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Brain tumors are a significant concern for the global medical community, with over
300,000 cases reported annually worldwide [1]. While some tumors are benign, many can
become malignant and invade healthy brain tissue. Advances in diagnosis and treatment,
such as improved imaging, targeted therapies, and minimally invasive surgeries, have
improved outcomes and quality of life for patients. Despite these advancements, brain and
other central nervous system (CNS) tumors are the fifth most common type of cancer and
the most common among children [2].

Various criteria such as the location, type, grade, invasiveness, and potential spread of
a brain tumor can restrict the success of its treatment. The blood–brain barrier (BBB) can
hinder the efficacy of some medications, and tumors can become resistant to treatments
with prolonged exposure [3]. Neurological impairment resulting from therapies such as
surgery and radiation therapy can also affect a patient’s quality of life [4]. The problems
highlight the intricate nature of handling brain tumors and the necessity for continuous
research to enhance results. Ongoing research is focused on comprehending the biology of
brain tumors, discovering new treatment targets, and creating breakthrough medicines like
immunotherapy and tailored drug delivery systems. These endeavors show potential for
enhancing results and increasing survival rates in the future.

This Editorial refers to the Special Issue “Advances in the Development of New
Drugs and Treatment Targets for Brain Cancers”. The Special Issue features original
research articles and review articles that discuss new therapy tactics and target medications,
emphasizing the significance of brain tumors at cellular and molecular levels.

Nineteen manuscripts were submitted for consideration for the Special Issue, and all
of them were subject to a rigorous review process. In total, ten papers were finally accepted
for publication and inclusion in this Special Issue (seven articles and three reviews). The
contributions are listed below:

1. Aguilar-García, I.G.; Jiménez-Estrada, I.; Castañeda-Arellano, R.; Alpirez, J.; Mendizabal-
Ruiz, G.; Dueñas-Jiménez, J.M.; Gutiérrez-Almeida, C.E.; Osuna-Carrasco, L.P.; Ramírez-
Abundis, V.; Dueñas-Jiménez, S.H. Locomotion Outcome Improvement in Mice with
Glioblastoma Multiforme after Treatment with Anastrozole. Brain Sci. 2023, 13, 496.
https://doi.org/10.3390/brainsci13030496

2. Caverzán, M.D.; Beaugé, L.; Oliveda, P.M.; Cesca González, B.; Bühler, E.M.; Ibarra,
L.E. Exploring Monocytes-Macrophages in Immune Microenvironment of Glioblas-
toma for the Design of Novel Therapeutic Strategies. Brain Sci. 2023, 13, 542.
https://doi.org/10.3390/brainsci13040542

3. Hernández-Cerón, M.; Chavarria, V.; Ríos, C.; Pineda, B.; Palomares-Alonso, F.; Rojas-
Tomé, I.S.; Jung-Cook, H. Melatonin in Combination with Albendazole or Albendazole
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Sulfoxide Produces a Synergistic Cytotoxicity against Malignant Glioma Cells through
Autophagy and Apoptosis. Brain Sci. 2023, 13, 869. https://doi.org/10.3390/brainsci1
3060869

4. Tamas, C.; Tamas, F.; Kovecsi, A.; Serban, G.; Boeriu, C.; Balasa, A. The Role of Ketone
Bodies in Treatment Individualization of Glioblastoma Patients. Brain Sci. 2023, 13,
1307. https://doi.org/10.3390/brainsci13091307

5. Hoshimaru, T.; Nonoguchi, N.; Kosaka, T.; Furuse, M.; Kawabata, S.; Yagi, R.; Kurisu,
Y.; Kashiwagi, H.; Kameda, M.; Takami, T.; et al. Actin Alpha 2, Smooth Muscle
(ACTA2) Is Involved in the Migratory Potential of Malignant Gliomas, and Its In-
creased Expression at Recurrence Is a Significant Adverse Prognostic Factor. Brain Sci.
2023, 13, 1477. https://doi.org/10.3390/brainsci13101477

6. Toader, C.; Eva, L.; Costea, D.; Corlatescu, A.D.; Covache-Busuioc, R.-A.; Bratu, B.-G.;
Glavan, L.A.; Costin, H.P.; Popa, A.A.; Ciurea, A.V. Low-Grade Gliomas: Histological
Subtypes, Molecular Mechanisms, and Treatment Strategies. Brain Sci. 2023, 13, 1700.
https://doi.org/10.3390/brainsci13121700

7. Alves, A.; Silva, A.M.; Moreira, J.; Nunes, C.; Reis, S.; Pinto, M.; Cidade, H.; Rodrigues,
F.; Ferreira, D.; Costa, P.C.; et al. Polymersomes for Sustained Delivery of a Chalcone
Derivative Targeting Glioblastoma Cells. Brain Sci. 2024, 14, 82. https://doi.org/10.3
390/brainsci14010082

8. Ravi Kiran, A.V.V.V.; Kumari, G.K.; Krishnamurthy, P.T.; Johnson, A.P.; Kenchegowda,
M.; Osmani, R.A.M.; Abu Lila, A.S.; Moin, A.; Gangadharappa, H.V.; Rizvi, S.M.D.
An Update on Emergent Nano-Therapeutic Strategies against Pediatric Brain Tumors.
Brain Sci. 2024, 14, 185. https://doi.org/10.3390/brainsci14020185

9. Lima, I.S.; Soares, É.N.; Nonaka, C.K.V.; Souza, B.S.d.F.; dos Santos, B.L.; Costa, S.L.
Flavonoid Rutin Presented Anti-Glioblastoma Activity Related to the Modulation of
Onco miRNA-125b Expression and STAT3 Signaling and Impact on Microglia Inflamma-
tory Profile. Brain Sci. 2024, 14, 90. https://doi.org/10.3390/brainsci14010090

10. Arias-Ramos, N.; Vieira, C.; Pérez-Carro, R.; López-Larrubia, P. Integrative Magnetic
Resonance Imaging and Metabolomic Characterization of a Glioblastoma Rat Model.
Brain Sci. 2024, 14, 409. https://doi.org/10.3390/brainsci14050409

Glioblastoma (GBM) is the most aggressive type of glioma in adult patients and has
the highest occurrence among malignant tumors. Patients typically have a limited survival
span with conventional treatments, largely due to factors such as incomplete surgical
resection and glioma cell infiltration, which contribute to a poor prognosis. Contribution
5 delved into the exploration of actin family genes as potential biomarkers for assessing
brain invasion and distant recurrence in gliomas. The study uncovered the significant role
of ACTA2 as a migratory factor in malignant gliomas, correlating with recurrence. Under-
standing the migratory mechanisms in malignant gliomas holds paramount importance
for the development of forthcoming therapeutic strategies, with ACTA2 emerging as a
promising candidate for targeted therapeutic interventions.

Various endeavors are currently being made in preclinical models of GBM to discover
new molecular or cellular targets for treating malignant glioma. Estrogen receptors have
been found in GBM tumor cells, suggesting a potential application of hormone-based
therapies. While not a typical treatment for GBM, various studies suggest it may have a role
in combination therapy. Contribution 1 evaluated the functional significance of anastrozole
treatment’s anticancer effect by altering ERα and GPR30 expression in GBM xenografts. As
a result, there was an improvement in walking movement, perhaps due to a decrease in the
size of the brain tumor in the right motor region.

Contribution 10 aimed to discover new MRI and metabolomic indicators of GBM
and their effects on healthy tissue utilizing a C6 glioma rat model. The authors studied
an advanced-stage GBM tumor model by using in vivo multiparametric MRI evaluations
and ex vivo metabolomic HRMAS MRS studies, due to the challenges posed by GBM
and the growing recognition of the importance of multiparametric MRI in understanding
its pathophysiology.
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Recent studies have emphasized the cellular metabolism reprogramming process,
which plays a crucial role in establishing the cellular microenvironment for tumor devel-
opment and the invasion of GBM cells in normal brain tissue. Contribution 4 examined
the potential use of ketones (KBs) and the glucose–ketone index (GKI) in predicting tumor
aggressiveness in patients with GBM in a prospective clinical investigation, emphasizing
novel biomarkers like KBs or GKI that are easier to measure.

Considering the composition of the GBM tumor microenvironment (TME), recent
efforts have been placed on understanding the microenvironment surrounding tumor cells
and the interaction between these cellular and acellular components in different preformed
tumor niches to design new treatment options. Contribution 2 offers a comprehensive
review of the pivotal role played by a primary cellular immune component in GBM, namely
monocytes/macrophages. It elucidates how, over the past decade, this population has
increasingly been recognized as a cell target in the formulation of novel therapeutic ap-
proaches. Within this field of study, Contribution 9 described a new intervention involving
rutin on the viability and regulation of miRNA-125b and STAT3 expression in GBM cells. It
also examined the impact on the inflammatory profile and STAT3 expression in microglia
during indirect interactions with GBM cells. Its findings confirm the anti-glioma properties
of the flavonoid, which can also influence microglia to adopt a more effective anti-tumor
behavior, making it a potential candidate for supplemental treatment for GBM.

Drug repositioning is a successful strategy used to explore existing drugs for new
clinical uses. Evidence suggests that it can enhance therapeutic effects by utilizing alterna-
tive cell death mechanisms like autophagy or ferroptosis, leading to improved anticancer
effects and the activation of the immune system. Contribution 3 investigated the combined
effects of melatonin with albendazole or albendazole sulfoxide on GBM cells to determine
whether they have an additive or synergistic lethal effect. The authors discovered that
the combination therapies resulted in a much higher rate of apoptotic and autophagic cell
death in GBM. Albendazole and albendazole sulfoxide suppressed proliferation regard-
less of melatonin. The data support the further assessment of these various medication
combinations as a viable method to assist in the treatment of GBM.

The scientific community has directed a considerable amount of attention towards
both natural and synthetic chalcones, owing to their diverse range of reported biological
activities, notably their demonstrated antitumor effects mediated through the inhibition of
various molecular targets. In Contribution 7, novel nanoparticles (polymersomes) were
developed as alternative drug delivery systems to facilitate the encapsulation and sustained
release of these promising anti-GBM chalcone compounds, exhibiting notable selectivity
against GBM cells.

This Special Issue also discusses various types of brain tumors in addition to GBM.
Low-Grade Gliomas (LGGs) are a diverse group of brain tumors that develop from glial cells
and are identified by their unique histopathological and molecular features. Contribution
6 thoroughly analyzes LGGs, detailing their subtypes, histological characteristics, and
molecular components. By studying the World Health Organization’s grading system, 5th
edition, more details were included due to a thorough understanding of new laboratory
techniques, especially genetic analysis. Finally, Contribution 8 analyzed nanotechnology-
based treatment options for childhood brain tumors in the revision. Pediatric brain tumors
are the most common type of pediatric cancer and present a significant barrier for treatment
due to their ability to spread to nearby tissues, limiting the effectiveness of surgery as the
only treatment option. Nanotechnology delivery systems may efficiently penetrate the
BBB. By including receptors that are highly expressed in both blood–brain barrier cells
and cancer cells, these systems can differentiate cancer cells from healthy ones and target
therapeutic drugs specifically to malignant cells.

This Special Issue requested manuscripts on novel therapeutic approaches and target
medications as well as the significance of brain tumors at the cellular and molecular levels.
We wanted to gather relevant expertise from experienced authors on the issue. Both the
scholarly community and the general public can freely access the content upon publication.
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Abstract: Low-Grade Gliomas (LGGs) represent a diverse group of brain tumors originating from
glial cells, characterized by their unique histopathological and molecular features. This article
offers a comprehensive exploration of LGGs, shedding light on their subtypes, histological and
molecular aspects. By delving into the World Health Organization’s grading system, 5th edition,
various specificities were added due to an in-depth understanding of emerging laboratory techniques,
especially genomic analysis. Moreover, treatment modalities are extensively discussed. The degree
of surgical resection should always be considered according to postoperative quality of life and
cognitive status. Adjuvant therapies focused on chemotherapy and radiotherapy depend on tumor
grading and invasiveness. In the current literature, emerging targeted molecular therapies are well
discussed due to their succinctly therapeutic effect; in our article, those therapies are summarized
based on posttreatment results and possible adverse effects. This review serves as a valuable resource
for clinicians, researchers, and medical professionals aiming to deepen their knowledge on LGGs and
enhance patient care.

Keywords: low-grade gliomas; astrocytoma; oligodendroglioma; ependymoma; rare low-grade
gliomas; pediatric low-grade gliomas; neuropathology and classification; molecular pathways;
outcome; treatment strategies; surgery; radiation therapy; targeted therapies; immune therapies

1. Introduction

The prognosis for patients with lower-grade diffuse gliomas (LrGGs), classified as
grades II and III, is showing signs of improvement, though it varies based on the molecular
subtype of the tumor. Despite these advancements in survival, both the tumors themselves
and the treatments employed to combat them frequently result in considerable cognitive
impairments. These impairments can be both objective (measurable through cognitive
testing) and subjective (as they are perceived by the patients themselves). Neoplasms
of the central nervous system (CNS) are categorized according to their cellular origin
and distinct histological characteristics, which are indicative of their probable clinical
course. Among these neoplasms, gliomas, which arise from CNS glial cells, constitute
a significant subgroup. These glial neoplasms are further divided into astrocytomas,

Brain Sci. 2023, 13, 1700. https://doi.org/10.3390/brainsci13121700 https://www.mdpi.com/journal/brainsci5
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oligodendrogliomas, mixed oligo-astrocytic, and mixed glioneuronal tumors, with each
originating from different glial cell types, such as astrocytes or oligodendrocytes. The
World Health Organization (WHO) employs a grading system for gliomas that spanns
from grade 1 (least aggressive) to grade 4 (most aggressive) and is based on a range of
histological characteristics, including cellular atypia, proliferative patterns, and necrosis
presence. Specifically, low-grade gliomas (LGGs) are classified as grade 1 gliomas, which
are devoid of these histological markers, or grade 2 gliomas, which exhibit only cellular
atypia [1].

Low-grade astrocytic tumors include diffuse astrocytomas, pilomyxoid astrocytomas,
and pleomorphic xanthoastrocytomas (WHO grade 2), as well as SEGA and pilocytic as-
trocytomas (WHO grade 1). Oligodendrogliomas and oligoastrocytomas (WHO grade 2)
represent low-grade oligodendroglial tumors. Additionally, specific low-grade glioneu-
ronal tumors such as gangliogliomas and dysembryoplastic neuroepithelial tumors are
categorized under WHO grade 1 [2]. In the revised taxonomy of diffuse gliomas, a substan-
tial proportion have been reclassified based on IDH 1/2 mutation status and the 1p/19q
codeletion, leading to the anticipated redundancy of the oligoastrocytoma category and the
redefinition of gliomatosis cerebri as a growth pattern [3].

Assessing the incidence of low-grade gliomas poses a challenge due to the recent
transition to a molecular-based classification. Cancer registries are gradually integrat-
ing changes from the 2016 WHO neuropathological categorization. Based on previous
classifications, the estimated yearly incidence rates in the U.S. for grade 2 astrocytomas,
oligodendrogliomas, and mixed gliomas are 0.51, 0.25, and 0.20 per 100,000 individuals,
amounting to 1180, 690, and 610 cases, respectively. There is a higher prevalence of low-
grade gliomas among white people compared to people, with lower rates in American
Indians/Alaska Natives and Asian/Pacific Islanders. Astrocytomas commonly peak be-
tween ages 30 and 40 years old, whereas oligodendrogliomas peak at ages 40–45. Males are
slightly more affected by low-grade gliomas [4,5].

The precise etiological factors for low-grade gliomas are not fully understood. Expo-
sure to ionizing radiation, particularly among childhood leukemia survivors, is a recognized
environmental risk factor. Intriguingly, a history of allergies or asthma seems to confer
some protective effect against gliomas, suggesting the potential involvement of the im-
mune system. Although rare inherited tumor syndromes contribute to a minority of cases,
familial glioma occurrences and research pointing to increased glioma risk in close relatives
imply more complex genetic factors. Recent genome-wide associations have identified gene
variants correlated with a heightened risk of gliomas, including low-grade types. Notably,
the g allele of CCDC26 on chromosome 8 elevates the risk of specific gliomas sixfold. This
allele is present in about 40% of patients with certain glioma types compared to 8% in the
general population. The mechanism of this variant is yet to be elucidated, and due to the
overall low incidence of glioma, screening for this allele is not currently recommended [6].

2. Historical Overview of the 2021 WHO Classification: Molecular Intricacies and the
Pathway to Targeted Therapies

Molecular advancements have substantially addressed the complexities in brain tumor
classification. As a result, many brain tumors are now characterized by distinct molecular
alterations. The 2021 5th Edition of the WHO Classification of Tumors of the Central
Nervous System enhances the fundamental shifts introduced in the 2016 4th Edition, rec-
ognizing several new tumor entities, each assigned an official WHO grade. This edition
notably incorporates methylome profiling, particularly pertinent for low-grade gliomas
and glioneuronal tumors. The 2021 classification is significant for several reasons, such
as its integration of molecular markers, improved diagnostic accuracy, the potential for
personalized treatment, advancements in research, and potential better patient outcomes.
These neoplasms are frequently categorized based on specific genetic changes such as
FGFR1, MYB/MYBL1, BRAF, or IDH1/2, identified through DNA methylation profiles [7].
For pediatric-type low-grade gliomas and glioneuronal tumors (pLGG/GNTs), evidence
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suggests that MAP kinase pathway alterations are prevalent, albeit with variable manifes-
tations and not always definitively. The 2021 WHO classification reflects the advancing
comprehension of these tumors, where a specific genetic alteration can define a tumor, aid
in its diagnosis, be common across different tumors, or be one of several alterations within a
tumor type. Some diagnoses may not necessitate any demonstrated alteration, while others
are yet to be discovered. The 2021 WHO’s “hybrid taxonomy” encapsulates the current
understanding of CNS tumors’ clinical, histological, and molecular aspects, paving the way
for more precise tumor classification and targeted therapies. The classification organizes
gliomas, glioneuronal tumors, and neuronal tumors into six families. Three of these families
correspond with pLGG/LGNT: pediatric-type diffuse low-grade gliomas [5], circumscribed
astrocytic gliomas [8], and glioneuronal and neuronal tumors [9]. Moreover, six of the
fourteen newly recognized tumor types in the 2021 WHO classification are categorized as
pLGG/GNTs. Under “pediatric type diffuse low-grade gliomas,” three new tumor types
are introduced: “diffuse astrocytoma, MYB or MYBL1-altered”; “polymorphous low-grade
neuroepithelial tumor of the young (PLNTY)”; and “diffuse low-grade glioma-MAPK
altered”. The category of glioneuronal and neuronal tumors includes three new additions:
“Diffuse glioneuronal tumor with oligodendroglioma-like features and nuclear clusters
(DGONC)”; “myxoid glioneuronal tumor (MGT)”; and “multinodular and vacuolating
tumor (MVNT)” [10].

Patients with low-grade gliomas typically present at a younger median age compared
to those with anaplastic gliomas or glioblastomas, usually diagnosed in their late twenties
to mid-forties, although diagnosis over the age of 60 is possible. Seizures, ranging from
generalized tonic–clonic to subtle partial seizures, are a frequent symptom, particularly in
cases with oligodendroglial histology, likely due to their frequent cortical involvement. The
widespread availability of CT and MRI scans has led to the incidental diagnosis of many
patients while seeking care for unrelated conditions like migraines or head injuries [11,12].
Low-grade gliomas rarely present with specific focal deficits such as speech difficulties
or unilateral weakness, as these tumors tend to infiltrate rather than disrupt critical brain
structures. Neuroimaging is typically indicative of a low-grade glioma. Over 95% of these
tumors are located in the cerebral hemispheres, with a near-even distribution across the
frontal and temporal lobes and fewer in the occipital lobe. In CT scans, these tumors often
appear as hypodense areas. Approximately 20% of low-grade gliomas, especially oligoden-
drogliomas, demonstrate calcification on CT. Additionally, around a quarter of these tumors
show some contrast enhancement on CT, usually presenting as patchy rather than ring-like
enhancement. Originating primarily in the white matter, those with an oligodendroglial
component may extend into the cortex. MRI is more effective than CT in delineating
these tumors, typically appearing as T1-hypointense and T2/FLAIR-hyperintense. MRI’s
susceptibility-weighted imaging can detect calcifications or occasional hemorrhages which
are more common in oligodendrogliomas than astrocytomas. Advanced imaging tech-
niques like PET scanning and magnetic resonance spectroscopy can aid in differentiating
tumor types, though they are not always necessary. A key subject of ongoing research is
utilizing magnetic resonance spectroscopy to monitor low-grade glioma progression and
response to treatment by identifying elevated levels of 2-hydroxyglutarate in IDH mutant
gliomas [13].

Traditionally, diffuse infiltrating gliomas were identified and classified based on their
morphological characteristics, which can be observed under light microscopy following
hematoxylin and eosin (H&E) staining. Tumors characterized by elevated cellular density
and nuclear atypia but with sparse mitotic figures were classified as low-grade gliomas.
However, the subjective assessment of “rare” mitotic activity led to inconsistencies in
grading by neuropathologists. To mitigate this, the Ki-67 stain, which marks proliferating
cells, is utilized, with low-grade gliomas typically exhibiting less than 10% labeling. Further
classification into subtypes like low-grade astrocytoma, oligodendroglioma, or oligoastro-
cytoma is achieved through the tumor’s cellular architecture and immunohistochemical
staining [14]. Astrocytomas are noted for their pronounced fibrillary structures and strong

7



Brain Sci. 2023, 13, 1700

reactivity to specific protein markers, whereas oligodendrogliomas possess scant cytoplasm
and characteristic “fried egg” nuclei [15].

The advent of molecular neuropathology has profoundly augmented the understand-
ing and categorization of low-grade gliomas. TP53 mutations, frequently observed in
astrocytomas but uncommon in oligodendrogliomas, were among the early molecular dis-
tinctions recognized. The 1990s uncovered that most oligodendrogliomas exhibit distinct
chromosomal losses, findings generally exclusive to TP53 mutations [16]. This led some
experts to advocate for a molecular-based classification, positing it to be more objective and
reflective of tumor behavior. A pivotal discovery was the prevalence of mutations in the
IDH gene, involved in the Krebs cycle, in a majority of low-grade gliomas. The frequent
IDH1 R132H mutation, in particular, can be readily detected, offering significant insights
into glioma pathogenesis [17–19].

Within the WHO 2021 framework, histopathological grading adheres to the principles
set by the WHO 2016 criteria, with the presence of necrosis and/or microvascular prolif-
eration indicative of a grade 4 tumor, specifically classified as astrocytoma IDH mutant
CNS WHO grade 4. Despite this continuity, a definitive criterion for differentiating grades
2 and 3 based on mitotic count remains unestablished [20]. Furthermore, while the Ki-
67/MIB-1 proliferative index correlates with tumor grade, it lacks a universally accepted
threshold for predicting increased recurrence risk [21]. In this context, the category of dif-
fuse astrocytoma, IDH-wild-type, corresponding to CNS WHO grades II or III but lacking
glioblastoma molecular characteristics, is now considered rare and has been removed from
the CNS WHO5 classification [22]. Recent studies have led to the reclassification of IDH
mutant grade 2 and 3 astrocytomas as “diffuse low-grade astrocytomas,” owing to their
prognostic similarities. This reclassification questions the previous grouping of grade 3 and
4 astrocytomas as “high-grade,” given the distinct differences in molecular profiles and
clinical outcomes between IDH mutant grade 3 astrocytomas and IDH-wild-type grade 4
glioblastomas [4].

Genomic analyses have shown that the majority of grade II and III diffuse astrocy-
tomas, IDH-wild-type, harbor genomic alterations and clinical outcomes akin to primary
glioblastoma, grade IV [23]. One particular study indicated that histopathologic grade II
or III IDH-wild-type diffuse astrocytic gliomas, characterized by chromosomal anomalies
such as +7/−10, EGFR amplification or TERT promoter mutations, are prognostically
equivalent to histologically confirmed glioblastoma [24]. Moreover, the diagnosis of IDH
mutant diffuse astrocytoma grade 2 is now strictly limited to cases without anaplastic
histopathological features, significant mitotic activity, and the homozygous deletion of
CDNK2A/B [25].

In-depth genomic investigations regarding various cancers have revealed a previously
underappreciated prevalence of molecular alterations affecting the cellular epigenome [26].
This epigenome comprises DNA modifications, histones, their associated marks, and
other chromatin-binding factors, all of which collectively orchestrate gene expression.
The critical role of epigenomic dysfunction has been identified in several primary brain
tumors, including gliomas [27]. Among these, mutations in isocitrate dehydrogenase 1
and 2 (IDH1 and IDH2) and the H3.3 histone-encoding genes H3F3A and HIST1H3B are
particularly notable. IDH mutations result in a widespread pattern of DNA and histone
hypermethylation, owing to the generation of the oncometabolite 2-hydroxyglutarate [28,
29], while H3.3 mutations directly impact histone marks, chromatin accessibility, and gene
expression [30]. These disruptions, complex and cell-specific, appear to fundamentally
deviate from normal developmental pathways, contributing to the pathogenesis of glioma.
Although pivotal in adult and/or high-grade glioma variants, IDH and H3.3 mutations
are infrequently associated with pediatric low-grade gliomas (pLGG). Some studies have
detected H3.3 K27M mutations in subgroups of pilocytic astrocytomas and glioneuronal
tumors, which are typically more aggressive than their H3.3-mutant counterparts. Yet,
these pLGG variants often have longer patient survival compared to high-grade gliomas
with H3.3 mutations [31].
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Epigenomic profiles have become indispensable markers in pLGG and other primary
CNS tumors. Specifically, global DNA methylation profiling has enabled the identification
of distinct “signatures” that often define brain tumor subtypes, laying the groundwork for
systematic pLGG classification. Recent research employing global methylation profiling
has been instrumental in characterizing various gliomas, and similar methodologies are
expected to further refine pLGG classification in the future [32].

The discovery of key genetic alterations in pLGG has opened avenues for targeted
therapies, particularly those addressing the commonly altered MAPK pathway in these
tumors (Figure 1).

Figure 1. An explanation of the primary cell proliferation pathways: The PI3K/Akt/mTOR and
Ras/Raf/MAPK routes are the main pathways. When growth factors attach to receptor tyrosine
kinases (RTKs), they can trigger either the Ras/Raf/MAPK or PI3K/Akt/mTOR pathways. The key
players in these pathways, Raf, MAPK, Akt, and mTOR, have been identified as serine/threonine-
specific protein kinases (STKs). Additionally, the intracellular tyrosine kinase c-src can initiate
the Ras/Raf/MAPK pathway. It is worht noting that the nuclear factor NF-κB also significantly
contributes to cell proliferation.

Selumetinib (AZD6244), an oral MEK1/2 inhibitor, has undergone extensive testing in
pLGG. Initial trials established its optimal dosage and demonstrated encouraging outcomes
in terms of partial responses and progression-free survival [33,34]. These results have led
to additional studies, with emerging evidence suggesting the potential efficacy of MEK
inhibitors even in the absence of characteristic BRAF mutations. Consequently, two major
studies are currently evaluating selumetinib as a primary treatment option for pLGG. Other
MEK inhibitors, such as trametinib, binimetinib, and cobimetinib, are also being explored
for their applicability in pLGG [35,36]. While their deployment in treating low-grade
gliomas is still in preliminary stages, the initial findings are promising. These inhibitors
typically exhibit similar side effects, including dermatological and gastrointestinal reactions.
Some, particularly in adult populations, have been associated with cardiac and ocular
adverse effects [33,37]. The determination of the most effective MEK inhibitor for pLGG is
still underway.
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Direct BRAF inhibitors such as dabrafenib and vemurafenib also show potential
for pLGG treatment. They specifically target BRAF kinases and have shown significant
responses in pLGG with BRAFV600 mutations [38,39]. Ongoing studies are exploring these
inhibitors for BRAF mutant pLGG. However, it is crucial to note that first-generation BRAF
inhibitors might not be suitable for tumors with BRAF fusion due to potential adverse
effects [40]. Second-generation inhibitors, which do not have this limitation, are being
tested in ongoing trials and may offer a promising avenue [41]. Trametinib effectively
treated progressive pLGG, achieving disease control in all subjects. Nonetheless, treatment-
related side effects posed challenges for some patients, and a subset experienced disease
recurrence after discontinuing MEKi [42] (Figure 2).

Figure 2. Mechanisms of action of dabrafenib and trametinib: These agents, which are BRAF and
MEK inhibitors, respectively, act at two distinct sites within the MAPK (mitogen-activated protein
kinase) pathway. By binding to their respective targets, they halt the oncogenic signaling cascade,
culminating in cell cycle arrest.

3. Specificities of WHO 2021 Classification of Brain Tumors

In the WHO CNS5 guidelines, the grading of central nervous system (CNS) tumors
has been substantially revised: the transition from Roman to Arabic numerals for grading
supersedes previous practices, and grading is now consistently implemented within specific
tumor types rather than comparatively across different types. The significance of this
specific change involves more clarity and universality for the classification, more precision
and adaptability, and greater alignment with other classifications leading to their easier
use in the research field, which ultimately benefits patients. This entity-specific grading
approach for CNS tumors differs from other organ systems where neoplasms are graded
according to type-specific systems, such as those for breast or prostate cancers [43]. The
rationale behind adopting intra-type grading within WHO CNS5 is multifaceted: first,
to provide greater grading flexibility relative to each tumor type; second, to emphasize
the biological consistency within tumor types over the prediction of clinical behavior;
and third, to synchronize with WHO’s grading protocols for non-CNS tumors [10]. In
tandem with these grading modifications, nomenclature changes have been made to
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reflect molecular characteristics in accordance with cIMPACT-NOW Update 6 and to
standardize terminology across all classifications within the WHO Blue Books, especially
those pertaining to peripheral nerve and soft-tissue tumors [44].

The revised classification introduces fourteen new types within the categories of
Gliomas, Glioneuronal Tumors, and Neuronal Tumors, along with updates to the nomencla-
ture of existing entities. A key example is the reclassification of diffuse midline glioma, now
termed “H3 K27-altered” instead of “H3 K27M-mutant,” to recognize a range of pathogenic
mechanisms influencing these tumors [45].

Significantly, WHO CNS5 differentiates diffuse gliomas based on the patient’s age, dis-
tinguishing between “adult-type” and “pediatric-type”. This distinction acknowledges the
clinical and molecular differences between these groups and aims to guide more effective
treatment strategies for CNS tumors in both demographics [10]. Additionally, the classi-
fication now recognizes infant-type hemispheric glioma as a separate high-grade glioma
category characterized by a unique molecular profile, including fusion genes involving
ALK, ROS1, NTRK1/2/3, or MET, predominantly seen in newborns and infants [46].

4. Rare Entities in Low-Grade Gliomas

4.1. MYB/MYBL1 Alterations

Pediatric-type diffuse low-grade gliomas (pLGG) with MYB/MYBL1 alterations con-
stitute a distinct subset of IDH-wild-type and H3-wild-type tumors, notable for their
benign clinical course and favorable prognosis [47]. In 2021, the World Health Organization
updated their CNS tumor classification to include two categories of these pLGGs: angio-
centric glioma with MYB-QKI fusions and diffuse astrocytoma with various MYB/MYBL1
alterations [4]. Most of the existing studies on these gliomas have focused on their clinico-
pathologic characteristics, with less emphasis on their radiologic features [48]. The primary
treatment strategy for pLGGs with MYB/MYBL1 alterations is comprehensive surgical
resection, as complete removal is often correlated with a positive outcome [49].

The 2016 WHO update on CNS tumors offered valuable insights but did not thor-
oughly delineate pediatric gliomas and their prognostic outcomes. Specifically, the IDH-
wild-type/H3-wild-type low-grade tumors remained a heterogeneous group. Despite their
typically benign nature and rare progression to anaplastic forms in children, there was
a lack of distinction between pediatric and adult tumor types. Research showed differ-
ent molecular markers in tumors between children and adults, with pediatric low-grade
gliomas predominantly exhibiting alterations in the BRAF, FGFR, and MYB/MYBL1 genes,
while IDH1/2 mutations were less common [50]. This distinction was further emphasized
by cIMPACT-NOW in their fourth update [47].

In its 2021 revision, the WHO introduced a classification for pediatric-type diffuse
low-grade gliomas, encompassing four subtypes: (1) diffuse astrocytoma, MYB- or MYBL1-
altered; (2) angiocentric glioma; (3) polymorphous low-grade neuroepithelial tumor of
the young; and (4) diffuse low-grade, MAPK pathway-altered glioma [8]. This discussion
focuses on the first subtype. There are few studies on the radiologic characteristics of
MYB/MYBL1-altered gliomas. In a study by Chiang et al., 46 such tumors were evaluated,
with 23 pre-operative MR images being reviewed. The majority of patients presented with
epilepsy, and the tumors were predominantly located in the cerebral hemispheres, although
some were found in the diencephalon and brainstem. Upon T1 imaging, these tumors typi-
cally appeared iso- to hypointense, while T2/FLAIR imaging often revealed mixed signals
or hyperintensity. Only one case showed faint and diffuse contrast enhancement, and no
diffusion restriction was observed [51]. In cases where complete resection is not possible,
additional chemotherapy and radiation are considered. MYB/MYBL1 alterations can be
considered distinctive in the field of oncology due to their unique molecular characteristics
and implications, giving them an important role in the context of personalized medicine
and hinting toward their potential as therapeutic targets.
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4.2. Angiocentric Glioma

Angiocentric glioma (AG) is a unique brain tumor often associated with treatment-
resistant epilepsy in children and young adults which can be effectively managed through
neurosurgical intervention. An analysis of case reports since its initial identification re-
vealed several key findings: (1) seizures are the most common initial symptom; (2) magnetic
resonance imaging (MRI) typically reveals a supratentorial, non-enhancing lesion that is
T1-hypointense and/or T2-hyperintense; (3) these tumors display specific histopathological
features; and (4) outcomes following complete tumor resection are generally positive [52].
First identified in 2005 [4,53] and recognized as a distinct entity by 2007 [4], AG was ini-
tially categorized under “other glioma” in the 2016 WHO edition. However, in the latest
classification, it is included among “pediatric-type low-grade diffuse gliomas”.

Due to the rarity of AG, gaining a comprehensive understanding has been challenging,
but it is now graded as 1 in the 2021 WHO Classification. Commonly presenting with
persistent, drug-resistant epilepsy in children, AG accounts for a small proportion of tumors
in the German Neuropathology Reference Center [54]. A study by Kurokawa et al. reported
a median patient age of 13. AGs are typically located in the supratentorial cortex, with a
slight preference for the temporal lobe, although occurrences in the brainstem have been
documented. MRI scans often reveal a single, T2-hyperintense lesion with no enhancement
and a distinctive cortical rim on T1-weighted images [54,55].

Histologically, AG is characterized by an infiltrative growth pattern with uniform,
bipolar spindle-shaped cells. Its hallmark features include perivascular cell arrangement
around blood vessels and a horizontal cell stream beneath the pia-arachnoid structures.
While some regions may resemble schwannomas, others can exhibit an epithelioid appear-
ance. Key characteristics include the near absence of mitoses, microvascular proliferation,
and necrosis. The tumor cells typically test positive for GFAP and negative for Olig2.
EMA tests indicate ependymoma-like differentiation, corroborated by electron microscopy
findings [53].

Some researchers postulate that AG originates from bipolar radial glia during em-
bryogenesis, displaying ependymal features. Tests for IDH1-R132H, BRAF V600E, and
neuronal antigens generally yield negative results, and the Ki-67 proliferation index is
usually low. While rare anaplastic features have been noted, their clinical significance is
not fully understood. Most AGs are associated with an MYB, QKI gene fusion, but the
2021 WHO Classification considers this only as a recommended, not mandatory, diagnostic
criterion [4].

4.3. Diffuse Low-Grade MAPK Pathway-Altered Gliomas

The mitogen-activated protein kinase (MAPK) pathway is crucial in regulating a
variety of cellular functions, including cell growth, differentiation, apoptosis, and more.
This pathway is activated by signaling molecules such as FGF, EGF, IGF, and TGF binding
to their respective cell surface receptors, initiating a cascade of cytoplasmic protein kinase
activations. This series of activations leads to the phosphorylation of multiple proteins and
nuclear transcription factors, ultimately affecting gene expression [56,57].

The dysregulation of the MAPK signaling pathway has been implicated in a range
of diseases, including inflammatory, immunological, and degenerative disorders. Its
aberration is also associated with the initiation and progression of various neoplasms due
to factors such as abnormal receptor expression or genetic mutations activating receptors
and downstream signaling molecules. This includes CNS tumors like pilocytic astrocytomas
and gangliogliomas [58].

The recent WHO classification of CNS tumors has introduced a new category within
pediatric-type diffuse low-grade gliomas: diffuse low-grade gliomas with MAPK pathway
alterations. These tumors typically develop in childhood and can occur anywhere in the
CNS, often presenting with epilepsy [59].

The exact prevalence of these tumors is somewhat uncertain, as specialized molecular
testing is required for diagnosis, but they are considered relatively rare. Radiologically,
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they often appear as variably enhancing masses with cystic components. Histologically,
these tumors exhibit diverse morphologies, usually displaying non-extensive infiltration
patterns. On a molecular level, they are characterized by alterations in the genes associated
with the MAPK pathway and are distinct in that they lack IDH1/2 and H3F3A mutations
and CDKN2A deletion. Several subtypes of these tumors have been identified, with the
most common alterations involving FGFR1 and BRAF mutations [9].

4.4. Polymorphous Low-Grade Neuroepithelial Tumor of the Young (PLNTY)

Polymorphous low-grade neuroepithelial tumor of the young (PLNTY) is an excep-
tionally rare, slowly progressing tumor that was recently incorporated into the World
Health Organization classification of central nervous system tumors. Initially identified
and characterized by Huse et al. in 2017, PLNTY was subsequently classified in the WHO
Central Nervous System Tumors later that same year [60]. This tumor predominantly
affects the temporal lobe (observed in approximately 80% of cases), although instances in
other brain regions, like the parietal, frontal, and occipital lobes, have been documented.
PLNTY typically presents in children and young adults, with an average age of onset
around 20.6 years and a slight female predominance. It is categorized among long-term
epilepsy-associated brain tumors (LEATs), which are commonly associated with seizures
and often resistant to standard antiepileptic drugs [61]. However, symptoms of PLNTY
may include headaches, dizziness, or visual disturbances.

Genetically, PLNTY is characterized by a unique DNA methylation profile and fre-
quently involves alterations in the mitogen-activated protein kinase (MAPK) pathway,
including the BRAF proto-oncogene and fibroblast growth factor receptors 2 and 3 (FGFR2
and FGFR3). These genetic alterations, such as BRAF-V600E mutations or FGFR2 and
FGFR3 fusions, often coexist. BRAF-V600E mutations are more common in young adults,
while FGFR2 fusions tend to be more prevalent in younger patients. The exact role of these
genetic changes in the development of PLNTY is not fully understood [62,63].

The histology of PLNTY can vary, but it typically includes an oligodendroglioma-like
component. This tumor type exhibits a range of cellular morphologies, from cells with
uniformly small round nuclei to those with anisonucleosis or distinct nuclear features.
Other features often observed include perivascular pseudorosetting and calcifications,
while mitosis, necrosis, vascular proliferation, inflammation, and certain other cell features
are typically absent. Immunostaining has shown positive staining for glial markers such as
GFAP and Olig2, albeit with weak or focal expression, but CD34 expression was notably
prominent and consistently observed across tumor cells and neuronal elements. Some
tumor cells may exhibit antibodies for the BRAF p.V600E mutation, while the Ki-67 prolif-
eration index is generally low, though higher values have been reported. Neuronal markers
EMA and IDHp.R132H tend to be negative, and ATRX mutations and chromosome 1p/19q
codeletion are absent as well [64].

5. Pediatric Low-Grade Gliomas: A Special Consideration

Tumors originating in the central nervous system (CNS) are the most commonly
diagnosed solid tumors among children, with an estimated incidence rate of 5.4–5.6 cases
per 100,000 individuals. These tumors can sometimes represent a cause of cancer-related
mortality in this age group, with approximately 1 in every 100,000 diagnoses resulting in a
fatal outcome. Among CNS tumors, pediatric-type low-grade gliomas (pLGGs) represent
about 30% of brain tumor diagnoses in children. These tumors, classified as WHO grade 1
or 2 malignancies, encompass a variety of histological subtypes and can develop anywhere
along the neural axis [65].

Children with low-grade gliomas typically present with both generalized and localized
symptoms, often experiencing these symptoms for at least six months before diagnosis.
General symptoms related to increased intracranial pressure due to ventricular obstruc-
tion include morning headaches, nausea, vomiting, and lethargy. Physical examination
might reveal signs like impaired upward gaze, abnormalities of the sixth cranial nerve,
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or papilledema, often indicating tumor growth in regions such as the cerebellum, optic
chiasm/hypothalamus, dorsally exophytic brainstem, or tectum. The manifestation of
individual tumors varies depending on their location, frequently resulting in neurological
deficits, seizures, and endocrinopathies in localized areas. For instance, cerebellar tumors
often lead to ataxia and dysmetria, while cerebral hemisphere tumors may cause seizures,
hemiparesis, or behavioral changes. Tumors affecting the hypothalamus and pituitary
gland can lead to obesity, growth failure, diabetes insipidus, hormonal irregularities, and
visual field impairment due to optic chiasm compression. Optic pathway gliomas, which
can occur anywhere along the visual pathway, are more commonly bilateral or affect the
chiasm and postchiasmatic regions in children with neurofibromatosis type 1. Symptoms
of optic pathway gliomas include visual field impairments, reduced visual acuity, optic
nerve atrophy, proptosis, or strabismus [66,67].

Brainstem low-grade gliomas typically progress slowly, often being detected after
months to years. Although they do not extensively infiltrate the brainstem, dorsally exo-
phytic and cervicomedullary tumors can cause lower cranial nerve deficits (e.g., dysphagia,
dysarthria, abnormal breathing), as well as long tract signs such as hemiparesis, spas-
ticity, hyperreflexia, and Babinski’s sign. Cervicomedullary tumors may also present
with torticollis, long tract signs, and sensory loss due to upper cervical cord involvement;
hydrocephalus is a common manifestation of focal brainstem tumors [68].

Upon neuroimaging, pediatric low-grade gliomas typically exhibit certain characteris-
tics. MRI usually reveals these tumors to be hypointense on T1-weighted and hyperintense
on T2-weighted sequences, with varying degrees of enhancement post-gadolinium. Pilo-
cytic astrocytomas often appear as well-circumscribed tumors with cystic components and
an enhancing nodule, while diffuse fibrillary astrocytomas are less well-defined and show
lesser enhancement post-gadolinium. Accurate histological verification usually requires a
surgical biopsy or complete tumor resection. In cases like optic pathway or hypothalamic
gliomas in children, diagnostic biopsies might be avoided if MRI characteristics are consis-
tent with low-grade glioma, particularly in the presence of neurofibromatosis type 1. Deep
midline and brainstem tumor biopsies should be approached cautiously as these tumors
often show no progression upon serial MRI evaluations [69].

Postoperative staging can sometimes involve an MRI scan of the surgical site within
24–48 h after surgery to differentiate between residual tumor and postoperative changes. In
cases where dissemination or leptomeningeal involvement is suspected, a comprehensive
evaluation should include spinal imaging and cerebrospinal fluid cytology testing [68]. A
key feature of pediatric low-grade glioma (pLGG) is the abnormal activation of the mitogen-
activated protein kinase (MAPK) pathway, suggesting that targeting this pathway with
small-molecule inhibitors like MEK inhibitors could be a promising treatment strategy [42].

6. Treatment Modalities, Approaches, Outcomes, and Prognosis in Low-Grade Glioma

Achieving an optimal integrated diagnosis in neuro-oncology involves harmonizing
histological categorization with genomic characterization. This process draws upon both
histologically and genetically defined compendia of neoplasms. Despite the extensive
nature of these compendia, certain correlations are commonly observed, with frequent
integrations appearing in a manageable number of routine diagnoses. This approach is
exemplified by the classification of ‘Diffuse low-grade glioma, MAPK pathway-altered’ as
a specific tumor subtype [47].

In recent years, methylome profiling has emerged as a key method in CNS tumor
classification. This technique, which analyzes genome-wide DNA methylation patterns,
has gained significant attention in the academic field and is increasingly fundamental in the
molecular taxonomy of CNS neoplasms [70]. While methylome profiling can sometimes
serve as an indicator of genetic aberrations—for instance, a methylation signature akin to
an IDH-wild-type glioblastoma may be identified without direct IDH mutation assays—it
cannot completely replace mutation detection, especially in situations where targeted
treatments or clinical trials require precise molecular aberrations [71]. Consequently, the
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molecular analysis of WHO grade II or III diffuse astrocytic, IDH-wild-type gliomas in adult
patients is highly recommended. The presence of chromosomal aberrations such as +7/−10,
EGFR amplification, or TERT promoter mutation should lead to a reclassification to WHO
grade IV, significantly impacting both treatment strategies and prognostic expectations [72].

In pediatric low-grade glioma (pLGG), negative prognostic indicators include older
age, astrocytic histology, large tumor size (>4–6 cm), midline crossing tumors, neurological
deficits, and poor performance status. Conversely, presenting with seizures, particularly in
neurologically intact individuals, is often viewed as a favorable prognostic factor. Pignatti
et al. developed a scoring system in 2002, assigning points to various risk factors, and
this system was validated across multiple trials [73]. The University of California, San
Francisco’s (UCSF) more recent scoring system considers age, performance score, tumor
size, and eloquent involvement in determining prognosis. Patients aged 55–60 years have a
5-year survival rate of 30% to 40%, with each additional year of age further diminishing
their prognosis; however, those surviving beyond two years post-diagnosis may experience
prolonged progression-free survival (PFS) despite challenging prognoses [74,75].

Tissue acquisition is crucial in accurately diagnosing, prognosing, and treating pLGG,
as pathognomonic imaging is lacking. Needle biopsies can result in misdiagnosis rates of
over 50%, making surgical resection the preferred method for tumor characterization. The
support for extensive surgical resection is growing, as is evidence of its efficacy, although
randomized controlled trials are still needed. This strategy was first proposed in 2001,
and subsequent institutional studies, including one from the UCSF, have affirmed its
effectiveness. Notably, the UCSF’s study demonstrated that a extent of resection (EOR)
greater than 90% significantly improves overall survival (OS), with a 5-year survival rate of
97% versus 76% for EORs less than 90% [76]. The Johns Hopkins Hospital reported similar
findings, indicating that gross total resection (GTR) can enhance both overall survival
and progression-free survival (PFS). However, factors such as the involvement of the
corticospinal tract, tumor volume, and oligodendroglioma histology can impede complete
resection [77].

In a cohort study examining low-grade gliomas (LGGs), a significant correlation was
found between both the residual volume post-surgery (p = 0.006) and the extent of surgical
resection (p < 0.001) with overall survival among various LGGs. However, this correlation
varied across the three LGG molecular subtypes. In the IDHmut-Codel subgroup, overall
survival was significantly associated with the extent of resection (p = 0.01), but neither
pre- nor postoperative tumor volumes showed a significant relationship. In contrast, in
the IDHmut-Noncodel subgroup, preoperative volume (p = 0.018), postoperative volume
(p = 0.004), and the degree of resection (p = 0.002) each were associated with overall survival.
For the IDHwt subtype, there was no significant association between tumor volumes or
resection extent and overall survival [78].

The relationship between the extent of surgical resection and overall survival is particu-
larly noted in molecularly characterized IDH mutant astrocytomas and oligodendrogliomas.
This association appears more pronounced in astrocytomas, potentially because of the
higher efficacy of non-surgical therapies in oligodendrogliomas or their generally longer
survival periods, which could mask the survival benefits of surgical intervention [79,80].
Patel et al. reported in their 2018 study involving a cohort of 74 patients with WHO grade
II diffuse gliomas that the extent of glioma resection correlated with overall survival in the
IDH-wild-type subgroup but not in the IDH mutant subgroup. However, this study had
limitations, such as an incomplete description of IDH mutation testing protocols and a lack
of stratification by 1p/19q-codeletion status [81].

Prospective trials and retrospective studies have not consistently shown the significant
prognostic effects of extent of resection (EOR) on overall survival (OS) and progression-free
survival (PFS), but cognitive and quality of life outcomes post-surgery remain important
considerations. The average preoperative cognitive function score in the LGG cohort,
as measured by the EORTC score, was 80.9, compared to 70.9 in the high-grade glioma
(HGG) group. Postoperatively, the LGG group’s scores remained stable, while the HGG
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group showed significant improvement at 1- and 6-month follow-ups. In the LGG cohort,
cognitive function changes varied, with 24% reporting improvement and 20% experiencing
deterioration at 1 month postoperatively [82]. The rapid growth rate of IDH-wild-type
gliomas may exert more pressure on adjacent brain structures than IDH mutant gliomas,
suggesting that more aggressive surgical resection could improve cognitive outcomes by
relieving mass effects and associated edema [83]. Postoperative experiences differ among
patients, with some experiencing relief and others facing the stress of cancer diagnosis and
ongoing surveillance or treatment. Notably, lower preoperative cognitive function scores
have been observed in females compared to males [84].

Neuronavigation and brain mapping technologies, including functional MRI and
cortical stimulation mapping, aid in precise resections while preserving quality of life.
Neurosurgeons can customize procedures to individual brain structures, thereby mini-
mizing permanent deficits. Brain mapping has shown efficacy in reducing permanent
deficit rates, increasing gross total resection (GTR) rates, and providing survival benefits.
Ideally, a prospective, multicenter trial would address this issue definitively, but chal-
lenges in recruitment, follow-up, and ethical considerations make organizing such a trial
complex [85,86].

In neuro-oncology, temozolomide has gained attention as a chemotherapy drug, espe-
cially due to its ease of oral administration, lower toxicity compared to PCV (procarbazine,
lomustine, and vincristine), effective penetration of the blood–brain barrier, and proven
effectiveness against glioblastoma. Phase 2 studies have shown temozolomide to be effec-
tive against growing LGGs, whether previously exposed to radiation or not, on standard
5-day or alternate schedules like 3 weeks on followed by 1 week off, or 7 weeks on followed
by 4 weeks off. Temozolomide has also been associated with improved quality of life
outcomes [87].

In the realm of glioma treatment, there exist pivotal inquiries concerning the potential
of temozolomide to either supplant radiotherapy or complement it in the management of
low-grade gliomas (LGGs). Presently, ongoing clinical trials are diligently endeavoring
to elucidate these quandaries. A phase 3 investigation spearheaded by a consortium of
European and Canadian researchers is actively scrutinizing this matter by juxtaposing
radiotherapy against temozolomide therapy for individuals afflicted with LGGs, with
careful consideration being given to the chromosomal 1p status. This comprehensive study
aims to assess a gamut of clinical outcomes, encompassing the likes of progression-free
survival (PFS), neurocognitive functionality, and overall quality of life [88,89]. Furthermore,
there are concerted endeavors to ascertain the advantages of amalgamating temozolomide
with radiotherapy, particularly in the context of high-risk LGGs. The Radiation Therapy
Oncology Group (RTOG) has successfully concluded its phase 2 inquiry (RTOG 0424),
while the Eastern Cooperative Oncology Group (ECOG) has embarked upon a phase 3
exploration (ECOG E3F05). The overarching objective of these initiatives, in conjunction
with similar studies unfolding in Europe, is to elucidate the role that temozolomide plays
within the treatment paradigm for LGG [88,89].

In a separate investigation, a phase II trial delineated its primary objective as evaluat-
ing the response to temozolomide (TMZ) among pediatric patients grappling with recurrent
or progressive LGG. The inception of this trial emanated from the Preston Robert Tisch
Brain Tumor Center at Duke University Medical Center and subsequently expanded to
encompass additional clinical sites. Notably, TMZ was administered orally under fasting
conditions, with treatment cycles recurring at 28-day intervals. The observed outcomes
encompassed partial response (PR) in three patients and minimal response (MR) in one
patient, while 42% of patients exhibited stable disease (SD), and an equivalent percentage
showed progressive disease (PD) after a minimum of two treatment cycles [90].

In a tangentially related vein, there exists substantiating evidence derived from the
RTOG trial (RTOG 9802) which underscores the potential of employing procarbazine,
lomustine, and vincristine (PCV) in tandem with radiotherapy, particularly in the context
of recurrent LGGs post-radiotherapy. In this investigation, individuals who received a
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combined regimen of PCV and radiotherapy exhibited more favorable outcomes in terms of
progression-free survival (PFS). Nevertheless, there was no statistically significant disparity
in overall survival, thereby suggesting that PCV may serve as a potent adjunct both as
a secondary intervention and when administered concomitantly with radiotherapy. It is
imperative to note, however, that there exists a dearth of consensus regarding the optimal
timing of surgery and its overarching impact on LGG management, necessitating further
comprehensive exploration through prospective studies, mirroring the scrutiny accorded
to the timing of radiotherapy in the treatment of LGGs [91].

It is paramount to acknowledge that radiotherapy stands as the sole therapeutic
modality validated through a randomized controlled trial to confer certain advantages
upon patients grappling with LGGs. Nonetheless, the optimal utilization of radiother-
apy remains a topic of incessant deliberation. The EORTC 22845 study has proffered
insights into this discourse, demonstrating that individuals subjected to early radiotherapy
(54 Gy) experienced prolonged intervals devoid of disease progression (PFS) and exhibited
superior seizure control relative to those subjected to delayed radiotherapy. Concretely, the
progression-free survival stretched to 5.3 years for the early treatment cohort as opposed to
3.4 years for their delayed treatment counterparts (p < 0.0001). Furthermore, a noteworthy
75% of individuals in the early treatment cohort achieved seizure control in comparison to
59% in the delayed treatment cohort (p = 0.0329). Despite these discernible benefits, there
was no marked discrepancy in overall survival between the two cohorts, with values of
7.4 years for the early cohort and 7.2 years for the delayed cohort. Given the absence of
definitive data regarding quality of life, researchers have proffered the contention that it
may be reasonable to defer radiotherapy for LGG patients who are in robust health. This
hesitation emanates from the ambiguous equilibrium between the advantages inherent to
extended progression-free survival and seizure control and the potential merits associated
with overall survival. Additionally, it is worth noting that 35% of patients slated for de-
ferred radiotherapy ultimately circumvented its necessity, thereby mitigating potential side
effects [92].

Recent studies have cast a focused spotlight upon the evaluation of quality of life post-
radiotherapy to gain deeper insights into its ramifications for individuals afflicted by LGGs.
A phenomenon known as radiation leukoencephalopathy, which may manifest months or
even years subsequent to cranial radiotherapy, is typified by a gradual decline in multifari-
ous domains, including personality, equilibrium, urinary continence, attention, memory,
and higher-order cognitive faculties [93]. To ameliorate these deleterious sequelae, select
studies proffer the notion that through meticulous adjustments of total dosage, sessional
dose, and irradiation field, it is feasible to uphold treatment efficacy while concurrently
attenuating associated risks [94]. Nevertheless, in light of the relatively protracted overall
survival (OS) rates observed among LGG patients, the potential of encountering these
complications remains palpable. A recent comprehensive inquiry conducted by Douw
et al. [95] undertook an exhaustive analysis of cognitive and quality of life outcomes among
65 LGG patients, with half having undergone radiotherapy. Over an average observation
period spanning 12 years, the study unearthed that 27% of non-irradiated patients mani-
fested substantive cognitive impairments in at least 5 of the 18 evaluated parameters. In
stark contrast, this proportion burgeoned to 53% for those who had received radiotherapy.
Predominant deficits were observed in the realms of cognitive processing and attention,
with other noticeable, albeit statistically non-significant, declines detected in information
processing speed, motor dexterity, and working memory [91,95].

In the sphere of pediatric neuro-oncology, the emergence of molecularly targeted treat-
ments tailored for pediatric low-grade gliomas (pLGGs) has been greeted with considerable
enthusiasm. These therapeutic interventions, with a specific focus on the dysregulated Ras-
MAPK pathway, exemplified by RAF inhibitors and MEK inhibitors, are either receiving
validation from the FDA or undergoing rigorous clinical evaluations for their applicability
in the context of pLGGs [96,97]. However, it is of paramount significance to underscore
that first-generation Type 1 BRAF inhibitors are not recommended for pLGGs characterized
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by BRAF rearrangements due to their proclivity to incite the paradoxical activation of the
MAPK pathway via heightened RAF dimerization [98].

The PNOC001 phase II study, which embarked upon an investigation into the efficacy
of the mTOR pathway inhibitor everolimus in cases of recurrent or progressive pLGG,
charted pioneering territory by mandating a prerequisite for tissue diagnosis [99]. Sub-
sequently, PNOC014 emerged as the inaugural trial tasked with scrutinizing the safety
profile of a Pan-RAF inhibitor among pediatric patients grappling with LGG. The auspi-
cious findings gleaned from the initial cohort of patients have expedited the progression
to PNOC026/Day101-001—a phase II study singularly dedicated to appraising the oral
Pan-RAF inhibitor (Day101) in individuals afflicted by recurrent or progressive pLGGs
characterized by BRAF alterations [100]. Furthermore, therapeutic agents designed specif-
ically to target the BRAF V600E mutation, such as dabrafenib and vemurafenib, have
demonstrated encouraging outcomes in early-phase clinical trials involving patients with
pLGGs. A recent revelation stemming from the phase II trial presented by Bouffet et al. at
the American Society of Clinical Oncology (ASCO) Annual Meeting unveiled a noteworthy
overall response rate (ORR) for the combination therapy of dabrafenib and trametinib
(47%), signifying a substantial enhancement in comparison to the ORR associated with the
conventional chemotherapy regimen employing carboplatin and vincristine (11%) [101].

It merits mention that therapeutic agents custom-tailored to target aberrant cellular
pathways in pediatric low-grade gliomas (pLGGs) exhibit a toxicity spectrum that diverges
markedly from that encountered with traditional chemotherapeutic regimens. Traditional
chemotherapy regimens for pLGGs, while efficacious, are often accompanied by a constella-
tion of adverse effects, encompassing myelosuppression, alopecia, ototoxicity—particularly
notable with the utilization of carboplatin—and, although less frequently observed, per-
turbations in fertility potential, notably associated with procarbazine [102]. Conversely,
targeted therapeutic modalities such as MEK and BRAF inhibitors give rise to a distinct set
of side effects, which encompass dermatological toxicities, elevations in creatine phosphok-
inase (CPK), cardiovascular complications, and ocular adverse events [103].

7. Conclusions

The landscape of LGG treatment is undergoing a transformative shift. Emerging
strategies challenge traditional methods, questioning the risks of a less dynamic approach
and the direct implications of radiotherapy while highlighting the merits of proactive
measures like comprehensive surgical removal and initial chemotherapy. Given the current
data, a compelling approach might be to prioritize extensive surgery when feasible and
reserve radiotherapy for the point of disease advancement. Ongoing clinical trials hold
the promise of redefining LGG treatment, particularly spotlighting the potential role of
temozolomide, which might even negate the necessity for radiotherapy in the future. It is
imperative that future research delves deeper, leveraging advanced imaging and molecular
markers to decode prognoses more accurately.
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Abstract: Gliomas are primary malignant brain tumors. These tumors seem to be more and more
frequent, not only because of a true increase in their incidence, but also due to the increase in life
expectancy of the general population. Among gliomas, malignant gliomas and more specifically
glioblastomas (GBM) are a challenge in their diagnosis and treatment. There are few effective therapies
for these tumors, and patients with GBM fare poorly, even after aggressive surgery, chemotherapy,
and radiation. Over the last decade, it is now appreciated that these tumors are composed of
numerous distinct tumoral and non-tumoral cell populations, which could each influence the overall
tumor biology and response to therapies. Monocytes have been proved to actively participate in
tumor growth, giving rise to the support of tumor-associated macrophages (TAMs). In GBM, TAMs
represent up to one half of the tumor mass cells, including both infiltrating macrophages and resident
brain microglia. Infiltrating macrophages/monocytes constituted ~ 85% of the total TAM population,
they have immune functions, and they can release a wide array of growth factors and cytokines in
response to those factors produced by tumor and non-tumor cells from the tumor microenvironment
(TME). A brief review of the literature shows that this cell population has been increasingly studied
in GBM TME to understand its role in tumor progression and therapeutic resistance. Through the
knowledge of its biology and protumoral function, the development of therapeutic strategies that
employ their recruitment as well as the modulation of their immunological phenotype, and even the
eradication of the cell population, can be harnessed for therapeutic benefit. This revision aims to
summarize GBM TME and localization in tumor niches with special focus on TAM population, its
origin and functions in tumor progression and resistance to conventional and experimental GBM
treatments. Moreover, recent advances on the development of TAM cell targeting and new cellular
therapeutic strategies based on monocyte/macrophages recruitment to eradicate GBM are discussed
as complementary therapeutics.

Keywords: glioblastoma; macrophages; monocytes; tumor microenvironment; targeted therapy;
cell-based therapy

1. Introduction

Brain and other nervous system cancers are among the most fatal cancers in several
countries around the world [1–3]. In 2019, there were 347,992 global cases of brain and
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Central Nervous System (CNS) cancers, which showed a significant increase in its inci-
dence (94.35%) from the period between 1990 to 2019 [4]. An estimated 251,329 people
passed away from primary cancerous brain and central nervous system (CNS) tumors in
2020 [5]. Among brain tumors, malignant brain tumor incidence rates are slightly decreas-
ing over the last decade; however, mortality rates increased in the same period of time [1].
Specifically, in the malignant brain tumor group, 5-year glioblastoma (GBM) survival only
increased from 4% to 7% during the last years [1]. However, survival rates vary widely and
depend on several factors, including the degree of malignancy and cellular and molecular
distinctive features.

Over the years, the identification of distinct genetic and epigenetic profiles in various
brain tumors has improved the classification of more than 100 cancerous diseases that can
appear in this preferential location and allows the discovery of new diagnostic, prognostic,
and predictive molecular biomarkers to improve the prediction of response to treatment
and therapeutic outcome [6]. The classification of brain tumors has experienced numerous
changes over the past half century. The World Health Organization (WHO) has played a
key role in the effort to split malignancies according to clinical and histological profiles from
the first classification launched in 1979 [7]. This increased complexity as reflected in the
last classification in 2021 summarizes the current understanding of the clinical, histologic,
and molecular features of CNS tumors and paves the way for further precision in tumor
classification and a shift towards increased use of targeted therapeutics [8].

Among malignant gliomas, GBM is one of the most aggressive malignancies, account-
ing for 14.5% of all central nervous system tumors and 48.6% of malignant central nervous
system tumors [9]. The median overall survival (OS) of GBM patients is only 15 months,
which highlights the failure with conventional treatments applied so far [10]. The ongo-
ing effort to identify potential new molecular or cellular targets for the development of
effective clinical therapies has not yet led to significant improvements in survival rate, with
most patients surviving not more than a few years. In this sense, the understanding of
the molecular interactions among not only tumor cells but also other types of non-tumor
cells that reside into tumors has made it possible to improve therapeutic targeting [11].
Nevertheless, the majority of studies related to GBM treatments over the last decades has
focused on eradication of tumor cells, whereas more recent efforts have been placed on un-
derstanding the microenvironment surrounding tumor cells, the interaction between these
cellular and acellular components in different preformed tumor niches, and how to design
new treatment options that target these components in a multi-attack approach [12,13].
Tumor-associated macrophages (TAMs) play an essential role in the GBM microenviron-
ment since this non-tumoral cell population represents up to 50% of tumor mass and
specific treatments to eliminate these cells have been proposed in the past [14,15]. In this
review, updated research on the components of the tumor microenvironment (TME) in
GBM is presented, with a special focus on the main non-tumor cell population represented
by macrophages and their location into GBM tumor niches. The main aspects included in
the analysis are related to the origin of these cells, their recruitment within the GBM, their
participation in the gliomagenesis process as well as in the resistance to the main treatments
used. Moreover, the main findings related to the therapeutic targeting of macrophages
based on their recruitment, polarization, and functions for GBM therapy are presented.

2. Search Strategy and Selection Criteria

The original published research studies in peer-reviewed journals cited in this review
were published between 2014 and 2023, with a major focus on the years 2018 to 2022. The
PubMed, Scopus, Google Academic, and the US National Institutes of Health Clinical
Trials Registry (http://www.clinicaltrials.gov, accessed on 10 December 2022) databases
were used to search relevant studies with the following keywords: “malignant gliomas”,
“glioblastoma”, “tumor microenvironment”, “macrophages”, “targeting macrophages”,
“microglia”, “monocyte recruitment” in different combinations. Duplicates and articles in
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languages other than English were excluded. Full articles with restricted access were also
excluded. All references were cited to the content-related parts of the review.

3. Classification, Biological Features, and Tumor Niches of GBMs

Tumors generated from different glial cells in the CNS are known as gliomas. To
unify the diagnostic criteria, WHO proposed a CNS tumor classification and nomenclature
guide based on the combination of parameters such as tumor mass extension into the brain
tissue, the proliferation of the microvasculature, genetic alterations, presence of necrotic
areas, and cell proliferation index [16]. Low-grade gliomas (LGG) (grades 1 and 2) are
less invasive while high-grade gliomas (3 and 4) represent the most challenging brain
tumors. WHO Classification of Tumors of the CNS (WHO CNS5), revised recently, has
suffered substantial changes by moving further to advance the role of molecular and genetic
biomarkers’ identification in the diagnostics of CNS tumor classification but remaining
rooted in other established approaches to tumor characterization, including histology
and immunohistochemistry [8]. In addition, the number denoted in the gradation is
now Arabic instead of a Roman numeral. This classification would have an impact in
the correct diagnosis, treatment definition, and prognosis of the disease. For example,
the identification of mutations in isocitrate dehydrogenase (IDH) defines gliomas with
the best prognosis independently of their tumor grade [17]. IDH mutation in GBM is
frequently associated with TP53 mutation, and it has a generally better prognosis than
IDH-wildtype glioblastoma.

Among malignant gliomas, grade 4 tumors or GBM are the most aggressive, and they
possess high levels of intratumoral and intertumoral heterogeneity. Apart from containing
different genetic signatures, GBMs present different transcriptomic profiles, which have
recently originated a new classification: classical, mesenchymal, neural, and proneural
tumors [18]. However, this classification does not impose a different therapeutic approach,
so it is not routinely performed in the clinic [11]. For this reason, the WHO classification
includes GBM as part of the diffuse astrocytic and oligodendroglial tumors group and they
are divided into three subgroups based on IDH mutations: (1) glioblastoma, IDH-wildtype,
clinically identified as primary GBM and predominant in patients over 55 years of age,
(2) glioblastoma, IDH-mutant, clinically identified as secondary GBM and more common
in younger patients, and (3) glioblastoma NOS (not otherwise specified), which does not fit
into the other categories and is not well defined [9].

During the gliomagenesis process, different genetic abnormalities signatures lead
to GBM malignant cell transformation; however, tumors masses formed need a great
amount of genetic, epigenetic, and metabolic changes in order to continue proliferation
and expansion to the surrounding healthy brain tissue, including changes in energetic
metabolism, invasive capacity, remodeling of the extracellular matrix (ECM), cell migration
and promotion of angiogenesis [9]. The detachment of invading tumor cells from the
primary tumor mass accompanied by decreased expression of Cx43 and increased CD44
expression, followed by the anchored and degradation of ECM by overexpressed MMP-9
and MMP-2, allow the colonization of tumor cells into normal brain tissues such as brain
parenchyma, leptomeningeal space, white matter tracts of corpus callosum, and perivas-
cular space [19,20]. GBM cells also attract non-tumoral cells such as microglia, astroytes,
and endothelial cells that secrete proteases to enhance migration [14]. In this migration
movement, tumor cells in immediate proximity of pre-existing and degenerated vessels
begin to die, forming foci of necrosis. These foci become surrounded by tumor cells, which
eventually form pseudopalisade and upregulate the expression of vascular endothelial
growth factor (VEGF), leading to vascular hyperplasia, distinguishing glomeruloid vas-
cular proliferation areas. Different niches within the tumor mass will be created, which
contemplate the coexistence of tumor cells and non-tumor cells in different areas such as
the hypoxic/necrotic niche, invasive front, and perivascular zones that not only define
different cell constituents [21], but are also characterized by cell plasticity, heterogeneity,
and resistance to radiotherapy and chemotherapy [12].
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4. Tumor Microenvironment (TME) in GBM Niches

TME plays an essential role in cancer development. Various non-tumor cells participate
in the TME, collaborating in growth, survival, invasion, and metastasis of tumor cells [22].
Tumor cells structure the tumor parenchyma and non-tumor cells, which are part of
the stroma, have a cellular heterogeneity. Normal and reactive astrocytes, fibroblasts,
immune cells, microglia, macrophages, endothelial cells, and vascular pericytes are part of
the microenvironment of the GBM. Furthermore, proteins and non-protein biomolecules
(polysaccharides, hormones, nitric oxide, etc.) are produced by all the cell types to promote
neoplastic growth, and they are also main components of the TME [23]. More importantly,
glioma stem cells (GSCs) have the capacity to generate new tumor cells and support cancer
growth and regrowth even after the majority of treatments employed [22]. The location of
GSCs into the tumor has been discussed, but they can be found in different niches of GBM
close to central necrosis [22].

Perivascular niches are composed of blood vessels such as capillaries or arterioles, and
GSCs have close contact with them [24]. Furthermore, reactive astrocytes presented in these
areas generate angiopoietins 1 and 2 (Ang-1 or Ang-2) and VEGF, which are important
cytokines for tumor cells that use the perivascular space for invasion and co-opt existing
vessels as satellite tumors [25]. VEGF induced Ang-1 pericytes’ recruitment to improve
vascular stability. Moreover, these molecules also participate in the recruitment of myeloid
cell populations into GBM [26,27]. Around necrotic zone, Ang-1 is absent because hypoxia
down-regulates Ang-1 expression; nevertheless, Ang-1 is more perceived in the tumor
periphery [28].

The main molecular inductor of angiogenesis in perinecrotic areas is hypoxia-inducible
factor 1 (HIF-1), which intensifies VEGF expression after translocation to nuclei [28]. On the
other hand, perinecrotic niches are considered zones of high tumor cell proliferation and
low endothelial cell development. An important feature in necrotic foci is the appearance
of GSC around them [28].

Moreover, other non-cellular components belonging to ECM are upregulated into
TME, such as hyaluronan, vitronectin, osteopontin, tenascin-C, SPARC, and BEHAB with an
impact on the GBM progression. Their overexpression is correlated with poor prognosis [29].
This is of particular interest because hyaluronan helps in the progression of malignant
gliomas by facilitating primary brain tumor invasion in and migration through its two
cellular receptors, CD44 and RHAMM [29]. CD44 is the major receptor for hyaluronan and it
contributes to cell–matrix interactions, cell migration, and regulation of tumor growth [29].
Tight junctions between ECM components and integrins of neoplastic cells lead to an
increment in apoptotic resistance, proliferation, and migration [30]. Other overexpressed
proteins such as fibronectin, which has the ability to regulate cell adhesion and migration,
have been proposed as promoters of tumor invasion [31]. The overexpression of TGF-
β, TGF-α, EGF, VEGF, and TNF-α promote both survival and tumor proliferation of
GBM [32]. Many GBMs present EGFR amplification and/or mutation, and to a lesser extent
they overexpress PDGF receptors. Those EGFR-dependent tumors would develop drug
treatment resistance [33,34].

TAMs play an essential role in the GBM microenvironment. These cells can come from
two different tissue origins. Microglia cells are derived from primitive hematopoiesis in
the fetal yolk sac and take up residence in the brain during early fetal development [35].
Microglia differentiation and proliferation requires colony-stimulating factor 1 (CSF1), CD34,
and the transcription factor PU.1 [35]. Under normal physiological conditions, the brain
is only occupied by resident microglia, and the presence of other bone-marrow-derived
macrophages (BMDM) are associated with the diseased brain. Microglia are long-lived and
have self-renewal capacity compared with BMDM [36]. In addition, peripheral macrophages
driven by inflammatory factors from GBM tumor cells and other TME cell populations
promote the infiltration of circulating BMDM derived from hematopoietic stem cells that
can migrate to tumor tissue; they penetrate the blood–brain tumor barrier (BBTB), and
probably the intact blood–brain barrier (BBB), where they differentiate into monocyte-derived
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macrophages and promote tumor progression [14,37]. The BBB provides both a physical and
a physiological barrier between the brain parenchyma and the bloodstream restricting the
entry of various components such as peptides and proteins, due to tight junctions [38] and
also limits the permeability of immune cells from blood [39]. Upon brain injury produced by
GBM tumorigenesis, the BBB becomes compromised (forming the BTBB) leading to significant
influx of circulating BMDM and other immunological cells [40]. Moreover, Wang L.J. reported
through immune landscape analysis that the risk score was significantly related to TME,
specifically taking into account the macrophage cell population in malignant gliomas. Authors
demonstrated the value of TAMs-related signature in predicting the prognosis of glioma, and
they provided potential targeted therapy for glioma by in silico analysis [41]. Pinto L. et al.
analyzed and characterized myeloid and lymphoid infiltrate in grade 2, 3, and 4 gliomas
human samples by multicolor flow cytometry, along with the composition of the cell subsets
of circulating myeloid cells [40]. They described that the infiltration by BMDM reached the
highest percentages in GBM, and it increased from the periphery to the center of the lesion,
where it exerted a strong immunosuppression that was absent in marginal areas instead. Chen
et al. in 2017 agreed that BMDMs predominate within the GBM parenchyma, while microglia
reside at the tumor periphery, so TAMs are represented by ~85% of infiltrating BMDM and
~15% of microglia [15].

Thus, the majority of immune cells in GBM includes a vast diversity of myeloid and
lymphoid cells, which comprise BMDMs, myeloid-derived suppressor cells (MDSCs), DCs,
lymphocytes, natural killer (NK), neutrophils, etc. [42]. However, the complex cell–cell
interactions provide a unique physiological advantage for glioma cells that establishes
an immune-suppressive and tumor-development-permissive microenvironment that is
featured with high resident and recruited myeloid cell substances, hyporesponsive, and
exhausted tumor infiltrating lymphocyte (TIL), which makes malignant glioma known as
an immunologically “cold” tumor [43,44]. In addition, some studies indicated that reducing
the number of MDSCs recruitment may slow the progression of glioma tumor cells [45].
Lymphoid cells are presented in GBM, but they are infrequent and they represent less than
2% of the tumor mass [46]. A representative scheme of different cell components of GBM
TME is summarized in Figure 1. Principal functions of GBM cellular components are listed
in Table 1.

Figure 1. TME in GBM. Representative scheme of different GBM tumor areas. TAMs are associated
with perinecrotic core centers, perivascular areas, and tumor front invasion zones. This figure
was created using Servier Medical Art templates, which are licensed under a Creative Commons
Attribution 3.0 Unported License; https://smart.servier.com (accessed on 1 February 2023).
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Table 1. Main functions of cellular components of TME of GBM.

TME Cellular Components Functions

Astrocytes Homeostasis regulation
Endothelial cells Angiogenesis and BBB formation

Microglia Immune regulation
M1-like macrophages Proinflammatory
M2-like Macrophages Anti-inflammatory and tumor progression promoter

Neurons Receive, process, and transmit information
Pericytes Angiogenesis and BBB formation

GSCs Tumor perpetuation and resistance

As we mentioned previously, the prominent genomic feature that mostly distinguishes
LGG from malignant gliomas, such as GBM, is the mutational status of the two genes
encoding the cytoplasmatic IDH1 and/or the mitochondrial IDH2, where ~80% of LGGs
present IDH mutations, compared to only ~5% of GBMs. Interestingly, IDH mutations are
an independent prognostic factor in gliomas and they are associated with increased survival
in all types, including GBM [17,47]. IDH status also denote TME cell components differences
between tumors with the wild-type isoform and those with the mutated IDH [48]. Unlike
GBMs with IDH-wildtype, GBMs with the IDH mutation have been shown to have less M2
macrophage infiltration and fewer PD-1-expressing T cells [49]. A study based on samples
from patients with GBM showed that there is less infiltration of TAMs in GBM with IDH
mutation, being more proinflammatory, which could reflect a better prognosis for these
patients, and the fact that microglia in mutated IDH also have a proinflammatory role [50].

5. Monocyte Recruitment as Main Source of TAMs in GBM

It is well-known that numerous types of circulating cells are recruited into tumor
tissues. After migration from the bone marrow into the peripheral blood, monocytes enter
different tissues, and they differentiate into macrophages. There is increasing evidence that
monocytes, in particular, migrate into GBM, where they differentiate into macrophages
and they accumulate in distinct zones of the TME depending on the pattern of chemokine
expression and secretion [51].

It has not been long since it has been recognized that TAMs from GBMs have a
monocyte origin besides microglial origin and that the recruitment of different types
of monocytes from the bloodstream is closely related to the GBM microenvironment
and its different areas, and the BBB does not necessarily have to be disrupted [52,53].
Monocytes are not a homogeneous population, but they rather vary in phenotype and
function. Based on this, monocytes from mice can be divided into two main subsets based
on the expression of LY6C and CX3CR1 genes which have been termed classical and non-
classical monocytes [15,54]. Human monocytes are commonly divided into three subsets
based on CD14 and CD16 expression, and the recent incorporation of 6-sulfo LacNac (SLAN)
expression allows a better differentiation between subtypes [53]: classical monocytes
(CD14+ CD16− SLAN−), intermediate monocytes (CD14+ CD16+ SLAN−), and non-
classical monocytes (CD14low/− CD16+ SLAN+) [55]. Classical monocytes, similar to
those of mouse LY6CHI monocytes, highly express CCR2; they are the most prevalent
monocyte subset in human blood, and they are recruited in inflamed environments [52].

As previously mentioned, when monocytes extravasate and reach the GBM tumor
mass, they begin to differentiate into mature macrophages. In this step, tumor-derived
chemokines and monocyte chemokine receptors play a critical role in monocyte/macrophage
recruitment (Figure 2). Over the last century, it has been shown that various receptor–ligand
pairs can regulate monocyte/macrophage recruitment into specific tumor microenviron-
ments. Among the receptor-ligand pairs, the ligands of CD62L/CD62L, CCR2/CCL2,
CX3CR1/CX3CL1, and VEGFR1/VEGF-A have been the most significantly implicated in
monocyte/macrophage recruitment into specific TME areas. Ligands for these receptors
are produced in the TME by GBM tumor cells, leukocytes, endothelial cells, and infiltrating
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fibroblasts, and their expression has been shown to positively correlate with the number of
macrophages in tumors [15,56,57].

 

Figure 2. BMDM recruitment into inflamed brain tissue. An activated endothelium allows the
recruitment of cells from the bloodstream through a well-orchestrated and coordinated mechanism.
This figure was created using Servier Medical Art templates, which are licensed under a Creative
Commons Attribution 3.0 Unported License; https://smart.servier.com (accessed on 1 February 2023).

CCL2, also known as monocyte chemotactic protein-1 (MCP-1) or small inducible
cytokine A2 (SCYA2), is a highly potent chemoattractant of monocytes/macrophages to
areas of tissue injury and inflammation, as well as to tumor areas. Many studies have
made it clear that CCL2 is the primary cytokine in monocyte recruitment into the inflamed
CNS [40,53,58,59]. Moreover, the extent of CCL2 expression is associated with glioma
grade [60]. In the setting of murine GBM, research has shown that neoplastic cells in
GBM express high levels of CCL2, which contributes to the directional infiltration of
CCR2Hi inflammatory monocytes into the tumor [61]. CCL7 also mediates the recruitment
of BMDMs via binding to CCR2 [62]. Loss of CCL2 or CCL7 can significantly reduce
the recruitment of BMDMs (40–50% reduction) during inflammation processes and it
enhances therapeutic response [63]. Additionally, it was shown with orthotopic GSC
xenografts that periostin secreted by tumor cells specifically supported the recruitment of
anti-inflammatory and consequently pro-tumor monocyte-derived macrophages, a result
validated with immunohistochemistry on human GBM tissue, which showed more CCR2+
cells in the tumor infiltrate [64].

GBM tumor niches could recruit different subtypes of monocytes. For instance, due to
reduced oxygen supply, the central regions of GBM tumors show high levels of hypoxia and
in this hypoxic region, hypoxia-inducible chemokines that attract monocytes/macrophages,
such as VEGF-A, SDF-1 are enriched compared to the peritumoral region [28,65–67]. On
the other hand, CX3CL1/CX3CR1 chemokine axis elicited adhesion and migration of
TAMs, they increased the expression of matrix metalloproteinase (MMP) 2, MMP9, and
MMP14 enzymes that degrade ECM, and they are concerned in tumor invasiveness [68].
For this reason, this axis is more implicated in the non-classical monocyte recruitment
into the perivascular area. CX3CR1 signaling enhances accumulation of BMDMs and
angiogenesis during malignant transformation of LGG [69]. In another study, the expression
of CX3CL1 was inversely correlated with patient overall survival with the uppermost scores
of CX3CL1 expression in grades 3–4 tumors: oligodendrogliomas, anaplastic astrocytomas,
and GBM [70]. In concordance, a recent study demonstrated that the transcripts of seven
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chemokines, including CCL2, CCL8, CCL18, CCL28, CXCL1, CXCL5, and CXCL13 were
highly expressed in GBM, which was also evidenced with a large immune cell infiltrate
and it was accompanied by worse GBM patient outcomes [71]. CCR2Hi inflammatory
monocytes are rapidly recruited to sites of inflammation and sites of tissue remodeling as
well, and they have been shown to be the major source of TAMs in GBM [15,72]. These
monocytes will be homed in perivascular and perinecrotic/hypoxic areas [72]. For instance,
Chen et al. demonstrated that CCR2+ inflammatory monocytes are rapidly recruited into
a GBM orthotopic mouse model and they are highly motile cells to reach different zones,
but they also could rapidly change to a stationary CX3CR1hiCCR2lo and CX3CR1hiCCR2–
TAM profile in perivascular areas adjacent to endothelial cells and pericytes [73].

Another important chemoattractant axis for TAM recruitment is CXCL12/CXCR4 axis.
As it was previously mentioned, CXCL12, also known as SDF-1 is enriched in hypoxic
areas and it is related to glioma progression, cancer cell–TME interaction, cellular invasion,
and tumor angiogenesis [67,74,75]. Angiogenesis is one of the key hallmarks of GBM, and
CXCL12 binding to CXCR4 participates in this process via boosting VEGF release [67,76]. It
has been reported that high CXCL12 levels in GBM may attract CXCR4-positive vascular
and inflammatory cells such as TAMs that, once within the tumor, secrete tumor-promoting
cytokines as well as growth and pro-angiogenic factors [77,78]. CXCR4 high levels of
expression have been related to negative prognostic significance in malignant glioma
patients [79]. Some of these ligand–receptor axes will be discussed later as targets to
decrease TAM recruitment.

6. Macrophages Functions in Malignant Gliomas

Macrophages have been classified as M1 and M2 subtypes. These immune cells have
clout in tumors due to M1 having better prognosis in patients than the infiltrating of
M2 [80]. Macrophage subtypes have many differences, M1 cells have a proinflammatory
phenotype that generate interleukin-1 (IL-1), IL-12, IL-23, IL-6, Tumor Necrosis Factor
α (TNF-α), and ROS. In counterpart, M2 TAMs have an anti-inflammatory and tumor
progression promoter phenotype, they generate IL-10, IL-4, IL5, VEGF, and they cause
immune suppression promoting transforming growth factor β (TGF-β). Additionally, M2
helps recruit Th2 helper T cells, which release IL-4, IL-5, and IL-10 [81]. On the other hand,
TAMs with an M2-like phenotype participate in the proliferation, survival, and migration
of tumor cells [82]. It is known that TAMs release IL-6 and IL-1β that activate various
cell proliferation pathways [83]. IL-6 secretion by macrophages is highly correlated with
the poor prognosis of GBM patients, and its quantification in the cerebrospinal fluid was
proposed as a prognostic marker [84].

In GBM, there is a predisposition for BMDMs to be found in the tumor nucleus in
a greater proportion; however, microglia-derived TAMs are found in the periphery of
the tumor [15]. In this regard, a study demonstrated that M2-like TAMs represented by
macrophages CD204+ were correlated with poor prognosis in GBM and they expressed
markers from both M1 and M2 activation profiles. Furthermore, these TAMs were located
around blood vessels and perinecrotic areas, where a protumoral interaction with GSCs is
postulated [85]. Perivascular TAMs (with a more M2 phenotype) are proangiogenic and
protumoral, because they present a variety of markers such as VEGFA, CCR2, and Tie2 [86].
It has been reported that microglia/macrophages cells present proangiogenic factors such
as CXCL2 and CD13 that act independently of VEGF. This could explain the recurrence of
GBM and the failure of antiangiogenic therapies against VEGF [87].

Although the GBM TME exhibits proangiogenic characteristics through VEGF and
other molecules, it is also characterized by the secretion of TGF-β by TAMs that acts by
suppressing the function and proliferation of cytotoxic T cells [88]. Moreover, an important
lymphocyte depletion is initiated in GBM due to the large presence of macrophages, with a
suppressed Th1 profile and a higher M2 response [89]. The immunosuppressive effects of
GBM can be attributed to the elevated levels of TGF-β, since it promotes the stimulation
of the M2 phenotype in macrophages with release of the immunosuppressive cytokine
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IL-10. In addition, TGF-β decreases the production of molecules such as granzyme A/B,
interferon gamma, and perforin, which are fundamental molecules in cytotoxicity mediated
by NK and T cells [90]. Moreover, M2 macrophages express chemokines that increase the
recruitment of regulatory T cells (Tregs), such as chemokine C-C ligand 2 (CCL2), CCL5,
CCL20, and CCL22. These chemokines also inhibit the activity of CD4+ and CD8+ effector
cells, NK cells, and DCs [40,91].

Microglia cells promote the invasion of neoplastic cells through the secretion of
TGF-β, which promotes the release of MMP2 that degrades components of the ECM,
such as gelatins, collagen, and elastin [31]. Additionally, TAMs release other invasion-
promoting molecules such as CCL5 and CCL8, which degrade the ECM [92]. CCL5 of
microglia/macrophages favors glioma tumor progression through the CC5 receptor (CCR5),
therefore GBM patients who overexpress CCR5 have a worse prognosis. CCL5/CCR5 inter-
action triggers MMP invasion and intracellular calcium cascade [93]. Together with MMPs,
ADAM (A Disintegrin and Metalloprotease) metalloendopeptidases are related to the pro-
gression of GBM. ADAM8 is expressed in both M1 and M2 macrophages, while MMP9
and MMP14 are associated with M2 and related with poor patient prognosis. MMP14
inhibition improved survival in experimental animals with GBM, and may be a possible
therapeutic target [94]. On the other hand, the M1 phenotype of macrophages is allied
with the expression of ADAM10 and ADAM17, resulting in a better prognosis for patients
with GBM [95]. Different protumoral functions with principal molecules involved with
microglia and BMDMs TAMs are summarized in Figure 3.

Figure 3. Macrophage functions supporting GBM malignancy. The role of TAMs in different biological
events such as angiogenesis, proliferation, invasion, and immune suppression. This figure was created
using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0
Unported License; https://smart.servier.com (accessed on 1 February 2023).

7. Conventional and Alternative Treatment Modalities for GBM

The current standard of care coordinates patients with newly diagnosed GBM to be
treated with maximal safe resection surgery, followed by a course of radiotherapy (RT) with
a simultaneous dose of temozolomide (TMZ), and then adjuvant chemotherapy of several
maintenance cycles with TMZ (Stupp protocol). Post-surgery, the treatment regimen
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consists of 6 weeks of RT to the surgical cavity, followed by adjuvant chemotherapy,
consisting of a total of six cycles of treatment with TMZ at a dose of 150–200 mg/m2

for 5 days for every 28-day cycle [10,96]. After this standard first-line treatment, the
progression of the disease is highly heterogeneous with a median survival of 14.6 months,
with only a 10% to 15% of patients reaching 3 years of life during the current standard-
of-care period [97]. According to a systematic review of randomized clinical trials, RT
plus TMZ provides better survival outcomes than RT alone [98]. However, long-term
administration of TMZ generally generates resistance, limiting its efficacy. The contribution
of macrophages to the therapeutic resistance of TMZ was also reported [99].

New therapeutic schemes include tumor-treating fields (TTFields) with low-intensity,
alternating electric fields delivered by transducer arrays applied to the scalp over the
regions of the brain where tumors are localized. The use of TTFields produces mitosis
inhibition and cell cycle arrest, disturbs DNA repair, interrupts cell migration, and thus
suppresses tumor growth and invasion [100,101]. The effectiveness and safety of TTFields
in GBMs management have been confirmed in various randomized clinical studies, and
it has been established as the fourth treatment option in addition to surgery, RT, and
chemotherapy [102]. Nevertheless, TTFields given during maintenance TMZ still fails to
improve the median overall survival (OS) for more than 21 months [13]. However, a benefit
is the promotion of the production of immune-stimulating proinflammatory environment
with recruitment of proinflammatory cells from blood such as monocytes [103].

Molecular targeting approach is another therapeutic strategy greatly explored in GBM.
Most molecular therapies have been developed to specifically inhibit tumor angiogene-
sis [104,105] or to block ligand-independent and dependent signaling pathways, such as
dual-targeted of PI3K/mTOR signaling with PDGFR and VEGFR inhibitors [57,106].

From an immunotherapy approach, treatments with immune checkpoint inhibitors
such as anti-CTLA-4 mAb, PD-1 and PD-L1 inhibitors demonstrated improved OS in
some patients with malignant gliomas, suggesting that immunotherapy is a potential
treatment option for CNS tumors, mainly in combination modalities [107]. Despite this,
a persistent challenge remains for immunotherapy in the treatment of GBM due to the
existence of redundant mechanisms of tumor-mediated immune suppression from its
environment. Dendritic cell (DC) immunotherapy is an alternative emerging strategy for
the treatment of GBM. Recently, phase I and II clinical trials testing DC vaccines in patients
with newly diagnosed and recurrent GBM were conducted. The results demonstrated
that DC immunotherapy enhanced progression-free survival (PFS) in GBM patients and
elevated numbers of tumor-infiltrating CD8+ lymphocytes [108]. Accordingly, Iurlaro R.
and colleagues recently engineered T-cell bispecific antibodies (TCB) that bind both the
T-cell receptor and tumor-specific antigens [109]. The tumor-specific antigen proposed
by the group was the epidermal growth factor receptor variant III (EGFRvIII), which
is expressed on the surface of tumor cells; it is not expressed in normal tissues, and it
represents a common mutation event in GBM patients. EGFRvIII-TCB showed specificity
for EGFRvIII and promoted tumor cell killing as well as T-cell activation. In addition,
EGFRvIII-TCB promoted T-cell recruitment into GBM animal models [109]. Advantages
and limitations for conventional treatments are shown in Figure 4.
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Figure 4. Conventional treatment modalities for GBM. Main treatment options for GBM patients
are represented by solid straight lines. Limitations for these main treatments are schematized as
refractory lines. This figure was created using Servier Medical Art templates, which are licensed
under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com (accessed
on 1 February 2023).

Alternative treatment modalities such as photo-assisted therapies have extensively been
validated for newly diagnosed and recurrent GBM [110–112]. When glioma cells absorb a
molecule called photosensitizer (PS), exposure to high intensity laser light will be able to kill
tumor cells by light activable reactive oxygen species (ROS) reactions in the photodynamic
therapy (PDT) [113,114]. Clinical trials with classical PS have been conducted in a few countries
such as Australia, France, and Japan, where results in newly diagnosed HGG patients indicate
greater success (NCT01966809, NCT01148966, NCT04391062, JMA-IIA00026) [115,116]. PDT
approach not only involves direct tumor cell destruction, but also the mechanisms of ROS-
mediated activation can promote other antitumoral effects such as the activation of immune
response [117], a vascular supply reduction [118], and also the opening of the BBB to enhance
drug permeability into brain tissue [111]. Photoactivation of PSs also allows the emission
of fluorescence and phosphorescence that can be used in the diagnosis of remaining tumor
cells and/or delimitation of surgical margins [119,120]. A challenge for some photo-assisted
therapies is the requirement of all the elements needed in the tumor site. In this sense,
devices to activate sensitizers are not found everywhere. Alternative treatment modalities
in preclinical and clinical trials are shown in Figure 5. Other limitations for these new
therapies come from TME such as the presence of endothelial cells of the BBB, macrophages
engulfing therapeutic nanoparticles, hypoxia developed by tumor growth, etc. [121]. PDT and
sonodynamic therapy (SDT) need the consumption of oxygen to generate ROS and induce
cancer cell death. Under a hypoxia environment, the reduced oxygen supply is a challenge for
both PDT and SDT. However, TME components could offer therapeutic strategies that can be
applied with nanotechnology to achieve higher specificity for target cells and avoid damage
to nearby healthy tissue. For instance, nanoparticle surfaces have been functionalized with
various targeting moieties for molecular recognition of tumoral and non-tumoral cells [122]. In
another approach, nanoparticles have been developed to employ tumor hypoxia or oxidative
stress to accomplish a therapeutic effect [121].
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Figure 5. Alternative treatment modalities for GBM. Non-standard treatment options for GBM
patients with the main mechanisms of action are represented by solid straight lines. This figure
was created using Servier Medical Art templates, which are licensed under a Creative Commons
Attribution 3.0 Unported License; https://smart.servier.com (accessed on 1 February 2023).

As it can be seen, the therapeutic approach for GBM requires a multiple attack towards
several molecular targets with the help of surrounding cells. This highlights the importance
of studying the intercellular relationships between tumor cells and other types of non-tumor
cells inhabiting the tumor mass. From this point of view, the principal non-tumoral cell
population represented by TAMs could help to improve the efficacy of different treatments
modalities. In the following section, a brief examination of treatments that focus on TAMs
and that can be used in combination with the above treatments will be discussed.

8. Therapeutic Strategies Focused on TAMs of GBM

The overwhelming evidence of the presence of TAMs in the immune infiltrate of both
murine and human malignant gliomas has raised awareness of the persuasive role these
cells may have on several biological events to develop an immunosuppressive environment,
enabling the glioma cell progression and invasion and the contribution to the resistance
to many treatment interventions. Understanding the phenotype, function, and the cell
programming or plasticity of these cells is of great importance since the focus on glioma
therapy is shifted towards targeting the microenvironment cells as well as the tumor cells.

8.1. Strategies to Deplete Macrophages or Inhibit Monocyte Recruitment into GBMs

Macrophages of malignant glioma TME are characterized by their plasticity and
heterogeneity; however, in a dichotomy approach where two extreme types of macrophage
phenotypes co-exist in gliomas’ TME, pro-tumoral M2 macrophages with low expression
of IL-12, IL-23, and a high expression of IL-10 and TGF-β have become an attractive
therapeutic target to help eradicate this type of tumor. Furthermore, M2 macrophages
also have high levels of arginase 1, mannose receptors, and scavenger receptors that serve
to classify these cells in the context of several tumors. Studies have shown that TAMs
are highly implicated in suppressing anti-tumor immune functions of T cells and directly
facilitate tumor cell immune escape [123]. For these reasons, as the higher macrophage
infiltration in the TME of GBM is often correlated with poor treatment outcomes and
prognosis [27], depleting them by specifically targeting and killing them is an attractive
strategy that was evaluated in the recent past.
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One of main strategies to deplete TAMs is to target the colony-stimulating factor 1
receptor (CSF-1R). CSF-1R belongs to a type III protein kinase receptor family and binds to
two ligands, CSF-1 and IL-34. After binding, ligands induce homodimerization of CSF-1R
and activation of receptor signaling, which is crucial for the differentiation and survival
of macrophages in tissues [124]. Gabrusiewicz K. et al. modeled in vivo GBM using in-
tracranial GL261-bearing CSF-1R–GFP+ macrophage Fas-induced apoptosis transgenic
mice [125]. In their mice, transitory macrophage population ablation was achieved by
exposure to AP20187, a ligand which induces Fas-mediated apoptosis through activation
of the caspase-8 pathway in myeloid lineage cells; and afterward, tumors showed lower
mitotic index, microvascular density, and a reduction in tumor growth [124]. In order to
achieve depletion of TAMs by CSF-1R, small molecule inhibitors and monoclonal anti-
bodies were developed in the last decade with a few of them reaching clinical trials for
the GBM treatment as monotherapy or in combination with other drugs [126,127]. For
instance, cabiralizumab, a recombinant monoclonal antibody to CSF-1R, is in a phase 1a/1b
doses-escalation study alone and in combination with nivolumab, another monoclonal
antibody anti-PD-1 for advanced solid tumors including malignant gliomas (NCT02526017).
An example of a small molecule against CSF-1R is PLX3397, a potent CSF-1R and c-Kit
inhibitor [128], which is also in clinical trials for recurrent GBMs (NCT01349036, phase 2
study—terminated) and also for newly diagnosed GBMs in combination with TMZ and
RT (NCT01790503). These drugs demonstrated outstanding results in preclinical mice
models [128,129]; however, their efficacy in human GBM is still under investigation.

Another strategy to deplete TAMs, which is currently under evaluation is to target
CXCR4 with antagonists. CXCR4 is overexpressed in numerous human cancers including
glioma, and it has been shown to promote tumor growth, invasion, angiogenesis, metastasis,
relapse, and therapeutic resistance [56]. In addition to being overexpressed in tumor
cells and GSCs, it is also found in TAMs. AMD3100, USL311, and POL5551 have been
used to deplete TAMs in GBM in combination with chemotherapy, RT, and antivascular
therapy [65,130,131]. Gagner J.P. et al. demonstrated that the combination of POL5551
and B20-4.1.1, an anti-VEGF antibody, reduced tumor invasiveness, vascular density, and
reduced Iba1-positive microglia TAM population within tumors compared to antivascular
therapy alone in preclinical GBM mouse models [65]. It is known that the action of
antiangiogenic agents in malignant gliomas is not very effective and leads to a greater
accumulation of immunosuppressive myeloid populations in hypoxic areas [132]. Their
findings raise the possibility that CXCR4 antagonists may interfere with the microglial
mechanism of escape of GBM to anti-VEGF therapy. A clinical trial, which has already
ended, evaluated USL311 as a single agent and in combination with lomustine for advanced
and recurrent GBM through a phase 1

2 dose-escalation study in order to determine treatment
modality and regimen of administration (NCT02765165). A common feature among these
therapies is that they are ineffective when applied alone and require a combinatory modality
to succeed.

8.2. Strategies to Reprogramme TAMs to an Antitumoral and Phagocitic Profile

Although TAMs with a M2-like phenotype play an important role in tumor devel-
opment and progression, M1 TAMs have been shown to effectively eliminate cancer
cells [133,134]. Reprograming TAMs from their tumor supporting phenotype (M2) to-
wards an anti-tumor phenotype (M1) can therefore inhibit tumor growth and enhance
an anti-cancer immune signaling. To achieve this, several molecules have been reported
in TAM or in glioma cells from which molecular interactions with TAM perpetuate the
M2 phenotype and could be therapeutic targets. Experimental studies have revealed a
macrophage-mediated drug resistance mechanism in which the TME undergoes adap-
tation in response to macrophage-targeted CSF1R inhibition therapy in gliomas. As we
previously mentioned, CSF1R targeting not only diminishes TAM population but also
its blockage could revert polarization to a M1 phenotype [129]. Sun et al. demonstrated
how macrophage phenotype could be exploited to exert anti-tumor effects by treating
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macrophages with an inhibitor of the CSF1R, thus making them switch from M2 to M1
phenotype and stimulating phagocytosis of tumor cells. However, after prolonged treat-
ment with CSF1R inhibitors, IL4 accumulated from other TME cell types stimulated TAMs
to secrete insulin-like growth factor 1 (IGF1), which in turn sustains the survival and
growth of glioma cells [135]. For this reason, a combined treatment modality with CSFR
inhibition and IGF1 receptor (IGF1R) inhibition will be the goal of designing more effective
therapies for gliomas [135]. In another approach to reprogram TAMs, Mukherjee S. et al.
developed novel liposomal formulation of TriCurin (TrLp). TriCurin is a mixed of curcumin
with two other polyphenols, epicatechin gallate from green tea and resveratrol from red
grapes. These TrLp liposomes were able to produce a major stimulation of the innate
immune system by repolarizing TAM to the tumoricidal M1-like phenotype and also trig-
gering intra-tumor recruitment of NK cells from the bloodstream into GBM GL261 mouse
model [136].

Toll-like receptors (TLRs) are essential in the recognition of molecular patterns en-
hanced by a broad spectrum of infectious agents, and they stimulate a variety of inflam-
matory responses. Among them, TLR9 is expressed intracellularly in innate immune cells
within the endosomal compartments, and it is activated by its binding to DNA rich in
CpG motifs. A recent study has shown that fungal polymer Schizophyllan (SPG)-based
nanoparticles (well-known ligand for Dectin-1 receptors) entrapping short DNA CpG ODN
1826 activated the signal transducer and activator of transcription 1 (STAT1) within GBM
TAMs, which in turn promotes the synthesis of Th1-type cytokines such as IL-1β, IFN-γ,
iNOS, and TNF-α and further restricts tumor growth [137]. Another receptor evaluated to
reprogram M2 TAMs was H1 histamine receptor (Hrh1), which is significantly upregulated
in the M2-like compared M1-like TAMs. Chryplewicz et al. demonstrated that imipramine,
a re-purposed tricyclic antidepressant reprogrammed TAMs into a pro-inflammatory M1
phenotype, and these cells were responsible for the recruitment of T cells, in part by
expressing the chemokines CXCL9 and CXCL10 [138].

As well as the activation of STAT-1 is associated with the transcription of genes related
with the M1 profile in TAMs, the activation of STAT-3 has an opposite effect, activating
genes related to anti-inflammatory proteins and therefore polarizing macrophages towards
an M2 profile. STAT3 is a cytoplasmic transcription factor that regulates cell proliferation,
differentiation, apoptosis, angiogenesis, inflammation, and immune responses [139]. Aber-
rant STAT3 activation triggers tumor progression through oncogenic gene expression in
numerous cancer types including malignant gliomas [140,141]. Moreover, STAT3 activation
in immune cells causes elevation of immunosuppressive factors [142]. One of the first
studies that validated STAT3 inhibition as a repolarization strategy towards an M1 profile
in GBM TAMs with a beneficial outcome was presented by Zhang L. et al. in 2009 [143].
In this study, CPA-7, an inhibitor of Stat3 dimerization, and STAT3 siRNA were used
efficiently to reverse the immune profile of TAMs and cause tumor growth inhibition in the
GL261 GBM mouse model [143]. The effect of TAM with active STAT3 leads to the secretion
of interleukin (IL)-1β, which promote GBM growth by also allowing the activation of
STAT3 and nuclear factor-kappa B (NF-kB) signaling in tumor cells [144]. In a recent study,
STAT3 activation in GBM cells stimulated by TGF-β and released by M2 TAMs allows GSCs
maintenance and self-renewal as a main tumor growth mechanism [145]. Furthermore,
noncoding RNAs were postulated to play an important role in upstream signals to regulate
the expression and activation of STAT3 in TME cells [146]. For example, it was proposed
that miR-1246, derived from hypoxic glioma cells, induced M2 TAM polarization by target-
ing TERF2IP to activate the STAT3 signaling pathway [147]. Targeting this microRNA may
contribute to antitumor immunotherapy in GBM patients.

CD40 is expressed on several antigen presenting cells including TAMs. CD40 has
been proposed as a molecular target to reprogram M2 TAMs to an antitumoral phenotype
in GBM management. In order to accomplish this, agonistic CD40 monoclonal antibody
(mAb) has been used [148,149]. In fact, some studies have shown efficacy combining these
mAB with other molecular treatments to increase therapeutic success, such as COX-2 and
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IL-6 inhibitions [150,151]. Therefore, re-education of TAMs rather than depletion may
represent a more effective strategy as monotherapy or in a combination modality.

8.3. Cell-Based Therapy Using Monocytes-Macrophages for GBM

Taking into account that mononuclear phagocytes are in constant traffic into tumors,
macrophages have been explored on their own as therapeutic agents in the TME of different
type of cancers [37,152,153]. In the new era, the use of biological agents as medicinal
products is revolutionizing the field of medicine. These products are obtained from living
organisms or their tissues, which include viruses, serum, toxins, antitoxins, vaccines, blood
components or derivatives, allergenic products, hormones, cytokines, antibodies, among
others. Somatic cell therapy involves the use of cells collected from patients that must
have undergone “more than minimal manipulation” (propagation, expansion, selection,
or pharmacologically treated to alter the biological characteristics of the naïve cells) to
accomplish a therapeutic action. In this sense, monocytes–macrophages could serve as
advanced therapy medicinal products (ATMPs) and they are been explored for several
diseases [153–155].

Strategies for macrophage cell therapy are based on the fact that monocytes are capable
to act as Trojan horses, delivering small molecules such as cytokines, miRNA [156,157], or
nanoparticles to the TME [158,159], and it is also possible to modify these cells with engi-
neered receptors to achieve a better homing performance into tumors [160]. In concordance,
cell delivery with other cells such as mesenchymal stem cells, monocytes, and neutrophils
has been also used in the targeted delivery of a wide variety of anticancer agents, including
nanoparticles, chemotherapeutics, proteins, suicide genes, and viruses [161–164]. Unlike
other anticancer agents, these cells migrate to and infiltrate tumors through an active pro-
cess despite high interstitial pressures and stromal barriers. This “tumor-homing” capacity
is achieved through cytokine gradients, growth factors, ECM remodeling enzymes, and
chemokines [37]. Recently, monocytes have been used as carriers of conjugated polymer
nanoparticle for improving PDT management of GBM in vitro e in vivo [161]. In this study,
inflammatory activated monocytes engulfed huge amounts of nanoparticles without af-
fecting cell viability or chemotactic ability towards GBM orthotopic tumors. In addition,
circulating monocyte-derived macrophages loaded with phototherapeutic nanoparticles
were able to penetrate deeper GBM spheroids by increasing the spatial distribution of the
nanoparticles in these three-dimensional models achieving an improved PDT outcome [161].
Another study used primary M1 macrophages as multifunctional carriers combined with
PLGA nanoparticles to deliver doxorubicin for glioma therapy with success, and it demon-
strated the ability of migration, infiltration, and good drug loading characteristic of the M1
phenotype, besides reflecting the strong phagocytic ability of these cells [165].

In a recent study, it was demonstrated that nanoparticle properties such as elasticity,
composition, surface charge, and size influence transendothelial migration of monocytes in
a human BBB model [166]. The study revealed that 200-nm-sized protein-based particles
increased the migration of loaded monocytes by two-fold, whereas a much bigger poly-
(methyl methacrylate) (PMMA, 500 nm in size) reduced the migration by half. These results
were confirmed by the evaluation of expression of transmigration genes by RNAseq in
loaded monocytes, where different leukocyte migration genes including CXCL10, VCAM1,
and ITGAM were highly upregulated in both protein-based nanoparticle loaded monocytes
versus PMMA-500 loaded monocytes [166]. In another recent study, Gardell et al. created
engineered human monocyte-derived macrophages to secrete a bispecific T cell engager
(BiTE) specific to the mutated EGFRvIII expressed by some GBM tumors. They proved
that transduced human macrophages were capable to secrete a lentivirally encoded func-
tional EGFRvIII-targeted BiTE protein capable of inducing T cell activation, proliferation,
degranulation, and killing of antigen-specific GBM tumor cells [167]. Furthermore, BiTE
secreting macrophages reduced early tumor burden in both subcutaneous and intracranial
mouse models of GBM, a response which was enhanced using macrophages that were
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dual transduced to secrete both the BiTE protein and IL-12, preventing tumor growth in an
aggressive GBM model [167].

Of particular interest is the observation that TAMs localize mostly to poorly vascular-
ized hypoxic regions of tumors, which are highly resistant to conventional treatments such
as chemotherapy and RT [132,168–172]. Therefore, TAMs may be especially useful for the
treatment of tumors with significant hypoxic regions, such as GBM.

On the other hand, macrophages have also been tested as an adoptive cell therapy
with chimeric antigen receptor (CAR) immunotherapy. Since macrophages can efficiently
infiltrate solid tumors, they are major immune regulators and abundantly present in TME;
their therapeutic effect could be beneficial for the activation of immature dendritic cells
and CD8+ T cells [173–175]. In a recent study by Chen Chen et al., macrophages present in
GBM were exploited with CAR technology for tumor recurrency post-surgery in a GBM
GL261 syngeneic orthotopic mouse model [176]. CAR gene-loaded nanoparticles in a
hydrogel were able to introduce GSC-targeted CAR genes into TAM nuclei after intracavity
delivery to generate CAR-macrophages. The resulting CAR-macrophages were able to seek
and engulf GSCs and clear residual GSCs by stimulating an adaptive antitumor immune
response and preventing postoperative glioma relapse by inducing long-term antitumor
immunity [176].

9. Conclusions

Despite the advances in GBM research, there is an emerging need for identifying
reliable targets in order to improve the drastic survival rates of GBM patients. The un-
derstanding of the biological and molecular behavior of different GBM subtypes, such
as specific mutations in IDH, have contributed to deciphering the prognosis of disease,
and design new therapeutic opportunities. However, studies should not focus solely on
the tumor cells. The GBM tumor development environment plays an essential role in
the progression of the disease, in which non-tumor cells intervene, collaborating in the
progression and resistance to therapies. Different tumor niches are developed into GBM
tissue where TAMs represent the most abundant immune cells of the TEM contributing
with molecular signaling for tumor progression and resistance to conventional therapies.
Therefore, TAMs may be appropriate candidates to target or to use as cellular therapy,
taking advantage of its “home to” capacity through the recruitment of monocyte precursors
from bloodstream. The molecular targeting strategies to deplete or reprogram TAMs in
GBM tumor niches has generated several new drugs that are at best in clinical investigation
for recurrent GBM with a modest efficiency increasing OS. From the analysis of these new
molecular targets, it a better performance can be appreciated when combined with other
therapeutic approaches. New therapeutic challenges must focus on multiple combinations
of treatments to eradicate or improve survival in patients with GBM due to molecular
targeting focus in TAMs selectivity, not significantly improve GBM survival by itself. This
multiple approach may come from new alternative therapies under investigation, such as
photo-assisted therapies that have the advantage of being able to be combined with other
treatments without adding adverse secondary effects. On the other hand, the role of these
alternative treatments on the TME and specifically on the macrophage population in GBM
requires further studies to determine a possible synergistic action.
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grammed death-1, PD-L1: programmed cell death-ligand 1, PDGF: platelet derived growth factor,
PDGFR: receptor platelet derived growth factor, PDT: photodynamic therapy, PFS: progression-free
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Abstract: Pediatric brain tumors are the major cause of pediatric cancer mortality. They comprise a
diverse group of tumors with different developmental origins, genetic profiles, therapeutic options,
and outcomes. Despite many technological advancements, the treatment of pediatric brain cancers
has remained a challenge. Treatment options for pediatric brain cancers have been ineffective due
to non-specificity, inability to cross the blood–brain barrier, and causing off-target side effects. In
recent years, nanotechnological advancements in the medical field have proven to be effective in
curing challenging cancers like brain tumors. Moreover, nanoparticles have emerged successfully,
particularly in carrying larger payloads, as well as their stability, safety, and efficacy monitoring. In
the present review, we will emphasize pediatric brain cancers, barriers to treating these cancers, and
novel treatment options.

Keywords: brain tumors; childhood cancers; pediatrics; nanoparticles; liposomes

1. Introduction

Childhood/pediatric brain cancers are the second most common pediatric cancers,
accounting for about one-fourth of all pediatric cancer cases [1]. The Industrial revolution
and advancements in genetic screening and sequencing together ushered in new perspec-
tives (both at the molecular and genetic levels) on these pediatric brain cancers. Mounting
studies suggest that mutational burden is much lower in childhood brain cancers compared
to adult brain cancers [1–3]. Furthermore, crucial targets in adult brain cancers cannot
necessarily be exploited in childhood brain cancers due to their unique biology, which
differs from adult cancers [1,4–6]. Over the past few decades, remarkable progress has been
made in the treatment of childhood brain cancers, improving the patient survival rate by at
least 5 years. Despite these improvements, many pediatric brain tumors are still incurable
with high morbidity rates. Additionally, with the intensification of the therapy, the adverse
effects of the chemo- and radiotherapies have become gradually apparent; for example,
anthracyclines such as doxorubicin could cause cardiomyopathic problems [1,4].

In recent years, cancer nanomedicine has emerged as an important advancement in im-
proving the therapeutic benefit [7,8]. Different nanoparticles, including organic, inorganic,
or lipid-based nanoparticles, have been widely tested in delivering cancer theranostics.
Further, these nanoparticles proved to be more advantageous than conventional methods
due to their higher payload capacity, stability, and prolonged circulation time, thereby im-
proving safety and efficacy [7,8]. In the present review, we will discuss the various pediatric
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brain cancers, barriers to treating these cancers, and novel treatment options. For selecting
the recent relevant and informative research articles, a focused search using the keywords
‘brain tumors’, ‘childhood cancers’, ‘pediatrics’, ‘nanoparticles’, and ‘nanotheranostics’ was
run using the databases such as Scopus, Web of Science, PubMed, ScienceDirect, Directory
of Open Access Journals (DOAJ), etc. Articles showing more than 95% content and keyword
match were included, and the rest were excluded.

2. Pediatric Brain Cancers: Targets and Mechanisms

Over the past few decades, cancer has been a long-lasting disease due to its hetero-
geneity [9,10]. In order to develop novel therapeutics, a thorough understanding of the
underlying pathophysiological and molecular pathways is essential, especially in distin-
guishing childhood and adult cancers [11,12]. Unlike adult cancers, pediatric cancers
are not triggered by lifestyle changes and are less inherited. Though the chance of risk
development increases gradually with age, there are still a few exceptions. For instance, the
occurrence of bone, brain, and blood cancers is greater in children than in adults. Further,
the kinetic profile and therapeutic outcome differ in children than in adults (e.g., genitouri-
nary pH, intestinal mobility, etc.) [11,13]. Additionally, pediatric tissues are immature and
in the continuous growing phase, possessing greater metabolic rates and toxicity issues.
Lastly, genetic variations in pediatric cancers, such as acute lymphocytic leukemia, Ewing
sarcoma, etc., are greatly driven by fusion oncogenes due to chromosomal translocations.
Unlike adult cancers, pediatric cancers possess a lower mutational rate, making their
therapeutic targeting more challenging [13,14].

Considering the above-mentioned reasons, there is an imminent need to understand
novel therapeutic targets and develop new therapeutic options. In this section, we will be
discussing the various pediatric brain tumors and treatable options.

2.1. Medulloblastoma

Medulloblastoma (MB) is highly malignant and is the most common childhood brain
cancer formed in the cerebellum [15]. MB is categorized into four molecular subgroups:
Sonic hedgehog (SHH), WNT, group 3, and group 4 [15,16]. These subgroups are identified
as powerful predictors of therapy outcomes. For instance, patients with WNT tumors have
greater survival after therapy than group 3 tumors.

2.1.1. WNT Subgroup

WNT-associated MB is most common in children over the age of three, with a 5-year
survival rate, and is seldom metastatic. WNT-MB has no focal somatic copy number aberra-
tions (SCNAs) and typically has chromosome 6 monosomy. Initially, it was recognized that
people with Turcot syndrome, a genetic disorder caused by mutations in the adenomatous
polyposis coli (APC) gene, a repressor of WNT signaling, had a higher incidence of MB [16].
Later, it was discovered that a subgroup of sporadic MBs had WNT pathway mutations, no-
tably in CTNNB1 (encoding β-catenin). β-catenin enhances WNT target gene transcription
by interacting with a number of chromatin modifiers such as histone acetyltransferases,
SMARCA4, and CREBBP. Furthermore, whole-genome sequencing (WGS) has revealed
that CTNNB1 mutations commonly coincide with missense variations in the DEAD-box
RNA helicase DDX3X [17,18]. WNT-MB tumors are thought to form in the dorsal brainstem
from progenitor cells in the lower rhombic lip.

Despite WNT-MB’s favorable prognosis, recent clinical trials have focused on lowering
chemotherapy or radiation doses in the hopes of reducing off-target implications [16,17].
It is worth noting that WNT signaling has been proposed to play a role in WNT-MB’s
exceptional response to standard therapy. Further studies revealed that these tumors
release soluble WNT antagonists, which may disrupt the blood–brain barrier and sensitize
tumors to chemotherapy.
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2.1.2. SHH Subgroup

Patients with SHH-activated MB were considered to have high-risk disease (survival
rate of 50–75%), which is lower than WNT patients but higher than patients in group 3.
SHH-MB, like WNT-MB, has a relatively even gender distribution. Unlike WNT-MB, most
SHH-MB patients are newborns or adults; just a few youngsters have this tumor subtype.
SHH-MB’s genome contains substantially more SCNAs than WNT-MB’s genome [13,17,18].
Initially, SHH signaling in MB was discovered in the context of Gorlin syndrome, a hered-
itary disorder embodied by basal cell carcinomas of the skin, craniofacial abnormalities,
and an elevated prevalence of MB. Gorlin patients have germline mutations in PTCH1,
a repressor of the SHH pathway. Germline mutations in the gene encoding Suppressor
of Fused (SUFU) also predispose to SHH-MB [13,17]. Furthermore, spontaneous MBs in
the SHH subgroup exhibit PTCH1 and SUFU loss-of-function mutations, Smoothened
(SMO) and SHH activation mutations, GLI2, and MYCN amplifications. SHH pathway
gene mutations are discovered in an age-dependent manner: All age groups have PTCH1
mutations; however, infants and adults are more likely to have SUFU mutations, infants
are more likely to have SMO mutations, and children under the age of three are more likely
to have MYCN and GLI2 amplifications. Mice with Gli2, Smo, Ptch1, and Sufu mutations
are also susceptible to MB, indicating the function of these genes as tumorigenesis elicitors.
A subset of SHH-MB patients, notably older adolescents and teenagers, have significant
“chromothripsis” (chromosome shattering) [17]. Using WGS, Rausch et al. [19] discovered
that these individuals typically had germline or somatic TP53 mutations, the former of
which is related to Li-Fraumeni syndrome (LFS). Chromothripsis can cause SHH pathway
gene amplification, such as GLI2 and MYCN, which increases SHH target gene expres-
sion and drives tumor development. For years, scientists have researched the genesis of
SHH-MB tumors; however, most recent research indicates that these tumors are caused by
granule neuron progenitors (GNPs). Small-molecule SHH pathway antagonists have made
it possible to treat this subset of tumors in innovative ways. SMO inhibitors (SMOis), in
particular GDC-0449 (vismodegib) and NVP-LDE225 (erismodegib), have been linked in
clinical studies to strong (albeit frequently transitory) responses in MB patients [17]. SMO
mutations may sometimes prevent long-term therapeutic benefits from occurring; in other
circumstances, mutations in downstream components of the SHH pathway (for instance,
MYCN or GLI2 amplifications) or in other pathways might render tumor cells resistant
to these medications. The antifungal drug itraconazole and the cyclopamine derivative
IPI-926 (saridegib) are two examples of second-site SMOis that have shown potential in
preclinical research [20,21]. Arsenic trioxide, an inhibitor of downstream components of
the SHH pathway, can accelerate GLI2 degradation [13].

2.1.3. Group 3 Subgroup

Group 3-MBs account for about ~20–25% with very little prognosis and occur more
in pediatrics than adults. At the time of diagnosis, most group 3-MB patients have the
highest metastasis. Most group 3-MB originate in the midline in the proximity of the
fourth ventricle of the brainstem [13,17]. The possibility of higher metastasis is due to this
location, which facilitates access to the cerebrospinal fluid. Contrastingly, no germline
mutations are known for the formation of group 3-MB [18]. The prominence of these
tumors is majorly due to the amplification of the MYC oncogene, which fuses with the
plasmacytoma variant translocation 1 (PVT1), which stabilizes the MYC proteins. Group
3-MB exhibits orthodenticle homeobox 2 (OTX2) amplification, which upregulates MYC
expression, thereby promoting tumor formation. Further, genomic instability in group
3-MB is associated with the loss or gain of chromosomes. One of the key events in group
3-MB that happens in chromosome 17 is the simultaneous loss of 17p and gain of 17q
chromosomes [18].

In order to identify novel therapeutics for group 3-MB, a high-throughput screen-
ing has been generated. The same study has revealed that gemcitabine and pemetrexed
suppressed the group 3-MB in both mouse and human models. Despite improvement in
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survival having been observed in in vivo models, the involvement of tumor microenviron-
ment has enhanced drug resistance in tumors. Another potential undruggable target in
group 3-MBs is the overexpressed MYC gene. Treatment options for MYC can be achieved
by bromodomain protein inhibitors such as JQ1, which arrest the G1 phase of the cell cycle,
causing apoptosis [18].

2.1.4. Group 4 Subgroup

Group 4-MBs account for more than one-third of all cases, with metastatic hallmark
being the most common [13,18]. Unlike adult patients, infants and young adults with group
4-MBs have an intermediate survival rate. Similar to group 3-MBs, group 4-MBs originate
adjacent to the fourth ventricle. Most of group-4 MBs possess chromosomal instability (esp.
chromosome 17), causing the prevalence of SCNAs resulting from tetraploidization. Further,
group 4-MBs possess < 10% mutations in KDM6A, ZMYM3, CTDNEP1, etc. An increase
in SCNAs is reported to affect the NF-κB signaling, implying the potential therapeutic
target [13]. Although the origin of group 4-MBs is unknown, gene signature has led to the
glutamate-secreting neurons, suggesting from glutamatergic progenitors. Further studies
revealed that the nuclear transitory zone (NTZ) is the main origin of group 4-MBs [22]. Due
to the absence of a suitable animal model that mimics the group 4-MBs, proper therapeutic
strategies against these tumors are limited. Few therapeutic options exist for treating group
4-MBs; for tumors that express MYCN and CDK6 amplification, bromodomain inhibitors
and cyclin-dependent kinase (CDK) inhibitors along with MYC-destabilizing Aurora kinase
A inhibitors may be preferred [23,24].

2.2. Gliomas/High-Grade Gliomas (HGGs)

Pediatric high-grade gliomas (HGGs) are the most common malignant brain tumors,
majorly consisting of glioblastoma, astrocytoma, etc. [25]. World Health organization
(WHO) has classified glioblastomas as grade IV due to their high proliferation, neovas-
cularization, and necrosis [26,27]. Diffuse intrinsic pontine gliomas (DIPGs) are tumors
that resemble gliomas histologically but possess diffusely metastatic growth inside the
brainstem. Glioblastomas exhibit higher methylation of O6-methylguanine-DNA methyl-
transferase (MGMT), which results in impairment of DNA repair with the use of alkylating
agents. To date, no therapeutic options have been available for improving survival for
HGGs [26,27].

2.3. Neuroblastomas

Neuroblastomas are one of the major causes of death in pediatrics, accounting for
about ~10–13% of all pediatric cancer cases [14,28]. Neuroblastomas originate from primor-
dial neural crest cells, which form the adrenal medulla and sympathetic ganglia. Similar
to glioblastomas, neuroblastomas also exhibit greater amplification of N-myc, which is
associated with the expression of MRP and chromosome 1p deletion [28,29]. Overexpressed
MRP on the neuroblastoma surface enhances the chemoresistance potential. Further, ampli-
fication of N-myc has downregulated the expression of CD44 receptors, which is a potential
marker for aggressive tumor behavior. Additionally, low expression of Trk, a tyrosine
kinase receptor, is associated with amplification of N-myc and even advanced stages of
neuroblastomas. ALK amplification is another set of somatic mutations, accounting for
~14% of high-risk neuroblastomas [30]. Gain-of-function in ALK could drive the neurob-
lastoma but requires cooperation from MYCN amplification. Further, ALK upregulates
the proto-oncogene RET and RET-driven sympathetic markers of the cholinergic lineage,
which offer new therapeutic options, i.e., targeting both ALK and RET [30,31].

2.4. Ependymoma

Ependymoma (EPN) is one of the pediatric brain cancers which can occur in any part
of the brain. The most popular originating location is the posterior fossa (cerebellum and
brainstem), followed by supratentorial sites (cerebral hemispheres) and spinal cord [32,33].
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The only option for treating ependymomas is surgery or radiation, as standard chemother-
apy is ineffective. The molecular characteristics of EPNs are heterogeneous, mainly with
dysregulation in growth factors such as epidermal growth factor receptor (EGFR), fibroblast
growth factor receptor (FGFR), etc. EPNs originating from the posterior fossa (PF-EPN) are
classified as PF-EPN-A and -B. PF-EPN-A is reported to be more deadly than PF-EPN-B [34].
Further, treatment with small molecule inhibitors, such as 3-deazaneplanocin A, causes
degradation of PRC2 complex or with EZH2 (a GSK343 inhibitor), which competitively
binds with S-adenosyl-L-methionine. EPNs originating from supratentorial (ST-EPNs)
are reported to harbor fusion between RELA, NF-κB, and C11orf95 [35]. Further studies
revealed that RELA fusion proteins alone could initiate the transformation of the neural
stem cells [36]. Treatment options against ST-EPNs are mostly common chemotherapeutics
such as temozolomide, vincristine, etc. [37] or HDAC inhibitors, including entinostat and
vorinostat [38]. Ongoing research using preclinical models of ST-EPNs to evaluate potential
druggable targets holds promise for developing treatment of tumors with RELA fusion
proteins [32,34].

3. Nano-Based Approaches for Treating Pediatric Brain Cancers

Many research groups have emphasized utilizing nanotechnology to curb tumor pro-
gression, especially in pediatrics. In the present section, we will discuss nanotechnological
advancements, especially for treating pediatric brain cancer. A schematic outline of diverse
nanotherapeutic approached adopted for augmented pediatric brain cancer is depicted in
Figure 1.

Figure 1. Schematic representation of nano-therapeutics for pediatric brain tumors.

3.1. Nanotechnology and Blood–Brain Barrier

Due to its highly selective nature, the blood-brain-barrier (BBB) has become the first
crucial barrier for many brain therapeutics and diagnostic entities. To develop a novel
target-specific, an in-depth understanding of the physiology of BBB and overcoming
strategies for nanoparticles is essential [39–41].
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3.2. Physiology of BBB and Overcoming Strategies

BBB comprises highly specialized cells, which act as a protective barrier around
the brain, especially in maintaining brain homeostasis. The cellular architecture of BBB
mainly consists of brain capillary endothelial cells (BCECs), astrocytes, and pericytes [42].
Tight junctions between BCECs restrict the cellular diffusion of aqueous moieties. Fur-
ther, in intact condition, BBB restricts the entry of ~99% of small drug molecules. BBB
offers many transport mechanisms internally, i.e., via the transcellular lipophilic path-
way, carrier-mediated transport (CMT), or receptor-mediated transport (RMT) [42,43].
However, the delivery of small molecules can be compromised by a large number of
efflux pumps (such as adenosine triphosphate binding cassette transporters including
multi-drug resistant protein (MRP) and p-glycoprotein (p-gp)), evade the foreign material
into the bloodstream. Further, biological compounds, including inflammatory media-
tors (e.g., bradykinin, prostaglandin, vascular endothelial growth factors (VEGF)), signal
receptors to increase BBB permeability [43].

Currently, drug delivery systems that are used in clinics are especially focused on
local delivery. However, local delivery has limitations, including high rates of infection
and excessive cerebrospinal fluid requirement. A non-invasive with direct delivery of
therapeutic agents to the brain is the “intranasal route”, which is currently preferred but
requires adjusting parameters such as dosage and positioning [42]. Transient opening of
BBB can be achieved by biological (e.g., VEGF) or chemical stimuli (e.g., mannitol, oleic
acid, cyclodextrins) but could have non-specific uptake, causing unwanted side effects.
Therefore, an ideal approach to disrupting BBB is essential, one that would be controllable,
reversible, specific, transient, and selective [43].

One of the best and most convenient approaches for drug delivery is intravenous
administration with proper dosing. As discussed earlier, with the proper utilization of
transporter proteins, specific receptors could be utilized for active targeting of nanoparticles-
based drug deliveries. Further, disruption of BBB using either biological or chemical stimuli
or nano-drug delivery systems, using either passive or active targeting, could achieve better
BBB transport [41,42]. Moreover, most of the nano-drug delivery systems are lipophilic in
nature, which is a crucial feature in bypassing the BBB.

Nanomedicines are small-sized nanocarriers that have been adopted to cure brain
illnesses, including brain cancer and Alzheimer’s disease (AD). Functionalized nanoparti-
cles are considered the most useful applicable approach to delivering these recommended
drugs to the affected part of the brain. Nanomedicines have a set of unique properties
that enable them to deliver anticancer drugs at target sites in the brain. Nanomedicines
have the advantages of reduced dimensions and increased biocompatibility that facilitate
the easy transport of therapeutic substances into the brain. Small-size nanomedicines can
easily interact with the proteins and molecules on the cell surface as well as inside the cell.
NP-functionalized nanomedicines have central core structures that ensure the encapsu-
lation or conjugation of drugs and provide protection and prolonged circulation in the
blood (Figure 2). Nanomedicines are also specialized to target cells or even an intracellular
compartment and thus can deliver the drug at a predetermined dosage directly to the
pathological site. Nanomedicines can minimize the dose and frequency and then improve
patient compliance. Regardless of some clinical issues, nanomedicines have potential ad-
vantages of favorability to the brain, greater stability, biocompatibility and biodegradability,
protection from enzymatic degradation, increased half-life, improved bioavailability, and
controlled release over other conventional ways of drug delivery to the brain to cure AD
(Figure 2) [44].
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Figure 2. The role of nanoparticles in overcoming the BBB for efficient delivery of therapeutic
moieties to treat AD. (A) Image of the human brain. (B) Components of the BBB. (C) Functionalized
nanoparticles (NPs) for imaging and targeted drug delivery to the AD brain. (D) Different pathways
of transport (a–e) across BBB are utilized by functionalized NPs. (a) Transport of NPs through cellular
transport proteins; (b) transport of NPs through tight junctions; (c) transport of NPs via receptor-
mediated transcytosis; (d) transport of NPs via transcellular pathway following diffusion, specifically
adopted by gold NPs; and (e) transport of cationic NPs and liposomes via adsorption-mediated
transcytosis. (E) Effect of functionalized NPs in treating AD via the degradation of tau aggregates and
efflux of Aβ fibrils after getting solubilized by the NPs. AD: Alzheimer’s disease; NPs: nanoparticles;
BBB: blood–brain barrier. Adapted with permission from [44].

3.3. Nanoformulations Used for the Treatment of Medulloblastoma

Nanoparticle-based approaches are potential treatment options for pediatric medul-
loblastoma. NPs-based strategies mainly aim to improve the delivery of drugs by active or
passive targeting and improve BBB crossing while reducing the side effects to surrounding
healthy tissues.

Recently, herpes simplex virus type I thymidine kinase gene encoded plasmid loaded
with poly (beta-amino ester) (PBAE) nanoparticles for gene therapy to medulloblastoma
(MB) and atypical teratoid/rhabdoid tumors (AT/RT). The treatment with gene-encapsulated
nanoparticles showed controlled apoptosis in transfected cells. In MB and AT/RT im-
planted mice, the gene therapy exhibited greater overall median survival [45]. An engi-
neered biomimetic nanoparticle with dual targeting was designed to target the cancer
stem-like cell population in sonic hedgehog medulloblastoma (SHH-MB). Treatment failure
and poor outcomes are the significant struggles associated with the SHH-MB. High-density
lipoprotein-mimetic nanoparticles (eHNPs) were used to cross BBB and load SHH in-
hibitors for the effective treatment of SHH-MB. Multi-component eHNPs were designed
using microfluidic technology and are encapsulated with apolipoprotein A1, anti-CD15,
and LDE225 (SHH inhibitor). eHNP-A1 improves the stability of the drug and has a thera-
peutic effect by SR-B1-mediated intracellular cholesterol depletion in tumor cells. These
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multifunctional nanoparticles exhibited promising effects in SHH-MB treatment and are
applicable to other drugs that cannot cross BBB and have low bioavailability [46].

In a study, researchers developed a brain tumor model consisting of DAOY (MB cell
lines) aggregates and cerebellum slices for evaluation of a poly(glycerol-adipate) (PGA)
nanoparticle drug delivery system. PGA nanoparticles exhibited higher uptake than
normal host cells. This novel tumor model suggests the effective evaluation of a drug
delivery system between tumor cells and brain cells [47]. Kumar et al. [48] used Hedgehog
inhibitor MDB5 and BRD4/PI3K dual inhibitor SF2523 to obtain the synergistic inhibition
of medulloblastoma cell lines and to prevent resistance. They designed mPEG-b-PCC-g-DC
copolymer-based NPs for effective loading of MDB5 and SF2523. NPs exhibit sustained
release of loaded molecules. Targeted NPs were prepared by mixing COG-133-PEG-b-PBC
and mPEG-b-PCC-g-DC copolymer and were found to be efficient in the reduction of
tumors in orthotopic SHH-MB tumor-bearing NSG mice [48].

3.4. Nanoformulations Used for the Treatment of Glioma

Gliomas are the most common malignancy affecting the central nervous system. The
primary treatment barrier for this disease is the difficulty of crossing the BBB by drug
molecules. Nanoparticle-based approaches are familiar in overcoming these issues.

In a study, Temozolomide, an anti-glioma drug, was loaded on liposomes using
proliposomes. The liposomes showed a slow release of temozolomide compared to the
drug solution. The loading of temozolomide in liposomes improves the pharmacokinetic
parameters compared to pure drug solution. Liposomes prolong the circulation time and
improve the area under the curve (AUC). The biodistribution after IV injection revealed
that the drug accumulation in the heart and lung is decreasing, and the concentration of
the drug is increasing in the brain [49]. In another study, a targeted drug delivery platform
was designed with PAMAM-PEG and transferrin for the encapsulation of temozolomide
for the effective targeting of glioma stem cells. Glioma stem cells are responsible for the
development of resistance. High cellular uptake and cytotoxicity were observed with
transferrin-targeted temozolomide nanoparticles. The nanoparticle effectively crossed the
BBB and delivered the drug specifically to the tumor. The PAMAM-PEG-trf nanoparticles
induced potent cell apoptosis in drug-resistant glioma stem cells [50].

Gu et al. [51] designed MT1-AF7p peptide-decorated paclitaxel-loaded PEG-PLA
nanoparticles for glioma management. MT1-AF7p peptide has high binding to membrane
type-1 matrix metalloproteinase (MT1-MMP) overexpressed on glioma cells. To improve the
penetration of nanoparticles to glioma cells, the nanoparticles were co-administered with
Tumor-homing and penetrating peptide iRGD. In C6 glioma cells, the peptide-decorated
NPs showed significant cellular uptake via energy-dependent macropinocytosis and lipid
raft-mediated endocytosis compared to non-peptide NPs. The nanoparticle’s extrava-
sation across BBB and accumulation in glioma parenchyma was improved significantly
in in vivo imaging and glioma distribution with MT1-AF7p functionalization and iRGD
co-administration. Intracranial C6 glioma-bearing nude mice exhibited higher survival
time with MT1-AF7p functionalization and iRGD co-administration (Figure 3) [51]. Bhunia
et al. [52] have tailored a large amino acid transporter-1 (LAT1) conjugated nanometric li-
posomal carriers functionalized with amphiphile L-3,4-dihydroxyphenylalanine (L-DOPA)
(Amphi-DOPA). Glioma-bearing mice showed higher uptake of NIR-dye labeled Amphi-
DOPA to brain tissue. WP1066 labeled Amphi-DOPA enhanced the overall survivability of
glioma-bearing C57BL/6J mice by 60% compared to the untreated group [52].

A red blood cell membrane-coated nanoparticle (RBCNP) with a neurotoxin-derived
targeting ligand was designed for brain-targeted drug delivery. RBCNP can provide the
biological function of natural cell membranes and desirable properties for drug delivery.
The targeting moiety CDX peptide derived from candoxin has a high binding affinity
to nicotinic acetylcholine receptors overexpressed on brain endothelial cells decorated
on RBCNP. In vitro and in vivo results suggest that RBCNP-CDX has promising brain-
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targeting efficiency. In glioma mouse models, Dox-loaded RBCNP-CDX NPs showed
superior therapeutic efficacy with less toxicity [53].

 

Figure 3. Observation of coumarin-6-labeled NP, NP co-administered with iRGD, MT1-NP, and
MT1-NP co-administered with iRGD distribution in the brains of nude mice with intracranial C6
glioma, 3 h after intravenous administration. Analysis conducted on frozen sections using a confocal
microscope revealed blood vessels marked with anti-CD31 (red), nuclei stained with DAPI (blue),
and NPs depicted in green. Scale bars indicate 50 mm. Adapted with permission from reference [51].

AS1411 aptamer functionalized poly (L-γ-glutamyl-glutamine)-paclitaxel (PGG-PTX)
nanoconjugates were designed to achieve active targeting and optimized solubilization
of paclitaxel. The tumor uptake of the nanoconjugate was mediated through nucleolin
receptors, over-expressed in glioblastoma cells and neovascular endothelial cells. The
in vivo fluorescence imaging and biodistribution studies suggest that the AS1411-PGG-PTX
has higher tumor accumulation than PGG-PTX. In glioma-bearing mice, this nanoconjugate
exhibited prolonged median survival time and most tumor cell apoptosis compared to
PGG-PTX [54]. A dual-targeted liposome was designed for the co-delivery of doxorubicin
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(DOX) and vincristine (VCR) for glioma management. T7 (a ligand of transferrin receptors)
and DA7R (ligand of VEGFR 2) peptides were used to target glioma. The dual targeting
strategy exhibited higher cellular uptake when compared to the single targeting strategy.
The dual targeting and dual drug delivery showed the most favorable anti-glioma effect
in vivo [55].

Nanocarrier-based immunotherapy has emerged as a promising approach for the treat-
ment of various cancers, including glioblastoma. Gliomas are highly invasive. They usually
infiltrate the normal tissues and make surgical removal of the tissue difficult. Immunother-
apy in glioma can target and eliminate the infiltrating glioma cells to the neighboring
tissues. Gliomas usually lead to an immunosuppressive environment and prevent normal
immune cell reactions against cancer cells. Hence, immunotherapy is the best strategy
to overcome the challenges and activate the immune system against tumor formation.
Gliomas are known for their molecular and cellular heterogeneity. Immunotherapy can
target specific antigens expressed on tumor cells, including tumor-associated antigens and
neoantigens, addressing the diversity of cancer cells within the tumor [56,57].

Immunotherapy coupled with nanocarrier-based drug delivery presents a revolu-
tionary approach to treating glioblastoma. Overcoming the BBB, nanocarriers enabled
targeted delivery of immunotherapeutic agents, and enhanced drug bioavailability while
minimizing systemic side effects are the advantages of nanocarrier-based immunother-
apy in gliomas. The personalized nature of nanocarrier systems, tailored to individual
tumor characteristics, promises a more effective and precise treatment. By encapsulating
immunomodulatory agents, these carriers boost the immune response within the tumor mi-
croenvironment. Additionally, the ability to administer combination therapies and mitigate
systemic toxicity underscores the potential of this innovative strategy in overcoming the
challenges posed by glioblastoma, offering hope for improved patient outcomes. Check-
point inhibitors, cytokines, and antigenic peptides are major immunomodulatory agents
that can be delivered using nanocarriers to modulate the immune system’s response against
glioblastoma [58,59].

Kuang et al. studied the effect of macrophage-directed immunotherapy with chemotherapy
in orthotopic glioma. Doxorubicin and an immune checkpoint inhibitor (1-methyltryptophan,
1MT) were loaded on mesoporous silica nanoparticles modified with iRGD. The nanocarrier
showed the ability to penetrate the BBB and accumulate drug molecules. The nanocarrier
leads to the activation of cytotoxic CD8+ T lymphocytes and ions of CD4+ T cells in both
GL261 cells cocultured with splenocytes in vitro and GL261-luc orthotopic tumors in vivo.
The expression of antitumor cytokines was found to be upregulated, while protumor
proteins were downregulated in the tumor tissues [60].

The Applications of Nanoparticles for medulloblastoma and glioma therapy are sum-
marized in Table 1.

Table 1. Applications of Nanoparticles for medulloblastoma and glioma therapy.

Carriers # Targeting Ligand # Targeting
Receptor/Area #

Therapeutic
Molecule #

Cell Line and/or
Animal

Model Used #
Outcome/Key Findings # Ref.

Poly (beta-amino
ester) (PBAE)
nanoparticles

- -
Herpes simplex

virus type I
thymidine kinase

AT/RT
implanted mice

Greater median overall
survival in mice implanted

with AT/RT
[45]

High-density
lipoprotein-mimetic

nanoparticles

apolipoprotein A1
anti-CD15 SR-B1 CD15 antigen LDE225 SHH MB cells

SR-B1-mediated intracellular
cholesterol depletion in SHH

MB cells.
[46]

mPEG-b-PCC-g-DC
copolymer-
based NPs

ApoE-targeting
peptide COG-133 ApoE receptor MDB5

SF2523

SHH-MB
tumor-bearing

NSG mice

Reduction in tumors in
orthotopic SHH-MB

tumor-bearing NSG mice
[48]

Liposomes - - Temozolomide Mice Preferential accumulation in
the brain [49]

PAMAM-PEG-
nanoparticles Transferrin Transferrin-1

receptors Temozolomide
nude mouse
intracranial

xenograft models.

Anticancer activity against
O6-methylguanine-DNA-
methyltransferase gene
promoter methylation.

[50]
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Table 1. Cont.

Carriers # Targeting Ligand # Targeting
Receptor/Area #

Therapeutic
Molecule #

Cell Line and/or
Animal

Model Used #
Outcome/Key Findings # Ref.

PEG-PLA
nanoparticles MT1-AF7p peptide

Membrane type-1
matrix

metalloproteinase
paclitaxel C6 glioma-bearing

nude mice

Enhanced survival time in
intracranial C6

glioma-bearing nude mice
[51]

liposome LAT 1 LAT-1 receptor Amphi-DOPA glioma-bearing
C57BL/6J mice

Overall survivability
increased by 60% in

glioma-bearing
C57BL/6J mice

[52]

RBC coated
nanoparticle CDX peptide nAChRs Doxorubicin glioma bearing

nude mice

High brain targeting,
superior therapeutic activity

with less toxicity
[53]

poly (L-γ-glutamyl-
glutamine)-

nanoconjugates
aptamer AS1411 Nucleolin Paclitaxel

U87 MG cells and
intracranial

glioblastoma-
bearing nude

mice

Higher anti-glioma effect
with enhanced median

survival time
[54]

Liposome T7 DA7R
Transferrin

receptors, VEGFR
2 receptors

Doxorubicin
and vincristine

HUVEC cells,
C6 Cells,

glioma-bearing
mice

High anti-glioma effect in
in vivo studies [55]

Chitosan-coated
PLGA nanoparticles - Brain Carmustine U87 MG cell line

Albino Wistar rats
Enhanced cytotoxicity in cell

lines and AUC in brain [61]

PG-SPIONs Folic acid Folate receptors Lomustine U87 MG cell line Enhanced cellular uptake [62]

CGT nanoparticles CGT integrins avβ3 and
avβ5 - Rat glioblastoma

model

UTMD with CGT therapy
improved the CGT delivery,
prolonged tumor retention,

apoptosis, and median
survival period

[63]

Human serum
albumin

nanoparticles
Folic acid Folate receptors Erlotinib

U87MG and C6 cells
rat glioblastoma

model

Improved apoptosis and
tumor reduction compared to

pure drug
[64]

Liposomes - - Doxorubicin
and erlotinib U87 MG cell lines Improved apoptosis [65]

poly (butyl
cyanoacrylate)
(PBCA) NPs

mAb - Carboplatin. Rat glioblastoma
model Longer survival time [66]

# ApoE—Apolipoprotein E, AT—Atypical Teratoid, CGT—Cilengitide, DOPA—Dihydroxyphenylalanine,
HUVEC—Human Umbilical Vein Endothelial Cells, LAT 1—Large Amino Acid Transporter1, mAb—Mono clonal
antibody, nAChRs—Nicotinic Acetylcholine Receptors, NSG—NOD Scid Gamma, PAMAM—Polyamidoamine,
PBAE—Poly (Beta-Amino Ester), PEG-PLA—Poly (Ethylene Glycol)—Poly (Lactic Acid), PG-SPIONS—
polyglycerol coated superparamagnetic iron oxide nanoparticles, RT—Rhabdoid Tumors, SHH-MB—Sonic Hedge-
hog Medulloblastoma, SR-B1—Scavenger Receptor Class B Type 1, UTMD—ultrasound-targeted microbubble
destruction, VEGFR—Vascular Endothelial Growth Factor Receptor.

3.5. Nanoformulations Used for the Treatment of Neuroblastoma

Neuroblastoma (NB) is a complex pediatric tumor that originates from the neural crest
and is the most common extracranial solid tumor in children, accounting for 15% of pedi-
atric tumor-related deaths and 8–10% of all childhood malignancies. Most of the malignant
cells are found in the adrenal medulla, but they can manifest as localized or metastatic
tumors in the paraspinal ganglia, thorax, pelvis, and neck [67]. There are now several
alternative therapeutic options for localized NB at different stages. Since most children are
inoperable at the time of diagnosis due to metastases, even though complete resection of the
primary NB is expected to greatly improve overall survival, the primary treatments in most
cases still involve radiotherapy, chemotherapy, immunotherapy, differentiation-inducing
therapy, and autologous hematopoietic stem cell transplantation [68]. Nano-based methods
for treating pediatric neuroblastoma are an emerging area of interest and possible treatment
plans in the upcoming years.

Treatment for neuroblastoma, a cancer of the nerve tissue that affects young children,
is still challenging. When it comes to targeted therapy, imaging, and drug distribution
for neuroblastoma, nano-based methods have distinct benefits. Solid lipid NPs, polymer
micelles, nanoliposomes, nanocapsules, nanospheres, and nanomedicines are the primary
forms of nanoparticles (NPs) [40]. Graphene oxide nanoribbons were developed by Mari
et al. [69] to investigate their effects on human neuroblastoma cells. In one of the cell
lines, they discovered that these nanoribbons stimulated autophagy and increased the
synthesis of reactive oxygen species (ROS) within the first 48 h of exposure. Both cell lines
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observed a brief increase in ROS generation and autophagy at low doses; however, neither
cell growth inhibition nor cell death was brought about by these effects [69]. Li et al. [70]
studied zinc oxide nanoparticles (ZnO NPs) that were produced using Clausena lansium
Peel aqueous extracts and zinc nitrate. These developed ZnO NPs were found to affect the
regulation of autophagy and apoptotic proteins in SH-SY5Y neuroblastoma cells, leading
to DNA damage, ROS generation, decreased cell stability, and viability. The utilization
of N-acetyl-L-cysteine (NAC) was shown to mitigate ROS effects and prevent apoptosis,
suggesting that ZnO NPs have the potential to induce cell death in neuroblastoma cells
through the production of intracellular ROS. Kalashnikova et al. [71] developed and tested
nanoceria and dextran-nanoceria formulations loaded with curcumin for treating childhood
neuroblastoma. The formulations effectively killed neuroblastoma cells, particularly in
MYCN-amplified cases, without damaging the healthy cells. This nanoparticle-induced
oxidative stress stabilized HIF-1α and triggered the caspase-dependent apoptosis. These
results offer a promising alternative to traditional drug therapies for aggressive cancers.
Mohammadniaei et al. [72] developed a promising cell differentiation therapy using silver-
coated bismuth selenide nanoparticles. The developed nanoparticles can be functionalized
with a unique RNA structure to inhibit micro-RNA-17 and release retinoic acid, facilitat-
ing the transformation of cancer cells into neurons. This innovative research reports on
the hydrophobicity challenges and offers a new method for drug delivery and real-time
monitoring of the differentiation process, potentially advancing diagnostic and therapeutic
agents. Zhang et al. [73] have demonstrated that Nab-paclitaxel exerted significant cytotox-
icity against various pediatric solid tumor cell lines in vitro, with dose-dependent effects
studied. In vivo studies on rhabdomyosarcoma and neuroblastoma xenograft models
showed antitumor activity and increased survival in the metastatic model. Nab-paclitaxel
induced tumor cell-cycle arrest and apoptosis, and its higher tumor/plasma drug ratio
favored its efficacy compared to paclitaxel, even in paclitaxel-resistant relapsed tumors [73].

The applications of nanoparticles for neuroblastoma therapy are summarized in Table 2.

Table 2. Applications of nanoparticles for neuroblastoma therapy.

Carriers/Moieties # Therapeutic Molecule # In Vitro/In Vivo
Models # Outcome/Key Findings # Ref.

Silica-PAMAM
dendrimer Hybrid Anthocyanins

Neuro-2A brain
neuroblastoma from

mouse and Vero (African
green monkey kidney)

normal cell lines

The Hybrid nanoparticles (134.8 nm) with +19.78 mV zeta potential
showed effective cytotoxicity against Neuroblastoma (Neuro 2A)

cells, with 87.9% inhibition due to anthocyanin release. This system
appears to be primarily therapeutic in its current application. The

placebo nanoparticles were non-toxic to the cells.

[74]

Liposomes Pyrazolo[3,4-
d]pyrimidines Sprague Dawley rats

Liposomal encapsulation effectively overcame the poor water
solubility of pyrazolo[3,4-d]pyrimidines; this study focuses on the
therapeutic approach and makes them more suitable for clinical

drug development.

[75]

PLA- and
PLGA-based
nanoparticles

Doxorubicin Neuroblastoma cell line
UKF-NB-3

These kinds of nanoparticles can enhance in vivo drug activity
through the EPR effect and overcome transporter-mediated drug

resistance. The primary focus of the study is on delivering
doxorubicin as a therapeutic agent against neuroblastoma cells.

[76]

PLGA (Poly(lactic-
co-glycolic acid)

nanoparticles
Paclitaxel (taxol) Human neuroblastoma

cells (SH-SY5Y)

Paclitaxel-loaded PLGA nanoparticles exhibited cytotoxicity with
cell viability below 50% at concentrations > 10 nM and induced
genotoxic effects, suggesting their potential as a biocompatible

carrier for neuroblastoma treatment and the developed system was
used for a therapeutic approach.

[77]

Cyclodextrin-Fibrin
gels (FBGs) Doxorubicin (Dox)

Mouse orthotopic NB
model (SHSY5YLuc+

cells implanted into the
left adrenal gland

Increase in the therapeutic index of Dox when locally administered
via FBGs loaded with oCD-NH2/Dox for neuroblastoma treatment.
Overall, the research presented in the article focuses on improving

the therapeutic efficacy of Dox delivery for neuroblastoma
treatment, with possibilities for exploring theranostic applications

in the future.

[78]

Biomimetic
Core-Shell NNs Therapeutic miRNA

Human neuroblastoma
CHLA-255 cells and

CHLA-255-luc
tumor-bearing nonobese

diabetic/severe
combined

immunodeficient
(NOD/SCID) mice

NN/NKEXO cocktail for targeted neuroblastoma therapy, efficient
miRNA delivery, dual tumor growth inhibition, and potential

clinical application. Prepared systems are primarily focused on a
therapeutic approach.

[79]
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Table 2. Cont.

Carriers/Moieties # Therapeutic Molecule # In Vitro/In Vivo
Models # Outcome/Key Findings # Ref.

Soluplus or
Chitosan

Nanoparticles

Posidonia oceanica
(POE)

SH-SY5Y human
neuroblastoma cell line

NPs improved the aqueous solubility and stability of POE and
enhanced its inhibitory effect on cancer cell migration, likely due to

efficient encapsulation. Overall, the research presented in the
article focuses on improving the therapeutic application of the

nano-formulations.

[80]

Alginate-TiO2 TMZ
Nanoparticles Temozolomide (TMZ) Human neuroblastoma

cells SH-SY5Y

The developed system seems to focus primarily on a therapeutic
approach, as these nanoparticles exhibit higher cytotoxicity against

neuroblastoma cells, potentially impacting neuroblastoma
treatment.

[81]

Solid lipid
(Precirol®) and αv
integrins (ligand)

Etoposide and
Cilengitide

HR-NB cell lines and
MYCN-amplified

cell lines

Combination therapy with cilengitide enhanced efficacy against
high-risk neuroblastoma cells. This research offers theragnostic
potential by targeting ECM-tumor cell interactions, inhibiting

VN-integrin binding, modulating ECM stiffness, and employing
nanoencapsulated chemotherapeutic agents to enhance the

therapeutic index and overall effectiveness in high-risk
neuroblastoma treatment.

[82]

Bacterial
Membrane-coated

Nanoparticle (BNP)

PC7A/CpG polyplex
core with

bacterial membrane

B78 melanoma tumors
engrafted in

syngeneic mice

BNP enhances immune recognition of tumor neoantigens
post-radiation, improving dendritic cell uptake and

cross-presentation, resulting in robust antitumor T-cell responses in
mice with melanoma or neuroblastoma. The developed system

seems to focus primarily on a therapeutic approach; therefore, the
current application leans toward immunotherapy,

[83]

Synthetic
High-Density

Lipoprotein (HDL)
Nanoparticles

4,19,27-tri acetyl
withanolide A

Human NB cell lines
SH-EP, SH-SY5Y, IMR32

and SK-N-As and
tumor-bearing mice

Treatment reduced sphere formation, invasion, migration, and
cancer stem cell markers in neuroblastoma cells. However, the

targeting of SR-B1 and its potential for influencing CSC functions
also suggest the potential for theranostic applications, where the

nanoparticles could be used for both diagnosis and treatment.

[84]

Core-Shell MOF
of Zinc

Titanocene Dichloride
(TC) loaded Lactoferrin

(Lf)

Neuroblastoma- IMR-32
cells and Wistar rats

ZIF-8 framework loaded with Lf-TC and 5-Fluorouracil exhibited
potential for Neuroblastoma therapy, confirmed through in vitro

cell studies and in vivo safety assessments in Wistar rats. The
Lf-TC and 5FU-loaded ZIF-8 framework serves as nanoplatforms
for tumor phototherapy, with the potential for transformation into

a theranostic platform through additional imaging
moiety modifications.

[85]

Graphene Quantum
Dots (GQDs) Anti-GD2 Antibody

NIH3T3 mouse fibroblast
cell line and BE(2)-M17
human neuroblastoma
cell line and nude mice

This study focuses on the theranostics potential of anti-GD2/GQDs
and demonstrates the potential use of Anti-GD2/GQDs for

targeting and imaging of neuroblastomas in vivo.
[86]

Nanocarriers
coated-cationic

liposomes
functionalized with
antibodies against

GD2 receptor

miR-34a and let-7b

NB tumor cells,
orthotopic xenografts,

pseudometastatic
models, athymic mice

Promising therapeutic efficacy of miR-34a and let-7b combined
replacement, Support for clinical application as adjuvant therapy

for high-risk NB patients.
[87]

# NKEXOs: Natural killer cell-derived exosomes, NNs: core–shell nanoparticles, TiO2: Titanium dioxide, NB:
Neuroblastoma, ECM: Extracellular matrix, CSC: Cancer Stem Cell, ZIF-8: Zeolitic Imidazolate Framework.

3.6. Nanoformulations Used for the Treatment of Retinoblastoma

Retinoblastoma is a disease in which malignant (cancer) cells form in the tissues of
the retina. Retinoblastoma can expand to other parts of the body, such as the brain and
spine [88]. Pediatric retinoblastoma (RB) is an uncommon and occasionally inherited
malignancy. Because of alterations in the tumor-suppressor genes and the lack of a targeted,
efficient, and cost-effective therapy, retinoblastoma is an uncommon form of cancer that is
difficult to diagnose and treat. As such, there is a critical need for innovative treatments to
address these issues [89]. External beam radiation, episcleral plaque radiation, cryotherapy,
enucleation, and photocoagulation were conventional therapies for children with RB [90].
Ocular malignancies present unique problems, and improved penetration of the retinal
pigment epithelium by monotherapies is required [91].

Several nano-applications have been investigated recently to overcome these obstacles.
The application of nanotechnologies in the detection and management of cancers and eye
conditions has grown rapidly in recent years [92–94]. Among the most useful nanotechnology-
based ocular delivery methods include nanoliposomes, polymeric nanoparticles (PNPs),
nanocapsules, nanocages, nano-micelles, nano-dendrimers, and nanohydrogels, which offer
several benefits over standard diagnostics and treatments [95–97]. Moradi et al. [98] assess
the combined effects of gold nanoparticles (Au-NPs) and ultrasonic hyperthermia on Y79
cells. Cells were exposed to ultrasonic irradiation with or without 60 nm Au-NPs, and their
viability was measured 48 h later. Results showed that hyperthermia alone reduced cell
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viability after 4 min, while in the presence of Au-NPs, this effect was observed after 4.5 min.
Higher Au-NP concentrations increased cytotoxicity. This research concludes that the use
of Au-NPs enhances the sensitivity of cells to hyperthermia induced by ultrasound [98].
A multifunctional nanoparticle system has been developed for the diagnosis and treat-
ment of retinoblastoma. The nanoparticles, consisting of magnetic hollow mesoporous
gold nanocages (AuNCs) loaded with muramyl dipeptide (MDP) and perfluoropentane
(PFP), enable advanced imaging (photoacoustic, ultrasound, and magnetic resonance) for
diagnosis and enhance low-intensity focused ultrasound (LIFU) therapy. These nanoparti-
cles, when combined with LIFU, effectively target and treat RB tumors, leading to tumor
cell death, while MDP activates dendritic cells (DCs) for improved immune response.
The multifunctional nanoparticles offer potential for multimodal imaging-guided LIFU
therapy and show promise for RB treatment with high safety [99]. Silver nanoparticles
(AgNPs) are increasingly used in medical and commercial products due to their potent
antibacterial properties. Rajanahalli et al. [100] have investigated the impact of AgNPs on
mouse embryonic stem cells (mESCs). They revealed that AgNPs with different surface
coatings altered cell morphology, induced cell cycle arrest at G1 and S phases, and reduced
pluripotency marker Oct4A while promoting the expression of stress-related isoforms. The
findings suggested that AgNPs’ toxicity is linked to excessive reactive oxygen species (ROS)
production, with polysaccharide coating mitigating this effect [100]. Qu et al. [98,101] devel-
oped EpCAM-conjugated mesoporous silica nanoparticles (EpCMSN) to effectively deliver
carboplatin (CRB) for the treatment of retinoblastoma (RB), a rare eye tumor. EpCMSN
demonstrated enhanced cellular uptake and superior anticancer effects compared to free
CRB, with a significantly lower IC50 value of 1.38 μg/mL. The specific receptor-mediated
internalization of EpCMSN, targeting EpCAM receptors, suggests a promising approach
for targeted treatment of RB and other ocular malignancies [101]. Photothermal therapy,
with its minimal invasiveness and high specificity, addresses issues associated with tradi-
tional drug treatment for tumors. However, its limited tissue penetration hinders clinical
application. Using a nano-platform comprising liposomes and indocyanine green (ICG)
introduced a novel strategy for treating retinoblastoma by enhancing ICG stability and
enabling imaging-guided photothermal therapy, making use of the eye’s transparency to
infrared light. In this study, ICG-loaded liposome nanoparticles (ILP) were developed,
offering targeted tumor treatment and improved imaging capabilities, holding promise for
image-guided tumor phototherapy. Figure 4 depicts the fluorescence and photoacoustic
imaging capabilities of ILP [102]. Cerium-doped titania nanoparticles (Ce-doped TiO2)
were studied by Kartha et al. [103] using a cost-effective sol-gel method, and their enhanced
photodynamic anticancer effects were evaluated on Y79 retinoblastoma cells. The study
investigated the structural and optical properties of pure and Ce-doped TiO2, revealing
cerium’s presence through X-ray diffraction and Raman spectra. Additionally, microscopy
analysis showed that both TiO2 variants exhibited spherical shapes. The findings indi-
cated that cerium doping in TiO2 enhances its photodynamic anticancer activity [103]. The
applications of nanoparticles for retinoblastoma therapy are discussed in Table 3.

Table 3. Applications of nanoparticles for retinoblastoma therapy.

Carriers/Moieties # Therapeutic Molecule # In Vitro/In Vivo
Models # Outcome/Key Findings # Ref.

AuNP-PEI-EpCAM
Antibody (EpAb) EpCAM-specific siRNA Y79 retinoblastoma cells

Novel nanocarrier successfully delivered EpCAM-specific
siRNA to retinoblastoma (RB) cells, leading to significant gene

knockdown. The nanoparticles were well-tolerated by cells,
and their conjugation with the EpCAM antibody enhanced

internalization and therapeutic efficacy for RB. Gold
nanoparticles also hold the potential for imaging in diagnosis.

[104]

Galactose-Chitosan
Anchored Etoposide

PLGA NPs (GC-ENP)
Etoposide (ETP) Y-79 retinoblastoma cells

GC-ENP, with high entrapment efficiency and galactose
targeting, demonstrates increased uptake in retinoblastoma

cells (Y-79) and enhanced cytotoxicity, making it a promising
drug delivery system for retinoblastoma treatment and
enhancing the therapeutic application of the developed

system.

[105]
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Table 3. Cont.

Carriers/Moieties # Therapeutic Molecule # In Vitro/In Vivo
Models # Outcome/Key Findings # Ref.

PLGA Nanoparticles Melphalan Y79 cells

Surface modification improves efficacy in retinoblastoma cells,
particularly with MPG-NPs. Prepared systems are primarily
focused on a therapeutic approach, and this system enhances

cell association, but some NPs remain on the cell surface rather
than internalizing.

[106]

Nanospheres (NSs)
of PGZ Pioglitazone (PGZ) Y-79 cell line and

male pigs

The Polymeric nanoparticles effectively encapsulated PGZ,
showing optimal characteristics with sustained drug release,

good ocular tolerance, and significant in vivo
anti-inflammatory potential, offering a promising approach for

ocular inflammation treatment and suggesting a purely
therapeutic approach.

[107]

CMD-TCs-NPs Y79 retinoblastoma cells
and Wistar albino rats

CMD-TCs-NPs show smaller size, positive zeta potential, and
higher affinity for retinoblastoma tumors in rat eyes when

administered intravitreally, while CMD-TMC-NPs remained in
the vitreous and did not reach the retina. These findings
suggest CMD-TCs-NPs’ potential for more effective drug

delivery in retinoblastoma treatment.

[108]

Thiolated Chitosan
Nanoparticles

(TPH-TCs-NPs)
Topotecan (TPH)

Human retinoblastoma
cells (Y79),

xenograft-rat-model of
retinoblastoma

TPH-TCs-NPs enhanced drug loading, improved control over
drug release, and increased treatment efficacy for

retinoblastoma. Thiolated chitosan demonstrates improved
interaction with cell membranes, leading to higher cellular

uptake of the drug. Therefore, this study primarily focuses on
the therapeutic approach.

[109]

siRNA-loaded
switchable LNP Survivin siRNA

Y79 retinoblastoma cells
and primary human

RB cells.

Sequential siRNA survivin followed by chemotherapy
sensitizes cancer cells to carboplatin and melphalan, showing

promise in treating retinoblastoma (RB) without affecting
healthy cells. The study suggests careful drug screening to

find synergy with survivin for future in vivo testing.

[110]

Lipid Nanoparticles
(LNP) Melphalan and miR-181a Y79 retinoblastoma cells

and Sprague Dawley rats

Co-delivery of melphalan and miR-181a using 171 nm
switchable LNP with high encapsulation efficiencies enhanced

therapeutic efficiency, reducing the expression of
anti-proliferative and anti-apoptotic genes while increasing

pro-apoptotic gene expression.

[111]

Lactoferrin nanoparticles
(Lf-Nps)

Carboplatin (CPT) and
Etoposide (ETP)

Retinoblastoma (Rb)
Y79 cells

The Nanoformulations of Lf-CPT and Lf-ETP enhance drug
uptake, intracellular retention, and cytotoxicity, particularly in

Rb Y79 CSCs, offering the potential for improved targeted
therapy and therapeutic efficacy and better clinical outcomes
by overcoming chemoresistance in cancer stem cells (CSCs).

[112]

Apo-nano-carbo and
Lacto-nano-carbo

nanoparticles
Carboplatin Human retinoblastoma

cell line Y79

These nanoparticles demonstrated pH-dependent drug release
and receptor-mediated endocytosis for targeted delivery,

resulting in greater intracellular uptake and anti-proliferative
activity (IC50 = 4.31 μg ml−1 and 4.16 μg ml−1, respectively)

compared to soluble carboplatin (IC50 = 13.498 μg ml−1).

[113]

Polymethylmethacrylate
nanoparticles Carboplatin Sprague Dawley rats

Intra-vitreal carboplatin concentrations were significantly
higher with novel carboplatin-loaded polymethylmethacrylate
nanoparticles (NPC) compared to the commercially available

carboplatin (CAC), indicating enhanced trans-scleral
permeability for potential use in treating advanced

retinoblastoma. Therefore, this study primarily focuses on the
therapeutic approach.

[114]

Folic Acid-Conjugated
Polymeric Micelles

Curcumin-Difluorinated
(CDF)

Retinoblastoma cell lines
(Y-79 and WERI-RB1)

The Folic acid-conjugated micelles loaded with CDF increased
CDF solubility and showed significant anticancer activity on

retinoblastoma cell lines (Y-79 and WERI-RB). This
formulation holds promise as an alternative approach to

retinoblastoma therapies; therefore, the study focuses on the
therapeutic potential of the developed system.

[115]

EpCAM
antibody-functionalized

PLGA NPs.
Paclitaxel Y79 retinoblastoma cells

EpCAM antibody-functionalized biodegradable NPs show
potential for tumor-selective drug delivery and overcoming
drug resistance in retinoblastoma treatment. Therefore, this

study primarily focuses on the therapeutic approach.

[116]

Hybrid Lipid Polymer
Nanoparticles Beta-lapachone (β-Lap) Retinoblastoma cells

This study focuses on a combined chemo- and photodynamic
therapy (PDT) approach, aiming to synergistically treat

retinoblastoma with both β-Lap and m-THPC encapsulated
in LNPs.

[117]

Mesoporous silica
nanoparticles

anti-MRC2 and/or
anti-CD209

Human retinoblastoma
cancer cells (Y-79 and

WERI-Rb1)

Identifies elevated expression of two receptors, MRC2 and
CD209, in retinoblastoma, leading to the creation of

mesoporous silica nanoparticles (MSN) equipped with
anti-MRC2 and/or anti-CD209 antibodies for targeted PDT

and imaging.

[118]

# AuNP-PEI-EpCAM Antibody: Gold nanoparticles-polyethyleneimine-Epithelial cell adhesion molecule mono-
clonal antibody conjugated, CMD-TCs-NPs thiolated and methylated chitosan-carboxymethyl dextran nanoparti-
cles, siLNP: siRNA-loaded switchable lipid nanoparticles, Apo-nano-carbo: carboplatin loaded apotranferrin and
Lacto-nano-carbo: lactoferrin loaded nanoparticles, PLGA NPs: Poly(lactic-co-glycolic acid) nanoparticles, PDT:
Photodynamic therapy.
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Figure 4. Assessing the fluorescence and photoacoustic imaging capabilities of ILP. (A) In vivo,
observe the fluorescence and photoacoustic images of ICG and ILP at various time intervals.
(B,C) Analyze the fluorescent intensity (B) and photoacoustic intensity (C) of tumor tissue quantita-
tively. (D) Examine ex vivo fluorescence images of ICG and ILP at 6 h. (E) Quantify the fluorescent
intensity of different tissues at the 6 h mark. Herein p < 0.05 is flagged with one star (*) and p < 0.01 is
flagged with two stars (**). Adapted with permission from reference [102].

4. Clinical Trials

Pediatric brain tumors are some of the most devastating childhood diseases, with high
mortality rates and significant long-term morbidity for survivors. Conventional treatment
options like surgery, radiation, and chemotherapy often have severe side effects and limited
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efficacy. As mentioned in Table 4 (retrieved from https://clinicaltrials.gov/, accessed
on 15 February 2024), emerging nanotherapeutic strategies offer a promising avenue
for improving the treatment of pediatric brain tumors by overcoming these limitations.
Nanoparticles, with their unique size and properties, can be designed to target tumor cells
more effectively, deliver drugs with greater precision, and reduce systemic toxicity. Here
is a brief overview of some ongoing clinical studies exploring nano-therapeutic strategies
against pediatric brain tumors.

Table 4. Clinical trials using nano-therapeutics in pediatric brain tumors.

Carriers/Nanoparticles # Condition # Therapeutic Agent # Phase # Status # NCT Code

Liposomes Glioblastoma C225-ILs-dox Phase 1 Completed NCT03603379
Gold Nanoparticle Recurrent Glioblastoma NU-0129 IV Early Phase 1 Completed NCT03020017

Ultra-small iron
oxide particle Brain Neoplasms Combidex as MRI

contrast agent Phase 2 Terminated NCT00659334

Small iron particles Childhood Brain
Neoplasm

DSC-MRI with
ferumoxytol Early Phase 1 Completed NCT00978562

Nanoparticle
Formulation MTX110

Diffuse Intrinsic
Pontine Glioma Panobinostat Phase 1

Phase 2 Completed NCT03566199

Liposomes Brain tumor Doxorubicin Phase 1 Completed NCT00019630

Liposomes Brain and Central
Nervous System Tumors Cytarabine Phase 1 Unknown status NCT00003073

MTX110 and gadolinium Diffuse Intrinsic
Pontine Glioma Infusate Phase 1 Completed NCT04264143

Liposomes Neuroblastoma Doxorubicin Phase 1 Terminated NCT02536183
Liposome Neuroblastoma Doxorubicin Phase 1 Withdrawn NCT02557854
Liposome Neuroblastoma Irinotecan Sucrosofate Phase 1 Recruiting NCT02013336

# C225-ILs-dox: Doxorubicin-loaded Anti-EGFR-immunoliposomes.

5. Conclusions

Pediatric brain tumors are considered the most frequent type of pediatric cancer,
and they pose a tremendous therapeutic challenge owing to their tendency to infiltrate
and disseminate to surrounding tissues, restricting the use of surgery as a feasible mono-
therapeutic strategy. Furthermore, the difficulty in delivering medications to the brain
tumor site in effective therapeutic concentrations while evading the blood–brain barrier
(BBB) represents another challenge for cancer conquering. Consequently, nanomedicines
have emerged as a promising therapeutic approach to circumvent the hurdles encountered
with conventional therapy, along with improving the bioavailability of drug payloads.
Nanotechnology-based delivery systems can effectively cross the BBB, and when decorated
with receptors that are overexpressed both by BBB-building cells and cancer cells, they can
discriminate cancer cells from surrounding healthy ones, thus directing the therapeutic
agents towards malignant cells. However, various challenges must be carefully considered,
including biocompatibility issues and clearance modulation. Nonetheless, various strate-
gies have been implemented in recent years to overcome these drawbacks, and, along with
the growing body of knowledge in the molecular genetics of brain tumors, the scientific
community is unquestionably close to a major breakthrough in the development of efficient,
safe, and low-cost nanosystems capable of imaging and treating brain cancers without
inflicting remarkable damage to healthy tissue.
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Abstract: Glioblastoma (GBM) stands as the most prevalent and lethal malignant brain tumor,
characterized by its highly infiltrative nature. This study aimed to identify additional MRI and
metabolomic biomarkers of GBM and its impact on healthy tissue using an advanced-stage C6
glioma rat model. Wistar rats underwent a stereotactic injection of C6 cells (GBM group, n = 10)
or cell medium (sham group, n = 4). A multiparametric MRI, including anatomical T2W and T1W
images, relaxometry maps (T2, T2*, and T1), the magnetization transfer ratio (MTR), and diffusion
tensor imaging (DTI), was performed. Additionally, ex vivo magnetic resonance spectroscopy (MRS)
HRMAS spectra were acquired. The MRI analysis revealed significant differences in the T2 maps, T1

maps, MTR, and mean diffusivity parameters between the GBM tumor and the rest of the studied
regions, which were the contralateral areas of the GBM rats and both regions of the sham rats (the
ipsilateral and contralateral). The ex vivo spectra revealed markers of neuronal loss, apoptosis, and
higher glucose uptake by the tumor. Notably, the myo-inositol and phosphocholine levels were
elevated in both the tumor and the contralateral regions of the GBM rats compared to the sham rats,
suggesting the effects of the tumor on the healthy tissue. The MRI parameters related to inflammation,
cellularity, and tissue integrity, along with MRS-detected metabolites, serve as potential biomarkers
for the tumor evolution, treatment response, and impact on healthy tissue. These techniques can be
potent tools for evaluating new drugs and treatment targets.

Keywords: glioblastoma; magnetic resonance imaging; magnetic resonance spectroscopy; HRMAS;
preclinical models

1. Introduction

Brain cancer is a life-threatening neurological disorder in which malignant cells grow,
proliferate, and invade the cerebral structures of the host, seriously hampering an adequate
brain function [1]. Glioblastoma (GBM) stands as the most common primary malignant
brain tumor, accounting for approximately 50% of all primary malignant tumors. It is
classified as a grade IV tumor by the World Health Organization (WHO) [2], the most
aggressive subtype. It has an incidence of 3.26 cases/100,000 inhabitants per year in the
United States, with a very poor prognosis: a 5-year survival rate of less than 7%, despite a
therapeutic approach that includes surgical resection, immunotherapy, chemotherapy, and
radiotherapy [3]. The infiltrative nature of this type of tumor, which makes its complete
resection virtually impossible, implies an inevitable impact on the surrounding brain tissue
and, ultimately, on the healthy brain tissue and its microenvironment [4]. Furthermore, the
presence of the blood–brain barrier (BBB), which can hinder the delivery of drugs to the
tumor [5], highlights the critical importance of researching new drug delivery methods
and enhancing our tumor targeting capabilities. The current research and advancements in
theranostic approaches and nanomedicine can significantly contribute to addressing this
challenge [6–8].

Magnetic resonance imaging (MRI) stands out as one of the most powerful techniques
for accurately studying and monitoring the progression of brain tumors and their effects
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on healthy tissue, as well as their response to treatment. Its main advantage lies in the fact
it provides a wealth of information ranging from high-contrast, high-resolution anatomical
images to metabolomic information with details on cell density, vascular supply, and
hypoxia [9], among others.

Despite improvements, accurately assessing the tumor progression and the response
to treatments using imaging techniques remains challenging. Traditionally, post-treatment
tumor changes are evaluated based on anatomical post-contrast T1-weighted MRI images,
where a decrease in the contrast-enhanced areas is interpreted as a reduced tumor burden.
However, the interpretation of the image is not always straightforward due to post-surgical
changes in the brain anatomy and radiation-induced necrotic areas. Additionally, the
phenomenon of ‘pseudo-progression’ may raise doubts when interpreting the images [10].
Multiparametric MRI techniques offer a valuable alternative, allowing for a comprehensive
assessment of the characteristics of the tumor and the healthy tissue. Diffusion tensor
imaging (DTI) provides information on the tissue microstructure [11] and magnetic transfer
(MT) imaging offers insights into cellularity [12], while the T2, T2*, and T1 mapping provide
data on inflammation and vasogenic oedema [13], hemorrhage/neoangiogenesis and
oxygen levels [14], and interstitial water content and BBB disruption [15], respectively. As
a result, these approaches provide data that serve as imaging biomarkers of the disease
progression following the therapeutic interventions that target the pathological features
of the tumor. Indeed, multiparametric MRI has been utilized by other researchers in both
clinical and preclinical studies for various purposes, including investigating the evolution
of the development of the tumor [16], distinguishing between primary GBM tumors and
metastases [17], and monitoring treatments for this disease [18,19].

On the other hand, metabolomics plays a key role in understanding the behavior of
tumors and their microenvironment. The metabolites detected and identified by in vivo
magnetic resonance spectroscopy (MRS), such as choline (Cho), lactate (Lac), lipids, N-
acetylaspartic acid (NAA), and myo-inositol (mI), are well-studied biomarkers of the
characteristics and disease progression of GBM [20]. Additionally, ex vivo High-Resolution
Magic Angle Spinning (HRMAS) provides metabolomic information of a wider range of
metabolites from unprocessed small tissue samples or biopsies [21,22].

Given the significant challenges posed by glioblastoma (GBM) and the increasing
recognition of the importance of multiparametric MRI in understanding its pathophys-
iology, we aimed to characterize an advanced-stage GBM tumor model using in vivo
multiparametric MRI evaluations and ex vivo metabolomic HRMAS MRS studies. Building
upon prior studies utilizing multiparametric MRI in GBM research, our approach sought
to provide a comprehensive assessment of the progression of a tumor and its microenviron-
ment. By investigating both the tumor and the contralateral regions potentially affected
by the tumor, along with the equivalent regions in sham animals, we aimed to discern
the parameters that serve as biomarkers to monitor the disease progression. Furthermore,
we aimed to explore the potential of our methodology in preclinical and clinical research,
particularly in validating new drugs, including theranostic nanodrugs.

2. Materials and Methods

2.1. Animal Models

All experimental procedures complied with the national (R.D.53/2013) and European
Community guidelines (2010/62/UE) for the care and management of experimental ani-
mals and were approved by the Ethics Committee of the Community of Madrid (PROEX
047/18; approved 2 November 2015). Male Wistar albino rats (Rattus novergicus) with
a body weight (b.w.) of 230 ± 20 g were used. The animals were housed in cages in a
light-controlled (12 h cycle of light and darkness) and temperature-controlled (22 ± 2 ◦C)
room with access to water and food ad libitum in the IIBM animal facility (Reg. No.
ES280790000188) and cared for by specialized personnel.
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2.2. Cell Line Culture

An authenticated C6 glioma cell line obtained from the American Type Culture Collec-
tion (ATCC number: CCL-107) (Manassas, VA, USA) was used. The cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum
(FBS) (Gibco®, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and antibiotics (10% of
amphotericin B, 100 UI/mL of penicillin, 0.03 mg/mL of gentamicin, and 0.1 mg/mL of
streptomycin), and were kept in an incubator at 37 ◦C and 5% of CO2.

2.3. Surgical Procedure

The male Wistar rats (n = 14) were submitted to a surgical procedure using stereo-
taxic equipment (Model 900LS Small Animal Stereotaxic Instrument, Kopf Instruments®,
Tujunga, CA, USA). Briefly, the animals were injected subcutaneously with the analgesic
meloxicam (0.5 mg/kg b.w.) 30 min before the surgery. Then, the animals were anesthetized
by an intraperitoneal injection of ketamine hydrochloride (75 mg/kg b.w.) and medetomi-
dine hydrochloride (0.5 mg/kg b.w.) and placed in the stereotaxic device. Through a small
burr hole, the tumor cells (105/10 μL of culture medium per animal, ten GBM rats) or the
culture medium alone (10 μL, four sham rats) were injected on the right caudate–putamen,
based on coordinates using the bregma as a reference: 0.35 mm from it on the right lateral
and 0.55 mm from it on the ventral side. Once finished, the skull hole was sealed and the
skin sutured. After the surgery, atipamezol hydrochloride (5 mg/kg b.w.) was administered
subcutaneously to fasten the anesthesia recovery, and meloxicam (0.5 mg/kg b.w.) was
used for analgesia and administrated during the following two days.

2.4. Magnetic Resonance Imaging

The MRI studies were carried out on a 7 T superconductor horizontal animal MR
system (Bruker Medical GmbH, Ettlingen, Germany) equipped with a 1H 38 mm bird cage
resonator and a gradient insert of 90 mm in diameter (360 mT/m maximum strength). All
data were acquired running Paravision 5.1 software (Bruker Medical GmbH®, Ettlingen,
Germany) operating on a Linux platform.

The animals were anesthetized with 3–4% isoflurane in 100% O2 in an induction
box, followed by the administration of 1.5–2% isoflurane through a mask during the MRI
acquisitions. The rats were placed in an animal holder with a heated blanket, which
maintained their body temperature at ~37 ◦C. The temperature and respiratory rate of the
animals were monitored by a monitoring and gating system (SA Instruments, Inc., Stony
Brook, NY, USA). The GBM-bearing rats were placed in the MRI system with a tail catheter
to allow the intravenous (i.v) administration of the contrast agent (CA).

Magnetic Resonance Imaging Studies

The tumor development in the GBM-bearing rats was followed up with T2-weighted
(T2W) anatomical MRI weekly after the surgery. Multiparametric MRI studies were con-
ducted between 2 and 3 weeks post-surgery, when the tumor reached a volume ≥100 mm3,
including T2W and T1-weighted (T1W) images after the i.v. administration of the CA and
parametric MRI acquisitions: relaxometry (T2, T2*, and T1 maps), MT images, and DTI. The
sham rats underwent the same multiparametric MRI studies.

• Anatomical MRI

The T2W images were acquired with a rapid acquisition relaxation-enhanced (RARE)
sequence with the following acquisition parameters: a repetition time (TR) = 3000 ms,
an echo time (TE) = 60 ms, the number of experiments (NEX) = 3, the total acquisition
time (TAT) of 3 min and 36 s, and a RARE factor = 8, with 10 slices in an axial orien-
tation with a slice thickness (ST) = 1.5 mm—covering the whole brain—a field of view
(FOV) = 35 × 35 mm2, and a matrix = 256 × 256 pixels, corresponding to an in-plane reso-
lution of 136.7 × 136.7 μm2. The T1W images were acquired after the i.v. administration of
0.3 M of Gd-diethylenetriaminepentaacetic acid (Magnevist®, Bayer, Whippany, NJ, USA)
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at a dose of 0.3 mmol/kg b.w. as the CA with the TR = 300 ms, TE = 10.5 ms, NEX = 3, and
TAT = 2 min and 52 s. The same geometric parameters were used as in the T2W images.

• Parametric MRI

The MRI studies to generate the parametric images were performed in an axial ori-
entation using five slices (with an ST = 1.5 mm) placed at the central part of the tumor
in the GBM-bearing rats and in an equivalent position in the sham rats, with a FOV
of 35 × 35 mm2 and a matrix = 128 × 128, corresponding to an in-plane resolution of
273.4 × 273.4 μm2/pixel.

The T2 maps were acquired using a multi-slice multi-echo (MSME) sequence with a
TR = 5000 ms, employing 75 echoes; TE = 12–900 ms; NEX = 1; and TAT = 10 min and 40 s.
The fitting curve for the calculation of T2 is described in Equation (1):

S = S0·e−TE/T2 (1)

where S is the value of the MRI signal at a given TE and S0 is the value of the MR signal
when TE = ∞.

The T2* maps were acquired using a multi-gradient echo (MGE) sequence with a
TR = 543.3 ms, emplying 20 echoes; TE = 2.73–83.86 ms; flip angle = 30◦; NEX = 4; and
TAT = 5 min and 37 s. The fitting curve for the calculation of T2* is the one described in
Equation (1), substituting T2 for T2*.

The T1 maps were acquired employing a saturation–recovery sequence with eight
values of TR= 125–6000 ms, TE = 12 ms, NEX = 1, and TAT = 24 min and 55 s. The fitting
curve for the calculation of T1 is described in Equation (2):

S = S0·
(

1 − e−TR/T1
)

(2)

where S is the value of the MR signal at a given TR and S0 is the value of the MRI signal
when TR = ∞.

The magnetization transfer ratio (MTR) maps were generated by acquiring two set
of images, one applying an MT pulse (MT ON) and the other without applying it (MT
OFF), with a TR = 2500 ms, TE = 10 ms, NEX = 1, and TAT = 5 min and 20 s. The MT ONs
comprised a train of radiofrequency pulses (N = 50) of bandwidth = 550 Hz, length = 5 ms,
power = 5.5 μT, and offset = 1500 Hz. The MT effect was calculated as an MT ratio according
to Equation (3):

%MTR =
S0 − SMT

S0
∗ 100 (3)

where SMT is the signal intensity of a pixel in the MT ON image and S0 the signal of the
same pixel in the MT OFF.

The DTI studies were performed using a Stejskal–Tanner sequence with a single-shot
echo-planar readout, where the TR = 3000 ms, TE = 39.3 ms, NEX = 4, diffusion gradient
separation (Δ) = 20 ms, and diffusion gradient duration (δ) = 4 ms, with one basal image
and two b factors of 300 and 1400 s/mm2 applied in seven directions and a TAT = 3 min.
The mean diffusivity (MD) and fractional anisotropy (FA) parameters were calculated
according to Equations (4) and (5), where the corresponding eigenvalues (λ1, λ2, and λ3)
were obtained by solving the tensor:

MD =
λ1 + λ2 + λ2

3
(4)

FA =

√
(λ1 − MD)2 + (λ2 − MD)2 + (λ3 − MD)2

2
(
λ12 + λ22 + λ32

) (5)
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2.5. MRI Processing

The tumor volume development in the GBM-bearing rats was followed by using the
T2W anatomical images and manually selecting the tumor areas employing the software
ImageJ (National Institutes of Health, Bethesda, MD, USA, http://rsbweb.nih.gov/ij/) and
then calculated using Equation (6), where the TA (tumor area) represents the area of the
tumor in each slice in mm2:

Tumorvolume
(

mm3
)
= [TAslice1 + TAslice2 + (. . .) + TAslice10]× ST (6)

Color-based maps were generated pixelwise from the images by fitting the signal
to the appropriate equation using home-made software developed in MatLab version
R2010b (The MathWorks, Nattick, MA, USA). Two regions of interest (ROIs) were manually
selected and quantified using the Image J: tumoral area and the healthy contralateral region
in all tumor-containing slices in the GBM-bearing rats and in the equivalent areas in the
sham group (the ipsilateral and contralateral areas). Then, the mean value of each ROI,
considering all selected slices for each rat, was used for the statistical analysis.

2.6. Ex Vivo Magnetic Resonance Spectroscopy

Immediately following the multiparametric MRI study, the rats were sacrificed us-
ing a high-power (5 kw) focused microwave (TMW-6402 C, Muromachi Kikai Co., Ltd.,
Tokyo, Japan), which causes an arrest of the cerebral metabolism. Then, the brains were
removed from the skull and the tumor and the contralateral regions were resected from
the GBM-bearing rats and the equivalent areas from the sham animals. The samples were
immediately frozen in liquid nitrogen and stored at −80 ◦C.

The HRMAS spectra were acquired in a 11.7 T Bruker AVANCE WB spectrometer
(Bruker Medical GmbH, Ettlingen, Germany) operating at 500.13 MHz at a 1H frequency,
equipped with a triple nuclei HRMAS probe and using the Topspin 2.1 software. Briefly, a
sample (10–15 mg) was placed on a zirconium oxide rotor (4 mm o.d.) and suspended in
50 μL of D2O. The spectra were acquired in a probe cooled to 4 ◦C and spun at 5 kHz using
a Carr–Purcell–Meiboom–Gill sequence with the following parameters: a water saturation
pulse of 2 s, a relaxation delay of 5 s, 32 k data points, and 128 scans. Two spectra per
sample were acquired, one with a total TE of 36 ms and another of 144 ms. Then, the
detectable metabolites were quantified using the LCModel package (Linear Combination
of Model Spectra, http://s-provencher.com/lcmodel.shtml), a prior knowledge spectral fit
software. This program fits the sample spectra as a linear combination of the model spectra
contained in a home-designed database of brain metabolites and taking into account the
contributions for lipids and macromolecules, yielding values for the metabolite concen-
tration and estimated standard deviation (SD) [23]. Only metabolites with an SD smaller
than 20% were included in the final analysis of the data. The metabolite concentrations are
presented normalized to the total creatine (PCr + Cr) content.

2.7. Statistical Analysis

The statistical analysis and data representation were performed using GraphPad Prism
Software, version 9 (GraphPad Software, La Jolla, CA, USA). The Shapiro–Wilk test was
used to assess the normality of the data. A two-way ANOVA followed by Tukey’s post hoc
for multiple comparison was used for the comparison among the different groups (the GBM
rats vs. the sham rats). To compare the regions within the same group (tumor/ipsilateral vs.
contralateral), a paired t-test with a Holm–Sidak correction was performed. The data are
represented by boxplots, where the horizontal bar represents the median, the ‘+’ symbol
shows the mean, and the lower and upper limits of the box indicate the first and third
quartile, respectively. The upper and lower whiskers extend to the most extreme data points
1.5× the interquartile range from the nearest box border (the quartile). A p-value < 0.05
was considered statistically significant.
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3. Results

3.1. MRI Studies

The multiparametric MRI studies were conducted in the GBM rats between 16 and
21 days after the surgery, once the tumors had reached a volume of ≥100 mm3, while the
sham rats underwent the studies 21 days after surgery. The tumors were observed in the
GBM animals as hyperintense areas on both the T2WI (weighted images) and in the T1WI
after the administration of the CA (Figure 1). In addition, a higher uptake of the CA could
be observed in the proliferative tumor periphery region than in the central core area due to
the presence of necrosis. The scars resulting from the intracranial surgery were visible as
hypointense areas on the T2WI from the sham rats.

 

Figure 1. Anatomical images of a representative slice from the GBM and sham animals. The surgical
scar is observed as a hypointense area in the T2W image of the sham rat, while the tumor is detected
as an hyperintense area in the T2W and T1W images after the CA administration in the GBM rat.

3.1.1. Relaxometry

The relaxation times, including the T2, T2*, and T1 values from the assessed regions
(the tumor/ipsilateral and contralateral areas), were quantified from the corresponding
parametric maps (Figure 2). The mean relaxation values for each group are presented in
Table 1.

Table 1. MRI parameters (mean ± SEM) measured in the different regions of the studied groups.

GBM Sham

MRI Parameter Tumor Contralateral Ipsilateral Contralateral

T2 (ms) 66.52 ± 2.43 51.26 ± 0.56 49.64 ± 0.35 49.91 ± 0.21
T2* (ms) 22.75 ± 1.30 21.85 ± 1.54 22.59 ± 3.23 21.81 ± 2.69
T1 (ms) 2574 ± 37 2090 ± 45 1937 ± 17 1942 ± 38

MTR (%) 15.15 ± 1.46 30.56 ± 1.99 30.03 ± 0.95 29.79 ± 1.10
MD (μm2/s) 1064 ± 52 816 ± 30 815 ± 9 836 ± 16

FA 0.255 ± 0.045 0.284 ± 0.035 0.232 ± 0.012 0.231 ± 0.013
SEM: standard error of mean, MTR: magnetization transfer ratio, MD: mean diffusivity, and FA: fractional
anisotropy.

The results obtained on the T2 maps of this GBM model are depicted in Figure 2A.
Higher T2 values were observed in the tumor compared to the contralateral areas in the
GBM rats (p < 0.001) and compared to the ipsilateral and contralateral regions of the sham
rats (p < 0.001). Similar T2 values were observed in the ipsilateral and contralateral regions
of the sham rats.

No statistically significant differences in the T2* values were found between the regions
in the GBM or sham animals, nor among the groups (Figure 2B).

Regarding the T1 values, similar results were obtained as for the T2 values. The tumor
regions of the GBM rats showed higher T1 values than the corresponding contralateral
areas (p < 0.001), and they were also higher than the ipsilateral and contralateral regions
of the sham rats (p < 0.001). No statistically significant differences in the T1 values were
observed between the ipsilateral and contralateral regions of the sham rats (Figure 2C).

75



Brain Sci. 2024, 14, 409

Figure 2. Parametric maps generated from the relaxometry images of a representative slice from the
GBM and sham rats and a quantification of the studied regions: the tumor and contralateral areas in
the GBM rats, as well as the ipsilateral and contralateral regions in the sham rats. (A). Parametric
maps and quantification of the T2 values. (B). Parametric maps and quantification of the T2* values.
(C). Parametric maps and quantification of the T1 values. *** p < 0.001.

3.1.2. Magnetization Transfer Images

The calculated MTR values showed trends that were consistent with the T2 and T1
analyses. However, notably, lower MTR values were detected in the tumor than in the
contralateral areas (p < 0.01) of the GBM rats, as well as in comparison to both regions studied
in the sham rats (p < 0.001), where no significant differences were detected between regions in
this group (Figure 3). The mean MTR values from each group are presented in Table 1.

Figure 3. Parametric maps generated from the MT images of a representative slice from the GBM and
sham rats and a quantification of the studied regions: the tumor and contralateral areas in the GBM
rats, as well as the ipsilateral and contralateral regions in the sham rats. ** p < 0.01 and *** p < 0.001.
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3.1.3. Diffusion Tensor Imaging

The DTI studies provide information about the restriction of the water molecule
movement in the tissues and, therefore, about the tissues’ microstructural organization
through the mean diffusivity (MD) and fractional anisotropy (FA) parameters, respectively.
The same trend observed in the T2 and T1 analyses was observed, with the tumor regions
showing higher MD values than the respective contralateral area of the GBM rats (p < 0.01)
and, also, when compared to the ipsilateral (p < 0.01) and contralateral areas (p < 0.05)
of the sham rats, with no significant differences between the regions in this last group
(Figure 4A). Regarding the FA, no statistically significant differences were detected either
within or among the groups. However, a greater degree of data dispersion is evident in the
boxplot representation of the tumor and contralateral areas of the GBM rats compared to
the regions of the sham rats (Figure 4B). The mean MD and FA values from each group are
presented in Table 1.

Figure 4. Parametric maps generated from the DTI images of a representative slice from the GBM
and sham rats and a quantification of the studied regions: the tumor and contralateral areas in the
GBM rats, as well as the ipsilateral and contralateral regions in the sham rats. (A). Parametric maps
and quantification of MD values. (B). Parametric maps and quantification of FA values. * p < 0.05
and ** p < 0.01.

3.2. Metabolomic Studies: Ex Vivo Spectra

The metabolomic information was obtained from the 1H HR-MAS spectra acquired
from the regions of the animals across the different groups. Figure 5 shows the metabolites
in which statistically significant differences were observed in the spectra acquired with a
TE of 36 ms. The mean metabolite concentration data are presented in Table 2.

Higher concentrations were found in the tumor of the GBM rats when compared to
the contralateral regions or when compared to the sham rats in alanine (Ala), lactate (Lac),
choline + glycerophosphocholine + phosphocholine (Cho + GPC + PCh), and taurine (Tau).
Similar concentrations were found when the contralateral area from the GBM rats and both
regions of the sham rats were compared. The Ala and Lac exhibited statistically significant
differences in the three comparisons: between the tumor and the contralateral regions in the
GBM rats (p < 0.001), between the tumor and the sham rats (p < 0.01), and (p < 0.05) for the
ipsilateral and contralateral regions in the sham animals (Figure 5A). For the Lac, all three
comparisons showed significance (p < 0.05) (Figure 5B). A similar trend was observed for
the Cho + GPC + PCh, when comparing the tumor region of the GBM rats to the ipsilateral
area (p < 0.001) and the contralateral area (p < 0.01) of the sham rats. However, although
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there was a lower concentration in the contralateral area of the GBM rats, this difference
was not statistically significant (Figure 5C). A comparable pattern to the Cho + GPC + PCh
was found in the Tau, with statistically significant differences observed only between the
GBM tumor and the sham ipsilateral region (p < 0.01) (Figure 5D).

Figure 5. Metabolic data obtained from the 1H HRMAS spectra with a TE = 36 ms from the tumor and
contralateral regions of the GBM rats and the ipsilateral and contralateral regions of the sham rats. The
metabolic concentrations are expressed relative to the phosphocreatine + creatine (PCr + Cr). (A). Ala:
alanine. (B). Lac: lactate. (C). Cho + GPC + PCh: choline + glycerophosphocholine + phosphocholine.
(D). Tau: taurine. (E). NAA: N-acetylaspartic acid. (F). GPC: glycerophosphocholine. (G). mI:
myo-inositol. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Table 2. Metabolite concentrations (mean ± SEM) obtained from the ex vivo 1H HRMAS (TE = 36 ms)
spectra from the different regions of the studied groups. The metabolic concentrations are expressed
relative to the phosphocreatine + creatine (PCr + Cr).

GBM Sham

[Metabolite]/[PCr
+ Cr]

Tumor Contralateral Ipsilateral Contralateral

Ala 0.25 ± 0.04 0.03 ± 0.01 0.07 ± 0.01 0.08 ± 0.02
Lac 0.53 ± 0.10 0.26 ± 0.07 0.26 ± 0.03 0.26 ± 0.04

Cho + GPC + PCh 0.32 ± 0.04 0.21 ± 0.04 0.11 ± 0.01 0.12 ± 0.03
Tau 0.93 ± 0.15 0.48 ± 0.19 0.36 ± 0.04 0.51 ± 0.02

NAA 0.70 ± 0.10 1.39 ± 0.14 1.59 ± 0.06 1.59 ± 0.03
GPC 0.16 ± 0.01 0.17 ± 0.03 0.07 ± 0.01 0.09 ± 0.01
mI 0.77 ± 0.03 0.75 ± 0.08 0.35 ± 0.02 0.43 ± 0.05

SEM: standard error of mean; TE: echo time; PCr + Cr: phosphocreatine + creatine; Ala: alanine; Lac: lactate;
Cho + GPC + PCh: choline + glycerophosphocholine + phosphocholine; Tau: taurine; NAA: N-acetylaspartic acid;
GPC: glycerophosphocholine; and mI: myo-inositol.

In the case of the N-acetylaspartic acid (NAA), lower concentrations were found in the
GBM tumor than in the contralateral region of the GBM rats (p < 0.001) and for the ipsilateral
(p < 0.0001) and contralateral (p < 0.0001) sham regions (Figure 5E). In the case of the
glycerophosphocholine (GPC) and myo-inositol (mI), a higher metabolite concentration was
found in both the tumor and contralateral areas of the GBM rats compared to the ipsilateral
and the contralateral regions of the sham rats. In the GPC, statistically significant differences
were found between the tumor of the GBM rats and the ipsilateral area (p < 0.01) of the sham
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rats and, also, between the contralateral area of the GBM rats and the ipsilateral (p < 0.01)
and contralateral areas (p < 0.05) of the sham rats (Figure 5F). Regarding the mI, statistically
significant differences were found between the GBM tumor and the ipsilateral (p < 0.0001)
and contralateral areas (p < 0.0001) of the sham rats and between the contralateral regions
of the GBM rats and the ipsilateral (p < 0.0001) and contralateral areas of the sham rats
(p < 0.0001) (Figure 5G).

The same trend was observed in the metabolite analysis obtained from the spectra
acquired with a TE of 144 ms, shown in Figure S1 of the Supplementary Material.

4. Discussion

Despite advances in recent decades, GBM remains a fatal cancer with a dismal progno-
sis. This aggressive brain tumor presents formidable challenges in diagnosis and treatment.
Efforts to improve patient outcomes hinge on the identification of precise diagnostic mark-
ers and the development of targeted therapies. The validation of these treatments is crucial
for effective management. Advanced imaging modalities such as MRI and the utilization of
animal models play pivotal roles in this endeavor, offering valuable insights into the tumor
biology and aiding in the development and validation of novel therapeutic approaches.
Furthermore, multiparametric MRI facilitates the non-invasive and quantitative assessment
of multiple tissue characteristics, complementing the qualitative insights obtained from
anatomical T2W and T1W images, which may also be very useful for validating theranostic
approaches [8,24,25].

The aim of this study was to identify the biomarkers of GBM using in vivo MRI and
ex vivo metabolomic analysis via HRMAS MRS, with the potential to enhance accurate
diagnosis and an early therapy validation. Additionally, these methodologies can be
applied to investigate preclinical models of GBM and to identify therapeutic targets, thereby
aiding in the development of novel drugs against GBM. Moreover, beyond analyzing the
tumor region, considering the infiltrative nature of GBM, our objective was to examine the
apparently healthy tissue areas to ascertain potential tumor infiltration into the normal
brain tissue.

Overall, we failed to detect significant signs of tumor invasion in the apparently
healthy contralateral region. The most pronounced differences were observed between
the tumor region of the GBM rats and the rest of the studied regions: the contralateral
hemisphere of the GBM rats and the ipsilateral and contralateral regions of the sham rats.
Although we were not able to detect any tumor invasion, the disparities observed within
the tumor region can potentially serve as biomarkers for the detection and evolution of
tumors and the therapy response. The T2 and T1 mapping showed statistically significant
higher values in the tumor regions of the GBM rats. This observed increase in the T1 and
T2 values can be attributed to several underlying factors. GBM typically exhibits high
cellularity, increased tissue water content, and alterations in the tissue microstructure,
all of which contribute to changes in the relaxation times. The higher cell density and
water content in the tumor result in prolonged T1 and T2 values compared to healthy tissue.
Additionally, the presence of vasogenic edema, necrotic regions, and altered vascularization
within the GBM microenvironment further influences these MRI parameters, leading to
an overall increase in the T1 and T2 values. Furthermore, the disruption of the BBB in the
tumor contributes to the increase in the T2 values.

T2 represents the time it takes for the transverse component of the magnetization
in the MRI signal to decay, and it is correlated with, among other aspects, the content of
free-water in the tissue. It is indicative of the presence of vasogenic edema, a common
feature in human GBM and peritumoral areas [13]. Elevated mean T2 values in GBM
compared to normal contralateral tissues have been reported in both human and preclinical
models. This can be attributed to the presence of gliosis, necrosis, and irregular vasculature
within the tumor [13,26–28]. Moreover, decreased T2 values induced in the tumor and
peritumoral edema have been recognized as indicators of therapy response in GBM patients
undergoing antiangiogenic treatment [29,30] and radiotherapy [31]. T1 is the longitudinal
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relaxation time, corresponding to the time it takes for the longitudinal component of the
magnetization to recover due to the exchange of energy between the water spins and the
environment. This parameter, utilized to identify anatomical changes and BBB disruption
through the extravasation of the CA, is also associated with the response of the tumor to
therapy [32–34] and tumor infiltration [35]. While T1 values have not typically been viewed
as potential biomarkers without the use of contrast agents, previous studies indicate that
quantitative T1 values measured prior to injection can predict the potential of extravasation,
thereby making T1 a potential biomarker for BBB disruption without administrating a
CA [15]. In our study, we found higher T1 values in the tumor area than in the contralateral
brain tissue and the sham rats, consistent with the existence of tumor infiltration [35],
necrosis, and increased permeability of the vessels due to the BBB alteration [36,37]. This
has also been observed in other preclinical models, such as neuroblastoma [38]. While
perfusion evaluations were not included in our MRI protocol for this study, the data we
obtained suggest that it would be beneficial to include them in future investigations.

In contrast, the obtained T2* values were similar among the regions. T2* refers to the
transfer relaxation time in the presence of inhomogeneities in the magnetic field, as a result
of variations in the local magnetic susceptibility. It has been reported that tumors induce
the loss of brain homogeneity due to increased cellularity, aberrant microvasculature, blood
accumulation from micro-hemorrhages, and edematous or necrotic areas, resulting in
decreased T2* values in seminal pathological tissues [14]. However, this effect was not
detected in our study, which warrants further investigation in future experiments.

Regarding the MTR, it is linked to the distinct distribution of water molecules between
two different compartments: a free water pool (comprising water molecules with T2 > 10 ms)
and a pool of water molecules (those with T2 < 1 ms) bound to macromolecules [39]. In
normal physiological conditions, each type of tissue has its unique distribution of both wa-
ter compartments, which may be altered in pathological situations [12]. We observed that
the GBM tumor values were significantly lower than those in the contralateral hemisphere
and the regions of the sham animals, consistent with prior studies using the C6 model,
particularly when examining the tumor core [40]. This finding suggests the presence of
necrotic areas, especially in the advanced tumor stages, as observed in our study. Further-
more, MT imaging has been identified as a biomarker of the response to therapy in human
GBM, effectively distinguishing between responders and non-responder patients [41]. In-
terestingly, the same authors found no significant differences in this parameter between the
contralateral areas of the GBM patients and healthy subjects [42], contrary to what occurs
in our study.

The diffusion phenomenon is associated with the random Brownian motion of water
molecules. In this study, we focused on analyzing two DTI parameters: MD and FA. The
MD is influenced by various factors, including tissue organization, cell size and integrity,
permeability barriers, and viscosity. Consistent with the T2 and T1 results, we observed
higher MD values in the tumor region of the GBM rats compared to the other regions
studied. In brain cancer, two significant factors affect the MD in opposite directions:
vasogenic edema and necrosis increase the free water content, thereby elevating the MD
values, while hypercellularity and cytotoxic edema decrease them [43]. Hence, our results
suggest that vasogenic edema and/or necrosis in this tumor outweigh the impact of the
increased cell density or cytotoxic edema, which is consistent with the results obtained
from this preclinical model at an advanced stage [40,44]. The MD is associated with clinical
outcomes in high-grade gliomas, serving as an indicator of changes from basal levels
to post-therapeutic stages [45,46]. It is worth noting that, regarding tumor infiltration,
there are some discrepancies with this parameter [47]. Furthermore, a preclinical study
conducted in this C6 model, employing both fed and fasted rats, reported differences in
the MD in the apparently healthy brain tissue between fasted GBM rats and fasted control
rats [48].

The FA, on the other hand, reflects the degree of anisotropy in the translational
movement of the water molecules and is highly dependent on the tissue composition.
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Structural changes should be reflected on the FA indexes and the presence of a tumor can
displace normal structures and disrupt fiber tracts, thereby altering the existing preferential
directionality of the water motion, reducing the FA values. It also serves as an indicator
of tumor invasion [49] and has been reported to be related to therapy response [46]. In
this study, we did not observe differences in the FA between the tumor area and the
contralateral hemisphere or the sham regions. However, the presence of a higher data
dispersion in the two studied regions of the GBM rats compared with the sham rats could
be reflecting the tumor heterogeneity among animals, which also affects the microstructure
of the contralateral healthy brain regions. Nevertheless, some studies have reported
not only similar but even higher FA levels in the tumor in this C6 GBM model. One
possible explanation is that the tumor grows in a ring-like structure, thus elevating the FA
values [40,44]. Differences in the FA were also detected in several apparently healthy brain
tissue areas between the GBM and control rats in both fed and fasted states [48].

In this study, we conducted an analysis of metabolomic data using magnetic resonance
spectroscopy. While in vivo 1H MRS provides insights into tumor evolution, grading, and
treatment response [50,51], a broader range of metabolites can be obtained ex vivo from
biopsies using 1H HRMAS in both humans and preclinical models such as C6GBM [21–23,52].

We observed significant differences among the studied regions in several metabolites
or groups of metabolites. In four of these metabolites, higher concentrations were found in
the tumor region of the GBM rats compared to either the contralateral region of the GBM
rats or the regions examined in the sham animals These four metabolites are recognized as
GBM markers: Ala, a glucogenic amino acid which is converted to pyruvate for rapidly
proliferating tumor cells [53]; Lac, a marker of anerobic metabolism visualized in necrotic
tissues with anerobic metabolism in high-grade tumors [51]; Cho + GPC + PCh, a marker of
increased cell turnover which can be detected within tumors [51]; and Tau, which correlates
with the presence of apoptosis [54]. However, it is worth noting that, in the latter two cases,
Cho + GPC + PCh and Tau, although higher values of these metabolites were detected
in the GBM tumor, no significant differences were recorded between the tumor and the
contralateral region of the GBM rats. The choline (Cho) levels typically exhibit higher
concentrations in the center of a solid mass, decreasing towards the periphery. Studies
have indicated a correlation between the tumor grade and Cho levels in astrocytomas, with
higher grade tumors often showing elevated Cho concentrations. However, this association
may not be present in high-grade gliomas characterized by extensive necrosis, which tend
to result in a low choline peak. In such cases, increased lactate and lipid concentrations
typically suppress the peaks of other metabolites, including Cho [55,56].

As anticipated, we observed a lower detection of NAA in the GBM tumor region
compared to both the contralateral region of the GBM rats and the regions studied in the
sham animals. NAA serves as a neuronal marker whose reduction is typically detected in
pathologies such as brain cancer, which involve neural loss [51].

Regarding GPC and mI, we observed increased levels of these metabolites in the
two studied regions of the GBM rats, suggesting that the apparently healthy brain tissue
may be affected by the presence of the tumor, potentially indicating tumor infiltration, a
phenomenon we were not able to detect via MRI. Additionally, lower metabolite detection
was observed in the ipsilateral and contralateral regions of the sham animals. GPC is the
most abundant phospholipid in mammalian cell membranes [57], and increased levels of
GPC are considered a marker of low grade gliomas [58,59]. It is also a potential marker of
the prognosis and response to treatment in GBM, when related to the PCh content [58,60,61].
Similar levels of this metabolite have been reported in C6 tumors and their contralateral
areas [22], but, in this article, the tumor data were not compared with healthy or sham
animals. Based on these inconsistencies, further research is needed concerning GPC in this
C6 GBM model.

Finally, mI is a precursor of phosphatidylinositol, and elevated levels of mI are typically
observed in well-differentiated low-grade gliomas compared to high-grade gliomas [62].
Additionally, mI is considered a marker of GBM therapy response [63]. However, contrary
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to our observations in this study, it has been described that the mI levels in a GBM tumor
are lower than in tissue with a normal appearance [62,64]. Interestingly, other authors have
reported findings similar to what we detected in this study: a non-significant increase of
mI in the tissue with a normal appearance of the contralateral hemisphere in patients with
untreated glioblastoma, suggesting the detection of tumor cell infiltration [63,65].

Previous studies have conducted multiparametric MRI investigations, both clini-
cally and preclinically, to explore GBM invasion. These investigations typically involve
diffusion-weighted and DTI images, perfusion-weighted imaging (PWI), FLAIR images,
and contrast-enhanced T1WI, suggesting the combined use of these acquisitions as inva-
sion biomarkers [66–70]. While our study expands on these approaches by incorporating
additional imaging modalities, such as T2, T2*, and T1 parametric maps, along with mag-
netization transfer studies and the metabolomic assessment, future research should strive
to further delineate tumor invasion in this model. Specifically, integrating specific perfu-
sion techniques to assess the permeability of the blood–brain barrier could deepen our
understanding. Furthermore, the integration of the multiparametric MRI findings with the
metabolomic data obtained through HRMAS MRS offers a comprehensive approach for
assessing the GBM pathophysiology. Our results suggest that the combination of imaging
biomarkers, such as relaxation, diffusion, and MT mapping with metabolite concentrations,
can provide valuable insights into the characteristics and behavior of tumors. By incor-
porating these findings into diagnostic algorithms or predictive models, clinicians may
enhance diagnostic accuracy and improve the patient management strategies for GBM.

In summary, while our research offers valuable insights into the use of multiparametric
MRI in characterizing GBM, we acknowledge the need for continued refinement and
validation of the imaging parameters, as well as the importance of developing customized
examination protocols to address the diverse research and clinical needs.

5. Conclusions

Despite considerable advancements, GBM remains a highly fatal cancer with a bleak
prognosis. The exploration of novel therapies that target GBM is imperative given its
high mortality and aggressive nature. The inherent invasiveness and the tumor behavior
of GBM pose significant challenges to its treatment. This underscores the importance of
investigating new treatments with animal models that might play a pivotal role, such as the
one employed in this study. Moreover, the pursuit of imaging biomarkers using techniques
like multiparametric MRI emerges as a critical strategy in overcoming the challenge of
accurately assessing and monitoring aggressive brain tumors with a non-invasive approach.

In this work, our findings highlight the utility of multiparametric MRI in assessing
various tissue characteristics, complementing the qualitative insights derived from con-
ventional imaging techniques. Notably, our exploration of the metabolomic data revealed
significant differences among the studied regions, pointing towards there being distinctive
metabolic signatures in GBM. Our study revealed notable differences in the MRI parame-
ters between the GBM tumor region and other studied areas, including the contralateral
hemisphere of the GBM animals and the ipsilateral and contralateral regions from the sham
animals. Despite our inability to detect tumor invasion in the contralateral area of the GBM
rats, this characteristic was discernible through an ex vivo HRMAS spectroscopy. Further in-
vestigations are warranted to enhance the imaging techniques to accurately identify tumor
invasion. Moving forward, the integration of multiparametric MRI and metabolomic data
into diagnostic algorithms or predictive models holds promise for enhancing diagnostic
accuracy and improving the patient management strategies for GBM.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/brainsci14050409/s1. Figure S1: metabolic data obtained by the
1H HRMAS with a TE = 144 ms from the tumor and contralateral regions of the GBM rats and the
ipsilateral and contralateral regions of the sham rats; and Table S1: the metabolite concentrations
(mean ± SEM) obtained from the ex vivo 1H HRMAS (TE = 144 ms) spectra from the different regions
of the studied groups.
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Abstract: Glioblastoma (GBM) is the most aggressive and treatment-resistant brain tumor. In the
GBM microenvironment, interaction with microglia is associated with the dysregulation of cytokines,
chemokines, and miRNAs, contributing to angiogenesis, proliferation, anti-apoptosis, and chemore-
sistance. The flavonoid rutin can inhibit glioma cell growth associated with microglial activation
and production of pro-inflammatory mediators by mechanisms that are still poorly understood. The
present study investigated the effect of rutin on viability, regulation of miRNA-125b, and the STAT3
expression in GBM cells, as well as the effects on the modulation of the inflammatory profile and
STAT3 expression in microglia during indirect interaction with GBM cells. Human GL15-GBM cells
and human C20 microglia were treated or not with rutin for 24 h. Rutin (30–50 μM) significantly
reduced the viability of GL15 cells; however, it did not affect the viability of microglia. Rutin (30 μM)
significantly reduced the expression of miRNA-125b in the cells and secretome and STAT3 expression.
Microglia submitted to the conditioned medium from GBM cells treated with rutin showed reactive
morphology associated with reduced expression of IL-6, TNF, and STAT3. These results reiterate the
anti-glioma effects of the flavonoid, which may also modulate microglia towards a more responsive
anti-tumor phenotype, constituting a promising molecule for adjuvant therapy to GBM.

Keywords: glioblastoma; miRNA-125b; STAT3; inflammatory cytokines; rutin

1. Introduction

Glioblastoma (GBM) is a highly aggressive brain tumor whose complete surgical
resection is challenging due to its infiltrative nature [1]. Standard therapy involves surgery
for tumor resection, followed by radiotherapy and chemotherapy, but the median survival
is limited to about 15 months [2,3]. The tumor microenvironment (TME) emerges as a
crucial factor in GBM progression, involving complex interactions between tumor cells and
mesenchymal cells, glial cells, stem cells, fibroblasts, vascular cells, and tumor-associated
macrophages (TAM) [3]. The activation of microglia, which is essential for the development
of the central nervous system (CNS), plays an ambivalent role and may promote tumori-
genesis or inflammatory response in the GBM [4]. This process acts as a vicious cycle, in
which M2-type TAM cells are stimulated by the tumor itself, releasing factors like TNF and
interleukins such as IL-6, IL-1b, and IL-10, which promote tumor proliferation and survival.
An alternative to interrupting this cycle can be the inhibition of the anti-inflammatory
phenotype of TAMs and far repolarization towards an inflammatory profile [5–7]. On
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the other hand, the activation of signaling pathways such as NFκB by TNF by microglia,
astrocytes, or glioma cells themselves can induce an increase in IL6 expression, which can
activate the JAK/STAT3 pathway and contribute to tumor proliferation, migration, and
invasion. All these factors are associated with a poor prognosis [8–10]. Furthermore, several
molecules that have epigenetic capacity have an impact on the regulation of TME plasticity.
Several epigenetic modifications have been associated with the biological characteristics of
this tumor, some playing essential roles as therapeutic targets [11]. In this context, there
is evidence that miRNAs, which are small RNAs, do not have a protein-coding function.
Nevertheless, they bind to mRNAs and play crucial roles in gene regulation [12,13]; miR-
NAs, such as miR125b, emerge as crucial components in oncogenic upregulation and are
associated with the STAT3 signaling pathway [14,15]. Studies have pointed out that the
modulation of miRNA expression by tumor cells associated with proliferation suppres-
sion can increase drug sensitivity and suppress metastasis and angiogenesis. Strategies
to disrupt this mechanism include inhibition of miRNA-125b and repolarization of TAMs
towards an inflammatory profile.

The flavonoid rutin, a glycone of quercetin, is widely distributed in plants [16] and
has been associated with several beneficial pharmacological properties, including anti-
inflammatory, neuroprotective, antiproliferative, anticarcinogenic, stress antioxidant, and
anticancer effects [17]. According to transcriptome studies developed by bioinformatics
tools, rutin can participate in the regulation of miRNAs [18]. In vitro and in vivo studies
have demonstrated the impact of this natural agent on the regulation of different molecular
mechanisms, such as Wnt/β-catenin, p53-independent pathway, PI3K/Akt, MAPK, p53,
apoptosis and NF-κB, and JAK /STAT, which help mediate its anti-cancer impacts [19].
Furthermore, it was demonstrated that, combined with TMZ treatment, rutin increased
the cytotoxicity and inhibition of cytoprotective autophagy of GBM cells [20]. Rutin also
significantly reduced the expression of inflammatory mediators such as IL-6, TNF-α, IL-1β,
and NO in microglial cells from BV-2 rats after stimulation with LPS [21]. In studies devel-
oped by our group, the properties of rutin were initially characterized at concentrations
of 1 to 100 μM, which induced cytotoxicity and inhibited the proliferation of human GBM
cells associated with the modulation of the ERK/MAPK signaling pathway [22]. Rutin
was also able to inhibit GBM cell migration associated with the reduction of expression of
extracellular components and matrix-associated metalloproteinases [22]. Subsequently, we
demonstrated that rutin can modulate the inflammatory profile of isolated rat microglia [23]
and, more recently, we have shown that this flavonoid and its aglycone quercetin exhibit
anti-glioma effects associated with the property of modulating the inflammatory profile of
microglia. In the study developed by Amorim et al. (2020) [24], it was also demonstrated
that the rutin flavonoid can reduce the proliferation of tumor cells, as well as induce the
chemotaxis of microglia to the tumor microenvironment in monocultures of cells of the
C6 lineage, stimulate the upregulation of tumor necrosis factor (TNF) expression, and
reduce the expression of cytokines and chemokines such as IL-10, MCI, and growth factors
(IGF, GDNF). The antitumor effect of this molecule can also be observed in an indirect
coculture model (via glioma conditioning medium), inducing microglial regulation to a
pro-inflammatory profile by increasing the expression levels of cytokines such as IL-1β,
IL-6, and IL-18.

In this context, in the present study, we analyzed the anti-glioma effects of rutin on
viability, miRNA-125b expression, and STAT3 expression in human GBM cells, as well as
its immunomodulatory property during indirect interaction (via secretome) with human
microglia, relating inflammatory mediators and modulating STAT3 signaling. The results
herein presented reiterate the anti-glioma potential of the flavonoid and reveal its property
in modulating the expression of the onco miRNA-125b, which may be implicated in the
modulation of the inflammatory profile of microglia towards a more responsive antitumor
phenotype. Therefore, this work can contribute to a better understanding of miRNAs,
target mechanisms, and immunological response associated with rutin treatment, offering
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valuable insights to guide more effective strategies, consolidating the basis for the successful
application of rutin in adjuvant therapies in the treatment of GBM.

2. Results

2.1. Rutin Selectively Reduces the Viability of hGBM Cells without Affecting Microglial Viability

To analyze the effects of the flavonoid rutin in GL15 cell viability, which is derived
from human GBM, and C20 cell viability, which is an immortalized human microglia cell,
we conducted a study at different concentrations of the flavonoid (1–50 μM). The cell
viability was determined by MTT, and the morphology of the cells well was analyzed by
interference microscopy with phase contrast (Figure 1A–D). We observed that 24 h after
the treatments, GBM cells treated with rutin at concentrations of 1, 5, and 10 μM presented
morphology similar to the control. However, in the cultures treated with 30 and 50 μM
rutin, there was a significant reduction in cell density and remaining adherent cells showed
rounded morphology with contracted cytoplasm (Figure 1A), and there was a significant
decrease (>50%) in cell viability in the treated cultures compared to the control (Figure 1B).
On the other hand, no significant difference was observed in the morphology and viability
in the cultures of C20 cells treated with rutin (Figure 1C,D).

 

Figure 1. Effect of rutin on the viability of GL15 human glioblastoma cells and C20 human microglia.
The cells were treated for 24 h with different concentrations of rutin (1, 5, 10, 30, and 50 μM) or
maintained under control conditions (0.05% DMSO). (A,C) Phase contrast photomicrographs of GL15
and C20 cell cultures in different treatments; scale bar = 100 μm. (B,D) Analysis by MTT test of cell
viability in GL15 and C20 cells in different treatments; values were expressed as the means ± SD
(n = 3); the results were compared to controls (100%), and the significance was evaluated by a one-way
ANOVA test followed by the Tukey test; **** p < 0.0001.
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2.2. Rutin Regulates the Expression of miRNAs-125b in GBM Cells

We investigated the expression of miRNAs in GL15 cells at the intracellular level and
in the extracellular matrix (secretome). Based on dose-dependent effects on the viability of
GL15 GBM cells, the cells were treated with rutin at 30 μM or kept under control conditions
(0.03% DMSO) and the expression of the onco miRNA-125b was analyzed after 24 h in the
cells and in the secretome using RT-qPCR. We observed that GBM cells express and secrete
miRNA-125b, and the treatment with rutin induces a highly significant reduction in the
levels of this miRNA at both intracellular (** p < 0.002) and secretome (* p < 0.02), compared
with control cultures (Figure 2).

Figure 2. Effect of the flavonoid rutin on the regulation of miRNA-125b in GL15 human GBM cells.
miRNA analyses using RT-qPCR. GL15 cells were treated for 24 h with rutin at 30 μM (R30) or
maintained under control conditions (0.03% DMSO). The expression of intracellular miRNA-125b
and the extracellular matrix (secretome) were analyzed. Values were expressed as means ± SD (n = 3);
results expressed are relative to control and treatment; significance was determined by an unpaired
t-test; ** p < 0.002; * p < 0.02.

2.3. Rutin Modulates the Expression of STAT3 in GBM Cells

To evaluate whether the STAT3 inflammatory signaling pathway is involved in the
rutin effects on GBM cells, we analyzed the expression levels of STAT3 in GL15 cells treated
with the flavonoid (30 μM) or maintained under control conditions (0.03% DMSO) after
24 h by Western blot technique. The data obtained indicated that the exposure of GL15 cells
to rutin induced a significant (** p < 0.002) negative regulation in STAT3 protein expression
(Figure 3).

Figure 3. Effect of rutin on the regulation of STAT3 protein expression in GBM cells. GL15 cells were
subjected to rutin treatment at a concentration of 30 μM (R30) or maintained under control conditions
(0.03% DMSO), and STAT3 protein expression was evaluated by Western blot after 24 h. The results
were normalized to the intensity of the reference protein, GAPDH, and significance was determined
by an unpaired t-test; values were expressed as means ± SD (n = 3); ** p < 0.002.
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2.4. The Treatment of GBM Cells with the Flavonoid Rutin Induces a Change in the Morphology
of Microglia

To better understand the characterization of the microglial response to the exposure to
the secretome of GBM cells, indirect interaction assays were performed. In these assays,
cultures of human C20 microglia were exposed for 24 h to fresh medium as a negative
control (NC), conditioned medium (CM) generated by GL15 cells under control conditions
(CMGC), or conditioned medium generated after treatment with rutin at a concentration of
30 μM (CMGR). With phase contrast microscopy it was possible to analyze the morphology
of C20 cells in different conditions, revealing a significant difference between the NC-,
CMGC-, or CMGR-treated groups after 24 h (Figure 4). Only C20 microglia exposed to
CMGR exhibited an elongated cell body and increased cellular processes, and the cellular
layer showed some gaps juxtaposed with cells presenting this phenotype, suggesting a
reactive response. However, this morphological pattern was not observed in C20 cells
directly treated with rutin at the concentrations tested (1, 5, 10, 30, and 50 μM) (Figure 1C).

 

Figure 4. Effect of conditioned medium derived from GL15 GBM cells treated with the flavonoid rutin
on the morphology of microglia C20. GL15 cells were treated for 24 h with rutin (30 μM) or maintained
under control conditions (0.03% DMSO). C20 microglia were exposed to fresh medium including
culture with fresh medium as a negative control (NC), to the culture medium from GL15 cells
under control conditions treated with 0.03% DMSO (CMGC), or to the culture medium of GL15 cells
treated with the flavonoid rutin at 30 μM (CMGR) for 24 h. The results represent three independent
experiments. Phase-contrast photomicrographs of GL15 and C20 cells illustrate morphological
differences between treatment and control; scale bar = 100 μm.

2.5. The Treatment of GBM Cells with Rutin Indirectly Regulates the Expression of Inflammatory
Mediators in Microglia

We investigated the expression of inflammatory mediators (IL-6, IL-10, IL-1β, and
TNF-α) by RT-qPCR in microglial cells (C20) in GL15 cells cultured for 24 h under negative
control conditions, which was fresh medium without FBS(NC), treated with conditioned
medium containing the secretome of GL15 cells under control conditions (CMGC) or treated
with rutin at 30 μM (CMGR) for 24 h (Figure 5). We observed a significant reduction in
the levels of the regulatory cytokine IL-10 in cultures treated with CMGR compared to
the NC group and to the control conditioned medium (CMGC); however, there was no
significant difference in cultures of C20 treated with control conditioned medium (CMGC)
(**** p < 0.0001 and *** p < 0.0002, respectively) (Figure 5A). Under the same experimental
conditions, we analyzed the expression of the inflammatory cytokines IL-6 and TNF-α.
Remarkably, there was a significant reduction (**** p < 0.0001) in the expression of these
cytokines when cells were exposed to CMGR compared to both CN and CMGC controls
(Figure 5B,C). On the other hand, no statistically significant differences were observed in
the expression of IL-1β under any of the treatment conditions (Figure 5D).
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Figure 5. Effect of conditioned medium derived from glioblastoma GL15 cells treated with the
flavonoid rutin on the expression of mRNA for cytokines IL10 (A), IL6 (B), TNFα (C) and IL1β
(D) by C20 microglia. GL15 cells were treated for 24 h with rutin at a concentration of 30 μM (R30)
or maintained under control conditions with (0.03% DMSO). C20 microglia were exposed to fresh
medium as a negative control (NC), to the culture medium from GL15 cells under control conditions
(treated with 0.03% DMSO, CMGC), or to the culture medium from GL15 cells treated with the
flavonoid (CMGR). The cytokine expression was analyzed by RT-qPCR after 24 h. Values were
expressed as means ± SD (n = 3). The significance was evaluated by a one-way ANOVA test followed
by the Tukey test; **** p < 0.0001; *** p < 0.0002.

2.6. The Treatment of GBM Cells with the Flavonoid Rutin Negatively Regulates the
Pro-Tumorigenic Signaling Pathway STAT3 in Microglia

We investigated the expression of STAT3 in C20 microglia using RT-qPCR and West-
ern blot techniques with different experimental conditions, including culture with fresh
medium as negative control (NC), treatment with conditioned medium containing the se-
cretome of GL15 cells under control conditions using 0.03% DMSO (CMGC), and treatment
with conditioned medium containing secretome from GL15 cells previously treated with
30 μM rutin (CMGR) (Figure 6). We observed that 24 h exposure of microglia to CMGC
induced a significant increase (**** p < 0.0001) in STAT3 mRNA expression compared to NC.
On the other hand, exposure to CMGR resulted in a significant reduction (**** p < 0.0001)
in STAT3 mRNA expression in C20 cells (Figure 6A). Significant changes in STAT3 protein
expression were also observed in the different conditions evaluated (Figure 6B). Therefore,
treatment of hGBM cells with rutin for 24 h was able to induce a significant reduction
(**** p < 0.0001) in the expression levels of both STAT3 mRNA and protein in microglia.
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Figure 6. Effect of conditioned medium derived from glioblastoma GL15 cells treated with the
flavonoid rutin on the mRNA and protein expression of STAT3. Assessments were made using
RT-qPCR and Western blot techniques. C20 microglia were exposed to fresh medium as a negative
control (NC), to the culture medium of GL15 cells under control conditions treated with 0.03% DMSO
(CMGC), or to the culture medium of GL15 cells treated with the flavonoid rutin at 30 μM (CMGR)
for 24 h. (A) STAT3 mRNA expression in microglia cells by RT-qPCR; (B) immunoreactive bands
of STAT3 and GAPDH proteins in microglia and relative expression of STAT3 in microglia. Values
were expressed as means ± SD (n = 3). The results were normalized to the intensity of the reference
protein GAPDH. Significance was determined by a one-way ANOVA test followed by the Tukey test;
**** p < 0.0001.

3. Discussion

The results obtained in this study are consistent with previous research using rutin, ob-
serving a significant reduction after 24 h treatment in the viability of rat C6 glioma cells and
human GBM cells (GL15, U251, and TG1) at concentrations near or above 50 μM [22,25,26].
In this study, we conducted experiments with concentrations ranging from 1 to 50 μM
and observed that the flavonoid at a concentration of 30 μM was sufficient to reduce the
viability of human GL15 cells by around 50% within 24 h, without affecting the viability of
C20 microglia cells.

Our research also aimed at contributing to the understanding of the complex inter-
actions between GBM cells and other cells from the TME, providing valuable insights
for future therapeutic approaches and research in brain cancer. Hence, we investigated
the expression of miRNA-125b, considering that an in vitro study demonstrated that its
positive expression stimulates the proliferation of human GBM cells while inhibiting apop-
tosis induced via Bcl-2 regulation [27]. Additionally, Smits et al. (2012) [28] showed that
miRNA-125b expression induces angiogenesis, and Shi (2011) [29] observed its association
with resistance to temozolomide in GBM treatment. Based on our results, we found that
rutin reduced the expression levels of miRNA-125b in hGBM cells. This study represents, to
our knowledge, the first evidence of the impact of rutin on the negative regulation of onco
miRNAs. Signaling pathways play a crucial role in GBM biology, including the STAT3 and
NFκB pathways. There is a significant interconnection between these pathways, resulting
in complex crosstalk. This interaction may have a regulatory impact on pro-tumorigenic
molecules [8,30]. In this context, as demonstrated by Parisi et al. (2016) [31], miRNA-125b
is implicated in the regulation of the STAT3 signaling pathway and in the activation of
microglia. Therefore, we analyzed the expression levels of STAT3 protein in GBM cells.
A significant reduction in STAT3 protein was observed in the GL15 cells treated with the
flavonoid rutin compared to the control. The reduction of STAT3 expression associated with
the reduction of miRNA-125b suggests that rutin may influence the STAT3 and signaling
pathways regulated by this miRNA.

Moreover, our investigation aimed to clarify whether rutin can modulate the microglia
inflammatory profile during interaction with GBM cells and could have an impact on tumor
sensibilization. As observed in previous studies, rutin has the potential to modulate the
inflammatory profile of rat microglial cells in vitro, leading to significant changes after 24 h
of treatment [23]. Based on the research conducted by da Silva et al. (2020) [25], which
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highlighted the ability of the flavonoid to modulate the inflammatory profile of microglia
during interaction with rat glioma C6 cells, either through direct co-cultures or indirect
interactions (via microglia secretome or C6 cells treated with the flavonoid), our current
study aimed at gaining a deeper understanding of the microglial response to exposure to
the secretome of human GBM cells (GL15). It became evident that when C20 microglia are
treated with CMGR, changes in morphology occur, indicating possible glial reactivity. We
also investigated the effects of this indirect interaction in the expression of cytokines IL-6,
IL-10, IL-1β, and TNF-α, and in the STAT3 signaling protein in microglia subjected to a
conditioned medium containing secretome from GBM cells treated or untreated with rutin,
as well as under more homeostatic control conditions. We observed that the treatment of
microglia with conditioned medium containing either control (CMGC) or rutin-treated
(CMGR) secretome did not influence the mRNA expression of the cytokine IL-1β. IL-1β
plays a relevant role in the activation of various signaling pathways, including the NFκB
transcription factor, which regulates the production and release of pro-inflammatory medi-
ators essential for the development and progression of glioma [32]. The lack of significant
changes in IL-1β expression may indicate a highly controlled regulation or the influence of
other factors on its expression. Furthermore, the modulation of IL-1β may depend on differ-
ent regulators and cellular contexts, including other signaling pathways [33]. As revised by
Nascimento et al. (2021) [34], in the GBM TME, IL-10 is positively regulated, and microglia
shifts towards M2-like characteristics, contributing to the production of inflammatory
cytokines. Through analysis, we observed a significant reduction in IL-10 mRNA levels
in the CMGR-treated group compared to the NC group. However, no significance was
found in the expression of IL-10 in microglia treated exclusively with CMGR. These results
suggest that CMGR, composed of the secretome of GL15 cells after rutin treatment, may
have the capacity to modulate IL-10 expression in microglia in a specific context, possibly
mediated by complex interactions between secretome components and microglial cells.
However, it is important to note that the lack of statistical significance in IL-10 expression
in microglia treated exclusively with CMGR suggests that this influence may depend on
additional factors or specific cellular interactions. On the other hand, we observed that
CMGR can induce a significant reduction in mRNA expression for the cytokines IL-6 and
TNF in microglia. These cytokines are associated with inflammatory regulation in the
TME [30,35], and they may have important implications for modulating the immune and
inflammatory response in the GBM environment, especially in immunomodulating the
microglial profile. Our findings are in line with the results of Silva et al. (2020) [25], who
demonstrated a reduction in the expression of IL-6 and IL-10 levels in rat microglia cultures
treated with C6 glioma cell secretome exposed to rutin at 50 μM for 24 h. In contrast,
an increase in IL-1β and TNF levels was observed in these same results. Differences in
cell lines and the doses of rutin used may explain the differences in responses observed.
These complexities highlight the importance of interpreting results, taking into account the
specific contexts of each study.

STAT3 is highly activated in the TME, and besides its high expression in GBM cells,
it is also associated with microglial modulation in this environment [36]. In the indirect
interaction between GBM under control conditions (CMGC), we observed positive regu-
lation in STAT3 mRNA expression in microglia. On the other hand, microglia exposed to
CMGR showed a significant reduction in STAT3 mRNA and protein expression compared
to microglia in the NC group. Considering the role of the signaling protein STAT3 in the
expression of inflammatory cytokines [37], the reduction of its expression in CMGR-treated
microglia may also be implicated in the negative regulation of hGBM cells’ miRNA-125b,
as well as IL-6 mRNA, which may be related to reductions in TNF mRNA expression in the
context of change in the inflammatory profile. This observation highlights the complexity of
the STAT3 pathway and the need to consider multiple aspects of the regulation of signaling
pathways, such as the NFκB pathway, which is actively associated with inflammatory
mediators in the GBM TME.
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Although this evidence suggests the positive impact of rutin on anti-glioma actions, it
is essential to conduct a more comprehensive and in-depth analysis of the dysregulation of
specific molecules and the intricate mechanisms associated with GBM progression. The
intrinsic heterogeneity of GBM, evidenced by the molecular diversity between different
tumor lineages, justifies the need to include other GBM lineages in these investigations.
This approach allows us to cover the different gene expressions, molecular profiles, and
cellular responses, which are essential for a more complete understanding of the impact of
rutin. Furthermore, the inclusion of analyses on explants from glioblastoma patients is also
crucial, enabling the validation and contextualization of results in a scenario closer to real
clinical conditions. Such diverse approaches would strengthen the scientific basis, enriching
conclusions and contributing to a more comprehensive and translational approach in
developing therapeutic strategies for GBM. The results of the present study, together with
previous studies by us and others, consolidate the scientific basis for the use of rutin as
an adjuvant in the treatment of GBM, which may be considered in other translational and
clinical studies.

4. Materials and Methods

4.1. Cell Culture

The GL15 cell line (passages 120–130) established from a human GBM by Bocchini et al.
(1991) [22,38] was chosen for its proliferation, migration, invasion, and resistance proper-
ties, and it was cultured in Dulbecco’s Modified Eagle Medium (DMEM: Island Biological
Company-GIBCO ®, Grand Island, NY, USA), containing 7 mmol/L glucose, 2 mmol/L
L-glutamine, and 0.011 g/L pyruvic acid, as previously described by Santos et al. 2015 [22].
The immortalized primary human microglia C20 cell line, originally developed and charac-
terized by Garcia-Mesa et al. (2017) [39] and kindly provided by Dr. Henning Ulrich from
the Department of Biochemistry, Institute of Chemistry at the University of São Paulo (USP),
was cultured in DMEM F12 50/50 medium as described by the authors [39]. Both cultures
were supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin
and 100 μg/mL streptomycin, Gibco ®) and maintained in an incubator under standardized
conditions of a humidified atmosphere with 5% CO2 at a temperature of 37 ◦C. Cells were
cultured in 100 mm polystyrene plates (TPP, Trasadingen, Switzerland), following the
protocol described by Santos et al. (2015), until reaching the desired confluence. Upon
reaching confluence, the medium was removed, and adherent cells were detached using
a trypsin solution (0.05% trypsin and 0.02% EDTA in PBS) and seeded into 6- or 96-well
polystyrene plates (Kasvi, São José dos Pinhais, SP, Brazil), according to the experiment, at
a density of 5 × 104 cells/cm2.

4.2. Treatment Drugs

Rutin (3-rutinoside of 3,3′,4′,5,6-pentahydroxyflavone) was obtained from Merck
(Boston, MA, USA) (R5143) and dissolved in dimethyl sulfoxide (DMSO; Sigma, Tokyo,
Japan) to form a 100 mM stock solution, which was stored and protected from light at −4 ◦C.
At the time of treatments, GL15 cells were incubated for 24 h with rutin at concentrations
varying between 1, 5, 10, 30, and 50 μM, depending on the experiment, in an attempt
to investigate the most appropriate dose response. The vehicle for diluting flavonoids,
dimethyl sulfoxide (DMSO), used to demonstrate cultivation under control conditions in
a volume equivalent to the maximum concentration adopted in flavonoids (0.05%), was
diluted directly in culture medium without fetal bovine serum (FBS) and did not show
a significant effect on the parameters analyzed when compared to cultures that were not
exposed to this solvent.

4.3. Cell Viability

To evaluate the viability of human glioblastoma GL15 and human microglia C20 cell
lines, they were seeded in a 96-well plate (Kasvi) with an approximate cell density of
2.2 × 104 cells/cm2, corresponding to approximately 8000 cells per well, and cultured in
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fresh medium DMEM or DMEM F12 properly supplemented with SFB. Thus, they were
incubated for 24 h in standardized conditions of a humidified atmosphere with 5% CO2
at a temperature of 37 ◦C. Cell viability was determined by the conversion of the yellow
salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) into formazan
crystals (purple) by mitochondrial dehydrogenases of live cells. After 24 h of plating, cells
were treated with the previously defined concentrations. After 24 h of treatment, cells were
incubated with an MTT solution (Thermo Fisher, Waltham, MA, USA, 0.5 mg MTT per
1 mL) at 37 ◦C and 5% (v/v) CO2 for 2 h. Subsequently, 100 μL of a lysis buffer containing
20% (w/v) sodium dodecyl sulfate (SDS), 50% (v/v) acetic acid, and 2.5% (v/v) 1 mol/L
HCl were added, and the plates were incubated for 6 h. The optical density of the samples
was measured using a spectrophotometer (Varioskan™ Flash Multimode Reader, Thermo
Plate) at a wavelength of 540 nm. Three independent experiments with eight replicates for
each variable were conducted, and the results were expressed as the percentage of viability
of the treated groups relative to the control, which was considered 100%.

4.4. Culture with Indirect Interaction between GL15 and C20 Cells

For studies involving indirect interactions, cells were cultured in 6-well plates (Kasvi)
at a density of 5 × 104 cells/cm2. The GBM GL15 cells were cultured in fresh medium
DMEM appropriately supplemented with FBS. Thus, they were incubated for 24 h under
standardized conditions of a humidified atmosphere with 5% CO2 at a temperature of
37 ◦C. After 24 h treating GL15 GBM cells under control conditions (0.03% DMSO) or
with rutin (30 μM), the conditioned media (CM) of the cultures, containing the secretome
produced by GL15 cells, were collected and centrifuged at 2000× g for 5 min to remove any
cellular debris. The CM was immediately used to treat human microglia C20 cells (indirect
interaction) at a 1:4 ratio (fresh medium:CM). GL15 cells were collected and prepared for
miRNA extraction following the manufacturer’s protocol using the miRNeasy kit (Qiagen,
Hilden, Germany). After 24 h treating C20 cells with CM from GL15 cells treated with
rutin (Rutin-treated GL15 conditioned medium—CMGR) or under control conditions
(Control GL15 conditioned medium—CMGC), cells were collected for RNA extraction
using Trizol®reagent (Invitrogen, Waltham, MA, USA, Life Technologies, Carlsbad, CA,
USA, 15596026), following the manufacturer’s protocol. The experiments were performed
in triplicate.

4.5. Analysis of miRNA Expression by RT-qPCR

The pellet samples of GL15 human GBM cells containing approximately 1 × 106 cells
were mixed with 700 μL of QIAzol Lysis Reagent from the miRNeasy kit (Qiagen). For
the isolation of miRNAs from the cell culture supernatant, the miRNeasy Serum/Plasm
Advanced kit (Qiagen) was used. For the supernatant, 5 times the volume of QIAzol
Lysis Reagent provided by the manufacturer was added. The samples were vortexed for
1 min. Chloroform was added in the recommended volume for each kit, vigorously mixed
for 15 s, and incubated for 3 min at room temperature. Subsequently, the samples were
centrifuged for 15 min at 12,000× g at 4 ◦C. After centrifugation, the aqueous phase was
collected and transferred to a new 1.5 mL tube (approximately 350 μL). Next, 1.5 times
the volume (525 μL) of 100% ethanol was added and homogenized using a pipette for
each sample. The samples were then transferred to a column (RNeasy MinElute spin
column) provided by the manufacturer and centrifuged for 15 s at ≥10,000× g at room
temperature. The liquid passing through the column of each sample was discarded, and
the column was washed with 700 μL of Buffer RWT and centrifuged for another 15 s
at ≥10,000× g at room temperature. Again, the liquid passing through the column of
each sample was discarded, and the column was washed with 500 μL of Buffer RPE and
centrifuged for 15 s at ≥10,000× g at room temperature. Then, the column of each sample
was washed with 500 μL of 80% ethanol and centrifuged for 2 min at ≥10,000× g at room
temperature. The columns were transferred to new properly labeled 1.5 mL tubes and left
with the cap open for 5 min to evaporate residual ethanol. Thirty microliters of RNase-free
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ultrapure water provided by the manufacturer were added, followed by centrifugation
for 1 min at maximum speed. The samples were stored at −80 ◦C until the next step. The
experiments were conducted in triplicate. For the extraction of miRNAs from the cell
culture supernatant, the miRNeasy Serum/Plasma kit (Qiagen) was used following the
manufacturer’s recommendations. For cDNA synthesis, the miScript II RT Kit (Qiagen) was
used with 10 ng of RNA quantified by Nanodrop™ 2000 spectrophotometer (Thermo Fisher
Scientific), according to the manufacturer’s recommendations. The samples were incubated
for 60 min at 37 ◦C, 95 ◦C for 5 min, and immediately placed on ice. Five microliters of
diluted cDNA (1:20), 5 μL of SYBR™ Green PCR Master Mix (Thermo Fisher Scientific),
and 1 μL of the commercial primer set miRCURY LNA (Qiagen) were used for a final
volume of 10 μL. The amplification was performed on an ABI7500 FAST thermocycler
(Applied Biosystem, Waltham, MA, USA). The endogenous control RNU1A1 was used for
result normalization. The expression of miRNA levels was calculated using the 2−ΔΔCT

method [40] and analyzed using GraphPad Prism v 9.1.1 2020 (La Jolla, CA, USA).

4.6. Analysis of mRNA Expression by RT-qPCR

To analyze the expression of inflammatory cytokines by C20 microglia under control
conditions (fresh medium), or treated with the conditioned medium from GL15 cells
cultured for 24 h under control conditions (CMGC), or treated with the conditioned
medium from GL15 cells cultured for 24 h in the presence of the flavonoid rutin at 30 μM
(CMGR), cells were cultured in 6-well plates (Kasvi) with a cell density of approximately
1 × 106 cells/cm2 and incubated for 24 h under standardized conditions of a humidi-
fied atmosphere with 5% CO2 at a temperature of 37 ◦C. After 24 h of treatments, the
total RNA was extracted using Trizol® reagent (Thermo Fisher Scientific) following the
recommended manufacturer’s protocol. The experiment was performed in biological
triplicate. RNA quantification was carried out using NanoDrop™ 2000 (Thermo Fisher
Scientific). The samples were stored at −80 ◦C until further use. For the cDNA reaction,
1.5 μg of RNA and the commercial High-Capacity cDNA Reverse Transcription kit were
used, following the manufacturer’s recommendations (Thermo Fisher Scientific). The
cDNA was stored at −20 ◦C until use. Subsequently, real-time quantitative PCR (RT-qPCR)
was performed on the ABI7500 FAST instrument (Applied Biosystems) under standard
Taqman thermal cycling conditions by the manufacturer. The expressions of mRNAs
in treated samples and control conditions were evaluated using commercial TaqMan®

probes: IL-6 (Hs00174131_m1), IL-10 (Hs00961622_m1), TNF-α (Hs00174128_m1), and
IL-1β (Hs01555410_m1). The reference gene GAPDH (Hs99999905_m1) (Thermo Fisher
Scientific) was used as a normalizer. The cDNA samples were diluted 1:100, 5 μL of TaqMan
Universal Master Mix (Thermo Fisher Scientific) and 0.5 μL of specific TaqMan® probes for
each monoplex reaction were added to achieve a final volume of 10 μL. Expression analyses
of STAT3 were performed by RT-qPCR assays using SYBR™ Green PCR Master Mix and
the following primers: STAT3 Forward (5′ to 3′): ACCAGCAGTATAGCCGCTTC, STAT3
Reverse (5′ to 3′): GCCACAATCCGGGCAATCT, and the endogenous control GAPDH
Forward (5′ to 3′): GCCAGCATCGCCCCACTTG, GAPDH Reverse (5′ to 3′): GTGAAGGT-
CAACGGAT. The expression levels of mRNAs were calculated using the 2−ΔΔCT method
(Schmittgen and Livak, 2008) [40] and analyzed using GraphPad Prism v 9.1.1 (2020).

4.7. Analysis of Signaling Pathways by Western Blot

The analysis of the effect of rutin on the expression of proteins involved in cellular
signaling was conducted on human GL15 GBM cells treated directly with the flavonoid
(30 μM), as well as on human C20 microglia cells under control conditions (fresh medium),
or treated with the conditioned medium from GL15 cells cultured for 24 h under control
conditions (CMGC), or treated with the conditioned medium from GL15 cells cultured
for 24 h in the presence of rutin at 30 μM (CMGR). Cells were cultured in 6-well plates
(Kasvi) with a cell density of approximately 5 × 105 cells/cm2. After 24 h of treatments,
total proteins were cold-extracted (with ice immersion) using a buffer containing 4 M urea,
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2% SDS, 2 mM EGTA, 62.5 mM Tris-HCl pH 6.8, 2 mM EDTA, and 0.5% Triton X-100
and supplemented with 1 μL/mL of a protease inhibitor cocktail (Sigma-Aldrich, P8340).
The experiments were performed in triplicate. The concentration of total proteins in the
extracts obtained was quantified using the Lowry method. For Western blot analyses,
proteins were separated by polyacrylamide gel electrophoresis and sodium dodecyl sulfate
(SDS-PAGE) and electrotransferred to polyvinylidene difluoride (PVDF) membranes (Bio-
Rad; Hercules, CA, USA). For immunodetection, the membranes were initially blocked
in a buffer composed of 5% skim milk (Molico) in Tris-buffered saline with Tween 20
(TBS-T), containing 50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, and pH 7.4 (HCl)
at 25 ◦C for 1 h. They were then incubated overnight at 4 ◦C with primary antibodies
for STAT-3 (1:1000, Santa Cruz) and GAPDH (1:10,000, MERCK). The membranes were
then washed three times with TBS-T and incubated for 1 h at room temperature with
a secondary antibody anti-rabbit conjugated with peroxidase (1:5000; Molecular Probes,
G21234) diluted in 5% skim milk TBS-T. After three washes with TBS-T and one wash
with TBS, the membranes were incubated with the chemiluminescent substrate solution
(ECL Plus Biorad Substrate Kit) for 5 min. Immunoreactive bands were then analyzed
using the ImageQuant LAS 500 apparatus (GE Healthcare Life Sciences, Marlborough, MA,
USA). The relative expression value of proteins was normalized according to the expression
of GAPDH in the same sample. Quantification was obtained by densitometric scanning
(ScanJet 4C, Hewlett Packard, Palo Alto, CA, USA) of three experiments and analyzed with
ImageJ 1.33u software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).

4.8. Statistical Analysis of Results

Data were statistically analyzed using GraphPad Prism 8 software (GraphPad, San
Diego, CA, USA) for Windows. Experimental results are presented as means ± standard
deviation (SD). To determine the statistical difference between the groups, analysis of
variance was performed using a one-way ANOVA test, followed by Tukey’s post-hoc test
for multiple comparisons. Parametric statistical tests were employed for comparisons
between treatment groups and control groups. Statistical differences were considered
significant at p ≤ 0.05. All experiments were repeated at least three times.

5. Conclusions

The results herein presented reinforce the anti-glioma potential of the flavonoid rutin
and reveal its ability to modulate STAT3 signaling and the expression of onco miRNA-
125b, which, through indirect interaction studies with microglia, is likely to impact the
inflammatory profile of these cells towards a more antitumoral responsive phenotype.
Rutin induced changes in the morphology of microglia in response to GBM cell treatment.
Furthermore, the positive regulation of inflammatory mediators in microglia suggests a
crucial role of rutin in modulating the local immune response. By negatively regulating
the pro-tumorigenic signaling pathway STAT3 in microglia, rutin may have significant
implications in suppressing tumor progression.

These findings provide valuable insights for the development of targeted therapies
against GBM, which is known for its resistance to conventional treatments. The discoveries
presented in this research indicate that rutin possesses properties capable of affecting mul-
tiple aspects of interactions between GBM cells and microglia, making it a promising sub-
stance for future investigations and the development of innovative therapeutic approaches.
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Abstract: Glioblastoma (GBM) is a primary malignant tumor of the central nervous system respon-
sible for the most deaths among patients with primary brain tumors. Current therapies for GBM
are not effective, with the average survival of GBM patients after diagnosis being limited to a few
months. Chemotherapy is difficult in this case due to the heterogeneity of GBM and the high effi-
cacy of the blood–brain barrier, which makes drug absorption into the brain extremely difficult. In
a previous study, 3′,4′,3,4,5-trimethoxychalcone (MB) showed antiproliferative and anti-invasion
activities toward GBM cells. Polymersomes (PMs) are an attractive, new type of nanoparticle for drug
administration, due to their high stability, enhanced circulation time, biodegradability, and sustained
drug release. In the present study, different MB formulations, PEG2000-PCL and PEG5000-PCL,
were synthesized, characterized, and compared in terms of 14-day stability and in vitro cytotoxicity
(hCMEC/D3 and U-373 MG).

Keywords: synthesis; chalcones; glioblastoma; nanotechnology; polymersomes

1. Introduction

More than 10 million cancer cases are reported each year, and cancer is one of the most
devastating diseases [1]. Concerning brain cancer [2], approximately 189,000 individuals
die annually on a global scale, and glioblastoma (GBM) is the most common and aggressive
form of central nervous system tumor [3–6]. The median overall survival for GBM patients
remains around 15 months [5,6]. The prognosis tends to be poor due to some treatment
limitations and particularities of this disease, such as being highly invasive and non-
localized, having diffuse characteristics, and poorly responding to local drug activity [4–6].
The prevalence of this ailment is more commonly observed in males over the age of
45 years than in females and younger ages [7].

The available chemotherapy is not successful due to the blood–brain barrier (BBB)
efficacy as well as the heterogeneity of brain cancers [8]. The first step in the treatment of
GBM is surgery, followed by radiation and combined therapy with temozolomide (TMZ).
TMZ is the standard drug for chemotherapy in GBM [9], reaching “blockbuster” status in
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2010 [10], after being approved by the Food and Drug Administration (FDA) in 2005 [11].
TMZ has been already incorporated into liposomes for the treatment of brain tumors [12],
with nanocarriers being considered a promising strategy to treat GBM [13]. A new genera-
tion of drug delivery system (DDS), namely, polymersomes (PMs), was reported for the
first time by Hammer and Discher [14], who described the physical properties of polymeric
structures of poly (ethylene oxide)-block-poly (ethylene) di-block copolymers (PEO-b-PEE)
that are self-assembled in aqueous environments. PMs are hollow vesicles with an internal
environment that is separated from the surrounding aqueous medium by a bilayer of am-
phiphilic polymers [15]. PMs have emerged as a compelling novel category of nanoparticles
in the field of drug delivery owing to their ability to encapsulate both hydrophilic and
hydrophobic molecules within their aqueous cavity or hydrophobic membrane. These
particles have better physicochemical properties than liposomes, including higher stability,
enhanced circulation time, biodegradability, and sustained drug release [14]. Moreover,
they can vary in dimensions and charge, and some have been already demonstrated to be
biocompatible and biodegradable [16]. PMs can contain chemical groups available on their
surface for conjugation with targeting moieties, without compromising their functional-
ity. The anti-cancer drugs doxorubicin and paclitaxel were simultaneously loaded within
PMs composed of poly(ethylene glycol)-poly(ε-caprolactone) PEG-PCL and poly(ethylene
glycol)-poly-lactic acid PEG-PLA copolymers [17,18]. These PMs delivered these drugs
to tumors implanted in mice, and a 50% size reduction in tumors was reported five days
after the drug injection. Besides cancer therapy, PMs can be utilized as carriers for gene
delivery, enabling the transport of genetic material such as DNA or RNA into cells. The
encapsulation of nucleic acids within PMs protects them from degradation and facilitates
their efficient uptake into cells, enabling gene therapy applications [19,20].

Natural and synthetic chalcones have attracted the scientific community’s attention
due to their broad array of reported biological activities, including antitumor activity,
which is produced through the inhibition of diverse molecular targets [21–25]. Our research
group has identified several chalcones with notable growth-inhibitory activities in human
tumor cell lines [26–28]. Among them, 3′,4′,3,4,5-trimethoxychalcone (MB) was found to
be one of the most potent in vitro growth inhibitors of several cancer cell lines [27]. In
particular, 3′,4′,3,4,5-trimethoxychalcone (MB) displayed potent antiproliferative activity
against different cancer cells, and this effect was associated with antimitotic activity [27]. In
another work, chalcone MB inhibited the cell metabolic activity of two GBM cell cultures,
i.e., human glioblastoma astrocytoma (U87) and murine glioma (GL261), more effectively
than other structurally related chalcones [28]. Moreover, the non-tumor endothelial cell
line bEnd.3 showed high resistance toward chalcone MB, with a decrease in metabolic
activity only at 100 μM, demonstrating some selectivity of MB to GBM cell cultures and
not non-tumor cell line bEnd.3 [28]. Another study assessed its ability to reduce the critical
hallmark features of GBM and to induce apoptosis and cell cycle arrest and showed that
MB successfully reduced the invasion and proliferation capacity of tumor cells, promoting
G2/M cell cycle arrest and apoptosis in GBM cell lines [28]. Interestingly, the incorporation
of MB into liposomes maintained the inhibitory activity against U 87 [28]. Nevertheless,
as liposomes have some disadvantages such as low encapsulation efficiency and poor
physical and chemical stability, PMs were developed in this study as alternative DDSs
for the inclusion and sustained delivery of this promising anti-GBM compound. For the
preparation of PMs, PEG-PCL copolymers were synthesized based on previous research
methods published on the preparation of PMs and the encapsulation of anti-cancer drugs
such as paclitaxel [29], docetaxel [30], and doxorubicin [31]. After the characterization of
the prepared PMs, their cytotoxic effects on the growth of the most representative GBM cell
line [32], U-373 MG, and on the growth of a healthy brain endothelial cell line (hCMEC/D3)
were evaluated. In this study, free MB was also evaluated for the first time against these
two cell lines.
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2. Materials and Methods

2.1. General Information

Chalcone MB was synthesized and characterized by the Laboratory of Organic and
Pharmaceutical Chemistry, Department of Chemical Sciences, Faculty of Pharmacy/CIIMAR
research group, as previously described [27]. Methoxy PEG 2000, Methoxy PEG 5000,
ε-caprolactone, and Sn(oct)2 were acquired from Sigma-Aldrich Co. (Sintra, Portugal)
and methanol (HPLC grade) from VWR chemicals. IR spectra were obtained in a KBr
microplate in an FTIR spectrometer Nicolet iS 10 from Thermo Scientific with the Smart
OMNI-Transmission accessory (Software OMNIC 8.3, Thermo Scientific, Madison, WI,
USA). 1H and 13C NMR spectra were recorded in the Department of Chemistry at the
University of Aveiro, Portugal, on a Bruker Avance 300 instrument (Bruker Biosciences
Corporation, Billerica, MA, USA) (1H: 300.13 MHz; 13C: 75.47 MHz). 13C NMR assignments
were made in bidimensional HSQC and HMBC experiments (long-range C, H coupling
constants were optimized to 7 and 1 Hz). Chemical shifts are expressed in ppm values
relative to tetramethylsilane (TMS) as an internal reference and coupling constants are
reported in hertz (Hz). HPLC was performed on a Dionex Ultimate 3000 (Thermo Scientific,
Darmstadt, Germany).

2.2. Synthesis and Preparation of Polymersomes

The amphiphilic PEG-PCL diblock copolymer was synthesized via ring-opening
polymerization using a microwave-assisted procedure. Briefly, the reaction was carried out
under microwave irradiation: firstly, 2.5 g of PEG2000 and methoxyPEG5000 was dried at
120 ◦C and 1000 w for 10 min; then, 6.55 g ε-Caprolactone (PCL) and 10 μL Sn(oct)2 were
added to the dried methoxyPEG; the reaction continued at 130 ◦C for 25 min while stirred
at 30 rpm and under 1000 w irradiation. For purification, the synthesized copolymer was
dissolved in chloroform and then precipitated by adding an adequate amount of diethyl
ether. This procedure was repeated three times and then the precipitate was freeze-dried to
remove residual water; following that, the obtained copolymer was kept at −20 ◦C. The
NMR spectrum of PEG-PCL diblock was acquired at room temperature in CDCl3.

Self-assembled structures were prepared using the film rehydration method. Briefly,
20 mg of the copolymer and 5 mg of MB in 2 mL of dichloromethane were transferred
into a round-bottomed flask. The solvent was evaporated under vacuum using a rotary
evaporator. The thin, dried polymer film was hydrated through the addition of 2 mL
distilled water at 60 ◦C and stirred continuously overnight under 1250 rpm. The polymer
dispersion was sonicated for 30 min at 25 ◦C followed by extrusion 20 times through a
homogenizer (FPG12800 Pressure Cell Homogeniser, Unit 5 New Horizon Business Center
Barrows Road Harlow Essex CM19 5FN UK).

2.3. Characterization of Polymersomes
2.3.1. Particle Size and Polydispersion Index

We prepared 40 μL of PMs in 1960 μL purified water and analyzed the samples
using dynamic light scattering (DLS) with a ZetaPALS apparatus (Brookhaven Instruments
Corporation, Holtsville, NY, USA). The data collected, mean diameter and PDI, through
PALS Particle Sizing Software (Version 5, Brookhaven Instruments Corporation, Holtsville,
NY, USA) were expressed as mean ± standard deviation.

2.3.2. Thermal Behavior

MB–excipient and excipient–excipient compatibility studies were performed using
a DSC 200 F3 Maia (Netzsh–Gerätebau GmbH, Selb, Germany). MB, excipients, and for-
mulations of PMs were weighed directly in DSC aluminum pans and scanned in a range
of temperatures of −40 to 340 ◦C under a nitrogen atmosphere with a 40 mL/min flow.
A heating rate of 10 ◦C/min was used, and the thermograms obtained were observed
for any interaction. An empty aluminum pan was used as a reference. The onset and
peak maximum temperatures were calculated using Proteus Analysis software (Version 6.1,
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Netzsh-Gerätebau GmbH, Selb, Germany). The DSC cell was calibrated (sensitivity and tem-
perature) with Hg (m.p. −38.8 ◦C), In (m.p. 156.6 ◦C), Sn (m.p. 231.9 ◦C), Bi (m.p. 271.4 ◦C),
Zn (m.p. 419.5 ◦C), and CsCl (m.p. 476.0 ◦C) as standards.

2.3.3. Negative-Staining Transmission Electronic Microscopy

For negative-staining transmission electron microscopy, 10 μL of samples was mounted
on Formvar/carbon film-coated mesh nickel grids (Electron Microscopy Sciences, Hatfield,
PA, USA) and left standing for 2 min. The liquid in excess was removed with filter paper,
and 10 μL of 1% uranyl acetate was added to the grids and left standing for 10 seconds,
after which the liquid in excess was removed with filter paper. Visualization was carried
out on a JEOL JEM 1400 TEM at 120 kV (Tokyo, Japan). Images were digitally recorded
using a CCD digital camera Orious 1100W Tokyo, Japan at the HEMS/i3S of the University
of Porto. Transmission electronic microscopy was performed at the HEMS core facility at
i3S, University of Porto, Portugal.

2.3.4. Entrapment Efficiency

The obtained formulations were centrifuged (4500 rpm for 15 min) (Model 5804,
Eppendorf, Hauppauge, NY, USA). The supernatants were diluted in methanol (1:2) to
promote the release of MB encapsulated in PMs. The obtained samples were analysed with
HPLC. Chromeleon 7.2 software was used for data acquisition. The chromatographic con-
ditions included a commercially available AcclaimTM 120 C18 (100 × 4.6 mm) column with
a particle size of 5 μm from Thermo Fisher Scientific (Bremen, Germany). The optimized
mobile phase was water: methanol (25:75, v:v) following an isocratic flow of 1.0 mL/min
for 10 min, and the temperature of the column was set at room temperature. The injection
volume was 10 μL, and the detection was performed at 238 nm. A calibration curve for MB
was prepared in methanol from five standard solutions: 28 μg/mL, 32 μg/mL, 40 μg/mL,
56 μg/mL and 61 μg/mL. Through interpolation of the calibration curve, the MB concentra-
tion in the supernatant was obtained. The theoretical concentration of MB was calculated
considering the initial amount of MB added and the dilutions performed throughout the
procedure. Thus, the encapsulation efficiency (EE) was calculated as follows:

EE(%) =
NPC
TC

× 100

where TC is the theoretical concentration of the MB if the entrapment efficiency is 100%
(μg/mL) and NPC is the final concentration of the MB in the nanoparticle (μg/mL).

2.3.5. Stability Study

A stability study was performed for the PM formulations with and without MB.
Samples were periodically evaluated regarding mean diameter and PDI at time 0 and after
1, 7 and 14 days at 4 ◦C.

2.3.6. MTT Cell Viability Assay

Cell reagents were purchased from Gibco (Invitrogen Corporation, Life Technologies,
Renfrew, UK). Immortalized human brain capillary endothelial cells (hCMEC/D3 cell line)
were kindly donated by Dr. PO Couraud (INSERM, Paris, France). The human astrocytoma
U-87 MG cell line was purchased from the American Type Culture Collection (ATCC).
The human glioblastoma astrocytoma derived from a malignant tumor (U-373 MG) was
obtained from Sigma-Aldrich. For hCMEC/D3, U-87 MG, and U-373 MG, passages 48–49,
53–56 and 16–17 were used, respectively. Cells were cultivated as reported by and Teixeira
et al. [33].

For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,
cells were seeded in 96-well plates (25 × 103 cells/mL) and exposed to different concentra-
tions (0.1, 1, 10, 100 μM) of PEG2000-PCL, PEG5000-PCL, PEG2000-PCL-MB, PEG5000-PCL-
MB, and MB for 24 h. Following the removal of the formulations from each well, cells were
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washed with HBSS. The number of viable cells was determined by adding MTT reagent
and incubating for 3 h at 37 ◦C. DMSO was used to solubilize the crystals. Triton X-100
1% (w/v) and culture medium were used as negative and positive controls, respectively.
The absorbance was read at 590 nm with background subtraction at 630 nm. Results were
expressed as percentages of cell viability.

2.3.7. In Vitro Chalcone MB Release

In vitro chalcone MB release studies were performed using a cellulose dialysis bag
diffusion technique (Spectra/Por 3 molecular porous membrane tubing) filled with 1 mL
of PEG5000-PCL-MB in isotonic phosphate buffer solution (PBS) at pH 6.3. The dialysis
membranes were placed in 80 mL of PBS under magnetic stirring at 100 rpm, maintained at
37 ◦C for 24 h. At fixed time intervals (T0, T1, T2, T3, T4, T5, T24 h), 1 mL of the PBS solutions
was withdrawn and the solution obtained was analyzed using HPLC (same conditions
described in Section 2.3.4). A calibration curve was prepared from seven standard solutions
of MB in methanol (0.02 μg/mL, 0.05 μg/mL, 0.083 μg/mL, 0.12 μg/mL, 0.23 μg/mL,
0.55 μg/mL, and 1.32 μg/mL).

The same procedure was applied to free MB. The studies were performed in triplicate
and the cumulative percentage of the released compound was determined by calculating
the mean, indicating the standard deviations.

2.4. Statistical Analysis

The results are shown as the mean ± standard deviation of three batches of the same
formulation (n = 3). The results of mean diameter, EE, and cell viability were statistically
analyzed using ANOVA, after confirming the normality and homogeneity of the variance
with the Shapiro–Wilk and Levene tests. Significance was set at p < 0.05. Differences
between groups for ANOVA were compared with a post hoc test (Tukey’s HSD), and
different letters in the same sample represent significant differences between different
concentrations. All the statistical analyses were performed with IBM SPSS Statistics for
Windows (Version 28.0., IBM Co., Armonk, NY, USA).

3. Results

3.1. Synthesis and Characterization of PEG-PCL Diblock Copolymer

The amphiphilic PEG2000-PCL and PEG5000-PCL diblock copolymers were obtained
using the ring-opening polymerization (ROP) method (Scheme 1). The most commonly
used catalyst, stannous octoate (Sn(Oct)2), was selected [34,35]. The macroinitiator, methoxy
polyethylene glycol (methoxyPEG2000 and methoxyPEG2000), was dried at 120 ◦C with
microwave irradiation [36] and ε-caprolactone (PCL) was then added [37–39].

Scheme 1. Synthesis of PEG2000-PCL and PEG5000-PCL through ring-opening polymerization. PCL,
ε-caprolactone.

The structure of the diblock copolymers was established using 1H and 13C NMR
(Figure 1), according to Zavvar, T. et al. [40]. The characteristic OCH2CH2O of the PEG
block was assigned to the chemical shift at δH 3.6 ppm (green, Figure 1). The triplet at
δH 4.1 ppm was assigned to the CH2 alpha carbonyl of the PCL block (blue, Figure 1).
The -CH2 CH2 CH2- protons of the PCL block appeared at δH 1.6 (grey, Figure 1) and
1.4 ppm (purple, Figure 1) as multiplets. Figure 2 shows the 13C NMR spectrum of the
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PEG5000-PCL di-block. Regarding the PEG segment, the aliphatic carbons were detected at
δC 77.4 and 77.3 ppm (green, Figure 2) and the methylene carbon at δC 64.2 ppm (yellow).
Regarding the PCL segment, the signals at δC 173.6 (red), 76.8 (grey), and 34.2 (blue) ppm
were assigned to the carbonyl of the ester -COO-, the carbon linked to the hydroxy, and the
CH2 alpha carbonyl groups, respectively. The signals of aliphatic carbons were observed at
δC 28.4, 25.6, and 24.7 ppm (pink).

Figure 1. 1H NMR spectrum (CDCl3) of PEG5000-PCL copolymers.

Figure 2. 13C NMR spectrum (CDCl3) of PEG5000-PCL copolymers.

When using Equation (2) to calculate the number of monomers (NMs), we can see
that the reaction proceeded successfully, with PEG2000-PCL presenting 45 monomers
of PEG2000 and 83 monomers of PCL, while PEG5000-PCL presents 114 monomers of
PEG5000 and 108 of PCL. This shows that the polymerization of ε-caprolactone occurred.

NM = (
∫

CL)/[(Protons of CL/Protons of PEG) ×
∫

PEG] × Mw PCL

106



Brain Sci. 2024, 14, 82

where
∫

CL = sum of NMR signals of CL (10.39); Mw PCL = molecular weight of PCL
(114 g/mol); Protons of CL = number of theoretical protons of one unit of CL (10); Protons
of PEG = number of theoretical protons of one unit of PEG (4);

∫
PEG = sum of NMR signals

of PEG (4.39).

3.2. Particle Size and Polydispersion Index

The mean diameter and polydispersion index (PDI) of PMs are summarized in Table 1.
Overall, the mean diameter was less than 200 nm. Empty PEG2000-PCL PMs were larger
than PEG5000-PCL PMs, at 128.56 nm and 112.13 nm, respectively. The presence of MB
in the PEG5000-PCL and PEG2000-PCL PMs increased the mean diameter of the particles
(p > 0.05). The ability of particles to effectively travel to the interstitial space through tumor
vessel walls depends on the particle size/opening size ratio. In general, the decrease in the
particle size improves the transport through tumor vessel walls. A decrease in nanoparticle
size is observed with higher molecular weight of the polymer, due to lipophilicity increase in
the polymer with the molecular weight [41,42]. Due to the rapid and irregular angiogenesis
of tumor tissues, fenestrations and deterioration of blood vessels are common [43,44].
These are open doors for smaller particles; therefore, the smaller the PMs, the greater
the possibility of leaking into the tumor interstitial fluid, leading to accumulation and
eventually destruction of tumor cells.

Table 1. Effective mean diameter and PDI for PM particles of diblock copolymers prepared using the
film rehydration method.

Formulation
Effective Mean Diameter

(nm)
PDI

PEG2000-PCL 129 ± 2 0.369 ± 0.002

PEG2000-PCL-MB 192 ± 7 0.317 ± 0.010

PEG5000-PCL 112.1 ± 0.9 0.168 ± 0.009

PEG5000-PCL-MB 224 ± 6 0.284 ± 0.001
PEG = methoxy polyethylene glycol; PCL = ε-caprolactone; PDI = polydispersion index. Values are expressed as
mean ± standard deviation (n = 3).

The PDI values of 0.1 to 0.3 represent nearly monodisperse preparation, whereas
PDI > 0.4 suggests a broad distribution of macromolecular sizes in solution [45]. For all
formulations studied, the PDI was less than or around 0.3, which is generally indicated as
a limit for monodisperse preparations.

3.2.1. Thermal Behavior

DSC thermograms of the PM components are shown in Figure 3A. For the PEG2000
and PEG5000, the onset temperatures were 52 ◦C and 60 ◦C and the maximum temperature
peaks were 59 ◦C and 67 ◦C, respectively. Regarding PCL, the onset was −11 ◦C and the
maximum temperature peak was 3 ◦C. For the PEG2000-PCL copolymer, the onset and
maximum temperatures for the first peak were 32 ◦C and 44 ◦C, respectively, and for the
second peak were 51 ◦C and 53 ◦C, respectively. For PEG5000-PCL, the onset temperatures
were 52 ◦C and 55 ◦C and the maximum peak temperatures were 52 ◦C and 59 ◦C. Here, the
different onsets indicate that the crystalline structure was modified for both PCL and PEG.
The onset of pure MB was 126 ◦C and the maximum temperature peak was 130 ◦C. The PM
formulations with MB are shown in Figure 3B. PEG2000-PCL-MB and PEG5000-PCL-MB
presented only a peak with the onset, at 48 ◦C and 53 ◦C, respectively. These results suggest
that MB is molecularly dispersed in the formulations, which can be attested by the absence
of its maximum peak. Overall, there was a significant change in the crystalline forms of
PEG2000-PCL and PEG5000-PCL with the inclusion of MB.
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Temperature / °C

1,3 – PCL
2,3 – PEG2000-PCL
3,3 – PEG5000-PCL
4,2 – PEG2000
5,3 – PEG5000
6,2 – MB

Temperature / °C

2,3 – PEG2000-PCL-MB
3,3 – PEG5000-PCL-MB

A
B

Figure 3. A mixture of empty diblock PMs and their constituents (A) and diblock PMs with MB (B).
PCL—ε-caprolactone; MB—3′,4′,3,4,5-trimethoxychalcone.

3.2.2. Negative-Staining Transmission Electron Microscopic Study

The transmission electron microscopy (TEM) technique was used for imaging the PMs
prepared with the film rehydration method to evaluate their morphology.

Figure 4A shows a circular shape for the PEG5000-PCL PMs. The size was verified
using DLS. In Figure 4B, it is possible to observe that the inclusion of MB does not interfere
with the shape or size of the PMs.

 

Figure 4. TEM images of PMs formed through film rehydration: (A) PEG5000-PCL; (B) PEG5000-
PCL-MB; (C) PEG2000-PCL; (D) PEG2000-PCL-MB.

Regarding the PEG2000-PCL (Figure 4C) and the PEG2000-PCL-MB (Figure 4D) PMs,
the morphology of the particles remains spherical and there is no evidence that MB alters
their shape.

3.2.3. Entrapment Efficiency

The entrapment efficiency (EE) of chalcone MB in PMs was determined through
indirect measurement of the compound that was encapsulated in the formulation, as
conducted via HPLC. Data were fitted to the least squares linear regression, and a calibration
curve was obtained: y = 0.0534x − 0.8284. The correlation coefficient was 0.9997, which
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demonstrates the good linearity in the tested range for MB. Both PMs of PEG5000-PCL-MB
and PEG2000-PCL-MB had high EE (98% and 83%, respectively).

3.2.4. Stability Study

The aqueous formulations were stored at 4 ◦C and showed no relevant change after 1,
7 and 14 days, indicating the stability of the prepared PMs (Figure 5).

Figure 5. Effective diameter of diblock copolymers PMs, with and without MB, from the day of their
production to 1, 7, and 14 days at 4 ◦C. Values are expressed as mean ± standard deviation (n = 3).

After 1 day, the PEG5000-PCL-MB PMs increased in mean diameter from 223.83 nm to
277.27 nm (p = 0.0002), while after 7 days, a mean diameter of 218.87 nm (p = 0.0013) was
observed. Nevertheless, after 14 days, the particles with and without MB showed sizes of
199.10 nm (p = 0.050) and 122.06 nm (p = 0.482), respectively. For the PEG5000-PCL PMs,
the mean diameter without MB did not show significant differences over time (p = 0.444).

Concerning PEG2000-PCL-MB PMs, after 1 day of their preparation, the mean diameter
increased from 191.87 nm to 225.77 nm (p = 0.014); after 7 days, the formulations showed
a mean diameter of 232.37 nm (p = 0.478); and after 14 days, the mean diameter was
227.83 nm (p = 0.398). PEG2000-PCL PMs without MB did not present significant differences
(p = 0.323) after 1 day of their preparation. However, after 7 days, the mean diameter
increased from 135.83 nm to 218.73 nm (p = 0.0006). After 14 days, the particles then
showed a mean diameter of 165.87 nm (p = 0.155).

3.2.5. Cell Viability Assay

The viability of the glioblastoma U-373 MG cell line and brain endothelial cell line
hCMEC/D3 after exposure to PEG2000-PCL and PEG5000-PCL PMs, with and without
MB, was evaluated using an MTT assay and compared with the free compound. The U-373
MG cell line was selected for this work since it is a more representative cellular line of the
GBM compared to U87 [32].

The free compound decreased the viability of the glioblastoma cell line at all tested
concentrations (0.1 μM (18.41% ± 4.77), 1 μM (10.70% ± 3.81), 10 μM (8.67% ± 4.37),
and 100 μM (3.01% ± 1.91)), while we only observed a decrease in the brain endothelial
cell viability at the highest concentrations tested (10 μM (50.54% ± 9.06) and 100 μM
(26.15% ± 3.15)) (Figure 6).
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Figure 6. Viability of hCMEC/D3 and U-373MG cell lines (MTT assay) after exposure to different
concentrations of MB. Values are expressed as mean ± standard deviation (n = 3).

The encapsulation of MB on PMs of PEG2000-PCL and PEG5000-PCL protected the
brain endothelial cells from the cytotoxic effect of MB (Figure 7A), while the cell growth
of glioblastoma cells decreased significantly at concentrations ≥ 0.01 mg/mL (Figure 7B).
The IC50 values of PEG2000-PCL-MB and PEG5000-PCL-MB PMs for U-373 MG were
0.093 mg/mL and 0.067 mg/mL, respectively. It is important to highlight that the cell
growth of brain endothelial cell lines was not affected in the presence of empty PMs, at
any concentration.

Figure 7. Viability of hCMEC/D3 and U-373MG cell lines (MTT assay) after exposure to different
concentrations of PMs with and without MB on the viability of hCMEC/D3 (A) and U-373 MG
(B) cell lines. Values are expressed as mean ± standard deviation (n = 3). Different letters (a,b,c) in the
same sample represent significant differences (p < 0.05) between different concentrations, according
to Tukey’s HSD test.

Overall, the prepared PMs were able to preserve the viability of the hCMEC/D3
brain endothelial cell lines, which were affected in the presence of free MB, increasing the
selectivity for the glioblastoma cell line.

3.2.6. In Vitro Chalcone MB Release

An in vitro release study of chalcone MB was performed to evaluate the release of the
compound from PMs of PEG5000-PCL at pH 6.3 (GBM pHs) over time up to 24 h. Between
0 h and 5 h, slowly increasing amounts of free MB were detected in the outer phase of
the membrane bag containing PEG5000-PCL-MB (Figure 8). Moreover, the amount of MB
detected in the outer phase of the membrane bag containing PEG5000-PCL-MB was lower
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than the amount detected when free MB was placed in the bag. The sustained release of
lipophilic drugs, such as MB, can be attributed to its entrapment in the hydrophobic part
of the PMs (Figure 9) [46]. In vitro studies have shown that drug release depends on the
block length of the hydrophobic segment and the crystallinity of the copolymer [47]. PMs
have a much slower drug release rate, which is dependent on block length. Certain drugs
have been found to release up to 90% after 20 days [47]. Another study showed that the
maximum drug release was obtained after a period of 120 h [48].

 

Figure 8. Chalcone MB detected through HPLC in the outer phase of dialysis bags containing free
MB or PEG5000-PCL PMs, at pH = 6.3 and 37 ◦C. Values are expressed as mean ± standard deviation
(n = 3).

Figure 9. Representation of PM and the chalcone MB.

4. Conclusions

In a previous work, the chalcone derivative MB was successfully incorporated into
liposomes, while maintaining an inhibitory activity against glioblastoma cell lines. Consid-
ering that liposomes have some disadvantages related to low encapsulation efficiency, poor
physical and chemical stability, as well as low chemical versatility, more stable particles
were obtained in this work—polymersomes (PMs). Diblocks were successfully synthesized
via ROP. PEG5000-PCL and PEG2000-PCL PMs showed a mean diameter of about 200 nm.
The stability of PMs was tested, and PEG5000-PCL PMs showed no significant changes
after 1, 7, and 14 days, while PEG2000-PCL PMs were slightly modified over time. Both
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formulations presented spherical particles, with a uniform morphology and similar size.
Moreover, both formulations exhibited high EE. The chalcone MB displayed cytotoxicity at
10 and 100 μM in the HcMEC/D3 cell line, while the PEG2000-PCL and PEG5000-PCL PMs,
with and without MB, did not show any cytotoxicity for this healthy brain endothelial cell
line. On the other hand, the PEG2000-PCL-MB and PEG5000-PCL-MB PMs maintained
cytotoxicity against the U-373MG glioblastoma cell line at all tested concentrations. There-
fore, the prepared PMs with MB were highly selective for the glioblastoma cell line. PMs
with the chalcone MB released this compound at pH 6.3; however, a sustained release was
observed. This can be attributed to the drug entrapment in the hydrophobic part of the PM.

Overall, the prepared PMs seem highly attractive nanocarriers for the sustained release
of MB. In the future, the crossing of the BBB by these PMs may be studied and, if needed,
BBB permeation can be optimized by functionalizing these PMs with transferrin.
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Abstract: Malignant glioma is a highly invasive tumor, and elucidating the glioma invasion mecha-
nism is essential for developing novel therapies. We aimed to highlight actin alpha 2, smooth muscle
(ACTA2) as potential biomarkers of brain invasion and distant recurrence in malignant gliomas.
Using the human malignant glioma cell line, U251MG, we generated ACTA2 knockdown (KD) cells
treated with small interfering RNA, and the cell motility and proliferation of the ACTA2 KD group
were analyzed. Furthermore, tumor samples from 12 glioma patients who underwent reoperation at
the time of tumor recurrence were utilized to measure ACTA2 expression in the tumors before and
after recurrence. Thereafter, we examined how ACTA2 expression correlates with the time to tumor
recurrence and the mode of recurrence. The results showed that the ACTA2 KD group demonstrated
a decline in the mean motion distance and proliferative capacity compared to the control group.
In the clinical glioma samples, ACTA2 expression was remarkably increased in recurrent samples
compared to the primary samples from the same patients, and the higher the change in ACTCA2
expression from the start to relapse, the shorter the progression-free survival. In conclusion, ACTA2
may be involved in distant recurrence in clinical gliomas.

Keywords: high-grade glioma; actin alpha 2; smooth muscle (ACTA2); actin alpha; cardiac muscle 1
(ACTC1); cytoskeleton; cell migration; recurrence

1. Introduction

Malignant gliomas are characterized by aggressive tumor cell proliferation and a poor
prognosis despite treatments, such as surgical resection, radiotherapy, and chemotherapy,
with reported 5-year survival rates of approximately 4.7–10.1% for World Health Organiza-
tion (WHO) grade 4 glioblastomas (GBM) [1,2]. Patients with malignant gliomas present
with frequent recurrences not only locally but also in distant areas of the brain [3]. One of
the factors limiting complete surgical resection and causing poor prognosis is attributed to
glioma cell infiltration. Many studies have reported on the invasion of malignant gliomas;
for example, malignant glioma cells modify the extracellular matrix (ECM) by releasing
matrix metalloproteinases (MMPs) and coding and non-coding RNAs via extracellular vesi-
cles, thereby remodeling it into an environment more stable for invasion [4–6]. Elucidating
the mechanisms controlling the invasion and recurrence of malignant gliomas holds great
promise for improving prognosis.
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In this study, we focused on actin family genes as potential biomarkers of brain
invasion and distant recurrence of gliomas. The major components of the cytoskeleton
are actin filaments, which are also essential functional proteins that form the molecular
apparatus responsible for cell motility and intracellular material transport [7]. In terms of
glioma cell invasion described in the previous example, malignant glioma cells need to
modify their contacts with the ECM, which involves the actin cytoskeleton [6]. Six isoforms
of actin derived from six paralog genes exist, and numerous associations have been reported
between actin isoform expression in varying cancers and prognosis or resistance to cancer
drug treatment [8]. One of these isoforms, high expression of actin alpha, cardiac muscle 1
(ACTC1), is a significant poor prognostic factor in malignant gliomas [9]. We previously
reported that ACTC1 knockdown (KD) in a human malignant glioma cell line inhibited cell
migration ability [10].

Thus, we hypothesize that actin isoforms other than ACTC1 also involve cell migration
and recurrence in malignant gliomas. Actin alpha 2, smooth muscle (ACTA2), one of the
actin isoforms, is mainly found in the smooth muscle of the vascular system and is involved
in its contractility [11]. This study aimed to investigate the role of ACTA2 in cell migration
of glioma cells and determine the impact of ACTA2 expression level on prognosis and
recurrence in glioma patients.

2. Materials and Methods

2.1. Cell Culture

U251MG, a human GBM cell line, was purchased from the Japan Collection of Re-
search Bioresources Cell Bank (National Institutes of Biomedical Innovation, Health, and
Nutrition, Osaka, Japan). The cells were cultured in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% fetal bovine serum, penicillin, streptomycin, and amphotericin B
at 37 ◦C in an atmosphere of 5% CO2.

2.2. Droplet Digital Polymerase Chain Reaction (dd-PCR)

According to the manufacturer’s protocol, total RNA was extracted using the RNeasy
Mini Kit (Qiagen, Hilden, Germany). A NanoDrop Lite spectrophotometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) was used to measure the total RNA concentration and
A260/A280 ratio. Samples with A260/A280 ratios < 1.8 were excluded. The QuantiTect
Reverse Transcription Kit (Qiagen) was used for cDNA synthesis via RNA reverse transcrip-
tion. A water/oil emulsion droplet in combination with a microfluidic device was used
to conduct the dd-PCR analysis. To measure the ACTC1 expression levels, PCR mixtures
with a final volume of 20 μL were prepared using 8 μL DNA (dilution: 2:6), 10 μL Digital
PCR Supermix for Probes (Bio-Rad, Hercules, CA, USA), and 1 μL Bio-Rad Prime PCR
primer assays for ribosomal protein L37 (RPL37) (dHsaCPE5037980; Bio-Rad) and ACTC1
(dHsaCPE5049966; Bio-Rad). To measure ACTA2 expression levels, PCR mixtures of 20 μL
final volume were prepared using 8 μL DNA (dilution: 1:7), 10 μL Digital PCR Super-
mix for Probes (Bio-Rad), and 1 μL PCR primer assays for ribosomal protein L37 (RPL37)
(dHsaCPE5037980; Bio-Rad) and ACTA2 (dHsaCPE5051320; Bio-Rad). Each droplet was
amplified using PCR (C1000 Touch Thermal Cycler; Bio-Rad) after each sample was divided
using a droplet generator. The thermal cycling conditions were the following: 95 ◦C for
10 min, 39 cycles of extension at 95 ◦C for 30 s/cycle, and 57 ◦C for 1 min, followed by 98 ◦C
for 10 min. The target gene concentration was assessed by loading a 96-well PCR plate onto
a QX200 droplet reader (Bio-Rad) after amplification. PCR data were analyzed to measure
the number of droplets positive or negative for the ACTC1, ACTA2, and RPL37 probe in
each sample using QuantaSoft (version 1.7.4, 2014) (Bio-Rad) analysis software. Using a
Poisson algorithm to determine the target concentration, we calculated the proportion of
target positive droplets. RPL37 was used as the reference gene for quantitative evaluation,
and the results were expressed as the ratio of ACTC1 to RPL37 or ACTA2 to RPL37.
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2.3. Small Interfering RNA Transfection

Lipofectamine™ RNAiMAX (Thermo Fisher Scientific Inc.) transfection reagent
was utilized to transfect ACTC1-specific siRNA (sc-105181; Santa Cruz Biotechnology,
Dallas, TX, USA) or/and ACTA2-specific siRNA (sc-43590; Santa Cruz Biotechnology)
into U251MG following the manufacturer’s protocol. ACTC1 knockdown alone (ACTC1-
KD) cells were transfected using 3 μL ACTC1-specific siRNA, ACTA2 knockdown alone
(ACTA2-KD) cells were transfected using 3 μL ACTA2-specific siRNA, and simultaneous
knockdown of ACTC1 and ACTA2 (ACTC1/ACTA2-KD) cells were transfected using 3 μL
each of ACTC1- and ACTA2-specific siRNA, respectively. As a negative control (NC), equal
amounts of scrambled siRNA (sc-37007; Santa Cruz Biotechnology) and Lipofectamine™
RNAiMAX transfection reagent were used.

2.4. Proliferation Assay

At 24 h after completion of the siRNA transfection protocol, cells were detached and
seeded in 6-well plates at 1.0 × 105 cells per well. The number of cells was measured using
Countess® II FL (Thermo Fisher Scientific Inc.) after the cells were incubated at 37 ◦C in a
5% CO2 atmosphere for 72 h. The doubling time for each cell was calculated through the
measurement of the cell count after 72 h of incubation.

2.5. Migration Assay

Cells were seeded into 6-well plates at a density of 5.0 × 104 cells per well 24 h
after the knockdown process. Following an additional 24 h incubation period, time-lapse
imaging was conducted every 10 min for 18 h while cells were incubated at 37 ◦C in a
5% CO2 atmosphere. For each group, eight regions of interest (ROIs) were defined, and
the movement of cells within each ROI was analyzed using the Live Cell Imaging System
SI8000 (Sony, Tokyo, Japan).

2.6. Immunohistochemistry

U251MG cells were immunostained using an ACTC1 antibody (GTX101876; Gene-
Tex, Inc., Irvine, CA, USA) at a dilution of 1:500 and ACTA2 monoclonal antibody (1A4,
eBioscience™; Thermo Fisher Scientific Inc.) at a dilution of 1:500, following the manu-
facturer’s protocol. After three washes in phosphate-buffered saline (PBS), sections were
incubated using the following secondary antibodies: goat anti-mouse IgG (H + L); Alexa
Fluor 488-conjugated; A-11001 (Thermo Fisher Scientific Inc.) diluted at 1:200 and goat
anti-rabbit IgG (H + L); Alexa Fluor 546-conjugated; and A-11010 (Thermo Fisher Scientific
Inc.) diluted at 1:200. Incubation with secondary antibodies was performed for 2 h at 37 ◦C
in a 5% CO2 atmosphere. Subsequently, sections were washed three times with PBS, and
the nuclei were stained with ibidi mounting medium with 4′,6-diamidino-2-phenylindole
(DAPI) (ib50011; NIPPON Genetics Co, Ltd. Tokyo, Japan). Finally, using a confocal laser
microscope (STELLARIS 8; Leica Microsystems GmbH, Wetzlar, Germany), the sections
were mounted on coverslips and observed.

2.7. Clinical Tumor Samples and Medical Information

A total of 50 samples were acquired from consecutive patients who underwent a brain
tumor resection at our hospital between 2014 and 2017 and were initially diagnosed with
WHO grade 3 or 4 gliomas. Moreover, 24 samples were collected from 12 patients who
underwent surgery at our hospital between 2014 and 2022. These patients were initially
diagnosed with WHO grade 3 or 4 gliomas, manifested tumor recurrence, and subsequently
underwent tumor resection because of relapse at our hospital during the same periods. All
samples were cryopreserved at −80 ◦C in an ultra-low-temperature freezer immediately
after resection. Using the method described earlier (Section 2.2), we determined the ACTA2
expression levels in the cryopreserved samples. Clinical information of these patients,
such as age, sex, pathology, progression-free survival (PFS), overall survival (OS), charac-
teristics of initial magnetic resonance imaging (MRI) findings, and postoperative therapy
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information, was extracted from their medical records. The institutional ethics committee
approved this retrospective observational study (Osaka Medical and Pharmaceutical Uni-
versity 2022-189). An opt-out method was used to obtain patient consent for this study
because of the retrospective nature of this study and the use of anonymized clinical data.
Written informed consent for treatment was obtained from each patient.

2.8. Validation Using Data from the TCGA Database’s Cohort of Glioma Patients

To investigate the correlation between ACTA2 expression levels and the prognosis of
recurrent gliomas, we analyzed an independent patient cohort from the TCGA Research
Network (https://www.cancer.gov/tcga: accessed on 31 August 2023), distinct from our
dataset. The data were retrieved and analyzed through the GlioVis database (http://gliovis.
bioinfo.cnio.es: accessed on 31 August 2023) [12]. First, “TCGA_GBMLGG”, a WHO grade
2–4 clinical glioma dataset consisting of 667 samples, was used. All patients were adults,
and samples were not differentiated by histology, tumor subtype, gender, and IDH status.
Next, “TCGA_GBM” was used as a dataset confined to WHO grade 4, which contained
357 and 12 samples of primary and recurrent GBM, respectively. Samples used for analysis
were restricted to IDH-wildtype and were not differentiated by tumor subtype or gender.
HG-U113A was selected as the platform for gene expression.

We evaluated the impact of ACTA2 expression on the overall survival (OS) of glioma
patients by categorizing them into two groups: ACTA2 high and ACTA2 low expression
groups. Maximum selection rank statistics were employed to determine the optimal cut-off
values of ACTA2 expression for these groupings.

2.9. Statistical Analysis

The data were subjected to statistical analysis and reported as mean values ± standard
deviation or median with range. All statistical analyses were performed using JMP Pro
(version 16.2.0) software (SAS Institute Inc., Cary, NC, USA). Statistical significance was
determined at a threshold of p < 0.05.

3. Results

3.1. ACTC1 and ACTA2 KD through siRNA Transfection

The dd-PCR analysis demonstrated that the cells treated with ACTC1 and/or ACTA2
siRNA exhibited a decreased expression of each respective gene compared to the NC cells
at 48 h post-transfection (Figure 1A,B, p ≤ 0.001), which confirmed the successful KD of
each gene via siRNA transfection. Additionally, ACTA2-KD cells showed increased ACTC1
expression compared to NC cells at 96 h post-transfection (Figure 1C, p < 0.001). Con-
versely, ACTC1-KD cells exhibited an increased ACTA2 expression at 96 h post-transfection
(Figure 1D, p < 0.001).

3.2. Cell Proliferation of U251MG

ACTC1-KD cells showed a shorter doubling time than NC cells (p = 0.027), and ACTA2-
KD and ACTC1/ACTA2-KD cells revealed longer doubling times compared to that of NC
cells (Figure 2A, p < 0.001, p = 0.006, respectively). No significant difference was found in
doubling times between ACTA2-KD and ACTC1/ACTA2-KD cells.

3.3. Cell Migration of U251MG

A decrease in cell motion velocity was observed compared to NC cells in ACTC1-KD
cells, ACTA2-KD cells, and ACTC1/ACTA2-KD cells (Figure 2B). Similarly, compared to
the NC cells, a remarkable reduction in motion distance was noted in the KD cells (p < 0.001).
When comparing the motion distances between the KD groups, ACTC1-KD cells showed
a significantly longer motion distance (p = 0.009). However, no significant difference
was found in motion distances between ACTA2-KD cells and ACTC1/ACTA2-KD cells
(Figure 2C).
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Figure 1. Droplet digital PCR analysis of actin alpha, cardiac muscle 1 (ACTC1) and actin alpha 2,
smooth muscle (ACTA2) expression in U251MG cells. (A) ACTC1 siRNA-treated cells (ACTC1-KD
and ACTC1/ACTA2-KD) demonstrated a significant decline in ACTC1 gene expression compared to
negative control (NC) cells at 48 h after transfection. (B) ACTA2 siRNA-treated cells (ACTA2-KD
and ACTC1/ACTA2-KD) revealed a significant decrease in ACTA2 gene expression compared to NC
cells at 48 h after transfection. (C) ACTA2-KD cells revealed an increased ACTC1 gene expression
compared to NC cells at 96 h after transfection. (D) ACTC1-KD cells showed increased ACTA2 gene
expression compared to NC cells at 96 h after transfection. *, p < 0.001. **, p = 0.001. The Student’s
t-test was used to determine the p-values.

3.4. Immunohistochemistry

Lamellipodia are cell membrane protrusions at the leading edge of a cell that extend
and migrate parallel to the substrate and are composed of a network of actin filaments [13].
In our study, we noted that ACTC1 exhibited accumulation specifically at the tips of the fan-
shaped lamellipodia, while the ACTA2 accumulation in lamellipodia was less pronounced
compared to ACTC1 (Figure 3A). The distinct differences in ACTC1 and ACTA2 localization
within lamellipodia in U251MG cells are confirmed by these findings.

3.5. Lamellipodia Formation of U251MG

The proportion of cells showing lamellipodia formation, as observed in the simultane-
ously captured bright-field images, was compared among the KD cells and the NC cells.
The results indicated that ACTC1-KD, ACTA2-KD, and ACTC1/ACTA2-KD cells revealed
a reduced lamellipodia formation occurrence compared to NC cells (Figure 3B, p ≤ 0.001).

3.6. Clinical Data of Malignant Glioma Patients

The median age at diagnosis was 64.5 years, ranging from 21 to 89 years, among
50 patients with primary malignant glioma. Of these patients, 64% were male. Among the
cases, 11 were classified as WHO grade 3, while 39 were stratified as grade 4 gliomas. The
median PFS was 9 months, with a range of 1 to 104 months. The median OS was 19 months,
also ranging from 1 to 104 months. At the initial presentation, approximately 16% of the
patients showed remotely enhanced lesions on Gd contrast-enhanced MRI that were not
connected to the fluid-attenuated inversion recovery hyperintense lesions surrounding the
main lesion.
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Figure 2. (A) The doubling time of each group was calculated. Among the NC and KD cells, the
ACTC1-KD cells showed a shorter doubling time (*, p = 0.027). Conversely, the ACTA2-KD and
ACTC1/ACTA2-KD cells revealed longer doubling times (**, p < 0.001, ***, p = 0.006). The Student’s
t-test was used to perform the statistical analysis. (B) The cell motions of each cell were analyzed
using time-lapse images acquired using the Live Cell Imaging System SI8000. Areas where movement
was detected are color-coded based on movement speed. A visual comparison of knockdown cells
(a: ACTC1-KD; b: ACTA2-KD; c: ACTC1/ACTA2-KD) with the NC cells (d) indicated a reduction in
the speed of movement in the knockdown cells. Scar bar = 500 μm. (C) Significant decreases in KD
cells compared to NC cells were noted when calculating the motion distance during the observation
period based on the motion velocity (†, p < 0.001, Student’s t-test). The ACTC1-KD cells demonstrated
a significantly longer motion distance than the other knockdown cells (‡, p = 0.009, analysis of
variance). No significant differences were found between ACTA2-KD and ACTC1/ACTA2-KD cells
(Student’s t-test).

 

Figure 3. (A) Immunocytochemical staining of ACTC1 and ACTA2 in U251MG was visualized via a
confocal laser microscope. ACTC1 was noted to accumulate at the lamellipodia, while ACTA2 accu-
mulation at the lamellipodia was less prominent compared to ACTC1 (a: ACTC1 immunostaining;
b: ACTA2 immunostaining; c: overlay with DAPI [blue], 600× magnification each). Scar bar = 20 μm
(B) The rates of lamellipodia formation in each cell were calculated based on the bright-field images
obtained simultaneously. ACTC1-KD, ACTA2-KD, and ACTC1/ACTA2-KD cells revealed a reduced
lamellipodia formation compared to NC cells. *, p < 0.001. **, p = 0.001. Statistical analysis was
conducted using the Student’s t-test to determine the p-value.
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Among the 12 patients diagnosed with recurrent malignant glioma, the median age
at diagnosis was 48 years, ranging from 30 to 80 years. Of these patients, 75% were male.
Among the cases, five were WHO grade 3, while seven were grade 4 gliomas. The median
PFS was 8 months, with a range of 4 to 31 months. The median OS was 31.5 months,
ranging from 11 to 80 months.

In 11 out of 12 patients, concurrent chemoradiotherapy with 60 Gy of X-ray radiation
therapy together with temozolomide was initiated between the initial operation and reop-
eration, while one patient only received chemotherapy using temozolomide. Malignant
glioma patient characteristics are summarized in Table 1.

Table 1. Malignant glioma patient characteristics.

Primary Malignant Glioma
(n = 50)

Recurrent Malignant Glioma
(n = 12)

Age at diagnosis, median (range) 64.5 (19–91) 48 (30–80)

Sex

Male 32 (64%) 9 (75%)

Female 18 (36%) 3 (25%)

WHO grade

3 11 (22%) 5 (42%)

4 39 (78%) 7 (58%)

PFS (month), median (range) 9 (1–104) 8 (4–31)

OS (month), median (range) 19 (1–104) 31.5 (11–80)

Postoperative therapy

Radiotherapy 48 (96%) 11 (92%)

Chemotherapy 48 (96%) 12 (100%)

3.7. ACTA2 Expression in Primary Malignant Glioma

A significant difference was noted when comparing ACTA2 expression levels between
WHO grade 3 and grade 4 gliomas: the ACTA2/RPL37 ratio was approximately fourfold
higher in grade 4 gliomas, with a median of 1.31 (range: 0.11–11.35) compared to a median
of 0.28 (range: 0.04–2.09) in grade 3 gliomas (Figure 4A, p = 0.002). Moreover, the ACTA2
high expression group (n = 16) revealed a significantly higher proportion of distant lesions,
accounting for 31.3% of the brain MRI findings at the initial visit, compared to 8.8% in the
ACTA2 low expression group (n = 34) (Figure S1, p = 0.044).

In the validation cohort study using the TCGA database, WHO grade 4 gliomas
(n = 153) had significantly higher ACTA2 gene expression than lower-grade gliomas of
WHO grades 2 (n = 226) and 3 gliomas (n = 244) (Figure S2, p < 0.001).

When these glioma patients (grades 2–4: n = 667) were divided into two groups by
ACTA2 expression, those with high ACTA2 expression (n = 285) had a significantly worse
prognosis than those with low expression (n = 382) (Figure S3A, p < 0.01). In primary IDH-
wildtype GBM, the ACTA2 high expression group (n = 138) also had a worse prognosis
than the low expression group (n = 219) (Figure S3B, p = 0.008).

3.8. ACTA2 Expression in Recurrent Malignant Glioma

Comparing ACTA2 expression in initial and recurrent samples from the same glioma
patients, we noted that ACTA2/RPL37 increased nearly twofold in recurrent cases (me-
dian value: 2.05, range: 0.12–17.39) compared to initial cases (median value: 0.90, range:
0.04–4.10). Specifically, 10 out of 12 patients showed an increased ACTA2 expression from
the primary tumors to their corresponding relapsed tumors (Figure 4B, p = 0.012). When
the PFS from initial disease to relapse was investigated, it was found that the high ACTA2
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expression change group (n = 6) showed a median PFS of 5.5 months (range: 4–13), which
was significantly shorter than a median of 13.5 months (range: 8–31) in the low ACTA2
expression change group (n = 6) (Figure 5A, p = 0.011). Similarly, when restricting the
analysis to grade 4 gliomas, a significantly shorter PFS was noted in the group with a higher
change in ACTA2 expression (high change group (n = 4): median 5 months (range: 4–7);
low change group (n = 3): median 17 months (range: 10–31)) (Figure 5B, p = 0.017).

Figure 4. (A): ACTA2 expression was assessed in patients with grade 3 primary glioma (n = 11) and
grade 4 (n = 39) patients. ACTA2/RPL37 ratio was significantly higher in grade 4 gliomas. The
p-values were determined using the Wilcoxon signed-rank test. (B): ACTA2 expression changes
from the initial diagnosis to recurrence in malignant glioma patients (n = 12) were measured. The
ACTA2/RPL37 ratio was significantly higher in recurrent malignant glioma than in primary malig-
nant glioma. Moreover, 10 out of 12 cases revealed increased ACTA2 expression during re-currence.
Using paired-samples Wilcoxon signed-rank test, p-values were determined.

Figure 5. (A) The Kaplan–Meier method was used to compare progression-free survival (PFS)
between the high and low ACTA2 changes from initial malignant glioma to recurrence. In malignant
glioma patients (n = 12), the PFS in the high ACTA2 expression change group (n = 6) was remarkably
shorter than the PFS in the low ACTA2 expression change group (n = 6). (B) In grade 4 glioma
patients (n = 7), the PFS in the high ACTA2 expression change group (n = 4) was significantly shorter
than the PFS in the low ACTA2 expression change group (n = 3). Statistical analysis was conducted
using the log–rank test to determine the p-values.

In IDH-wildtype GBM in the TCGA database, the group with high expression of
ACTA2 at the time of recurrence (n = 7) had a significantly worse prognosis than the group
with low expression (n = 5) (Figure S3C, p = 0.001).
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4. Discussion

In this study, KD of either ACTC1 or ACTA2 in the U251MG glioma cell line led to
shorter cell motion distance. Mesenchymal migration, induced by lamellipodia formation,
is a type of cancer cell migration [13,14], and we verified that either ACTC1 or ACTA2 KD
significantly reduced lamellipodia formation. Previously, we reported that ACTC1 KD
in a malignant glioma cell line reduced cell migration [10], and the study results suggest
that ACTA2 is also involved in glioma cell migration. ACTA2 was highly expressed in
grade 4 gliomas compared to grade 3 gliomas in clinical malignant glioma specimens,
and multiple distant brain lesions were more common in the ACTA2 high expression
group. These results suggest that ACTA2 may be a therapeutic target in controlling glioma
migration and distant recurrence.

ATCA2 has been reported to be a migration-related factor in other cancers and nervous
system cells. Furthermore, ACTA2 expression is associated with distant metastasis and
poor prognosis in human epidermal growth factor receptor-positive breast, bladder, and
colorectal cancers [15–17]. Lee et al. elucidated that a significant positive correlation was
found between brain metastasis and ACTA2 gene amplification in lung adenocarcinoma
and that a high ACTA2 expression is a poor prognostic factor [18]. They also revealed that
ACTA2 is involved in metastasis via migration and invasion in lung adenocarcinoma from
in vitro and in vivo assays and that ACTA2 silencing suppresses the EMT-related gene,
FAK, and c-MET expression [19]. Zhang et al. also reported that ACTA2 downregulation in
neural stem cells reduced cell migration [20].

The study revealed that ACTA2 expression was increased in most recurrent cases
and that the higher the increase, the shorter the PFS. These results suggest that ACTA2 is
involved in malignant glioma recurrence. Several hypotheses were generated regarding
the underlying mechanism by which ACTC2 is involved in malignant glioma recurrence.

Malignant gliomas present with a poor prognosis, which is attributed in part to deep
brain invasion, limiting complete surgical resection. As mentioned above, one of the
migration factors in malignant gliomas is ACTA2, and one hypothesis for the involvement
of ACTA2 in recurrence is that cells showing a higher ACTA2 expression may migrate and
invade deeper into the brain and escape surgical resection.

Additionally, most of the patients in this study received a combination of anti-cancer
drugs (temozolomide) and radiotherapy, referred to as the Stupp regimen, between the
initial surgery and reoperation [21]. Another hypothesis is that ACTA2 is involved in
resistance to the Stupp regimen. A number of reports exist elucidating actin and resistance
to anti-cancer drugs: Che et al. reported that a high ACTC1 expression is associated with
low sensitivity to the mitogenic inhibitor paclitaxel in non-small cell lung cancer [22], and
Yang et al. reported that ACTC1 is a hub gene conferring chemotherapy resistance to a
variety of tumors and its expression is upregulated in multidrug-resistant breast cancer
cells [23]. Although one of the standard postoperative treatments for malignant gliomas is
the Stupp regimen, which has been shown to prolong PFS and OS, malignant gliomas have
also been reported to have a poor prognosis even after receiving the Stupp regimen [24].
Thus, understanding the mechanisms of resistance to radio-chemotherapy in malignant
gliomas is crucial.

The present study shows that ACTA2 expression is a factor in the mechanism of
malignant glioma recurrence and represents a challenge for future elucidation of the
mechanism of malignant glioma recurrence and control.

In this study, we initially generated U251MG glioma cells in which one of the two
α-actin paralog genes, ACTC1 and ACTA2, was knocked down. Interestingly, KD of either
α-actin resulted in a remarkable upregulation of the expression of the other α-actin gene.
Accordingly, ACTC1-KD cells demonstrated a suppressed ACTC1 expression and enhanced
ACTA2 expression compared to control cells, while ACTA2-KD cells demonstrated a
suppressed ACTA2 expression and enhanced ACTC1 expression. This fact implies that
the ACTC1 and ACTA2 gene expression is controlled by a complementary expression
regulation system, suggesting that there may be some biologically purposive reason for
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compensating for the decline in one α-actin through the increased expression of the other.
We added U251MG glioma cells with a simultaneous KD of the ACTC1 and ACTA2 genes as
“ACTC1/ACTA2-KD cells” in vitro assays to explore the significance of this complementary
regulation of ACTC1 and ACTA2 expression.

The evaluation results of ACTC1 gene expression, ACTA2 gene expression, cell prolif-
eration ability, cell migration capacity, and lamellipodia formation ability in the three KD
cell lines compared to control cells (sham-KD) are summarized in Table 2.

Table 2. Summary of in vitro study.

ACTC1
Expression

ACTA2
Expression

Cell Proliferation Cell Motility
Lamellipodia

Formation

ACTC1-KD ↓ ↑ ↑ ↓ ↓
ACTA2-KD ↑ ↓ ↓ ↓ ↓

ACTC1/ACTA2
double KD ↓ ↓ ↓ ↓ ↓

In evaluating cellular proliferative capacity, ACTC1-KD cells demonstrated an in-
creased proliferative capacity, while ACTA2-KD and double KD cells showed a significantly
decreased proliferative capacity. Among these three types of KD cells, only ACTC1-KD
cells with a significantly increased expression of ACTA2 compared to control cells revealed
increased cell proliferation, while ACTA2-KD and ACTC1/ACTA2-KD cells with a sup-
pressed ACTA2 expression demonstrated a significantly decreased cell proliferation. These
results suggest that ACTA2 has a stimulatory effect on glioma cell proliferation, while
ACTC1 expression has a minimal effect on cell proliferation.

It has been reported that ACTC1 is not involved in cell proliferation in malignant
glioma [9]. The acquisition of ACTA2 expression has been reported in activated cancer-
associated fibroblasts in oral and pancreatic cancer, which are known to be involved in
cancer cell proliferation [25–27], and it is conceivable that ACTA2 is also involved in cell
proliferation in malignant glioma through a similar mechanism.

Knockdown of either ACTC1 or ACTA2 also inhibited lamellipodia formation, but
immunocytochemistry revealed differences in the distribution of ACTC1 and ACTA2 in
lamellipodia. This result suggests that each may play an independent role in lamellipodia
formation. Taken together, our data suggest that the regulation of ACTC1 and ACTA2
expression is complementary but that their biological roles are not identical.

Six actin isoforms (paralog genes) exist, and the tissues in which they are significantly
expressed vary by isoform [8,28]. The interaction between expression and function among
actin isoforms has already been reported in several cases: actin gamma 2, smooth muscle
(ACTG2) is overexpressed in ACTC1 knockout mice [29]. Moreover, it has also been re-
ported that transgenic ACTC1 expression in actin alpha skeletal muscle (ACTA1) knockout
mice restores lethality and muscle weakness associated with ACTA1 loss [30]. Elucidating
the mechanisms of interaction between actin isoforms will provide a springboard to explore
the mechanisms of cancer migration and proliferation, including in malignant gliomas.

This study has limitations that include the retrospective nature of the study. Another
limitation is the limited number of cases where initial and recurrent samples were available
from the same patient.

5. Conclusions

The present study revealed that ACTA2 is an important migratory factor in malignant
gliomas and is involved in recurrence. Elucidation of the migration mechanism in malignant
gliomas is crucial in developing future therapeutic regimens, and ACTA2 is a promising
candidate as a therapeutic target. Additionally, the interaction between actin isoforms
in cancer can be confirmed via the present study and previous reports. Exploring the
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mechanisms of interaction between actin isoforms may provide a clue to understanding
the migration and proliferation mechanisms of cancers, including malignant gliomas.
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WHO grade 2–4 clinical gliomas in the TCGA cohort; Figure S3: The Relationship between ACTA2 gene
expression and survival prognosis of gliomas in the TCGA.
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Abstract: Glioblastoma is the most common and aggressive primary brain tumor in adults. According
to the 2021 WHO CNS, glioblastoma is assigned to the IDH wild-type classification, fulfilling the
specific characteristic histopathology. We have conducted a prospective observational study to
identify the glucose levels, ketone bodies, and the glucose-ketone index in three groups of subjects:
two tumoral groups of patients with histopathological confirmation of glioblastoma (9 male patients,
7 female patients, mean age 55.6 years old) or grade 4 astrocytoma (4 male patients, 2 female patients,
mean age 48.1 years old) and a control group (13 male patients, 9 female patients, mean age 53.9 years
old) consisting of subjects with no personal pathological history. There were statistically significant
differences between the mean values of glycemia (p value = 0.0003), ketones (p value = 0.0061), and
glucose-ketone index (p value = 0.008) between the groups of patients. Mortality at 3 months in
glioblastoma patients was 0% if the ketone levels were below 0.2 mM and 100% if ketones were over
0.5 mM. Patients with grade 4 astrocytoma and the control subjects all presented with ketone values
of less than 0.2 mM and 0.0% mortality. In conclusion, highlighting new biomarkers which are more
feasible to determine such as ketones or glucose-ketone index represents an essential step toward
personalized medicine and survival prolongation in patients suffering from glioblastoma and grade
4 astrocytoma.

Keywords: astrocytoma; glioblastoma; glucose; ketones; metabolism; diet

1. Introduction

Glioblastoma (GBM) is the most common and aggressive primary brain tumor in
adults accounting for up to 45.2% of the primary cerebral malignancies [1–6]. The Cen-
tral Brain Tumor Registry of the United States reports an average annual incidence of
3.19/100,000 people, while the United Kingdom Office of National Statistics reports a dou-
bling of the number of cases from 2.4 to 5.0/100,000 between the years 1995 and 2015, with
the current numbers having increased from 983 to 2531 cases per year [7–9]. The incidence
of GBM increases with age, reaching a peak among individuals between 75 and 84 years
old, with a higher prevalence in men (1.57% more than in women) [6,8,10,11].

Brain Sci. 2023, 13, 1307. https://doi.org/10.3390/brainsci13091307 https://www.mdpi.com/journal/brainsci127



Brain Sci. 2023, 13, 1307

The previous “World Health Organization Classification of Tumors of the Central
Nervous System” (WHO CNS), 2016, based on histopathological diagnosis, used the term
glioblastoma, which is divided into three subclasses: Isocitrate Dehydrogenase (IDH)
mutant (10%), IDH wild-type (90%), and IDH with not otherwise specified (NOS), each of
which presents with a completely different biology and prognosis [12]. According to the
WHO CNS 2021 classification, the term glioblastoma is assigned only to the IDH wild-type
subclass, fulfilling the specific histopathological characteristics of diffuse astrocytoma but
with one or more genetic modifications (Telomerase reverse transcriptase-TERT promoter
mutation, chromosome 7 or chromosome 10 damage (+7/−10), or Epidermal Growth Factor
Receptor-EGFR gene amplification). IDH mutant astrocytomas are considered one single
subtype of varying degrees (WHO 2,3, or 4). The presence of the homozygous deletion
Cyclin-dependent Kinase Inhibitor-CDKN2A/B without histopathological findings of
necrosis or microvascular proliferation defines WHO grade 4 astrocytoma (ASTRO G4) [13].

Most studies focus on the mechanisms of tumor cell invasion into the brain’s mi-
croenvironment (Rho GTPases, Casein Kinase 2, and Ephrin receptors as major invasion
factors) [14–16]. Recent studies have highlighted the reprogramming process of the cellular
metabolism, which has a definitive role in preparing the cellular microenvironment for
tumor invasion [17–19]. One of the defining characteristics of tumor development at the
bioenergetic level is the ability of tumor cells to exploit the glycolytic metabolism indepen-
dent of the presence of oxygen, a phenomenon known as the Warburg effect [5,6,20–22].
Many recent studies have questioned the possibility of using other energy sources such as
ketone bodies (KBs) by GBM to generate energy [23–25].

Fatty acids and glucose are metabolized to acetyl coenzyme A (acetyl-CoA) inside the
hepatocyte mitochondria. Acetyl-CoA enters the citric acid cycle by condensation with
oxaloacetate. Glycolysis produces pyruvate, which is a precursor of oxaloacetate. If there
is a significant decrease in glycolysis, oxaloacetate is preferentially used in the process
of gluconeogenesis, becoming unavailable for condensation with acetyl-CoA produced
through the degradation of fatty acids. In this case, acetyl-CoA deviates from the citric acid
cycle to the formation of KBs (Figure 1) [22,26–28].

 

Figure 1. Glucose and fatty acid metabolism in hepatocyte mitochondria.

KBs are made up of three molecules: 3-β-hydroxybutyrate, acetoacetate, and acetone.
3-β-hydroxybutyrate results from the reduction of acetoacetate at the mitochondrial level
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and is the main transporter of energy from the liver to other tissues, of which the brain is
the most important. Most tissues can use fatty acids as a source of energy during periods
of severe hypoglycemia. The brain does not benefit from this adaptive mechanism and
therefore, KBs are an essential alternative source of energy [29–34].

2. Materials and Methods

2.1. Aims and Scope

By using commercially available kits, we aimed to highlight the differences in blood
glucose levels and KB values from the peripheral blood between three groups of patients:
two tumoral groups with GBM/ASTRO G4 and a control group of healthy subjects, without
influencing their diets.

By analyzing the differences between these groups, we aimed to determine if it is possible
to use KBs and the glucose-ketone index (GKI) as prognostic factors of tumoral aggression.

2.2. Patients

This prospective observational study was conducted in the Neurosurgery Depart-
ment of the Emergency Clinical Hospital of Targu Mures between January 2021 and June
2022 in accordance with the Declaration of Helsinki. The included patients were adults
(>34 years old) who provided informed consent. The protocol of this study was approved
by the Hospital’s Ethics Committee. Three groups of subjects were included in the study:
two groups of patients with histopathological confirmation of GBM or ASTRO G4 and a
control group of subjects without a personal history of malignant pathologies.

Patients who were on a certain diet (such as ketogenic diets or similar) or had di-
etary restrictions and patients suffering from diabetes or other metabolic diseases were
excluded. From the tumoral groups, patients who underwent biopsy or partial resection,
and patients presenting with a Karnofski Performance Score (KPS) less than 80 were ex-
cluded. From the control group, subjects with a known personal pathological history such
as metabolic diseases, benignant or malignant non-glial brain tumors, or systemic cancer
were excluded [35].

2.3. Parameters Measured

In all of the three groups, a jeun glycemia and KBs (3-β-hydroxybutyrate) from the
peripheral blood were measured using available commercial kits (Medical Device NOVA
PRO GLU KET CONTROL, NOVA BIOMEDICAL, Product Code 47292, Category Code
W0101060108). Fasting blood sampling was performed in the early morning of the second
day after admission.

Based on the glycemic values and KB levels, the GKI was calculated. By determining
the GKI, a single value that expresses the relationship between glucose (major fermentable
tumor fuel) and KBs (non-fermentable fuel) was obtained. As most commercial kits express
blood glucose in mg/dL and ketones in mM (including the kits used in this study), glucose
units were converted to mM using the following formula [36]:

GKI (mM) = [Glucose (mg/dL)/18.016 (g × dL/moL)]/Ketone (mM)

The weight and height of the included patients were also considered, and the body mass
index (BMI) was calculated according to the following formula: weight (kg)/[height (m)]2.

2.4. Assessment of the Clinical Condition

The Motor Assessment Scale was used to assess motor deficits and the Glasgow Coma
Scale was used to assess consciousness [37,38]. The KPS was used to assess the functional
status of patients both before and after the surgery.
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2.5. Neuroimaging Evaluation

Preoperative magnetic resonance imaging (MRI) scans and immediate postoperative
cranial computer tomography (CT) scans were performed for all patients. Follow-up MRIs
were performed every 3 months during the patient’s lifetime. Tumor mass was measured
based on the following formula: (maximum axial diameter × maximum coronal diameter
× maximum sagittal diameter)/2 [39]. Perilesional edema has been defined as the T2
hypersignal area surrounding the tumor. The size of the edema was estimated based on
the ratio of the minimum and maximum distances from the edge of the tumor to the outer
edge of the edema on the axial scans.

The histopathological diagnosis could be suspected after analyzing the imaging as-
pects of the tumors: GBM was characterized by peripheral contrast enhancement and
the central hyposignal area in the T1C+ sequence (Figure 2a–c). ASTRO G4 is sometimes
difficult to categorize based on imaging aspects. It is characterized by the heterogeneity
of contrast enhancement in the T1C+ sequence and a hypo/isosignal in the T1 sequence.
Figure 2d–f shows the MRI aspects of a patient from the tumoral group with a confirmed
histopathological diagnosis of ASTRO G4; the T1C + hyposignal area represents the area of
tumoral tissue and not the area of perilesional edema.

 
Figure 2. Cerebral MRI, T1C+ sequence: (a–c) showing a glioblastoma patient. (d–f) showing a grade
4 astrocytoma patient. Red circle (d,f) shows tumor boundaries.

2.6. Specific Medical Management

All patients included in the tumoral groups received dexamethasone at a dose of
4 to 16 mg per day according to the current treatment protocols. Preoperative medication
was administered for between 1 and 5 days. Patients who survived for more than 1 month
received postoperative chemotherapy and radiation therapy in accordance with the STUPP
protocol [40].

2.7. Surgical Management

All surgical interventions were performed under general anesthesia. The surgical
approaches were guided by the neuronavigation system (Curve 2.1; Brainlab, 81829 Mu-
nich, Germany) allowing us to perform minimal invasive craniotomies centered on the
tumor’s locations. In tumors located near eloquent areas, the image injection option of our
surgical microscope (Captiview; Leica Microsystems, 35578 Wetzlar, Germany) was used in
conjunction with the neuronavigation system (Figure 3).
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Figure 3. Postcentral GBM (cerebral MRI, T1C+, and T2 sequences). Tractography showing the
pyramidal tracts and image injection into the surgical microscope (Captiview, Leica Microsystems
GmbH 35578 Wetzlar Germany).

The trajectories of approach were chosen to be as short as possible by using trans-
sylvian or transsulcal approaches while simultaneously avoiding eloquent areas. The use
of retractors was avoided; instead, “dynamic retraction” technique described by Spetzler
et al. [41] was used, paying significant attention to sulcal and fissure dissections to minimize
the surgical sacrifice of the brain parenchyma.

Total resection (considered over 90%) was performed under the operating microscope
(Leica Microsystems, 35578 Wetzlar, Germany). The extent of the resection was assessed by
the main operator and an experienced radiologist.

2.8. Histopathological Analysis

The histopathological diagnosis was established within the Pathological Anatomy
Department of our institute in accordance with the WHO 2016 and 2021 classification
standards for tumors of the central nervous system.

2.9. Statistical Analysis

Statistical analysis included elements of descriptive statistics (mean, median, and stan-
dard deviation) and inferential statistics. The Shapiro–Wilk test was applied to determine
the distribution of the analyzed data series.

The t-Student parametric test for unpaired data was applied to compare means and
the non-parametric Mann–Whitney test was applied to compare medians. The significance
threshold value chosen for p was 0.05 with a confidence interval of 95%. Statistical analysis
was performed using the GraphPad Prism trial version utility.

3. Results

3.1. General Clinical Features

Out of a total of 22 patients with brain tumors, 27.3% had ASTRO G4. IDH mutation
was present in 100% of ASTRO G4 patients. Men accounted for 59.1% of the patients and
the mean age was 56.3 years (range: 34 to 74 years).

The control group had similar characteristics to the tumor groups: 59.1% of the
subjects were male, with an average age of 53.9 years (range: 36 to 78 years). There was no
statistically significant difference in the mean age between the three groups (p > 0.05 using
the t-Student test, Table 1).
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Table 1. General and specific characteristics.

Tumor Group Standard Deviation Control Group p-Value

General Characteristics
ASTRO G4 GBM Tumor group Control group

Gender
% (N)

Male 66.7 (4) 56.3 (9) 59.1 (13)
Female 33.3 (2) 43.7 (7) 40.9 (9)

Years
Average age 48.1 55.6 53.9

0.512Age range 34–66 44–78 56.09 ± 12.33 53.45 ± 14.10 36–78
Specific Characteristics (average)

Wight (kg) 80 89.6 85.00 ± 12.72 82.23 ± 16.70 82.2 0.538
Height (cm) 169.8 175 173.6 ± 7.681 171.2 ± 10.13 171.2 0.379

BMI 27.8 28.3 28.15 ± 3.867 28.02 ± 4.136 28.0 0.914
Ketone Bodies (mM) 0.13 0.26 0.227 ± 0.2004 0.0773 ± 0.0812 0.08 0.0061
Glycemia (mg/dL) 138.5 129.6 132.0 ± 39.43 96.73 ± 11.78 96.7 0.0003

GKI (mM) 63.7 29.3 38.68 ± 29.80 16.85 ± 21.37 18.0 0.0080
Clinical debut (weeks) 12.7 2.9 85.00 ± 12.72 82.23 ± 16.70 82.2 0.538

%

Headache 83.3 93.7
Motor deficit 33.3 56.3

Confusion 16.7 50
Seizures 16.7 25
Aphasia 16.7 12.5

3.2. Specific Clinical Features

In the tumor groups, the average BMI (body-mass index) was 28.1%, the average GKI
was 38.7%, and the average KB value was 0.2%. The median time interval from the onset of
symptoms to the diagnosis of GBM or ASTRO G4 (cranial MRI examination) was 6 weeks.
Headache was the main onset sign, present in 90.1% of patients, followed by motor deficit
and confusion in 45.4% and 40.9% of cases, respectively.

The control group showed an average BMI of 28.0%, an average GKI of 16.8%, and an
average KB value of 0.08%. Regarding KBs, the values were less than 0.2 mM in patients
with ASTRO G4, similar to the control group.

There were no statistically significant differences (p-value < 0.05; CI 95%) in the mean
height, weight, and BMI between the three groups of subjects as per the t-Student test
(Table 1). The mean values of glycemia, KBs, and GKI showed statistically significant
differences between the three groups (p-value < 0.05 using the Mann–Whitney test, Table 1).

3.3. Tumor Characteristics

Most tumors were located in the left frontal lobe both for GBM (54.5%) and ASTRO G4
(50% of the total number of patients). The maximum/minimum diameter was 68/24 mm
for GBM and 54/21 mm for ASTRO G4, and the maximum/minimum diameter of the area
of perilesional edema was 60/0.2 mm for GBM and 40/0.1 mm for ASTRO G4 (Table 2).

Table 2. Imaging and histopathological characteristics.

ASTRO G4 (%) GBM (%)

Tumor
location

Frontal 50 50
Temporal 33.3 31.2
Parietal 16.7 37.5

Occipital 16.7 31.2
Insular 0.0 12.5

Cerebral hemisphere Left 33.3 37.5
Right 66.7 62.5
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Table 2. Cont.

ASTRO G4 (%) GBM (%)
Tumor size (mm) 40.1/30.2 48.4/39.6

Size of the perilesional edema (mm) 23.6/3.5 23/2.4

Ki-67 index
≤15 50 18.7

15–30 16.7 37.5
≥30 33.3 43.8

P53 + 83.3 50

3.4. Histopathological Features

Tumor tissue consisted of atypical glial tumor cells with increased mitotic activity and
variable cellularity with infiltrative character. No myxoid character or microcyst formation
was noted. Tumoral cells had rounded or elongated hyperchromic nuclei with variable
pleomorphism and fine, eosinophilic fibrillar processes. Tumor cells with marked pleomor-
phism were characterized by larger nuclei with lobed, vesicular character, sometimes with
bizarre shapes. Foci of necrosis have been identified in all cases, sometimes with palisading
of the surrounding nuclei, and microvascular hyperplasia with hyperplastic endothelial
cells, often with the presence of “glomeruloid” bodies (Figure 4, Table 2) [42].

Figure 4. (a) Hematoxylin-Eosin (HE) GBM (10×); (b,c) nuclear pleomorphism (HE, 20×); (d) tumor
and necrosis (HE, 20×); (e,f) positive IDH 1-R132H mutation on immunohistochemistry (HE, 20×);
(g) microvascular proliferation with hyperplastic endothelia (HE, 20×); (h) atypical mitosis (HE, 40×).

3.5. Postoperative Death

The 3-month death rate was 0.0% in patients with ASTRO G4 and 43.75% in patients
with GBM. At 1 month, the death rate was 12.5% in patients with GBM. The rate of
postoperative complications was 16.7% in patients with ASTRO G4 and 18.75% in those
with GBM. Postoperative complications have not led to death (Table 3).
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Table 3. Ketone body values and mortality at 3 months after the surgical intervention.

Ketone
Bodies

Tumor Group Control Group
(%)ASTRO G4 (%) GBM (%)

≤0.2 mM 100 56.25 100
>0.2 mM 0.0 43.75 0.0

MORTALITY AT
3 MONTHS

≤0.2 mM 0.0 0.0
0.2–0.5 mM 0.0 85.7
≥0.5 mM 0.0 100

4. Discussion

Due to the low survival rate of patients with GBM/ASTRO G4, there is an urgent need
for adjuvant therapies that increase survival and quality of life. In this context, cellular
metabolism, especially glucose and KB metabolism, represents a therapeutic target and a
broad topic of research [10,26,30,43,44].

KBs play essential roles in various metabolic pathways such as β-oxidation (Fatty Acid
Oxidation), the biosynthesis of sterols, the tricarboxylic acid cycle, de novo lipogenesis,
and gluconeogenesis [45–47]. They are a vital alternative for fueling the brain during
periods of nutrient deprivation. KBs are mainly produced inside the liver from acetyl-CoA
and are transported to extrahepatic tissues for terminal oxidation [22,26,29]. Normally,
the blood levels of KBs are situated below 0.5 mM. Values between 0.5 and 1.0 mM are
considered slightly higher, while values between 1.0 and 3.0 mM are considered moderately
high [18,27,48,49].

The current treatment protocol for GBM and malignant astrocytomas consists of
surgery, followed by radiotherapy and chemotherapy (temozolomide) [40,50–52]. However,
the average survival duration is still less than 15 months, and the 5-year survival is below
10% [6,8,10,11]. These patients also have an increased risk of suicide, possibly due to
the poor prognosis of this pathology and because of treatment-related side effects, such
as mood-altering steroids [53]. Establishing new treatment regimens based on different
peripheral markers that are easy to determine from the patient’s peripheral blood, such
as KBs, and introducing adjuvant therapies based on these parameters, such as ketogenic
diets, and thus essentially individualizing treatments, may result in an increase in the
survival rate. In this context, tumoral cellular metabolism may be a new therapeutic target
that warrants attention.

Most studies have revealed that brain tumor cells are dependent on glucose for survival
and KBs cannot be used effectively as alternative fuels [29,46]. Therefore, this “metabolic
management area,” defined by decreasing the blood glucose levels and increasing KB
levels, may result in the improvement of the survival rate in patients suffering from high-
grade malignancies [6,33,36,54]. It is well known that during physical exercise, fasting,
carbohydrate restriction, or insulin deficiency, KB levels increase, and even if ketoacidosis
is a pathological condition with serious repercussions, mild ketonemia can have beneficial
effects in cancer [55–57]. Unfortunately, in GBM, this theory may not be applicable [26,58].

Certain oncogenic mutations such as Phosphatidylinositol-3-kinase (PI3K)/Protein
kinase B (AKT)/Mammalian target of rapamycin (mTOR) significantly influence GBM
metabolism by promoting the use of glucose as an energy substrate and promoting the
synthesis of FAs [14,20,26,46,59]. These mutations induce the “glucose dependence” of
tumor cells, which would be directly targeted by glucose deprivation [6,23,29]. Unfortu-
nately, GBM is characterized by high heterogeneity and has even raised the hypothesis
that it could use FAs as a substrate for generating new tumor blocks [29,60]. Metabolic
reprogramming takes place, with a defining role in all stages of GBM development. Due to
this high individualized heterogeneity of GBM, it is very difficult to establish certain easily
determinable biological markers that can predict the degree of tumor aggressiveness, the
response to oncological treatment, and even the need to administer adjuvant treatments,
such as ketogenic diets [21,30,31,61].
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In this prospective study, we explored the possibility of using KBs and GKI for predict-
ing tumor aggressiveness in patients with GBM or ASTRO G4. We aimed to highlight the
possibility of establishing individualized treatment protocols based on these parameters,
which are easy to determine from samples of the patient’s peripheral blood by using cheap
commercial kits.

We have established that mortality rates at three months following the surgical inter-
vention were 85.7% in patients presenting with KB values between 0.2 and 0.5 mM, and
100% in patients with KB values above 0.5 mM (Table 3). Additionally, we want to highlight
that KB values over 0.2 mM were recorded only in patients with GBM, suggesting the fact
that this aggressive, heterogeneous tumor may benefit from an extremely complex adaptive
metabolic mechanism, and dietary changes or medication administration for reaching the
“metabolic management area” could be ineffective in this category of patients [6,33,36,54].
In contrast, KB values of less than 0.2 mM were recorded in patients with ASTRO G4, which
were similar values to healthy subjects.

Most studies that present the use of ketogenic diets as adjuvant therapies in glioma
patients do not take into consideration the histopathological classification, therefore, the
results are often contradictory [5,30,62].

Sargaço et al. tried to establish the effects of ketogenic diets in patients with gliomas
in a systematic review. They found nine relevant studies showing an overall survival
increase (in half of the analyzed studies), as well as the quality of life (in 25% of cases),
in patients who were administered ketogenic diets, and only in one quarter of the cases
the quality of life decreased [63]. Unfortunately, the analyzed studies established the
histopathological diagnosis of GBM or astrocytoma grade 2, 3, or 4 without mentioning
the molecular subtype or other histopathological details of the included cases. Based on
our results, we want to highlight the need of viewing GBM and ASTRO G4 as two distinct
pathologies characterized by their tumoral heterogeneity.

Sperry et al. demonstrated that U87 glioma cell lines as well as cell culture lines de-
rived from GBM patients, including those with mutations in the mTOR/AKT/PI3K/IDH1
signaling pathways, can use KBs for tumor growth under standard and physiological
culture conditions. Furthermore, it has been shown that the administration of ketogenic
diets to tumor-bearing animals does not decrease the rate of tumor growth or improve the
survival of these animals, proving the metabolic plasticity of GBM [29]. The drawback of
this study is the lack of correlation of the obtained results with the blood values of KBs.

Steroids, most commonly dexamethasone, are a standard treatment for GBM and
ASTRO G4 and are administered both before and after the surgical intervention and
during chemotherapy/radiotherapy. The goal is to reduce the perilesional vasogenic
edema as well as to prevent and even treat increased intracranial pressure. However,
steroid administration is associated with a multitude of side effects, such as abnormal-
ities in glucose metabolism, gastrointestinal complications, myopathies, insomnia, and
anxiety. Although most complications are reversible after treatment discontinuation, 50%
of patients have persistent disturbances in glucose metabolism after discontinuing the
treatment [23,24,29,64–66].

The mean blood glucose levels were higher in the tumor groups compared to the
control group, secondary to dexamethasone administration (treatment was administered
for 1 to 3 days prior to glucose determination), with a statistically significant difference
between the two groups (p-value = 0.0003, Table 2). These increased values show changes
in the glucose metabolism, which in turn lead to an increase in the fuel needed for tumor
development. On the other hand, the mean blood glucose level in ASTRO G4 patients was
8.9 mg/dL higher than in GBM patients. This slightly higher value can be explained by the
administration of higher doses of glucocorticoids in patients with ASTRO G4 because the
imaging aspects of astrocytoma grade 3/4 are characterized by peripheral low T1 signal
and high T2 signal areas, sometimes without contrast enhancement on the T1C+ sequences,
which can erroneously be interpreted as larger perilesional edematous areas (Figure 2d–f,
red circle indicates tumor boundary). Zhou et al. analyzed 10 articles in a systematic review
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that included a total of 2230 patients diagnosed with GBM or ASTRO G4 and concluded
that dexamethasone administration significantly decreases patient prognosis [67]. The
results presented by us also raise questions about the doses and timing of dexamethasone
usage throughout the course of the disease.

Another important marker calculated was GKI, designed to prove the effectiveness of
various nutritional interventions which lead to lower blood sugar levels and increased KB
levels. Artificial intelligence (AI) has the potential to play a significant role in evaluating
markers like GKI and assessing their effectiveness in various nutritional interventions
aimed at reducing blood sugar levels and increasing KB levels. Furthermore, AI can help
in optimizing personalized dietary plans for individuals based on their unique metabolic
responses. It can consider factors like genetics, lifestyle, and medical history to recommend
tailored nutritional interventions that are more likely to achieve the desired GKI outcomes.
In summary, AI can enhance our understanding of the impact of nutritional interventions
on markers like GKI by efficiently analyzing complex data and providing evidence-based
insights to guide dietary recommendations for individuals seeking to manage their blood
sugar and ketone levels [68].

Due to the changes in blood glucose values secondary to steroid administration, GKI
values were altered in the tumor groups, with a statistically significant difference between
the three groups of patients (p-value = 0.008, CI 95%, Table 1). Although we do not expect
significant changes between patients with GBM and those with ASTRO G4, the GKI value
was 34.4 mm higher in the group of patients with ASTRO G4. These values emphasize the
need to manage the two pathologies individually, highlighting the GBM heterogeneity.

While our study provides valuable information, there are several limitations to con-
sider like the relatively small number of patients and the fact that the two tumoral groups
of patients had to receive dexamethasone to decrease the perilesional edema which has led
to elevations in the levels of blood glucose and GKI.

5. Conclusions

Highlighting new markers that are feasible to acquire (such as KB and GKI) which
could also become additional therapeutic targets represent important steps toward treatment
individualization and survival rate prolongation in patients with GBM and ASTRO G4.

Although this study was performed on a small group of patients, we have demon-
strated statistically significant differences in the peripheral blood values of KBs and GKI
between these two pathologies (GBM and ASTRO G4) and compared them to a control
group; therefore, these two pathologies need to be viewed and managed as two distinct
pathologies. We can also emphasize that KB values over 0.5 mM represent a negative
prognostic factor in patients with GBM.

Establishing individualized adjuvant therapies based on reducing blood glucose
levels and increasing KB levels in patients with ASTRO G4 could lead to survival rate
improvements in this category of patients, considering that the KB values in these patients
are like those of healthy subjects (below 0.2 mM). In contrast, nutritional changes may be
ineffective in patients with GBM due to the heterogeneity and adaptive mechanisms of
this pathology.

Our study also raises the need for larger clinical trials which are aimed to demonstrate
the benefits of dexamethasone administration in patients with GBM and ASTRO G4.
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Abstract: Glioblastoma is the most aggressive and lethal brain tumor in adults, presenting diffuse
brain infiltration, necrosis, and drug resistance. Although new drugs have been approved for re-
current patients, the median survival rate is two years; therefore, new alternatives to treat these
patients are required. Previous studies have reported the anticancer activity of albendazole, its active
metabolite albendazole sulfoxide, and melatonin; therefore, the present study was performed to
evaluate if the combination of melatonin with albendazole or with albendazole sulfoxide induces
an additive or synergistic cytotoxic effect on C6 and RG2 rat glioma cells, as well as on U87 human
glioblastoma cells. Drug interaction was determined by the Chou–Talalay method. We evaluated the
mechanism of cell death by flow cytometry, immunofluorescence, and crystal violet staining. The cy-
totoxicity of the combinations was mainly synergistic. The combined treatments induced significantly
more apoptotic and autophagic cell death on the glioma cell lines. Additionally, albendazole and
albendazole sulfoxide inhibited proliferation independently of melatonin. Our data justify continuing
with the evaluation of this proposal since the combinations could be a potential strategy to aid in the
treatment of glioblastoma.
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1. Introduction

Glioblastoma (GB) is the most frequent malignant tumor of the central nervous system
(CNS) in adults, and it has a poor prognosis. Currently, the standard treatment involves
maximal surgical resection, followed by radiotherapy and chemotherapy; however, the
median overall survival is between 12 and 15 months [1]. In 2017, bevacizumab, an
angiogenesis inhibitor, received Food and Drug Administration approval for the treatment
of adults with recurrent GB that has progressed following prior therapy; however, the
median overall survival did not exceed 24 months [2]. The poor prognosis of GB treatment
is related to the low specificity of chemotherapeutic agents, the difficulty of most antitumor
agents to access the CNS due to the blood–brain barrier (BBB), as well as the limitation to
intracellular accumulation of drugs in tumor cells mediated by efflux transporters [3–5].
Therefore, these challenges point to the need to develop new therapies for this disease.
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Drug repositioning has been a successful strategy to investigate existing drugs for
additional clinical indications, with evidence supporting the anticancer effects of benzimi-
dazole carbamates [6,7]. In this category, albendazole (ALB) has been addressed in different
cancer models, including GB [8–10], with a well-tolerated high dose as anticancer treatment
in clinical trials [11].

After oral administration, ALB is rapidly transformed into the chiral active metabolite
albendazole sulfoxide [(+)-ALBSO; (−)-ALBSO)], which possesses anthelmintic activity,
and into the non-chiral metabolite albendazole sulfone, which lacks pharmacologic activity.
Studies from microsomal investigations in several species suggests that CYP3A4 and flavin-
containing monooxygenase (FMO) are major enzymes responsible for the formation of
sulfoxide metabolites from ALB [12]. Lee et al. reported that the ALBSO formation from
ALB is also mediated by the CYP2J2 isoform, and significantly higher than those by the
CYP3A4 isoform [13]. ALBSO readily crosses the BBB due to its high lipid solubility,
presenting high availability in CNS, with almost half the concentration in cerebrospinal
fluid than in plasma [14,15]. ALB and ALBSO are classically known for their affinity
for tubulin and alteration of the microtubule assembly [16]. In addition, ALB has been
reported is pleiotropic drugs with multiple effects on cells, including the inhibition of
phosphorylation signaling pathways [17] and induction of oxidative stress promoting DNA
fragmentation [18].

Melatonin (MLT), an endogenous indolamine synthesized primarily by the pineal
gland, regulates numerous processes in humans, such as the sleep–wake cycle, immunomod-
ulation, and endocrine function. MLT is primarily metabolized to 6-hydroxymelatonin, but
MLT can also be deacetylated to 5-methoxytryptamine and N1-acetyl-5-methoxykynuramine
in the CNS, with antioxidant properties to capture reactive oxygen species and reactive
nitrogen species [19–21]. MLT is a highly lipophilic molecule that can diffuse through the
cell membrane to interact with intracellular targets [22]. Several studies have shown the
potential use of MLT in the treatment of cancer [23], including GB, with synergistic activity
when combined with other drugs, attributed to the inhibition of multiple pro-survival
pathways, the inhibition of efflux pumps, and the regulation of autophagy [24–27].

The present study was performed to evaluate if the combination of MLT with ALB or
with ALBSO induces an additive or synergistic cytotoxic effect in glioma cells. Likewise,
the cell death mechanisms involved were investigated. The assays were conducted on three
of the most widely used cell lines (C6, RG2, and U87).

2. Materials and Methods

2.1. Reagents, Drugs, and Antibodies

Dulbecco’s Modified Eagle Medium (DMEM), antibiotic-antimycotic solution
(10,000 units of penicillin, 10 mg of streptomycin, and 25 μg of amphotericin B per mL), 10×
trypsin solution, albendazole (ALB), albendazole sulfoxide (ALBSO), melatonin (MLT), pro-
pidium iodide (PI), crystal violet, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine
serum (FBS) was obtained from Biowest (Nuaillé, Pays de la Loire, France). MACS bovine
serum albumin was obtained from Miltenyi Biotec (Bergisch Gladbach, Germany). APC-
Annexin V Apoptosis Detection Kit with 7-AAD was obtained from BioLegend (San Diego,
CA, USA). Dimethyl sulfoxide (DMSO) and ethanol (Merck, Readington Township, NJ,
Germany) were of analytical reagent grade. Acridine orange (AO) was obtained from
Polysciences (Warrington, PA, USA). The goat polyclonal antibody anti-MAP LC3 was
obtained from Santa Cruz Biotechnology (Dallas, TX, USA), and the anti-goat IgG-FITC
antibody was obtained from Abcam (Cambridge, UK).

2.2. Glioma Cells and Cell Culture

C6 and RG2 rat malignant glioma cell lines and U87 human glioblastoma cell line were
acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells
were maintained in DMEM with 10% FBS and 1% antibiotic-antimycotic solution in a 37 ◦C
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incubator with 5% CO2 atmosphere and 98% relative humidity. Cells were maintained in
culture flasks until they reached 80–90% confluence. Confluent cells were washed with
phosphate-buffered saline (PBS) and detached by incubation in 1× trypsin solution, for
collection and seeding.

2.3. Concentration-Effect and Combination Study

For concentration-effect study, the stock solutions of ALB 2000 μM and ALBSO
20,000 μM were prepared in DMSO. Additionally, a stock solution of MLT 200 mM was
prepared in ethanol. The stock solutions were serially diluted in DMEM to prepare working
solutions of each drug to obtain final concentrations 0.16, 0.24, 0.36, 0.55, 0.83, and 1.25 μM
for ALB; 2, 4, 8, 16, 32, and 64 μM for ALBSO; and 0.18, 0.37, 0.75, 1.5, 3, and 6 mM for MLT.
DMSO and ethanol concentrations in DMEM did not exceed 0.5% and 3%, respectively.
Solutions of DMSO and ethanol were used as vehicle control. To evaluate the cytotoxic
effect of the treatments, 3 × 103 cells were seeded into 96-well tissue culture plates. Then,
24 h later, the cells were incubated with 100 μL of working solutions of ALB, ALBSO, MLT,
and vehicle. After 72 h of treatment, the medium was removed, and cells were washed
with PBS, and then 100 μL of MTT solution at a concentration of 5 mg/mL in DMEM was
added to each well and incubated for 3 h at 37 ◦C. Afterward, the medium was aspirated,
and blue formazan crystals were solubilized with 100 μL of DMSO. Absorbance was deter-
mined using a microplate reader (Synergy LX, BioTek, Winooski, VT, USA) at 570 nm. Six
replicates were evaluated for each treatment, and the experiments were repeated at least
four times. The cell viability percentage was calculated by the formula:

(Absorbance of treated group/Absorbance of vehicle) × 100

The median dose effect (Dm) equivalent to mean inhibitory concentration (IC50) of the
concentration–response curves was calculated using the Chou–Talalay method [28,29] and
CompuSyn.exe® software (Version 1.0), developed from the physical–chemical principle of
the mass-action law analysis via mathematical induction and deduction.

Once the Dm values of each drug were calculated, they were used to design the com-
bination study. The experimental procedures for preparing the solutions and assessing the
cell viability were the same as described in the concentration-effect study. DMEM with max-
imum 0.5% of DMSO and 3% of ethanol was prepared as vehicle control. Each experiment
was performed in triplicate over six repetitions. The combination index (CI) was calculated
from the Chou–Talalay method using CompuSyn.exe® software (Version 1.0), which repre-
sents a quantitative measure of the extent of drug interaction with the following ranges:
CI = 0.1–0.90 (synergism), 0.90–1.10 (nearly additive), and 1.10 to >10 (antagonism) [28,29].

2.4. Determination of Cell Death Mechanisms

The combinations selected for the study were those that presented the greatest cy-
totoxic effect. In the C6 cell line, the concentrations were ALB 0.6 μM-MLT 0.6 mM and
ALBSO 20 μM-MLT 1 mM, while for the RG2 cell line, the concentrations were ALB 0.6 μM-
MLT 0.6 mM and ALBSO 26 μM-MLT 0.9 mM. For the U87 cell line, the concentrations
used were ALB 0.45 μM-MLT 0.45 mM and ALBSO 18 μM-MLT 0.45 mM. In addition, the
effect of individual drugs at the same concentrations was evaluated. For the experiments,
2 × 104 cells were seeded into 24-well tissue culture plates. Then, 24 h later, the cells were
incubated with 1 mL of working solutions of the combinations and vehicle. After 48 h
of treatment, the culture medium was transferred to flow cytometry tubes, and the cells
were washed with PBS. Then, cells were detached by adding 1X trypsin solution and
were harvested into the same centrifuge tubes. The samples were centrifuged at 2000 rpm
for 5 min, and the supernatants were discarded, taking care not to throw the button of
sedimented cells.
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2.4.1. Apoptosis Detection with Annexin V and 7-AAD Double Stain

To detect annexin V bound to phosphatidylserine (PS) in the extracellular plasma
membrane and 7-AAD bound to DNA, the Apoptosis detection with Annexin V and 7-AAD
double stain assay was used [30]. To carry out these determinations, the treatments were
prepared and processed as indicated in Section 2.4. After centrifuging and removing the
supernatant, the pellet was resuspended with APC-labeled Annexin V and 7AAD in 100 μL
of binding buffer. After 15 min of incubation at room temperature in the dark, 400 μL of
binding buffer was added to analyze the cells by flow cytometry within 1 h after treatment.
A total of 10,000 events were acquired in a FACS Calibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Analysis was performed using CellQuest Pro and FlowJo v10
software. The dot plots were divided in quadrants to quantify the viable cells (Q4: Annexin
V−/7AAD−), total apoptotic cells (Q3: early apoptosis, Annexin V+/7AAD− plus Q2:
late apoptosis, Annexin V+/7AAD+) and necrotic cells (Q1: Annexin V−/7AAD+). The
fluorescence distribution was shown as a colored dot plot analysis. Data were obtained
from three independent experiments performed in triplicate.

2.4.2. Evaluation of Autophagy
Detection of Acidic Vesicular Organelles

Autophagy is characterized by the formation and promotion of acidic vesicular or-
ganelles (AVOs) [31]. We used the lysosomotropic agent acridine orange (AO), which moves
freely across biological membranes when it is uncharged; its protonated form accumulates
in acidic cell compartments, where it forms aggregates that fluoresce bright red, as we have
previously reported [32]. Flow cytometry with AO staining was employed to detect and
quantify the cells with AVOs. In AO-stained cells, the cytoplasm and nucleus fluoresce
bright green and dim red, respectively, whereas acidic compartments fluoresce bright red.
Therefore, we measured the change in the intensity of the red fluorescence to obtain the
percentage of cells with AVOs. To carry out these determinations, the treatments were
prepared and processed as indicated in Section 2.4. Briefly, after centrifuging and removing
the supernatant, cells were resuspended and stained with 300 μL of a solution of 1 μg/mL
AO in DMEM for 15 min at room temperature and analyzed on a CytoFlex SRT cell sorter
(Beckman Coulter, Brea, CA, USA), measuring the green (FL-1, x-axis) vs. the red (FL-3,
y-axis) fluorescence of AO in a linear scale. Dot plots are divided in quadrants, where the
sum of the upper-left and the upper-right quadrants of the dot plot (red fluorescent events)
was used to represent the percentage of autophagic cells. These assays were performed
in triplicate.

LC3 immunofluorescence Staining

The microtubule-associated protein 1 light-chain 3 (LC3) is essential for amino-acid
starvation-induced autophagy and is associated with the autophagosome membrane [33].
In this case, 1.5 × 104 glioma cells were seeded on chamber slide dishes (BD Biosciences,
Franklin Lakes, NJ, USA), and treated with the drug concentrations and vehicle indicated
in Section 2.4. After 48 h of treatment, cells were fixed with cold methanol for 30 min,
washed twice with PBS and blocked with 2% bovine serum albumin for 10 min three times.
After that, cells were incubated with the goat polyclonal antibody anti-MAP LC3 (1:400)
for 30 min at room temperature. Then, cells were washed twice with PBS, blocked with
2% bovine serum albumin three times for 10 min, and incubated by additional 30 min in
darkness with an anti-goat IgG-FITC antibody (1:400), washed again with PBS, and finally
mounted with DAPI-mounting fluid. Images were obtained on a Leica DMLS microscope,
with a 100× objective using the Leica Application Suite software (v. 4.0).

2.5. Proliferation Assay

For this test, the crystal violet dye was used, which binds to proteins and DNA
molecules of attached cells, where cell proliferation can be calculated in relation to the
amount of biomass present after treatment, since dead cells are shed, reducing the staining
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with crystal violet [34]. Briefly, 2 × 103 cells were seeded into 96-well plates and treated
with the drug concentrations indicated in Section 2.4. Media were removed, and cells were
fixed with a solution of cold ethanol (70%) for 30 min at room temperature after 1, 3, 5,
and 7 days of treatment. Finally, cells were stained with a crystal violet solution (0.1%)
for 30 min, and the supernatants were discarded. Crystals were dissolved with 100 μL
of 10% glacial acetic acid solution, and absorbance was measured in a spectrophotometer
Eon at 570 nm. The relative cell proliferation of each treatment group was calculated by
the formula:

Absorbance of “X” group on each day (day 1, 3, 5, 7)/Absorbance of “X” group on day 1

where the “X” group represents a specific treatment group, dividing the absorbances
obtained on days 1, 3, 5, and 7 by the absorbances of the same treatment group on day 1,
individually, obtaining the relative cell proliferation. Analysis of the proliferation assay
was performed by comparing the relative cell proliferation between the treatment groups
on each day.

2.6. Statistical Analysis

Data were expressed as the mean ± standard deviation (SD). GraphPad Prism 6
software (v. 6.07) was used for statistical analysis, normality of the data was assessed with
the Kolmogorov–Smirnov test, and statistical analysis was performed with the Kruskal–
Wallis test followed by a Dunn’s multiple comparison test.

3. Results

3.1. ALB, ALBSO, and MLT Induced a Cytotoxic Effect on C6, RG2, and U87 Cell Lines

We found that all three drugs induced a cytotoxic effect in a concentration-dependent
manner (Figure 1). In addition, the Dm values for ALB were 0.6 μM, 0.6 μM, and 0.9 μM
in the C6, RG2, and U87 cell lines, respectively. For the ALBSO, the Dm values were
20 μM, 26 μM and 36 μM in the C6, RG2, and U87 cells, respectively. In the case of MLT,
the obtained Dm values were 1 mM, 0.9 mM, and 0.9 mM, for C6, RG2, and U87 cells,
respectively.

Figure 1. Concentration-effect curves of individual drugs. Cytotoxic effect after 72 h, in the three cell
lines evaluated by the MTT reduction assay. Data obtained from four independent experiments, each
with six replicates. Each dot represents mean ± SD.

3.2. The Combination of MLT with ALB or ALBSO Induced a Synergistic Cytotoxicity

Due to the ability of ALB, ALBSO, as well as MLT to induce cytotoxicity in the C6,
RG2, and U87 cells, we tested whether the combination of ALB with MLT and ALBSO
with MLT could induce an additive or synergistic cytotoxic effect. Based on the Dm of
each drug, we combined ALB with MLT in a 1:1 ratio concentration for all cell lines. In
the case of the combination of ALBSO with MLT, the ratio concentrations were 20:1 for
C6 cells, 29:1 for RG2 cells and 40:1 for U87 cells. The results showed that most of the
combinations caused a higher percentage of cytotoxicity than the single drugs. According
to the Chou–Talalay method, most of the combinations of ALB-MLT caused a synergistic
cytotoxic effect (CI < 1.00). In the case of ALBSO-MLT, most of the combinations caused a
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synergistic cytotoxic effect in the C6 and U87 lines, while in the RG2 line, this synergy was
found only in the combinations with the highest concentrations (Figure 2).

Figure 2. The combinations of MLT with ALB or ALBSO showed synergistic and/or additive effects.
Graphic representation of the cytotoxic effect of the individual drugs and their combination, after
72 h of treatment, and the CI results in the three cell lines, for the combination of ALB with MLT (a)
and ALBSO with MLT (b). Data obtained from three independent experiments in triplicate. Each dot
represents mean ± SD.

3.3. Effect of the Combinations of MLT with ALB or ALBSO on the Cell Death Mechanisms
3.3.1. The Combinations of MLT with ALB or ALBSO Induced Apoptosis

Regarding the evaluation of the mechanisms involved in the decrease of tumor cell
viability, our results showed that the combination of ALB 0.6 μM-MLT 0.6 mM induced
apoptosis in 36% of C6 cells, statistically higher compared to 4.3% produced by the vehicle
(p < 0.01), while MLT and ALB induced apoptosis only in 9.4 and 22.8% of cells, respectively
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(Figure 3a,d). Similarly, the combination of ALBSO 20 μM-MLT 1 mM induced a statistical
increase in apoptotic C6 cells, with a mean of 43.4% (p < 0.01).

Figure 3. The combinations of MLT with ALB or ALBSO induced apoptosis. Representative dot
plots and percentage of cells stained with Annexin V-APC/7AAD, quantified by flow cytometry after
48 h of treatment on C6 cells (a,d), RG2 cells (b,e), and U87 cells (c,f). The dot plots were divided
in quadrants to quantify the viable cells (Q4: Annexin V-/7AAD-), total apoptotic cells (Q3: early
apoptosis, Annexin V+/7AAD- plus Q2: late apoptosis, Annexin V+/7AAD+) and necrotic cells (Q1:
Annexin V-/7AAD+). Data obtained from three independent experiments in triplicate (* p < 0.05,
** p < 0.01, compared to vehicle). Each bar represents mean ± SD.

In the RG2 cell line, the combination of ALB 0.6 μM-MLT 0.6 mM induced apoptosis in
26.7% of cells, statistically higher than the vehicle with 5.4% (p < 0.01), while MLT and ALB
induced apoptosis in 7.8 and 18.7% of cells, respectively. While the treatment with ALBSO
26 μM-MLT 0.9 mM and ALBSO 26 μM alone induced similar percentages of apoptotic
cells, with 16.2 and 16.1% (p < 0.01), respectively (Figure 3b,e).

In the U87 cells, the combination of ALB 0.45 μM-MLT 0.45 mM increased the apoptotic
cells, with 17.1% (p < 0.01), while the vehicle produced 7.1%, MLT alone produced 12.4%,
and ALB alone produced 15.1% of apoptotic cells. Likewise, the combination ALBSO
18 μM-MLT 0.45 mM showed similar percentages of apoptosis, with 15% of apoptotic cells
(p < 0.01) (Figure 3e,f). Regarding the percentage of necrotic cells, there were no statistical
differences between groups.

3.3.2. The Combinations of MLT with ALB or ALBSO Induced Autophagy

ALB has been reported to induce autophagy in human colon adenocarcinoma cells [35];
thus, we evaluated the contribution of autophagy to the cytotoxicity induced by the drug
combinations. First, we verified the formation of LC3 puncta by immuno-fluorescence
microscopy of glioblastoma cells. As seen in Figure 4a, the C6 cells show a higher expression
of LC3 and the formation of the LC3 punctuate pattern after the treatment with ALB 0.6 μM,
and in combination with MLT 0.6 mM, as well as when treated with ALBSO 20 μM, and
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in combination with MLT 1 mM. Similarly, the RG2 cells had a higher expression of LC3
and showed LC3 aggregation after the treatment with ALB 0.6 μM and in combination
with MLT 0.6 mM, as well as when treated with ALBSO 26 μM and in combination with
MLT 0.9 mM, as seen in Figure 4b. In addition, results in the U87 cells showed LC3 puncta
formation after the treatment with ALB 0.45 μM and in combination with MLT 0.45 mM, as
well as with ALBSO 18 μM treatment and in combination with MLT 0.45 mM, as seen in
Figure 4c.

Figure 4. The combinations of MLT with ALB or ALBSO induced autophagy. Representative images
of LC3-staining pattern by immunofluorescence and percentage of cells with AVOs quantified by flow
cytometry after 48 h of treatment on C6 cells (a,d), RG2 cells (b,e), and U87 cells (c,f). Data obtained
from three independent experiments in triplicate (* p < 0.05, ** p < 0.01, compared to vehicle). Scale
bar equals 50 μm in microphotographs. Each bar represents mean ± SD in graphs.

Next, we quantified the generation of AVOs in the tumor cells with AO staining
by flow cytometry, indicating the percentage of cells with AVOs. In the C6 cells, the
combination of ALB 0.6 μM-MLT 0.6 mM induced AVOs in 28.3% cells, statistically higher
than the vehicle with 6.9%, MLT alone (7.8%), and ALB alone (17.1%) (p < 0.01), as seen in
Figure 4d. Similarly, the combination ALBSO 20 μM-MLT 1 mM increased the C6 cells with
AVOs, with a mean of 24.8%, statistically higher than MLT alone (12.4%) and ALBSO alone
(17.9%) (p < 0.01). In the RG2 cells, the combination of ALB 0.6 μM-MLT 0.6 mM induced
the highest percent of cells with AVOs (40.4%), statistically higher than the vehicle (9%),
the MLT alone (14.1%), and the ALB alone (26%) (p < 0.01). Similarly, the combination of
ALBSO 26 μM-MLT 0.9 mM induced a higher percent of RG2 cells with AVOs (37%), when
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compared to MLT alone (14%) and ALBSO alone (20.6%) (p < 0.01), as seen in Figure 4e. In
the case of U87 cells, the combinations ALB 0.45 μM-MLT 0.45 mM and ALBSO 18 μM-MLT
0.45 mM induced a significative increase in cells with AVOs, showing values of 30.5%
(p < 0.01) and 28.3% (p < 0.05), respectively, when compared to vehicle (13.7%), as seen in
Figure 4f.

3.4. The Treatment with ALB and ALBSO Inhibited Proliferation, Independently of MLT

Then, we evaluated the proliferation rate of tumor cells by crystal violet staining
during 7 days of treatment on C6 cells (Figure 5a), RG2 cells (Figure 5b), and U87 cells
(Figure 5c). In addition, for the C6 cells, we found a significant suppression of proliferation
from day 3 until day 7 of treatment with ALB 0.6 μM or ALBSO 20 μM, independently of
the combination with MLT (p < 0.01), as seen in Figure 5d. A similar result was obtained
in the RG2 cells, where the treatment with ALB 0.6 μM or ALBSO 26 μM suppressed
the cell proliferation, finding a significant difference after day 3 when comparing both
combinations of ALB-MLT and ALBSO-MLT to the vehicle (p < 0.05), as seen in Figure 5e.
Figure 5f shows the proliferation rate of U87 cells, finding a significant suppression of
cell proliferation after 3 days of treatment (p < 0.05) with ALB 0.45 μM or ALBSO 18 μM,
despite the presence of MLT, showing a higher difference on days 5 and 7 (p < 0.001).

Figure 5. The treatment with ALB and ALBSO inhibited proliferation, independently of MLT.
Representative images of crystal violet-stained cells in 96-well plates and graph with relative cell
proliferation obtained after 1, 3, 5, and 7 days of treatment on C6 cells (a,d), RG2 cells (b,e), and U87
cells (c,f). Data obtained from three independent experiments in triplicate (* p < 0.05, ** p < 0.01,
*** p < 0.001, compared to vehicle). Each dot represents mean ± SD.
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4. Discussion

Glioblastoma remains to be the most aggressive brain tumor in adults. Although in
recent decades advances in the treatment of GB have been achieved, recurrence is often
inevitable, and the survival of patients remains low; therefore, new treatment strategies are
under evaluation, such as monoclonal antibodies, viral therapies, vaccines, drug reposition-
ing, and drug combinations [36,37]. In recent years, the combination of drugs with different
mechanisms of action is gaining more relevance in the treatment of GB, with the aim to
increase the efficacy, lower drug doses, and counteract mechanisms of drug-resistance,
among others [38].

In the present study, we evaluated the combination of ALB with MLT, since both drugs
have demonstrated antitumor activity through different mechanisms of action [25,39]; there-
fore, we investigated if the combination could potentially synergize their antitumor effect.
Likewise, we evaluated the combination of MLT with ALBSO, considering that ALBSO, the
main metabolite of ALB, has shown the highest levels in plasma and cerebrospinal fluid
after the oral administration of ALB [40]. The assays were conducted on three of the most
widely used cell lines in the GB research, namely, the U87 human glioblastoma cell line and
the C6 and RG2 rat malignant glioma cell lines, that have proven to be highly homologous
to the GB [41].

Our results corroborate the cytotoxic effect that the ALB and MLT have on the C6 and
U87 glioma cell lines [42–45]. In addition, the cytotoxic effect of these drugs on the RG2
line is reported for the first time. In all cell lines, MLT was the most effective and ALB the
most potent. To date, there are few studies that have determined the IC50 values for ALB
or MLT in glioma cells. Marslin et al. evaluated the cytotoxic effect of ALB in the U87 cell
line and reported a value of 50.1 μM for ALB [10], which is higher than those found in the
present study (0.9 μM). The difference could be related to the exposure time, since in our
study the incubation time was 72 h, and in the previous study, it was performed at 24 h.

This is the first study demonstrating the antitumor activity of ALBSO against glioma
cells. The only prior report of the antitumor activity of ALBSO shows the induction of
apoptosis of breast cancer cells in vitro [46]. The antitumor activity of ALBSO is relevant
given that it is highly available in the brain, so it could reach therapeutic concentrations in
brain tumors such as GB. The results showed that this metabolite was as effective as ALB
in inducing cytotoxicity against the glioma cells.

When the combination study was performed, we found that both ALB-MLT and
ALBSO-MLT combinations produced an additive or synergistic cytotoxic effect on most
combination ratios in all three glioma cell lines. It is worth noting that apoptosis was the
main cell death mechanism associated with the treatments using the drugs alone and in
combination, finding necrosis in a minimal percentage on the three glioma cell lines. Ehteda
et al. found that the combination of ALB with 2-methoxyestradiol synergizes the induction
of apoptosis of colon cancer cells and improves the survival of HCT-116 tumor-bearing nude
mice [47]. The synergy was based on the sum effect of microtubule-binding activity of both
drugs, which differs from our approach, which is based on the possible sum of the different
mechanisms of action attributed to ALB and MLT, as mentioned above [17,18,24,27]. On
the other hand, MLT also has shown a chemosensitizing effect, since MLT downregulates
the expression of ABC transporter ABCG2, inducing the synergistic cytotoxicity when
combined with TMZ against GB cells and GB-stem cells [26].

The formation of a punctuate pattern of LC3 is associated with the initiation of au-
tophagy, via the aggregation of LC3 and the formation of the autophagosome, and directly
correlated to the increase in AVOs in glioma cells, as an indication of the fusion of the
autophagosome and lysosome [48]. Previous reports indicate that benzimidazoles, as
mebendazole and ALB, can induce autophagy on GB cells [49] and colon adenocarcinoma
cells [35], respectively, while the blockade of autophagy in cholangiocarcinoma cells, after its
induction with ALB, has been associated with increased apoptosis of tumor cells [50]. Mean-
while, MLT has shown the ability to suppress autophagy in ovarian granulosa cells [51], as
well as in rat brain neurons, through the reduction of reactive oxygen species [52]; however,
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the oxidative capacity of MLT metabolites has also been reported [53]. The autophagy in
GB cells has been associated with the induction of cell death as a response to sustained
cell damage, related to the accumulation of AVOs and the loss of the protective effect
of autophagy [54]. In this regard, the interplay between the induction of apoptosis and
autophagy is proposed to potentiate cell death in cancer cells and promote the effectiveness
of anti-tumor molecules [55].

Previous reports show that the anti-proliferative effect of MLT is attributed to the
suppression of miR-155 on U87 cells; however, these effects were found with very low
concentrations of MLT (1 μM), compared to the concentrations used in this study [44]. MLT
has shown a synergistic anti-proliferative effect when combined with sorafenib, by dual
suppression of the STAT3 pathway in pancreatic cancer cells in vitro and in vivo [56]. In
the case of ALB, its antiproliferative activity on C6 cells has been previously attributed
to the inhibition of enzymes involved in the glycolytic pathway and lower ATP concen-
tration in vitro and in vivo, showing an enhanced effect when ALB is loaded on silver
nanoparticles [45]. In a similar way, thiabendazole, another antiparasitic benzimidazole,
has proven to be effective at inhibiting proliferation of several GB cell lines by the downreg-
ulation of mini-chromosome maintenance protein 2 (MCM2) [57]. Shu et al. demonstrated
that ALB plus Palbociclib, a cyclin kinase 4/6 (CDK4/6) inhibitor, synergistically sup-
presses melanoma cell proliferation in vitro and in vivo, by the dual arrest of cell cycle
progression [58].

The gold-standard drug in the treatment of GB is temozolomide (TMZ); however,
in vitro evaluations indicate the need for high concentrations, ranging from 100 μM to
more than 1000 μM, to induce the desired effect on glioma cells [59]. There is evidence
of the potentiation of the cytotoxic effect of TMZ in combination with other treatments
against glioma cells, where apoptosis and autophagy can be synergized [60,61]; therefore,
the evaluation of the combined effect of MLT-ALB/ALBSO to potentiate the antitumor
effect of TMZ is proposed as a follow-up to this work.

New directions are needed for the combinations of ALB, ALBSO, and MLT. Recently,
ALB has also been reported to promote immunotherapy response by facilitating ubiquitin-
mediated PD-L1 degradation in melanoma models [62]; likewise, MLT has shown antitumor
potential by impairing many of the characteristics that sustain cancer progression [63],
highlighting the importance of discovering other potential mechanisms of action that could
benefit the current treatment of patients with cancer.

Future perspectives include the evaluation in an in vivo model of orthotopic malignant
glioma, which will allow us to evaluate the impact of the combined administration of these
drugs on molecular markers, tumor eradication, and survival time, given that survival
is a parameter of great importance to determine the therapeutic efficacy of a drug in the
management of GB [64]. Potential in vivo studies could be based on the use of classical
immunocompetent orthotopic malignant glioma models, as we have previously reported
with C6 cells implanted in the brain parenchyma of Wistar rats [65], or as the model
performed with GL621 mouse glioma cells in C57BL/6 mice [66].

5. Conclusions

The combined mechanisms of the pleiotropic drugs, ALB, ALBSO, and MLT, are
relevant for the additivity and synergism found against the glioma cells. Considering the
safety and inexpensive profiles of these drugs, and their high availability to the CNS, their
combination could be a potential therapeutic strategy against GB. Other studies would be
necessary to evaluate the antitumoral activity of these combinations in in vivo models.
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Abstract: Glioblastoma Multiforme (GBM) is a tumor that infiltrates several brain structures. GBM
is associated with abnormal motor activities resulting in impaired mobility, producing a loss of
functional motor independence. We used a GBM xenograft implanted in the striatum to analyze the
changes in Y (vertical) and X (horizontal) axis displacement of the metatarsus, ankle, and knee. We
analyzed the steps dissimilarity factor between control and GBM mice with and without anastrozole.
The body weight of the untreated animals decreased compared to treated mice. Anastrozole reduced
the malignant cells and decreased GPR30 and ERα receptor expression. In addition, we observed a
partial recovery in metatarsus and knee joint displacement (dissimilarity factor). The vertical axis
displacement of the GBM+anastrozole group showed a difference in the right metatarsus, right
knee, and left ankle compared to the GBM group. In the horizontal axis displacement of the right
metatarsus, ankle, and knee, the GBM+anastrozole group exhibited a difference at the last third of the
step cycle compared to the GBM group. Thus, anastrozole partially modified joint displacement. The
dissimilarity factor and the vertical and horizontal displacements study will be of interest in GBM
patients with locomotion alterations. Hindlimb displacement and gait locomotion analysis could
be a valuable methodological tool in experimental and clinical studies to help diagnose locomotive
deficits related to GBM.

Keywords: locomotion; glioblastoma; anastrozole

1. Introduction

Glioblastoma Multiforme (GBM) is the most aggressive type of glioma [1], with a
median survival expectancy of 15–18 months after the diagnosis and a five-year survival
rate of <10% [2]. GBM patients’ standard treatment consists of surgical tumor resection,
several radiotherapy cycles, and the chemotherapy drug temozolomide. Unfortunately, this
combined intervention protocol is ineffective [3]. Therefore, it is essential to find a ground-
breaking treatment for GBM [4]. Focal neurological deficits (i.e., motor weakness) typically
occur in glioma patients and are associated with growth into motor areas. The striatal
area has a significant role in controlling motor activities, and murine striatal glioblastoma
models in this area allow the assessment of motor abilities [5]. Several studies involving
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this region show their participation in neurological disorders associated with abnormal
motor activity [6,7]. Likewise, the degeneration in this structure impairs diverse motor and
behavioral tasks [8]. However, more longitudinal studies of motor dysfunction in animal
models are needed, as well as tools for early detection. The hindlimb displacement in mice
walking over-ground has not been studied in murine striatal glioblastoma xenograft and
could be an adequate model to test motor alterations.

Glioblastoma is a heterogeneous tumor with multiple redundant intracellular path-
ways, generating several subtypes [1,9]. Their expression is associated with the patient’s
survival outcome [10]. The estrogens directly bind classical or membrane estrogen re-
ceptors to initiate gene expression, suggesting diverse functions and tumoral properties.
Third-generation aromatase inhibitors, such as anastrozole, have reduced estrogen levels
by over 96%. This change is associated with decreased malignant cell viability and tumor
growth [11]. This novel strategy should aim to target glioma growth and prevent the
functional deterioration of spared brain networks. Based on these premises, we have set
up a GBM mouse model by injecting C6 cells into the striatum to monitor locomotive
behavioral dysfunction induced by tumor growth. The striatum in murine models is the
topographic location showing the densest presence of gliomas. Moreover, the location of
the xenograft in the striatum was due to the availability of sensitive behavioral tests that
allowed the longitudinal assessment of motor abilities in the same animals. Additionally,
this strategy allowed us to count the number of malignant cells and provided us with a
new diagnosis tool to correlate tumor growth and hindlimb motor alterations.

2. Methods

2.1. Cells Culture

The rat C6 cell line (ATCC, CCL-107TM) was cultured in DMEM-F12 high in glucose
(Caisson DFL-14), supplemented with 10% fetal bovine serum (Gibco 26140, MO, USA)
and 1% penicillin/streptomycin (Corning, 30-002-CL, AZ, USA). The cells underwent
incubation at 37 ◦C in a humidified atmosphere containing 95% air and 5% CO2. Afterward,
cells were separated from the plate to implant them (1 × 106) in nude/nude mice into the
right striatum.

2.2. Animals

We housed male Balb-C-nude/nude (Jackson lab: NU/J 002010), 6–7 weeks of age.
The animals were kept under sterile conditions in boxes with sterile air exchange and
light-dark cycles of 12 × 12 h, with controlled temperature between 23 and 25 ◦C, and free
access to water and food until the day of surgery. All animal experiments were performed
following the USA Guide for the Care and Use of Laboratory Animals, National Institutes
of Health, The Mexican Regulation of Animal Care and Maintenance (NOM-062-ZOO-1999,
2001), and the institutional University of Guadalajara regulations.

2.3. Glioblastoma Xenograft and Mice Treatment

We formed two groups of mice; both groups received a C6 cells’ xenograft; the first
group was not treated (GBM group, n = 5), and the other one was treated with anastro-
zole (GBM+anastrozole, n = 5). We anesthetized mice with sevoflurane (3%). We made
an incision in the brain midline of the scalp and a small hole in the skull following the
stereotaxic coordinates (X = 1.34 mm, Y = 1.5 mm, and Z = 3.5 mm). We administered
1 × 106 cells in 2 μL of DMEM-F12 using a Hamilton syringe in mice’s right striatum
(See Supplementary Materials). Anastrozole (Sigma Aldrich A2736, MO, USA) was dis-
solved in DMSO 0.1 mM to obtain a final concentration of 500 μg/mL (stock solution) and
stored at −20 ◦C. The drug (0.1 mg/kg) was administered through the tail vein with an
insulin syringe (0.5 mL daily) for seven days.
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2.4. Body Weight in Mice

The mice were randomly separated into 2 different groups: the GBM group and the
GBM+anastrozole group. Then, they were fed with ad libitum access to food and water.
The mice were kept with monitoring of food intake, water intake, and excretion, and were
sacrificed at day 14. The body weight initially was 21 g ± 1 g in both groups.

2.5. Hematoxylin & Eosin Staining

The animals were anesthetized intraperitoneally with pentobarbital at 160 mg/kg of
body weight and sacrificed by intracardiac perfusion using a saline solution (0.9%) and
4% paraformaldehyde. Brains were removed and placed in the same fixed solution at 4 ◦C.
The brains were sectioned in the coronal plane at a thickness of thirty micrometers with
a vibratome (Thermo Scientific, HM650V, MA, USA), and then processed for histology
by Hematoxylin & Eosin staining. The slices were first submerged for two minutes in
water and after three minutes in hematoxylin (Sigma H3136) and then three seconds in
acid alcohol (1% HCl in 70% alcohol), washed with distilled water, and immersed in eosin
(Sigma Aldrich 212954, MO USA) for a minute and a half before being washed with tap
water for thirty seconds. For dehydration, the tissues were put in an increasing gradient
of ethanol and xylol: 70% ethanol for 3 s, 90% ethanol for 3 s, and 96% alcohol for 3 min,
twice in 100% ethanol for 5 min, and then twice in xylene for 5 min. We used entellan for
mounting sections and observed them under a microscope (Carl-Zeiss Aalen, Germany)
at 10× and 40×. We counted cells using a 40× objective, considering four fields of the
ipsilateral hemisphere.

2.6. Immunofluorescence

We used immunofluorescence for GFAP, GRP30, and ERα. The brain sections were
incubated at room temperature for 30 min in PBS 1x/Triton X-100 0.2%. Next, the tissue
sections were incubated for 1 h in PBS 1X bovine albumin serum 1%. Then, the sections were
incubated overnight with GFAP antibody (1:750, DAKO, Z0334, RRID: AB_10013382), anti-
ERα mouse monoclonal (1:500, Abcam ab 66102 RRID: AB_310305), and anti-GPR30 mouse
monoclonal (1:500, Abcam ab 39742 RRID: AB_1950438). Lastly, the secondary antibodies:
FITC anti-rabbit IgG (1:500, Jackson AB_2337972) and Alexa fluor 594 polyclonal rabbit
(1:1000, Abcam ab150080) were used for a 2 h incubation. We used a 40× oil immersion
objective and the Olympus BX51WI microscope.

2.7. Tunnel Walk Recordings

We conducted a locomotion analysis studying the metatarsus, ankle, and knee joints’
hindlimbs displacements. We used the dissimilarity factor (DF) and vertical/horizontal
displacements of the mice’s strides. We took the data registered before tumor implan-
tation (control group) and after seven days (GBM group), as well as after fourteen days
(GBM+anastrozole group) of xenograft implant. We took video recordings while the an-
imals were walking on a transparent Plexiglas tunnel. The video was registered using
two synchronized cameras recording left and right hindlimbs simultaneously. We set
the cameras to record at 240 fps with a resolution of 1280 × 720 pixels. Post-processing
was applied to the resulting videos to remove spherical distortion due to the lenses by
estimating a homographic matrix using four points on the image [12]. A step cycle cor-
responds to when the metatarsus lifts off to when the metatarsus touches down. Using
custom-made software, we marked knee, ankle, and metatarsus joints on each video frame
for each step. We studied each joint’s displacement curves and values through software
developed in our laboratory. Each one of the animal’s steps was captured on the video
separately. During several steps, we generated displacement curves on the horizontal and
vertical axes concerning time for each joint in the left and right hind limbs. All curves
were normalized according to the stride using a value range from one to 100, employing a
spline-based interpolation.
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2.8. Dissimilarity Factor Analysis

We measured the dissimilarity factor (DF) to compare the control group steps ver-
sus glioblastoma and anastrozole-treated animals to determine the locomotion changes
between animal groups. We compared their displacement curves and calculated the dis-
similarity factor between them using the Euclidean distance between each of the points of
the normalized curve on the horizontal (X) and vertical (Y) axes as

DF〈a,b〉 =
1

200

√√√√100

∑
i=1

(xa(i)− xb(i))
2 +

100

∑
i=1

(ya(i)− yb(i))
2 (1)

where DF<a,b> is the squared error between every point of the normalized curves, defined
as difference factor (DF); “xa (i) − xb (i)” is the difference (d) between the coordinates in x,
and “ya (i) − yb (i)” in y of every point in the graph, when comparing two steps (a and b);
and “i” is the percent in the step cycle.

We compared the curves of every animal in the control and the experimental groups
(GBM and GBM+anastrozole). We analyzed the curves of a control animal vs. all control
animals and the steep curve of an experimental animal concerning all control animals
[Leon-Moreno et al., 2020]. Then, we had these comparations: control vs. control, GBM
vs. control, and GBM+anastrozole vs. control. We estimated the DF values and analyzed
statistical significances with an ANOVA test of unidirectional via and a post hoc Tukey.

2.9. Vertical/Horizontal Displacement Analysis

We analyzed the vertical and horizontal displacements separately. We took each joint’s
vertical/horizontal displacement data and averaged it per group. The measurement of
the hindlimbs displacement of each group was six repetitions, per side, per mouse. Then,
we compared the experimental groups (GBM and GBM+anastrozole) versus the control
group. We evaluated significant differences at every two perceptual points of the step cycle
between groups through a student’s t-test (a = 0.05). A locally designed MATLAB script
was used for the pattern comparison analysis.

3. Statistics

The dissimilarity factors were expressed as means ± SD. We analyzed the data using
one-way ANOVA with Tukey post hoc. The data analysis for body weight, cell counting,
and horizontal and vertical displacement was performed through an unpaired one-tailed
student’s t-test, and a p-value of * <0.05 was considered statistically significant. We conducted
the statistical analysis using the Prism 9.0 software GraphPad and MATLAB R 2021b.

4. Results

4.1. Body Weight in GBM and GBM+Anastrozole Groups

We evaluated the mice’s weight from the xenograft day until 14 days post-transplantation.
During the first 11 days after transplantation, GBM+anastrozole mice maintained a weight
between 20 and 22 g (Figure 1). On days 12 and 13, there was no weight loss in the GBM
group, while the GBM+anastrozole animals remained unchanged. A significant difference
in body weight between the GBM and GBM+anastrozole groups on days 12 and 13 (p < 0.05)
was observed.
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Figure 1. Body Weight in mice. Graph illustrating the body weight changes of mice monitored
14 days after xenograft. Data correspond to GBM and GBM+anastrozole. The GBM+anastrozole
group showed a significant increase in body weight on the 12th and 13th days compared to the GBM
group. The data show Mean ± SE values. The asterisks indicated statistical differences between
groups (Mann–Whitney U test; p < 0.05).

4.2. Histopathological Changes in the Striatal Area of GBM and GBM+Anastrozole Mice

We analyzed the tumor volume of GBM vs. GBM+anastrozole (Figure 2A–C). The
anastrozole-treated animals did not show statistical differences in tumor volume reduction
at 14 days of treatment of 23.4 mm3 ± 2.5, with respect to 27.5 mm3 ± 3.2 of tumor volume
of GBM (Figure 2F). However, the H&E staining showed that the glioma in mice treated
with anastrozole exhibited better-defined tumor margins and fewer invasive cells to the
GBM striatum compared with other brain regions.

 

Figure 2. Histopathological changes in Striatum. (A) Photograph illustrating a transverse area in the
right striatum of an untreated GBM mouse. (B,C) Administration of anastrozole does not reduce
tumor growth in the mice glioma model. Glioblastoma tumor tissue shows morphological features
that include a disordered arrangement of clear and large cells with condensed nuclei and darkly
stained cytoplasm. Arrows point to necrotic centers indicating areas of necrosis. (D,E) Photograph of
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an area in the striatum of a GBM+anastrozole mouse showing the arrangement of cells. Arrows head
indicates vessels.Arrows without line shows necrotic area. Note that it contains fewer large cells and
a reduced number of nuclei than the striatal GBM tissue. (F) The tumor volume was measured in
mm3. (G) Graph exhibiting data of the counted tumor cells in GBM and GBM+anastrozole groups.
Bars represent mean ± SD (n = 5 animals). The asterisk indicates statistical differences between
groups (t-student test; p < 0.05). Scale bar = 50 μm and 200 μm.

Gliomas present typical malignant cell characteristics of humans, such as nuclear
atypia and multinucleation. They also exhibited areas of necrosis and palisade arrangement
(Figure 2D). The contralateral striatal area showed a normal distribution of glial cells and no
angiogenesis (Figure 2E). Compared with the GBM group, the GBM+anastrozole group ex-
hibits fewer cells in the tumor tissue (Figure 2E). Some striatum slices in GBM+anastrozole
mice did not show tumor cells. The treatment with anastrozole reduces (19%) the number
of glioblastoma cells in the striatum as compared to the GBM group (Figure 2G).

4.3. Expression of ERα and GPR30 Receptors in the Study Groups

As shown in Figure 3, the striatal cells in the GBM group present intense ERα-GFAP
staining at 14 days post-xenograft (Figure 3A). At the same time, cells in the GBM+anastrozole
group exhibited a less intense expression of ERα (Figure 3B). Furthermore, GPR30 im-
munopositive cells are present in Glioblastoma multiforme. The GBM group shows a
highly positive reaction to GPR30 cells, which co-localized mainly in the cell nucleus
(Figure 3C). In contrast, anastrozole treatment strongly reduced the GPR30-positive cells in
glioblastoma (Figure 3D).

 

Figure 3. Expression of ERα and GPR30 immunopositive C6 cells. (A) Microphotograph showing
the merge of GFAP immunopositive cells (green), ERα expression (red), and cell nuclei stained
with DAPI (blue) in striatal tissue of GBM. (B) In GBM+anastrozole mice, striatal cells and striatal
tissue exhibited a decrease in staining to ERα in GFAP and DAPI. The insert clearly shows GFAP-
immunofluorescence with ERα co-expression in glioblastoma cells. (C,D) The microphotographs
show GPR30 expression (red) and nuclei (blue) in striatal tissue slides of GBM and GBM+anastrozole
animals, respectively. GBM tissue exhibits more nuclei and higher GPR30 expression than those
observed in GBM+anastrozole tissue. Scale bar = 30 μm.

4.4. Changes in Mice Locomotion with Glioblastoma and Those Treated with Anastrozole

We analyzed the hindlimb displacement in all study groups and compared dissimilar-
ity factors before and after xenograft in the same animal. We observed a significant effect
on the DF of mice 14 days following the xenograft. The left metatarsus DF of the control
group had a statistical difference (* p = 0.029, Figure 4A) compared to the GBM group.
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The left metatarsus DF in the GBM vs. GBM+anastrozole mice groups’ curves does not
exhibit statistical differences (Figure 4A). In the left ankle, there was no difference between
the study groups (Figure 4B). The left knee DF showed statistically significant changes
between the GBM and the control group (* p = 0.0178). The differences were also present in
GBM vs. GBM+anastrozole group (* p = 0.0137). There were no differences between the
control and anastrozole-treated groups. (Figure 4C). So, there was a recovery in the DF of
treated animals.

Figure 4. Dissimilarity factor changes in metatarsus, ankle, and knee of the left hindlimb in GBM-
control and GBM+anastrozole groups. (A) The dissimilarity factor (DF) in the left hindlimb metatarsus
has a statistical difference between the control and GBM groups (* p < 0.027). (B) The DF in the
ankle did not show differences among the control, GBM, and GBM+anastrozole groups. (C) The
DF exhibited a significant difference between control versus GBM (* p < 0.0178) and GBM versus
GBM+anastrozole (* p < 0.0137). The data show Mean ± SD values. The asterisks indicated statistical
differences between groups using an ANOVA test.

4.5. The Horizontal Displacement among Different Study Groups

The left metatarsus, ankle, and knee horizontal displacement did not show a sta-
tistical difference among the study groups. Note that control vs. GBM (*), control vs.
GBM+anastrozole (+), and GBM vs. GBM+anastrozole (x) are similar (Figure 5A–C). In
contrast, the right metatarsus horizontal displacement shows a statistical difference in
GBM vs. GBM+anastrozole group from bins 86 to 100 with a 16% difference (* p < 0.05,
Figure 5D). The right ankle horizontal displacement showed a statistical difference between
GBM vs. GBM+anastrozole (x) groups from the bins 72 to 100 with a 28% difference,
and GBM+anastrozole vs. control (+) shows the difference from the bin 68–70 with a 2%
difference (Figure 5E). In the right knee, horizontal displacement shows statistical changes
in GBM+anastrozole vs. control (+) from bins 70 to 100 with a 32% difference, and in
GBM+anastrozole vs. GBM (x), from bins 82 to 100 with a 24% difference (Figure 5F).

4.6. Changes in Vertical Displacement

The left metatarsus did not differ among the studied groups (Figure 6A). In contrast,
the right metatarsus exhibited changes in the control group vs. GBM+anastrozole (+) from
bins 66 to 72 with an 8% difference, in GBM+anastrozole vs. GBM (x) from bins 56 to 58
with a 4% difference, and also in the GBM vs. control (*) group from bins 50 to 54 with a 6%
difference (Figure 6D).
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Figure 5. Left and right hindlimb metatarsus, ankle, and knee displacement in the horizontal axis.
The left metatarsus, ankle, and knee horizontal displacement does not show a statistical differ-
ence among the control and GBM groups. (A–C). The right metatarsus horizontal displacement
significantly changed in GBM vs. GBM+anastrozole groups (* p < 0.05, (D)). The right ankle hori-
zontal displacement showed significant changes in the step cycle in the GBM vs. GBM+anastrozole
groups (E). The right knee horizontal displacement showed significant changes among the GBM
and GBM+anastrozole groups, and the GBM+anastrozole versus control groups (* p < 0.05, (F)). The
symbols (*, +, x) over zero (0) indicate statistical differences between groups (student test; p < 0.05).
Every symbol corresponds to two bins.
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Figure 6. Left and right hindlimb metatarsus, ankle, and knee displacement in the vertical axis. The
left metatarsus vertical displacement was not statistically significant among groups during the step
cycle (A). The left ankle vertical displacement shows significant changes in some periods of the
step cycle (B). It occurred between control versus GBM group and GBM+anastrozole versus GBM
(* p < 0.05). The left knee vertical displacement changes significantly at the beginning of the step
cycle. It appeared between control and GBM+anastrozole groups (C). The right metatarsus shows
a statistically significant difference in various bins of the step cycle. The changes were observed in
GBM versus GBM+anastrozole group, GBM+anastrozole versus control, and control versus GBM
(* p < 0.05) (D). The right ankle vertical displacement showed a statistically significant change in the
middle of the step cycle. It occurred between the control versus GBM+anastrozole groups (* p < 0.05)
(E). The right knee vertical displacement shows a statistical difference in several parts of the step cycle.
It occurred between the GBM and the GBM+anastrozole groups, control versus GBM+anastrozole,
and control versus GBM groups (* p < 0.05) (F). The symbols (*, +, x) over zero (0) indicated statistical
differences between groups (student test; p < 0.05). Every symbol above zero corresponds to two bins
with a significant statistical difference.
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The left ankle vertical displacement showed statistically significant changes between
control vs. GBM (*) from bins 60 to 68 with an 8% difference, and GBM compared to
GBM+anastrozole (x) from bins 18 to 34 with a 16% difference (p < 0.05 * Figure 6B). The
right ankle showed a difference between control and GBM+anastrozole from bins 58 to 70
with a 12% difference (Figure 6E).

The left knee vertical displacement between control vs. GBM+anastrozole groups
changed from bins 50 to 52 with a 4% difference (Figure 6C). The right knee vertical
displacement between GBM+anastrozole vs. GBM groups changed from bins 52 to 62 with
a 12% difference, GBM+anastrozole vs. control from bins 20 to 34 with a 14% difference,
and GBM vs. control from bins 26 to 28 and 46 to 52 with an 8% difference (* p < 0.05,
Figure 6F).

5. Discussion

The body weight loss in animals treated with anastrozole occurred in rats [13,14] and
in the transgenic female 3xTgAD mice [15]. This work described changes in body weight,
with mice maintaining their weight on days 12 and 13. Breast cancer patients commonly
report weight gain after tamoxifen or aromatase inhibitor administration [16]. Thus, we
suggest that anastrozole could contribute to maintaining weight through steroid regulation
of body weight mass.

The histopathological characteristics of the GBM developed in the striatum are similar
to those observed in patients with GBM. There is tissue necrosis, neovascularization, and
an arrangement palisade pattern of the tumor cells [17]. Glioma cells are reduced on the
14th post-treatment day, indicating an anastrozole antiproliferative and apoptotic effect.
Such results agree with work reported for lung and breast cancers [18,19].

We observed a qualitative decrease in the expression of estrogen receptors (ERα and
GPR30) in tumor GBM+anastrozole xenografted tissue. An increase in estrogen and its
receptors is associated with tumor growth in different cancer types [20]. The increase in ERα
expression was related to reduced GBM patient survival [21]. Clinical trials have shown
that anastrozole is better than selective estrogen modulators against breast cancer [22,23].
This effect is due to a systemic reduction of 17ß-estradiol and negative ERα expression
regulation [24]. The recently discovered estrogen receptor GPR30 is present in several
cancer cells [25]. The expression of this receptor plays an essential role in the tumor growth
of gastric cancer [26], breast cancer [27], and endometrial cancer [28], among others. This
study found that ERα and GPR30 decreased expression in the GBM anastrozole-treated
group. The reduced number of tumor cells could be due to low estrogen alpha and GPER
receptor expression and estrogen levels [10,29]. Further experiments are needed to quantify
estrogen receptor expression in GBM-treated anastrozole mice.

Brain tumors are related to cognitive and motor deficits [30,31]. Brain tumors signifi-
cantly affect motor networks due to alterations in cortical areas [32,33]. They also affect
functional connectivity between cortical and subcortical motor areas [34]. A study reported
important aspects concerning tumor growth evaluation and specific motor behavioral
alterations, particularly gait instability, in a rat model [35]. In clinical studies of GBM, gait
instability is a common motor symptom caused by tumor invasion [36,37]. GBM models
in rats show regions of focal invasion into brain tissue, similar to the diffuse infiltrating
pattern seen in GBM patients [38]. Glioblastoma growth into motor areas is associated
with an alteration in gait locomotion. A critical area related to locomotion is the striatum,
and modifications in this area may produce complications in the rhythmic alternation
of limbs [39]. The striatum modulates treadmill locomotion in rats and humans during
free walking [6,40]. The GBM can produce diverse motor alterations because it has no
defined limits.

In our experiments, we observed a reduction in the dissimilarity factors and, con-
sequently, an improvement in the left hindlimb metatarsus and knee displacement in
GBM+anastrozole mice. Thus, anastrozole improved gait locomotion, probably due to a
brain tumor reduction in the right motor area (Figure 4). Concerning the step cycle changes,
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the horizontal and vertical displacement of the right side showed differences between
the study groups. GBM tumor growth in the striatum may lead to impaired hindlimb
displacement and motor impairment in each step cycle [37]. Further studies are needed to
establish the relationship between lesion location resulting in the effects of tumors, or the
pathways producing changes in the spinal cord central pattern generators [41]. Following
the motor deficit found in our experiments, treatment and rehabilitation will depend on
previous treatments, tumor area swelling, and invasivity.

The locomotor system comprises centers in the brainstem controlling spinal circuitry.
The motor deficits of several hindlimb joint displacements could be attributed to the
dispersed commands to engage the joint generator circuits [42,43].

In mice walking over-ground, we found changes in the right metatarsus, ankle, and
knee joints after anastrozole. It seems possible that GBM progression and regression
occur differentially in the right and left brain stems. Further studies are necessary to
evaluate the recovery of brain stem–spinal cord pathways and their relationship with
tumor size reduction. It will be interesting to study why anastrozole reduces the horizontal
displacement in the right hindlimb. Reducing the step cycle’s variability could help stabilize
locomotion and navigation. The hindlimbs’ right gait compensation could stabilize the
correct hindlimb gait.

Additionally, our study showed that the alterations in vertical displacement were
more dispersed than horizontal displacement in both hindlimbs. The neural pathways
that activate the displacement are not known, and neither are the tumor dimensions nor
the precise infiltration. Anastrozole produces differential effects in the tumoral cells. We
need to study the spatial tumor dimensions to propose an anastrozole effect to obtain a
clear conclusion.

An important finding is that the vertical axis of the displacement of GBM+anastrozole
is similar to the control group, which implies that anastrozole regulates the changes due to
GBM in the ankle joint displacement.

The pyramidal pathways project to motor neurons and the CPG (Central Pattern
Generator). They adapt the basic locomotor pattern to environmental constraints [44,45].
They could participate in adapting the motor system to the brain stem alterations produced
by the tumor.

In this study, the variations found in horizontal and vertical displacements in the dif-
ferent joints suggest independent burst pattern generators for each joint of both hindlimbs
on several projections coming from the brain stem.

6. Conclusions

We addressed the functional relevance of the antineoplastic effect of anastrozole treat-
ment by regulating the ERα and GPR30 expression in GBM xenograft. Thus, anastrozole
partially recovered joint displacement by modifications in vertical and horizontal displace-
ments in different phases of the step cycle. It will be interesting to study whether similar
results occur in some patients with GBM exhibiting locomotion alterations. Hindlimb
displacement and gait locomotion analysis could be a valuable methodological tool in ex-
perimental and clinical studies to develop new therapeutic approaches against locomotive
deficits produced by GBM.
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