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ABSTRACT 

BIOCHEMICAL AND PROTEOMIC ANALYSES OF NORMAL HUMAN 

ASTROCYTES AND GLIOBLASTOMA 

Glioblastoma is the most malignant type of brain tumor that has limited lifespan with 

current treatments. Cellular energy metabolism is one of the main factor which is affected 

during transition of a normal cell to a cancer cell. Cancer cells promote a metabolic switch 

for supporting their needs of biomacromolecules which are essentials for rapid growth and 

proliferations. Dichloroacetate in an anaolog of acetic acid and and antiglycolytic agent 

that is used for mitochondria disorder in medicine. In this study, we aimed to reveal the 

energy metabolism differences between normal human astrocytes and glioblastoma 

multiforme cells, and also dichloroacetate treatment to manipulate mitochondrial activity. 

First, glycolytic enzymes were compared between normal and glioblastoma cells upon 

biochemical analyses which revealed that the level of glycolytic enzymes and metabolites 

was elevated in cancer cells. Then mitochondrial assays were performed to determine the 

alterations in the mitochondrial activities of normal astrocytes and glioblastoma cells. 

Lastly, mass spectrometry based proteomic analysis was performed for demonstrating 

protein-based alterations which revealed the candidate proteins that participate in different 

pathways in the cell metabolism. This study, might provide a basis for metabolic 

differences based new approaches for cancer studies.  
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ÖZET 

SAĞLIKLI ASTROSİT VE GLİOBLASTOMALARIN BİYOKİMYASAL VE 

PROTEOMİK ANALİZLERİ 

Glioblastoma beyin tümörleri içinde en sık rastlanan ve ölümcül özellikte olanıdır. 

Günümüz tedavi koşullarıyla tedavisi en zor ve yaiam ömrü en az olan beyin kanseri 

türüdür. Hücre metabolizması, normal hücrenin kanserli hücreye dönüşüm aşamasında en 

çok etki gören ve değişim gösteren bir faktördür. Kanserleşen hücreler, hızlı büyüme ve 

çoğalma hızlarını karşılamak için gerekli biyomakromolekülleri hücre içi 

metabolizmasında kapasite arttıran değişiklikler yaparak karşılarlar. Asetik asit analoğu 

olan dikloroasetat, mitokondriyal bozuklukların tedavisi amacıla tıpta kullanılmaktadır. Bu 

çalımayla, sağlıklı astrositler ve glioblastoma kanserli hücrelerin hücre metabolizmalarında 

gerçekleşen değişimlerin araştırılması, dikloroasetat uygulamasıyla mitokondri 

metabolizmasına yapılan etkinin sonuçlarını ortaya koyulması amaçlanmıştır. İlk olarak, 

glikoliz metabolizmasında görevli enzim ve metabolitlerin değişimi incelenmiş ve kanserli 

hücrelerde artışları tespit edilmiştir. Daha sonra yapılan mitokondriyal analizlerde, 

mitokondri miktar ve aktivitesi kıyaslanarak, kanser hücrelerinin enerji üretiminde 

arttırıma gittiği gözlenmiştir. Son olarak kütle spektrometrisi analizi ile de, proteomik 

düzeyde oluşan farklılıklar incelenerek aday proteinler oluşturulmuştur. Bu çalışma, hücre 

metabolizmasındaki farkların temek alınarak gerçekleştireceği yeni yaklaşımlara öncülük 

edebilir. 
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1. INTRODUCTION 

 

1.1. BRAIN GLUCOSE METABOLISM 

Human brain contains two per cent of all body weight; however, it consumes 20 percent of 

glucose-derived energy of body, which is demonstrated as ~5.6 mg glucose per 100 g 

human brain tissue per minute [1,2]. Glucose metabolism-derived ATP is used for 

maintaining the physiological function of the brain. Most of the energy consumption is 

related with neurons. Glucose is transported through blood-brain barrier (BBB), which is 

permeable for glucose but not for neuroactive compounds such as glutamate, aspartate, and 

glycine. Therefore, they must be synthesized in the brain [2]. Glucose transportation from 

blood to brain is provided via facilitative transport by glucose transporters (GLUTs). 

GLUT-1 is responsible for glucose uptake into the glial cell and GLUT-3 for glucose 

uptake into the neurons, which has higher rate of transportation [3].  

During brain activation, glycolysis rate is enhanced compared to oxygen consumption rate, 

even if the oxygen is at sufficient level. Upregulation in glycolysis increases the release of 

lactate which has important roles in maintaining the functions of brain such as oxidative 

fuel for astrocytes and neurons, blood flow regulation, and redox signaling modulation [4]. 

Astrocytes are buffering neurons by being a part of BBB, provide an energy reserve by 

glycogen storage. They also uptake glutamate released from neurons as a part of 

neurotransmitter recycling and convert into glutamine via α-ketoglutarate (α-KG) synthesis 

for maintaining the neuronal metabolic demand. Thus, astrocytes have anaerobic glycolysis 

profile, but neurons have high levels of aerobic mitochondrial metabolism to meet their 

high energy needs in the brain [5]. 

1.2. BRAIN TUMORS 

Brain tumors include 1.4 per cent of all cancer types and 2.3 per cent of all cancer-caused 

deaths. According to World Health Organization (WHO) GLOBOCAN 2012 data, in 2020 

300,379 people are estimated to get brain and nervous system cancers and 225,939 people 

will die because of these cancers over the world. In Turkey, 5,391 people are estimated to 
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get brain and nervous system cancers and 3,380 people will die because of the same 

cancers [6]. These are classified by the histology and location of the tumor. Glioma arises 

from glial cells of the brain that are essential for neuron activity. Glial cells structurally 

support the neurons and maintain the signaling ability. Astrocytes, oligodendrocytes, and 

ependymal cells are types of glial cells and the tumor arised from these cells are named 

according to their origin [7]. 

1.2.1. Astrocytomas 

Astrocytoma, the most common type of brain tumor, arises from astrocytes that are star-

shaped cells supportive cells of the brain. It is graded I to IV based on its morphological 

characteristics. Low grade astrocytomas are localized and grow slowly, while high grade 

gliomas grow rapidly. Pilocytic astrocytoma (WHO grade I) is the most common type of 

brain tumor in pediatry. They are located at where they originate and are known as the 

most benign tumor. Fibrillary astrocytoma (WHO grade II) is low grade brain tumor and it 

is mostly fatal in adults, since their infiltrative behavior does not allow a total resection. 

Anaplastic astrocytoma (WHO grade III) is highly malignant that has elevated anaplasia 

and mitosis than grade II. They have tendency to progress into grade IV astrocytoma. 

Glioblastoma (GBM, WHO grade IV) is a highly malignant tumor that spreads rapidly into 

brain tissue. This tumor type is very aggressive and infiltrates brain extensively. Patients 

have short survival rate due to poor prognosis [7]. 

1.2.2. Glioblastoma 

GBM is the highest grade glioma (WHO grade IV) that is the most malignant type of 

glioma. It involves 50 per cent of all gliomas and affect mostly adults at ages 45–65. This 

cancer is observed in men more than women. There are two types of GBM, primary and 

secondary GBM. Primary GBM derives from normal astrocytes and this type is mostly 

found in older patients. Secondary GBM develops from a lower grade glioma within five 

to 10 years of diagnosis [8]. Although they have different progress, they are 

indistinguishable in morphology and clinical findings. Their histological characteristics of 

necrosis and elevated blood vessels are used to distinguish GBM from any other grade 
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glioma. Their progression period from the low grade glioma varies between one year to 10 

years [9]. The mean survival outcome of three months has improved to eight months by 

total resection and the combination of resection and radiation has improved to ten months. 

Surgery and radiation with temozolomide increase the survival period to 14.6 months [10]. 

1.3. CELLULAR ENERGY METABOLISM IN GLIOBLASTOMA 

1.3.1. Glycolysis 

Glucose is taken into cell via membrane embedded proteins, glucose transporters 

(GLUTs), and degraded into two pyruvate molecules in ten step of glycolysis [11]. 

Glycolysis starts with the phosphorylation of glucose to glucose-6-phosphate (G6P) by 

hexokinase 2 (HK2). Glucose-6-phosphate is catalyzed to fructose-6-phosphate (F6P) by 

phoshoglucose isomerase. F6P is catalyzed to fructose-1,6-biphosphate by 

phosphofructokinase 1 (PFK1). Then F6P is broken down to dihydroxyacetone phosphate 

and glyceraldehyde-3-phosphate. Pyruvate and ATP are yielded by pyruvate kinase (PK) 

with the catalyzation of phosphoenolpyruvate (PEP) in the final step of the glycolysis. In 

normal cells, pyruvate dehydrogenase (PDH) converts most of the pyruvate to acetyl-CoA, 

which enters into mitochondria or is transaminated to alanine (Figure 1.1). Two ATP 

molecules and six NADH molecules are yielded per glucose during a single glycolysis 

[12]. In contrast to normal astrocytes, GBM cells have differences in their glucose 

metabolism. Three-fold increase in glycolysis is seen in GBM when their metabolism is 

compared to normal astrocytes [13]. 

1.3.1.1. Glucose Transporters  

GLUT is activated via oncogenes cMyc, KRas, and HIF-1α and inhibited via tumor 

suppressor p53 [14].  GLUT3 is activated by  IKK/NF-κB axis and inhibited by p53 [15]. 

Glucose, must be transported through the cell membrane via carrier proteins due to its 

hydrophilicity. There are fourteen different GLUT proteins in human that are found in 

different tissues. Regulation of transporters facilitates the rapid proliferation via changing 

the hexose affinities [16]. Elevated levels of glucose transporters are observed in many 
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cancer cells as compared to normal tissues. GLUT1, GLUT3, and GLUT12 are found to be 

overexpressed in brain tumors [17-20]. Glucose transporters are mostly overexpressed at 

the intermediate zone of the GBM where the tumor cells have higher amounts of HIF-1α 

and increased hypoxia [21].  

1.3.1.2. Hexokinase  

Hexokinase (HK) is the first rate-limiting enzyme that has role in glycolysis. Glucose, 

transported through the cell membrane via corresponding GLUT, is phosphorylated by 

HK, which is bound to mitochondrial outer membrane via voltage dependent anion channel 

(VDAC) [22]. HK irreversibly catalyze  the phosphorylation of glucose to G6P thus it 

prevents efflux of glucose. HK has four different isoforms among different mammalian 

tissues [23]. Their activities can be inhibited by their catalytic product, G6P. Increased 

glucose uptake in cancer cells is related not only with the upregulation of glucose 

transporters but also with HKI and HKII isoforms. HKI expressed in normal brain cells 

and low-grade gliomas [24]. HKII has a higher affinity for glucose and this isoform is 

often observed as upregulated in GBMs [24,25]. Increased HKII expression is related with 

poor survival in GBM and radiation-temozolomide treatment [24]. 

The activity of HK is regulated via p53 based suppression [26]. Aldolase is responsible for 

the conversion of fructose-1, 6-bisphosphate to glyceraldehyde 3-phosphate and 

dihydroxyacetone phosphate. P53 and NO enhance gene expression of glycrealdehyde-3-

phosphate dehydrogenase (GAPDH) [27]. Acetylation at lysine 254 (K254) increased the 

activity of GAPDH in relation to glucose amount that is essential for cell proliferation of 

the tumor cells [28]. Acetylation on GAPDH is reversibly regulated by acetyltransferase 

PCAF and the deacetylase HDAC5. GAPDH also regulates autophagy of damaged 

mitochondria [29]. PGAM1 (phosphoglycerate mutase 1) is observed to be increased in 

gene expression and enzymatic activity in a subset of cancers [30]. Acetylation of PGAM1 

elevates its activity, while the activity the deacetylation of C-terminal lysine by SIRT1 

suppresses its activity [31]. SIRT2 has diverse effects on PGAM1; while SIRT2-based 

deacetylation decreases PGAM1 activity and inhibits cell proliferation in colon cancer 

cells (HCT116), it inhibits cell proliferation in lung carcinoma cells (A549) by elevating 

PGAM1 activity [32,33].  
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1.3.1.3. Phosphofructokinase 

Phosphofructokinase (PFK1) is another rate-limiting enzyme that is allosterically regulated 

and highly upregulated in tumor cells [34]. In normal cells, PFK1 is inhibited by ATP, but 

this inhibition is reversed by fructose-2,6-biphosphate (FBP) providing high glycolytic flux 

[35]. PFK1 expression is observed to be increased in glioma cells, thus has different 

response to allosteric regulation when glioma cells are compared with normal astrocytes 

[36]. These differences provide less sensitivity to inhibitory factors and the tumor cells are 

able to increase their glycolytic rate [37]. On the other hand, PFK2 expression is 

upregulated in cancer cells to produce more FBP which is the main allosteric regulator of 

PFK1 that prevents negative allosteric inhibition of ATP on PFK1 [11]. 

1.3.1.4. Pyruvate Kinase  

Pyruvate Kinase (PK) is the last step of the glycolysis that catalyzes the conversion of PEP 

to pyruvate and produces ATP [38]. Isoform selection and allosteric regulation are 

responsible for pyruvate synthesis by pyruvate kinase activity. There are four isoforms 

described for humans; PKL, PKR, PKM1 and PKM2. PKL is located in kidney and liver, 

while PKR is found in erythrocytes. Adult M1 form (PKM1) is related with normal cells 

and this isoform is replaced with M2 form (PKM2), which is observed in highly 

proliferative tumor cells [39,40]. PKM2 oscillates between inactive dimeric and active 

tetramic forms. This oscillation is regulated with fructose-1,6-biphosphate [41]. The 

dimeric inactive form of PKM2 slows down the pyruvate formation in order to promote 

glycolytic intermediates into biosynthetic pathway. The active tetramic form of the PKM2 

induces lactate formation from pyruvate. PKM2 is demonstrated to be involved in EGFR 

signaling pathway which upregulates the expression of PKM2 in GBMs [38,42,43]. 

1.3.1.5. Lactate Dehydrogenase  

Glycolytic product of pyruvate is converted to lactate by lactate dehydrogenase (LDH) in 

the last step of the glycolysis. This conversion is essential for NAD
+
 regeneration in the 

cytosol to provide the continuity of the glycolysis. There are five different  LDH subtypes 
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(1-5) in mammalian cells [44]. Cellular levels of lactate is determined by different 

expressions of LDH subunit and lactate monocarboxylate transporter (MCT) in addition to 

oxidative capacity of cell. LDHA gene, which encodes for LDH5 subunit, is demonstrated 

to be an essential gene for maintainance and proliferation [45,46]. This gene is controlled 

by HIF-1α and elevated under hypoxia. HIF-1α is also elevated in many cancers, too [47]. 

The expression of LDHA and HIF-1α are related with the poor prognosis of cancer [48]. 

LDHA converting pyruvate into lactate with the help of inhibited PDH activity is elevated 

in cancer cells [49,50]. They determine the fate of pyruvate at the end of the glycolysis and 

increase the malignant phenotype of the cancer by Warburg effect [45,51]. 

LDH is responsible for both forward and backward conversion of pyruvate. LDHA isoform 

(LDH5) is mostly observed in tumor cells and diverts the conversion of lactate from 

pyruvate. Upregulation LDH is responsible for maintaining the glycolytic flux via NAD
+
 

conversion from NADH [37,11]. LDH activity is regulated via phosphorylation and 

acetylation. The oncogenic receptor tyrosine kinase FGFR1, which is found to be 

expressed in glioma cells, phosphorylates LDHA at tyrosine sites (Y10 andY83) [52,53]. 

Phosphorylation of Y10 induces LDHA formation, but phosphorylation at Y83 results in 

NADH substrate binding [53]. Acetylation at lysine-K-5 leads to the degredation of LDHA 

by chaperone-mediated autophagy [54].  

1.3.1.6. Pyruvate Dehydrogenase  

Pyruvate dehydrogenase (PDH) is responsible for the conversion pyruvate into acetyl-CoA 

and feeding the tricarboxylic acid cycle (TCA). It controls the entry of pyruvate into 

mitochondria and its activity is regulated by the inhibition of pyruvate dehydrogenase 

kinase (PDK) (Figure 1.1). PDK2 expression is observed to be increased in GBMs as 

against normal astrocytes that results with the elevated pyruvate and lactate levels [55]. For 

further process, pyruvate must be imported into mitochondria by the action of PDH, which 

is regulated by phosphorylation, free acetyl-CoA levels and NAD
+
/NADH ratio [56]. In 

cancer cells, PDH activity is blocked by the pyruvate dehydrogenase kinase 1 (PDK1) of 

which activity is triggered by the hypoxia.    
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1.3.1.7. Monocarboxylate Transporter  

Glucose is converted to lactate and then exported out of the cell, thus providing an acidic 

microenvironment around the cancer cell. This acidification causes cancer cells since to 

invade and suppress immune system T lymphocytes. Lactate transportation through the cell 

membrane is supplied by monocarboxylate transporter (MCT) [44]. The lactate produced 

by a cancer cell is transported out of the cell by MCT4 to protect normal cellular pH. In 

normal cells, extracellular lactate is taken into oxygenated cell and converted to pyruvate 

by lactate dehydrogenase B (LDHB). On the other hand, hypoxic cancer cells export 

lactate molecules leading to acidic cell environment that enhances the cell invasion [12]. 

Acidity in the extracellular matrix promotes cancer cell motility which results in metastasis 

and also resistance to chemotherapy and/or radiotherapy [57,58].  

1.3.1.8. Hypoxia-Induced Factor-1α 

Hypoxia-induced factor-1α (HIF-1α) is a protein that is highly transcribed by reason of 

hypoxic stress in tumor cells. The downstream product of HIF-1α, GLUT1, is expressed 

more than normal tissue in the GBM. In this way stem cell phenotype is observed at the 

core zone of the tumor [59]. HIF-1α activates the vascular endothelial growth factor 

(VEGF) that contributes vascularization and angiogenesis for the tumor [60]. HIF-1a 

elevates the expression of PDK1 that inhibits the conversion of acetyl-CoA from pyruvate 

via inhibition of PDH activity [49]. GLUT3 expression is increased in GBM and this 

expression level is used for GBM classification [61].  

In hypoxia, cancer cells activate and stabilize the transcription factors HIF-1α and HIF-2α, 

which increase glycolysis and angiogenesis. Stability of HIF-1α promotes the expression 

of glycolytic proteins and inhibits mitochondrial oxidative phosphorylation proteins. 

Hexokinase 2 (HK2), which is a main regulator of glycolysis in high grade GBM, is 

expressed excessively [62-64]. HK2 promotes the activity of aldolase, glyceraldehyde-3-

phosphate dehydrogenase, lactate dehydrogenase, and plasma membrane lactate 

transporters (MCT4), which shifts glucose metabolism towards to glycolysis. Hypoxia with 

increased glycolysis promotes lactate production in cancer cells [65-68].  
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1.3.2. Pentose Phosphate Pathway 

Bioenergetic resources and macromolecule biosynthesis are required to meet the needs of 

newly proliferating cells [69]. Most of the macromolecules used during proliferation are 

produced through de novo biosynthesis from glucose [70]. The pentose phosphate pathway 

(PPP) is a branch of glycolysis that is seperated as oxidative and nonoxidative branches. In 

oxidative branch of PPP, glucose-6-phosphate (G6P) is dehydrogenated by glucose-6-

phosphate dehydrogenase (G6PD) to produce ribose-5-phosphate (R5P), which generates 

NADPH used as a reducing agent for nucleotide and fatty acid biosynthesis [69,71]. In 

nonoxidative branch of PPP glycolytic intermediates are converted to ribose-5-phosphate. 

R5P is a precursor of mainly nucleotides. PPP is elevated in cancer cells in order to 

provide the need of energy for  rapid cell proliferation and the PPP is  regulated by 

oncogenes (PI3K, mTORC1 and K-ras) and tumor suppressors (p53) [71-75].  

1.3.3. Tricarboxylic Acid Cycle and Oxidative Phosphorylation  

Acetyl-CoA derivatives are used as carbon sources for fatty acids. Since acetyl-CoA 

cannot transpass the inner membrane of mitochondria, they are synthesized in the 

mitochondrial matrix. Citrate, combination of acetyl-CoA and oxaloacetate, passes through 

mitochondrial inner membrane and decomposed into its components by ATP citrate lyase 

(ACL). Acetyl-CoA is converted to malonyl-CoA by acetyl-CoA carboxylase and both 

acetyl-CoA and malonyl-CoA are used to synthesize and elongate fatty acid chains by fatty 

acid synthase (FAS). Oxaloacetate is essential for the synthesis of non-essential amino 

acids. Glutamine is a carbon source that supplies oxaloacetate to maintain citrate 

production during TCA cycle [12]. Although the fate of pyruvate depends on many factors, 

oxygen availability is one of the most important parameter. 

Mitochondria provide ATP and metabolic intermediates of macromolecule synthesis. 

Pyruvate is decarboxylated to acetyl-CoA by pyruvate dehydrogenase (PDH) and acetyl-

CoA is the starting point of the TCA cycle in mitochondria (Figure 1.1). Under hypoxia, 

HIF-1α activates PDK1 and blocks the activity of PDH, conversion of pyruvate to acetyl-

CoA. Therefore, HIF-1α suppresses the flow of pyruvate through the TCA cycle [49]. TCA 

is the main part of the energy production in normal cell metabolism where the lipids, 
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carbohydrates and proteins were all oxidized. Acetyl-CoA is converted to citrate by citrate 

synthase and then citrate is transformed to isocitrate by aconitase. Isocitrate is first 

decarboxylated to α-KG by isocitrate dehydrogenase and then α-KG is decarboxylated to 

succinyl-CoA by α-KG dehydrogenase. Throughout the activity of these enzymes, CO2 and 

NADH2 are produced which will be used for ATP production during ox,dative 

phosphorylation by electron transport chain complexes (ETC). Succinyl-CoA is then 

converted to succinate by succinyl-CoA synthetase and GTP is yielded which will be 

converted to ATP via substrate level phosphorylation. Succinate is converted to fumarate 

by succinate dehydrogenase and FADH2 is yielded which will be used in ETC. Fumarate is 

converted to malate by fumarate hydratase and malate is then dehydrated to oxaloacetate 

by malate dehydrogenase with the production of NADH2. Four-carbon compound 

oxaloacetate then enters into a condensation reaction with two-carbon compound acetyl-

CoA to give a six-carbon citrate (tricarboxylic acid) [76]. 

Overall under normoxia, ten molecules of NADH and two molecules of FADH2 are 

produced from a glucose molecule. Reoxidation of the reduced electron carriers is essential 

for the ATP production in the inner membrane of the mitochondria. Electrons coming from 

NADH are transferred to oxygen via the passage through respiratory complexes. NADH 

dehydrogenase (Complex I) is reduced with the electrons coming from NADH and they are 

transferred to cytochrome bc1 complex (Complex III) by reduced coenzyme Q 

(ubiquinone). Succinate dehydrogenase (Complex II) is reduced with the electrons coming 

from FADH2 and they are transferred to cytochrome bc1 complex  by reduced coenzyme 

Q. Electrons are transported from cytochrome bc1 complex to cytochrome c oxidase 

(Complex IV) by reduced cytochrome c. Cytochrome c oxidase catalyzes the electron 

transfer from the cytochrome c to oxygen to form H2O [76]. 

The mitochondrial respiratory chain complexes associate to form supercomplexes in the 

mitochondrial inner membrane in order to minimize the ROS production and efficiently 

transfer electrons to Complex IV [77]. The most common supercomplexes are Complex 

I/IIIn, Complex I/IIIn/IVn and Complex III/IVn. Complex II is mostly found free but small 

content of it associates with supercomplexes I/III/IV [78]. Complex I is stabilized with the 

presence of Complex III and Complex IV and this association is termed as respirasome 

[79]. In astrocytes, Complex I is found in free state that induce the amount of ROS in 

astrocytes when they are compared with other brain cells [80]. 
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Elevated levels of macromolecule production in cancer cells results in increase 

mitochondrial oxidative phosphorylation (OXPHOS) which is responsible for ROS 

production in the cell. ROS production is elevated with the suppression of pyruvate entry 

into OXPHOS, which is the result of any inhibition in the ETC system such as mutation, 

oncogene related suppression or HIF-1α. ROS production is also increased with the slow 

electron flow against to elevated substrate level [12]. Elevated ROS production in a tumor 

cells lead to the increase tumor malignancy by inducing genetic instability and resistance 

to chemotherapy [81]. 

Brain includes two per cent of all body weight and uses 20 per cent of oxygen 

consumption. This system utilizes 60 per cent of glucose uptake into the body and needs 

glucose continuously since brain cannot store the glucose  [82].  Normal cells catalyze the 

citrate through the TCA cycle for ATP production but in cancer cells, citrate and acetyl-

CoA are used as a metabolic intermediates which are essential for lipid biosynthesis for 

rapid proliferation. In GBM, ACL, acetyl-CoA carboxylase (ACACA), and fatty acid 

synthase are found to be upregulated in GBM [83-85]. In addition to elevated glycolysis, 

aggressive GBM cells use mitochondrial glucose oxidation in vivo to feed the anaplerosis, 

replenishment of pathway intermediates and biosynthesis. Although GBM cells favor the 

aerobic glycolysis even the presence of oxygen, they also efficiently produce ATP via 

mitochondrial respiration [86].   

Loss-of-function mutations in OXPHOS genes lead to inactivation of tumor suppressor or 

activation of pro-oncogenes that induce glycolysis and stabilize the HIF-1α activity 

[87,88]. Although tumorigenesis promotes the glycolysis with suppressed mitochondrial 

activity,  mitochondria is fully activated in most tumors and OXPHOS fulfills the need of 

ATP even in the presence of hypoxic conditions [89,90]. In this tumor, cytochromes are 

fully oxidized for ATP production [91]. Mitochondrial respiration is essential for 

oncogene-mediated metabolic reprogramming, maintaining the peculiarity of cancer stem 

cell, promoting drug resistancy and production of the energy for excessive protein 

translation in tumor cells [92-96]. OXPHOS related energy is also used in cell metastasis 

when the energy sources are limited for cell motility [97]. OXPHOS regulation is the 

important in tumor metabolism and is obtained via protein folding quality control. This 

regulation is provided by the action of mitochondria-localized heat shock protein-90 

(HSP90) chaperones and  proteases [98,99]. In contrast to normal cells, HSP90 is elevated 

in most tumor cells to maintain the folding and activity of proteins that have roles in 
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permeability transition, electron transport chain, citric acid cycle, fatty acid oxidation, 

amino acid synthesis, and cellular redox status [100].  

1.3.4. Fatty Acid Metabolism 

Lipid synthesis is important during carcinogenesis since lipids are used for membrane 

synthesis, energy source, and production of signaling molecules [101].  

Most of the carbon for the lipid synthesis is supplied from acetyl-CoA which cannot pass 

through the mitochondrial membrane. Citrate, the combination of oxaloacetate and acetyl-

CoA, is transport into cytoplasm and converted back to acetyl-CoA by ATP citrate lyase 

(ACL). Acetyl-CoA is then transformed to malonyl-CoA by acetyl-CoA carboxylase. Both 

malonyl-CoA and acetyl-CoA are used to produce fatty acid chains by fatty acid synthase 

(FAS) (Figure 1.1). Cytosolic and nuclear acetyl-CoA is used for post translational 

modification, acetylation, of nonhistone and histone targets [12]. 

1.3.5. Glutamine Pathway 

Glutamine is converted to glutamate by glutaminase-1 enzyme, which is associated with 

mitochondria [12]. Glutamate is converted to α-KG which enters TCA cycle in 

mitochondria (Figure 1.1). Glutamate is used for nucleotide synthesis by convertion to 

aspartate. The elevated glutaminolysis results in alanine and ammonium production [12]. 

Ninety per cent of glucose and 60 per cent of glutamine is converted into lactate or alanine 

in GBM cells [102].  

Glutaminase (GLS) is located in mitochondria and it is responsible for the production of 

glutamate from glutamine [103]. GLS expression is found to be elevated in rapidly 

proliferating cells [104]. Glutamine is an alternative nutrient source that feeds the energy 

metabolism by entering the Krebs cycle during the aerobic glycolysis. Elevated glutamine 

is a regulatory factor that enhances the macromolecule production for proliferation and 

angiogenesis [105]. Glutamate is also an excitatory neurotransmitter which is converted to 

glutamine by astrocytes for preventing excitotoxic damage. This conversion is not 

provided in GBM upon lack of related glutamate transporters. GBM also exports glutamate 

into the cell that enables tumor invasion by causing excitotoxic environment leading to 
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neuronal dysfunction or loss [106-109]. Normal astrocytes uses ketones derived from fatty 

acids in the liver by converting them into acetyl-CoA, while GBM cells cannot utilize 

ketones as a nutrient source due to their dependence on glucose [110-113].  

 

Figure 1.1. Metabolism of a cancer cell [114].  

1.4. CANCER RELATED ALTERATIONS IN MITOCHONDRIA 

Mitochondria play important roles mainly in cellular metabolism and apoptosis in the cell. 

Therefore, mitochondrial abnormalities correlate with the changes in energy metabolism, 

membrane potential regulation, and apoptotic signaling pathways [115,116]. 

Heterogeneous morphology of gliomas includes mitochondria swelling, partial or total 

cristolysis, and mitochondrial remodelling. Malignant gliomas have diverse structural 

changes in their mitochondria at different places around tumor [117]. Structural changes in 
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mitochondria of gliomas causes alterations in OXPHOS [118,119]. In astrocytomas, lower 

content of mtDNA correlates with higher malignancy [120]. 

The difference between the normal and the cancer cells is the need of extracellular 

stimulation for enhancing the cellular energy pathways. However, cancer cells often have 

mutations that allow independence for metabolic phenotype [121]. Cancer cells have tumor 

specific metabolic alterations which are mediated by mutations, enzyme isoforms, post 

translational modifications, and hypoxia related up or down regulation 

[122,66,123,124,49,43].  

1.4.1. Peroxisome Proliferator-activated Receptor Gamma Co-activator-1 Alpha  

Peroxisome proliferator-activated receptor gamma co-activator-1 alpha (PGC-1α) is a 

transcription factor that regulates mitochondrial biogenesis in the cell [97]. It is activated 

by the effect of cold, fasting, and exercise when the cell demands large amount of energy 

[125-127]. PGC-1α enhances mitochondrial oxidative respiration and fatty acid oxidation, 

while stimulating autophagy under stress conditions [128-132]. PGC-1α activity is 

controlled by post-translational modifications, phosphorylation and acetylation. 

Methylation also decreases the stability of PGC-1α [133-135]. PGC-1α is found to be a 

promoter of carcinogenesis in colon and liver cancers [136]. As in normal cells, PGC-1α 

regulates OXPHOS and the level of ROS in cancer cells [137].  

1.4.2. Isocitrate Dehydrogenase Mutations 

Isocitrate dehyrogenase (IDH) catalyzes the decarboxylation of isocitrate and reduces 

NADP
+
 to NAPDH. IDH1 is located in cytosol, while IDH2 and IDH3 are located in 

mitochondria [138,139]. IDH activity is important for controlling the ROS level and 

maintaining the reduction-oxidation (REDOX) capacity in the cell [44]. IDH is regulated 

with post-translational modification, acetylation at a specific lysine (K-413) [140]. 

Cytosolic form of IDH1 is mutated in most of the high grade gliomas [122]. Heterozygous 

somatic IDH1 mutations at nucleotides that code for arginine (R132) are found in 80 per 

cent of  secondary GBM [141-143], but rarely seen in primary GBM [141,144]. IDH2 

mutations in analogous residue to IDH1 (R132), are seldom found in grade II and grade III 
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gliomas [143]. Both mutations results in nonfunctional enzymes and inability to produce α-

KG from isocitrate [145,142] leading to the accumulation of (R)-2-hydroxyglutarate (2-

HG), a small oncometabolite [146]. Since α-KG has a role in HIF-1α degredation, IDH is 

involved in HIF-1α pathway [147]. IDH mutations induce the flux of glutamine into lipid 

synthesis and inhibiting the OXPHOS with the accumulation of 2-HG, and therefore by 

favoring anabolic pathways [148,149]. 

1.4.3. Warburg Effect 

Reprogramming of energy metabolism is one of the hallmarks of the cancer. This alteration 

is based on eliciting the energy need for rapid cell growth and proliferation [150]. In 

normal cells, energy is firstly obtained via glycolysis in cytoplasm and followed oxidative 

phosphorylation in mitochondria under normoxia. In hypoxia, normal cells preferably 

produce energy via glycolysis rather than oxidative phosphorylation. However, cancer cells 

provide most of the cellular energy through glycolysis even if there is an abundance in 

oxygen, which is called “Warburg effect“ [151]. Although ATP yield from glycolysis per a 

glucose molecule is less, the rate of energy production pathway is higher than the one for 

oxidative phosphorylation [151-153]. Elevated glycolysis is essential in cancer which 

provides the glycolytic intermediates consumed during cell growth and proliferation [154]. 

Metabolic reprogramming is not limited with glycolysis, many alterations are indicated in 

lipid metabolism, amino acid metabolism, hexosamine biosynthetic pathway, 

mitochondrial biogenesis, and glucose transportation. All of them are the consequences of 

the alterations in oncogenes and tumor suppressor genes in addition to metabolic enzyme 

effectors [155]. Proto-oncogene, c-myc, favors glycolysis by regulation of the glycolytic 

enzymes [156,157]. Transcriptional factor, HIF-1a, is responsible for the aerobic glycolysis 

via inducing the expression of glycolytic enzymes and inhibiting the TCA cycle and 

oxidative phosphorylation [158]. Tumor suppressor gene of p53 regulates glycolysis via 

inhibition of glucose transporters and regulates the glucose metabolism under normoxic or 

hypoxic conditions [159]. 

Cellular energy metabolism is one of the major mechanism that is affected during 

carcinogenesis process. Cancer cells show diverse metabolic anomalies for supporting 

rapid proliferation [12]. They adapt themselves to maximize the capacity for synthesis of 

proteins, amino acids, lipids, and nucleic acids. Otto Warburg, demonstrated that cancer 
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cells use glycolysis rather than OXPHOS even in the presence of oxygen, thus named 

Warburg effect, as detailed above. This metabolic switch occurs early in the carcinogenic 

process, before the cancer cells are affected by hypoxia [154]. Increased glycolytic rate is 

not always related with reduction in OXPHOS activity and mitochondria capacity [160]. In 

breast and glioma cancers, 80 per cent ATP production is provided by oxidative 

phosphorylation and 20 per cent from glycolytic reactions [161-163]. There are several 

benefits that cancer cells prefer glycolysis over mitochondrial oxidation. One of those, 

ATP production is faster in glycolysis and increased glycolytic rate leads to elevated 

glycolytic intermediates to meet the biosynthetic needs of de novo amino acids, nucleic 

acids, lipids and NADPH that enhance cell proliferation in cancer cells [153,164,165]. 

1.5. ANTIGLYCOLYTIC AGENTS 

1.5.1. 3-Bromopyruvate 

3-Bromopyruvate (3-BrPA) is an alkylating agent that is a pyruvate analogue (Figure 1.2). 

This agent blocks the activity of GAPDH which is demonstrated as a supporter of 

tumorigenesis and chemoresistance, related to malignant phenotype of the cancer 

[166,167]. 3-BrPA is also used in combination treatments upon its cytotoxic effect 

providing a strategy to overcome drug resistancy. Alkylation on the active site of GAPDH 

inhibits its activity, and therefore the depletion of ATP and imbalance in redox contribute 

the cell death [168]. 3-BrPA-based treatment strategies are improved for the treatment of 

liver, pancreas, and breast cancer models [169]. 
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Figure 1.2. The structure of 3-BrPA. It is drawn by MarvinSketch software. 

1.5.2. 2-Deoxy-D-Glucose 

2-deoxy-D-glucose (2-DG) is a glucose analogue which inhibits the glucose uptake in the 

cell (Figure 1.3) . When 2-DG is taken into cell, it is phosphorylated by hexokinase into 2-

DG-6-phosphate [170,171]. This metabolite cannot be utilized further by enzymes in 

glycolytic pathway. This results in ATP depletion and induction of apoptosis [172]. 

 

Figure 1.3. The structure of 2-DG. It is drawn by MarvinSketch software. 

1.5.3. Dichloroacetate 

Dichloroacetate (DCA) is an analogue of acetic acid which has chlorine atoms replaced 

with two of the hydrogen atoms of methyl group (Figure 1.4). DCA has a form of colorless 
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crystalline solid with the formula of CH2Cl2COOH. DCA salts are used in medicine as a 

drug for insufficient mitochondria disorder for 25 years [169].  

 

Figure 1.4. The structure of DCA. It is drawn by MarvinSketch software. 

 

Pyruvate dehydrogenase complex (PDC) is responsible for catalysis of the rate-limiting 

step in aerobic oxidation of glucose, pyruvate, alanine, and lactate to acetyl-CoA [173-

176]. PDK isoforms are regulated by reversible phosphorylation that inactivates PDC. 

DCA mimics the structure of pyruvate and promotes the PDH complex activation by 

inhibiting the PDK activity. DCA binds hydrophobic part in N-terminal domain of PDK 

and inhibits its interaction with PDK in the presence of ADP [177]. DCA generates 

conformational changes on PDK1 that inhibits its catalytic activity [178]. DCA also 

increases the PDC activity upon turnover inhibition. When the drug is orally taken, DCA 

transports the plasma and mitochondrial membranes by the activity of monocarboxylate 

and pyruvate transporter system. DCA decreases the lactate production and mitochondrial 

membrane potential and increases ROS, H2O2, and NADH production in mitochondria, 

which these changes results in decreased cell proliferation and elevated ROS-mediated 

apoptosis. DCA administration leads to the depolarized mitochondrial membrane potential, 

activated p53, and suppressed HIF-1α expression [179]. DCA can pass through blood-brain 

barrier [180,181]. DCA treatment in lung cancer in rats results in the induction of apoptosis 

and cell proliferation. 
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Table 1.1. Antiglycolytic agents in cancer from differen studies [168-170] 

Compound Target Effect Clinical Status 

2-deoxy-D-glucose 
Hexokinase, 

GLUTs 

Competitor 

with glucose 

Phase II clinical trials  for 

prostate cancer, Brain 

toxicity 

3-Bromopyruvate Hexokinase HK inhibition 
Preclinical and 

clinical trials 

Dichloroacetate 

Pyruvate 

Deyhdrogenase 

Kinase 1 

Small 

molecule 

inhibitor, 

PDK 

inhibition 

Phase I clinical trials for 

brain cancer. PhaseII 

clinical trials for head-and-

neck and non-small cell 

lung cancers 

TLN 232 Pyruvate Kinase 2 
Peptidic 

inhibitor 

Precilinical trials and Phase 

II trials for metastatic Renal 

Cell Carcinoma and 

melanoma 

Galloflavin 
Lactate 

Dehydrogenase A 

LDHA 

inhibitor 
Preclinical trials 

 

1.6. MASS SPECTROMETRY BASED PROTEOMICS 

Proteomics is a newly emerging field providing high-throughput profile of proteins at 

cellular or subcellular levels at a given time and specific conditions. This profiling includes 

mainly protein expression, post translational modifications, and interactome. Proteins are 

the functional parts of the cell; therefore, carcinogenesis is influenced by the protein-based 

changes. Proteomic approaches provide the information about changes in protein 

localizations, modifications and protein-protein interations in a given biological sample. 

This technology is used for fingerprinting of protein expression between normal and cancer 

cells [182] and monitoring cancer-related changes by the identification of diagnostic, 

prognostic, and predictive biomarkers. Comprehensive protein profiling in glioma is 

performed by using biospecimens, such as patient biopsies, biological fluids (plasma, 

serum, and cerebrospinal fluid), glioma cell lines and animal models [183].  
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Mass spectrometry (MS) is commonly used in protein identification and post-translational 

modification (PTM) profiling in a biological sample. This technique provides information 

with higher rate, sensitivity, and accuracy [184-187]. MS-based proteomics provide 

identification and quantification of proteins in a purified, enriched or complex biological 

mixture. It is utilized for quantitation of peptide and proteins together with their associated 

PTMs. MS can also be used to analyze primary structure and proteolytic cleavage sites of 

the proteins where the N- and C-terminus of the proteins can be determined. MS is utilized 

for structural studies of proteins that analyze the conformational data from mass changes 

[188]. The basic workflow of MS-based approach consists of site-specific enzymatic 

digestion of proteins, peptide fragmentation through MS, and database analysis via MS/MS 

fragmented peptide sequence (Figure 1.5) [189].   

MS-based approach can identify 10,000 proteins, more than 10,000 phosphorylation sites 

and more than 3,000 acetylation sites in a single proteome profiling [187].  

 

Figure 1.5. The overall flow during mass spectrometry analysis. [187] 

1.7. SHOTGUN PROTEOMICS 

Shotgun proteomics is a case of bottom-up proteomics which starts with the digestion of 

proteins into peptides, typically by trypsin (Figure 1.6). Then, complex peptide mixture is 

analyzed with liquid chromatography which is coupled to tandem mass spectrometry (LC-

MS/MS or LC-MALDI MS/MS). Although, shotgun proteomics is a subtype of bottom-up 

proteomics, it requires LC separation, typically multidimensional LC for digested peptides 

that is not necessarily for bottom-up proteomics [188]. There are two important factors that 

limit the protein identification by shotgun MS. The first one is the complexity of cellular 

proteomes which requires highly sensitive and efficient separation of peptide mixture. The 

second factor is the dynamic range of proteins which might shadow the overall analysis 

outcome with demonstration of highly abundant peptides in the peptide/protein mixture. 
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Proteomic analysis is based on qualitative and/or quantitative analysis and followed by 

bioinformatic analysis. Qualitative analysis focuses on identifying as many as proteins or 

PTMs in a given sample.   

As a common example for this includes two dimensional liquid chromatography-tandem 

mass spectrometry (2D-LC-MS/MS). It provides the seperation of tryptic peptides on a 

cation exchange chromatography (or any corresponding column depending on the sample 

to be analysed) and detection via mass spectrometry with high sensitivity. Another 

approach is based on seperation of complex protein sample in the gel,followed by in-gel or 

in-solution digestion of fractionated proteins and then LC-MS/MS analysis [183].  

 

Figure 1.6. Analytic approaches of bottom-up and shotgun proteomics [188]. 

Quantitative analysis determines the relative or absolute amounts of peptides/proteins in a 

given sample in order to profile dynamic changes of a specific peptide/protein and PTM. 

MS-based quantitative strategies can be classified as either stable isotope labeling or label 

free approaches [190,191]. Stable isotope labeling strategies generate a mass shift by 

labeling with non-radioactive heavy isotopes that enables the separation identical peptides 

from different samples within a single MS analysis [185]. Although, they have slightly 

different molecular weights, chemical properties are mostly identical not changing the 

ionization efficiency. Mass-to-charge (m/z) difference between two peptides will be 

observed with mass analysis and the area of each peak will demonstrate the amounts of 

each peptide[192]. Quantification methods include isotope-coded affinity tags (ICAT), 

isobaric tags for relative and absolute quantification (iTRAQ), and stable isotope labeling 

with amino acids in cell culture (SILAC). Label free quantitation compares two or more 

samples depending on the ion intensities of identical peptides or the number of spectra for 
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each protein [193]. Samples of label free quantitation are separately prepared and but 

analyzed on the same LC-MS/MS setup to prevent experiment to experiment variations 

[193,83]. MS data is analyzed with a bioinformatic tools that submit and analyze the 

peptide/protein sequences in a database  [181]. Mascot and Sequest are the most popular 

bioinformatic tools for protein identification and PTM mapping. PLGS, X!Tandem, 

Phenyx, Sonar, and Protein Prospector are also bioinformatic tools that are used for same 

purpose [194]. 

MS provides information about the presence of a protein or PTM in a sample [195], but 

dynamic changes in protein and PTM can also be demonstrated. LC-MS/MS based 

proteomics is not a quantitative upon difference of tryptic peptides such as peptide length, 

charge, amino acid content, ion intensities caused by PTM. Thus comparison between 

different peptides can be applied when peptide mass-to-charge ratios (m/z) are same and 

obtained under the same conditions during the LC-MS/MS analysis. MS based quantitative 

strategies can be classified as either stable isotope labeling approaches or label free 

approaches [195,193]. Stable isotope labeling strategies generate a mass shift by labeling 

with non-radioactive heavy isotopes that enables the separation identical peptides from 

different samples within a single MS analysis. Although they have different molecular 

weights, chemical properties are mostly identical which results with same ionization 

efficiency.  m/z difference between two peptides will be observed with mass analysis and 

the area of each peak will demonstrate the amounts of each peptide [192]. Relative 

quantification methods include isotope-coded affinity tags (ICAT), isobaric tags for 

relative and absolute quantification (iTRAQ), stable isotope labeling with amino acids in 

cell culture (SILAC). Label free quantitation compares two or more samples depend on the 

ion intensities of identical peptides or the number of spectra for each protein [193]. 

Samples of label free quantitation are separately prepared and run but they are run on the 

same LC-MS/MS setup to prevent setup variations [193]. 

1.8. AIM OF THE STUDY 

Despite many studies about the metabolic differences between normal cells and cancer 

cells, the carcinogenesis effects on glioblastoma metabolism has not been investigated in 

detail. In this study, we investigated the metabolic shifts in glioblastoma cellular 
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metabolism by using U87MG, U373 GBM cancer cell lines and NHA cells for 

demonstrating the biochemical, mitochondrial, and proteomics alterations between the 

normal and the glioblastoma cells. We found that GBM cells have increased glycolysis rate 

with functional OXPHOS capability, which support the malignant phenotype of this brain 

tumor. These findings about GBM metabolism may be used in further studies as target or 

combination theraphy with a drug, which can enhance efficiency of the treatment.  
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2. MATERIALS 

 

2.1. INSTRUMENTS 

CO2 incubator (Nuaire NU5510/E/G, USA), laminar flow cabinet (ESCO Class II 

Biological Safety Cabinet, AC2-4E8, USA), -80 °C freezer (Thermo Forma -86 C ULT 

Freezer, USA), light microscope (Nikon Eclipse #TS100, Japan), centrifuge (Beckman 

Coulter Allegra 25R,USA), centrifuge (Hettich Mikro-22R,Germany), waterbath (Stuart, 

SB540, UK ), vortex (Stuart SA8, UK), pH meter (Hanna instruments PH211, Germany), 

microplate reader (Bio-Tek EL x 800, USA), Mini-PROTEAN Tetra Cell Electrophoresis 

System (Bio-Rad #165-8001, USA), Pierce G2 Fast Blotter (Thermo Scientific, #22834, 

USA), ChemidocTM XRS+ System (Bio-Rad #170-8265, USA), FACSCalibur (Flow 

Cytometry BD Biosciences #342973), Confocal Microscope (Zeiss LSM 800) are used in 

this study. 

2.2.  EQUIPMENTS 

Micro pipettes 1000, 200, 100, 10 μl (Eppendorf, Germany), gel loading tips (VWR 

#37001-152, USA), serological pipettes 25, 10, 5 ml (SPL Life Sciences, Korea), T-25, T-

75 cell culture flasks and 6-well, 96-well cell culture plates (Corning, USA), 15ml, 50 ml 

falcon tubes (Isolab, Germany), cryovials (TPP, Switzerland), hemocytometer (Sigma 

#Z359629-1EA, Germany), syringe 5 mL (Set Inject, Turkey), 0.22 μm syringe filter (TPP 

#99722, Switzerland) are used in this study. 

2.3. CHEMICALS 

Dulbecco’s Modified Eagle’s Medium - High Glucose (Gibco #41966, USA), Dulbecco's 

Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) (Gibco #10565018, USA), 

Fetal Bovine Serum (Gibco #10082, USA), Penicillin Streptomycin (Gibco #15070, USA), 

Amphotericin B (Gibco # 15290018,USA), Trypsin-EDTA 0.25 per cent (Gibco #25200, 

USA), Dimethyl sulfoxide (DMSO) (SantaCruz #sc-202581, USA), Dulbecco’s Phosphate 
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Buffered Saline (DPBS) (PAN Biotech #P04-36500, Germany), 2-propanol (AppliChem 

#A3928, Germany), Methanol 99 per cent (Sigma 34885, USA), Ethanol (AppliChem 

#A3678, Germany), Ammonium persulfate (APS) (Bio-Rad #162-0700, USA), N,N,N′,N′-

23 Tetramethylethylenediamine (TEMED) (SantaCruz #sc-29111, USA), RIPA Lysis 

Buffer System (SantaCruz #sc-24948, USA), Deacetylation inhibition cocktail (SantaCruz, 

#sc-362323, USA), Coomassie Blue R250 (Sigma Aldrich # 27816-25G, Germany), Tris 

Base (MP-Biomedicals #819638, USA), Sodium Dodecyl Sulfate (SDS), (Bio-Rad #161-

0302, USA), 30 per cent Acrylamide/Bis Solution, 29:1 (Bio-Rad, #161-0157, USA), 

Bovine Serum Albumin, (SantaCruz #sc-2323, USA), Glycine (MP-Biomedicals #808822, 

USA), Glycine (MP-Biomedicals #808822, USA), ProSieveTM QuadColor™ Protein 

Marker (Lonza, # .00193837, Switzerland), Bromophenol Blue (Sigma Aldrich #114391-

5G, Germany), Tween-20 (Merck #8.221.840.500, Germany), β-mercaptoethanol (Merck 

#8.057.400.250, Germany), Glycerol 99 per cent (HPLC grade) (Sigma #G2025, 

Germany), Sodium Dichloroacetate (Sigma Aldrich, # 347795, Germany),  Mitotracker 

Green FM ( Life Technologies # M7514, USA), Rhodamine 123 (Sigma R8004) are used 

in this study. 

2.4. KITS 

BCA Protein Assay Kit (Pierce #23225, USA), DCFDA - Cellular Reactive Oxygen 

Species Detection Assay Kit (Abcam ab113851, USA), CellTiter 96® AQueous One 

Solution Cell Proliferation Assay (MTS) (Promega #G358, USA), Clarity Western ECL 

Substrate (Bio-Rad #170-5061, USA), ATP synthase Specific Activity Microplate Assay 

Kit (Abcam, ab109716, USA) are used in this experiment. 

2.5. ANTIBODIES 

LDHA Mouse mAb (Sigma Aldrich # SAB1406077-50UG, Germany), PDK3 Rabbit mAb 

(Sigma Prestige Antibodies # HPA046583, Germany), β-actin Mouse mAb (SantaCruz 

#sc-47778, USA), HSP60 Mouse mAb (SantaCruz #sc-271215, USA), Mitoprofile total 

OXPHOS rodent WB Ab cocktail (Mitosciences #MS604, USA), PGC-1α Rabbit mAb 

(SantaCruz #sc-13067,USA), Anti-Mouse IgG – Peroxidase Ab (Sigma #A9044, 
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Germany), and Anti-Rabbit IgG – Peroxidase Ab (Sigma #A6154, Germany) are used in 

this study. 

2.6. CELL LINES 

NHA (Normal human astrocytes) and U87MG glioblastoma cell lines were kindly 

provided by Assist. Prof. Çığır Biray Avcı (Department of Medical Biology, EGE 

University, Turkey), U373 glioblastoma cell line was provided by Prof. Dr. Mustafa Çulha 

(Nanotechnology Laboratory, Yeditepe University, Turkey). 

 

 

 

 

 

. 
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3. METHODS 
 

3.1. CELL CULTURE 

U87MG and U373 glioblastoma cell lines were grown and maintained in Dulbecco's 

Modified Essential Medium (DMEM) containing 4.5 g/L glucose supplemented with 10 

per cent Fetal Bovine Serum (FBS) and one per cent Penicillin-Streptomycin-

Amphotericin (PSA) (complete high glucose medium) at 37
0
C and five per cent CO2 in a 

humidified incubator. NHA was grown and maintained in Dulbecco's Modified Essential 

Medium : Nutrient Mixture F-12 (DMEM/F12) containing 4.5 g/L glucose supplemented 

with fifty per cent Fetal Bovine Serum (FBS) and one per cent Penicillin-Streptomycin-

Amphotericin (PSA) (complete high glucose medium) at 37
0
C and five per cent CO2 in a 

humidified incubator. 

3.1.1. Thawing Cells From Storage 

Cryopreserved cells were taken from -80
o
C freezer and immediately warmed until they 

melt. Cell suspensions were transferred into sterile 15 ml falcon tubes and 5 ml complete 

high glucose media was added dropwise onto cells to aviod killing the cells. The cell 

suspensions were cetrifuged at 300 g for 5 minutes to remove the DMSO containing 

freezing media. Cell pellets were resuspended in complete high glucose media and 

transferred into a sterile T-25 cell culture flask containing 5 ml of high glucose media. The 

media of the cells were changed after the cell attached onto flask to remove the rest of the 

DMSO content. Cells were passaged at least twice before starting the following 

experiment. 

3.1.2. Cell Subculturing 

NHA, U87MG and U373 cells were passaged when the cells reached to exactly 80 per cent 

confluency. Culture medium was removed from the flask and the cells were washed with 

Phosphate Buffer Saline (PBS, pH 7.4). The cells were treated with 0.25 per cent trypsin-
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EDTA (v/v) and incubated at 37
o
C in an incubator for five minutes. Then the cells were 

collected in complete high glucose medium to inactivate the trypsin and centifuged 300 g 

for five minutes. Supernatant was discarded and the cell pellet was resuspended with one 

mL of dPBS and centrifuged at 300 g for five minutes to remove trypsin content. The cells 

were resuspended in complete high glucose medium and seeded into tissue culture flasks. 

3.1.3. Cryopreservation of the Cells 

NHA, U87MG and U373 cells were resuspended with trypsin and counted by using 

hemocytometer. Counted cells were centrifuged at 300 g for five minutes. Density of cell 

number for each cryovial was indicated as 1 x 10
6
 cells/vial. Supernatant was discarded 

and the pellets were resuspended in freezing mixture containing 20 per cent FBS (v/v) and 

10 per cent DMSO (Dimethyl Sulfoxide) (v/v) and transferred into the cryovial. Cryovials 

were placed into a isopropanol containing box and frozen at -80
o
C freezer. For long-term 

storage, the cryovials were transferred into a liquid nitrogen container. 

3.1.4. Sodium Dichloroacetate Treatment 

Sodium dichloroacetate was prepared in dPBS, filtered with 0.22 µm syringe filter and 

diluted in complete high glucose medium to a concentration of 50 mM. Then stock 

solution was diluted to a concentration of 25 mM, 10 mM, five mM and one mM. In order 

to analyze the effect of DCA, cells were seeded onto 3 x 24-well-plate with a number of 

1.0 x 10
5
 cells/well in complete high glucose media. After 24 hours, the medium of each 

well was changed with DCA containing medium with different concentration ( 0, 1, 5, 10, 

25, 50 mM) and incubated for 24-48-72 hours at 37
o
C and five per cent CO2 incubator. 

Changes in the cell number was observed and recorded under light microscope. 

Table 3.1. Dilutions for the required concentrations of DCA treatment. 

Concentrations 50 mM DCA Stock Complete High Glucose Medium 

0 mM 0 ml 15 ml 

1 mM 0.3 ml 14.7 ml 

5 mM 1.5 ml 13.5 ml 

10 mM 3 ml 12 ml 
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25 mM 7.5 ml 7.5 ml 

50 mM 15 DCA 0 ml 

 

3.2. BIOCHEMICAL ANALYSIS 

3.2.1. Cell Viability Assay 

Viability in NHA, U87MG and U373 cells treated with  different concentrations of DCA 

was measured by using CellTiter 96® Aqueous One Solution Cell Proliferation Assay 

(MTS-[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium]). This assay is colorimetric method for determining the number of the viable 

cells by a tetrazolium compound, which is bioreduced by active cells into a colored 

formazan product by NADPH or NADH produced by dehydrogenase enzymes. Cells were 

counted and seeded in three different 96-well-plates with number of 1.0 x 10
3
 cells/well in 

100 µl for three days (0, 24h and 48h) in complete high glucose medium. After overnight 

incubation, medium of the each well was changed with treatment medium. MTS was added 

into into each well as 10 per cent of the total volume and incubated at 37
0
C for two hours 

in dark. After incubation, absorbance of each sample was measured at 490 nm by a Bio-

Tek EL x 800 microplate reader. 

3.2.2. Reactive Oxygen Species Detection Assay 

The levels of ROS in NHA, U87MG and U373 cells which were exposed to 10 mM DCA 

treatment were measured by using DCFDA (2’,7’ –dichlorofluorescin diacetate) Cellular 

Reactive Oxygen Species Detection Assay Kit, which uses a fluorogenic dye that measures 

hydroxyl, peroxyl and other ROS activity within the cell. U87MG and U373 cells were 

seeded in T25 flask and 10 mM DCA treatment was applied on the cells. The control and 

treated cells were harvested and 1.0 x 10
5
 cells were resuspended in dPBS. Tert-butyl 

hydroperoxide (TBHP) was applied one of the each cell as a positive control. After 

treatment, all of the cells were treated with DCFDA fluorogenic dye to measure the ROS 
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content within the cells for 30 minutes in dark. After incubation the ROS level was 

measured by FACSCalibur flow cytometer. 

3.2.3. ATP Synthase Specific Activity Assay 

ATP Synthase Specific Activity Assay Kit was applied in order to analyze the ATP 

synthase activity by immunocapturing these enyzmes into monoclonal antibody bounded 

microplate and monitoring the conversion of ATP to ADP by ATP synthase. Cells were 

grown in T75 cell culture flasks. The cells were harvested and cell pellets were obtained. 

For lyzing the cells, pellets were exposed to freze-thaw for five times and centrifuged at 

12,000 g at 4
o
C for 30 minutes. Then, the protein concentration of each sample was 

analyzed by BCA protein assay and the protein concentration of each cells was adjusted to 

5.0 mg/mL by adding Solution one supplied with kit. Diluted samples were loaded into 

monoclonal antibody bound 96-well-plate and incubated at 37
o
C for one hour. After 

incubation the wells were emptied and washed by 300 µL of Solution one for two times. 40 

µl Lipid Mix was added into each well and incubated at room temperature for 45 minutes. 

After incubation, 200 µl Reagent Mix was added into each well and the 96-well-plate 

placed into Bio-Tek EL x 800 microplate reader to measure the absorbance at 340 nm at 

30
o
C by using kinetic program for three hours with the reading interval of a minute. 

3.2.4. MitoTracker Green Staining 

MitoTracker Green staining was performed for measurement of mitochondrial mass 

content via mildly thiol-reactive chloromethyl moiety, which is used for mitochondria 

labeling. Lyophilized MitoTracker Green dye was dissolved in 74 µL DMSO to a final 

concentration of 1 mM. Then one mM dye was diluted in complete high glucose medium 

to final concentration of 100 nM for confocal microscopy. NHA, U87MG and U373 cells 

were seeded onto cover slip which was placed into 6-well-plate with the number of 5.0 x 

10
4
 in complete high glucose medium. After overnight incubation, each well was emptied 

and washed with dPBS. 100 nM MitoTracker green dye containing media was added into 

each well for mitochondrial staining and incubated at 37
o
C for 10 minutes in dark. After 

incubation, each well was washed with dPBS for five times with five minute washing 
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interval. Then the cover slips were placed onto cover slide and images of individual cells 

were collected by using Zeiss LSM 800 confocal microscope. 

3.2.5. Rhodamine Staining 

Rhodamine 123 staining was performed for measurement of mitochondrial membrane 

potential via fluorescent probe for a potent substrate for P-glycoprotein, which is used for 

mitochondria labeling. Rhodamine 123 dye (one mg/ml)  was diluted in complete high 

glucose medium. NHA, U87MG and U373 cells were seeded onto cover slip which was 

placed into 6-well-plate with the number of 5.0 x 10
4
 in complete high glucose medium. 

After overnight incubation, each well was emptied and washed with dPBS. Rhodamine 123 

dye containing media was added into each well for mitochondrial staining and incubated at 

37
o
C for 10 minutes in dark. After incubation, each well of was washed with dPBS for five 

times with five minute washing interval. Then the cover slips were placed onto cover slide 

and images of individual cells were collected by using Zeiss LSM 800 confocal 

microscope. 

3.3. PROTEMICS STUDIES 

3.3.1. Cell Lysis 

Cell pellets collected from NHA, U87MG and U373 cells were lysed with RIPA Lysis 

Buffer with addition of one per cent protease inhibitor cocktail (PI), one per cent of sodium 

orthovanadate (Na3VO4), one per cent of deacetylation inhibition cocktail. The cell pellets 

were resuspended with lysis buffer (2 times the pellet volume) and gently pipetted for 4-5 

times. The cell pellets were incubated on ice for 10 minutes and centrifuged at 12,000 x g 

for 10 minutes. The supernatant of the sample was taken into a new 1.5 mL eppendorf tube 

and BCA assay was performed to determine the protein content of the whole cell lysate. 

After BCA analysis, 1 µl one per cent of phenylmethanesulfonylfluoride (PMSF) was 

added into each sample and they were stored at -80
o
C. 
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3.3.2. Bicinchioninic Acid Assay 

BCA Proteins Assay was used to measure the protein content in the whole cell lysates. 

Two mg/ml BSA solution was used as a standard and serial dilution was applied to obtain 

working range of BSA (0 - 0.125 - 0.25 - 0.5 - 1 - 1.5 - 2 mg/ml). Working Reagent (WR) 

was prepared according the number of well (200 µL/well) by mixing 50 parts of BCA 

Reagent A with 1 part of BCA Reagent B (50:1, Reagent A:B). 10 μL of samples and 

standards were put into 96-well-plate triplicate. 200 μl of WR was put into each well and 

incubated at 37
o
C for 30 minutes in dark. After incubation, the absorbance was mesured at 

562 nm via Bio-Tek EL x 800 microplate reader. The standard curve was prepared by 

using absorbance values of BSA standards and the protein content of the samples were 

calculated according to standard curve. 

3.3.3. Immunoblotting 

Protein samples of NHA, U87MG and U373 were prepared 25 µg  according to BCA assay 

results and loaded on a 12 per cent SDS-polyacrylamide gel. Proteins were seperated in the 

gel via SDS-PAGE and they were transferred onto PVDF membrane by using Thermo 

Scientific Pierce G2 Fast Blotter. Then blocking was applied by using five per cent of skim 

milk powder in Tris Buffered Saline Tween-20 solution (TBST; 0.1 M Tris-HCl, nine per 

cent NaCl, 0.1 per cent Tween- 20, pH = 7.4 ) for 30 minutes. After incubation, the 

membrane was washed three times with TBST and incubated overnight at 4
o
C with 

primary antibody in TBST (MitoProfile Total OXPHOS Rodent WB Antibody Cocktail 

(1:5000), Lactate Dehydrogenase A antibody (1:500), Pyruvate Dehydrogenase Kinase 3 

antibody (1:500), PGC-1α (1:2500), Acetylated Lysine (1:1000). After incubation, the 

membrane was washed with TSBT for three times and incubated with secondary antibody 

(anti-mouse or anti-rabbit) for 60 minutes at room temperature on a shaker. After 

secondary antibody incubation, the membrane was washed for twice with TBST and once 

with TBS, and then signals are produced with Clarity Western ECL Substrate by imaging 

with ChemidocTM XRS+ system. The membrane was incubated with β-actin, and HSP60 

mouse antibodies prepared in TBST buffer (1:5000) overnight at 4
o
C as a loading control. 

After overnight incubation, the membrane was washed with TBST for three times and 
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incubated with anti-mouse IgG antibody (1:5000) for 60 minutes at room temperature on a 

shaker. Then, the membrane was washed for two times with TBST and and once with TBS, 

and  monitorized with Clarity Western ECL Substrate by imaging with ChemidocTM 

XRS+ system. Relative quantitation analysis of the images were performed via ImageLab 

5.2.1 software and the values were normalized according to loading control values. 

3.3.4. Sample Preparation for Mass Spectrometry-Based Proteomic Analysis 

Proteins of NHA and U87MG were separated on a 12 per cent SDS-polyacrylamide gel 

and stained with coomassie brilliant R250. The protein bands which were selected due to 

alterations in acetylation immunoblotting were cut out and processed first in washing 

solution (50 per cent methanol and 5 per cent acetic acid) and then in destaining solution 

(50 mM amonium bicarbonate and 50 per cent acetonitrile) to take coomassie stain out of 

gelpieces. Gel pieces were dried in 200 μl acetonitrile. 10 mM dithiotreitol and 100 mM 

iodoacetamide were added in order to complete protein reduction and alkylation step. For 

protein digestion, 20 ng/μl tyrpsin solution was added into gel containing tubes and 

incubated for 16 hours at 37
o
C. The next day, peptides were extracted and concentrated by 

using vacuum centrifugation.  

3.3.5. Mass Spectrometry Based Analysis 

Samples were introduced into Thermo Dionex UltiMate™ 3000 RSLCnano using pre-

concentration setup with Acclaim PepMap RSLC C18, 2 μm, 100Å column (Mobile phase 

A: 100% H2O + 0.1% formic acid, Mobile phase B: 100% acetonitrile + 0.1% formic 

acid). This separation was followed by Bruker Compact CaptiveSpray NanoBooster-

Electrospray-UHR-Quadrupole-Time-of-Flight analyses. Software utilized during the 

analysis: HyStar3.2 program for the control of whole process, otofControl for MS, 

Compass Data Analysis for the generation of mgf files and Mascot 2.4.1 based SwissProt 

database search, Biotools 3.2 to finalize the protein identification process. 
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3.4. STATISTICAL ANALYSIS 

The data were statistically analyzed by using t-test of Microsoft EXCEL 2010 software 

demonstrated that the data were significant. Each experiment was performed triplicate and 

p value ≤ 0.05 was considered statistically significant. 
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4. RESULTS 
 

4.1. BIOCHEMICAL ANALYSIS 

4.1.1. Pyruvate Level Measurements of NHA and U87MG Cells 

Pyruvate levels of NHA and U87MG whole cell lysates were measured in order to 

compare the pyruvate content between NHA and U87MG GBM cell line. Therefore, 

Pyruvate Assay was performed, which oxidizes the pyruvate in the whole cell lysate  by 

pyruvate oxidase and generates color, detected at 570 nm. The pyruvate levels of cells 

showed a six-times elevation in comparison to control group (Figure 4.1). The experiments 

were performed triplicate and the results with a value of p ≤ 0.05 considered significant. 

 

Figure 4.1. Pyruvate level profile comparison between NHA and U87MG glioblastoma cell 

lines. NHA, and U87MG were seeded into T25 cell culture flask and harvested as a cell 

pellet. Cell pellets were lysed with extraction buffer and pyruvate measurement was 

performed according to the manufacturer’s instruction. (** denotes for p ≤ 0.01). 
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4.1.2. Changes in Lactate Dehydrogenase A Level Between NHA, U87MG and U373 

Cells 

The changes in the amounts of LDHA were investigated by immunoblotting experiments, 

samples obtained from NHA, U87MG and U373 cells in order to compare the LDHA 

content in their whole cell lysate. The signals coming from the LDHA and HSP60 were 

analyzed by Image Lab.5.1.1 software and the LDHA data were normalized with the data 

from β-actin signals. According to results, we revealed induction of 250 per cent in both 

glioblastoma cell lines. 

 

Figure 4.2. Relative changes in LDHA levels of cellular proteins from NHA, U87MG and 

U373 glioblastoma cell lines. LDHA: Lactate Dehydrogenase A, B-ACTIN: β-actin 

antibody (** denotes for p ≤ 0.01). a) Immunoblotting analysis of LDHA and β-actin 

antibodies, b) Relative changes in LDHA levels. 
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4.1.3. Changes in Pyruvate Dehydrogenase Kinase 3 Level Between NHA, U87MG 

and U373 Cells 

Immunoblotting analyses of PDK3 were performed in order to reveal the changes in the 

inhibiton of pyruvate dehydrogenase (PDH), which is responsible for converting cytosolic 

pyruvate to mitochondrial acetyl-CoA, between NHA and glioblastoma cell lines. The 

signals coming from the PDK3 and β-actin were analyzed by Image Lab. 5.1.1 software 

and the PDK3 data were normalized with the data from β-actin signals. According to these 

findings, we revealed significant elevations in both GBM cells U87MG cells. 

 

Figure 4.3. Relative changes in PDK3 levels of cellular proteins from NHA, U87MG and 

U373 glioblastoma cell lines. PDK3: Pyruvate dehydrogenase kinase 3, B-ACTIN: β-actin 

antibody (* denotes for p ≤ 0.05). a) Immunoblotting analysis of PDK3 and β-actin 

antibodies, b) Relative changes in PDK3 levels. 
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4.2. MITOCHONDRIAL ASSAYS 

4.2.1. Changes in Peroxisome Proliferator-Activated Receptor-Gamma Coactivator 

Among NHA, U87MG and U373 Cells 

Immunoblotting analyses of PGC-1α were performed to detect the variations of 

mitochondrial bioenergetics between NHA and glioblastoma cell lines. The signals coming 

from the PGC-1α and β-actin were analyzed by Image Lab. 5.1.1 software and the PGC-1α 

data were normalized with the data from β-actin signals. According to these findings, we 

revealed  increase of 160 per cent in U87MG cells and 172 per cent in U373 cells. 

 

Figure 4.4. Relative changes in PGC-1α levels of cellular proteins from NHA, U87MG and 

U373 glioblastoma cell lines. PGC-1α: Peroxisome proliferator-activated receptor-gamma 

coactivator, B-ACTIN: β-actin antibody (* denotes for p ≤ 0.05, ** denotes for p ≤ 0.01). 

a) Immunoblotting analysis of PGC-1α and β-actin antibodies, b) Relative changes in 

PGC-1α. 
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4.2.2. Mitochondrial Content Measurements of NHA, U87MG and U373 Cells 

MitoTracker Green dye was applied on both normal astrocytes and the glioblastoma cell 

lines in order to compare the mitochondrial mass content. According to results, both 

glioblastoma cell lines had elevations in their MitoTracker green fluorescence intensity 

which is related with mitochondrial mass content. U87MG had 19 per cent increase and 

U373 had 99 per cent increase when their mitochondrial mass contents were compared 

with NHA mitochondrial mass content. 

 

Figure 4.5. Relative variations in mitochondrial mass of NHA, U87MG and U373 cells. 

Cell were seed on coverslips with the density of 5.0 x 10
5
 cells per well inside a 6-well 

plate. Mitochondria were labeled with a 100-nM MitoTracker Green fluorescent dye in 

DMEM at 37 °C for 15 min. Stained cells were examined by Zeiss Confocal Microscope 

with 63X objective lens. a) MitocTracker Green stained cells, b) Relative MitoTracker 

Green intensity changes. 
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4.2.3. Mitochondrial Membrane Potential Measurements of NHA, U87MG and U373 

Cells 

Rhodamine 123 was used to measure mitochondrial membrane potential of NHA, U87MG 

and U373 cell lines. According to results, we revealed 86 per cent increase in U87MG and 

136 per cent increase in U373 mitochondrial membrane potential. 

 

Figure 4.6. Relative changes in mitochondrial membrane potentials of NHA, U87MG and 

U373 cells. Cells were seed on coverslips with the density of 5.0 x 10
5
 cells per well inside 

a 6-well plate. Mitochondria were labeled with a 1 mg/ml Rhodamine 123 fluorescent dye 

in DMEM at 37°C for 15 minutes. Stained cells were examined by Zeiss Confocal 

Microscope with 63X objective lens. a) Rhodamine 123 stained cells, b) Relative 

Rhodamine 123 intensity changes. 
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4.2.4. Variations in Electron Transport Chain Complexes of NHA, U87MG and 

U373 Cells 

Changes in the amounts of mitochondrial ETC complexes were investigated by 

immunoblotting experiments via OXPHOS Rodent WB Antibody Cocktail, by using 

samples obtained from NHA, U87MG and U373 cells in order to examine the effects of 

elevated mitochondrial content on ETC complexes. The signals coming from the OXPHOS 

complexes and HSP60 were analyzed by Image Lab. 5.1.1 software and the OXPHOS 

complexes data were normalized with the data from HSP60 signals. According to results, 

we revealed induction of 55 per cent in U87MG cells and 30 per cent in U373 cells in the 

amount of succinate dehydrogenase (Complex II), 170 per cent increase the amount of 

Cytochrome bc1 complex (Complex III) in both glioblastoma cell lines,  elevation of 100 

per cent  in U87MG and 120 per cent in U373 cells in the amount of ATP synthase 

(Complex V). 
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Figure 4.7. Relative alterations of OXPHOS complexes amounts from NHA, U87MG and 

U373 cells. HSP60: Heat shock protein 60 (kDa); CV: ATP synthase, CIV: Cytochrome c 

oxidase, CIII; Cytochrome bc1 complex, CII: Succinate dehydrogenase, CI: NADH 

dehydrogenase (* denotes for p ≤ 0.05, ** denotes for p ≤ 0.01, *** denotes for p ≤ 0.001). 

a) Immunoblotting analysis of OXPHOS Rodent WB antibody and HSP60 antibodies, b) 

Relative changes in OXPHOS complexes. 
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4.2.5. ATP Synthase Specific Activity Measurements of NHA, U87MG and U373 

cells 

ATP synthase specific activity measurement was performed to whole cell lysate samples of 

NHA, U87MG and U373 cells in order to examine whether the elevated amount of ATP 

synthase (Complex V) were functionally active. For this purpose, ATP synthase was 

immunocaptured within the monoclonal antibody bounded microplate. Then the substrate 

of this enzyme was added into well and the activity of ATP synthase was detected by 

measuring optical density, which decreased with the elevation of NAD
+
. According to 

results, we revealed 42 per cent elevation in U87MG and 16 per cent elevation in U373 

cells in comparison to NHA cells ATP synthase activity. 

 

Figure 4.8. ATP synthase activity measurement of NHA, U87MG and U373 cells. ATP 

synthase from total cell lysates was measured by a kinetic colorimetric assay using the 

ATP synthase Specific Activity Microplate Assay kit according to the manufacturer’s 

instructions. NHA, U87MG and U373 cells were seeded on T75 cell culture flask and cell 

pellets were lysed, and the ATP synthase was immune-captured within the 96-well plates. 
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4.2.6. Cellular Reactive Oxygen Species Measurements of NHA, U87MG and U373 

cells 

The alterations of ROS level between NHA, U87MG and U373 cells were measured by a 

DCFDA Cellular ROS Detection Assay Kit, which promotes tumor development and 

progression. Therefore, a fluorogenic dye 2’,7’ –dichlorofluorescin diacetate (DCFDA) 

was used to detect the ROS content, which was taken into cell and oxidized by ROS into 

2’, 7’– dichlorofluorescein (DCF). DCF was a fluorescent compound and it was detected 

with maximum excitation and emission spectra of 495 nm and 529 nm. According to 

results; approximately 2,5 fold increase were revelaed in GBM cells when they were 

compared with NHA. 

 

Figure 4.9. Relative alterations in the ROS levels of NHA, U87MG and U373 cells. (** 

denotes for p ≤ 0.01, *** denotes for p ≤ 0.001). NHA, U87MG and U373 cells were 

incubated with DCFDA and measurement was performed according to the manufacturer’s 

instruction. 

4.2.7. DCA Treatment Optimization 

The effects of DCA treatment on cell proliferation of NHA, U87MG and U373 cells were 

measured by MTS cell proliferation assay by exposing different concentration of DCA. 
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The MTS Tetrazolium compound was oxidized by active cells into colored formazan, 

which was detected the absorbance at 490nm. We revealed that 10 mM DCA was the 

lowest concentration which affected both normal and cancer cells significantly. Also, the 

effect of DCA treatment on cell morphology of NHA, U87MG and U373 cells were 

observed by using brightfield microscopy. 

 

Figure 4.10. The effects of DCA treatment on NHA, U87MG and U373 cells. a) Cell 

viability results of DCA treatment on NHA, U87MG and U373 cells with different 

concentrations and interval, b) Cellular morphology of  NHA, U87MG and U373 cells 

upon 10 mM 24 hours treatment. 
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4.2.8. Effects of DCA Treatment on Electron Transport Chain Complexes 

Changes in the amounts of mitochondrial ETC complexes upon 10 mM DCA treatment 

were investigated by immunoblotting experiments via OXPHOS Rodent WB Antibody 

Cocktail with samples obtained from NHA, U87MG and U373 cells. The signals coming 

from the OXPHOS complexes and HSP60 were analyzed by Image Lab. 5.1.1 software 

and the OXPHOS complexes data were normalized with the data from HSP60 signals. 

According to results, although we revealed elevation of 20 per cent in U87MG cells and 

there were not significant alterations in NHA and U373 cells of ATP synthase (Complex 

V). There was not a change in the amount of Cytochrome bc1 complex (Complex III) in 

normal human astrocyte but, there both glioblastoma cell lines had decrease upon 10 mM 

DCA treatment. 
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Figure 4.11. Relative changes of OXPHOS complexes amounts of NHA, U87MG and 

U373 cells upon 10 mM DCA treatment. HSP60: Heat shock protein 60 (kDa); CV: ATP 

synthase, CIII; Cytochrome bc1 complex. a) Immunoblotting analysis of OXPHOS Rodent 

WB antibody and HSP60 antibodies, b) Relative changes in Complex V upon DCA 

treatment, c) Relative changes in Complex III upon DCA treatment. 
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4.2.9. Changes in ROS Level Upon DCA Treatment 

In order to examine the effects of DCA treatment on ROS content, the alterations of ROS 

level between control and 10 mM DCA treated NHA, U87MG and U373 cells were 

measured by a DCFDA Cellular ROS Detection Assay Kit. Therefore, a fluorogenic dye 

2’,7’ –dichlorofluorescin diacetate (DCFDA) was used to detect the ROS content, which 

was taken into cell and oxidized by ROS into 2’, 7’– dichlorofluorescein (DCF). DCF was 

a fluorescent compound and it was detected with maximum excitation and emission spectra 

of 495 nm and 529 nm.According to results; two fold increase in NHA cells and 10 per 

cent increase in U87MG cells were revelaed upon 10 mM DCA treatment, but no change 

was observed in U373 cells. 

 

Figure 4.12. The effect of 10 mM DCA treatment on the ROS level of NHA, U87MG and 

U373 cells. NHA, U87MG and U373 cells were incubated with DCFDA and measurement 

was performed according to the manufacturer’s instruction. 

4.3. MASS SPECTROMETRY BASED PROTEOMICS 

Changed whole cell proteins of NHA and U87MG were analyzed by MS-based 

proteomics. Immunoblotting of acetylated proteins of these cells were investigated and two 

candidate bands were selected for in gel digestion. SDS-PAGE of same samples were 
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prepared for in gel digestion and one pair of protein band was also added upon the changes 

in coomasie staining. Three different bands of each sample were in gel digested and 

analyzed via MS-based approach. According to results, there were metabolic enzymes in 

the protein candidates. 

 

Figure 4.13. MS-based proteomics of NHA and U87MG cells. Software utilized during the 

analysis: HyStar3.2 program for the control of whole process, otofControl for MS, 

Compass Data Analysis for the generation of mgf files and Mascot 2.4.1 based SwissProt 

database search, Biotools 3.2 to finalize the protein ID process. (S1: Sample 1, S2: Sample 

2, S3: Sample 3) a) Acetylated proteins of NHA and U87MG cells, b) SDS-polyacrylamide 

gel and stained with coomassie brilliant R250, c) List of the proteins identified with mass 

spectrometry-based proteomics 
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5. DISCUSSION 

Glioblastoma is the most malignant brain tumor that has limited lifespan with current 

treatment [196]. During carcinogenesis, GBM cells undergo a metabolic change for 

supporting their energy and biomacromolecules needs for rapid cell growth and 

proliferation [197]. In brain, glial cells are responsible for maintaining the optimal 

conditions for neuron activity. When they are compared with neurons, the astrocyte cell 

metabolim favors glycolysis to buffer the pH by taking into the extracellular glutamate to 

provide neurotransmitter glutamine which show their anerobic glycolysis profile in nature. 

During carcinogenesis, they change their profile of cell metabolism. In this study, we 

aimed to reveal the energy metabolism differences between normal human astrocytes and 

glioblastoma multiforme cells, and also dichloroacetate treatment for manipulating 

mitochondrial activity. 

In order to compare the biochemical profile of NHA and GBM cells, first pyruvate levels 

were compared by using Pyruvate Assay Kit which showed significant increase in the 

cellular pyruvate levels in U87MG cells (Figure 4.1). This increase showed that GBM cells 

have elevated reserves for energy and biomacromolecule productions which can be 

processed through aerobic glycolysis or oxidative phosphorylation. Increased pyruvate 

levels also induce angiogenesis in GBM which is driven by HIF-1α via VEGF expression 

in highly proliferative cancer cells[198].   

LDHA is responsible for the conversion of pyruvate to lactate that is the last step of 

glycolyis. LDHA is upregulated in many cancers which have highly glycolytic phenotype 

[199]. Therefore, cellular LDHA levels of NHA, U87MG and U373 cells were analyzed 

via immunoblotting analysis by using LDHA and β-actin antibodies. LDHA levels were 

elevated in GBM cancer cells when compared with NHA (Figure 4.2). This increase 

showed that GBM cells have higher capacity for lactate production which supports the 

aerobic glycolytic phenotype of the GBM cells [199]. 

Then, PDK3 protein levels of NHA, U87MG and U373 cells were analyzed via 

immunoblotting of PDK3 and β-actin antibodies which is responsible for pyruvate flow 

into mitochondria by controlling the activity of PDH. PDK1, is the isoform of PDK3, 
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levels are elevated in GBM cells when compared with the normal astrocytes [55].  

Elevated PDK3 levels in GBM cells were the parts of high glycolytic phenotype of the 

GBM which could provide carbon fluxes through aerobic glycolysis (Figure 4.3). 

Since most of  cancer cells have metabolic shift towards the aerobic glycolysis, increase in 

the glycolytic analyses of GBM cells directed us to consider mitochondrial changes 

between NHA and GBM cells. First, immunoblotting of PGC-1α was performed to check 

the levels of mitochondrial biogenesis protein which is upregulated in invasive cancer cells 

by using PGC-1α and β-actin antibodies [97]. Significant increase in protein levels of 

PGC-1α in GBM cells was showed that mitochondrial biogenesis was increased (Figure 

4.4) during carcinogenesis of astrocytes and it may be the result of the elevated need of  

metabolic intermediates which are produced during TCA cycle and used in cell 

proliferation. 

Increase in the transcription co-activator, PGC-1α directed us to analyze the mitochondrial 

content whether this increase affected the mitochondria production in the cancer cells. In 

order to check the mitochondrial content of NHA and GBM cells, MitoTracker Green 

staining was performed. According to results, mitochondrial mass content was enhanced in 

GBM cells when they were compared with NHA (Figure 4.5). Both increases in PGC-1α 

and MitoTracker Green staining showed that there was an elevation in the mitochondria 

number of the GBM cells. Anaerobic glycolysis coupled with mitochondrial dysfunction is 

observed in most of the cancer cells. Then, mitochondrial membrane potential of NHA and 

GBM cells was analyzed by using Rhodamine 123 dye whether the increase in 

mitochondrial mass were parallel with functionality. Relative intensity measurements by 

confocal microscope showed that membrane potential of astrocytes increased during 

carcinogesis which showed that the increase in the mitochondrial mass did not related to  

inefficient function of mitochondria in GBM cells (Figure 4.6). In order to analyze the 

effect of mitochondrial accumulation on ETC complexes in GBM cells, we performed 

immunoblotting analysis by using MitoProfile Total OXPHOS Rodent WB Antibody 

Cocktail and HSP60 antibodies. According to results, both GBM cells showed decrease in 

Complex I and Complex II, also they demonstrated elevation in Complex III and Complex 

IV when they were compared with NHA (Figure 4.7). Increase in Complex III but decrease 

in Complex I may be the result of the Complex IV insufficiency that is essential for 
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supercomplex formation and Complex I stability which is effective for prevention of ROS 

mediated damage in the cell [80].  

Induction in the protein amount in ETC complexes lead us to consider the activity of these 

complexes of which upregulation may be the result of inefficiency of the complexes. 

Therefore, ATP synthase activity assay was performed to reveal the activity of Complex V. 

According to results, a significant increase was found in both GBM cells where the 

changes was overlapping with the increase in the corresponding proteins (Figure 4.8).  

Increased production of ROS is found in many cancers that induces carcinogenesis by 

promoting genomic instability [200]. To check the effects of carcinogenesis and increased 

mitochondrial activity on ROS content, DCFDA Cellular Reactive Oxygen Species 

Detection Assay was performed with NHA and GBM cells. According to results, 

significant increases were revealed in GBM cells which may be the result of oncogene 

derived NADPH oxidase-dependent ROS production that is important for cell proliferation 

(Figure 4.9) [200].  

DCA is an antiglycolytic agent that inhibits the activity of PDK which is responsible for 

the activity of acetyl-CoA converter, PDH. DCA binding results with conformational 

change and this changes block the activity of PDH which enhance the pyruvate flux into 

mitochondria. Therefore, DCA was used in order to examine its potential effects on NHA 

and GBM cells. Different concentrations were applied on NHA and GBM cells in cell 

viability assay to find the optimized DCA concentration for treatment. According to cell 

viability assay, 10 mM was selected since it was the lowest and effective concentration that 

can be used in further assays (Figure 4.10). Next, immunoblotting analysis was performed 

by using MitoProfile Total OXPHOS Rodent WB Antibody Cocktail and HSP60 

antibodies to investigate the effects of 10 mM DCA on ETC complexes. According to 

results, there were not significant alterations in NHA and U373 cells but increase was 

found in Complex V of U87MG cells. Also, it was revealed that 10 mM DCA affected 

only GBM cells in Complex III rather than NHA (Figure 4.11). This data was very 

interesting since DCA should induce the flux of pyruvate through the mitochondria but it 

was revealed that there was a limitation in the amount of mitochondrial proteins. This 

might be the result of the effects of DCA on supercomplexes in mitochondria. In order to 

check the effects of 10 mM DCA treatment on cellular ROS content, DCFDA Cellular 

Reactive Oxygen Species Detection Assay was performed. According to results, there was 
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a significant increase in NHA but there were not significant changes in GBM cells (Figure 

4.12). This might be the result of the DCA effects of different ROS sources in the cells 

which the analysis did not provide only the mitochondria mediated ROS but also other 

sources [200].   

Proteins are functional parts of the cells which are affected during the carcinogenesis. 

Therefore, we performed a MS-based proteomic approach for identifying candidate 

proteins which were related with GBM formation. In order to determine the changed 

proteins between NHA and U87MG, whole cell acetylation was investigated by 

immunoblotting via acetylation and β-actin antibodies since the metabolic enzyme 

activities are regulated via PTMs and acetylation is one of them. Changed acetylation 

bands were selected for in-gel trypsin digestion step. According to MS based proteomic 

analysis results, there were changes on different metabolic proteins, such as GAPDH, 

LDHA, LDHB, and HSP90 that participate in glycolysis and OXPHOS which were 

directly affected during GBM formation (Figure 4.13). 
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6. CONCLUSION AND FUTURE PERSPECTIVE 

Glioblastoma is a highly malignant brain tumor which has cellular adaptations that enable 

and enhance the survival skills of astrocytes during the cancer formations. In this study, it 

was shown that GBM cells increased not only their glycolytic capacity but also OXPHOS 

rate essential for meeting the needs of energy and biomacromolecules for their rapid 

proliferation and angiogenesis. Pyruvate levels, LDHA and PDK3 protein expression 

levels, which are implied in glycolytic pahtway, were elevated in both GBM cells. PGC-

1α, mitochondrial mass and membrane potential of both GBM cells were elevated during 

carcinogenesis process, which affected ETC complexes by changing their supercomplex 

distribution. Also GBM cells demonstrated increase in ATP synthase activity which is 

responsible for the production of most of the ATP utilized. These metabolic phenotypes 

showed that both GBM cell line does not display Warburg effect as their metabolic 

modulations. Dichloroacetic acid (DCA) treatment affected the cell proliferation and the 

supercomplex distributions in mitochondria of GBM cells, which provided toleration to 

DCA treatment in cancer cells by supressing DCA mediated ROS generation. In addition, 

this study demonstrated that cancer formation changes the protein profile of the cells of 

astrocytes, related to cellular energy metabolism. LDHA, LDHB, GAPDH, PGK1, 

ALDOA, and PFK-C were identified as the major candidate proteins affected during 

gliomagenesis though mass spectrometry-based proteomics approach. 

These metabolic profiling provided an understanding in a part of the metabolic shift 

between normal astrocytes and GBM cells. Further studies for comprehensive analysis of 

metabolic alterations are needed for advancements in the manipulation of cancer 

metabolism. DCA treatment is an effective approach for rapid GBM proliferation but the 

mechanism of DCA mediated apoptosis must be studied whose effects on ROS could not 

be seen by cellular ROS analysis. The candidate proteins which were provided by MS-

based proteomics must be confirmed by further immunoblotting assays.  
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