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Abstract

Glioblastoma multiforme (GBM), a greatly aggressmalignancy of the brain, is correlated
with a poor prognosis and low rate of survival. t4pnow, chemotherapy and radiation
therapy after surgical approaches have been thaments increasing the survival rates. The
low efficacy of mentioned therapies as well as rtis@ile-effects has forced researchers to
explore an appropriate alternative or complementaeatment for glioblastoma. In
experimental models, it has been shown that cumtumas therapeutic potentials to fight
against GBM. Given that curcumin has pharmacoldgitfects against cancer stem cells, as
major causes of resistance to therapy in gliobhaatoells. Moreover, it has been showed that
curcumin exerts its therapeutic effects on GBM <cefla affecting on apoptosis, oxidant
system, and inflammatory pathways. Curcumin woubdsess a synergistic impact with
chemotherapeutic agents. Herein, we summarizedctimeent findings on curcumin as

therapeutic agent in the treatment of GBM.

Keywords. Curcumin, Glioblastoma, Therapy



1. Introduction

Gliomas are the most common primary brain tumoradults, which results from astrocytes
or glial precursors transformation. Glioblastomagtioblastoma multiform (GBM) is the
most frequent, aggressive and high-grade (gradddii) of glioma that occurs in brain or
spinal cord. Despite all remarkable progressionseurosurgery, drug (gene and cell therapy,
boron neutron capture therapy, nanotechnology-bsdpies) and radiation, various cancer
such treatment is still an important concern areddiiance of treatment is not promising [1-
5]. The usual span of survival following diagnosisalmost fewer than 5 years [6, 7]. The
cellular and molecular origin of GBM is not yet fjulunderstood. But, it was shown that
dysregulation of cellular signaling pathways andeaje mutations can play a critical role in
cancer ignition, invasion and progression. Foranesg, the hyperactivation of PI3 kinase
pathway, mutation in retinoblastoma goisi3 genes, and overexpression of epidermal growth

factor receptor (EGFR) were reported in GBM ca8e$(].

From past decades, herbal and natural compounttsenrderivatives have attracted much
attention as promising therapeutic agents to themban malignancies, especially cancers.
Curcumin is an herbal supplement originating framnteric (root of the rhizom€urcuma
longa ) and belongs to curcuminoids group, which arenfpfghenols metabolites causing
yellow color in turmeric [11, 12]. Chemically, cumnin is a natural linear diarylheptanoid
consisting of two aromatic rings which bind to aptame with various substitutions.
Schematic 1 shows the molecular structure of cunecy@8]. Without any doubt, curcumin
plays pivotal roles in various biological procesbgsits pharmaceutical benefits to remedy
diseases. Strong evidences have approved thagidlyighenol compound possesses immense
biological activities, including anti-oxidant, amtiflammatory[14], cardioprotective [15],
neuroprotective [16], as well as anti-cancer [17is worth notice that lipophilic properties

of curcumin and its ability to cross into blood ibrdbarrier (BBB) make it an efficient



therapeutic and protective agents in CNS-relatesbrders and malignancies, including

Alzheimer’s [18] , Parkinson [19] and GBM [20].

Despite the significant beneficial effects of curgn, the low bioavailability impedes its
wide utilization in medicinal and pharmaceuticapligations. To overcome this drawback,
many efforts have been focused on developing nawetumin derivatives, such as
demethoxycurcumin (DMOQO), tetrahydrocurcumin (THC), turmerones and
bisdemethoxycurcumin. In comparison to curcumiteradg some substitutions causes an

improvement in their bioavailability and biologicadtivities.

Emerging nanotechnological strategies have causggn#icant progress in many sciences,
including biology and medicine. In order to improtlee bioavailability and efficacy of

curcumin and its analogues, nanomaterials are asearriers for their drug delivery. Up to
now, many researchers have been interested inrourcits analogues and also their related

delivery systems to treat many cancers, partiqu@aBM.

The purpose of this review is to summarize curreseéarches on curcumin in GBM therapy.
The curcumin roles and molecular mechanisms inebineGBM treatment have been well
introduced. Then, the investigations related toceonn analogues and curcumin delivery

systems for GBM cells have been addressed.

2. Curcumin as a therapeutic agent in Glioblastoma

From the past centuries, products derived fromredtave been used for wound healing and
disease treatment. Recently, the health applicatmahbenefits of these natural compounds
have become an attractive research field in modeedicine [21]. Many natural-based

components have been identified potentially usedmiedical applications and disease
treatment. Due to intrinsic properties, some ofitt@an penetrate BBB, which is one of the

principal consideration for developing drugs fonttal nervous system (CNS) [22, 23].



Curcumin is an example of natural pharmaceuticahmmunds which is able to permeate
BBB and mainly accumulates in hippocampus. As farnalant amounts of lipids in brain,
the lipophilic nature of curcumin causes favorahlesorption, availability as well as
maintenance in CNS [24]. Numerous studies havesiiyeated the wide range of curcumin
pharmaceutical effects, such as anti-microbial-iaflammatory, anti-oxidant and especially
anti-cancer [25-27]. Regarding this, curcumin hasrbreported as an effective anti-tumor

agent against GBMHgure 1), the most lethal primary CNS tumor [28, 29].

Many evidences have shown the curcumin ability test cell proliferation and induce
apoptosis in various cancers, such as colon cdB0grlung cancer [31], breast cancer [32],
melanoma [33] , as well as GBM [34]. The apoptdtinction of curcumin is related to
induce ROS production, caspases activation andchotwdrial membrane permeability and
so on [35, 36]. Ambegaokand colleagues reported that curcumin could intplotiferation
and induce apoptosis of GBM cell line. The mechasisvould be either p53 and caspase 3
activation or decreasing anti-apoptotic genes,usholg AP-1, NF-kB and Bcl2 [37].
Curcumin attenuates cell proliferation and overceomaglioresistant and chemoresistant GBM
cells. The molecular mechanisms of this action ratated to AP-1 and NkB pathways
through inhibition of INK and AKT activation. Thiecreased expression of bcl-2, and DNA
repair enzymes, such as MGMT, ERCC-1, DNA-PK, Kand Ku80 lead to the resistance
of glioma cells against radiation and chemotherapeagents; however, these cells are
sensitive to curcumin. Subsequently, this featuopgses that curcumin is potentially useful

as an adjutant with common chemotherapeutic agentsadiation in GBM treatment [27].

It has been reported that curcumin inhibits migratnd invasion in GBM cell line U87. A 6
hours exposure of 10uM curcumin causes a signifidaarease in Fascin protein expression
by inhibiting STAT3 pathway. A reduction in Fasixpeession results in cell shape

alternation and filopodia formation reduction in U8ells [38]. Fascin is an acting binding



protein involved in F actin aggregation, cellulstaskeleton rearrangement and cell motility.
The Fascin expression is associated with invasarewor of cancer cells, including GBM
cells [39]. Of note, the ability of cells for attament, invasion and migration shows a
negative correlation with curcumin concentrationd aexposure time [40]. Molecular
mechanisms and related signaling pathways of aniot properties of curcumin in GBM
have been scrutinized. For this purpose, three pattevays investigated in GBM include: 1)
the p53 pathway (p53, p21 and cdc2 proteins), 3kiRdse pathway (EGFR, Ras, mTOR,
PTEN and Akt), and 3) RB pathway (CDKN2A/16 and Bi®teins). In a time and dose
dependent manner, curcumin either promotes p5akngnthrough increasing p53 and p21
and decreasing cdc2 proteins or reduces RB pathimayincreasing and decreasing
CDKN2A/p16 and phosphorylated RB, respectively. ,Buthas no significant effect on
expression of PI3Kinase of mentioned proteins. Alschas been shown that increased
concentration of curcumin may induce morphologichhnges in cells, from a flat and
columnar shape to small and shrink cells. Furtheemie cells population arrested in G2/M
phase are increased significantly with elevatingeonin concentration and exposure time in
DBTRG cell line [41]. Regardless PTEN and p53 matatl status, curcumin inhibits
survival pathways, PlI3kinase and NF-kB, and bclaxl, anti-apoptotic protein. Moreover,
curcumin exerts a synergic effects with cis-plaim doxorubicin to reduce GBM tumor size

in vivo[42].

Perry and colleagues reported anti-carcinogerieatsires of curcumin in GBM xenografts.
Curcumin administration decreases metalloprotei®asegelatinolytic activities, and
endothelial cell markers which is an indicationdetreased angiogenesis [20]. Furthermore,
the restrained effects of curcumin on proliferaticnlony formation, migration and tumor
size have been evaluated in glioma cell lines arm model. Curcumin treatment leads to

downregulation of SHH/GLI1 signaling (GLI1, Smo a8th), CyclinD1, Bcl-2 and Foxm1l



in vitro. It also increases the Bax/Bcl2 ratio, leadingirtduce apoptosis in tumor cells.
Curcumin restrains tumor cells and prolongs theigal period of U87-implanted nude mice

compared to control subhects through SHH/GL1 siggglathway [43].

MicroRNAs (miRNAs) are a class of small non-codiR§As which play critical roles in
post-transcriptional gene regulation. Due to miRNa#les in the regulation of cellular
processes and pathways, their aberrant expresaiolead to serious malignancies, including
cancers [44, 45]. Evaluating the expression of 3B revealed that this miRNA is
significantly expressed in lower levels in braimtr tissues. Eventually, miR-378 acts as a
tumor suppressor miRNA and inhibits malignant cbemastics of glioma [46]. Furthermore,
miR-378 enhances the anti-tumor effects of curaymnd GBM cells response to curcumin
treatment through mediating p38 mitogen-activatedgin kinase [47]. MIRNA-21 is a well-
known oncogene miRNA which is a key regulator GBM progression [48]. Curcumin
reduces pri-miR-21 promoter activitya binding to AP1, a transcription factor activatiits)
promoter [49]. Also, curcumin decreases the cagenaity of GBM cells through inhibition
of miR-21 and anti-apoptotic proteins, and enharnicesexpression of pro-apoptosis proteins

as well as microtubule-associated protein lightrcBall (LC3-11) expression [50].

Cancer stem cells (CSCs), a small population inotusnvironment, are responsible for
tumor developing, progression, recurrence and desgstance in cancers, including GBM
[51]. Mounting evidences suggest that curcumiraliée to target glioma CSCs through
molecular pathways involved in self-renewal. Expesof glial CSCs to curcumin results in
differentiation and self-renewal dysfunction. Inat)lICSCs, the neurospheres forming ability
and neural stem/progenitor markers (CD133 and Nestipression are also repressed by
treatment of curcumin, even at low concentratiquM2 [52]. Meanwhile, curcumin (2.5uM)
makes a remarkable arrest in GBM stem cellsMAPK pathway activation, STAT3 and

IAP inhibition, and in a ROS-dependent approachusTlzurcumin potentially prevents GBM



recurrence through anti-proliferative effects oanstcells [53].Table 1 illustrated the anti-

tumor effects of curcumin in GBM.
2.1. Curcumin analogues

Without doubt, curcumin has beneficial effects ohilbition of tumor cell growth. Despite
remarkable anticancer features of curcumin, itsliegoon in experimental and clinical
practices has been restrained due to its poobaralailability and solubility in water. These
drawbacks have pushed researchers to develop curci@mvatives which are as effective as

curcumin even at micromolar dosage [78].

There are three sectors in the curcumin structuneetwhave been modified in order to
produce an “improved curcumin.” These contain th@retic rings, the -diketone moiety,
and the two flanking double bonds conjugated to ldteer. Synthesis of analogues can
improve anticancer potential to target differemdqasses or stages in cancer cells. Structure
activity relationship (SAR) analysis suggests thaariety of structural types are tolerated for

potency [79].

The curcuminoids such as curcumin, demethoxy cuirt@nd bisdemethoxycurcumin were
isolated from the dichloromethane extraction byoamatography. The pyrazole analogues
could be prepared by treating the CH2CI2 extrath Wiydrazine hydrate in acetic acid and
purificatio by chromatography to give pyrazole gatives [80]. The isoxazole analogues
were prepared by treating the CH2CI2 extract widrbxylamine hydrochloride in acetic

acid and purification by chromatography. All thengmunds demonstrated antioxidant
effect; while, among them the pyrazole analogue wlagwed to be more potent than

curcumin but the potential of isoxazole analoguse eguipotent to curcumin [81].



2.2. Curcumin analogues as power ful toolsin glioblastoma ther apy

To date, the curcumin analogues have attracted ratieptions to be used as anti-cancer
agents against a plethora of cancers, including GBgure 2). The DMC, THC, turmerones
and bisdemethoxycurcumin are considered as curcamatogues inducing inflammatory
and anti-proliferative signalda inducing reactive oxygen species (ROS), and piatigntan

be used as chemoprotective components for careatimtent [82]. It was investigated that
DMC concentration 50ug/ml could induce ROS produgtmajorly superoxide anion radical
(O27), and following apoptosis in U87 cells. Basedbaminformatics analysis, DMC could
interact with active site residues of mitochondsiaperoxide dismutase (mnSOD) and inhibit
its activity, resulting in @ accumulation in cells. In that study, exposurdtdC lead to
suppression of PI3kinase/NF-kB signaling and atiwaof caspase-8 and caspase-9 to
release cytochrome resulting in cell growth arrest and apoptosisumian glioma U87 MG
cells [83]. Furthermore, it was revealed that DM€atment induces G2/M cell arrest and
apoptosis through activation of Bcl-2 in those £¢84]. In addition to induction of ROS
generation, DMC not only decreased the expressfo@RC25C, Cyclin B1 and CDK1
leading to G2/M cell arrest, but also increasedjuitination and proteasome degradation in
U87 cells [85]. Additionally, DMC showed cytotoxactivities against GBM 4801 cells, a
human malignant GBM cell line. DMC has been obsegri@ reduce the mitochondrial
membrane potential (MMP), and to increase DNA fragtation and apoptosiga activation

of caspase-3 and caspase-9 in GBM cell linessd adhibits NF«B signaling pathway, and
contributes to arrest cells in SubGO0/G1 cell pH&6¢. ATP-binding cassette sub-family G
member 2 (ABCG2) is a drug transporter overexpresseglioma stem cells (GSCs), and
increases chemotherapy resistance in them [87]. @B@xpression showed an inverse
correlation with DMC-induced growth inhibition inS&s, and its suppression resulted in an

improvement in DMC efficacy, ROS production and jatpsis induction. This data was also



confirmed in xenograft tumor-bearing mice; the ABC&pression was reversely related to
anti-tumor effects of DMC on GSCs. These findingggested ABCG2 expression as a
critical mechanism of resistance to DMC and a pidertherapeutic target for GBM

treatment [88].

Temozolomide (TMZ) is one of the widely used chemeoapeutic agents for GBM
treatment, which induces cell apoptosis, cell ghoimhibition and autophagy in GBM cells
through G-methylguanin formation. Despite impressive antigla impacts of TMZ, it
cannot effectively inhibit cancer recurrence andC€ $roliferation [89-91]. It was proposed
that DMC may be better than TMZ for GSCs theramgause it could effectively prohibit
cell proliferation and activate apoptosis vitro andin vivo. The GSCs were negligibly
affected by a single dosage of TMZ, however, itsnlbmation with DMC synergically
increased GSCs apoptosis through modulating ROSergion, caspase-3 signaling
activation, and suppression of JAK/STAT3 and PCMAression [92, 93]. Consistently, Shi
et al. showed that DMC more effectively inducesl gebliferation arrest and apoptosis
activation than TMZ treatment in GBM cell lines aadimal model. Similarly, the co-
administration of TMZ and DMC synergically resultsanti-tumorigenic effects through the
same mechanisms presented for GSCs treatmewivo and in vitro [94]. Recently, this
research group has published contradictory resihish refused their previous conclusions.
They demonstrated that TMZ is significantly ableinduce tumor regression compared to
DMC in xenograft GBM mice model. In addition, TMA$ more effective inhibitory effects
on expression of Ki67 and proliferating cell nuclaatigen (PCNA). Moreover, only TMZ
but not DMC induces a p-AKT decrease and an inereascleaved caspase-3 and BAX
expression [95]. These findings caused a dilemmautaldPMC and TMZ efficacies in
glioblastoma treatment, and it seems that morabigliand accurate researches are needed to

clear this ambiguity.



Zhang and colleagues have recently revealed th& 3yhergically increases radiosensitivity
of glioma cells. Therefore, compared to singlettresnt, a combination therapy of THC and
radiation exposure increases apoptosis and GO/Bdroavth suppression. Also, the S phase
cell population and cyclin D1 and PCDNA expressiogre significantly decreased. Tumor
growth was remarkably inhibited in animals treateith combination therapy [96].
Hydrazinobenzoylcurcumin (HBC) is a recently depeld derivative of curcumin acting as a
Ca'? /Calmodulin antagonist to inhibit tumor growth iarious cancer cells [97, 98]. HBC
has a significant role in the suppression of tugenic features of GSCs. It not only reduces
the self-renewal capacity, migration and invasiaut, also promotes caspase-3 and caspase-9
as well as apoptosis process in GSCs. It is warthtimg out that the expression of CD133,
Nanog, Sox2 and Oct4, a GSC marker, is considerdbbreased due to HBC-induced
repression of C&/Calmodulin-dependent protein kinase Il (CaMKIl)dan-Met activity
[99]. CaMKIl modulates many signaling cascades,hsas c-Met signaling which is
responsible for expression of stemness maykiersugh activation of ERK1/2, PI3kinase and
STATS3 proteins [100, 101]. It was suggested thad¥lKHA might be a novel therapeutic target
to induced apoptosis in GSCs [99]. Table 3 listagious curcumin analogues in GBM

therapy.



3. Novd therapeutic approachesfor curcumin targeting in glioblastoma

Many researches have been clearly approved the agretective and chemotherapeutic
effects of curcumin on a wide range of cancersh@lgh curcumin retards tumor growth, the
poor oral bioavailability limits its wide clinicahpplication. It is mainly because of low
absorption, rapid metabolisms, as well as rapidgniektion from the body [33, 108].
Nanomaterial-mediated targeting system is a pramiapproach to overcome these problems
and raise the possibility of being widely used asoamon anticancer therapy [109].
Therefore, developing delivery systems for curcutmas attracted many attentions in recent
years. In the following part, recent researchesibhanodelivery of curcumin to GBM cells

are discussedr@ble 3).
3.1. Nanoformulation of curcumin

Different types of nanomaterials, such as polymanaparticles, polymeric micelles, and
liposomes have been used as nanocarriers to delureumin. Bisht et al. developed a
polymeric nanoparticle formulation of curcumin (N&urc") that overcomes the major
drawback of free curcumin, low bioavailability, anminproves treatment efficacy.
NanoCuré" is 50nm in size synthetized by encapsulation @€wmin in cross-linked and
random copolymers of N-isopropylacrylamide (NIPAANN-vinyl-2-pyrrolidone (VP), and
poly (ethyleneglycol) monoacrylate (PEG-A). Congzhto free curcumin, it showed more
solubility in aqueous medium. In addition, its amtmorigenic effects on various human
cancer cell lines and animal models of human mahgres were remarkable and extremely
promising [110, 111]. Also, NanoCUft showed inhibitory effects on cell proliferation and
clonogenecity, and stem-like behavior was examimedsBM and medulloblastoma, as
malignant brain tumors. The results showed that fttimulation dose-dependently induces a

decrease in growth by arresting cells in G2/M cgtlle phase and an apoptotic induction in



various tumor-derived cells, including DAQY, D2838eGBM neurosphere lines HSR-
GBM11 and JHH-GBM14. Furthermore, this polymericapsulation of curcumin attenuates
clonogenic growth and CD-133-positive stem-likel pelpulation. Downregulation of some
immense cellular pathways, including insulin likewth factor, STAT3 as well as Hedgehog
signaling pathways can be considered as possibthanesms for the cellular changes in
mentioned cells. Overall, this curcumin nanopagticd able to inhibit the progression of
malignant brain tumors through regulation of cetbliperation, survival and stem cell
phenotype [112]. Methoxy polyethylene glycole-pataprolactone (MPEG-PCL) is an
amphiphilic copolymer widely used in medical meansl drug delivery systems. Curcumin
is loaded in this copolymer to form a core-shetuaiure. The prepared nanocurcumin is
permeated to cells with a significant efficiencyoingh endocytosis mechanism and is
localized near the nucleus. In a dose-dependenth@nathis nanocurcumin could stimulate
pro-apoptosis mechanism in rat model of GBM [113urthermore, curcumin loaded in
MPEG-PCL and PCL showed high neuroprotective effext U251 glioblastoma cells.
Treatment of U251 cells and zebrafish embryos wlise two nanocurcumins revealed

desirable cellular uptake [114].

3.1. 1. Solid Lipid Curcumin Particles

Recently, it was shown that solid lipid curcumirrtmdes (SLCP) more efficiently induce
apoptosis and anti-tumorigenesis effects than étgeumin on GBM. Besides, the SLCP
causes an enhancement in autophagy markers (Atg3, Beclin-1, LC3A/B-I and LC3A/B-

II) and cell survival markers. Inversely, PI3kingsghway (P13kp85, p-PI13kp85, total AKT,
p-AKT,mTOR and P-mTOR) and cell death markers ameiased after treatment of cells
with SLCP. Subsequently, the authors demonstrai@dICLP could be a non-dangerous and

effective carrier for therapeutic application byaphagy regulation in GBM cells [115].



3.1.2. Cucrumin-loaded lipid-cor e nanocapsules

Cucrumin-loaded lipid-core nanocapsules (C-LNCa3 been developed to overcome low
bioavailability of curcumin and improve anti-tumgroperties of curcumin. Release of
curcumin from lipid nanocarrier was efficiently d¢oolled in C6 and U251MG cells.
Furthermore, C-LNC shows more cytotoxic effects pared to non-capsulated curcunmin
vitro. Arresting in G2/M cell cycle phase and autophagjuction were reported in cells
treated with C-LNC and free-curcumin. As well, @& vivo investigation indicated a
significant decrease in brain tumor size and agmgéd survival compared to animals
injected with same dose of non-capsulated curcumib]. Phytosome, a complex of a
natural (usually herbal) compound and a phosplli appropriate to be used as drug
delivery system [117]. Curcumin Phytosome Merivee(Ma®) has been used in more than
25 clinical trials. It yields 29-times better alystton and higher bioavailability than free
curcumin [118]. It was reported that GBM -antibddhked curcumin (CC) and Meriga
could complete remission in approximately 60% of NGBnice models. One possible
mechanism can be repolarizing tumor-associatedogiietmacrophages (TAM) from the
tumor-promoting M2 type to tumoricidal M1-type [}3121]. Also, Meriv&® treatment
induces 50%-60% of the TAM and activates naturdlekicells (NK) to GBM
microenvironment. Downregulation of M2-linked turanomoting proteins (STAT3, ARG1
and IL10), induction of M1-linked anti-tumor pratsi (STAT1 and nitric oxide synthase) in
the TAM, clearance of CD133 (+) GBM stem cells ativation of apoptosis through
caspase-3 in tumor cells were introduced as paientechanisms in Merigamediated

treatment of mice bearing GBM GL261 cells.

3.1.3. Polysaccharide nanoparticles



Two opposite polysaccharides mixing in aqueoust&miucauses electrostatic interactions
and subsequently, polysaccharide nanoparticles PBYldre spontaneously formed [122].
Chitosan (CS) is an amino polysaccharide with lirgeucture. It is found in nature, and
promising future for its utilization in clinical pctice can be considered. The positive charge
at natural and acidic pH provides PSNPs preparati@3]. Hyaluronic acid (HA) also called
hyaluronan, is a negatively charged and non-sufgigcosaminoglycan having ability to
bind CD44 receptor overexpressed in a plethora avfcers [124]. Lactoferin (Lf) is a
positively charged and iron-binding glycoprotein nmmammalians. BBB and glioma cells
express its receptor on their surfaces and faalitef transportation [125]. In a study
conducted by Xuwet al., in order to provide non-invasive and eéfiti treatment for GBM,
HA and CS hydrochloride (as negatively and peosiyi charged polysaccharides,
respectively) were used to form PSNPs as a cawiecurcumin. In addition to PSNPs,
further functionalization with Lf caused a dualgeting drug delivery of curcumin to cross
BBB and target glioma cellsin vivo andin vitro studies have reported that Lf-curcumin-
PSNPs could cross the BBB efficiently. The resshew that Lf-curcumin-PSNPs could
target and accumulate in brain tumor after incréaB8B crossing, hence it has a vast
potential to be used in CNS-related malignanciesaby [126]. Another study carried out by
Yang et al.,revealed the potential of PSNP-based HA/CS polysaates to delivery
curcumin against GBM cells. Compared to non-capedlacurcumin, curcumin-PSNP
significantly induces cytotoxicity and higher uptain C6 cell line. Active endocytosis,
micropinocytosis, clathrin-, CD44- and caveolae-ratdl endocytosis may be involved in

curcumin-PSNP uptake in C6 cells [127].

Overall, further investigations are required tovardhe effectiveness of mentioned nano-

based delivery systems of curcumin in the therdgy&iV.



4. Conclusion

As mentioned earlier, GBM implicates multimodaliynical therapies, such as radiotherapy,
chemotherapy and surgery. Malignant gliomas ofteawsradio- and chemo-resistance. Due
to the diffuse and aggressive nature of this carared because of poor outcomes of standard
therapies, efficient therapeutic methods for GBBatment are still required. Curcumin has
shown beneficial anticancer effects in various grancies, including GBM. The synergistic
impacts of curcumin with radiotherapy and chemahgrrevealed its potential for GBM
therapy. Application of this natural compound inmtmnation therapy for affected individuals

has a promising future.

5. List of abbreviations

GBM Glioblastoma or glioblastoma multiform

DMC Demethoxycurcumin

THC Tetrahydrocurcumin

CNS Central nervous system

BBB Blood brain barrier

MiRNAs MicroRNAs

LC3-lI Light chain 3-11

mnSOD Mitochondrial superoxide dismutase

MMP Mitochondrial membrane potential

ABCG2 ATP-binding cassette sub-family G member 2




GSCs

Glioma stem cells

T™MZ Temozolomide

PCNA Proliferating cell nuclear antigen

HBC Hydrazinobenzoylcurcumin

CaMKaII Ca'“/Calmodulin-dependent protein kinase I
NIPAAM N-isopropylacrylamide

VP N-vinyl-2-pyrrolidone

PEG-A Poly (ethyleneglycol) monoacrylate
mPEG-PCL Methoxy polyethylene glycole-poly caprolactone
SLCP Solid lipid curcumin particles

C-LNCs Cucrumin-loaded lipid-core nanocapsules
TAM Tumor-associated microglia/macrophages
PSNPs Polysaccharide nanoparticles

CS Chitosan

HA Hyaluronic acid

Lf Lactoferin
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Table 1. Anti-tumor effects of curcumin on gliobdiama

Dose(s) Main target () Main effect (s) Model Cédl line(s) Ref
10 uM Atg5, Beclin-1 Induces autophagy In vitro Al72 [54]
10uM Fascin Anti-migration and anti- In vitro us87 [40]
invasion effect
10 uM Cx43 Induces apoptosis In vitro U251, U87 [55]
25 uM Atg5, Atg7,m PI3K, Akt/mTOR In vitro U-87MG, GL261, F98, C6- | [56]
Induces autophagy .
Pathway glioma N2a
50uM IRE1, ATF6, miR-27a, -222, -449, Induces apoptosis In vitro Al72 [57]
AKT-Insulin and p53-Bcl-2 pathways
20 uM CDK1, cyclin A/B, PI3K/AKT, COX- | Anti-proliferative and anti- In vitro Ul18MG, UB7MG, U251MG [58]
2, NF«B, migration effects, induces SVG, p12
apoptosis
0.05,0.1,0.25,1, 25,5, | - Increases survival In vitro C6 [59]
7,8, 10uM Inhibits tumor growth,
induces apoptosis
25 & 2.5uM STATS3, Survivin, MAPK, IAP1, IAP2 | Anti-proliferative effects, | In vitro Glio 3,4,9,11, 14 [53]

induction of ROS in
tumor cells




10, 20 and 4M miR-326 Cytotoxic effects against | In vitro u87, U251 [60]
tumor cells, induces
apoptosis, Anti-
proliferation and anti-
migration effects
22.5uM Arginase, INOS, NKB, STAT1 Repolarized tumor- In vitro, In vivo GBM994, GBM46, GBM6, | [61]
associated microglial cells GL261, CD68
to the tumoricidal M1
state, increases survival
46.4 pM, MMPs, glucose-6-phosphate Induction of cell death In vitro GB3B, GB4B, GB5B [62]
78,3 UM, and 47.7 uM | ransporter
20 and 4QuM cyclin G2, caspase-3, FasL, Induces cell cycle arrest | In vitro u87 [63]
CDKL, FoxOL1 and.apopt03|s , anti-
proliferative effects
20 & 100 pMm miR-146a, NF<B Anti-proliferative effects, | In vitro u-87 [64]
induces apoptosis
50 mg/kg STAT3, NRKB, PI3K/Akt Induces autophagy and | In vitro, in vivo U251MG, U87M [65]
apoptosis
1.25 pg/ml AKT, mTOR Exerts synergistic effects | In vitro, In vivo U87MG [66]

with chemotherapy drug,
induces apoptosis




8,15, 25, 667 uM NF-xB, cyclin D1, VEGF Reduces tumor load and | In vitro T98G, UB7TMG, GL261 [67]
increases survival of
glioblastoma-implanted
mice
30,40 uM STAT3 Induces RANK gene In vitro U251 [68]
reactivation by epigenetic us7
modification
2 uM GFAP,Blll -tubulin, LC3 Induces autophagy In vivo, In vitro SU-2, SU3 [69]
50 mg/kg/day PI3K/Akt, NF«B Inhibits proliferation and | In vivo, In vitro U138MG, U87 [70]
Caspase-3 migration, induces cell U373
death
C6
10, 20, and 5QM STAT3 Anti-proliferative, anti- In vitro A-172 MZ-18, MZ-54 MzZ- | [71]
migratory, and anti- 256, MZ-304
invasive effects
10, 20 and 3@g/ml. EGFR, mTOR, Ras, PTEN, RTK-Rast induces cell cycle arrest | In vitro DBTRG [72]
PI3K, .
Induces apoptosis
Bax, caspase-3
30, 60, 120 mg/kg/day | MMP-9 Anti-angiogenesis effects| In vivo, In vitro uU-87 [73]
5, 10, or 2QuM/L Wafl/Cipl, ERK, JNK, MAPK/EIk- Exerts anti-proliferative | In vitro U-87MG C6 [74]

1/Egr-1 pathway

effects, induces cell cycle
arrest, Regulates
differentiation, growth,




and apoptosis

25-50uM/L p53- and caspase- , AP-1 and Suppresses cell growth andn vitro T98G, UB7MG, T67, C6 [75]
NFkappaB , JNK and Akt , bcl-2 and | chemotherapy resistance
IAP

25 and 5@M caspase-3, -8, -9 Induces apoptosis In vitro U87MG [76]
Bax, Bcl-2,
NF-«xB, SBDP

25 and 50 microM caspase-3, -8, -9 Induces apoptosis In vitro T98G [77]

Bax, Bcl-2,
NF-«B, SBDP




Table 2. Various curcumin analogues in glioblastohesapy

Type of curcumin Dose(s) Target (s) Effect (s) M odel Type of cdl line(s) Ref
(1) 2.7-5.8 yM CHOP, p-jun, Promotes Endoplasmic Reticulum Stress In vitro GSCs [102]
caspase-12 and apoptosis
100 mM c&”* /calmodulin- Anti-migration and anti-invasion effects, In vitro UB7TMG, U373MG [103]
(2) dependent protein induces apoptosis
kinase I, CD133,
Sox2
(3) 100uM TAC Antioxidant effects In vitro C6 [104]
4) 10, 30, and 50 | JAK, STAT Inhibits proliferation and induces apoptosim vitro, In | GSCs [93]
mg/kg Vivo




4) 10 & 30puM ROS, caspase-3- Induces apoptosis , anti-proliferation In vitro, in | U87, U251 [105]
JAK/STAT3 effects Vivo

4) ROS, caspase-3, Anti-proliferative effects, inhibits of cell | In vitro GSCs [106]
JAK/STAT3 growth, induces apoptosis

(5) 12.5to 10uM | Caspase-3, -8, -9, NR-Anti-proliferative effects, induces In vitro GBM 8401 [107]
«B apoptosis

Bis-chalcone 4j (1); Hydrazinobenzoyl curcumin @urumin-[G-2]-OH (3); Demethoxycurcumin (4) ; 1his(4-hydroxy-3-methoxyphenyl)-1,

6-heptadiene-3,5-dione (5)




Table 3. Curcumin delivery systems in glioblastaherapy

Novel curcumin Dose (s) Target gene(s) Effect (9) Model Type of cédl line(s) Ref
formulation
Nano micelles curcumin cyclin D1, Wnt, NFkB | Inhibits tumor cell growth, induces In vitro U-373 [128]
apoptosis, anti-invasion effects
80 mg
Micellar curcuminoids 70 mg Intratumoral inorganic | Anti-cancer effects Human - [129]
phosphate (Pi)
Tyrosine Anti-cancer effects In vitro DKMG [130]
_ phosphorylation
Curcumin loaded PLGA | 10 uM
nanoparticles
Caspase-3, Bax,, p53, In vitro U-87MG GL261 [131]
- _ Bcly, c-Myc, Akt Induces apoptosis
Solid Lipid Curcumin
Particles 25,M
Curcumin-loaded miR-21, PDCD4, PTEN Induces apoptosis, reduces the tumor In vitro C6 [132]

polymeric micelle

size




Dendrosomal curcumin GADDA45, NFxB and | Induces apoptosis In vitro u87-MG [133]
c-Myc

Nanoformulation of Caspase-3, -7 Induces apoptosis In vitro U87MG [134]

curcumin gnd GLUT1L

doxorubicin

Micellar curcuminoids 70 mg Intratumoral inorganic | Anti-tumor effects Human [134]
phosphate (Pi)

Lipid droplets of Caspase-3 Induces apoptosis In vitro U251N [135]

curcumin 5-100 UM

Curcumin loaded R7L10 pDNA Induces apoptosis, reduces the tumor In vitro, In vivo | C6 [136]

micelles size

Curcumin-loaded 2423 uM | - In vitro, In vivo | U87 [137]

nanocarrier

Anti-cancer effects




Dendrosomal curcumin 15, 17.5, 20| OCT4A, OCT4B1, Inhibits cancer cell growth, Exerts antj|-In vitro U87MG [138]
uM SOX-2, miR-145 proliferative effects
2 mg STAT1, STATS3, Anti-cancer effects In vivo GL261 [139]

Phytosomal curcumin

ARG1, IL-10, iNO,
caspase-3




Highlights

* Glioblastoma multiforme (GBM) is known as a greatly aggressive malignancy of the
brain.

»  Curcumin has therapeutic potentials to fight against GBM.

» Curcumin exertsits therapeutic effects against GBM cells via various activitiesi.e.,
antioxidant and anti-inflammatory activities.



Declaration of interests

v" [0 The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




