
Technische Universität München 

Fakultät für Medizin 

 

 

 

 

 

The role of aldehyde dehydrogenase 1 in the combined 

treatment of glioma cells with cold atmospheric plasma 

and standard radiotherapy 

 

 

Alicia Gantzkow  

 

 

 

Vollständiger Abdruck der von der Fakultät für Medizin der Technischen 

Universität München zur Erlangung des akademischen Grades einer Doktorin der 

Medizin (Dr. med.) genehmigten Dissertation. 

 

 

Vorsitz:                   apl. Prof. Dr. Bernhard Haslinger 

 

Prüfer*innen der Dissertation: 

 

1.     Prof. Dr. Jürgen Schlegel 

2.     Priv.-Doz. Dr. Friederike Liesche-Starnecker 

 

Die Dissertation wurde am 21.07.2022 bei der Technischen Universität München 

eingereicht und durch die Fakultät für Medizin am 13.12.2022 angenommen. 



I 

 

Table of contents 

Table of contents ................................................................................................................... I 

Abbreviations ........................................................................................................................4 

List of figures ........................................................................................................................6 

List of tables ..........................................................................................................................7 

1 Introduction ....................................................................................................................8 

1.1 Glioblastoma multiforme ........................................................................................8 

1.1.1 Etiology and Epidemiology .............................................................................8 

1.1.2 Diagnostic and therapeutic approach ..............................................................8 

1.1.3 Classification of subtypes ..............................................................................10 

1.1.4 Mechanisms of therapy resistance .................................................................10 

1.2 Cold Atmospheric Plasma ....................................................................................11 

1.2.1 Anti-cancer properties of CAP ......................................................................11 

1.3 Aldehyde dehydrogenase (ALDH) isoenzymes ...................................................12 

1.3.1 ALDH1 and Tumor Resistance .....................................................................13 

1.4 Reactive Oxygen Species (ROS) and Lipid Peroxidation (LPO) .........................14 

1.5 Oxidative Stress in Cancer ....................................................................................15 

2 Aims of this study ........................................................................................................16 

3 Material and Methods ..................................................................................................17 

3.1 Material .................................................................................................................17 

3.1.1 Technical Devices .........................................................................................17 

3.1.2 Cell culture consumables and additives ........................................................18 

3.1.3 Chemicals and Reagents ................................................................................18 

3.1.4 Solutions and Buffers ....................................................................................20 

3.1.5 Primary Antibodies ........................................................................................20 

3.1.6 Secondary Antibodies ....................................................................................21 

3.1.7 Software .........................................................................................................21 



II 

 

3.2 Methods ................................................................................................................22 

3.2.1 Project outline ................................................................................................22 

3.2.2 Cell Culture ...................................................................................................22 

3.2.3 CAP Treatment ..............................................................................................23 

3.2.4 Irradiation ......................................................................................................23 

3.2.5 MTT-Assay ...................................................................................................24 

3.2.6 SDS-Page and Western Blot ..........................................................................24 

3.2.7 Immunofluorescence .....................................................................................25 

3.2.8 Aldefluor Assay .............................................................................................26 

3.2.9 Statistical analysis .........................................................................................26 

4 Results ..........................................................................................................................27 

4.1 Morphological effects ...........................................................................................27 

4.2 Cell viability .........................................................................................................28 

4.2.1 Cell viability decreases after CAP treatment.................................................28 

4.2.2 NAC can mitigate CAP effects on C6 cells ..................................................29 

4.2.3 ALDH inhibition significantly enhances the effect of CAP at longer 

treatment times .............................................................................................................30 

4.2.4 Cell viability after radiation therapy .............................................................31 

4.2.5 Cell viability after combined treatment with CAP and IR ............................32 

4.3 ALDH1 expression in C6 glioma cells .................................................................33 

4.3.1 CAP and IR have no influence on ALDH1 expression in C6 glioma cells ...33 

4.3.2 Addition of DSF or NAC does not change ALDH1 expression in C6 cells .35 

4.4 Immunofluorescence visualizes ALDH1 expression in C6 cells and no alteration 

after Treatment with CAP, NAC and DSF. .....................................................................37 

4.5 Enzymatic ALDH Activity after CAP treatment ..................................................39 

5 Discussion ....................................................................................................................40 

5.1 CAP represents a new potential therapeutic approach for the combined treatment 

of GBM ............................................................................................................................41 



III 

 

5.2 Unveiling the role of ROS can contribute to a better understanding of tumors ...43 

5.3 ALDH1 and therapy resistance .............................................................................44 

6 Summary ......................................................................................................................48 

Acknowledgment .................................................................................................................49 

References ...........................................................................................................................50 

 



  4      

Abbreviations 

 

ALDH1   Aldehyde dehydrogenase isoform 1 

CAP   Cold atmospheric plasma 

CNS   Central nervous system 

DBD   Dielectric barrier discharge 

DEAB   Diethylaminobenztaldehyde 

DMEM   Dulbecco's Modified Eagle's Medium 

DSF   Disulfiram 

FBS   Fetal bovine serum 

GBM   Glioblastoma multiforme 

hr   hour 

IDH   Isocytrate Dehydrogenase 

IF   Immunofluorescence 

IR   Irradiation 

LPO   Lipid Peroxidation 

MTT    3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 

MGMT  O6-methylguanin-DNA methyltransferase 

NAC   N-acetyl cysteine 

o.n.    over night 

rcf   relative centrifugal force 

ROS   Reactive Oxygen Species 

rpm   revolutions per minute   

RT   room temperature 
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sec   second 

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

WHO   World Health Organization 

Wt   Wild type 
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1 Introduction 

 

1.1 Glioblastoma multiforme 

 

1.1.1 Etiology and Epidemiology 

Glioblastoma multiforme (GBM) is the most common and lethal of malignant brain tumors 

in adulthood. It accounts for 67 – 68 % of all malignant brain tumors in adults in Germany 

(Robert Koch-Institut, 2019). According to the World Health Organization (WHO), GBMs 

are classified as WHO CNS grade 4 tumors and occur most frequently in patients over 55 

years of age.  

The etiology of GBM remains largely unknown. The only proven risk factor is ionizing 

radiation. Furthermore, some rare genetic disorders – as Turcot syndrome and 

neurofibromatosis type I and II – are related to higher incidence rates of glial tumors. 

(Schwartzbaum et al., 2006).  

There is no specific data regarding the incidence of GBM in Germany as most studies 

present combined statistics for several cancers of the central nervous system (CNS). Data 

for the United States show an incidence of GBM of 3.23 per 100.000 and a slightly more 

frequent occurrence in men (Ostrom et al., 2021).  Until today GBM remains one of the 

tumor entities with the poorest overall prognosis and a median survival of 14,6 months 

despite maximum therapy (Stupp et al., 2009). Only 6,8% of patients survive beyond 5 years 

(Ostrom et al., 2021).  Although systemic metastasis almost never occurs, long-time survival 

rates remain very low due to therapy resistance and extremely high rates of recurrence (Ellis 

et al., 2015). 

 

1.1.2 Diagnostic and therapeutic approach 

GBMs can manifest with highly variable neurological deficits depending on their 

localization. Epileptic seizures or changes of nature are frequent, while symptoms of 

cerebral pressure such as headaches, nausea, vomiting, and congestion papillae often occur 

due to rapid tumor growth (Lapointe et al., 2018).  
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In MR images (T2 weighting) GBMs typically present as an inhomogeneous mass with 

strongly space-consuming character and ring-shaped contrast enhancement. MR 

spectroscopy may provide complementary information on tumor metabolites in selected 

cases, but histopathologic examination remains the gold standard for diagnosis and 

molecular characterization. Diagnosis is carried out in an integrated manner, combining 

molecular gene expression profiles and histological classification, thereby following the 

2021 WHO classification as well as the recommendations of the cIMPACT-NOW 

consortium (Brat et al., 2020; Louis et al., 2021). 

Therapy should be carried out as fast as possible. Standard treatment consists of surgical 

resection as complete as possible, followed by combined radiochemotherapy with the 

alkylating agent temozolomide (TMZ) and subsequently 6 cycles of maintenance 

chemotherapy with TMZ (Wick et al., 2021). In line with the recommended radiotherapy 

regime, a total dose of 60 Gy in 30 daily fractions of 2 Gy should be delivered (Stupp et al., 

2009). Regarding surgical resection, fluorescence-guided resection improves the rate of 

complete resection as well as progression-free survival after 6 months (Stummer et al., 

2006). Anyhow, avoiding new permanent neurological deficits has priority over surgical 

radicality. If inoperable, a stereotactic biopsy with integrated diagnosis should be 

performed. Additional treatment with tumor treating fields can be considered as it improves 

progression-free and overall survival for patients with newly diagnosed glioblastoma after 

completed radiochemotherapy and stable follow-up (Stupp et al., 2017). MRI check-ups 

should be performed every 3 months, or earlier if progression is suspected. There is no 

standard evidence-based therapy for the occurrence of progression. The current therapy 

should be terminated and a new therapy concept including reoperation, a renewed 

radio/chemotherapy as well as therapeutic approaches within the scope of clinical studies 

should be discussed individually (Wick et al., 2021). Adjusted treatment regimens – such 

as short-course radiotherapy – apply to older patients or patients with limited clinical 

functional status (Perry et al., 2017).  
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1.1.3 Classification of subtypes 

The former distinction into subtypes (primary and secondary GBMs) has been revised by 

The 2021 WHO Classification of Tumors of the Central Nervous System. To reflect the 

differences according to IDH status (in particular, the significantly longer survival time of 

IDH-mutated tumors), only gliomas of IDH-wild type that meet the corresponding 

histologic criteria such as microvascular proliferation and/or necrosis are now still referred 

to as glioblastoma. Tumors previously classified as GBM, IDH-mutated, are now labeled as 

astrocytoma, IDH-mutated, WHO CNS grade 4 (Louis et al., 2021). However, due to the 

previous classification not yet available studies, these should continue to be treated 

analogously to GBM, IDH wild-type, or IDH-mutated astrocytoma, WHO CNS grade 3 

(Brat et al., 2020). 

 

1.1.4 Mechanisms of therapy resistance 

Unfortunately, the efficacy of treatment is limited by therapy resistance and inevitable 

tumor relapse.  Despite intensive research in recent years on understanding the molecular 

basis of GBM, the underlying mechanisms remain largely unknown. Within the genetic 

factors identified, the methylation of the methylguanine transferase (MGMT) gene 

promotor indicates a more favorable prognosis and acts as a predictive marker for response 

to alkylating chemotherapy (Hegi et al., 2008; Louis et al., 2016). However, there is no 

consensus to omit chemotherapy in cases of unmethylated MGMT gene promotor, as 

moderate effects of TMZ have been shown even in this patient population (Perry et al., 

2017). Obstacles in the treatment of GBM include inter- and intratumor heterogeneity, 

invasive growth character of diffuse gliomas, poor drug delivery across the blood-brain 

barrier, as well as the absence of established biomarkers (Ellis et al., 2015; Giese & 

Westphal, 2001).  Furthermore, cancer stem cells (CSC) are discussed as a possible driver 

of treatment resistance. These CSCs are mainly found in hypoxic areas, are less sensitive to 

reactive oxygen species (ROS) and seem to escape standard therapy. (Heddleston et al. 

2009, Soehngen et al. 2014). 
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1.2 Cold Atmospheric Plasma 

 

Plasma is the fourth fundamental state of matter after solid, liquid, and gaseous. It is defined 

as an ionized gas that is quasi-neutral, as it contains equal numbers of negative and positive 

charged particles. The resulting highly reactive mix of ions and electrons, and reactive 

molecules is generated in a strong electric field and is normally associated with enormous 

heat production. Plasmas have been widely used in medicine including applications such as 

sterilization, disinfection, and cauterization (Ayliffe, 2000; Venkatesh & Ramanujam, 

2002).  However, their use on human tissue has been restricted due to their high 

temperatures. In recent years, progress has been made in plasma physics which has enabled 

the generation of CAP at atmospheric pressure on earth. This achievement has paved the 

way for new biomedical implementations including in vivo applications that can be 

performed painlessly and are gentle on the surrounding tissue (Fridman et al., 2008; Isbary 

et al., 2013).  

For the generation of CAP, different CAP devices are available based on two different 

approaches: indirect discharges using a plasma jet or direct discharges using a dielectric 

barrier discharge (DBD). Both devices use similar physical principles, components and 

materials and generate plasma between an anode and a cathode. The Plasma Jet additionally 

requires a carrier gas for the formation of CAP, while the DBD device can generate CAP 

directly in air, but must be sufficiently close to the sample, since the latter acts as a second 

electrode and is thus an active part of the discharge (Yan et al., 2017). 

 

1.2.1 Anti-cancer properties of CAP 

The results of several studies – in vivo as well as in vitro – have raised hopes that CAP may 

represent an interesting new therapeutic option for the treatment of cancer. CAP has been 

shown to be more effective than the corresponding standard treatment in several cancer cell 

lines (Choi et al., 2017; Walk et al., 2013). Although the various cellular mechanisms 

involved are not fully understood, the production of reactive species, mainly ROS, is 

thought to play a central role. 
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Noticeable rise of ROS selectively occurs in cancer cells rather than normal cells upon the 

same CAP treatment (Keidar et al., 2011). Different models to explain this selective anti-

cancer capacity are currently being discussed: One model draws on the different ROS levels 

in normal and cancer cells (Szatrowski & Nathan, 1991). The ROS concentration in cancer 

cells could exceed a critical threshold faster due to the already elevated basal ROS levels 

(Trachootham et al., 2009). Another explanation relates to the property of cancer cells to 

express more AQPs on their cytoplasmic membranes which would make membrane 

diffusion easier for ROS (Yan et al., 2015).  

In addition, there appear to be additive effects in combination therapy. Köritzer et al. were 

able to show that CAP treatment increases the sensitivity of GBM cells towards standard 

temozolomide therapy (Koritzer et al., 2013).  

 

 

 

Figure 1: Effects of CAP 

 

1.3 Aldehyde dehydrogenase (ALDH) isoenzymes 

The human ALDH superfamily consists of to date known 19 NAD(P)+ dependent enzymes 

that hold a wide range of important physiological functions in the human body. Among 

other things, ALDH isoenzymes are involved in the biosynthesis of retinoic acids and are 

thus part of embryogenesis and differentiation as well as self-renewal of cells.  
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They are contributing to cellular detoxification and homeostasis by catalyzing the oxidation 

of endo- and exogenous aldehyde substrates to their corresponding carboxylic acids 

(Vasiliou et al., 1999; Vasiliou & Nebert, 2005). Endogenous aldehydes arise in the 

metabolism of amino acids, alcohol, or lipids. Exogenous aldehydes are generated by the 

metabolization of environmental substances and drugs (including chemotherapeutic agents). 

The ability of ALDHs to eliminate reactive aldehydes, including those derived from ROS-

induced LPO, is thought to contribute to their functional role in carcinogenesis and 

treatment resistance (Marchitti et al., 2008). 

ALDHs can be inhibited by various chemical agents. At this point, only disulfiram (DSF) 

will be discussed in more detail as this inhibitor was applied in the experiments below. DSF 

was originally used to treat alcoholism through accumulation of acetaldehyde and thereby 

creating alcohol aversion by unpleasant physiological consequences (Bell & Smith, 1949). 

Lately, various cancer cell models as well as in vivo experiments have been able to attribute 

an anti-cancer effect to DSF (Kim et al., 2016; Mao et al., 2013). 

 

1.3.1 ALDH1 and Tumor Resistance 

The isoenzyme ALDH1 is a member of the ALDH superfamily which is ubiquitously 

distributed in different tissues and cell types (Niederreither et al., 2002).  ALDH1 has been 

suggested as a molecular marker for the identification of normal tissue stem cells (SC) as 

well as cancer stem cells (CSC) (Rasper et al., 2010). According to a theory of 

carcinogenesis first established in 1997, CSCs are a small subpopulation of cells within 

tumors that are capable of unlimited self-renewal (Bonnet & Dick, 1997). Although other 

cancer cells make up most of the mass of malignant cells, CSCs are thought to be the main 

culprit for treatment resistance, recurrence, and metastasis. In line with this, recent 

research could show that GBMs contain a small number of cells with stem cell properties 

that propagate regrowth after chemotherapy (Chen et al., 2012). The results of different 

research groups suggest ALDH isoenzymes as potential markers of CSCs as they are 

relatively highly expressed in drug-tolerant subpopulations of different tumor entities such 

as prostate cancer (Li et al., 2010), pancreatic cancer (Hermann et al., 2007), leukemia 

(Bonnet & Dick, 1997) and GBM (Rasper et al., 2010).  
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Furthermore, high activity and overexpression of ALDH1 are correlated with poor cancer 

prognosis and therapy resistance. Chen et al. postulated, that ALDH1 is associated with 

radio resistance of tumor cells (Chen et al., 2009). In addition, the findings of Schäfer et 

al. suggest that ALDH1 overexpression in glioma cells can provide protection against 

chemotherapy with TMZ (Schäfer et al., 2012). 

 

1.4 Reactive Oxygen Species (ROS) and Lipid Peroxidation (LPO) 

Reactive oxygen species (ROS) are produced as a natural by-product of various cellular 

processes, mainly by mitochondrial respiration and the activity of NADPH oxidases. ROS 

are produced by partial reduction of elemental oxygen and form a heterogeneous group of 

non-radical and radical oxygen compounds and are characterized by their high chemical 

reactivity, which can lead to oxidative damage of DNA, proteins, and lipids (Sies & 

Cadenas, 1985).  Oxidative damage to lipids, known as lipid peroxidation (LPO), involves 

the formation of lipid radicals as well as disruptions in the structure cell membranes, leading 

to changes in permeability and consequent inhibition of metabolic processes. Additionally, 

LPO-induced mitochondrial dysfunction may lead to further ROS formation. Overall, the 

mentioned processes lead to a variety of breakdown products, most notably aldehydes, 

which can cause both cell cycle arrest as well as cell death (Barrera et al., 2008). 

While low and medium ROS concentrations are involved in signal transduction, high 

cellular ROS concentrations have cytotoxic effects. The control of intracellular ROS is 

therefore of fundamental importance for maintaining cellular function. To ensure this, cells 

are equipped with extensive antioxidant protection mechanisms. Among those, the 

expression of antioxidant molecules such as glutathione is triggered via ROS-sensitive 

transcription factors, when the ROS concentration exceeds a certain threshold (Espinosa-

Diez et al., 2015). The cumulation of ROS in times of uncontrolled production and 

inefficient elimination and the consecutive cellular oxidative stress and LPO play a crucial 

role in cell death as well as many pathological states and diseases such as inflammation, 

atherosclerosis, and cancer (Gupta et al., 2012). 
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1.5 Oxidative Stress in Cancer 

Tumorigenesis is a multi-stage process defined by several phases: Initiation, Promotion, 

Latency, and Progression. ROS contribute to all these phases, as they not only damage DNA 

and trigger genetic dysregulation, such as activation of oncogenes and inactivation of tumor 

suppressor genes, but also significantly affect the characteristics of cancer cells by activating 

cellular signaling pathways. These signaling pathways regulate cell division, angiogenesis, 

and metastasis and thus contribute to cancer development (Moloney & Cotter, 2018). In 

addition, cancer cells are overall adapted to higher ROS concentrations and have higher 

antioxidant capacities (Pelicano et al., 2004). 

On the other hand, the cytotoxicity of ROS has been used to inactivate cancer cells, as 

increased ROS concentrations can trigger programmed cell death. It has been suggested, 

that due to the already permanently elevated ROS concentrations, the precise fine-tuning 

between ROS production and recovery can be overturned more quickly (Trachootham et al., 

2009). Indeed, common anti-cancer methods like chemo- and radiotherapy as well as newer 

approaches such as tyrosine kinase inhibitors cause apoptosis by induction of oxidative 

stress (Perillo et al., 2020).  

In summary, ROS play a dual role in cancer development and control. This points to the 

urgent need to develop more therapeutic strategies to overwhelm the redox adaptation of 

cancer cells. 
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2 Aims of this study 

 

GBM is one of the tumor entities with the poorest overall outcome, with the underlying 

mechanisms remaining unclear to date. Several studies suggested ALDH as a potential 

marker of cancer cells and demonstrated that overexpression of ALDH in GBM is associated 

with resistance to therapy.  Recently, CAP has become available as a promising new 

treatment approach for cancer. Moreover, first studies indicated that CAP leads to enhanced 

efficacy of standard chemotherapy in a combinatorial approach. 

The aim of the present project was to evaluate the cell biological basis of effects induced by 

CAP as well as by a combined treatment regimen.  

To this end, C6 glioma cells were treated with CAP either alone or in combination with 

conventional IR. Since ALDH is induced by oxidative stress, the experiments were 

performed in the presence or absence of a ROS scavenger and an ALDH inhibitor.  

MTT assay was used to investigate the treatment effects on proliferation and cell death and 

to elucidate whether CAP can improve the efficacy of standard radiotherapy in C6 glioma 

cells.  

Western blot and immunofluorescence were performed to examine whether CAP alone or 

in combination with IR leads to a change in the expression of ALDH1A1 and ALDH1A3. 

ALDH enzyme activity was visualized using Aldefluor Assay to investigate whether ALDH 

is involved in the metabolism of oxidative stress products in C6 glioma cells. 

All in all, this project thrived to unravel the role of ALDH1 for the treatment effects induced 

by CAP either alone or in combination with standard therapy. 
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3 Material and Methods 

3.1 Material 

 

3.1.1 Technical Devices 

Device Model Producer 

CAP device DBD electrode Terraplasma medical 

GmbH, Munich, Germany 

Cell counter Casy1  SchärfeSystem, Reutlingen, 

Germany 

Centrifuge 5471R Eppendorf AG, Hamburg, 

Germany 

Centrifuge 4K15 Sigma, Deisenhofen, 

Germany 

Cell culture incubator – 

37°C, 5,2% CO2 

HERAcell 150i Thermo Fisher Scientific 

Inc, Waltham, MA, USA 

Electrophoresis cell Mini-Protean tetra cell BioRad Laboratories, Inc., 

Munich, Germany 

Flow cytometer  FACS CaliburTM Becton Dickinson, 

Heidelberg, Germany 

Fluorescence microscope HBO 100 Carl Zeiss AG, Jena, 

Germany 

Inverted routine 

microscope 

Eclipse TS100 Nikon, Düsseldorf, 

Germany 

Microplate reader Infinite F200 Pro Tecan Group Ltd., 

Männerdorf, Switzerland 

Semi-dry transfer cell Trans-Blot SD BioRad Laboratories, Inc., 

Munich, Germany 

X-ray film processor Konica SRX-101A Konica Minolta GmbH, 

Langenhagen, Germany 

X-ray research irradiator 

cabinet 

RS225 XStrahl Limited, Surrey, 

United Kingdom 

Table 1: Technical Devices 
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3.1.2 Cell culture consumables and additives 

Substances/Materials Company 

Cell culture dishes, 40mm Sigma-Aldrich, Munich, Germany 

Cell scraper  Greiner Bio-One GmbH, Frickenhausen, 

Germany  

Microplate, 96 wells Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Neubauer hemocytometer VWR International GmbH, Darmstadt, 

Germany 

Ibidi µl-Slides 8 chambers Ibidi GmbH, Gräfelfing, Germany 

T75 cell culture flasks Thermo Fisher Scientific Inc., Waltham, 

USA 

Table 2: Cell culture consumables and additives 

 

3.1.3 Chemicals and Reagents 

Substances  Abbreviation Company 

Acrylamide  Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Aldefluor assay kit  STEMCELL Technologies, 

Cologne, Germany 

Ammonium peroxodisulphate APS Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Bovine serum albumin BSA Bio-Rad Laboratories, Inc., 

Munich, Germany 

Chemiluminescence substrate ECL Millipore, Billerica, MA, USA 

Autofluorescence Quenching 

Kit with DAPI (4′,6-Diamidin-

2-phenylindol) 

 Vector Laboratories Inc., 

Burlingame, California, USA 

Dimethyl sulfoxide DMSO Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Dulbecco’s Modified Eagle’s 

Medium  

DMEM Thermo Fisher Scientific Inc., 

Waltham, USA 
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Fetal bovine serum FBS Biochrom AG, Berlin, Germany 

Fumitremorgin C  Sigma Aldrich, Munich, Germany 

Nitrocellulose membrane  Thermo Fisher Scientific Inc., 

Waltham, USA 

N-acetyl-L-cysteine NAC Sigma-Aldrich, Munich, 

Germany 

Page Ruler Plus  Thermo Fisher Scientific Inc., 

Waltham, USA 

Phosphate buffered saline PBS Thermo Fisher Scientific Inc., 

Waltham, USA 

Ponceau Red  Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Protease phosphatase inhibitor  Cell Signaling Technologies, 

Frankfurt, Germany 

Skimmed milk powder  Merck KG, Darmstadt, Germany 

Sodium dodecyl sulfate SDS Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Tetramethylethylendiamine TEMED Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium 

bromide 

MTT Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Trypsin  Thermo Fisher Scientific Inc., 

Waltham, USA 

Tris  Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Tween20  Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Verapamil  Sigma Aldrich, Munich, Germany 

Table 3: Chemicals and Reagents 

 

 

https://en.wikipedia.org/wiki/Di-%22%20%5Co%20%22Di-
https://en.wikipedia.org/wiki/Methyl%22%20%5Co%20%22Methyl
https://en.wikipedia.org/wiki/Thiazole%22%20%5Co%20%22Thiazole
https://en.wik/
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3.1.4 Solutions and Buffers 

Solution/Buffer Components in 

10x SDS running buffer 25mM Tris, 192µM 

Glycin, 0,5% SDS 

ddH2O 

10x TBS buffer 20mM Tris, 150mM NaCl, 

pH 7,5 with HCl 

ddH2O 

10x Transfer buffer 25mM Tris, 190mM 

glycine, 10g SDS, 200ml 

96% ethanol 

ddH2O 

5x Laemmli (Loading Dye) 60mM Tris-HCl (pH 6,8), 

2% SDS, 10% Glycerol,  

5% ß-mercaptoethanol, 

0,01% bromophenol-blue 

ddH2O 

BSA 5% BSA T-BST 

Cell lysis buffer 20% L-Buffer, 2%PMSF  

Immunofluorescence 

blocking buffer 

1% BSA, 0,1% TX 100, 

0,2% cold fish gelatin, 

0,02% Sodium azide, 2,5% 

Horse Serum 

PBS 

RIPA-Buffer 10mM HEPES, 150mM 

NaCl, 2mM EDTA, 1% 

NP-40, 0,1% Triton X-100 

ddH2O 

Tris Buffered Saline with 

Tween 20 (TBS-T) 

10% TBS, 0,01% Tween20 ddH2O 

Western blot blocking 

buffer 

TBS-T + 5% skimmed 

milk powder 

 

Table 4: Solutions and Buffers 

 

3.1.5 Primary Antibodies 

Name Anti-ALDH1A1 Anti-ALDH1A3 Vinculin 

Company Abcam, Cambridge, 

USA 

Abcam, Cambridge, 

USA 

Abcam, Cambridge, 

USA 



Material and Methods  21      

Isotype Rabbit IgG Rabbit IgG Rabbit IgG 

Molecular 

weight 

55 kDa 55kDa 124 kDa 

Dilution WB 1:1000, milk 1:1000, milk 1:30.000, milk 

Dilution IF 1:500, blocking 

buffer 

1:700, blocking 

buffer 

 

Table 5: Primary antibodies 

 

3.1.6 Secondary Antibodies  

Name Anti-rabbit (HRP-

linked) 

IF anti-rabbit 

Rhodamine 

Company Abcam, Cambridge, 

USA 

Thermo Fisher 

Scientific Inc., 

Waltham, USA 

Dilution 1:10.000, milk 1:500 

Table 6: Secondary antibodies 

 

3.1.7 Software  

Software Company 

Axiovision Rel. 4.8. Carl Zeiss Microscopy, LLC, Thornwood, 

NY, USA 

Flow cytometry analysis FlowJo, Tree Star, Inc., Ashland, OR, 

USA 

Magellan 7.1 Tecan Group Ltd., Männerdorf, 

Switzerland 

NIS Elements F3.2  Nikon Instruments Inc., Melville, NY, 

USA 

ImageJ National Institute of Health, USA 

Microsoft Office Microsoft Corporation, Redmond, 

Washington, USA 

Table 7: Software 
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3.2 Methods  

 

3.2.1 Project outline 

Rat C6 glioma cells were treated with CAP generated by a DBD electrode either alone or in 

combination with conventional irradiation. The effects on cell viability as well as on 

expression and activity of ALDH1 have been investigated using standard protocols 

including MTT assay, Western Blot, and Aldefluor assay. Since ROS play an important role 

in the transmission of the cellular effects induced by CAP all treatment experiments have 

been performed in the presence or absence of a ROS scavenger (NAC). To address the role 

of ALDH1 experiments were repeated after chemical inhibition by DSF. Hereafter, the 

individual methods will be explained in more detail. 

 

 

Figure 2: Experimental Setup (graph self-derived) 

 

3.2.2 Cell Culture 

C6 rat glioma cells (Table 8) were chosen with the prospect of subsequently connecting in 

vivo experiments on sufficiently large brains to the in vitro experiments. The cells were 

cultured in DMEM supplemented with 10 % FBS and cultivated in the presence of 5% CO2 

and 37°C in a humified incubator. They were passaged at an 80-100 % confluency every 2-

3 days. Prior to treatment they were seeded in 40 mm plates with 2 ml of culture medium 

and let grow for 24 h to reach a monolayer with a confluency of 80 %. 
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Cell ID C6 (ATCC CCL-107) 

Company ATTC 

Organism Rattus norvegicus (rat) 

Tissue  Brain 

Cell type glial cell 

Culture properties  adherent 

Table 8: C6 cell line 

 

3.2.3 CAP Treatment 

The C6 cells were treated with CAP generated by a DBD electrode by terraplasma medical 

GmbH using the settings indicated below (Table 9). The medium was removed from the 

culture dishes before incubating the samples with CAP for either 0, 30, 60, or 90 sec. 

Category Setting 

Voltage 3,5 kV 

Frequency 4 kHz 

Output 0,5 Watt 

Distance 1,5cm 

Table 9: CAP device settings  

 

3.2.4 Irradiation 

An RS225 X-Ray Box by X-Strahl Limited was used to irradiate the C6 cells. After 

evaluation of the effects of irradiation with 0 to 10 Gray, we selected sub-effective doses of 

irradiation (2 and 4 Gy) and CAP (30 sec) for combined treatment.   The cells were irradiated 

12 hours after application of CAP. All irradiation experiments were conducted using the 

settings indicated in Table 10. 

Category Setting 

Voltage 200 kV 

Amperage 15 mA 

Filter 5 (Cu) 

Height of table 488 mm 

Duration of exposure 54 sec = 1 Gy 

Table 10: Irradiation settings 
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3.2.5 MTT Assay 

As only mitotic active cells metabolize the yellow tetrazolium salt MTT to purple formazan 

crystals, MTT assay provides the ability to assess the viability of cells. The recommendation 

by the manufacturer’s manual was modified according to the use of 40 mm culture dishes. 

In brief, 24 and 48 h after treatment the culture medium was replaced by 2 ml of fresh 

medium, and 200 µl MTT was added. The samples were then incubated in darkness. After 

4 hours the medium was removed, the cells were washed with PBS and the formazan 

crystals were solubilized in 2 ml of DMSO for 30 min. After the transfer of 100 µl of the 

suspension to each well of a 96-well-plate, absorbance was measured using a Tecan F200 

Pro microplate reader at a wavelength of 595 nm. 

 

3.2.6 SDS-Page and Western Blot 

3.2.6.1 Protein Extraction 

After adding 125 µl RIPA-Buffer supplemented with 0,02 % Protease Phosphatase Inhibitor 

the cells were scraped from the dish’s surface and sonicated. The suspension was 

centrifuged by 20 000 rcf/ 14 000 rpm for 10 min at 4°C and the supernatant was transferred 

to a new vial. The total protein concentration was quantified by Bradford assay. After 

quantification, the protein lysate was mixed with 5x Laemmli buffer, boiled at 95 °C for 5 

min subsequently spun down to promote denaturation. The protein lysate was stored at -20 

°C. 

 

3.2.6.2 SDS-Page 

Polyacrylamide gels were prepared adjusted to protein size with a gel density of 10 %. After 

loading 25 µg of protein per lane, the separation was performed in SDS running buffer in 

an electrophoresis cell (BioRad Laboratories, Inc.). Separation was started at a Voltage of 

100 V for 20 min and then increased to 200 V to finish the run in about one hour. 

 

3.2.6.3 Wet Blotting/Protein Transfer 

The gel sandwich cassette was prepared from anode to cathode with a filter paper, the 

nitrocellulose membrane, the polyacrylamide gel, and another filter paper, all completely 

submerged in Transfer Buffer. Transfer to the nitrocellulose membrane was then performed 

at 100 V for 1 hour in the electrode module.  
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3.2.6.4 Detection of Proteins 

Ponceau Red solution was used to visualize the lanes before cutting the blots. Blocking of 

non-specific binding sites was performed in 5 % milk for 1 h. Antibodies were diluted as 

shown in the corresponding tables (Table 5; Table 6). The blots were incubated with primary 

antibodies o.n. at 4 °C. Subsequently binding of the secondary antibodies took place for 45 

min at RT. Each of the steps mentioned was followed by washing with    TBS-T. The blots 

were then covered with ECL substrate and the chemiluminescence was visualized with an 

X-ray film. 

 

3.2.6.5 Relative Quantification of Western Blots using ImageJ  

The scanned films, set to a greyscale, were examined for their “Grey Mean Value”.  The 

largest band in the corresponding protein row was used to define a framed region of interest.  

The same frame was used to measure all protein bands in the other lanes. These steps were 

repeated for loading control and background measurements. The data was then analyzed 

using Microsoft Excel. After inverting the pixel density for all data, the net data for each 

band was expressed by subtracting the background. A ratio of the net band value over net 

loading control was taken. For the final relative quantification values, the net band was 

ratioed to the net loading control. 

 

3.2.7 Immunofluorescence 

Immunofluorescence is an immunohistochemistry technique that is applied to visualize 

various cellular components such as proteins. Fluorophore-labeled secondary antibodies 

were utilized to detect primary antibodies coupled to the proteins of interest. Cells were 

seeded on an Ibidi chamber slide (Ibidi GmbH, Gräfelfing, Germany) 24 h before treatment. 

The culture medium was removed 24 h after treatment and cells were fixated with 4 % PFA 

for 15 min at 37 °C. Each step followed by washing with PBS, the samples were sequentially 

incubated with blocking buffer (20 min, RT), primary antibodies      (o.n., 4 °C), and 

secondary antibodies (20 min, RT, in the dark). Staining with DAPI was applied for 10 min 

at RT in the dark before assessing the slides under the microscope. 
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3.2.8 Aldefluor Assay 

ALDH activity in C6 cells was quantified using Aldefluor kit (Stemcell Technologies, 

Cologne, Germany) and FACS analysis. A single-cell suspension was prepared 24 h after 

CAP treatment. The suspension was spun down at 300 g for 5 min at RT and the supernatant 

was discharged. Prior to adding the Aldefluor assay buffer, the cell pellet was resuspended 

in DMEM supplemented with Verapamil and Fumitremorgin to inhibit ABC/PgG 

Transporters. Half of the untreated sample was mixed with DEAB to serve as a negative 

control. After incubation at +37 °C in the dark for 45 min, the sample was centrifugated at 

300 g for 5 min at 4 °C. The cells were then resuspended in Aldefluor assay buffer and 

stored on ice up until FASC analysis. FlowJo software was used to analyse the data. 

 

3.2.9 Statistical analysis 

Results were plotted using Microsoft Excel software (Standard office 365 for Windows 10 

Pro) as mean ± standard deviation. Data was considered significant for p values of less than 

0.05 using a student t-test. 
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4 Results 

4.1 Morphological effects 

C6 glioma cells are multipolar fibroblast-like cells that grow in a monolayer attached to the 

cell culture dish’s surface. Regular microscopic analyses were carried out to predict growth 

rate and to visualize the morphological changes in response to CAP treatment. Additionally, 

morphological assessment enabled the detection of possible errors at an early stage. A 

decrease in monolayer confluency with increasing CAP treatment times was observed, both 

1 hour and 24 hours after treatment. 

  

Ctrl (0 sec) 30 sec 

  

60 sec 90 sec 

Figure 3: Morphological effects 1 hour after CAP treatment. C6 cells were incubated 

with CAP as described in Section 3.2.3 for different lengths of time (denoted in A, B, C, and 

D). Detached cells were observed in all samples, but with increasing quantity at longer 

treatment times. In addition to a significant decrease in cell confluency with longer 

treatment times, the cells underwent morphological changes towards contracted, smaller 

cells with a less elongated shape. 
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Ctrl (0 sec) 30 sec 

  

60 sec  90 sec 

Figure 4: Morphological effects 24 hours after CAP treatment. C6 cells were treated as 

indicated below Fig. 4. Compared to Fig. 4 less detached, floating cells were detected. With 

increasing treatment times, cell confluency decreased. The morphological changes 

observed 1 hour after treatment had mostly reverted to the initial state of fibroblast-like 

cells with only a few cells in the samples treated for 60 and 90 sec presenting in a round, 

retracted shape. 

 

 

4.2 Cell viability 

4.2.1 Cell viability decreases after CAP treatment 

 

In addition to morphological assessment, C6 cells were analyzed by MTT assay. Regarding 

the hypothesis, it was crucial to examine the effects on cell viability of different treatment 

options as well as identify sub-effective dosages of CAP and IR in order to design combined 

treatment experiments based on the results. 
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To determine which treatment duration was effective or sub-effective, C6 glioma cells were 

treated for different durations of 30, 60 and 90 sec. The MTT assay results showed that after 

24 hours, slightly more than 70% cell viability remained for treatment times up to 60 sec, 

while after 90 sec, only less than 50% of the cells were still viable. The p-values for all 

treatment times were statistically significant compared to the control. The sub-effective 

doses for the combined treatment with radiotherapy were therefore set at 30 and 60 sec. 

 

  

Figure 5: Cell viability 24h after CAP treatment. C6 glioma cells were incubated with 

CAP as described in Section 3.2.3. Fresh medium was added directly after CAP treatment.  

The graph is based on the mean value of four samples. The asterisk indicates statistical 

significance compared to the untreated control.  

 

 

 

4.2.2 NAC can mitigate CAP effects on C6 cells 

 

Since ROS are thought to be the key player in the transmission of cellular effects induced 

by CAP, all treatment experiments were performed again in the presence of the ROS-

Scavenger NAC. The addition of NAC almost completely blocked the effect of CAP up to 

a treatment time of 60 sec. With a treatment duration of 90 seconds, the effect could no 

longer be blocked completely, but still to a significant extent. 
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Figure 6: MTT assay 24h after combined treatment with CAP and NAC. C6 glioma 

cells were incubated with CAP as described in Section 3.2.3. Fresh medium containing 3mM 

of NAC was added directly after CAP treatment. The graph is based on the mean value of 

three to four samples and has been normalized to the control. The asterisk indicates 

statistical significance compared to the corresponding sample treated with CAP alone. 

 

 

 

4.2.3 ALDH inhibition significantly enhances the effect of CAP at longer 

treatment times 

 

To address the role of ALDH1 in CAP-induced treatment effects, the experiments were 

repeated in the presence of the ALDH inhibitor DSF. The sample only treated with DSF, as 

well as the samples treated additionally with CAP for 30 and 60 sec did not show any 

changes in cell viability. However, a significant decrease by the addition of DSF was found 

for the longest treatment period of 90 sec.  
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Figure 7: Cell viability after CAP treatment in combination with ALDH inhibition. C6 

glioma cells were incubated with CAP as described in Section 3.2.3. An ALDH inhibitor (3 

µM DSF) was added both, 1h before CAP treatment and again directly after (now dissolved 

in fresh medium). The graph is based on the mean value of three to four samples and has 

been normalized to the control. The asterisk indicates statistical significance compared to 

the corresponding sample treated with CAP alone. 

 

 

4.2.4 Cell viability after radiation therapy 

 

To assess the toxicity of different dosages of IR on C6 cells, viability assays have been 

performed. Whereas no alteration in cell viability was observed 24 h after IR, the MTT 

assay conducted after 48 h showed a decrease in cell viability with increasing IR dosages. 

Experimental irradiation resulted in cell reduction lower than 80 % at 6, 8 and 10 Gy after 

48 h. Therefore, subeffective dosages of 2 and 4 Gy were chosen for combined treatment 

experiments.  
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Figure 8: Cell Viability of C6 cells 24 h and 48 h after IR. C6 glioma cells were treated 

with different dosages of IR in a 40mm culture dish with medium. MTT assays were 

performed 24 h and 48 h after the treatment.  The graph is based on the mean value of 

three samples and has been normalized to the control. The asterisk indicates statistical 

significance compared to the untreated control. 

 

 

 

4.2.5 Cell viability after combined treatment with CAP and IR 

 

Once the subeffective doses were determined, combined therapy experiments with CAP (30 

sec and 60 sec) followed by IR (2 Gy and 4 Gy) were performed 24 h and 48 h after 

completion of treatment. For both measurement intervals, samples receiving combined 

therapy showed a reduction in cell viability compared to either treatment alone. In samples 

treated with CAP for 60 sec prior to IR therapy the response exceeded the additive effects 

of CAP and IR. 
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(A) 24 h after treatment (B) 48 h after treatment 

 

Figure 9: Cell Viability after combined treatment with CAP and IR.  C6 glioma cells 

were first incubated with CAP as described in Section 3.2.3. After immediate addition of 

fresh medium and an incubation period of 12 h, IR was performed. MTT assays were 

conducted 24 h (A) and 48 h (B) after completion of the combined treatment. The graph is 

based on the mean value of three samples and has been normalized to the control. 

 

 

 

4.3 ALDH1 expression in C6 glioma cells 

 

4.3.1 CAP and ALDH inhibition have no influence on ALDH1 expression in 

C6 glioma cells 

 

As mentioned above, ALDH1, as well as the subtypes ALDH1A1 and ALDH1A3 are 

potential cancer stem cell markers. The enzymes are stably expressed in C6 cells. Lysis for 

Western Blot analysis was performed 24h after treatment to assess the peak change in 

expression of ALDH1. CAP alone or in combination with the ALDH inhibitor DSF did not 

lead to altered expression levels of ALDH1A1 or ALDH1A3. 
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1   

   

   

2  

  

A 

 

B 

3  

  

A B 

 

Figure 10:  ALDH1 expression in C6 cells after CAP alone and in combination with 

DSF. Immunoblot analysis shows the protein expression of ALDH1A1 and ALDH1A3 

which are not modified by CAP alone or in combination with DSF. Protein extraction was 

performed 24 h after treatment. The same protein weight (25 µg) was loaded in each lane. 

A scan of the original Western Blots is presented as (1). The graphs (2) and (3) are 

rearranged out of the respective blot. Relative quantification analysis and normalization 

to the vinculin control was performed after measuring pixel density with ImageJ.  
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4.3.2 Addition of NAC does not change ALDH1 expression in C6 cells 

 

As previously described, NAC has been used to further address the role of ROS in C6 cells. 

In addition to the measurement of cell viability, after the described experiments, proteins 

were extracted by cell lysis and then purified to investigate the effect of ROS Scavenging 

on ALDH expression. Western Blot analysis did show no alteration of protein levels after 

treatment with CAP in combination with NAC. 

  

A 

 

B 

Figure 11: ALDH1 expression in C6 cells after CAP treatment in combination with a 

ROS Scavenger. Immunoblot analysis shows the protein expression of ALDH1A1 (A) and 

ALDH1A3 (B) which are not modified by CAP combined with the ROS Scavenger NAC. 

Protein extraction was performed 24 h after treatment. The same protein weight (25 µg) 

was loaded in each lane. For the relative quantification of the data and generation of the 

diagram, the same procedure was followed as described for Figure 10. 

 

 

4.3.3 IR and combination with CAP do not alter ALDH1 expression 

 

To investigate the cause of sensitization of C6 cells to IR after CAP treatment more closely, 

protein was likewise extracted after IR experiments. As after sole CAP treatment, no 

changes in ALDH1A1 and ALDH1A3 protein expression were detected after IR alone as 

well as in combination with previous CAP treatment. 
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1  
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2  

  

A B 

Figure 12: ALDH1 expression in C6 cells after CAP treatment in combination with a 

ROS Scavenger. Immunoblot analysis shows the protein expression of ALDH1A1 (A) and 

ALDH1A3 (B) which are not modified by IR alone (1) or with prior CAP treatment (2). 

Protein extraction was performed 24 h after treatment. The same protein weight (25 µg) 

was loaded in each lane. For the relative quantification of the data and generation of the 

diagram, the same procedure was followed as described for Figure 10. 
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4.4 Immunofluorescence visualizes ALDH1 expression in C6 cells and no 

alteration after Treatment with CAP, NAC and DSF. 

 

In addition to immunoblotting, indirect immunofluorescence was performed to visualize the 

expression and localization of ALDH1A1/1A3. Nuclei were counterstained with DAPI. In 

C6 glioma cells, ubiquitous speckled cytoplasmic expression of ALDH1A1 and ALDH1A3 

was detected. In line with the results obtained by immunoblotting, treatment with CAP alone 

as well as in combination with NAC or DSF did not modify ALDH1A1/1A3 staining 

intensity. 

 

  

A Ctrl B CAP 

  

C CAP + NAC D CAP + DSF 

Figure 13: Immunofluorescence ALDH1A1 staining. (Primary ALDH1A1 antibody 

dilution: 1:500. Magnification: 40x.) Immunofluorescence images of glioblastoma C6 cells 

are displayed for the following variables: untreated control (A), 60 s CAP alone (B), and 

in combination with NAC (C) and DSF (D), respectively. Cells were fixated on the chamber 

slide 24 h after treatment. Cells expressing ALDH1A1 are shown in red and nuclei in blue. 
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A Ctrl B CAP 

  

C CAP + NAC D CAP + DSF 

Figure 14: Immunofluorescence ALDH1A3 staining. (Primary ALDH1A3 antibody 

dilution: 1:500. Magnification: 40x.) Immunofluorescence images of glioblastoma C6 cells 

are displayed analogously to Fig. 13. Cells were fixated on the chamber slide 24 h after 

treatment. Cells expressing ALDH1A3 are shown in red and nuclei in blue. The white arrow 

indicates a mitotic cell. 
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4.5 Enzymatic ALDH Activity after CAP treatment 

 

Enzymatic ALDH activity in C6 cells following CAP treatment was measured using 

Aldefluor assay. Analysis of the results revealed a decreasing enzymatic ALDH activity 

level with increasing treatment times. While an enzymatic ALDH activity of 22.0 % was 

observed in the untreated control, the sample treated with CAP for 90 sec showed an activity 

level of only 5.21 %. 

 

 

 

 

 

 

 

 

 

Ctrl (0 sec) 30 sec CAP 60 sec CAP 90 sec CAP 

 

Figure 15: Aldefluor Assay after CAP treatment. ALDH activity in C6 cells was 

quantified using Aldefluor Assay and FACS analysis. All samples were calibrated with a 

negative control inhibited with DEAB. Treatment with CAP was performed as described in 

Section 3.2.3.  
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5 Discussion 

 

GBM is one of the most aggressive tumor entities in humans and the most common primary 

brain tumor in adults. Despite intensive research in the past years, the prognosis remains 

very poor due to its invasiveness and inevitable recurrence. An efficient therapy is still 

lacking, as the underlying molecular mechanisms are far from being understood. 

ALDH isozymes have been widely accepted as markers for CSC. Furthermore, initial results 

suggest that overexpression of ALDH in GBM is associated with resistance to therapy.  The 

effective application of CAP to various tumor cells has recently raised hopes that CAP could 

be an interesting new therapeutic approach in cancer treatment. Moreover, recent studies 

demonstrated that CAP had been effective on glioma cells and was able to restore 

chemosensitivity in GBM cells. In addition, first in vivo experiments showed a significant 

reduction in tumor volume of different tumor entities after treatment with CAP. 

Current data indicate that oxidative stress is a relevant, if not the most important, component 

of the therapeutic effects induced by CAP as well as IR. In addition, preliminary results 

from other plasma research attribute a considerable role to LPO and the accumulation of 

reactive aldehydes. This project investigated if these processes are interrupted by ALDH1 

and if the inhibition of ALDH leads to elevated treatment effects of CAP, IR, and combined 

therapy. 

Hereafter, the results of this project will be discussed in the context of recent studies. 
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5.1 CAP represents a new potential therapeutic approach for the 

combined treatment of GBM 

In recent years, CAP has been widely discussed as a new potential therapeutic approach for 

the treatment of various tumor entities. CAP treatment increases intracellular ROS levels, 

thereby augmenting lipid peroxidation (LPO), inducing DNA double-strand breaks, and 

activating p53-mediated apoptosis (Choi et al., 2017; Yan et al., 2011).  

In line with this, a significant decrease in cell viability in C6 cells after CAP treatment was 

observed in this study. The detected growth inhibition increased with the duration of 

treatment. Combined treatment with sub-effective dosages of CAP and IR led to a cell 

reduction that was more effective than the maximum tested dosages of either treatment 

alone, indicating that CAP can enhance the efficacy of radiotherapy and might be able to 

reduce radio resistance. Taken together with the previously demonstrated increased 

sensitivity of GBM cells to TMZ (Koritzer et al., 2013), this could lead to a significantly 

improved response to the existing standard therapy when preceded by CAP treatment. 

The mentioned impact of the combined therapy of CAP and IR was only visible 48 hours 

after IR treatment, while after 24 hours no effect had occurred. The same is true for sole IR 

therapy. This is consistent with the typically protracted response of solid tumors to IR 

triggered by DNA damage and resulting mitotic failure. Only after several attempted 

divisions, enough genetic damage has accumulated to trigger programmed cell death (Sia et 

al., 2020). 

Recent publications demonstrated that in the effects induced by CAP, cell cycle arrest was 

shown to play a prominent role. In different cancer cell models CAP treatment causes cell 

cycle arrest in the G2-Phase for at least 72 hrs, but with some of the cells already starting to 

recover between 24 to 48 hrs after treatment (Koritzer et al., 2013; Yan et al., 2010). 

Volotskova et al. observed a significant decrease of cells in S-Phase immediately and 4 hrs 

after CAP treatment which had already converted after 24 hrs (Volotskova et al., 2012).  

Taking into consideration the estimated doubling time for C6 cells of 24-28 h (Kuduvalli et 

al., 2019), these findings could explain the again increased cell viability shown in Figure 10 

(B) compared to Figure 10 (A) of this study. Since IR was performed 12 hrs after CAP 

treatment, 60 hrs elapsed between the initial CAP treatment and the evaluation by MTT 

assay in the experiment shown in Figure 10 (B).  
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For a certain number of C6 cells, this time span may be sufficient to recover from cell cycle 

arrest and start proliferating again. This draws a line to the complexity of intracellular events 

following CAP treatment, only a fraction of which have been understood to date.  In the 

future, it will be important to collect data on the long-term effects of CAP, as well as to 

investigate further treatment options such as repeated treatment cycles, thereby establishing 

the basis for an optimal CAP treatment setting for in vivo experiments. 

An obstacle for in vivo studies and clinical trials will certainly be the penetration depth of 

CAP, which is described as approximately 50 mm (Partecke et al., 2012).  On the other 

hand, Bauer et al. concluded that the ROS generated by CAP mainly act as a trigger factor 

to induce further intracellular ROS production and that it may be possible to reach interior 

parts of a solid tumor by maintaining these harmful mechanisms (Bauer et al., 2019). This 

in turn is raising hope that CAP could be successfully applied in the clinical setting and 

could also explain the observed reduced tumor volume in several studies in vivo. 

In summary, the cell viability data clearly demonstrates not only that CAP can dramatically 

reduce the number of viable C6 GBM cells, but also that the cytotoxicity of IR is enhanced 

in the presence of CAP. These results provide compelling evidence for the important role 

of CAP in suppressing cancer cells both alone as well as in combination with IR and 

highlight the need for further investigation into the mechanisms involved.  
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5.2 Unveiling the role of ROS can contribute to a better understanding 

of tumors 

As mentioned above, ROS production is not only thought to play a central role in CAP-

induced treatment effects but it has also been used for some time as an important component 

of established cancer therapies such as chemotherapy and IR (Choi et al., 2017; Perillo et 

al., 2020).  

These ideas are reflected in the results of this project, as the addition of ROS scavengers 

blocked the effect of CAP. Strikingly, with increasing treatment duration, the entire effect 

on cell viability could no longer be intercepted by the ROS scavenger.  

This may suggest that other species or effects are involved in the action of CAP that cannot 

be counteracted by NAC. Another explanation could be that the dose of NAC used may 

have been out of the optimal range of effect despite appropriate preliminary testing.  

Nevertheless, it can be concluded that the therapeutic effect of CAP is to some extent due 

to oxidative stress. Correspondingly, publications of recent years leave no doubt that ROS 

are responsible for at least a considerable part of the effects caused by CAP (Liu et al., 2017; 

Yan et al., 2015). Yet, since CAP can be adjusted individually by the setting of the device 

used, this extent will most likely vary between different devices.  

Furthermore, the often discussed dual and opposing effects of ROS in cancer development 

and control should be mentioned in this context. As described above, tumor cells are more 

prone to accumulate ROS than normal cells and increasing ROS in tumor cells or targeting 

the redox system can therefore selectively eliminate tumor cells without relevantly harming 

normal cells. On the other hand, it is known that tumor cells require slightly elevated ROS 

levels to maintain their altered metabolism. It is therefore of utmost importance to further 

investigate the underlying intracellular pathways to overcome the redox capacity of cancer 

cells while causing as little damage as possible to normal non-neoplastic cells. Certainly, 

further experiments and close interdisciplinary collaboration between physics, cancer 

research, and medicine are necessary to generate the optimal CAP gas mixture for targeting 

the respective tumor entity.  
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5.3 ALDH1 and therapy resistance 

In certain malignant tumors, cells with high ALDH activity have been detected, which 

simultaneously exhibit low ROS levels. Other studies have illustrated the protection of 

CSCs from ROS by ALDH. However, it is unclear how ALDH expression is related to or 

mediates therapy resistance.  

Preliminary results and the known detoxifying functions of ALDH suggest that these cells 

have higher antioxidant potential. (Rasper et al., 2010; Schäfer et al., 2012).  Several 

research groups have focused on the ALDH1 subfamily and especially the two enzymes 

ALDH1A1 and ALDH1A3, as they seem to be related to CSC properties and therapy 

resistance. There’s evidence of an association of ALDH1A1/ALDH1A3 expression with 

aggressiveness and poor clinical outcome in several tumor entities  (Chen et al., 2009; Liu 

et al., 2012; Wang et al., 2017). Furthermore, enhanced ALDH1A1 and ALDH1A3 

expression was found in patient samples of recurrent GBM and may be related to the 

increased resistance to therapy of recurrent tumors (Schäfer et al., 2012; Wu et al., 2020). 

As shown in Figure 8 in the conducted experiment using CAP on C6 glioma the ALDH 

inhibitor DSF enhanced the effects on cell viability at longer treatment times. 

This enhancement of effects suggests that glioma cells benefit from some protection by 

ALDH against the mechanisms induced by CAP. Considering the effect of NAC mentioned 

in 5.2. together this can be explained best by the ability of ALDH enzymes to compensate 

for the cell-damaging effect of ROS and reactive aldehydes (Xu et al., 2015). In addition, 

DSF itself has been attributed an anti-cancer capacity in other tumor entities, as it is able to 

enhance the cytotoxicity of radiotherapy as well as of other anti-cancer drugs. (Liu et al., 

2016; Rae et al., 2013). Certainly, the non-specific inhibition by DSF should be mentioned 

here as a limiting factor. The amplification of CAP-induced effects by DSF cannot be clearly 

attributed to the activity of ALDH1A1/1A3 but could also be due to other ALDH 

isoenzymes. This long-standing lack of selectivity of available ALDH isoenzyme 

antagonists has recently been addressed by the introduction of several molecules with 

specific inhibitory activity against ALDH1A1 and ALDH1A3 (Condello et al., 2015; Li et 

al., 2021).  However, with limited data available for the newly introduced specific inhibitors, 

adverse consequences such as pharmacological side effects or residual nonspecific 

inhibitory activity cannot be ruled out, and stable knockout of ALDH1A1/1A3 therefore 
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remains the primary method for more specific investigation of the effects of ALDH1A1/1A3 

on distinct GBM properties. Due to resource restrictions, genetic knock-out was not 

performed within this project. 

In contrast to the significant decrease of ALDH activity following CAP treatment, shown 

in Figure 15, there was no alteration of ALDH1A1 or ALDH1A3 protein levels observed in 

this study. Hence, it must be assumed that the reduced enzyme activity is not caused by 

changes in protein level. 

Enzyme activity is influenced by a number of external factors such as temperature, pH, and, 

most importantly, substrate concentration. Initially, an increase in substrate concentration 

leads to an increased rate of a enzyme-catalyzed reaction. When the enzyme molecules are 

saturated with substrate, this increase in reaction rate flattens out. The Michaelis-Menten 

equation describes this hyperbolic increase of enzyme activity as substrate concentration 

raises until the maximum is reached (Michaelis & Menten, 1913). Conversely, this implies 

that while at low substrate concentrations the binding site is occupied more efficiently, an 

ever-increasing amount of substrate is required as occupancy progresses. Therefore high 

concentrations can then even lead to so-called substrate inhibition, i.e. the respective 

enzyme is inhibited by an increased concentration of its own substrate (Bisswanger, 2014).  

Deriving from this, one can conclude that a cascade of extrinsic and intrinsic oxidative stress 

triggered by CAP may lead to an excess of lipid peroxidation, consequent production of 

reactive aldehydes, and thus, by substrate inhibition, the measured reduction of ALDH 

activity.   

This conclusion is supported by findings of increased lipid peroxidation levels in different 

tumor entities after CAP treatment (Alimohammadi et al., 2020; Yan et al., 2011). In 

addition, Bauer et al. demonstrated that the reactive oxygen species derived from CAP lead 

to an auto-amplificatory generation of secondary ROS by inactivation of key components 

of the redox system in the tumor cells and that these mechanisms are sustained over a 

comparatively long period of up to several days. In this context, lipid peroxidation triggered 

the mitochondrial pathway of apoptosis only when intracellular glutathione levels were 

diminished (Bauer et al., 2019). In line with this, a decreased antioxidant activity in U937 

lymphoma cells was reported following CAP treatment (Kaushik et al., 2014).  
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This contradicts the usual increase of glutathione by ROS-sensitive transcription factors and 

suggests that the interactions between CAP, ROS, and the antioxidant capacity of tumor 

cells are highly complex and most likely influence and reinforce each other. To corroborate 

the data of this study, further experiments should be performed to detect ROS concentration 

as well as lipid peroxidation or accumulation of aldehydes following CAP treatment. 

In the present study, stable expression of ALDH1A1 and ALDH1A3 in C6 glioma cells was 

detected by Western blot analysis as well as immunofluorescence staining. Although the 

involvement of ALDH in the effects induced by CAP can be assumed based on the results 

on ALDH enzyme activity and after ALDH inhibition, surprisingly, no change in protein 

levels of ALDH1A1 and ALDH1A3 occurred after treatment with CAP.  

In consequence, it must be considered that the protection mediated by ALDH in C6 cells is 

not regulated at the transcriptional level. Indeed, an increase in both ALDH1A1 and 

ALDH1A3 levels has previously been observed in association with acquired resistance after 

standard chemo - and radiotherapy. So far, no cases of resistance development after CAP 

treatment have been reported.  

Therefore, it may be possible that although ALDH mediates baseline intrinsic resistance 

through its antioxidant capacity, there is no change in protein levels after CAP treatment 

and thus no change in the resistance status. Yet, the plausibility of this explanatory approach 

is significantly weakened by the fact that in the present project there were no changes in 

Western blot analysis even following IR. 

Another possible explanation could be that the timing of cell lysis was not optimal. Wu et 

al. have recently described that ALDH1A3 levels in several established glioma cell lines are 

reduced immediately after termination of TMZ therapy but subsequently increase 

significantly with a delay of several days (Wu et al., 2020). It, therefore, stands to reason 

that some changes in protein expression would also be seen in this project if cell lysates for 

Western blot analysis were prepared at different time points. 

All in all, the results of this work clearly demonstrate that ALDH is involved in the treatment 

effects of CAP and that C6 glioma cells benefit from the antioxidant protection of ALDH. 

This indicates ALDH as a useful therapeutic target, especially in tumors deriving from 

tissues that usually don’t express ALDH at high levels.  
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Although C6 cells are considered the gold standard for in vitro GBM research (Giakoumettis 

et al., 2018), it may be worthwhile to perform experiments with other established GBM cell 

lines as well as in a tumor sphere model to obtain more comprehensive data from a tumor 

model that is as similar as possible to the heterogeneity and microenvironment of GBM. 
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6 Summary 

 

GBM is the most common and deadly of all brain tumors in adulthood. Treatment 

resistance and inevitable relapse remain the main obstacle to the improvement of 

prognosis and survival time. Preliminary results suggest that overexpression of ALDH in 

GBM is associated with therapy resistance and ALDH may serve as a prognostic marker 

for GBM. CAP is not only discussed as a new effective therapeutic approach, especially 

for its selectivity for cancer cells but as well has been able to restore chemosensitivity in 

GBM cells. This work aimed to better understand the role of ALDH1 in mediating therapy 

resistance and the underlying molecular mechanisms of CAP effects in cancer treatment.  

C6 glioma cells were treated with CAP, either alone or in combination with conventional 

IR, and additionally in the presence of a ROS scavenger and an ALDH inhibitor.  The effects 

on cell viability and ALDH1 expression and activity were assessed using standard protocols 

such as MTT assay, Western blot, and Aldefluor assay. 

Progressive growth inhibition in C6 cells was observed with increasing CAP treatment 

times. Combined treatment at sub-effective doses of CAP and IR led to a significant cell 

reduction that was more effective than the maximal tested dosages of either treatment alone. 

By scavenging ROS, the effect of CAP, both alone and in combination with IR, was 

attenuated. ALDH inhibitors enhanced the effects on cell viability at longer treatment times. 

Although a significant decrease in ALDH activity was detected following CAP treatment, 

no alteration of ALDH1 protein levels was observed. 

The results clearly indicate that CAP can improve the efficiency of standard radiotherapy, 

making it a promising candidate for the therapy of GBM. In addition, they demonstrate the 

role of ALDH in the mediated treatment effects, as its inhibition leads to an accentuation of 

these effects and the enzyme activity data show that ALDH is involved in the processing of 

the induced intracellular stress.  CAP as part of a multimodal adjuvant combination 

treatment can likely contribute to relevant success against GBM as well as other tumor 

entities. Intensive interdisciplinary collaboration will be necessary to finally make progress 

in the ongoing battle against treatment resistance and the fatal outcome of GBM. 
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