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TURKISH ABSTRACT  

 

Glioblastoma Hücrelerinde Kemoterapi Direncinin Kırılmasında Tamamlayıcı 

Tedavi Adayı Moleküllerin Etkilerinin Araştırılarak Bulguların Retrospektif Olarak 

Primer Tümörler İle Desteklenmesi 

 

Mevcut projede, tamamlayıcı tedavi potansiyeli olabileceği öngörülen doğal 

bileşiklerden fisetin ve berberinin temozolomide (TMZ) ile kombin olarak dirençsiz, 

doğal ve kazanılmış dirençli glioblastoma (GBM) hücrelerinin tedavisinde ilaç 

direncini kırma ve TMZ başarısını arttırma potansiyeli üzerine etkilerinin hem 

normoksik hem de kanser mikroçevresine daha uyumlu olan hipoksik ortam şartlarında 

incelenmesi ve yapılan çalışmadaki bulguların primer beyin tümörü hücrelerinde de 

valide edilebilmesi amaçlanmıştır. Amaç doğrultusunda ilk olarak terapötik etkinliği 

değerlendirilen flavonodilerden fisetin ve berberinin tek başlarına ve TMZ ile 

kombinasyon halinde hücre proliferasyonu üzerine etkinliği xCELLigence yöntemi 

ile, hücre döngüsü ve apoptoz üzerine etkinliği flow sitometrik yöntem ile, hücre 

agresifliği üzerine etkinliği normoksik koşullarda yara iyileşmesi, koloni testi ve 3B 

kültür modeli ile ve hipoksik koşullarda yara iyileşme testi ile belirlenmiştir. Daha 

sonra bu çalışmada, GBM tedavisi için daha düşük dozda daha etkili olduğu belirlenen 

fisetinin TMZ ile kombine tedavisindeki etkinliğinin TMZ'ye dirençli ve duyarlı hücre 

hatları arasındaki MSH2 ve ZEB1 gen ekspresyon düzeyleri araştırılmış ve farklı 

karaktere sahip primer beyin tümörlerinde valide edilmiştir. Mevcut çalışmanın 

bulguları özellikle fisetinin fonksiyonel analizlerle hem normoksik hem de hipoksik 

ortamda anti-tümör etkinliği olduğunu göstermiş ve özellikle TMZ ile 

kombinasyonunda dirençli hücrelerde de TMZ’nin etkinliğini arttırdığını göstermiştir. 

Ayrıca, TMZ+Fisetin tedavisinin MSH2 seviyelerini arttırmada ve ZEB1 seviyelerini 

düşürmede hem hücre hattı hem de GBM primer hastalarında etkili olduğu 

belirlenmiştir. TMZ+Fisetin kombin tedavisinin etkinliğini destekleyen mevcut 

bulgular, GBM’de yeni tedavi stratejilerinin geliştirilmesinde farklı mekanizmalarda 

bile direnci kırmada etkili olabilen fisetinin anti-kanser ajanı olarak kullanılabilme 

potansiyeline sahip olabileceğini göstermektedir.  

 

Anahtar kelimeler: Glioblastoma, temozolomide, fisetin, berberin, ilaç 

direnci 
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ENGLISH ABSTRACT  

 

 

In the current study, it was aimed to examine the effects of fisetin and 

berberine, which are predicted to have prospects of complementary therapy, on the 

potential to elucidate drug resistance and increase the success of temozolomide (TMZ) 

in the treatment of non-resistant, natural, and acquired resistant glioblastoma (GBM) 

cells in combination with TMZ in both normoxic and hypoxic environment conditions 

that are more compatible with the cancer microenvironment, and to validate the 

findings in the study in primary brain tumor cells. For this purpose, initially, the 

therapeutic efficacy of fisetin and berberine, alone or in combination with TMZ, on 

cell proliferation was determined by the xCELLigence method, their effectiveness on 

cell cycle and apoptosis by flow cytometric method, their effectiveness on cell 

aggressiveness was determined by wound healing under normoxic conditions, colony 

test and 3D culture model, and wound healing test in hypoxic conditions. Furthermore, 

the efficacy of fisetin, which was determined to be more effective at a lower dose for 

GBM treatment, in combination with TMZ, the MSH2 and ZEB1 gene expression 

levels between TMZ-resistant and sensitive cell lines were investigated and validated 

in primary brain tumors with different characteristics. Hence, the findings of the 

current study showed that fisetin had anti-tumor activity in both normoxic and hypoxic 

environments by functional analysis and showed that it increased the activity of TMZ 

in resistant cells, especially in combination with TMZ. Consonantly, TMZ+Fisetin 

treatment was found to be effective in increasing MSH2 levels and decreasing ZEB1 

levels in both cell lines and GBM primary patients. Consequently, current findings 

supporting the efficacy of TMZ+Fisetin combination therapy indicate that fisetin, 

which can be effective in breaking resistance even in different mechanisms, may have 

the potential to be used as an anti-cancer agent in the development of new treatment 

strategies in GBM. 

 

Keywords: Glioblastoma, temozolomide, fisetin, berberine, drug resistance 
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1. INTRODUCTION  

             Glioblastoma (GBM) is the most common and aggressive malignant brain 

tumor (Wen, & Kesari, 2008). The World Health Organization (WHO) defines GBM 

as a group of stage IV tumors characterized as malignant, mitotically active, and prone 

to necrosis. GBM has a 5-year survival rate of 4-5% and has a rather grim prognosis 

(McLendon, & Halperin, 2003). Standard treatment of GBM consists of surgical 

resection, radiotherapy, and chemotherapy. Despite this treatment protocol, patients 

have a median survival of only 12.6 months (Van Gool et al., 2022). Maximum 

surgical resection is an effective treatment method that prolongs the survival of this 

disease. However, due to the invasive nature of GBM and the location of the tumor in 

the brain, maximum resection cannot be performed in many cases, which is primarily 

associated with recurrence (Stupp et al., 2009). There are also factors such as the 

limited ability of drugs to cross the blood-brain barrier (BBB), the inability of drugs 

to reach sufficient concentration on the tumor site due to early spread to the 

cerebrospinal fluid, the short half-life of drugs, the inability to remove all of the tumor 

cells, the presence of GBM stem cells (GSCs), and therapy resistance in GBM 

treatment failure and relapse. The effect of MGMT, one of the repair mechanisms, on 

drug resistance is known (Butler et al., 2020). In addition to MGMT, plausible 

mechanisms, including decreased activity of mismatch repair (MMR) genes (such as 

mutS homologue 2 (MSH2) (Caccese et al., 2020)), GBM stem cells, hypoxia, and 

dysregulation of other effectors, are also involved in drug resistance (Garnier et al., 

2018). Moreover, the involvement of ZEB1 in the PI3K/Akt pathways, vital in the 

epithelial-mesenchymal process, helps to drive tumorigenesis and metastasis (Wu et 

al., 2012). Temozolomide (TMZ), an alkylating agent, is a chemotherapy drug 

commonly used to treat GBM, which can exceed the BBB and is effective in oral use 

(Schreck, & Grossman, 2018). In addition to the limited use of the chemotherapy drug, 

the severe side effects of the drug and the resistance of the patients to the drug over 

time are the most critical factors that complicate the treatment. In this context, effective 

treatment options, development of new techniques, and improvement of existing 

technologies are required for GBMs. 

            Recently, natural compounds have been frequently used to determine new 
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treatment methods in many cancer types, and efforts have been made to make existing 

treatments more effective and reduce the resulting cytotoxic effects (Kammerud et al., 

2021). In addition, the combined use of natural compounds with pharmaceutical and 

therapeutic properties and chemotherapeutic agents increases the effectiveness and 

reduces the dose and side effects of the chemotherapeutic agent (Cragg, & Newman, 

2005; Li et al., 2010). Flavonoids are natural compounds from the class of 

polyphenolic secondary metabolites found mainly in fruits and vegetables. With the 

use of flavonoids, which have been determined to have neuroprotective and anti-tumor 

effects in studies, with the drug, the most important goals are to reduce the effective 

dose of the drug, reduce the side effects, and increase the effectiveness of the drug, 

and also to delay the resistance gained against the drug. Therefore, there is a 

fundamental need to develop new therapeutic strategies for GBM treatment. In this 

context, fisetin, evaluated in this study, is a flavonoid that exhibits various 

bioactivities, including anti-oxidant, anti-inflammatory and anti-cancer, and is found 

in strawberries, apples, onions, wine, and tea (Imran et al., 2020). Berberine (5,6-

dihydro-9,10-dimethoxybenzo[g]-1,3-benzodiocolo[5,6-a]quinolizinium) is a natural 

compound traditionally used in Chinese medicine and also has anti-inflammatory and 

anti-cancer properties (Neag et al., 2018). It is known that both natural compounds are 

used as supplements (Neag et al., 2018). Based on these results, it is argued that 

flavonoids can serve as the basis for future in-vitro and in-vivo studies, with their 

apoptotic effect on GBM cells (Pak, & Vatan, 2019). In addition, parameters such as 

MSH2, ZEB1, p53, PI3K, and Bax/Bcl2, which are of great importance in TMZ 

resistance in GBM cells, are also targeted by fisetin and berberine (Singh, Miner, 

Hennis, & Mittal, 2021; Zhang, & Jia, 2016). Due to the presence of common pathways 

involved in TMZ resistance and targeted by selected flavonoids (Kammerud et al., 

2021), flavonoids are predicted to be a guide for obtaining positive results in TMZ 

activity and resistance. Since commercial cell lines do not fully reflect the diversity in 

human materials and are insufficient in developing personalized treatment methods 

(Grube, Freitag, Kalff, Ewald, & Walter, 2021), in the current study, it was aimed to 

determine the characteristics of the resistance-related mechanisms in acquired resistant 

and primary brain tumor cells and to examine the effectiveness of the selected 

flavonoid on TMZ treatment in order to validate the study in cell lines. 
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            Flavonoids, a natural compound, exhibit various bioactivities, primarily anti-

cancer, in GBM cells in studies. However, like many flavonoids, fisetin and berberine, 

combined with the chemotherapy drug TMZ, have a synergistic, additive or 

antagonistic effect on the biological processes in GBM cells and the aggressiveness of 

the tumor is unknown. There needs to be more literature on the combined activity of 

TMZ and flavonoids in GBM cells, innate and acquired resistant cell lines, and primary 

brain tumor cells and their respective mechanisms of action. In the current project, it 

is aimed to examine the effects of flavonoids on cell viability, migration and colony 

formation ability associated with tumor aggressiveness by examining the interactions 

of flavonoids in combination with TMZ. Additionally, it is aimed to determine the 

effectiveness of the migration ability of fisetin and berberine in TMZ-sensitive, 

natural, and acquired resistant cells under normoxia and hypoxia and to reveal their 

usability for in-vivo studies and their potential to be evaluated in advanced projects. 

Aim 1: The synergistic, additive, or antagonistic effects of the combination of fisetin 

and berberine with the chemotherapy agent TMZ, determining the effective doses of 

flavonoids in combination with TMZ and their effects on cell proliferation, and its 

possible effects on suppression of cell death mechanisms and aggressiveness in the in-

vitro tumor environment, and the relationship between functional invasion and colony 

formation ability are aimed. 

Aim 2: It is aimed to examine the genetic levels of MSH2, which is one of the DNA 

repair mechanisms, and ZEB1, which is involved in EMT, the mechanisms related to 

the effect of the combination of fisetin and berberine with the chemotherapy agent 

TMZ on drug resistance. 

Aim 3: It is aimed to determine the characteristics of primary brain tumor cells in terms 

of resistance-related mechanisms and to examine the effectiveness of an effective 

selected flavonoid on TMZ treatment. 

            As a result of the successful completion of the planned project, the effects of 

fisetin and berberine, which are widely used natural compounds, on biological 

processes associated with GBM tumors and their anti-cancer activity will be better 

understood. With the findings to be obtained, it will be possible to contribute 

developing  more effective and economical treatment protocols with less side-effects 

in the treatment of GBM, and comprehensive projects will be structured. 
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2. BACKGROUND 

2.1. Brain tumors  

            Brain tumors are defined as the uncontrolled proliferation of cells as a result of 

the regeneration of brain cells, their transformation into a different structure, and the 

formation of a mass of abnormal cells that fail to die off, and their growth over time 

and putting pressure on the inside of the head as the mass grows. Cancer is a complex 

disease to treat, and brain tumors are particularly challenging and can cause symptoms 

such as neurological dysfunction, seizures, and headaches (Chandana, Movva, Arora, 

& Singh, 2008). More than 100 histologically different subtypes of brain and other 

central nervous systems (CNS) tumors comprise a varied group with varying 

descriptive epidemiology, clinical traits, therapies, and prognosis (Figure 1). Primary 

and secondary brain tumors are the two main subtypes of brain tumors. The main 

leading of primary cancers are radiation, infections, and genetics (Wrensch, Minn, 

Chew, Bondy, & Berger, 2002). Secondary tumors originate from metastatic cancer, 

which can be from a different type of cancer than the brain like breast cancer that has 

metastasized to the brain (Ohgaki, & Kleihues, 2012). Rather than the type of origin 

precursor, primary and secondary glioblastomas (GBMs) may be difficult to 

distinguish histologically from each other; however, they still have different genetic 

and epigenetic features Figure 1 (see 2.1.3.1). 
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Figure 1. Presence of molecular and genetic alterations in the classification of CNS tumors, particularly 

gliomas (Rajesh et al., 2017). 

 

           Currently, diagnosis of brain tumors is typically made through neuroimaging 

techniques and examination of conditions. Magnetic Resonance Images (MRIs) are 

one of the best imaging methods for detecting these tumors, as it allows medical staff 

to see the tissue and identify if cells are developing abnormally (Figure 2). Once the 

tumor has been identified, physicians must assess which type of cancer it is and decide 

on a course of treatment (Chandana et al., 2008). 
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Figure 2. Magnetic resonance imaging (MRI) representation of different brain tumors before surgical 

operation (Bouget et al., 2022). 

 

2.1.1. Brain Tumor Epidemiology 

            Brain tumors are one of the leading causes of mortality worldwide, and it has 

been estimated that the incidence of brain tumors has been rising over the past several 

years. In addition, adults have the highest overall incidence (5.57/100000) (95% CI = 

5.55–5.60) of malignant brain tumors compared to other ages (Leece et al., 2017). The 

World Health Organization (WHO) projects that there were 308,102 new cases of brain 

tumors in 2020, which made up around 1,6% of all cancers and the cancer-related 

fatalities stated as 2,5% globally (Figure 3. a) (Sung et al., 2021). Also, the numbers 

were concerningly high in Turkiye, standing at 2,6% of new cases (6,102), and the 

death rate rose further to 4.0%, covering 5.070 of the patients in 2020. In conclusion, 

in Turkiye, The survival rates were ranked 12th while the death rates were in 8th rank 
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as an upward trend of all cancers in 2020 (Figure 3. b) (Globocan, 2021). Since the 

survival rates for brain tumors, especially in Turkiye, have not risen, with a recent 

study published in 2022 also proves it, with the survival rates in Turkiye being less 

than 40% (Girardi et al., 2023), there is an emergency need for improvements in the 

detection, diagnosis, and treatment modalities of brain tumors in worldwide and in 

developing countries such as Turkiye, where the brain tumor death rate is still 

exceptionally high. 

a)

b)

 

Figure 3. The epidemiology of brain and nervous system cancers in 2020 a) in the world b) in Turkiye 

(Globocan, 2021). 
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2.1.2. Gliomas and Classification of Gliomas 

 

            Gliomas, a kind of heterogenous brain tumors that develop in glial cells, are 

the most frequent brain tumors in adults (Mesfin, & Al-Dhahir, 2023). The 

classification of gliomas is based on the information obtained from histological 

evaluation and molecular and genetic abnormalities but the proper categorization of 

glioma presents major difficulties. The classification of gliomas is challenging when 

it comes to distinguishing between different subtypes, such as astrocytomas, 

oligodendrogliomas, and GBMs (McDonald, Aw, & Kleihues, 2013). The subtypes of 

gliomas are typically named based on where they arise from, but there are a variety of 

factors affecting the complexity of glioma classification. The subjective and variable 

nature of histological and molecular markers present main significant difficulties. The 

grades (I to IV) and the degree of tumor involvement are shown by histopathology. 

The main reason for challenging features in histology is because of the fact that it relies 

on the microscopic interpretation of independent neuropathologists who differ from 

one another. In addition, the identification of genetic changes that might be clinically 

significant is provided by molecular profiling, and some of these molecular markers 

related to glioma classification are changing in a time-dependent manner with 

discoveries. Thus, understanding the genesis of glioma and its current molecular 

profile is crucial for gliomas to be classified, graded, and treated (Mesfin, & Al-Dhahir, 

2023). The international standard for classifying brains is known as the WHO 

Classification of Tumors of the CNS, which is the up-to-date version of classifications 

from 1979, 1993, 2000, 2007, and 2016. 

             According to histological characteristics and clinical behavior, the WHO 

grading approach gives a tumor grade from I-IV. Grade I tumors are the least 

malignant, with a more indolent course, and are mainly found in children and young 

adults. Grade II tumors grow more slowly but might recur if not entirely removed. In 

grade III tumors, there is vigorous growth and quick tissue-surrounding spread, while 

grade IV gliomas, including GBM, are the most malignant (Kleihues et al., 2002). 

Once the histological classification is done, several more features must be considered 

such as IDH status, molecular alterations, DNA methylation phenotype (Figure 4). 
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Figure 4. Classification of gliomas according to several features such as IDH status (Alves et al., 2021). 

            Gliomas can be categorized taking into account genetic and epigenetic markers 

using the WHO’s seven-layer integrated grading system such as isocitrate 

dehydrogenase (IDH) mutations, α-thalassemia/mental-retardation-syndrome-X-

linked gene (ATRX) expression, 1p/19q codeletion, cyclin-dependent kinase inhibitor 

2A/B (CDKN2A/B) homozygous deletion, telomerase reverse transcriptase (TERT) 

promoter mutation/ epidermal growth factor receptor (EGFR) gene amplification 

and/or chromosomes 7 gain and 10 loss (+7/-10), Histone H3 G34R/V mutations, 

Histone H3 K27M/ mutations (Louis et al., 2021). 

            Primary and secondary gliomas are divided into two considering several 

molecular pathogenesis (Wen, & Kesari, 2008). IDH mutations are examined for the 

distinction between primary and secondary and are essential markers for prognosis 

estimation. IDH wild-type status is correlated with primary GBM, while IDH 

mutations are found in secondary GBM, oligodendroglioma, and astrocytoma. Also, 

1p/19q codeletions characterize different grades of gliomas. Oligodendrogliomas have 

1p/19q codeletion, and secondary GBM has an allelic loss of chromosomes 19q 

(Kleihues et al., 2002) in contrast to astrocytomas with intact 1p/19q. IDH-wild type 
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(WT), non-codeleted (1p/19q) tumors are more prone to bad prognosis than IDH-

mutant, codeleted counterparts. In addition, oligodendrogliomas include TERT 

mutations, and their CpG island methylator is high and correlated with higher survival. 

Astrocytomas have CDKN2A-p16 deletion, ATRX loss, and tumor protein 53 (TP53) 

mutation (Figure 4). However, their clinical outcome depends on the DNA methylation 

status, which is good when the CpG island methylator is high and poor when the CpG 

island methylator is low. On the other hand, grade IV primary GBMs consist of EGFR 

amplification or mutation, phosphatase, and tensin homolog (PTEN) deletion or 

mutation, or TERT promoter mutation, which results in malignant progression of 

gliomas and relatively low survival rates (Alves et al., 2021). These findings pave a 

path for guiding personalized treatments and patient outcomes. 

            Given the complexity of the disease and the wide range of tumor phenotypes 

observed in gliomas, molecular parameters have now been added as biomarkers of 

grading and as a means of determining the prognosis of various tumor forms. This 

implies that a single glioma tumor may simultaneously belong to several 

classifications, necessitating a combination of therapies for effective treatment. In 

summary, the latest version of the aforementioned markers from the WHO 

classification of CNS is crucial for comprehending accurate tumor cellular structure, 

deciding tumor grading, typing, and treatment cascades. Further investigation into the 

genetic, epigenetic, and other markers involved in carcinogenesis is required in light 

of the growing complexity of glioma categorization. 

2.1.3. Glioblastoma (GBM) 

            Glioblastoma (GBM) (grade IV) is the most common, aggressive, and deadliest 

variant in the broad spectrum of intrinsic glial brain tumors, which is approximately 

70% of malignant gliomas (Wen, & Kesari, 2008). In addition, a particularly 

devastating type of brain cancer, GBM, has a dismal prognosis and can spread rapidly 

without severe symptoms (McLendon, & Halperin, 2003). Although the pathogenesis 

of GBM is still not fully known, it has been shown in recent studies that GBM cells 

form the connection between microtubules and also invade the entire brain 

environment, including normal neuron development (Venkataramani et al., 2022). The 

tumor heterogeneity of GBM, which consists of differentiated tumor cell populations, 
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mesenchymal cells, glioma stem cells (GSC), and tumor microenvironment 

(fibroblasts, microglia, astrocyte), is one of the principal causes of the aggressiveness 

and even, resistance and recurrence of the disease (Figure 5). 

 

Figure 5. Representation of glioma tumor heteregonity including GSC, mesenchymal stem cells, 

stromal cells (fibroblasts, microglia, astrocyte) and several markers of GSCs related to glioma resistance 

and recurrence (Alves et al., 2021). 

2.1.3.1. Genetic and Epigenetic Features in GBM 

            Genetic and epigenetic factors are crucial for the accurate diagnosis and 

subgrouping of brain tumors, and many molecular analyses can be performed on tumor 

cells, such as cell lines and resected tissue from patients. 

2.1.3.1.1. Genetic Biomarkers 

             Researchers have been focusing on predictive biomarkers that can predict 

whether to diagnose GBM or respond to the treatment. Given contexts like the 

heterogeneity of GBM, this procedure has been challenging. In this regard, the Tumor 

Cancer Genome Atlas (TCGA) is a valuable tool for resolving the pathways affected 
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by many mutations that are activated in most GBM tumors and play a part in forming 

GBM, such as EGFR. Additionally, there is a program called ProfiLER that uses either 

next-generation sequencing or comparative genomic hybridization to provide tumor 

genomic profiles from patients with fresh or paraffin-embedded, primary or recurrent 

tumors and biopsies, which is a significant step for personalized medicine (Bonneville-

Levard et al., 2021). Further, commonly used biomarkers in GBM are listed below. 

            The most important genetic mechanisms in brain tumors are IDH mutations, 

which are examined for primary and secondary differentiation of gliomas, as 

mentioned above in 2.1.2. section. IDH-WT is the disease type that accounts for 90% 

of GBM cases clinically defined as primary GBM. The diagnosis of the patient is made 

directly as stage IV and is associated with aggressiveness and a poor prognosis. 

Mutations of IDH, an enzyme involved in the citric acid cycle, are observed in all 

secondary GBMs that develop from the lower stage (Alves et al., 2021). When the 

IDH1/2 mutation occurs, it catalyzes the formation of 2-hydroxyglutarate (2–HG), 

which has oncogenic activity, from α-ketoglutarate (α-KG) by replacing the 2-ketone 

group (Figure 6). It is associated chiefly with epigenetic instability, cancer cell 

differentiation, and good prognosis (Yang, Ye, Guan, & Xiong, 2012). 

 

Figure 6. IDH1 mutation promotes high expression of 2-HG levels and alters epigenetic regulation 

which results in cell differentiation (Yang et al., 2012).  



13 
 

             The well-known tumor suppressor TP53 produces the protein p53, essential 

for controlling cell division and apoptosis (Zhang et al., 2018). According to prior 

research, TP53 mutations were present in roughly 50% of the glioma, and it has been 

demonstrated that mutant TP53 and p53 depletion can hasten cell proliferation with 

uncontrollable cell division while supporting cancer cell metastasis (Guo et al., 2020). 

The TP53 mutation, which is usually linked to tumor malignancy of GBM, is 

connected to a worse prognosis and effectiveness of standard treatments (Lee et al., 

2020). On the other hand, the transcription repressor named promyelocytic leukemia 

zinc finger (PLZF), which is excessively expressed in GBM, can reduce p53's 

acetylation, promote its ubiquitination, and regulate the expression of TP53. This states 

that by preventing p53 from functioning, PLZF may contribute to the emergence and 

spread of GBM (Choi et al., 2014). 

The active EGFR signaling pathway observed in other cancer types is also very 

important for GBM. Increased EGFR amplification and overexpression and, 

additionally, the epidermal growth factor receptor variant III (EGFRvIII) mutation 

promote the aggressive character and overgrowth of GBM cells (Tini et al., 2015). In 

the literature, EGFR and EGFRvIII are symbolized as partners in crime, and it is also 

found that the activation of this EGFRvIII receptor results in the uptake of 

phosphoinositide 3-kinase (PI3K) into the cell membrane and affects many molecular 

mechanisms (Zadeh, Bhat, & Aldape, 2013) (Figure 7). A recently published paper 

hypothesized that there was altered gene expression in the EGFR pathway in patients 

newly diagnosed with EGFR-amplified GBM but not in patients with GBM 

recurrence. These findings suggested EGFR overexpression as a potential mechanism 

for understanding GBM recurrence (Dhawan, Manem, Yeaney, Lathia, & Ahluwalia, 

2023). Different research focusing on the association between EGFR expression and 

patient prognosis demonstrated no variation in patient survival according to EGFR 

expression (Amirpour, Bahari, Nafisi, Rahmani, Taghipour Zahir, 2020). Another 

study also investigated that the knockdown of EGFR decreases the binding of tumor 

suppressive gene p53 to DNA-dependent protein kinase catalytic subunit (DNA-

PKcs), which promotes the transcriptional activity of p53 (Ding et al., 2022). 
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Figure 7. Activation of several pathways with EGFR and EGFRvIII interaction (Zadeh et al., 2013). 

             PI3K/Akt signaling is correlated with oncogenic pathways (Hashemi et al., 

2023), and it is regulated by non-coding RNAs such as miR-579 (Ghaffarian Zirak, 

Tajik, Asadi, Hashemian, & Javid, 2022). Numerous GBM treatments focus on 

targeting PI3K/Akt. The PI3K/AKT/mTOR signaling system can be inhibited with 

AKT inhibitors, which have shown promise in preclinical research (Sami, & Karsy, 

2013). Another strategy to increase the effectiveness of therapy is to integrate PI3K 

inhibition with additional medicines, such as an enhancer of zeste homolog 2 (EZH2) 

blocking (Mishra, Kumar, Raza, & Sehrawat, 2020). Additionally, the isoform of PI3K 

(p110) has been selectively targeted by a new peptide medicine known as Selectide-

18, which has demonstrated the potential to reduce cancer growth in-vitro (Hutchings 

Pridham, Liu, & Sheng, 2022). Deactivation of Akt, inhibition of SIRT1, and 

enhancement of apoptotic cell death can also be facilitated by Cotinus coggygria 

flavonoid nanoliposomes (CCF-NLs) (Wang, Wang, To, Zhao, & Wang, 2015). 

             The PTEN tumor suppressor gene interacts with pathways such as PI3K/Akt, 

and in the case of PTEN mutation, cancer aggressiveness, proliferation, and survival 

are not suppressed. It is also associated with this treatment resistance in GBM (Fan et 

al., 2002; Hashemi et al., 2023).  

            There are recurrent mutations in the histone chaperone protein ATRX in GBM. 

The ATRX protein plays an important epigenetic role by depositing histones in 
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repetitive DNA regions (Ratnakumar, & Bernstein, 2013). ATRX mutation causes loss 

of function of the ATRX gene, and tumor cells escape telomere length degradation 

(Koschmann, Lowenstein, & Castro, 2016). Loss of ATRX also impairs the 

mechanism involved in DNA repair and mutations, thus accumulating and playing an 

essential role in treatment sensitivity (Koschmann et al., 2016; Qin et al., 2022). It has 

been found that cell proliferation and cell migration have been inhibited, and cell death 

has been increased in-vitro analysis by the knockdown of ATRX with ATRX small 

interfering RNA (siRNA) 590i transfection (Cai et al., 2015). 

              Telomerases prevent telomeres from shortening and entering apoptosis as the 

cell divides. Telomerase is abnormally active in GBM cells, and mutations in the 

TERT gene can impair telomere repair and cause DNA damage (Fernandes et al., 

2020). TERT promoter mutations, most commonly C228T and C250T (Killela et al., 

2013), which are detected between 60–75% of GBM, are associated with poor disease 

prediction by contributing to the cancer cell invasive character (Vuong et al., 2020).  

             Vascular endothelial growth factor (VEGF) is one of the most important 

biomarkers for tumor angiogenesis, and it is essential for GBM to achieve nutrients 

through new blood vessels and survive its inhibition through many methods that have 

been driven attention for years (Cheng et al., 1996; Reardon et al., 2011). It is 

overexpressed in GBM, proving it also with 1.56 pg/dL increased levels of VEGF in 

the patient's serum (Seyedmirzaei, Shobeiri, Turgut, Hanaei, & Rezaei, 2021) and 

mostly correlated with dismal prognosis (Wagle et al., 2020) (Figure 8). 
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Figure 8. The effect of VEGF levels in GBM (Generated from: Wagle et al., 2020). 

2.1.3.1.2. Epigenetics Biomarkers 

           Genetic changes in brain tumors have a very important relationship with 

epigenetic changes. Epigenetic mechanisms are divided into two as DNA and RNA 

based epigenetic mechanisms. DNA-based epigenetic mechanisms include DNA 

methylation and histone modifications, while RNA-based epigenetic mechanisms 

include non-coding RNAs. 

2.1.3.1.2.1. DNA Methylation 

            One of the epigenetic mechanisms is methylation, and the very first discovered 

example is a DNA repair protein O6-Methylguanine-DNA Methyltransferase 

(MGMT), the determinant of the response to the chemotherapy drug temozolomide 

(TMZ) used in GBM treatment (Butler et al., 2020). In clinical studies, patients with 

MGMT overexpression may be recommended to undergo an alternative treatment 

option. The methylation added to lead the cancerous cell to apoptosis with TMZ 

treatment is removed by demethylation of MGMT. As the DNA is repaired, the 

cancerous cell escapes death, continues dividing, and develops resistance to the TMZ 

drug (Figure 9. a). It also happens when the promoter region of MGMT is not 
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methylated (Figure 9. b-middle). The expression of MGMT decreases when the 

MGMT promoter region is methylated, so the new methylation does not bind to 

MGMT, and TMZ works efficiently (Figure 9. b-top). However, if the mechanism of 

MGMT is expressed despite methylation in this promoter region, it can be associated 

with non-coding RNAs (Figure 9. b-bottom).  

 
Figure 9. Metyhlation status of MGMT affecting chemotherapy drug TMZ treatment response (Butler 

et al., 2020).  

2.1.3.1.2.2. Histone modification 

 

            Histone modification is a prominent epigenetic mechanism that has ability to 

change gene expression without alteration to the genomic DNA. Histone modifications 

can include histone acetylation, histone methylation, histone phosphorylation, and 

histone ubiquitination (Figure 10).  

 

Figure 10. Schematic representation of histone modifications (Taken from: Cusabio.com). 
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            Methylation of lysine 27 on histone 3 (H3K27me) is the most important of the 

histone modifications, determining the differentiation between pediatric brain tumors 

and adult brain tumors (Chan et al., 2013). There is also an investigated program, 

STOPHIM, for revealing the STOchastic Process of HIstone Modification and used to 

understand H3K27 methylation in a better way (Harutyunyan et al., 2020). 

Furthermore, it has been proved that GBM tumor cells develop more quickly in the 

presence of histone lysine-specific demethylase (LSD1). When it is inhibited, the 

senescence response is brought on (Saccà et al., 2019). Although not yet applied to 

routine treatment, epigenetic-based treatments have recently been the focus of 

treatment strategies. To illustrate, the effects of histone deacetylase (HDAC) directed 

inhibitors, which are involved in histone modifications from DNA-based epigenetic 

mechanisms related to chromatin regulation, have been demonstrated in the treatment 

of GBM in a very recent article (Figure 11) (Everix, Seane, Ebenhan, Goethals, & 

Bolcaen, 2023). 

 

Figure 11. The use of HDAC inhibitors (HDACi) in addition of the treatment of GBM (Everix et al., 

2023). 

2.1.3.1.2.3. Non-coding RNAs 

           Non-coding RNAs, including short non-coding RNAs such as microRNAs 

(miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), are of 

great importance in GBM. The non-coding part of DNA corresponds to 98% of the 

DNA, which is considered “junk” DNA. However, the importance of this part, thanks 

to its functions such as regulating DNA, has been understood recently with the help of 

the Encyclopedia of DNA Elements (ENCODE) project (Do, & Kim, 2018).  

             miRNAs are short non-coding RNAs that consist of 19 to 25 nucleotides that 

control gene expression post-transcriptionally (Ranganathan, & Sivasankar, 2014). 
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More than 3,000 human miRNAs have been identified to date, according to miRbase 

(http://mirbase.org/). A miRNA can bind to several different mRNAs or genes, but 

above 50% of miRNA genes are localized in fragile sites or genomic regions favorable 

to cancer (Calin et al., 2004). One can also say that expression levels of miRNA, as 

well as changes in miRNA sequence such as single nucleotide polymorphism (SNP), 

may serve as important biomarkers in cancer. miRNA profiling can be done by 

extracting RNA from specific tissue and using Real-Time Quantitative Reverse 

Transcription PCR (RT-qPCR), microarray, or RNA sequencing (Pritchard, Cheng, & 

Tewari, 2012). miRNAs regulate GBM malignancy parameters such as cell 

proliferation and survival, and since these miRNAs can be shed by GBM cells, they 

can be preserved in the patient's cerebrospinal fluid (Figure 12) (Zhang et al., 2017). 

miRNAs can be present as oncogene or tumor suppressors; hence, the level of miRNAs 

associated with tumor suppressors decreases, and the level of oncogene-associated 

miRNAs increases in GBM (Matsuzaki, & Suzuki, 2014). Last but not least, some 

miRNAs are also associated with therapy resistance (Banno et al., 2014) and often 

deregulated in GBM (Table 1). 

 

Figure 12. Deregulation of miRNAs in cancer (Zhang et al., 2017). 
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Table 1. Some deregulated miRNAs in GBM and their functions (Modified from: Zhang et al., 2017). 

 

 

             One of the first oncogenic miRNAs (oncomirs) associated with glioma 

malignancy, miR-21 increases invasiveness by targeting pathways such as PTEN 

(Chai, Song, Han, Li, & Li, 2018). Clinically higher expression of mir-21 is associated 

with worse survival in patients (Pan, Mao, Deng, Li, & Geng, 2014). Hence, inhibiting 

oncomirs by methods such as miRNA inhibitors, siRNA is crucial for targeted therapy. 

For instance, silencing miR-21 has been shown to reduce invasion and increase 

apoptosis (Zhang et al., 2017). Silencing miR-21 may increase the chemosensitivity of 

human GBM cells since it can inhibit apoptosis by activating the PI3K/AKT pathway, 

which is critical in the mechanism of TMZ resistance (Figure 13) (Ma, Zhou, Chang, 

& Xue, 2019).  

 

Figure 13. Correlation of miR-21 and apoptosis via several pathways (modified from: Ma, Zhou, 

Chang, & Xue, 2019). 
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            To give another example, miR-218, a tumor suppressor miRNA with low 

expression levels in GBM, prevents cell survival and angiogenesis by affecting 

hypoxia-related factors. In in-vivo experiments, it is found that miR-218 expression (in 

Tum-3691–218-TMZ ve U87-218-TMZ) can reduce tumor size and increase 

sensitivity to TMZ treatment acting upon pathways such as EGFR shown in Figure 14 

(Mathew et al., 2014). 

 

Figure 14. miR-218 functions as tumor suppressor and its elevated levels are correlated with 

reduction in tumor size and TMZ resistance in-vivo (Mathew et al., 2014). 

 

            In treatments targeting miRNAs, methods such as anti-miR oligonucleotides, 

miRNA sponges, miRNA inhibitors, and miRNA mimicry have been developed, and 

many delivery systems such as nanoparticles, antibodies, and viral vectors are used in 

such methods (Bernardo et al., 2015; McDermott et al., 2011). There is also a recent 

clinical trial that focuses on oncomiR levels (miR-10b) and specific treatment (anti-

mir-10b) that can be applied to glioma patients (ClinicalTrials.gov ID NCT01849952). 

             Furthermore, lncRNAs, classified as epigenetic mechanisms, hold the 

potential as biomarkers for diagnosing, predicting outcomes and responding to 

treatment. With a length exceeding 200 nucleotides, lncRNAs constitute a group of 

non-coding RNAs, and The ENCODE Project has identified over 50,000 lncRNAs in 

the human genome (Huarte, 2015). These lncRNAs possess diverse features, including 

chromatin remodeling, functioning as sponges, and activating or repressing 

transcription (Figure 15). Moreover, lncRNAs, unlike miRNAs, can directly interact 

with proteins and thus regulate their stability (Figure 15) (Huarte, 2015). Additionally, 
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epigenetic variations have emerged as significant mediators of targeted therapies and 

resistance to traditional cytotoxic agents. 

 

Figure 15. Different roles of lncRNAs (Salehi, Taheri, Azarpira, Zare, & Behzad-Behbahani, 2015). 

            There are many lncRNAs that are deregulated in GBM. One of the most studied 

of these, Metastasis Associated Lung Adenocarcinoma Transcript 1 (MALAT1), 

Nuclear Paraspeckle Assembly Transcript 1 (NEAT1), HOX transcript antisense RNA 

(HOTAIR) and Colorectal Neoplasia Differentially Expressed (CRNDE) have been 

overexpressed in GBM while Tumor Suppressor Candidate 7 (TUSC7) have been 

underexpressed. MALAT1 can target pathways such as MGMT and zinc-finger E-box-

binding homeobox factor 1 (ZEB1) and interact with miRNAs such as miR-101. 

Silencing of MALAT1, which is also related to TMZ resistance, is found to abrogate 

TMZ resistance in GBM cells and lead to apoptosis (Rezaei, Tamizkar, Sharifi, Taheri, 

& Ghafouri-Fard, 2021).  

            NEAT1 can show oncogenic effects by functioning as a sponge directly 

interacting with miRNAs like miR-449b-5p (Zhen, Yun-Hui, Hong-Yu, Jun, & Yi-

Long, 2016). Suppression of NEAT1 results in a decrease in the proliferation, invasion, 

and migration of GBM cells (Rezaei et al., 2021). Knockdown of HOTAIR or EZH2 

leads to cell cycle arrest in GBM cells, and inhibition of HOTAIR suppresses GBM 

tumor migration (Rezaei et al., 2021). CRNDE, also an oncogenic lncRNA, is 

associated with TMZ resistance and poor disease prediction in GBM. A recent study 
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has developed siRNAs that specifically target CRNDE. The knockdown of CRNDE 

through siRNAs has been found to successfully enhance the effectiveness of TMZ 

treatment and apoptosis while reducing cell viability and colony formation (Zhao et 

al., 2021). The tumor suppressor lncRNA, known as TUSC7, cooperates with mir-10a, 

and its reduced expression is linked to resistance to TMZ in GBM (Rezaei et al., 2021). 

Together with the lncRNA examples above, numerous lncRNAs influence the various 

parameters of GBM malignity and treatment (Table 2). 

 

Table 2. A comprehensive examination of lncRNAs indicating a) increased expression in GBM.                   

b) reduced expression in GBM (Rezaei et al., 2021). 

a) 

  

 

 

 

 

 

 



24 
 

b) 

 

 

2.1.3.2. Standard GBM Treatment and Clinical Application 

 

           In GBM, surgical resection, radiotherapy, and concomitant chemotherapy 

applications are defined as standard treatments (Figure 16. a). Despite this treatment 

protocol that has been applied for years, the median life expectancy of GBM patients 

is only 12.6 months, and the 5-year survival is limited to approximately 4-5% (Van 

Gool, Makalowski, Schirrmacher, & Stuecker, 2022). 

   

Figure 16. a) Steps of treatment for GBM patients b) Challenges in GBM treatment (Cha et al., 2020). 

            Difficulties that limit the survival of patients may be encountered at several 

steps of the standard treatment procedure. In GBM treatment, initially, it is aimed to 
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achieve maximum resection in order to prevent tumor recurrence. However, GBM can 

be particularly difficult to treat due to its complex origin, and it can be inoperable due 

to its location and prevalence in areas where brain surgery would cause too much 

neural damage. Hence, the risk of recurrence of the patient continues (Stupp et al., 

2009). In addition, the inability to remove all of the tumor cells, the presence of GSCs, 

the limited number of the drugs that have ability to cross the blood-brain barrier (BBB), 

the inability of drugs to reach sufficient concentration on the tumor site due to early 

spread to the cerebrospinal fluid, short half-life of drugs, and resistance to therapy and 

many more parameters may lead to failure of GBM treatment and recurrence of the 

tumor as well (Figure 16. b). Surgery can ultimately reduce symptoms and provide 

more stabilization, while chemo-radiation therapy targets and destroys cancerous cells. 

Standard treatment consists of 6 weeks of 60 Gy radiation in total (2Gy every day, 

every 5 days in a week) and 6 weeks of adjuvant TMZ treatment (daily uptake in 

amounts calculated according to the body-surface area) with following 6 cycles of 

TMZ therapy (5 days out of 28 days of each cycle) (Figure 17). The Stupp Protocol 

has been accepted as the primary standard treatment since 2005, as the simultaneous 

use of temozolomide with radiotherapy causes radiosensitivity (Kil et al., 2008) and 

can prolong the survival induced by radiotherapy alone, albeit by approximately 2.5 

months (Russo et al., 2009). However, the vast majority of patients receiving chemo-

radiotherapy treatment experience deteriorating side effects, such as hematological 

problems with each consecutive cycle of treatment (Bae et al., 2014). Up to now, the 

only way to prolong patient survival more is the addition of tumor-treating fields, a 

device approved by The Food and Drug Administration (FDA) (Koehler et al., 2021) 

that disturbs cancer cells by electrical conduction together with chemotherapy (Stupp 

et al., 2017). Nevertheless, it still has difficulties, such as having a device on the 

patient's scalp for a long time, that must be overcome.  
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Figure 17. A standard therapy for GBM patients: Stupp Protocol (Bilicki, Zbrożek, Fudalej, Deptała, 

& Badowska-Kozakiewicz, 2022).  

 

            Developing and using a new drug for disease in the clinic can take many years. 

Therefore, discovering specific combination therapies on approved treatment has 

driven recent attention by scientists. First, it has been approved that “checkmating” 

cancer with combination therapy rather than mono is more effective since lower doses 

of each drug may diminish both drug resistance and drug toxicity in both tumor and 

healthy cells if the combination therapy is not antagonistic (Ghosh, Nandi, & 

Bhattacharjee, 2018). Subsequently, there are newly discovered specific combination 

therapies in clinical trials applied for GBM patients by targeting different biomarkers 

shown in Table 3. Despite drugs, there is also a brain tumor vaccine named 

rindopepimut designed to target EGFRvIII amplification (Jain, 2018). 

Table 3. Clinical trials targeting several pathways with combination therapy for GBM patients (Ghosh 

et al., 2018). 

 

             Ultimately, with clinical challenges and limited, extremely challenging 

treatments available, GBMs are still severe medical conditions. Therefore, recent 
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studies continue to emphasize the significance of developing efficient treatment 

approaches to enhance both the survival rates and quality of life for GBM patients 

highlighting the importance of biomarkers for individual therapy. It encourages us to 

explore more individualized and disease-adaptive GBM treatment paradigms to 

address each patient's unique type of cancer in a personalized way over time. 

According to that, there has been a principal intention to find natural products that can 

be possibly used in combination new therapeutics and vaccines to improve the 

treatment (Rong, Li, & Zhang, 2022). 

2.1.3.2.1. Temozolomide (TMZ) 

 

           Temozolomide (TMZ) (or Temodar®), a compound of triazene, a widely used 

oral chemotherapy drug in treating GBM after tumor resection, is an effective 

alkylating agent. TMZ can exceed BBB due to its lipophilic feature and small size (194 

kb) (Schreck, & Grossman, 2018). TMZ undergoes spontaneous hydrolysis in the 

body, converting it into its active compound, 5-(3-methyltriazol-1-yl) imidazole-4-

carboxamide (MTIC), under physiological pH conditions. MTIC is further hydrolyzed 

inside the nucleus, giving rise to 5-amino-imidazole-4-methyl Amide (AIC) and 

methyl diazolium in 24 hours (Figure 18). These compounds are then transported to 

the nucleus, where methyl diazo ions transfer methyl groups onto guanine or adenine. 

As a consequence of this process, N7 methylguanine (N7MG), N3 methyl adenine 

(N3MA), and O6 methylguanine (O6MG) are formed, resulting in mismatched base 

pairs during DNA replication (Figure 19).  

 

Figure 18. Conversion of TMZ to MTIC, AIC and methyl diazonium ion once its entering body (Rai 

et al., 2016). 
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Figure 19. Compounds formed after methylation added by TMZ (Arora, & Somasundaram, 2019). 

             The main mechanism of TMZ is that it works as an alkylating agent by 

damaging the DNA of cancerous cells, thereby triggering the DNA repair pathway, 

inhibiting their ability to divide, leading to cell cycle arrest and apoptosis, a 

programmed cell death (Figure 20) (Willey, Yang, & Bonner, 2016). Although it is 

accepted as standard therapy, this increment in survival rate caused by TMZ can be 

illusive because many GBM tumors develop resistance to TMZ, leading to treatment 

failure and poor prognosis (Arora, & Somasundaram, 2019). Additionally, various 

delivery systems, such as nanoparticles and nanogel, are being developed to facilitate 

the delivery and controlled release of TMZ alone or with a combination of natural 

substances (Liang et al., 2023). 
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Figure 20. Mode of action of TMZ entering inside nucleus in form of MTIC, triggering MGMT, 

mismatch repair (MMR) and base excision repair (BER) and causing DNA strand breaks and apoptosis 

(Schreck, & Grossman, 2018). 

 

2.1.3.2.2. TMZ drug resistance 

 

           TMZ is a commonly used chemotherapy drug for GBM; however, its limited 

effectiveness by developing resistance, as mentioned above, remains an important 

obstacle to overcome. Aside from the limited selection and use of chemotherapy 

medications, the most critical variables that complicate and lead to treatment failure 

are the severe side effects of the drug and the patient's resistance to the drug over time 

owing to congenital or long-term drug use. Approximately 70% of GBM cells reoccur 

de novo or with acquired resistance, and recurrence of GBM that has become more 

aggressive with the development of treatment resistance is still one of the leading 

causes of cancer-related deaths (Dymova, Kuligina, & Richter, 2021). A clinical trial 

combines TMZ with a PARP inhibitor in patients with recurrent GBM to enhance the 

therapeutic response to TMZ (Yoshimoto et al., 2012). Additionally, several 

mechanisms have been proposed to explain TMZ resistance, including the 

upregulation of drug efflux pumps (P-glycoprotein 1 (P-gp1)), which can pump out 

drugs and reduce effectiveness, stem cell presence, alterations in drug metabolism, and 

the activation of DNA repair pathways (Ortiz et al., 2021). 
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            Furthermore, since there are significant differences between innately resistant 

cancer cells and cancer cells that acquire resistance over time (Meena et al., 2013), it 

is preferable to develop chemoresistant cell lines that acquire resistance through long-

term exposure to TMZ from a well-characterized standard TMZ-susceptible parent cell 

line to develop the most effective therapeutic approaches. In this context, developing 

new treatments, improving existing treatment possibilities for effective treatment 

options, and prolonging current patient survival for GBMs are necessary. 

2.1.3.2.3. Factors affecting TMZ resistance 

 

           The mechanisms of TMZ resistance in GBM are complex and multifactorial. 

They include cancer stem cells (CSC), DNA repair mechanisms, cell cycle 

checkpoints, drug efflux pumps, immune evasion, the Warburg effect, and alterations 

in signaling pathways and gene expression patterns. Also, the molecular heterogeneity 

of GBM contributes to resistance and recurrence (Figure 21). 

 

Figure 21. Factors affecting drug resistance in GBM (Dymova et al., 2021). 

            As mentioned earlier, the way TMZ therapy kills rapidly proliferating cancer 

cells is to induce DNA damage to lead cells to apoptosis, but the increased expression 
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of MGMT repairs DNA damage by TMZ, leading to treatment resistance, resulting in 

ineffective therapy (Figure 9) (Butler et al., 2020). MGMT have been used in a clinical 

trial over the last two decades to estimate the treatment cascade and response of GBM 

patients (Hegi et al., 2004). It is also proven that MGMT-expressed patients have quite 

shorter overall survival of up to 20 months compared to MGMT-unexpressed patients 

in terms of TMZ treatment (Spiegl-Kreinecker et al., 2010). Consequently, it is 

recommended to apply another and more effective treatment to patients found to have 

overexpression of MGMT in clinical practice in order not to cause unnecessary 

cytotoxicity. However, since GBM is a heterogeneous cancer, it is not expected that 

the same treatment will affect every patient in the same way because it contains many 

different parameters besides MGMT, which varies from patient to patient. There is 

also a clinical trial that aims to sensitize TMZ resistance by targeting base excision 

repair (Sorribes, Handelman, & Jain, 2020). Recently, it has been highlighted that 

increased and/or decreased gene expression of another repair mechanism, MMR, (such 

as mutS homologue 2 (MSH2) (Caccese et al., 2020)) may lead to drug resistance 

(Dong, Jiang, Kang, & Guan, 2023). However, further investigation is needed in order 

to understand this subject comprehensively. Additionally, drug resistance has been 

linked to various factors such as epithelial-mesenchymal transition (EMT) and hypoxia 

that have been found to play an important role in the efficacy of TMZ and the crosstalk 

between pathways, especially with p53, in response to factors such as hypoxia play a 

prominent role in drug resistance (Figure 22). In this study, the various factors and 

their possible relation with each other that can affect TMZ drug resistance in GBM 

cells was discussed. 
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Figure 22. The crosstalk between several pathways in response to stress, hypoxia, and drug resistance 

(Pearson, & Regad, 2017). 

 

2.1.3.2.3.1. Glioma Stem Cells (GSC)  

 

            GBM is a highly heterogenic tumor, meaning that various genetic and 

molecular subtypes can be established within a single tumor, and glioma stem cells 

(GSC) are mainly responsible for this heterogeneity (Figure 5). GSCs, capable of self-

renewal and invading adjacent tissue cells, can differentiate into different cell types in 

a tumor. These particular cells, known as GSCs, are believed to originate from the 

normal stem cells present in the brain. However, certain factors, such as genetic 

mutations and environmental triggers, can cause these normal cells to transform into 

GSCs. The presence of GSC biomarkers such as CD133, SOX-2, NANOG, and OCT4 

contributes to tumor heterogeneity, leading to cancer treatment failure, drug resistance, 

and tumor recurrence. The tumor recurrence is due to the GSCs resisting the therapy 

and repopulating (Garnier et al., 2018). In this respect, MMR inactivation and the 

presence of GSC can also cause tumor recurrence by promoting drug resistance in 

GBM cells by mechanisms including dysregulation of other post-transcriptional 

effectors (Figure 5). Thus, GSCs are one of contributing factors to possessing TMZ 

resistance in GBM (Singh et al., 2021). 
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            The CD133 gene, which serves as a marker for GSCs, is highly expressed in 

TMZ-resistant tumors, indicating their ability to resist the effects of the chemotherapy 

drug (Liu et al., 2006). Moreover, the accumulation of GSCs in TMZ-resistant tumors 

leads to various molecular and genetic changes, ultimately resulting in increased 

resistance. In addition, cancer cells that enter the EMT process gain features like CSCs 

with enhanced anti-apoptotic properties and elevated expression of drug efflux pumps 

(Du & Shim 2016). Additionally, transcription factors such as ZEB1 in EMT and CSC 

are used functionally similar or in common (see 2.1.3.2.3.2). 

           Overall, the regenerative properties and drug resistance of GSCs, along with the 

alteration of surrounding tissues, contribute significantly to treatment failure, drug 

resistance, and tumor recurrence. Their specific role in TMZ resistance in GBM is an 

area of intensive research that requires more attention. 

2.1.3.2.3.2. Epithelial-Mesenchymal Transition (EMT)  

 

           Epithelial-Mesenchymal Transition (EMT) is a key mechanism that happens 

during embryonic development, wound healing, and cancer growth. It includes the 

change of polygonal-shaped epithelial cells, which line the surfaces of organs, into 

spindle-shaped mesenchymal cells (Maier, Wirth, & Beug, 2010). Despite the 

morphological change, the transformation of epithelial to mesenchymal results in 

changes in several patterns (Figure 23). EMT encompasses a dynamic process that can 

be reversed by the mesenchymal-epithelial transition (MET) (Lamouille, Xu, & 

Derynck, 2014). In the mesenchymal state, cells have different gene expression levels 

and more aggressive and invasive behavior contributing to tumor progression (Rocha, 

& Morgado-Diaz, 2021). Within the process, mesenchymal-like cells acquire anterior-

posterior polarity traits rather than apical-basal polarity, characterized by epithelial 

cells. Hence, the acquisition of mesenchymal phenotype results in metastasis, inability 

to have strong cell-to-cell adhesion, all of which agree with the aggressive hallmarks 

of the tumor. One can also say that EMT exhibits a strong relationship with 

chemotherapy resistance in cancer, particularly TMZ resistance in GBM (Tang et al., 

2016). EMT also potentiates chemo-radiotherapy resistance by decreasing the 

sensitivity of cancer cells to DNA damage and apoptosis (Debaugnies et al., 2023). 

Several factors such as hypoxia (Figure 23), oxidative stress, and inflammation in the 
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tumor microenvironment strongly induce EMT, and it can be regulated with various 

signaling pathways (transforming growth factor-beta (TGF-β) pathway) and 

transcriptional factors (Snail, Slug, Twist, and ZEB1). Snail, Twist, and ZEB1 are the 

most common transcriptional factors in EMT, and their functions are also connected 

to CSC (Mladinich, Ruan, & Chan, 2016). ZEB1 has also been found to provide stem 

cell-like features in breast and prostate cancer (Pérez et al., 2021; Zhou et al., 2017), 

which can be disrupted with ZEB1 knockdown (Pérez et al., 2021).  

            ZEB1 participates in tumor formation and metastasis development (Wu et al., 

2012) by taking part in the PI3K/Akt signaling pathway, which is of great importance 

in drug resistance. It is a direct target of TGF-β and other EMT inducers and inhibits 

interleukin-2 (IL-2) gene expression (William et al., 1991). ZEB1 promotes the 

downregulation of epithelial markers, such as E-cadherin, and the upregulation of 

mesenchymal markers, such as N-cadherin, vimentin, and fibronectin. Recent studies 

have shown that ZEB1 functions as an E-cadherin repressor in EMT and induces 

chemoresistance (Drápela, Bouchal, Jolly, Culig, & Souček, 2020). Developing 

strategies to overcome TMZ resistance in GBM is a major challenge in cancer therapy. 

Recent studies have focused on targeting EMT and its associated pathways as a novel 

strategy to overcome TMZ resistance in GBM. These approaches include the use of 

EMT inhibitors, such as TGF-β inhibitors, Snail inhibitors, and ZEB1 inhibitors. They 

also include the use of miRNAs, small molecules, and nanoparticles that can block 

EMT and enhance the sensitivity of GBM cells to TMZ. Most importantly, since the 

overexpression of ZEB1 is associated with poor prognosis and resistance to TMZ in 

GBM, it has been demonstrated that its knockdown sensitizes these cells to TMZ 

treatment and reduces the migration and invasion of GBM cells (Siebzehnrubl et al., 

2013). 
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Figure 23. The hypoxia-related epithelial and mesenchymal phenotype and change of biomarkers such 

as ZEB1 involved in the process (Crivii et al., 2022). 

 

             The EMT process is modulated not only genetically but also epigenetically. 

MALAT1 LncRNA, which has received one of the most attention in GBM, is related 

to EMT. MALAT1 appears to regulate the EMT process by pathways such as ZEB1 

and PI3K/Akt (Luo et al., 2019). 

             Scientists aim to identify new therapeutic targets and biomarkers for treating 

TMZ-resistant GBM. Understanding EMT and its role in TMZ resistance in GBM is 

still evolving. Additionally, more studies are needed to understand the relationship 

between EMT and other mechanisms of TMZ resistance, such as DNA repair 

pathways. 

2.1.3.2.3.3. Mismatch Repair Mechanisms (MMR) 

 

            Mismatch repair mechanisms (MMR) are essential for maintaining genomic 

stability and preventing the accumulation of mutations that lead to cancer. MMR is a 

complex process that recognizes and repairs errors during DNA replication, such as 

misincorporated nucleotides and small insertions or deletions. In addition, it also 
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functions in the repair of cytotoxic lesions caused by DNA alkylators (Li, Pearlman, 

& Hsieh, 2016). In humans, several molecular markers are used to identify the MMR 

system, including MutS homologs (MSH) and post-meiotic segregation increased 1 

(PMS1), that work together to detect and correct these errors. The MMR mechanism 

targets thymine, which tries to bind to O6-MeG formed by TMZ treatment and creates 

a single-strand break in DNA by forming a futile DNA repair cycle (Figure 24). Given 

MMR system functionally works in the cells lacking MGMT (Tancredi et al., 2022). 

This leads the cancerous cell to cell cycle arrest and apoptosis (Jiapaer, Furuta, Tanaka, 

Kitabayashi, & Nakada, 2018). Several MMR markers have been identified that are 

associated with apoptosis, cell cycle arrest, and drug resistance (Kuang, Wang, & 

Zhou, 2013). Also, dysfunctions in MMR lead to TMZ resistance in GBM (Zhang, 

Stevens, & Bradshaw, 2012). If MGMT expression is high in TMZ-resistant cells, the 

activity of the MMR mechanism decreases, and MMR markers such as MSH2/6 are 

expected to be at low levels. Because the MMR mechanism does not work and the 

mutated part cannot be cut by DNA repair, the TMZ-resistant cell cannot be directed 

to apoptosis and continues proliferating. A study comparing GBM cells that received 

and did not receive TMZ treatment for a long time shows decreased cell cycle arrest 

and MSH6 levels in TMZ-resistant cells (Yamashiro, Nakao, Ohba, & Hirose, 2020). 

In gliomas, silencing MSH 2/6 and PMS2 further increased TMZ resistance and was 

linked to a poor response to the drug (Happold et al., 2012). In the 

immunohistochemical (IHC) analysis performed on 355 glioma patients, MMR protein 

loss was found in 12.1% of the patients, and 55.8% of them belonged to MSH2 

(Caccese et al., 2020). In particular, the MSH2 gene is located on chromosome 2 and 

encodes the MSH2 protein. MSH2 is a critical component of the MMR system that 

recognizes and binds to mispaired nucleotides. Wherefore, in GBM, mutations in this 

gene are generally correlated with TMZ resistance (McFaline-Figueroa et al., 2015). 

Decreased MSH2 expression via mir21 and mir155 contributes to 5-fluorouracil drug 

resistance, which means that the gene is turned off by epigenetic modifications to the 

DNA that do not change the underlying sequence (Deng, Wang, Lei, Lei, & Xiong, 

2017). 

            Future research in this area focuses on further elucidating the mechanisms of 

MMR-mediated TMZ resistance and identifying new targets for intervention. 
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Developing strategies to overcome TMZ resistance is an active area of research, and 

one approach could be to develop combinational therapy with drugs and natural 

products that can modulate MMR pathways. Advances in genomics and epigenomics 

may lead to the development of personalized therapies that take into account the 

specific genetic and epigenetic alterations present in individual tumors. 

 

 

Figure 24. The response of MGMT and MMR to TMZ-induced O6MG and their related mechanism to 

TMZ resistance. When MMR is present, MSH2/6 prevent the replication of mismatched pair with futile 

cycle and leading single strand breaks and eventually, apoptosis (Arora, & Somasundaram, 2019).  

 

2.1.3.2.3.4. Hypoxia 

 

            In in-vitro cancer research, the reliability of the obtained data is important to 

imitate the environment as close as possible to the cancer microenvironment. One of 

the most convenient ways to create this environment in GBM cell culture is to create 

a hypoxia environment with relatively low oxygen levels (1-5% O2). As the tumor 

grows, the need for oxygen increases, and the sensation of this situation by 

vascularization results in enhancement of vascularization around the tumor. In 

conformity with the expected outcome under deprived oxygen levels, the vascular 

endothelial growth factor (VEGF) level is upregulated (Semenza, 2010). Strengthened 

angiogenesis also supports the increase in invasion, leading to faster tumor growth and 

spread. Thereupon, the blood vessels are unable to reach the entire tumor, and the 

tumor areas remaining in the center are exposed to insufficient oxygen. Tumor cells 

remaining in the hypoxic environment continue to survive and multiply by changing 



38 
 

their behavior. For cancer cells to provide a food source in a hypoxic environment, 

mitochondrial respiration is inhibited, and glycolysis is increased by the Warburg 

effect (Marchiq, & Pouysségur, 2016). This condition is also mediated by hypoxia-

inducible factor 1 (HIF-1), which can regulate the responses in hypoxic environments 

(Marchiq, & Pouysségur, 2016). The ability to mimic the hypoxia, often preferred by 

the tumor, can provide an environment closer to the tumor microenvironment. 

             Studies have revealed that tumor cells whose metabolism is altered in a 

hypoxic environment can lead to more robust metastatic behavior, migration, and 

remodeling of the extracellular matrix by stimulation of EMT (Spill, Reynolds, Kamm, 

& Zaman, 2016). Hypoxia, frequently observed in GBM tumors, leads to the 

aggressive development of the brain tumor, the emergence of the GSC phenotype, 

invasion into healthy tissues, and drug resistance (Musah-Eroje, & Watson, 2019).  

             Hypoxia can suppress E-cadherin by increased ZEB1 (Chu, Boley, Moraes, 

Barsky, & Robertson, 2013) or direct cells to the extravasation process, EMT, through 

increasing levels of the GSC marker SOX2 and plasticity (Sun et al., 2020). It may 

cause GBM cells to pass into mesenchymal structures, acquire metastatic and invasive 

features, and even have therapy resistance (Figure 25). HIF can also lead to increased 

tumor malignancies and therapy strain, with increased genetic instability and 

mutations triggered by decreased MMR levels (Mihaylova et al., 2003). It has been 

shown that HIF-1α also causes an increase in ZEB1 in colorectal cancers (Zhang et al., 

2015). In addition, it has been shown that changes in lncRNA expression level mediate 

the formation of resistance to targeted therapies and traditional cytotoxic agents 

(Huang et al., 2019). In particular, HOTAIR (Weng et al., 2022), a lncRNA mediating 

hypoxia-induced drug resistance involved in epigenetic mechanisms, and MALAT1 

(Shih et al., 2021), a hypoxia-induced lncRNA, are both associated with hypoxia, and 

both commonly contributes to drug resistance by acting on the ZEB1 protein which is 

highly expressed in brain tumors (Feng et al., 2019; Weng et al., 2022). For these 

reasons, in the present study, potential differences in GBM cell behavior arising from 

the oxygen level difference in the hypoxic tumor microenvironment were determined 

regarding tumor migration and invasion. They provided preliminary data for future 

studies that could better represent in-vivo environments. The anti-cancer effect of 

bioactive molecules (fisetin and berberine) included in the current study was evaluated 
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comparatively in TMZ-resistant and non-resistant GBM cell lines using normoxia and 

hypoxia conditions. 

 

Figure 25. Some possible pathways induced by hypoxia resulting in therapy resistance in GBM cells 

(Created with Biorender.com). 

 

2.2. The use of bioactive molecules in overcoming drug resistance 

 

           Nowadays, natural compounds are often preferred in determining new 

treatments for many types of cancer. Efforts are being made to minimize the cytotoxic 

effects of these compounds, widely used as food supplements, and to make existing 

treatments more effective (Kammerud et al., 2021). Studies show that using natural 

substances with specific therapeutic properties together with chemotherapeutic agents 

can synergistically increase the effectiveness of chemotherapeutic agents, reducing the 

appropriate drug dose and possible side effects (Cragg, & Newman, 2005; Li et al., 

2010). In this context, flavonoids and their subcategories, such as flavonols and 

catechins, are often associated with the treatment of cancer (Hollman, & Katan, 1999). 
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2.2.1. Flavonoids 

 

            Flavonoids are natural constituents of the polyphenolic secondary metabolite 

class, mainly found in fruits and vegetables (Panche, Diwan, & Chandra, 2016). 

Flavonoids, which have been determined to have neuroprotective and anti-tumor 

effects by research, are classified within themselves. The most abundantly used 

flavonoid subgroup in human food intake is a flavonol, a 3-hydroxy derivative of 

another subgroup, flavanones (Panche et al., 2016). Studies carried out in independent 

laboratories argue that flavonoids, which have apoptotic effects in GBM cells, can 

form a basis for further in-vitro and in-vivo studies to create new treatment approaches 

(Pak, & Oztopcu-Vatan, 2019). With this theory, flavonoids, which are determined to 

have neuroprotective and anti-tumor effects, can shed light on the potential of targeting 

to reduce chemotherapy-induced side effects and delay or prevent subsequent 

chemotherapy resistance by reducing the effective doses of chemotherapeutic drugs in 

general use. Therefore, studies indicate that investigating the anti-cancer effects of 

flavonoids may increase the potential to discover new therapeutic candidates for GBM 

treatment. Since signaling pathways such as ZEB1, PI3K, which play a role in the 

formation of TMZ resistance in GBM cells, are also targeted by flavonoids such as 

fisetin and berberine, it can be predicted that these flavonoids will be a guide for 

obtaining positive results in TMZ resistance and improving TMZ activity. In this 

context, the effects of fisetin and berberine, commonly found in the structure of various 

therapeutic plants and can also be used as food supplements, on anti-cancer and TMZ 

resistance in GBM cells were investigated. 

2.2.1.1. Fisetin 

 

            A flavonoid commonly found in strawberries, apples, onions, wine, and tea, 

fisetin (3,3′,4′,7-tetrahydroxyflavone) is an anti-oxidant, anti-inflammatory and anti-

cancer properties have been revealed (Imran et al., 2020) which means that it can 

protect healthy cells from the cytotoxicity of chemotherapy drug while combating 

cancerous ones. In addition to being a phytopharmaceutical that can be taken 

nutritionally (Figure 26), fisetin can also be purchased in supplement form with health 

benefits due to its safety profile. The apoptotic, senolytic, anti-migratory, anti-
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proliferative, and anti-invasive effects of fisetin have shed light on treating various 

cancers. It has been shown that fisetin has pleiotropic features due to its ability to target 

signaling pathways such as ZEB1 in melanoma (Pal et al., 2016), which also plays a 

role in the formation of TMZ resistance in GBM cells.  

 

Figure 26. The molecular structure and occurrence of fisetin in nature and in various foods (Rahmani 

et al., 2022). 

 

             In GBM cells, fisetin has been identified to operate on common specific 

signaling pathways in a way that may also reduce TMZ resistance. It has been shown 

in laryngeal cancer that fisetin upregulates caspase-3 and downregulates the PI3K/Akt 

pathway and Mitogen-activated protein kinase 3 (MAPK3), which are important 

pathways in TMZ resistance, and increases anti-cancer activity (Zhang, & Jia, 2016). 

Another study found that fisetin affected the MAPK pathway, causing G2/M arrest of 

cells and inhibiting renal cell carcinoma proliferation and metastasis. (Hsieh et al., 

2019).  

            Fisetin also targets the ZEB1 (Pal et al., 2016), which is linked to the 

development of drug resistance in GBM and is crucial for the EMT mechanism and 

metastasis of this kind of cancer. With the crosstalk between these pathways, fisetin 

can affect the EMT process, and according to one study, fisetin inhibited ZEB1-

mediated invasiveness when used with sorafenib in BRAF-mutated melanomas (Pal et 
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al., 2016). It was also found that fisetin could suppress the EMT process in triple-

negative breast cancer, this time targeting the PI3K/PTEN/Akt pathway, increasing 

epithelial markers (E-cadherin) and decreasing mesenchymal markers (N-cadherin) 

(Li et al., 2018).  

             Fisetin has been frequently implicated in repressing tumor aggressiveness in 

cancer. It can lead the human cervical cancer HeLa cells to apoptosis in Akt dependent 

manner (Afroze et al., 2022). It is known that fisetin leads to cell death in pancreatic 

cells by reducing Ki67, which is one of the indicators of cell aggression (Jia et al., 

2019). It has been determined that fisetin can direct cancer cells to senescence, with a 

senolytic effect. In this way, it can prevent the proliferation of cancer cells and direct 

them to apoptosis (Beltzig, Christmann, & Kaina, 2022). Fisetin-inducted p53 

expression also correlates with apoptosis in human renal carcinoma caki cells (Min, 

Nam, & Kwon, 2017). Again, fisetin is an effective biomolecule in renal cell 

carcinoma in reducing the number of colonies (Hsieh et al., 2019). In addition, the 

bioactive molecule can also prevent colony formation in human oral squamous cell 

carcinoma by targeting p21-Activated kinase 4 (PAK4), which has an essential role in 

cancer parameters (Li, Jia, & Dai, 2020). This tendency to apoptosis is mediated by 

increased caspase-3 due to fisetin in hepatocellular carcinoma (Chen et al., 2002). In 

addition to increasing caspase-3, it has also been found to increase caspase-8 and -9, 

p53 and decrease the Bax/Bcl2 ratio (Rahmani, Almatroudi, Allemailem, Khan, & 

Almatroodi, 2022). It is known that induction of apoptosis with fisetin in Bladder 

cancers is provided by increasing p53 and decreasing Nuclear Factor kappa B (NF-

κB) (Rahmani et al., 2022). The effect of fisetin on apoptosis was also demonstrated 

in GBM, consistent with other types of cancers (Pak, & Vatan, 2019). Moreover, it has 

been shown that this bioactive molecule can target almost 27 genes in G2/M alone, 

causing cancer cells to stop in the cell cycle (Kumar et al., 2023). To give an example, 

this arrest with fisetin in bladder cancer can occur in phases of the cell cycle by 

targeting p53 and reducing CDK2 and cyclin A, which are involved in the S phase (Li 

et al., 2011). Activation of p21 due to fisetin-mediated p53 phosphorylation can disrupt 

cyclin B1 and stop cells at G2/M in uterine leiomyomas (Lee et al., 2020) (Figure 27). 

Clinically, fisetin supplementation reduced interleukin-8 and metalloproteinase-7 

levels in colorectal cancers, thereby reducing inflammation (Rahmani et al., 2022). 
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             The importance of fisetin in DNA repair mechanisms, which also plays a role 

in therapy resistance mechanisms, has recently attracted significant attention. 

Recently, fisetin has led to double-strand breaks in breast cancers and reduced 

radioresistance (Khozooei et al., 2022) and also caused radiosensitization in liver cells 

by directing cancer cells to apoptosis due to the endoplasmic reticulum (ER) stress 

(Kim, 2023). Furthermore, fisetin's usability in organs damaged by radiation has been 

patented (Rahmani et al., 2022). In addition to radioresistance, it has proven the role 

of fisetin in overcoming drug resistance by sensitizing cisplatin resistance via MAPK 

and caspases in lung adenocarcinoma (Zhuo, Zhang, Zhu, Zhu, & Chen, 2015). In 

prostate cancers, fisetin has demonstrated its efficacy in cabazitaxel resistance by 

reducing the expression of chemotherapy drug efflux pump P-gp (Mukhtar, Adhami, 

Siddiqui, Verma, & Mukhtar, 2016). Also, various drug delivery methods, such as 

nanoparticles, are being developed to further increase the effectiveness of fisetin 

(Kumar et al., 2023). 

             Last but not least, fisetin can show promise for novel treatment strategies for 

difficult-to-cure cancers like GBM and sensitize it to chemotherapeutic agents. The 

signal transduction of fisetin is in quite a wide range, and many features are yet to be 

discovered. To fully comprehend the pathways targeted by fisetin, further research is 

needed. 
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Figure 27. The signal transduction of fisetin in uterine leiomyomas (Lee et al., 2020). 

2.2.1.2. Berberine 

 

            Berberine (5,6-dihydro-9,10-dimethoxybenzo[g]-1,3-benzodiocolo[5,6-a] 

quinolizinium) is a natural compound (Figure 28. b) mainly isolated from species of 

the Berberis genus in the Berberidaceae family (Figure 28. a). Its antidiarrheal effect 

has been demonstrated clinically, and it has been traditionally used in treating diarrhea 

in Chinese medicine for hundreds of years (Khin-Maung, Myo, Nyunt, Aye, & Tin, 

1985). It is also stated that it is used as a supplement to alleviate the symptoms of some 

inflammatory diseases (Neag et al., 2018). Berberine is administrated orally; however, 

there are several methods developed, such as delivery in nanoparticles, to increase its 

bioavailability (Javed Iqbal et al., 2021). 

            In addition, berberine is herbal medicine exerting other pharmacological 

functions. According to that, there are studies demonstrating the anti-oxidant (Kazaz 

et al., 2020) and anti-tumor (Farooqi et al., 2019) activity of berberine. The anti-tumor 

of berberine has been demonstrated in various liver, lung, cervical, and gastrointestinal 
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cancers and leukemia (Wang, Liu, Du, Ma, & Yao, 2020). It has been shown to inhibit 

cancer malignity parameters such as cell proliferation, invasion, and metastasis. 

a)                                                                                                     b) 

  

Figure 28. a) The source of berberine (Longevity website) b) The chemical structure of berberine (Neag 

et al., 2018). 

            Berberine can disrupt the cell cycle at G2/M by increasing p53, p21, and PI3K 

in chondrosarcoma cells (Eo, Kim, & Kim, 2014). The berberine-induced increase in 

this p53 also induces colorectal cancer cells to undergo apoptosis (Piyanuch, 

Sukhthankar, Wandee, & Baek, 2007). Berberine causes both apoptosis and cell cycle 

arrest by commonly affecting the Bax/Bcl2 ratio and increasing caspase-3 (Liu, Meng, 

Wu, Qiu, & Luo, 2019) (Figure 29). Thanks to its feature of increasing p53, it can 

direct cancerous cells to apoptosis (Liu et al., 2019). Due to its effect on cell cycle 

checkpoints, it leads to cell cycle arrest, for example, by suppressing cyclin E and 

increasing cyclin B1 (Liu et al., 2019). In breast cancer, berberine causes S phase 

arrests and additionally plays a role in reducing resistance to chemotherapy drugs (Gao 

et al., 2019). It has been shown that berberine can reduce ZEB1 in myofibroblast cells 

(Huang, Wang, Qi, & Pang, 2020) and HIF-1α (Ai et al., 2021), which are also 

essential in TMZ resistance.  

            Berberine also has many tumor-suppressing effects on GBM cells. In-

vitro and in-vivo pioneering studies have shown that berberine effectively reduces 

migration, invasion, and tumor growth and induces autophagy in GBM (Wang et al., 

2016). Furthermore, berberine also reduces tumor metastasis and cell proliferation by 

affecting various pathways. One of these pathways is suppressing metalloproteinase-
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2 and 9 (Liu et al., 2019). By suppressing metalloproteinase-2, berberine has also been 

proven to have an anti-migratory effect on GBM (Irina et al., 2021). 

             In addition, using berberine in combination with other substances has recently 

gained importance. For example, in GBM, combination treatment with curcumin may 

cause cell death by affecting pathways such as PI3K (Maiti, Plemmons, & Dunbar, 

2019). In addition, according to the article in artificial intelligence (AI)-based program 

that scans for drug interactions (SUPP.AI), the current understanding of the 

relationship between berberine and TMZ and how berberine increases sensitivity to 

TMZ is via MAPK3 pathway (Qu et al., 2020).  

             This bioactive molecule further regulates epigenetic modulations in cancer 

(Figure 29). In terms of DNA methylation, it has an increasing effect on CDKN1A in 

multiple myeloma (Liu et al., 2019). Its relationship with histone modifications in 

reducing HDACs has also been proven in non-small lung cancer (Huang, Liu, Gong, 

Wu, & Wen, 2017). Berberine is also of great importance in terms of regulating 

noncoding RNAs in cancer. It has been shown to reduce miR-21, one of the oncogenic 

miRNAs, in colon cancers (Liu et al., 2019). Interestingly, the role of berberine in 

overcoming TMZ resistance in gliomas has been demonstrated by increasing CASC-

2, a tumor suppressor lncRNA, in combination with TMZ (Duan, Hao, Ren, Xue, & 

Qiao, 2021). 
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Figure 29. The signal transduction pathways of berberine (Liu et al., 2019). 

2.3. In-vitro evaluation of the effectiveness of bioactive substances in cancer 

treatment  

 

           Several in-vitro methods have been developed to evaluate the effectiveness of 

bioactive substances in cancer treatment. In particular, an environment has been sought 

that can reflect the heterogenous tumor microenvironment one step closer in order to 

develop personalized therapies and better predict patient response. In modern precision 

medicine, 2D culture, organ-on-a-chip, spheroid and organoid creation in 3D cultures, 

3D bioprint, and assembloid methods are developed by parcellating tissues taken from 

the patient. Since these methods have the characteristics of the tumor taken from the 

patient, it is foreseen that they protect the genetic background of the parental tumor 

and can be used in the development of personalized treatment, which is expected to 

reduce the use of experimental animals. 
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2.3.1. Two-dimension (2D) In-vitro Models 

 

          Two-dimension (2D) in-vitro techniques including wound healing, colony 

fomrayion assay and flow cytometric methods to detect apoptosis and cell cycle arrest 

can provide valuable information about the course of GBM and the response to 

therapy. 

2.3.1.1. Wound Healing Assay 

 

              Wound healing (wound scratch) assay is an in-vitro method that symbolizes 

the cell-to-cell interaction, invasion, and migration abilities of cancer cells. What 

wound scratch assay in-vitro experiment provides in terms of cancer is that it allows 

comparing anti- and pro-migration properties of molecules (Vang Mouritzen, & 

Jenssen, 2018). In this method, cells seeded on culture plates are dosed according to 

the relevant experimental groups, and a monolayer scratch is drawn on the plate with 

a pipette tip. (Figure 30). As a result, the effect of molecules on the invasion and 

migration ability of cells is observed in an inverted microscope at certain time intervals 

according to the closure rate of the cell-free area in this scratch, and this area is 

calculated with the software to show cell migration rate (Bise, Kanade, Yin, & Huh, 

2011). Since the control group is metastatic, there should be closure in the wound 

width, which should be suppressed in the treated group compared to it. There are 

various regulators, such as EMT, that drive this migration. EMT is a mechanism 

related to migration that shows epithelial cells gaining mesenchymal characteristics 

(Yarrow, Totsukawa, Charras, & Mitchison, 2005). By regulating such markers in 

processes, it is crucial to use anti-migrative compounds to reverse this wound-healing 

process in cancer. 
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Figure 30. The workflow of wound scratch assay and wound closure over time (Bise et al., 2011). 

 

2.3.1.2. Colony Formation Assay 

 

             The most important feature of cancer cells is their ability to divide 

uncontrollably. Colony formation assay (clonogenic assay) is an in-vitro assay based 

on the ability of a single cell to develop into a colony which is defined as consisting of 

at least 50 cells (Rajendran, & Jain, 2018). It was first used to assess how radiation 

affected cancer cell survival (Franken, Rodermond, Stap, Haveman, & van Bree, 

2006). Many materials can be used as starting materials, including in vitro-derived 

mammalian cells and ex-vivo tissues (Brix, Samaga, Belka, Zitzelsberger, & Lauber, 

2021). In in-vitro analysis, the dose of the molecule is given to cancer cells to test its 

adhesion-independent cell proliferation. The effects of the molecules called to 

suppress the uncontrolled growth of each cell in the population on the colony formation 

ability are examined with the help of staining (Figure 31). This effect is observed at 

least 10 days after the cells are seeded in culture plates in experimental groups 

containing the new agent prior to the staining (Franken et al., 2006). The results are 

statistically calculated and tablolized compared with the untreated control group. In 

conclusion, the effects of treatments on the ability of clonal expansion and unlimited 

proliferation capacity can be observed via colony formation assay.  
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Figure 31. The different number of colonies in both control and treated group (Bai, Zhang, Li, & Zhang, 

2017). 

2.3.1.3. Apoptosis 

 

            It is known that cancer cells can escape the apoptotic pathway (Fernald, & 

Kurokawa, 2013). As mentioned in 2.1.3.2.3.3, one of the possible ways TMZ acts on 

cancer cells is via the MMR mechanism. The mismatched thymine created due to TMZ 

alkylation is detected and removed with a futile MMR cycle. Consequently, cells with 

strand breaks undergo apoptosis. This mechanism is found to be different in terms of 

dependency on p53 according to the properties of the cell (p53-WT or p53 mutant). If 

the cell is p53-WT, the p53-dependent pathway starts with upregulating p53 and 

casase-8 and continues with caspase-3 activation, eventually resulting in apoptosis 

(Figure 32). In the case of p3-mutant cells, the pathway is independent of p53 and 

starts with the downregulation of Bcl2 and Bcl2/Bax. In the further step, caspase-9 is 

upregulated, and at the end, cancer cells are triggered to undergo apoptosis via 

activation of caspase-3 as well (Figure 32). Even though cells obtaining different 

properties may lean on apoptosis in different pathways but end up with the same result, 

apoptosis (Roos et al., 2007). 
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Figure 32. Recognition of the mismatch base created by TMZ by MMR and the tendency of the cell to 

apoptosis in a p53-dependent or independent way (Roos et al., 2007). 

 

            Accordingly, in-vitro analysis of cell death is a decisive process in new 

treatment and drug development studies. The induction of cancer cells by drug therapy 

to be viable, necrotic, early and late apoptotic (programmed cell death) can be 

determined morphologically by flow cytometric methods such as “Annexin V” and 

quantitatively by staining methods such as acridine orange/propidium iodide (AO/PI) 

(Ismail et al., 2014). However, necrotic deaths, which are not preferred for reasons 

such as scattering of cell contents, are also inevitable. As a result of the experiment, if 

the molecule leads to apoptosis, which causes cancer cells to die in a controlled manner 

without expelling their components, Annexin V binds to phosphatidylserine in outer 

surface of cells undergoing apoptosis and its fluorescent can be detected by the 

machine. This technique is a valuable tool for studying the effects of potential cancer 

treatments, such as natural flavonoids (Fan et al., 2019), cell-penetrating peptides 
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(Karpel-Massler et al., 2016), and other compounds (Ardi Putra, Setyabudi, Wijayanti, 

& Indah Budhy, 2022). 

              Acridine orange is a fluorophore that binds nucleic acid that preferentially 

stains all nucleated cells. When bound to dsDNA, it generates green fluorescence so 

does viable cells. On the other hand, propidium iodide binds ssDNA or RNA with poor 

membrane integrity and nonviable cells to fluoresce red in a rounded shape by binding. 

It is impermeable to living cells (Hou et al., 2015). Necrotic cells appear orange or red 

in a rounded shape of the cell, whereas viable cells are brilliant green, and their 

structure is well protected. Late apoptosis represents greenish-orange color inside the 

cells, whereas early apoptosis appears green but in horseshoe shape morphology 

(Ercelik et al., 2023). Based on the shape of the nuclei, AO/PI labeling enables the 

separation between necrotic and apoptotic cells. While necrotic cells have enlarged 

and damaged nuclei, apoptotic cells have condensed and disrupted nuclei (Anasamy et 

al., 2013).  

2.3.1.4. Cell Cycle Arrest 

 

             The cell cycle method is a flow cytometric approach that is used in order to 

study proliferation and cell cycle of cancer cells. Flow cytometry determines the DNA 

content and each cell cycle phase with the help of PI staining. This approach can be 

used to investigate how different treatments affect cancer cells, such as how flavonoids 

block cell cycle progression and trigger apoptosis in cancer (Li, Cui, Cai, Wang, & 

Yao, 2005). The G0 phase is considered the resting phase for cells. The cell increases 

the number of organelles in the G1 phase, replicates its DNA in the S phase, and 

rearranges its contents in preparation for division in the G2 phase. After the transition 

to the M phase, the phase of mitosis and proliferation becomes inevitable (Gousias, 

Theocharous, & Simon, 2022). There are four checkpoints in cell cycle transitions: 

G1, intraS-phase, G2M, and spindle assembly (Figure 33). The regulation of 

transitions here is provided by the controls in the G1 phase, for example, whether the 

cell has reached a sufficient size and can go to cell division. In addition, controls for 

DNA damage are made in the G1 and S phases, and if any damage is observed, the cell 

cycle is stopped at that stage. There are also cyclins and cyclin-dependent kinases 

(CDKs) that regulate these checkpoints in the cell cycle (Gousias et al., 2022). These 
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molecules, which are specific to each stage of the cell cycle, work cooperatively and 

follow the state of the cell in the cycle. In drug development studies, at which stage 

the new molecule arrests the cell cycle, and its rate at each stage is presented as 

percentage data in the relevant devices after the experiments with cell cycle kits. To 

give an example, it can be said that if the drug treatment results in the arrest in the S 

phase, it may be an effective molecule in stopping the transition of cancer cells to the 

proliferative phase. In GBM, several clinical trials mainly target these regulatory 

molecules, CDKs. For instance, a clinical study (ClinicalTrials.gov ID NCT02345824) 

focused on the effectiveness of ribociclib, a CDK4/6 inhibitor, on GBM patients. 

Accordingly, it can also give an idea about the possible relationship of the drug with 

the molecules in a checkpoint control at these stages. 

 

Figure 33. The regulation cell cycle in each phase (Ptglab.com). 

2.3.2. Three-dimension (3D) Tumor Sphere Models 

 

           Analyses such as cytotoxicity, migration, colony formation, and cell death are 

fundamental and essential in cancer cells, and they are also methods that can be used 

in three-dimensional (3D) cultures. The reason why 3D culture models are preferred 

more than 2D is because they can better reflect the heterogeneous environment of 

cancer cells and represent the in-vivo environment with cell-to-extracellular matrix 
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interactions (Doh, Kwon, Ku, & Lee, 2019). Therefore, it is foreseen that it can allow 

the development of personalized, targeted therapies. 3D environment represents stem 

cell properties (Zhou et al., 2011). Generally, a spheroid comprises a necrotic core, an 

outer region of proliferating cells, and layers of intermediate layers of quiescent cells. 

Inside the spheroid has oxygen and food deprivation; for this reason, it better reflects 

the hypoxia environment as well (Bhattacharya, Calar, Evans, Petrasko, & de la 

Puente, 2020). 3D sphere or organoid structures can be obtained by using ultra-low 

attachment plates (Su et al., 2013) that prevent the cell from "adhering" to the bottom 

of the culture plate or by developing various protocols such as Matrigel (Gibbons et 

al., 2009) (Figure 34). With these 3D models, the effects of molecules on anti-tumor 

properties, such as reducing tumor size, can be examined (Al Matari, 2020). A flow-

based approach has made it possible to quantify 3D tumor spheroids' mass density, 

size, and weight simply (Figure 35). It also allows the collection of live 3D tumor 

spheroids for post-analysis without endangering their viability (Bacchi et al., 2021). 

These analyzes are the first steps to identify the potential role of new molecules in 

cancer therapy. It needs to be supported by clinical studies so that it can be developed 

up to the stage of personalized treatment. 

 

Figure 34. The chronological representation of 3D sphere formation methods over the years 

(Bhattacharya et al., 2020). 
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Figure 35. The formation of sphere models over time and the staining analysis of spheroid (Gibbons 

et al., 2009). 

 

In the current thesis; 

It is aimed to examine the effects of flavonoids (fisetin and berberine) in 

combination with TMZ on suppressing cell viability and reducing proliferation, killing 

cells apoptotically and arresting the cell cycle, on tumor aggressiveness (invasion, 

colony formation, and ability to reduce tumor size) under norm/hypoxia conditions in 

TMZ-resistant and non-resistant GBM cells. In addition, it was aimed to investigate 

the effects of tumor aggressiveness on invasion in norm/hypoxia conditions and the 

effects on MMR marker MSH2 and EMT marker MSH2, which have a role in drug 

resistance mechanisms, in TMZ-resistant T98G, TMZ-sensitive A172 and acquired 

TMZ-Resistant (A172-R) cell lines with acquired resistance. For this purpose, the 

effects of flavonoid, which is the most effective combination therapy candidate 

complementary to TMZ in GBM treatment,  
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1) on hypoxia-inducible tumor aggressiveness and drug resistance mechanisms, 

2) on the presence of ZEB1 markers associated with drug resistance, 

3) on the presence of MSH2 gene in MMR mechanism, which is very important in 

drug resistance, 

4) on validation the relevant mechanisms in primary brain tumors. 
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3. MATERIAL AND METHODS 

3.1. Materials  

3.1.1. Used Equipment  

 

NGK Class II Biosafety Laminar flow cabinet (Tissue culture hood) (Nükleon, 

Türkiye) 

CO2 Incubator (Nuve, Türkiye) 

xCELLigence system (RTCA DP, Agilent Technologies, Santa Clara, CA, USA) 

Centrifuge (Nuve, Türkiye) 

Refrigerated Centrifuges (Beckman Coulter, USA) 

Refrigerated Centrifuges (Labogene, Denmark) 

Microcentrifuges (Cleaver Scientific, England) 

Vortex (VELP Scientifica, Italy) 

Vortex (Biosan, Lethonia) 

-150°C freezer (Panasonic, Japan) 

-80°C freezer (Panasonic, Japan) 

-80°C freezer (Nuve, Türkiye) 

-20°C freezer (Bosch, Türkiye) 

-20°C freezer (Ugur, Türkiye) 

+4°C freezer (Alaska, Türkiye) 

Mr. Frosty™ Freezing Container (Thermo Fisher Scientific, USA) 

Thermo-Shaker (Biosan, Latvia) 

UV/Vis Spectrophotometer (Beckman Coulter, USA) 

Maestro Nano Micro-Volume spectrophotometer (Maestrogen Inc., Las Vegas, NV)  
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Allegra® X-30 Series Benchtop centrifuge (Beckman Coulter, USA) 

Heater Block (Techne, England) 

Sensitive weighing machine (AND, Japan) 

Profilex PCR System (Thermo Fisher Scientific, USA) 

Thermal Cycler (Biorad, USA) 

Step One Plus System Real Time PCR (Applied Biosystem, USA) 

Light Microscope (Olympus, Japan)  

Inverted Microscope (Labomed, USA) 

EVOS™ M5000 Cell Imaging System (Thermo Fisher Scientific, USA) 

Muse® Cell Analyzer (Merck Millipore, Germany) 

C100 Automated Cell Counter (RWD Life Science, USA) 

E-plate (Elips, Türkiye) 

Cell scraper, handle 220mm, handle 13mm (Genesuz, Türkiye) 

Multipipetor (Boeco, Germany) 

Pipet Controler (Acumax, India) 

0.5-10 μl Pipette (BrandTech Scientific, England) 

10-100 μl Pipette (BrandTech Scientific, England) 

20-200 μl Pipette (BrandTech Scientific, England) 

100-1000 μl Pipette (BrandTech Scientific, England) 

3.1.2. Used Materials  

 

Dulbecco's modification of Eagle medium (DMEM-F12) (Sigma Aldrich, USA) 

Fetal Bovine Serum (FBS) (Biological Industries, USA) 

Phosphate Buffered Saline (PBS) (Sigma Aldrich, USA) 
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Sodium Pyruvate (Merck Biochom, Germany) 

Penicillin-Streptomycin (Gibco, Thermo Fisher Scientific, USA) 

Tripsin EDTA (0.25%) (Gibco, Thermo Fisher Scientific, USA) 

Temozolomide (Sigma Aldrich, USA) 

Fisetin (Tokyo Chemical Industry, USA) 

Berberine (Tokyo Chemical Industry, USA) 

Dimethyl sulfoxide (DMSO) (Sigma Aldrich, USA) 

PerkinElmer CellCarrier Spheroid (Thermo Fisher Scientific, USA) 

Annexin V Apoptosis Detection Kit FITC (Invitrogen ™, USA) 

CellMAXTM Colonogenic Assay Kit (BioPioneer, USA) 

Acridine orange (AO) and Propidium iodide (PI) (Sigma-Aldrich, USA) 

95% Ethanol (Sigma Aldrich, USA) 

Chloroform (Sigma Aldrich, USA) 

Isopropanol (Sigma Aldrich, USA) 

Zymo RNA Isolation Kit (Zymo Research, USA) 

TRIzolTM Reagent (Invitrogen™, USA) 

cDNA Synthesis Kit (ProtoScript, UK) 

SYBR Green I Master Mix (GoTaq, USA) 
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3.2. Methods 

3.2.1. Clinical Samples and Ethics Statement  

 

            High-grade primary brain tumors to be used in the project were obtained from 

surgical operations performed by Bursa Uludag University (BUU) Neurosurgery 

Department. Retrospective evaluations were made in 3 high-grade primary brain tumor 

cells, which were evaluated by a qualified pathologist and approved with Ethics 

Committee no: 2023-3/43 by the Ethics Committee of the Faculty of Medicine of the 

BUU. The proliferation of the clinical samples in the cell culture was successfully 

optimized, as stated below (3.2.2.1). 

3.2.2. Cell Lines Used in the Study  

 

            Human GBM cell lines planned to be studied in our project were T98G (TMZ 

resistant), A172 (TMZ non-resistant), A172-R (A172-R cell line, which had acquired 

resistance due to long-term TMZ exposure in A172 cell line) and L929 cell line to be 

used as healthy control. Cell lines obtained from cryotubes kept at -152 ˚C freezer in 

the stocks of Department of Medical Biology at BUU. 

Table 4. Panel of tumor characteristics of two GBM cell lines; A172 and T98G (Modified data 

obtained from cellosaurus.org and atcc.org) 

Name Tumor Source Histology Mutant Gene Gene Sequence TMZ  

A172 
Primary (53-year-

old, male patient) 
GBM 

CDKN2A (ATCC) c.1_471del471 Sensitive 

(Lee et al., 

2016) PTEN (ATCC) c.165_1212del1048 

T98G 
Primary (61-year-

old, male patient) 
GBM 

CDKN2A (ATCC) c.1_471del471 

Resistant 

(Lee et al., 

2016)  

PTEN (Cellosaurus) p.Leu42Arg (c.125T>G) 

TP53 (Cellosaurus) 
p.Met237Ile 

(c.711G>T) 

MGMT-positive 

(Wang, Chen, Liu, 
You, & Mao, 2013) 

 

 

              Cell lines were originally derived from cells arising from primary cell cultures 

(Table 4). T98G is a multinucleated, round-shaped, adherent GBM cell line with 

fibroblast-like morphology (Figure 36) obtained from a 61-year-old male patient 
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(Table 4) (Kiseleva, Kartashev, Vartanyan, Pinevich, & Samoilovich, 2016). T98G is 

a cell line consistently considered as intrinsic (natural) TMZ-resistant in various 

studies (Lee et al., 2016). T98G is characterized by parameters such as the upregulation 

of hypoxia, VEGF and downregulated p53 (Figure 37). T98G is known as p53 mutant, 

PTEN mutant and MGMT-positive (Wang et al., 2013) and the p53 value is found to 

help to predict sensitivity status and response to TMZ (Hermisson et al., 2005). The 

effective dose (IC50) of TMZ in T98G cells varies up to 1,585 μmol/L (Alonso, 

Gomez-Manzano, Bekele, Yung, & Fueyo, 2007).  

 

Figure 36. Microscopic representation of the T98G morphology at 4X objective. 

 

Figure 37. The expression pattern of T98G (Proteinatlas.org).  
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             A172 is multinucleated fibroblast-like but its morphology is more spindle-

shaped (Figure 38). Unlike T98G, A172 is bearing wild type p53 while being 

CDKN2A and PTEN mutated (Table 4). According to ProteinAtlas, A172 has TGF-β 

upregulation (Figure 39). A172 is also widely used in GBM studies due to its 

sensitivity to TMZ (Soni, Adhikari, Lin, Sherman, & Keidar, 2022). 

 

Figure 38. Microscopic representation of the A172 morphology at 4X objective. 

 

Figure 39. The expression pattern of A172 (Proteinatlas.org). 

 

            L929 is an adherent mouse fibroblast cell line (Figure 40). The fibroblast 

morphology of L929 is similar to A172 and T98G, and it has been determined in the 
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literature to be biocompatibility with GBM cells as a non-tumorigenic healthy 

fibroblast cell. Accordingly, U373-MG (Wiranowska et al., 2010) and T98G 

(Applause, 2022) are used L929 as control in their studies. 

 

Figure 40. Microscopic representation of the L929 morphology at 4X objective. 

3.2.2.1. Cell Culture and Propagation of Cells  

 

            Human GBM cell lines (A172, A172-R, T98G and L929) were stored in cell 

culture medium in an incubator at 37˚C and 5% CO2 for normoxic conditions. Cell 

lines were cultured and proliferated in Dulbecco's Modified Eagle's Medium-F12 

(DMEM-F12) standard cell culture medium containing 10% fetal bovine serum (FBS), 

1% Antibiotic/Antimycotic solution, 1 mM sodium pyruvate and 2 mM L-glutamine. 

In the experiments, cell stocks of less than 25th passages were used from cell lines 

stored in the cryotube at -152°C. 

             Initially, the frozen cells in the cryotube were expected to dissolve well in the 

50 mL falcon containing sufficient water. It was agitated gently until thawed. Then, 

the cells were transferred to 15 mL falcon containing 1000 µL of DMEM-F12 with the 

help of a sterile pipette and centrifuged at 1200 x g for 5 minutes. After getting rid of 

the supernatant, 1000 μL DMEM-F12 was added to the pellet and mixed thoroughly. 

Cells were finally seeded into 25 cm² culture plates (T25) with the help of a serological 
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pipette. Cells grown in culture plates were observed with a microscope at desired 

times. 

3.2.2.2. Passage of Cells  

 

            The cells in the culture plates were passaged by changing the medium 

(approximately every 3 days) if the cell density increased and the plate surface became 

70% full. In cases where more cells were required, medium (T75) and large (T175) 

sized plates were used. 

            In the first step of passaging, the medium of the cells was removed and washed 

gently with phosphate-buffered saline (PBS). After getting rid of PBS, the harvesting 

and detachment of the adherent cells from the flask were achieved by adding 0,25% 

trypsin. After 5 minutes, DMEM-F12 was added onto trypsin in 2:1 rate 

(media:trypsin) to stop the trypsinization reaction due to its ability to inhibit the effect 

of trypsin (For instance, if the volume of the trypsin was 4 mL, the required volume of 

DMEM-F12 was 8 mL). The cells were transferred to 15- or 50-mL falcon and then, 

centrifuged at 1200 x g for 5 minutes. The supernatant was subsequently removed. 

1000 μL of DMEM-F12 was added into a falcon and mixed properly. The mixture was 

transferred further to the desired flask to adjust the required cell concentration. 

3.2.2.3. Cryopreservation of Cells  

 

            In the initial step of cell stocking, the pellet was created using the same method 

mentioned above (3.2.2.2). However, instead of 1000 μL DMEM-F12, 900 μL 

DMEM-F12 was added to the cell suspension which was pelleted during the passaging 

process. Cells were mixed by pipetting up and down and transferred into a cryotube. 

Later on, 100 μL dimethyl sulfoxide (DMSO) was added to the cryotube. Cells were 

taken from room temperature to Mr. Frosty™ Freezing Container placed at -80°C 

freezer which provides graded refrigerating. Cells, then, were taken to a -152°C freezer 

within one day and stored for the required period of time. 
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3.2.2.4. Counting of Cells 

 

           To begin counting cells, two different methods were used. In both methods, 

the step was continued from the stage where cell pipetting was done with 1000 μL 

DMEM-F12 (see 3.2.2.2). 

3.2.2.4.1. Thoma Haemocytometer Cell Counting Chamber 

 

                  Thoma haemocytometer cell counting chamber consists of 16 squares with 

a center square of 1 mm2 (Figure 41). 100 μL from the cell in the falcon and 100 μL 

fresh DMEM-F12 were put into a new cell-free Eppendorf tube. The mixture was 

pipetted well. Furthermore, 100 μL of the mixture was loaded between the chamber’s 

surface and coverslip by lifting upper coverslip very carefully. The sanitization of the 

chamber was done by cleaning with alcohol before using and after each counting. The 

number of cells in the first four grid-lined squares were counted manually in the 

inverted microscope (Labomed, USA) at 10X objective. This counted number of cells 

was multiplied by 4 for the total cell number in the 16 wells. The dilution factor was 

found by the division of final volume and sample volume (200 μL/100 μL) which 

results in 2. The calculation in order to find total cell number was completed as shown 

in equation below. 

Total Cell Number (cells/mL) = The Counted Cell Number x 4 x 2 x 104 

 

Figure 41. Thoma haemocytometer cell counting chamber and representation of cells in gridlines 

(Insilico.ehu.eus).  
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3.2.2.4.2. Automated Cell Counter  

 

                 At the end of the passage, 10 μL of cells was taken from the falcon to which 

1000 μL DMEM-F12 was added, and loaded onto the disposable slide slowly, taking 

care not to form bubbles, and added to the relevant compartment of the cell counting 

device. Due to its fluorescence capabilities, the software analyzes cells and recognizes 

between live and dead cells accurately. In general, the number of live and dead cells 

was counted but only live cells were taken into account as the total number of cells 

(Figure 42). 

 

Figure 42. Experimental steps of counting optimized number of cells for the experiment via RWD 

Cell Counter system. 

 

3.2.3. Preparation of Pharmaceutical Stocks 

 

           Temozolomide (C6H6N6O2) (Molecular Weight: 194.15 g/mol) was provided 

from Sigma-Aldrich in lyophilized form (CAS Registry Number:85622-93-1, Product 

Number: T2577). It was dissolved in 10 mg/ml DMSO as suggested from the firm. All 

of the aliquoted stock drug solutions were stored at -20°C until the experiment.  

            Fisetin (3,3′,4′,7-tetrahydroxyflavone) (Molecular Weight: 286.24 g/mol) was 

purchased from Tokyo Chemical Industry (TCI) in crystalline solid powder form (CAS 

Registry Number: 528-48-3, Product Number: T0121). It was dissolved in 57 mg/mL 
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(199.13 mM) DMSO at 25°C. Solutions were stored at -20°C freezer prior to the 

experiment.  

            Berberine (5,6-dihydro-9,10-dimetoksibenzo[g]-1,3-benzodiokolo[5,6-a] 

quinolizinium) (Molecular Weight: 371.82 g/mol) was purchased from TCI in solid 

physical state (CAS Registry Number: 141433-60-5, Product Number: B0450). It was 

dissolved in 22.5 mg/mL (66.89 mM) DMSO 25°C and stored at -20°C freezer. To 

achieve this dilution from stock solutions, calculations were made in Molarity 

Calculator section of GraphPad website. All of the intermediate stocks of compounds 

were diluted with DMEM-F12 with the calculated amounts shown in Figure 43 and 

kept at -20°C freezer likewise main stocks.   

 

Figure 43. Preparation of drug intermediate stocks of TMZ, Fisetin (FIS) and Berberine (BBR). 

3.2.4. Cell Viability 

 

           For in-vitro cell viability, xCELLigence high-technology with a non-invasive 

electrical impedance monitoring technique that uses the RTCA (Real Time Cell 

Analyzer) biosensor system on E-plates was used. Cell proliferation was determined 

by making real-time measurements with E-plates consists of 1x16-well format with 

high-density gold electrode arrays on the specially designed base under each well. 

After the 16-well E-plate layout was created according to experimental design, 

initially, 100 µL of DMEM-F12 was added per well and E-plate was introduced to the 
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system by being tareed by placing it in the device connected to the RTCA software on 

the computer in the incubator. With subsequent calculations (see 3.2.2.4), 100 µL of 

DMEM-F12 containing 15x103 cells per well was added to the wells. With the 

xCELLigence system, real-time measurement tracking can be performed at desired 

intervals (Figure 44). After 24 hours (24h) awaiting cell attachment and log-phase in 

the curve, appropriate dosing was done according to the experimental setup. 

Experiments were performed in triplicates for each dose. Then, the change in cell 

proliferation was established in real-time by measurements made every 5 minutes to 

evaluate the effective dose of TMZ and flavonoid concentrations during the incubation 

period determined in the GBM cells xCELLigence system.  

 

Figure 44. Cell proliferation analysis with the xCELLigence system. 

3.2.4.1. Determination of IC50 Doses for TMZ, Fisetin and Berberine  

 

            15,000 cells/100 µL GBM cells were seeded into a 16-well E-plate and exposed 

to increasing dose concentrations of TMZ and flavonoids in 3 replicates in the 

xCELLigence system. The cell growth curve was obtained by measuring cell growth 

every 5 minutes for 72h via sensors built into the E-plate bottom layer. Thus, the half-

maximal inhibitory concentration (IC50) of the compounds, which reduces cell 

proliferation by approximately 50%, the effective dose and incubation time were 

determined. With the results obtained with xCELLigence, the IC50 values were 

calculated using GraphPad Prism 8.0 software. To sum up, the change in cell 

proliferation was determined by exposure to different combinations of flavonoids and 

TMZ concentrations whose effective doses were evaluated by xCELLigence system 

analysis. 
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3.2.4.2. Detection of Antagonistic-Synergistic Effects  

 

            If the combined effect of two drugs (TMZ and flavonoid) was greater than the 

sum of the effects when these drugs were used separately, it was considered as 

"synergistic effect", and if the effect between the two drugs was equal to the effect of 

using them individually, then, it was considered as "additive effect". However, if the 

use of the two drugs in combination created less effect than the use of the drugs 

separately, the effect between these two drugs was considered as antagonist. The 

synergistic, additive, or antagonistic effects of flavonoids with TMZ were determined 

using the SynergyFinder web application (version 2.0) (Figure 45). These effects were 

calculated by the synergy score revealed in the program used. (Synergy score<-10, 

antagonist; -10< synergy score <10, additive; synergy score>10 represents synergistic 

effect, respectively). In the SynergyFinder web application, which is used for drug 

combinations, the model is automatically calculated with the mathematical model by 

the program, without relying on any additional statistical method (Ianevski, Giri, & 

Aittokallio, 2022). 

 

Figure 45. Flow chart of SynergyFinder web application in two-drug combination 

(Synergyfinder.fimm.fi).  

 

3.2.5. Establishment of acquired TMZ resistance in the TMZ-non-resistant cell 

line (A172) 

 

           The A172 cell line known to be susceptible to TMZ was used to generate 

acquired TMZ-resistant cell lines (A172-R). In order to establish resistance, two 

different methodologies were modified (Lee, Ko, Joe, Kang, & Hong, 2011; St-Coeur, 

Poitras, Cuperlovic-Culf, Touaibia, & Morin, 2015), and adapted taking into account 

the doses determined in 3.2.4. This study was designed to assess the acquired TMZ 
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resistance with consecutive TMZ exposure for a long period of time (Figure 46). 

Observations were made up to the IC50 dose of 900 µmol/L TMZ (Ercelik et al., 2023), 

which was the IC50 dose in A172 determined by our team in their previous studies, 

and sensitive cells were allowed to gain resistance to this dose. 

             In the TMZ dose escalation method for acquired resistance, A172 cells 

(150,000 cells/well) were seeded into a 6-well plate with 3 replications. It was dosed 

24h after seeding, after ensuring the cells adhered to the layer. Cells were initially 

treated with 100 µmol/L TMZ two days a week for two weeks. The TMZ drug was 

applied dropwise without damaging the cells on the plate surface and without the 

pipette tip touching the ground. The plates were shaken manually for one minute to 

ensure that the applied drug was evenly distributed in the well. One week after every 

2-3 weeks of dosing, cells were allowed to proliferate without dosing only on TMZ-

free media. When yellowish color was observed in the medium of the cells, fresh 

medium was provided to the cells approximately every 3 days and observed under an 

inverted microscope. Afterwards, the TMZ dosage delivered to cells that reach 70% 

confluence was stepwise increased to 100, 200, 350, 450, 550, 750 and 900 µmol/L 

every 2-3 weeks (or when cells become resistant to this dosage) (Figure 46). In the 

end, cells that survive and proliferate during this chronic treatment period were 

referred to as A172-900-R (A172-R). Cells that did not reach 70% confluence in the 

plates for 4 weeks were excluded from the experiment. 

            The response of sublines expressed as A172-R, obtained through experiments 

during approximately 18 months, to TMZ was studied in real time with the 

xCELLigence system. The validation of the resistance method, which was planned to 

be developed in the A172 cell line, was achieved in the cell proliferation test 

xCELLigence system using 16-well E-plates, and the invasion ability from functional 

analyzes was achieved by the wound healing method. Acquired resistant cells that were 

not treated with TMZ were used as a control group. 

              Initially, cells cultivated in a 6-well plate were inoculated into the E-plate 

after a long treatment of dose of 350 µmol/L TMZ and 35,000 cells per well. When 

the effect on this cell death was shown by xCELLigence that the cells did not cause 

death to the TMZ dose, it was determined as for example, A172-350-R which was 

resistant to the 350 µmol/L TMZ dose. The same procedure was repeated for each dose 
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(350, 450, 550, 750 and 900 µmol/L) when mortality was observed to decrease as a 

result of long-term treatment of the respective TMZ dose. Once the cells were expected 

to gain resistance at 900 µmol/L TMZ, 70% confluence was achieved. Then the 6-well 

plate and E-plate were treated with A172 IC50 doses TMZ, Fisetin and TMZ+Fisetin.  

              In the 6-well plate planned with the number of groups suitable for the 

experimental setup, the middle of each well of the A172 cell lines, grown in a single 

layer up to 80% fill for 24h, was drawn vertically with 10 µL pipette tips. After 

removing the cell debris from the plates with 1XPBS, the cells were incubated by 

adding 2 mL of the medium. The closure of the gaps that occurred along these 

scratches represented wound healing and the invasion ability of the cells. After 

selecting the appropriate areas to take pictures of the scratches, images were taken at 

desired times (0h, 6h, 24h) under the inverted microscope. It was measured using NIH 

ImageJ software version 1.52a. The effect of the cell line, which developed resistance 

in the experiment, to increase the invasion was analyzed via wound scratch assay. 

Experiments were carried out in 3 repetitions.  

          

 

Figure 46. Dose escalation method to develop acquired TMZ resistant cell line from sensitive parental 

strain (X= non-TMZ fresh medium). 

3.2.6. Determination of the Efficacy of Molecules on Cell Biological Behaviors in 

the GBM Cell Line 

 

           The effect of the treatment with IC50 values of TMZ, Fisetin and Berberine on 

cell biological behaviours including apoptosis and cell cycle were investigated with 

flow cytometric methods in TMZ-resistant T98G and TMZ -sensitive A172 cell line.  
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3.2.6.1. Investigation of Effects on Apoptosis 

 

           Muse™ Annexin V & Dead Cell kit was used to evaluate the effects of 

complementary therapy on apoptosis and early and late apoptotic rates in T98G cell 

lines. 1x105 T98G cells/2mL cells were seeded in a 6-well culture plate. When seeding 

into the culture dish, care was taken to seed the cells equally in each well and ensure 

that the cells were spaced apart. Cells were expected to adhere to the plate within a 24-

hour incubation period in a 37°C incubator containing 5% CO2. The next day, cells 

attached to the surface of the culture plate were treated with flavonoids and TMZ for 

24h according to plate setup (Figure 47). Muse™ Annexin V & Dead Cell Reagent 

was kept in the dark at room temperature prior to staining experimentation. After that, 

at the end of the incubation period, each medium of wells was transferred into its own 

new 1.5 mL Eppendorf for further analysis. Since it was a cell death experiment, it was 

essential not to lose the cells that were floating in the media. Cells were scraped off 

and dislodged from their culture plate via cell scraper by rotating the plate manually. 

Experimental groups were again inhibited with their own medium collected before and 

transferred to the same labeled eppendorfs. Centrifugation was done for 5 minutes at 

1200 x g in an Allegra® X-30 Series Benchtop centrifuge (Beckman Coulter). Later 

on, extra attention was paid to the blurry-looking pellet sticking to the bottom corner 

of Eppendorf due to centrifugal force. In the washing step, the supernatant was 

withdrawn, 1000 µL of PBS was added to the cells and centrifuged again at the same 

settings. 100 µL of MuseTM Annexin V & Dead Cell Reagent was added to the cells 

washed with 100 µL of PBS to provide cell suspension. Then, the mixture was 

vortexed directly at medium speed for 5 seconds. Cells were incubated for 20 minutes 

at room temperature in a dark place protected from light. Furthermore, measurements 

were made in Muse® Cell Analyzer (Merck Millipore, Germany). Each analysis step 

was performed in at least three repetitions (Figure 48). 

a)  

Control 

2mL DMEM-F12 

400µL TMZ +  

1600µL DMEM-F12 

32,8µL Fisetin + 

1967,2µL DMEM-F12 

400µL TMZ+  

32,8µL Fisetin+  

1567,2 uL DMEM-F12 

Control 

2mL DMEM-F12 

Control 

2mL DMEM-F12 
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b) 

Control 

2mL DMEM-F12 

400µL TMZ +  

1600µL DMEM-F12 

227uL Berberine +  

1773uL DMEM-F12 

400 uL TMZ +  
227 uL Berberine +  

1373 uL DMEM-F12 

Control 
2mL DMEM-F12 

Control 
2mL DMEM-F12 

Figure 47. The 6-well culture plate design for Annexin V according to IC50 values of a) TMZ and 

fisetin b) TMZ and berberine in T98G. 

 

  

Figure 48. The summary of the Annexin V experiment (Modified from Merckmillipore.com). 

3.2.6.2. Morphological Analysis of Cell Viability with Acridine 

Orange/Propidium Iodide (AO/PI) 

 

             T98G and A172 cells were seeded in a 24-well culture dish at 1x105 cells per 

well and kept for one day in a CO2 incubator. Later on, experimental groups were 

treated according to the IC50 values of each compound (Figure 49). After 24 hours, 

prior to the cell staining, Acridine Orange/Propidium Iodide (AO/PI) mixture was 

prepared by adding 1XPBS. Then, the DMEM-F12 medium of the cells was withdrawn 

and 90 μL 1XPBS was added to cells followed by the addition of 10 μL AO/PI dye. 

After 5 minutes, the photos of morphological changes caused by treatments were taken 

in EVOS Cell Imaging System (Thermo Fisher Scientific, Waltham, MA) (Figure 50). 

The quantification analysis of necrotic cells, PI was made via HALO Artificial 

Intelligence (HALO AI) software (Indica Lab).  

A172 Control A172 TMZ 
(900μM) 

A172     FIS 
(13,78μM) 

A172      
TMZ+FIS 

(900μM+13,78μM) 

  

T98G Control T98G TMZ 

(900μM) 

T98G   FIS 

(13,78μM) 

T98G     TMZ+FIS 

(900μM+13,78μM) 
  

      

      

Figure 49. Experimental 24-well culture plate design representing experimental groups. 
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Figure 50. The representation of AO/PI morphological analysis with EVOS Cell Imaging System 

(Created with Biorender.com). 

 

3.2.6.3. Examining the Effects on Cell Cycle 

 

           The Muse Cell Cycle Kit (Millipore) was used to determine the cell cycle 

arresting effects of flavonoids and TMZ in T98G and A172 cells. Cells were seeded 

in a 6-well culture dish at 1x105 cells per well and after making sure that the cells were 

attached within 24h, the medium from the first well was withdrawn first and 

subsequently continued to treat. The IC50 doses of flavonoids were processed alone 

or in combination with an effective dose of TMZ according to the plate order below 

(Figure 51-52). Initially, DMEM-F12s of all wells were withdrawn and 500 µL 0.25% 

trypsin was added to each. After the cells were kept in an oven for 2 minutes, they 

were inhibited by placing 1000 µL of DMEM-F12 on them. Cells were transferred to 

labeled 1.5 mL eppendorfs and centrifuged at 1200 x g for 5 minutes in an Allegra® 

X-30 Series Benchtop centrifuge (Beckman Coulter). The supernatant was then 

carefully removed with a pipette. Cells were washed by adding 1000 µL of 1XPBS to 

each eppendorf. Centrifugation was performed at 300 x g for 3 minutes. Supernatant 

was discarded again, paying close attention to the pellet. Cells were then washed with 

1000 µL of ice-cold 70% ethanol, respectively, and stained according to the protocol. 

Ethanol-fixed cells, respectively, were centrifuged at 300 x g for 3 minutes, the pellet 

was washed with 500 µL of 1XPBS and centrifuged again at 300 x g for 3 minutes. In 

the final step, supernatant was discarded and 200 μL of Muse™ Cell Cycle Reagent 

was added. Cells were waited for 30 minutes at room temperature in a dark place. 

Thus, cell cycle analysis of complementary therapy in the indicated cell lines was 

observed in the Muse® Cell Analyzer (Figure 53). 
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Control 

2mL DMEM-F12 

32,8µL Fisetin + 

1967,2µL DMEM-F12 

400µL TMZ+  

32,8µL Fisetin+  
1567,2µL DMEM-F12 

400µL TMZ 

+ 
1600µL DMEM-F12 

287,4µL Berberine 

+ 
1712,6µL DMEM-F12 

287,4µL Berberine 

+ 
400µL TMZ 

+ 

1312,6µL DMEM-F12 

Figure 51. The 6-well plate design representing experimental groups for cycle analysis in T98G. 

 

Control 

2mL DMEM-F12 

27,56µL Fisetin + 

1972,44µL DMEM-F12 

360µL TMZ+  

27,56µL Fisetin+  

1612,44µL DMEM-F12 

360µL TMZ 
+ 

1640µL DMEM-F12 

227µL Berberine 
+ 

1773µL DMEM-F12 

227µL Berberine 
+ 

360µL TMZ 

+ 
1413µL DMEM-F12 

Figure 52. Experimental 6-well culture plate design representing groups for cycle analysis in A172. 

 

 

Figure 53. The experimental setup for flow cytometric cell cycle analysis with Muse® Cell Analyzer 

(Modified from Merckmillipore.com). 

 

3.2.7. Investigation of Effects of Flavonoids Alone and in Combination with TMZ 

on Tumor Aggressiveness 

 

           Assessment of tumour malignancy and aggressiveness in cell culture could be 

done through several methods including wound scratch, colony formation assay in 2D, 

and tumor size observation in the 3D environment. A172 and T98G were used to 

observe the differences of this parameter in TMZ non-resistant and TMZ-resistant cell 

lines, respectively. 
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3.2.7.1. Determination of Effect on Invasion-Migration 

 

            In order to observe the cell-to-cell interaction, cell invasion and migration 

effect of flavonoids alone and in combination with TMZ in GBM cell lines, a wound 

scratch test was created and this effect was evaluated by wound-healing assay. Wound 

healing assay was performed in multi-culture plates for flavonoid alone, TMZ alone 

and flavonoid-TMZ combined version. 12x104 T98G and 15x104 A172 cells seeded in 

a 6-well culture plate and after making sure that the cells were attached within 24h, the 

medium from the first well was drawn first. The wells were passed through these stages 

one by one in terms of not leaving the cells without the medium. With a 10µL pipette 

tip fixed on a flat surface, three vertical scratches slightly apart from each other were 

created at the end of the 24-hour cell attachment period. Each well was washed with 

1XPBS quickly to get rid of unwanted contamination. Later on, plates were dosed 

according to plate setup shown in Figure 54-55. 

a) 

Control 
2mL DMEM-F12 

400µL TMZ 
+ 

1600µL DMEM-F12 

32,8µL Fisetin + 
1967,2µL DMEM-F12 

400µL TMZ+  

32,8µL Fisetin+  
1567,2µL DMEM-F12 

Control 

2mL DMEM-F12 

Control 

2mL DMEM-F12 

 

b) 

Control 

2mL DMEM-F12 

400µL TMZ 

+ 

1600µL DMEM-F12 

287,4µL Berberine 

+ 

1712,6µL DMEM-F12 

287,4µL Berberine 

+ 

400µL TMZ 
+ 

1312,6µL DMEM-F12 

Control 

2mL DMEM-F12 

Control 

2mL DMEM-F12 

Figure 54. The representation of experimental plate design for wound healing assay in T98G for a) 

fisetin b) berberine. 
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Control 

2mL DMEM-F12 

360µL TMZ 

+ 
1640µL DMEM-F12 

27,56µL Fisetin + 

1972,44µL DMEM-F12 

360µL TMZ+  

27,56µL Fisetin+  
1612,44µL DMEM-F12 

  

Figure 55. The 6-well culture plate design for wound scracthing assay according to IC50 values of 

fisetin in A172. 

 

            The closure of the gaps that occured along the scratches represented wound 

healing and the invasion and migration ability of the cells. When the plates were 

scratched at the beginning, that initial time was considered the zeroth hour. The 

wound-gap along the scratch was displayed in inverted microscope at 0, 6,18 and 24h 

(Figure 56). The width of the gap was measured using the NIH ImageJ software 

version 1.52a web-based program and supported by manuel measurements made with 

Microsoft® PowerPoint. At the end of the experiment, the rate of preservation of the 

gap created by the scratch was compared with untreated control and it was able to 

indicate the effect of the treatment candidate molecule on reducing the invasion / 

lowering tumor aggresiveness rate. 

   

Figure 56. The summary of the wound-healing experimental design (Created with Biorender.com). 

 

3.2.7.2. Determination of Effect on Colony Formation 

 

           Cell lines T98G and A172 were treated with either flavonoids alone and TMZ 

alone or a combination of both. In the colony experiment to be established, the 

CellMAXTM Colonogenic Assay Kit (BioPioneer, USA) was used to determine the 

changes upon colony formation. Cells were seeded into 6-well culture plates 

containing 15x104 cells/2 mL medium, and when they reached 70% density, they were 

dosed with effective doses of flavonoids and TMZ, either singly or in combination 

(Figure 57-58). Culture plates were incubated for 24h in a normoxic environment in a 

CO2 incubator. On the following day, the cells were dissociated from the surface of 
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plates by trypsinization, which was later inhibited with DMEM-F12, and then, 

transferred to a new 1,5 mL eppendorf. Eppendorfs were centrifuged in an Allegra® 

X-30 Series Benchtop centrifuge (Beckman Coulter). The supernatant was discarded 

(in the form of a cloud-like pellet) and 1000 µL of DMEM was added and pipetted. 

Cells were counted according to the heading 3.2.2.4 and inoculated into 6-well cell 

culture plates as 1x103 cells in each well in triplicates. Colonies were begun to be 

observed after 10 days. Colonies were checked every 3 days during this period and the 

medium was changed on the 5th day. On the 10th day, the medium was withdrawn 

from cells and colonies were washed with 500 µL 1X PBS for 2-3 times. The pouring 

of solutions was not directly onto the cell surface, it was placed on the plate wall 

instead. Furthermore, the fixation of cells was done by adding 500 µL of Fix Solution 

after the colonies were thoroughly purified from the wash buffer. After fixation, 

colonies were left at room temperature for 10-15 minutes.  Then, 500 µL Staining 

solution was added. Colonies were washed 2 times with 500 µL of 1X PBS. Treated 

and untreated colonies, which stand for more than 50 cells, stained with visible blue in 

each well were photographed (Figure 59) and then counted both manually and in the 

NIH ImageJ program. Data were expressed as percent survival relative to control: 

((mean number of treated)/ (mean number of controls)) x100 

a) 

Control 
2mL DMEM-F12 

400µL TMZ 
+ 

1600µL DMEM-F12 

32,8µL Fisetin + 
1967,2µL DMEM-F12 

400µL TMZ+  

32,8µL Fisetin+  

1567,2µL DMEM-F12 

Control 

2mL DMEM-F12 

Control 

2mL DMEM-F12 

b) 

Control 

2mL DMEM-F12 

400µL TMZ 

+ 

1600µL DMEM-F12 

287,4µL Berberine 

+ 

1712,6µL DMEM-F12 

287,4µL Berberine 
+ 

400µL TMZ 

+ 
1312,6µL DMEM-F12 

Control 
2mL DMEM-F12 

Control 
2mL DMEM-F12 

Figure 57. Experimental setup for colony formation assay for T98G with a) fisetin b) berberine. 
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Control 

2mL DMEM-F12 

360µL TMZ 

+ 
1640µL DMEM-F12 

27,56µL Fisetin + 

1972,44µL DMEM-F12 

360µL TMZ+  

27,56µL Fisetin+  
1612,44µL DMEM-F12 

  

Figure 58. The 6-well culture plate design for colony formation assay for in A172 with TMZ and fisetin. 

 

 

 

Figure 59. The scheme representing experimental setup for colony formation assay (Modified from 

Cytosmart.com) (Created with BioRender.com). 

 

3.2.7.3. Effect on Tumor Size Using a Three-dimensional (3D) Culture Model 

 

           For the 3D spheroid experiment, PerkinElmer's CellCarrier Spheroid ULA 96-

well microplates were used to establish the 3D culture environment for the treatments 

of cell with flavonoids alone and in combination with TMZ. These microplates were 

composed of Ultra-Low Attachment (ULA) coated surfaces that enable the formation 

of spheroids in round shapes in different cells. Surfaces coated with a special add-on 

provided non-adherent cell properties by preventing cells from adhering to the surface 

(Total volume of the wells was calculated as 100 µL). T98G cells were seeded into 

culture dishes with the number of cells (160 cells per well) optimized by our project 

team and determined as suitable for the experiment. 

160 cells per well x 24 total wells = 3840 total cells required. 

100 µL total medium volume x 24 total wells = 2400 µL total DMEM-F12 required. 

The total number of cells in the T75 flask was 2,000,000. If 2 million cells obtained at 

1000 µL DMEM-F12, then 1.7 µL of cell should be drawn for 3840 cells. 
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Zeroth hour images were taken individually with an inverted microscope before 

dosing. At 24 hours after culturing cells, wells were treated with calculated IC50 doses 

of TMZ and flavonoids according to the order shown below (Figure 60). In wells 

requiring a total dosage of more than 20 µL, the medium was withdrawn from the 

upper surface without disturbing the spherical structure. Cells without treatment were 

used as a control. The sphere structure was observed with a microscope at desired 

times. Within 3h, the convergence between the cells was observed to enhance and cells 

were begun to form a round sphere structure. In a maximum of 3 days, a complete 3D 

tumor sphere structure was formed (Figure 61). Sphere wells that formed a hair-like 

structure attached to the FBS residue were aborted. Imaging was done with the inverted 

microscope. Measurement of tumor size of 3D spheres was performed with NIH 

ImageJ software. The effect of targeted complementary therapy on the treated groups 

in terms of the change in tumor size was found by comparing the untreated groups. 

  1       2        3             4          5          6              7                    8               9            10                11                12 

C C TMZ 

 

TMZ 

 

FIS  

 

FIS  TMZ+FIS 

 

TMZ+FIS  BBR  

 

BBR  TMZ+BBR  TMZ+BBR 

 

Figure 60. PerkinElmer's CellCarrier Spheroid ULA 96-well microplate experimental setup for T98G 

(C=Control; TMZ=Temozolomide; FIS=Fisetin; BBR=Berberine). 

 

 

 

Figure 61. Summary of the generation of in-vitro 3D tumor sphere model with ultra-low attachment 

plates. 

 

3.2.8. Evaluation of Cells in Hypoxic Environment on the Effects of Drug 

Resistance Mechanisms  

 

             In the T98G, A172 and A172-R cell lines, the analyzes of the selected 

flavonoid, alone and combined with TMZ, were determined in the hypoxic 

environment. Why three of the cell lines were used was because of the comparison of 

the effect of compounds on TMZ non-resistant and TMZ-resistant cell lines. In this 

process, the appropriate hypoxia environment for cells (37°C, 5% CO2, ~1% O2 and 
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94% N2) was created using modular incubator chamber (MIC-101; Billups-

Rothenberg, Inc., Del Mar, CA). The controlled gas release was provided through 

regulators connected to the hypoxia chamber while the flow meter, also located in the 

hypoxia chamber, provided control of the oxygen level (Figure 62). Experiments 

covering the above-mentioned 3.2.7.1 were repeated in the hypoxic environment with 

selected flavonoid, which covered the same work packages in parallel with the cell 

lines in the normoxic environment. Normoxy conditions were created in the CO2 

incubator and hypoxia conditions were achieved successfully by placing the modular 

incubator chamber in the CO2 incubator. Experiments were detected in parallel both in 

the normoxia environment CO2 incubator and in the modular incubator chamber that 

provides hypoxia conditions. 

 

Figure 62. The schematic representation of creation of hypoxia environments in in-vitro (Created with 

Biorender.com). 

 

3.2.9. Determination of the Effect of Flavonoids on Drug Resistance 

 

            In the study, the effects of flavonoid and flavonoid-TMZ treatment on drug 

resistance in GBM cells were comparatively investigated. For this purpose, the effect 

of TMZ, flavonoid, and TMZ+flavonoid treatment in the GBM cell lines on mRNA 

expression levels using the genes related to drug resistance, such as the ZEB1 gene 

and MMR gene MSH2 had been determined by the RT-qPCR method. 

3.2.9.1. RNA Isolation 

 

            RNA isolation was made in accordance with the protocol with Zymo RNA 

Isolation Kit (Zymo Research, ABD) and TRIzol™ Reagent (InvitrogenTM) from cells 

obtained from the combination of flavonoid alone and with TMZ and reproduced in a 

2D environment. 15x104 cells were planted in 24 well plates for 4 different 
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experimental groups (Control, TMZ, Fisetin, TMZ+Fisetin) in each cell line and dosed 

after 24 hours. One day later, the initial step was taken to lyse samples and separate 

phases. The medium inside of the wells were thrown and wells was washed with ice-

cold 1XPBS. The cells were then lysed by adding 450 µL TRIzol™ Reagent in the 

fume hood (The amount of TRIzol added varies according to the surface of the culture 

plate rather than the number of cells on the plate. For example, 1 mL TRIzol™  

Reagent was added for a diameter of three and a half centimeters. 450 µL TRIzol™ 

Reagent has been added based on the approximate diameter of 24 well plate). Cells 

were very well pipetaged and vortexed immediately until they were homogenized. 

Cells were left 10 minutes at room temperature to to dissociate from the nucleoprotein 

complex completely. 

             Later on, 90 µL of chloroform was added and immediately vortexed very well 

for at least 20 seconds. Cells were waited again for 10 minutes and centrifuged at 

12.000 x g for 15 minutes at 4°C. Several phases formed after this step and the upper 

colorless phase was carefully taken into new nuclease-free eppendorf. RNA, DNA and 

other protein and lipids were represented respectively in the aqueous phase, interphase 

and organic phase (Figure 63). Afterwards, 225 µL of isopropanol was added to 

precipitate the RNA (RNA pellet was often visible when eppendorf was moved up and 

down several times). Cells were incubated 5 minutes at room temperature, 5 minutes 

at 4 °C and centrifuged at 12.000 x g for 10 minutes at 4°C. The supernatant was 

discarded and RNA was shown in the white gel-like pellet. To wash the RNA, cells 

were suspended again with 450 µL of cold 75% liquid ethanol, slowly pipetting was 

done. The centrifuge was made at 7,500 x g at 4°C for 5 minutes. This step was 

repeated two times. The supernatant was pulled thoroughly until no alcohol was left. 

RNA pellet was left to air dry for 20 minutes. At the last step, 50 µL nuclease-free 

water was added to solubilize the RNA and waited 5 minutes. The concentration and 

purity (A260/A280 ratio) of the obtained RNA samples were measured using UV/Vis 

spectrum (Beckman Coulter DU® 730 Life Science UV/Vis Spectrophotometer) and 

Maestro Nano Micro-Volume spectrophotometer (Maestrogen Inc., Las Vegas, NV). 

RNA samples with a ratio of ~1.8-2.0 were selected for cDNA synthesis.  
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Figure 63. Different phases after phase seperation. Aqueous phase includes RNA, interphase includes 

DNA, and organic phase includes proteins and lipids (Zymoresearch.eu). 

 

             Complementary DNA (cDNA) synthesis was performed from total RNA using 

a kit based on the Reverse Transcriptase enzyme. 6 µL RNA and 2 µL Random Primer 

was mixed for each group. The mixture is incubated at 70°C for 5 minutes. Later on, 

for one sample (1x), 10 µL M-MuLV Reaction Mix and 2 µL M-MuLV Enzyme Mix 

were added onto the mixture. The total 20 µL cDNA synthesis reaction was first 

incubated at 25°C for 5 minutes, then at 42°C for 1h and finally at 80°C for 5 minutes 

for enzyme inactivation. The RT-qPCR experiment was continued with the obtained 

cDNAs measured in the UV/Vis spectrum and the purity of the cDNAs ~1.8-2.0. The 

remaining stocks were stored at -20°C. 

3.2.9.2. Quantitative Reverse Transcription PCR (RT-qPCR) Analysis 

 

            Expression profiles at mRNA levels of ZEB1 and MSH2 genes from 

synthesized cDNAs in T98G, A172, and A172-R cells were created by Real-Time PCR 

method based on a SyberGreen probe with primer under appropriate conditions. The 

β-actin (ACTB) housekeeping gene was used as a control. The details of Forward and 

Reverse Primer sequences were given in Table 5. Experiments were conducted based 

on the SYBR Green I Master Mix (GoTaq, USA) protocol, performed in triplicates, 

and analyzed on the ABI StepOneTM instrument. For the preparation of the mix with 

the total volume of 18 µL, nuclease-free water, qPCR Master Mix (2x), primers and 

CXR reference dye were added, respectively (Table 6). The primers were not exposed 

to light and were briefly spun before use. Afterwards, 2 µL cDNA was loaded to each 

well. The thermal cycle was revised according to the optimized temperatures of the 

genes (Table 7). The threshold cycle (Ct) was determined for each RNA expression in 
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the ABI StepOneTM device and the 2–∆∆Ct method was used to calculate the fold change 

in gene expression. 

 
Table 5. Forward and reverse primers of genes. 

 

 

Table 6. The mixture preparation for gene expression of each gene. 

ACTB    

  Volume (µL) Concentration 

qPCR Master Mix  10 2X 

Forward Primer 1,5 200nM 

Reverse Primer 2,5 200nM 

CXR Reference Dye 0,2 300nM 

Nuclease-free water 3,8  

Total volume  18  

 

MSH2   

     Volume (µL) Concentration 

qPCR Master Mix 10 2X 

Forward Primer 3 200nM 

Reverse Primer 3 200nM 

CXR Reference Dye 0,2 300nM 

Nuclease-free water 1,8  

Total volume  18  

 

Table 7. The protocol of thermal cycling (*Annealing temperature is 60°C for ACTB and MSH2 and 

55°C for ZEB1). 

  Cycles Temperature Time 

Polymerase Activation 1 95 2 minutes 

Denaturation 

40 

95 15 seconds  

Annealing 60* 1 minute 

 

 

Primer Target Forward Sequence  (5′–3′) Reverse Sequence  (5′–3′) Reference

β-Actin (ACTB) GACAGGATGCAGAAGGAGATTACT TGATCCACATCTGCTGGAAGGT Pérès et al., 2015

MSH2 GACCGGGGCGACTTCTATAC GCCCCATGTACTTGATCACC Tancredi et al., 2022

ZEB1 AGTGTTACCAGGGAGGAGCAGTG TTTCTTGCCCTTCCTTTCCTGTGTC Chen et al., 2022

ZEB1    

  Volume (µL) Concentration 

qPCR Master Mix  10 2X 

Forward Primer 2 200nM 

Reverse Primer 2,5 200nM 

CXR Reference Dye 0,2 300nM 

Nuclease-free water 3,3  

Total volume  18  
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3.2.10. Investigation of the Efficacy of Selected Flavonoid to be Effective in 

Primary Brain Tumor Cells 

 

 

            The first of the tumor tissues taken after surgical resection from patients 

diagnosed with GBM were histopathologically analyzed by the Department of 

Pathology of BUU (Figure 64). Then the second one was shredded manually in our 

department and seeded in culture flasks (Figure 64). Attachment and proliferation of 

cells to the flask base were observed under the microscope. Cells that reached 70% 

confluency in the flask were inoculated into cell culture plates. After 24 hours, 

experimental groups were formed and dosed with TMZ and fisetin, whose IC50s were 

determined in the GBM cell line. Primary cells were kept in the incubator for 24 hours 

and RNA and cDNA isolation, RT-qPCR and mRNA analyzes were performed as 

same as cell line methods, respectively. Overall, the response of each patient to the 

MSH2 and ZEB1 genes was also validated in primary cultures, both alone and in 

combination with TMZ and fisetin. 



86 
 

 

Figure 64. Representation of the experimental steps for primary GBM cells (Created with 

Biorender.com).  

 

3.2.10.1. Determination of the Characteristics of Drug Resistance and Repair 

Mechanism in Primary Brain Tumor Cells 

 

 

           In order to determine the characteristics of drug resistance and repair 

mechanism in 3 high-grade primary brain tumor cells (Ethics Committee no: 2023-

3/43) in the stocks of the department, the expression levels of the markers were 

evaluated with the RT-qPCR method mentioned in the heading 3.2.9.2. 

Histopathological analyzes of the tumor were performed by authorized 

pathologists in the BUU Pathology Department. The frozen section technique was 

applied to primary brain tumors for rapid freezing to diagnose a histopathologic tissue 

section. The thin layer of resected tissue was directly placed in a cryostat with a 
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rotating microtome (Folkerth, 1994). In addition, various immunohistochemical 

analyzes were performed with section (Figure 64). 

3.2.10.2. Evaluation of the Efficacy of Selected Flavonoid in Combination with 

TMZ in Primary Tumor Cells 

 

 

            Three different primary cultures derived from three different patients were 

seeded (Figure 65). The effect of the selected flavonoid was analyzed after treating 

cell with selected flavonoid in primary GBM tumor cells. Primary tumor cells were 

treated with the active flavonoid alone and simultaneously with TMZ. Similar to the 

effect of flavonoid on primary cells, mRNA expression levels of ZEB1 and MMR gene 

MSH2, which were associated with drug resistance, were determined by RT-qPCR 

(see 3.2.9.2). 

a)                                                        b)                                                        c)  

 

Figure 65. Microscopic representation of the GBM morphology of a) patient 1 b) patient 2) c) patient 

3 at 4X objective (scalebar: 620 µm).            
 

3.2.11. Statistical Analysis 

 

            The findings obtained from the experimental groups treated with flavonoid and 

TMZ+flavonoid and the untreated groups (negative control groups) were compared 

with statistical methods. Complementary statistics of in-vitro data are shown as a 

number, percentage, mean and standard deviation, differences between groups, and 

cell viability were determined by one-way ANOVA test. Wound healing, annexin V, 

cell cycle, colony formation, and area calculations in 3D culture was measured with 

the ImageJ program in in-vitro functional analyzes, and the quantitative data obtained 

were analyzed for statistical significance with the two-way ANOVA test. Statistical 
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significance in gene expression levels to be performed by RT-qPCR was determined 

by unpaired t-test from SPSS (20.0) software and GRAPHPAD Prism (8.0) programs. 

A P value of less than 0.05 at the 95% confidence interval was considered statistically 

significant (*p<0.05, **p<0.0001). 
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4. RESULTS 

 

4.1. Effects of Flavonoids Alone and in Combination with TMZ on Cell Lines 

 

          The effects of two different flavonoids, fisetin and berberine, on cell viability in 

both normal (L929) and GBM cell lines (T98G, A172, A172-R) were determined by 

the xCELLigence system. Since the desired effect was able to be obtained in IC50 

values in 24 hours, IC50 doses for 24 hours were determined as effective for the next 

experiments. 

4.1.1. Determination of the Effect of Fisetin on Cell Proliferation in Control 

(L929) and GBM Cell Lines 

4.1.1.1. Determination of the Effect of Fisetin on Cell Proliferation in T98G 

 

              Initially, the cytotoxicity of fisetin on T98G cells was evaluated via a high-

tech xCELLigence system (Figure 66. a). T98G cells were treated with 7 different 

doses of fisetin in Table 8. Due to the dose-dependent inhibition of cell proliferation, 

the cell index data of fisetin was determined. The effective time of fisetin in T98G 

cells was the same as the TMZ effective time found in studies in our department and 

was evaluated as 24h. While 85% viability was observed at the lowest dose of 5 

µmol/L in 24h, this rate decreased below 25% at the highest dose of 200 µmol/L 

(Figure 66. c). The IC50 values calculated after 24-48h of incubation were 16,40 

µmol/L and 12,26 µmol/L for T98G, respectively (p<0,0001). Consequently, fisetin 

deters cell proliferation in a dose-dependent manner at 24 and 48h as shown in Figure 

66. b.   
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 Table 8. Quantitative values of cell index and cell viability rate after 24h and 48h of fisetin treatment 

in T98G cell line. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

Cell Index (48h) Cell Viability Rate 

(%) (48h) 

Control 6.83 100 4,97 100 

5 µmol/L 5.84 85,50512 3,99 80,28169 

10 µmol/L 5.28 77,306 3,23 64,98994 

25 µmol/L 3.46 50,65886 1,87 37,62575 

50 µmol/L 1.92 28,11127 0,91 18,30986 

75 µmol/L 1.50 21,96193 0,65 13,07847 

100 µmol/L 1.39 20,35139 0,67 13,48089 

200 µmol/L 1.69 24,74378 1,04 20,92555 
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c) 

 

Figure 66. a) Raw data of the effect of fisetin dose concentration on T98G cell proliferation b) Graphical 

representation of fisetin’s effect of cell viability (%) at 24 and 48h on T98G cell line (0 µmol/L (µM) 

dose means untreated group and represents control group) c) Graphical representation of fisetin dose-

dependent cell viability (%) after 24h treatment in T98G cell line (*p<0.05, **p<0.0001). Bars represent 

mean ± S.D. 

 

4.1.1.2. Determination of the Effect of Fisetin on Cell Proliferation in A172 

 

               In order to observe the effect of fisetin on GBM cell lines with different 

resistance mechanisms, fisetin was tested in TMZ sensitive A172 cell line (see 3.2.2). 

A172 cells were treated with 7 different doses of fisetin in Figure 67. a to find out cell 

index data and effective dose. The IC50 values of fisetin over 24 and 48h were detected 

as 13.78 µmol/L and 10,34 µmol/L in A172 cell line, respectively (p<0,0001) (Figure 

67. b). The effective time of fisetin in A172 cells was determined as 24h. Nearly 74% 

viability was observed at the lowest dose of 5 µmol/L in 24h (Figure 67. c). It has been 

also found that the lethal effect of fisetin was preserved even at high doses up to 200 

µmol/L in 24h (Table 9).  
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Table 9. Digital data of cell index and cell viability rate after 24h of fisetin treatment in A172 cell 

line. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

Cell Index (48h) Cell Viability Rate 

(%) (48h) 

Control  2,25 100 1,53 100 

5 µmol/L 1,66 73,77778 1,17 76,47059 

10 µmol/L 1,69 75,11111 1,33 86,9281 

25 µmol/L 2,5 111,1111 0,79 51,63399 

50 µmol/L 2,71 120,4444 1,23 80,39216 

75 µmol/L 1,05 46,66667 0,69 45,09804 

100 µmol/L 1,22 54,22222 1,26 82,35294 

200 µmol/L 1,35 60 1,43 93,46405 
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c) 

 

Figure 67. a) Raw data of the effect of fisetin dose concentration on A172 cell proliferation b) Graphical 

representation of fisetin’s effect of cell viability (%) at 24 and 48h on A172 cell line c) Graphical 

representation of fisetin dose-dependent cell viability (%) at 24h on A172 cell line (*p<0.05, 

**p<0.0001). Bars represent mean ± S.D. 

 

4.1.1.3. Determination of the Effect of Fisetin on Cell Proliferation in the Control 

Cell Line (L929) 

 

 

               It had been shown that the fisetin concentrations ranging from 25-75 µmol/L 

(µM) which include even higher levels of effective IC50 values shown below (ranging 

from 10-16 µmol/L) were ineffective at 24h after treatment in the fibroblast cell, L929 

(Figure 68. a). Since the effective hour of the flavonoid was determined as 24h with 

the subsequent data, the data of 24h was shown in Table 10. Even when the fisetin 

concentration increased to 75 µmol/L, cell viability was observed close to 90% proving 

its usability since it was not cytotoxic to the healthy cells (p<0.0001) (Figure 68. b). 

Table 10. Digital data of cell index and cell viability rate after 24h of fisetin treatment on L929 cell 

line. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

Control 0.75 100 

25 µmol/L 0.57 76 

50 µmol/L 0.71 94 

75 µmol/L 0.67 89 

 



94 
 

a) 

b)) 

C
ontr

ol
25 50 75

70

80

90

100

Fisetin dose concentrations (μM)

C
e
ll
 v

ia
b

il
it

y
 (

%
)

Control

25

50

75

✱✱

✱

✱✱

 

Figure 68. a) Raw data of the effect of fisetin dose concentration on L929 cell proliferation b) Graph 

of the effect of fisetin doses on L929 cell (*p<0.05, **p<0.0001). 

 

4.1.2. Determination of the Effect of Berberine on Cell Proliferation in Control 

(L929) and GBM Cell Lines 

 

4.1.2.1. Determination of the Effect of Berberine on Cell Proliferation in T98G 

 

 

              To find the cytotoxicity of berberine on T98G, cells were treated with 5 

different doses of berberine in Figure 69. a. With the help of the cell index data of 



95 
 

berberine observed, cell viability rates were calculated (Table 11). Thus, cell viability 

percentages decreased to 50% at 150 µmol/L and to almost 10% at 200 µmol/L (Table 

11). The effective time of berberine in T98G cells was also 24h and effective dose 

(IC50) was 143,7 µmol/L in 24h (p<0,0001) (Figure 69. c). The IC50 value of 

berberine in 48h was 139,4 µmol/L for T98G (p<0,0001) (Figure 69. b).  

Table 11. Digital data of cell index and cell viability rate after 24h and 48h of berberine treatment on 

T98G cell line. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

Cell Index (48h) Cell Viability Rate 

(%) (48h) 

Control  5,5384 100 7.3424 100 

25 µmol/L 5,71 103,09 7.35775 100,21 

50 µmol/L 7,1254 128,65 8.2011 11,69 

100 µmol/L 5,79135 104,56 6.22925 84,84 

150 µmol/L 2,77635 50,13 3.52645 48,03 

200 µmol/L 0,6383 11,52 0.5494 7,48 
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c)  

 

Figure 69. a) Raw data of the effect of berberine dose concentration on T98G cell proliferation                           

b) Graphical representation of the effect of berberine on T98G cell viability (%) at 24 and 48h.                    

c) Graphical representation of berberine dose-dependent cell viability (%) at 24h on T98G cell line 

(*p<0.05, **p<0.0001).  

 

4.1.2.2. Determination of the Effect of Berberine on Cell Proliferation in A172 

 

            The capacity of berberine to inhibit cell viability was investigated in A172 cells 

treated with 5 different increasing doses of berberine between 25-200 µmol/L (Figure 

70. a). The effective time of berberine in A172 was determined as 24h since there was 

a significant decrease in terms of cell viability shown in Figure 70. c. Thereby, 
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berberine inhibited cell viability to 23,5% and 10% with 150 µmol/L and 200 µmol/L 

dose treatment at 24h, respectively (Table 12). In A172, IC50 values of berberine were 

113.5 µmol/L for 24h and 72.71 µmol/L for 48h (Figure 70. b). 

Table 12. Quantitative values of cell index and cell viability rate after 24h and 48h of berberine 

treatment in A172 cell line. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

Cell Index (48h) Cell Viability Rate 

(%) (48h) 

Control  4,20 100 3,67 100 

25 µmol/L 5,35 127,381 2,68 73,02452 

50 µmol/L 5,69 135,4762 2,45 66,75749 

100 µmol/L 4,27 101,6667 2,35 64,0327 

150 µmol/L 0,99 23,57143 0,39 10,6267 

200 µmol/L 0,45 10,71429 0,12 3,269755 
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c) 

 

Figure 70. a) Raw data of the effect of berberine dose concentration on A172 cell proliferation b) Graph 

of the effect of berberine on A172 cell viability (%) at 24 and 48h. d) Graphical representation of 

berberine dose-dependent cell viability (%) at 24h on A172 (*p<0.05, **p<0.0001). 

 

4.1.2.3. Determination of the Effect of Berberine on Cell Proliferation in the 

Control Cell Line (L929) 

 

                To determine the effect of berberine in control cells, the minimum dose 100 

µmol/L and the lowest IC50 value of 113.5 µmol/L (belonging to A172) and high dose 

125 µmol/L dose of berberine were tested in L929 cell line (Figure 71. a). In the 

treatment of 100 µmol/L berberine, L929 cell viability was 57,5%, (p<0,0001) while 

a direct proportional decrease in viability was observed as the dose increased (Table 

13). The alterations in cell viability decreased to 44,27% and 36,14% with the the 

113.5 µmol/L and 125 µmol/L dosages of berberine, respectively (p<0,0001) (Figure 

71. b). 

Table 13. Quantitative values of cell index and cell viability rate after 24h of berberine treatment in 

L929 cell line. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

Control  0,8594 100 

100 µmol/L 0,4945 57,54 

113,5 µmol/L 0,3805 44,27 

125 µmol/L 0,3106 36,14 
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Figure 71. a) Raw data of the effect of berberine dose concentration on L929 cell proliferation            

b) Graph of the effect of berberine doses on L929 cell line (*p<0.05, **p<0.0001). 

 

4.1.3. Effect of Flavonoids Alone or in Combination with TMZ on Cell 

Proliferation 

 

            In order to investigate the usability of the combined treatment of TMZ and 

flavonoids in GBM cells, the effect of the effective hours and doses of compounds 

found in the previous title on cell proliferation was evaluated with the xCELLigence 

system. 
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4.1.3.1. Effect of Fisetin Alone or in Combination with TMZ on T98G Cell 

Proliferation 

 

              The effective dose of TMZ in T98G in 24 hours was found to be 1000 µmol/L 

in earlier findings in our department (Ercelik et al., 2023). The effective dose of fisetin 

was 16.40 µmol/L (see 4.1.1.1). In combination therapy, both doses were added 

consecutively. While the T98G cell viability rate was approximately 24% in TMZ 

treatment, the combined treatment reduced cell proliferation by 35.32% after 24h of 

treatment (p<0,0001) (Table 14). The cell viability difference between TMZ and 

TMZ+Fisetin was significant (p<0,0001). When fisetin alone was used, a significant 

mortality rate (65,33%) was observed compared to the control cell group (p<0,0001) 

(Figure 72. a). All of the treated groups were statistically significant compared to 

untreated group (Figure 72. b). 

Table 14. Digital data of cell index and cell viability rate of fisetin and combination treatment in T98G. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

Control  7,73 100 

TMZ 1,84 23,80 

Fisetin 5,05 65,33 

TMZ+Fisetin 2,73 35,32 
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Figure 72. a) Raw data of the effect of TMZ, Fisetin and TMZ+Fisetin on T98G cell proliferation                   

b) Graphical representation of the effects of TMZ, Fisetin and TMZ+Fisetin treatment in T98G. 

 

4.1.3.1.1. Antagonistic-Synergistic Effect of Fisetin with TMZ in T98G  

 

                  According to the antagonistic-synergistic effect via SyneryFinder web 

program categorization in section 3.2.4.2, an additive effect of the combination of two 

drugs named TMZ and fisetin (Figure 73) was found with a synergy value of 1.68 

(Table 15). 

Table 15. Synergy score between TMZ and fisetin in T98G.   

Drug combination Synergy Score 

Most synergistic area 

score Method 

TMZ+Fisetin 1.68 3.10 ZIP 
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Figure 73. A synergistic score, multisample analysis and consensus synergy for TMZ and fisetin 

combination in T98G calculated with SynergyFinder web program. (Chosen parameters: Readout: 

viability; Baseline correction: yes) 

 

4.1.3.2. Effect of Fisetin Alone or in Combination with TMZ on A172 Cell 

Proliferation 

 

             The effective dose of 24h of TMZ in A172 was known as 900 µmol/L in our 

earlier results (Ercelik et al., 2023). The effective dose of fisetin was 13.78 µmol/L 

(see 4.1.1.2). Combination therapy was created with the addition of two doses. When 

using TMZ alone, fisetin alone or the combination therapy, a significant decrease in 

cell viability was observed compared to the control cell group (Figure 74. a).  While 

TMZ treatment reduced cell viability to 36%, it decreased to 28% with combined 

treatment in 24h (p<0,0001) (Table 16). Cell viability of fisetin-alone group was 

15,20% (p<0,0001). Percentages of cell viabilities belonging to treated groups were 

statistically significant compared to control group (Figure 74. b). 
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Table 16. Average quantitative values of cell index and cell viability rate of fisetin and combination 

treatment in A172. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

Control  5,33 100 

TMZ 1,92 36,02 

Fisetin 0,81 15,20 

TMZ+Fisetin 1,53 28,70 
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Figure 74. a) Raw data of the effect of TMZ, Fisetin and TMZ+Fisetin on A172 cell proliferation      

b) Graphical representation of the effects of TMZ, Fisetin and TMZ+Fisetin treatment in A172. 
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4.1.3.2.1. Antagonistic-Synergistic Effect of Fisetin with TMZ in A172 

 

                Considering the synergistic effect detection section in 3.2.4.2, the 

relationship between TMZ and fisetin in A172 cells was determined as an additive 

effect. An additive effect similar to T98G findings was found between TMZ and fisetin 

in A172 cell line (Figure 75) with a synergy score of about 0.1 (Table 17). 

Table 17. Synergy score between TMZ and fisetin in A172. 

Drug combination Synergy Score 

Most synergistic area 

score Method 

TMZ+Fisetin 0.10 1.93 ZIP 

 

Figure 75. A synergistic score, multisample analysis and consensus synergy for TMZ and fisetin 

combination in A172 calculated with SynergyFinder web program. (Chosen parameters: Readout: 

viability; Baseline correction: yes) 

 

4.1.3.3. Effect of Berberine Alone or in Combination with TMZ on T98G Cell 

Proliferation 

 

             Cell index data after 24 hours were obtained as T98G cells were dosed with 

various doses of TMZ, Berberine and TMZ+Berberine (Figure 76. a). The effect of the 

IC50 dose of TMZ was determined in T98G as 28,80% (see 4.1.3.1). Cells, when 

treated with 143,7 µmol/L Berberine-alone, had viability rate at 18,95% (Table 18). 

With cotreatment of IC50 doses of berberine and TMZ, cell viability was obtained 
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61,25% (Table 18). All of the average cell viability data of treated groups were 

significant to untreated control of T98G with p<0,0001 (Figure 76. b).  

 

Table 18. Average digital data of cell index and cell viability rate of berberine and TMZ alone and 

combination treatment in T98G. 

 Cell Index (24h) 
Cell Viability Rate 

(%) (24h) 

Control 9,6 100 

100 µmol/L Berberine 6,09 63,43 

143,7 µmol/L Berberine 1,82 18,95 

200 µmol/L Berberine 3,09 32,18 

100 µmol/L Berberine + 1000 µmol/L TMZ 7,21 75,10 

100 µmol/L Berberine + 1200 µmol/L TMZ 7,38 76,87 

143,7 µmol/L Berberine + 1000 µmol/L TMZ 5,88 61,25 

143,7 µmol/L Berberine + 1200 µmol/L TMZ 4,96 51,66 

200 µmol/L Berberine + 1000 µmol/L TMZ 3,87 40,31 

200 µmol/L Berberine + 1200 µmol/L TMZ 1,57 16,35 
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Figure 76. a) Raw data of the effect of TMZ, Berberine and TMZ+ Berberine on T98G cell proliferation 

b) Graphical representation of the effects of TMZ, Berberine and TMZ+Berberine treatment in T98G. 

 

4.1.3.3.1. Antagonistic-Synergistic Effect of Berberine with TMZ in T98G 

 

            When multisample analysis and consensus synergy for TMZ and berberine 

combination in T98G calculated with SynergyFinder web program (see 3.2.4.2), the 

relationship between TMZ and berberine was antagonist (Figure 77) with -26,305 ZIP 

synergistic score in T98G (Table 19). 

Table 19. Synergy score between TMZ and berberine in T98G. 

Drug combination Synergy Score 

Most synergistic area 

score Method 

TMZ+Berberine     -26.30    -12.82 ZIP 
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Figure 77. A synergistic score, multisample analysis and consensus synergy for TMZ and berberine 

combination in T98G calculated with SynergyFinder web program. (Chosen parameters: Readout: 

viability; Baseline correction: yes) 

 

4.1.3.4. Effect of Berberine Alone or in Combination with TMZ on A172 Cell 

Proliferation 

 

            While A172 cell viability was 9.75% after TMZ treatment, it decreased to 

8.06% with TMZ and berberine combined treatment. 36.02% viability was also 

observed in berberine treatment alone (Table 20) (Figure 78. a). TMZ, Berberine, 

TMZ+Berberine treated groups were statistically significant compared to untreated 

group of A172 (p<0,0001) and relationship between TMZ and TMZ+Berberine was 

also significant with p value of 0,0035 in A172 (Figure 78. b). 

Table 20. Digital data of cell index and cell viability rate of TMZ, Berberine and TMZ+Berberine in 

A172.  

 Cell Index (24h) Cell Viability 

Rate (%) (24h) 

Control  5,33 100 

TMZ 0,52 9,75 

Berberine 1,92 36,02 

TMZ+Berberine 0,43 8,06 
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Figure 78. a) Raw data of the effect of TMZ, Berberine and TMZ+ Berberine on A172 cell proliferation 

b) Graphical representation of the effects of TMZ, Berberine and TMZ+Berberine treatment in A172. 

 

4.1.3.4.1. Antagonistic-Synergistic Effect of Berberine with TMZ in A172 

 

            To assess the synergistic effect of the combination of two drugs, the 

Syngeryfinder web program (see 3.2.4.2), was used and according to the calculations 

in terms of multisample analysis and consensus synergy, an additive effect was 
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evaluated between TMZ and berberine (Figure 79) with a ZIP synergy score equivalent 

to 4.27 in A172 cell line (Table 21).  

Table 21. Synergy score between TMZ and Berberine in A172. 

Drug combination Synergy Score 

Most synergistic area 

score Method 

TMZ+Berberine        4.27     5.05 ZIP 

 

 

Figure 79. A synergistic score, multisample analysis and consensus synergy for TMZ and berberine 

combination in A172 calculated with SynergyFinder web program. (Chosen parameters: Readout: 

viability; Baseline correction: yes) 

 

4.2. Cytotoxic Effects of Increasing TMZ Doses in Acquired TMZ Resistant Cells 

(A172-R) 

 

        The effect of long-term treatment with different escalating doses of TMZ on cell 

viability has been demonstrated at each stage (350, 450, 550, 750, and 900 µmol/L). 

Each group was repeated in duplicate and the average values of the data in the program 

are shown in the graphs. Cells were dosed when they reached sufficient proliferation, 

and cell index values 24 hours after dosing were taken into account for calculations. 

The responses of A172 cells treated with 350µmol/L TMZ for a long time 

(A172-350-R) and the TMZ-sensitive (A172) cell line to TMZ were compared for cell 

viability (Figure 80. a). Accordingly, while if viability was accepted as 100% in the 
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A172 control, this rate decreased significantly below 37% (p<0,0001) (Figure 80. b) 

in A172 treated with 900 µmol/L TMZ (IC50) dose (Table 22). Cell viability of A172-

350-R decreased to 19.68% when treated with the IC50 dose of TMZ (900 µmol/L) 

(p<0,0001) (Figure 80. c). 

 

Table 22. Average data of cell index and cell viability rates of A172 and A172-350-R. 

 Cell Index 

(24h) 
Cell Viability Rate 

(%) (24h) 

A172          

Control 

5,20 100 

A172                  

900µmol/L TMZ 

1,922 36,96 

A172-350-R 

Control 

0,437 100 

A172-350-R     

900µmol/L TMZ 

0,086 19,68 
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Figure 80. a) Raw data of the effect of TMZ treatment with IC50 dose (900 µmol/L) on A172 and 

A172-350-R cell proliferation b) Graphical representation of the effect of TMZ on cell index and cell 

viability rate in A172. c) Graphical representation of the effect of TMZ on cell index and cell viability 

rate in A172-350-R. 

 

When A172-450-R cells long-treated with a 450 µmol/L dose of TMZ were 

given an IC50 dose of TMZ (Figure 81. a), they significantly (p<0,0001) reduced the 

viability of the cells (p<0.0001) by almost 75% after 24h, compared to the control 

(Table 23) (Figure 81. b). 

Table 23. Average data of cell index and cell viability rates of A172-450-R. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

A172-450-R 
Control 0,5714 100 

A172-450-R 
900 µmol/L 0,1444 25,27 
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Figure 81. a) Raw data of the effect of TMZ treatment with IC50 dose (900 µmol/L) on A172-450-R 

cell proliferation b) Graphical representation of the effect of TMZ on cell index and cell viability rate 

in A172-450-R. 

 

The fact that the A172-550-R cell line, which was expected to gain resistance 

to 550 µmol/L TMZ dose after long-term treatment of the same dose, had 100.60% 

cell viability after 24 hours of treatment with 550 µmol/L TMZ which was very similar 

to the A172-550-R control, proving this hypothesis (Figure 82. a). In addition, even 
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when treated with the effective dose of TMZ, 900 µmol/L, A172-550-R showed 

approximately 97% viability (Table 24) (Figure 82. b). 

Table 24. Average data of cell index and cell viability rates of A172-550-R after 24h of treatment 

with 550 µmol/L and 900 µmol/L TMZ doses. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

A172-550-R 

Control 1,66 100 

A172-550-R 

550 µmol/L 1,67 

100,60 

A172-550-R 

900 µmol/L 1,61 

96,98 
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Figure 82. a) Raw data of the effect of TMZ treatment with 550 µmol/L and 900 µmol/L on A172-550-

R cell proliferation b) Graphical representation of the effect of TMZ on cell index and cell viability rate 

in A172-550-R. 

 

A similar effect was seen in A172-750-R when both its own resistant dose of 

750 µmol/L and A172 IC50 dose of 900 µmol/L were given (Figure 83. a), and a 

reduction in the lethality of TMZ was noted by keeping cell viability over 87% in both 

doses (Table 25) (Figure 83. b).  

Table 25. Average data of cell index and cell viability rates of A172-750-R after 24h of treatment 

with 750 µmol/L and 900 µmol/L TMZ doses. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

A172-750-R 

Control  2,76 100 

A172-750-R 

750 µmol/L 2,43 

88,04 

A172-750-R 

900 µmol/L 2,41 

87,31 
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Figure 83. a) Raw data of the effect of TMZ treatment with 750 µmol/L and 900 µmol/L on A172-750-

R cell proliferation b) Graphical representation of the effect of TMZ on cell index and cell viability rate 

in A172-750-R. 

 

With the long-term treatment of A172 with 900 µmol/L (A172-900-R), the 

cell-to-cell interactions and more aggressive behaviours were clearly observed (Figure 

84). The differences between A172 and A172-900-R (A172-R) treated with 900 

µmol/L TMZ was statistically significant (p<0,0001) meaning that there was a 

significantly increased cell viability of A172-900-R and decreased TMZ efficiency 

due to resistance (Figure 85). When A172-900-R cells are dosed with 900 µmol/L 
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TMZ, the effective IC50 dose of A172 of TMZ, a viability of around 65% was 

observed which was significant to control of A172-900-R (p<0,0001) (Table 26) 

(Figure 86. b). When treated with 13.78 µmol/L fisetin, the effective IC50 dose of 

A172 of fisetin, the viability increased to approximately 90% (Table 26) (Figure 86. 

A). 50.78% viability was obtained when cells exposed to 900 µmol/L TMZ+13.78 

µmol/L Fisetin (Table 26) and it was statistically significant from both untreated cells 

and TMZ-alone treated cells (p<0,0001) (Figure 86. b). The present finding showed 

that fisetin may be useful in breaking acquired resistance. 

 

Figure 84. Microscopic representation of the acquired TMZ-resistant A172-900-R morphology and 

cell-to-cell connections at 4X objective (scalebar: 620 µm). 
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Figure 85. The cell viability difference between A172 and A172-900-R when treated with 900 

µmol/L TMZ. 

 

Table 26. Average data of cell index and cell viability rates of A172-900-R after 24h of treatment 

with IC50 doses of TMZ (900 µmol/L), Fisetin (13.78 µmol/L) and their combination. 

 Cell Index (24h) Cell Viability Rate 

(%) (24h) 

Control 3,17255 100 

TMZ 2,0754 65,29 

Fisetin 2,85855 89,90 

TMZ+Fisetin 1,61155 50,78 
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Figure 86. a) Raw data of the effect of TMZ, Fisetin and their cotreatment with 900 µmol/L on A172-

900-R cell proliferation b) Graphical representation of the effect of TMZ and fisetin on cell index and 

cell viability rate in A172-900-R. 

 

4.3. Effects of the Treatment of Flavonoids Alone and in Combination with TMZ 

on Directing GBM Cells to Apoptosis 

 

4.3.1. Effects of TMZ, Fisetin and TMZ+Fisetin on Apoptosis in T98G 

 

            In order to determine the apoptotic effect of TMZ, Fisetin and combination 

treatment on T98G cells, cells were treated for 24 hours with the effective doses of the 

compounds. Whilst the number of viable cells was around 85% in the control group, 

the viabilities for TMZ, Fisetin and TMZ+Fisetin were 19.32%, 29.87% and 19.09%, 

respectively (Figure 87. a). The percentage of total apoptotic cells was 78.40% in TMZ 

and increased to 79.85% in the combined group, and also the early apoptotic rate 

increased compared to TMZ (Figure 87. b). In addition, fisetin alone caused apoptosis 

of up to 70% significantly (p<0.0001) (Figure 87. b). In conclusion, fisetin increased 

the apoptosis-promoting capacity of TMZ in intrinsic TMZ-resistant T98G cells 

(p<0,0001). 
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Figure 87. a) Apoptosis profile and number of live and apoptotic cells with the treatment of TMZ, 

Fisetin and TMZ+Fisetin in T98G using Muse Cell Analyzer. b) Graphical representation of total 

apoptotis rate (%) with the treatment of TMZ, Fisetin and TMZ+Fisetin in T98G. 

 

4.3.2. Effects of TMZ, Berberine and TMZ+Berberine on Apoptosis in T98G 

 

            In the T98G, control (untreated) group, the number of viable cells was around 

85% and the total number of apoptotic cells was around 5% (Early Apoptotic, 1.25%; 

Late Apoptotic/Dead, 4.45%) (Figure 88. a). TMZ treatment reduced the living cell 

population below 20% levels and caused almost 80% total apoptosis, including early 

apoptotic 15.53% and late apoptotic/dead 62.86% (Figure 88. a). Berberine alone 

caused more than 50% total apoptosis, while its combination with TMZ appeared to 

have increased total apoptosis to approximately 70% (Figure 88. a). All treated groups 

were significantly different compared to untreated group (p<0.0001) (Figure 88. b). 
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Figure 88. a) Population and apoptosis profile and number of live and apoptotic cells with the treatment 

of TMZ, Berberine and TMZ+Berberine in T98G. b) Graphical representation of total apoptotis rate 

(%) with the treatment of TMZ, Berberine and TMZ+Berberine in T98G. 

 

4.3.3. Morphological Assessment of the Effects of TMZ, Fisetin, and TMZ+Fisetin 

on Apoptosis in T98G with Acridine Orange/Propidium Iodide (AO/PI) 

 

 

            The cell morphology of T98G cells was studied to determine the manner of cell 

death induced by fisetin therapy. The morphology of T98G cells after fisetin treatment 

was investigated using AO/PI staining with EVOS™ M5000 Cell Imaging System. 

Morphological assesment of cell viability showed that Fisetin and TMZ+Fisetin had 

more of fragmented nuclei in horseshoe-shaped cells which represents apoptosis in 

T98G (Figure 89. a). While number of necrotic cells were relatively high (33) in fisetin 

and combination TMZ treated groups, they were decreasing successfully to 1 and 2, 

respectively (Table 27) (Figure 89. b). 

Table 27. Number of total cells and PI positive cells in each experimental group in T98G. 

Image Tag Total Cells Propidium Iodide Positive Cells 

T98G Control 289 2 

T98G TMZ 293 33 

T98G Fisetin 198 1 

T98G TMZ+Fisetin 189 2 
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b) 

 

Figure 89. a) Morphological representation of viable, apoptotic and necrotic cells under TMZ, Fisetin 

and TMZ+Fisetin treatment in T98G (VC: Viable Cells, EA: Early Apoptotic Cells, LA: Late Apoptotic 

Cells, N: Necrotic Cells) b) Graphical representation of necrotic cells in each group which were detected 

with PI (The quantification analysis was provided from HALO AI software by Indica Labs). 
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4.3.4. Morphological Assessment of the Effects of TMZ, Fisetin, and TMZ+Fisetin 

on Apoptosis in A172 with Acridine Orange/Propidium Iodide (AO/PI) 

 

             Cellular morphologies of A172 cells treated with TMZ, Fisetin and 

TMZ+Fisetin were investigated to identify the mode of fisetin-induced cell death. 

Fisetin-treated A172 cells had their morphology analyzed by AO/PI staining with 

EVOS™ M5000 Cell Imaging System. When cell viability was examined 

morphologically, the difference between healthy and apoptotic cells was visibly 

demonstrated (Figure 90. a). While TMZ group had more necrotic cells (21), it had 

been decreased with fisetin (19) and especially, TMZ+Fisetin (4) (Table 28) (Figure 

90. b). Additionally, apoptotic cells appearing in horseshoe-shaped morphology were 

also increasing in fisetin alone and its combination with TMZ (Figure 90. a). 

Table 28. Number of total cells and PI positive cells in each experimental group in A172. 

Image Tag Total Cells Propidium Iodide Positive Cells 

A172 Control  414 1 

A172 TMZ 466 21 

A172 FIS 556 19 

A172 TMZ+FIS 395 4 
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Figure 90. a) Morphological representation of viable, apoptotic and necrotic cells under TMZ, Fisetin 

and TMZ+Fisetin treatment in A172 (VC: Viable Cells, EA: Early Apoptotic Cells, LA: Late Apoptotic 

Cells, N: Necrotic Cells) b) Graphical representation of necrotic cells in each group which were detected 

with PI (The quantification analysis was provided from HALO AI software by Indica Labs). 

 

4.4. Effects of Flavonoids Alone and in Combination with TMZ on Cell Cycle 

Arrest of GBM Cells 

 

4.4.1. Effects of TMZ, Fisetin and TMZ+Fisetin on the Cell Cycle in T98G 

 

            In control cells, the G0/G1 ratio was 46.8, the S ratio was 9.8, and the G2/M 

ratio was 43.4 (Figure 91. a). In treatment with the effective dose of TMZ, the G0/G1 

ratio of T98G cells decreased to 42.1, the ratio in S phase increased to 11.3 and the 
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G2/M ratio decreased to 37.3. In fisetin treatment, the G0/G1 ratio increased above 50, 

the S ratio elevated to 11.7, and the G2/M decreased to 37.6. The combination therapy 

decreased the G0/G1 and S ratio by 2.9 and 1.4, respectively, compared to the control. 

In contrast, TMZ+Fisetin increased the G2/M ratio by 4.3 (Table 29). There was no 

significant difference in G0/G1, S and G2/M ratios in TMZ (p=0.7964), Fisetin 

(p>0.9999) and TMZ+Fisetin (p>0.9999) compared to control cells (Figure 91. b). In 

summary, Fisetin-only group caused cell cycle arrest in G0/G1 when TMZ+Fisetin 

caused arrest in G2/M in T98G. 

Table 29. Cell cycle distribution data in G0/G1, S, and G2/M phases in T98G. 

 G0/G1 S G2/M 

Control 46,8 9,8 43,4 

TMZ 42,1 11,3 37,3 

Fisetin 50,7 11,7 37,6 

TMZ+Fisetin 43,9 8,4 47,7 
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b) 

 

Figure 91. a) Flow cytometric histograms showing population profile of control and DNA content 

profile of Control, TMZ, Fisetin, TMZ+Fisetin with the use of fluorescence intensity of G0/G1, S, and 

G2/M phases in T98G using Muse Cell Analyzer. b) Graphical representation of cell cycle distribution 

percentage of each experimental group. 

 

4.4.2. Effects of TMZ, Fisetin and TMZ+Fisetin on the Cell Cycle in A172 

 

            The difference in G0/G1, S and G2/M ratios was not significant in TMZ 

(p=0.8750), Fisetin (p=0.9773) and TMZ+Fisetin (p=0.9685) when compared with 

control cells (Figure 92. b). However, in A172, G0/G1 ratios in Control, TMZ, Fisetin 

and TMZ+Fisetin were determined as 46.5, 45.9, 40.5 and 26.6, respectively. The rates 

in the S phase were 8.7, 14, 9.3 and 31.4, respectively. G2/M phase was disrupted as 

43.3, 15.7, 36.6 and 26.9 (Table 30). It had been observed that all treated groups 

stopped the cell cycle in S phase, but mostly the combination-mediated induction with 

3,6-fold increase compared to untreated group (Figure 92. a).  

Table 30. Cell cycle distribution data in each cell cycle phase in A172. 

 G0/G1 S G2/M 

Control 46,5 8,7 43,3 

TMZ 45,9 14 15,7 

Fisetin 40,5 9,3 36,6 

TMZ+Fisetin 26,6 31,4 26,9 
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b) 

 

Figure 92. a) Flow cytometric histograms showing population profile of control and DNA content 

profile of Control, TMZ, Fisetin, TMZ+Fisetin with the use of fluorescence intensity of G0/G1, S, and 

G2/M in A172. b) Graphical representation of cell cycle distribution percentage of each experimental 

group.  

 

4.4.3. Effects of TMZ, Berberine and TMZ+Berberine on the Cell Cycle in T98G 

 

            In T98G, after 24 hours of TMZ treatment, there was accumulation in the S 

phase, from 9.8 to 11.3 (Figure 93. a). With berberine treatment, the arrest in the S 

phase increased from 9.8 to 13.2, and in the G2/M phase from 43.4 to almost 50. In 

the combined treatment, cell cycle disruption in S phase increased to 13 and G2/M 

phase arrest exceeded 56 (Table 31). Compared with control cells, there was no 

significance for TMZ (p=0.9515), Berberine (p>0.9999) and TMZ+Berberine 

(p>0.9999) in cell cycle phases (Figure 93. b).  
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Table 31. Cell cycle distribution data in each cell cycle phase in T98G. 

 G0/G1 S G2/M 

Control 46,8 9,8 43,4 

TMZ 42,1 11,3 37,3 

Berberine 37,4 13,2 49 

TMZ+Berberine 30,8 13 56,2 

 

a) 

           

 

b) 

 

Figure 93. a) Flow cytometric histograms showing DNA content profile of TMZ, Berberine, 

TMZ+Berberine with the use of fluorescence intensity of cell cycle phases in T98G using Muse Cell 

Analyzer. b) Graphical representation of cell cycle distribution (%) of each experimental group. 
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4.5. Effects of Flavonoids Alone and in Combination with TMZ on Wound 

Healing of GBM Cells 

 

4.5.1. The effects of TMZ, Fisetin and TMZ+Fisetin on Wound Healing in T98G 

 

            T98G cells were treated with effective doses of TMZ and fisetin for 24h. 

Images of the wounded sub-confluent monolayers of T98G cells treated with the 

effective doses were taken at 4× at 0-6-18-24h (represented) and percentage wound 

widths were plotted. The number of cells/field was shown in Figure 94. a). Control 

cells were untreated cells with high metastatic and wound-closure (78,74%) ability 

after 24h.  In the untreated (control) group, it was found that the scratch area gradually 

closed at 6, 18 and 24 hours, and the width of gap decreased to almost 21% levels at 

the end of 24h (Figure 94. a). In the treatment of TMZ, this area was closed in a way 

that kept its borders and the wound area was calculated to be around 72% at the end of 

the 24h. Surprisingly, fisetin treatment alone successfully increased the wound area to 

90,07% (Table 32). This effect was even higher in combination treatment. In addition, 

the combined treatment resulted in an even better outcome. TMZ+Fisetin resulted not 

only in the inhibition of wound closure but also increased the wound area (Table 32). 

Thus, a dispersed morphology with cell borders was observed in the combined 

treatment, significantly reducing cell invasion and migration. As a result, TMZ+Fisetin 

treatment increased the anti-invasive effect of TMZ in T98G in normoxia (p<0.0001) 

(Figure 94. b). 

Table 32. Digital data of the rates of wound area with TMZ, Fisetin, and TMZ+Fisetin treatment in 

T98G.   

 Control TMZ Fisetin TMZ + Fisetin 

0h 100% 100% 100% 100% 

24h 21,26% 72,78% 90,07% 101,16% 
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Figure 94. The effect of TMZ, Fisetin, and TMZ+Fisetin on cell invasion and migration with wound 

healing assay in T98G cell line under normoxic conditions. a) Representative images at 4× at 0, 6, 18, 

& 24h (scalebar: 620 µm). b) Graphical representation of the percentages of cells in each wound area. 

The data shown is representative of three independent experiments. Bars represent mean ± S.D. 
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4.5.2. The effects of TMZ, Fisetin and TMZ+Fisetin on Wound Healing in A172 

 

            In A172, almost 73%, 32% (p<0.0001), and 27% (p<0.0001) of the wound 

areas were closed 24 hours after dosing in the control, TMZ, and fisetin groups, 

respectively (Table 33). Fisetin alone showed a similar effect to TMZ. Although 

wound healing was directly proportional over time in these groups, this was not 

observed in the combination group (Figure 95. a). Wound area of TMZ+Fisetin 

treatment resulted in 96,99% which was enhanced compare the TMZ (p<0.0001) 

(Figure 95. b). This finding appeared to enhance the effectiveness of TMZ and it had 

been found that correlation between TMZ and TMZ+Fisetin was significant 

(p<0.0001) (Figure 95. b). A similar successful anti-invasive and anti-migratory 

property of TMZ and TMZ+Fisetin therapy was emphasized, with a difference of only 

4% between T98G and A172 in both groups (Figure 96). 

Table 33. Digital data of the average percentages of wound gap with TMZ, Fisetin, and TMZ+Fisetin 

treatment in A172. 

 Control TMZ Fisetin TMZ + Fisetin 

0h 100% 100% 100% 100% 

24h 27,03% 68,55% 72,98% 96,99% 

 



133 
 

a)

 

b) 

C
ontr

ol

TM
Z

Fis
et

in

TM
Z+Fis

et
in

0

50

100

W
o

u
n

d
 A

re
a

 (
%

)

0h

24h

✱✱

✱✱

 

Figure 95. The effect of TMZ, Fisetin, and TMZ+Fisetin on cell invasion and migration with wound 

healing assay in A172 cell line a) Representative images at 4× at 0, 6, 12, & 24h. b) Graphical 

representation of the percentages of cells in each wound area. Bars represent mean ± S.D. 
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Figure 96. Comparative analysis of the anti-invasive and anti-migrative effect of TMZ, Fisetin, and 

TMZ+Fisetin treatment in two different GBM cell lines (T98G and A172). Bars represent mean ± S.D. 

 

4.5.3. The effects of TMZ, Fisetin and TMZ+Fisetin on Wound Healing in         

A172-R 

 

            A172-R cells were treated with effective doses of TMZ and fisetin for 24h and 

images of wounded monolayers were taken at 4× at 0-6-12-24h. The wound widths 

were shown after subsequent observation of the number of cells/field for required time 

in Figure 97. a. In untreated cells, closure of wound width was 69.49% at the end 24h 

of treatment (Table 34). Interestingly, the percentage of wound area in the TMZ alone 

group was significantly reduced to 39.44% compared to the untreated group, which 

was higher in the TMZ-sensitive A172 (see 4.5.2). Thus, statistical significance was 

also obtained when this decrease between TMZ treatment in resistant (A172-R) and 

non-resistant (A172) cell lines were compared (p<0,0001) (Figure 98). Fisetin alone 

was able to inhibit that wound closure up to 68,46% (Table 34). The wound closure 

was 13.23% showing strong migration-repressing effect caused by TMZ+Fisetin 

treatment even in acquired resistant cell line when TMZ was not effective enough and 

that change was significant (p<0,0001) (Figure 97. b). Notingly, there was a visible 
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intact appearance protecting wound width at the wound line border in the TMZ+Fisetin 

treatment (Figure 97. a). In summary, Fisetin alone and combination with TMZ 

enhanced the anti-invasive and migrative ability and improved effect of TMZ under 

normoxic conditions in A172-R cells (p<0,0001) (Figure 97. b). 

Table 34.  Digital data of the average rates of wound width with TMZ, Fisetin, and TMZ+Fisetin 

treatment on A172-R. 

 Control TMZ Fisetin TMZ + Fisetin 

0h 100% 100% 100% 100% 

24h 30,51% 39,44% 68,46% 86,77% 

 

a) 
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b) 

 

 

Figure 97. The effect of TMZ, Fisetin, and TMZ+Fisetin on cell invasion and migration with wound 

healing assay in A172-R cell line a) Representative images taken at 4× at 0, 6, 12, & 24h (scalebar: 620 

µm). b) Graphical representation of the percentages of scratch area in each group. 
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Figure 98. Comparative analysis of TMZ-sensitive A172 and acquired TMZ-resistant A172-R cell line 

in terms of treatment with TMZ, Fisetin, and TMZ+Fisetin. The data shown is representative of three 

independent experiments. Bars represent mean ± S.D. 



137 
 

4.5.4. The effects of TMZ, Berberine and TMZ+Berberine on Wound Healing in 

T98G 

 

            In the untreated group, wound width at 24h was observed as 26.37% (Table 

35). When treated with IC50 values, at the end of 24h, the open wounded areas in the 

TMZ-only, Berberine-only, and TMZ+Berberine groups were 71,39%, 101,29%, and 

94,18%, respectively (Table 35). The wound width was 101,29% when T98G cells 

were treated with berberine alone and it proved its anti-migrative ability (Figure 99. 

a). In addition to this, it meant that only 5,82% of the wounded area was closed for the 

TMZ+Berberine treatment and it appeared to enhance the effectiveness of TMZ 

(Figure 99. b). This difference between TMZ and TMZ+Fisetin was appeared to be 

significant (p<0,0001) (Figure 99. b). 

Table 35. Digital data of the average rates of wound width with TMZ, Berberine, and TMZ+Berberine 

treatment in T98G.  

 Control TMZ Berberine TMZ + Berberine 

0h 100% 100% 100% 100% 

24h 26,37% 71,39% 101,29% 94,18% 
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a) 

 

b) 

 

Figure 99. The effect of TMZ, Berberine, and TMZ+Berberine on T98G cell migration and 

invasiveness via wound healing assay a) Representative images at 4× at 0, 6, 18, & 24h. b) Graphical 

representation of the percentages of width in each wound area. Bars represent mean ± S.D. 
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4.6. Effects of Flavonoids Alone and in Combination with TMZ on Colony 

Formation Ability of GBM Cells 

 

4.6.1. The effects of TMZ, Fisetin and TMZ+Fisetin on Colony Formation in 

T98G 

 

            The effects of effective doses of TMZ, Fisetin and combination treatment on 

adhesion-independent cell proliferation was tested via colony formation assay. TMZ-

alone decreased colony number by 98,73% (78,4-fold) after 24h (Figure 100. a). There 

were 13,17% of colonies and 7,6-fold inhibition of colonies obtained in fisetin 

treatment compared to control (p<0,0001) (Figure 100. b). On the other hand, the 

combined therapy inhibited the number of 99,58% colonies formed (235,3-fold more 

compared to the untreated cells; p<0,0001) (Figure 100. a). The number of colonies 

formed by T98G decreased, and their migration rates slowed upon TMZ+Fisetin 

compared to untreated and TMZ-only treated cells (p<0.0001) (Figure 100. b). 

a)  

 

b) 

 

Figure 100. The ability of inhibition of colony formation with TMZ, Fisetin, and TMZ+Fisetin 

combined treatment in T98G cell line a) Representative colony images b) Graphical representation. 
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4.6.2. The effects of TMZ, Fisetin and TMZ+Fisetin on Colony Formation in A172 

 

             In A172, when cells were treated with TMZ, Fisetin and TMZ+Fisetin for 24h, 

colony numbers were 3,18%, 22,78% 0,87%, respectively (Figure 101. b). TMZ was 

able to inhibit colony numbers 31,4-fold (p<0,0001) and counted colonies were 

reduced 4,3-fold (p<0,0001) with the fisetin treatment as a result of comparison of 

untreated group (Figure 101. a). However, TMZ+Fisetin treatment successfully 

decreased almost 115-fold (p<0,0001) colonies formed compared to control (Figure 

101. a). When A172 and T98G cells were compared, it was concluded that 

TMZ+Fisetin treatment produced a significant (p<0,0001) response and enhanced the 

activity of TMZ in both A172 and T98G cell lines (Figure 102). 

a) 

  

b)                                                                     

                                        

Figure 101. The ability of inhibition of colony formation with TMZ, Fisetin, and TMZ+Fisetin 

combined treatment in A172 cell line a) Representative colony images b) Graphical representation.  
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Figure 102. Comparison of the colony formation effect of TMZ, Fisetin, and TMZ+Fisetin treatment 

in two different GBM cell lines (T98G, A172). 

 

4.6.3. The effects of TMZ, Berberine and TMZ+Berberine on Colony Formation 

in T98G 

 

            Treatments of TMZ, and Berberine alone and in combination were observed 

for 24h in the colony formation assay. At the end of 24h, the number of colonies in the 

TMZ group was reduced to less than 3%, and this inhibition was almost 35 times 

greater than in control cells (p<0,0001) (Figure 103. a). Number of colonies counted 

was 27.87% (3.58-fold; p<0,0001) in berberine treatment alone (Figure 103. b). 

Combination treatment of TMZ and berberine reduced the number of colonies formed 

to 0.54%, resulting in 183.3-fold colony reduction compared to untreated group 

(p<0,0001) (Figure 103. b). 

a) 
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b) 

 

Figure 103. The ability of inhibition of colony formation with TMZ, Berberine, and TMZ+Berberine 

combined treatment in T98G cell line a) Representative colony images b) Graphical representation. 

 

4.7. Effects of Flavonoids Alone and in Combination with TMZ on Tumor Size in 

a 3D Culture Model of GBM Cells 

 

4.7.1. Effects of TMZ, Fisetin and TMZ+Fisetin on Tumor Size in a 3D Culture 

Model of T98G  

 

            3D tumor spheres were constructed to assess hypoxic (Bhattacharya et al., 

2020) and stemness (Zhou et al., 2011) properties. The tumoroid size of the control 

group, when considered as 100% at 0h, increased to 201.84% at the end of 24h (Table 

36). Tumor size was found to decrease control group by 37.92% corresponding to 24h 

TMZ treatment. With fisetin treatment, the spheroid size percentage was found to be 

59.62%. Reduction of the size by 41.13% was measured which was the highest 

inhibition rate of all treated groups representing the group of TMZ+Fisetin treatment 

(Table 36). TMZ, Fisetin and TMZ+Fisetin decreased the size of 3D tumor spheres 

formed by T98G cells (p<0.0001) (Figure 104. b). It was observed that TMZ+Fisetin, 

and especially fisetin-alone, suppressed the proliferative characteristic of the cells 

compared to the morphologically scattered and proliferative cells formed by the effect 

of TMZ (Figure 104. a). 
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Table 36. The percentages of tumor spheroid sizes of each experimental group (TMZ, Fisetin and 

TMZ+Fisetin) compared to 0h in T98G. 

 Control TMZ Fisetin TMZ + Fisetin 

0h 100% 100% 100% 100% 

120h 201,84% 62,08% 59,62% 58,87% 
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Figure 104. a) 3D tumor sphere generation over time (in 5 days) and tumor size difference in each group                        

b) Graphical representation of the effect of TMZ, Fisetin and TMZ+Fisetin on spheroids. 
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4.7.2. Effects of TMZ, Berberine and TMZ+Berberine on Tumor Size in a 3D 

Culture Model of T98G  

 

            When the untreated group at 0h was compared with the treated groups at 120h, 

the obtained data were statistically significant (p<0,0001) (Figure 105. b). At the end 

of 120h, spheroid size increased 2-fold in the control cells, decreased 2.63-fold in the 

TMZ-treated group, 2.45-fold in the berberine-treated group, and 2.61-fold in the 

combined group (Table 37). In the Berberine and TMZ+Berberine groups, an 

appearence that protects the sphere structure and does not disperse was observed, and 

thanks to this feature, it was concluded that the proliferative interaction of the tumoroid 

was minimized, similar to fisetin (Figure 105. a). 

Table 37. The percentages of spheroid sizes of each experimental group (TMZ, Berberine and 

TMZ+Berberine) compared to 0h in T98G. 

 Control TMZ Berberine TMZ+Berberine 

0h 100% 100% 100% 100% 

120h 201,84% 62,08% 59,31% 61,75% 

 

a) 
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b) 
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Figure 105. a) 3D tumor sphere generation over time and tumor size difference in each group                             

b) Graphical representation of the effect of TMZ, Berberine and TMZ+Berberine on tumoroids. 

 

4.8. Evaluation of Cells in Hypoxic Environment on the Effects of Drug 

Resistance Mechanisms  

 

4.8.1. Effects of TMZ, Fisetin and TMZ+Fisetin on Wound Healing in T98G in 

Hypoxic Environment 

 

            The treatment effects were captured under the microscope at 4X at 24h after 

dosing with TMZ, Fisetin, and TMZ+Fisetin to observe the migration properties of 

cells in the hypoxic environment (Figure 106. a). Intermediate-hour observations were 

not photographed to be able to preserve hypoxic conditions as much as possible. In 

control cells wound area was 15,22% and with TMZ treatment it was increasing to 

70,12% (Table 38). The average percentages of wound areas in fisetin and 

TMZ+Fisetin treatment were 97,35% and 99,87%, respectively (Table 38). Fisetin was 

more effective to inhibit migratory effect and combination therapy was also preserved 

its anti-migratory ability in hypoxia (Figure 106. b). 
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Table 38.  Digital data of the average rates of wound width with TMZ, Fisetin, and TMZ+Fisetin 

treatment in T98G under hypoxia conditions.  

 Control TMZ Fisetin TMZ+Fisetin 

0h 100% 100% 100% 100% 

24h 15,22% 70,12% 97,35% 99,87% 

 

a) 
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Figure 106. The effect of TMZ, Fisetin, and TMZ+Fisetin on cell invasion and migration with wound 

healing assay in T98G cell line under hypoxic environment a) Representative images taken in 4× at 0 

and 24h (scalebar: 620 µm). b) Graphical representation of the percentages of cells in each wound area. 

The data shown is representative of three independent experiments. Bars represent mean ± S.D. 

 

4.8.2. Effects of TMZ, Fisetin and TMZ+Fisetin on Wound Healing in A172 in 

Hypoxic Environment 

 

            To investigate the migratory characteristics of A172 cells in the hypoxic 

environment, the treatment effects were photographed under an inverted microscope 

at 4X objective at 24 hours after dosing with TMZ, Fisetin, and TMZ+Fisetin (Figure 

107. a). The wound area in control cells was 24,27% and after treatment with TMZ, it 

increased only to 32,89% (Table 39). Fisetin and TMZ+Fisetin treatments had wound 

area percentages of 54,15% and 44,99%, respectively (Table 39). Combination therapy 

also kept its anti-migratory activity under hypoxia. Notingly, fisetin alone treatment 

was more effective at inhibiting the migratory impact among all groups in hypoxic 

environment. Although there was a serious decrease in the efficacy of TMZ treatment 
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compared to the normoxia, fisetin and the combined treatment were also successful in 

increasing the efficacy of TMZ in hypoxia (Figure 107. b). 

Table 39. Data of average percentages of wound area of each experimental group in A172 in hypoxia. 

 Control TMZ Fisetin TMZ+Fisetin 

0h 100% 100% 100% 100% 

24h 24,27% 32,89% 54,15% 44,99% 

 

a)  
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Figure 107. The effect of TMZ, Fisetin, and TMZ+Fisetin on cell invasion and migration with wound 

healing assay in A172 cell line under hypoxic environment a) Representative images taken in 4× at 0 

and 24h (scalebar: 620 µm). b) Graphical representation of the percentages of cells in each wound area. 

The data shown is representative of three independent experiments. Bars represent mean ± S.D.  

 

4.8.3. Effects of TMZ, Berberine and TMZ+Berberine on Wound Healing in 

T98G in Hypoxic Environment 

 

                The treatment effects were captured using an inverted microscope at 4X 

objective at 24 hours after dosing with TMZ, Berberine, and TMZ+Berberine in order 

to examine the migratory features of T98G cells in the hypoxic environment (Figure 

108. a). After receiving TMZ treatment, the wound area rose to 70,12% which was 

15,22% in control cells (Table 40). Wound width was almost only 3% after berberine 

alone treatment (Table 40). Wound area percentage for TMZ+Berberine treatment was 

93,06%, respectively (Table 40). Under hypoxia, combination treatment maintained 

its anti-migratory effects. In a hypoxic environment, it should be noted that berberine 

alone treatment was even more successful at suppressing the migratory impact across 

all groups (Figure 108. a). Even in hypoxia, berberine and the combined therapy were 

effective in enhancing TMZ efficacy in comparison to normoxia (Figure 108. b). 
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Table 40.  Digital data of the average rates of wound width with TMZ, Berberine, and TMZ+Berberine 

treatment in T98G in hypoxia. 

 Control TMZ Berberine TMZ+Berberine 

0h 100% 100% 100% 100% 

24h      15,22% 70,12% 97,06% 93,06% 

 

a) 
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Figure 108. The determined effect of TMZ, Berberine, and TMZ+Berberine on cell invasion-migration 

with wound healing assay on T98G cell line under hypoxic environment a) Representative images taken 

in 4× at 0 and 24h (scalebar: 620 µm). b) Graphical representation of the percentages of cells in each 

wound area. The data shown is representative of three independent experiments. Bars represent mean ± 

S.D.  

 

The effect of combining fisetin and berberine with TMZ was investigated in 

the current investigation in GBM. The effective dose of berberine was about ten times 

that of fisetin, and it also decreased non-tumor cell viability to almost 44% in 24 hours. 

Berberine failed to elevate TMZ's sole treatment when controlling apoptosis. 

Additionally, the necrotic cells increased by almost 10-fold compared to fisetin after 

berberine therapy. According to our findings, fisetin was chosen for the molecular 

analysis since it could be most effective at the lowest dose in this situation. 
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4.9. Effects of the Selected Flavonoid on the Expression Levels of Drug 

Resistance-Related Genes in GBM Cells 

 

            The effect of treatment of TMZ, Fisetin alone or in combination with TMZ on 

the mRNA expression levels of two different genes (MSH2 of the MMR mechanism 

and EMT marker ZEB1), which are of great importance in TMZ drug resistance, were 

analyzed in T98G, A172, A172-R and statistically detailed for each group. 

4.9.1. Determination of the Effect of TMZ and Fisetin Alone and in Combination 

on MSH2 Expression Levels in GBM Cells 

 

           The effects of 24-hour treatment of effective doses of TMZ, Fisetin and 

TMZ+Fisetin in T98G, A172 and A172-R cell lines on the transcription level of the 

MSH2 gene were analyzed referring 3.2.9.2 and 2–∆∆Ct values were calculated (Table 

41). In the T98G cell line, treatment of TMZ, Fisetin, and TMZ+Fisetin resulted in 

significant increase in MSH2 mRNA levels of 9.95-fold (p<0.0001), 8.59-fold 

(p<0.0001) and 8.58-fold (p=0,0003), respectively, compared to control cells (Figure 

109. a). When the TMZ and TMZ+Fisetin groups were compared, no significant 

change was detected (p=0,1069) (Figure 109. a). In A172, there was a significant 

increase in the differences in MSH2 gene expression levels of the TMZ (30.93-fold), 

Fisetin (3.78-fold) and TMZ+Fisetin (10.04-fold) groups (p<0,0001) compared to 

control (Table 41) and the comparison between TMZ and TMZ+Fisetin showed 

significant difference (Figure 109. b) (p<0,0001). In the cell line with acquired TMZ 

resistance (A172-R), MSH2 gene expression levels also increased significantly, 4.43-

fold in TMZ (p=0,0249) and 5,52-fold in TMZ+Fisetin (p<0,0001) with comparison 

of control (Table 41). When the effective dose of fisetin alone was compared with the 

untreated group, no significant change (p=0,0521) was found in the mRNA levels of 

MSH2 (Figure 109. c). Although no significant difference was observed between TMZ 

and TMZ+Fisetin (p= 0,3334), it was observed that the combination therapy caused 

the greatest increase in MSH2 among all groups in A172-R (Figure 109. c). 

 

 



153 
 

Table 41. Expression levels of MSH2 gene in T98G, A172 and A172-R cells. 

  2^–∆∆Ct      p value          T fold 

T98G       

 TMZ 9,949 <0,0001 40,15 9,949 

 Fisetin 8,589 <0,0001 29,07 8,589 

 TMZ+Fisetin 8,58 0,0003 12,18 8,58 

A172      

 TMZ 30,93 <0,0001 88,17 30,93 

 Fisetin 3,78 <0,0001 183,4 3,78 

 TMZ+Fisetin 10,04 <0,0001 1412 10,04 

A172-R      

 TMZ 4,434 0,0249 3,501 4,434 

 Fisetin 1,731 0,0521 2,736 1,731 

 TMZ+Fisetin 5,526 <0,0001 28,61 5,526 

 

 

 

Figure 109. Graphical representation of the effect of TMZ, Fisetin and TMZ+Fisetin combination on 

MSH2 gene expression levels in a) T98G, b) A172 and c) A172-R cell lines (*p<0,05, **p<0,0001). 

 

4.9.2. Determination of the Effect of TMZ and Fisetin Alone and in Combination 

on ZEB1 Expression Levels in GBM Cells 

 

            As a result of the treatment of effective doses of TMZ, Fisetin and 

TMZ+Fisetin, it was determined in T98G that the expression levels of the ZEB1 gene 

were statistically significantly reduced compared to control cells (7,52-fold 

(p<0,0001); 34,32-fold (p<0,0001); 13,41-fold (p<0,0001), respectively (Table 42). A 

statistically significant difference emerged as a result of comparison of TMZ alone and 

combined treatment (p=0,0003) (Figure 110. a). Notingly, the comparison between 
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TMZ and TMZ+Fisetin was significant due to the 1,78-fold lower ZEB1 expression 

level in the combination treatment (Figure 110. a). In A172, increased expression of 

ZEB1 observed in fisetin treatment alone was not significant compared to control 

(p<0.4896) (Figure 110. b). TMZ and TMZ+Fisetin separately significantly reduced 

ZEB1 levels when compared to the untreated group (p<0.0001), and also when 

compared with each other, this change was not significant (p=0.359) (Table 42). 

Surprisingly, the expression of the ZEB1 gene, which was associated with drug 

resistance, was significantly increased with TMZ treatment in the A172-R cell line, as 

if promoting this chemoresistance (p=0,0035) (Figure 110. c). Interestingly, there was 

a much smaller increase in even fisetin-alone (p=0,2974) and TMZ+Fisetin (p= 

0,0698) treatment according to TMZ and these increases were not significant for 

control. Moreover, a significant 6,75-fold difference was found between TMZ and 

TMZ+Fisetin treatment (p=0.0362). 

 

Table 42. Expression levels of ZEB1 gene in T98G, A172 and A172-R cells. 

  2^–∆∆Ct p value T fold  

T98G       

 TMZ 0,1329 <0,0001 150191667 -7,524 

 Fisetin 0,02914 <0,0001 62 -34,317 

 TMZ+Fisetin 0,07453 <0,0001 182,8 -13,417 

A172      

 TMZ 0,02586 <0,0001 526,6 -38,669 

 Fisetin 1,462 0,4896 0,7599 1,462 

 TMZ+Fisetin 0,02823 <0,0001 720 -35,423 

A172-R      

 TMZ 46,86 0,0035 8,474 46,86 

 Fisetin 5,141 0,2974 1,258 5,141 

 TMZ+Fisetin 6,933 0,0698 2,766 6,933 
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Figure 110. Graphical representation of the effect of TMZ, Fisetin and TMZ+Fisetin combination on 

ZEB1 gene expression levels in a) T98G, b) A172 and c) A172-R cell lines (*p<0,05, **p<0,0001). 

 

4.10. Validation of data from in-vitro analyzes in primary cultures prepared from 

tumors from GBM patients 

 

             In this study, clinical samples taken after surgical resection of three different 

patients who were diagnosed with primary GBM and did not receive preoperative 

chemotherapy were included as described in 3.2.1. 

4.10.1. Tumor characterization of primary cultured GBM patients 

 

                  Considering the IHC results, IDH was negative for all GBM patients in the 

study (Table 43), GBM status was interpreted as elevated aggressiveness group as 

described before in 2.1.3.1.1. Considering the immunohistochemical results in the 

GBM patient population, glial fibrillary acidic protein (GFAP), Olig-2 and H3K27me3 

were positive in each patient (Table 43). In addition, NFP was positive in neurophil 

and NeuN was positive in neurons (Table 43). In opposite trend, IDH-1 and ATRX 

were negative in patients (Table 43). H3K27M status was also negative in two patients 

but it was unclear whether negative or not for the 3rd patient (Table 43). Ki-67 results 

were found as 30%, 30% and 25% positive in patients, respectively (Table 43). The 

p53 values were determined as 30% positive in the first patient, 20% positive in the 

second patient, and 3% positive in the third patient (Table 43). 
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Table 43. Reports of patient data and immunohistochemical results of the primary GBM patient 

population. 

 Patient 1 Patient 2 Patient 3 

Diagnosis GBM WHO Grade IV GBM WHO Grade IV GBM WHO Grade IV 

Sex  Female Female Female 

Age 49 40 75 

IHC Results     

GFAP Positive Positive Positive 

Olig-2 Positive Positive Positive 

IDH-1 Negative Negative Negative 

ATRX Negative Negative Negative 

P53 30% Positive 20% Positive 3% Positive 

Ki-67 30% Positive 30% Positive 25% Positive 

NFP positive in neuropil positive in neuropil positive in neuropil 

NeuN positive in neurons positive in neurons positive in neurons 

H3K27M Negative Negative Unknown 

H3K27me3 Positive Positive Positive 

 

4.10.2. The effects of TMZ, Fisetin and TMZ+Fisetin treatment on the expression 

levels of genes related to drug resistance in GBM patients 

 

4.10.2.1. The effects of TMZ, Fisetin and TMZ+Fisetin treatment on MSH2 gene 

expression levels in GBM patients 

 

            When TMZ, Fisetin and TMZ+Fisetin treatments were applied to three 

different patients with GBM diagnoses, the effects on MSH2 gene expression levels 

were calculated numerically (2–∆∆Ct) (Table 44). As a result, no significant change was 

found in the mRNA levels of the relevant gene at the effective doses of TMZ, Fisetin, 

and TMZ+Fisetin compared to control (p=0.1639; p=0.3216; p=0.1529, respectively) 

(Table 44). However, when all treatment groups were compared, the greatest increase 

in MSH2 expression levels was achieved in the combined group (Figure 111). 

Table 44. Expression levels of MSH2 gene in GBM patient population. 

   2^–∆∆Ct p value T fold  

Patient Population      

 TMZ 2,094 0,1639 1,703 2,094 

 Fisetin 5,358 0,3216 1,13 5,358 

 TMZ+Fisetin 7,649 0,1529 1,762 7,649 
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Figure 111. Graphical representation of the effect of TMZ, Fisetin and TMZ+Fisetin combination on 

MSH2 gene expression levels in GBM patient population. Each round represents different GBM patient. 

 

4.10.2.2. The effects of TMZ, Fisetin and TMZ+Fisetin treatment on ZEB1 gene 

expression levels in GBM patients 

 

            When the ability of three different treatment methods (TMZ, Fisetin, and 

TMZ+Fisetin) to reduce the expression level of the ZEB1 gene in three different GBM 

patients was examined, it was determined that the treatment methods did not provide 

a significant decrease compared to the control (Table 45). Remarkably, a highest 

reduction in ZEB1 mRNA expression levels was observed with TMZ+Fisetin 

treatment (Figure 112). 
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Table 45. Expression levels of ZEB1 gene in GBM patient population. 

  2^–∆∆Ct p value T fold 

Patient Population      

 TMZ 1,071 0,9314 0,09156 1,071 

 Fisetin 1,403 0,7643 0,3209 1,403 

 TMZ+Fisetin 0,3996 0,0594 2,611 -2,502 

 

 

Figure 112. Graphical representation of the effect of TMZ, Fisetin and TMZ+Fisetin combination on 

ZEB1 gene expression levels in GBM patient population. Each round represents different GBM patient. 
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5. DISCUSSION AND CONCLUSION 

            GBM is a brain tumor in stage IV of the whom classification, the most 

aggressive, the most lethal, and the most limited treatment, which can become resistant 

to this treatment, and the patient survival is still limited to 12.6 months (Mesfin et al., 

2023; Van Gool et al., 2022). Thanks to its advantages, such as crossing the BBB, the 

response to the chemotherapy drug TMZ, which has been used as standard 

chemotherapy for years, may vary according to GBM characterization. Due to its 

different character, GBM patients can resist genetic and epigenetic changes and 

treatment-related acquired chemotherapy and do not respond well to treatment. 

Although the methylation status of MGMT was one of the first changes detected in 

patients' association with TMZ response, it does not constitute a direct link (Hegi et 

al., 2008). Indeed, there is an urgent need to evaluate new biomarkers in order to be a 

potential predictive and prognostic biomarker for the patient's response to treatment 

and resistance (Wick et al., 2014). Accordingly, this study investigated the ability of 

another DNA repair protein MSH2 and the EMT biomarker ZEB1 in non-resistant, 

intrinsic, and acquired resistant cell lines and patients. In addition, changes in the 

mRNA levels of these genes were observed when treated with TMZ and flavonoid 

alone or in combination with the drug. 

             The interactions of two natural flavonoids, fisetin, and berberine, which can 

be taken as a supplement and are present in various fruits, vegetables, and plants, alone 

and in combination with TMZ in GBM, were investigated. The initial finding was that 

fisetin did not cause a cytotoxic effect on non-tumor cells (L929) with fibroblast 

morphology as T98G and A172, even at doses almost 5-fold higher than the effective 

dose. In addition, in the literature, the cytotoxic effect of fisetin in a healthy lung cell 

line (BEAS-2B) was found only at a dose much higher than the active dose (270 

µmol/L) (Pak, & Oztopcu-Vatan, 2019). TMZ + Fisetin combined treatment in T98G 

showed a similar cytotoxic effect to TMZ (p>0,005). The combination of fisetin with 

TMZ on T98G cell proliferation was discussed for the first time in the literature. Since 

the cell viability of GBM cell line T98G declined significantly in a time- and dose-

dependent manner by fisetin compared to healthy cells and preserved the lethal effect 

of fisetin in A172 at high doses indicated that these GBM cells were sensitive to these 

doses of fisetin. In A172, the capacity of fisetin to inhibit cell viability contributed to 
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the TMZ-induced anti-proliferative effect with an additive effect, and interestingly, 

fisetin-alone produced a significant reduction in cell viability. This study provided 

novel insights into the effect of fisetin alone and in combination with TMZ in A172. 

Given the results of fisetin and TMZ having an additive effect on each other, showing 

their usability together with contributing to each other's effects, this may indicate a 

potential candidacy for fisetin to be used in GBM therapy. 

             For berberine, non-cancerous L929 cell viability was approximately 45% 

when dosed with the effective berberine dose of A172 (113,5 µmol/L). Whereas it was 

found in the literature that cell viability decreased below 40% even at a dose lower 

than half of this effective dose (50 µmol/L) in a non-cancer human dermal fibroblast 

(Agnarelli et al., 2018). In both GBM cells (T98G and A172) dosed with 200 µmol/L 

berberine, berberine caused a much more cytotoxic effect and reduced cell viability to 

approximately 10% in cancer cells (p<0.0001). Although TMZ and berberine had 

antagonistic effects in T98G in this study, it had been shown that berberine affected 

the Bax/Bcl2 ratio and activated caspase-3, directing T98G to apoptosis (Eom et al., 

2008) and reducing TMZ resistance in TMZ-resistant U87MG-R cells (Qu et al., 

2020). Berberine was used to prove that TMZ resistance suppression also via MAPK 

pathway in the U87MG-R cell line (Qu et al., 2020) and had a migration inhibitory 

role in T98G, U87MG, and primary culture (Irina et al., 2021) in the literature. 

However, to our best knowledge, no TMZ and berberine cotreatment examples were 

found in T98G. In spite of the fact that there was also a lack of involvement in the 

effects of berberine on A172 cells in the literature, it had been found in this study that 

TMZ and berberine treatment had additive effects. The two different synergistic scores 

in two different GBM cell lines may be due to their different features. Berberine, which 

caused close to 64% cell death even in the treatment alone, increased the anti-

proliferative effect of TMZ in A172 and caused more than 91% cell death in the 

combined treatment. 

            Because there are significant differences between innately resistant cancer cells 

and cancer cells that acquire resistance over time, well-characterized chemoresistant 

cell lines, preferably originating from a standard susceptible parental cell line, need to 

be developed to achieve the most effective therapeutic results. A previous study 

generating resistant cell lines and screening for innate resistance colonies in the same 
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cell line provided new insights into the critical differences in these two cell populations 

for hepatocellular carcinoma (Meena et al., 2013). Therefore, the current study 

developed a chemoresistant cell line model to understand the phenomenon of 

resistance to chemotherapeutics (TMZ) and was often seen as a model of evolution in 

cancer and a tool for discovering new drugs that may be more effective against cancer. 

Eventually, the TMZ-resistant (A172-R) cell line was obtained from the TMZ-

sensitive (A172) cell line by intermittent exposure to increasing doses of TMZ for 

approximately one and a half years. During the process, cell viability rates were 

evaluated, and it was proved that the effective doses of TMZ were killing the A172-

350-R and A172-450-R cells, but this phenomenon was changing over time. Upon a 

time when cells were expected to gain resistance to long-term treatment of TMZ doses, 

it was consistent with our findings in A172-550-R cell lines. The ability of 550 µmol/L 

and 900 µmol/L doses of TMZ to inhibit cell viability was not significant compared to 

the control, and cell viability was 100,60%, and 97%, respectively, which proves this 

hypothesis. Since A172 was expected to gain resistance up to the TMZ IC50 dose, by 

increasing the TMZ dose to 750µmol/L, TMZ-induced cell death did not increase 

above 13% in A172-750-R cells. When cell viability analysis was performed in cells 

that became resistant to 900µmol/L TMZ dose over time and still had 70% confluence 

at a given dose, it was observed that TMZ-induced cell death was also at a low level. 

When the same effective dose of TMZ was given to A172 parental strain, even the 

highest vitality was over 35%, while 65% viability was observed in A172-900-R, 

which showed that its sensitivity to TMZ was successfully decreased (p<0,0001). The 

effects of fisetin in cell line that became resistant to the chemotherapeutic agent due to 

long-term exposure to TMZ (A172-900-R) had been reported for the first time, noting 

a significant reduction in the lethality of TMZ as resistance gained. Hence, the resultant 

A172-900-R lines were less sensitive to an effective dose of TMZ compared to its 

parental strain A172 but when treated with effective doses of TMZ+Fisetin, cell 

viability of resistant cell lines were decreasing nearly 50%, which may imply the 

effects of fisetin overcoming TMZ resistance. The potential of fisetin, which has been 

found to be able to overcome radioresistance with ER stress in liver cells (Kim, 2023) 

and cisplatin resistance with pathways such as caspase in lung adenocarcinoma (Zhuo 

et al., 2015), in combination with TMZ and its first-time-mentioned usability 
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overcoming TMZ resistance in T98G, A172 and A172-R cells can pave a path for the 

future studies.  

            Until now, fisetin's senolytic effect on the T98G cell line and its effect on 

apoptosis (Pak, & Vatan, 2019) had been mentioned, as well as fisetin's effect on GBM 

senescence in another GBM cell line (Beltzig et al., 2022) but its effects on tumor 

aggressiveness had not been shown in combination with TMZ. The obtained data on 

the effect of fisetin causing apoptosis was in agreement with previous studies, which 

found that fisetin induced apoptosis in GBM cells due to its senolytic effect (Beltzig 

et al., 2022), and in human cervical cancer, HeLa cells through pathways such as Akt 

(Afroze et al., 2022). What we found in this study was that fisetin induced apoptosis 

(70%) and additively affected the apoptosis-promoting capacity of TMZ in TMZ-

resistant T98G cells (p<0,0001) by increasing total apoptotic cells to almost 80%, 

mainly early apoptotic ones via Annexin V assay. In morphological analysis to identify 

the mode of fisetin-induced cell death, horseshoe-shaped cells representing apoptotic 

cells were in apparent enhancement, and viable cells were in profound distinction with 

fisetin and TMZ+Fisetin treatment in both T98G and A172 cell lines. Notably, when 

the same areas were quantifiably evaluated with HALO AI, the results were consistent 

with Annexin V flow cytometry regarding having fewer necrotic cells than TMZ in 

TMZ+Fisetin in T98G. Likewise, the quantitative number of necrotic cells, which were 

not desirable due to several patterns like release of their intracellular contents, were 

increased during TMZ treatment in T98G and A172 cells, and what was noteworthy 

was that fisetin and TMZ+Fisetin treatment decreased the number of necrotic cells in 

both cell lines. Prior research showed that the apoptotic death rate of cisplatin in T98G 

and A172 cell lines used in our study was explained by p53-WT and mutant status 

(Park, & Kim, 2002). It had been determined in human renal carcinoma caki cells that 

fisetin associated with p53 stimulation increased apoptosis (Min et al, 2017). As 

apoptosis increases with the presence of p53, it may be predicted that the increase in 

apoptosis may also be triggered by fisetin in GBM. According to the literature, we 

assumpted that since p53 was related to apoptosis, treatment with fisetin could increase 

the rate of apoptosis in p53 dependent manner (Min et al., 2017) also in these two 

GBM cell lines, but more systematic and theoretical analysis is required to demonstrate 

it. 
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             There may be differences in the presence of p53 in directing TMZ-induced 

apoptosis (Roos et al., 2007). While apoptosis is directed by decreasing the Bax/Bcl2 

ratio and interacting with caspase-3 and 9 in p53 mutant cells, it can be triggered by 

increasing p53 and interacting with caspase-3 and 8 in p53-WT cells (Roos et al., 

2007). In previous studies, fisetin was found to induce p53, reduce the Bax/Bcl2 ratio 

and activate caspase-3, -8, -9 (Rahmani, Almatroudi, Allemailem, Khan, & 

Almatroodi, 2022). Fisetin-induced caspase-3 increase in hepatocellular carcinoma led 

to apoptosis (Chen et al., 2002). Also, DNA damage is an attribution of apoptotic cell 

death (Eom et al., 2008). Hence, if there are low levels of MSH2, the MMR mechanism 

and, thus, this apoptosis cascade is disrupted. Defects in MSH2 are also correlated with 

chemotherapy resistance. Although the T98G and A172 action mechanisms differed, 

the Fisetin and TMZ+Fisetin treatment resulted in increased apoptosis in both. 

Consequently, if fisetin may direct apoptosis by increasing the levels of MMR genes 

such as MSH2 and targeting caspase-3, which is common in the cascade leading to 

apoptosis in TMZ independently of p53, it may be suitable for use alone or in 

combination with TMZ regardless of p53 status and support our similar anti-cancer 

results in T98G (p53-mutant) and A172 (p53-WT). In this study, it was shown that 

MSH2 levels were increasing in fisetin and a combination of TMZ for the first time, 

but this enhancement was not higher than TMZ-alone in T98G and A172; however, in 

acquired TMZ-resistant cells (A172-R), combination therapy was improving the effect 

of TMZ-alone by increasing the MSH2 levels having highest enhancement (more than 

5-fold) among treated groups. It may be hypothesized that TMZ+Fisetin therapy in 

A172-R could successfully increase the number of MSH2 genes, increase the 

sensitivity of cells to TMZ and maybe even lead TMZ-resistant GBM cells more to 

apoptosis. Nevertheless, further analysis is still needed to evaluate the p53 status being 

changed due to resistance. 

            Berberine was also found to cause an increase in early apoptotic cells in the 

U87MG compared to the control (Palma et al., 2020), although berberine was said not 

to trigger apoptosis but senescence in other GBM cell lines (Liu et al., 2015) and its 

combination with TMZ was known as increasing apoptosis in glioma cell (Duan et al., 

2021). Berberine-induced Bax/Bcl2 ratio change and caspase-3 activation alone were 

found to direct T98G to apoptosis (Eom et al., 2008). In our findings, although 
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berberine and its cotreatment with TMZ could not surpass the total apoptosis rate in 

TMZ-alone treatment in T98G, they, mainly TMZ+Berberine, caused a severe increase 

in total apoptosis, especially in late apoptosis, compared to the control. Berberine alone 

caused a more than 10-fold increase in necrotic cells compared to fisetin in T98G. 

            For cancerous cells, when the cell cycle continues, the cells are resistant to 

apoptosis and do not respond to chemotherapeutic agents. Previously in the literature, 

TMZ-induced G2/M cell arrest resulted in U87MG cells (Tai et al., 2021); however, 

our findings in A172 and T98G were that the TMZ-only group was arrested in the S 

phase. In T98G, the fisetin-only group inhibited cell cycle progression in G0/G1 phase, 

while TMZ+Fisetin caused arrest in G2/M. Other investigators had also found that 

fisetin could interrupt the cell cycle in G0/G1 due to induction p53, which has a 

significant role in controlling the cell cycle and altering several cell cycle checkpoints 

in bladder cancer (Li et al., 2011). In previous studies, fisetin had been mentioned for 

its senolytic effect, as it can direct the cell to senescence and stop its proliferation 

(Beltzig et al., 2022). Along with this finding, the information in the literature that G2 

arrest in gliomas was caused by senescence and autophagy (Agnarelli et al., 2018) may 

be associated with the fact that TMZ+Fisetin combined treatment increased arrest in 

the G2/M phase. 

            Consistent with the literature that showed an increase in S phase when exposed 

to both 1- and 2-cycle TMZ doses in A172 cells (Perazzoli et al., 2015), our results 

also concluded an enhancement in S phase arrest with TMZ treatment and disrupting 

cancer cells to undergo proliferative phase. Although this accumulation of the S phase 

was relatively less in fisetin treatment, TMZ+Fisetin increased 3.6-fold compared to 

the control and more than 2-fold compared to TMZ. It was previously shown that 

fisetin reduced CDK2 and cyclin A, which were involved in the S phase in bladder 

cancers (Li et al., 2011).  

It had been found that the induction of berberine caused arrest in the G1 phase 

in T98G (Eom et al., 2008) but in our resultants in the same cell line, TMZ blocked 

the cell cycle in the S phase, while Berberine-only and TMZ+Berberine reduced cells 

in G0/G1 with an associated increase in both S and G2/M phase. A senescence and 

autophagy-induced G2 arrest was also previously detected in the U343 glioma cell line 

(Agnarelli et al., 2018). It had also been investigated that there was an interruption of 
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the cell cycle in the S phase with the combination of berberine and TMZ in glioma 

(Duan et al., 2021). 

             It was not known how the effect of flavonoids (fisetin and berberine) 

concurrent use with TMZ, the chemotherapy drug, and the nature of the effect 

(synergistic, additive, or antagonistic) on TMZ, how the difference between normoxic 

and hypoxic environments affects the effectiveness of these flavonoids on the 

biological processes targeted and on the aggressiveness of the tumor. Our in-vitro data 

showed that fisetin effectively inhibited the migratory effect of GBM cells alone and 

with combination therapy under both normoxia and hypoxia. To represent GBM and 

its microenvironment one step further, wound healing abilities were observed under 

hypoxic conditions. 

            It was demonstrated in triple-negative breast cancer that fisetin up-regulated E-

cadherin and claudin and down-regulated N-cadherin and vimentin to inhibit the EMTs 

process (Li et al., 2018). Again, in the same study, it was found that the PI3K/Akt 

(inhibition) and PTEN (upregulation) pathways, which play an essential role in both 

EMT and TMZ resistance, were also targeted by fisetin (Li et al., 2018). In another 

publication about human renal carcinoma caki cells, there was an induction of p53 

protein expression by fisetin (Min et al., 2017). There was a finding in the literature 

that this p53 also weakened the process of EMT in hepatocellular carcinoma by 

reducing ZEB1 with the help of miRNAs (Kim et al., 2011). It was found that the 

combined use of sorafenib and fisetin in BRAF-mutated melanoma reduced the 

expression of ZEB1, an EMT biomarker (Pal et al., 2016). 

            In the present study, the invasion and migration effects of fisetin and berberine 

on A172 and T98G cells were investigated by the wound scratch assay. When 

untreated cancer cells with a high rate of metastasis and wound closure were used as 

control, a significant decrease in the invasion and migration abilities of T98G and 

A172 cells treated with effective doses of TMZ, Fisetin, and TMZ+Fisetin was 

observed (p<0,0001). In T98G, in the treatment of TMZ, wound closure was observed 

in approximately 27% by preserving the wound area boundaries. With the treatment 

of fisetin-alone, wound closure was reduced to 10%. This GBM cell migration 

suppressive effect of fisetin may be due to its effect on EMT markers (Li et al., 2018; 

Pal et al., 2016). It was noteworthy that this outcome was even stronger when 
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compared to TMZ+Fisetin combination therapy, and it not only prevented wound 

closure but also resulted in a further increase in wound area with scattered cell border 

morphology. Consequently, fisetin and, especially, TMZ+Fisetin treatment 

successfully increased the anti-invasive and migrative effect of TMZ under normoxic 

conditions in T98G cells (p<0.0001). In A172 cells, fisetin alone had a similar effect 

to TMZ, increasing wound opening to almost 73%, but the scratched wound area in 

TMZ+Fisetin after 24h was found to maintain nearly the 0h state of control, with only 

3% wound closure (p<0.0001). 

            In the current study, ZEB1 gene expression levels were also successfully 

reduced in T98G and A172 cell lines by combining TMZ and fisetin. Consonantly, the 

effect of combination therapy on T98G and A172 wound area in a normoxic 

environment agreed with reducing the EMT process by supporting the effect of TMZ 

and fisetin alone.  

The most exciting finding was that TMZ, in the acquired TMZ-resistant A172-

R cells due to long-term drug therapy, did not suppress migration that much compared 

to previous results of parental strain A172 resulting in significant inhibition of wound 

area (p<0,0001). It was an opposite trend compared to the previous finding in A172, 

meaning the inhibition of its effectiveness on tumors. In the A172-R cell line, fisetin 

treatment alone reduced the width of the gap to almost 70%, and with TMZ+Fisetin 

treatment, this wound width was increased up to 86%. Moreover, this value 

significantly increased the wound gap compared to TMZ alone (p<0,0001). 

Remarkably, the combination therapy resulted in a visible intact morphology 

protecting wound width at the wound line boundary, significantly reducing cell 

invasion, migration, and proliferative property with the contribution of fisetin. These 

findings may provide insight into the literature about the effects of fisetin on EMT as 

an anti-migratory agent in TMZ-resistant and non-resistant GBM cells. However, more 

studies are needed to be evaluated. Consonantly, there was a potent inhibition of 

invasion and migration abilities of T98G mainly caused by berberine with wound 

width surpassing 100%. Combination therapy suppressed cell migration and invasion 

ability, and this suppression was even better in berberine-alone treatment by widening 

the wound-scratch area (p<0,0001). It had been previously shown that berberine-

induced metalloproteinase-2 inhibition in T98G suppresses cell migration (Irina et al., 
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2021). This study found that berberine-alone and the combination of TMZ could 

increase the anti-migratory effectiveness of TMZ (p<0,0001). In conclusion, there was 

a significant difference between TMZ and flavonoid-combination treatment in both 

fisetin and berberine in T98G and A172 cell lines, which would increase TMZ efficacy 

under normoxia conditions (p<0.0001). 

            Previously, the hypoxia environment, known to reflect the tumor 

microenvironment better, was compared with the normoxia environment in T98G cells 

(Macharia et al., 2021). It was found that in a hypoxic environment, its morphology 

changed compared to a normoxia environment, and it increased various TMZ 

resistance and GBM-related parameters such as HIF, angiogenesis, stemness, and anti-

apoptotic markers. In another GBM cell line, it had been shown that the signaling axis 

between hypoxia-related HIF and EMT-related ZEB1, both commonly associated with 

TMZ resistance, may play a role in the more decisive mesenchymal shift in hypoxic 

conditions (Joseph et al., 2015). Our results also proved that, in T98G, the percentage 

of wound scratch area in control cells decreased more in a hypoxic environment than 

normoxia, proving that it further increased the invasive and migrative ability of 

cancerous cells. Even in hypoxia, where GBM cells became more resistant to 

chemotherapy, fisetin reduced the excessive migration rate of T98G compared to 

untreated cells. In accordance with our results, the wound closure rate, invasion, and 

migration ability of TMZ increased in a hypoxia environment. Additionally, while 

hypoxia was also correlated with reduced TMZ efficacy, TMZ+Fisetin therapy 

significantly enhanced the success of TMZ, likewise normoxia, in T98G (p<0.0001). 

            In the A172 cell (TMZ-sensitive), the effect of the hypoxic environment on 

TMZ was seen very clearly, as it increased the wound healing rate to almost twice 

compared to normoxia. Combination treatment of fisetin successfully increased TMZ 

efficacy by further opening the wound area, and the other important effect was that 

fisetin alone exhibited an even greater anti-migratory effect than treated groups. In the 

hypoxic environment, albeit slightly, a more invasive wound closure expected in T98G 

control cells and a low effect on the expected wound closure in TMZ treatment were 

observed. Berberine both showed a more influential effect than TMZ in the treatment 

alone and increased the effect of TMZ in combination with TMZ, again supporting 

normoxia conditions. 
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           Consistent with our results of fisetin, reducing number of colonies was found 

in renal cell carcinoma (Hsieh et al., 2019). To our best knowledge, the ability of fisetin 

to reduce colony numbers by enhancing the activity of TMZ has yet to be elaborated 

in GBM cells. In addition, strong effects of fisetin and berberine were shown to 

suppress the ability of cancer cells to form colonies (>50 cells). Primarily, in T98G, 

colony count was reduced by almost 80-fold with TMZ treatment compared to control 

(p<0.0001). Although an almost 8-fold reduction was observed in fisetin alone, this 

colony-reducing effect was strongly enhanced over 235-fold in combination treatment 

with fisetin. (p<0,0001). The solid decrease in the number of colonies in combination 

therapy by increasing the efficacy of TMZ-only showed that cell migration rates of 

cells with TMZ+Fisetin treatment slowed down compared to both control and TMZ 

treatment alone (p<0.0001). In A172, TMZ and fisetin inhibited colony numbers by 

close to 32% and 5%, respectively. While TMZ+Fisetin treatment reduced the majority 

of colonies (115-fold more compared to the untreated cells; p<0,0001). In comparing 

A172 and T98G, fisetin treatment combined with TMZ strongly inhibited the number 

of colonies and produced a significant (p<0,0001), effective, and supportive response 

to TMZ in both cell lines. A study reported that fisetin treatment in human oral 

squamous cell carcinoma suppressed the colony formation ability by PAK4, a gene 

associated with cell proliferation and invasion (Li et al., 2020). Prior studies have 

found that fisetin suppresses Ki-67, associated with tumor aggression, and increases 

apoptosis in PANC-1 cells (Jia et al., 2019). In the present study, fisetin and its 

combination with TMZ presented successful results in both cell lines (T98G and 

A172), both in wound healing and colony formation assay related to tumor 

aggressiveness and its additive effect on apoptosis. 

             3D sphere formation assay, since the inside core of spheroids results in 

relatively less nutrients and oxygen, had been used to represent hypoxia (Bhattacharya 

et al., 2020) and stem-cell features (Zhou et al., 2011). Musah-Eroje & Watson had 

been demonstrated a stronger TMZ resistance in 3D sphere model than 2D of GBM 

and this was triggered by the increase of biomarkers such as CD133 and OCT4 in 

GBM. This is the first study to demonstrate the effects of fisetin alone and with the 

combination of TMZ in 3D sphere size, and according to that, it may provide novel 

insights into the role of fisetin in overcoming TMZ resistance by reducing the size of 
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the tumoroid and reducing the proliferative interaction of its structure. Compared to 

control cells which had increased their size more than 2-fold in 120h, TMZ, Fisetin, 

and TMZ+Fisetin were found to significantly reduce the size of 3D spheroid formed 

by T98G cells (p<0.0001). The study showed that both fisetin alone and TMZ+Fisetin 

inhibited the proliferative characteristics compared to the morphologically scattered 

cells of TMZ alone. The effect of TMZ, Berberine, and TMZ+Berberine on tumoroid 

size reduction in T98G was significant (p<0.0001) compared to untreated spheroid 

after five days. The tumoroid-size inhibitory effect of berberine alone and combined 

with TMZ was very similar to TMZ alone, and it was found that it almost preserved 

the intact sphere structure and reduced the proliferative interaction, likewise to the 

results of fisetin. These findings also support wound healing in the hypoxic 

environment in terms of suppressing tumor aggressiveness with fisetin and berberine 

treatment alone and with the combination of TMZ in T98G. 

             It was worth saying that the ability of fisetin to induce double-strand breaks 

which was shown in breast cancer (Khozooei et al., 2022), might help us to understand 

the relation of fisetin in the DNA repair mechanism. An MMR gene MSH2, which had 

garnered significant research attention, plays a role in fixing errors in DNA replication, 

and its defect is correlated with chemotherapy drug resistance (Graham, Putnam, & 

Kolodner, 2018). However, the lack of efficacy of fisetin on MSH2 expression was 

found in the literature, and based on this, the effects of fisetin treatment on MSH2 gene 

expression were studied both alone and in combination with TMZ. So, with the 

TMZ+Fisetin cotreatment, we had the greatest increase among all treated groups in 

A172-R regarding MSH2 gene expression, which was significant to the untreated 

group (p<0,0001). Remarkably, in T98G, TMZ treatment increased the MSH2 gene 

expression almost 10-fold. The treatment, even with fisetin alone, had a significant 

increase in MSH2 levels (p<0.0001), and that impact was similar to combination 

therapy, whose difference was not significantly different from TMZ (p=0,1069). In 

A172, the highest increase in MSH2 was observed in the TMZ group; it may be 

because of the fact that it was also considered TMZ-sensitive and TMZ was found to 

successfully increase the MSH2 in in-vivo model of Lynch syndrome to be able to 

combat cancer cells (Wojciechowicz et al., 2014) but the enhancement of MSH2 gene 
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levels which were lower than TMZ was also significant in fisetin and its combination 

with TMZ compared to control (p<0,0001).  

            Differences in gene expression levels appear to be a reason for the patient 

population with diverse characteristics. It was seen that the results were similar to each 

other in the parameters evaluated in the patients. Since all of the patients we evaluated 

had aggressive GBM, they were similar to the parameters evaluated. However, there 

were differences in 3 patients in terms of p53 positiveness, a parameter commonly 

associated with patient survival (Toraih et al., 2019). To reveal this difference, other 

parameters we obtained were compared with the expression status of p53.  

            Defects in MSH2 favor the growth of GBM cells and cause TMZ resistance 

(McFaline-Figueroa et al., 2015), and we aimed to increase these levels with fisetin 

treatment. Since the lack of MSH2 transcripts was already associated with the 

recurrence of the disease and response to TMZ (McFaline-Figueroa et al., 2015), 

evaluating the effect of fisetin on this parameter was pivotal. In the patient with low 

p53 status (patient 3), a higher increase in MSH2 levels was detected in the TMZ, 

Fisetin, and TMZ+Fisetin treatment compared to the others, which was also 

maximized with the combined treatment. It was determined that fisetin increased the 

expression of MSH2 more efficiently in the patient with low P53 values. We 

anticipated that the behavior pattern was similar when the patient with low p53 (patient 

3) and the p53-mutant cell line (T98G) were associated. With the expected increase of 

MSH2 to high levels in patient 3 and T98G, this highest increase can be achieved with 

the combined treatment of fisetin, which may improve TMZ sensitivity. A similar 

TMZ response to T98G may be expected in this patient if the patient would be 

potentially treated with combination therapy. A lower effect of MSH2 in terms of 

fisetin treatment was found in the cell line with p53-WT (A172) compared to T98G 

with the p53 mutant, and this finding was also similarly lower in patients with high 

p53 status (patients 1 and 2) compared to patient 3. According to previously 

mentioned, the p53-enhancing effect of fisetin may have an enhancing effect on both 

MSH2 and p53 and may be beneficial for overcoming TMZ resistance. Our patient 

findings and in-vitro functional analyses support the anti-tumor effect of fisetin, and 

this result may also play an essential role in patient survival. 
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            ZEB1 is also a prominent gene that affects EMT and several other malignancies 

in cancers. However, the specific role of ZEB1 in the context of the effects of fisetin 

and TMZ was not explicitly mentioned in the search results. In previous studies, it was 

shown that fisetin activated p53 in bladder cancer cells (Li et al., 2011). In 

hepatocellular carcinoma, p53 had also been found to suppress the EMT process 

resulting from the suppression of ZEB1 (Kim et al., 2011). Accordingly, it is plausible 

that when p53 was mutant, there may be disruptions in the suppression process of 

ZEB1, and its suppression could be essential to be able to retain an efficient therapy 

strategy. 

            In T98G (p53-mutant) cell, there was a certain decrease after TMZ, but this 

decrease was significantly increased in combination therapy, especially in fisetin alone 

(p<0.0001). Since resistance to TMZ was acquired in A172-R, treatment of TMZ did 

not reduce ZEB1 levels but increased it more than 46-fold. However, this increase was 

successfully reduced by cotreatment with fisetin. The primary culture of patient 3 with 

3% p53 positive, which is considered as p53 negative (Roshandel et al., 2019), had 

increased levels of ZEB1 with TMZ treatment, which was similar to A172-R. 

However, this situation regressed until it decreased in combination therapy. Although 

there was an insufficient decrease in ZEB1 after TMZ treatment with fisetin and 

combination therapy, especially in resistant cell lines, the same situation was also seen 

in the patient with the lowest (3%) p53 positivity among other patients. This increase 

was suppressed by fisetin and combination treatment in T98G, A172-R cell lines, and 

third patient. In fact, there was a significant difference in T98G (p=0.0003) and A172-

R (p=0.0362) when combined therapy was compared with TMZ. In the patient 

population, the increase in ZEB1 in TMZ successfully decreased in patient with low 

p53 positivity (patient 3) in combination therapy. In A172 (p53-WT), ZEB1 values are 

reduced with similar success in TMZ and TMZ+Fisetin treatment. In the treatment of 

A172, the combined treatment also showed a similar and significant effect (p<0.0001) 

to TMZ in ZEB1 levels compared to the control. The p53 found in 30% and 20% 

positiveness in p1 and p2, respectively, may be effective in suppressing ZEB1 in the 

treatment of TMZ. However, this effect was also supported both in fisetin alone and 

in combination therapy with TMZ. Thus, TMZ+Fisetin cotreatment could be 

successful enough to increase TMZ efficiency. 
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            Surprisingly, the fact that the ZEB1 gene, whose expression was increased in 

drug resistance, also had excessive enhancement with TMZ treatment in the cell line 

that acquired TMZ resistance with long-term drug treatment, proving that drug 

resistance was successfully triggered. At the same time, the application of fisetin alone, 

especially the combination of TMZ, significantly reduced this effect, showing that it 

may be an effective compound for breaking chemoresistance. Both findings in cell 

lines and patients proved that combination therapy with fisetin may have result in 

better outcomes by increasing the effectiveness of TMZ. 

            Although our knowledge of the effects of GBM cells on chemotherapeutic 

drugs and complementary therapies and their relationship with drug resistance 

mechanisms is still quite limited, personalized, targeted therapy methods, which are 

very important for the response of the patient with mutations in specific genes, to 

treatment should be developed in future studies. Considering that it takes many years 

for a new drug to be accepted as a standard cancer treatment by revealing its 

mechanism of action and biosafety, studies that aim to improve the use of currently 

FDA-approved drugs by increasing their effectiveness with a natural biocompatible 

molecule are extremely important and necessary for GBM patients with a very short 

survival time.          

In the current study, the effect of the combination of fisetin and berberine with 

TMZ was examined in GBM. The effective dose of berberine was almost 10 times 

greater than fisetin and also reduced cell viability to almost 44% in 24h in non-tumor 

cells. In terms of directing apoptosis, it did not pass the treatment of TMZ alone. 

Besides, necrotic cells were more than 10-fold after berberine treatment compared to 

fisetin. In this context, a bioactive molecule, fisetin, that could be most effective at the 

lowest dose was selected in the molecular analysis. 

            Intrinsic and acquired drug resistance in cancer can occur with the activation 

of different mechanisms in cells (Wang, Zhang, & Chen, 2019). The resistance that 

may develop over time due to the use of TMZ in patients who are predicted not to 

show TMZ resistance may create a stronger resistance situation than in patients with 

natural TMZ resistance (Wang et al., 2019). Our findings showed that TMZ treatment 

was more successful in intrinsic TMZ-resistant T98G cells than acquired resistant 

A172-R. Additionally, our findings showed that fisetin treatment has the potential to 
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initiate the ability of cells originating from different mechanisms to overcome TMZ 

resistance. 

            To put it in a nutshell, two flavonoids, berberine and especially fisetin, have 

anti-tumor properties in GBM cells. Since fisetin possesses a more potent anti-cancer 

effect on GBM cells than berberine, according to our findings, understanding the 

interrelationship between the regulation of MSH2 and ZEB1 in fisetin and drug 

resistance could help to tackle anti-TMZ resistance in GBM. The current project can 

contribute to highlight variable biomarkers in resistance mechanisms to improve both 

survival rates and quality of life in GBM patients with very short lifespans, and is 

particularly important for personalized medicine. Combination therapy used to break 

treatment resistance has been found to be preferable to suppress the harmful effects of 

a chemotherapy drug and increase its effectiveness at lower doses with natural 

compounds. To assess this hypothesis, it is worth noting that the conducted in-vitro 

analysis is needed to be expanded, considering that mechanisms can both genetically 

and epigenetically be modulated and supported by further investigation to fully 

understand the effects of fisetin and berberine on human health since the success of 

flavonoids, especially fisetin in both TMZ sensitive and resistant cells can not go 

unnoticed. In conclusion, our findings showed that dietary natural bioflavonoids, 

especially fisetin, may be a potential drug candidate as anti-cancer agent, which can 

both support TMZ and be effective in breaking resistance, even in different 

mechanisms in GBM. 
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7. ABBREVIATIONS  

 

2D: Two-dimensional 

2–HG: 2-hydroxyglutarate 

3D: Three-dimensional 

A172-R: Acquired A172-Resistant, A172-900-R 

ACTB: β-actin 

AIC: 5-amino-imidazole-4-methyl Amide 

ATRX: α-thalassemia/mental-retardation-syndrome-X-linked gene 

BBB: Blood-brain barrier 

BBR: Berberine 

BER: Base Excision Repair 

BUU: Bursa Uludag University 

C: Control  

CCF-NLs: Cotinus coggygria flavonoid nanoliposomes 

CDKN2A/B: Cyclin-dependent kinase inhibitor 2A/B 

cDNA: Complementary DNA 

circRNAs: Circular RNAs 

CNS: Central nervous systems 

CRNDE: Colorectal Neoplasia Differentially Expressed 

CSC: Cancer Stem Cells 

CSIC: Spanish Council for Scientific Research 

DMEM-F12: Dulbecco's Modified Eagle's Medium-F12 

DMSO: Dimethyl sulfoxide 

DNA-PKcs: DNA-dependent protein kinase catalytic subunit 

EACR: Avrupa Kanser Araştırmaları Derneği 

EGFR: Epidermal growth factor receptor 

EGFRvIII: The epidermal growth factor receptor variant III 

EMT: Epithelial-Mesenchymal Transition 

ENCODE: Encyclopedia of DNA Elements 

ER: Endoplasmic reticulum 

EZH2: Enhancer of zeste homolog 2 

FBS: Fetal bovine serum 

FDA: The Food and Drug Administration 

FIS: Fisetin  

GBM: Glioblastoma 

GFAP: Glial fibrillary acidic protein 

GSC: Glioma stem cells 

h: Hours 

H3K27me: Methylation of lysine 27 on histone 3 

HDAC: Histone deacetylase 

HDACi: HDAC inhibitor 

HIF-1: Hypoxia-inducible factor 1 

HOTAIR: HOX transcript antisense RNA 

IC50: The half-maximal inhibitory concentration 

IDH: Isocitrate dehydrogenase 

IHC: Immunohistochemical  
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IIBB: Biomedical Research Institute of Barcelona  

IL-2: Interleukin-2 

lncRNAs: Long noncoding RNAs 

LSD1: Histone lysine-specific demethylase 

MALAT1: Metastasis Associated Lung Adenocarcinoma Transcript 1 

MAPK3: Mitogen-Activated Protein Kinase 3 

MET: Mesenchymal-epithelial transition 

MGMT: O6-Methylguanine-DNA Methyltransferase 

miRNAs: microRNAs 

MITC: 5-(3-methyltriazol-1-yl)imidazole-4-carboxamide  

MMR: Mismatch Repair 

MRI: Magnetic Resonance Image 

MSH: MutS homologs 

N3MA: N3 methyl adenine 

N7MG: N7 methylguanine 

NEAT1: Nuclear Paraspeckle Assembly Transcript 1 

O6MG: O6 methylguanine 

Oncomirs: Oncogenic miRNAs 

p1: Patient 1 

p2: Patient 2 

p3: Patient 3 

PAK4: p21-Activated kinase 4 

PBS: Phosphate buffered saline 

P-gp1: P-glycoprotein 1 

PI3K: Phosphoinositide 3-kinase 

PLZF: Promyelocytic leukemia zinc finger 

PMS1: Post-meiotic segregation increased 1 

PTEN: Phosphatase and tensin homolog 

RTCA: Real Time Cell Analyzer 

RT-qPCR: Real-Time Quantitative Reverse Transcription PCR 

siRNA: Small interfering RNA 

SNP: Single nucleotide polymorphism 

TCGA: The Tumor Cancer Genome Atlas 

TCI: Tokyo Chemical Industry 

TERT: Telomerase reverse transcriptase 

TGF-β: Transforming growth factor-beta 

TMZ: Temozolomide 

TP53: Tumor protein 53 

TUSC7: Tumor Suppressor Candidate 7 

ULA: Ultra-Low Attachment 

VEGF: Vascular endothelial growth factor 

WHO: World Health Organization 

WT: Wild type 

ZEB1: Zinc-finger E-box-binding homeobox factor 1 

α-KG: α-ketoglutarate 
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