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Abstract 
 

Nitrosoureas have been commonly used for the treatment of 

malignant gliomas since the 1970s. However, the prognosis of patients 

with malignant gliomas remains extremely poor despite the fact that 

multidisciplinary approaches involving surgery, chemotherapy, and 

radiotherapy have been used for several decades. Recently, the novel 

alkylating agent temozolomide (TMZ) was shown to improve the survival 

of patients with malignant gliomas (including glioblastomas) in many 

clinical studies and has become one of the standard modalities for 

treatment of newly diagnosed and recurrent malignant gliomas. 

Temozolomide is a prodrug that can be orally administered and is 

hydrolytically processed in the blood to yield the methyldiazonium 
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cation, which has DNA methylating activity. Patients can receive 

ambulatory treatment with TMZ because of its oral administration route 

and minimal side effects. The expression level of the DNA repair enzyme 

O6-methylguanine-DNA methyltransferase (MGMT) is the most 

important factor for a favorable outcome in patients treated with TMZ as 

well as those treated with nitrosoureas, and the epigenetic silencing of 

MGMT is the strongest predictive marker. The treatment course for 

patients with tumors lacking MGMT promoter methylation is unknown, 

and recurrence is unavoidable even in patients with TMZ-sensitive 

glioblastoma. While TMZ has provided a significant survival benefit, 

innovative modalities that can be combined with TMZ and radiotherapy 

are still required. In this chapter, we review the history and chemistry of 

alkylating agents for the treatment of malignant gliomas. In particular, we 

focus on TMZ and its effects on tumor cells. Furthermore, 

chemoresistance to TMZ and current chemotherapies used for the 

treatment of malignant gliomas are discussed.  

 

 

Introduction 
 

Gliomas represent the most common primary tumors of the adult central 

nervous system (CNS). Despite innovations in neurosurgical devices and 

techniques, the development of antineoplastic drugs and molecular target 

drugs, and advances in radiotherapy over the past decades, malignant 

gliomas—especially glioblastoma (glioblastoma multiforme, GBM)—are still 

fatal diseases. The World Health Organization (WHO) grading system is 

widely accepted as a tool for predicting the biological behavior of CNS 

neoplasms including gliomas. Anaplastic astrocytoma, anaplastic 

oligodendroglioma, and anaplastic oligoastrocytoma are classified as grade III, 

and GBM is classified as grade IV. Alkylating agents, especially nitrosoureas 

such as lomustine (CCNU), have been used to treat high-grade gliomas or 

malignant gliomas (Grades III and IV). Optionally, subsets of unresectable 

grade II gliomas could be adaptation diseases. The standard of treatment for 

malignant gliomas is surgery followed by chemotherapy with radiotherapy. 

Optionally, boost radiotherapy or chemotherapy is added, and stereotactic 

radiotherapy or chemotherapy is performed as a salvage therapy upon 

recurrence/regrowth [1, 2, 3]. Gross total resection is directly associated with 

longer survival [4], and a randomized trial showed that fluorescence-guided 

maximum surgical resection improves 6-month progression-free survival [5]. 

However, patients with malignant gliomas cannot be cured by surgery alone 

regardless of the surgical technique employed. In the late 1970s, it was 
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reported that the addition of radiotherapy to surgery was more beneficial than 

surgery alone for patients with malignant gliomas [6, 7]. Although 

chemotherapy was mainly combined with alkylating agents during this era, 

there was controversy regarding the benefit of chemotherapy for patients with 

malignant gliomas. PCV-3, which is a combination of procarbazine, CCNU, 

and vincristine, is the most common chemotherapy regimen and conferred 

improved survival and increased time to progression in patients with anaplastic 

astrocytoma in comparison with the outcomes obtained using a single agent 

and radiotherapy alone [8]. However, no regimen for the treatment of GBM 

showed a significant benefit relative to radiotherapy alone until 2003. The 

Neuro-Oncology Working Group of the German Cancer Society (NOA) 

reported that a nimustine (ACNU)-based regimen caused a significant 

improvement in median survival relative to radiotherapy alone [9]. 

Furthermore, Stupp et al. reported that a novel alkylating agent, temozolomide 

(TMZ), improved survival in GBM when administered with concomitant 

radiotherapy in phase II and III studies [10, 11]. TMZ has been regarded as a 

well-tolerated oral alkylating agent, and the favorable results of clinical studies 

led to the widespread use of TMZ [12, 13]. The mammalian DNA repair 

protein O6-methylguanine-DNA methyltransferase (MGMT) has been 

implicated in the resistance of tumor cells to alkylating agents [14]. To date, 

many clinical trials have aimed to reduce TMZ resistance. In this chapter, we 

review the use of alkylating agents, including TMZ, in the treatment of 

malignant gliomas, their mechanism of antiglioma action, and the findings of 

clinical trials. Current concepts of chemotherapy in the context of a 

multidisciplinary approach to the treatment of malignant gliomas are also 

discussed.  

 

 

Alkylating Agents for the Treatment  

of Brain Tumors 
 

Alkylating agents contribute alkyl groups to DNA causing apoptosis of 

tumor cells. These agents include nitrogen mustards, ethyleneimines and 

methylmelamines, methylhydrazine derivatives, alkyl sulfonates, nitrosoureas, 

and triazenes [15]. Nitrosoureas such as carmustine (BCNU), ACNU, CCNU, 

semustine (methyl-CCNU), and ranimustine(MCNU) are lipophilic and can 

pass through the blood-brain barrier, which is one reason why they are the 

most widely used agents for the treatment of brain tumors. The nitrosoureas 
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exert cytotoxicity via spontaneous breakdown to an alkylating intermediate, 

the 2-chloroethyl diazoniumion, which alkylates guanine residues in DNA. 

One of the triazenes, TMZ, also targets guanine and induces methylation. 

Moreover, the methylhydrazine derivative procarbabazine also induces 

guanine methylation and is a component of the PCV-3 regimen. The structural 

formulas of these agents are shown in Figure 1. The other component of PCV-

3, vincristine, is not an alkylating agent but rather a vinca alkaloid, which is a 

natural cell cycle-specific compound.  

 

 

Figure 1. Structural formulae of alkylating agents. 
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TMZ is orally administered, while the other components are systemically 

administered. The Brain Tumor Study Group revealed that intra-arterial 

administration of BCNU did not yield more favorable results than intravenous 

administration [16]. Recently, intraoperative local treatment with Gliadel 

(BCNU) wafers was approved, and malignant glioma patients treated with 

BCNU wafers at the initial surgery in combination with radiation therapy 

demonstrated a survival advantage compared with those treated with placebo 

[17].  

 

 

Prognosis of GBM and Therapeutic Effects 

of Chemoradiotherapy 
 

The median survival durations of anaplastic astrocytoma patients treated 

with PCV-3 and BCNU were 157 weeks and 82.1 weeks, respectively. The 

time to progression was also doubled. However, there was no statistically 

significant difference in the survival duration of GBM patients regardless of 

treatment (median, 50.4 weeks with PCV and 57.4 weeks with BCNU) [8, 18]. 

Despite these results, PCV-3 has been the most extensively used treatment for 

malignant glioma for a long time. Recent studies have demonstrated that loss 

of heterozygosity (LOH) on chromosomes 1p and 19q in patients with 

anaplastic oligodendroglioma predicts sensitivity to chemotherapy and better 

overall survival [19, 20]. PCV-3 is preferably used in patients who have 

malignant gliomas with oligodendroglial components. The NOA reported the 

beneficial effects of ACNU-based chemotherapy in the NOA-1 trial. In phase 

III of this trial, ACNU plus teniposide (VM26) resulted in a median survival of 

17.3 months in 154 GBM patients, and ACNU plus cytosine arabinoside (ara-

C) in addition to radiotherapy resulted in a median survival of 15.7 months in 

147 GBM patients. These survival benefits are more favorable than those 

described in any other phase III trial, including later TMZ studies [9, 21]. In 

the phase III trial reported by the European Organization for Research and 

Treatment of Cancer (EORTC) and the National Cancer Institute of Canada 

Clinical Trials Group (NCIC CTG), a combined initial treatment for 

glioblastoma, including TMZ and radiotherapy, improved survival in 

comparison with radiotherapy alone over a 5-year follow-up period [11]. The 

overall survival rate at 5 years was 9.8% (of 287 GBM patients) with TMZ 

and radiotherapy and 1.9% (of 286 GBM patients) with radiotherapy alone. 

The median survival duration was 14.6 months with combined therapy and 
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12.1 months with radiotherapy alone. It is noteworthy that patients with a 

methylated MGMT promoter who were treated with TMZ and radiotherapy 

had a longer progression-free survival (23.4 months) [11].  

 

 

Mechanism of Anticancer Action of TMZ 
 

Similar to dacarbazine (DTIC), TMZ is a triazene. Stevens et al. 

synthesized TMZ as an analogue of mitozolomide, one of the antitumor 

imidazotetrazines, in the 1980s [22]. Although mitozolomide showed severe 

myelosuppression in a phase I study [23], TMZ (a 3-methyl derivative of 

mitozolomide) was less toxic than mitozolomide and exhibited broad-spectrum 

activity in mouse tumors [24]. TMZ was also well tolerated and effective in a 

phase I study [25].  

Orally administered TMZ is converted to 5-(3-methyltriazen-l-yl) 

imidazole-4-carboximide (MTIC) in water/blood with little or no enzymatic 

component [26, 27]. MTIC is also an intermediate of DTIC degradation and is 

broken down to the methyldiazonium cation and 5-aminoimidazole-4-

carboxamide (AIC) [27]. Although AIC is excreted via the kidneys, the 

methyldiazonium cation delivers a methyl group to DNA [27]. This methyl 

group is transferred to the oxygen atom at the 6th position of guanine to 

generate O6-methylguanine. O6-methylguanine mispairs with thymine instead 

of cytosine during DNA replication. The O6-methylguanine: thymine mispair 

can be recognized by the post-replication mismatch repair system, which 

removes the daughter strand along with the thymine, leaving the O6-

methylguanine to again pair with thymine during gap filling. If replication of 

the gapped DNA occurs, double strand breaks can be formed that result in cell 

death unless they are repaired by recombination repair pathways. The 

generation of a methylating intermediate from TMZ is shown in Figure 2. 

Because this cytotoxicity is replication-dependent, methylating agents 

including TMZ are more effective in tumor cells than in quiescent cells [26, 

27]. 

 

 

MGMT Expression and Resistance to TMZ 
 

DNA repair and apoptosis are important chemoresistance mechanisms, 

especially when alkylating agents such as TMZ are involved.  
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Figure 2. Mechanism of action of TMZ. TMZ is converted to 5-(3-methyltriazen-l-

yl)imidazole-4-carboximide (MTIC) in water/blood with little or no enzymatic component. 

MTIC is broken down to methyldiazonium cation and 5-aminoimidazole-4-carboxamide 

(AIC). AIC is excreted via kidneys and methyldiazonium cations deliver methyl groups to 

DNA. Methyl groups are transferred to the 6th position oxygen atoms of guanines and O6-

methylguanines are formed. O6-methylguanine mispairs with thymine instead of cytosine 

during DNA replication. The O6-methylguanine causes DNA break and apoptosis. MGMT 

removes methyl groups from O6-methylguanines to repair the genome. The expression of 

MGMT is epigenetically controlled. If the promoter region is methylated, the expression of 

MGMT is kept in low level.  
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Removal of alkyl groups, mismatch repair, base excision repair, and 

strand break repair are implicated in the resistance of gliomas to alkylating 

agents [28]. Above all, the removal of alkyl groups is suggested to have 

profound effects because a relationship between treatment and MGMT status 

has been observed [11, 29-31]. MGMT is a DNA repair protein that reverses 

alkylation at the O6 position of guanine to compensate for the effects of 

alkylating agents [32]. Human MGMT cDNA was isolated from a cDNA 

library based on its ability to rescue a methyltransferase-deficient Escherichia 

coli host [33]. The expression level of MGMT differs depending on species, 

organ, type of tumor, and cell line. In the early 1990s, subsets of cell lines that 

expressed low levels of MGMT, termed Mer- strains, were investigated to 

clarify the mechanism of decreased MGMT expression, and a correlation 

between DNA methylation and MGMT expression was revealed [34]. TMZ 

causes cell death by alkylation of the O6 position of guanine and subsequent 

disturbance of DNA replication; therefore, MGMT expression was implicated 

in resistance to TMZ chemotherapy. Indeed, MGMT expression and its 

contribution to resistance against TMZ have been reported in gliomas [35, 36]. 

Deletion, mutation, rearrangement, and mRNA instability of the MGMT gene 

are rare [37-41], and hypermethylation of the CpG island has been reported as 

the essential mechanism for MGMT silencing [29-31, 34, 37, 42-46]. Esteller 

et al. indicated that 40% of GBM cell lines, 50% of anaplastic astrocytoma 

cases, and 41% of GBM cases showed MGMT promoter methylation [37]. The 

incidence of MGMT promoter methylation in patients with GBM was 45% in 

the EORTC trial and the National Cancer Institute of Canada (NCSC) trial 

[11]. The MGMT protein level in tumor tissues can be evaluated by 

immunohistochemistry [47], and the activity of MGMT is measurable by an 

enzyme assay [48]. MGMT mRNA can be evaluated with reverse 

transcription-PCR (RT-PCR) [49] and real-time RT-PCR [50]. The 

methylation status of the MGMT gene has been assessed with methylation-

specific PCR using bisulfite-modified DNA samples [45]. For diagnostic 

purposes, methylation-specific PCR is more advantageous than measurement 

of MGMT protein activity or mRNA levels because tissue contamination with 

non-neoplastic cells does not interfere with the detection of genomic 

methylation in tumor cells [30, 51]. To date, methylation-specific PCR is 

widely used for the evaluation of MGMT, although a standardized and 

validated method for the evaluation of MGMT status is required for the 

diagnosis and prognostication of gliomas. On the other hand, the clinical 

significance of MGMT promoter methylation status remains controversial [52, 

53].  
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Chemoresistance Mechanisms 

Independent of MGMT 
 

The enzymatic activity of MGMT is the most important mechanism 

underlying resistance to TMZ. However, other DNA repair and apoptosis 

processes exist, and other unknown mechanisms may also be present. The 

mismatch repair system is thought to be one mechanism of TMZ resistance 

[54-56]. Yip et al. reported mutations in the mismatch repair gene MSH6 and 

microsatellite instability in patients with GBM after exposure to TMZ. These 

authors suggested that MSH6 inactivation could be involved in therapeutic 

resistance along with other unknown mechanisms [56]. Felsberg et al. reported 

reduced expression of MSH2, MSH6, and PMS2 protein in recurrent 

glioblastomas and suggested the existence of a novel chemoresistance 

mechanism facilitated by these proteins and independent of MGMT 

methylation [57]. The nucleotide excision repair system may also be involved 

in the TMZ resistance [58-62]. More than 80% of the DNA lesions methylated 

by TMZ are N-methylated bases that are recognized not by MGMT but rather 

by DNA glycosylases. Thus, resistance to TMZ may be due in part to robust 

base excision repair (BER) [58]. Knockdown of the BER enzyme DNA 

polymerase beta increased TMZ-induced cytotoxicity [59]. Some human 

tumor cells treated with TMZ showed increased expression of the chromatin-

associated gene poly(ADP-ribose) polymerase-1 (PARP-1), which is involved 

in nucleotide excision repair [60]. PARP inhibitors have been shown to 

enhance sensitivity to TMZ [60-63].TMZ chemotherapy is expected not only 

to be a cytotoxic modality but also to sensitize tumor cells to radiation effects. 

TMZ actually enhances the radiosensitivity of tumor cells [64], and the strand 

break repair system is thought to interrupt this effect. Although TMZ can 

disrupt Rad51-induced repair [64], knockdown of the Rad54-related repair 

gene DNA ligase IV resulted in enhanced TMZ sensitivity in a human 

glioblastoma cell line [65]. The tumor suppressor p53 is a pleiotropic protein 

that plays an important role in DNA repair and apoptosis, and it functions via a 

mechanism distinct from that of MGMT. Wild-type p53 can reduce the 

cellular expression level of MGMT in vitro [66]. Conversely, in another 

report, p53 silencing reduced MGMT expression in murine astrocytic glioma 

cells [67]. Moreover, a p53 inhibitor enhanced the effects of TMZ in a mouse 

intracranial tumor implantation model, suggesting that p53 may induce the 

expression of MGMT, which in turn negatively regulates TMZ [68]. During 

treatment with chloroethylating agents, p53 protects against cell death; 
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however, this is not the case during treatment with methylating agents 

although both agents alkylate DNA [69]. The role of p53 during TMZ 

treatments has been described as favorable [66, 71, 72, 74], unfavorable [67, 

68, 70], and variable depending on the type of cell [69, 73]. Collectively, the 

role of p53 is complicated and varies depending on cell type, p53 allele (wild 

type or mutant), and type of agent. 

 

 

Chemoresistance and Glioma Stem Cells 
 

The concept of cancer stem cells is attracting increasing interest, and 

cancer stem cells may function as mediators of chemoresistance. Resistance to 

chemoradiotherapy may be due to the expansion of cancer stem cells, which 

can escape therapy-induced cell death. Cancer stem cells exhibit a multidrug-

resistant phenotype by overexpressing drug transporters such as members of 

the adenosine triphosphate (ATP) binding cassette (ABC) superfamily and 

anti-apoptotic proteins such as B cell lymphoma/leukemia-2 (BCL-2) [75, 76]. 

CD133, CD15/SSEA-1, L1CAM, A2B5, and integrin α6 are some of the 

known surface markers that are used to enrich for glioma stem cells [77]. 

Additionally, glioma stem cells frequently express MGMT [78] and exhibit a 

multidrug resistant phenotype; thus, they may be more important therapeutic 

targets than the more highly differentiated tumor cells in the heterogeneous 

GBM population [77-79]. It has been reported that one of the ABC 

superfamily members, multidrug resistance 1 (MDR1), plays an important role 

in the chemoresistance of GBM independent of MGMT status [79]. 

Additionally, a single nucleotide polymorphism in the MDR1 gene determines 

TMZ sensitivity [80]. A representative stem cell marker, CD133, was reported 

to be a candidate predictor of poor survival in patients treated with 

concomitant TMZ chemoradiotherapy [81, 82]. On the other hand, TMZ 

administration was also reported to decrease the number of glioma stem cells 

[83]. Conversely, treatment with BCNU increased the proportion of glioma 

stem cells in some cell lines [84].  

 

 

Clinical Trials for GBM 
 

Various phase II and III studies of malignant gliomas including GBM 

were performed and several studies are currently underway. Historically 
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important and recent phase II and III clinical studies of newly diagnosed GBM 

[8, 9, 11, 17, 85-106] are shown in Table 1. TMZ and other alkylating agents 

are elementary modalities involved in most of these trials. Importantly, TMZ 

has become the standard of care for patients with GBM. On the other hand, an 

overall survival longer than 2 years has not been shown in any clinical trials 

except for a study of selected cases in which the patients had better 

performance statuses [105]. Many clinical trials exploring treatments for 

recurrent GBM, designated as salvage therapies, have also been performed. 

Most of these therapies involve a combination of existing modalities and/or 

alternative dose-dense schedules. Although efforts to utilize existing 

modalities are important, breakthrough and innovative modalities are eagerly 

anticipated for a complete cure of GBM.  

 

Table 1. Important and recent phase II and III clinical trials 

for newly-diagnosed glioblastoma 

 
Reference Year of 

publication 

Remarks Regimen Patients 

(n) 

Overall 

survival 

(months) 

Levin  

et al. [8] 

1990 NCOG PCV + radiation 31 11.8 

Weller  

et al. [9] 

2003 NOA-01 ACNU + teniposide 

+ radiation 

154 17.3 

Buckner  

et al. [85] 

2006  cisplatin + BCNU + 

radiation 

451 10.5 

Colman  

et al. [86] 

2006 RTOG9710 interferon beta + 

radiation 

109 13.6 

Westphal 

et al. [17] 

2006  BCNU polymer 

wafers (Gliadel) + 

radiation 

59 13.8 

Brown  

et al. [87] 

2008  erlotinib + TMZ + 

radiation 

97 15.3 

Stupp 

et al. [11] 

2009 EORTC-

NCIC 

TMZ + radiation 287 14.6 

Prados 

et al. [88] 

2009  erlotinib + TMZ + 

radiation 

65 19.3 

Grossman  

et al. [89] 

2009  Talampanel + 

TMZ + radiation 

72 18.3 

Beier 

et al. [90] 

2009  pegylated liposomal 

doxorubicin 

 + TMZ + radiation 

63 17.6 

Balducci 

et al. [91] 

2010  TMZ + radiation 25 18 

Mizumoto 

et al. [92] 

2010  hyperfructionated 

proton radiation 

20 21.6 
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Table 1. (Continued) 

 
Reference Year of 

publication 

Remarks Regimen Patients 

(n) 

Overall 

survival 

(months) 

Jaeckle et al. 

[93] 

2010 NCCTG irinotecan + radiation 24 10.8 

Jenkinson 

et al. [94] 

2010  BCNU (intratumoral 

injection) 

8 11.8 

Peereboom 

et al. [95] 

2010  erlotinib + TMZ + 

radiation 

27 8.6 

Li  

et al. [96] 

2010  (125)I-mAb  

TMZ + radiation 

60 20.2 

Hainsworth et 

al. [97] 

2010  sorafenib + TMZ + 

radiation 

47 12 

Lai et al. [98] 2011  bevacizumab + TMZ 

+ radiotherapy 

70 19.6 

Balducci 

et al. [99] 

2011  TMZ + radiation 

(stereotactic) 

36 28 

Stummer 

et al. [100] 

2011  fluorescence-guided 

resection 

 + TMZ + radiation 

122 16.3 

Ogawa  

et al. [101] 

2011  modified PCV + 

radiation 

+ hyperbaric 

oxygenation 

39 17.2 

Butowski 

et al. [102] 

2011  enzastaurin + TMZ + 

radiation 

66 17.3 

Ananda 

et al. [103] 

2011  TMZ + pegylsted 

liposomal 

doxorubicin  

+ radiation 

40 13.4 

Gállego Pérez-

Larraya 

et al. [104] 

2011 ANOCEF 

phase II 

TMZ 70 5.8 

Cho  

et al. [105] 

2011  immunotherapy + 

TMZ + radiation 

18 31.9 

Ardon 

et al. [106] 

2011 HGG-2006 

phase I/II  

immunotherapy + 

TMZ + radiation 

77 18.3 

Abbreviation; NCOG, the Northern California Oncology Group; NOA, Neuro-

Oncology Working Group (of the German Cancer Society); RTOG, Radiation 

Therapy Oncology Group; EORTC, European Organization for the Research and 

Treatment of Cancer; NCIC, the National Cancer Institute of Canada Clinical 

Trials Group; NCCTG, the North Central Cancer Treatment Group; ANOCEF, 

Association des Neuro-Oncologuesd’ Expression Française; HGG-2006, 

Immunotherapy for High Grade Glioma 2006 trial; PCV, procarbazine, CCNU, 

and vincristine. 
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Conclusion 
 

Chemotherapy is an essential component in the multidisciplinary 

treatment of malignant gliomas. Alkylating agents such as TMZ and BCNU 

play major roles in current chemotherapy regimens. However, it remains 

controversial whether TMZ represents an improvement over conventional 

nitrosoureas [21, 107]. Nonetheless, regimens such as PCV-3 [8] and Stupp’s 

regimen [10] will be important in postoperative adjuvant chemotherapy for the 

foreseeable future. Although the new alkylating agent TMZ has improved the 

prognosis of GBM and had an impact on the treatment of malignant gliomas, 

GBM remains an incurable disease. In order to attain a complete cure, new 

breakthroughs will be required. Treatment selection based on the molecular 

mechanisms of glioma pathogenesis and drug effects will become an integral 

part of personalized medicine; the role of MGMT methylation status as a 

predictive indicator of TMZ efficacy represents an illustrative example. In 

addition to translational approaches and improvements in drug delivery 

applications, an understanding of the molecular and cellular biology of 

gliomas, especially regarding chemoresistance and stem cell phenotype, will 

be required. The detailed molecular mechanisms of chemoresistance and the 

roles of related molecules including MGMT, mismatch repair enzymes, DNA 

excision repair enzymes, the ABC superfamily, and apoptosis-related factors 

will aid further innovation in the treatment of malignant gliomas.  
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