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A B S T R A C T  

Glioblastoma multiforme (GBM) is the most common type of malignant primary brain tumor. 

GBM, a very aggressive tumor, has a low survival rate and currently has no curative 

treatment. ATRX, TERT, TP53 mutations, loss of PTEN function, and EGFR and WT1 have 

been found to play a role in the genetic pathogenesis of GBM. It has been determined that 

ionizing radiation, obesity, some metals and chemicals, pesticides, TNF-α, IL-1 and IL-6 are 

risk factors of GBM. In GBM treatment, surgery, radiotherapy and chemotherapy are usually 

combined. Temozolomide, carmustine, irinotecan and bevacizumab are the most important 

anticancer agents used in chemotherapy for GBM therapy. Targeted molecular (precision) 

therapies, targeting DNA damage response pathways, targeting tumor metabolism, 

immunotherapies, and viral therapies are novel treatment options being studied for the 

treatment of GBM.  In this paper, the characteristics of glioblastoma multiforme (GBM), its 

incidence, genetic pathogenesis, risk factors, treatment options and drugs used in 

chemotherapy, difficulties encountered in treatment, novel therapies for GBM and challenges 

and future directions are discussed.
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1. Introduction 

The masses that are formed by the uncontrolled proliferation 

and growth of cells in the brain are defined as brain tumors 

[1–4]. Primary brain tumors (PBTs) are tumors of brain 

origin, and metastases are rare because there are no 

lymphatic vessels within the brain [2, 4–9]. The route of 

metastasis is often cerebral blood circulation and 

cerebrospinal fluid [9]. 

Secondary brain tumors (SBT) are tumors that originate in a 

different region and then spread to the brain [1–8]. Cancer 

types such as lung, skin, kidney, and breast spread through 

the arterial circulation and cause brain tumors [4, 5, 8, 10, 

11]. 
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The level of the patient's body functions, age, the type of 

surgery performed or to be performed, and the location and 

size of the tumor are factors that significantly affect the 

patient's prognosis and recovery possibilities [12]. 

Glioblastoma multiforme (GBM) is the most common type 

of malignant primary brain tumor, accounting for 

approximately 57% of all gliomas and 48% of all primary 

malignant central nervous system (CNS) tumors [13]. GBM 

is classified into two different categories: primary and 

secondary GBM [14]. Primary GBM is a tumor that accounts 

for 90% of cases, progresses without symptoms, and 

develops de novo. The mean age of incidence is 55 [14, 15]. 

Secondary GBM has a better prognosis than primary GBM 

and is seen at earlier ages. Secondary GBM occurs as a result 

of stage II or stage III astrocytomas [14]. 

GBM, which is a very aggressive tumor, was categorized as 

a stage IV tumor as a result of the classification made by the 

World Health Organization (WHO) [16]. 

The incidence of GBM varies by region, gender and age. For 

example, in the USA, incidence is 4.03 per 100000 for men 

and 2.4 per 100000 for women, without age range between 

2013 and 2017. The total incidence is 3.23 (Figure 1) [17]. 

The vast majority of GBM cases occur after the age of 40. In 

a study, it was reported that the age at diagnosis was 65 and 

over in 47.9 of the cases, and the age at diagnosis was 

between 40-64 years in 46.3 of them [18]. 

 

Figure 1 GBM incidence in the USA between 2006-2017 [17, 19, 20] 

There is no definitive treatment for GBM. In a study 

conducted in the USA, the probability of survival was found 

to be 39.7% for 1 year, 17.2% for 2 years, and 5.5% for 5 

years. There is no possibility of 10-year survival [19]. 

2. Genetic Pathogenesis of GBM 

The structures and mutations thought to be associated with 

GBM include: 

ATRX (Alpha thalassemia X-linked mental retardation 

syndrome) mutation: The ATRX gene located in Xq21.1 

encodes a protein in the chromatin remodeling pathway, 

allowing histone H3.3 to be included in heterochromatin 

[21]. These mutations are seen in approximately 57% of 

isocitrate dehydrogenase (IDH)-mutant GBMs and more 

common than in IDH-wild-type GBMs [16]. 

TERT (Telomerase reverse transcriptase) promoter 

mutation: The TERT gene encodes the enzyme telomerase, 

which is responsible for adding the missing 3' portion of a 

DNA helix during replication. Mutations in the TERT gene 

promoter causes telomere elongation and increased 

telomerase activity. Telomeres are required for brain tumor 

formation [22, 23]. The most common TERT promoter 

mutations are C228T and C250T mutations located at 144 

and 126 base pairs, respectively, and encode this promoter 

[39]. The incidence of TERT promoter mutations in IDH-

wild-type GBMs is more than in IDH-mutant GBMs [16]. 

TP53 (Tumor protein p53) mutation: The TP53 gene is a 

gene located on p13.1 on human chromosome 17. TP53 

mutations affect GBM progression [24]. Mutation of p53 

causes invasion, cell proliferation, metastasis, and increased 

drug resistance; therefore, malignancy increases [25–28]. 

TP53 mutations are more common in IDH-mutant-type 

GBMs than in IDH-wild-type GBMs [16]. 

B-RAF V600E mutation: B-RAF is responsible for cell 

growth, a mutation that activates constitutive B-RAF kinase 

causes uncontrolled cell proliferation and tumorigenesis. 

Although the B-RAF V600E mutation is thought to be 

associated with GBM, it is not yet certain [29, 30]. 

GATA4 (GATA binding protein 4): GATA4 is a repressor 

gene transcription factor of the GATA6 family. Some studies 

suggest that GATA4 is associated with GBM [31, 32]. 

EGFR (Epidermal growth factor receptor): EGFR is a 

receptor activated by EGF (epidermal growth factor) and has 

tyrosine kinase activity. EGFR supports cell proliferation by 

activating the mitogen-activated protein kinase (MAPK) and 

phosphoinositide 3-kinase (PI3K) pathways [33]. The EGFR 

gene is located at locus 7p12, and its amplification is 

observed in approximately 40% of GBMs [34]. EGFR 

amplification is more common in IDH-wild-type GBMs than 

in IDH-mutant-type GBMs [16]. 

MGMT (O 6-methylguanine DNA methyltransferase): The 

MGMT gene is located on chromosome 10q26 and encodes 

a protein responsible for DNA repair by removing an alkyl 

group from the O6 position of guanine. Some studies have 

shown that the use of MGMT inhibitors increases the 

effectiveness of temozolomide [35]. 

WT1 (Wilms tumor gene): WT1 was first identified as the 

gene responsible for Wilms tumors affecting children. 

Subsequent studies have shown that the majority of GBMs 

have WT1 [36–39]. 

PTEN (Phosphatase and tensin homolog): The PTEN gene 

is a suppressor gene located at 10q23. LOH (Loss of 

heterozygosity) or methylation mutation impairs pathways 

using PI3K and is observed in at least 60% of GBMs [40]. 

Loss of function of PTEN due to LOH and mutation is 

associated with a poor prognosis for GBM [41]. 

Meanwhile, the protective effects of female sex hormones on 

GBM development have been proven in the literature. In a 

study on the effect of female sex hormones on the incidence 

of glioma, it was observed that the risk of developing this 

cancer increased in women who had problems with 

menstruation delay and late menopause, and that the risk of 

developing cancer in women taking oral contraceptives or 

hormone replacement therapy was reduced [42]. 

3. Risk Factors of GBM 

Race and ethnicity: There is limited association between 

ethnic groups and GBM. In a study, it was found that 

Caucasians have a 2.97 times higher incidence of GBM 
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compared to Asians and 1.97 times more than African 

Americans [20]. 

Ionizing radiation: Ionizing radiation is a risk factor for 

many cancers. Direct damage to genetic materials or the 

creation of free radicals around DNA is a condition that 

increases the possibility of mutation in the genetic material 

of cells. There are studies supporting the idea that ionizing 

radiation is a risk factor for brain tumors [43]. 

Obesity: Adipose tissue has many functions in the human 

body. It has been thought that it may have an effect on the 

formation of cancer, including GBM, since it has functions 

such as secreting estrogen and pro-inflammatory substances 

in addition to storing nutrients in the form of fat [44–46]. 

There are examples of studies that support and do not support 

this idea, but these studies are statistically more significant 

for women [43]. 

Metals: The International Agency for Research on Cancer 

(IARC) has identified cadmium, cadmium compounds, 

nickel compounds, and chromium compounds as human 

carcinogens and lead as a potential carcinogen, and none of 

these have been found to be associated with brain tumors 

[43]. In a study, it was concluded that occupational exposure 

to arsenic, mercury, and petroleum products increased the 

incidence of glioma, while exposure to lead, cadmium, and 

welding fumes did not increase the risk [47]. 

Nutrition, chemicals, and pesticides: Brain tissue necrosis 

associated with GBM invasion leads to the release of 

triglycerides, which may be accompanied by the release of 

toxins rich in phospholipids and co-stored in phospholipids 

in this neural tissue [48]. Some studies have shown that 

exposure to various chemicals will cause GBM to grow, 

become more aggressive, and even increase the risk of GBM 

formation [43]. 

In an in vitro study, long-term exposure of the U87 GBM cell 

line to a pesticide mixture (chlorpyrifos-ethyl, deltamethrin, 

metiram, and glyphosate) at low doses resulted in resistance 

to some chemotherapeutics (cisplatin, temozolomide, 5-

fluorouracil, and others) and it has been observed that it 

causes an increase in the expression of ATP-binding cassette 

transporter (ABC) proteins [49]. In another study, it was 

concluded that diet, foods, or nutrition groups were not 

associated with gliomas [50]. 

Alcohol use: Alcohol can cross the blood-brain barrier 

(BBB) and consequently affect glial cells. Alcohol is also a 

risk factor in multiple cancers  [51]. Especially when alcohol 

reaches high concentrations in the body, acetaldehyde and 

reactive oxygen species, which are toxic to cells, are formed 

as a result of its metabolism. Acetaldehyde is 

neurocarcinogenic in animals. In addition, alcoholic 

beverages contain N-nitroso compounds that cause brain 

tumor formation in animals  [52–54]. However, contrary to 

what was thought in a meta-analysis, it was observed that 

alcohol use was not associated with the incidence of gliomas  

[55]. The relationship between alcohol use and the incidence 

of glioma was confirmed in another study  [56]. 

Sleep and melatonin: In a study, it was concluded that sleep 

duration is not associated with the risk of glioma [57]. As a 

result of another study, it was reported that immune 

suppression, phase shift, decrease in melatonin levels, 

decrease in antioxidant levels, metabolic changes, cognitive 

impairment, epigenetic changes, and sleep disorders are pro-

tumor mechanisms of action [58]. All these changes cause 

the prognosis of malignant tumors to worsen, and malignant 

brain tumors contribute to sleep disturbances [43]. 

In other studies, it has been reported that when melatonin is 

administered in combination with radiotherapy, it provides 

longer survival in patients compared to radiotherapy alone 

[59, 60]. In another study, it was reported that melatonin 

sensitized glioma cells to tumor necrosis factor (TNF)-

related apoptosis-inducing ligand (TRAIL) and thus 

increased the effect of TRAIL, and combined therapy with 

T-melatonin was more effective than TRAIL monotherapy 

[61]. In another study, it was confirmed that the mechanism 

of action of melatonin on gliomas is partially suppressing 

glioma stem cells via the EZH-2-NOTCH-1 signaling 

pathway [62]. 

Inflammation: Tumors are formed as a result of genetic 

mutations. Tumor formation can be observed even in a 

healthy human body. The immune system kills these tumor 

cells by certain mechanisms which are inflammatory [63]. 

However, chronic inflammation facilitates tumor formation 

by damaging DNA, which may cause tumors and mutations 

[64, 65]. In addition, chronic inflammations can prevent the 

immune system from fighting cancer cells by showing 

immunosuppressive activity, and the factors that trigger it 

increase the susceptibility to cancer [66]. Some of these 

triggering factors in GBM are tumor necrosis factor-α (TNF-

α), and interleukin 1 and 6 (IL-1, IL-6) [43]. 

TNF-α is a soluble cytokine involved in directing the 

systemic inflammatory response [67]. It may exert antitumor 

activity on glioma cells, but may also increase tumor 

progression. TNF-α can facilitate angiogenesis by increasing 

EGFR activity, and decrease PTEN expression as a result of 

immune cell suppression by activation of nuclear factor 

kappa B (NF-κB) and signal transducer and activator of 

transcription 3 (STAT3) pathways. Due to these activities, 

TNF-α is an important factor in the progression of GBM [68–

70]. 

IL-1 acts as an inducer of proangiogenesis and provisioning 

factors such as vascular endothelial growth factor (VEGF) in 

human astrocytes and glioma cells. Very little information is 

available about the role of IL-1α on GBM. IL-1β is a pro-

inflammatory that has a tumorigenic effect by activating 

some cells to upregulate important molecules in oncogenic 

events [43]. The presence of IL-1β is very intense in GBMs 

and these tumor cells have IL-1β receptors (IL-1R) [71–73]. 

IL-1β binds to IL-1R, and activates NF-κB cascade and 

MAPK pathways [74]. IL-1β and NF-κB, increases VEGF 

expression, which promotes activation, angiogenesis, 

migration, and cancer invasion of p38 MAPK, c-Jun N-

terminal kinase (JNK) pathways [75]. Therefore, IL-1β is an 

important factor in the GBM formation process.   

Glioma is linked to chronic inflammation and IL-6 is a potent 

cytokine usually associated with chronic inflammation 

required for GBM formation [43]. In addition, IL-6 is a 

cytokine that plays a role in the malignant progression of 

gliomas and supports invasion, regeneration, and 
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angiogenesis [76]. The increase in IL-6 and its receptors 

adversely affects survival [77]. 

IL-6 suppresses immune surveillance by recruiting and 

stimulating myeloid-derived tumor suppressor cells and 

neutrophils, resulting in tumor survival. IL-6 is specifically 

found in the GBM, as stimulation of brain tumor cells by IL-

6 promotes three major signal transduction pathways in 

gliogenesis. One of these pathways is p42/p44 MAPK. This 

pathway is dysregulated in approximately one-third of 

cancers and has a strong influence on the detection and 

processing of stress signals [78]. Another pathway is the 

PI3K/AKT pathway, which is associated with enhancement 

of angiogenesis, increase of invasion, promotion of 

metastasis, and activation of epithelial-mesenchymal 

transitions (EMT) [79]. The final pathway is JAK/STAT3, 

which is a signaling pathway that inhibits tumor recognition 

by immune system cells, promotes tumor cell cycle, and 

inhibits tumor apoptosis [80]. 

Electromagnetic radiation: The increase and widespread 

use of electronic devices such as mobile phones, computers, 

and microwave ovens necessitated the investigation of the 

effects of electromagnetic waves on the risk of CNS tumors. 

The mixed results obtained as a result of the studies on the 

effect of phone use on cancer development, the relatively 

new beginning of the use of smartphones, and the many 

confounding factors that may affect these results are not 

conclusive studies [43]. 

4. Treatment Options 

Surgery, radiotherapy, and chemotherapy are generally 

combined for GBM treatment. However, whether or not 

surgical interventions will be performed or which of them 

will be performed depends on the patient's condition. The 

parameters considered in planning the treatment of GBM are 

tumor size, indications and risk-benefit ratio. Biopsy results 

and classification of tumor kind are important for the type 

and course of surgical interventions. 

4.1. Drugs Used in Chemotheraphy 

Temozolomid 

N

N
N

N
N

CH3

O

NH2
O  

Figure 2 The chemical structure of temozolomide 

Temozolomide (Figure 2) is a cytotoxic alkylating second 

generation imidazotetrazine prodrug that can be 

administered orally and intravenously, and is the methyl 

analogue of mitazolamide. It is used in combination with 

radiotherapy in the treatment of GBM, followed by 

maintenance monotherapy [81]. 

 

Figure 3 Mechanism of Action of Temozolomide [82] 

After absorption, temozolomide is converted to its active 

metabolite (3-methyltriazen-1-yl)imidazole-4-carboxamide 

(MTIC) by a spontaneous non-enzymatic conversion at 

physiological pH. MTIC hydrolyzes to form 5-

aminoimidazole-4-carboxamide (AIC) and methyl 

diazonium ion which is highly reactive. The cytotoxicity of 

MTIC is thought to be due to alkylation of DNA at the O6 

and N7 positions of guanine (Figure 3) [81]. 

Initially, it is administered orally or intravenously at 75 

mg/m2/day for 42 days with radiotherapy. Maintenance 

temozolomide monotherapy is started 4 weeks after the 

initial treatment and given orally or intravenously as 150–

200 mg/m2/day for the first five days. Then, the treatment is 

interrupted for 23 days. After 28 days, the second cycle is 

started in the same way, and total monotherapy consists of 

six identical cycles [83]. 

Resistance to temozolomide is dependent on DNA repair by 

the MGMT enzyme. If this repair does not occur, guanine 

mismatches with thymine at the O6 position, activating the 

DNA mismatch repair (MMR) pathway that removes 

thymine and causing apoptosis. GBM cells that upregulate 

MGMT or downregulate MMR are resistant to [81]. 

It is contraindicated in cases of skin rash, hypersensitivity to 

dacarbazine, pregnancy, and lactation. It should be used with 

caution in patients with severe hepatic impairment or 

creatinine clearance below 36 mL/min. Alopecia, nausea, 

headaches, vomiting, and lymphopenia are the most common 

side effects. A complete blood count, liver function test, and 

pregnancy test in female patients are recommended prior to 

use [83]. 

Karmustine 
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N
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Figure 4 The chemical structure of carmustine 
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Carmustine (Figure 4) is a cell-cycle nonspecific nitrosourea 

alkylating agent used intravenously. Carmustine has a high 

partition coefficient, allowing it to enter the CNS in 

detectable concentrations [84]. 

Nitrosourea drugs exert their effects by inhibiting DNA 

replication, RNA transcription, and the functions of nucleic 

acids. Carmustine provides alkylation of cell proteins and 

nucleic acids through its 2-chloroethyl group. It causes the 

formation of cross-bridges between DNA-DNA and also 

DNA and proteins. As carmustine decomposes, isocyanates 

which cause substitution of the carbamoyl group on lysine 

residues of proteins are also formed. The 2-

chloroethylisocyanate group of carmustine inhibits the repair 

of breaks in the DNA strand. Cross-resistance is common 

among carmustine and other alkylating drugs such as 

cyclophosphamide [84]. 

The recommended treatment scheme is 150-200 mg/m2 as a 

single dose or divided into two days intravenously every 6 

weeks [85]. 

It is contraindicated in pregnancy, lactation, and bone 

marrow depression. Common side effects include bleeding, 

bruising, nausea, vomiting, and respiratory problems. A 

complete blood count should be performed every week for 6 

weeks after each dose. It is also recommended to control 

liver function tests, serum creatinine, and blood urea 

nitrogen (BUN) values [84]. 

Irinotecan 
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Figure 5 The chemical structure of irinotecan 

Irinotecan (Figure 5) is a derivative of camptothecin (CPT), 

a cytotoxic alkaloid agent isolated from Camptotheca 

acuminata grown in China. Irinotecan is converted to its 

active metabolite, 7-ethyl-10-hydroxycamptothecin (SN-

38), which is a topoisomerase inhibitor 1000 times more 

potent than parent drug (Figure 6) [86]. 

Irinotecan and SN-38 inhibit the enzyme topoisomerase I, 

which regulates the topology of DNA during translation, 

transcription, and mitosis. This enzyme induces single strand 

breaks during replication and RNA transcription, resulting in 

the release of torsional stress in the DNA helix. In addition, 

they prevent re-linking of the single DNA strand by binding 

to the topoisomerase I-DNA complex. Inhibition of 

replication enzymes by the ternary complex that occurs 

causes breaks in DNA double strands, thus inhibiting DNA 

replication in mammalian cells, and the cell dies as these 

breaks cannot be repaired [87]. 
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Figure 6 Mechanism of Action of Irinotecan [87, 88] 

Premedication with antiemetic agents is recommended. 

Atropine therapy may be considered for patients 

experiencing cholinergic symptoms. 

Regimen 1: 125 mg/m2 is administered as a 90-minute 

intravenous infusion on days 1, 8, 15, and 22, followed by 2 

weeks and repeated treatment. 

Regimen 2: Administered as an intravenous infusion of 350 

mg/ m2 over 30-90 minutes on the first day every three weeks 

[89]. 

The use of irinotecan is contraindicated in diarrhea and bone 

marrow depression. Anemia, leukopenia, neutropenia, 

thrombocytopenia, elevated bilirubin levels and various 

gastrointestinal side effects such as nausea, and vomiting can 

be seen. Differential blood counts, liver function tests, and 

pregnancy tests are recommended [83]. 

Bevacizumab 
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Figure 7 The chemical structure of bevacizumab 

It is a recombinant humanized monoclonal antibody with 

VEGF inhibitory activity (Figure 7). It is indicated for the 

treatment of recurrent GBM. Because VEGF signaling plays 

an effective role in angiogenesis, bevacizumab inhibits 

tumor angiogenesis, depriving the tumor of blood and 

nutrients [83]. 

Transcription of the VEGF protein is induced by hypoxia-

inducible factor (HIF) in hypoxic environment [90]. 

Circulating VEGF acts by binding to VEGF receptors 

(VEGFR-1 and VEGFR-2) found in endothelial cells [90, 

91]. Cancer cells promote tumor angiogenesis by releasing 

VEGF, resulting in the formation of a disordered vascular 

network [92, 93]. The hypoxic microenvironment promoted 

by cancer cells facilitates the survival of more aggressive 

tumor cells and complicates the appropriate immune 

response [93–95]. Bevacizumab binds to VEGF and prevents 

VEGF from binding to its receptors [96]. This effect inhibits 
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the formation of new blood vessels in the tumor, reduces 

tumor vasculature, and reduces tumor blood flow [90, 97]. 

During the treatment process, the patient is recommended to 

have a urine test. It is given intravenously at a dose of 10 

mg/kg every 2 weeks [83]. 

It has side effects such as fatigue, nausea, headache, and 

diarrhea [83]. 

Carboplatin  

 

Figure 8 The chemical structure of carboplatin 

Carboplatin (Figure 8) is an antineoplastic alkylating agent, 

a cisplatin-derived platinum compound. Studies have been 

conducted on its effectiveness on recurrent GBM, but 

sufficient data have not been obtained [98]. 

Temsirolimus 

Temsirolimus (Figure 9) is a selective mTOR (target of 

rapamycin) inhibitory anticancer agent that inhibits the 

growth and division of tumor cells [99]. 

There are studies on its effectiveness in GBM treatment, but 

it is not yet an approved drug for GBM treatment [98]. 

 

Figure 9 The chemical structure of temsirolimus 

Abemacyclib 

 

Figure 10 The chemical structure of abemaciclib 

Abemacyclib (Figure 10), an inhibitor of cyclin-dependent 

kinase 4 (CDK4), and cyclin-dependent kinase 6 (CDK6), is 

an anticancer agent. [100, 101]. 

There are phase studies on its effectiveness [98]. 

Procarbazine 

 

Figure 11 The chemical structure of procarbazine 

Although procarbazine (Figure 11) is an antineoplastic agent 

indicated for stage III and IV Hodgkin's disease in 

combination with other agents, there are studies on its 

effectiveness in recurrent GBM. However, there is 

insufficient data [98, 102]. 

Etoposide 

 

Figure 12 The chemical formula of etoposide 

Etoposide (Figure 12) is a cell-cycle specific 

podophyllotoxin-derived drug that acts in the G2 phase of 

the cell cycle [103]. 

There are some studies on its effect on recurrent GBM, but 

sufficient data have not been reached [98]. 

Regorafenib 

 

Figure 13 The chemical formula of regorafenib 

A recent randomized phase II study with VEGF receptor 2 

and a multikinase inhibitor, regorafenib (Figure 13), 

suggested that it improved survival in recurrent GBM 

compared to lomustine [104]. 

4.2. Targeted Molecular (Precision) Therapies 

The advances in the molecular pathogenesis of GBM and the 

classification update made by the WHO in 2016 led to the 

idea that drug treatments targeting some mutations would be 

more effective, and studies were started in this field. 

Examples of these mutations are TERT promoter mutations, 

the most frequently investigated high-level EGFR 

amplification, and the EGFRvIII mutation. However, there 
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are minimal improvements in this field due to various 

problems such as drug scarcity that crosses the BBB, tumor 

heterogeneity, and difficulty in targeting some mutations 

[98]. 

4.3. Targeting DNA Damage Response Pathways 

It is an emerging treatment approach, and the aim is to try to 

increase the effectiveness of the treatment on tumor tissue 

while preserving the normal tissue after chemotherapy and 

radiotherapy. The targeted site on the GBM is tumor-specific 

DNA repair weaknesses that appear to have an important 

stem cell compartment where DNA repair is upregulated and 

contributes to treatment resistance. The complex signaling 

and effector events that follow DNA damage are called the 

DNA damage response (DDR). DNA double-strand breaks 

(DSBs) are the main toxic lesion. They are induced by DNA-

damaging agents, but single-strand breaks (SSBs) are now 

considered important lesions for lethality. Unrepaired SSBs 

are considered to delay replication forks which may 

indirectly join to the DSB load, especially in the status of 

replication stress [98]. 

Concomitant use of DNA-damaging agents with DDR 

inhibitors will rise the levels of unrepaired DSBs and SSBs 

in cells, resulting in significant chemosensitization and 

radiosensitization potential. However, combining of specific 

DDR inhibitors, such as polyADP-ribose polymerase 

(PARP) inhibitors, with DNA-damaging agents causes 

myelosuppression. Multiple DDR inhibitors are under 

testing in clinical trials for GBM therapy [98]. 

4.4. Targeting Tumor Metabolism 

Data obtained in recent years has shown that GBM 

metabolism regulators can be used as prognostic, diagnostic, 

and therapeutic tools. The Warburg effect, an adaptation also 

seen in other solid tumors (independent of oxygen 

availability and metabolically shifted from mitochondrial 

oxidative phosphorylation to aerobic glycolysis), is also 

observed in GBM [105]. 

Some of the regulators in GBM are PTEN-induced kinase 1 

(PINK1) and hexokinase 2 (HK2). It has been found that 

HK2 inhibition and PINK1 activation provided therapeutic 

benefit in GBM [106, 107]. Likewise, cholesterol 

metabolism may be an important target for GBM. There is a 

high dependence on cholesterol uptake in EGFR-derived 

tumors, making GBM cells undefended to liver X receptor 

agonists that decrease cholesterol uptake [105, 108]. 

4.5. Immunotherapies 

Unlike some solid tumors, no improvement was observed in 

immunotherapy strategies related to GBM [109–111]. 

Evaluations of immunogenicity and appropriate target 

inhibition in the glioma microenvironment are limited. 

However, as more information is learned about the response 

of the tumor microenvironment to immunotherapy, it is 

possible to increase the number of patient groups responding 

to specific immunotherapy. GBM is an immunologically 

cold tumor due to the scarcity of tumor-infiltrating effector 

lymphocytes [111, 112]. 

In order to understand the mechanisms of immune resistance, 

the 3E hypothesis, consisting of elimination, equilibrium, 

and escape, has been created. For correlating the concepts of 

hot and cold tumors with this hypothesis, the adaptive and 

intrinsic resistance sizes of the tumor should also be 

considered. There are some factors that provide intrinsic 

resistance in GBM, such as scarcity of neoantigens and the 

release of soluble immunosuppressive mediators including 

transforming growth factor beta (TGF-β), IL-10, 

prostaglandin E2 and production of tryptophan and 

indolamine 2,3 dioxygenases and arginase leading to 

suppression of T-cell activity. Studies on these factors have 

been conducted [98]. 

In addition, strategies to increase effector immune 

infiltration into the microenvironment such as chimeric 

antigen receptor (CAR) T cells, oncolytic viruses, and 

various vaccines are being developed [98]. 

4.6. Viral Therapies 

There is an interest in oncolytic viruses and gene therapy in 

clinical trials for GBM therapy, increasingly [113]. 

Oncolytic viruses are natural viral strains or viruses 

developed to infect and/or replicate selectively in tumor cells  

[114, 115]. Studies on oncolytic viruses and gene therapy to 

treat GBM are ongoing [98]. 

5. Challenges and Future Directions 

Despite years of studies, there are still disadvantageous 

situations related to GBM treatment. Lack of data is one of 

the biggest problems, with only 11% of newly diagnosed 

GBM patients included in clinical trials [98]. 

Localization of the tumor in the CNS and neurological 

toxicities that can seriously affect the patient's quality of life 

are also factors to be considered during treatment. The BBB 

is also one of the important factor; because this tumor is 

located in the brain and uses the brain's defense mechanism 

against toxins through the BBB [116, 117]. Because of the 

BBB is made up of endothelial cells linked by tight junctions 

against a basement membrane, this barrier allows the passage 

of small, uncharged, and lipophilic molecules to the brain. 

Thus, most drugs can not cross it and reach the tumor; and 

this leads to the conclusion that one of the negative results of 

the studies to increase survival is BBB. [116, 118, 119]. 

Strategies to address this problem include the development 

of drugs with high BBB penetration, leakage of endogenous 

influx transporters such as low-density lipoprotein receptor-

related protein 1, blocking of efflux pumps, cell mediated 

drug delivery, convection-enhanced delivery, focused 

ultrasound, and disrupting the BBB by using of 

microbubbles [116, 120–122]. 

Another important problem in GBM treatment is the high 

inter- and intratumoral heterogeneity. GBM, the first tumor 

to be characterized by the Cancer Genome Atlas, was found 

to show different tumor characterizations [123]. The 

differences among GBMs and the presence of intratumoral 

heterogeneity at both the molecular and functional levels 

complicate the tumor. Although the effect of intratumoral 

heterogeneity on therapeutic outcomes has not been fully 
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proven, preclinical study results suggest that different types 

of gliomas will respond differently to temozolomide and 

ionized radiation treatments. Additional studies are required 

to determine the effect of GBM heterogeneity on modern 

treatment methods such as molecularly targeted therapies 

and immunotherapies [98]. 

GBM is a tumor type with differential drug sensitivity among 

different GBM subpopulations, as well as high plasticity to 

generate resistance to chemotherapy. Against the efficacy of 

tyrosine kinase inhibitor anticancer drugs, GBM resists and 

survives through different mechanisms with the inclusion of 

dynamic reorganization of extrachromosomal DNA, 

chromatin modifying to a slow-cycling/drug-tolerant 

perminant state, depression of PTEN tumor suppressor, and 

reactivation in oncogenic signaling pathways. Some of the 

targeted molecular therapies have yielded positive results 

however, most studies have failed due to low BBB crossing 

of the drug used, unnecessary signaling pathways, molecular 

heterogeneity, the raised toxicity of the drug combinations, 

etc. [98]. There are alternative combination approaches such 

as those that orthogonal signaling/functional networks to 

increase drug responses [124, 125]. It is possible that these 

alternative approaches will be effective in studies for new 

treatment methods in GBM management [98]. 

Although immunotherapy is a promising method in the 

treatment of GBM, the negative results in large randomized 

studies show that getting a clinically meaningful immune 

therapy effect is difficult and complex. The reasons for this 

difficulty are limited antigenicity, impaired antigen 

presentation, intrinsic and treatment-induced systemic 

immunosuppression, and a unique immune suppressive 

microenvironment [112]. These reasons need to be 

investigated in detail in order to create effective 

immunotherapies [98]. 

6. Conclusion 

Glioblastoma multiforme (GBM) is the most common type 

of malignant primary brain tumor and accounts for 

approximately 57% of all gliomas. 

The location of GBM, few drugs and treatment methods 

approved for GBM therapy, the abundance of mutations and 

the complex nature of them, as understood from the genetic 

analysis of this tumor, as well as the fact that it is a cancer 

type with a very low survival rate and a lack of a definitive 

treatment, are the reasons why GBM is very dangerous.  

Genetic studies to better define GBM and making more 

accurate and broad classifications of GBM have allowed to 

gain new perspectives on this type of cancer and increased 

efforts to discover new, more effective drugs and treatment 

methods, recently. The fact that GBM has a high diversity of 

mutations and high resistance to treatment methods causes 

improvement in new treatment methods and drug discovery 

to be insufficient. 

It has been observed that the use of chemotherapy and 

radiotherapy in combination with surgical intervention in the 

treatment of GBM positively affects the survival of the 

patients. Innovative drug development studies such as 

targeting DNA damage response pathways, tumor 

metabolism, and viral therapies are promising. In addition to 

these new treatment methods, supportive therapies for 

example viral therapies and immunotherapies are also of 

great importance. 

In conclusion, it is essential that new studies and innovative 

perspectives are extremely important in the treatment of 

GBM in light of the results of previous studies, and that 

studies should be continued intensively without despair. 
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