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Abstract: Glioblastoma (GBM) is a highly lethal type of cancer, frequently presenting an unfavorable
prognosis. The current treatment options for this neoplasia are still limited, highlighting the need
for further research evaluating new drugs to treat GBM or to serve as an adjuvant to improve the
efficiency of currently used therapies. In this sense, the inhibition of A2A receptors in the brain has
presented a neuroprotective role for several diseases, such as neurodegenerative conditions, and it
has been suggested as a possible pharmacological target in some types of cancer; thus, it also can be
underscored as a potential target in GBM. Recently, Istradefylline (IST) was approved by the FDA
for treating Parkinson’s disease, representing a safe drug that acts through the inhibition of the A2A
receptor, and it has also been suggested as an antineoplastic drug. Therefore, this work aims to
explore the effects of A2A receptor inhibition as a therapy for GBM and assess the feasibility of this
blockage occurring through the effects of IST.

Keywords: glioblastoma; Istradefylline; purinergic system; A2A purinoceptor; adenosine; Parkin-
son’s disease; neuroprotection

1. Introduction

Recently, the Food and Drug Administration (FDA) in the United States approved the
use of Istradefylline (IST) as an adjuvant medication in treating patients with Parkinson’s
disease (PD) [1]. The drug’s main activity is its antagonist effect on the A2A receptor
(A2AR) in the brain, thus reducing motor deficits, which are the most common symptoms
reported by PD patients [1].

In this scenario, the previously known promising characteristics of the drug, along
with new studies being developed, have led to the emergence of different hypotheses
regarding the impacts of IST on other conditions linked to neurological impairment. It
has been previously studied for its effects on certain dysfunctions, such as hearing loss [2],
memory deficits [3], and restless legs syndrome [4]. In 2023, the drug was evaluated against
alcohol-induced respiratory suppression [5] and melanoma [6], as well as for its potential
as an adjuvant in therapy against neuroblastoma [7].

Considering the initial positive results related to the impact of IST in neuroblastoma,
the drug’s potential against tumors deserves attention [7]. Evidence has been found
regarding the role of this drug as a caffeine analog and its activity as an A2A receptor
(A2AR) antagonist, which can indicate its possible effect on other types of cancer [6,8].

Glioblastoma (GBM) represents one of the most dangerous types of cancer, with a low
response to a wide range of therapies [9]. This malignant brain tumor has high invasiveness
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and capacity for proliferation, making it extremely life-threatening [9]. Furthermore, studies
indicate that GBM may respond to therapies related to the activity of A2AR, suggesting
that future drugs that antagonize this receptor could be beneficial [10,11].

Therefore, the lack of therapies with expressive effectiveness against GBM and its
aggressiveness indicates the need for further research on possible drugs to provide new
perspectives in GBM treatment. Hence, this work offers insight into the possible effects of
IST in this context.

2. Association Between Glioblastoma and A2AR

Different pathways contribute to the progression of GBM; among them, the molec-
ular mechanism of hypoxia appears to promote its growth [12,13]. The immune system
also plays a direct role in GBM development [13] by creating an immunosuppressive mi-
croenvironment [12,14] characterized by the recruitment of immunosuppressive cells, such
as natural killer T (NKT) and T-suppressor cells like myeloid-derived suppressor cells
(MDSCs) [15,16]. The release of immunosuppressive cytokines and chemokines, such as
transforming growth factor-β (TGF-β), interleukin 10 (IL-10), and prostaglandin E2 (PGE2),
further contributes to this immunosuppressive environment. Additionally, the hypoxic
conditions in the GBM microenvironment increase the concentration of adenosine, a small
nucleoside involved in blocking antitumor immunity. Studies have shown that adenosine
inhibits the function of natural killer cells (NKCs) and impairs the ability of cytotoxic T
cells to target tumor cells [11,17–19].

In the extracellular area, adenosine is produced from ATP after hydrolysis by spe-
cific ectoenzymes, namely CD39 (ecto-nucleoside triphosphate diphosphohydrolase 1,
E-NTPDase1) and CD73 (ecto-5′-nucleotidase, Ecto5′NTase), which are expressed in mi-
croglial cells [20]. A study conducted in vivo demonstrated that mice lacking CD73 had
lower levels of extracellular adenosine, suggesting that ATP degradation is the primary
source of extracellular adenosine [21]. Because angiogenesis is essential for tumor cell
growth, it was demonstrated that this process is blocked in mice deprived of CD39, leading
to reduced tumor growth [22]. Thus, it is hypothesized that tumor-derived adenosine serves
as a mechanism by which tumors escape the immune response [23], as the immune system
fails to activate in the presence of antigens due to the inhibition of T cells by adenosine [24].

Studies have reported that extracellular adenosine is an essential regulator of several
aspects of tumorigenesis, angiogenesis, tumor cell growth, and metastasis [25]. Kazemi
and colleagues provide an interesting review of the expression of adenosine receptors in
different tumor cell lines and their effects, including proliferative and tumor-protective
expressions, after their activation [26]. Adenosine is expressed in various tissues and
modulates the vasoconstriction and vasodilation of arteries and veins. Furthermore, it
inhibits lipolysis, induces bronchoconstriction, and regulates diuresis, muscle tone, and
locomotion [27]. At the CNS level, it exerts neuroprotective activity against ischemic events,
hypoxia, and oxidative stress and modulates the release of neurotransmitters [28]. It is
also involved in the regulation of cytokines and the production of T lymphocytes by the
immune system [29].

Adenosine is a purine nucleotide that acts in several physiological functions by in-
teracting with its receptor subtypes (A1, A2A, A2B, and A3). A2A and A2B receptors are
primarily expressed in the CNS, especially in presynaptic areas of the hippocampus, where
they modulate the release of neurotransmitters, such as glutamate, acetylcholine, gamma-
aminobutyric acid (GABA), and norepinephrine [30], as well as postsynaptic regions of the
basal ganglia, where they influence neuronal plasticity. These receptors are also expressed
on astrocytes and oligodendrocytes [30] and immune system cells [31], such as regulatory
T cells, macrophages, and natural killer cells (NKCs) [32], suggesting that they could be
valid candidates for cancer immunotherapy. Both in vitro and in vivo studies have shown
the presence of adenosine receptors on microglia, including the expression of A2AR [33]
(Figure 1).
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Figure 1. The role of A2AR in patients with GBM. A2AR can mediate various cellular and immune
responses in the brains of individuals with GBM. This receptor regulates tumor cell proliferation,
T cell responses, the release of nerve growth factor, and apoptosis. Hence, it can influence the
development and growth of GBM. Figure made in BioRender (https://app.biorender.com/, accessed
on 26 October 2024).

From this perspective, stimulation of A2AR in rat microglia induces the expression of
nerve growth factor and its release, thus exerting a neuroprotective effect [32,33]. At the
same time, it induces the expression of cyclooxygenase-2 (COX-2) in rat microglia, releasing
prostaglandins [34]. Other studies using A2AR antagonists have inhibited tumor growth,
reduced CD4+ and regulatory T cells, and improved antitumor T cell responses [35].
There is conflicting evidence regarding adenosine-receptor-mediated actions on GBM
proliferation. In GBM stem cells, activation of A1AR and A2BR appears to reduce tumor
proliferation and induce apoptosis [36], whereas in non-GBM stem cell lines, activation
of A1, A2B, or A3 receptors induced increased proliferation. Liu and collaborators [36]
reported a pro-proliferative action of adenosine mediated by A2B receptor activation in
GBM cell lines subjected to hypoxia.

In the study by Kim and Bynoe [27], mice lacking CD73 and unable to synthesize
extracellular adenosine have a more cohesive blood–brain barrier (BBB) and are protected
against experimental autoimmune encephalomyelitis (EAE), the animal model for multiple
sclerosis. More recently, it was shown that activation of A2AR with a broad-spectrum
agonist or an FDA-approved specific agonist, N-Methyl-2-[4-[(methylamino)carbonyl]-1H-
pyrazol-1-yl]adenosine (Regadenoson), increased drug accumulation in the brain in a time-
and dose-dependent manner [37,38]. BBB opening under AR signaling was reversible. Thus,
the duration of BBB permeability depended on the half-life of the AR agonist. Similarly,
signaling activation was shown to exert its effects in the paracellular pathway, altering
VE-cadherin and claudin-5 expression to promote BBB permeability in primary human
brain endothelial cells [37,39]. Therefore, evaluating the therapeutic potential of adenosine
receptor modulators may be the future of combating GBM.

3. Istradefylline: An Overview

Istradefylline (IST) is a selective adenosine receptor modulator approved in 2019 by
the U.S. FDA and indicated as an adjunctive treatment to levodopa/carbidopa for adults
with PD who experience “off” episodes [40]. This medication is primarily metabolized by
cytochrome P450 (CYP) 1A1 and 3A4, and exposure to IST is affected by smoking and the
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use of CYP3A4 inhibitors [41]. The most common adverse reactions (occurring in at least 5%
of patients and more frequently than with placebo) with IST use are dyskinesia, dizziness,
constipation, nausea, hallucinations, and insomnia [40]. The recommended dosage for this
medication is 20 mg orally once a day, which can be increased up to 40 mg daily [40]. In
this section, we will discuss the action of IST on the A2AR, its indication in treating PD,
and its potential for treating other health conditions (Table 1).

Table 1. Therapeutic potential of IST for new treatments for health conditions.

Potential Use of IST Therapeutic Effect References

Adjuvant treatment with
cisplatin

Mitigation of cisplatin-induced
nephrotoxicity and pain hypersensitivity;

enhancement of the antitumor properties of
cisplatin

[42]

Treatment for Alzheimer’s
and dementia

Reduction of hippocampus-dependent
memory impairment;

combating synaptic toxicity;
reducing neuroinflammation

[43]

Adjuvant treatment to
chemotherapy

Blocking angiogenesis; reducing tumor
proliferation [44,45]

Adjuvant treatment to
immunotherapy

Reduction in cAMP levels enables
lymphocytes to fight tumor cells [44,45]

IST acts as an A2AR antagonist [41,46]. The A2AR is a protein that belongs to a family
of four G protein-coupled receptor (GPCR) adenosine receptors, which regulate several
pathophysiological conditions in the central and peripheral nervous system [43]. These
A2ARs are primarily located in the basal ganglia on the external surfaces of neurons in
the indirect tracts between the striatum, the external globus pallidus, and the substantia
nigra [41,47]. An antagonistic relationship between adenosine and dopamine is present
because A2ARs are co-localized with dopamine D2 receptors in the striatum [47].

Thus, activation of the A2AR reduces the affinity of dopamine D2 receptors for
dopamine agonists, leading to a decrease in mobility, which is beneficial for treating
patients with PD [41,47]. Therefore, therapies involving the activation of dopamine D2
receptors and inhibition of A2AR through therapies, such as IST, contribute to improving
symptoms of movement dysfunction in PD patients [41,47]. Additionally, adenosine antag-
onists have a neuroprotective effect on dopaminergic neurons affected by PD. Moreover,
activation of the A2AR affects GABAergic transmission by inhibiting it in the striatum and
increasing it in the globus pallidus, which can be corrected with the use of IST [41,47].

Given these therapeutic effects, IST is used in combination with levodopa/carbidopa
in adult patients with PD who experience “off” episodes [41]. These episodes are char-
acterized by an increase in symptoms and occur unexpectedly, impacting the patient’s
quality of life, partly due to levodopa therapy [41]. IST promotes dopaminergic activity
by antagonizing adenosine in the basal ganglia [41]. Thus, by targeting A2AR in the basal
ganglia, IST decreases the duration of “off” episodes in patients with PD, providing addi-
tional neuroprotective effects [46]. Furthermore, it neutralizes the side effects of levodopa
by reversing motor disability during “on” periods without causing dyskinesia [46]. In
relation to therapies for PD, Torres-Yaghi and colleagues [48] conducted a post hoc anal-
ysis of the effect of treatment with IST as an adjunct to levodopa treatment. Their study
concluded that it could improve the motor skills of PD patients with motor fluctuations,
both in patients with the tremor-dominant subtype of the disease and in the subtype of
postural instability and gait difficulty [48]. Considering the positive effects observed in the
adjunctive treatment of levodopa therapy in PD patients, other therapeutic possibilities are
being considered for the medication. IST is also being evaluated as a potential monotherapy
in PD patients with cognitive impairment in phase two studies and in patients with amy-
otrophic lateral sclerosis, spinal cord injuries, and myelopathy in phase one studies [46].
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Furthermore, studies are targeting the protection of the kidneys of patients undergoing
cisplatin treatment [42].

Cisplatin is a chemotherapy drug used in the treatment of various cancers, but it often
causes severe adverse effects, such as nephrotoxicity and peripheral neuropathy [42]. The
adenosine A2AR also controls renal pathologies, such as ischemia–reperfusion injury, fibro-
sis, diabetic nephropathy, and glomerulonephritis [42]. Dewaeles and collaborators [42]
conducted a study using rat models with acute, subchronic, and chronic cumulative admin-
istration of cisplatin. They found that IST mitigated cisplatin-induced nephrotoxicity and
pain hypersensitivity, while also enhancing the antitumor properties of cisplatin [42].

Another critical aspect of the therapeutic potential of adenosine A2AR antagonists
is their potential to serve as a new strategy to combat neurodegenerative diseases, such
as Alzheimer’s [43]. A2ARs in the brain are mainly located in glutamatergic synapses,
where their activation at the presynaptic level leads to an increase in glutamate release,
contributing to excitotoxicity [43]. Thus, the involvement of the adenosine A2AR in
glutamatergic synaptic physiology is related to Alzheimer’s, and A2AR antagonism may
help reduce hippocampus-dependent memory impairment, providing a way to combat
synaptic toxicity. Furthermore, inhibiting A2AR-mediated cytokine production could
decrease neuroinflammation and potentially reduce memory loss [43].

Blocking the A2AR has been shown to improve human memory, suggesting a possible
strategy to address cognitive deficits in Alzheimer’s patients [43]. In this sense, low doses
of IST have been shown to improve spatial memory and habituation in animal models of
Alzheimer’s, indicating that drugs targeting the A2AR, like IST, hold promise for treating
dementia [43]. A2B antagonists and mixed A2A/A2B antagonists may also have neuro-
protective properties and are also being explored for their potential applications in cancer
immunotherapy [43–45]. One of the main challenges in modulating the adenosine receptor
for cancer treatment is interrupting tumor growth, as it does not directly impact gene
expression suppression or induction [44]. However, an important aspect to consider is
that adenosine, through the A2AR, responds to tissue injury by promoting angiogene-
sis [45]. Thus, considering that angiogenesis is a crucial factor for tumor metastasis, A2A
antagonists could play a role in negatively regulating tumor growth by blocking angio-
genesis and metastasis [45]. Therefore, the most likely scenario is that the activation or
blockade of adenosine receptors could serve as an adjuvant therapy in chemotherapeutic
and immunotherapeutic treatments [44].

In this sense, adenosine, its affinity receptors, and related enzymes are relevant in the
action of the immune system, as there is a high concentration of adenosine in the tumor
microenvironment, which hinders the activation of lymphocytes capable of destroying
tumor cells [44]. In this regard, a selective A2AR antagonist reduces cAMP levels, enabling
lymphocytes to fight tumor cells [44]. Therefore, A2AR antagonists may be a strategy to
overcome the immunosuppressive effects of adenosine in the tumor microenvironment [45].
Consequently, several clinical trials are underway to test the combination of A2AR antago-
nists with anticancer immunotherapies and the addition of inhibitors of the enzyme that
converts AMP to adenosine (CD73) to these trials [44].

4. The Potential Role of Istradefylline Against Glioblastoma

GBM multiforme is the most prevalent and aggressive form of tumor affecting the
adult brain. Due to its aggressive nature and infiltrative growth pattern, it remains one of
the most challenging tumors to manage [49]. The standard treatment for GBM currently
includes surgical intervention to achieve total resection, followed by a combination of
chemotherapy and radiotherapy [49].

Despite advancements in surgical techniques and intraoperative technology, the prog-
nosis remains poor. In this scenario, with current medical treatment, patients have a median
overall survival of 15 months, with only 5% of patients living longer than 5 years [50].
Considering the limited survival rates and the challenges of current therapies, exploring
alternative approaches for the disease is crucial to improve patient outcomes. Efforts to
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integrate immunotherapies with conventional chemotherapy and radiotherapy in GBM
have proven ineffective [49]. This limited success is attributed to the tumor’s ability to
evade immune detection by developing various immunoresistance mechanisms [49].

Adenosine receptors, notably the A2A subtype, have gained interest as potential
targets for treating various neurodegenerative disorders linked to neuroinflammation, such
as Parkinson’s and Alzheimer’s diseases, as well as multiple sclerosis [50]. In this regard,
the approval of Istradefylline, an A2AR antagonist, as an adjunct therapy for Parkinson’s
disease opens up new therapeutic possibilities [50]. Inhibiting A2AR has been shown to
provide neuroprotective benefits by mitigating neuroinflammatory processes and reducing
astroglial and microglial activation [50]. These findings suggest that targeting A2AR is a
promising therapeutic approach for GBM.

Recently, a few studies have suggested the potential role of IST as an antineoplastic
drug, either highlighting the need for a deeper study of this molecule’s behavior in this
context or presenting positive results of its use in some tumors [6,7,11,51]. In this regard,
little is known about its antitumor effects in the central nervous system (CNS); however, in
other tissues, research suggests that blocking A2AR has essential effects on inflammatory
responses. This includes decreasing malignant cell proliferation and metastasis formation,
increasing early apoptosis, and inducing a better response to chemotherapy [6].

Studies indicate that the P1 family of receptors is responsible for inducing an immuno-
suppressive response in the tumor microenvironment, inhibiting the activities of immune
cells, such as natural killers and cytotoxic T cells, for example [11,52]. The activity of A2AR,
in particular, has been linked to immune evasion of malignant cells and the development
of metastasis, which is closely associated with cancer progression [11,53]. Furthermore,
in vitro studies with GBM cells have suggested that excessive adenosine interaction with
A2AR protects the tumor, including protection against chemotherapy, and thus reducing
tissue response to it [11,54]. Hence, blocking A2AR with IST has been indicated as a poten-
tial strategy against GBM by inducing immune responses against the tumor, enhancing the
response to standard chemotherapy, and providing new perspectives for treating patients
who receive this unfavorable diagnosis.

When considering the association of this drug with A2AR, other characteristics of
IST also support its potential as a pharmacological target against GBM. In this sense, IST
represents a modified methylxanthine, a group of purine-derived xanthine derivative
substances that can be found in nature or produced synthetically known for their A2AR
antagonistic effect [8]. Recently, this group of molecules has been studied for its protective
effects against neurodegenerative conditions, showing promising results, such as IST itself
in PD, for example [8].

Additionally, several different methylxanthines have been studied for their antitu-
moral effects as well, including tumors of the CNS. In a study with neuroblastoma cell
lines, Tran and colleagues [7] evaluated the potential of caffeine as an adjuvant therapy
against the tumor. As a result, caffeine could improve the anti-growth effect of statins over
malignant cells, demonstrating a positive effect against cancer [7]. Initially, caffeine reduced
the activity of the mevalonate pathway, which generates sterols, precursors of various
molecules, including cholesterol, a structural component of cellular membranes [7]. Sterols
can also form several other molecules necessary for maintaining intracellular functions.
Hence, reducing their availability using statins and reducing the activity of the mevalonate
pathway using caffeine represent relevant measures to prevent tumoral progression [7].

Moreover, Tran and colleagues [7] evaluated the property of caffeine that allows for
the reduction of mevalonate pathway activities and found that its ability to inhibit A2AR
was responsible for this phenomenon [7]. Additionally, they tested other A2AR inhibitors,
finding the same type of activity, including IST. Therefore, the drug can affect cellular lipid
metabolism through A2AR inhibition, ultimately preventing cell proliferation.

Furthermore, other studies have also found that caffeine induces apoptosis in malig-
nant cells [55]. According to these studies, apoptosis has been mediated by this substance
in several types of cancer, including GBM [56–58]. Different pathways have been suggested
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as responsible for the influence of this substance on the cellular cycle and apoptosis, with
the modification of the transcription of some genes, mainly FOXO1, being considered a
possibility [59]. In this regard, a study with mice evaluating the autophagy and apoptosis
of chondrocytes has suggested that administering A2AR agonists is also responsible for
modifying FOXO1 expression, but it leads to the reduction of apoptosis [60]. Although
this association is not completely clear, A2AR antagonism can induce apoptosis and avoid
cancer progression [60].

Another methylxanthine that deserves attention in the IST scenario is theobromine.
Sugimoto and colleagues conducted studies on the effects of this molecule on GBM cell
lines, finding that it inhibits the proliferation of malignant cells [61]. According to their
study, the molecule can affect PDE4, ERK, Akt/mTOR, NF-κB, p38-MAPK, and JNK
pathways, reducing proliferative activities and inducing apoptosis [61]. Despite the absence
of scientific literature linking this behavior to A2AR modulation, studies suggest that
caffeine and IST can also affect some proliferative and apoptotic pathways through A2AR
inhibition under pathological conditions [6,62]. Thus, IST can potentially influence these
pathways, and it is a promising drug against GBM.

Finally, in the study by Da Silva and colleagues, IST was shown to exhibit pro-
inflammatory behavior in the tumor microenvironment of mice with melanoma [6]. A2A
antagonism increased the expression of P2X7 receptors (P2X7R) and blocked tumor growth
pathways [6]. Activation of P2X7R is responsible for mediating inflammatory responses and
immunological activities by releasing cytokines, recruiting immune cells, and activating
the NLRP3 inflammasome [60]. In the context of melanoma, this response is promising,
as it allows individuals to activate their immune system to induce inflammation and fight
cancer, helping to control the disease and prevent its progression. This feature could also
be beneficial in the treatment of GBM (Figure 2).
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leading to a reduction in metastasis formation and cellular proliferation. Additionally, antagonism to
this receptor also increases early apoptosis and improves responses to chemotherapy, contributing to
the treatment of the disease. Figure made in BioRender. (https://app.biorender.com/, accessed on 26
October 2024.).

In addition, there is an increased risk of thrombotic events in high-grade gliomas.
Thus, one of the difficulties of treatment is associated with managing anticoagulant therapy,
given the high background rate of intralesional bleeding. Studies indicate that despite the
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increased thrombotic risk, patients with GBM benefit from more extensive antithrombotic
prophylaxis based on evaluating the use of heparin without considering the new oral
anticoagulants [63]. It is worth noting that there are currently no protocols indicating or
contraindicating prolonged antithrombotic prophylaxis considering that administering
anticoagulants to these patients involves an increased risk of intracranial bleeding [63].

Additionally, studies suggest that the presence of inflammatory environments can
affect the activity of cellular proliferative and apoptotic pathways, leading to increased
apoptosis and reduced cell replication [64,65]. Therefore, the pro-inflammatory conditions
induced by the use of IST through its A2AR antagonistic activity can also be responsible for
regulating pathways that stimulate or halt the cell cycle. In this regard, such activity can be
valuable in controlling tumor growth and infiltration, representing a promising mechanism
of the drug.

Therefore, IST has extensive potential to serve as an antineoplastic drug or adjuvant in
the GBM scenario. This molecule has shown promising results when analyzed as a therapy
against other types of tumors. However, it also shares characteristics with other substances
already evaluated in the GBM scenario, specifically the methylxanthines group to which
IST belongs as a synthetic form of these molecules [8].

Furthermore, IST has already been proven as a safe drug capable of crossing the
BBB and reaching the brain, indicating that it would be suitable for the treatment of
GBM, a cancer with such an unfavorable prognosis. Moreover, this drug has shown
several relevant activities against GBM. However, its proinflammatory effects in the tumor
microenvironment are the primary pathway for developing its antineoplastic activities,
indicating the need to create a hostile condition to combat GBM and the critical potential of
IST in this context.

5. Conclusions and Future Perspectives

Evidence indicates that A2AR activity is associated with cancer progression, par-
ticularly metastasis. Blocking this cancer feature could lead to improved outcomes and
potentially open up new therapeutic options. In this sense, taking into account the potential
positive effect of blocking A2AR in inflammatory responses and the neuroprotective effects
of A2AR inhibitors in neurodegenerative conditions, it is believed that IST has the potential
to improve the response to chemotherapy in GBM patients.

The hypothesis that IST could inhibit cell proliferation by modulating A2AR is sup-
ported by the positive effect against cancer observed from A2AR inhibition in the testing of
caffeine, another methylxanthine in neuroblastoma cells. Furthermore, A2AR antagonism
may be able to induce apoptosis, which contributes to controlling cancer progression. This
association with the pro-inflammatory behavior resulting from A2A antagonism boosts
P2X7 receptor expression, enabling the immune system to induce inflammatory responses
and fight cancer, thus controlling tumor growth. Given this positive evidence, it is sug-
gested that the antitumor effects of IST on the central nervous system (CNS) be further
investigated to offer new treatment approaches for GBM patients.
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47. Cieślak, M.; Komoszyński, M.; Wojtczak, A. Adenosine A(2A) receptors in Parkinson’s disease treatment. Purinergic Signal. 2008,
4, 305–312. [CrossRef]

48. Torres-Yaghi, Y.; Hattori, N.; Rascol, O.; Nakajima, Y.; King, S.M.; Mori, A.; Pagan, F. Istradefylline effects on tremor dominance
(TD) and postural instability and gait difficulty (PIGD). Clin. Park. Relat. Disord. 2023, 9, 100224. [CrossRef]

https://doi.org/10.1016/S1471-4906(00)01793-2
https://doi.org/10.4110/in.2019.19.e23
https://doi.org/10.1006/excr.2002.5514
https://doi.org/10.1172/JCI76207
https://doi.org/10.1006/jsre.1998.5439
https://doi.org/10.2174/1381612825666190716102037
https://doi.org/10.1074/jbc.M003011200
https://doi.org/10.1016/j.neuint.2005.05.009
https://www.ncbi.nlm.nih.gov/pubmed/16011860
https://doi.org/10.1093/brain/awp076
https://www.ncbi.nlm.nih.gov/pubmed/19359287
https://doi.org/10.1158/0008-5472.CAN-17-2826
https://www.ncbi.nlm.nih.gov/pubmed/29229601
https://doi.org/10.1186/s12943-017-0665-0
https://doi.org/10.1038/cddis.2014.487
https://doi.org/10.1016/j.biocel.2014.01.007
https://doi.org/10.1523/JNEUROSCI.3337-11.2011
https://doi.org/10.4049/jimmunol.1200545
https://doi.org/10.1073/pnas.0711175105
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/022075s000lbl.pdf
https://doi.org/10.3390/neurolint12030017
https://doi.org/10.1172/JCI152924
https://www.ncbi.nlm.nih.gov/pubmed/36377661
https://doi.org/10.3390/molecules27092680
https://www.ncbi.nlm.nih.gov/pubmed/35566035
https://doi.org/10.3390/cells10112831
https://www.ncbi.nlm.nih.gov/pubmed/34831054
https://doi.org/10.1002/jcp.25873
https://doi.org/10.1016/j.biopha.2023.115184
https://doi.org/10.1007/s11302-008-9100-8
https://doi.org/10.1016/j.prdoa.2023.100224


Brain Sci. 2024, 14, 1286 11 of 11

49. Bianconi, A.; Palmieri, G.; Aruta, G.; Monticelli, M.; Zeppa, P.; Tartara, F.; Melcarne, A.; Garbossa, D.; Cofano, F. Updates in
Glioblastoma Immunotherapy: An Overview of the Current Clinical and Translational Scenario. Biomedicines 2023, 11, 1520.
[CrossRef]

50. Lambertucci, C.; Marucci, G.; Catarzi, D.; Colotta, V.; Francucci, B.; Spinaci, A.; Varano, F.; Volpini, R. A2A Adenosine Receptor
Antagonists and their Potential in Neurological Disorders. Curr. Med. Chem. 2022, 29, 4780–4795. [CrossRef]

51. IJzerman, A.P.; Jacobson, K.A.; Müller, C.E.; Cronstein, B.N.; Cunha, R.A. International Union of Basic and Clinical Pharmacology.
CXII: Adenosine Receptors: A Further Update. Pharmacol. Rev. 2022, 74, 340–372. [CrossRef]

52. Fishman, P.; Bar-Yehuda, S.; Synowitz, M.; Powell, J.D.; Klotz, K.N.; Gessi, S.; Borea, P.A. Adenosine receptors and cancer. Handb.
Exp. Pharmacol. 2009, 193, 399–441. [CrossRef]

53. Waickman, A.T.; Alme, A.; Senaldi, L.; Zarek, P.E.; Horton, M.; Powell, J.D. Enhancement of tumor immunotherapy by deletion of
the A2A adenosine receptor. Cancer Immunol. Immunother. 2012, 61, 917–926. [CrossRef] [PubMed]

54. Vigano, S.; Alatzoglou, D.; Irving, M.; Ménétrier-Caux, C.; Caux, C.; Romero, P.; Coukos, G. Targeting Adenosine in Cancer
Immunotherapy to Enhance T-Cell Function. Front. Immunol. 2019, 10, 925. [CrossRef] [PubMed]

55. Bonafé, G.A.; Boschiero, M.N.; Sodré, A.R.; Ziegler, J.V.; Rocha, T.; Ortega, M.M. Natural Plant Compounds: Does Caffeine,
Dipotassium Glycyrrhizinate, Curcumin, and Euphol Play Roles as Antitumoral Compounds in Glioblastoma Cell Lines? Front.
Neurol. 2022, 12, 784330. [CrossRef]

56. Ku, B.M.; Lee, Y.K.; Jeong, J.Y.; Ryu, J.; Choi, J.; Kim, J.S.; Cho, Y.W.; Roh, G.S.; Kim, H.J.; Cho, G.J.; et al. Caffeine inhibits cell
proliferation and regulates PKA/GSK3β pathways in U87MG human glioma cells. Mol. Cells 2011, 31, 275–279. [CrossRef]

57. Liu, J.D.; Song, L.J.; Yan, D.J.; Feng, Y.Y.; Zang, Y.G.; Yang, Y. Caffeine inhibits the growth of glioblastomas through activating the
caspase-3 signaling pathway in vitro. Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 3080–3088.

58. Sun, F.; Han, D.F.; Cao, B.Q.; Wang, B.; Dong, N.; Jiang, D.H. Caffeine-induced nuclear translocation of FoxO1 triggers Bim-
mediated apoptosis in human glioblastoma cells. Tumour Biol. 2016, 37, 3417–3423. [CrossRef]

59. Friedman, B.; Corciulo, C.; Castro, C.M.; Cronstein, B.N. Adenosine A2A receptor signaling promotes FoxO associated autophagy
in chondrocytes. Sci. Rep. 2021, 11, 968. [CrossRef]

60. Sugimoto, N.; Miwa, S.; Hitomi, Y.; Nakamura, H.; Tsuchiya, H.; Yachie, A. Theobromine, the primary methylxanthine found in
Theobroma cacao, prevents malignant glioblastoma proliferation by negatively regulating phosphodiesterase-4, extracellular
signal-regulated kinase, Akt/mammalian target of rapamycin kinase, and nuclear factor-kappa B. Nutr. Cancer 2014, 66, 419–423.
[CrossRef]

61. Wang, H.; Guan, W.; Yang, W.; Wang, Q.; Zhao, H.; Yang, F.; Lv, X.; Li, J. Caffeine inhibits the activation of hepatic stellate cells
induced by acetaldehyde via adenosine A2A receptor mediated by the cAMP/PKA/SRC/ERK1/2/P38 MAPK signal pathway.
PLoS ONE 2014, 9, e92482. [CrossRef]

62. Di Virgilio, F.; Dal Ben, D.; Sarti, A.C.; Giuliani, A.L.; Falzoni, S. The P2X7 Receptor in Infection and Inflammation. Immunity 2017,
47, 15–31. [CrossRef] [PubMed]

63. Bianconi, A.; Prior, A.; Zona, G.; Fiaschi, P. Anticoagulant therapy in high grade gliomas: A systematic review on state of the art
and future perspectives. J. Neurosurg. Sci. 2023, 67, 236–240. [CrossRef] [PubMed]

64. Yang, Y.; Kim, S.C.; Yu, T.; Yi, Y.S.; Rhee, M.H.; Sung, G.H.; Yoo, B.C.; Cho, J.Y. Functional roles of p38 mitogen-activated protein
kinase in macrophage-mediated inflammatory responses. Mediat. Inflamm. 2014, 2014, 352371. [CrossRef] [PubMed]

65. He, X.; Li, Y.; Deng, B.; Lin, A.; Zhang, G.; Ma, M.; Wang, Y.; Yang, Y.; Kang, X. The PI3K/AKT signalling pathway in inflammation,
cell death and glial scar formation after traumatic spinal cord injury: Mechanisms and therapeutic opportunities. Cell Prolif. 2022,
55, e13275. [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/10.3390/biomedicines11061520
https://doi.org/10.2174/0929867329666220218094501
https://doi.org/10.1124/pharmrev.121.000445
https://doi.org/10.1007/978-3-540-89615-9_14
https://doi.org/10.1007/s00262-011-1155-7
https://www.ncbi.nlm.nih.gov/pubmed/22116345
https://doi.org/10.3389/fimmu.2019.00925
https://www.ncbi.nlm.nih.gov/pubmed/31244820
https://doi.org/10.3389/fneur.2021.784330
https://doi.org/10.1007/s10059-011-0027-5
https://doi.org/10.1007/s13277-015-4180-x
https://doi.org/10.1038/s41598-020-80244-x
https://doi.org/10.1080/01635581.2013.877497
https://doi.org/10.1371/journal.pone.0092482
https://doi.org/10.1016/j.immuni.2017.06.020
https://www.ncbi.nlm.nih.gov/pubmed/28723547
https://doi.org/10.23736/S0390-5616.21.05536-3
https://www.ncbi.nlm.nih.gov/pubmed/34763392
https://doi.org/10.1155/2014/352371
https://www.ncbi.nlm.nih.gov/pubmed/24771982
https://doi.org/10.1111/cpr.13275

	Introduction 
	Association Between Glioblastoma and A2AR 
	Istradefylline: An Overview 
	The Potential Role of Istradefylline Against Glioblastoma 
	Conclusions and Future Perspectives 
	References

