological conditions. Consequently, VD analogs have
been used in recent years to reduce hypercalcemic effects. For
example, a catabolic metabolite of the prodrug, 27 hydroxy BCI-
210 (27-OH BCI-210), was reported to inhibit cancer cell growth
(80). Although patients take various supplements, including
vitamins, to maintain and improve health and prevent disease
occurrences (81), there was no observed association between
these supplements and HCC patients’ survival (81).

The daily intake of 100,000 IU or more could cause VD toxicity
(68), while an increased intake of up to 2000 fold against the
prescribed dosage could lead to renal failure (82). It has also been
reported that an annual treatment of 500,000 IU VDj; increases
fracture risk (83, 84). However, a short-term effect of an accidental
overdose of VD3 was minimal; the long-term effect could be
detrimental, as van den Ouweland et al. (83) reported. In the
study, a single overdose treatment of 2,000,000 IU VD; caused no
short-term clinical toxicity. Therefore, terminating VD and reduced
the consumption of calcium and phosphorus helps in managing
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hypercalcemia. Other interventions integral to controlling
hypercalcemia include glucocorticoids, intravenous hydration,
diuretics, and calcitonin (85, 86). Equally, to reduce the VD
dosage and improve efficacy, combination therapy of VD and its
analogs with other chemotherapeutic agents could be explored.

FUTURE PERSPECTIVES

It is important to note that VD as an anticancer therapeutic agent
could be associated with the administration route. Aside from the
hepatic arterial infusion of this lipophilic vitamin, intravenous
administration could determine, to some extent, the therapeutic
effects and rate of its effectiveness (64). Also, VD supplementation
and CYP27B1 gene transfection therapy are other plausible options
of exploration in managing and treating HCC (77). Although
dosage limitation exists, it will be beneficial to understand the
interaction of the VD signaling pathway and carcinogenesis at the
geneticlevel. The genetic interactions could focus on specific targets;
thus, alleviating risks that arise with the limitation.

Another line of thought in VD’s therapeutic use could involve
understanding the mechanisms in VD’s modulatory roles of the
tumor microenvironment (TME). Tumor growth, invasion, and
metastasis are generally affected by the interactions between the
tumors and their respective microenvironments (87).
Understanding these bidirectional interactions between the
tumor cells and the environment could open up therapeutic
targets and regimes in liver cancer treatment (88-90). Although
VD influences angiogenesis, metastasis, and cancer progression
in TME, the active form of VD, 1, 25 (OH),D; modulates a
couple of stroma cells explicitly, suppresses tumor growth, and
act as an anti-inflammatory agent within the TME, leading to
cancer reduction (91).
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We are not aware of any reports regarding conservative treatment for leukemia-related
chronic subdural hematoma (CSDH). We report our experience with 3 men who were
admitted with subdural masses and abnormal leukocyte counts. In two patients, leukemia
and CSDH were confirmed on the basis of medical records, mild head trauma, and
neuroimaging features. Both patients experienced reduced CSDH and neurological
symptoms after receiving atorvastatin (20 mg/day) plus low-dose dexamethasone.
However, this combined conservative treatment was ineffective in the third patient, who
was diagnosed as having leukemia and showed an increased hematoma volume after two
weeks of therapy. Magnetic resonance imaging findings suggested dural metastasis,
which prompted a switch from statin-based conservative treatment to chemotherapy.
Complete remission of the leukemia and resolution of the subdural mass were observed
after chemotherapy, which supported a diagnosis of leukemia encephalopathy. The 5-
month follow-ups did not reveal CSDH relapse in all 3 cases. Thus, atorvastatin-based
conservative treatment may be effective for leukemia-related CSDH but not for
leukemia encephalopathy.
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INTRODUCTION

Chronic subdural hematoma (CSDH) is a common neurological
disease that generally develops after a head trauma (1-3). The
formation of CSDH is thought to be related to the injury of the
bridging vessels that connect the brain to the dural venous sinuses.
This allows blood to collect in the subdural space, which induces
chronic inflammation, the continuous release of angiogenesis-
related cytokines, and the formation of highly permeable
capillaries. Blood constantly seeps into the subdural space from
these immature vessels, which causes the chronic hematoma
(4-6). Cases of CSDH generally involve elderly patients and can
co-occur with various neoplasms, including leukemia (7-9).
However, there are few reports regarding leukemia-related
CSDH, its potential etiology, and conservative treatment.

In this context, if leukemia is effectively treated and the CSDH
persists, the underlying mechanisms and treatment strategies would
be similar to those in cases of trauma-related CSDH. However, it is
also possible that the subdural mass might be directly caused by
leukemia encephalopathy, which would suggest that its pathological
characteristics and treatment strategies would differ from those of
trauma-related CSDH. Burr-hole drainage is the primary treatment
for CSDH, although it is associated with unsatisfactory rates of
relapse and mortality (10, 11). Furthermore, the current
chemotherapeutic protocols for leukemia are still associated with
a poor prognosis and abnormal blood parameters, which may
motivate patients to select non-surgical conservative therapy if they
have CSDH and leukemia (12). Unfortunately, there is no clearly
effective conservative treatment for CSDH in patients with
leukemia. We confirmed that statin-based conservative treatment
is effective for conventional CSDH on the basis of findings from our
previous clinical trials (13, 14). In this report, we describe the
effectiveness of a statin-based conservative treatment for CSDH in
patients with leukemia.

Clinical studies have indicated that atorvastatin, which is a 3-
hydroxy-3-methylglutaryl-coenzyme A reductase inhibitor, can
effectively treat CSDH by promoting vessel maturation and
inhibiting intracapsular inflammation (15-17). Furthermore,
preliminary findings from a randomized proof-of-concept
clinical trial have indicated that atorvastatin plus low-dose
dexamethasone treatment was effective in reducing hematoma
and neurological symptoms in patients with CSDH (14). Thus, to
save time and achieve better outcomes, it would be reasonable to
use atorvastatin plus low-dose dexamethasone to treat leukemia-
related CSDH, as this strategy was more effective than
atorvastatin monotherapy. We report our experience with 2
patients who had leukemia and trauma-related CSDH and a
third patient with leukemia encephalopathy that was diagnosed
during hospitalization, who experienced different results from a
combination of atorvastatin plus low-dose dexamethasone.

CASE PRESENTATION

Informed consent for the publication of this report was obtained
from the patients. All patients received a standard dose of
atorvastatin (20 mg/day orally) plus low-dose dexamethasone

(2.25 mg/day for the first 2 weeks, 1.5 mg/day during the third
week, and then 0.75 mg/day during the fourth week).

Case 1

A 28-year-old man with acute myeloid leukemia (AML)
experienced head trauma during a minor collision while
receiving chemotherapy with cytarabine plus decitabine
(Figure 1A). One month later, the patient developed headache
and confusion, and bilateral CSDH was detected during head
computed tomography (CT) (Figure 2A). Treatment was
immediately started using atorvastatin (20 mg/day), the
patient’s symptoms were significantly relieved after 4 weeks,
and magnetic resonance imaging (MRI) revealed slight
absorption of the left-side hematoma (Figure 2B). Low-dose
dexamethasone was added to the conservative treatment at
4 weeks, and CT at the 8-week follow-up revealed substantial
absorption of the CSDH (Figure 2C). The dexamethasone
treatment was subsequently stopped, but atorvastatin treatment
was continued until week 12, at which point CT revealed that the
hematoma had nearly disappeared (Figure 2D). The patient did
not experience any adverse drug reactions during the
conservative treatment, and no hematoma recurrence has been
observed during the 6-month follow-up.

Case 2

A 72-year-old man had a 2-year history of chronic myeloid
leukemia (CML) but had not been receiving chemotherapy for
approximately 1 year (Figure 1B). The patient developed CSDH
after experiencing head trauma, which resulted in dizziness,
headache, and left-limb weakness (Figure 3A). After 2 weeks of
conservative treatment using atorvastatin plus dexamethasone, the
hematoma was substantially absorbed, and the patient’s symptoms
were significantly relieved (Figure 3B). However, the patient’s
symptoms worsened during the 4™ week of treatment, at which
point head MRI revealed new bleeding in the subdural space
(Figure 3C). Conservative treatment was continued, although
dexamethasone was stopped at the 6" week and atorvastatin
was stopped after approximately 20 weeks. At 10 weeks, CT
revealed that the hematoma had been significantly absorbed
(Figure 3D), and the hematoma gradually disappeared during
the 5-month follow-up, with complete relief of the patient’s
symptoms (Figure 3E). This patient also did not experience any
adverse drug reactions or hematoma recurrence.

Case 3

A 68-year-old man with a 1-month history of headache and
dizziness was diagnosed as having CSDH (Figure 4A). After
admission, the patient received conservative treatment using
atorvastatin plus low-dose dexamethasone. After 2 weeks of
inpatient therapy, head MRI revealed that the subdural mass
had grown, with significant enhancement of the dura mater
(Figure 4B). A substantial leukocyte abnormality was detected
during the treatment period, and a diagnosis of AML was made
on the basis of bone marrow aspirate examination (Figure 1C).
Conservative treatment using atorvastatin plus dexamethasone
was switched to periodic chemotherapy using cytarabine plus
decitabine for over 4 months. Surprisingly, the subdural
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FIGURE 1 | Periodic acid-Schiff staining of bone marrow aspirate from the 3 patients at the time of admission. (A) Patient 1 had acute myeloid leukemia, (B) Patient
2 had chronic myeloid leukemia, and (C) Patient 3 had acute myeloid leukemia. (D) Patient 3 experienced complete remission after the chemotherapy.

hematoma was significantly absorbed after completion of  to leukemia encephalopathy. The 5-month follow-up MRI
chemotherapy (Figures 4C, D) and the patient’s symptoms  findings (Figure 4E) revealed no subdural hematoma and the
disappeared with complete remission of the AML (Figure 1D).  patient did not experience any severe side effects during the
This course suggested that the patient had CSDH that was related ~ treatment period.

FIGURE 2 | Neuroimaging findings for Patient 1. (A) Chronic subdural hematoma (red arrows) was detected in the bilateral frontotemporal lobes after head trauma.
(B) After 4 weeks of atorvastatin treatment, the left-side hematoma was slightly absorbed. (C, D) Absorption of the hematoma after 8 weeks and 12 weeks of
conservative treatment using atorvastatin plus low-dose dexamethasone.
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after 20 weeks of conservative treatment.

DISCUSSION

The development of CSDH is related to chronic inflammation in
the subdural space that induces the formation of highly
permeable capillaries, which leads to continuous blood leakage
and accumulation in the subdural space (4-6). Among the cases
we reported, the CSDH in Patients 1 and 2 might be related to
incidental cerebral trauma during leukemia treatment, which
could have been accompanied by the inflammation-related
formation of immature blood vessels, leading to CSDH. In
Patient 3, dural metastasis may have been responsible for the
subdural mass, as dural invasion of leukemia can occasionally
cause malignant subdural hematoma (8). Our laboratory
findings revealed low platelet counts in all 3 patients
(Supplement Table 1), which is concordant with the
relationship between abnormal coagulation function and the
development of CSDH (18-20). In Patients 1 and 2, atorvastatin
plus low-dose dexamethasone treatment promoted absorption
of the CSDH and alleviated the patients’ neurological

FIGURE 3 | Neuroimaging findings for Patient 2. (A) A 72-year-old man with chronic myeloid leukemia was diagnosed as having right frontotemporal chronic
subdural hematoma (red arrow). (B) The hematoma was significantly absorbed after 2 weeks of conservative treatment. (C) New bleeding in the subdural space was
detected via magnetic resonance imaging at the 4-week follow-up. (D) Obvious absorption was observed after 10 weeks and (E) near disappearance was observed

symptoms with no adverse events occurred and no recurrence
during follow-up. Thus, this combination may be a safe
and effective treatment for patients with leukemia and
conventional CSDH.

Atorvastatin treatment for CSDH is based on the concept that
statin treatment is effective for subdural masses (13). The anti-
inflammatory effects of statin may play an important role in
promoting the absorption of CSDH. For example, our previous
studies revealed that atorvastatin treatment of rats with subdural
hematoma led to decreased expression of IL-6, IL-8, and TNE-0,
which contribute to the development of CSDH, and increased
the number of anti-inflammatory regulatory T-cells (15-17).
While atorvastatin alone initially improved Patient 1’s
neurological symptoms, there was no clear CSDH absorption,
which was subsequently observed after the addition of
dexamethasone. This result agrees with the finding from a
phase II randomized proof-of-concept trial, which indicated
that atorvastatin plus low-dose dexamethasone was more
effective than atorvastatin monotherapy for accelerating CSDH
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MRI exhibited no hematoma in the subdural space.

absorption. That study indicated that atorvastatin enhanced the
levels of circulating endothelial progenitor cells, which are
essential for the formation and maturation of blood vessels,
and promoted the maturation of subdural leakage capillaries,
whereas dexamethasone strengthened these effects (14). In vitro
research showed that subdural hematoma could destroy
endothelial cell junction by reducing the expression of
transcription factor KLF2, while statin could promote the
expression of KLF2 to improve endothelial connection. And
the effect of statins on promoting the expression of KLF2 was
enhanced when combined with low-dose dexamethasone (21).
Patient 3 had an interesting course, as the subdural hematoma
was not effectively absorbed during the early stage of treatment
using atorvastatin plus dexamethasone. Furthermore, a new
subdural hemorrhage during this period led to an increase in
the CSDH. However, the patient was immediately switched to
chemotherapy after the diagnosis of AML, which resulted in
resolution of the leukemia after 6 weeks and rapid absorption of
the subdural mass at the same time based on the MRI findings.

FIGURE 4 | Neuroimaging findings for Patient 3. (A) Computed tomography revealed bilateral chronic subdural hematoma (red arrows). (B) After 2 weeks of
atorvastatin treatment plus low-dose dexamethasone, magnetic resonance imaging revealed an increase in the hematoma, with significant enhancement of the dura
mater (green arrows) post-injection of contrast agent. (C, D) After chemotherapy, subdural mass was significantly absorbed in 8-14 weeks. (E) A 5 months follow-up

Thus, the patient likely had leukemia encephalopathy rather than
conventional trauma-related CSDH. Furthermore, enhancement
of the dura mater was observed, which confirmed that there was
metastasis of the leukemia cells. Although there was no history of
trauma in the 3" patient, dural invasion by leukemic cells may
have been the source of subdural masses (8). A recent rat-based
study has indicated that the dural lymphatic vessels are an
important channel for subdural hematoma drainage to the
extracranial space (22). Whereas tumor metastasis can lead to
dysfunction of lymphatic drainage (23), leukemia cells invading
the patient’s dura mater may occlude the meningeal lymphatic
drainage pathway, which can reduce the absorption of CSDH.
Effective chemotherapy may restore this drainage pathway, with
relief from leukemia. Therefore, Patient 3 may not have initially
responded to atorvastatin treatment because meningeal
metastasis may have caused dural lymphatic drainage
dysfunction, which suggests that atorvastatin-based
conservative treatment alone may not be effective for patients
with subdural masses related to leukemia encephalopathy.
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Remission of leukemia by chemotherapy allows hematomas
associated with leukemia encephalopathy to be absorbed.

After treatment, subdural hematoma of 3 patients were
significantly absorbed, and no recurrence was found in the
follow-up. Patients 1 and 2 were satisfied with our statins
based treatment, and patient 3 highly appreciated our correct
diagnosis and chemotherapy regimen.

CONCLUSION

We encountered 3 men with myeloid leukemia and CSDH, who
experienced different responses to conservative treatment using
atorvastatin plus low-dose dexamethasone. Two of the patients
had conventional trauma-related CSDH, and the conservative
treatment promoted subdural hematoma absorption and
improved their neurological symptoms with no adverse effects.
However, the subdural hematoma in the patient who was
diagnosed as having leukemia encephalopathy did not respond to
statin-based treatment. After chemotherapy, leukemia resolved and
the subdural mass disappeared completely. Thus, atorvastatin plus
low-dose dexamethasone may be an effective conservative treatment
for conventional trauma-related CSDH in leukemia patients but not
for subdural masses caused by leukemia encephalopathy.
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Background: Although several epigenetic drugs have been reported to have therapeutic
efficacy for some hematologic neoplasms (HNs) in clinical trials, few achieved disease-free
survival benefit. The traditional drug discovery pathway is costly and time-consuming, and
thus, more effective strategies are required. We attempted to facilitate epigenetic drug
repositioning for therapy of HNs by screening the Human Epigenetic Drug Database
(HEDD) in the web, conducting a bench-work cytotoxicity test and a retrospective
nationwide cohort study prior to a clinical trial.

Methods: Four FDA-approved epigenetic drugs with antitumor properties and
completion of clinical phase |l trials were selected from HEDD. Hydralazine (HDZ) and
valproate (VAL) among the four were selected with higher cytotoxicity to HN cells, no
matter whether carrying the JAK2V6E17F mutation or not. Both of them were chosen for a
cohort study using the Longitudinal Health Insurance Database (LHID) 2000-2015 (N =
1,936,512), a subset of the National Health Insurance Research Database (NHIRD, N=
25.68 millions) in Taiwan.

Results: In the initial cohort, HDZ or VAL exposure subjects (11,049) and matching
reference subjects (44,196) were enrolled according to maximal daily consumption (300/
2,100 mg per day of HDZ/VAL). The HN incidence in HDZ and VAL exposure groups
reduced from 4.97% to 3.90% (p <.001) and 4.45% (p = .075), respectively. A further
cohort study on HDZ at a lower range of the WHO defined daily dose (<34 mg per day)
and HN incidence of HDZ exposure subjects (75,612) reduced from 5.01% t0 4.16% (o =
1.725 x 10 '8 compared to the reference subjects (302,448).
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Conclusions: An association of a chronically prescribed HDZ, even prescribed low dose,
with reduction of overall incidence rate and in most subgroups of HN was observed in our
study. Repositioning HDZ for HN management may be feasible. This is the first nationwide
cohort study of the epigenetics-associated risk evaluation of overall HN in the existing
literature, showing an effective method with a wider scope to inform contemporary clinical
trials of epigenetic drugs in the future.

Keywords: hematologic neoplasms, hydralazine, epigenetic drug, cohort, drug repositioning

INTRODUCTION

Hematologic neoplasms (HNs) including Hodgkin lymphoma,
non-Hodgkin lymphoma (NHL), leukemia, and multiple
myeloma (1) show high prevalence in many countries. In 2016,
there were 1,139,000 newly diagnosed HN cases and 677,000
deaths worldwide. From 2006 to 2016, the incidence of leukemia
increased by 26% and that of NHL by 45% (2). Traditionally,
chemotherapy is used as the first-line treatment for HN, but its
therapeutic efficacy is limited and has various distressing side
effects. In addition, long-term treatment with HN can cause
significant financial burden on patients and their families,
leading to an increased risk of mental illness and impact on
life quality that may negatively affect the treatment outcome
(3-5).

In cancer cells, genetic instability and epigenetic instability
are observed (6). Cell activities such as cell proliferation,
apoptosis, invasion, and senescence can be modulated by these
modifications, and epigenetic dysregulations led to
tumorigenesis (7). Drugs targeting epigenetic regulators have
been tried clinically on some HN since 2004 (8). Epigenetic
treatment may restore chemosensitivity in relapsed/refractory
patients by reversing drug resistance to chemotherapy (9-12), or
trigger an innate immune response by alter the function of
relevant immune cells to acquired immunity (13).

Drugs, which have epigenetic targets, may be prescribed for
indications other than HN. The Taiwan FDA has approved two
epigenetic drugs: hydralazine (HDZ), an antihypertension drug
shown to act as a DNA methyltransferase inhibitor (DNMT1),
and valproate (VAL), an anticonvulsant and established histone
deacetylase inhibitor (HDACI). Although clinical trials were
conducted on both epigenetic drugs, no cohort study has been
conducted prospectively or retrospectively to evaluate the
association between HN incidence and the use of two drugs.
Here, we carried out a cohort study respectively by analyzing the
registries from the National Health Insurance Research Database
(NHIRD) in Taiwan during 2000-2015 (14). A highly significant
association between a low dose of HDZ and reduction of
incidence was found for several subgroups of HNs. We
observed a significant overall reduction in the incidence of
most HNs among patients given with HDZ and in dosage-
stratified analysis. Our results suggest it may be feasible to
reposition HDZ for treating HN. Our cohort study shows a
method with a wider scope to inform contemporary clinical trials
of epigenetic drugs in the future. We propose that in view of the
highly significant association with sufficient subjects, whether

HDZ prescription to HN patients needed to be validated by
clinical trial may be reconsidered.

METHODS
Study Design and Drug Selection

Four epigenetic drugs were selected from the 64 listed in the
Human Epigenetic Drug Database (HEDD) (15) because they
have been reported to have antitumor activity and have passed
clinical phase II trials to prove their safety. The four drugs chosen
were azacitidine (AZA) and HDZ, both DNMTi, and VAL and
suberanilohydroxamic acid (SAHA), both HDACi. These four
candidate epigenetic drugs were preliminarily tested for their
cytotoxicity. HDZ and VAL showed higher cellular toxicity, no
matter whether carrying the JAK2V617F mutation or not
(Figure 1). They were, therefore, selected for retrospective
cohort studies for association with incidence reduction of all
subgroups of HNs. To study the dose effect, the dose range was
stratified according to the defined daily dose (DDD).

Ethics

The personal identification data from NHIRD were encrypted to
protect privacy. The protocol of this study was reviewed and
approved by the IRB of the Tri-Service General Hospital (No.: 2-
108-05-107, B-109-38)

Isolation of Leukocytes From Clinical
Waste Blood

Leukocytes were isolated from clinical waste blood of patients
who received therapeutic phlebotomy. Briefly, the whole blood
was 1-fold diluted with PBS. Tubes (50 ml) containing Ficoll-
Paque PLUS solution (10 ml) were prepared beforehand. Diluted
blood (25 ml) was slowly added into the tubes without stirring
the under-layer solution. Then, the layered solution was
centrifuged at 600 x g at room temperature for 40 min. The
bufty coat in the middle layer was carefully transferred to a new
tube. The cells of the buffy coat were washed with PBS and
cultured in RPMI 1640 medium supplied with 10% fetal bovine
serum, 2 g/l sodium bicarbonate, 2.5 g/l D-glucose, and 110 mg/1
sodium pyruvate.

Cytotoxicity Study

The UT-7 (ACC 137, RRID: CVCL_2233) cell line was
purchased from DSMZ (Braunschweig, Germany). The HEL
(HEL 92.1.7, RRID: CVCL_2481) cell line was obtained from
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American Type Culture Collection (ATCC, VA, USA). The
UKE-1 (GM23245 B, RRID: CVCL_0104) cell line was
purchased from Coriell Institute (Camden, NJ, USA). The TF-
1 (RRID: CVCL_0559) cell line was kindly given by Dr. Jeftrey
Jong-Young Yen (Institute of Biomedical Sciences, Academia
Sinica, Taipei, Taiwan) and identified as a 100% match with the
STR profile recorded in DSMZ (German Collection of
Microorganisms and Cell Cultures GmbH, Braunschweig,
Germany) (The result of STR profile is not shown).

UT-7, UKE-1, and HEL cells were cultured in RPMI 1640
medium supplied with 10% fetal bovine serum, 2 g/l sodium
bicarbonate, 2.5 g/l D-glucose, 110 mg/l sodium pyruvate, and
0.5 pg/ml Mycoplasma Removal Agent (MP Biomedicals,
Ilkirch, France). TE-1 cells were cultured in RPMI 1640
medium under similar conditions and additionally supplied
with 2 ng/ml GM-CSE. Cells were seeded onto 96-well plates
at a density of 10,000 per well with/without exposure to
candidate drugs. After incubation for 3 days, 10 pl of MTT
reagent (1 mg/ml) was added into each well and incubated for
4 h. Then, 37% formaldehyde solution was added (final
concentration 4%), and cells were sedimented by using
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FIGURE 1 | Flowchart showing steps for screening candidate drugs, from in silico and in vitro to ex vivo. (A) In-silico screening led to four candidate drugs AZA,
HDZ, VAL, and SAHA. (B-E) JAK2V617F mutation may affect the therapeutic efficacy of AZA and SAHA, but not of HDZ-VAL. The cell survival of four MPN cell lines
treated with HDZ-VAL combination. (F, G) The cell survival rate of four MPN cell lines treated with AZA or SAHA. (H-K) The inhibitory efficacy of cell survival rate after

centrifugation at 1,000 x g for 10 min at room temperature.
The medium was removed carefully, and the formazan crystal
was dissolved in 50 ul of DMSO. The absorption at 570 nm was
read by an ELISA reader. The read was marked as T; for the test
and C for that with no drug. The cell viability was calculated by
the following formula:

Cell viability = T;/C x 100% Cell viability = T;/C x 100 %

Data Source

The National Health Insurance (NHI) Program was started in
Taiwan in 1995 and enrolled more than 99.9% of the Taiwan
population, by the end of 2014, according to Liang-Yu Lin (16).
NHIRD is a nationally representative cohort that contains
detailed registry and claims data from all 23 million residents
of Taiwan, including outpatient departments and the inpatient
hospital care settings. NHIRD collects basic demographic
information, including gender, birthday, insurance premium,
prescriptions, operations, investigations, medical encounters,
and disease diagnoses according to International Classification
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of Diseases, 9™ Revision, Clinical Modification (ICD-9-CM) codes.
All diagnoses of HNs in Taiwan are made by board-certified
clinicians. The Bureau of NHI (a single-payer health insurance
system) respectively and randomly reviewed the medical records of
1 in 100 ambulatory care visits and 1 in 20 inpatient claims to verify
the accuracy of the diagnoses and appropriate management (see
dataset link in section of Data Availability Statement). While only a
small number of validation studies with small sample sizes have
been undertaken, they have generally reported positive predictive
values of over 70% for various diagnoses (17, 18). To date, over
2,700 peer-reviewed studies have been published using NHIRD
data. Longitudinal Health Insurance Database (LHID) 2000-2015,
a subset of the NHIRD (14), was used for this study. LHID 2000-
2015 contains all the original claim data of 1,936,512 registries
enrolled in year 2005 randomly sampled from the year 2005
Registry for Beneficiaries (ID) of the NHIRD. There are
approximately 25.68 million individuals in this registry. There
was no significant difference in the age distribution, average
insured payroll-related amount, or gender distribution (x> =
0.008, df = 1, p value = 0.931) between the patients in the LHID
2000-2015 and the original NHIRD.

Sample Selection

Patients who were treated with either HDZ or VAL continuously for
more than 180 days during 2000-2015 were selected and assigned to
the exposure group. Enrolling subjects in the exposure group was
based on the drug prescriptions presented in medical records or
patients’ profile. The index date refers to the date that the patient
was registered in the database; follow-up began after this date. The
inclusion date is defined as day 181 after successive exposure to
HDZ or VAL. Subjects, who had been treated with HDZ or VAL
before the index date, had been treated with HDZ and VAL
simultaneously, had HN before tracking, had lost proper records
of their HDZ or VAL dosage and duration, and were younger than
20 years or whose gender was not known were all not included.
Exposure groups that were treated with HDZ or VAL were 1:1
matched and referred to as the “HDZ group” and “VAL group”,
respectively. Subjects without HDZ and VAL exposure were 4:1
matched to HDZ and VAL exposure groups and served as a
reference group. All the subjects were matched according to
baseline variables such as age, gender, and index date.

To investigate the effect of the dosage of HDZ or VAL on the
association with HN incidence, a stratified analysis was applied
initially using three levels of dosage: 0%-33%, 34%-66%, 67%-—
100% of DDD, which is 2,000 mg per day for VAL and 300 mg
per day for HDZ, according to maximal daily consumption. In a
further HDZ cohort study, a lower level of dose range, 100 mg
per day, according to WHO DDD guidance, was analyzed.

Covariates

The covariates included gender, age groups (20-29, 30-39, 40-
49, 50-59, and over 60 years old), educational levels (under 12 or
over 12 years), marital status (married or unmarried), healthcare
insurance premium [<18,000, 18,000-34,999, >35,000 New
Taiwan Dollars (NT$)], seasons, location of residence (north,
center, south, and east of Taiwan), urbanization level of residence
(levels 1 to 4), and level of hospital (medical center, regional

hospital, or local hospital). The urbanization level of residence
was defined based on population and several indicators of
developmental level. Level 1 was defined in areas containing a
population more than 1,250,000 with a specific designation of
political, economic, cultural, and metropolitan development.
Level 2 was defined as a population in the range of 500,000 to
1,249,999 with an important role in politics, economy, and
culture. Level 3 and level 4 were defined as a population in the
range 150,000 to 499,999 and under 149,999, respectively.

The comorbidities included hypertension (HTN, ICD-9-CM
401-405), gestational HITN (ICD-9-CM 642.0-642.3, 642.7,
642.9), idiopathic pulmonary artery hypertension (IPAH, ICD-
9-CM 416.0), congestive heart failure (CHF, ICD-9-CM 428),
affective psychosis (ICD-9-CM 296), epilepsy (ICD-9-CM 345),
migraine (ICD-9-CM 346), pulmonary embolism (PE, ICD-9-
CM 415.1), gastric ulcer (ICD-9-CM 531), peptic ulcer disease
(PUD, ICD-9-CM 533), gastrojejunal ulcer (ICD-9-CM 534),
gastrointestinal hemorrhage (ICD-9-CM 578), Budd-Chiari
syndrome (ICD-9-CM 453.0), cerebral thrombosis (ICD-9-CM
434.0), ischemic heart disease (IHD, ICD-9-CM 411), vascular
insufficiency of intestine (ICD-9-CM 557), obesity (ICD-9-CM
278), and hepatitis B virus (HBV, ICD-9-CM 070.2-070.3). The
Charlson Comorbidity Index after removal of the
aforementioned comorbidities and malignancies (CCI_R) was
used to evaluate the extent of the comorbidities.

Outcome Measure
The HNs described in this study follow the ICD guidelines for
hematological disorders: (1) lymphosarcoma and reticulosarcoma
and other specified malignant tumors of lymphatic tissue (ICD-9-
CM 200); (2) Hodgkin’s disease (ICD-9-CM 201); (3) other
malignant neoplasms of lymphoid and histiocytic tissue (ICD-9-
CM 202); (4) multiple myeloma and immunoproliferative
neoplasms (ICD-9-CM 203); (5) lymphoid leukemia (ICD-9-
CM 204); (6) myeloid leukemia (ICD-9-CM 205); (7) monocytic
leukemia (ICD-9-CM 206); (8) other specified leukemia (ICD-9-
CM 207); (9) leukemia of unspecified cell type (ICD-9-CM 208);
(10) MPN-like neoplasm (ICD-9-CM 238.4-polycythemia vera;
ICD-9-CM 238.5-neoplasm of uncertain behavior of histiocytic
and mast cells; ICD-9-CM 238.6-neoplasm of uncertain behavior
of plasma cells; ICD-9-CM 238.71-essential thrombocythemia);
(11) MDS (ICD-9-CM 238.72-low grade myelodysplastic
syndrome lesions; ICD-9-CM 238.73-high grade myelodysplastic
syndrome lesions; ICD-9-CM 238.74-myelodysplastic syndrome
with 5q deletion; ICD-9-CM 238.75-myelodysplastic syndrome,
unspecified; ICD-9-CM 238.76-myelofibrosis with myeloid
metaplasia; ICD-9-CM 238.79-other lymphatic and
hematopoietic tissues; ICD-9-CM 289.83-myelofibrosis); (12)
paraproteinemia (ICD-9-CM 273.1-monoclonal
paraproteinemia; ICD-9-CM 273.2-other paraproteinemias;
ICD-9-CM 273.3-macroglobulinemia; ICD-9-CM 273.8-other
disorders of plasma protein metabolism; ICD-9-CM 273.9-
unspecified disorder of plasma protein metabolism); and (13)
other polycythemia (ICD-9-CM 289.0-polycythemia, secondary;
ICD-9-CM 289.6-familial polycythemia) (Table S1).

The 1* endpoint in the cohort was defined as the time to stop
follow-up when the diagnosis of any HN was made for a subject;
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while the 2™ endpoint was defined as the end of tracking when
follow-up of all the subjects was stopped. To prevent multiple
counting of HN on each subject, the HR of overall HR was not
calculated at the 2™ endpoint.

Statistical Analysis

SPSS software v.22.0 (IBM Corp., Armonk NY, USA) was used
for all analysis. The chi-square test was used to compare
categorical variables by different treatment type when the
categorical outcomes were larger than 5 and Fisher’s exact test
was used when the categorical outcome was smaller than 5. One-
way ANOVA with Scheffe post-hoc test was used to compare
continuous variables. The Kaplan-Meier method and log-rank
test with follow-up time as time scale were used to evaluate the
difference of cumulative incidence of HNs between the three
groups. Multivariate Cox regression analysis adjusted by
covariates mentioned above was used to determine the
association of HNs, and the results were presented as a hazard
ratio (HR) with a 95% confidence interval (CI). A two-tailed p
value of less than 0.001 was considered statistically significant
(19). We used Schoenfeld’s global test to evaluate proportional-
hazards assumption (20).

In order to verify the substantial therapeutic potential of the
drugs, a sensitivity analysis which excluded the patients earlier
diagnosed with HNs after the tracking year was performed. For
causal analysis of competing risks, the Fine and Gray competing
risk model with all-cause mortality as variant was used to
confirm competing risk of mortality (21).

RESULTS

Candidate Drug Selection From the
Human Epigenetic Drug Database

A total of 64 epigenetic drugs were listed in the HEDD. Thirty-
three of them have been studied for cancer therapy. Listed drugs
which were still under development in preclinical or clinical
phase I or II trials were excluded (Table S2). Finally, four
epigenetic drug candidates were selected from HEDD because
they had been reported to have antitumor activity and had
passed a phase II clinical trial to prove their safety. The drugs
chosen were two DNMTi—AZA and HDZ, and two HDACi—
VAL and SAHA (Figure 1A). Furthermore, HDZ and VAL
among the above four drugs were found to exert stronger
cytotoxicity on HN cell lines and on leukocytes prepared from
clinical discarded blood over therapeutic phlebotomy, in
comparison with SAHA and AZA which showed much less
cytotoxicity (Figures 1B-K). Thus, HDZ and VAL were chosen
for the present retrospective cohort study.

Sample Selection Criteria and Flowchart

Among a total of 1,936,512 outpatient and inpatient registries of
the NHIRD in Taiwan during 2000-2015, 115,612 subjects were
enrolled. Of these, 28,951 subjects were excluded based on the
criteria listed in Material and Methods. Of the remaining 86,661
subjects, 75,612 subjects were matched to the HDZ exposure

group and 11,049 were matched to the VAL exposure group.
Initially, the number of subjects matching the VAL exposure
group (11,049) was adopted for both HDZ and VAL exposure
group for the purpose of comparing the potential association
between their prescription and HN incidence. The 4-fold
(44,196) subjects were randomly selected as the reference
group from the non-exposure subjects, respectively
(Figure 2A). The stratified higher DDD of HDZ (300 mg per
day) and VAL (2,100 mg per day), referring to maximal daily
consumption, was initially adopted for comparison. Later, a
further cohort study focusing on a lower level of dose range of
HDZ (100 mg per day) following the WHO DDD guidance was
analyzed since HDZ was associated with a much higher
reduction of HN incidence than VAL. The dose effect was
illustrated by stratification of dose into three levels: high
(267%), intermediate (34%-66%), and low (<34%).

Characteristics of the Study Population
Covariates such as gender, age, marital status, educational level,
healthcare insurance premium, comorbidities, season, location of
residence, urbanization level of residence, and level of hospital
were taken as baseline. Overall, percentage of male subjects was a
little higher but not significant than that of female. The
proportion of subjects aged 60 years and older is
approximately 57%. While about one-third of subjects lived in
the north part of Taiwan or high urbanization level of region, the
index of hospital level was about equally distributed from
medical center to local hospital. Comorbidities such as HTN,
affective psychosis, gastrojejunal ulcer, Budd-Chiari syndrome,
IHD, and HBV are independent risk factors. Nevertheless, the
CCIL_R ratio was positively associated with the incidence of HN
(Tables S3, S4).

The Association of HN Incidence

In this initial cohort study, the association of HN incidence with
HDZ and VAL exposure was compared in contrast to the
reference group. At the endpoint of follow-up, 431 subjects
(3.90%) in the HDZ exposure group while 492 subjects
(4.45%) in the VAL exposure group were diagnosed with HN.
However, up to 2,197 subjects (4.97%) were diagnosed with HN
in the reference group (Figure 2A). After adjusting for the
covariates by the multivariate Cox regression analysis, the
adjusted HRs of being diagnosed with HN were recorded and
are presented in Table 1. The adjusted HR of the HDZ exposure
group to overall HN was significantly lower than that of the
reference group (p <.001, 95% CI: 0.522-0.840), but the VAL
exposure group showed no significant difference (p = .075, 95%
CI: 0.642-1.032).

The Kaplan-Meier curves of the cumulative incidence of HN
over the 15-year follow-up period showed a minor difference but
did not reach significance between the HDZ and VAL exposure
groups in contrast to the reference group (log-rank test p = .033).
A lower cumulative incidence in the HDZ group (p <.001) in
comparison with the reference group was revealed, and it was
less significant in the VAL group vs. reference group and HDZ
group vs. VAL group (log-rank test p = .067 and.075,
respectively) (Figure 2B).
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A
Outpatient and inpatient of Longitudinal Health Insurance Database in 2000-2015 in Taiwan
n=1,936,512
Inclusion
HDZ/VAL
n=115,612
Exclusion
1. HDZ/VAL before index date
2. HDZ/VAL < 180 days
3. Hematology & oncology before tracking
4. Without tracking
1, Without Hydralazine/Valproate 5. Age < 20 years
2. The same exclusion criteria 6. Gender unknown
3. Four-fold propensity score n = 28,951
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FIGURE 2 | A cohort study for association of HN incidence reduction with HDZ or VAL. (A) A flow chart showing the steps for sample-subject selection for the
cohort study based on chronic prescription of HDZ and VAL. (B) The Kaplan-Meier curve of the cumulative incidence of being diagnosed with HN among the
different groups with log-rank test. Log-rank test: without vs. hydralazine, p <.001; without vs. valproate, p = .067; hydralazine vs. valproate, p = .075.

We decided to run a further cohort study focusing on HDZ ~ Among them, 2,910 subjects (3.85%) were diagnosed with HN
(100 mg per day) at a stratified and lower level of dose range  after exposure with HDZ while 15,151 subjects (5.01%) were
according to WHO DDD guidance. In this study, the subjects  diagnosed with HN in the reference group (Figure 3A). The
(75,612) matching the inclusion criteria in the HDZ group and  Kaplan-Meier curve of the HDZ group demonstrated a much
302,448 (four-fold) subjects without exposure of HDZ randomly ~ lower cumulative incidence than the reference group from the 9™
selected for the reference group were compared (Figure 3A).  year of tracking (Figures 3B, C). A Schoenfeld’s global test with
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TABLE 1 | Adjusted HR of HN according to subgroup stratified by dose level of HDZ and VAL.

Hematologic Drug, Dose 15t Endpoint® 2" Endpoint®
Neoplasm Subgroup (DDD?)
Adjusted 95% CI P Adjusted HR 95% CI P
HR
Overall Without Reference
Hydralazine 0.714 0.522 0.840 2.57E-12
<34% 0.772 0.565 0.908 2.98E-11
34%-66% 0.713 0.522 0.839 3.36E-12
>67% 0.569 0.416 0.669 4.06E-13
Valproate 0.877 0.642 1.032 .075
<34% 0.909 0.665 1.070 106
34%—-66% 0.885 0.648 1.042 .089
>67% 0.781 0.571 0.989 .041
Lymphosarcoma and Without Reference Reference
reticulosarcoma Hydralazine 0.728 0.533 0.857 3.57E-6 0.737 0.540 0.868 3.64E-6
<34% 1.515 0.908 1.782 202 1.534 0.919 1.804 225
34%—66% 0 - - .998 0.812 0.597 0.972 5.78E-7
>67% 0 - - .999 0.675 0.317 0.875 4.03E-8
Valproate 1.175 0.860 1.382 187 1.190 0.871 1.399 .208
<34% 1.631 0.943 1.919 .371 1.651 0.955 1.943 413
34%-66% 1.186 0.868 1.395 190 1.201 0.879 1.412 211
>67% 0 - - .999 0.986 0.718 1.285 .371
Hodgkin’s disease Without Reference Reference
Hydralazine 0.642 0.470 0.756 2.79E-6 0.650 0.476 0.765 4.82E-6
<34% 0.891 0.652 1.048 .065 0.902 0.660 1.061 .072
34%-66% 0.649 0.475 0.763 4.50E-7 0.657 0.481 0.772 5.96E-6
>67% 0 - - .997 0.524 0.311 0.670 8.06E-5
Valproate 1.152 0.843 1.355 246 1.166 0.853 1.372 274
<B4% 1.439 0.953 1.693 .201 1.457 0.965 1.714 224
34%—-66% 1.395 0.921 1.641 190 1.412 0.932 1.661 211
>67% 0 - - .998 1.086 0.771 1.246 295
Other malignant Without Reference Reference
neoplasms of lymphoid Hydralazine 0.634 0.464 0.746 8.83E-10 0.626 0.458 0.737 2.67E-9
and histiocytic tissue <34% 0.681 0.498 0.801 6.25E-9 0.673 0.492 0.791 9.33E-9
34%—-66% 0.620 0.453 0.729 5.37E-10 0.612 0.447 0.72 7.82E-10
>67% 0.540 0.395 0.635 4.24E-11 0.533 0.390 0.627 6.61E-11
Valproate 0.858 0.628 1.010 .054 0.848 0.620 0.998 .049
<34% 0.916 0.670 1.078 .073 0.905 0.662 1.065 .066
34%—-66% 0.866 0.634 1.019 .059 0.855 0.626 1.007 .053
>67% 0.697 0.501 0.940 .042 0.689 0.504 0.929 .038
Multiple myeloma and Without Reference Reference
immunoproliferative Hydralazine 0.578 0.423 0.680 7.86E-8 0.571 0.418 0.672 2.06E-9
neoplasms <34% 0.668 0.489 0.786 5.25E-8 0.66 0.483 0.776 1.14E-9
34%—-66% 0.519 0.38 0.611 6.56E-8 0.513 0.375 0.604 1.87E-9
>67% 0.452 0.331 0.5632 9.25E-8 0.446 0.327 0.526 4.26E-8
Valproate 0.830 0.607 0.976 .040 0.820 0.600 0.964 .036
<34% 0.864 0.632 1.016 168 0.853 0.624 1.004 151
34%—-66% 0.837 0.612 0.985 .044 0.827 0.605 0.973 .040
>67% 0.730 0.534 0.859 2.33E-5 0.721 0.527 0.849 1.08E-5
Lymphoid leukemia Without Reference Reference
Hydralazine 0.420 0.307 0.494 3.37E-5 0.425 0.311 0.500 5.86E-6
<34% 0 - - .985 0.382 0.135 0.491 4.50E-5
34%—-66% 0.849 0.621 0.998 .048 0.859 0.629 1.01 .053
>67% 0.740 0.541 0.870 2.65E-6 0.749 0.548 0.881 3.83E-6
Valproate 0.603 0.441 0.709 4.52E-7 0.610 0.446 0.718 5.58E-7
<34% 0 - - .988 0.284 0.161 0.579 6.86E-5
34%-66% 1.369 0.991 1.610 188 1.386 0.978 1.630 .209
>67% 0.795 0.582 0.936 .021 0.805 0.589 0.948 .023
Myeloid leukemia Without Reference Reference
Hydralazine 0.520 0.38 0.612 7.72E-8 0.526 0.385 0.620 7.98E-8
<34% 0.866 0.633 1.018 .056 0.877 0.641 1.031 .062
34%-66% 0 - - .993 0.482 0.161 0.597 6.45E-8
>67% 0.549 0.402 0.646 6.24E-8 0.556 0.407 0.654 9.03E-8
Valproate 0.895 0.655 1.053 176 0.906 0.663 1.066 196
(Continued)
Frontiers in Oncology | www.frontiersin.org 119 February 2022 | Volume 12 | Article 809014


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Yang et al.

Repositioning Hydralazine for Hematologic Neoplasms

TABLE 1 | Continued

Hematologic Drug, Dose 15t Endpoint® 2" Endpoint®
Neoplasm Subgroup (DDD?)
Adjusted 95% CI P Adjusted HR 95% CI P
HR

<34% 1.165 0.852 1.370 287 1.179 0.863 1.387 .319
34%—-66% 0.678 0.496 0.917 .001 0.686 0.502 0.928 .001
>67% 0.591 0.432 0.695 8.01E-6 0.598 0.437 0.704 5.29E-7

Leukemia of Without Reference Reference

unspecified cell type Hydralazine 0.565 0.413 0.665 6.84E-7 0.558 0.408 0.657 7.89E-7
<34% 0.588 0.43 0.691 8.25E-7 0.581 0.425 0.683 9.22E-7
34%—-66% 0.666 0.487 0.783 B5.77E-7 0.658 0.481 0.773 6.03E-7
>67% 0.332 0.242 0.390 3.10E-7 0.328 0.239 0.385 3.40E-7
Valproate 0.878 0.642 1.033 135 0.867 0.634 1.020 21
<34% 0.914 0.669 1.075 160 0.903 0.661 1.062 144
34%—-66% 0.920 0.673 1.083 175 0.909 0.665 1.070 157
>67% 0.713 0.522 0.929 012 0.704 0.516 0.918 011

MPN-like neoplasm Without Reference Reference
Hydralazine 0.536 0.392 0.631 7.26E-11 0.529 0.387 0.623 5.20E-10
<34% 0.558 0.408 0.656 8.82E-11 0.551 0.403 0.648 7.26E-10
34%—-66% 0.541 0.396 0.637 7.04E-11 0.534 0.391 0.629 5.58E-10
>67% 0.472 0.345 0.555 6.83E-11 0.466 0.341 0.548 1.24E-10
Valproate 0.841 0.615 0.989 .043 0.831 0.608 0.977 .039
<34% 0.801 0.586 0.942 .005 0.791 0.579 0.931 .004
34%—-66% 0.946 0.692 1.113 169 0.934 0.684 1.099 167
>67% 0.761 0.557 0.895 7.80E-8 0.752 0.55 0.884 1.04E-9

Paraproteinemia Without Reference Reference
Hydralazine 0.537 0.393 0.632 5.28E-7 0.53 0.388 0.624 6.62E-8
<34% 0.621 0.454 0.730 3.03E-7 0.613 0.448 0.721 5.04E-8
34%—-66% 0.543 0.397 0.638 5.99E-7 0.536 0.392 0.630 6.88E-8
>67% 0.315 0.231 0.371 4.81E-7 0.311 0.228 0.366 4.82E-8
Valproate 0.771 0.564 0.906 .001 0.762 0.557 0.895 5.54E-6
<34% 0.802 0.587 0.944 .020 0.792 0.580 0.932 .018
34%—-66% 0.778 0.569 0.915 .007 0.769 0.562 0.904 .006
>67% 0.678 0.496 0.798 5.11E-8 0.67 0.490 0.788 4.85E-9

Other polycythemia Without Reference Reference
Hydralazine 0.751 0.549 0.883 6.11E-10 0.76 0.556 0.894 7.02E-9
<34% 0.742 0.542 0.872 6.27E-10 0.751 0.549 0.883 8.11E-9
34%—-66% 0.772 0.564 0.908 5.74E-10 0.782 0.571 0.919 7.34E-9
>67% 0.740 0.541 0.870 5.22E-10 0.749 0.548 0.881 6.26E-9
Valproate 0.849 0.621 1.009 .062 0.859 0.629 1.021 .069
<34% 0.884 0.647 1.004 .097 0.895 0.655 1.053 .108
34%—-66% 0.871 0.637 1.024 .086 0.882 0.645 1.037 .096
>67% 0.723 0.529 0.851 7.80E-9 0.732 0.536 0.862 8.34E-9

aThe 15! endpoint in the cohort was defined as the date to stop follow-up when the diagnosis of any HN was made for a subject; while the 2" endpoint was defined as the end of tracking

when follow-up of all the subjects was stopped.

PDDD for HDZ = 300 mg/day, for VAL = 2,100 mg/day. 44,196 subjects who did not receive hydralazine or valproate enrolled in analysis. A total of 11,049 subjects received hydralazine, of
which 5,311 received less than 34% DDD, of which 3,646 with 34%—-66% DDD, of which 2,092 received more than 67% DDD. A total of 11,049 subjects received valproate, of which 5,307
received less than 34% DDD, of which 3,649 with 34%-66% DDD, of which 2,093 received more than 67% DDD.

Adjusted HR, adjusted hazard ratio; Cl, confidence interval.

p value at 0.9014, higher than 0.05, is not against proportional
hazards assumption. The Kaplan-Meier curve for cumulative
incidence of HN stratified by HDZ dose was disclosed
in Figure 3D.

Association of Each HN Subgroup
Incidence With Stratified Doses

At the 1*" endpoint, the adjusted HRs of all the subgroups in the
HDZ group without stratification of the DDD were significantly
lower. In the group of overall HN, as well as the subgroups of
other malignant neoplasms of lymphoid and histiocytic tissue,
multiple myeloma and immunoproliferative neoplasms,
leukemia of unspecified cell type, MPN-like neoplasm,

paraproteinemia, and other polycythemia, the adjusted HRs of
each dose level under defined stratifications were all significantly
lower; the adjusted HRs of Hodgkin’s disease, lymphoid
leukemia, and myeloid leukemia subgroups were significantly
lower at median- and/or highest-dose levels (Table 1). The
association of incidence of each subgroup of HN in the VAL
exposure group showed dose-dependent significance (Table 1).

Focusing on the association study of HN incidence in the
HDZ exposure group, subjects receiving HDZ with a dose lower
than 34 mg per day showed significantly lower HR in overall
HNs and in several subgroups such as multiple myeloma and
immunoproliferative neoplasms, lymphoid leukemia, myeloid
leukemia, leukemia of unspecified cell type, MPN-like
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FIGURE 3 | A cohort study focusing on the association of HN incidence reduction with HDZ. (A) A flowchart showing sample-subject selection for the cohort study.
(B, C) The Kaplan-Meier curve for cumulative incidence of HN with log-rank test. (D) A Kaplan-Meier curve for cumulative incidence of HN stratified by HDZ dose (%

neoplasm, MDS, and paraproteinemia (p < 0.001 for each
subgroup). All the subgroups mentioned above showed a dose-
dependent reduction of HR (Table 2).

The associations of HN incidence for each subgroup at the
endpoint are presented in Tables 1, 2. No significant difference of
adjusted HR was found between the 1°* and 2" endpoints,
showing that subgroups of HN may not compete with each
other. Nevertheless, the probability of coincident occurrence of
two subgroups of HN in one subject is very few. For the
unassociated subgroups of HN even at high doses, the low
disease number can be one of the causes. The subject numbers
of most subgroups as mentioned above show sufficient number
and significance at the 2" endpoint.

In addition, subjects who had ever been diagnosed with HTN
were selected for analysis since HDZ was often prescribed for
HTN. However, no significant association was seen (Table S5).
The period between start of tracking point and year diagnosed
with HN in subjects with HDZ exposure was also significantly
longer than those without HDZ (p = 2.176E-13, Table S6).

2nd

A Sensitivity Analysis for the Association
Between the Drugs and HN Incidence

In a cohort study containing VAL, the adjusted HR matching the
first endpoint of VAL groups without exclusion, 1%-year
exclusion, and 3"-year exclusion were 0.877, 0.884, and 0.927,
respectively. The adjusted HR in the HDZ groups after exclusion
of patients diagnosed with HN in the first 1 and 3 years were

0.720 and 0.756, respectively (both p <.001), in comparison to
that without exclusion which was 0.714 (p < 0.001) (Table S7). In
the further cohort study focusing on HDZ, the adjusted HRs
were 0.741 and 0.720 respectively in the HDZ group after
exclusion of HN patients in the first 1 and 5 years, in
comparison to that without exclusion was 0.730 (Table S8).

In addition, the results obtained from the Fine and Gray
competing risk model using all-cause mortality as a competing
variable were similar with that obtained from the no competing
risk model, indicating that mortality was not a competing variable
of HN (Tables S7, S8).

DISCUSSION

Over the last decade, several clinical trials have revealed that a
combination of HDZ and VAL is a promising therapy for the
several hematological malignancies, including mycosis fungoides
(22), MDS (23, 24), CTCL (25, 26), AML (27), chronic myeloid
leukemia (CML) (28). However, there has been no integral
analysis targeting all the HNs as outcomes based on a large
health insurance database.

Once HN is diagnosed, the family incurs a heavy financial
burden due to a long period of treatment and a low survival rate
within 15 years. Our study revealed that prescription of HDZ or
even VAL brought beneficial effects to unforeseen patients of
particular subgroups of HN. Our results may indicate inadvertent
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TABLE 2 | Adjusted HR of HN according to subgroup stratified by dose level of HDZ.

Hematologic HDZ, dose 15 Endpoint® 2" Endpoint®
Neoplasm Subgroup (DDD?)
Adjusted 95% CI P Adjusted 95% ClI P
HR HR
Overall Without Reference
With 0.730 0.621 0.793 1.73E-18
<34% 0.791 0.578 0.927 3.56E-18
34%—-66% 0.728 0.530 0.858 2.45E-18
>67% 0.581 0.427 0.684 1.21E-18
Lymphosarcoma and Without Reference Reference
reticulosarcoma With 0.911 0.853 0.973 .027 0.922 0.864 0.985 .030
<34% 1.031 0.965 1.112 .298 1.044 0.977 1.126 .331
34%—-66% 0.879 0.821 0.940 2.59E-04 0.890 0.831 0.952 .017
>67% 0.581 0.543 0.620 6.62E-05 0.588 0.55 0.628 6.83E-05
Hodgkin’s disease Without Reference Reference
With 0.893 0.837 0.956 .004 0.904 0.847 0.968 .004
<34% 0.952 0.892 0.972 .027 0.964 0.903 0.984 .030
34%—-66% 0.876 0.824 0.934 1.26E-04 0.887 0.834 0.946 .003
>67% 0.752 0.708 0.810 3.31E-05 0.761 0.717 0.820 2.87E-04
Other malignant Without Reference Reference
neoplasms of lymphoid With 0.845 0.797 0.906 6.27E-05 0.835 0.787 0.895 3.59E-05
and histiocytic tissue <34% 0.936 0.878 0.998 .048 0.925 0.867 0.986 .043
34%—-66% 0.761 0.715 0.816 8.00E-07 0.752 0.706 0.806 6.78E-07
>67% 0.742 0.698 0.807 4.13E-06 0.733 0.689 0.797 2.18E-06
Multiple myeloma and Without Reference Reference
immunoproliferative With 0.816 0.763 0.872 6.29E-13 0.806 0.754 0.861 7.89E-13
neoplasms <34% 0.825 0.775 0.880 7.89E-12 0.815 0.766 0.869 9.24E-12
34%—-66% 0.820 0.768 0.876 3.12E-183 0.810 0.759 0.865 4.50E-13
>67% 0.779 0.724 0.831 4.67E-12 0.770 0.715 0.821 5.98E-12
Lymphoid leukemia Without Reference Reference
With 0.698 0.656 0.749 3.58E-17 0.707 0.664 0.758 4.89E-17
<34% 0.793 0.741 0.848 5.13E-17 0.803 0.750 0.858 7.23E-17
34%—-66% 0.652 0.608 0.698 6.99E-18 0.660 0.616 0.707 7.00E-18
>67% 0.494 0.452 0.531 2.79E-20 0.500 0.458 0.538 3.15E-20
Myeloid leukemia Without Reference Reference
With 0.759 0.711 0.813 5.56E-17 0.768 0.720 0.823 3.79E-17
<34% 0.832 0.782 0.898 2.58E-16 0.842 0.792 0.909 5.29E-17
34%—-66% 0.681 0.634 0.735 6.90E-18 0.689 0.642 0.744 7.18E-18
>67% 0.666 0.621 0.720 2.01E-19 0.674 0.629 0.729 2.98E-20
Monocytic leukemia Without Reference Reference
With - - - - 0.862 0.625 1.297 211
<34% - - - - 0.975 0.704 1.486 .289
34%—-66% - - - - 0.813 0.583 1.031 135
>67% - - - - 0.771 0.492 0.997 .047
Other specified Without Reference Reference
leukemia With 1.086 0.303 1.986 721 1.099 0.307 2.011 .802
<34% 1.642 0.562 2111 521 1.662 0.569 2137 .580
34%-66% 0 - - .999 1.374 0.289 1.975 765
>67% 0 - - .999 1.077 0.161 1.897 .803
Leukemia of Without Reference Reference
unspecified cell type With 0.783 0.732 0.839 3.02E-05 0.773 0.723 0.829 2.17E-05
<34% 0.900 0.848 0.948 2.86E-04 0.889 0.838 0.936 1.01E-04
34%—-66% 0.673 0.634 0.732 3.36E-05 0.665 0.626 0.723 3.15E-05
>67% 0.584 0.552 0.637 6.14E-05 0.577 0.545 0.629 5.05E-05
MPN-like neoplasm Without Reference Reference
With 0.767 0.718 0.820 6.65E-07 0.758 0.709 0.810 6.26E-07
<34% 0.817 0.764 0.872 7.80E-07 0.807 0.755 0.861 6.99E-07
34%—-66% 0.781 0.732 0.834 5.46E-07 0.771 0.723 0.824 3.08E-07
>67% 0.588 0.551 0.636 2.39E-08 0.581 0.544 0.628 1.09E-08
MDS Without Reference Reference
With 0.820 0.764 0.879 6.29E-06 0.810 0.755 0.868 3.19E-06
<34% 0.871 0.816 0.937 3.86E-05 0.860 0.806 0.926 9.78E-06
34%-66% 0.860 0.801 0.92 5.48E-05 0.850 0.791 0.909 4.27E-05
>67% 0.564 0.522 0.617 3.59E-09 0.557 0.516 0.609 2.85E-09
(Continued)
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TABLE 2 | Continued

Hematologic HDZ, dose 1t Endpoint® 2" Endpoint®
Neoplasm Subgroup (DDD?)
Adjusted 95% CI P Adjusted 95% CI P
HR HR

Paraproteinemia Without Reference Reference
With 0.777 0.738 0.849 6.65E-12 0.768 0.729 0.839 5.26E-12
<34% 0.831 0.775 0.884 5.24E-11 0.821 0.766 0.873 2.73E-11
34%—-66% 0.820 0.762 0.871 6.53E-12 0.810 0.753 0.860 4.01E-12
>67% 0.511 0.482 0.555 3.12E-14 0.505 0.476 0.548 1.97E-14

Other polycythemia Without Reference Reference
With 0.930 0.871 0.989 .039 0.941 0.882 1.001 .051
<34% 0.936 0.875 0.996 .047 0.948 0.886 1.008 .059
34%-66% 0.928 0.866 0.972 .020 0.939 0.877 0.984 .022
>67% 0.904 0.852 0.962 .003 0.915 0.863 0.974 .003

aThe 15! endpoint in the cohort was defined as the date to stop follow-up when the diagnosis of any HN was made for a subject, while the 2" endpoint was defined as the end of tracking

when follow-up of all the subjects was stopped.

PDDD = 100 mg/day. 302,448 subjects who did not receive hydralazine enrolled in analysis. A total of 75,612 subjects received hydralazine, of which 36,349 received less than 34% DDD,

of which 24,952 with 34%-66% DDD, of which 14,311 received more than 67% DDD.
Adjusted HR, adjusted hazard ratio; Cl, confidence interval.

prophylactic benefit. Early prescription may block MPN evolving to
AML or BP-MPN. Therefore, studies focusing on screening the
population at high incidence of HN are desirable in the future. HDZ
may be studied on other high-risk populations of HN, including the
following. (1) Patients who underwent solid organ transplantation
(29). Several subgroups of HNs tend to occur in solid organ
transplant recipients, because most of them need lifelong
immunosuppression to prevent organ rejection. Hodgkin
lymphoma, non-Hodgkin lymphomas, acute and chronic
leukemias, and plasma cell neoplasms (multiple myeloma and
plasmacytoma) are more common for those patients. (2) Those
exposed to 1,3-butadiene (30). (3) Females with less exposure to
female sex hormones (31). Tanaka and colleagues reported that an
increased risk of lymphoid neoplasms as well as a shorter menstrual
cycle was found in parous women and women with later onset of
menarche. (4) Patients with immunodeficiency and autoimmune
diseases (32, 33).

Lymphoid leukemia has been classified by stage of maturation
(acutelymphoblastic leukemia or chroniclymphocyticleukemia) or
according to cell type from which the tumor cells differentiate (T-
cell leukemia, B-cell leukemia, NK-cell leukemia) (34). In T-cell
leukemia, HDZ treatment was reported to induce apoptosis and
cause DNA damage (35). Due to the fact that HDZ acting as a
DNMTIi (36) decreases the mRNA level of DNMT1 and DNMT3a
(37), the role of DNMT1 in B cell maturation (38) and its aberration
in B-cell leukemia have been reported (39). A therapeutic
significance of HDZ on B-cells as suggested in this retrospective
cohort study is conceivable. In addition, with the support by the role
of DNMT1 in MDS and myeloid leukemia as reported in a previous
review (40) and reports indicating a reduction in mRNA level of
DNMTs by HDZ (37) and an abnormally high expression level of
DNMTs in cell lines of MDS and myeloid leukemia including AML
and CML (41), we suggest that HDZ alone may have enough efficacy
to inhibit MDS or myeloid leukemia while previous trials selected a
combination of HDZ and VAL (23, 24, 27, 28).

For drugs being considered for repositioning for therapy of a
group of diseases such as HNs or other malignancies, a retrospective

study like ours could serve as a prior test before a clinical trial
protocol is adopted on respective subgroups. We propose that HDZ
can be a suitable candidate drug to initiate a phase II clinical trial for
treatment of various HNs, instead of starting from a phase I clinical
trial. Since epigenetic drugs have a global effect on chromatin, its
specific mechanism for a particular disease is not properly defined
although several epigenetic drugs have been approved by the FDA.
Based on results of our study, chronic prescription of HDZ is
significantly associated with reduced HN. However, the adverse
effects of repurposing drugs could lead to poor therapeutic
compliance and may cause loss-to-follow-up bias in further
clinical trials. As a consequence, there should be a reasonable
strategy to enhance the therapeutic compliance. Accordingly, we
identify that HTN is an independently risk factor for HN (adjusted
HR = 1.235, 95% CI = 1.098-1.369, p = 5.267E-18, Table §9). As
HDZ is an established antihypertensive agent, prescribing a higher-
dose HDZ (234 mg/day) for HTN participants would ensure better
therapeutic compliance than for non-HTN participants. With
regard to hypotension-related adverse effects from HDZ
prescription, we suggest that prescribing low-dose HDZ (<34 mg/
day) is feasible for non-HTN participants, owing to causing mild
adverse effects but maintaining preventive efficacy for HNs.
However, many repurposing drugs may not be indicated due
to the imbalance of its therapeutic benefits and adverse effects
(42). For example, aspirin which is an agent for inflammatory
management or preventing heart attack or stroke has been
repurposed for multiple myeloma (43), but it may also cause
adverse effects such as GI hemorrhage or vascular insufficiency of
the intestine (44, 45). Valproate, a psychotic drug for epilepsy,
migraine, or seizures, has been repurposed for multiple myeloma
(46), but its original indications are excluded from independent
risk factors of HNs (Table §9). Nelfinavir is an antiviral drug,
acting as protease inhibitor and repurposed for HNs by its
activity to inhibit the Akt/PKB signaling pathway or to activate
ER stress (47). As repurposing nelfinavir for HNs, subjects may
suffer from adverse effects caused by the activity of protease
inhibitor such as cardiovascular risks (48). In summary, whether
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a repurposing drug is indicated for HNs depends on the balance
of its benefit and harm.

As compared with other drug repurposing for HN therapy,
HDZ enables larger potential for repurposing owing to its
epigenetics-associated chemopreventive and/or therapeutic
efficacy for HNs, as well as its approved indication to manage
HTN, an independent risk factor of HNs. In addition to HTN,
other independent risk factors of HNs have been identified in
Table S9, including having gastrojejunal ulcer, Budd-Chiari
syndrome, or infection of HBV. If HDZ is prescribed for
patients having more risk factors of HNs, it may have better
chemopreventive and/or therapeutic efficacy than those having
no risk factor of HNs. We suggest that a nationwide retrospective
study, as such of this study, could provide evidence for further
scientific progress in the medical field.

Limitations

There are several limitations to this study. Firstly, like many
previous NHIRD-based studies, our study was a retrospective
cohort study using ICD-9-CM codes, rather than the direct
medical records. Therefore, the accuracy of the records may be an
issue. Secondly, the pathological stages and severity of HN are
unclear in the NHIRD. Thirdly, the NHIRD did not include genetic,
educational, habitual, and dietary factors, like smoking and
drinking frequency, body mass index, lifestyle, and real income.
Fourthly, we could only estimate treatment durations of candidate
drug medication by dividing the cumulative doses of individual
medications by the DDD. Therefore, a prospective cohort study
design would be needed to get more convincing results. Fifthly, the
NHIRD is a database sampling of an Asian population; the findings
may not be directly applied to other racial populations. Finally, the
size of the database may be a limitation as the diagnosed cases of
some HN subgroups like monocytic leukemia and other specified
leukemia were too few to be analyzed.
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Hepatocellular carcinoma (HCC) is the primary histological subtype of liver cancer, and its
incidence rates increase with age. Recently, systemic therapies, such as immune
checkpoint inhibitors, monoclonal antibodies, and tyrosine kinase inhibitors (TKIs), have
been more beneficial than conventional therapies for treating HCC. Nonetheless, the
prognosis of late-stage HCC remains dismal because of its high recurrence rates, even
with substantial advances in current therapeutic strategies. A new treatment, such as a
combination of current systemic therapies, is urgently required. Therefore, we adopted a
repurposing strategy and tried to combine ascorbate with TKIs, including lenvatinib and
regorafenib, in HepG2 and Hep3B cells. We investigated the potential functional impact of
pharmacological concentrations of ascorbate on the cell-cycle profiles, mitochondrial
membrane potential, oxidative response, synergistic effects of lenvatinib or regorafenib,
and differential responsiveness between HepG2 and Hep3B cells. Our data suggest that
the relative level of cell density is an important determinant for ascorbate cytotoxicity in
HCC. Furthermore, the data also revealed that the cytotoxic effect of pharmacological
concentrations of ascorbate might not be mediated via our proposed elevation of ROS
generation. Ascorbate might be involved in redox homeostasis to enhance the efficacy of
TKls in HepG2 and Hep3B cells. The synergistic effects of ascorbate with TKIs (lenvatinib
and regorafenib) support their potential as an adjuvant for HCC targeted TKI therapy. This
research provides a cheap and new combinatory therapy for HCC treatment.

Keywords: hepatocellular carcinoma, ascorbate, reactive oxygen species, tyrosine kinase inhibitors, cell density

Abbreviations: ACTN, ct-actinin; L-AA, L-ascorbic acid; CI, combination index; CTLA4, cytotoxic T-lymphocyte-associated
protein 4; DCFH-DA, 2',7-dichlorofluorescein diacetate; DMEM, Dulbecco’s modified Eagle’s medium; DsigDB, Drug
SIGnatures DataBase; FAS, fatty acid synthase; FACS, fluorescence-activated cell sorting; FBS, fetal bovine serum; FDA,
Food and Drug Administration; FSC-H, forward scatter height; GO, Gene Ontology; GSVA, Gene Set Variation Analysis;
HCC, hepatocellular carcinoma; HO-1, heme oxygenase-1; ICIs, immune checkpoint inhibitors; LIHC, liver hepatocellular
carcinoma; MTT, thiazolyl blue tetrazolium bromide; PARP, poly-ADP-ribose polymerase; PBS, phosphate-buffered saline;
PD-1/PDL-1, programmed death-1/programmed death ligand-1; PI, propidium iodide; ROS, reactive oxidative species; SSC-
H, side scatter height; TCGA, The Cancer Genome Atlas; TKIs, tyrosine kinase inhibitors; VEGFR, vascular endothelial growth
factor receptor.
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INTRODUCTION

Liver cancer is the sixth most frequent cancer and the fourth-
leading cause of death worldwide, with 841,000 new cases and
782,000 deaths in 2018, accounting for 7% of all cancers (1-3).
Hepatocellular carcinoma (HCC) is the primary histological
subtype of liver cancer, and its incidence rates, which peak at
around 70 years old, are progressively increasing with age. HCC
has a significant male preponderance. The incidence rate of men
getting HCC is 2-2.5-fold higher than that of women (1). An
already-identified underlying etiology, such as HIV infection,
chronic hepatitis virus (HBV and HCV) infections, aflatoxin
exposure, cigarette smoking, alcohol intake, and metabolic
diseases, resulted in approximately 90% of HCCs. The
prognosis of late-stage HCC remains dismal due to its high
recurrence rates even with substantial advances in current
therapeutic strategies. HCC has a poor 5-year survival rate,
resulting from late diagnoses, resistance to anticancer
therapies, and a high frequency of recurrences (2). Therefore,
for the sake of developing new biomarkers for diagnoses and
prognoses, as well as inventing effective treatments and drugs,
elucidating the underlying tumorigenesis of HCC is important.
Owing to the significant progress of systemic therapies
accompanied by a substantial increase in patients’ overall
survival rates and 5-year quality of life, applying systemic
therapies, such as monoclonal antibodies, immune checkpoint
inhibitors (ICIs), and tyrosine kinase inhibitors (TKIs), to HCC
patients has recently been more beneficial than traditional
therapies (4-7). Sorafenib and lenvatinib are the most effective
TKIs and first-line single-drug therapies. Cabozantinib,
ramucirumab, and regorafenib have also been recognized to
improve survival benefits in second-line therapies after first-
line treatment with sorafenib. Many phase III trials have been
conducted to investigate the effectiveness of combination
therapy, for example. trials investigating the ICI combination
of PD-1/PDL-1 (programmed death-1/programmed death
ligand-1) axis inhibitors and CTLA4 (cytotoxic T-lymphocyte-
associated protein 4) inhibitors or the combination of ICIs and
TKIs are ongoing (6). The management of HCC at all stages is
expected to be changed by the results of these trials. However,
developing resistance is a primary problem for the antitumor
effect of first-line and second-line TKIs in HCC (8, 9).
Screening for repurposed drugs is a potential strategy for
identifying new cancer therapies (10). It has been hypothesized
that the steady-state levels of reactive oxidative species (ROS) stress
in cancer cells are higher than in normal cells owing to a defective
oxidative metabolism and raised labile iron pool (11, 12). Hence,
redox homeostasis plays a significant role in cancer therapy.
Recently, r-ascorbic acid (1-AA) at pharmacologic concentrations
(>100 uM) achieved by intravenous administration was redefined as
a possible anti-cancer drug acting via inducing hydrogen peroxide
formation (13-17), in contrast to physiological concentrations that
neutralize free radicals/ROS. However, the reason that 1-AA kills
some tumor cells via hydrogen peroxide-related mechanisms but
has little effect on normal cells is still under investigation (11, 12). In
addition to ROS generation, ascorbate can also serve as a cofactor of

hydroxylases to keep the active site Fe*" in its reduced state (18).
Recent advances have shown that the ascorbate-induced cell death
of cancer cells involves DNA double-strand breaks and ATP
depletion (19, 20). Ferroptosis, necroptosis, and autophagy are
involved in caspase-independent pharmacological ascorbate-
induced cell death (21).

For in vitro toxicity studies, two of the most utilized liver
cancer cellular models are the HepG2 and Hep3B cancer cell
lines (22, 23). HepG2 has wild-type p53 and is HBV-negative and
nontumorigenic, whereas Hep3B is p53-deficient, HBV-positive,
and tumorigenic. Many studies have claimed that the differences
between HepG2 and Hep3B cell lines cannot merely be
determined by p53 or HBx. Moreover, there also exist several
differences between HepG2 and Hep3B cell lines, such as
differences in gene expression, drug responses, and associated
signaling pathways, as described in the literature (24-26). These
diverse differences have constantly presented obstacles and led to
confusion for many researchers attempting to analyze and
interpret the experimental data.

In this study, we investigated the cytotoxic effect of ascorbate
(sodium ascorbate or 1-AA) on the HepG2 cell line whether
mediated through the modulation of ROS status. We further
examined the potential functional impact of pharmacological
concentrations of ascorbate on the cell-cycle profiles,
mitochondrial membrane potential, oxidative response, the
synergistic effects of vascular endothelial growth factor
receptor (VEGFR)-targeted TKIs, first-line lenvatinib, and
second-line regorafenib, and the differential responsiveness
between HepG2 and Hep3B cells. Our findings may provide a
new direction for combinatory HCC therapy using ascorbate
(sodium ascorbate or rL-AA), focusing on the management of
cellular redox homeostasis.

MATERIALS AND METHODS

GSVA Scoring and Survival Analysis
Sorafenib FDA, lenvatinib FDA, regorafenib FDA, and
cabozantinib FDA downloaded from DsigDB (27), and the
gene sets associated with ROS downloaded from Gene
Ontology (28). About the prognosis of HCC patients, TCGA
LIHC whole gene expression and curated survival status were
downloaded from the UCSC XENA website (29). In GSVA
analysis (in R 4.1.1), kfcd was set to “Poisson”, and four TKI
gene sets and ROS-related GO gene sets were input for scoring
(30). TKI GSVA scores and survival status were entered into the
“Evaluate Cutpoints” package (in R 4.1.1) to find the best cut-oft
point (31), and Kaplan-Meier plots were plotted with GraphPAD
software. Log-rank test was used for statistically significant
analysis, and p < 0.05 was considered a significant difference.
The Heatmap showing GSVA scores is drawn with the
Morpheus web tool. Violin plots were plotted with GraphPAD
software, and Welch’s t-test was used for the analysis of statistical
significance. ***: p < 0.001. For detailed software settings, please
refer to the previous article (32, 33).
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Cell Culture and Reagents

HepG2 and Hep3B HCC cell lines were obtained from the
American Type Culture Collection (ATCC; Manassas, VA).
HepG2 and Hep3B cells were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Thermo Fisher Scientific, Waltham, MA). Cell lines were
regularly tested for mycoplasma infections using Mycoplasma
Detection Kit (In vivo Gen, San Diego, CA) as well as regularly
changed with thawed stocking cell lines. L-AA, sodium ascorbate,
2',7-dichlorofluorescein diacetate (DCFH-DA), lenvatinib,
propidium iodide (PI), regorafenib, and thiazolyl blue
tetrazolium bromide (MTT) were purchased from Sigma
Aldrich (St. Louis, MO).

Cell Metabolic Activity Analysis

Cells were plated into 24-well culture plates and incubated for 1
day, after which fresh DMEM containing the indicated drugs was
added to each well. The cells were then incubated with these
treatments for the indicated periods. The interaction between 1-
AA and MTT assay has already been demonstrated (34).
Accordingly, to avoid the interference of 1-AA with MTT, the -
AA-containing medium was removed before the addition of MTT
solution (0.5 mg/mL in phosphate-buffered saline, PBS) to each
well. The cells were then incubated with MTT solution for 1 h at
37°C. After adding dimethyl sulfoxide (DMSO; 200 uL), the
absorbances at 570 nm and 650 nm were measured using an
ELISA plate reader (Multiskan EX, Thermo, MA). The relative
metabolic activity was calculated based on the absorbance ratio
between cells cultured with the indicated drugs and the untreated
controls, which were assigned a value of 100. The combination
index (CI) was calculated utilizing CalcuSyn (Biosoft,
Cambridge, UK) to generate the isobolograms. Typically, a CI
value <1 denotes a synergistic combination effect, and a CI value
>1 denotes an antagonistic combination effect (35).

Fluorescence-Activated Cell Sorting
(FACS), Cell-Cycle Profiling, and ROS

and Mitochondrial Membrane

Potential Analyses

Cell-cycle profiles were measured according to cellular DNA
content using FACS. Cells were fixed in 70% ice-cold ethanol,
stored at —30°C overnight, washed two times with ice-cold PBS
supplemented with 1% FBS, and then stained with PI solution (5
ug/mL PI in PBS, 0.5% Triton X-100, and 0.5 pg/mL RNase A)
for 30 min at 37°C in the dark.

The intracellular ROS levels were determined using the
fluorescent marker DCFH-DA. Cells were exposed to various
concentrations of ascorbate for 24 h, stained with DCFH-DA (10
uM) for 40 min at 37°C, and then harvested. After washing the
cells once with PBS, fluorescence was analyzed on channel FL-1
of the FACSCalibur flow cytometer using Cell Quest Pro
software (BD Biosciences, Franklin Lakes, NJ). The cell volume
gating strategy involved forward scatter height (FSC-H) and side
scatter height (SSC-H), and the median fluorescence intensity of
the vehicle was used as the starting point for M2 gating.

Mitochondrial depolarization was measured as a function of a
decrease in the red/green fluorescence intensity ratio. All dead and
viable cells were harvested, washed with PBS, and incubated with
1x binding buffer containing the MMP-sensitive fluorescent dye
JC-1 for 30 min at 37°C in the dark. After washing the cells once
with PBS, JC-1 fluorescence was analyzed on channels FL-1 and
FL-2 of the FACSCalibur flow cytometer using Cell Quest Pro
software (BD Biosciences, Franklin Lakes, NJ) to detect monomer
(green fluorescence) and aggregate (red fluorescence) forms of the
dye, respectively. The cell volume gating strategy involved FSC-H
and SSC-H, and the median fluorescence intensity of the vehicle
was used as the starting point for M2 gating.

Western Blotting

HepG2 and Hep3B cells were lysed in radioimmunoprecipitation
assay buffer (100 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.1%
SDS, and 1% Triton X-100) at 4°C. Proteins in the resultant
lysates were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and analyzed by immunoblotting with
antibodies against a-actinin (ACTN)(H-2), fatty-acid synthase
(FAS)(A-5), Nrf2 (A-10), p53 (DO-1), p62 (D-3) (Santa Cruz
Biotechnology, Santa Cruz, CA), cleaved poly-ADP-ribose
polymerase (PARP) (9546) (Cell Signaling, Danvers, MA),
cyclin D1 (ab134175), YH2A.x (ab81299), p21 (ab109520)
(Abcam, Cambridge, UK), and HO-1 (heme oxygenase-1)
(ADI-SPA-895-F) (Enzo Life Sciences, Farmingdale, NY).

Statistical Analysis

Values were expressed as the mean + SD of at least three
independent experiments. All comparisons between groups
(vehicle and drug) were conducted using Student’s t-tests.
Statistical significance was set at p < 0.05.

RESULTS

The Relationship Between TKls and ROS
in Human Liver Cancer Cells

To evaluate the association of sorafenib and related TKI with
ROS response in HCC, we used Gene Set Variation Analysis
(GSVA) strategy in combination with four gene sets collected
from D1: Food and Drug Administration (FDA) Approved Drug
Gene Sets in Drug SIGnatures DataBase (DsigDB) for GSVA
scoring. The Evaluate Cutpoints package in the R environment
was used to find the best cut-off point for the survival rate of each
gene set in The Cancer Genome Atlas (TCGA) Liver
Hepatocellular Carcinoma (LIHC) database. Figure 1A shows
that among the four-drug (sorafenib, lenvatinib, regorafenib, and
cabozantinib) gene sets in GSVA scoring, those with higher
scores generally had a better prognosis, while those with lower
scores generally had a worse prognosis. Considering that the
gene set represents genes with increased expression after drug
treatment, the poor prognosis of those with lower GSVA scoring
implies that lower expression of genes associated with TKI drug
treatment in tumors may be associated with poor drug response.
Further analysis of the distribution of GSVA scoring and ROS
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FIGURE 1 | Association between TKI and ROS-responsive gene sets assessed in the TCGA LIHC database. (A) Overall survival, disease-free interval, and
progression-free interval analysis for high and low GSVA scoring for the four drugs (sorafenib, lenvatinib, regorafenib, and cabozantinib). (B) Heatmap showing the
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response GSVA scores among the four drugs in the TCGA LIHC
patient sample showed that the low GSVA scoring was
concentrated in specific patient groups (Figure 1B). Similarly,
the GSVA scoring of the ROS-associated Gene Ontology (GO)
gene-set was also low in this cohort of patients, suggesting that
the effect of TKI drugs on tumor suppression by increasing ROS
was limited in this cohort. Take “GO Programmed cell death in
response to ROS” as an example, we found that all patients with
low GSVA scoring of the four drugs had a significantly lower
distribution of this gene set (Figure 1C). This indicates that the
expression of genes related to ROS-induced apoptosis by the four
TKI is low in this group of patients, which may be related to the
reduced effect of TKIL

The Cytotoxicity of Ascorbate in Human
Liver Cancer Cells

Previous studies including ours on human cervical cancer cells
have suggested that pharmacologic concentrations of ascorbate
(L-AA or sodium ascorbate) may elevate ROS generation and
result in cancer cell death (13, 17, 36-38). Based on the
conclusion of Figure 1, the functional role of ROS generation
by ascorbate might be a candidate for HCC treatment. Hence, we
applied various concentrations, including pharmacologic
concentrations, to HepG2 cells. Our MTT analysis for cell
metabolic activity showed that sodium ascorbate treatment for
either 24 h or 48 h could cause 50% HepG?2 cell death at 15 mM
(Figure 2A). We further analyzed the effects of sodium ascorbate
on cell-cycle progression using Western blotting analysis and on
cell-cycle profile using flow cytometry. According to the Western
blotting analysis, cyclin D1 and fatty-acid synthase (FAS) were
downregulated by sodium ascorbate, whereas the quantitative
values of Nrf2 remained constant and the quantitative values of
HO-1 and p53 were increased by a dose-dependent manner
(Figure 2B). According to the cell-cycle profile, the population in
the G2/M phase was significantly increased by sodium ascorbate,
whereas the populations in the G1 and S phases were decreased
(Figure 2C). No apparent impact on the subG1 phase of sodium
ascorbate was observed, suggesting that the induction of cell
death by sodium ascorbate might not be mediated via cellular
apoptosis. Unexpectedly, we found that the ROS levels did not
increase accordingly, indicating that the cell death caused by
sodium ascorbate might not be caused by the induction of ROS
generation (Figure 2D). The declining trend of ROS by sodium
ascorbate was a dose-dependent manner.

The Effect of HepG2 Cell Density on the
Cytotoxicity of Ascorbate

Our previous study had tested whether the weak acidity of L.-AA
was responsible for its observed effects by assessing the effects of
sodium ascorbate salt and acetic acid in HeLa cells (17). Various
sensitivities of ascorbate were previously identified as a function
of cell density (39, 40). Therefore, we looked into the potential
cell death-inducing effect of 1-AA and sodium ascorbate using
cell densities ranging from 2.5 x 10° to 5 x 10°. Cell viability
analysis using the MTT assay showed that 10 mM 1-AA and

sodium ascorbate had dramatically suppressive effects on HepG2
cell growth at lower cell density (Figure 3A). To be more specific,
the lower the cell density was, the higher the possibility that
ascorbate could enter into cells. Therefore, it might result in the
accumulation of a higher amount of ascorbate inside HepG2
cells, leading to inducing a more significant cytotoxic effect. The
lack of an apparent difference between 1-AA and sodium
ascorbate suggests the absence of a functional role of weak
acidity of L-AA concerning cytotoxicity in HepG2 cells.

There was no apparent cause for the suppression of HepG2
cell growth revealed by the cell-cycle profile and cellular
apoptosis. Hence, we checked the impact of 1-AA and sodium
ascorbate on mitochondria membrane potential at different cell
densities using JC-1 dye. Our JC-1 data showed that 1-AA and
sodium ascorbate potentially disrupted mitochondrial
membrane potential in a dose-dependent manner at lower cell
density (Figures 3B-E).

The Combinatory Effect of Ascorbate With

TKiIs in HepG2 Cells

Targeted TKI therapy is currently used for HCC treatment (6, 41,
42). The development of resistance is a primary problem for the
antitumor effect of first-line and second-line TKIs in HCC (8, 9).
Therefore, it is an urgent issue to reduce the recurrence rates by
replacing currently targeted monotherapies with combinatory
therapies. Lenvatinib is a multiple TKI of the VEGFR1-3 kinases
and regorafenib demonstrates an antiangiogenic effect owing to
its dual VEGFR2/TIE2 tyrosine kinase inhibition (43, 44). At
pharmacologic concentrations, 10 mM L-AA or sodium
ascorbate had more suppressive effects on cell metabolic
activity than lenvatinib and regorafenib (except 10 uM) in
HepG2 cells independent of cell density (Figure 4). HepG2
cells were sensitive to lenvatinib treatment at a lower cell
density in a dose-dependent manner (Figures 4A, B). The
growth of HepG2 cells was almost suppressed by 1-AA or
sodium ascorbate at a lower (5 x 10°) cell density (Figure 4C).
We observed the combinatory cytotoxic efficiencies of lenvatinib
and 1-AA or sodium ascorbate at a 10 x 107 cell density
(Figure 4D). Compared with lenvatinib, HepG2 cells were
more sensitive to regorafenib in a cell density-independent
manner (Figures 4E, F). The combinatory cytotoxic efficiencies
of regorafenib with L-AA or sodium ascorbate were dependent
on the concentration of ascorbate and the cell density
(Figures 4G, H).

We further elucidated the potential cytotoxicity mechanism
of combination therapy of ascorbate with TKIs. We examined
proteins related to cell-cycle progression, ROS response, DNA
damage, and apoptosis using Western blotting analysis. We
observed that lenvatinib alone induced the expression of cell-
cycle progression-related proteins (p53 and p21), a ROS
response protein (p62), a DNA damage biomarker (YH2A x),
and an apoptosis biomarker (cleaved PARP), while it
downregulated the expression of an ROS response protein
(HO-1) and a cell-cycle progression-related protein (cyclin D1)
(Figure 5A). Lenvatinib combined with 5 mM 1-AA or sodium
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ascorbate downregulated the expression of a cell-cycle
progression-regulated protein (cyclin D1), a DNA damage
biomarker (YH2A.x), and an apoptosis biomarker (cleaved
PARP), whereas it elevated the quantitative values of a cell-
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FIGURE 2 | Effects of sodium ascorbate on cell metabolic activity in HepG2 cells. (A) HepG2 cells were treated for 24 h or 48 h with the indicated concentrations of
sodium ascorbate. Cell metabolic activity was measured using the MTT assay. HepG2 cells were treated with the indicated concentrations of sodium ascorbate for
24 h, after which their cell lysates were subjected to (B) Western blot analysis using antibodies against the indicated proteins (ACTN was the protein loading control),
(C) cell-cycle profiling using flow cytometry analysis, and (D) ROS status determination using 10 uM DCFH-DA. The cell volume gating strategy involved FSC-H and
SSC-H, and the median fluorescence intensity of the vehicle was used as the starting point for M2 gating. Protein bands were quantified through pixel density
scanning and evaluated using ImageJ, version 1.44a (http://imagej.nih.gov/ii/). We show one representative result. Bars depict the mean + SD of three independent
experiments. *p > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the vehicle (Student’s t-tests).

cycle progression-related protein (p21) and ROS response
proteins (HO-1 and p62). Regorafenib alone decreased the
quantitative values of p53, cyclin D1, p21, and HO-1, while it
elevated the quantitative values of p62. Regorafenib combined

Frontiers in Oncology | www.frontiersin.org

132 May 2022 | Volume 12 | Article 843742


http://imagej.nih.gov/ij/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Fan et al.

Ascorbate Suppresses HCC Growth.

10x10* cells
A M2 (% Gated)
M1 (%Gated)l I
-
< 120 g
2 100 X " . - 2
= 80 5 2
° @ p/\ <]
S 60 c L @
2 " 3 RiM [ &
S 40 o /\ T £
© *x E]
5 20 r] OomM |
s o AL 10° 10' 10® 10° 10* 32
1'2'3'4'5°6'7 89101112 FL1-H
Dose (mM,24h):0 5 10 0 5 10 0 5 10 0 5 10
Cellnumber: 2.5x10° __ 5x10°  _2.5x10° _ 5x10° T 80 .
L-Ascorbic acid Sodium Ascorbate © 64
T 9yg
-
as 32
L 16
0
é OmM 5mM 10 mM
Sodium Ascorbate
c D E
20x10* cells 10x10* cells 20x10* cells
M2 (% Gated) M2 (% Gated) ———
ate
M1 (% Gated)|_| M1 (% Gated) —
- mm— M1 (% Gated) 1
-
10mM| S o bl
© — —
,,-/ 8 '} 10 mM S 10 mM °
2 3 2 / e £ j Q
5 4 smM (& 5 ~smm |€ 5 ——5mm |5
o £ o )\ 8 © / 3
omM |5 omMm | £ omm | <
10° 10' 10> 10° 10* ] 10° 10' 10* 10° 10°* - 10° 10" 10% 10° 10
FL1-H FL1-H FL1-H
8 50 250 " 845 . :
T S 40 i a o g40 = T S 6
T 30 T30 & T
= 20 =20 = 18
G 10 510 5 9
& TG mM T EmM 0 mM & 0T M5 mM 0 mM & 0 5 M 5mM TomM

Sodium Ascorbate

L-Ascorbic acid

L-Ascorbic acid

FIGURE 3 | The cell density effect on cell metabolic activity and mitochondrial membrane potential in HepG2 cells. The two indicated cell densities of HepG2 cells
were treated with 5 mM or 10 mM L-AA (or sodium ascorbate) for 24 h, after which their cell lysates were investigated for their (A) cell metabolic activity using the
MTT assay and (B-E) mitochondrial membrane potential using a flow cytometer. The cell volume gating strategy involved FSC-H and SSC-H, and the median
fluorescence intensity of the vehicle was used as the starting point for M2 gating. We show one representative result. Bars depict the mean + SD of three
independent experiments. #p > 0.05, *o < 0.05, **p < 0.01, and ***p < 0.001 compared with the vehicle (Student’s t-tests).

with 10 mM L-AA or sodium ascorbate downregulated the
expression of cell-cycle progression-related proteins (p53,
cyclin D1, and p21), ROS response proteins (Nrf2 and p62), a
DNA damage biomarker (yYH2A x), and an apoptosis biomarker
(cleaved PARP) (Figure 5B). YH2A.x was the only protein
consistent change (decreased) in the combinations of
lenvatinib or regorafenib with higher concentrations
of ascorbate.

The Cytotoxicity of Sodium Ascorbate

in Hep3B Cells

Hep3B and HepG2 are the two most utilized liver cancer cell
lines for in vitro toxicity studies (23, 25). We wanted to examine
the cell context issue and we treated Hep3B with sodium
ascorbate and observed the cytotoxicity at 24 h and 48 h
(Figure 6A). Sodium ascorbate induced the expression of
Nrf2 and HO-1, whereas it downregulated the expression of
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cyclin D1 and FAS (Figure 6B). No endogenous p53 protein
was confirmed. In contrast to HepG2, sodium ascorbate
elevated the population in the subG1 phase and decreased the
populations in the Gl and G2/M phases in Hep3B cells
(Figure 6C). The inductive or suppressive effect of sodium
ascorbate on the S phase was dependent on its concentration.
Sodium ascorbate significantly suppressed ROS generation in
Hep3B (Figure 6D) as did in HepG2 cells (Figure 2D). These
findings were consistent in that some differences between
HepG2 and Hep3B cell lines were described in the literature
(24-26).

The Combination Index of L-AA and TKis in
HepG2 and Hep3B Cells

Our findings revealed that L-AA or sodium ascorbate might play
an adjuvant role in the current TKI therapy for HCC patients.
Hence, we designed various combinations of concentrations and
calculated the combination index (CI) between lenvatinib or
regorafenib and 1-AA in HepG2 and Hep3B cells as a function of
the half-maximal inhibitory concentration (ICs,) values, the
median effective dose (EDs) values, and classic experimental
design (35). A CI value <1, which denotes a synergistic effect, was
observed in most of the tested combinations of lenvatinib or
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regorafenib and 1-AA in HepG2 and Hep3B cells (Figure 7). The
therapeutic concentration of 60 UM lenvatinib was decreased to
5.5 UM (at 5.5 mM 1-AA) in HepG2 cells, while the therapeutic
concentration of 117 UM lenvatinib was decreased to 19.5 uM (at
4.9 mM 1-AA) in Hep3B cells (Figures 7A, B). The therapeutic
concentration of 5 UM regorafenib was decreased to 3.3 UM (at
1.7 mM 1-AA) in HepG2 cells, while the therapeutic
concentration of 588 UM regorafenib was decreased to 25 uM
(at 13 mM L-AA) in Hep3B cells (Figures 7C, D). These findings
suggest the benefit of the clinical application of lenvatinib or
regorafenib plus L-AA as a potential adjuvant to overcome the
current resistance to VEGFR-targeted TKI therapy in HCC.

DISCUSSION

In the present study, our TCGA LIHC analysis implied that the
ROS-related pathway might correlate with the efficacy of TKI
therapy in HCC treatment. Hence, we investigated the cytotoxic
effects of pharmacological concentrations of ascorbate (sodium
ascorbate or L-AA), which is a well-known redox reagent, alone
or combined with TKI therapy on HepG2 and Hep3B cells to
figure out the role of ROS in the treatment of HCC. Our study
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FIGURE 5 | Effects of ascorbate combined with TKls on specific protein expressions in HepG2 cells. HepG2 cells (4 x 10°%) were treated for 24 h with the indicated
concentrations of (A) lenvatinib or (B) regorafenib in the absence or presence of 5-mM L-AA or sodium ascorbate. Cell lysates were subjected to Western blot
analysis using antibodies against the indicated proteins. ACTN was the protein loading control. Protein bands were quantified through pixel density scanning and
evaluated using ImagedJ, version 1.44a (http://imagej.nih.gov/ij/). We show one representative result.

examined the potential functional impact of pharmacological
concentrations of ascorbate on the cell-cycle profiles,
mitochondrial membrane potential, oxidative response, the
synergistic effects of TKIs (lenvatinib and regorafenib), and the
differential responsiveness between HepG2 and Hep3B cells. Our
study data suggest that the relative level of cell density is an
important determinant for ascorbate cytotoxicity in HCC. Our
data also revealed that the cytotoxic effect of pharmacological
concentrations of ascorbate might not be mediated through our
proposed elevation of ROS generation. YH2AX is a well-known
biomarker for cellular DNA damage. In our current case, the
treatments of either lenvatinib and regorafenib or combined with
ascorbate increased the cytotoxicity in a YH2AX-independent
manner. Our data uncovered that cellular DNA damage is not
the primary cause of cytotoxicity. Other possibilities might lead
to these effects, including the induction of DNA repair systems
through regulating ROS homeostasis.

There are substantial differences in biochemistry, biology,
ethnic origins, and genetics between the HepG2 and Hep3B liver
cancer cell lines. HepG2 maintains characteristics more closely
related to hepatocytes, whereas Hep3B exhibits more fibroblast-
related characteristics and more mesenchymal proteins,
indicating an epithelial-to-mesenchymal transition (22, 23, 25).
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FIGURE 6 | Effects of sodium ascorbate on cell metabolic activity in Hep3B cells. (A) Hep3B cells were treated for 24 h or 48 h with the indicated concentrations of
sodium ascorbate. Cell metabolic activity was measured using the MTT assay. Hep3B cells were treated with the indicated concentrations of sodium ascorbate for
24 h, after which their cell lysates were subjected to (B) Western blot analysis using antibodies against the indicated proteins (ACTN was the protein loading control),
(C) cell-cycle profiling using flow cytometry analysis, and (D) ROS status determination using 10 uM DCFH-DA. The cell volume gating strategy involved FSC-H and
SSC-H, and the median fluorescence intensity of the vehicle was used as the starting point for M2 gating. Protein bands were quantified through pixel density
scanning and evaluated using Imaged, version 1.44a (http://imagej.nih.gov/ii/). We show one representative result. Bars depict the mean + SD of three independent
experiments. *p > 0.05, *b < 0.05, **p < 0.01, and ***p < 0.001 compared with the vehicle (Student’s t-tests).

A difference in cell-cycle profiles between HepG2 and Hep3B
cells was observed in this study. According to the current
literature, instead of a single protein such as p53 or HBx being
the crucial factor governing the differences between the HepG2

and Hep3B cell lines, the different origins of biopsy specimens
and multiple related factors may be significant. These differences
are likely to result in various responses to pharmacological
medicines in these two cell lines and lead to opposite
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outcomes. Other HCCs, such as Huh6 and Huh7 cell lines, and
one human normal hepatic cell line Lo2 cell line, were also
analyzed in this study, though the effects varied a lot (data not
shown). Our combinatory index analysis demonstrated that L-
AA combined with lenvatinib and regorafenib expressed
synergistic effects in the HepG2 and Hep3B cell lines. Hence,
our data suggest that might be a potential candidate for
combinatory therapy with VEGFR-targeted TKIs for treating
different types of HCC.

A hallmark of HCC is the upregulation of FAS and FAS-
related lipogenesis (45). FAS can also affect cell proliferation and
anti-apoptotic pathways in a lipogenic-independent manner
(46). Our Western blotting analysis demonstrated that sodium
ascorbate downregulated the expression of G1 phase, cyclin D1,
and FAS proteins, whereas it slightly increased the amount of
cleaved PARP in both HepG2 and Hep3B cell lines. However, an
increased population in the subG1 was only observed in Hep3B
cells. The exact role of FAS in regulating HCC cell proliferation
and inhibiting apoptosis needs to be further investigated.

The impact of sorafenib on the oxidative homeostasis of cancer
cells occurs through increasing oxidative stress and reducing
cellular antioxidant defenses (47, 48). The development of
resistance is a primary problem for the antitumor effect of

sorafenib or other VEGFR-targeted TKIs in HCC (8, 9).
According to our results, ascorbate might be a possible sensitizer
for VEGFR-targeted TKIs to overcome the current challenge of
clinical resistance. This possibility could further be determined by
using TKI-resistant HCC cell lines. In this study, we hypothesized
that, since pharmacological concentrations of ascorbate increase
ROS production, its combination with VEGFR-targeted TKIs,
lenvatinib and regorafenib, would increase intracellular ROS,
leading to significant cancer cell death. However, although the
combination of ascorbate with lenvatinib and regorafenib
exhibited synergistic cytotoxicity in HCC, ROS generation was
suppressed by the pharmacological concentrations of ascorbate
alone in HepG2 and Hep3B cell lines. Two recent publications
demonstrated that pharmacological concentrations of ascorbate
might induce or suppress the generation of ROS depending on the
type of liver cancer cell lines (49, 50). Compared with the hint
from our TCGA LIHC analysis, the ROS issue for the
responsiveness of TKI therapy is still puzzling. The efficacy of
current combination therapy between TKIs also supports that the
downregulation of ROS generation or the upregulation of
reductive stress might be involved in the redox homeostasis in
HepG2 and Hep3B cells. The potential mechanism remains to be
further studied.
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The cleavage of histone H3 by sodium ascorbate was observed
in HepG2 and Hep3B cells, suggesting other possibilities by
ascorbate. Cathepsin L, a lysosomal protease, has been shown to
localize in the nucleus, where it participates in the proteolysis of
transcription factor CDP/Cux and histone H3 (51). The cleavage
site of the histone H3 N-tail targeted by cathepsin L was
identified between amino acids 21 and 28, suggesting that N-
terminal epigenetic modifications, such as H3K4, H3K9, H3S10,
and H3K27, may be disrupted (52). Hence, to better elucidate the
cytotoxicity of 1-AA in HCC, the involved protease(s) and
cleaved site(s) of histone H3 require further investigation.

Recycling of endogenous ascorbate enables continuous
production of hydrogen peroxide, which can initiate Fenton’s
reactions and cause oxidative damage to cellular macromolecules
(53-55). Many studies demonstrated that ascorbate at
pharmacologic concentrations might serve as a possible anti-
cancer drug acting via inducing hydrogen peroxide formation
(14-17). However, the hydrogen peroxide production and
initiation of Fenton’s reactions through ascorbate oxidation
might not be involved in the cytotoxic effect of pharmacological
concentrations of ascorbate in HepG2 and Hep3B cells. Hence, the
relationships between ascorbate, the formation of hydrogen
peroxide and hydroxyl radicals, and the precise equilibria of
Fenton’s reaction in HCC remain to be investigated.

CONCLUSIONS

Our findings revealed that the relative level of cell density is an
important determinant for the cytotoxicity of HCC due to
ascorbate. The cytotoxic effect of pharmacological concentrations
of ascorbate might not be mediated through our proposed elevation
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The literature related to TMZ research in the Web of Science (WOS) database
was analyzed using bibliometrics and visualization by Citespace and
VOSviewer.The publication status (number of publications, institutions, and
frequency of citations), collaborations, and research focus was analyzed to
clarify the current situation of TMZ research. And the recent research on TMZ
provides a detailed summary. Based on objective data analysis, this study
provides a complete analysis portraying the progression of historical
milestones in TMZ development and future research directions from various
TMZ research domains.

KEYWORDS

temozolomide, glioblastoma, bibliometrics, web of science, development process

Introduction

Temozolomide (TMZ) is a novel imidazole-tetrazine alkylating agent (Figure 1). It
has a low molecular weight, a broad antitumor range, is lipophilic, and crosses the blood-
brain barrier, among other properties. It is rapidly absorbed after oral administration and
has no toxicity when combined with other medications (1, 2). On August 11, 1999, the
FDA approved TMZ to treat adult recurrent glioblastoma (3), and it has since become the
first-line chemotherapeutic medication for malignant glioma and other intracranial
tumors (4). TMZ causes tumor cells to die by causing alkylation of the oxygen and
nitrogen atoms at position 7 of DNA guanine, resulting in a base mismatch (5).

Most of the research literature on TMZ focuses on studies of resistance mechanisms
and clinical trials, and the review literature on TMZ focuses on some specific aspects. It is
relatively limited, and there are few overall analyses of TMZ.
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FIGURE 1
Structural formula of TMZ. Chemical name: 3,4-dihydro-3-
methyl-4-oxoimidazo(5,1-d]-as-tetrazine-8-carboxamide

Bibliometrics, which combines mathematics, statistics, and
bibliography, uses quantitative analysis to investigate the
discipline’s structural features and hot trends and evaluate and
predict outcomes (6). Publications, authors, keywords, and
literature citations are the statistical objects. Using bibliometric
software to visualize and analyze relevant literature, as opposed
to textual descriptions of traditional theoretical reviews, can
present the interrelationships among the literature of a discipline
or a research field as a scientific knowledge map, which can not
only sort out past research trajectories but also better grasp
future research trends and directions (7). Thanks to computer
tools, the topic has gotten more attention in terms of theory and
practice. Scientific knowledge mapping, which compiles the
literature, is commonly employed on this premise. CiteSpace
and VOSviewer are two knowledge mapping-focused
information visualization and analysis programs.

Only a few cases of knowledge mapping being used to assess
the overall state of TMZ research have been reported so far.
Based on this, we hope to present the development process and
research hotspots in TMZ research in scientific knowledge
mapping more intuitively and effectively by using software to
data-mine, integrate, and analyze related research literature, and
provide a reference for drug development.

Materials and methods

The Web of Science (Wos) core collection database was
selected, indexed by Science Citation Index Expanded (SCI-E),
Current Chemical reaction (CCR-E), and Index Chemicus (IC),
and “ Temozolomide” was used as the subject to search the
relevant literature between 1994 and 2021, and articles and
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reviews were used as the type of literature, and Citespace was
used to de-duplicate and refine the search results, resulting in
12,910 publications. The records were exported as plain text files
with the content of “Full records and cited references” for
subsequent analysis.

CiteSpace, VOSviewer, and HistCite bibliometric software
applications were used to examine the data collected. The data
exported from the WOS database were analyzed in this paper
using the citation analysis tool HistCite (HistCite Pro version 2.1
recompiled; Dr. Eugene Garfield) to obtain detailed information
(including country, institution, journal, Category, and so on) on
publications in the field of TMZ; and the bibliometric software
VOSviewer (VOSviewer version 1.6.17; Centre for Science and
Technology Studies, Leiden University, Netherlands) to
construct. The global disparities in TMZ research by country
can be better visualized using the geographic heat map. Using
the Geographic Heat Map add-in in a spreadsheet, a geographic
heat map of TMZ articles was constructed in this paper
(Microsoft Office 2021 Excel; Microsoft Corp.). The Journal
Citation Reports 2020 (JCR) included each journal’s impact
factors (IF) and H-indexes. Impact factor (IF) has become an
internationally accepted index for journal evaluation. It is not
only a measure of the usefulness and display of a journal, but also
an important indicator of the academic level of a journal, and
even the quality of a paper (8). The H-index is a method of
evaluating academic achievement, which can accurately reflect a
person’s academic achievement (9).

Results
General statistics

From 1994 to 2021, the Web of Science (WOS) core
collection database yielded 12,910 research publications on the
topic of TMZ. According to the pooled study, these 12910 papers
came from 104 nations, 9949 institutions, 49458 authors, 1485
journals, and 9432 grant-funded institutions. They are written in
12 languages and contain 24929 keywords. With 12,725 papers
(98.57%), English-language articles are the most common,
followed by French, German, and Spanish, with 82, 52, and 22
articles, respectively (Figure 2). The types of literature were
separated into two categories: research-based literature (86.18%)
and review-based literature (13.82%) (Table 1). This shows that
the range of temozolomide-related studies mapped (countries,
institutions, authors, etc.) is wide and the depth of research
is deep.

Publication time statistics

The quantity of literature and its patterns reflect this topic’s
current study state (10). Malcolm F. G. Stevens et al. published
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the first TMZ literature in 1994, indicating several different
synthetic techniques employed for the overall synthesis of TMZ.
This study shows the annual number of publications in the field
of temozolomide about the total literature records (Recs) and
global citation score (TGCS) from 1994-2021 (Figure 3). In
terms of total literature records (Recs), the publications
increased slowly from 1994 to 1998. They increased quickly
from 1999 to 2021, with an average of 615 publications per year,
and the maximum number was 1328 in 2020. TGCS increased
rapidly from 1994 to 2015 before gradually decreasing from 2016
to 2021. The rapid growth of TGCS in 2000, 2005, and 2009 and
the peak of TGCS in 2013 (highest value of 32919) indicate
breakthroughs or significant discoveries in TMZ research may
have occurred during these four years.

Country characteristics

It’s critical to examine TMZ at the country level to assess its
academic impact and choose nations to focus on. Between 1994
and 2021, teams from 104 countries published articles on TMZ.
Figure 4A depicts the global distribution of all publications,
whereas Figure 4B depicts the 15 nations with the highest Recs

TABLE 1 Distribution of literature types.

Type of Literature Number Percentage (%)
Research-based Literature 11126 86.18
Review-based Literature 1784 13.82
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and TGCSs productivity. The United States, China, Germany,
and Italy were the countries with >1000 publications out of the
12910 total, with the United States having the most (4470,
34.6%), followed by China (2572, 19.9%) and Germany (1399,
10.8%). In terms of TGCS, the United States ranked first
(192812, 47.1%), followed by Germany (81323, 20.1%), and
the Switzerland (57165, 14.1%). In the field of TMZ, we
discovered that the United States dominated both the number
of publications and the overall global citation score, indicating
that the United States may have the most comprehensive and in-
depth research in this sector. Although China is second only to
the United States in the Recs ranking, it is ranked seventh in the
TGCS, indicating that China has a significant role in TMZ
research. Still, its academic impact on the subject needs to be
strengthened to improve its international significance.

Academic collaboration

Academic collaboration among countries, institutions, and
authors is progressively becoming the standard scientific
research approach as the breadth of scientific study extends
and the depth of research deepens (11). To evaluate TMZ’s
academic influence and determine its research force, it’s vital to
look at it from three perspectives: countries, institutions, and
authors. We investigated the academic collaboration between
countries, institutions, and authors in the TMZ research area
(Figure 5) and the evolution of collaborative networks between
different research forces over a period of 28 years (Figure 6).
Each node represents a different country/institution/author. The
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Timeline of publications and TGCS on TMZ

node’s size represents the number of articles. The thickness of
the connecting lines represents the power of collaboration. Each
group in the collaborative network with similar attributes
represents a cluster colored differently.

With a threshold of at least 25 publications, the co-
occurrence analysis of countries using VOSviewer software
produced a network diagram of country co-occurrence
(Figure 5A). 51 countries have crossed the cooperation
threshold. There are closer collaboration links among nations,
as evidenced by the intricate overlapping linkages, and the
United States, in particular, plays a crucial role in international
exchange. China-USA, Germany-Switzerland, and France-
Canada have the highest total collaboration intensity among
the six clusters of the national cooperation network. From the
evolution of the country collaboration network (Figure 6A), it
can be observed that initially (1994-2000), the major countries
researching TMZ were all located in the United States and
Europe, and the closest collaboration was between the United
States and the United Kingdom. Over time, Asian countries,
represented by China, Japan, and Korea, joined the collaborative
network of TMZ research. The United States dominated
throughout the 28-year period, but in the last 7 years, China’s
share of the national collaborative network has grown and has
approached that of the United States. In the next 15 years, the
United States may be overtaken by China.

A co-occurrence research of institutions revealed a graph of
institutional co-occurrence networks with a threshold of at least
35 publications (Figure 5B). In Figure 5B, we see that 174
institutions were organized into eight distinct clusters. The
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University of Texas MD Anderson Cancer Center, a world-
class center for cancer research, diagnosis, and treatment, was
the most prolific research institution (literature = 315) and the
institution with the highest collaboration intensity (total
collaboration intensity = 696), according to a closer look at the
top 10 collaborating institutions (Table 2). Second and third
places, respectively, went to the German Cancer Research Center
(GRC) and the University of California, San Francisco (Univ
California San Francisco). In addition to the German Cancer
Research Center and the University Hospital Zurich, eight of the
top 10 partnering institutions are from the United States,
showing that TMZ research in the United States is high.
Furthermore, seven of the top ten institutions are top
oncology research institutes, while the remaining three
universities are among the world’s leading oncology research
and treatment institutions. This shows that basic TMZ research
is intimately tied to clinical applications. From the evolution of
the institutional collaboration network (Figure 6B), it can be
observed that during the period 1994-2007, the inter-
institutional collaborations were not strong and the research
strengths of the institutions varied widely, with Christie Hospital
and University Texas being the most prominent. 2008-2014,
compared to the other institutions in the institutional
collaboration network The strength of the collaboration
between Massachusetts General Hospital and Harvard
University, German Cancer Research Center and University
Zurich Hospital is outstanding compared to other institutions
in the institutional collaboration network. In the last seven years,
the strength of the collaboration between Massachusetts General
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Hospital and Harvard University was stronger than the
other institutions.

VOSviewer software was used to do a co-occurrence analysis
of research authors. A threshold of at least 37 publications was
employed to generate an author co-occurrence network graph,
as shown in Figure 5C. The 50 writers are organized into six
clusters, independent of the others. The strong ties that bind
these six author clusters point to a global network of scholars
working together. Michael Weller and Wolfgang Wick are the
two nodes in the collaborative network with the most prominent
publication volume and collaboration intensity. The core nodes
of the six collaborative network clusters are Weller Michael,
Reardon David A., Stupp Roger, Wen Patrick Y., Brandes Alba
A., and Park chuckle. From the evolution of the author
collaboration network (Figure 6C), it can be observed that in
the first 14 years (1994-2007), the inter-institutional
collaborations were in a relatively simple stage of development
and did not form mature networks, but only chains of

Frontiers in Oncology

145

collaboration. In the last 14 years, institutional collaborations
have been further developed. between 2008-2014, compared to
other authors in the author collaborative network, Weller
Michael-Stupp Roger-Wick Wolfgang and Reardon David A.-
Friedman Henry S.- Vredenburgh James J. The two author
clusters are the most prominent in the author collaboration
network. In the last 7 years, two author groups, Weller Michael-
Wick Wolfgang and Wen Patrick Y.-Cloughesy Timothy F.,
have replaced other authors as the core author groups in the
author collaborative network.

Funding agency distribution

The research direction and content in TMZ are reflected in
the distribution of funding agencies (12). The top ten institutions
that funded TMZ-related research the most from 1994 to 2021,
accounting for 65.41% of the total number of publications
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TABLE 2 The top 10 most collaborative institutions.

Organization Document
Univ Texas MD Anderson Canc Ctr 315
German Canc Res Ctr 203
Univ Calif San Francisco 268
Massachusetts Gen Hosp 175
Dana Farber Canc Inst 156
Univ Calif Los Angeles 201
Mayo Clin 262
Mem Sloan Kettering Canc Ctr 213
Univ Zurich Hosp 125
Univ Pittsburgh 131

(Figure 7). The top four funding agencies, including the USA
Department of Health and Human Services, the National
Institutes of Health (NIH) USA, the Nih National Cancer
Institute (NCI), and the National Natural Science Foundation
of China (NSEC), with 6,882 articles funded, accounting for
more than half (53.31%) of the total number of publications. The
top three research funding agencies are all from the United
States, accounting for 44.72% of all publications, consistent with
the high number of publications, high citations, and high level of
collaboration, reflecting the United States’ leading position in the
field of TMZ research. The National Natural Science Foundation
of China (NSFC) ranks fourth behind the three USA research
funding organizations, with 1109 publications financed,
demonstrating China’s contribution to TMZ research. Two
pharmaceutical corporations (Merck Company and Roche
Holding)are in the top ten research funding organizations,
indicating that basic and clinical TMZ research are
closely linked.

Institution and author contributions

Authors and research institutions are vital forces driving
academic development and innovation in a particular field, so
this study is important to analyze the main institutions and
essential authors in TMZ (13). This study presents the top 15
productive institutions in the Recs and TGCS (Figure 8).
According to Recs and TGCS, the 15 research institutions can
be divided into three categories: a) Institutions represented by
University Texas MD Anderson Cancer Center, University Calif
San Francisco, Duke University, and Mem Sloan Kettering
Cancer Center are characterized by high TGCS and high Recs
of publications. b) Institutions represented by University
Tubingen, University Calgary, and the Medical University of
Vienna are characterized by high TGCS and low Recs of
publications. ¢) Institutions represented by Mayo Clinic,
Capital Medical University, and The institutions represented
by Mayo Clinic, Capital Medical University, and German Cancer
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Citation Total collaborative strength
18245 696
11231 588
19182 553
9343 533
9236 508
14848 487
12078 482
15737 403
11730 389
8232 373

Research Center are characterized by low TGCS and high Recs
of publications.

All authors are rated according to their number of
publications and h-index in this study to investigate the most
influential specialists in TMZ research for 1994-2021 (Figure 9).
The H-index predicts future scientific accomplishment
outperforms other measures (total citation count, citations per
paper, and total paper count) (9). Weller Michael of the
University Hospital Zurich is not only the most influential
author (Recs=184) but also the author with the highest h-
index (H-index=123), multiple highly referenced works, and
the most significant overall TGCS score (TGCS=50816). With an
h-index of 105 and a Recs rating of 85, Friedman Henry S. of
Duke University, USA, has the second-highest h-index. Tao
Jiang of the Beijing Neurosurgical Institute, the sole Chinese
among the top ten specialists, has made significant
contributions, with 72 and h-index of 45, respectively.

Journal performance

The research of journals identifies the specific directions and
disciplines involved in a field and identifies the critical journals
in that field, which provide a reference for researchers (14).
Impact factor (IF) is a key indicator of the academic level of
journals and even the quality of papers and a measure of their
utility and display (8), which was proposed by Eugene Garfield
in 1972 (15). This research lists the details of the journals
involved in the top ten TMZ publications in terms of the
number of publications (Table 3), six of which are from the
United States, two from Switzerland, and one from the United
Kingdom and Greece. It is worth noting that the top ten journals
in terms of the number of publications account for 22.2% of the
total number of publications, which indicates that the selected
journals are representative and of research significance. The
Journal of Neuro-Oncology has the most publications
(Recs=879), but it also has the highest TGCS score
(TGCS=23102). Seven of the top ten journals in terms of
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The top 10 productive funding agencies in the TMZ area.

articles are dedicated to oncology research. In contrast, two are
dedicated to neuro-oncology, reflecting the focus of TMZ
research in cranial cancers.

Category analysis

Research on the categories involved in a field can identify the
field’s development direction and research hotspots (16). This
study conducted a sectoral percentage analysis (Figure 10A) and
category co-occurrence chart analysis (Figure 10B) for the 10
most involved topics in the TMZ field.

According to Figure 10A, Oncology (3668 records, 28.41%),
clinical neurology (3469 recordings, 26.87%), and
pharmacology/pharmacy (1441 records, 11.16%) make up the
top three categories, accounting for 66.44% of all articles. In
addition, the bottom ten research categories, such as cell biology,
surgery, and neurosciences, may be developing research areas
and thus equally informative.

Figure 10B depicts the visual analysis of the TMZ research
categories from 1994 to 2021. The 10 most cited articles’
categories were reviewed to find more than 512 times cited.
According to the Co-occurrence network, the most crucial
research categories in TMZ are oncology, clinical neurology,
and pharmacology/pharmacy. In contrast, biochemistry/
molecular biology, radiology, nuclear medicine/medical
imaging have a high citation frequency and a newer year of
cited literature, indicating a possible emerging research hotspot.
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Keyword detection and burst analysis

Keywords can express the primary content of a piece of
writing. High-frequency keywords can reveal new research
trends, whereas emergent keywords can reveal new research
hotspots (17). After de-duplication and synonyms, 24928
keywords were extracted from 12910 texts. With 118 as the
minimum number of keyword occurrences, 176 were eventually
chosen, and the co-occurrence cluster analysis yielded
three clusters.

The top ten most frequent keywords were TMZ (7434),
glioblastoma (4873), radiotherapy (2966), survival (2266),
adjuvant TMZ (2247), glioma (2095), chemotherapy (1928),
cancer (1831), expression (1697), and malignant glioma (1398)
(Figure 11A). Each node in Figure 11B represents one of the 176
keywords, with the node’s size indicating the frequency of
occurrence. The number of times two keywords appear
simultaneously is represented by the connecting line between
the nodes, and its thickness denotes the frequency of appearance.
The three clusters represented by different colors are as follows:
1) Mechanism in red: glioblastoma, expression, MGMT,
proliferation, and o-6-methylguanine-DNA methyltransferase;
2) Clinic treatment in yellow: TMZ, chemotherapy, therapy,
immunotherapy, and combination; 3) Drug design in blue:
radiotherapy, adjuvant TMZ, bevacizumab, and survival.

In addition, we have analyzed the burst keywords
(Figure 12). The results showed that burst keywords lasting
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more than 5 years are: antitumor imidazole-tetrazine, O6-
alkylguanine-DNA alkyltransferase, trial, alkylating agent,
mismatch repair, phase II trial, chemotherapy, dacarbazine,
recurrent, glioblastoma multiforme, radiation therapy,
procarbazine, malignant melanoma, anaplastic astrocytoma,
malignant glioma, randomized trial, brain metastase,
prognostic factor, recursive partitioning analysis and emergent
terms that persist to the present are classification,
TMZ resistance.
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Co-citation analysis and roadmap of
TMZ development

A co-citation relationship is defined as two or more papers
simultaneously cited by one or more later articles. The core
literature that plays a crucial role in the evolution of claims in a
subject is displayed in literature co-citation analysis and the
shifting trends in research focus. In this research, we do a co-
citation analysis of 12,910 documents, setting the time slice
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The top 10 most productive authors in the TMZ research area.

length to one year, the period to 1994-2021, showing the number
of clusters to 11 (clusters are listed in numerical order by tag),
and creating a timeline diagram to show the significant clusters
of co-citations of references (Figure 13). The parameters of this
timeline graph are N = 721, E = 778, totaling 721 nodes and 778
linkages; The network’s density is 0.003, and its modularity is
Q = 0.9214. The degree of modularity Q reflects the network’s
modularity, and modularity Q of 0.4 to 1 usually satisfies or
approaches the clustering requirements (18). Thus the network

TABLE 3 The top 10 journals ranked by their Recs in the TMZ area.

meets the standard requirements for clustering. The silhouette
value is used to quantify the homogeneity of the network, and a
silhouette value greater than 0.7 is considered a convincing
clustering. Therefore, all of our clusters meet this criterion
(Table 4). The timeline diagram shows 139 nodes, and the
lines connecting these nodes represent co-referential
relationships. Larger nodes reflect more frequent citations,
while the lighter nodes/lines represent later publication dates
along the dotted lines connecting each cluster label. The red

Journal Country Recs TLCS TGCS 1F(2020) H-Index ISSN

Journal Of Neuro-Oncology United States 879 7851 23102 4.130 105 0167-594X
Neuro-Oncology United States 432 6952 22493 12.300 105 1522-8517
Oncotarget United States 256 1527 7405 0 91 1949-2553
Clinical Cancer Research United States 253 6715 20173 12.531 292 1078-0432
Plos One United States 250 0 7345 3.240 268 1932-6203
Cancers Switzerland 171 26 1220 6.639 53 2072-6694
Scientific Reports England 171 0 2629 4.379 149 2045-2322
Frontiers In Oncology Switzerland 166 0 1304 6.244 60 2234-943X
Anticancer Research Greece 149 700 2280 2.480 110 0250-7005
World Neurosurgery United States 142 370 1469 2.104 85 1878-8750
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circles in the nodes indicate sudden co-citations, alluding to a
spike in the frequency of mentions of a publication at a
particular time, indicating a research trend on the subject.
Based on the timeline diagram, we can obtain the main
popular themes of TMZ research during the period 1994-2021.
The evolution of the main research themes during these 28 years is
as follows, from 1987 to 1997, cluster #1 antitumor drug TMZ
received attention from researchers as the earliest hot topic in
TMZ research. There was overlap between the different research
hotspots in the subsequent period. From 1996 to 2012, cluster #10
phase II study, cluster #7 presentation management, and cluster
#8 methylguanine-DNA methyltranferase emerged sequentially as
major popular themes, with cluster #8 having a high
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concentration of nodes and citation bursts in the timeline graph
and being an important theme in TMZ research. cluster #0
metastatic melanoma, cluster #2 world health organization
classification, cluster #3 recurrent glioblastoma, cluster #4
treating field, cluster #5 pancreatic neuroendocrine tumor,
cluster #6 elderly patient, cluster #9 brain glioma are the hot
topics of TMZ research from 2005 to 2020.

In addition, we collect the first 15 articles of the TGCS, as
shown in Table 5, to gain a more thorough understanding of
critical events in the history of the TMZ sector. These publications
cover several pivotal moments in the development of TMZ. The
FDA approved TMZ capsules in 1999 for treating adult patients
with refractory mesenchymal astrocytoma, and by the EU in the
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same year for the treatment of glioblastoma multiforme that had
progressed or recurred after standard therapy. Following more
rigorous drug toxicity and efficacy studies, TMZ was widely used
as an effective first-line chemotherapeutic agent for treating
patients with GBM (19). TMZ was proven effective as
dacarbazine as an oral option for individuals with advanced
metastatic melanoma by Middleton, MR et al. in 2000 (20).
Hegi, ME, et al. discovered in 2005 that patients with
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glioblastoma who had a methylated MGMT (O 6-
methylguanine -DNA methyltransferase) promoter benefited
from TMZ. Still, those who did not have a methylated MGMT
promoter did not (21). The addition of TMZ to radiation for
newly diagnosed glioblastoma resulted in clinically relevant, and
statistically, significant survival increases with minimal additional
damage, according to Stupp, R. et al. in 2005 (22). This treatment
regimen for glioblastoma has now become the gold standard.
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Top 25 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End 1994 - 2021

antitumor imidazotetrazine 1994  44.06 1997 2007 __

o 6 alkylguanine dna alkyltransferase 1994  58.47 1999 2011,

trial 1994  43.461999 2008

alkylating agent 1994  33.241999 2011,

mismatch repair 1994 28.951999 2011, ——

phase ii trial 1994 82.17 2000 2011 __ ——

chemotherapy 1994 62.65 2000 2008 _ —

dacarbazine 1994  42.432000 2010 —

recurrent 1994 26.56 2000 2008

phase i 1994  72.412001 2010, —

glioblastoma multiforme 1994 69.08 2001 2010 __

radiation therapy 1994  33.212001 2010,

procarbazine 1994 24.6 2001 2008 __ S—

malignant melanoma 1994 52.48 2002 2011 __

anaplastic astrocytoma 1994  33.662002 2013 __ S—

malignant glioma 1994  70.232003 2012

randomized trial 1994 38.92003 2009 o —

astrocytoma 1994 34.242003 2012

brain metastase 1994 32192003 2011

prognostic factor 1994  26.832003 2012

recursive partitioning analysis 1994 34542005 20713 ——

metastatic melanoma 1994  28.67 2006 2015

hypermethylation 1994  25.532008 2012

classification 1994  32.832019 2021, —

temozolomide resistance 1994 24762019 2021 —

FIGURE 12

The burst detection of keywords of TMZ area in chronological order, 1994-2021.

Gentoo Liu et al. discovered in 2006 that CD133-positive tumor
stem cells were highly resistant to chemotherapy treatments (led
by TMZ). CD133-positive cells with high expression of BCRP1
and MGMT and anti-apoptotic proteins and inhibitors of the
apoptotic protein family may be linked to this resistance (23). In
conjunction with irinotecan, Bevacizumab effectively treated
recurrent glioblastoma multiforme with mild toxicity by
Vredenburgh, James J., et al. in 2007 (24). This study paved the
way for bevacizumab to be added to the future treatment options
for recurrent glioblastoma. Chin, L. et al. discovered common
mutations in the phosphatidylinositol-3-OH kinase regulatory
subunit genePIK3R1 in 2008 and provided a network
perspective of the pathways affected in glioblastoma growth
(25). In a randomized phase III study published in 2009, Stupp,
Roger discovered that glioblastoma patients treated with TMZ and
radiation improved median and 2-year survival rates. MGMT
promoter methylation was the strongest predictor of outcome and
benefit of TMZ chemotherapy (26). Two studies published in
2014 by Chinot, Olivier L., et al., and Gilbert, Mark R,, et al., found
that using bevacizumab as a first-line treatment did not enhance
overall survival in patients with newly diagnosed glioblastoma.
Although progression-free survival was extended, the anticipated
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goal of improvement was not met. This shows that bevacizumab
isn’t a perfect replacement for TMZ as the recommended
glioblastoma treatment (27, 28). Ribas, Antoni, and colleagues
established pembrolizumab as a new standard of care for
ipilimumab-refractory melanoma in 2015 (29).

Emerging new research frontiers

The concentration and difficulty of scientific study are on
research frontiers (30). The government, institutions, and
researchers benefit from a current and accurate understanding
of research frontiers. Because new papers take time to gain
traction, this study examined articles published in the last five
years (2017-2021) in eight TMZ-related journals with high
impact factors and H-indexes and ranked publications in these
journals by TGCS, selecting those with high TGCS, resulting in
35 articles. The eight selected journals include CA-A Cancer
Journal for Clinicians (IF=508.702,H-index=144), New England
Journal of Medicine (IF=91.245,H-index=933), JAMA- Journal
of The American Medical Association (IF=56.272,H-
index=622), Nature (IF=49.962,H-index=1096), The Lancet

frontiersin.org
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FIGURE 13
Visualized timeline of co-citation clusters in the TMZ research area.

TABLE 4 The detailed information of the 11 clusters in Figure.

Cluster-ID Cluster label

Metastatic Melanoma
World Health Organization Classification
Recurrent Glioblastoma

Treating Field

L A T S )

Pancreatic Neuroendocrine Tumor

—

Antitumor Drug TMZ
Elderly Patient
Methylguanine-DNA Methyltransferase

N o

Presentation Management
Phase II Study

9 Brain Glioma

Oncology (IF=41.316,H- index=274), Science (IF=47.728,H-
index=1058), Molecular Cancer (IF=27.401,H-index=103),
Journal of Clinical Oncology (IF=44.544,H- index=494).

These 35 publications were grouped into the five categories
below (with some overlap between them) and were partially
compatible with the previous category, co-citation, and keyword
analyses. 1) Immunotherapy for cancer (31-34). In recent years,
tumor immunotherapy has developed rapidly, and FDA has
approved several for clinical application. Immunotherapy
against glioblastoma occupies a significant portion of the TMZ
literature. EGFRvIII-positive glioblastoma patients were treated
with Rindopepimut (a vaccination targeting the EGFR deletion
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Size Silhouette Mean(Year)
44 1 2015
33 1 2016
33 1 2011
33 0.987 2010
33 1 2012
30 0.979 1993
30 1 2012
30 1 2006
28 0.949 2003
27 1 1999
26 0.986 2013

mutation EGFRVIII) in addition to standard chemotherapy in
2017 randomized, double-blind, phase III trial (ClinicalTrials.gov,
NCT01480479). Rindopepimut did not improve survival in
patients with newly diagnosed glioblastoma, according to the
findings (31). To demonstrate the effect of immunotherapy in
glioblastoma, combination medications, including Rindopepimut,
may be required. 2) Resistant to drugs (35-39). Acquired drug
resistance is a major challenge in the clinical treatment of
glioblastoma, and long noncoding RNAs have been shown to
play a role in chemotherapy resistance. In 2020, researchers
concluded from ex vivo experiments that SNHGI2 could serve
as a promising therapeutic target to surmount TMZ resistance,
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TABLE 5 The top 15 most cited articles.

10.3389/fonc.2022.905868

Authors Journal IF H- Title TGCS TLCS
(2020) Index

Stupp Retal. New Engl]  91.245 933 Radiotherapy plus concomitant and adjuvant TMZ for glioblastoma 12496 5994
Med

Chin Letal.  Nature 49.962 1096  Comprehensive genomic characterization defines human glioblastoma genes and core pathways 5061 702

Stupp Retal. Lancet 41316 274  Effects of radiotherapy with concomitant and adjuvant TMZ versus radiotherapy alone on survival 4700 2702
Oncol in glioblastoma in a randomized phase III study: 5-year analysis of the EORTC-NCIC trial

Hegi ME New Engl ] 91.245 933  MGMT gene silencing and benefit from TMZ in glioblastoma 4462 2502

et al. Med

Friedman HS ] Clin 44.544 494 Bevacizumab Alone and in Combination With Irinotecan in Recurrent Glioblastoma 1683 641

et al. Oncol

Gilbert MR~ New Engl]  91.245 933 A Randomized Trial of Bevacizumab for Newly Diagnosed Glioblastoma 1494 651

et al. Med

Chinot OL New Engl ]  91.245 933 Bevacizumab plus Radiotherapy-TMZ for Newly Diagnosed Glioblastoma 1400 706

et al. Med

Chen Jetal. Nature 49.962 1096 A restricted cell population propagates glioblastoma growth after chemotherapy 1350 221

Liu GT etal. Mol Cancer  27.401 103 Analysis of gene expression and chemoresistance of CDI33(+) cancer stem cells in glioblastoma 1313 0

Omuro A Jama-] Am  56.272 622 Glioblastoma and Other Malignant Gliomas A Clinical Review 1221 268

et al. Med Assoc

Vredenburgh ] Clin 44.544 494  Bevacizumab plus irinotecan in recurrent glioblastoma multiforme 1074 425

J] et al. Oncol

Ribas A etal. Lancet 41316 274  Pembrolizumab versus investigator-choice chemotherapy for ipilimumab-refractory melanoma 1038 5
Oncol (KEYNOTE-002): a randomized, controlled, phase 2 trial

Van Meir EG  Ca-Cancer ~ 508.702 144  Exciting New Advances in Neuro-Oncology The Avenue to a Cure for Malignant Glioma 972 1

et al. J Clin

Middleton J Clin 44.544 494  Randomized phase III study of TMZ versus dacarbazine in the treatment of patients with advanced 908 304

MR et al. Oncol metastatic malignant melanoma

Sanai Netal. | 5.115 189  An extent of resection threshold for newly diagnosed glioblastomas 868 214

Neurosurg

thereby improving the clinical efficacy of TMZ chemotherapy
(35). 3) Tumor-treatment fields (40-42). Tumor electric field
therapy is a novel oncology treatment technique that has shown
significant prognostic results in combination with temozolomide
to treat neoplastic glioblastoma and is now included in cancer
treatment protocols in several countries. In 2017, researchers
discovered that adding maintenance TMZ chemotherapy to
Tumor-treating fields resulted in statistically significant
improvements in progression-free survival and overall survival
compared to maintenance TMZ alone in a randomized clinical
trial in patients with glioblastoma (40). 4) Trials of novel
anticancer drug combinations (32, 43-45). The emergence of
TMZ resistance has increased the need for novel anticancer
drugs. As a result, there is an increasing number of clinical
studies on the combination of antitumor drugs today. In a
randomized European phase II experiment published in 2021
(ClinicalTrials.gov, NCT01355445), researchers discovered that
adding TMZ to Vincristine-Irinotecan increased
chemotherapeutic efficacy in patients with recurrent
rhabdomyosarcoma while increasing toxicity to an acceptable
level (43). 5) Studies involving older and young patients (46—
49). The specificity research of elderly cancer patients is different
from that of young children cancer patients and is of great
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significance. Researchers discovered that adding bevacizumab to
radiation therapy + TMZ did not benefit newly diagnosed high-
grade gliomas in a randomized, parallel-group, multicenter trial
published in 2017 (ClinicalTrials.gov identifier: NCT01390948)
(47). Researchers determined in 2018 that short-term radiation
therapy combined with TMZ resulted in longer life in older
individuals with glioblastoma than a short course of radiation
therapy alone (ClinicalTrials.gov number, NCT00482677) (46).

Discussion

We used several visual analysis applications to undertake a
bibliometric study of 12,910 TMZ papers in the Web of Science
core database from 1994 to 2021.

The number of TMZ publications has increased annually
between 1994 and 2021, demonstrating the excellent growth rate
and promising future of the field. In terms of the country, the
United States holds a commanding lead, with the most
significant number of publications and the best academic
reputation. This is attributed to the help of major medical
research institutions such as the University of Texas M. D.
Anderson Cancer Center, the University of California, San
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Francisco, Memorial Sloan-Kettering Cancer Center, and the
Mayo Clinic. It’s worth noting that the University of Texas MD
Anderson Cancer Center in the United States ranks first in both
Recs and TGCS among all research institutes, indicating that this
institution has had a significant impact on TMZ research.
Among the top ten most influential authors, Wen Patrick Y.,
Reardon David A., Gilbert Mark R., and Friedman Henry S., are
also linked with USA research institutes. Other countries, such
as China, Germany, Italy, and France, are similarly crucial
research forces, albeit with slightly different Recs and TGCS
than the United States. China has recently rated second only to
the United States in terms of publications but seventh in terms of
TGCS, indicating that China’s academic influence in this sector
needs to be reinforced to boost its global impact. The United
States leads by a wide margin in several industries in terms of
academic collaborations. Among research institutions, the
University of Texas MD Anderson Cancer Center, the German
Cancer Research Center, and the University of California, San
Francisco had the most; among authors, Weller Michael had the
collaborative network with the highest total intensity of
collaboration. The top three most influential writers, according
to the author h-index, are Michael Weller from University
Hospital Zurich in Switzerland, Henry S. Friedman from Duke
University in the United States, and Wolfgang Wick from
German Cancer Research Center in Germany. According to
the author’s collaboration network, the most active collaboration
between Weller Michael and Wick Wolfgang has also taken
place, maximizing their strengths and strengthening their
academic influence.

The results of the annual co-citation timeline chart, the
historical evolution of TMZ, and the research hotspots in
different periods are analyzed. The discovery of TMZ (50),
which has excellent anti-cancer activity, by Stevens’ group at
Aston University in the UK, funded by the charity Cancer
Research Campaign (CRC) in 1987, was the beginning of TMZ
research. This led to the rapid development of research on TMZ in
the fields of drug synthesis and oncology, and gradually began to
spread to other fields such as neurology and clinical surgery. TMZ
was transferred to Schering-Plough for development and was
approved by the FDA (51) and the EU (2) in 1999 for the
treatment of recurrent glioblastoma in adults, and began to be
used in medical institutions under the label of an anti-tumor drug.
This led to a global spread of TMZ research efforts, with the
number of countries studying TMZ spreading from the United
Kingdom and the United States at the beginning to other
countries around the world; the number of scientists working
closely together on TMZ, represented by Weller Michael of the
University Hospital of Zurich in Switzerland and Wick Wolfgang
of the German Cancer Research Center, began to increase;TMZ’s
research disciplines began to spread to molecular biology, cell
biology, radiology, immunology and other disciplines.After
numerous clinical trial studies (52, 53) and cancer management
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studies (54, 55), it was found that MGMT (O6-methylguanine-
DNA-methyltransferase), a DNA damage repair protein, was a
key factor in TMZ chemoresistance. It was shown that
overexpression of MGMT and promoter methylation made
tumor cells more effective in resisting TMZ drug toxicity,
suggesting a close relationship between MGMT and tumor drug
chemoresistance and a direct relationship with patient prognosis
(21, 56-58). TMZ clinical treatment of oncological diseases
(metastatic melanoma (59), recurrent glioblastoma (60),
pancreatic neuroendocrine tumor (61), brain glioma (62)), the
clinical trials in elderly oncology patients (48, 49), and the World
Health Organization classification of TMZ-treated diseases (63)
became popular topics for TMZ between 2007 and 2020. The
above analysis is consistent with the statistical results of TMZ
keywords and TMZ study categories, reflecting in general that the
current research hotspot of TMZ is how to better utilize TMZ
(with overcoming drug resistance of TMZ as the main challenge)
to better treat cancer (mainly glioma). In terms of future research
directions, combining the results of this study we can conclude
that the diagnosis and treatment of cancer (mainly glioma,
supplemented by melanoma, refractory rhabdomyosarcoma,
small cell lung cancer and other diseases), including
immunotherapy (31), overcoming drug resistance (35), trials of
new combinations of antitumor drugs (43), clinical trials in young
and elderly tumor patients (46, 47) and electric field treatment of
tumors (40), will further advance the field of TMZ in the next
20 years.

Notably, in the current state of the COVID-19 pandemic, there is
a considerable amount of literature addressing TMZ and COVID-19.
According to studies, TMZ-associated immunosuppression
increased mortality from severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) virus infection significantly during
the COVID-19 outbreak (64-66). This study demonstrates the
neurophilic potential of the SARS-CoV-2 virus and may also guide
the clinical management of glioblastoma patients during the new
coronary pneumonia pandemic.

The following recommendations are made based on the
findings of this study: To begin, this section requires a
significant amount of basic research and clinical trials in the
combination of TMZ with other drugs, and although there are
many challenges, they cannot be ignored. Second, researchers
must identify the particular research value of antineoplastic
medications (including TMZ) acting in young children and
elderly cancer patients. Therefore, future drug studies targeting
TMZ need to be conducted in adult cancer patients aged 18-60
years and young children and elderly cancer patients as an integral
part of the research. Third, to encourage the invention of new
therapies such as tumor electric field therapy to facilitate the
association between new therapies and TMZ, there is a need to
enhance multidisciplinary and multidisciplinary communication
and integration for the treatment and diagnosis of refractory
oncologic diseases.
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Conclusion

This review uses bibliometric methods to provide a
systematic overview of the research process, research hotspots,
and research development directions of TMZ during 1994-2021.
This research will help researchers better understand the current
research status and development trend of TMZ worldwide.
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