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Abstract

Glioblastoma (GBM)is a highly aggressive primary malignant brain tumor with a dismal prognosis despite current treatment strategg
Inflammation plays an essential role in GBM pathophysiology, contributing to tumor growth, invasion, immunosuppression, and
angiogenesis. As a result, pharmacological intervention with anti-inflammatory drugs has been used as a potential approach for
the management of GBM. To provide an overview of the current understanding of GBM pathophysiology, potential therapeutic
applications of anti-inflammatory drugs in GBM, conventional treatments of glioblastoma and emerging therapeutic approaches
currently under investigation. A narrative review was carried out, scanning publications from 2000 to 2023 on PubMed and
Google Scholar. The search was not guided by a set research question or a specific search method but rather focused on the
area of interest. Conventional treatments such as surgery, radiotherapy, and chemotherapy have shown some benefits, but their
effectiveness is limited by various factors such as tumor heterogeneity and resistance.

Abbreviations: BCNU = carmustine, COX = cycloxgenase, GBM = glioblastoma, GFAP = glial fibrillary acidic protein, MRI =

magnetic resonance imaging, NSAIDs = nonsteroidal anti-inflammatory drugs, TMZ = temozolomide.
Keywords: anti-inflammatory, glioblastoma, inflammation, therapeutics, tumors

1. Introduction

Glioblastoma (GBM) is a type of malignant brain tumor that
arises from glial cells and the most common and aggressive
form of primary brain tumors, accounting for approximately
15% of all brain tumors and 50% of all gliomas.!"3 This dis-
order is classified as a grade IV astrocytoma according to the
World Health Organization classification system. It is char-
acterized by its diffuse and infiltrative growth pattern, making
it difficult to completely remove through surgery only.’! The
exact cause of GBM is still not fully understood. However,
several risk factors have been identified, including age, genetic
mutations, exposure to ionizing radiation, and certain genetic
disorders.[®!

Inflammation plays a complicated role in the development
and progression of GBM."I It can promote tumor growth,
invasion, angiogenesis, and therapy resistance through vari-
ous mechanisms, including immune cell activation, genetic and
epigenetic alterations, and changes in the tumor microenviron-
ment.’1% Symptoms of GBM vary can include headaches, sei-
zures, cognitive impairment, and weakness on one side of the
body.l11:12]

GBM patients have almost 15-month median survival time
despite years of research and clinical trials, despite decades
of research and clinical trials.""3! Genetic mutations and
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signaling pathways associated with GBM growth and survival
have led to the development of targeted therapies. Similarly,
the use of immunotherapy, such as immune checkpoint inhib-
itors and chimeric antigen receptor T-cell therapy, has shown
promise in activating the immune system to recognize and
attack GBM cells.l'"!5] Furthermore, recent clinical trials have
evaluated the efficacy of combination therapies that involve
different modalities, such as surgery, radiotherapy, and che-
motherapy, as well as newer therapies like immunotherapy
and gene therapy.!¢!

1.1. Role of inflammation in GBM

One key mechanism by which inflammation influences GBM
is through the activation of immune cells in the brain, such as
microglia and macrophages.!'”! These immune cells can release
pro-inflammatory cytokines and other molecules that promote
tumor growth, invasion, and angiogenesis.'¥! Additionally, these
immune cells can promote the development of an immunosup-
pressive tumor microenvironment, which delays the immune
system’s ability to mount an effective antitumor response.!'”!
Inflammation also affects the genetic and epigenetic alterations
in glioblastoma cells.”?”! Studies have shown that inflammatory
signaling pathways can activate oncogenic pathways and lead
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to DNA damage and mutations in glioblastoma cells, contrib-
uting to tumor initiation and progression.??? Studies have
shown that inflammatory signaling pathways can be activated
in response to chemotherapy and radiation, leading to treatment
resistance and tumor recurrence.?*?* Inflammation-induced
changes in the tumor microenvironment, such as increased
angiogenesis and immunosuppression, can also promote resis-
tance to therapy.!>-2¢!

2. Pathophysiology of glioblastoma

The most common subtype of GBM, known as primary GBM,
arises de novo without any preceding low-grade precursor
lesion.l?”281 Secondary GBM arises from the transformation of
a lower-grade astrocytoma.?”’ GBM is characterized by a wide
range of genetic and epigenetic alterations that contribute to
its aggressive behavior.’% These alterations include mutations in
oncogenes, tumor suppressor genes, and genes involved in DNA
repair and signaling pathways.!"* Some of the most frequently
mutated genes in GBM include TP53, PTEN, EGFR, IDH1, and
NF1.3Y One of the most important markers of GBM is its ability
to infiltrate surrounding brain tissue, making complete surgical
removal of the tumor impossible.*? This infiltrative growth pat-
tern is due, in part, to the presence of glioma stem cells, which
are a subpopulation of GBM cells that have the ability to self-
renew and differentiate into multiple cell types.’>*’1 Glioma
stem cells are thought to contribute to tumor initiation, mainte-
nance, and resistance to therapy.’**

3. Diagnosis of glioblastoma

Clinical diagnosis of GBM typically involves a thorough neuro-
logical examination, including assessments of motor and sensory
function, reflexes, and coordination.’>3¢ Imaging studies, such as
magnetic resonance imaging (MRI) and computed tomography,
are also used to detect the presence of a brain tumor and to evalu-
ate its location, size, and invasion into adjacent structures.?”? MRI
is the imaging modality of choice for diagnosing GBM due to its
superior sensitivity and specificity in detecting brain tumors.®!
The imaging features of GBM include a heterogeneously enhanc-
ing mass with irregular borders and central necrosis.’”) Other
imaging findings may include peritumoral edema, midline shift,
and hydrocephalus.*"! Histopathological examination of a biopsy
or resected specimen is required to confirm the diagnosis of GBM
and to determine its molecular subtype.*!l

Laboratory tests, such as blood tests and cerebrospinal fluid
analysis, can also provide valuable diagnostic information in
GBM." Blood tests can assess the levels of certain biomark-
ers, such as the glial fibrillary acidic protein, which is a marker
of astrocytic differentiation and is commonly expressed in
GBM.*I! Cerebrospinal fluid analysis can detect the presence
of cancer cells and can be useful in diagnosing leptomeningeal
metastasis, which is a rare but serious complication of GBM.*4!
Genetic testing is also an important component of the diagnos-
tic workup in GBM.I*!I Molecular profiling of the tumor can
identify specific genetic alterations and mutations that can guide
treatment decisions and predict prognosis.[*!

4. Pharmacological intervention

Treatments with anti-inflammatory drugs has emerged as a
promising strategy for GBM management. Several classes of
anti-inflammatory drugs have been studied for their potential
efficacy against GBM, including nonsteroidal anti-inflammatory
drugs (NSAIDs), corticosteroids, and immune modulators.
NSAIDs: NSAIDs are a class of drugs that inhibit the activity
of cyclooxygenase (COX) enzymes, which are involved in the
production of pro-inflammatory prostaglandins.®#”! Preclinical
studies have shown that NSAIDs can inhibit GBM cell
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proliferation, induce apoptosis, and reduce angiogenesis.*! One
of the key mechanisms by which NSAIDs may exert antitumor
effects in GBM is through the inhibition of COX-2, an isoform
of the COX enzyme that is upregulated in GBM cells.*) COX-2
expression has been shown to be associated with increased
tumor aggressiveness and poorer prognosis in GBM patients.*”!
Selective COX-2 inhibitors, such as celecoxib, can inhibit GBM
cell proliferation, induce apoptosis, and reduce angiogenesis.
Celecoxib has also been shown to inhibit the invasion of GBM
cells through the downregulation of matrix metalloproteinases,
which are enzymes involved in the breakdown of extracellu-
lar matrix, a crucial step in tumor invasion.’! NSAIDs may
also modulate the inflammatory microenvironment in GBM.
Inflammatory mediators released by GBM cells contribute to
the establishment of an immunosuppressive microenvironment
that promotes tumor growth and invasion.’! NSAIDs have
been shown to reduce the production of pro-inflammatory cyto-
kines, chemokines, and prostaglandins, and inhibit the activa-
tion of immune cells, such as tumor-associated macrophages
and microglia, which play a role in supporting tumor growth
and immune evasion in GBM.** NSAIDs may also interact with
other signaling pathways involved in GBM pathogenesis. For
example, NSAIDs have been shown to inhibit the Akt/mTOR
pathway, which is frequently dysregulated in GBM and plays a
role in cell survival, proliferation, and angiogenesis.*?l NSAIDs
have also been shown to modulate the Wnt/p-catenin pathway,
which is involved in GBM stem cell self-renewal and differenti-
ation.** These findings suggest that NSAIDs may have pleiotro-
pic effects on multiple pathways involved in GBM development
and progression.

Corticosteroids: Corticosteroids are commonly used in the
management of glioblastoma to alleviate symptoms related to
tumor-induced edema and inflammation.*¥ The use of corti-
costeroids in GBM is primarily aimed at reducing peritumoral
edema, which can lead to symptoms such as headache, nausea,
and neurological deficits.lS! Corticosteroids, such as dexametha-
sone and prednisone, exert their effects by reducing inflammation
and edema through various mechanisms.®57! They act by inhib-
iting the production of inflammatory mediators, such as prosta-
glandins and cytokines, and reducing capillary permeability, thus
reducing the accumulation of fluid in the peritumoral tissue.l>!
Corticosteroids also have immunosuppressive effects, which can
further help in reducing inflammation and edema in GBM.®!

Prolonged use of corticosteroids can lead to various adverse
effects, including hyperglycemia, immunosuppression, oste-
oporosis, muscle wasting, and gastrointestinal bleeding.””! It
may also have potential negative effects on tumor growth, as
they can inhibit the immune response against tumor cells and
promote angiogenesis, which is a critical process in tumor pro-
gression.l®”! It can also interfere with the assessment of treat-
ment response and monitoring of disease progression, as they
can mask the clinical and radiological changes in the tumor.
Furthermore, studies investigating the impact of corticoste-
roids on overall survival and disease progression in GBM have
yielded conflicting results. Some review studies have suggested
that prolonged corticosteroid use may be associated with lower
survival outcomes in GBM patients,'!! while others have not
found a significant association. The optimal duration and dos-
age of corticosteroid therapy in GBM remain unclear, and the
potential risks and benefits need to be carefully weighed in each
individual patient.’¥ Overall, corticosteroids play a role in the
management of GBM by reducing peritumoral edema and alle-
viating symptoms.

5. Conventional treatments for glioblastoma

5.1. Surgery techniques and outcomes

Conventional surgical techniques, such as craniotomy, are
commonly used to remove the tumor and obtain a biopsy for
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histopathological analysis.!®?! The goals of surgery in GBM
include maximizing the extent of resection, reducing mass
effect, and relieving symptoms.[*3! However, the extent of resec-
tion is often limited by the infiltrative nature of the tumor and
the proximity of critical brain structures, such as the motor and
language areas.®¥! Several advanced surgical techniques have
been developed to improve the outcomes of surgery in GBM.
These techniques include fluorescence-guided surgery, intraop-
erative magnetic resonance imaging, and awake craniotomy.!®’!
Fluorescence-guided surgery involves the use of fluorescent dyes,
such as S-aminolevulinic acid, which are selectively taken up
by tumor cells and can be visualized under a specialized micro-
scope.l’®l This technique can improve the extent of removal and
reduce the risk of tumor recurrence.l”! Intraoperative mag-
netic resonance imaging involves the use of a specialized MRI
machine that is located in the operating room, allowing for real-
time imaging during surgery.!*®!

The outcomes of surgery in GBM depend on several factors,
including the extent of resection, the location and size of the
tumor, and the patient’s overall health. Despite advances in sur-
gical techniques, GBM remains a challenging tumor to treat,
and the majority of patients experience tumor recurrence and
disease progression.[63

5.2. Radiotherapy techniques and outcomes

Radiotherapy is the standard treatment approach for GBM and
is typically delivered after surgery to target residual tumor cells
and prevent recurrence.” Conventional radiotherapy tech-
niques, such as external beam radiation therapy, are commonly
used in the treatment of GBM."" External beam radiation ther-
apy involves the delivery of high-energy radiation to the tumor
site from an external source.”” The radiation is delivered in
small daily fractions over a period of several weeks, to maxi-
mize tumor control while minimizing radiation-related toxicity
to surrounding normal tissues.”?! The outcomes of radiotherapy
in GBM depend on several factors, including the total radia-
tion dose, the fractionation schedule, and the patient’s overall
health.” In general, higher radiation doses are associated with
better tumor control and survival outcomes. However, higher
doses also increase the risk of radiation-related toxicity, such as
radiation necrosis, which can lead to neurological deficits.

Advanced radiotherapy techniques, such as intensity-
modulated radiation therapy and stereotactic radiosurgery,
have been developed to improve the outcomes of radiotherapy
in GBM.I7571 IMRT allows for the delivery of higher radia-
tion doses to the tumor while sparing normal tissues, thereby
reducing the risk of radiation-related toxicity.’”? SRS involves
the delivery of a high dose of radiation to the tumor in a sin-
gle fraction, using a highly precise targeting system.!”s! The out-
comes of advanced radiotherapy techniques in GBM have been
promising, with some studies showing improved tumor control
and survival outcomes compared to conventional radiotherapy
techniques. However, these techniques are not without risks,
and careful patient selection and monitoring are essential to
minimize the risk of radiation-related toxicity

5.3. Chemotherapy drugs and outcomes

Chemotherapy is an important component of the multimodal
treatment approach for GBM and is typically administered in
combination with surgery and radiotherapy.” Chemotherapy
drugs work by targeting rapidly dividing cancer cells and pre-
venting them from growing and dividing.">! The most commonly
used include temozolomide (TMZ) and carmustine (BCNU).!5!
Newer chemotherapy drugs, for example, bevacizumab and
temsirolimus, have been investigated in clinical trials for the
GBM management.®!l
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5.3.1. Temozolomide. TMZ is an alkylating chemotherapy
drug that is commonly used in the treatment of GBM.#? It is
an oral drug has shown efficacy in improving survival outcomes
in patients with GBM.!®3 TMZ has a high oral bioavailability
and is rapidly absorbed in the gastrointestinal tract.®¥ The
elimination half-life of TMZ is approximately 1.8 hours, and
the drug is generally administered daily for several weeks in
combination with radiotherapy after surgery.®' TMZ works by
alkylating DNA and inducing cytotoxicity in rapidly dividing
cancer cells. The drug is converted into a reactive intermediate
that methylates the O6 position of guanine, which leads to the
formation of DNA adducts and crosslinks, ultimately resulting
in DNA damage and cell death.®®

5.3.2. Carmustine. BCNU is an alkylating chemotherapy
drug that has been used in the treatment of GBM for several
decades.®”! It is an intravenous drug that has shown efficacy in
improving survival outcomes in patients with GBM.!*$) BCNU
is a lipophilic drug that readily crosses the blood-brain barrier.
It is rapidly metabolized in the liver by the cytochrome P450
enzyme system and has a half-life of approximately 15 to 20
hours.®”! The drug is generally administered every 6 to 8 weeks
after surgery. BCNU works by alkylating DNA and inducing
cytotoxicity in rapidly dividing cancer cells.”® The drug is
converted into a reactive intermediate that reacts with DNA
to form adducts and crosslinks, ultimately resulting in DNA
damage and cell death.!

BCNU is associated with several side effects, including mye-
losuppression, gastrointestinal toxicity, and pulmonary toxic-
ity.’®) Myelosuppression is the most common side effect and
can result in thrombocytopenia, leukopenia, and anemia.!!
Gastrointestinal toxicity can result in nausea, vomiting, and
diarrhea, which can be managed with antiemetic medications
and supportive care measures. Pulmonary toxicity, which is less
common, can result in interstitial pneumonitis and fibrosis and
can be life-threatening.”?l One notable side effect of BCNU is the
development of delayed neurotoxicity, which can occur several
months after treatment.”> This can result in progressive cerebel-
lar ataxia, dementia, and other neurological symptoms.3!

5.3.3. Bevacizumab. Bevacizumab is a monoclonal antibody
has been used in the treatment of GBM.P4 It is an intravenous
drug that has shown promise in improving progression-free
survival in patients with GBM."”’! Bevacizumab has a half-life of
almost 20 days and is administered intravenously every 2 to 3
weeks.”! The drug does not cross the blood-brain barrier, so it
works by blocking vascular endothelial growth factor signaling
in the periphery and disrupting angiogenesis in the tumor
microenvironment.”” Bevacizumab works by binding to and
inhibiting vascular endothelial growth factor, thereby blocking
the growth of new blood vessels and reducing the blood supply
to the tumor.”® This leads to tumor cell death and improved
clinical outcomes in some patients.

Bevacizumab is associated with several side effects, includ-
ing hypertension, bleeding, thromboembolism, gastrointestinal
perforation, and impaired wound healing.®! Hypertension is
the most common side effect and can be managed with antihy-
pertensive medications.”” Bleeding and thromboembolism are
less common but can be life-threatening.!'®! Gastrointestinal
perforation is a rare but serious complication that can lead to
abdominal pain, fever, and sepsis.!""!]

5.3.4. Temsirolimus. Temsirolimus is an intravenous drug that
belongs to the class of mammalian target of rapamycin (mTOR)
inhibitors and has been investigated for its use in the treatment
of GBM.!"2I Temsirolimus has a half-life of approximately 17
to 30 hours and is administered intravenously once weekly.!'3!
mTOR is a key regulator of cellular growth and survival
pathways, and it is frequently dysregulated in cancer, including
GBM.!"" Temsirolimus works by inhibiting mTOR, thereby
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blocking downstream signaling pathways that promote tumor
cell growth and survival.['!

Temsirolimus is associated with several side effects,
including hematologic toxicity (neutropenia, anemia, throm-
bocytopenia), hyperglycemia, hyperlipidemia, rash, and
mucositis.'9%1%]1 Hematologic toxicity is the most common
side effect and can be managed with dose reductions or sup-
portive care.['% Hyperglycemia and hyperlipidemia are com-
mon metabolic side effects and can be managed with lifestyle
modifications or medication.['”! Rash and mucositis are less
common but can be managed with supportive care or topical
treatments. 108!

6. Emerging therapeutic approaches for
glioblastoma

Immunotherapy has emerged as a promising treatment strategy
for GBM, including the use of checkpoint inhibitors, chimeric
antigen receptor T-cells, and vaccines. Checkpoint inhibitors
are monoclonal antibodies that target inhibitory receptors on
T cells, such as PD-1 and CTLA-4, which can be upregulated in
the tumor microenvironment and inhibit the antitumor immune
response. 101101

7. Conclusion

Recent updates in GBM treatment represent important advance-
ments in our understanding of this devastating disease and offer
new opportunities for improving patient outcomes. Further
efforts and collaborations are needed from researchers, cli-
nicians, and patients to continue making progress in the fight
against GBM.

Author contributions

Conceptualization: Nasser M. Alorfi.

Data curation: Nasser M. Alorfi, Fahad S. Alshehri.
Formal analysis: Nasser M. Alorfi.

Funding acquisition: Nasser M. Alorfi.
Investigation: Nasser M. Alorfi.

Methodology: Nasser M. Alorfi.

Validation: Adnan S. Alharbi.

Visualization: Ahmed M. Ashour.

References

[1] Tamimi AF, Juweid M. Epidemiology and outcome of glioblastoma. In:
Glioblastoma. 2017:143-53

[2] Wirsching HG, Galanis E, Weller M. Glioblastoma. Handb Clin
Neurol. 2016;134:381-97.

[3] Goodenberger ML, Jenkins RB. Genetics of adult glioma. Cancer

Genet. 2012;205:613-21.

Penas-Prado M, Armstrong TS, Gilbert MR. Glioblastoma. Handb Clin

Neurol. 2012;105:485-506.

[5] D’Alessio A, Proietti G, Sica G, Scicchitano BM. Pathological and
molecular features of glioblastoma and its peritumoral tissue. Cancers
(Basel). 2019;11:469.

[6] Hanif F, Muzaffar K, Perveen K, Malhi SM, Simjee SU. Glioblastoma
multiforme: a review of its epidemiology and pathogenesis through clin-
ical presentation and treatment. Asian Pac ] Cancer Prev. 2017;18:3-9.

[7] Roesler R, Dini SA, Isolan GR. Neuroinflammation and immunoreg-
ulation in glioblastoma and brain metastases: recent developments in
imaging approaches. Clin Exp Immunol. 2021;206:314-24.

[8] Sharma P, Aaroe A, Liang J, Puduvalli VK. Tumor microenvironment
in glioblastoma: current and emerging concepts. Neurooncol Adv.
2023;5:1-16.

[9] Ghosh M, Lenkiewicz AM, Kaminska B. The interplay of tumor
vessels and immune cells affects immunotherapy of glioblastoma.

Biomedicines. 2022;10:2292.

[4

Medicine

[10] Galvdo RP, Zong H. Inflammation and gliomagenesis: bi-directional
communication at early and late stages of tumor progression. Curr
Pathobiol Rep. 2013;1:19-28.

[11] Yuile P, Dent O, Cook R, Biggs M, Little N. Survival of glioblastoma
patients related to presenting symptoms, brain site and treatment vari-
ables. J Clin Neurosci. 2006;13:747-51.

[12] Faivre G, Pentsova E, Demopoulos A, Taillibert S, Rosenblum M,
Omuro A. Clinical reasoning: worsening neurologic symptoms in a
brain tumor patient. Neurology. 2015;85:e57-61.

[13] Batich KA, Reap EA, Archer GE, et al. Long-term survival in glioblas-
toma with cytomegalovirus Pp65-targeted vaccination. Clin Cancer
Res. 2017;23:1898-909.

[14] Kanu OO, Hughes B, Di C, et al. Glioblastoma multiforme oncogenom-
ics and signaling pathways. Clin Med Oncol. 2009;3:39-52.

[15] Medikonda R, Dunn G, Rahman M, Fecci P, Lim M. A review of glio-
blastoma immunotherapy. ] Neurooncol. 2020;151:41-53.

[16] Pop S, Enciu AM, Necula LG, Tanase C. Long non-coding RNAs in
brain tumours: focus on recent epigenetic findings in glioma. J Cell Mol
Med. 2018;22:4597-610.

[17] Poon CC, Sarkar S, Yong VW, Kelly JJP. Glioblastoma-associated
microglia and macrophages: targets for therapies to improve prognosis.
Brain. 2017;140:1548-60.

[18] Yeo ECE, Brown MP, Gargett T, Ebert LM. The role of cytokines and
chemokines in shaping the immune microenvironment of glioblastoma:
implications for immunotherapy. Cells. 2021;10:607-25.

[19] DeCordova S, Shastri A, Tsolaki AG, et al. Molecular heterogeneity
and immunosuppressive microenvironment in glioblastoma. Front
Immunol. 2020;11:1402.

[20] Chen N, Peng C, Li D. Epigenetic underpinnings of inflammation: a
key to unlock the tumor microenvironment in glioblastoma. Front
Immunol. 2022;13:869307.

[21] Pearson JRD, Regad T. Targeting cellular pathways in glioblastoma
multiforme. Signal Transduct Target Ther. 2017;2:17040.

[22] Khabibov M, Garifullin A, Boumber Y, et al. Signaling pathways and
therapeutic approaches in glioblastoma multiforme (review). Int J
Oncol. 2022;60:69.

[23] Vyas D, Laput G, Vyas AK. Chemotherapy-enhanced inflammation
may lead to the failure of therapy and metastasis. Onco Targets Ther.
2014;7:1015-23.

[24] Zhao H, Wu L, Yan G, et al. Inflammation and tumor progression:
signaling pathways and targeted intervention. Signal Transduct Target
Ther. 2021;6:263.

[25] Al-kharboosh R, ReFaey K, Lara-Velazquez M, Grewal SS, Imitola J,
Quifiones-Hinojosa A. Inflammatory mediators in glioma microenvi-
ronment play a dual role in gliomagenesis and mesenchymal stem cell
homing: implication for cellular therapy. Mayo Clin Proc Innov Qual
Outcomes. 2020;4:443-59.

[26] Greten FR, Grivennikov SI. Inflammation and cancer: triggers, mecha-
nisms and consequences. Immunity. 2019;51:27-41.

[27] Doan NB, Alhajala H, Al-Gizawiy MM, et al. Acid ceramidase and its
inhibitors: a de novo drug target and a new class of drugs for kill-
ing glioblastoma cancer stem cells with high efficiency. Oncotarget.
2017;8:112662-74.

[28] Kamson DO, Khela HS, Laterra J. Investigational new drugs against
glioblastoma. In: Glioblastoma Resistance to Chemotherapy: Molecular
Mechanisms and Innovative Reversal Strategies. 2021:31-77.

[29] Jaeckle KA, Decker PA, Ballman KV, et al. Transformation of low grade
glioma and correlation with outcome: an NCCTG database analysis. ]
Neurooncol. 2011;104:253-9.

[30] Pangeni RP, Zhang Z, Alvarez AA, et al. The impact of epigenetic modi-
fications on adaptive resistance evolution in glioblastoma. Int ] Mol Sci.
2021;22:8324.

[31] Appin CL, Brat DJ. Molecular genetics of gliomas. Cancer J.
2014;20:66-72.

[32] Darmanis S, Sloan SA, Croote D, et al. Single-cell RNA-Seq analysis of
infiltrating neoplastic cells at the migrating front of human glioblas-
toma. Cell Rep. 2017;21:1399-410.

[33] Bayin NS, Modrek AS, Placantonakis DG. Glioblastoma stem cells:
molecular characteristics and therapeutic implications. World J Stem
Cells. 2014;6:230-8.

[34] Lathia JD, Mack SC, Mulkearns-Hubert EE, Valentim CLL, Rich JN.
Cancer stem cells in glioblastoma. Genes Dev. 2015;29:1203-17.

[35] Gilard V, Tebani A, Dabaj 1, et al. Diagnosis and management of glio-
blastoma: a comprehensive perspective. ] Pers Med. 2021;11:258.

[36] Zhang P, Xia Q, Liu L, Li S, Dong L. Current opinion on molecular
characterization for GBM classification in guiding clinical diagnosis,
prognosis, and therapy. Front Mol Biosci. 2020;7:562798.



Alorfi et al. ® Medicine (2024) 103:21

[37] Aldape K, Zadeh G, Mansouri S, Reifenberger G, von Deimling A.
Glioblastoma: pathology, molecular mechanisms and markers. Acta
Neuropathol. 2015;129:829-48.

[38] Ideguchi M, Kajiwara K, Goto H, et al. MRI findings and pathological
features in early-stage glioblastoma. ] Neurooncol. 2015;123:289-97.

[39] Urbanska K, Sokolowska J, Szmidt M, Sysa P. Glioblastoma multiforme
—an overview. Contemp Oncol (Pozn). 2014;18:307-12.

[40] Derinkuyu BE, Boyunaga O, Okur A, et al. Primary intraspinal glioblas-
toma multiforme in a child. Spine J. 2015;15:e37-8.

[41] Mikkelsen VE, Solheim O, Salvesen O, Torp SH. The histological rep-
resentativeness of glioblastoma tissue samples. Acta Neurochir (Wien).
2021;163:1911-20.

[42] Wang ZL, Zhang CB, Liu YQ, Wang Z, Jiang T. Peripheral blood test
provides a practical method for glioma evaluation and prognosis pre-
diction. CNS Neurosci Ther. 2019;25:876-83.

[43] Tichy J, Spechtmeyer S, Mittelbronn M, et al. Prospective evaluation of
serum glial fibrillary acidic protein (GFAP) as a diagnostic marker for
glioblastoma. ] Neurooncol. 2016;126:361-9.

[44] Figueroa JM, Carter BS. Detection of glioblastoma in biofluids. J
Neurosurg. 2017;129:334-40.

[45] Hoelzinger DB, Mariani L, Wies J, et al. Gene expression profile of
glioblastoma multiforme invasive phenotype points to new therapeutic
targets. Neoplasia. 2005;7:7-16.

[46] Bacchi S, Palumbo P, Sponta A, Coppolino ME Clinical pharmacol-
ogy of non-steroidal anti-inflammatory drugs: a review. Antiinflamm
Antiallergy Agents Med Chem. 2012;11:52-64.

[47] Alorfi NM. Pharmacological methods of pain management: narrative
review of medication used. Int ] Gen Med. 2023;16:3247-56.

[48] Pountos I, Georgouli T, Bird H, Giannoudis PV. Nonsteroidal anti-
inflammatory drugs: prostaglandins, indications, and side effects. Int |
Interf Cytokine Mediat Res. 2011;3:19-27.

[49] Qiu J, Shi Z, Jiang J. Cyclooxygenase-2 in glioblastoma multiforme.
Drug Discov Today. 2017;22:148-56.

[50] Gabriely G, Wurdinger T, Kesari S, et al. MicroRNA 21 promotes gli-
oma invasion by targeting matrix metalloproteinase regulators. Mol
Cell Biol. 2008;28:5369-80.

[51] Lopes DV, de Fraga Dias A, Silva LFL, et al. Influence of NSAIDs and
methotrexate on CD73 expression and glioma cell growth. Purinergic
Signal. 2021;17:273-84.

[52] Bai Y, Guo N, Chen Q, Chen Y, Bi Z. Ibuprofen on proliferation and
apoptosis of sarcoma cells via PI3K/Akt/MTOR signaling pathway.
Cell Mol Biol (Noisy-le-grand). 2022;67:73-80.

[53] Takahashi-Yanaga F, Sasaguri T. The Wnt/B-catenin signaling pathway
as a target in drug discovery. ] Pharmacol Sci. 2007;104:293-302.

[54] Dietrich J, Rao K, Pastorino S, Kesari S. Corticosteroids in brain cancer
patients: benefits and pitfalls. Expert Rev Clin Pharmacol.2011;4:233-42.

[55] Lee EQ, Wen PY. Corticosteroids for peritumoral edema: time to over-
come our addiction? Neuro Oncol. 2016;18:1191-2.

[56] Cenciarini M, Valentino M, Belia S, et al. Dexamethasone in glioblas-
toma multiforme therapy: mechanisms and controversies. Front Mol
Neurosci. 2019;12:448734.

[57] Pitter KL, Tamagno I, Alikhanyan K, et al. Corticosteroids compromise
survival in glioblastoma. Brain. 2016;139:1458-71.

[58] Himes BT, Geiger PA, Ayasoufi K, Bhargav AG, Brown DA, Parney IE.
Immunosuppression in glioblastoma: current understanding and thera-
peutic implications. Front Oncol. 2021;11:770561.

[59] Wharton S, Raiber L, Serodio KJ, Lee J, Christensen RAG. Medications
that cause weight gain and alternatives in Canada: a narrative review.
Diabetes Metab Syndr Obes. 2018;11:427-38.

[60] Alonso-Diez A, Céceres S, Pefia L, Crespo B, Illera JC. Anti-angiogenic
treatments interact with steroid secretion in inflammatory breast cancer
triple negative cell lines. Cancers (Basel). 2021;13:3668.

[61] Zhou L, Shen Y, Huang T, et al. The prognostic effect of dexamethasone
on patients with glioblastoma: a systematic review and meta-analysis.
Front Pharmacol. 2021;12:2318.

[62] Mathios D, Phallen J. Circulating biomarkers in glioblastoma: ready
for prime time? Cancer J. 2021;27:404-9.

[63] Hentschel SJ, Lang FE. Current surgical management of glioblastoma.
Cancer J. 2003;9:113-25.

[64] Seker-Polat F, Degirmenci NP, Solaroglu I, Bagci-Onder T. Tumor cell
infiltration into the brain in glioblastoma: from mechanisms to clinical
perspectives. Cancers. 2022;14:443.

[65] Lara-Velazquez M, Al-Kharboosh R, Jeanneret S, et al. Advances in
brain tumor surgery for glioblastoma in adults. Brain Sci. 2017;7:166.

[66] Kim SK, Choi SH, Kim YH, Park CK. Impact of fluorescence-guided
surgery on the improvement of clinical outcomes in glioblastoma
patients. Neurooncol Pract. 2014;1:81-5.

www.md-journal.com

[67] Yano S, Miwa S, Kishimoto H, et al. Experimental curative fluorescence-
guided surgery of highly invasive glioblastoma multiforme selec-
tively labeled with a killer-reporter adenovirus. Mol Ther. 2015;23:
1182-8.
Shiroishi MS, Boxerman JL, Pope WB. Physiologic MRI for assessment
of response to therapy and prognosis in glioblastoma. Neuro Oncol.
2015;18:467-78.
Young RM, Jamshidi A, Davis G, Sherman JH. Current trends in the
surgical management and treatment of adult glioblastoma. Ann Transl
Med. 2015;3:121.
[70] Mann J, Ramakrishna R, Magge R, Wernicke AG. Advances in radio-
therapy for glioblastoma. Front Neurol. 2018;8:748.
Glaser SM, Dohopolski MJ, Balasubramani GK, Flickinger JC, Beriwal
S. Glioblastoma multiforme (GBM) in the elderly: initial treatment
strategy and overall survival. ] Neurooncol. 2017;134:107-18.
Hancock CM, Burrow MA. The role of radiation therapy in the
treatment of central nervous system tumors. Semin Oncol Nurs.
2004;20:253-9.
McKelvey KJ, Hudson AL, Donaghy H, et al. Differential effects of
radiation fractionation regimens on glioblastoma. Radiat Oncol.
2022;17:1-14.
Fuller CD, Choi M, Forthuber B, et al. Standard fractionation intensity
modulated radiation therapy (IMRT) of primary and recurrent glio-
blastoma multiforme. Radiat Oncol. 2007;2:26.
[75] Cruz N, Herculano-Carvalho M, Roque D, et al. Highlighted advances
in therapies for difficult-to-treat brain tumours such as glioblastoma.
Pharmaceutics. 2023;15:928.
Carlson JA, Reddy K, Gaspar LE, et al. Hypofractionated-intensity
modulated radiotherapy (hypo-IMRT) and temozolomide (TMZ)
with or without bevacizumab (BEV) for newly diagnosed glioblastoma
multiforme (GBM): a comparison of two prospective phase II trials. ]
Neurooncol. 2015;123:251-7.
[77] Kénig L, Jikel C, von Knebel Doeberitz N, et al. Glioblastoma radio-
therapy using intensity modulated radiotherapy (IMRT) or proton
radiotherapy—GRIPS trial (glioblastoma radiotherapy via IMRT
or Proton BeamS): a study protocol for a multicenter, prospective,
open-label, randomized, two-arm, phase III study. Radiat Oncol.
2021;16:1-7.

Lovo EE, Moreira A, Barahona KC, et al. Stereotactic radiosurgery for

recurrent glioblastoma multiforme: a retrospective multi-institutional

experience. Cureus. 2021;13:e18480.

Prelaj A, Rebuzzi SE, Grassi M, et al. Multimodal treatment for local

recurrent malignant gliomas: resurgery and/or reirradiation followed

by chemotherapy. Mol Clin Oncol. 2019;10:49.

Kalra S, Sahay R. A review on semaglutide: an oral glucagon-like

peptide 1 receptor agonist in management of type 2 diabetes mellitus.

Diabetes Ther. 2020;11:1965-82.

Moller S, Grunnet K, Hansen S, et al. A phase II trial with bevacizumab

and irinotecan for patients with primary brain tumors and progression

after standard therapy. Acta Oncol. 2012;51:797-804.

Guo Z-H, Khattak S, Rauf MA, et al. Role of nanomedicine-based

therapeutics in the treatment of CNS disorders. Molecules. 2023;28:

1283.

[83] Vinjamuri M, Adumala RR, Altaha R, Hobbs GR, Crowell EB.
Comparative analysis of temozolomide (TMZ) versus 1,3-bis (2-
chloroethyl)-1 nitrosourea (BCNU) in newly diagnosed glioblastoma
multiforme (GBM) patients. ] Neurooncol. 2009;91:221-5.

[84] Tan AC, Ashley DM, Lopez GY, Malinzak M, Friedman HS, Khasraw
M. Management of glioblastoma: state of the art and future directions.
CA Cancer J Clin. 2020;70:299-312.

[85] Herbener V], Burster T, Goreth A, et al. Considering the experimen-
tal use of temozolomide in glioblastoma research. Biomedicines.
2020;8:151.

[86] Ferri A, Stagni V, Barila D. Targeting the DNA damage response to
overcome cancer drug resistance in glioblastoma. Int | Mol Sci.
2020;21:4910-19.

[87] Giese A, Kucinski T, Knopp U, et al. Pattern of recurrence following
local chemotherapy with biodegradable carmustine (BCNU) implants
in patients with glioblastoma. ] Neurooncol. 2004;66:351-60.

[88] Cellarier E, Terret C, Labarre P, et al. Pharmacokinetic study of cys-
temustine, administered on a weekly schedule in cancer patients. Ann
Oncol. 2002;13:760-9.

[89] Parker NR, Khong P, Parkinson JF, Howell VM, Wheeler HR. Molecular
heterogeneity in glioblastoma: potential clinical implications. Front
Oncol. 2015;5:55.

[90] Darakchiev BJ, Albright RE, Breneman JC, Warnick RE. Safety and
efficacy of permanent [odine-125 seed implants and carmustine wafers

(68

[69

[71

[72

(73

[74

[76

(78

[79

(80

[81

(82



Alorfi et al.  Medicine (2024) 103:21

[91]

[92]

[93]
[94]
[95]
[96]

[97]

(98]

[99]

[100]

[101]

in patients with recurrent glioblastoma multiforme. ] Neurosurg.
2008;108:236-42.

Reithmeier T, Graf E, Piroth T, Trippel M, Pinsker MO, Nikkhah G.
BCNU for recurrent glioblastoma multiforme: efficacy, toxicity and
prognostic factors. BMC Cancer. 2010;10:1-8.

Brandes AA, Turazzi S, Basso U, et al. A multidrug combination
designed for reversing resistance to BCNU in glioblastoma multi-
forme. Neurology. 2002;58:1759-64.

Woltjer RL. Neuropathologic effects of chemical warfare agents.
Handb Toxicol Chem Warf Agents. 2009:653-63.

Lyon KA, Huang JH. Bevacizumab as an adjuvant therapy for glioblas-
toma in elderly patients: the facts. Transl Cancer Res. 2018;7:5802-5.
Gil-Gil MJ, Mesia C, Rey M, Bruna ]. Bevacizumab for the treatment
of glioblastoma. Clin Med Insights Oncol. 2013;7:123-35.
Kazazi-Hyseni F, Beijnen JH, Schellens JHM. Bevacizumab.
Oncologist. 2010;15:819-25.

de Aguiar RB, de Moraes JZ. Exploring the immunological mecha-
nisms underlying the anti-vascular endothelial growth factor activity
in tumors. Front Immunol. 2019;10:1023.

Iwamoto FM, Fine HA. Bevacizumab for malignant gliomas. Arch
Neurol. 2010;67:285-8.

Corr BR, Breed C, Sheeder ], Weisdack S, Behbakht K. Bevacizumab
induced hypertension in gynecologic cancer: does it resolve after com-
pletion of therapy? Gynecol Oncol Rep. 2016;17:65-8.

Alahmari AK, Almalki ZS, Alahmari AK, Guo JJ. Thromboembolic
events associated with bevacizumab plus chemotherapy for patients
with colorectal cancer: a meta-analysis of randomized controlled tri-
als. Am Health Drug Benefits. 2016;9:221-32.

Yoshimoto T, Yoshikawa K, Higashijima ], et al. Bevacizumab-
associated intestinal perforation and perioperative complications

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Medicine

in patients receiving bevacizumab. Ann Gastroenterol
2020;4:151-5.

Mecca C, Giambanco I, Donato R, Arcuri C. Targeting MTOR in
glioblastoma: rationale and preclinical/clinical evidence. Dis Markers.
2018;2018:9230479.

Boni ], Leister C, Burns ], Cincotta M, Hug B, Moore L.
Pharmacokinetic profile of temsirolimus with concomitant adminis-
tration of cytochrome P450-inducing medications. J Clin Pharmacol.
2007;47:1430-9.

Pépulo H, Lopes JM, Soares P. The MTOR signalling pathway in
human cancer. Int ] Mol Sci. 2012;13:1886-918.

Malizzia L], Hsu A. Temsirolimus, an MTOR inhibitor for treatment
of patients with advanced renal cell carcinoma. Clin J Oncol Nurs.
2008;12:639-46.

Xu J, Tian D. Hematologic toxicities associated with MTOR inhib-
itors temsirolimus and everolimus in cancer patients: a systematic
review and meta-analysis. Curr Med Res Opin. 2014;30:67-74.
Busaidy NL, LoRusso P, Lawhorn K, et al. The prevalence and impact
of hyperglycemia and hyperlipidemia in patients with advanced can-
cer receiving combination treatment with the mammalian target of
rapamycin inhibitor temsirolimus and insulin growth factor-receptor
antibody cixutumumab. Oncologist. 2015;20:737-41.

Kwitkowski VE, Prowell TM, Ibrahim A, et al. FDA approval sum-
mary: temsirolimus as treatment for advanced renal cell carcinoma.
Oncologist. 2010;15:428-35.

Sener U, Ruff MW, Campian JL. Immunotherapy in glioblastoma: cur-
rent approaches and future perspectives. Int ] Mol Sci. 2022;23:7046.
Bausart M, Préat V, Malfanti A. Immunotherapy for glioblastoma:
the promise of combination strategies. ] Exp Clin Cancer Res.
2022;41:1-22.

Surg.



