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Abstract

Glioblastoma multiforme (GBM) is recognized as the most common and lethal form of central
nervous system cancer. Currently used surgical techniques, chemotherapeutic agents, and
radiotherapy strategies have done very little in extending the life expectancies of patients
diagnosed with GBM. The difficulty in treating this malignant disease lies both in its inherent
complexity and numerous mechanisms of drug resistance. In this review, we summarize several of
the primary mechanisms of drug resistance. We reviewed available published literature in the
English language regarding drug resistance in glioblastoma. The reasons for drug resistance in
glioblastoma include drug efflux, hypoxic areas of tumor cells, cancer stem cells, DNA damage
repair, and miRNAs. Many potential therapies target these mechanisms, including a series of
investigated alternative and plant-derived agents. Future research and clinical trials in
glioblastoma patients should pursue combination of therapies to help combat drug resistance. The
emerging new data on the potential of plant-derived therapeutics should also be closely considered
and further investigated.
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Introduction

Glioblastoma multiforme (GBM), which is a Grade 1V brain tumor according to the World
Health Organization (WHO) classification, is the most common form of primary brain tumor
in the central nervous system (CNS), and its aggressive nature and evasiveness to treatments
make it one of the most lethal cancers [1]. Current treatments for GBM, also called
glioblastoma, range from common chemotherapeutic agents such as temozolomide (TMZ),
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paired with radiotherapy, to more recent anti-angiogenic agents and immunotherapeutic
treatments [2]. As with many cancers, however, anti-cancer therapeutic agents have not
significantly increased the median survival of glioblastoma patients over the past 10 years.
The five-year survival rate of glioblastoma patients, after treatment that includes surgical
resection, radiation, and chemotherapy, is less than 9.8% - a colossal failure that has
partially been attributed to drug resistance [3]. Drug resistance can generally be categorized
as either acquired or intrinsic. Acquired drug resistance occurs when a tumor that initially
responded to treatment is no longer sensitive to the anti-cancer agent. Intrinsic drug
resistance refers to a tumor that shows insignificant or no response to the therapy at the
onset of treatment [4]. Recent research indicates that, on a molecular level, acquired and
intrinsic resistances share several common foundations [4].

However, the heterogeneous nature of GBM cells and the inherent issues of treating any
cancer of the CNS due to its limited repair mechanisms and anatomic complexities, make
the treatment of drug resistant GBM a difficult goal. The molecular mechanisms by which
GBM displays resistance to apoptosis, a form of programmed cell death, are only partially
understood. Understanding the molecular relationship between GBM cells and their
environment is critical since these abnormalities can indicate tumor formation and
progression, a process that can be reversible via therapeutic targeting for restoration of
sensitivity to apoptosis. Thus, the identification of the cellular and molecular mechanisms
that confer drug resistance is an important goal for the treatment of glioblastomas. This
review will concentrate on the primary chemoresistance mechanisms discussed in the
literature, including drug efflux, tumor induced hypoxic barriers, cancer stem cells, DNA
damage repair, and microRNAs (miRNAs); and it will show potential alternative therapies
that can combat resistance mechanisms (Table 1).

l. Drug Efflux

A. The ABC transporter family

One mechanism by which a living cell can achieve multiple resistances is the active efflux
of a broad range of anti-cancer drugs through the cellular membrane by multi-drug
resistance proteins. Drugs can be transported across the membrane in ATP-independent
manners or by using ATP-dependent proteins to transport across what are often considerable
concentration gradients. The ATP-dependent group consists of the ATP-binding cassette
(ABC) transporter family, which includes P-glycoprotein (P-gp), multi-drug resistance
protein (MRP), and breast cancer resistance protein (BCRP) [5]. All of these proteins are
involved in diverse physiological processes and are responsible for the uptake and efflux of
a multitude of substances from cancer cells [5].

Of the ABC family, overexpression of P-gp, which is encoded by the MDR1 gene, has been
mostly appreciated as a cause of anti-cancer drug resistance. Upregulation of MDR1 can be
induced by anti-cancer agents, mutation of the tumor suppressor gene p53, activation of Raf
(an upstream component of the MAPK pathway and oncegene transcriptional regulator), and
the presence of heat-shock or DNA damaging agents [6]. The over induction of P-gp acts
primarily by preventing ATP hydrolysis, disrupting the lipid membrane or blocking binding
sites, and thus P-gp has been shown to be involved in both acquired and intrinsic drug
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resistance [6]. For example, the uptake of erlotinib, an EGFR inhibitor with potential use in
glioblastoma treatment, has proven ineffective in clinical trials due to the actions of P-gp in
conjunction with Berpl [7]. Chemoresistance to doxurubicin and vincristine, two common
anti-cancer agents, has also been directly attributed to P-gp [8]. The inhibition of P-gp,
therefore, has been the intensive focus of much of the drug resistance research.

B. Synthetic P-gp inhibitors

The first generation of P-gp inhibitors is composed of drugs that are developed for other
indications but they have also been shown to inhibit P-gp. Such drugs include
immunosuppressants, calcium channel blockers, anti-hypertensives, and anti-estrogens [9].
However, at levels that would effectively prevent multi-drug resistance, these agents are
highly toxic. Second generation inhibitors, such as dexniguldipine and valspodor, have a
higher affinity and specificity for P-gp, making them more effective at lower concentrations
[9]. However, the second generation drugs are also substrates for cytochrome p450. By
interfering with the activity of this enzyme, toxicity of co-administered drugs increases
greatly [10]. Hubensack and others investigated the efficacy of two notable third generation
P-gp inhibitors, tariquidar and elacridar, when used as adjuvants with paclitaxel, also called
taxol [10]. They found that these drugs demonstrate enhanced control at the blood brain
barrier, leading to a higher brain to blood ratio of the cytostatic agents [10]. Furthermore, the
newer P-gp inhibitors do not change the plasma pharmacokinetics of the anti-cancer drugs,
nor do they serve as substrates for cytochrome p450 enzymes [9].

Exciting as these findings are, neither specific nor broadly active P-gp inhibitors have yet
shown enhanced chemotherapeutic ability when given with standard of care medications. It
is unclear why enhancing known anti-cancer drug concentrations intracellularly has thus far
proven ineffective; however, this phenomenon suggests that finding new chemotherapies,
versus enhancing the effectiveness of current drugs, should be our primary focus.
Wartenberg and colleagues suggested a new avenue of research into P-gp functionality when
they correlated increased P-gp expression with elevated glycolysis in tumor spheroids [11].
They discovered that inhibition of the glyocolytic pathway reduced P-gp expression in
glioblastoma cells and thus they posited that drug resistant tumors were only able to
effectively manage efflux when glycolysis was active. Indeed, this same proposition was
brought up five years prior to the Wartenberg study. Swift inactivation of pro-apoptotic Bad
by glycolytically regulated dephosphorylation, often found in cancer cells, was reversed by
reducing glycolysis-based ATP production [12]. If drug resistance is imparted by defective
respiratory activity resulting in enhanced glycolysis and a resultant increase in P-gp
expression, then inhibiting glycolysis should: 1) reduce drug resistance by down regulating
P-gp, 2) increase the chance of Bad activation and apoptosis, and ultimately 3) enhance
chemotherapeutic efficacy [12].

C. Molecular therapies

Other alternative therapies have been studied as well. The use of small interfering RNA
(siRNA) designed to target MDR1 was proven to both decrease expression of P-gp due to
down regulation of MDR1 and, ultimately, contribute to tumor cell apoptosis [8]. In a
similar study, human glioblastoma cells and human endothelial cells were treated with
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antisense oligodeoxynucleotides that targeted P-gp mRNA post-treatment with doxorubicin.
The flow cytometry results indicated that the cells retained up to four times the anti-cancer
agent than those untreated with the antisense oligodeoxynucleotides, indicating that this
might be an effective inhibitor of P-gp [13]. However, siRNA therapy is currently unproven
in animal models due primarily to the difficulty of delivering such a pharmacologically
unstable compound to the correct location intact.

Il. Hypoxia

A. Hypoxic areas: Hotbeds of resistance?

The rapid proliferation of tumor cells leads to an insufficient supply of blood vessels
surrounding the tumor, creating a microenvironment often characterized by areas of hypoxia
and acidity. As a result, cancer cells in the interior of the tumor tend to be inactive and do
not divide. Although anticancer drugs may kill cells on the exterior portion of the tumor, the
hypoxic cells are more likely to survive and develop resistance to anticancer drugs. The
most obvious reason for this resistance is the area's distance from vasculature, preventing the
therapeutic agent from reaching its target [14]. Another protective factor may be that
hypoxic areas are not proliferative, thus being intrinsically immune to the anti-proliferative
anticancer agents [15].

While the relationship between hypoxic areas and treatment failure has been studied for
decades, the molecular basis for hypoxic interference with anti-cancer agents has only
recently been uncovered. The phenomenon is partially due to the dependence of many
chemotherapeutics on the creation of oxygen-derived free radicals [16]. More detailed
molecular research also suggests that hypoxia-inducible factors (HIFs), a family of hypoxia-
induced transcription factors, play a crucial role in tumorigenesis, considering
immunohistochemistry findings that several HIFs, particularly HIF-1, are overexpressed by
tumor cells. One of the primary actions of HIF-1 is its activation of MDR1, the gene that
encodes P-gp expression [17].

B. Hypoxic area targeted drugs

Targeting hypoxic areas has become an increased focus in the fight against drug resistance
in solid tumors. Potential treatments include the use of drugs that are toxic only in hypoxic
conditions [18]. The drug currently being developed for this purpose, tirapazamine, is a
bioreductive agent that acts as a free radical in hypoxic conditions, activating topoisomerase
Il that then disrupts DNA strands. However, a Phase Il clinical study found that there was no
significant survival difference in patients treated with both radiation and tirapazamine versus
a control population [19].

C. Hypoxia and angiogenesis

The description of hypoxia must be accompanied by a review of angiogenesis treatment.
While vascular endothelial growth factor (VEGF) has been implicated in tumorigenesis, the
use of anti-angiogenesis agents proves to be complicated. The inhibition of angiogenesis
leads to hypoxia, which, in turn, leads to HIF stabilization and, ultimately, the stimulation of
further angiogenesis [20]. One potential option to overcome this circular conundrum is the
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interruption of the HIF signaling cascade [20]. This goal could be achieved by the
suppression of HIF-1a expression via the use of antisense HIF-1a-
phosphorothioateoligodeoxynucleotide (AS-HIF ODN). This antisense depleted HIF-1a
expression by up to 80% and subsequently increased the rate of apoptosis of a human
glioblastoma cell line [21]. Another potential treatment may be the normalization of tumor
vasculature. The neutralization of tumor vasculature creates a temporary environment for the
tumor in which there is increased drug sensitivity. This normalized period is marked by
angiopoietin-1 and MMPs, allowing for the associated period of effective treatment [22].

Interestingly, HIF-1 activates numerous glycolysis associated gene transcripts [23],
suggesting a connection between HIF-1 and P-gp regulation. Inhibition of HIF-1 would
reduce expression of MDR1 (the P-gp gene transcript) and therefore P-gp. Further studies
are needed to elucidate these roles, especially given the in vivo limitations of the RNA
interference (RNAI) technology.

lll. DNA Damage Repair

A. MGMT

Many commonly used chemotherapeutic drugs induce DNA damage (for example, 5-
fluoruracial and topoisomerase poisons). The response of the cancer cell to this damage
would, ideally, be induction of apoptosis. However, many cancer cells demonstrate DNA
repair mechanisms that can reduce chemosensitivity. The current primary treatment for
glioblastoma is TMZ, an alkylating agent, in conjunction with ionizing radiation. The
mechanism of action of TMZ involves methylation of guanine at O6 position, a change that
causes a futile cycle of attempted DNA repair and results in cell apoptosis. This successful
eradication of tumor cells, however, can occur only if the tumor is O6-methylguanine
methyl transferase (MGMT) negative [24]. MGMT removes the DNA adduct caused by the
alkylating agent, resulting in resistance to treatment.

The methylation of the promoter sequence of MGMT has been studied thoroughly as a
predictor for treatment and outcome; however, a clearer relationship among mRNA
expression, MGMT promoter methylation, and immunohistological assays are required for
this biomarker to become commonly used in clinical practice [25]. Thus, it remains clear
that high levels of MGMT or, conversely, a deficiency in mismatch repair, will result in
TMZ resistance [26].

B. MGMT therapeutic targets

Therapeutic targets for MGMT remain rudimentary. The current preferred strategy is to use
a high dose of TMZ in an attempt to overcome the hindering effect of MGMT on DNA
alkylation [27]. Patients with recurrent GBM were found to benefit from continuous
treatment with TMZ (50 mg/m?/d) [28]. It was also found that the progession-free survival
rate after six months in patients with recurrent or progressive GBM was 23.9%, a definitive
improvement over a previously found 15% survival rate using cytotoxic agents [28]. In a
2010-case study, it was reported a patient with excessive MGMT who was treated post-
surgery and radiotherapy with high doses of fotemustine, a highly lipophilicnitrosurea
sometimes used in conjunction with TMZ [29]. The patient experienced a complete response
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and recovery of three or more years [29]. While this result seems encouraging, the use of
high doses of fotemustine has not been tested on a broader clinical scale.

IV. Role of miRNASs in Drug Resistance

All miRNAs are noncoding single-stranded RNA molecules that post-transcriptionally
modify the translation of target mMRNA and are involved in an array of biological processes.
Both down regulation and upregulation of miRNAs have been recently implicated in the
development of glioblastomas. Shi et al. investigated the relationship between upregulation
of miR-21 and resistance to apoptosis using TMZ [30]. Using a human derived glioblastoma
cell line, they found that overexpression of miR-21 significantly inhibited the effect of TMZ
on apoptosis. While TMZ upregulates Bax (a pro-apoptotic protein) and caspase-3, both are
down regulated in the presence of miR-21. Bcl-2 (an anti-apoptotic protein) is elevated in
the presence of miR-21 [30]. The mechanism of miR-21 is potentially related to its
upregulation of LRRFIP1, the product of which inhibits NF-xB activation [31]. NF-xB
exhibits significant anti-apoptotic tendencies and thus its suppression increases
chemosensitivity in cancer cells [32].

Another recent study, using a resistant variant of human derived glioblastoma cell line
U251MG, found that three other miRNAs such as miR-195, miR-455-3P, and miR-10a,
were the most upregulated miRNAs in the resistant cells. Of the three, knockdown of
miR-195 had the greatest effect on initiating tumor cell death, suggesting that it could be a
potential therapeutic target for treatment of glioblastoma [2].

V. Stem Cells

A. Glioblastoma stem cells and chemoresistance

Stem cells are well known for their ability to differentiate and propagate. Recent cancer
research indicates that there is a population of cancer cells in tumors that, like traditional
stem cells, display the ability to both self-renew and maintain proliferation. Despite the fact
that many of these cells may be derived from mutated astrocytes post-epigenetic change
rather than a normal stem cell line, the term cancer stem cell is often applied to this sub-
population of tumor cells [33]. Glioblastoma stem cells (GSCs) exhibit proliferative and
self-renewal properties, as well as multi-lineage differentiation into astrocytes, neurons, and
oligodendrocytes. However, GSCs are markedly different from normal stem cells in regard
to their effect on tumor formation. Due to their unique properties, GSCs have been proven in
numerous studies to have significant tumorigenic capabilities when transplanted into the
brains of immunocompromised rats [33,34]. GSCs have also been found to express high
levels of both VEGF and SDF-1 (stromal-derived factor-1), both of which contribute to
tumor growth via angiogenesis [33,35,36]. GSCs not only act as protectors of the tumor;
they themselves are highly resistant to traditional therapies. Bao et al. demonstrated that
GSCs show a greater resistance to radiation than traditional glioblastoma cells, both in vivo
and in vitro [36].
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B. Checkpoint inhibition

The mechanisms of GSCs’ chemoresistance remain a subject of speculation. It has been
shown that GSCs, when damaged by typically used radiation therapies, activate checkpoint
mechanisms, thus allowing more efficient recovery from genotoxicity. Inhibitors of this
checkpoint mechanism negate this protective measure, a technique that could be considered
for overcoming this aspect of resistance. For example, the inhibition of Chk1 kinase by
agents such as debromohymenialdisine (DBH) has been suggested to be a potential mode of
therapy [33,37]. The regulation of checkpoint repair may also be managed through LICAM,
a cell surface molecule that heightens the DNA repair capacity [38]. Treatment with an
L1CAM inhibitor, when used in conjunction with other existing treatments, could be a
future step in the development of new therapeutic agents.

C. Side population inhibition
Other potential mechanisms of resistance and repair include the regulation and control of
ABC transporters, which act as efflux pumps for chemotherapeutic agents. A particular
population of cancer stem cells, called a side population, express particularly high levels of
ABC transporters and demonstrate remarkable drug resistance [39].

D. Notch signaling

Another potential therapeutic target in GSCs is the inhibition of the Notch signaling
pathway. Notch is a membrane protein with an intracellular domain which, when activated,
can be degraded by y-secretase and subsequently associate with transcription factors [40].
Both Notch 1 and Notch 2 have been shown to be overexpressed in tumors. While tumors
seem to overexpress Notch 2 more than Notch 1, Notch 1 has been implicated in the
regulation of EGFR [41]. Notch 1 activates p53, which in turn activates the EGF promoter
[41]. The inhibition of the Notch signaling pathway via the inhibition of the enzyme -
secretase has been shown to increase chemosensitivity of GSCs.

VI. B cell ymphoma- 2 (Bcl-2)

Bcl-2 is a commonly discussed and studied anti-apoptotic protein that is highly expressed in
treatment resistant cancer cells. However, recent research has indicated potential
manipulation of Bcl-2 as a prime mechanism in tumor survival. Knockdown of Bcl-2 using
SiRNA during a low dose taxol treatment was found to be helpful for induction of apoptosis
[42]. Taxol, a commonly used chemotherapeutic, acts by binding to the B-subunit of tubulin,
creating a structural instability so as to promote apoptosis via activation of caspase cascades.
The traditionally used high doses of taxol have the potential to induce apoptosis in normal
astrocytes. However, a dose (as low as 100 nM) of taxol that is tolerable to normal cells,
when complemented by the post-transcriptional gene silencing of Bcl-2, promoted up to
70% apoptosis in glioblastoma cells [42]. Because Bcl-2 inhibits of mitochondrial
cytochrome c release, its arrest ultimately allows for one of the caspase cascades necessary
for induction of apoptosis. These results were also demonstrated in vivo, with combined
treatment using taxol and Bcl-2 siRNA promoting a complete inhibition of tumor
angiogenesis and a decrease in tumor growth [43]. Thus, one potential adjuvant therapy to
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combat drug resistance is a direct attack on the problematic anti-apoptotic protein induced
by so many other resistance mechanisms.

VII. Alternative Treatments

A. Flavonoids

Considering the previous difficulties in finding a synthetic drug that does not interfere with
the anti-cancer agent or the metabolic reactions of other medications, recent research has
looked for a solution in herbal constituents (see Fig. 1). Current evidence supports the
hypothesis that flavonoids can be a natural source of P-gp inhibitors. Bioflavinoids are
natural pigments found in a variety of fruits and vegetables common to most diets. The
maintenance of a significant effect on P-gp requires an intake of flavonoid concentration of
10 uM; a serving of orange juice alone contains a concentration of 330-740 uM [44]. The
conjugated metabolite of flavonoids, however, is believed to have limited interaction with P-
gp due to their status as organic anions. High concentration supplementation intravenously
may be required to achieve the desired inhibitory effect [45]. Particular flavonoids,
including apigenin, epigallocatechin, and genistein, were specifically shown to induce
apoptosis of glioblastoma cells [46]. Other flavonoids, including anthocyanins, have also
been studied for this purpose [47].

Apigenin is a flavonoid commonly found in fruits and vegetables that has been studied in
depth for its anti-inflammatory and anti-proliferative properties [46]. This compound has
been found to increase reactive oxygen species (ROS) and phosphorylate p38 MAPK for
inducing apoptosis [48]. In Das et al., apigenin has been demonstrated to selectively target
GBM cells, sparing normal human astrocytes [46].

Genistein, an isoflavone estrogen receptor agonist, specifically inhibits protein tyrosine
kinase, and it has been proven to inhibit cell growth and proliferation, as well as
angiogenesis, when administered at a concentration just above physiological level [46,49]. A
combination therapy of Bcl-2 knockout and genistein was examined in vitro and decrease in
cell proliferation and increase in apoptosis occurred in the GBM cells [50]. Genistein has
been show to act via an increase in Bax-Bcl2 ratio and activation of caspases-9, caspase-12,
and caspase-3 [46].

Green tea has also provided a potential polyphenolic compound for treatment of
glioblastoma. Chemoresistance has been studied in relation to endoplasmic reticulum stress
resistance, and this pro-survival signaling comes partially from a specific stress marker,
GRP78 [51]. Epigallocatechin 3-gallate (EGCG), an epicatechin (polyphenol) found in
green tea, actually inhibits this stress marker. In vivo studies that administered this
compound as an adjuvant with TMZ treatment found that it significantly enhanced TMZ
response. Parallel in vitro studies that used siRNA targeting GRP78 also showed a similar
affect when used in conjunction with TMZ [52]. Green tea catechins are also believed to
inhibit matrix metalloproteinases (MMPs). MMPs are type 1V collagenases involved in
tumor proliferation by reconstruction of the basement membrane during key tumor growth
periods, including tissue repair and angiogenesis [53]. A study by Demeule et al. examined
the effects of a host of green tea epicatechins on MMP-2 and MMP-9, and the results
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appeared in accordance with the hypothesis that these tea-derived polyphenols, particularly
EGCG, could have an inhibitory effect on MMPs, inhibiting tumor growth [53].

Similarly, the aglycons of anthocyanins, a flavonoid group that gives red and purple fruits
their color, have shown potential as inhibitors of tumor growth [47]. In this initial report of
the potential anti-cancer capacity of anthocyanins, researchers found that, while the tested
agents did not inhibit cell proliferation, they did slow cell proliferation activity. The
aglycons discussed include compounds such as cyanidin (Cy), delphinidin (Dp), and
petunidin (Pt), the most potent of which is Dp. These agents essentially are believed to act
on plasminogen activation, preventing the cell migration necessary for tumor growth [54].

While much of the current GBM treatment is centered on overcoming resistance to
commonly used chemotherapies, another alternative is to identify new therapeutic agents
that avoid the previously discussed pathways of resistance. One potential therapy is based on
the use of retinoids. Most research indicates that retinoids, while successful at inducing
differentiation, fail to induce apoptosis. We determined that N-(4-hydroxyphenyl)
retinamide (4-HPR), also called fenretinide, a synthetic analog of all-trans retinoic acid
(ATRA), can exhibit both anti-proliferative and pro-apoptotic effects [55]. 4-HPR has the
potential for greater efficacy than its natural counterpart, ATRA, both because it has fewer
side effects and because it has proven to be active even in ATRA-resistant cells [56]. This
difference is due to the fact that 4-HPR causes apoptosis via retinoid receptor-independent
mechanisms, unlike the naturally occurring compound [57]. In a study, we examined the
effects of various concentrations of 4-HPR on two different GBM cell lines and determined
that treatment with 4-HPR caused both differentiation and apoptosis in both GBM cell lines
[55]. Differentiation occurred earlier during exposure, while apoptosis was a final stage
event (72 hours) [55].

Another study from our laboratories confirms that use of 4-HPR in the treatment of GBM,
particularly in conjunction with the knockdown of survivin [59]. Survivin is a pro-survival
protein that is highly expressed in GBM and has been proven to positively correlate with
tumor cell proliferation [58]. In our study of 4-HPR, we first down regulated survivin in two
GBM cell lines using a surviving siRNA, and we followed this change with 4-HPR
treatment. In vitro studies indicated that over 80% of cells embraced apoptosis with the
combined therapy and in vivo angiogenesis studies showed a marked decrease in tumor
vascularization [59].

In a related study, retinoids were used to treat GBM cells and it was found that retinoids
induced astrocytic differentiation and inhibited telomerase activity, allowing for an
increased sensitivity to Interferon-y therapy [60]. The astrocytic differentiation was directly
correlated to an increase in expression glialfibrillary acidic protein (GFAP), which stabilizes
the microenvironment for normal astrocytes. Treatment with the retinoids also reduced
levels of inflammatory factors, a phenomenon that could increase the efficacy of
radiotherapy [61].
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C. Ketogenic-restricted diet

The ketogenic-restricted (KR) diet is a low-carbohydrate, high fat diet most frequently used
therapeutically in treatment of refractory seizures in children. However, several animal
models and a case report suggest that a KR diet may target energy metabolism of tumors. It
was found that tumor growth and angiogenesis were inhibited via dietary restrictions in the
orthotopic mouse model of brain tumor [62-64]. These results have since been repeated
numerous times [62-64]. Another study described the rapid regression of an elderly patient's
GBM following treatment with standard therapy and a KR diet [65]. While further studies
are needed to confirm the actual efficacy of this KR diet strategy, the animal model results
and available case study suggest that this relatively simple dietary medication may, via its
effects on tumor metabolism, limit the drug resistance that complicates standard therapies.

D. Garlic-derived organosulfur compounds

Garlic, a common ingredient in food products, has also been indicated as a potential source
of anti-cancer therapeutics. The organosulfur garlic compounds diallylsuldife (DAS), diallyl
disulfide (DADS), and diallyltrisulfide (DATS) have been shown to induce apoptosis in two
different GBM cell lines, T98G and U87MG [66]. The primary mechanism of its success is
the production of ROS, which provides a signal for the induction of apoptosis. Garlic
compounds also elevate the intracellular concentrations of Ca?* as well as several other
signals for apoptosis (inhibition of BIRC proteins, activation of caspase-3 and caspase-4,
increase in Bax-Bcl2 ratio) [66]. The in vivo effects of these compounds in both ectopic and
orthotopic models are currently being studied in our laboratories.

VII. Future Directions

Ironically, current treatments may be the cause of drug resistance in GBM tumors. Most
current therapies may enhance future drug resistance by destabilizing inherent cellular
metabolism in small populations (perhaps even in cancer stem cells) of tumors [67]. Studies
indicate that this disregulation takes the form of enhanced glycolytic activity, likely
stimulating P-gp mediated resistance. Still, it is likely that intrinsic and extrinsic resistance
to common therapies, including chemotherapeutic agents and radiation, come, not from one
primary factor, but from a host of interconnected phenomena. Because efficacy of current
therapies is so greatly affected by these mechanisms, future therapies must consider
alternative and combination therapy, attacking various survival mechanisms that protect
from apoptosis to promote growth. Perhaps some of the more promising potential primary
and adjuvant therapies being studied are derived from natural sources. Glioblastoma is a
heterogeneous and lethal cancer, and attacking its chemoresistance is one of the most
important steps in combating its growth.
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Fig. 1.

Alternative therapeutic aims against drug resistance in GBM.
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Current resistance prevention targets and discussed array of potential therapeutic strategies

Table 1

Reasonsfor resistance | Therapeutic mechanisms References
Drug efflux Synthetic p-glycoprotein inhibitors | 9, 10
Molecular therapies 8,11
Hypoxic areas Interruption of HIF cascades 18,19
Vascular normalization 20
Hypoxia-targeted toxic agents 16, 17
mMiRNAS Inhibition of miR-21 2,217, 28, 29, 30
Inhibition of miR-195 2
Glioblastoma stem cells | Checkpoint inhibition 31, 35, 36
Side population inhibition 37
Notch signaling inhibition 38, 39
Bcl-2 Bcl-2 siRNA 40, 41
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