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Abstract 

Glioblastoma is the most common and malignant type of brain cancer with an average 

survival time of 12-15 months after diagnosis using current medical interventions. These 

medical approaches include surgery, radiation, chemotherapy, and their combinations, 

but there are many side-effects due to the sensitivity of brain tissue surrounding the 

tumour. Temozolomide (TMZ) is clinically used as an alkylating therapeutic for 

glioblastoma, but its effectiveness is limited because of cancer heterogeneity, the 

inability to reach the target cells in sufficient concentrations, and the development of 

drug resistance.  

 

Quercetin is a plant-derived pleiotropic flavonoid, which induces cell death of breast, 

liver, and brain cancer cells. Its mechanism of action involves several signal 

transduction pathways implicated in tumor growth, spreading and cell death.  The 

studies described in this thesis tested the hypothesis that quercetin alone or in 

combination with other therapeutics (TMZ and avasimibe) eliminates glioblastoma and 

brain tumor stem cells more effectively than currently used TMZ monotherapy. To test 

this hypothesis, studies were conducted with the following aims: (1) to determine 

concentration and time course of quercetin cell death induction with or without other 

selected therapeutics (TMZ and avasimibe) in U251 glioblastoma 3D cultures 

(spheroids) and brain tumor stem neurospheres; (2) to determine if the increased cell 

death with combination therapy consisting of quercetin and avasimibe (an acetyl-CoA 

acetyltransferase  inhibitor)  can be explained by avasimibe dysregulation of lipid droplet 
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biogenesis; and (3) to establish if the reduction in lipid droplets number or size will 

increase effects of quercetin by preventing drug sequestration in this organelle, thereby 

facilitating lipid peroxidation. 

 

Our results show that quercetin induced U251 glioblastoma cell death at a concentration 

25% of the IC50 of TMZ (400μM), and prevented the formation of brain tumor stem cell 

neurospheres. When combined with avasimibe, there was an increase in cell death 

accompanied with a decrease in number of lipid droplets.  Avasimibe inhibited the 

accumulation of lipid droplets via ACAT regulation and enhanced cell death induced by 

quercetin. These studies show that quercetin combined with avasimibe treatment leads 

to an enhanced loss of glioblastoma U251 cells in 3D spheroids and brain tumor stem 

cells and that reduction in neutral lipid biogenesis contributes to this enhancement.  

 

Collectively, our studies show the potential for quercetin as an anti-cancer agent against 

glioblastoma, and suggest that the reduction of lipid droplets using avasimibe can 

increase the anti-cancer effects of quercetin. In vivo studies employing combined 

therapeutics discussed in this thesis and an extended lipidomic analysis merit further 

investigations.  
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Resumé 

Le glioblastome est le type de cancer du cerveau le plus prévalent et malin. La 

moyenne de survie est de 12-15 mois après le diagnostic et les interventions médicales 

actuelles. Les démarches médicales incluent la chirurgie, la radiothérapie, la 

chimiothérapie ainsi que leurs combinaisons. Cependant, il y a beaucoup d’effets 

secondaires en raison de la sensitivité des tissus cérébraux autour de la tumeur. 

Témozolomide (TMZ) est un agent d’alkylation qui est présentement utilisé chez les 

patients atteints de glioblastome, mais est très inefficace à cause de l’hétérogénéité des 

tumeurs, l’inhabilité du médicament à atteindre son objectif en concentrations 

suffisantes et le développement de la résistance aux médicaments.   

La quercétine est un flavonol pléiotrope d’origine végétale qui induit la mort cellulaire du 

cancer du sein, du foie et du cerveau. Son mécanisme d’action implique plusieurs voies 

de transduction du signal associées à la croissance, la propagation et la mort cellulaire 

des tumeurs. Les études dans cette thèse testent l’hypothèse que la quercétine seule 

ou en combinaison avec d’autres agents thérapeutiques (TMZ et avasimibe) éliminent 

le glioblastome et les cellules souches du cancer du cerveau (BTSC) plus efficacement 

que TMZ, utilisé présentement en monothérapie. Pour tester cette hypothèse, les 

études ont été menées avec les objectifs suivant : (1) déterminer les effets de la 

quercétine, avec ou sans autres agents thérapeutiques (TMZ et avasimibe), en fonction 

de la concentration et du temps, sur la mort cellulaire des sphéroïdes de glioblastome 

U251 et les neurosphères de BTSC; (2) déterminer si la mort cellulaire accrue résultant 

de la combinaison de la quercétine et de l’avasimibe (un inhibiteur de l’acétyl-CoA 
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acétyltransférase) est due au dérèglement de la biogenèse des gouttelettes lipidiques 

causé par l’avasimibe; (3) établir si la diminution du nombre ou de la taille des 

gouttelettes lipidiques augmente les effets de la quercétine en empêchant la 

séquestration du médicament dans ces organelles, facilitant ainsi la peroxydation 

lipidique. 

Nos résultats montrent que la quercétine cause la mort cellulaire du glioblastome U251 

à une concentration CI50 équivalente à 25% de celle de TMZ (400 μM) et empêche la 

formation des neurophères de BTSC. En combinaison avec l’avasimibe, la mort 

cellulaire augmente et le nombre de gouttelettes lipidiques est réduit. L’avasimibe inhibe 

l’accumulation de gouttelettes lipidiques par régulation de l’ACAT et accroît la mort 

cellulaire induite par la quercétine. Ces études montrent que la quercétine en 

combinaison avec l’avasimibe augmente la perte des sphéroïdes de glioblastome 

U251N et les neurosphères de BTSC. Une diminution de la biogenèse des lipides 

neutres contribue à cette perte. 

En résumé, notre étude montre le potentiel de la quercétine en tant qu’agent 

anticancéreux contre le glioblastome. Elle montre aussi que réduire les gouttelettes 

lipidiques avec l’avasimibe augmente les effets anticancéreux de la quercétine. Des 

études in vivo utilisant la combinaison d’agents thérapeutiques discutée dans cette 

thèse, ainsi qu’une analyse lipidomique poussée méritent d’être investiguées. 
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Rationale and Objectives 

GBM is the most common and deadly form of brain cancer with no effective treatment. 

The current treatment consists of surgical removal of the tumor, radiotherapy, and 

chemotherapy, and there are many side effects that arises from the procedures. With 

the rise in interest in the use of phytochemicals for cancer treatment, it is important to 

understand their mechanism of action. Additionally, it is essential to research methods 

to increase their bioavailability to enhance their effects in vivo.  

This thesis focuses the treatment of glioblastoma multiforme with quercetin, a plant-

derived flavonoid. To increase the cytotoxic effects of quercetin, avasimibe, an inhibitor 

of lipid droplet biogenesis, was used in combination. Additionally, PEG-PLGA micelles 

were synthesized as a nanocarrier to encapsulate quercetin and increase its solubility in 

aqueous media.  

Hypothesis: Quercetin in combination with other therapeutics (TMZ and avasimibe) 

eliminates glioblastoma and brain tumor stem cells more effectively than currently used 

TMZ monotherapy. 

Objectives: 

(1) To determine the concentration and time dependent effects of monotherapies and 

drugs in combination for quercetin, TMZ and avasimibe in U251 glioblastoma 3D 

cultures (spheroids) and brain tumor stem cell neurospheres. 
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(2) To determine if the increased cell death with combination therapy consisting of 

quercetin and avasimibe can be explained by avasimibe-induced dysregulation of lipid 

droplet biogenesis, and  

(3) To establish if the reduction in lipid droplets number or size will increase effects of 

quercetin by preventing drug sequestration in this organelle, thereby facilitating lipid 

peroxidation. 

 

 

 

 

 

 

 

 

 



- 1 - 
 

1. General Introduction 

 

1.1 Glioblastoma Multiforme  

Glioblastoma multiforme (GBM) is the most common, malignant primary brain tumour in 

humans.1 GBM can be classified as a primary tumor, with no precursor, or as a 

secondary tumor where a low-grade tumor transforms into GBM.2,3 Previously, GBM 

was thought to have solely originated from glial cells, but recent research has 

suggested that it may originate from neural cells with stem-cell properties.4  

 

Most of glioblastomas are diagnosed in patients in their sixties .1 Despite the advances 

in GBM treatment, the median survival rate of patients after diagnosis is 15 months with 

the combination of surgery, radiation, and chemotherapy.5, 6 One main factor that 

contributes to the fatal course of GBM is its high heterogeneity.7 Four GBM subtypes 

have been characterized: classical, pro-neural, neural, and mesenchymal, each with 

different genetic mutations, and thus different disease progression and survival rates.8 

The goal for current GBM treatment research is to move away from single gene-based 

treatments and gain a greater understanding of the different pathways that promote 

GBM proliferation, progression, and drug resistance.  

 

The current treatment for GBM involves: surgical removal of the tumor mass, radiation 

therapy with temozolomide (TMZ), and subsequent chemotherapy with TMZ without 

radiation for 4 weeks (Figure 1).5, 9 A surgical GBM removal is invasive (and sometimes 

not even possible) and can induce further neurological deficits resulting in impaired 
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speech, motor functions, and senses.10 Additionally, in 70% of the cases, there is a 

tumor recurrence, usually due to drug-resistance.2 

 

Figure 1. Structure and mechanism of temozolomide 

Structure of temozolomide (A). Physical and chemical properties of temozolomide (B). 

Temozolomide mechanism of action (C).  

 

Temozolomide 
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1.2 GBM Heterogeneity and Microenvironment 

The tumor mass of GBM is composed of not just the proliferative cancer cells, but 

contains also tumor associated macrophages (TAMs) and brain tumor stem cells 

(Figure 2).4, 7, 11 The resident macrophages in the brain (microglia) and peripheral 

macrophages are in the GBM microenvironment. Microglia under physiological 

conditions constantly survey the brain,12 but when hyperactive under pathological 

conditions they can contribute to the propagation of tumor growth and metastases.13, 14 

Immune cells from the periphery (i.e. mononuclear hematopoietic phagocytes) are 

recruited to GBM and contribute to the neuroinflammation in the GBM 

microenvironment.11, 13  

 

The two classical types of macrophage states are the pro-inflammatory M1 state and 

the anti-inflammatory M2 state.14, 15 M1 and M2 states are considered the extreme 

states within a spectrum of macrophage activation. The activation state of macrophages 

will determine their contribution to tumor cell death and growth. TAMs produce both pro-

inflammatory cytokines (TNF-α and IL-1β) and anti-inflammatory cytokines (TGF-β and 

IL-10),13, 14, 16, 17 thereby promoting or inhibiting cancer cell growth, respectively.13,14 

TAMs facilitate GBM migration and spread of metastasis suggesting that therapeutic 

interventions should not be targeting only the primary tumor but also the 

microenvironment of GBM.11 
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Figure 2. Role of the tumor microenvironment 

The tumor microenvironment is composed of tumor associated microglia/macrophages (TAMs) 

and brain tumor stem cells. The TAMs release inflammatory cytokines that can potentially 

induce tumor cell death or tumor cell proliferation and migration. Brain tumor stem cells are drug 

resistant cells that are senescent. They are often the cause of tumor recurrence. 

 

Aside from TAMs, brain tumor stem cells contribute to the glioblastoma heterogeneity. 

Brain tumor stem cells are present in tumor niches and they are highly resistant to 

radiation and chemotherapy, which mainly affect actively proliferating cells. Brain tumor 
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stem cells are often the sources of tumor recurrences. It has also been shown that brain 

tumor stem cells release a chemoattractant called periostin, which recruits TAMs to the 

tumor site, thereby enhancing the invasiveness of brain tumor stem cells.18 Thus, the 

goal of new therapeutic interventions is to target these cells .2, 4 Ideally, new therapeutic 

intervention should eliminate brain tumor stem cells without harmful effects on the 

healthy brain cells.4, 19  Thus, experiments in this thesis were designed to test the 

effectiveness of selected therapeutics both in U251 spheroids and in brain tumor stem 

cell 3D cultures.  

 

Although the full relationship between the tumor cells, TAMs, and brain tumor stem cells 

is not known, it is important to acknowledge that we must target all the components of 

the tumor and its microenvironment, and not only the proliferating cancer cells.7 To 

achieve this goal, a combination therapy aimed at different signal transduction pathways 

in different cell types warrants further investigations.  

 

1.3 Flavonoids 

Flavonoids are a class of polyphenols classified by their chemical structure (Figure 3).20 

They consist of two benzene rings joined by a linear three-carbon chain, forming an 

oxygenated heterocycle (Figure 3A). There are up to 4000 different flavonoids with  
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Figure 3. Structure of Quercetin and its properties 

Core structure of flavonoids (A). Chemical structure of quercetin (B). Key functional groups 

include: the catechol group (i), 3-hydroxy 4-keto group (ii). Physical and chemical properties of 

quercetin (C). 
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different functional groups determining their biological activities. Flavonoids can be 

commonly found in the human diet as they are present in many fruits, vegetables and 

seeds. They are predominantly present as O-glycosides with sugars bound at the C3 

position.4  

Flavonoids have been studied to have many biological activities such as: antioxidant 

effects, induction of apoptosis, inhibition of proliferation, and binding to DNA.21 

Epidemiologic studies also show that flavonoid intake, especially quercetin, reduced the 

risk of lung, stomach, and colorectal cancer.22, 23, 24, 25, 26,27  

 

1.4 Quercetin as an anti-cancer agent 

Quercetin (Q) is a naturally-occurring flavonoid found in fruits and vegetables such as 

berries and onions (Figure 3B). In plants, quercetin is a polar auxin transport inhibitor, 

which regulates plant growth.27, 28 Quercetin is a powerful antioxidant by scavenging 

free radicals and binding to transition metal ions.29, 30 However, in the same process, 

quercetin can have pro-oxidant effects (Figure 4B). When quercetin is oxidized, the first 

oxidation product is a semiquinone radical that is very unstable and undergoes a 

second oxidation to produce another quinone. This oxidation product is bound to 

glutathione to prevent any toxic effects of the quinone, however, when the cells are 

exposed to quercetin for a long exposure time or a high concentration, there is low 
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glutathione levels and quinone is then able to bind to proteins, lipids, and DNA, and 

induce DNA damage in the cell.31, 32, 33, 34  

Aside from scavenging reactive oxygen species (ROS), quercetin can inhibit a number 

of kinases implicated in cancer cell expansion (Figure 4A). As a kinase inhibitor, 35, 36, 

37 , quercetin has been shown to induce cell cycle arrest by regulating molecular targets 

such as p21, cyclin B, p27, and cyclin-dependent kinases in breast, esophageal, lung, 

and liver cancer cell lines at different stages.28, 38 Additionally, quercetin blocks the 

nuclear translocation of nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFҡ-β) transcription factor, which is an essential regulator in cell survival and cell 

proliferation.39, 40, 41, 42 Quercetin has also been shown to directly interact with many 

mitochondrial proteins such as Bcl-2 and BAD to disrupt the integrity of the organelle, 

and activate caspase-dependent apoptosis.43  

 

1.5. Favorable properties and limitations of quercetin 

One of the most attractive chemical features of quercetin molecule is its small size and 

that it is not prone to enzymatic degradation like many biological compounds. From the 

biological standpoint, quercetin is an attractive anticancer drug because it does not  
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Figure 4. Effect of quercetin in glioblastoma cells 

Quercetin mechanism of action (A). Quercetin metabolism under low glutathione conditions (B).  
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significantly reduce the cell viability of non-cancer cells when used in equimolar concentrations.  

For example, quercetin was not toxic when tested in non-transformed human lung embryonic 

fibroblasts, endothelial cells, and peripheral blood lymphocytes.28 In these cell types, quercetin 

reduced cell viability only at very high concentrations, much higher than required to induce cell 

death in the cancer cell lines. These properties of quercetin were the basis for selecting it for 

investigations in this thesis. Considering the quercetin cell type differential cytotoxic effect, we 

hypothesized that quercetin will mainly eliminate brain tumor stem cells and U251 cells but not 

untransformed astrocytes in the surrounding microenvironment.   

 

Aside from the favorable biological properties, quercetin has several limitations as a 

therapeutic agent. Major limitations are its low bioavailability and low solubility.44 

Especially when studying treatments for GBM. It is important to increase the 

bioavailability of quercetin at the tumor site and ensure that it can cross the blood brain 

barrier. When taken orally, most of the quercetin is metabolized in the intestinal tract. 

Although some of its metabolites like isorhamnetin have anti-oxidant effects, its anti-

cancer function is limited by its low absorption.45 Incorporation of quercetin into 

nanocarriers can reduce or even eliminate some of quercetin limitations, 

 

For example, to increase the bioavailability, quercetin can be incorporated into 

polymeric micelles. Micelles are nanostructures particularly suitable for the delivery of 

poorly water-soluble lipophilic drugs. Several nanocarriers for quercetin have been 

reported and their advantages and limitations discussed.94, 95, 96, 101 We have 
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investigated quercetin micelles to reduce its accumulation in lipid droplets and to 

enhance its cytosolic concentration. For our studies, we selected PEG-PLGA, a polymer 

approved by Food and Drug Administration (FDA).  

 

1.6 Lipid droplets and lipophilic cancer agents 

 

 

 

 

 

 

 

 

Figure 5. Lipid droplet structure and some essential functions 

Lipid droplet structure (A). Functions of lipid droplets (B). 
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Lipid droplets are organelles composed of a lipid ester core encapsulated by a 

phospholipid monolayer (Figure 5).46 Their main cellular function was thought to be lipid 

storage in adipocytes, however, recent studies have shown that they play many 

different functions including intracellular signaling, protein docking and sequestration of 

some lipophilic agents. Interestingly, among the cancer cells resistant to therapeutics, 

those had higher lipid droplet content than the non-resistant cancer cells. Therefore, we 

investigated if we can pharmacologically manipulate lipid droplet numbers to make 

quercetin more effective. It was reported that lipid droplets are induced under hypoxic 

conditions and that they provide energy in hypoxic cancer environments.47, 48   

 

Some chemotherapeutics (including quercetin) induce the formation of reactive oxygen 

specifies (ROS) leading to apoptosis, DNA damage, and lipid peroxidation.48 Lipid 

droplets are not desirable because they will reduce this deleterious effects of ROS in 

cancer cells. We have tested if lipid droplets act to promote cellular defence by 

preventing lipid peroxidation and organellar damage induced by reactive oxygen 

species.49 To this end, we inhibited lipid droplet biogenesis by employing a drug 

avasimibe (vide infra), and tested if lipid droplets reduction enhances glioblastoma and 

brain tumor stem cell cell loss.  
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1.7 Avasimbie – Mechanism of Action 

Avasimibe is an orally available Acyl-CoA cholesterol acyltransferase (ACAT) inhibitor 

that was tested in clinical trials for cardiovascular disease.50 

 Avasimibe did not show significant improvements in Phase III trials in the selected set 

of patients with cardiovascular complications. Although it failed the clinical trials for 

cardiovascular disease, clinical trials in cancer patients have been initiated.53 ACAT 

catalyzes the chemical reaction that synthesizes cholesterol esters (CE) from 

cholesterol and fatty acyl-CoA.51 CEs are a main component of lipid droplets along with 

triglycerides, and thus by inhibiting CE synthesis, avasimibe will reduce the number of 

lipid droplets in the cancer cells. It is anticipated that the reduction in lipid droplets will 

increase the sensitivity of the cells to lipophilic anticancer drugs and decrease 

glioblastoma cell viability.  
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Figure 6. Avasimibe and its mechanism of action 

Structure of avasimibe (A). Physical and chemical properties of avasimibe (B). Avasimibe 

mechanism of action (C). Avasimibe is an ACAT inhibitor. ACAT is an enzyme that converts 

acetyl-CoA to aceteoacetyl-CoA in the mevalonate pathway to produce cholesterol esters. 

Avasimibe blocks the initial step in the pathway and inhibits the formations of cholesterol 

esters.52 
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1.8 Nanodelivery of Quercetin 

Due to the low bioavailability and poor solubility of quercetin in aqueous media, we 

tested polyethylene glycol-poly lactic acid-co-glycolic acid (PEG-PLGA) micelles as a 

nanocarrier for quercetin. PEG-PLGA are a family of biodegradable polymers that are 

commonly used as drug carriers due to their biocompatibility.53 The micelles are formed 

through hydrophobic interactions between the hydrophobic chains of the polymer, 

constructing a hydrophilic outer surface and a hydrophobic inner core for drug 

encapsulation. PEG-PLGA micelles are very stable and can pass through the blood 

brain barrier effectively, making it an ideal nanocarrier for GBM therapy.54 Quercetin 

encapsulated in PEG-PLGA micelles were tested on U251 spheroids and brain tumor 

stem cell.   

 

Collectively, the introduction in this M. Sc. thesis provides background for the proposed 

experiments indicating that: (1) GBM is the most malignant primary brain cancer and 

there is currently no effective treatment, resulting in a very low survival rate; (2) the 

current therapy is very invasive to the normal and sensitive brain tissue, and the 

chemotherapeutic agents used are very toxic to surrounding brain cells; (3) drug 

resistance develops quickly and one of the contributors to this effect is a large lipid 

droplet content which sequesters the chemotherapeutics. Thus, the overall goal of this 

study is to reduce glioblastoma drug resistance by treating U251N glioblastoma cells 

with quercetin, a pleiotropic drug that affects many different cancer signalling pathways. 

Additionally, a combination of quercetin and avasimibe, an acetyl-CoA: Cholesterol O-
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acyltransferase (ACAT) inhibitor, is tested to increase the effect of quercetin by 

preventing its sequestration in the lipid droplets abundant in poorly responding 

glioblastoma.  
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2. Materials and Methods 

2.1 Materials 

Quercetin, Hoechst 33342, propidium Iodide, temozolomide, buthionine-sulfoximine, 

avasimibe, and Bodipy 493/503 were purchased from Sigma (St. Louis, MO). 

Dulbecco’s Modified Eagle Medium (DMEM) and penicillin/streptomycin were 

purchased from Invitrogen (Burlington, ON), and fetal bovine serum (FBS) were 

purchased from Wisent (Saint-Jean-Baptiste, QC). U251N glioblastoma cell line was 

acquired in October 2010 from Dr. Josephine Nalbantoglu (MNI, Neuroimmunology 

Unit, Webster Pavillion; rmW010K). U251N cell line was originally obtained from the 

American Type Culture Collection. The 6-well, 24-well, and 96-well culture plates were 

purchased from Sarstedt (Princetone, NJ). The 100mm tissue culture plates, TMRE, 

and CellROX were purchased from Thermofisher (Waltham, MA). 

 

2.2 Cell culture 

U251 human glioblastoma monolayers were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM; Gibco, Life Technologies Inc., Burlington, ON, Canada) supplemented 

with 10% (v/v) FBS (Gibco) and 1% (v/v) penicillin–streptomycin (Gibco). They were 

maintained at 37 °C with 5% CO2 and 95% relative humidity. The cells were maintained 

in T75cm2 flasks at 90% confluency and split every two to three days. The cells were 

washed three times with PBS and 2mL of trypsin was added for 2 minutes to detach the 

cells. After the detachment, 3mL of culture media was added to the flask to deactivation 

the trypsin and the cells were then collected in a 15mL tube. The cell concentration was 
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determined using a hemocytometer. The cells were seeded 24 h before treatment to the 

appropriate cell density for the indicated assay (described in detail below).  

 

2.3 Cell treatment 

Confluent monolayer cell cultures were detached using 0.05% trypsin-EDTA, and 

seeded in 10cm culture plates (1 x 106 cells/plate), 6-well plates (2 x 105 cells/well), 24-

well-plates (5 x 104 cells/well), or 96-well plates (5 x 103 cells/well). The cells were 

cultured for 24 hours before treatment. The cells were treated with quercetin (0.1-

500μM) for 24-72 hours. Spheroids were treated with the same drug combinations as 

monolayers for 1-7 days. Stock solution of quercetin (100mM) and avasimibe (1mM) 

were prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich), and were added to cells 

for a final DMSO concentration of <0.5%. The control cells were treated with DMSO at 

0.5%.  

 

 

2.4 Spheroid formation 

Spheroid cultures were prepared using a protocol adapted from the liquid overlay 

system previously established by Dhanikula et al. Flat bottomed 96-well plates were 

coated with 2% agarose dissolved in serum-free DMEM solution. The agarose was 

dissolved by adding it to the media and autoclaving the mixture in the liquid setting. 

After the autoclaving process, 70μL the warm solution of agar in media was added to 

each well. The coated plates were sealed with parafilm and stored at 4°C upside down 

to prevent condensation on the agar.  
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Confluent U251 monolayer cell cultures were detached using 0.05% trypsin-EDTA 

(Gibco), and seeded at 5,000 cells per well in 96-well plates pre-coated with 2% 

agarose (Invitrogen) in serum-free DMEM solution. Spheroids were seeded and grown 

in DMEM medium supplemented with 10% FBS for four days before drug treatment.  

For treatments, half of the culture media (100μL) was carefully removed from the wells 

and replaced with another 100μL of fresh media with the drug dilution. 

 

 

2.5 Hoechst 33342 and Propidium Iodide labeling in monolayer and spheroid 

cultures 

In monolayer cultures, Hoechst 33342 (10μM) diluted in serum free media was added to 

the culture medium following the treatments and incubated at 37 °C for 10 minutes. The 

cells were then washed three times with PBS, and serum free media was added to the 

wells during the imaging. Analysis of the plates was immediately followed. Cell imaging 

was conducted using an automated microscopy platform (Operetta High Content 

Imaging System; Perkin Elmer). Image analysis and cell counting was performed using 

the Columbus Image Data Storage and Analysis platform (Perkin Elmer) and Cell 

Profiler. In spheroid cultures, Hoechst 33342 (10μM) and PI (1.5 μM) fluorescent dyes 

were added 4h prior to measurements. Following treatment, individual spheroids were 

carefully transferred onto a microscope slide using a pipette, and flattened under a 

coverslip. Imaging was conducted using fluorescence microscope (Leica), and 

fluorescence intensity was quantified using ImageJ software. 
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2.6 Organelle staining 

Lipid droplets were stained using Bodipy (4,4-difluoro-3a,4adiaza-s-indacene), which is 

a lipophilic dye that mimics the property of natural lipids and sequesters inside the lipid 

droplets. The cells were stained with Bodipy (20µM) for 10 minutes. Lysosomes were 

stained using Lysotracker Red DND-99, a acidotropic dye that stains acidic 

compartments of the cell. The cells were stained with Lysotracker Red (500nM) for 3 

minutes. Mitochondria were stained with tetramethylrhodamine, ethyl ester (TMRE), a 

positive-charged dye that accumulates in the negative-charged mitochondria. The cells 

were stained with TMRE (200nM) for 20 minutes. 

 

2.7 CellRox Reactive Oxygen Species Detection 

The cells were culture in 96-well plates and incubated for 24 h prior to treatments. After 

the treatments, CellROX (Ex 485nm/ Em 520nm) was added to the culture media at a 

final concentration of 5µM for 30 minutes at 37⁰C. The cells were then washed fixed 

with 4% paraformaldehyde for 10 minutes and imaged using an automated microscopy 

platform (Operetta High Content Imaging System; Perkin Elmer). Image analysis and 

was performed using ImageJ and Microsoft Office Powerpoint.   

 

 

2.8 Western blot 

U251 cells were harvested in PBS and separated by nuclear and cytoplasmic fractions. 

The extracts were then separated by SDS-PAGE and transferred to a PVDF membrane. 
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After the transfer, the membrane was blocked with 5% milk in TBST (10mM Tris pH 8.0, 

150nM NaCl, 0.5% Tween 20) for 1 hour. The membrane was incubated with goat 

antibody against NF-kB p65 (1:1000) (Santa Cruz Tech) at 4⁰C overnight. The 

membranes were then washed with TBST three times, followed by incubated with 

secondary antibody (rabbit anti-goat 1:3000) for 1 hour at room temperature. Blots were 

washed three times with TBST and developed with the Clarity ECL solution (Bio-Rad). 

The blots were quantified using ImageJ by comparing the intensity of signal from the 

immunoreactive bands corresponding to the analyzed protein of interest and the loading 

control bands.  

 

2.9 PEG-PLGA micelle preparation 

PEG-PLGA micelles were prepared by the co-solvent evaporation method. PEG-PLGA 

co-polymer (10 mg) was mixed with quercetin (1 mg) and solubilized in tetrahydrofuran 

(THF, 1 mL). The solution was added dropwise into Milli-Q Ultrapure water (2 mL) under 

constant agitation using a magnetic stirrer. The vial was left open to let the THF 

evaporate slowly. After 24 h a stream of nitrogen was placed in the solution and left to 

bubble for 30 min. The vial was placed under vacuum overnight to remove traces of 

THF. Excess unencapsulated quercetin was removed by a first pass through a PDVF 

0.45 μm syringe filter. The solution was concentrated to the required stock 

concentration using 10 kDa cut-off Amicon® filters and filtered through a 0.45 μm PVDF 

filter to remove any contaminants/dust. Aliquots were diluted (20 times) in DMSO and 

sonicated for 15 min before taking a UV-absorbance spectrum. Quercetin concentration 

was determined by comparing the absorbance at 379 nm with the calibration curve of 
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free quercetin dissolved in DMSO spiked with empty micelles. The dry weight of an 

aliquot of the stock solution was determined after freeze-drying the aliquot. 

 

2.10 Statistical analysis 

Data was graphed and tabulated using Microsoft Excel®. Each experiment was 

performed in triplicates at least three times, except for Figure 9, which was performed 

twice. All data are expressed as mean ± S.E.M. The student’s t-test with Bonferroni 

correction was used to analyze significant differences between two group means (p 

values < 0.05 were considered significant) and one-way ANOVA with post hoc Tukey’s 

test was used to compare three or more conditions.  
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3. Results 

3.1 Anticancer effects of Quercetin on U251 Glioblastoma cells 

To study the anti-cancer effects of quercetin on U251 glioblastoma cells, we established 

the dose- and time-dependent effects of quercetin with a cell viability assay using the 

Hoechst 33342 nuclei stain. This fluorescent dye was used to stain the nuclei of the 

cells to quantify the number of living cells in the field. The U251 cells were treated with 

quercetin (0.1-500μM) for 1-3 days. In addition to quercetin, the cells were also treated 

with TMZ (0.1-400μM) to compare our drug to the current clinical chemotherapeutic 

agent for GBM. After the treatments, there was a significant decrease in glioblastoma 

cell viability after 24 h at a concentration of 100μM, with 55% cell viability (Figure 7A). 

There was also a significant decrease in cell viability after 48 h and 72 h treatments at 

40%, and 30% cell viability, respectively (Figure 7A). When compared to TMZ, quercetin 

induced greater cell death with significantly fewer Hoechst stained nuclei when treated 

at the same concentration (100μM) (Figure 7), suggesting that for the comparable cell 

killing effect, TMZ is required in approximately four-fold higher concentration than Q:  

400μM for TMZ vs 100μM for quercetin (Figure 7A). In addition to the decreased cell 

viability, we observed the presence of pyknotic nuclei when treated with quercetin 

(Figure 7B). Pyknosis is the irreversible condensation of chromatin that occurs during 

apoptotic or necrotic cell death.55 This result suggests that quercetin does not simply 

prevent the cancer cells proliferation, but also induces cell death. The data from these 

studies suggested that the further experiments are warranted in a more complex system 

such as spheroids. Thus, the next step was to establish the optimal conditions for U251 
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spheroid formation and test the effectiveness of the selected compounds in such a 

model.  

 

Figure 7. Quercetin as anticancer agents for glioblastoma. 

A. Dose and time dependent effect of quercetin on U251 cell viability measured by nuclei count 

stained with Hoechst 33342. B. Micrographs of Hoechst 33342 stained nuclei under control and 

quercetin treatment. Statistically significant differences were calculated using the one-way 

ANOVA and post hoc Tukey’s test to detect significant cell death. * = P<0.05 

* 

1d 

DMSO 

DMSO 
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3.2 Effect of Quercetin on 3-D Spheroid cultures 

The major limitation with monolayer cell cultures is that they do not adequately 

represent a tumor mass. In an actual tumor mass, which is 3D, there is a hypoxic and 

necrotic core, and a proliferative outer layer zone.56 Additionally, long-term drug 

treatments cannot be done in monolayer cultures because the cells in the wells grow to 

confluency and eventually die due to cell contact inhibition.57 This is important when 

studying anti-cancer drugs because often the chemotherapy is given to the patient for 

many consecutive weeks at a time. Hence, 3-D spheroid cultures can be formed by 

growing the cells in agar-coated 96-well plate and allowing the cells to clump together 

and form a sphere. These 3-D cultures can be treated for more than 3 days, and they 

are a better model to study the anti-cancer effects of a potential therapeutic agent.  

 

3-D spheroid cultures of primary mouse astrocytes and U251 glioblastoma cells were 

formed and treated with TMZ (100μM) and quercetin (100μM) for 7 days. After the 

treatments, the spheroids were stained with propidium iodide to detect for cell death 

induced by TMZ and quercetin. Propidium iodide stains for cells with leaky plasma 

membranes undergoing cell death such as apoptosis or necrosis.58 The astrocyte 

spheroid cultures showed virtually no relative fluorescence of PI, meaning that TMZ and 

quercetin were not cytotoxic to the normal, slow dividing astrocytes (Figure 8). 

Alternatively, both drugs induced cell death in the U251 spheroids, indicated by the PI 

staining (Figure 8). This shows that quercetin induces cell death in 3-D spheroid 

cultures, and further experiments need to done to understand its mechanism of action. 
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Fig 8. Cytotoxic effects of quercetin and temozolomide on 3-D spheroids 

Primary astrocyte and U251 spheroids were grown for four days before exposure to quercetin. 

The spheroids were treated with TMZ (100μM) and quercetin (100μM) for 7 days. The spheroids 

were then stained with propidium iodide (1.5μM) and fluorescence micrographs of the spheroids 

were taken (A). The fluorescence intensity was measured using ImageJ (B). Statistically 

significant differences were calculated using one-way ANOVA with post hoc Tukey’s test. * = 

P<0.05 

 

3.3 Effects of Quercetin on Brain Tumor Stem Cell growth 

Brain tumor stem cells are the main cause of tumor recurrence in patients, and these 

cells are typically known to be unaffected by chemotherapeutic agents. The brain tumor 

stem cells were treated with quercetin (100μM) for 7 days. These cultures are non-

adherent cultures that form floating neurospheres. In the untreated and vehicle 

conditions, the BTSCs formed round neurospheres (Figure 9). When treated with 

quercetin, the cells did not form neurospheres, but appeared to be dissociated (Figure 

9). Therefore, this indicates that quercetin prevents the normal growth of brain tumor 

stem cells and it has an effect on not just the actively proliferating glioblastoma cells, but 

the stem cells as well. This does not show that quercetin induces stem cell death, but 

shows that it prevents normal proliferation and growth of the brain tumor stem cells.  
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Figure 9. Quercetin prevents the formation of brain tumor stem cell neurospheres 

Brain tumor stem cells were cultured and treated with vehicle (DMSO) and quercetin (100uM) 

for 7 days. The areas of the cultures were measured after the 7-day treatment to determine 

whether quercetin treatment prevents brain tumor stem cell neurosphere formation. Micrographs 

were taken using a light microscope at 100X (A). The area of the neurosphere were quantified 

using ImageJ (B). Statistically significant differences were calculated using the t-test with 

Bonferroni corrections. *** = P<0.001 
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3.4 Quercetin and ROS formation and mitochondria dysfunction 

Although quercetin is known to be an anti-inflammatory agent, it can also induce ROS 

production at high concentrations. We investigated the intracellular ROS production in 

cells treated with quercetin after 24 and 48 hours. We observed that there was a 

significant intracellular production of ROS after 48 hours of quercetin treatment (Figure 

10B and C). This increase in oxidative stress induced by quercetin can in turn cause 

mitochondrial damage through peroxidation of the mitochondrial membrane. We then 

subsequently studied the effect of quercetin treatment on mitochondrial membrane 

potential. After the treatment, the mitochondria were labelled with TMRE, a functional 

dye for the mitochondria. Similar to the production of ROS, we observed a decrease in 

TMRE relative fluorescence after the 48-hour treatment with quercetin (Figure 10 D and 

E). In figure 7, we showed that quercetin is able to induce cell death after 24 hours. 

However, we only see a change in ROS production and mitochondrial potential after 48 

hours. This could be due to the sensitivity of the assays that cannot detect the small 

changes in redox and mitochondrial potential that induce cell death. To confirm that this 

production of ROS induces cell death, we inhibited the formation of intracellular 

antioxidants in combination with quercetin treatment. 
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Figure 10. Quercetin induces ROS production and mitochondria dysfunction 

Schematic of the CellROX ROS assay (A). U251 cells were treated with quercetin (100μM) for 

24 and 48 hours. After treatment, CellRox (5μM) and Hoechst (10μM) were added to the cell 
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medium (B). The fluorescence was quantified using ImageJ (C). The changes in mitochondrial 

membrane potential were measured using TMRE (200nM) (D).  FCCP (10μM) was used as a 

negative control for mitochondrial membrane potential.  The fluorescent micrographs were 

quantified with ImageJ to measure the relative fluorescence (E). Scale bar = 100μm. Statistically 

significant differences were calculated using one-way ANOVA with post hoc Tukey’s test. *** = 

P<0.001 

 

3.5 Effect of quercetin under reduced glutathione 

Given that quercetin induces ROS formation in glioblastoma cells, as shown in the 

previous section, we have used buthionine sulfoximine (BSO) in combination with 

quercetin. BSO inhibits gamma-glutamylcysteine synthetase, the enzyme required for 

the initial step in glutathione formation.59 Glutathione is an important anti-oxidant that 

reduces ROS damage and maintains redox homeostasis.60 A lower concentration of 

quercetin was used to test whether BSO increase the cytotoxicity of quercetin. 

Additionally, serum-deprived media was used to ensure antioxidants in the serum did 

not interfere with the measurements. A reduction of levels of glutathione with BSO lead 

to an enhanced glioblastoma cell death compared with a lower concentration of 

quercetin alone (50µM) (Figure 11B). This showed that the cell killing effect of quercetin 

is in part due to quercetin-induced ROS production and unopposed oxidative stress. We 

have previously shown that oxidative stress leads to the formation of lipid droplets, 

which sequester quercetin. The following section (3.6) will address deal with this 

subject. 
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Figure 11. BSO enhances the effect of quercetin on glioblastoma cells 
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BSO reduces glutathione levels in glioblastoma cells and increase the cell killing effect of 

quercetin (A). U251 glioblastoma cells were treated with quercetin (50μM), buthionine 

sulfoximine (100μM), and their combination for 24 hours in both serum free and serum 

containing media. The nuclei were then stained with Hoechst 33342 and the number of nuclei 

were quantified using Cell Profiler. Statistically significant differences between conditions with 

and without serum were calculated using the t-test with Bonferroni corrections. Statistically 

significant differences between the different treatments were calculated using one-way ANOVA 

with post hoc Tukey’s test. * = P<0.05 ***= P<0.0001 

 

3.6 Quercetin and lipid droplets 

Among the limitations of hydrophobic drugs for cancer treatment is their sequestration in 

the lipid droplets. The cells use lipid droplets as a defence mechanism to re-direct the 

location of therapeutic agents. They sequester toxic hydrophobic drugs and reduce their 

availability in the cytosol and nucleus, locations of cellular target structures. Additionally, 

an increase in lipogenesis to facilitate the high rate of cancer cell proliferation (which 

requires phospholipids for membranes, cholesterols for signalling, and triglycerides for 

energy), has been reported.61 Thus, a decrease of cytoplasmic lipid droplet content 

could render glioblastoma cells more responsive to quercetin.  

 

U251 cells were cultured in high-glucose DMEM (glucose 25mM), or in low-glucose 

DMEM (glucose 5mM). This was done to lower the concentration of glucose available,  
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Figure 12. Lower glucose media increases cytotoxicity of quercetin on U251 cells 
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Schematic of U251 cells in high glucose (25mM) and low glucose (5mM) concentrations (A). 

U251 cells were treated with quercetin (50μM and 100μM) in media with 25mM and 5mM of 

glucose for 24 hours. After the treatment, the nuclei were stained with Hoechst 33342 (10μM) 

and were quantified to detect cell viability (B). Statistically significant differences between the 

different treatments were calculated using t-test with Bonferroni corrections. * = P<0.05 **= 

P<0.001 

 

and promote lipid metabolism, gradually leading to the decline of lipid droplet content. 

Blood glucose is higher in type 2 diabetic and obese patients, and these patients have 

been shown to have poorer prognosis.62 The cells were treated with quercetin (50μM 

and 100μM) for 24 hours with normal media and low glucose media. After the treatment, 

there was a significant cell loss in low (5mM, normoglycemic) glucose media for both 

concentrations (Figure 12B). There was no significant difference between the untreated 

cells in either media in the absence of quercetin. This data suggest that quercetin could 

be more effective in killing glioblastoma cells in patients with normoglycemia 

(corresponding to 5mM glucose) than in diabetic patients with hyperglycemia.   

 

Subsequently, we tested whether an ACAT inhibitor, avasimibe, could be used to 

decrease the number of lipid droplets and increase the effect of quercetin. U251 cells 

were treated with quercetin (100μM) and avasimibe (10μM) for 24 hours. Avasimibe 

decreased the cell viability to 61% (Figure 13B). When treated in combination with 

quercetin, this further decreased the cell viability to 19% (Figure 13C).  
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To determine whether this decrease in cell viability was caused by the decrease in lipid 

droplets, we labelled the organelles with Bodipy Alexa-fluor 488. The cells were treated 

in both normal DMEM and DMEM 5mM glucose to investigate if the increased 

cytotoxicity of quercetin in DMEM 5mM glucose was related to a decrease in lipid 

droplets.  When the cells were treated with Q, there was an increase in the average 

number of lipid droplets to 49 lipid droplets per cell from 16 lipid droplets per cell (Figure 

13C and D). Moreover, when grown in 5mM glucose, there were fewer lipid droplets 

than when the cells were grown in DMEM 25mM glucose (Figure 13C and D). 

Avasimibe alone was able to slightly reduce the number of lipid droplets per cell, but the 

differences were not significant. However, when the cells were treated with both 

quercetin and avasimibe, the number of lipid droplets were comparable to the number of 

lipid droplets at the basal level (Figure 13C and D).  
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Figure 13. Quercetin induces the formation of lipid droplets in glioblastoma cells 

Schematic of quercetin and avasimibe combination therapy (A). Avasimibe sensitizes U251 

glioblastoma cells to the anticancer effects of quercetin by reducing drug sequestration in the 

lipid droplets. Avasimibe also increases the concentration of toxic free cholesterol inside the 

cell. U251 cells were treated with quercetin (100μM), avasimibe (10μM), and their combinations 

for 24 hours in 25mM glucose DMEM.  After the treatment, the nuclei were stained with Hoechst 

33342 (10μM) and the nuclei were quantified to detect cell viability (B). U251 cells were treated 

with quercetin (100μM), avasimibe (10μM), and their combination for 24 hours in normal DMEM 

(25mM) and lower glucose (5mM). The lipid droplets were then labelled with Bodipy (20μM) and 

quantified per cell using ImageJ (C and D). Scale bar = 20μm. Statistically significant 

differences between the drug treatments were calculated using one-way ANOVA with post hoc 

Tukey’s test. * = P<0.05 *** = P<0.001 

 

Furthermore, we treated U251 glioblastoma spheroids with quercetin (100μM) and 

avasimibe (10μM) for 7 days. The combination treatment, however, did not induce 

greater cell death than the single drug treatments in comparison (Figure 14 A and B). 

Lipid droplet staining of the spheroids were not conducted in this experiment, but will be 

performed in the future to determine whether lipid droplet had an effect in the outcome 

of the combination treatment in the spheroids. Furthermore, we investigated other 

signaling pathways regulated by quercetin. 
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Figure 14. Quercetin and Avasimibe induces cell death in U251 spheroids 

U251 spheroids were treated with quercetin (100μM), avasimibe (10μM), and their combination 

for 7 days. The spheroids were then stained with Propidium Iodide (1.5μM) (E). The relative 

fluorescence intensity was analyzed using ImageJ (F). Statistically significant differences 
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between the drug treatments were calculated using one-way ANOVA with post hoc Tukey’s test. 

* = P<0.05 *** = P<0.001  

3.7 Quercetin and NF-κβ nuclear translocation 

One of the key transcription factors implicated in quercetin mechanism of action is NF-

κβ. NF-κβ is downstream from the PI3K/Akt pathway. This pathway is the main survival 

pathway in many cancer cells including glioblastoma.62 NF-κβ nuclear translocation and 

activity promotes cell survival and tumor invasiveness.63 Quercetin is a pleiotropic 

kinase inhibitor, and it has been previously shown to inhibit PI3K and its downstream 

effects.39, 42 Thus, the inhibition of PI3K and its downstream effectors promote cell death 
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Figure 15. Mechanism of quercetin action through the inhibition of NF-ҡβ nuclear 

translocation 

Upon stimulation by cytokines, the PI3K/Akt pathway is activated in glioblastoma cells (A). 

Downstream of this signaling pathway is the NF-ҡβ transcription factor. NF-ҡβ is normally bound 

to Iҡβ and sequestered in the cytosol. However, upon phosphorylation by IҡK, Iҡβ releases NF-

ҡβ, and NF-ҡβ translocates to the nucleus to facilitate inflammation and cell survival. Nuclear 

fractionation western blots were done to detect the nuclear translocation of NF-ҡβ upon 

quercetin treatment after 24 hours (B). The nuclear detection was quantified using ImageJ (C). 

Statistically significant differences were calculated using the t-test with Bonferroni corrections. * 

= P<0.05. 

 

and reduces drug resistance. Translocation of NF-κβ is significantly inhibited by 

quercetin treatment after 24 hours (Figure 14B and C) suggesting that genes regulated 

by NF-κβ will be downregulated (Figure 14A).  
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3.8 Quercetin Nanodelivery using PEG-PLGA Micelles 

One of the limitations of quercetin as a therapeutic agent is its poor water solubility and 

low bioavailability. To overcome this problem, quercetin was incorporated into 

nanocarriers. Quercetin is a highly lipophilic drug, and it cannot be administered 

intravenously. When ingested, quercetin can be metabolized in the gastrointestinal 

tract.27 In our study, we have chosen to encapsulate quercetin in PEG-PLGA micelles to 

increase its solubility in media. PEG-PLGA micelles were prepared by the co-solvent 

evaporation method in THF/water mixture in the presence of Q and characterized using 

AF4/UV/DLS for size and size distribution analysis (Figure 15A and B). UV-absorbance 

spectrometry was used to measure quercetin loading and determine encapsulation 

efficiency which was equal to 41% for the linear PEG-PLGA copolymer based micelles 

(Figure 15C and D). Stock solutions of 1.2mM of quercetin in water were reached after 

encapsulation into the PEG-PLGA micelles and removal of the non-encapsulated 

quercetin, which corresponds to a 115-fold solubility enhancement. 
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Figure 16. Micelles preparation for quercetin encapsulation 

The PEG-PLGA micelles have been characterized using free flow fractionation (FFF) (A). Size 

characterization of PEG-PLGA based micelles loaded with Quercetin. 50 μL of a solution 

containing micelles was injected in an AF4/UV/DLS system. Elution of the micelles was 

monitored using UV absorbance at 280 nm and the size of the micelles was measured by 

dynamic light scattering (DLS). Fractogram of the micelles eluting out of the AF4 system. Size 

distribution of the micelles reported as the differential weight fraction of the micelles as a 

function of their hydrodynamic radii(B). Spectral characterization of Quercetin containing 

micelles (C).  UV absorbance spectra of empty PEG-PLGA micelles and quercetin-containing 

micelles measured in water. (D) Fluorescence excitation and emission spectra of quercetin 

containing micelles (λex = 421nm; λem = 541nm). 
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U251 spheroids were treated with empty micelles, quercetin (100μM), and quercetin 

micelles (100μM) for 7 days. The propidium iodide relative fluorescence was used to 

detect the cytotoxic effect of quercetin encapsulated in the PEG-PLGA micelles. The 

empty micelles did not induce cytotoxicity after 7 days (Figure 12). Both the free drug 

quercetin and quercetin incorporated micelles induced cell death as shown by PI 

fluorescence in the U251 spheroids (Figure 16A and B). Although there was no 

significant difference between the free drug and the nanodelivered drug, we show that 

quercetin encapsulated in micelles retains its anti-cancer effects.  
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Figure 16. Glioblastoma cell death induced by quercetin released from micelles 

U251 spheroids were treated with quercetin (100μM) as a free drug and encapsulated in PEG-

PLGA micelles with equivalent concentrations (100μM) for 7 days (A). The spheroids were then 

stained with propidium Iodide (1.5μM). The fluorescence intensity was measured using ImageJ 

(B). Statistically significant differences were calculated using one-way ANOVA with post hoc 

Tukey’s test. * = P<0.05 
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4. General Discussion 

The studies presented in this thesis address several questions related to the limitations 

of current treatment of glioblastoma multiforme and provide novel findings with 

combination therapy. Due to the poor outcome with temozolomide therapy, we tested a 

phytochemical, pleiotropic compound quercetin which has not been previously tested for 

glioblastoma multiforme and associated brain tumor stem cells.  We also investigated 

drugs in combination: quercetin plus avasimibe. We selected avasimibe because it is 

currently in clinical trials as an anticancer agent.50 It effectively reduces lipid droplet 

formation through the inhibition of cholesterol esterification. Lipid droplets are unique 

organelles which accumulate lipophilic compounds and can reduce effectiveness of 

anticancer agents by redirecting them away from their intracellular targets.   

The study of phytochemicals for cancer therapy has been increasingly more popular 

due to the pleiotropic effects of these biological compounds.64 Cancer heterogeneity is a 

limiting factor for many monotherapies, which only effectively kills the actively dividing 

cancer cells. Phytochemical compounds are attractive oncotherapeutics because they 

are usually well tolerated and their side effects are less frequent and milder than those 

induced by temozolomide. In addition, phytochemicals often attenuate or block several 

signal transduction pathways implicated in tumor progression. The main limitation of 

these biological compounds is the low bioavailability due to their low water solubility and 

instability when administered orally.65 We addressed this issue by employing a 

nanodelivery system made of biodegradable polymer. 

 



- 49 - 
 

The experiments in this thesis were designed to: (1) establish the time and 

concentration dependent anti-cancer effects of quercetin; (2) increase the cell killing 

effect of quercetin by inhibiting lipid droplet formation; and (3) utilize PEG-PLGA 

micelles to deliver quercetin in a glioblastoma spheroid model.  

 

We show that quercetin decreases U251 glioblastoma cell viability in monolayer and 3-

D spheroids. When compared to the current clinical drug, TMZ, quercetin was more 

effective in both 2D and 3D models (Section 3.1-3.2). We have also shown that 

quercetin inhibits the growth of brain tumor stem cells. (Section 3.3). Then, we revealed 

the functional impairments induced by quercetin i.e. loss of mitochondrial potential and 

significant ROS production, particularly after the pharmacological depletion of 

glutathione. (Section 3.4).  

Clinical studies suggest that obesity and cachexia play negative role in patients treated 

with anticancer agents.66 This observation has not been studied in detail in such 

studies. We therefore investigated lipid droplets, organelles which are abundant in cells 

of obese patients or in experiments where cells were exposed to high amounts of 

nutrients. Lipid droplets are ubiquitous organelles which have multiple functions 

including drug sequestration and communication with other organelles.52 The results 

from our experiments indicate that quercetin increases lipid droplet formation in the 

glioblastoma cells (Section 3.5), most likely as the cell’s defense mechanism from 

quercetin-induced ROS formation and lipid peroxidation. To weaken the defense 

through lipid droplet accumulation, we used avasimibe, an ACAT inhibitor, to reduce 



- 50 - 
 

cholesterol esterification and lipid droplet number. This resulted with greater 

glioblastoma cell death by quercetin in monolayer and but not in 3-D spheroids (Section 

3.5-3.6). Finally, we explored the use of quercetin encapsulated in PEG-PLGA micelles 

as a nanocarrier for glioblastoma treatment. The use of PEG-PLGA increased the 

solubility of quercetin in water by ~250 fold and lead to a significantly higher 

glioblastoma cell death than following quercetin treatment without nanocarrier.  

 

In summary, results from this thesis show that: (1) quercetin induces cell death in both 

glioblastoma cells and brain tumor stem cells; (2) the anticancer effect of quercetin is 

enhanced when the number of lipid droplets are decreased using avasimibe; and (3) 

PEG-PLGA micelles are suitable nanocarriers for quercetin which overcome quercetin 

poor water solubility. Further implications of the results and limitations of our studies are 

elaborated in the following sections. 

 

4.1 Quercetin – Cytotoxicity 

Quercetin is a widely consumed flavonoid in the western diet. It has been studied 

extensively for its anti-inflammatory, anti-diabetic, anti-biotic, anti-viral, and anti-cancer 

effects.67, 68, 69 However, due to its pleiotropic effects, its mechanisms of action are not 

well understood.  The anti-cancer effects of quercetin have been studied in many 

different models such as: breast cancer, lung cancer, liver cancer, stomach cancer, and 

brain cancer cells.70, 71, 72 The main commonality between all these models is that 
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quercetin induces cytoprotective effects on normal cells and cytotoxic effects on cancer 

cells. These opposing effects of quercetin depend on cell type and major signal 

transduction pathways turned on by this drug. Importantly, quercetin inhibits cancer 

cells proliferation, kills senescent stem cells, and enhances the effect of other 

chemotherapeutics.36, 37, 38 

 

Our study has shown that quercetin has a cytotoxic effect on U251 glioblastoma cells 

and brain tumor stem cells, and it is non-toxic to primary astrocytes. Many different 

mechanisms of quercetin action have been studied to prevent the proliferation of cancer 

cells. Quercetin functions as a pleiotropic kinase inhibitor; it inactivates the PI3K-Akt 

pathway, which regulates nuclear factor ҡB (NF-ҡB).39, 42 NF-ҡB is a master regulator of 

cell survival, inflammation, and immunity.73, 74, 75, 76 In the canonical pathway, NF-ҡB 

homodimers or heterodimers are retained in the cytoplasm by IҡB through a 

noncovalent interaction. In the case of an external or internal stimuli such as ROS, 

growth factors, cytokines, or DNA damage, IҡB is phosphorylated by IҡK, which 

separates it from NF-ҡB, allowing it to translocate to the nucleus. NF-ҡB regulates the 

transcription of many cytokines, growth factors, and regulators of apoptosis. The 

inhibition of NF-ҡB nuclear translocation induces tumor cell apoptosis. We (Figure 14) 

and others have shown that quercetin inhibits nuclear translocation of NF-ҡB by acting 

as a kinase inhibitor and prevents phosphorylation of Akt by PI3K.39,42 Additionally, 

quercetin regulates the mTOR, p38-MAPK, and JNK pathways to induce cell death; 

these mechanisms are not fully understood.77, 78, 79, 80  
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Most chemotherapeutics target actively dividing cells which have greater proliferative 

capacity than the corresponding non-transformed cells. Similarly, cancer stem cells are 

poorly responding to anticancer therapeutics due to their senescence.77, 78 Quercetin 

has been shown to kill senescent cells and has an anti-aging effect in worms.81, 82.83, 84 

In glioblastoma patients, brain tumor stem cells contribute to the recurrence of cancer 

after therapy and occurrence in other brain regions.85 Since quercetin does not have 

much of the killing effect in non-transformed, not-rapidly dividing cells, it is leaving the 

“normal” cells relatively undamaged. It is an interesting observation which requires 

careful analysis and comparison of signal transduction pathways in tumor versus 

healthy tissues.   

 

4.2 Quercetin – Inflammation 

In addition to the stem cells, the glioblastoma tumor mass is composed of tumor-

associated macrophages (TAMs), which facilitate tumor growth and metastasis.11 The 

relationship between inflammation and cancer has been a controversial discussion for 

many years. Many studies show that a pro-inflammatory environment provides a cancer 

killing effect, while an anti-inflammatory environment induces the proliferation and 

migration of the cancer cells.12, 13, 14 However, prolonged pro-inflammatory signals are 

also detrimental to the brain tissue and cause neurodegeneration.86, 87 Therefore, these 

two inflammatory states are not dichotomous, and need to be further investigated. 

Quercetin is a powerful anti-inflammatory agent, which increases the expression and 

activity of Nuclear factor (erythroid-derived)-like 2 (Nrf2) in microglia. Increased Nrf2 



- 53 - 
 

upregulation has been observed in cancer patients in correlation with the WHO grade 

for glioblastoma.88 Nrf2 regulates the expression of anti-inflammatory proteins such as 

heme oxygenase-1, glutathione S-transferases, glutathione peroxidase, superoxide 

dismutase, and catalase.82 Thus, future studies are required to investigate whether 

quercetin increases the activation of Nrf2 in the glioblastoma and potentially increases 

the cancer’s defense mechanism against inflammation.  

 

One limitation of our studies is lack of human primary microglia, astrocytes, endothelial 

cells and TAMs to perform critical co-culture experiments in 3-D.  Developing a 3-D 

model with glioblastoma spheroids with microglia would have been an ideal model to 

study the relationship with glioblastoma and inflammation. Lipopolysaccharide (LPS) 

could be used as a stimulus to induce signal transduction pathways and activate 

microglia. However, in a separate study,89 we have employed similar experimental 

paradigm where microglia were hyperactivated and quercetin was able to partly reduce 

microglia hyperactivity. Ongoing experiments are set to investigate the role of brain 

tumor stem cells in glioblastoma progression in a 3-D models in the presence of U251 

cells and glia. So far most of the reports use monolayers and some co-cultures. 

However, better models resembling complex tumor microenvironment (e.g. organoids or 

3D co-cultures and in vivo animal models ) are required to study glioblastoma 

progression (without treatments) and regression (with chemotherapeutic interventions).   
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4.3 Quercetin – Mitochondria and ROS 

Our studies showed that quercetin induces ROS production and mitochondrial potential 

disruption in U251 glioblastoma cells. Redox therapy has been explored as a possible 

mode of cancer treatment by enhancing ROS production and consequently, ROS-

mediated apoptosis.90 ROS production and mitochondrial membrane potential go hand 

in hand because mitochondria are the largest sources of ROS in the cell.91 Quercetin 

has been previously shown to bind to mitochondrial membrane Bcl-2 family proteins.92  

Bcl-2 is an anti-apoptotic protein, which is upregulated in cancer cells and prevents 

apoptosis by stabilizing the mitochondrial membrane and preventing cytochrome c 

release.93, 94 Bcl-2 inhibition by quercetin will destabilize of the mitochondrial membrane, 

which will cause the loss of mitochondrial membrane potential. Thus, when the 

mitochondrial membrane becomes leaky, mitochondrial ROS then diffuses into the 

cytoplasm and induces cell damage via DNA oxidation, protein oxidation, and lipid 

peroxidation. Therefore, aside from producing ROS directly, quercetin can indirectly 

increase the concentration of intracellular ROS by inhibiting mitochondrial membrane 

proteins.  

 

4.4 Quercetin – Lipid Droplets  

Recent studies on lipid droplets have shown that lipid droplets have a protective role in 

cancer cells thereby promoting drug resistance.95 This protective role of the lipid 

droplets are especially highlighted in obese patients undergoing treatment for cancer.93 

They are prescribed ketogenic diets to reduce carbohydrate intake, forcing the cancer 
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cells to metabolize fat as a source of energy.96 Since lipid droplets sequester lipophilic 

anticancer drugs, an increased number or size of lipid droplets will greatly reduce the 

effectiveness of chemotherapeutics.97 For example, the entrapment of TMZ in the lipid 

droplet prevents the drug from reaching its target site of action (nucleus) to cause DNA 

damage. Similarly, quercetin is a lipophilic drug, and lipid droplets act as physical 

compartments sequestering the drug and restricting its access to the target proteins. In 

our study, we employed conditions which reflect large or low content of lipid droplets by 

using low and high glucose media and pharmacological agents. Under normoglycemic 

conditions (5mM glucose in the media), lipid droplets can serve as a source of energy 

for glioblastoma growth and proliferation. However, a recent study has shown that blood 

glucose levels are not indicative of the prognosis of the patient.62 The authors propose 

that in type 2 diabetic patients, the insulin-like growth factor-1 (IGF-1) receptor pathway 

is activated and it regulates the cell cycle in various cells, including astrocytes. Patients 

with diabetes have high amounts of circulating insulin caused by insulin resistance. This 

increased insulin is likely to activate IGF-1 receptors and regulate cell metabolism. 

Therefore, when serum deprived media was used in our experiment, the lack of IGF-1 

receptor activation could have been dysregulated in the glioblastoma cells, resulting in 

cell cycle and growth impairments.  

 

Another protective role of lipid droplets is the prevention of lipid peroxidation by ROS.98 

In glial cells, mitochondrial defects promote ROS production and lipid droplet 

formation.99 Similar findings showing ROS-promoting lipid droplet formation was 
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reported in lymphoma cells under stressful conditions.100 This study suggests that the 

accumulation of lipid droplets is caused by the inhibition of fat metabolism, rather than 

an increase in fat biogenesis.92 The authors proposed that the lipid droplet accumulation 

was due to the inhibition of mitochondrial fatty acid β-oxidation and the re-direction of 

fatty acids from oxidation to accumulation in lipid organelles.  Thus, a potential 

explanation for lipid droplet accumulation in glioblastoma cells treated with quercetin is 

that the intracellular ROS produced by the disrupted mitochondria inhibited fatty acid 

oxidation and caused the accumulation of lipid droplets. This accumulation of fatty acids 

in lipid droplets can be considered as a defense mechanism of glioblastoma cell against 

quercetin ROS-induced lipid peroxidation by accumulating the cholesterol esters and 

fatty acid esters within the lipid droplets. Hence, this makes the fat not easily accessible 

to ROS from the cytosol. If so, pharmacological intervention which reduces cholesterol 

esterification could result with a more extensive cell death due to lipotoxicity caused by 

lipid peroxidation. To achieve this goal we used avasimibe which significantly reduced a 

number of lipid droplets. In turn, this reduction reduced glioblastoma cell viability with 

quercetin treatment more effectively than with either of the individual drugs.    

 

4.5 Quercetin Nanodelivery 

As previously discussed, the bioavailability of quercetin is very low due to its insolubility 

in aqueous solutions and it is quickly metabolized by the digestive tract. Thus, much 

effort has been made to develop and test nanocarriers for quercetin.101, 102, 103, 104, 105 

The most common are PLGA- and PLA-based nanoparticles as carriers for quercetin.106 
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These polymers form micelles, which accommodate lipophilic drugs in their cores.107 In 

our study, we used PEG-PLGA polymers because the PEG provides a corona which is 

miscible with aqueous medium and contributes to the stability of the micelles.108 Our 

laboratory has used micelles made of several polymeric materials but only those ones 

employed in this thesis are FDA approved.  Other studies have used PEG-PLGA 

polymers for quercetin delivery in HEPG2 cancer cells,109 however, these studies were 

done in monolayer cultures, and do not show the effect of quercetin nanodelivery in a 3-

D model system. Pilot experiments were conducted in vivo with PEG PLGA micelles as 

drug carriers but they were not performed with incorporated quercetin.110, 111  

 

In our study, we used PEG-PLGA micelles encapsulating quercetin, and treated them to 

glioblastoma spheroids. The encapsulated quercetin resulted in comparable cell killing 

effect to free quercetin. Micelles are avidly internalized by glioblastoma cells turning on 

intracellular signaling pathways and promoting cell death. Such a statement is only valid 

when the data are obtained by cell counting and not by measurement of fluorescence 

intensities because we noticed a small but measurable energy transfer between 

quercetin and fluorescent dyes.  

 

Aside from non-specific internalization of nanocarriers by rapidly dividing cells, efforts 

were made to modify nanocarrier surfaces with targeting moieties, e.g. ligands and 

antibodies. Two most commonly studied targeting moieties for cancer cells are folic acid 

and epidermal growth factor (EGF).112, 113 Folic acid receptors (FR) and EGF receptors 
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(EGFR) are highly expressed in cancer cells, including glioblastoma cells, and since 

these receptors are expressed on the surface of the cells, they can be used to target the 

nanocarriers directly to the cancer cells. FRs are expressed in normal cells, but less 

than in transformed cells in the lungs, kidneys, placenta, and choroid plexus.114 Folate is 

a water-soluble B vitamin that is essential for DNA synthesis, methylation, and repair.106 

It is inexpensive, easily produced, and very stable. Since glioblastoma express higher 

number of folic acid receptors than normal astrocytes and quercetin does not 

significantly reduce the viability of astrocytes, micelles with folic acid modified corona 

could be of interest in a limited number patients with strong enhanced and permeability 

(EPR) effect.115 However, considering that these are more complex and more expensive 

delivery systems with restricted applicability to the glioblastoma patients, we did not 

investigate ligand-modified nanocarriers.  

 

In summary, significant elimination of glioblastoma cells with quercetin alone, 

incorporated into micelles combined with another therapeutic merit further investigations 

in experimental animals with intracranial tumors such as astrocytomas.  
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Conclusions 

This thesis work demonstrates the use of quercetin as an anti-cancer agent for 

the treatment against GBM. Sensitization of GBM cells with avasimibe enhances 

chemotherapeutic efficacy of quercetin and it is achieved by inhibiting lipid droplet 

biosynthesis. Additionally, polymeric nanocarriers used to incorporate quercetin can 

overcome solubility problems common with highly liposoluble drugs. Results from these 

studies suggest that quercetin combined with avasimibe merit investigations in 

glioblastoma models in experimental animals and eventually in humans.   

 

Specific findings reported in this thesis are: 

(1) Quercetin induces cell death in both glioblastoma cells and brain tumor stem cells;  

(2) The anticancer effect of quercetin is increased when the number of lipid droplets are 

reduced using avasimibe, and; 

(3)  PEG-PLGA is an FDA approved, biodegradable polymer which can enhance 

quercetin solubility in biological media and merits testing in vivo.  
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