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ABSTRACT 

Glioblastoma is a highly malignant primary tumor of the central nervous system tumor with a poor survival rate. The 
treatment of glioblastoma is shifting from a purely cytotoxic approach to one that incorporates anti-angiogenic agents. 
Bevacizumab (Avastin®; Roche) was approved in the United States for the treatment of recurrent glioblastoma in May 
2009 and showed encouraging results. However, “rebound” tumor progression with accelerated clinical decline has 
been observed after cessation of bevacizumab therapy in patients with high-grade gliomas and there is no effective 
treatment for the recurrent glioblastoma after bevacizumab failure. This review summarizes the characteristics of glio- 
blastoma as well as the possible mechanisms of recurrence after anti-angiogenic therapy. Furthermore, alterations of the 
key molecular pathways and glycometabolic remodeling in glioblastoma are also discussed within. A better under- 
standing of the complexities underpinning the resistance to bevacizumab and the combination of targeting cancer me- 
tabolism and anti-VEGF therapy may ultimately result in new modes of treatment, which hopefully improve the overall 
survival for patients diagnosed with glioblastoma. 
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1. Introduction 

Glioblastoma (GBM) is the most common and aggres- 
sive primary malignant brain tumor in adults. More than 
50,000 primary brain tumors are diagnosed in the United 
States each year, 31% of which are gliomas. Of these, 
more than half are GBM [1]. Based on histological char- 
acteristics, World Health Organization (WHO) classifies 
GBM as a grade IV astrocytoma, which is the most ma- 
lignant grade [2]. 

Surgical intervention aims to maximally resect tumor 
thus reducing the mass effect and tumor burden. How- 
ever, it is not curative due to infiltrative nature of the 
disease. Postoperative radiotherapy (RT) was considered 
as the mainstay of treatment for GBM patients in early 
1980s, as it extended median survival from 3 - 4 months 
to a range of 7 - 12 months [3-6]. The efficacy of che- 
motherapy for GBM had historically been frustrating 
until 2002, a meta-analysis of 12 trials of either adjuvant 
or concomitant chemotherapy plus RT showed a modest 
but significant survival increase when chemotherapy was 
administered in combination with RT [7]. Chemotherapy 
as the standard of care for GBM was established in 2005, 
when Stupp et al. demonstrated that the addition of con- 
comitant and adjuvant temozolomide (TMZ) improved  

median survival [6]. At the present time, the recommen- 
dations for GBM therapy are that all newly diagnosed 
GBM patients should be initially considered for maxi- 
mum tumor resection (>98%) when feasible, concomi- 
tant TMZ/RT 2 - 6 weeks after surgery, and then adju- 
vant TMZ for 6 months. 

In spite of these significant improvements in the multi- 
modality treatment of GBM and the establishment of 
standard therapy, most patients experience a recurrence 
inevitably and the prognosis remains poor. The median 
survival is only 12 - 15 months for patients with GBM 
after initial diagnosis followed by standard treatment [6]. 
Once the disease progression occurs, available salvage 
chemotherapies are administered but are typically un- 
successful, which leads to disease-related death. 

2. Rationale of Anti-Angiogenic Therapy for 
Glioblastoma 

Because of its dismal prognosis with the current com- 
prehensive treatment, intense efforts are underway to 
develop new treatment approaches to improve the prog- 
nosis and the quality of life of patients with GBM. At 
present, the etiology of GBM is still unknown. However, 
the dependency of tumor growth on angiogenesis has 
identified this trait as a promising therapeutic target. An- 
giogenesis is the process of new blood vessel formation, *Corresponding author. 
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which is prevalent during embryonic development but is 
highly restricted in healthy adults. In a normal adult ves- 
sel only 0.01% of the endothelial cells are dividing at any 
given time and as such the quiescent adult vasculature 
has a very low rate of turnover [8,9]. However, endothe- 
lial cells retain the ability to divide promptly and angio- 
genesis can occur in some exceptional physiological 
situations such as wound healing, placental growth and 
embryo implantation. Angiogenesis also occurs in path- 
ologic processes such as rheumatoid arthritis, scleroder- 
ma, and diabetic retinopathy [10]. Angiogenesis has also 
been implicated in the growth and metastasis of tumors. 
It is required for tumor growth when the diameter of a 
solid tumor is beyond 2 - 3 mm owning to the limited 
oxygen and nutrient diffusion [11]. GBM has been con- 
sidered as one of the most vascularized human tumors, 
making them especially attractive targets for angiogene-
sis inhibitors [12]. Therefore, many preclinical studies 
have used GBM as a tumor model of angiogenesis. 

Vascular endothelial growth factor (VEGF) has been 
implicated as a central mediator of angiogenesis in GBM, 
with the highest levels of VEGF expression centralized 
in relative hypoxic regions, such as areas of necrosis and 
endothelial cell proliferation [13]. A correlation between 
tumor grade and VEGF expression in gliomas has been 
confirmed by various in vitro and in vivo studies [14-16]. 
Additionally, studies in animal models have shown that 
inhibiting VEGF function inhibits the growth of glioma 
cells in vivo and results in regression of blood vessels 
[17]. 

The adult nervous system harbors neural stem cells 
which are capable of self-renewal, proliferation, and dif- 
ferentiation into distinctive mature cell types [18]. There 
is growing evidence that neural stem cells or related 
progenitor cells can be transformed into cancer stem cells 
which give rise to malignant gliomas [19-21] and con- 
tribute to the resistance of malignant gliomas to standard 
treatments [22-25]. Furthermore, recent studies suggest 
that glioma stem cells secrete VEGF, thereby promoting 
angiogenesis in the tumor micro-environment [26,27], 
whereas VEGF has been implicated in promoting tu- 
morigenesis and angiogenesis of human glioma stem 
cells [28]. These findings indicate that anti-angiogenic 
agents may not only reduce blood supply to tumors but 
also target glioma stem cells to inhibit their functioning. 
Given these findings, blocking angiogenesis has been 
suggested as a potential therapy for patients with GBM to 
inhibit tumor growth. 

3. Bevacizumab, a Promising, yet  
Controversial Anti-Angiogenic Agent for 
Glioblastoma 

Bevacizumab (Avastin®, Roche) was developed as a hu-
manized monoclonal antibody to bind VEGF-A, pre- 

venting the interaction and activation of VEGF receptors 
[29,30]. This drug has been approved by the United 
States Food and Drug Administration (FDA) for its use 
in clinical treatment of metastatic colorectal cancer, ad- 
vanced non-squamous non-small cell lung cancer and 
metastatic renal cell carcinoma. 

On May 5th, 2009, the United States FDA granted an 
accelerated approval to bevacizumab for its use as a sin- 
gle injection agent for patients with recurrent GBM fol- 
lowing prior therapy. This approval was based on the 
positive results in two prospective phase II studies which 
showed improvements in patient outcomes alone or in 
combination with chemotherapy [31]. The primary end- 
points were radiographic response and progression free 
survival (PFS) at 6 months. Specifically, the assessment 
of radiographic response to therapy in high-grade glio- 
mas (HGG) was based on magnetic resonance imaging 
(MRI) and the definition of PFS was the time elapsed 
between treatment initiation and tumor progression or 
death from any cause, with censoring of patients who are 
lost to follow-up. The first phase II trial was performed 
to test the efficacy of intravenous administration of 
bevacizumab and irinotecan, a topoisomerase I inhibitor, 
for 35 recurrent GBM patients [32]. The 6-month PFS 
(PFS6) was 46%, and the median overall survival was 
10.5 months. The other larger, randomized, non-com- 
parative phase II study, coined the BRAIN study 
(AVF3708 g), was performed to investigate the efficacies 
using bevacizumab alone or in combination with iri- 
notecan for 167 patients with recurrent GBM [33]. In 
Australia, based on the review of quality, safety and ef- 
ficacy data, the Therapeutic Goods Administration (TGA) 
also approved the registration of Avastin containing 
bevacizumab for the new indication as a single agent for 
the treatment of patients with recurrent GBM after stan- 
dard therapies. Following the approval for bevacizumab 
for recurrent GBM, many phase II studies have been 
performed to explore the efficacies of bevacizumab 
combined with different targeting therapies or radiother-
apy to malignant gliomas. The results of these studies 
indicate that additional therapy to bevacizumab can be a 
promising strategy for GBM treatment (Table 1). Al- 
though bevacizumab was widely used in this indication 
in the United States and in some European countries even 
before the approval of the U.S. FDA, the marketing ap-
plication to European Medicines Agency was rejected 
due to existing issues with regard to dosing, timing and 
efficacy [34]. 

4. Mechanisms of Resistance to 
Anti-Angiogenic Therapy 

The molecular and cellular basis of the rebound effect 
after bevacizumab failure is still vague. There are multi- 
ple putative mechanisms of resistance to anti-angiogenic  
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Table 1. Outcomes with phase II trials of bevacizumab-containing therapy in recurrent high grade gliomas. (HGG, high 
grade glioma; BV, bevacizumab; CA, carboplatin; I, irinotecan; ET, etoposide; ER, erlotinib; CE, cetuximab; TMZ, temo-
zolomide; HFSRT, hypofractionated stereotactic radiotherapy; IMRT, intensity modulated radiation therapy; CT, chemo-
therapy; RT, radiotherapy; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; NE, not 
evaluable; NA, not available; m, months; w, weeks). 

Study (author) Tumor type Regimen Radiographic response rate (RRR) 
Progression free  
survival (PFS) 

Overall 
survival 

BV + CT GBM 
Other 
HGG 

 CR PR SD PD NE Median PFS PFS-6  

Reardon et al. [35] 40  BV + CA + I NA 33% 53% 13% NA 5.9 m 46.5% 8.3 m 

Reardon et al. [36] 25  BV + CA + I NA NA 80% 16% 4% 2.3 m 16% 5.8 m 

Reardon et al. [37] 23  BV + ET/TMZ NA NA 52% 43% 4% 7.3 w 4.4% NA 

Desjardins et al. [38] 32  BV + TMZ NA 28% 50% 22% NA 15.8 w 18.8% 37.1 w 

Reardon et al. [39]  32 BV + ET 7% 17% 72% 13% NA 24 w 40.6% 63.1 w 

 27  BV + ET 4% 19% 73% 7% NA 18 w 44.4% 46.4 w 

Sathornsumetee et al. [40] 25  BV + ER 4% 46% 42% 8% NA NA 28% 42 w 

  32 BV + ER 3% 28% 44% 22% NA NA 71% 44 w 

Hasselbalch et al. [41] 43  BV + CE  34% (RRR)  29 w 30% NA 

Stark-Vance et al. [42] 11 10 BV + I 5% 38% 52% NA NA NA NA NA 

Pope et al. [43] 10 4 BV + I or ET NA 50% 21% NA NA NA NA NA 

Vredenburgh et al. [44] 23  BV + I 3% 59% 34% NA NA NA 30% 9.23 m 

Vredenburgh et al. [44] 23  BV + I 4% 56% 35% 4% NA 20 w 30% 40 w 

  9 BV + I NA 67% 33% NA NA 30 w 56% NA 

Vredenburgh et al. [32] 35  BV + I 57% NA 24% NA NA 5.5 m 46% 9.7 m 

Norden et al. [45] 33  BV + CT NA NA NA NA NA 5.5 m 42% 8.2 m 

Narayana et al. [46] 37 24 BV + I/CT NA NA NA NA NA 5 m NA 9 m 

Nghiemphu et al. [47] 123  BV + CT (n = 44) NA NA NA NA NA 4.25 m 41% 9 m 

   CT (n = 79) NA NA NA NA NA 1.82 m 18% 6.1 m 

Poulsen et al. [48] 27  BV + I  30% (RRR)  22 w 40% 28 w 

  22 BV + I  15% (RRR)  NA 33% 32 w 

Zuniga et al. [49] 37  BV + I  68% (RRR)  7.6 m 63.7% 11.5 m 

  14 BV + I  79% (RRR)  13.4 m 78.6% NA 

Gilbert et al. [50] 57  BV + I NA NA NA NA NA NA 37% NA 

BV + RT            

Gutin et al. [51] 20  BV + HFSRT 50% NA NA NA NA NA 65% 12.5 m 

Mohile et al. [51] 10 2 BV + IMRT 7% NA NA NA NA NA 76% NA 

Single-agent BV            

Friedman et al. [33] 167  BV (n = 85) 28% NA NA NA NA NA 42.6% 9.2 m 

Kreisl et al. [52] 48  BV, BV + I 35% NA NA NA NA 16 w 29% 31 w 

Chamberlain et al. [53] 50  BV 42% NA 42% NA NA NA 42% 8.5 m 

Raizer et al. [54] 50 11 BV NA 25% 50% NA NA 3.9 m 32% 6.6 m 
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therapy involved. Generally, two principal modes of re- 
sistance to anti-VEGF agents are proposed: adaptive re- 
sistance and intrinsic resistance. 

4.1. Adaptive Resistance to Anti-Angiogenic 
Therapy 

The early “starvation hypothesis” of anti-angiogenic the- 
rapy is considered to destroy the tumor vasculature, by 
means of depriving the oxygen and nutrients supply for 
the tumor. However, increasing evidence shows that 
mechanisms of anti-angiogenic therapy are more intricate 
and may also rely on tumor types [55]. For GBM, a 
highly vascularized primary brain tumor, it has been 
demonstrated that anti-angiogenic therapy not only in- 
hibits its vascularization but also has anti-tumor effects 
[56]. More recently, a hypothesis raised by Jain et al. 
postulated that certain anti-angiogenic agents were able 
to transiently “normalize” aberrant tumor vasculature of 
solid tumors accompanied by increased blood flow, such 
that the normalized vasculature facilitated efficient de- 
livery of oxygen and chemotherapeutic agents [57]. 
Nevertheless, queries have been raised by some other 
pre-clinical studies whose data show a reduction in tu- 
mor perfusion and oxygenation in xenograft models with 
patient-derived tumor [58]. In addition, some studies 
considered that anti-angiogenic therapy would compro- 
mise the delivery of chemotherapeutic agents and oxygen 
by destroying vasculature, which gave rise to a hypoxic 
micro-environment thereby rendering chemotherapy as 
well as radiotherapy less effective. A reduced TMZ con- 
centration within xenograft intracranial gliomas has been 
detected after anti-VEGF treatment with TNP-470, indi- 
cating that the actions of angiogenesis inhibitor on tumor 
angiogenesis can produce a reduction in the tumor con- 
centration of co-administered anti-cancer agents [59]. For 
the radiotherapy, the same anti-angiogenic agent was 
tested in combination with fractionated radiotherapy in- 
dicative of less efficacy due to inhibited re-oxygenation 
by anti-angiogenic therapy [60]. Nevertheless, by inves- 
tigating whether anti-VEGF treatment produces detri- 
mental effects on tumor vascular function and oxygena- 
tion that could compromise adjuvant therapies, research- 
ers concluded that the reductions in tumor oxygenation 
due to anti-angiogenic treatment were transient, and ini- 
tial pathophysiological deficiencies that could compro- 
mise conventional therapies over the short-term may be 
of less relevance when administered over more extended 
treatment schedules [61]. As Jain et al. mentioned, im- 
proved efficacy of anti-angiogenic therapy is dependent 
on both optimized therapeutic dose/combination and the 
treatment schedule with proper time window [57], and 
this hypothesis was further verified by a recent study 
which was performed in non-small cell lung cancer 
(NSCLC) patients using positron emission tomography 

(PET) and radio-labeled docetaxel ([11C] docetaxel) [62]. 
Even so, both the optimized therapeutic dose/combinationn 
and proper time window for treatment still remain to be 
investigated. 

In normal tissues, a balance between pro- and anti-an- 
giogenic factors exists and it tips in favor of the stimula-
tors in both physiological and pathological angiogenesis. 
In pathological angiogenesis, the imbalance persists and 
inclines to pro-angiogenesis, leading to tumor abnormal 
vascularization. It is proposed that anti-angiogenic thera-
pies initially improved both the structure and the function 
of tumor vessels. However, sustained or aggressive anti- 
angiogenic regimens may eventually prune these vessels, 
resulting in the remaining vasculature being both resis-
tant to further treatment and inadequate for delivery of 
drugs or oxygen, then tumors eventually be- come resis-
tant to the therapy and adopt a highly infiltrative and 
invasive phenotype [57]. 

Prominent vessel pruning and excessive inhibition of 
new vessel growth by anti-angiogenic agents are able to 
induce or aggravate hypoxia, which not only up-regulates 
the production of other pro-angiogenic factors, leading to 
VEGF-independent revascularization (evasive resistance), 
but also activates transcription of some proto-oncogenes 
resulting in tumor regrowth, invasion and metastasis. 

1) Up-regulation of pro-angiogenic factors/signaling 
pathways 

Evidence for resistance to anti-angiogenic agents as a 
result of the up-regulation of pro-angiogenic factors 
stemmed from pre-clinical experimentation in a genet- 
ically modified murine model. In this model, mice were 
treated with monoclonal antibodies against VEGFR. A 
transient response was evidenced by tumor stasis and 
tumor vascular reduction to the anti-VEGFR agent, how- 
ever extensive tumor regrowth was observed with typi-
cally dense tumor vasculature [63]. Compared to un-
treated tumors, the recurrent tumors were accompanied 
by heightened mRNA expression levels of the pro-an- 
giogenic factors including fibroblast growth factor 1 
(FGF1), FGF2, ephrin A1 (EFNA1), EFNA2, and an- 
giopoietin1 (ANGPT1). Remarkably, regions of acute 
hypoxia were found at the peak of response phase sug- 
gesting that the up-regulation of most of these genes 
could be as a result of the hypoxic conditions. An in- 
creased number of pro-angiogenic factors were also im- 
plicated in the late phase of resistance and included an- 
giogenin (Ang), interleukin-1β (IL-1b), basic fibroblast 
growth factor (bFGF), tumor necrosis factor-α (TNF-α), 
transforming growth factor-α (TGF-α), tissue inhibitor of 
matrix metalloproteinase-1,2 (TIMP-1,2). Additionally, 
pre-clinical studies have suggested that evasions of an- 
ti-angiogenic therapy are adaptive non-genetic mecha- 
nisms such as transcriptional up-regulation which allow 
tumor cells to find alternative ways for sustaining tumor 
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regrowth while the anti-angiogenic agent remains inef- 
fective [64]. 

Hypoxia-induced recruitment of various bone mar- 
row-derived cells (BMDCs) has been considered to play 
an important role in resistance to anti-angiogenic thera- 
py. Anti-VEGF therapy is typically combined with che-
motherapy to increase its anti-tumor effectiveness, by 
sensitizing endothelial cells to cytotoxic damage, and to 
impair the survival and regrowth of endothelial cells. 
However, recruitment of BMDCs after chemotherapy 
and anti-angiogenic therapy can revascularize the tumor 
[65,66], which is referred as “vasculogenic rebound” [67]. 
Under hypoxic conditions, a heterogeneous population of 
BMDCs is recruited to promote angiogenesis. The cell 
population consists of endothelial and pericyte pro- 
genitors which differentiate into endothelial cells form- 
ing the inner lining of blood vessels and pericytes to 
support blood vessels, respectively. Apart from support- 
ing the normal function of blood flow, pericytes also 
protect endothelial cells from anti-angiogenic therapies 
by inducting autocrine VEGF-A signaling, and have thus 
been implicated in the resistance to vasculature-targeting 
drugs [68]. Besides the aforementioned two progenitors, 
there are other angiocompetent BMDCs involved, in- 
cluding Tie2-expressing monocytes (TEMs), tumor-as- 
sociated macrophages (TAMs), neutrophils, mast cells 
and integrin alpha M (ITGAM) + lymphocyte antigen 6G 
(Ly6G) + myeloid-derived suppressor cells, which re-
lease angiogenic signals such as VEGF, prokineticin 2 
(PROK2) and matrix metalloproteinases (MMPs) [69]. 

Although VEGF blockade results in the majority of 
vessels regressing, a few thin vessels remain, densely and 
tightly covered with pericytes. Protective pericytes pre- 
sumably assist endothelial cell survival during anti-an- 
giogenic therapy [70]. However, this hypothetical resis- 
tance mechanism still remains to be confirmed. 

2) Activation of pro-tumor pathways 
Blocking angiogenesis shrinks tumors by starving 

them of oxygen and nutrients. On the other hand, it se- 
lects for cell populations which survive longer in oxy- 
gen-deprived tumor environments. For these cells, hy- 
poxia induced by vessel regression after anti-VEGF 
treatment is able to switch on a more invasive and meta- 
static program as well as up-regulate pro-angiogenic fac- 
tors. Pre-clinical studies have indicated that hypoxia ac- 
tivated this more aggressive mode predominantly by 
stimulating the expression of two proteins: scatter fac- 
tor/hepatocyte growth factor (SF/HGF) and its receptor 
c-mesenchymal-epithelial transition factor (c-Met) [71]. 
Normally, SF/HGF and c-Met play essential roles in em- 
bryogenesis and organogenesis [72], while this ligand- 
receptor pair has been implicated in tissue regeneration 
and wound healing process in adult tissues [73,74]. Upon 
HGF stimulation, c-Met induces several biological re- 

sponses that collectively give rise to a complex genetic 
program referred to as “invasive growth”. For brain tu- 
mors, overexpression of SF/HGF and c-Met have been 
found to enhance their tumorigenicity, tumor growth, and 
tumor-associated angiogenesis [75]. Moreover, the ex- 
pression levels have been identified to correlate with 
tumor grade and patient’s prognosis [76]. 

An ideal combined therapeutic mode suggested by re-
lated scientists is that instead of just targeting VEGF, a 
drug which blocks c-Met and avoids the consequence of 
increasing hypoxia could also be administered. To date, 
pre-clinical studies have shown that using an orthotopic 
mouse model of GBM containing a c-Met-activating 
mutation, local treatment of the one-armed 5D5 (OA- 
5D5) anti-c-Met antibody (MetMAb; Roche) completely 
inhibited intracranial GBM growth in SF/HGF dependent 
tumors [77]. In addition, a number of c-Met pathway 
inhibitors have been or are currently being studied in 
clinical trials with cancer patients, including therapeutic 
antibodies binding to SF/HGF and c-Met and small mo- 
lecule tyrosine kinase inhibitors (TKIs) blocking c-Met 
kinase specifically [78,79]. Of note, a recent phase II 
study has shown that AMG-102 (rilotumumab) mono-
therapy was not associated with significant anti-tumor 
activity in heavily pre-treated patients with recurrent 
GBM [80]. Another phase II study to evaluate the effi- 
cacy and safety of AMG-102 in combination with beva- 
cizumab in patients with recurrent malignant glioma is 
underway as well [81]. We hope that there will be en- 
couraging outcomes from these phase II studies. 

4.2. Intrinsic Resistance to Anti-Angiogenic 
Therapy 

1) Redundancy of pro-angiogenic factors 
A substantial minority of patients receiving anti-an- 

giogenic therapy fail to show even transitory clinical 
benefit [82]. Although it is possible that this group of 
patients reflect rapid adaptive resistance to anti-angio- 
genic therapy, another pre-existing or intrinsic resistance 
mechanism might exist. Due to recruitment of FGF2 and 
other pro-angiogenic factors at a very late stage of dis- 
ease, tumor angiogenesis could become VEGF-independent 
leading to a compromised response to anti-VEGF therapy 
[67]. An analysis of human breast cancer biopsies cover- 
ing a range from low to high grade malignant tumors 
revealed that advanced stage breast cancers expressed 
significantly higher expression of pro-angiogenic factors 
including FGF2 compared to earlier stage tumors which 
preferentially expressed VEGF [83]. Therefore, intrinsic 
levels of pro-angiogenic factors in the advanced stage 
tumors could sustain angiogenesis, even when treated 
with anti-VEGF therapy. 

2) Role of stem-like cells in resistance to anti-angio- 
genic therapy 
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Several years ago, a population of stem-like cells iso- 
lated from malignant gliomas provided a new perspective 
in cancer biology: the cancer stem cell hypothesis. This 
stem-like cell population has been proposed to be the cell 
population of the tumor which is most refractory to 
treatment [20]. Glioma stem-like cells have been report- 
ed to promote angiogenesis via enhanced expression of 
VEGF and other angiogenic growth factors [26,27]. Es- 
pecially during the early stage of tumor initiation, the 
glioma stem-like cell population can constitute a rela- 
tively large proportion of the tumor mass and contribute 
to tumor formation. Thus, it is plausible that the glioma 
stem-like cells trigger an angiogenic switch by sending 
the necessary signals during the early stage of tumor 
growth of primary and metastatic tumors [84]. In addi- 
tion, an increasing amount of evidence has shown that 
the hypoxic environment is also able to facilitate the ex- 
pansion of glioma stem-like cell populations as well as 
promote a more stem-like phenotype in the non-stem cell 
glioma cell populations [85,86]. 

5. Alterations of the Molecular Pathways: 
PI3K/AKT and Wnt/β-Catenin Signaling 
Pathways 

The phosphatidylinositol-3-kinase (PI3K)/AKT onco- 
genic pathway plays a critical role in GBM. Loss of 
PTEN, a negative regulator of the PI3K pathway, or ac- 
tivated PI3K/AKT pathway that drives increased prolif- 
eration, survival, neovascularization, glycolysis, and in- 
vasion, is found in 70% - 80% of malignant gliomas. 
Members of the PI3K/AKT signaling pathway can medi- 
ate invasion, angiogenesis, and the expression of VEGF 
in cells [87-89]. This stimulation of VEGF in cancer cells 
can be regulated by autocrine or by the chronic stimula- 
tion by growth factors such as the insulin-like growth 
factor-1 and constitutive activation of PI3K/AKT due to 
loss of the tumor suppressor PTEN [88,89]. From a 
therapeutic viewpoint, it has been suggested that PI3K 
inhibitors could be capable of inducing effective killing 
of cancer cells. Furthermore, many pre-clinical studies 
have shown potent inhibitory effects of different 
PI3K/AKT pathway inhibitors alone or in combination 
with other therapeutic agents to GBM [90,91]. 

The Wnt/β-catenin signaling cascade is another im- 
portant signal transduction pathway which is overac- 
tivated in many human cancers. Extensive data have 
shown that aberrant Wnt/β-catenin signaling plays a cru- 
cial role in GBM, including tumorigenesis, cell prolifera- 
tion, invasion and apoptosis [92-95]. However, the 
mechanisms involved in the Wnt/β-catenin signaling 
pathway are still elusive and need to be investigated. 
Previous research has shown that the Wnt/β-catenin path- 
way correlated closely with the progression of gliomas 
and they suggested it might be a novel prognostic marker 

for gliomas [96]. In addition, a number of components 
within this pathway have been confirmed to be impli-
cated in the interaction controlling Wnt-targeted gene 
expression, which is required for glioma formation 
[97,98]. As for epigenetic findings, suppression of the 
Wnt signaling pathway also has been suggested as an 
effective way for suppressing tumor growth [92,99]. 

6. Rechallenge after Bevacizumab Failure 

Bevacizumab has shown encouraging effect as both a 
single anti-angiogenic agent and in combination with 
chemotherapy in recurrent GBM. However, after the 
cessation of bevacizumab therapy or even during the 
therapy course, patients with GBM inevitably experience 
tumor recurrence [100]. Recurrent tumors after bevaci- 
zumab failure have been reported to be more aggressive 
with rebound radiographic phenomenon, combined with 
accelerated clinical decline [100]. This highly aggressive 
phenotype after anti-VEGF treatment has been found not 
only from clinical settings but also from pre-clinical 
studies, which demonstrated that anti-VEGF therapy in- 
creased tumor invasion by using in vitro and in vivo 
models [64,101]. However, there are different opinions 
in regards to this perspective. Some concluded that in- 
creased local invasion and distant metastasis would be 
induced by anti-angiogenic therapy [102] whereas others 
considered that the risk of distant or diffuse tumor spread 
at the time of failure of bevacizumab-containing treat- 
ments was not higher than with anti-VEGF-free regimens 
[103]. 

No matter what the recurrent pattern is, there is a 
growing consensus that the recurrent tumor after bevaci- 
zumab failure will become more refractory to additional 
treatment intervention with or without bevacizumab. The 
introduction of additional agents to bevacizumab has 
been attempted for patients after bevacizumab failure. 
However, disease prognosis was extremely poor with 
median PFS of 37.5 days and 6-month PFS of 2% [104]. 
At present, there is no optimal treatment for patients with 
GBM who progress following bevacizumab failure. It is 
thus urgent for us to find an effective therapeutic for the 
recurrent GBM patients who have undergone salvage 
therapy containing bevacizumab. 

A recent pre-clinical study working with a GBM xeno- 
graft model derived from patient tumor spheroids dis- 
covered that anti-VEGF treatment not only reduced vas- 
cular supply but also increased tumor cell invasion [58]. 
An increase in lactate and alanine metabolites together 
with an induction of HIF-1α as well as an up-regulation 
of the PI3K and the Wnt signaling pathways was ob- 
served as a result of bevacizumab treatment. These re- 
sults indicate that anti-angiogenic therapy could benefit 
from the adjuvant delivery of drugs targeting specific 
signaling or metabolic pathways linked to the glycolytic 
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metabolism of tumor cells. 

7. Remodeling of Glycolytic Metabolism in 
Glioblastoma 

A striking difference between normal differentiated cells 
and tumor cells is different modes of metabolism. Tumor 
cells produce energy by a high rate of glycolysis rather 
than by pyruvate oxidation in the mitochondria as most 
normal cells do. This phenomenon is termed the “War- 
burg effect” [105]. With this “metabolic transformation”, 
cancer cells swiftly adapt their energy metabolism to the 
needs of a high proliferation rate and an unfavorable hy- 
poxic/acid microenvironment, which has recently been 
recognized as an emerging distinguishing feature of can- 
cer cells from normal differentiated cells [106]. A rele- 
vant study indicated that such remodeling of the metabo- 
lism rendered tumor cell resistant to cell death signals 
mediated by oxidative damage [107]. 

Glycolysis is defined as the metabolic process con- 
verting glucose to pyruvate which is subsequently incur- 
porated into different metabolic pathways. In aerobic 
conditions, pyruvate normally enters in the tricarboxylic 
acid (TCA) cycle where it generates 36/38 moles of ATP 
after complete oxidative phosphorylation. Under an- 
aerobic condition, pyruvate generates 2 ATP by con- 
verting to lactate, which is excreted from the cell to- 
gether with protons, resulting in an extracellular acidify- 
cation. Although the overall production of ATP during 
anaerobic glycolysis is much less than it is in aerobic 
respiration (2ATP versus to 36/38 ATP), tumor cells 
heavily rely on anaerobic glycolysis even in the presence 
of adequate oxygen supply, which implies that tumor 
cells need much more glucose to meet their increased 
requirements for energy and biosynthetic intermediates 
[108]. Indeed, most tumor cells show a significant in-
crease in glucose uptake compared to normal tissue cells. 
Based on this phenomenon, an advanced imaging tool, 
Positron Emission Tomography (PET) with (18F) de- 
oxyglucose was designed for cancer diagnosis. 

There have been many attempts to block the glycolysis 
in tumor cells using different inhibitors targeting the gly- 
colytic pathway. 2-deoxy-D-glucose (2-DG), an agent 
which blocks the cellular metabolism of glucose via 
mimicking glucose, has shown promising results in a 
number of model systems of cancer. Encouraging results 
in regard to toxicity of the combining 2-DG with hy- 
pofractionated radiotherapy have stemmed from phase I 
and II clinical trials and its efficacy is currently being 
evaluated in phase III clinical trials for glioma patients 
[109]. 3-Bromopyruvate (3-BrPA), a pyruvate analogue, 
is both an alkylating agent and an inhibitor of glycolysis. 
3-BrPA was shown to inhibit tumor growth in a dose- 
dependent fashion in animal models, but the mechanism 
of action and the toxicity caused by high effective dose 

are not known for this compound [110]. Apart from these, 
there have been many compounds developed for target- 
ing the glycolytic pathway, such as Lonidamine (an in- 
hibitor of mitochondrial-bound hexokinase II), Clotri- 
mazole (induces detachment of hexokinase II from mi- 
tochondrial membrane) and Dichloracetate (an inhibitor 
of pyruvate dehydrogenase kinase 2) [111]. Although 
glycolysis is reduced by these compounds, none of these 
compounds demonstrate potent tumor growth inhibition. 
Hence, effective therapy targeting the glycolysis of tu- 
mor cells still remains to be explored. 

8. Conclusion 

The results of the phase III trial, AVAglio, which is in- 
vestigating the efficacy of adding bevacizumab up front 
to the standard “Stupp” protocol of RT and TMZ will 
provide critical evidence for its continued use in GBM 
[112]. There is little doubt that bevacizumab is a very 
effective steroid “sparing” agent, however its efficacy in 
reducing tumor growth and improved survival benefits 
continue to be the topic of heated debate. It is clear that 
the mechanisms of tumor resistance, either intrinsic to 
the patients or acquired as a result of anti-VEGF treat- 
ment are not completely understood. Overall survival 
will improve for patients diagnosed with GBM as we 
gain a better understanding of the complexities that un- 
derpin this treatment resistance to anti-VEGF therapies. 
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