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Abstract: Glioblastoma (GBM) is the most common and lethal intracranial tumor in adults. Despite
advances in the understanding of the molecular events responsible for disease development and
progression, survival rates and mortality statistics for GBM patients have been virtually unchanged
for decades and chemotherapeutic drugs used to treat GBM are limited. Arsenic derivatives, known
as highly effective anticancer agents for leukemia therapy, has been demonstrated to exhibit cytocidal
effects toward GBM cells by inducing cell death, cell cycle arrest, inhibition of migration/invasion, and
angiogenesis. Differentiation induction of glioma stem-like cells (GSCs) and inhibition of neurosphere
formation have also been attributed to the cytotoxicity of arsenic derivatives. Intriguingly, similar
cytotoxic effects against GBM cells and GSCs have also been observed in natural agents such as
anthocyanidins, tetrandrine, and bufadienolides. In the current review, we highlight the available data
on the molecular mechanisms underlying the multifaceted anticancer activity of arsenic compounds
and natural agents against cancer cells, especially focusing on GBM cells and GCSs. We also outline
possible strategies for developing anticancer therapy by combining natural agents and arsenic
compounds, as well as temozolomide, an alkylating agent used to treat GBM, in terms of improvement
of chemotherapy sensitivity and minimization of side effects.

Keywords: glioblastoma; temozolomide; arsenic trioxide; arsenic disulfide; darinaparsin; anthocyani-
dins; tetrandrine; bufadienolides; combination therapy

1. Introduction

Glioblastoma (GBM) is the most common and lethal intracranial tumor driven from
glial cells and characterized by high angiogenic and infiltrative capacities [1,2]. The current
standard treatment of GBM consists of maximal surgical resection followed by radiotherapy
with concomitant and adjuvant chemotherapy [1,3]. Despite advances in the understanding
of the molecular events responsible for disease development and progression, the 5-year
survival rate of treated GBM remains <5% [3]. The median survival time for patients is
only 14.6 to 20.9 months [4,5].

Temozolomide (TMZ), an oral alkylating chemotherapeutic agent that damages DNA
mainly by methylating the O6-position of guanine and causing mismatches with thymine in
double-strand DNA, has been widely applied as an effective first-line drug for the treatment
of newly diagnosed GBM patients [1–4]. Since GBM is extremely heterogeneous, with
genetic, differentiation state, and microenvironmental differences, it is quite common for the
lethal tumor to develop resistance to TMZ [6,7]. It has become clear that O6-methylguanine
DNA methyltransferase (MGMT), capable of reversing guanine methylation that causes
DNA damage, is responsible for resistance to TMZ [4,5]. Emerging evidence has also
revealed that cancer stem-like cells (CSLCs) of GBM are considered to contribute to drug
resistance and tumor recurrence due to their ability for self-renewal and invasion into
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neighboring tissues [6,7]. In addition, a few key molecular pathways, including PI3K/Akt
and Wnt/β-catenin, as well as autophagy, have been linked to TMZ resistance [6,7]. To
solve these serious issues, combination therapy is now widely advocated for clinical use
and shows a beneficial effect on patient satisfaction [8,9]. Novel therapeutic strategies
for combating GBM using TMZ in combination with new promising antitumor drugs
have been challenged to improve the overall response rate of GBM and reduce the drug
resistance [10–18]. Despite this, there is still an urgent need to develop new promising drug
combinations options to fight against GBM.

Arsenic and its compounds are widely distributed in the environment and exist in
organic and inorganic forms [19]. Arsenic has been used medicinally for over 2000 years
around the world. Administration of trivalent arsenic derivatives (arsenite, AsIII) such as
arsenic trioxide (As2O3) has demonstrated superior therapeutic efficacy for acute promye-
locytic leukemia (APL) patients [19–21]. Several research groups, including us, have
conducted detailed analysis of the metabolites of As2O3 in APL patients [20–24]. Studies
on the speciation of As2O3 metabolites in cerebrospinal fluid (CSF) samples from APL
patients treated with As2O3 alone or combined with mannitol demonstrated that both
inorganic arsenic and methylated metabolites exist in CSF, indicating that AsIII is capable
of penetrating into the blood–brain barrier (BBB) [23,24]. Previous studies have shown
that AsIII is efficacious toward GBM cells [25–29], raising the possibility of repositioning
arsenic compounds to treat patients with GBM. Intriguingly, darinaparsin, an organic ar-
senical approved for the treatment of peripheral T-cell lymphoma in Japan [30,31], has been
demonstrated to be a more potent cytotoxicity inducer than As2O3 in various malignant cell
lines, including As2O3-resistant cancer cells [32–34], although its cytotoxic effect against
GBM cells has not yet been investigated.

Natural agent-derived substances have been being attracted great attention by virtue
of their chemopreventive, antitumoral, radiosensibilizing, and chemosensibilizing activities
against diverse types of cancers [8,9,19,35,36]. Intriguingly, along with polyphenolic com-
pounds including flavonoids and curcumin [8,37,38], tetrandrine, a bis-benzylisoquinoline
alkaloid [39,40], and active bufadienolide compounds [41–44] have been demonstrated
to exhibit potent cytotoxicity toward glioma cells. More importantly, a growing body
of evidence has emerged demonstrating anticancer activity of combination treatment of
conventional chemotherapeutic drugs and natural agents [8,19,35,40,45–47].

In this review, we highlight the available data on the molecular mechanisms underly-
ing the multifaceted anticancer activity of arsenic compounds and natural agents against
cancer cells, especially focusing on GBM cells. We further outline possible strategies for
developing anticancer therapy by combining natural products and arsenic compounds, as
well as TMZ, in terms of the improvement of chemotherapy sensitivity and minimization
of side effects.

2. Antitumor Activity of Arsenic Compounds
2.1. Arsenic Compounds

Despite being a well-known poison and classified as a known human carcinogen,
several arsenic compounds have been formulated to treat different diseases including
cancer [19,48]. There are three inorganic forms of arsenic: yellow arsenic (As2S3, also
known as orpiment); red arsenic (As2S2 or As4S4, also known as realgar); and white arsenic
(As2O3). As mentioned above, darinaparsin, a novel organic arsenic, is composed of
dimethylated arsenic and glutathione (GSH) [30,31] (Figure 1).
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2.2. In Vitro Cytotoxicity and In Vivo Antitumor Activity of Arsenic Compounds
2.2.1. Arsenic Trioxide (As2O3)

Following a larger-scale clinical evaluation of As2O3-based regimens against APL
worldwide, an impressive effectiveness of the drug led to its approval in the USA and in
Europe under the brand name of Trisenox [49,50]. These achievements encourage inves-
tigators to explore the detailed mechanisms of action of As2O3 through biochemical and
molecular biological studies. Growing evidence has demonstrated that biomethylation is a
major metabolic pathway for inorganic arsenic in human and many animal species [19,51].
Arsenic undergoes metabolic conversion by the reduction of pentavalent arsenate (AsV)
to trivalent arsenic (AsIII) with subsequent methylation, yielding monomethylated and
dimethylated metabolites [19,51]. Of note, intermediary metabolites of arsenic, including
MAsIII (methylarsonous acid) and DMAsIII (dimethylarsinous acid), also possess cytoci-
dal effects against different cell types such as leukemia and lymphoma cells, although
biomethylation has been considered as a major detoxification pathway for inorganic arseni-
cals [19,52].

It has been suggested that aquaporin 9 (AQP9), a member of the aquaporin super-
family, is responsible for AsIII uptake into leukemia cells and has become a promising
target in the development of treatment strategies against APL [19,51]. On the other hand,
multidrug resistance-associated proteins (MRP1/MRP2), which belong to the ATP-binding
cassette transporter superfamily, primarily contribute to the efflux of arsenic, following the
formation of arsenic triglutathione, a complex in which AsIII is bound to the thiol moieties
of the cysteinyl residues of three GSH molecules [19,51]. Several research groups, including
us, have conducted detailed pharmacokinetic studies of As2O3 in APL to optimize its
treatment [20–22]. Previous clinical data have demonstrated that As2O3 has an ability to
cross the BBB in humans regardless of oral or intravenous administration [53–55]. We
previously conducted a study on speciation of As2O3 metabolites in CSF samples from
APL patients, and showed for the first time that both inorganic arsenic and methylated
metabolites existed in CSF, indicating that AsIII is capable of penetrating into the BBB [23].
These findings thus suggest that As2O3, with the capability to cross the BBB, can be used
for the treatment of patients with central nervous system (CNS) relapse of APL. Fortunately,
a non-invasive method via concomitant with 20% mannitol intravenous bolus injection to
help As2O3 enter the CNS has been developed [24,55,56]. Additionally, previous studies
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have demonstrated that AsIII exhibits cytotoxicity toward GBM cells [25–27]. Collectively,
these achievements not only provide meaningful clinical benefits for patients with CNS
relapse of APL, but also raise the possibility of repositioning arsenic compounds to treat
patients with brain cancer such as GBM.

The mechanisms underlying the anticancer activity of As2O3 against leukemia have
been summarized in several comprehensive reviews [19,50,57–59]. In this review, we
focused on the mechanisms of action of As2O3 in advanced solid tumors, especially GBM.

Involvement of Oxidative Stress in As2O3-Mediated Cell Death Induction

Accumulating evidence has shown that oxidative damage largely contributes to As2O3-
mediated cell death induction [19,60]. It has become clear that As2O3 primarily targets
mitochondria, the major source of reactive oxygen species (ROS) generation, and causes
a disruption of mitochondrial respiration to elevate the generation of ROS, in which
mitoferrin-2 transporter, responsible for maintaining the levels of cellular mitochondrial
iron, is involved [61–63]. Sun et al. have demonstrated that As2O3 induces apoptosis-
related growth inhibition in rat C6 and 9L glioma cells, whereas only limited effects are
observed in normal glial cells [61]. They further clarified that apoptosis induction was
closely linked to As2O3-mediated mitochondria damage along with ROS production [61].
Oxidative stress generally activates nuclear transcription factor E2-related factor 2 (Nrf2)
and its downstream target, heme oxygenase-1 (HO-1), and the activation of the Nrf2/HO-1
signaling pathway has been demonstrated to play an important role in the resistance to
As2O3 in leukemic cells [51,64]. In this regard, it has been clarified that HO-1 inhibition
or Nrf2 knockdown significantly potentiates the capacity of As2O3 to induce apoptosis
associated with mitochondria damage along with ROS production in a human GBM
cell line, U-251 [65]. Haga et al. [62] have also demonstrated that As2O3 induces ROS
production, mitochondrial aggregation, Bax oligomerization, and loss of mitochondrial
membrane potential, ultimately leading to apoptosis induction in a human GBM cell line
A172, which has the wild-type p53 and low MGMT activity [66,67]. However, similar
mitochondrial aggregation and apoptosis induction were not observed in T98G [62], which
is a p53 mutant with high levels of MGMT activity [66,67], suggesting that the differences
in their sensitivity to As2O3 may be derived from the different p53 types. In contrast,
previous studies demonstrated that As2O3 induced apoptosis in two GBM cell lines with
different p53 status (T98G-mutated; U-87-wt), and further showed that T98G cells were
more sensitive to As2O3 in comparison to U-87 cells [27,68], suggesting the usability of
As2O3 as a novel anti-glioma drug despite differential p53 status. Interestingly, As2O3
has been recently reported to act as cysteine-reactive compounds that help stabilize the
structural mutation of p53 and restore its cancer suppressive activity [69,70]. Given that p53
is the most frequently mutated gene in human cancer and plays crucial roles in regulating
the cell cycle, tumor microenvironment, and cell death, including apoptosis, ferroptosis,
and autophagy, developing a possible strategy composed of As2O3 and conventional
anticancer drugs may provide novel insights into approaches designed to combat GBM.
Mitochondrial glutaminase, encoded by the GLS and GLS2 genes, plays a critical role in
cancer cell metabolism linked to redox balance and biosynthesis, and both GLS silencing
and GLS2 overexpression synergized with As2O3 to inhibit malignant properties of glioma
cells, including proliferation and migration [71].

An important role of the reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX), another one of the major sources of ROS, has been reported in
As2O3-induced ROS generation and cytotoxicity in leukemia cells such as NB4 cells [72,73].
In comparison, Ludwig et al. recently demonstrated that hypoxic and radiation induced
the activity of NOX along with ROS generation, resulting in inactivation of phosphate
and tensin homolog (PTEN) and enhancement of Akt phosphorylation, and ultimately
promoted survival of PTEN-expressing GBM cells in vitro and in vivo, suggesting that
inhibition of NOX activation is a potential therapeutic target in PTEN-functional GBM [74].
These controversial reports indicated differential functional roles of NOX in leukemia and



Cells 2024, 13, 2138 5 of 25

GBM cells, and further suggest that additional studies are warranted to investigate the
correlation between the effect of As2O3 and NOX in PTEN-functional GBM cells. In addi-
tion, an interesting report demonstrated that, like ultraviolet irradiation, As2O3 induced
xeroderma pigmentosum group C (XPC) in U-87 cells, and XPC silencing sensitized the
cells to As2O3 via increased oxidative stress [75].

Previous studies have demonstrated that As2O3 suppresses transcription of the human
telomerase reverse transcriptase (hTERT) gene encoding the reverse transcriptase subunit
of human telomerase, and ultimately leads to cell death of leukemia cells, in which As2O3
triggers the oxidation of the Sp1 transcription factor and attenuates its binding to the
promoter of hTERT [76,77]. Similarly, As2O3 induced ROS generation and telomerase
dysfunction in glioma cells, resulting in induction of p53- and p21-mediated apoptosis,
and G2/M cell cycle arrest [25]. The sensitivity of cancer cells to As2O3 is well known to
be dependent on cellular GSH levels, and buthionine sulfoximine (BSO), a GSH depletor,
has been demonstrated to act synergistically with As2O3 in rat C6 glioma cells, suggesting
that BSO is suitable as a sensitizing agent with respect to a potential therapeutic use of
As2O3 for the treatment of glioma [78]. X box-binding protein-1 (XBP1) is a transcriptional
factor that is activated upon unfolded protein accumulation and is essential for cancer
cells to survive under hypoxic conditions [79]. In this regard, Liu et al. demonstrated that
XBP1 knockdown significantly enhanced the cell death fraction, mitochondrial membrane
potential loss, and ROS levels in As2O3-treated glioma cells, concomitant with a decrease
in several antioxidant molecules including catalase, suggesting targeting XBP1 may have
synergistic effects with ROS inducers such as As2O3 on glioma treatment [80].

As2O3-Mediated Inhibition of Cell Proliferation and Tumor Angiogenesis

Dysregulated cellular processes including cell survival and proliferation, cell cycle arrest,
and angiogenesis are linked to the resistance of glioma to conventional anticancer drugs
such as TMZ [6,7]. The cell cycle is tightly controlled in a coordinated manner by the cyclin-
dependent kinases (CDKs) and their regulatory cyclins (CDK/Cyclin complexes) [81,82]. In
this regard, Zhao et al. have demonstrated that As2O3 induces G1 and G2 cell cycle arrest
in U-87 and T98G GBM cell lines by upregulating the expression of p53 and inhibiting the
expression of cyclin B1 [27,68]. Similar G2/M arrest and autophagic cell death have also
observed in different GBM cell lines following treatment with As2O3 [25,26]. In agreement, we
have clarified that AsIII triggers cell growth inhibition in U-87 and U-251 cells [47,83]. More
importantly, clinically achieved concentrations of AsIII combined with natural agents exhibited
synergistic cytocidal effects on U-87 cells, whereas they showed much less cytotoxicity to
human normal peripheral blood mononuclear cells (PBMCs) [47,83]. We also demonstrated
that G2/M cell cycle arrest was induced by each single agent, and was further strengthened
by their combination, and that downregulation of the expression levels of cdc25C, Cyclin
B1, and cdc2 was observed in U-87 cells [47,83]. Furthermore, release of enhanced lactate
dehydrogenase leakage (LDH), a marker for necrosis, along with downregulation of survivin,
was observed in U-87 cells treated with the combined regimen [47,83]. Agents with the
capability to trigger necrotic cell death in diverse drug-resistant tumor cells have gained
significant attention, since defective or inefficient apoptosis is an acquired hallmark of cancer
cells [46,84]. Given a pivotal role of necrosis in overcoming drug resistance of cancer cells, our
findings may provide a rationale for the combination regimen of AsIII plus natural agents. In
addition, autophagic cell death was observed in U-87 cells treated with the combined regimen,
as evidenced by upregulation of LC3 expression and increment in cell viability by the addition
of wortmannin, a potent autophagy inhibitor [47,83].

Intriguingly, our results also showed that SB203580, a specific inhibitor of p38 mitogen-
activated protein kinase (MAPK), intensified the cytotoxicity of the combined regimen of
AsIII and natural agent in U-87 cells [47]. Previous findings have shown a pro-survival
role for p38 MAPK in GBM cell lines including U-87 cells [41,44,85]. Additionally, phos-
phorylation of p38 MAPK has been suggested to be a prognostic marker for patients with
high-grade glioma, and a combination of vandetanib and a p38MAPK inhibitor may be
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a useful therapeutic strategy for patients with glioma [86]. Collectively, we hypothesize
that combining a p38 MAPK inhibitor with AsIII may further improve the efficacy of the
drug and provide more therapeutic benefits to patients with GBM, although the precise
contribution of the p38 MAPK pathway obviously needs to be further investigated.

In general, the dose of As2O3 required to suppress solid tumors including GBM is
relatively higher than that used to treat APL, which would cause toxicity and undesirable
side-effects [60]. Increasing efforts have been proposed to increase the bioavailability of
As2O3 toward solid cancers without increasing its dose, and nanotechnology has emerged
as a promising approach to deliver As2O3 to solid tumors [87,88]. Zhao et al. have demon-
strated that intravenous administration of As2O3 encapsulated in liposomes leads to a
5-fold increase in arsenic concentrations in rat brains in comparison to a single adminis-
tration of As2O3, and ultimately induces apoptosis and suppresses tumor angiogenesis
via interfering with the expression of vascular endothelial growth factor (VEGF) with low
toxicity [89]. In fact, among the known mechanisms of the antitumor activity of As2O3,
the anti-angiogenesis effect is an important characteristic of As2O3 [90]. In addition to
the inhibition of VEGF, downregulation of a series of other key signaling factors impli-
cated in multiple stages of angiogenesis, including the nuclear factor-κB (NF-κB), matrix
metalloproteinases (MMPs) such as MMP-2 and MMP-9, and delta-like canonical Notch
ligand 4(Dll4)/Notch-1, has been demonstrated to contribute to the anti-angiogenesis
effect of As2O3 in several cancer cell lines derived from various types of tumors, including
GBM [88,90,91], although further studies still be needed to provide concrete evidence of
the anti-angiogenesis effect of As2O3 in GBM. The molecular details of the pleiotropic
anticancer activity of As2O3 against GBM cells are proposed and shown in Figure 2.

Impact of As2O3 on Glioma Stem-like Cells (GSCs)

GSCs are known to play a crucial role in high resistance against conventional treat-
ments including chemotherapy and radiotherapy, as well as recurrence, which is largely
attributed to the activation of Notch and Hedgehog signaling [92,93]. Previous studies have
demonstrated that As2O3 depletes GSCs and inhibits neurosphere recovery and secondary
neurosphere formation by downregulation of the Notch pathway [94–96]. As2O3 has also
been demonstrated to suppress proliferation and promote apoptosis in three stem-like
GBM neurosphere lines by inhibiting both Notch and Hedgehog signaling pathways [97].
Intriguingly, Linder et al. previously demonstrated that As2O3-mediated Hedgehog/Notch
inhibition was capable of synergistically triggering cell death in combination with the
natural anticancer agent (–)-gossypol (Gos) based on a study using tumor sphere lines
and primary patient-derived glioma cultures [98]. In addition, Haydo and colleagues
recently demonstrated that GBM tissue infiltration could be effectively blocked through
treatment with As2O3 by using technique combining organotypic tissue culture with light-
sheet microscopy (OTCxLSFM) [99]. C-myc, one of several Hedgehog signaling target
genes, is known to be required for the maintenance of GSCs and has been closely linked
to tumorigenicity and chemoresistance of GBM [100,101]. Yoshimura and colleagues have
demonstrated that both As2O3 and 10058F4, an inhibitor of Myc, induce differentiation
of GSCs and that As2O3 drastically enhances the anti-proliferative effect of 10058F4 [29].
They further showed that treatment of GSC xenografts with As2O3 and 10058F4 resulted in
a significant decrease in tumor growth and increased differentiation concomitant with a
decrease in proneural and mesenchymal GSCs in vivo, suggesting a new opportunity for
As2O3 plus 10058F4 as a promising approach for future differentiation therapy of GBM [29].
The molecular details of the pleiotropic anticancer activity of As2O3 against GSCs are
proposed and shown in Figure 3.
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activity of As2O3 against GBM cells. As2O3 primarily targets mitochondria by inducing loss of
mitochondrial membrane potential (∆Ψm) associated with an imbalance of the Bax/Bcl-2 ratio, as
well as upregulation of mitoferrin-2, which in turn causes ROS accumulation, ultimately leads to
apoptosis induction and/or cell cycle arrest. Impacts of As2O3 on ROS elimination system such as
anti-oxidative enzymes and GSH also contribute to ROS accumulation, which has been closely linked
to DNA damage and inhibition of human telomerase reverse transcriptase (hTERT). Silencing of
mitochondrial glutaminase (GA) and xeroderma pigmentosum group C (XPC), inhibition of Nrf2/HO-
1, and knockdown of X box-binding protein-1 (XBP1), all of which contribute to maintain the redox
balance, sensitize GBM cells to As2O3. As2O3 also triggers necrotic and autophagic cell death as
evidenced by LDH leakage and restoration of cell viability by the addition of autophagy inhibitors,
respectively. Of note, As2O3 triggers a cytocidal effect against GBM cells regardless of different p53
status (p53-w/p53-mut). Inhibition of the Notch1 signaling pathway and downregulation of VEGF,
along with suppression of MMPs (MMP-2 and MMP-9), contribute to As2O3-mediated cell cycle
arrest, inhibition of migration/invasion, and angiogenesis.
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Figure 3. Schematic illustration of the molecular mechanism underlying the pleiotropic anticancer ac-
tivity of As2O3 against GSCs. Besides apoptosis induction, As2O3 suppresses the Hedgehog/Notch1
signaling pathway and downregulates CD133/Nestin/Hes 1, all of which highly express in GSCs,
leading to inhibition of neurosphere formation and differentiation of GSCs. In addition, upregulation
of TujI (β-tubulin III), a neuronal differentiation marker, is attributed to the differentiation-inducing
activity of As2O3.
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2.2.2. Arsenic Disulfide (As2S2)

As2S2, another important arsenic compound, is well known for its good therapeutic
reputation and perceived low toxicity and has been used to treat several types of hema-
tological disorders, such as chronic myeloid leukemia, acute myeloid leukemia (AML),
myelodysplastic syndrome (MDS), and MDS/AML in China [60,102–104]. Our previous
studies have suggested that the anticancer activities of As2S2 are attributed to its capability
to induce mitochondrial instability, as evidenced by downregulation of Bcl-2, and oxida-
tive stress associated with GSH depletion, which ultimately result in apoptosis and/or
differentiation induction in leukemia cells [105,106]. Realgar nanoparticles (NPs) have
been designed to improve its bioaccessibility and/or bioavailability. In this regard, a pre-
vious report demonstrated that realgar NPs significantly suppressed rat C6 glioma cell
proliferation and induced apoptosis by triggering the upregulation of Bax and downreg-
ulation of Bcl-2 expression [107]. Intriguingly, Wang and colleagues recently designed
high-performance nano-realgar quantum dots (QDs) coupled with 6- aminonicotinamide
molecules (NRA QDs) and further encapsulated with a pH-sensitive dextran hydrogel with
hyaluronic acid coating (DEX-HA gel) to form a multifunctional nano-realgar hydrogel
(NRA@DH Gel) [108]. To evaluate the efficacy of the NRA@DH Gel, they also established
in situ mice bearing GL261 brain GBM as animal models assigned to receive an intratumor
injection of NRA@DH Gel [108]. Their experimental results demonstrated that NRA@DH
Gel triggered the accumulation of ROS by reducing GSH concentrations in tumor cells,
suppressed the proliferation and migration of tumor cells, inhibited tumor growth, and
extended survival of tumor-bearing mice, endowing a promising future for As2S2 in the
treatment of GBM [108]. The molecular details of the cytotoxicity of As2S2 against GBM
cells are summarized in Table 1.

Table 1. The molecular details of the cytotoxicity of As2S2 against GBM cells.

Compounds Cell Lines Mechanism of Action (Cytotoxicity
Profiling) Type of Study Ref.

Realgar nanoparticles
(As2S2) C6

Upregulation of Bax and downregulation
of Bcl-2, increment of G2/M cell
population (apoptosis induction, G2/M
arrest)

In vitro [107]

NRA@DH Gel (As2S2) GL261

Increment of ROS production along with
reduction in GSH concentrations,
suppression of colony formation, loss of
mitochondrial membrane potential,
upregulation of γ-H2AX, suppression of
tumor size in vivo (growth inhibition,
inhibition of migration/invasion, and
tumor formation in vivo)

In vitro, in vivo [108]

Abbreviations: NRA@DH Gel: a multifunctional nano-realgar hydrogel, ROS: reactive oxygen species.

2.2.3. Darinaparsin

Darinaparsin has been reported to induce apoptosis and G2/M cell cycle arrest in
tumor cells primarily by triggering mitochondrial dysfunction and caspase activation
cascade [30,109], although its antitumor activity against GBM has not yet been investi-
gated in vitro and in vivo. In comparison to AsIII, the molecular mechanisms underlying
the uptake and efflux of darinaparsin remain largely uncharacterized. Darinaparsin has
been supposed to be transported by x-CT, a major cystine/cysteine cellular importer and
coded by the SLC7A11 gene, following its cleavage by γ-glutamyl transpeptidase and a
dipeptidase to ultimately produce dimethylarsino-cysteine [110,111]. Intriguingly, it has
been demonstrated that SLC7A11 overexpression in GBM is associated with increased
CSLC properties [112]. Darinaparsin has also been demonstrated to exert its antitumor
activity by inhibiting the Hedgehog and/or Notch signaling pathway in various types of
cancer cells [30,113]. Given the important roles of SLC7A11 and Hedgehog/Notch signaling
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pathways in GBM, studies on the antitumor activity of darinaparsin against GBM are thus
warranted. In fact, we recently clarified that darinaparsin exhibited cytotoxic effects on
different types of solid cancer cells including the GBM cell line.

3. Potential of Natural Products Against GBM
3.1. Anthocyanidins

We have previously highlighted the chemopreventive and anticancer activities of
polyphenolic compounds based on scientific experimental findings of in vitro and in vivo
studies, and further suggested their possibility for clinical use by combining them with
conventional chemotherapeutic agents [8,9]. Among these compounds, anthocyanidins are
of particular interest.

Anthocyanidins are a diphenylpropane-based polyphenolic ring structure, and are
limited to a few structure variants such as cyanidin, delphinidin, malvidin, pelargonidin,
peonidin, and petunidin (Figure 4); they present almost exclusively as glycosides and
anthocyanins [9,114]. We have previously demonstrated that anthocyanidins, known
as one of the flavonoids with a positive charge at the oxygen atom of the C-ring of the
basic flavonoid structure, exert cytotoxic effects on the human leukemia cell line HL-
60 in the order of delphinidin > malvidin > peonidin > cyanidin > pelargonidin, and
suggested that the cytotoxicity of these anthocyanidins might be positively correlated
with the presence of hydroxyl groups on ring B of the anthocyanidin molecule [8]. We
also provided evidence for the potential combination of AsIII and delphinidin against
NB4 and HL-60 cells, in which delphinidin sensitized these cells to AsIII by enhancing
mitochondrial/death receptor pathway-mediated apoptosis, negatively regulating the
amount of intracellular GSH and NF-κB binding activity [36,115]. We further demonstrated
that the combination treatment strongly preferred to selectively strengthen the cytotoxicity
of AsIII against cancer cells rather than human PBMCs [36,115]. Intriguingly, Chakrabarti
and Ray have demonstrated that delphinidin dose-dependently reduces cell viability in
human GBM U-87 and LN18 cells, and that a synergistic cytotoxic effect is observed
when combined with 5-Aza-2-deoxycytidine (AzaC), a cytosine nucleoside analog that
can cause DNA demethylation [116]. The synergistic cytotoxic effect was attributed to
the capability of AzaC to inhibit methylation of the miR-137 promoter region, which
was hypermethylated in both GBM cell lines, to trigger an indirect increase in miR-137
expression [116]. They further demonstrated that the combination of miR-137 mimics
transfection, and delphinidin treatment achieved similar a synergistic cytotoxic effect in
both cells, and revealed that the combined regimen most effectively inhibited not only
EGFR, p-Akt, and NF-κB, which are responsible for cell growth and survival, but also
VEGF, b-FGF, MMP-9, and MMP-2, which are responsible for angiogenesis and invasion, in
both cells [116]. Although delphinidin can cross the BBB [117,118], it remains challenging
to increase its bioaccessibility and/or bioavailability. A critical review summarized the
delivery of active compounds to brain tissue by using nanoparticle-mediated delivery
systems that aimed to optimize delivery of drugs to brain tumors [119]. In this review
article, the authors not only highlighted an emerging novel nanomedicine in development
for GBM, but also illustrated how mathematical analysis can be utilize to improve the
design of delphinidin and related compounds [119]. Delphinidin-3-rutin, a glycoside
flavonoid extracted from purple sweet potato, has been demonstrated to repress glioma
proliferation both in vitro and in vivo, in which miR-20b-5p/Atg7-dependent cytostatic
autophagy is involved [120]. In addition, it has been reported that among anthocyanidins,
delphinidin acts as the most potent epithelial–mesenchymal transition (EMT) inhibitor
through its inhibitory effect on the transforming growth factor-β (TGF-β)-mediated Smad
and extracellular signal-regulated kinase (ERK) signaling pathways, as evidenced by the
downregulation of EMT mesenchymal markers fibronectin and Snail, ultimately inhibiting
U-87 cell migration [121]. Similarly, a previous report demonstrated that delphinidin,
cyanidin, and petunidin significantly suppressed U-87 cell migration by modulating the
uPA/uPAR system, known to be associated with invasiveness of various tumors including
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GBM [122]. All these findings thus provide a rationale for the development of new strategies
for GBM therapy. The molecular details of the cytotoxicity of anthocyanidins against GBM
cells are summarized in Table 2. For detailed mechanisms underlying the anti-neoplastic
potential of natural polyphenolic compounds, including quercetin, luteolin, and curcumin,
please refer to some excellent research and review articles [37,38].
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Table 2. The molecular details of the cytotoxicity of anthocyanidins against GBM cells.

Compounds Cell Lines Mechanism of Action (Cytotoxicity
Profiling) Type of Study Ref.

Delphinidin+MiR-137
mimics U-87, LN18

Inhibition of p-Akt, NF-κB, VEGF,
b-FGF, EGFR, MMP-9, MMP-2,
activation of caspase-3, -8, 9 (inhibition
of migration/invasion, apoptosis
induction)

In vitro [116]

Delphinidin-3-rutin U-251, A172

Suppression of tumor volume/weight
in vivo, downregulation of miR-20b-5p,
upregulation of Atg7, LC3 (autophagy
induction, inhibition of tumor formation
in vivo)

In vitro, in vivo [120]

Delphinidin, cyanidin,
malvidin, pelargonidin,
petunidin

U-87

Downregulation of fibronectin and
Snail, inhibition of Smad and ERK
phosphorylation (inhibition of
migration/invasion)

In vitro [121]

Delphinidin, cyanidin,
petunidin U-87 Suppression of uPA/uPAR (inhibition of

migration/invasion) In vitro [122]

Abbreviations: b-FGF, basic fibroblast growth factor; EGFR, epidermal growth factor receptor; ERK: extracellular
signal-regulated kinase; MMPs: matrix metalloproteinases; NF-κB: nuclear factor-κB; p-Akt: phosphorylation of
Akt; Smad: suppressor of mothers against decapentaplegic; uPA, urokinase type plasminogen activator; uPAR:
uPA receptor; VEGF: vascular endothelial growth factor.

3.2. Tetrandrine

Tetrandrine, a bis-benzylisoquinoline alkaloid isolated from the root of Stephania
tetrandra S Moore (Figure 5), has a long history in Chinese medicine for treating different
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types of diseases such as silicosis, inflammatory pulmonary diseases, and cancer [123].
We have previously demonstrated that tetrandrine induces growth inhibition of differ-
ent human breast cancer cell lines in a dose-dependent manner, and that the combined
regimen of AsIII and tetrandrine exerts a synergistic cytotoxic effect against these cancer
cells by inducing cell cycle arrest, differentiation, and autophagic and apoptotic/necrotic
cell death [45,46,124,125]. We further demonstrated the similar synergistic cytotoxic effect
against a triple-negative breast cancer cell line MDA-MB-231 in vitro and in vivo, triggered
by the combined regimen, suggesting that development of the combination therapy of
AsIII and tetrandrine may provide therapeutic benefit to patients with breast cancer [45].
The anticancer activity of tetrandrine has also been intensively investigated in GBM by
virtue of its capability to cross the BBB, since tetrandrine is a highly lipophilic and hy-
drophobic molecule with a low molecular weight [39]. A comprehensive review of the
potential of tetrandrine against gliomas demonstrated that tetrandrine could induce apop-
tosis, cell cycle arrest, MAPK activation, calcium-activated potassium channel inhibition,
oxidative stress, and angiogenesis inhibition [40]. Tetrandrine also could be combined
with radiotherapy or other chemotherapeutics to treat glioma by serving as not only a ra-
diosensitizer, but also a multidrug resistance reversing agent [40]. Different research groups
have demonstrated that tetrandrine shows substantial anticancer activity against GBM
cells in vitro and in vivo by inducing mitochondrial/death receptor pathway-mediated
apoptosis and DNA damage-associated cell cycle arrest, and suppressing cell mobility,
migration/invasion, and angiogenesis [126–132]. Given the poor prognosis of GBM pa-
tients caused by the obstacle of the BBB and multidrug resistance (MDR), different novel
drug delivery systems have thus been explored to overcome these problems. Pang et al.
have designed a lactoferrin-conjugated biodegradable polymersome holding doxorubicin
and tetrandrine (Lf-PO-Dox/Tet), and demonstrated that Lf-PO-Dox/Tet showed a strong
cytotoxic effect toward rat C6 glioma cells and a great uptake index by the cells [133]. By
using in vivo models established by stereotactically injecting C6 cells into the right striatum
of rats, they further clarified that the tumor volume and the median survival time of the
Lf-PO-Dox/Tet group were significantly smaller and longer than that of other therapeutic
groups, respectively, suggesting that Lf-PO-Dox/Tet could have therapeutic potential for
gliomas [133]. Moreover, multifunctional targeting-drug-loaded liposomes encapsulating
vinorelbine and tetrandrine have been constructed and exerted a strong antitumor efficacy
both in vitro and in vivo, based on studies using a BBB model, rat C6 glioma cells, GSCs,
and glioma-bearing mice [134]. Similar liposomes have been further developed and modi-
fied by using transferrin (an iron-binding blood plasma glycoprotein) or RGD (a tripeptide
composed of L-arginine, glycine, and L-aspartic acid), both of which aim to achieve BBB
transportation, MDR reversion, and glioma cell targeting simultaneously [135,136]. These
modified vincristine/vinorelbine plus tetrandrine liposomes showed a greater ability to
improve transport across the BBB, enhance cellular uptake, suppress MDR, and inhibit
cancer cell invasion, and ultimately exhibited evident capabilities in diminishing brain
glioma in mice [135,136]. In addition to conventional anticancer drugs, a combined regime
of tetrandrine and chloroquine, an autophagy inhibitor, also exhibited synergistic antitu-
mor effects in several cancer cell lines, including human GBM cell lines U-87 and U-251,
via triggering intracellular ROS accumulation and subsequent activation of the caspase
signaling cascade, ultimately leading to cancer cell apoptosis [137]. Intriguingly, Zhang
and colleagues demonstrated that tetrandrine inhibited GSCs by repressing the nuclear
translocation and expression of β-catenin and triggering mitochondrial pathway-mediated
apoptosis [138]. The molecular details of the pleiotropic anticancer activity of tetrandrine
against GBM cells and GSCs are proposed and shown in Figure 6.
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Figure 6. Schematic illustration of the molecular mechanism underlying the pleiotropic anticancer
activity of tetrandrine against GBM cells and GSCs. Besides autophagic cell death induction, tetran-
drine not only modulates the expression of pro-apoptotic (Bax and Bid) and anti-apoptotic proteins
(Bcl-2, Mcl-1, XIAP), but also directly induces apoptosis-inducing factor (AIF), resulting in apoptosis
induction. ROS accumulation, because of tetrandrine-meditated mitochondrial dysfunction, can acti-
vate MAPKs (p-38 and JNK) and consequently induce cell death. In addition, tetrandrine suppresses
EGFR, VEGF, and their downstream targets, resulting in inhibition of migration/invasion and angio-
genesis, as well as cell cycle arrest in GBM cells. Tetrandrine also can suppress the Wnt/β-catenin
singling pathway, inhibit the nuclear translocation of β-catenin, and ultimately repress neurosphere
formation of GSCs. Importantly, tetrandrine has been reported to inhibit a multidrug resistance
protein, P-glycoprotein (P-gp), and consequently reverses multidrug resistances, which are closely
linked to poor prognosis of GBM.
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3.3. Bufadienolide Compounds

Bufadienolides are the major effective constituents of cinobufacini (also known as
Chan Su), a traditional Chinese medicine derived from the dried skin of Bufo bufo gargarizans
Cantor, and cinobufacini has been used to treat patients with several types of cancers, in-
cluding hepatoma and lung cancer [139–141]. Among active bufadienolide compounds
(Figure 7), bufalin appears to be most intensively investigated. It has been demonstrated
that bufalin evokes the interplay between apoptosis and autophagy in glioma cells through
endoplasmic reticulum stress [142]. Treatment with bufalin resulted in decreased U-251
and U-87 cells viability and G2/M arrest, which were attributed in part to impaired mi-
tochondrial and DNA repair functions [143]. In agreement, Li et al. demonstrated that
bufalin could promote mitochondrial translocation of Annexin A2 and induce DRP1 (a
mitochondrial division protein) oligomers to localize to the surface of mitochondria, which
in turn disrupted the mitochondrial division/fusion balance and induced U-251 cell apop-
tosis [144]. In addition, Lan and colleagues have demonstrated that bufalin inhibits GBM
cells growth by expediting proteasomal degradation of the Na+/K+-ATPase α1 subunit
(ATP1A1), known to exert important roles in tumorigenesis of GBM, and apoptosis, both
of which are closely linked to the p53 signaling pathway [145,146]. They also showed
that bufalin could penetrate the BBB, and that the inhibition of ATP1A1 expression along
with tumor growth suppression was observed in xenografted mice [145]. LingHu et al.
recently demonstrated that bufalin could cause either apoptosis or necroptosis in human
GBM cell lines U-87 and U-373 when caspase-8 was active or inactive, suggesting the
ability of bufalin to cause apoptosis and necroptosis might be a good solution for the tumor
evasion of apoptosis [42]. Intriguingly, a previous report demonstrated that bufalin inhib-
ited cell proliferation and cancer stem cell-like phenotypes via upregulation of MiR-203
in U-251 and U87 cells [147]. To improve the bioavailability and alleviate the side effects
of bufalin, bufalin-loaded PEGylated liposomes (BF/PEG-LP) have been developed, and
in vivo study revealed that BF/PEG-LP significantly inhibited the growth of U-251 cells
with improved pharmacokinetic and antitumor properties along with lower hemolysis
and cytotoxicity [148]. Additionally, we have demonstrated that active bufadienolides,
including gamabufotalin, arenobufagin, and hellebrigenin, exhibited selective cytocidal
effects against intractable cancer cells such as GBM, but minimal effects on human normal
PBMCs [43] and mouse primary astrocytes [41]. It is worthy of note that gamabufotalin
and arenobufagin selectively sensitized GBM cells to AsIII compared to normal cells [47,83].
Our results also suggested that G2/M arrest and autophagic and necrotic cell death were
attributed to their toxicities, as evidenced by the downregulation of Aurora B, cdc25A,
cdc25C, cdc2, Cyclin B1, and survivin, upregulation of p21, an increment in LDH leakage,
and increased cell viability caused by the addition of wortmannin in U-87 cells [41,44].
Gamabufotalin also suppressed the expression level of uPA and CA9, and induced the
expression level of TIMP3, all of which are closely linked to invasion/metastasis [44].
Of note, we demonstrated that a specific inhibitor of p38 MAPK, SB203580, itself signifi-
cantly inhibited cell growth, and further strengthened the cytotoxicity of gamabufotalin,
arenobufagin, and hellebrigenin in U-87 cells, suggesting a critical pro-survival role for
p38 MAPK [41,44]. Given that p38 MAPK serves an important role in promoting GBM
cells’ survival, developing a novel combination regimen of these active bufadienolide
compounds plus a p38 MAPK inhibitor may enhance the efficacy of these compounds,
and may offer substantial therapeutic benefits to patients with GBM. Intriguing, a network
pharmacological mechanism of cinobufotalin, derived from the skin of Chinese giant sala-
mander or black sable, against glioma was recently summarized, showing that its efficacy
mainly was attributed to induction of cell cycle arrest and apoptosis, as well as regulation
of immunity [149]. The molecular details of the cytotoxicity of bufadienolides against GBM
cells are summarized in Table 3.
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Table 3. The molecular details of the cytotoxicity of bufadienolides against GBM cells.

Compounds Cell Lines Mechanism of Action (Cytotoxicity Profiling) Type of Study Ref.

Bufalin U-87, LN229

Upregulation of the ratio Bax/Bcl-2, accumulation of AVOs,
upregulation of CHOP, GRP78, LC3, activation of caspase-3, 4
(apoptosis and autophagy induction, endoplasmic reticulum
stress)

In vitro [142]

Bufalin U-87, U-251
Loss of mitochondrial membrane potential, reduction in ATP
production, upregulation of γ-H2AX (G2/M arrest, inhibition of
migration/invasion)

In vitro [143]

Bufalin U-251
Loss of mitochondrial membrane potential, increment of ROS
production, activation of p53, caspase-3 (apoptosis induction, S
arrest)

In vitro [144]

Bufalin U-87, U-251, LN229
Suppression of ATP1A1, induction of degradation of ATP1A1,
suppression of tumor volume in vivo, existence of bufalin in CSF
(growth inhibition, inhibition of tumor formation in vivo)

In vitro, in vivo [145]

Bufalin U-87, U-251, LN229,
A172, U118

Loss of mitochondrial membrane potential, increment of ROS
production, upregulation of nuclear p53, γ-H2AX, Bax,
downregulation of ATP1A1, Bcl-2, activation of caspase-3, -9
(suppression of tumor volume/weight in vivo (apoptosis
induction, inhibition of tumor formation in vivo)

In vitro, in vivo [146]

Bufalin U-87, U-373 Upregulation of TNFα, TNF receptor 1, RIPK1, induction of
necrosome formation (apoptosis and necroptosis induction) In vitro [42]

Bufalin U-87, U-251
Upregulation of miR203, downregulation of Oct4 and Sox2,
inhibition of colony formation, increase in Annexin V-positive
cells (apoptosis induction, inhibition of neurosphere formation)

In vitro [147]

BF/PEG-LP U-251
Increased drug distribution in the brain, suppression of tumor
weight in vivo (growth inhibition, inhibition of tumor formation
in vivo)

In vitro, in vivo [148]

Arenobufagin,
hellebrigenin U-87

Existence of arenobufagin in CSF, inhibition of colony formation,
downregulation of Cdc25C, Cyclin B1, and survivin, increased
LDH leakage, enhanced cytotoxicity by p38 inhibitor (necrosis
induction, G2/M arrest)

In vitro, in vivo [41]

Gamabufotalin,
arenobufagin U-87, U251

Downregulation of Cdc25C, Cyclin B1, cdc2 and survivin, uPA,
CA9, increased LDH leakage, enhanced cytotoxicity by p38
inhibitor, upregulation of TIMP3 and LC3 (G2/M arrest,
autophagy and necrosis induction, inhibition of
migration/invasion)

In vitro [44,47,83]

Abbreviations: ATP1A1: Na+/K+-ATPase α1 subunit; AVOs: acidic vesicular organelles; BF/PEG-LP: bufalin-
loaded PEGylated liposomes; CA9, carbonic anhydrase IX; CHOP: C/EBP homologous protein; CSF: cerebrospinal
fluid; LDH: lactate dehydrogenase leakage; Oct-4: octamer-binding transcription factor 4; RIPK1: receptor-
interacting protein 1; ROS: reactive oxygen species; SOX2: SRY-box transcription factor 2; TNFα: tumor necrosis
factor-alpha; TNFR1: TNF receptor 1; TIMP3, tissue inhibitors of metalloproteinase 3; uPA, urokinase type
plasminogen activator.
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4. Possibility of Serving as a Promising Candidate for the Combinatorial Treatment with
TMZ

Mechanisms of TMZ resistance in GBM have recently been summarized in several crit-
ical reviews [6,7,150]. It has become clear that MGMT repair activity and uniquely resistant
populations of GSCs are the most well-known contributors to TMZ resistance [6,7,150]. In
addition, a few key molecular pathways, including PI3K/Akt and Wnt/β-catenin, as well as
autophagy, have been linked to TMZ resistance [6,7,150]. Herein, we discuss whether the arsenic
compounds and natural agents can serve as promising candidate for the combination with TMZ
in terms of overcoming resistance to TMZ.

The Hedgehog signaling pathway and its mediator GLI1 play important roles in the
development of CNS during embryogenesis [151,152]. Aberrant activation of the Hedge-
hog/GLI1 signaling pathway plays a central role in GBM pathogenesis, tumor progression,
and chemo- and radioresistance associated with GSCs [153,154]. Of note, GLI1 has been
linked to increased expression of MGMT, which contains a putative GLI1-binding site [154].
A previous study has showed a positive correlation between Hedgehog/GLI1 pathway
activity and MGMT expression in primary GBM tissues and demonstrated that GLI1
overexpression by pcDNA3.1-GLI1 transfection induces MGMT expression and enhances
chemoresistance to TMZ in A172 GBM cells [153]. The study not only demonstrated that
inhibiting Hedgehog/GLI1 signaling by cyclopamine, a commonly used Hedgehog path-
way inhibitor, reduced MGMT expression and decreased chemoresistance to TMZ in U-251
GBM cells, but also showed that cyclopamine inhibited GLI1 and MGMT expression in
the GSCs derived from U-87 cells [153]. In agreement, inhibition of the Hedgehog/GLI1
signaling pathway has been linked to tumor growth suppression in GBM [155]. As2O3
has been reported to block the Hedgehog/GLI1 pathway by directly binding to the GLI1
protein, leading to suppression of human cancer cell growth and tumor development in
mice [156]. In addition, As2O3 prolonged survival of a clinically relevant spontaneous
mouse model of medulloblastoma with activated Hedgehog pathway signaling, suggesting
that As2O3 could serve as a Hedgehog pathway inhibitor acting at the level of GLI1 both
in vitro and in vivo [156]. The efficacy of As2O3 in APL has also been partially attributed
to its ability to inhibit the Hedgehog/GLI1 signaling pathway [157]. Collectively, these
findings suggest that As2O3 can serve as a candidate for the combinatorial treatment with
TMZ. In fact, a previous report has demonstrated that combined treatment with As2O3
and TMZ achieved a synergistic effect against GBM cells in vitro and in vivo by triggering
DNA damage and apoptosis, as evidenced by upregulation of the expression of cleaved
caspase-3 and γH2AX, a DNA damage marker, although Hedgehog/GLI1 pathway activity
and MGMT expression were not directly investigated [158]. It has also been reported that
following the treatment with bio-fabricated nanodrugs with As2O3/MnCl2, the survival
rate of GBM-bearing mice is significantly enhanced, and the rate of recurrence is powerfully
limited [159]. In addition, an in vitro study aimed to evaluate the antitumor efficacy of
As2O3 in combination with ionizing radiation; furthermore, TMZ against cultured GSCs
isolated from a GBM biopsy demonstrated that As2O3 sensitized GSCs to chemoradiother-
apy by inducing its morphologic differentiation, suggesting that As2O3 exposure before
conventional postoperative chemoradiotherapy for GBM might increase treatment effi-
cacy [160]. A clinical research group has previously conducted phase I and II trials of
As2O3 and TMZ in combination with radiation therapy (RT) for patients with malignant
gliomas, and demonstrated that the addition of As2O3 did not improve overall survival in
the GBM patients as compared to historic data, although adding As2O3 to RT and TMZ
is feasible with no increased side effects [161,162]. Notably, Han and colleagues recently
conducted phase I/II trials of local interstitial chemotherapy with As2O3 in patients with
newly diagnosed glioma [163]. They showed that the maximum tolerated dose of 1.5 mg of
As2O3 was safe and well tolerated [163]. In addition, their results showed the promising
efficacy of As2O3 in patients with WHO grades 2/3/4 and further demonstrated a better
clinical outcome in patients with GBM, with a median overall survival of 13.9 months [163].
More recently, Ryu and colleagues conducted a phase I and pharmacodynamic study of
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As2O3 plus radiotherapy in patients with newly diagnosed GBM, and showed that As2O3
together with standard radiation was well tolerated [164]. They further demonstrated
that despite the unknown MGMT and isocitrate dehydrogenase status of the patients,
overall survival and progression-free survival time was significantly extended, especially
in patients who received the twice-weekly arsenic treatment arm compared to the weekly
arm without use of TMZ [164]. They also showed that the extended survival time was
related with reduced tumor blood flow [164]. Collectively, further investigation into the
efficacy of the combination of As2O3 and TMZ as well as RT is warranted.

Among the abovementioned anthocyanidins, cyanidin-3-O-glucoside has been demon-
strated to suppress the β-catenin/MGMT pathway by upregulating miR-214-5p, and
ultimately enhance the cytocidal effect of TMZ on a TMZ-resistant LN-18/TR glioma
cell line with upregulated β-catenin and MGMT [165]. In vivo studies further showed
that cyanidin-3-O-glucoside combined with TMZ significantly suppressed the growth of
LN-18/TR tumors, although TMZ had no obvious growth inhibitory effect, providing
theoretical support for the clinical treatment of glioma [165].

Regarding bufadienolides, bufalin has been demonstrated to upregulate the expression
of the cleaved caspase 3 and poly(ADP-ribose) polymerase and downregulate the expres-
sion of human telomerase reverse transcriptase, leading to apoptosis induction in GSCs
derived from U-87 and LN-229 GBM cells [166]. More important, bufalin also strengthened
the inhibitory effect of TMZ on GSCs by triggering the mitochondrial apoptotic pathway,
suggesting that bufalin could damage GSCs, induce apoptosis, and enhance the sensitivity
of GSCs to TMZ [166]. These findings thus provide a novel therapeutic approach for
patients with glioma in the future.

ATP1A3, a Na+/K+-ATPase α3 subunit, has also been reported to exhibit potent effects
in different types of cancers, including GBM [167]. AQP4, a major aquaporin in the CNS,
has been indicated to play important roles in the malignant growth of gliomas [168] and
maintaining BBB integrity [169]. In this regard, Lan and colleagues previously clarified a
negative feedback loop between ATP1A3 and AQP4 through which gamabufotalin inhibited
GBM growth and mediated the synergistic effect of gamabufotalin and TMZ in vitro and
in vivo [170]. More recently, Zhu et al. demonstrated that bufotalin possessed an ability to
inhibit EMT and trigger apoptosis in GBM cells by inducing mitochondrial dysfunction and
decreasing the phosphorylation of Akt via promoting ROS production [171]. They further
clarified that bufotalin could significantly augment the chemosensitivity of GBM cells to
TMZ in vitro and in vivo, offering potential value for the treatment of GBM patients [171].
The molecular details of the cytotoxicity of bufadienolides against GBM cells and GSCs are
summarized in Table 4.

Previous in vitro and in vivo studies have suggested that constituents of Chan Su can
boost the host immune system by stimulating the activation of immunocytes [172–174]. In
agreement, we clarified that nearly non-toxic concentrations of gamabufotalin on PBMCs effec-
tively downregulated the percentages of T-regulatory cells without impacting the percentages
of CD4+ T cells [43], further suggesting that this compound could be developed as a novel
immunotherapeutic agent to combine with TMZ against GBM.

Given the substantial anticancer activity of tetrandrine against GBM cells, and its
capability to cross the BBB and act as a radiosensitizer, as well as a multidrug resistance
reversing agent, we propose that tetrandrine can serve as a promising candidate in com-
bination with TMZ in terms of overcoming resistance to TMZ, although the efficacy of
tetrandrine combined with TMZ obviously needs to be clarified in vitro and in vivo.
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Table 4. The molecular details of the cytotoxicity of the combination of arsenic compound/natural
products with TMZ against GBM cells and GSCs.

Compounds Cell Lines/Primary Tumor
Cultures Mechanism of Action (Cytotoxicity Profiling) Type of Study Ref.

As2O3+TMZ U-87, U-251, U138

Synergistic effect of As2O3 and TMZ, upregulation of
γ-H2AX, activation of caspase-3, suppression of
tumor volume in vivo (apoptosis, inhibition of tumor
formation in vivo)

In vitro, in vivo [158]

As2O3+TMZ+RT Patient derived GBM GSCs Suppression of cell viability (growth inhibition) In vitro [160]

C3G+TMZ LN-18/TR (TMZ resistant
cells)

Upregulation of miR-214-5p, downregulation of
β-catenin, MGMT, upregulation of Annexin
V-positive cells, suppression of tumor volume/weight
in vivo (apoptosis, inhibition of tumor formation
in vivo)

In vitro, in vivo [165]

Bufalin+TMZ U-87, LN229, GSCs derived
from U-87 and LN229

Synergistic effect of bufalin and TMZ, suppression of
colony formation, activation of caspase-3, -9,
downregulation of Bcl-2, Bcl-xL, inhibition of
telomerase activity (apoptosis induction, inhibition of
neurosphere formation)

In vitro [166]

Gamabufotalin+TMZ U-87, U-251, LN229, LN18,
A172, T98G

Synergistic effect of gamabufotalin and TMZ,
upregulation of Annexin V-positive cells,
upregulation of ATP1A3 along with inhibition of
AQP4, suppression of tumor volume/weight in vivo,
increase in survival time (apoptosis induction,
inhibition of tumor formation in vivo)

In vitro, in vivo [170]

Bufotalin+TMZ U-87, U-251

Suppression of colony formation, upregulation of
E-cadherin along with downregulation of vimentin,
increment of ROS production, upregulation of Bad,
downregulation of Bcl-2, p-Akt, activation of
caspase-3, suppression of tumor weight in vivo
(apoptosis induction, inhibition of tumor formation
in vivo)

In vitro, in vivo [171]

Abbreviations: AQP: aquaporin; As2O3: arsenic trioxide; ATP1A3: Na+/K+-ATPase α3 subunit; C3G: cyanidin-3-
O-glucoside; MGMT: O6-methylguanine DNA methyltransferase; p-Akt: phosphorylation of Akt; ROS: reactive
oxygen species; RT: radiation therapy; TMZ: temozolomide.

5. Conclusions

Although tremendous advances have been achieved in understanding the prognosis,
treatment response, and treatment targets, there is still an urgent need to develop novel
therapeutic strategies for GBM patient treatment. New promising combined regimens
of antitumor drugs and TMZ have been challenged in vitro and in vivo to improve the
overall response rate of GBM and reduce drug resistance. Recent drug delivery systems
formulated using advanced technology such as NPs, QDs, and biodegradable polymers
have been applied to accelerate systemic drug delivery to the specific target site, maximizing
therapeutic efficacy and minimizing off-target accumulation in the body. Despite this, more
preclinical and clinical studies should be conducted to elucidate the efficacy of these
promising combined regimens in the treatment of GBM.
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Abbreviations

Akt, protein kinase B; AML: acute myeloid leukemia; APL: acute promyelocytic
leukemia; AQP: aquaporin; As2O3: arsenic trioxide; As2S2: arsenic disulfide; AsIII: triva-
lent arsenic; ATP1A1: Na+/K+-ATPase α1 subunit; ATP1A3: Na+/K+-ATPase α3 subunit;
AVOs: acidic vesicular organelles; AzaC: 5-Aza-2-deoxycytidine; b-FGF, basic fibroblast
growth factor; BBB: blood–brain barrier; BSO: buthionine sulfoximine; CA9, carbonic
anhydrase IX; CDKs: cyclin-dependent kinases; CNS: central nervous system; CSF: cere-
brospinal fluid; CSLCs: cancer stem-like cells; EGFR, epidermal growth factor receptor;
EMT: epithelial-mesenchymal transition; GA: mitochondrial glutaminase; GBM: glioblas-
toma; GSCs: glioma stem-like cells; GSH: glutathione; HO-1: heme oxygenase-1; hTERT:
human telomerase reverse transcriptase; LDH: lactate dehydrogenase leakage; MAPKs:
mitogen-activated protein kinases; MDR: multidrug resistance; MDS: myelodysplastic
syndrome; MGMT: O6-methylguanine DNA methyltransferase; MMPs: matrix metallopro-
teinases; MRP1/MRP2: multidrug resistance-associated proteins; NF-κB: nuclear factor-κB;
NOX: reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; NPs:
nanoparticles, Nrf2: nuclear transcription factor E2-related factor 2; PBMCs: peripheral
blood mononuclear cells; PI3K: phosphatidylinositol 3-kinase; PTEN: phosphate and tensin
homolog; QDs: quantum dots; ROS: reactive oxygen species; RT: radiation therapy; TIMP3,
tissue inhibitors of metalloproteinase 3; TMZ: temozolomide; uPA, urokinase type plas-
minogen activator; uPAR: uPA receptor; VEGF: vascular endothelial growth factor; XBP1:
X box-binding protein-1; XPC: xeroderma pigmentosum group C.

References
1. Furnari, F.B.; Fenton, T.; Bachoo, R.M.; Mukasa, A.; Stommel, J.M.; Stegh, A.; Hahn, W.C.; Ligon, K.L.; Louis, D.N.; Brennan, C.;

et al. Malignant astrocytic glioma: Genetics, biology, and paths to treatment. Genes Dev. 2007, 21, 2683–2710. [CrossRef] [PubMed]
2. Stupp, R.; Tonn, J.C.; Brada, M.; Pentheroudakis, G. High-grade malignant glioma: ESMO Clinical Practice Guidelines for

diagnosis, treatment and follow-up. Ann. Oncol. 2010, 21 (Suppl. S5), v190–v193. [CrossRef] [PubMed]
3. Sathornsumetee, S.; Reardon, D.A.; Desjardins, A.; Quinn, J.A.; Vredenburgh, J.J.; Rich, J.N. Molecularly targeted therapy for

malignant glioma. Cancer 2007, 110, 13–24. [CrossRef]
4. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn,

U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352, 987–996.
[CrossRef]

5. Wen, P.Y.; Kesari, S. Malignant gliomas in adults. N. Engl. J. Med. 2008, 359, 492–507. [CrossRef]
6. Singh, N.; Miner, A.; Hennis, L.; Mittal, S. Mechanisms of temozolomide resistance in glioblastoma—A comprehensive review.

Cancer Drug Resist. 2021, 4, 17–43. [CrossRef]
7. Jiapaer, S.; Furuta, T.; Tanaka, S.; Kitabayashi, T.; Nakada, M. Potential Strategies Overcoming the Temozolomide Resistance for

Glioblastoma. Neurol. Med. Chir. 2018, 58, 405–421. [CrossRef]
8. Kikuchi, H.; Yuan, B.; Hu, X.; Okazaki, M. Chemopreventive and anticancer activity of flavonoids and its possibility for clinical

use by combining with conventional chemotherapeutic agents. Am. J. Cancer Res. 2019, 9, 1517–1535.
9. Yuan, B.; Imai, M.; Kikuchi, H.; Fukushima, S.; Hazama, S.; Akaike, T.; Yoshino, Y.; Ohyama, K.; Hu, X.; Pei, X.; et al. Cytocidal

Effects of Polyphenolic Compounds, Alone or in Combination with, Anticancer Drugs Against Cancer Cells: Potential Future
Application of the Combinatory Therapy. In Apoptosis and Medicine; Ntuli, T.M., Ed.; InTech: London, UK, 2012; pp. 155–174.
[CrossRef]

10. Herrlinger, U.; Tzaridis, T.; Mack, F.; Steinbach, J.P.; Schlegel, U.; Sabel, M.; Hau, P.; Kortmann, R.D.; Krex, D.; Grauer, O.;
et al. Lomustine-temozolomide combination therapy versus standard temozolomide therapy in patients with newly diagnosed
glioblastoma with methylated MGMT promoter (CeTeG/NOA-09): A randomised, open-label, phase 3 trial. Lancet 2019, 393,
678–688. [CrossRef]

11. Wang, H.; Cai, S.; Bailey, B.J.; Reza Saadatzadeh, M.; Ding, J.; Tonsing-Carter, E.; Georgiadis, T.M.; Zachary Gunter, T.; Long,
E.C.; Minto, R.E.; et al. Combination therapy in a xenograft model of glioblastoma: Enhancement of the antitumor activity of
temozolomide by an MDM2 antagonist. J. Neurosurg. 2017, 126, 446–459. [CrossRef]

12. Wei, S.; Chang, L.; Zhong, Y. The efficacy and adverse events of bevacizumab combined with temozolomide in the treatment of
glioma: A systemic review and meta-analysis of randomized controlled trials. Front. Med. 2024, 11, 1419038. [CrossRef] [PubMed]

13. Zhao, M.; van Straten, D.; Broekman, M.L.D.; Préat, V.; Schiffelers, R.M. Nanocarrier-based drug combination therapy for
glioblastoma. Theranostics 2020, 10, 1355–1372. [CrossRef] [PubMed]

https://doi.org/10.1101/gad.1596707
https://www.ncbi.nlm.nih.gov/pubmed/17974913
https://doi.org/10.1093/annonc/mdq187
https://www.ncbi.nlm.nih.gov/pubmed/20555079
https://doi.org/10.1002/cncr.22741
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMra0708126
https://doi.org/10.20517/cdr.2020.79
https://doi.org/10.2176/nmc.ra.2018-0141
https://doi.org/10.5772/50218
https://doi.org/10.1016/S0140-6736(18)31791-4
https://doi.org/10.3171/2016.1.JNS152513
https://doi.org/10.3389/fmed.2024.1419038
https://www.ncbi.nlm.nih.gov/pubmed/39015784
https://doi.org/10.7150/thno.38147
https://www.ncbi.nlm.nih.gov/pubmed/31938069


Cells 2024, 13, 2138 19 of 25

14. Riley, M.M.; San, P.; Lok, E.; Swanson, K.D.; Wong, E.T. The Clinical Application of Tumor Treating Fields Therapy in Glioblastoma.
J. Vis. Exp. 2019, 146, e58937. [CrossRef]

15. Stupp, R.; Taillibert, S.; Kanner, A.A.; Kesari, S.; Steinberg, D.M.; Toms, S.A.; Taylor, L.P.; Lieberman, F.; Silvani, A.; Fink, K.L.; et al.
Maintenance Therapy With Tumor-Treating Fields Plus Temozolomide vs Temozolomide Alone for Glioblastoma: A Randomized
Clinical Trial. JAMA 2015, 314, 2535–2543. [CrossRef] [PubMed]

16. Ghiaseddin, A.P.; Shin, D.; Melnick, K.; Tran, D.D. Tumor Treating Fields in the Management of Patients with Malignant Gliomas.
Curr. Treat. Options Oncol. 2020, 21, 76. [CrossRef]

17. Norollahi, S.E.; Yousefzadeh-Chabok, S.; Yousefi, B.; Nejatifar, F.; Rashidy-Pour, A.; Samadani, A.A. The effects of the combination
therapy of chemotherapy drugs on the fluctuations of genes involved in the TLR signaling pathway in glioblastoma multiforme
therapy. Biomed. Pharmacother. 2024, 177, 117137. [CrossRef]

18. Taunk, N.K.; Moraes, F.Y.; Escorcia, F.E.; Mendez, L.C.; Beal, K.; Marta, G.N. External beam re-irradiation, combination
chemoradiotherapy, and particle therapy for the treatment of recurrent glioblastoma. Expert Rev. Anticancer Ther. 2016, 16, 347–358.
[CrossRef]

19. Yuan, B.; Yoshino, Y.; Kaise, T.; Toyoda, H. Application of Arsenic Trioxide Therapy for Patients with Leukaemia. In Biological
Chemistry of Arsenic, Antimony and Bismuth; Sun, H., Ed.; John Wiley Sons, Ltd.: Chichester, UK, 2010; pp. 263–292. [CrossRef]

20. Iriyama, N.; Yoshino, Y.; Yuan, B.; Horikoshi, A.; Hirabayashi, Y.; Hatta, Y.; Toyoda, H.; Takeuchi, J. Speciation of arsenic trioxide
metabolites in peripheral blood and bone marrow from an acute promyelocytic leukemia patient. J. Hematol. Oncol. 2012, 5, 1.
[CrossRef]

21. Yoshino, Y.; Yuan, B.; Miyashita, S.I.; Iriyama, N.; Horikoshi, A.; Shikino, O.; Toyoda, H.; Kaise, T. Speciation of arsenic trioxide
metabolites in blood cells and plasma of a patient with acute promyelocytic leukemia. Anal. Bioanal. Chem. 2009, 393, 689–697.
[CrossRef]

22. Shen, Z.X.; Chen, G.Q.; Ni, J.H.; Li, X.S.; Xiong, S.M.; Qiu, Q.Y.; Zhu, J.; Tang, W.; Sun, G.L.; Yang, K.Q.; et al. Use of arsenic
trioxide (As2O3) in the treatment of acute promyelocytic leukemia (APL): II. Clinical efficacy and pharmacokinetics in relapsed
patients. Blood 1997, 89, 3354–3360. [CrossRef]

23. Kiguchi, T.; Yoshino, Y.; Yuan, B.; Yoshizawa, S.; Kitahara, T.; Akahane, D.; Gotoh, M.; Kaise, T.; Toyoda, H.; Ohyashiki, K.
Speciation of arsenic trioxide penetrates into cerebrospinal fluid in patients with acute promyelocytic leukemia. Leuk. Res. 2010,
34, 403–405. [CrossRef] [PubMed]

24. Guo, M.; Zhao, Q.; Fan, S.; Wu, Z.; Lin, L.; Chen, H.; Gao, Y.; Hai, X. Characteristics of arsenic species in cerebrospinal fluid (CSF)
of acute promyelocytic leukaemia (APL) patients treated with arsenic trioxide plus mannitol. Br. J. Clin. Pharmacol. 2021, 87,
4020–4026. [CrossRef] [PubMed]

25. Cheng, Y.; Li, Y.; Ma, C.; Song, Y.; Xu, H.; Yu, H.; Xu, S.; Mu, Q.; Li, H.; Chen, Y.; et al. Arsenic trioxide inhibits glioma cell growth
through induction of telomerase displacement and telomere dysfunction. Oncotarget 2016, 7, 12682–12692. [CrossRef] [PubMed]

26. Kanzawa, T.; Kondo, Y.; Ito, H.; Kondo, S.; Germano, I. Induction of autophagic cell death in malignant glioma cells by arsenic
trioxide. Cancer Res. 2003, 63, 2103–2108.

27. Zhao, S.; Tsuchida, T.; Kawakami, K.; Shi, C.; Kawamoto, K. Effect of As2O3 on cell cycle progression and cyclins D1 and B1
expression in two glioblastoma cell lines differing in p53 status. Int. J. Oncol. 2002, 21, 49–55. [CrossRef]

28. Kim, E.H.; Yoon, M.J.; Kim, S.U.; Kwon, T.K.; Sohn, S.; Choi, K.S. Arsenic trioxide sensitizes human glioma cells, but not
normal astrocytes, to TRAIL-induced apoptosis via CCAAT/enhancer-binding protein homologous protein-dependent DR5
up-regulation. Cancer Res. 2008, 68, 266–275. [CrossRef]

29. Yoshimura, Y.; Shiino, A.; Muraki, K.; Fukami, T.; Yamada, S.; Satow, T.; Fukuda, M.; Saiki, M.; Hojo, M.; Miyamoto, S.; et al.
Arsenic trioxide sensitizes glioblastoma to a myc inhibitor. PLoS ONE 2015, 10, e0128288. [CrossRef]

30. Yuan, B.; Kikuchi, H.; Li, J.; Kawabata, A.; Yao, K.; Takagi, N.; Okazaki, M. Cytotoxic Effects of Darinaparsin, a Novel Organic
Arsenical, against Human Leukemia Cells. Int. J. Mol. Sci. 2023, 24, 2282. [CrossRef]

31. Frampton, J.E. Darinaparsin: First Approval. Drugs 2022, 82, 1603–1609. [CrossRef]
32. Bansal, N.; Farley, N.J.; Wu, L.; Lewis, J.; Youssoufian, H.; Bertino, J.R. Darinaparsin inhibits prostate tumor-initiating cells and

Du145 xenografts and is an inhibitor of hedgehog signaling. Mol. Cancer Ther. 2015, 14, 23–30. [CrossRef]
33. Garnier, N.; Petruccelli, L.A.; Molina, M.F.; Kourelis, M.; Kwan, S.; Diaz, Z.; Schipper, H.M.; Gupta, A.; del Rincon, S.V.; Mann,

K.K.; et al. The novel arsenical Darinaparsin circumvents BRG1-dependent, HO-1-mediated cytoprotection in leukemic cells.
Leukemia 2013, 27, 2220–2228. [CrossRef] [PubMed]

34. Matulis, S.M.; Morales, A.A.; Yehiayan, L.; Croutch, C.; Gutman, D.; Cai, Y.; Lee, K.P.; Boise, L.H. Darinaparsin induces a unique
cellular response and is active in an arsenic trioxide-resistant myeloma cell line. Mol. Cancer Ther. 2009, 8, 1197–1206. [CrossRef]

35. Bhagya, N.; Chandrashekar, K.R. Tetrandrine—A molecule of wide bioactivity. Phytochemistry 2016, 125, 5–13. [CrossRef]
[PubMed]

36. Yoshino, Y.; Yuan, B.; Okusumi, S.; Aoyama, R.; Murota, R.; Kikuchi, H.; Takagi, N.; Toyoda, H. Enhanced cytotoxic effects of
arsenite in combination with anthocyanidin compound, delphinidin, against a human leukemia cell line, HL-60. Chem. Biol.
Interact. 2018, 294, 9–17. [CrossRef]

37. Atiq, A.; Parhar, I. Anti-neoplastic Potential of Flavonoids and Polysaccharide Phytochemicals in Glioblastoma. Molecules 2020,
25, 4895. [CrossRef]

https://doi.org/10.3791/58937-v
https://doi.org/10.1001/jama.2015.16669
https://www.ncbi.nlm.nih.gov/pubmed/26670971
https://doi.org/10.1007/s11864-020-00773-5
https://doi.org/10.1016/j.biopha.2024.117137
https://doi.org/10.1586/14737140.2016.1143364
https://doi.org/10.1002/9780470975503.ch11
https://doi.org/10.1186/1756-8722-5-1
https://doi.org/10.1007/s00216-008-2487-9
https://doi.org/10.1182/blood.V89.9.3354
https://doi.org/10.1016/j.leukres.2009.08.001
https://www.ncbi.nlm.nih.gov/pubmed/19733394
https://doi.org/10.1111/bcp.14804
https://www.ncbi.nlm.nih.gov/pubmed/33638869
https://doi.org/10.18632/oncotarget.7259
https://www.ncbi.nlm.nih.gov/pubmed/26871293
https://doi.org/10.3892/ijo.21.1.49
https://doi.org/10.1158/0008-5472.CAN-07-2444
https://doi.org/10.1371/journal.pone.0128288
https://doi.org/10.3390/ijms24032282
https://doi.org/10.1007/s40265-022-01795-z
https://doi.org/10.1158/1535-7163.MCT-13-1040
https://doi.org/10.1038/leu.2013.54
https://www.ncbi.nlm.nih.gov/pubmed/23426167
https://doi.org/10.1158/1535-7163.MCT-08-1072
https://doi.org/10.1016/j.phytochem.2016.02.005
https://www.ncbi.nlm.nih.gov/pubmed/26899361
https://doi.org/10.1016/j.cbi.2018.08.008
https://doi.org/10.3390/molecules25214895


Cells 2024, 13, 2138 20 of 25

38. Beylerli, O.; Beilerli, A.; Shumadalova, A.; Wang, X.; Yang, M.; Sun, H.; Teng, L. Therapeutic effect of natural polyphenols against
glioblastoma. Front. Cell Dev. Biol. 2022, 10, 1036809. [CrossRef]

39. Chen, Y.; Chen, J.C.; Tseng, S.H. Tetrandrine suppresses tumor growth and angiogenesis of gliomas in rats. Int. J. Cancer 2009, 124,
2260–2269. [CrossRef]

40. Chen, Y.; Tseng, S.H. The Potential of Tetrandrine against Gliomas. Anti-Cancer Agents Med. Chem. 2010, 10, 534–542. [CrossRef]
41. Han, L.; Yuan, B.; Shimada, R.; Hayashi, H.; Si, N.; Zhao, H.Y.; Bian, B.; Takagi, N. Cytocidal effects of arenobufagin and

hellebrigenin, two active bufadienolide compounds, against human glioblastoma cell line U-87. Int. J. Oncol. 2018, 53, 2488–2502.
[CrossRef]

42. LingHu, H.R.; Luo, H.; Gang, L. Bufalin Induces Glioma Cell Death by Apoptosis or Necroptosis. Onco Targets Ther. 2020, 13,
4767–4778. [CrossRef]

43. Yuan, B.; He, J.; Kisoh, K.; Hayashi, H.; Tanaka, S.; Si, N.; Zhao, H.Y.; Hirano, T.; Bian, B.; Takagi, N. Effects of active bufadienolide
compounds on human cancer cells and CD4+CD25+Foxp3+ regulatory T cells in mitogen-activated human peripheral blood
mononuclear cells. Oncol. Rep. 2016, 36, 1377–1384. [CrossRef] [PubMed]

44. Yuan, B.; Shimada, R.; Xu, K.; Han, L.; Si, N.; Zhao, H.; Bian, B.; Hayashi, H.; Okazaki, M.; Takagi, N. Multiple cytotoxic effects of
gamabufotalin against human glioblastoma cell line U-87. Chem. Biol. Interact. 2019, 314, 108849. [CrossRef] [PubMed]

45. Yuan, B.; Yao, M.; Wang, X.; Sato, A.; Okazaki, A.; Komuro, H.; Hayashi, H.; Toyoda, H.; Pei, X.; Hu, X.; et al. Antitumor activity
of arsenite in combination with tetrandrine against human breast cancer cell line MDA-MB-231 in vitro and in vivo. Cancer Cell
Int. 2018, 18, 113. [CrossRef] [PubMed]

46. Yao, M.; Yuan, B.; Wang, X.; Sato, A.; Sakuma, K.; Kaneko, K.; Komuro, H.; Okazaki, A.; Hayashi, H.; Toyoda, H.; et al. Synergistic
cytotoxic effects of arsenite and tetrandrine in human breast cancer cell line MCF-7. Int. J. Oncol. 2017, 51, 587–598. [CrossRef]

47. Yuan, B.; Xu, K.; Shimada, R.; Li, J.; Hayashi, H.; Okazaki, M.; Takagi, N. Cytotoxic Effects of Arsenite in Combination with
Gamabufotalin Against Human Glioblastoma Cell Lines. Front. Oncol. 2021, 11, 628914. [CrossRef]

48. Khairul, I.; Wang, Q.Q.; Jiang, Y.H.; Wang, C.; Naranmandura, H. Metabolism, toxicity and anticancer activities of arsenic
compounds. Oncotarget 2017, 8, 23905–23926. [CrossRef]

49. Soignet, S.L.; Maslak, P.; Wang, Z.G.; Jhanwar, S.; Calleja, E.; Dardashti, L.J.; Corso, D.; DeBlasio, A.; Gabrilove, J.; Scheinberg,
D.A.; et al. Complete remission after treatment of acute promyelocytic leukemia with arsenic trioxide. N. Engl. J. Med. 1998, 339,
1341–1348. [CrossRef]

50. Wang, Z.Y.; Chen, Z. Acute promyelocytic leukemia: From highly fatal to highly curable. Blood 2008, 111, 2505–2515. [CrossRef]
51. Kumagai, Y.; Sumi, D. Arsenic: Signal transduction, transcription factor, and biotransformation involved in cellular response and

toxicity. Annu. Rev. Pharmacol. Toxicol. 2007, 47, 243–262. [CrossRef]
52. Chen, G.Q.; Zhou, L.; Styblo, M.; Walton, F.; Jing, Y.; Weinberg, R.; Chen, Z.; Waxman, S. Methylated metabolites of arsenic

trioxide are more potent than arsenic trioxide as apoptotic but not differentiation inducers in leukemia and lymphoma cells.
Cancer Res. 2003, 63, 1853–1859.

53. Au, W.Y.; Tam, S.; Fong, B.M.; Kwong, Y.L. Elemental arsenic entered the cerebrospinal fluid during oral arsenic trioxide treatment
of meningeal relapse of acute promyelocytic leukemia. Blood 2006, 107, 3012–3013. [CrossRef] [PubMed]

54. Au, W.Y.; Tam, S.; Fong, B.M.; Kwong, Y.L. Determinants of cerebrospinal fluid arsenic concentration in patients with acute
promyelocytic leukemia on oral arsenic trioxide therapy. Blood 2008, 112, 3587–3590. [CrossRef] [PubMed]

55. Jin, Z.; Ran, M.; Man, Z. Arsenic trioxide entered cerebrospinal fluid with the help of mannitol overwhelm the meningeal relapse
of acute promyelocytic leukemia. Haematologica 2007, 92, e82–e84. [CrossRef] [PubMed]

56. Wang, H.; Cao, F.; Li, J.; Li, L.; Li, Y.; Shi, C.; Lan, W.; Li, D.; Zhao, H.; Zhang, Y.; et al. Arsenic trioxide and mannitol for the
treatment of acute promyelocytic leukemia relapse in the central nervous system. Blood 2014, 124, 1998–2000. [CrossRef]

57. Zhang, T.D.; Chen, G.Q.; Wang, Z.G.; Wang, Z.Y.; Chen, S.J.; Chen, Z. Arsenic trioxide, a therapeutic agent for APL. Oncogene
2001, 20, 7146–7153. [CrossRef]

58. Emadi, A.; Gore, S.D. Arsenic trioxide—An old drug rediscovered. Blood Rev. 2010, 24, 191–199. [CrossRef]
59. Leu, L.; Mohassel, L. Arsenic trioxide as first-line treatment for acute promyelocytic leukemia. Am. J. Health-Syst. Pharm. 2009, 66,

1913–1918. [CrossRef]
60. Yuan, B.; Iriyama, N.; Hu, X.-M.; Hirano, T.; Toyoda, H.; Takagi, N. Perspective on Therapeutic Strategies of Leukemia Treatment—

Focus on Arsenic Compounds, Leukemias—Updates and New Insights. In Leukemias—Updates and New Insights; Guenova, M.,
Ed.; InTech: London, UK, 2015; pp. 191–218. [CrossRef]

61. Sun, Y.; Wang, C.; Wang, L.; Dai, Z.; Yang, K. Arsenic trioxide induces apoptosis and the formation of reactive oxygen species in
rat glioma cells. Cell. Mol. Biol. Lett. 2018, 23, 13. [CrossRef]

62. Haga, N.; Fujita, N.; Tsuruo, T. Involvement of mitochondrial aggregation in arsenic trioxide (As2O3)-induced apoptosis in
human glioblastoma cells. Cancer Sci. 2005, 96, 825–833. [CrossRef]

63. Wang, C.; Chen, X.; Zou, H.; Chen, X.; Liu, Y.; Zhao, S. The roles of mitoferrin-2 in the process of arsenic trioxide-induced cell
damage in human gliomas. Eur. J. Med. Res. 2014, 19, 49. [CrossRef]

64. Nishimoto, S.; Suzuki, T.; Koike, S.; Yuan, B.; Takagi, N.; Ogasawara, Y. Nrf2 activation ameliorates cytotoxic effects of arsenic
trioxide in acute promyelocytic leukemia cells through increased glutathione levels and arsenic efflux from cells. Toxicol. Appl.
Pharmacol. 2016, 305, 161–168. [CrossRef] [PubMed]

https://doi.org/10.3389/fcell.2022.1036809
https://doi.org/10.1002/ijc.24208
https://doi.org/10.2174/187152010793498609
https://doi.org/10.3892/ijo.2018.4567
https://doi.org/10.2147/OTT.S242567
https://doi.org/10.3892/or.2016.4946
https://www.ncbi.nlm.nih.gov/pubmed/27431260
https://doi.org/10.1016/j.cbi.2019.108849
https://www.ncbi.nlm.nih.gov/pubmed/31610157
https://doi.org/10.1186/s12935-018-0613-0
https://www.ncbi.nlm.nih.gov/pubmed/30123091
https://doi.org/10.3892/ijo.2017.4052
https://doi.org/10.3389/fonc.2021.778834
https://doi.org/10.18632/oncotarget.14733
https://doi.org/10.1056/NEJM199811053391901
https://doi.org/10.1182/blood-2007-07-102798
https://doi.org/10.1146/annurev.pharmtox.47.120505.105144
https://doi.org/10.1182/blood-2005-10-4175
https://www.ncbi.nlm.nih.gov/pubmed/16554490
https://doi.org/10.1182/blood-2008-06-161000
https://www.ncbi.nlm.nih.gov/pubmed/18703707
https://doi.org/10.3324/haematol.11826
https://www.ncbi.nlm.nih.gov/pubmed/17768137
https://doi.org/10.1182/blood-2014-04-568121
https://doi.org/10.1038/sj.onc.1204762
https://doi.org/10.1016/j.blre.2010.04.001
https://doi.org/10.2146/ajhp080342
https://doi.org/10.5772/60786
https://doi.org/10.1186/s11658-018-0074-4
https://doi.org/10.1111/j.1349-7006.2005.00114.x
https://doi.org/10.1186/s40001-014-0049-5
https://doi.org/10.1016/j.taap.2016.06.017
https://www.ncbi.nlm.nih.gov/pubmed/27317373


Cells 2024, 13, 2138 21 of 25

65. Liu, Y.; Liang, Y.; Zheng, T.; Yang, G.; Zhang, X.; Sun, Z.; Shi, C.; Zhao, S. Inhibition of heme oxygenase-1 enhances anti-cancer
effects of arsenic trioxide on glioma cells. J. Neuro-Oncol. 2011, 104, 449–458. [CrossRef] [PubMed]

66. Kinashi, Y.; Ikawa, T.; Takahashi, S. The combined effect of neutron irradiation and temozolomide on glioblastoma cell lines with
different MGMT and P53 status. Appl. Radiat. Isot. 2020, 163, 109204. [CrossRef]

67. Wang, X.; Chen, J.X.; Liu, Y.H.; You, C.; Mao, Q. Mutant TP53 enhances the resistance of glioblastoma cells to temozolomide by
up-regulating O(6)-methylguanine DNA-methyltransferase. Neurol. Sci. 2013, 34, 1421–1428. [CrossRef]

68. Zhao, S.; Zhang, J.; Zhang, X.; Dong, X.; Sun, X. Arsenic trioxide induces different gene expression profiles of genes related to
growth and apoptosis in glioma cells dependent on the p53 status. Mol. Biol. Rep. 2008, 35, 421–429. [CrossRef]

69. Chen, S.; Wu, J.L.; Liang, Y.; Tang, Y.G.; Song, H.X.; Wu, L.L.; Xing, Y.F.; Yan, N.; Li, Y.T.; Wang, Z.Y.; et al. Arsenic Trioxide
Rescues Structural p53 Mutations through a Cryptic Allosteric Site. Cancer Cell 2021, 39, 225–239.E8. [CrossRef]

70. Wang, H.; Guo, M.; Wei, H.; Chen, Y. Targeting p53 pathways: Mechanisms, structures, and advances in therapy. Signal Transduct.
Target. Ther. 2023, 8, 92. [CrossRef]

71. Martin-Rufian, M.; Nascimento-Gomes, R.; Higuero, A.; Crisma, A.R.; Campos-Sandoval, J.A.; Gomez-Garcia, M.C.; Cardona,
C.; Cheng, T.; Lobo, C.; Segura, J.A.; et al. Both GLS silencing and GLS2 overexpression synergize with oxidative stress against
proliferation of glioma cells. J. Mol. Med. 2014, 92, 277–290. [CrossRef]

72. Wang, J.; Li, L.; Cang, H.; Shi, G.; Yi, J. NADPH oxidase-derived reactive oxygen species are responsible for the high susceptibility
to arsenic cytotoxicity in acute promyelocytic leukemia cells. Leuk. Res. 2008, 32, 429–436. [CrossRef]

73. Chou, W.C.; Jie, C.; Kenedy, A.A.; Jones, R.J.; Trush, M.A.; Dang, C.V. Role of NADPH oxidase in arsenic-induced reactive oxygen
species formation and cytotoxicity in myeloid leukemia cells. Proc. Natl. Acad. Sci. USA 2004, 101, 4578–4583. [CrossRef]

74. Ludwig, K.; Le Belle, J.E.; Muthukrishnan, S.D.; Sperry, J.; Condro, M.; Vlashi, E.; Pajonk, F.; Kornblum, H.I. Nicotinamide Adenine
Dinucleotide Phosphate Oxidase Promotes Glioblastoma Radiation Resistance in a Phosphate and Tensin Homolog-Dependent
Manner. Antioxid. Redox Signal. 2023, 39, 890–903. [CrossRef] [PubMed]

75. Liu, S.-Y.; Wen, C.-Y.; Lee, Y.-J.; Lee, T.-C. XPC Silencing Sensitizes Glioma Cells to Arsenic Trioxide via Increased Oxidative
Damage. Toxicol. Sci. Off. J. Soc. Toxicol. 2010, 116, 183–193. [CrossRef] [PubMed]

76. Chou, W.-C.; Hawkins, A.L.; Barrett, J.F.; Griffin, C.A.; Dang, C.V. Arsenic inhibition of telomerase transcription leads to genetic
instability. J. Clin. Investig. 2001, 108, 1541–1547. [CrossRef] [PubMed]

77. Chou, W.C.; Chen, H.Y.; Yu, S.L.; Cheng, L.; Yang, P.C.; Dang, C.V. Arsenic suppresses gene expression in promyelocytic leukemia
cells partly through Sp1 oxidation. Blood 2005, 106, 304–310. [CrossRef]

78. Klauser, E.; Gülden, M.; Maser, E.; Seibert, S.; Seibert, H. Additivity, antagonism, and synergy in arsenic trioxide-induced growth
inhibition of C6 glioma cells: Effects of genistein, quercetin and buthionine-sulfoximine. Food Chem. Toxicol. 2014, 67, 212–221.
[CrossRef]

79. Romero-Ramirez, L.; Cao, H.; Nelson, D.; Hammond, E.; Lee, A.H.; Yoshida, H.; Mori, K.; Glimcher, L.H.; Denko, N.C.; Giaccia,
A.J.; et al. XBP1 is essential for survival under hypoxic conditions and is required for tumor growth. Cancer Res. 2004, 64,
5943–5947. [CrossRef]

80. Liu, Y.; Zhang, X.; Liang, Y.; Yu, H.; Chen, X.; Zheng, T.; Zheng, B.; Wang, L.; Zhao, L.; Shi, C.; et al. Targeting X box-binding
protein-1 (XBP1) enhances sensitivity of glioma cells to oxidative stress. Neuropathol. Appl. Neurobiol. 2011, 37, 395–405. [CrossRef]

81. Momeny, M.; Moghaddaskho, F.; Gortany, N.K.; Yousefi, H.; Sabourinejad, Z.; Zarrinrad, G.; Mirshahvaladi, S.; Eyvani, H.; Barghi,
F.; Ahmadinia, L.; et al. Blockade of vascular endothelial growth factor receptors by tivozanib has potential anti-tumour effects
on human glioblastoma cells. Sci. Rep. 2017, 7, 44075. [CrossRef]

82. Perry, J.A.; Kornbluth, S. Cdc25 and Wee1: Analogous opposites? Cell Div. 2007, 2, 12. [CrossRef]
83. Yuan, B.; Li, J.; Miyashita, S.-I.; Kikuchi, H.; Xuan, M.; Matsuzaki, H.; Iwata, N.; Kamiuchi, S.; Sunaga, K.; Sakamoto, T.; et al.

Enhanced Cytotoxic Effects of Arenite in Combination with Active Bufadienolide Compounds against Human Glioblastoma Cell
Line U-87. Molecules 2022, 27, 6577. [CrossRef]

84. Diederich, M.; Cerella, C. Non-canonical programmed cell death mechanisms triggered by natural compounds. Semin. Cancer
Biol. 2016, 40–41, 4–34. [CrossRef] [PubMed]

85. Yoshino, Y.; Aoyagi, M.; Tamaki, M.; Duan, L.; Morimoto, T.; Ohno, K. Activation of p38 MAPK and/or JNK contributes to
increased levels of VEGF secretion in human malignant glioma cells. Int. J. Oncol. 2006, 29, 981–987. [CrossRef] [PubMed]

86. Sooman, L.; Lennartsson, J.; Gullbo, J.; Bergqvist, M.; Tsakonas, G.; Johansson, F.; Edqvist, P.H.; Ponten, F.; Jaiswal, A.; Navani, S.;
et al. Vandetanib combined with a p38 MAPK inhibitor synergistically reduces glioblastoma cell survival. Med. Oncol. 2013, 30,
638. [CrossRef]

87. Akhtar, A.; Wang, S.X.; Ghali, L.; Bell, C.; Wen, X. Recent advances in arsenic trioxide encapsulated nanoparticles as drug delivery
agents to solid cancers. J. Biomed. Res. 2017, 31, 177–188. [CrossRef]

88. Yu, M.; Zhang, Y.; Fang, M.; Jehan, S.; Zhou, W. Current Advances of Nanomedicines Delivering Arsenic Trioxide for Enhanced
Tumor Therapy. Pharmaceutics 2022, 14, 743. [CrossRef]

89. Zhao, S.; Zhang, X.; Zhang, J.; Zhang, J.; Zou, H.; Liu, Y.; Dong, X.; Sun, X. Intravenous administration of arsenic trioxide
encapsulated in liposomes inhibits the growth of C6 gliomas in rat brains. J. Chemother. 2008, 20, 253–262. [CrossRef]

90. Zhang, J.; Zhang, Y.; Wang, W.; Zhang, Z. Potential molecular mechanisms underlying the effect of arsenic on angiogenesis. Arch.
Pharm. Res. 2019, 42, 962–976. [CrossRef]

https://doi.org/10.1007/s11060-010-0513-1
https://www.ncbi.nlm.nih.gov/pubmed/21327864
https://doi.org/10.1016/j.apradiso.2020.109204
https://doi.org/10.1007/s10072-012-1257-9
https://doi.org/10.1007/s11033-007-9102-6
https://doi.org/10.1016/j.ccell.2020.11.013
https://doi.org/10.1038/s41392-023-01347-1
https://doi.org/10.1007/s00109-013-1105-2
https://doi.org/10.1016/j.leukres.2007.06.006
https://doi.org/10.1073/pnas.0306687101
https://doi.org/10.1089/ars.2022.0086
https://www.ncbi.nlm.nih.gov/pubmed/37470216
https://doi.org/10.1093/toxsci/kfq113
https://www.ncbi.nlm.nih.gov/pubmed/20403967
https://doi.org/10.1172/JCI14064
https://www.ncbi.nlm.nih.gov/pubmed/11714746
https://doi.org/10.1182/blood-2005-01-0241
https://doi.org/10.1016/j.fct.2014.02.039
https://doi.org/10.1158/0008-5472.CAN-04-1606
https://doi.org/10.1111/j.1365-2990.2010.01155.x
https://doi.org/10.1038/srep44075
https://doi.org/10.1186/1747-1028-2-12
https://doi.org/10.3390/molecules27196577
https://doi.org/10.1016/j.semcancer.2016.06.001
https://www.ncbi.nlm.nih.gov/pubmed/27262793
https://doi.org/10.3892/ijo.29.4.981
https://www.ncbi.nlm.nih.gov/pubmed/16964394
https://doi.org/10.1007/s12032-013-0638-0
https://doi.org/10.7555/JBR.31.20160059
https://doi.org/10.3390/pharmaceutics14040743
https://doi.org/10.1179/joc.2008.20.2.253
https://doi.org/10.1007/s12272-019-01190-5


Cells 2024, 13, 2138 22 of 25

91. Ghaffari, S.H.; Yousefi, M.; Dizaji, M.Z.; Momeny, M.; Bashash, D.; Zekri, A.; Alimoghaddam, K.; Ghavamzadeh, A. Arsenic
Trioxide Induces Apoptosis and Incapacitates Proliferation and Invasive Properties of U87MG Glioblastoma Cells through a
Possible NF-kappaB-Mediated Mechanism. Asian Pac. J. Cancer Prev. 2016, 17, 1553–1564. [CrossRef]

92. Wang, J.; Xu, S.L.; Duan, J.J.; Yi, L.; Guo, Y.F.; Shi, Y.; Li, L.; Yang, Z.Y.; Liao, X.M.; Cai, J.; et al. Invasion of white matter tracts by
glioma stem cells is regulated by a NOTCH1-SOX2 positive-feedback loop. Nat. Neurosci. 2019, 22, 91–105. [CrossRef]

93. Sarangi, A.; Valadez, J.G.; Rush, S.; Abel, T.W.; Thompson, R.C.; Cooper, M.K. Targeted inhibition of the Hedgehog pathway in
established malignant glioma xenografts enhances survival. Oncogene 2009, 28, 3468–3476. [CrossRef]

94. Wu, J.; Ji, Z.; Liu, H.; Liu, Y.; Han, D.; Shi, C.; Shi, C.; Wang, C.; Yang, G.; Chen, X.; et al. Arsenic trioxide depletes cancer stem-like
cells and inhibits repopulation of neurosphere derived from glioblastoma by downregulation of Notch pathway. Toxicol. Lett.
2013, 220, 61–69. [CrossRef] [PubMed]

95. Zhen, Y.; Zhao, S.; Li, Q.; Li, Y.; Kawamoto, K. Arsenic trioxide-mediated Notch pathway inhibition depletes the cancer stem-like
cell population in gliomas. Cancer Lett. 2010, 292, 64–72. [CrossRef] [PubMed]

96. Fang, K.M.; Lin, T.C.; Chan, T.C.; Ma, S.Z.; Tzou, B.C.; Chang, W.R.; Liu, J.J.; Chiou, S.H.; Yang, C.S.; Tzeng, S.F. Enhanced cell
growth and tumorigenicity of rat glioma cells by stable expression of human CD133 through multiple molecular actions. Glia
2013, 61, 1402–1417. [CrossRef] [PubMed]

97. Ding, D.; Lim, K.S.; Eberhart, C.G. Arsenic trioxide inhibits Hedgehog, Notch and stem cell properties in glioblastoma neuro-
spheres. Acta Neuropathol. Commun. 2014, 2, 31. [CrossRef] [PubMed]

98. Linder, B.; Wehle, A.; Hehlgans, S.; Bonn, F.; Dikic, I.; Rodel, F.; Seifert, V.; Kogel, D. Arsenic Trioxide and (-)-Gossypol
Synergistically Target Glioma Stem-Like Cells via Inhibition of Hedgehog and Notch Signaling. Cancers 2019, 11, 350. [CrossRef]

99. Haydo, A.; Wehle, A.; Herold-Mende, C.; Kogel, D.; Pampaloni, F.; Linder, B. Combining organotypic tissue culture with
light-sheet microscopy (OTCxLSFM) to study glioma invasion. EMBO Rep. 2023, 24, e56964. [CrossRef]

100. Wang, J.; Wang, H.; Li, Z.; Wu, Q.; Lathia, J.D.; McLendon, R.E.; Hjelmeland, A.B.; Rich, J.N. c-Myc is required for maintenance of
glioma cancer stem cells. PLoS ONE 2008, 3, e3769. [CrossRef]

101. Zhang, L.; Zhang, Y.; Li, K.; Xue, S. Hedgehog signaling and the glioma-associated oncogene in cancer radioresistance. Front. Cell
Dev. Biol. 2023, 11, 1257173. [CrossRef]

102. Hu, X.M.; Liu, F.; Ma, R. Application and assessment of Chinese arsenic drugs in treating malignant hematopathy in China. Chin.
J. Integr. Med. 2010, 16, 368–377. [CrossRef]

103. Ming, J.; Liu, W.Y.; Xiao, H.Y.; Xu, Y.G.; Ma, R.; Hu, X.M. Oral Arsenic-Containing Qinghuang Powder: A Potential Drug for
Myelodysplastic Syndromes. Chin. J. Integr. Med. 2022, 28, 762–768. [CrossRef]

104. Wu, J.; Shao, Y.; Liu, J.; Chen, G.; Ho, P.C. The medicinal use of realgar (As(4)S(4)) and its recent development as an anticancer
agent. J. Ethnopharmacol. 2011, 135, 595–602. [CrossRef] [PubMed]

105. Hu, X.M.; Yuan, B.; Tanaka, S.; Song, M.M.; Onda, K.; Tohyama, K.; Zhou, A.X.; Toyoda, H.; Hirano, T. Arsenic disulfide-triggered
apoptosis and erythroid differentiation in myelodysplastic syndrome and acute myeloid leukemia cell lines. Hematology 2014, 19,
352–360. [CrossRef] [PubMed]

106. Hu, X.M.; Yuan, B.; Tanaka, S.; Zhou, Q.; Onda, K.; Toyoda, H.; Hirano, T. Involvement of oxidative stress associated with
glutathione depletion and p38 mitogen-activated protein kinase activation in arsenic disulfide-induced differentiation in HL-60
cells. Leuk. Lymphoma 2014, 55, 392–404. [CrossRef]

107. An, Y.L.; Nie, F.; Wang, Z.Y.; Zhang, D.S. Preparation and characterization of realgar nanoparticles and their inhibitory effect on
rat glioma cells. Int. J. Nanomed. 2011, 6, 3187–3194. [CrossRef]

108. Wang, Y.; Wei, Y.; Wu, Y.; Zong, Y.; Song, Y.; Pu, S.; Wu, W.; Zhou, Y.; Xie, J.; Yin, H. Multifunctional Nano-Realgar Hydrogel for
Enhanced Glioblastoma Synergistic Chemotherapy and Radiotherapy: A New Paradigm of an Old Drug. Int. J. Nanomed. 2023,
18, 743–763. [CrossRef]

109. Mann, K.K.; Wallner, B.; Lossos, I.S.; Miller, W.H., Jr. Darinaparsin: A novel organic arsenical with promising anticancer activity.
Expert Opin. Investig. Drugs 2009, 18, 1727–1734. [CrossRef]

110. Garnier, N.; Redstone, G.G.; Dahabieh, M.S.; Nichol, J.N.; del Rincon, S.V.; Gu, Y.; Bohle, D.S.; Sun, Y.; Conklin, D.S.; Mann, K.K.;
et al. The novel arsenical darinaparsin is transported by cystine importing systems. Mol. Pharmacol. 2014, 85, 576–585. [CrossRef]

111. Ramsay, E.E.; Dilda, P.J. Glutathione S-conjugates as prodrugs to target drug-resistant tumors. Front. Pharmacol. 2014, 5, 181.
[CrossRef]

112. Polewski, M.D.; Reveron-Thornton, R.F.; Cherryholmes, G.A.; Marinov, G.K.; Aboody, K.S. SLC7A11 Overexpression in Glioblas-
toma Is Associated with Increased Cancer Stem Cell-Like Properties. Stem Cells Dev. 2017, 26, 1236–1246. [CrossRef]

113. Jing, J.; Wu, Z.; Wang, J.; Luo, G.; Lin, H.; Fan, Y.; Zhou, C. Hedgehog signaling in tissue homeostasis, cancers, and targeted
therapies. Signal Transduct. Target. Ther. 2023, 8, 315. [CrossRef]

114. Zhang, Y.; Vareed, S.K.; Nair, M.G. Human tumor cell growth inhibition by nontoxic anthocyanidins, the pigments in fruits and
vegetables. Life Sci. 2005, 76, 1465–1472. [CrossRef] [PubMed]

115. Yuan, B.; Okusumi, S.; Yoshino, Y.; Moriyama, C.; Tanaka, S.; Hirano, T.; Takagi, N.; Toyoda, H. Delphinidin induces cytotoxicity
and potentiates cytocidal effect in combination with arsenite in an acute promyelocytic leukemia NB4 cell line. Oncol. Rep. 2015,
34, 431–438. [CrossRef] [PubMed]

https://doi.org/10.7314/APJCP.2016.17.3.1553
https://doi.org/10.1038/s41593-018-0285-z
https://doi.org/10.1038/onc.2009.208
https://doi.org/10.1016/j.toxlet.2013.03.019
https://www.ncbi.nlm.nih.gov/pubmed/23542114
https://doi.org/10.1016/j.canlet.2009.11.005
https://www.ncbi.nlm.nih.gov/pubmed/19962820
https://doi.org/10.1002/glia.22521
https://www.ncbi.nlm.nih.gov/pubmed/23832679
https://doi.org/10.1186/2051-5960-2-31
https://www.ncbi.nlm.nih.gov/pubmed/24685274
https://doi.org/10.3390/cancers11030350
https://doi.org/10.15252/embr.202356964
https://doi.org/10.1371/journal.pone.0003769
https://doi.org/10.3389/fcell.2023.1257173
https://doi.org/10.1007/s11655-010-0506-0
https://doi.org/10.1007/s11655-020-3254-9
https://doi.org/10.1016/j.jep.2011.03.071
https://www.ncbi.nlm.nih.gov/pubmed/21497649
https://doi.org/10.1179/1607845413Y.0000000138
https://www.ncbi.nlm.nih.gov/pubmed/24192507
https://doi.org/10.3109/10428194.2013.802779
https://doi.org/10.2147/IJN.S26237
https://doi.org/10.2147/IJN.S394377
https://doi.org/10.1517/13543780903282759
https://doi.org/10.1124/mol.113.089433
https://doi.org/10.3389/fphar.2014.00181
https://doi.org/10.1089/scd.2017.0123
https://doi.org/10.1038/s41392-023-01559-5
https://doi.org/10.1016/j.lfs.2004.08.025
https://www.ncbi.nlm.nih.gov/pubmed/15680311
https://doi.org/10.3892/or.2015.3963
https://www.ncbi.nlm.nih.gov/pubmed/25954945


Cells 2024, 13, 2138 23 of 25

116. Chakrabarti, M.; Ray, S.K. Direct transfection of miR-137 mimics is more effective than DNA demethylation of miR-137 promoter
to augment anti-tumor mechanisms of delphinidin in human glioblastoma U87MG and LN18 cells. Gene 2015, 573, 141–152.
[CrossRef] [PubMed]

117. Andres-Lacueva, C.; Shukitt-Hale, B.; Galli, R.L.; Jauregui, O.; Lamuela-Raventos, R.M.; Joseph, J.A. Anthocyanins in aged
blueberry-fed rats are found centrally and may enhance memory. Nutr. Neurosci. 2005, 8, 111–120. [CrossRef] [PubMed]

118. Passamonti, S.; Vrhovsek, U.; Vanzo, A.; Mattivi, F. Fast access of some grape pigments to the brain. J. Agric. Food Chem. 2005, 53,
7029–7034. [CrossRef]

119. Ozdemir-Kaynak, E.; Qutub, A.A.; Yesil-Celiktas, O. Advances in Glioblastoma Multiforme Treatment: New Models for
Nanoparticle Therapy. Front. Physiol. 2018, 9, 170. [CrossRef]

120. Wang, M.; Liu, K.; Bu, H.; Cong, H.; Dong, G.; Xu, N.; Li, C.; Zhao, Y.; Jiang, F.; Zhang, Y.; et al. Purple sweet potato delphinidin-3-
rutin represses glioma proliferation by inducing miR-20b-5p/Atg7-dependent cytostatic autophagy. Mol. Ther. Oncolytics 2022,
26, 314–329. [CrossRef]

121. Ouanouki, A.; Lamy, S.; Annabi, B. Anthocyanidins inhibit epithelial-mesenchymal transition through a TGFbeta/Smad2
signaling pathway in glioblastoma cells. Mol. Carcinog. 2017, 56, 1088–1099. [CrossRef]

122. Lamy, S.; Lafleur, R.; Bedard, V.; Moghrabi, A.; Barrette, S.; Gingras, D.; Beliveau, R. Anthocyanidins inhibit migration of
glioblastoma cells: Structure-activity relationship and involvement of the plasminolytic system. J. Cell Biochem. 2007, 100, 100–111.
[CrossRef]

123. Liu, T.; Liu, X.; Li, W. Tetrandrine, a Chinese plant-derived alkaloid, is a potential candidate for cancer chemotherapy. Oncotarget
2016, 7, 40800–40815. [CrossRef]

124. Yu, B.; Yuan, B.; Kiyomi, A.; Kikuchi, H.; Hayashi, H.; Hu, X.; Okazaki, M.; Sugiura, M.; Hirano, T.; Pei, X.; et al. Differentiation
induction of human breast cancer cells by arsenite in combination with tetrandrine. Am. J. Transl. Res. 2019, 11, 7310–7323.
[PubMed]

125. Yu, B.; Yuan, B.; Li, J.; Kiyomi, A.; Kikuchi, H.; Hayashi, H.; Hu, X.; Okazaki, M.; Sugiura, M.; Hirano, T.; et al. JNK and Autophagy
Independently Contributed to Cytotoxicity of Arsenite combined with Tetrandrine via Modulating Cell Cycle Progression in
Human Breast Cancer Cells. Front. Pharmacol. 2020, 11, 1087. [CrossRef] [PubMed]

126. Liao, C.L.; Ma, Y.S.; Hsia, T.C.; Chou, Y.C.; Lien, J.C.; Peng, S.F.; Kuo, C.L.; Hsu, F.T. Tetrandrine Suppresses Human Brain
Glioblastoma GBM 8401/luc2 Cell-Xenografted Subcutaneous Tumors in Nude Mice In Vivo. Molecules 2021, 26, 7105. [CrossRef]

127. Sun, J.; Zhang, Y.; Zhen, Y.; Cui, J.; Hu, G.; Lin, Y. Antitumor activity of tetrandrine citrate in human glioma U87 cells in vitro and
in vivo. Oncol. Rep. 2019, 42, 2345–2354. [CrossRef]

128. Jiang, Y.W.; Cheng, H.Y.; Kuo, C.L.; Way, T.D.; Lien, J.C.; Chueh, F.S.; Lin, Y.L.; Chung, J.G. Tetrandrine inhibits human brain
glioblastoma multiforme GBM 8401 cancer cell migration and invasion in vitro. Environ. Toxicol. 2019, 34, 364–374. [CrossRef]

129. Ma, J.W.; Zhang, Y.; Li, R.; Ye, J.C.; Li, H.Y.; Zhang, Y.K.; Ma, Z.L.; Li, J.Y.; Zhong, X.Y.; Yang, X. Tetrandrine suppresses human
glioma growth by inhibiting cell survival, proliferation and tumour angiogenesis through attenuating STAT3 phosphorylation.
Eur. J. Pharmacol. 2015, 764, 228–239. [CrossRef]

130. Ma, J.W.; Zhang, Y.; Ye, J.C.; Li, R.; Wen, Y.L.; Huang, J.X.; Zhong, X.Y. Tetrandrine Exerts a Radiosensitization Effect on Human
Glioma through Inhibiting Proliferation by Attenuating ERK Phosphorylation. Biomol. Ther. 2017, 25, 186–193. [CrossRef]

131. Chen, J.C.; Hwang, J.H.; Chiu, W.H.; Chan, Y.C. Tetrandrine and caffeine modulated cell cycle and increased glioma cell death via
caspase-dependent and caspase-independent apoptosis pathways. Nutr. Cancer 2014, 66, 700–706. [CrossRef]

132. Wu, Z.; Wang, G.; Xu, S.; Li, Y.; Tian, Y.; Niu, H.; Yuan, F.; Zhou, F.; Hao, Z.; Zheng, Y.; et al. Effects of tetrandrine on glioma cell
malignant phenotype via inhibition of ADAM17. Tumour Biol. 2014, 35, 2205–2210. [CrossRef]

133. Pang, Z.; Feng, L.; Hua, R.; Chen, J.; Gao, H.; Pan, S.; Jiang, X.; Zhang, P. Lactoferrin-conjugated biodegradable polymersome
holding doxorubicin and tetrandrine for chemotherapy of glioma rats. Mol. Pharm. 2010, 7, 1995–2005. [CrossRef]

134. Li, X.T.; Tang, W.; Jiang, Y.; Wang, X.M.; Wang, Y.H.; Cheng, L.; Meng, X.S. Multifunctional targeting vinorelbine plus tetrandrine
liposomes for treating brain glioma along with eliminating glioma stem cells. Oncotarget 2016, 7, 24604–24622. [CrossRef]
[PubMed]

135. Li, X.T.; Tang, W.; Xie, H.J.; Liu, S.; Song, X.L.; Xiao, Y.; Wang, X.; Cheng, L.; Chen, G.R. The efficacy of RGD modified liposomes
loaded with vinorelbine plus tetrandrine in treating resistant brain glioma. J. Liposome Res. 2019, 29, 21–34. [CrossRef] [PubMed]

136. Song, X.L.; Liu, S.; Jiang, Y.; Gu, L.Y.; Xiao, Y.; Wang, X.; Cheng, L.; Li, X.T. Targeting vincristine plus tetrandrine liposomes
modified with DSPE-PEG(2000)-transferrin in treatment of brain glioma. Eur. J. Pharm. Sci. 2017, 96, 129–140. [CrossRef]
[PubMed]

137. Mei, L.; Chen, Y.; Wang, Z.; Wang, J.; Wan, J.; Yu, C.; Liu, X.; Li, W. Synergistic anti-tumour effects of tetrandrine and chloroquine
combination therapy in human cancer: A potential antagonistic role for p21. Br. J. Pharmacol. 2015, 172, 2232–2245. [CrossRef]

138. Zhang, Y.; Wen, Y.L.; Ma, J.W.; Ye, J.C.; Wang, X.; Huang, J.X.; Meng, C.Y.; Xu, X.Z.; Wang, S.X.; Zhong, X.Y. Tetrandrine inhibits
glioma stem-like cells by repressing beta-catenin expression. Int. J. Oncol. 2017, 50, 101–110. [CrossRef]

139. Qin, T.J.; Zhao, X.H.; Yun, J.; Zhang, L.X.; Ruan, Z.P.; Pan, B.R. Efficacy and safety of gemcitabine-oxaliplatin combined with
huachansu in patients with advanced gallbladder carcinoma. World J. Gastroenterol. WJG 2008, 14, 5210–5216. [CrossRef]

140. Meng, Z.; Yang, P.; Shen, Y.; Bei, W.; Zhang, Y.; Ge, Y.; Newman, R.A.; Cohen, L.; Liu, L.; Thornton, B.; et al. Pilot study of
huachansu in patients with hepatocellular carcinoma, nonsmall-cell lung cancer, or pancreatic cancer. Cancer 2009, 115, 5309–5318.
[CrossRef]

https://doi.org/10.1016/j.gene.2015.07.034
https://www.ncbi.nlm.nih.gov/pubmed/26187071
https://doi.org/10.1080/10284150500078117
https://www.ncbi.nlm.nih.gov/pubmed/16053243
https://doi.org/10.1021/jf050565k
https://doi.org/10.3389/fphys.2018.00170
https://doi.org/10.1016/j.omto.2022.07.007
https://doi.org/10.1002/mc.22575
https://doi.org/10.1002/jcb.21023
https://doi.org/10.18632/oncotarget.8315
https://www.ncbi.nlm.nih.gov/pubmed/31934280
https://doi.org/10.3389/fphar.2020.01087
https://www.ncbi.nlm.nih.gov/pubmed/32765280
https://doi.org/10.3390/molecules26237105
https://doi.org/10.3892/or.2019.7372
https://doi.org/10.1002/tox.22691
https://doi.org/10.1016/j.ejphar.2015.06.017
https://doi.org/10.4062/biomolther.2016.044
https://doi.org/10.1080/01635581.2014.902974
https://doi.org/10.1007/s13277-013-1293-y
https://doi.org/10.1021/mp100277h
https://doi.org/10.18632/oncotarget.8360
https://www.ncbi.nlm.nih.gov/pubmed/27029055
https://doi.org/10.1080/08982104.2017.1408649
https://www.ncbi.nlm.nih.gov/pubmed/29166813
https://doi.org/10.1016/j.ejps.2016.09.024
https://www.ncbi.nlm.nih.gov/pubmed/27644895
https://doi.org/10.1111/bph.13045
https://doi.org/10.3892/ijo.2016.3780
https://doi.org/10.3748/wjg.14.5210
https://doi.org/10.1002/cncr.24602


Cells 2024, 13, 2138 24 of 25

141. Chen, Z.; Zhai, X.F.; Su, Y.H.; Wan, X.Y.; Li, J.; Xie, J.M.; Gao, B. Clinical observation of cinobufacini injection used to treat
moderate and advanced primary liver cancer. Zhong Xi Yi Jie He Xue Bao 2003, 1, 184–186. [CrossRef]

142. Shen, S.; Zhang, Y.; Wang, Z.; Liu, R.; Gong, X. Bufalin induces the interplay between apoptosis and autophagy in glioma cells
through endoplasmic reticulum stress. Int. J. Biol. Sci. 2014, 10, 212–224. [CrossRef]

143. Zhang, X.; Huang, Q.; Wang, X.; Xu, Y.; Xu, R.; Han, M.; Huang, B.; Chen, A.; Qiu, C.; Sun, T.; et al. Bufalin enhances
radiosensitivity of glioblastoma by suppressing mitochondrial function and DNA damage repair. Biomed. Pharmacother. 2017, 94,
627–635. [CrossRef]

144. Li, Y.; Zhang, Y.; Wang, X.; Yang, Q.; Zhou, X.; Wu, J.; Yang, X.; Zhao, Y.; Lin, R.; Xie, Y.; et al. Bufalin induces mitochondrial
dysfunction and promotes apoptosis of glioma cells by regulating Annexin A2 and DRP1 protein expression. Cancer Cell Int. 2021,
21, 424. [CrossRef] [PubMed]

145. Lan, Y.L.; Wang, X.; Lou, J.C.; Xing, J.S.; Yu, Z.L.; Wang, H.; Zou, S.; Ma, X.; Zhang, B. Bufalin inhibits glioblastoma growth
by promoting proteasomal degradation of the Na(+)/K(+)-ATPase alpha1 subunit. Biomed. Pharmacother. 2018, 103, 204–215.
[CrossRef] [PubMed]

146. Lan, Y.L.; Zou, Y.J.; Lou, J.C.; Xing, J.S.; Wang, X.; Zou, S.; Ma, B.B.; Ding, Y.; Zhang, B. The sodium pump α1 subunit regulates
bufalin sensitivity of human glioblastoma cells through the p53 signaling pathway. Cell Biol. Toxicol. 2019, 35, 521–539. [CrossRef]
[PubMed]

147. Liu, T.; Wu, C.; Weng, G.; Zhao, Z.; He, X.; Fu, C.; Sui, Z.; Huang, S.X. Bufalin Inhibits Cellular Proliferation and Cancer Stem
Cell-Like Phenotypes via Upregulation of MiR-203 in Glioma. Cell Physiol. Biochem. 2017, 44, 671–681. [CrossRef]

148. Yuan, J.; Zeng, C.; Cao, W.; Zhou, X.; Pan, Y.; Xie, Y.; Zhang, Y.; Yang, Q.; Wang, S. Bufalin-Loaded PEGylated Liposomes:
Antitumor Efficacy, Acute Toxicity, and Tissue Distribution. Nanoscale Res. Lett. 2019, 14, 223. [CrossRef]

149. Li, C.; Guo, H.; Wang, C.; Zhan, W.; Tan, Q.; Xie, C.; Sharma, A.; Sharma, H.S.; Chen, L.; Zhang, Z. Network pharmacological
mechanism of Cinobufotalin against glioma. Prog. Brain Res. 2021, 265, 119–137. [CrossRef]

150. Chien, C.H.; Hsueh, W.T.; Chuang, J.Y.; Chang, K.Y. Dissecting the mechanism of temozolomide resistance and its association
with the regulatory roles of intracellular reactive oxygen species in glioblastoma. J. Biomed. Sci. 2021, 28, 18. [CrossRef]

151. Palma, V.; Lim, D.A.; Dahmane, N.; Sanchez, P.; Brionne, T.C.; Herzberg, C.D.; Gitton, Y.; Carleton, A.; Alvarez-Buylla, A.; Ruiz i
Altaba, A. Sonic hedgehog controls stem cell behavior in the postnatal and adult brain. Development 2005, 132, 335–344. [CrossRef]

152. Shi, X.; Zhang, Z.; Zhan, X.; Cao, M.; Satoh, T.; Akira, S.; Shpargel, K.; Magnuson, T.; Li, Q.; Wang, R.; et al. An epigenetic switch
induced by Shh signalling regulates gene activation during development and medulloblastoma growth. Nat. Commun. 2014, 5,
5425. [CrossRef]

153. Wang, K.; Chen, D.; Qian, Z.; Cui, D.; Gao, L.; Lou, M. Hedgehog/Gli1 signaling pathway regulates MGMT expression and
chemoresistance to temozolomide in human glioblastoma. Cancer Cell Int. 2017, 17, 117. [CrossRef]

154. Santoni, M.; Burattini, L.; Nabissi, M.; Morelli, M.B.; Berardi, R.; Santoni, G.; Cascinu, S. Essential role of Gli proteins in
glioblastoma multiforme. Curr. Protein Pept. Sci. 2013, 14, 133–140. [CrossRef] [PubMed]

155. Xu, Q.; Yuan, X.; Liu, G.; Black, K.L.; Yu, J.S. Hedgehog signaling regulates brain tumor-initiating cell proliferation and portends
shorter survival for patients with PTEN-coexpressing glioblastomas. Stem Cells 2008, 26, 3018–3026. [CrossRef] [PubMed]

156. Beauchamp, E.M.; Ringer, L.; Bulut, G.; Sajwan, K.P.; Hall, M.D.; Lee, Y.C.; Peaceman, D.; Ozdemirli, M.; Rodriguez, O.;
Macdonald, T.J.; et al. Arsenic trioxide inhibits human cancer cell growth and tumor development in mice by blocking
Hedgehog/GLI pathway. J. Clin. Investig. 2011, 121, 148–160. [CrossRef] [PubMed]

157. Yang, D.; Cao, F.; Ye, X.; Zhao, H.; Liu, X.; Li, Y.; Shi, C.; Wang, H.; Zhou, J. Arsenic trioxide inhibits the Hedgehog pathway which
is aberrantly activated in acute promyelocytic leukemia. Acta Haematol. 2013, 130, 260–267. [CrossRef]

158. Bureta, C.; Saitoh, Y.; Tokumoto, H.; Sasaki, H.; Maeda, S.; Nagano, S.; Komiya, S.; Taniguchi, N.; Setoguchi, T. Synergistic effect
of arsenic trioxide, vismodegib and temozolomide on glioblastoma. Oncol. Rep. 2019, 41, 3404–3412. [CrossRef]

159. Wang, R.; Zhang, X.; Huang, J.; Feng, K.; Zhang, Y.; Wu, J.; Ma, L.; Zhu, A.; Di, L. Bio-fabricated nanodrugs with chemo-
immunotherapy to inhibit glioma proliferation and recurrence. J. Control. Release 2023, 354, 572–587. [CrossRef]

160. Tomuleasa, C.; Soritau, O.; Kacso, G.; Fischer-Fodor, E.; Cocis, A.; Ioani, H.; Timis, T.; Petrescu, M.; Cernea, D.; Virag, P.; et al.
Arsenic trioxide sensitizes cancer stem cells to chemoradiotherapy. A new approach in the treatment of inoperable glioblastoma
multiforme. J. Buon 2010, 15, 758–762.

161. Grimm, S.A.; Marymont, M.; Chandler, J.P.; Muro, K.; Newman, S.B.; Levy, R.M.; Jovanovic, B.; McCarthy, K.; Raizer, J.J. Phase
I study of arsenic trioxide and temozolomide in combination with radiation therapy in patients with malignant gliomas. J.
Neuro-Oncol. 2012, 110, 237–243. [CrossRef]

162. Kumthekar, P.; Grimm, S.; Chandler, J.; Mehta, M.; Marymont, M.; Levy, R.; Muro, K.; Helenowski, I.; McCarthy, K.; Fountas, L.;
et al. A phase II trial of arsenic trioxide and temozolomide in combination with radiation therapy for patients with malignant
gliomas. J. Neuro-Oncol. 2017, 133, 589–594. [CrossRef]

163. Han, D.; Teng, L.; Wang, X.; Zhen, Y.; Chen, X.; Yang, M.; Gao, M.; Yang, G.; Han, M.; Wang, L.; et al. Phase I/II trial of local
interstitial chemotherapy with arsenic trioxide in patients with newly diagnosed glioma. Front. Neurol. 2022, 13, 1001829.
[CrossRef]

164. Ryu, S.; Ye, X.; Olson, J.J.; Mikkelsen, T.; Bangiyev, L.; Lesser, G.J.; Batchelor, T.; Nabors, B.; Desideri, S.; Walbert, T.; et al. Phase I
and pharmacodynamic study of arsenic trioxide plus radiotherapy in patients with newly diagnosed glioblastoma. Neuro-Oncol.
Adv. 2024, 6, vdae089. [CrossRef] [PubMed]

https://doi.org/10.3736/jcim20030311
https://doi.org/10.7150/ijbs.8056
https://doi.org/10.1016/j.biopha.2017.07.136
https://doi.org/10.1186/s12935-021-02137-x
https://www.ncbi.nlm.nih.gov/pubmed/34376212
https://doi.org/10.1016/j.biopha.2018.04.030
https://www.ncbi.nlm.nih.gov/pubmed/29653366
https://doi.org/10.1007/s10565-019-09462-y
https://www.ncbi.nlm.nih.gov/pubmed/30739221
https://doi.org/10.1159/000485279
https://doi.org/10.1186/s11671-019-3057-0
https://doi.org/10.1016/bs.pbr.2021.06.001
https://doi.org/10.1186/s12929-021-00717-7
https://doi.org/10.1242/dev.01567
https://doi.org/10.1038/ncomms6425
https://doi.org/10.1186/s12935-017-0491-x
https://doi.org/10.2174/1389203711314020005
https://www.ncbi.nlm.nih.gov/pubmed/23544423
https://doi.org/10.1634/stemcells.2008-0459
https://www.ncbi.nlm.nih.gov/pubmed/18787206
https://doi.org/10.1172/JCI42874
https://www.ncbi.nlm.nih.gov/pubmed/21183792
https://doi.org/10.1159/000351603
https://doi.org/10.3892/or.2019.7100
https://doi.org/10.1016/j.jconrel.2023.01.023
https://doi.org/10.1007/s11060-012-0957-6
https://doi.org/10.1007/s11060-017-2469-x
https://doi.org/10.3389/fneur.2022.1001829
https://doi.org/10.1093/noajnl/vdae089
https://www.ncbi.nlm.nih.gov/pubmed/38978961


Cells 2024, 13, 2138 25 of 25

165. Zhou, Y.; Chen, L.; Ding, D.; Li, Z.; Cheng, L.; You, Q.; Zhang, S. Cyanidin-3-O-glucoside inhibits the beta-catenin/MGMT
pathway by upregulating miR-214-5p to reverse chemotherapy resistance in glioma cells. Sci. Rep. 2022, 12, 7773. [CrossRef]

166. Liu, J.; Zhang, Y.; Sun, S.; Zhang, G.; Jiang, K.; Sun, P.; Zhang, Y.; Yao, B.; Sui, R.; Chen, Y.; et al. Bufalin Induces Apoptosis and
Improves the Sensitivity of Human Glioma Stem-Like Cells to Temozolamide. Oncol. Res. 2019, 27, 475–486. [CrossRef] [PubMed]

167. Com, E.; Clavreul, A.; Lagarrigue, M.; Michalak, S.; Menei, P.; Pineau, C. Quantitative proteomic Isotope-Coded Protein Label
(ICPL) analysis reveals alteration of several functional processes in the glioblastoma. J. Proteom. 2012, 75, 3898–3913. [CrossRef]

168. Lan, Y.L.; Wang, X.; Lou, J.C.; Ma, X.C.; Zhang, B. The potential roles of aquaporin 4 in malignant gliomas. Oncotarget 2017, 8,
32345–32355. [CrossRef]

169. Zhou, J.; Kong, H.; Hua, X.; Xiao, M.; Ding, J.; Hu, G. Altered blood-brain barrier integrity in adult aquaporin-4 knockout mice.
Neuroreport 2008, 19, 1–5. [CrossRef]

170. Lan, Y.L.; Chen, C.; Wang, X.; Lou, J.C.; Xing, J.S.; Zou, S.; Hu, J.L.; Lyu, W.; Zhang, B. Gamabufotalin induces a negative
feedback loop connecting ATP1A3 expression and the AQP4 pathway to promote temozolomide sensitivity in glioblastoma cells
by targeting the amino acid Thr794. Cell Prolif. 2020, 53, e12732. [CrossRef]

171. Zhu, Z.; Liang, S.; Hong, Y.; Qi, Y.; Sun, Q.; Zhu, X.; Wei, Y.; Xu, Y.; Chen, Q. Bufotalin enhances apoptosis and TMZ
chemosensitivity of glioblastoma cells by promoting mitochondrial dysfunction via AKT signaling pathway. Aging 2024,
16, 9264–9279. [CrossRef]

172. Shimizu, Y.; Inoue, E.; Ito, C. Effect of the water-soluble and non-dialyzable fraction isolated from Senso (Chan Su) on lymphocyte
proliferation and natural killer activity in C3H mice. Biol. Pharm. Bull. 2004, 27, 256–260. [CrossRef]

173. Cao, Y.; Song, Y.; An, N.; Zeng, S.; Wang, D.; Yu, L.; Zhu, T.; Zhang, T.; Cui, J.; Zhou, C.; et al. The effects of telocinobufagin
isolated from Chan Su on the activation and cytokine secretion of immunocytes in vitro. Fundam. Clin. Pharmacol. 2009, 23,
457–464. [CrossRef]

174. Wang, X.L.; Zhao, G.H.; Zhang, J.; Shi, Q.Y.; Guo, W.X.; Tian, X.L.; Qiu, J.Z.; Yin, L.Z.; Deng, X.M.; Song, Y. Immunomodulatory
effects of cinobufagin isolated from Chan Su on activation and cytokines secretion of immunocyte in vitro. J. Asian Nat. Prod. Res.
2011, 13, 383–392. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-022-11757-w
https://doi.org/10.3727/096504018X15270916676926
https://www.ncbi.nlm.nih.gov/pubmed/29793559
https://doi.org/10.1016/j.jprot.2012.04.034
https://doi.org/10.18632/oncotarget.16017
https://doi.org/10.1097/WNR.0b013e3282f2b4eb
https://doi.org/10.1111/cpr.12732
https://doi.org/10.18632/aging.205883
https://doi.org/10.1248/bpb.27.256
https://doi.org/10.1111/j.1472-8206.2009.00696.x
https://doi.org/10.1080/10286020.2011.565746

	Introduction 
	Antitumor Activity of Arsenic Compounds 
	Arsenic Compounds 
	In Vitro Cytotoxicity and In Vivo Antitumor Activity of Arsenic Compounds 
	Arsenic Trioxide (As2O3) 
	Arsenic Disulfide (As2S2) 
	Darinaparsin 


	Potential of Natural Products Against GBM 
	Anthocyanidins 
	Tetrandrine 
	Bufadienolide Compounds 

	Possibility of Serving as a Promising Candidate for the Combinatorial Treatment with TMZ 
	Conclusions 
	References

