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Abstract
The quality of the ionizing radiation (IR) can be described in terms of its nature, photons or particles, and their corresponding
energies. The energy is classified in terms of High or Low linear energy transfer that will produce a different distribution of
DNA damage and other molecules in the cell either by direct action or indirect action. Indirect action leads to the production
of reactive oxygen species (ROS) modifying nucleotides in DNA or free dNTPs. 8-oxo-dGTP is formed through ROS
endogenously when there is an imbalance between the antioxidants defence systems and the production of ROS levels
in favour of ROS, leading to an oxidative stress condition. Organisms, organs, and cell types show different degrees of
radiosensitivity, and this thesis aimed to investigate the underlying mechanisms of IR induced oxidative stress and its
relation with radiosensitivity.

In previous studies, we identified proteins involved in radiation response with a focus on low dose radiation response.
Cell models were established in which the expression of some protein/s was downregulated by knocking down/out using
CRISPR/Cas9 or shRNA technology. The knockdown or knockout cells were exposed to different doses at low dose rates
(LDR) or high dose rate (HDR) to investigate the role of these genes/proteins for survival (radiosensitivity), mutation
induction, stress response, differentiation, etc. and they were subjected to further studies in this thesis.

Publication I, cell lines with hMTH1, and MYH knockdown were established and exposed to 0.5 and 1 Gy administered
at different dose rates. We found that LDR induces significantly increased levels of extracellular 8-oxo-dG compared to
HDR. We also found that hMTH1 and MYH play together an important role in the protection of cells against ROS-induced
mutagenicity.

Publication II, the role of NRF2 was investigated for the radiosensitivity of glioblastoma cancer stem cells (CSCs).
The neutrosphere cells from the U87MG cell line were irradiated with three different radiation qualities. The results show
that cells exposed to LDR produce significantly higher levels of extracellular 8-oxo-dG compared to HDR and carbon
ion irradiated cells. Lower proliferation, self-renewal, and neurosphere formation were observed in both LDR and HDR
irradiated NRF2-knockdown cells as compared with the wild type. The results show that NRF2 plays an important role in
the radiosensitivity of neurosphere cells isolated from the U87MG cell line.

Publication III, we examined the relation between 8-oxo-dG levels and the outcome of radiotherapy and chemotherapy
in gastrointestinal cancer patients. The results showed that patients with improved treatment outcomes (responders), had
lower levels of the stress marker extracellular 8-oxo-dG before the start of the treatment and the levels were increased 2
weeks after completing the treatment.

Publication IV, mice were whole-body irradiated with different doses administered at LDR and HDR. Three hours or
three weeks after exposure, the immune cell populations in the spleens were phenotyped. The effects of dose, dose rate,
and time after exposure and interaction between them were investigated to check which of the factors had the main effect
on the change of immune cell populations. The results indicate that there was a pro-inflammatory short-term effect at high
doses for both HDR and LDR. The results also indicate a pro-inflammatory effect of low doses of radiation three weeks
after exposure.

Keywords: Oxidative stress, radiosensitivity, 8-oxo-dG, DNA-repair, NRF2, glioblastoma, radiotherapy.
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“And my success is not
    but through Allah”
                Quran 11:88
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Populärvetenskaplig sammanfattning  

Vi alla exponeras naturligt för bakgrundsstrålning från rymden, jorden och maten vi äter. Vi kan också 

exponeras för artificiell strålning som t.ex. vid medicinska undersökningar och tandläkarbesök. Personer som 

arbetar i miljöer som dessa samt på kärnkraftverk och i forskningslabb kan utsättas för mer strålning än 

normalt och därför finns gränsvärden för hur mycket man får exponeras för under ett år.  

     Olika typer av strålning som γ-strålning, röntgenstrålning, α-partiklar, β-partiklar, neutroner och tunga joner 

karaktäriseras av den energi i elektronvolt som överförs till materien per längdenhet i mikrometer (keV/µm), 

här har man infört begreppet linjär energiöverföring (LET). Låg LET (γ-strålning) överför det mesta av energin 

via sekundära elektroner och ger därmed upphov till mer spridda jonisationer över ett större område i cellen 

till skillnad från hög LET t.ex. α-partiklar och accelererade joner som rör sig långsammare än elektroner av 

samma energi och därför avger mer jonisationer inom ett begränsat område som kan ses som ett spår genom 

cellen. Detta innebär att olika strålningstyper har olika påverkan på cellen där hög LET ger mer komplicerade 

och svårreparerade skador än låg LET.  

     Effekten av låga doser vid låga doshastigheter (LDR) är relativt okänd och uppskattningar av hur stor den 

biologiska effekten kan vara baseras på epidemiologiska data från atombombsöverlevare i Japan där de 

exponerades för höga doser med höga doshastigheter (HDR).  Därför är det nödvändigt att studera effekten 

av låga doser vid LDR på celler och organismnivå i relation till strålningskänslighet.  

     Joniserande strålning ger upphov till både direkta och indirekta skador. Direkta skador är de skador där DNA 

och andra molekyler som strålningen träffar joniseras, medan de indirekta skadorna uppstår bl.a. när 

strålningen genom radiolys av vatten och bildar reaktiva syremolekyler (ROS) som kan interagera med DNA 

och andra molekyler och modifiera dem. En ökning av ROS i förhållande till antioxidanterna, molekyler som 

avlägsnar ROS, ger en obalans i systemet och cellen utsätts för oxidativ stress som kan ge upphov till skador. 

ROS är även viktiga signalmolekyler som är involverade i många olika sammanhang i den cellulära processen 

och de är viktiga i försvaret mot bakterier och virus.  

     ROS kan ge oxidativa skador på dGTP som finns i nukleotidpoolen, en utav fyra byggstenar till DNA, den kan 

då modifieras till 8-oxo-dGTP som om den inkorporeras i DNA kan vara mutagen. Extra cellulärt kan den påvisas 

som 8-oxo-dG och har studerats intensivt och används som biomarkör för att indirekt mäta ROS. Den då 

analyseras i cellmedium, blod, urin och saliv. 

     Många faktorer bestämmer nivån på strålningskänslighet såsom aktivitet hos DNA-reparations- proteiner 

och stressrelaterade proteiner, och beror på hur effektivt dessa proteiner tar hand om skadorna från 

strålningen. Några av proteinerna omhändertar befintliga skador på DNA medan andra inaktiverar ROS innan 

någon skada inträffar. 

     Syftet med nedan beskrivna studier är att undersöka de underliggande mekanismerna vid 

strålningsinducerad oxidativ stress i relation till strålkänslighet. 
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Publikation I.  

Effekter av olika doshastigheter (LDR och HDR) testades på normala och modifierade lymphoblastoida TK6 

cellinjer. I de modifierade cellerna hade uttrycket av två olika proteiner. MYH, ett protein involverad i DNA 

reparationen genom att ta bort inkorporerade modifierade 8-oxo-dG framför adenin och MTH1 som tar hand 

om 8-oxo-dGTP i nukleotidpoolen minskats (knockdown). Tre cellinjer studerades, en vild typ, en MYH 

knockdown och en dubbel knockdown av MYH och MTH1. Även en MTH1 knockdown från en tidigare studie 

inkluderades. Mutationsfrekvens, överlevnad, cellernas tillväxthastighet och mängden 8-oxo-dG extracellulärt 

analyserades för att följa eventuella effekter av de olika doshastigheterna. 

     Resultaten visade att LDR ökade 8-oxo-dG i cellmedium hos vild-typ och singel knockdown cellerna vilket 

antyder en ökad oxidationsstress, någon förhöjd mutationsfrekvens observerades inte. I dubbel 

knockdowncellerna så observerades en doshastighets effekt men då dessa celler uttrycker MYH och MTH1 till 

en viss del så kan det betyda att stressen av dessa celler måste nå en tröskel innan en doshastighetseffekt kan 

observeras.   

  

Publikation II.  

Strålkänslighet för oxidativ stress undersöktes i neurosfärer från gliomstamceller genom att bestråla dem med 

olika strålkvaliteter och sedan mäta 8-oxo-dG och effekter av proteinet NRF2. De olika cellerna exponerades 

för olika doshastigheter av låg LET (γ-strålning) och för en doshastighet med hög LET (koljoner). 

Strålkänsligheten för en av celltyperna hade ökats genom att göra en knockdown av NRF2, vilket är ett protein 

som ökar i samband med oxidativ stress och som i sin tur höjer nivåerna av andra proteiner relaterade till 

oxidativ stress. 

     Resultatet visade att 8-oxo-dG ökade mest efter bestrålning med LDR medan bestrålning med HDR och 

koljoner inte gav signifikanta ökning i koncentrationerna. Detta kan bero på att HDR och koljoner ger svårare 

DNA skador och DNA-reparationen hinner inte komma igång innan cellen dör i kontrast till LDR som har lägre 

toxicitet och där cellerna hinner reparera skadorna på dGTP i nukleotid poolen så att mer 8-oxo-dG utsöndras. 

LDR resulterade i ett minskat uttryck av proteinerna NRF2, SOD och hMTH1 relaterade till oxidativ stress efter 

tre timmar. Jämfört med HDR och koljoner, där efter höga doser med HDR minskade proteinuttrycket både 

tre timmar och 24 timmar efter bestrålning och bestrålning med koljoner observerades en minskning efter 3 

timmar som senare vid 24 timmar gick tillbaka till normala nivåer. Bestrålningen av knockdown NRF2 celler 

resulterade i att cellerna blev känsligare för LDR vad gällde överlevnad och att lägre nybildning av neurosfärer 

observerades. 

 

Publikation III.  

Biomarkören för oxidativ stress, 8-oxo-dG i blodet, studerades i relation till tumörrespons i patienter som gått 

igenom strålbehandling och kemoterapi för gastrointestinala tumörer. 8-oxo-dG-koncentrationerna 

uppmättes både före och två veckor efter behandling och jämfördes med patienternas utveckling av tumörer 
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och hur väl de svarade på behandlingen. 8-oxo-dG jämfördes även med andra markörer och i relation till 

allvarliga biverkningar på frisk vävnad av strålningen (strålkänslighet). Observationerna visade att de patienter 

som var mest strålkänsliga hade låga 8-oxo-dG nivåer före behandling jämfört med de som inte var 

överkänsliga. Ett samband mellan allvarliga biverkningar och en ökad 8-oxo-dG nivå i blod hittades i den 

strålningskänsliga patientgruppen. Gruppen med stråltoleranta patienter hade redan en hög 8-oxo-dG nivå 

innan behandling och liten eller ingen skillnad sågs i koncentrationerna efter behandling. Nivåerna av 8-oxo-

dG visades också ha samband med kön, tumördifferentiering och CA199 som är en markör som används för 

att se effektiviteten av behandlingen. Strålkänsliga patienter får bättre resultat ut av sin strålbehandling men 

med en ökad risk av allvarliga biverkningar jämfört de stråltoleranta patienterna.  

  

Publikation IV. 

I det här projektet låg fokus på de kortsiktiga och långsiktiga effekterna av LDR och HDR med doser mellan 

100–1000 mGy på mjältceller från helkroppsbestrålade möss. Elva olika immuncells typer analyserades både 

före och efter bestrålning för att se vilka som ökade eller minskade efter strålbehandling. Vissa av 

immuncellerna är involverade i den medfödda inflammatoriska responsen, som makrofager. Samverkan 

mellan de tre variablerna - tid efter bestrålning, stråldos och doshastighet - studerades med statistiska 

analysmetoden ANOVA. Tiden efter bestrålning och stråldosen var de variabler som hade störst påverkan på 

de olika celltyperna medan doshastigheten bara hade effekt på en celltyp. Strålningseffekten verkade visa pro-

inflammatorisk respons vid de högre doserna efter tre timmar medan strålningseffekten för de lägre doserna 

visade en inflammatorisk respons efter tre veckor.  
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Abbreviations 

µm Micrometre  

8-oxo-dG 8-oxo-7,8-dihydro-2’-deoxyguanosine (from nucleotide pool) 

8-oxo-dGTP 8-oxo-7,8-dihydro-2’-deoxyguanosine-triphosphate  

8-oxo-dGua 8-oxo-7,8-dihydro-2’-deoxyguanosine (from DNA) 

8-oxo-GTP 8-oxo-7,8-dihydro-guanosine-triphosphate  

8-oxo-Gua 8-oxo-7,8-dihydro-guanosine 

8-oxo-G 8-oxo-7,8-dihydro-guanine 

A Adenosine or Adenine 

AP-site Apurinic/apyrimidinic sites, also called abasic sites 

AREs Antioxidant response elements  

BER Base excision repair 

C Cytidine or Cytosine 

CA199 Carcinoembryonic antigen 

CAT Catalase 

CR Complete responders 

CSCs Cancer stem cells 

Cu/Zn-SOD/SOD1 Cytosolic Superoxide dismutase 

DAMPs Damage associated molecular patterns  

DCs Dendritic cells  

DDREF Dose and dose rate effectiveness factor  

dGMP Deoxyguanosine-monophosphate 

dGTP Deoxyguanosine-triphosphate 

dNTP Deoxyribonucleotide triphosphate 

DSB Double strand breaks 

ECF Experimental core facility 

EC-SOD/SOD3 Extracellular Superoxide dismutase 

ELISA Enzyme-linked immunosorbent assay 

ER  Endoplasmic reticulum  

ETC  Electron transport chain 

eV Electron volt  

FEN1 Flap structure-specific endonuclease 1 

FISH Fluorescence in situ hybridisation 

G Guanosine or Guanine 

GBM Glioblastoma 
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GPX Glutathione peroxidase 

GSCs Glioma stem cells  

GSH Glutathione 

GSTP1 Glutathione S-transferase P 

Gy Gray 

HDR High dose rates  

hMTH1 Human MutT homolog 

hMYH Human MutY homolog 

HO1 Heme-oxygenase 1 

hOGG1 MutM, human 8-oxo-Gua glycosylase 

HR Homologues recombination 

ICRP International Commission on Radiological Protection 

IL-6 Interleukin-6  

IR Ionising radiation 

KEAP1 Kelch-like ECH-associated protein 1 

Ku complex Ku70 (XRCC6) and Ku80 (XRCC5)  

LD Sum of the longest diameters 

LDR Low dose rates  

LET Linear energy transfer 

LNT Linear non-threshold 

LSS Life Span Studies 

M1 Ly6C+ monocyte/macrophages  

M2 Ly6C- monocyte/macrophages   

MDS Multiple DNA damage sites 

MF Mutant frequency  

MMR Mismatch repair 

Mn-SOD/SOD2 Mitochondrial Superoxide dismutase 

MT Metallothionein  

mtDNA Mitochondrial DNA  

MDSCs Myeloid-derived suppressor cells  

NADH Nicotinamide adenine dinucleotide 

NADPH Nicotinamide adenine dinucleotide phosphate 

NER Nucleotide excision repair 

NHEJ Non-homologues end joining 

NIR Nucleotide incision repair 

NK cells Natural killer cells 
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NKT cells Natural killer T cells 

NOS Nitrogenous oxygen species  

NOX NADPH oxidase 

NRF2 Nuclear factor (erythroid-derived 2)-like 2 

NSCM Neurosphere culture medium   

OCDL Oxidative clustered DNA lesions  

PARP1 Poly [ADP-ribose] polymerase 1 

PD Progressive disease 

PFS Progression-free survival 

PR Partial response 

PRDX2 Peroxiredoxin 2  

PTX3 Pentraxin 3 

RBE Relative biological effectiveness 

rNTP Ribonucleotide triphosphate 

ROS Reactive oxygen species 

RT Radiotherapy 

SD Stable Disease 

shRNA Short hairpin RNA 

SOD Superoxide dismutase 

SSB Single strand breaks 

Sv Sievert 

T Thymidine or Thymine 

TFT Trifluorothymidine  

TK1 Thymidine kinase 1 

TNF-α Tumour necrosis factor-alpha 

XRCC1 X-ray repair cross-complementing protein 1 
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Aim of the Studies  

The main purpose of the studies is to investigate the underlying mechanisms of radiation-induced oxidative 

stress and its relation to radiosensitivity.  

 

Introduction 

 

Radiation 

Ionising radiation 

Space, the sun, isotopes in the earth, medical use, nuclear power plants, and nuclear weapons testing are 

some common origins of background radiation and man-made inventions that make radiation exposure hard 

to avoid. Every human being receives a daily background dose of radiation, while some people, for example, 

nuclear power plant workers or personnel in hospitals, may receive somewhat increased doses, and individuals 

undergoing radiotherapy can be exposed to doses 1000 times over the normal background level. Exposure to 

ionising radiation increases the risk of early onset of age-related diseases in a dose-dependent manner [1-3]. 

     The effect of ionising radiation (IR) when it traverses through materials and tissues depends on the radiation 

quality. Different qualities of IR, for example, γ-radiation, X-ray radiation, α-particles, β-particles, neutrons, 

and heavy ions interact with matter and with the same mechanism induce chemical alterations in, for example, 

cellular components that may subsequently damage the exposed tissues. The characteristics of the energy 

each radiation quality transfers to the material and tissue per unit length are called linear energy transfer 

(LET), usually given in electron volt (eV) per micrometre (µm). Low LET radiation includes photons from gamma 

and X-rays while high LET includes high-energy particles such as α-particles, β-particles, neutrons, and heavy 

ions. 

     High LET (e.g. α-particles) produces densely ionising tracks that will cause clustered and complex DNA 

damage along the path they traverse in a cell. In contrast, γ-radiation produces sparsely ionising events in a 

cell, leading to less complex damage in the cellular compartments [4-6]. Thus, different radiation qualities at 

the same dose will not have the same biological effect. These differences have a fundamental impact on the 

regulation of radiation safety standards. The International Commission on Radiological Protection (ICRP) has 

introduced a radiation weighting factor (WR) to estimate the cancer risk for different radiation qualities (Table 

1) [6]. 
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Table 1. The radiation weighting factor (WR) for different radiation types is used to estimate cancer risk from 

single or combined exposures from different types of radiation. The table is taken from the ICRP 2007 report, 

page 272 [6]. 

Type and energy range 
Radiation weighting 

factors, WR 
Photons, all energies 1 
Electrons and muons, all energies 1 
Neutrons, energy < 10 keV 5 
10 keV to 100 keV 10 
>100 keV to 2 MeV 20 
> 2 MeV to 20 MeV 10 
> 20 MeV 5 
Protons, other than recoil protons, 
Energy > 2 MeV 

5 

Alpha particles, fission fragments,  
heavy nuclei 

20 

 

The WR factor converts the absorbed dose given in Gray (Gy) into a biological equivalent dose given in Sievert 

(Sv), thus Sv=WR x Gy. For radiation protection purposes dose limits are given in Sv (mSv), facilitating the 

calculation of dose in a complex exposure condition with different radiation qualities. This factor is applicable 

when the dose received is equally absorbed throughout all tissues (whole-body exposure). If unequally 

distributed throughout the body or parts, another important factor to be considered is the tissue correction 

factor (WT) to calculate the effective dose as the equivalent dose used for predicting the stochastic effects of 

radiation on tissues (Table 2).   

 

Table 2. Tissue weighting factors (WT) for different organs recommended by the ICRP 2007. Considered for the 

varying sensitivity between tissues to calculate the effective dose by summing all the equivalent doses in each 

tissue with its WT. The sum of all tissues adds up to a total of WT = 1. The table is taken from the ICRP 2007 

report, page 65 [6]. 

Tissue WT ∑WT 

Bone-Marrow (red), Colon, Lung, Stomach, Breast, 
Remainder tissue* 

0.12 0.72 

Gonads 0.08 0.08 
Bladder, Oesophagus, Liver, Thyroid 0.04 0.01 
Bone surface, Brain, Salivary glands, Skin 0.01 0.04 
 Total 1.00 

*Adrenals, Extrathoriacic (ET) region, Gall bladder, 
Heart, Kidneys, Lymphatic nodes, Muscle, Oral 
mucosa, Pancreas, Prostate, Small intestine, 
Spleen, Thymus, Uterus/cervix 
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     Based on data from epidemiological studies from the Life Span Studies (LSS) of Hiroshima and Nagasaki 

atomic bomb survivors, a model for the estimation of radiation cancer risk for the regulation of radiation 

protection standards has been adopted, the so-called Linear Non-Threshold (LNT) model (Figure 1, a). The LSS 

data have been used for estimating the risks of low-LET radiation, although these exposures were delivered at 

high doses and high dose rates (HDR). This hypothetical model is based on extrapolation from the 

epidemiological data obtained from high doses has served well for regulatory purposes. However, from a 

scientific point of view, there is a need to validate which of the proposed models shown in Figure 1 is most 

accurate [7-9]. The LNT model might underestimate or overestimate the radiation-related cancer risk of low 

doses according to b and c (Figure 1), respectively. An explanation for the model c (Figure 1) might be that low 

doses induce an adaptive response reducing the radiosensitivity for the subsequent exposures. A bystander 

effect, where nearby adjacent cells to irradiated cells also obtain stress signals, and mutations may explain 

model b (Figure 1). Model d (Figure 1) suggests that a certain dose needs to be reached before any radiation-

related cancer risk can be observed at low doses (threshold). The last model e (Figure 1) suggests that there is 

a beneficial radiation-related effect at low doses, possibly caused by inducing activation of DNA repair 

mechanisms and the immune system [7, 10].  

 

 

 

Figure 1. Brenner et al. postulated five different hypothetical risk models for the low dose region (< 100 mSv) 

derived from epidemiological data (Copyright © 2003, The National Academy of Sciences, U.S.A) [7]. a, the 

LNT model showing that cancer risk is linearly related to the dose; b, the LNT model underestimates the effect 

of low dose radiation; c, the LNT model overestimates the effect of low dose radiation; d, a threshold model 

– effect only after a certain low dose; e, the hormesis response model – the positive effect of low doses. 

 

     Based on estimated cancer risk models for high doses versus low doses and low dose rate versus and HDR 

a dose and dose-rate effectiveness factor (DDREF) for low-LET radiation has been proposed by ICRP. A DDREF 

between 1 and 2 is used for radiation regulation purposes, although this is a matter of debate and a DDREF 
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around 1 should be taken into consideration. A DDREF above 1 implies that a low dose rate (LDR) for any given 

dose would have a lower cancer risk compared to the same dose given at a higher dose rate. This, however, 

may not be true and the radiation risk might be higher at LDRs [9, 11, 12].  

     Cancer and non-cancer risk from low doses and LDRs are prioritised in radiation protection research since 

epidemiological data below 50 mSv are missing, leaving room for a discussion as to whether the effects are 

detrimental or beneficial [9]. Investigating and understanding the risk of low doses and LDRs is important since 

many patients and workers in hospital settings and nuclear power plants are exposed to IR, and may be at risk 

of developing radiation-induced diseases later in life [1-3, 13-15]. The effects of LDR on humans and animals 

have so far been contradictory and seem to depend on various background factors such as genetic background, 

age, sex, radiation quality, co-exposure with other toxic agents, and experimental design. These factors need 

to be considered in radioprotection research when investigating LDRs [16, 17]. However, the effect of high 

doses and HDRs is detrimental to health. Individuals exposed to high doses and HDRs include patients 

undergoing cancer radiotherapy or radiation therapy for other types of diseases [18]. The detrimental effects 

are appropriate when treating tumours, but the tumours are not the only tissue receiving damage. Healthy 

tissue along the radiation path might absorb part of the radiation energy which will give off-target effects such 

as abscopal effect and bystander effects. The off-target effects need to be taken into consideration where 

non-irradiated cells can express damage [18]. If we could predict the outcome of the treatment as well as the 

individual sensitivity of the patients prior to radiotherapy, it could lead to individually adapted radiotherapy 

planning for the benefit of the patients, leading to decreased levels of side effects and probably improving 

survival [19, 20].  

      High doses and HDRs during radiotherapy usually originate from high-energy x-ray machines called 

accelerators. Previously, a gamma-ray that releases from radioactive decay was used for radiotherapy. Both 

X-ray and γ-ray are weightless and non-charged electromagnetic energy (photons). These photons penetrate 

deep into the tissue. In another type of radiotherapy, charged particles, e.g. protons and carbon ions, are used. 

These charged particles are usually used for treating cancers located in the superficial tissues but, because of 

recent advances in the technology, cancers located in the deeper tissues are also treated. These treatments 

are beneficial for the patients because of the so-called Bragg peak. The charged particles release most of their 

energy at this Bragg peak, sparing the surrounding tissues compared to the photons which deposit their energy 

along the path they traverse [18, 19, 21, 22].  

 

Ionising radiation-induced DNA damage and repair  

The direct and indirect effects of IR can give rise to mutations. The DNA damage induced by IR is repaired or 

removed by repair mechanisms that can restore damage such as double-strand breaks (DSB), single-strand 

breaks (SSB), DNA-DNA crosslinks, DNA-protein crosslinks, and base damage [23-26]. The different qualities of 

radiation produce different patterns of DNA damage. The high-LET charged particle irradiation induces a large 
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number of complex multiple DNA damage sites (MDS) that contain several DSBs, non-DSB oxidative clustered 

DNA lesions (OCDL), oxidised bases, and apurinic-apyrimidinic (AP, abasic) sites in close proximity [27, 28]. The 

low-LET HDR gamma IR induces random DNA damage in a short time and a smaller number of MDS compared 

to high-LET radiation, while the LDR exposure induces damage during a prolonged time where the cell has 

time to repair the DNA damage [16, 27]. At a certain cumulative dose, the biological effects of high versus low 

LET might be different and, for comparison of a certain biological effect such as apoptosis, a factor called 

relative biological effectiveness factor (RBE) has been introduced [6]. 

     One main pathway for the repair of oxidative damage and SSB is the base excision repair (BER) pathway. 

The damage is recognised by a DNA glycosylase that removes and leaves behind an AP site. An AP 

endonuclease cleaves the DNA strand, leaving behind an SSB where the scaffold proteins XRCC1 and PARP1 

are then sequentially recruited which, in turn, will recruit other proteins in the BER pathway and finally DNA 

polymerase and DNA ligase will repair and seal the break [29, 30]. An alternative to BER is the nucleotide 

incision repair (NIR) where the AP endonuclease detects and cleaves the modified nucleotide at the 5´ end of 

the DNA strand at the damage site, leaving a hanging flap. The FEN1-dependent long patch BER repair pathway 

is recruited to the cleavage site which will repair the damage [31-33]. Nucleotide excision repair (NER) is 

activated by structural changes and is the main repair pathway for UV lesions, cyclopurines, DNA-DNA 

crosslinks, and bulky adducts. NER proteins will be recruited and cleave the damaged area on both 5´and 3´ 

DNA strand ends and the gap is filled by DNA polymerase by using the homologous DNA sequence as a leading 

strand [34]. For DNA base-base mismatches, base-uracil mismatches, and insertion/deletion loops, the 

mismatch repair (MMR) pathway is activated after DNA replication where a DNA helicase unwinds the DNA 

for removal and repair of the mismatch to be replaced and ligated [35].  

     Two main repair pathways exist for DSB, i.e. homologues recombination (HR) and non-homologues end 

joining (NHEJ). The HR is regarded as an error-free pathway since it requires a sister chromatid as a template 

available during the S or G2 phase of the cell cycle. HR is achieved through a holiday junction where the DNA 

polymerase will use the homologues DNA as a template and repair the DSB. The NHEJ is a faster and more 

error-prone repair pathway with activity on DSBs during the whole cell cycle where a Ku complex (Ku70/Ku80) 

is recruited to the damage site, making a DNA-Ku complex which will facilitate binding of other DNA repair 

factors, nucleases, DNA polymerases and ligases to the damage site [36-39].  

 

Predicting radiation sensitivity 

The LNT model is described above and is used to estimate cancer risks (stochastic effect) induced by low doses 

of radiation. The stochastic effects are suggested to follow a linear path. The LNT model is based on the cancer 

risk in people exposed to high doses at HDR, for example, the aforementioned Japanese atomic bomb 

survivors. For estimation of cancer risk at low doses, an extrapolation of risk is usually performed from high 

dose area down to low dose mGy area, and does not give an accurate model for considering individual 



6 
 

radiosensitivity. Radiosensitivity can depend on various factors such as genetic background, living conditions, 

and having other diseases which may suggest that all the hypothetical models presented in Figure 1 can be 

relevant and applicable. To find an approach to predict radiation sensitivity and the effect on both tumour and 

normal tissue through biomarkers is important and challenging. Various approaches have been used to detect 

DNA damage/repair kinetics using micronucleus assay, comet assay, dicentric chromosome assay, γ-H2AX 

assay, chromosome translocation assay with fluorescence in situ hybridisation (FISH) as well as gene 

expression and protein profiling [40-42]. Since the different assays can provide information about different 

mechanisms, probably all involved in IR responses, it is necessary for several of these methods to be combined 

to improve the predictive power of the tests. An approach that has been shown to predict radiosensitivity at 

low and high doses is protein expression profiling [43-46]. Similarly, establishing a gene expression profiling 

has been suggested and is considered to be a powerful approach to find potential biomarkers of 

radiosensitivity, for example, measurements of basal levels of RAD51 mRNA expression may have predictive 

value [47].  

     Prediction of radiosensitivity of tumours and normal tissues in patients undergoing radiotherapy is difficult 

since no reliable validated diagnostic assay is available. Patients undergoing radiotherapy are given a dose that 

is adapted to the most sensitive patients in order to avoid acute severe side effects; this group of patients 

constitutes only a small fraction. However, most of the patients do not show severe side effects and could 

have tolerated considerably higher doses. Increasing doses to the non-radiosensitive group will improve the 

outcome of the treatment and increase the cure rate.  

     A biomolecule that is used for predicting radiosensitivity and is still under validation, is the oxidative stress 

biomarker 8-oxo-dG, which has been measured with a sensitive assay and is associated with the 

radiosensitivity in radiotherapy patients with severe side effects [48-52]. Preliminary results on 

gastrointestinal cancer patients who underwent radiotherapy indicated that the levels of oxidative stress 

before treatments and 2 weeks after treatment as a measure of serum 8-oxo-dG could predict the outcome 

of the treatment [19].  

     Alternatively, flow cytometry measurement of subsets of the immune cell population has been proposed 

to measure radiosensitivity for both low and high LET [53, 54], especially the lymphocytes, which have been 

shown to be more radiosensitive compared to the myeloid-derived and dendritic cells (DCs) [55]. An in vitro 

system using flow cytometry measuring radiation-induced phosphorylated histone H2AX (γH2AX), a DNA 

damage marker, in T lymphocytes has been developed for rapid measurements of the DNA damage levels [56]. 

Since IR is a significant ROS inducer and many of the immune cells produce ROS, the assessment of immune 

cell populations can be important for the evaluation of radiosensitivity and their inflammatory role [57, 58]. 
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ROS and its many aspects 

Oxidative stress 

Radiation effects on cells can be mediated directly by the interaction of radiation energy with DNA or indirectly 

by radiolysis of water molecules and production of ROS and elevated oxidative stress, which then leads to DNA 

damage [24, 59]. ROS is the term for different reactive oxygen species with different lifespans, e.g. short-lived 

radicals such as hydroxyl (·OH), alkoxyl (·OR) and peroxyl (ROO·), medium-lived radicals such as superoxide 

(·O2), and non-radicals such as hydrogen peroxide (H2O2), organic hydroperoxides (ROOH) and hypochlorous 

acid (HOCl) [60-62]. These highly reactive molecules are involved in the modification of different cellular 

components such as lipids, proteins, and nucleic acids and induce mutations and are proposed to be involved 

in the initiation of some age-related diseases [63-67]. ROS can also be produced endogenously from 

mitochondria and the levels of produced DNA base damages are estimated to be 2.4 x 104 – 1.2 x 106 oxidative 

damages in a single cell per day. Around 10% of the endogenously produced DNA base damages will be 

converted to SSB. Interestingly, 1 mGy of low-LET X-ray can produce 200 ionisations, where 80% of these will 

produce ROS [68].  

     Endogenously produced ROS, mainly from the mitochondria and peroxisomes, are also important signalling 

molecules involved in different normal cellular processes [60, 69-74]. To maintain functional steady-state 

levels, ROS are scavenged by enzymatic and non-enzymatic scavengers. Examples of enzymatic scavengers are 

catalase (CAT), glutathione peroxidase (GPX), and superoxide dismutase (SOD). SOD has three different 

isoforms; cytosolic SOD, termed Cu/Zn-SOD (SOD1); a mitochondrial SOD termed Mn-SOD (SOD2); and 

extracellular SOD, termed EC-SOD (SOD3). There are also other non-enzymatic cellular ROS scavengers such 

as various thiols that play an important role in our protection against oxidative stress [64, 72, 75, 76].  

     ROS plays an important role in many regulatory and metabolic processes [77]. However, when levels of ROS 

exceed the physiological level, a state of oxidative stress is induced that may damage important cellular 

components, e.g. nucleotides in DNA or deoxyribonucleotide triphosphate (dNTP) and the ribonucleotide 

triphosphate (rNTP) in the nucleotide pool [48, 69]. ROS can, as mentioned, induce SSB, but also other DNA 

damages, e.g. oxidised purine and pyrimidines, abasic sites, and DSB. Purines and especially guanine are the 

most prone to oxidation compared to other bases [62, 67, 78, 79]. The oxidation of guanine by hydroxyl radical 

reaction can give rise to four types of modifications depending on whether the oxidation occurs in the rNTP 

(8-oxo-7,8-dihydro-guanosine-triphosphate (8-oxo-GTP)), dNTP (8-oxo-7,8-dihydro-2’-deoxyguanosine-

triphosphate (8-oxo-dGTP)), DNA (8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-dGua)) or RNA (8-oxo-7,8-

dihydro-guanosine (8-oxo-Gua)).   

     These modifications are repaired or sanitised and eventually released into the extracellular fluids, where 

they can be measured as a biomarker for oxidative stress (Figure 2) [48, 67, 80]. When 8-oxo-dGua is formed 

in DNA, the BER mechanism will recognise the modification. If during replication 8-oxo-dGua is paired opposite 

a cytosine, the human 8-oxo-Gua glycosylase (hOGG1) will remove 8-oxo-dG. When 8-oxo-dGua is mispaired 
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with adenine the human MutY homolog (hMYH) will remove the oxidised base. These two glycosylases will 

leave an abasic site followed by incision, priming, gap filling, and DNA ligation. If the repair fails during 

replication it can lead to G:C to A:T transversion mutations (Figure 2) [67, 78, 81]. MMR recognises and repairs 

inaccurate insertion, deletion, and misincorporation of DNA base which has occurred during replication. The 

damage/mis-incorporation is recognised where the newly synthesised strand is repaired by recruiting a 

cascade of proteins forming a complex which will incise, remove, resynthesise and ligate the DNA if the 8-oxo-

dGTP is misincorporated in front of an A or C [82].  

     Oxidised dGTP in the nucleotide pool is sanitised by human MutT homolog 1 (hMTH1) protein belonging to 

the Nudix hydrolase family. hMTH1 removes two of the phosphates in 8-oxo-dGTP forming 8-oxo-dGMP, 

blocking its ability to be incorporated into the DNA. The last phosphate is then removed by a nucleotidase and 

then 8-oxo-dG is excreted into the extracellular fluid (Figure 2). If hMTH1 activity is low, 8-oxo-dGTP can be 

incorporated into DNA opposite an adenine and will be recognised as thymidine. This pathway is different 

from the one above where ROS acts directly on guanine in the DNA. During replication the BER mechanism 

will remove the adenine opposite the 8-oxo-dGua, leaving an abasic site, and replace it with cytosine and  

hOGG1 will replace the 8-oxo-dGua with guanine, leading to an A:T to G:C transversion mutation (Figure 2) 

[81, 83, 84]. 

     An important oxidative stress response-related protein is the nuclear factor erythroid 2-like 2 (NRF2) 

suggested to be involved in IR-induced oxidative stress response and linked to the abovementioned 

antioxidant proteins as well as DNA repair pathways for SSB and DSB, promoting the survival of the irradiated 

cells. NRF2 is, in its inactive form, bound to the Kelch-like ECH-associated protein 1 (KEAP1). In the case of 

oxidative stress, where the redox balance changes, the NRF2 is disassociated from KEAP1. NRF2 is successively 

accumulated in the nucleus, heterodimerising with other molecules binding to antioxidant response elements 

(AREs) located at the promoters of NRF2 target genes. Some of these AREs molecules are involved in the 

antioxidant system and repair pathways protecting against IR and ROS. NRF2 has been suggested to activate 

downstream proteins such as SOD, GSH, OGG1 (in BER), and 53BP1 (in HR for DSB) [85-91]. Knockdown of 

NRF2 in glioblastoma has been shown to reduce their proliferation, reduce self-renewal, and sensitise to 

chemotherapy and radiation therapy [92-95]. 
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Figure 2. The modification of dG by ROS can either occur in the DNA or the nucleotide pool [96]. 8-oxo-dGTP 

is sanitised by the MTH1 through dephosphorylation and the removal of two of the phosphates and conversion 

to 8-oxo-dGMP. A nucleotidase removes the last phosphate and the 8-oxo-dG is excreted into the extracellular 

fluid. If not sanitised, during replication the 8-oxo-dGTP can be incorporated into the DNA opposite adenosine 

acting like thymidine and then repaired by the BER pathway. MYH can remove A opposite 8-oxo-dG and then 

during the following replication A to G transversion mutation may occur. Direct oxidation of guanine in DNA 

can lead to a G to A transversion mutation if OGG1 fails to remove the modification. 

 

Mitochondrial dysfunction  

Mitochondria are energy machinery occupying around 4-25% of a cell depending on the cell type. The main 

function of mitochondria is to generate ATP through oxidative phosphorylation to be used as an energy source. 

Other important functions are the production and detoxification of ROS, its role in apoptosis, relocation of the 

mitochondria themselves, regulation of calcium in cytoplasm and mitochondrial matrix, synthesis, and 

catabolism of metabolites. If any of these mitochondrial functions become abnormal, it will be designated as 

dysfunction. Ageing is also a result of mitochondrial dysfunction. Targeting mitochondria by IR may induce 

mitochondrial dysfunction, increase the release of ROS, and other components that can affect radiation 

response [97-99]. In a cell, in parallel with the basal production of ROS from the electron transport chain (ETC) 

and the excess of ROS from water radiolysis by IR, the IR, particularly at low doses, can also induce 

mitochondrial dysfunction, leading to excess production of ROS from the ETC [48, 49, 51]. Additionally, the 

imbalance of redox levels that leads to oxidative stress due to irradiation may cause more mitochondrial 

dysfunction, leading to increased levels of various oxidative damages. Damages such as modified dGTP (8-oxo-
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dGTP) might be incorporated into nuclear as well as mitochondrial DNA (mtDNA) giving rise to mutations, 

changes in mtDNA copy number and gene expression, autophagy, apoptosis, and many other outcomes [98, 

100]. IR will not only cause an excess of ROS through radiolysis of water, but also directly damage 

mitochondria, leading to the release of ROS and mtDNA damage, and affecting the structural integrity of 

mtDNA [98, 101]. The IR-induced mitochondrial dysfunction has been shown to persist in the progeny of the 

exposed cells. This indicates the long-term effects of ionising radiation [98]. However, the mitochondria have 

their DNA repair pathways such as BER, MMR as well as an isoform of MTH1, mitochondrial MTH1 [102].  

    There are cross-talks between oxidative stress, reductive stress, NRF2, and nicotinamide adenine 

dinucleotide phosphate (NADPH). The interplay between these in combination with elevated oxidative stress 

leads to increased levels of NADH, NADPH, and GSH which in turn leads to mitochondrial dysfunction and 

endoplasmic reticulum (ER) stress and release of additional ROS. This condition will lead to the activation of 

NRF2. The reductive stress increases the NAPDH which, by activating NADPH oxidase (NOX), will then generate 

more ROS [98, 103, 104]. The NADPH and NOX2 (a NOX isoform) are important factors involved in the innate 

immunity and pathogen defence [105].  

  

The immune system and inflammation 

From the epidemiological data based on the LSS of atomic bomb survivors, the effects of radiation on the 

immune system have been reported [106]. Immunological alterations with long-lasting effects such as a 

decrease in helper T cells, lower T-cell proliferation, increase in B cells, and increase of inflammatory cytokines 

in the blood were observed. The underlying mechanisms for these long-lasting effects on the immune 

response are important to investigate as well as the possible influences on health status [106]. Inflammation 

is a complex cascade of events, a result of immunological response either through signalling molecules such 

as cytokines or infiltration of immune cells, especially the innate immune cells. These biological processes are 

important for pathogen defence and clean-up of cellular debris [107, 108]. Important signalling molecules and 

main mediators of inflammation are ROS, for example, inducing activation of other inflammatory signals such 

as peroxiredoxin 2 (PRDX2) acting as a redox-dependent inflammatory mediator for activation of macrophages 

which sequentially release pro-inflammatory cytokines, tumour necrosis factor-alpha (TNF-α), and interleukin-

6 (IL-6) [107]. ROS are produced by different immune cells such as macrophages, neutrophils, eosinophils, T 

cells, myeloid-derived suppressor cells (MDSCs) through NOXs (NOX2), the main pathway of ROS production 

for immune cells [57, 109]. This endogenous ROS production drives the macrophage polarisation and 

differentiation, which largely depend on the balance between the oxidative stress and antioxidant levels. 

Macrophage polarisation either goes towards M1 (pro-inflammatory macrophages) or M2 (anti-inflammatory 

macrophages), where an increase of ROS favours M1 polarisation. The polarisation of macrophages can be 

used as a biomarker for the attained inflammation response [110, 111].  
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     An example of IR-induced endogenous ROS formation is the activation through damage-associated 

molecular patterns (DAMPs) found for apoptotic cells or released by necrotic cells [112]. Long-term effects of 

radiation on the immune system involve impairing of the humoral immunity, inhibition of neutrophil 

phagocytosis, impaired antibody production, reduced regulatory T cell activity, and induction of inflammatory 

responses. Additionally, stimulating a radiation response in immune cells may lead to autoimmune diseases 

[113-116]. Different immune cells have different sensitivities to IR which need to be considered when studying 

the effects of radiation on their immunological functions [117, 118].  

 

ROS and cancer 

There are certain hallmarks of cancer that are required for tumour development. Two of these hallmarks that 

are brought up in these investigations are the genomic instability and mutations, and inflammation, one 

generated by ROS and the other induced ROS [119]. According to the World Health Organization (WHO) Global 

Cancer Observatory 2018, the incidence of brain cancer was highest in Europe, as were the upper 

gastrointestinal cancers, e.g. oesophagus cancer and stomach cancer, compared to other parts of the world.  

Glioblastoma (GBM) is a malignant brain tumour with a low survival prognosis even after chemotherapy and 

radiation therapy treatments [120, 121]. The poor survival rate and the resistance of GBM to treatments are 

linked to the cancer stem cells (CSCs) within the tumour mass that has been shown to be unusually resistant 

to the treatments, in part explained by an effective DNA damage response and enhanced free radical 

scavenger activity [122-125]. The CSCs isolated from GBM cell lines form neurospheres under stem cell 

cultivating conditions showed histopathological features of the CSCs that can be used to investigate the 

tumour response to new treatments [126]. ROS levels have been shown to be high in GBM tumours but a more 

effective antioxidant system has also been found in the glioma stem cells (GSCs) [127-130]. The alteration of 

ROS and the antioxidant system of GSCs have been studied as targets for developing new treatments and to 

reduce the resistance [131-133]. The role of ROS on GBM and GSCs’ response to different radiation qualities 

such as charged particle irradiation or different dose rates of gamma radiation needs further investigation as 

high-LET radiation has been shown to be more effective against CSCs [134-138].  

     In upper gastrointestinal cancer, ROS plays a pivotal role. Oesophageal adenocarcinoma has been linked to 

pre-malignant disease, associated with the columnar-lined oesophagus (Barrett´s oesophagus), developing 

through reflux esophagitis and has been related to ROS [139-141]. It has been demonstrated that over-

consumption of iron and gastroesophageal reflux have important roles in the development of oesophageal 

cancer. Damage triggered by oxidative stress to the columnar-lined cells was due to the overloaded iron from 

macrophages. Moreover, over-expression of two oxidative stress-responsive genes was observed in columnar-

lined cells, Heme-oxygenase 1 (HO1) and metallothionein (MT), both activated downstream of NRF2 [142-

144]. The HO1 has been reported to increase, and is involved in, radiation adaptation response by priming 

with low doses [145]. 
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Summary of publications 

These summaries primarily focus on the results, discussions, and conclusions. A detailed description of 

methods can be found in each separate publication. 

 

Publication I. 

MTH1, an 8-oxo-2'-deoxyguanosine triphosphatase, and MYH, a DNA glycosylase, cooperate to inhibit 

mutations induced by chronic exposure to oxidative stress of ionising radiation. 

Aims 

To investigate to what extent oxidative damage to the nucleotide pool is responsible for the mutagenic effect 

of exposure to LDR and HDR radiation. If oxidative stress is an important source of oxidative DNA damage at 

LDRs, then cells with reduced capacity to handle oxidative stress should show a higher level of mutations. The 

main hypothesis of this investigation was that, when compared at the same cumulative dose, exposure of cells 

with low expression levels of MYH and MTH1/ MYH to LDR will lead to higher mutant frequency than exposure 

to HDR. 

 

Methodology 

In this study, we used short-hairpin RNA, and then single-cell colonies with knockdown of MYH and MTH1 

proteins were selected. The cell line was human lymphoblastoid TK6. The knockdowns and wild-type cells were 

chronically exposed to a low dose of radiation (between 1.4 and 30 mGy/h). The cells were also subjected to 

acute doses delivered at a high dose-rate. Growth rate, extracellular 8-hydroxy-2'-deoxyguanosine, clonogenic 

cell survival, and mutant frequencies were analysed in all cell types.  

 

Results and discussion 

In Publication I, the effects of LDRs and HDR of ionising gamma radiation were investigated on the growth rate, 

extracellular 8-oxo-dG as stress marker, clonogenic cell survival, and mutant frequencies in different TK6 cell 

lines (MTH1-KD, MYH-KD, and D-KD) are reported. Previously, we have shown that low dose and LDRs give rise 

to an increase of the endogenous oxidative stress by investigating the cytoplasmic content of 8-oxo-dG [51, 

146]. In the present study, we wanted to test if the elevated 8-oxo-dG of LDR has a mutagenic effect by 

analysing the mutation frequency of the different TK6 cells. The results were also compared with the results 

in our previous study where no dose-rate effect was observed for the mutant frequency in MTH1-KD [147]. In 
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Publication 1, the MYH-KD and D-KD cells showed similar functionality in terms of studied endpoints as the 

controlled non-transfected cells, thus indicating activation of other pathways related to oxidative stress. 

However, the D-KD cells, when exposed to LDRs, showed a lower tendency of cell growth, lower survival, and 

higher mutant frequency, which could not be observed in single knockdown cells. This indicates that neither 

of the single knockdown cells (MTH1 or MYH) are sensitive to gamma radiation. Since MTH1 protein works in 

the cytoplasm by removing modified 8-oxo-dGTP and MYH removes adenine opposite incorporated 8-oxo-

Gua, a single knockdown is not sufficient, since either pathway or other DNA repair proteins can be sufficient 

to take care of the increased 8-oxo-dG. Alternatively, other proteins can recognise the modified guanine in the 

absence of MYH and consequently lead to increased MTH1 and sanitisation of 8-oxo-dGTP in the nucleotide 

pool. When analysing the data of LDRs at 1.4-5 mGy/h, the remaining levels of the MTH1 and MYH proteins in 

the transfected cells may be sufficient to take care of levels of oxidative stress induced by the exposure to the 

LDR, and a threshold seems to exist for the D-KD cells. An inverse dose-rate effect (higher sensitivity to LDRs 

compared to HDRs) was observed for the D-KD cells in the range of 15-30 mGy/h LDR [148-151]. 

     Several studies have reported polymorphism in the MTH1 and MYH and consequently higher levels of 

spontaneous mutations due to defective MTH1 and MYH proteins [152-157]. In the MTH1-KD cells, we expect 

that the lower expression of MTH1 would lead to the incorporation of 8-oxo-dGTP opposite to A, resulting in 

a transversion mutation (T: A to G: C), which, due to the presence of MYH, results in a higher mutant frequency. 

However, this was not observed for the MTH1-KD. This could be due to the remaining MTH1 level in the MTH1-

KD cells being sufficient to clean cytoplasm from 8-oxo-dGTP and inhibit mutations. Instead, the D-KD showed 

an elevated mutant frequency at dose rates between 15 and 30 mGy/h but not when exposed to 1.4 and 5 

mGy/h indicating that D-KD cells tolerate stress to a certain level.  

     In conclusion, LDRs induced higher oxidative stress in both the WT and the single knockdown cells while no 

dose-rate effect or elevated mutant frequency was observed. However, there was a dose rate effect and a 

threshold detected for the mutation frequency for the D-KD cells.  

 

Main findings in Publication I: 

• Studies of D-KD TK6 cells show that reduced function of both MTH1 and MYH induces an increased 

mutation frequency. 

• An inverse dose-rate effect is observed for D-KD and no dose-rate effect is found for WT and single 

knockdowns. 

• LDRs give rise to elevated extracellular 8-oxo-dG levels. 
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Publication II. 

Targeting NRF2, Regulator of Antioxidant System, to Sensitize Glioblastoma Neurosphere Cells to Radiation-

Induced Oxidative Stress. 

Aims 

To evaluate how different qualities of radiation (LDR gamma, HDR gamma, and carbon ions) affect cellular and 

molecular responses of GBM neurospheres. After this characterisation, we evaluated the effects of knockdown 

of NRF2 in HDR and LDR γ-irradiated GBM cells. We hypothesise that by decreasing NRF2 expression, the 

antioxidant capacity is going to decrease, and the increment of oxidative stress generated by HDR and LDR 

irradiation would increase the glioma stem cells’ differentiation and decrease their self-renewal.  

 

Methodology 

In this study, U87MG GBM cells were cultured as a 3D model (neurospheres) and irradiated with low (24 

mGy/h) and high (0.39 Gy/min) dose rates of low LET gamma and high-LET carbon ions (1-2 Gy/min) with doses 

ranging from 0 to 11.5 Gy for low LET and 0 to 8 Gy for high-LET radiation. Oxidative stress response protein 

expression (Western Blot), extracellular 8-oxo-dG (ELISA), and neurosphere formation were the endpoints 

analysed from 3 hours to 1 week after radiation. NRF2 was knocked down by the CRISPR-Cas9 technique in 

U87 neurosphere cells and the radiosensitivity for HDR and LDR low LET radiation was measured by the 

neurosphere formation assay. Neurosphere cell stemness was measured by MUSASHI1 expression. 

 

Results and discussion 

GBM is a type of aggressive malignant brain tumour in adults. GBM tumours are resistant to the available 

treatment options, leading to early relapse and mortality. The poor prognosis of GBM patients might be due 

to the GBM cancer stem cells, which are resistant to radiotherapy and chemotherapy. We have enriched stem 

cell contents of the U87MG GBM cell line in culture and then performed the experiments on the cells. It is 

known that cancer stem cells from GBM can form neurospheres. We used the neurosphere formation ability 

of the cells to establish the radiosensitivity of the cancer stem cells. We also investigated the neurosphere cell 

response to three different radiation qualities and NRF2-KD neurospheres’ response to two different low LETs; 

LDR and HDR. The neutrosphere formation efficiency was 27% and the neurospheres expressed 34% more 

MUSASHI-1 compared to differentiated cells. Other research groups have also reported a neurosphere 

formation efficiency of U87MG GBM between 3% and 16% under optimal conditions [158-160]. Due to the 

induction of multiple damage sites (MDS), carbon ions have been shown to be more effective in eliminating 

resistant GSCs, which has also been observed in this work compared to the low LETs irradiation [130, 161, 

162]. In our previous studies, we have shown, by knocking down MTH1 and MYH, that the extracellular 8-oxo-
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dG originates from the 8-oxo-dGTP content of the cytoplasm and can be used as a sensitive biomarker for 

oxidative stress induced by low-dose gamma radiation. 8-Oxo-dGTP in the cytoplasm can lead to transversion 

type of mutations [48, 49, 51, 163, 164]. The results obtained in the current study on the levels of extracellular 

8-oxo-dG are consistent with those reported in Publication I, where low LET irradiation at LDR led to an 

increase of 8-oxo-dG while HDR showed no increase in 8-oxo-dG after exposure [163]. However, a slight 

increase could be observed in neurospheres irradiated with high-LET carbon ions, consistent with a previous 

report where VH10 cells were irradiated with carbon ions, although in the same study an increase was seen 

for HDR gamma radiation [161]. One reason can be that the LDR is less toxic than the HDR exposure, as HDR 

induces more rapid production of DNA damages within a shorter timeframe, leading to cytotoxicity. The LDR-

induced damage in DNA is repaired and modified dNTPs are removed more efficiently when the cells are 

exposed to radiation for a longer period of time, which leads to less cytotoxicity compared with HDR. The fact 

that HDR does not show an increase in 8-oxo-dG may be due to the fact that HDR is cytotoxic and that the 

cellular response to HDR includes DNA repair, cell cycle arrest, and/or apoptosis rather than the release of 8-

oxo-dG [161, 165].  

     The neurosphere response to stress induced by radiation was studied as a measure of stress-related 

proteins and the results showed that the proteins were downregulated 3 hours after exposure to high doses 

at LDR and the downregulation could not be observed 24 hours later, probably as a result of low cell 

proliferation. The HDR and carbon ions showed a downregulation of the stress proteins which continued 24 

hours later for higher doses at HDR low LET, while the HDR carbon-ion irradiated cells showed no significant 

change at all 24 hours after exposure where the levels turned to the baseline levels. The results of SOD 

downregulations are partially consistent with another study where SOD was downregulated by carbon ion 

therapy while for X-ray irradiation the SOD was upregulated [165].  

     NRF2, a key component in controlling the antioxidant system, was downregulated in most cases for the 

different radiation qualities used in the current study and was targeted for a knockdown. The downregulation 

of NRF2 was around 79% in the NRF2-KD compared to the control. The NRF2-KD cells also showed a 

downregulation of SOD1 and APE1, similar to M059K and M059K GBM cells that had very low expression of 

NRF2. NRF2-KD cells had lower sphere formation ability and a decrease in MUSHASI-1 expression associated 

with a morphological change and increased differentiation. This increase could be due to higher oxidative 

stress, which also may be related to the lower SOD1 and APE1 expression. In the literature, it was also observed 

that NRF2 knockdown blocked GSCs by reduction of proteins related to self-renewal, lower proliferation, 

increased differentiation markers, changed cell shape, a mixed colony formation, fewer sphere-like colonies, 

recruitment of dendritic cells, elevated ROS, elevated apoptosis and reduced tumour growth [93, 166, 167]. 

      Since LDR induces persisting oxidative damage, the NRF2-KD cells should have an increased radiosensitivity 

to the LDR, which is observed in this study after both LDR and HDR at high doses, similar to GBM 

downregulated NRF2 cells treated with TMZ [163, 168]. The NRF2-KD cells also showed a downregulation of 

SOD1 and APE1 in accordance with other radiosensitive cell lines. NRF2 knockouts have also been shown to 
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increase the sensitivity of cancer cells, such as human embryo kidney tumour cells, to treatment agents other 

than radiotherapy [167].  

      In conclusion, U87MG neurospheres responded differently to different radiation qualities, where LDR 

resulted in higher oxidative stress, lower proliferation, and lower stress response protein expression. NRF2 

could be used as a target for future studies with GBM cells treated with therapies that induce oxidative stress. 

 

Main findings in Publication II: 

• Cells exposed to low-LET LDR show elevated 8-oxo-dG concentrations in neurosphere medium (as 

found in Publication I). 

• All three radiation qualities showed downregulation of stress-related proteins at 3 hours post-

exposure – only the high-LET showed downregulation at 24 hours post-exposure. 

• NRF2-KD cells showed high sensitivity to LDR.  

• LDRs are less cytotoxic as the cell has more time for repair. 
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Publication III. 

Serum 8-Oxo-dG as a Predictor of Sensitivity and Outcome of Radiotherapy and Chemotherapy of Upper 

Gastrointestinal Tumours.  

Aims 

To investigate the relationship between oxidative stress levels and tumour response in patients with 

gastrointestinal tumours. We hypothesised that the oxidative stress biomarker 8-oxo-dG could be used for the 

prediction of the outcome of radiotherapy and chemotherapy in the patients with gastrointestinal tumours.   

 

Methodology 

Groups of 16 patients with gastric cancer treated with chemotherapy (FOLFOX4, 4 times during 2 weeks) and 

19 patients with oesophageal cancer who underwent radiotherapy (60 Gy, 30 fractions during 6 weeks) were 

studied. Medical examinations for follow-up were performed regularly both before and after treatment and 

blood samples were collected just before the treatments and 2 weeks after completing the treatments to 

measure 8-oxo-dG. Follow-ups of patients during the first year were performed every 3 months and after that 

every 6 months until death, the progression of disease, or last follow-up for the progression-free survival (PFS). 

Blood samples were also collected for measurement of the carcinoembryonic antigen CA199 marker and the 

proliferation marker thymidine kinase 1 (TK1) for the detection of growing tumours. Patients were divided 

into three subgroups; all patients, radiotherapy group, and chemotherapy group. They were also divided into 

two categories, responders and non-responders, where tumour size was measured through imaging 

examinations as a result of the treatment. 

 

Results and discussion 

In this pilot study, we have evaluated the concentration of 8-oxo-dG present in the serum of patients with 

gastrointestinal tumours as a potential marker for the outcome of the treatment. Baseline serum 8-oxo-dG 

concentrations were found to correlate and have statistical significance in all patient groups with high tumour 

differentiation marker CA199 levels and with gender. The findings in the present publication reveal a 

difference in serum 8-oxo-dG concentrations 2 weeks post-RT. Sensitive patients with acute adverse side 

effects after RT had increased levels of 8-oxo-dG. In one of our previous studies on breast cancer patients, the 

oxidative stress response to RT was measured 8 hours after each radiotherapy fractions. The 8-oxo-dG 

accumulated in the urine of the patients for each fraction and the levels observed related to the severity of 

the acute skin reactions (radiosensitivity). The investigation showed that the baseline levels of 8-oxo-dG were 

higher pre-RT and lower post-RT in sensitive patients with severe skin reactions compared to the non-sensitive 

patients who had low levels of 8-oxo-dG before therapy and several-fold increase after five fractions of 2 Gy 

[52]. In the non-sensitive patients, the 8-oxo-dG levels were significantly increased, almost sevenfold, but not 



18 
 

in the sensitive patients. These observations show that the sensitive patients have: A) a high level of oxidative 

stress before the start of the treatments, and B) a lower radiation-induced 8-oxo-dG after radiotherapy 

compared to the non-sensitive patients. In a second study where blood samples from non-sensitive and 

sensitive breast cancer patients were irradiated ex vivo to examine the oxidative stress response as a measure 

of serum 8-oxo-dG levels, a similar response pattern was observed comparing radiosensitive and non-sensitive 

patients [20]. These results were further validated for head and neck cancer patients receiving RT [169]. In the 

head and neck cancer patients, blood samples from sensitive patients that were exposed to 2 Gy ex vivo had 

a decrease in 8-oxo-dG levels although the baseline levels were the same as non-sensitive patients pre-IR. The 

head and neck patients who showed severe late effects also had a significantly higher frequency of an SNP in 

the gene coding for Glutathione S-transferase P1 (GSTP1) which is involved in the oxidative response [169]. 

The increase of 8-oxo-dG levels in serum and urine follows the activity of MTH1, sanitising 8-oxo-dGTP in the 

nucleotide pool, as shown in another study using human fibroblasts [48]. A proteomics study conducted on RT 

breast cancer patients with severe skin reactions showed that expression of 40 proteins was modified between 

radiosensitive and non-sensitive patients and most of these proteins were involved in the oxidative stress 

response [170].  

     The changes in the levels of oxidative stress-responsive proteins were significantly different when 

comparing the changes in sensitive and non-sensitive groups. Interestingly, the sensitive patients have higher 

levels of 8-oxo-dG pre-RT, which indicates that they are already under oxidative stress prior to treatment 

perhaps due to the necrotic tumour cells in their body, which may lead to a pro-inflammatory response, 

elevated oxidative stress, and adaptation of the body to the increased oxidative stress. This can be explained 

by the higher expression of antioxidant-related proteins in their blood samples, as observed in the 

radiosensitive breast cancer cohort [170]. It is expected that RT should lead to a large amount of the oxidised 

dGTP in the nucleotide pool through endogen oxidative inducers. If not removed efficiently by sanitising 

proteins, the levels of 8-oxo-dGTP will increase and more will be incorporated into the DNA, leading to abasic 

sites and single-strand breaks during DNA repair and replication. This may lead to enhanced complexity of 

DNA damage, higher mutation rates, and pool imbalance.  

     In conclusion, the sanitisation of 8-oxo-dGTP from the nucleotide pool is an important process for cells 

following RT and the reduced ability to remove these modifications can be involved in the expression of 

radiosensitivity. In addition, oxidative stress prior to RT could be an important factor where the high levels of 

oxidative stress in sensitive patients before treatment may explain why the normal response to RT is affected. 

For acceptability of the results in this publication, further investigations are needed for the validation of these 

hypotheses and a combination of several biomarkers may also be required as well as larger cohorts of patients. 
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Main findings in Publication III: 

• Responders (patients with a decrease of tumour size) show a lower serum 8-oxo-dG level before 

treatment compared to after treatment. 

• Non-responders (patients with no change or progressive tumour size) show no change before and 

after treatment. 

• Increase of 8-oxo-dG correlates with progression-free survival times in patients. 
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Publication IV. (Manuscript) 

Effects of dose, dose rate, and post-irradiation time on the immune cell populations of spleen isolated from 

whole-body irradiated BL6 mice.  

Aims 

To investigate pro- or anti-inflammatory effects of ionising irradiation at high dose rate (HDR) and low dose 

rate (LDR) in vivo and at two different time points after irradiation; 3 hours and 3 weeks. The hypothesis is 

that whole-body LDR irradiation of mice will induce a dose-rate dependent inflammatory response that can 

be monitored by phenotyping immune cell populations in the spleen.  

 

Methodology  

Five to ten C57BL6/6NCrl wild type mice were used for each condition in this study. The mice were irradiated 

with doses ranging from 100 – 1000mGy with two different dose-rate Caesium 137 sources, 1.4 mGy/h for 

LDR, and 6 mGy/h for HDR exposure. Splenocytes from mice were collected after 3 hours or 3 weeks post-

irradiation. Specific markers were used to detect Ly6C+ monocyte/macrophages (M1), Ly6C- 

monocyte/macrophages (M2), eosinophils, neutrophils, dendritic cells (DCs, mDCs, and cDCs combined), 

natural killer (NK) cells, natural killer T (NKT) cells, B cells, T cells (all without the NKT cells), CD4+ T cells and 

CD8+ T cells by flow cytometry. The interactions of the effect of dose, dose rate (DR), and time point (TP) on 

the changes of the immune cell populations in the spleen were studied.  

 

Results and discussion 

In the present work, we have analysed different immune cells using flow cytometry to determine the radiation 

responses for HDR and LDR at two different time points after exposure of mice. There is an anti-inflammatory 

tendency 3 hours post-irradiation since there was a decrease of M1 cells for doses in the range of 200-1000 

mGy, while no change was detected for M2, except for 1000 mGy. However, the decrease in M1 may be a 

result of ROS overproduction due to the increment of oxidative stress from the respiratory burst, making the 

M1 antioxidant system unable to cope with the amount of ROS, resulting in cell death [110]. The M1 increase 

observed 3 weeks after 100 mGy LDR and 200 mGy HDR might be due to a non-lethal increase of ROS as the 

M1 cells are highly regulated by oxidative stress and exposure to LDRs is reported to induce oxidative stress 

[51, 110], leading to a possible inflammatory response. Interestingly, it was described that 100 mGy delivered 

by whole-body irradiation did not induce alterations in the immune subsets of splenocytes in mice [171]. 

     The increase of B cells at 3 weeks might be explained by the activation of DCs and macrophages since they 

have been reported to be intermediator of innate and adaptive immunity [112]. For the M1, the decrease at 

3 hours post-irradiation might be masked by the fact that they already have basal levels of ROS production. 
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The excessive ROS induced by IR leads to decreasing of the M1 cell populations (as mentioned in Publication 

III), i.e. that the stress levels are already high before treatment and no change or decrease is seen post-IR and 

one would presume an anti-inflammatory response, which is a “masking effect” and the actual response is 

pro-inflammatory [98, 110]. 

     Immune cells other than macrophages can also produce ROS through the NOX2 during a respiratory burst 

which can affect T cells’ proliferation, differentiation, and survival. This system is highly modulated by the 

NRF2 pathway and can lead to pro-inflammatory responses [57, 58, 172]. The different cell types showed 

different radiation sensitivity, where lymphocytes were the most sensitive and DCs the least sensitive [55]. 

The high radiosensitivity of the lymphocytes was expected to be observed in the 3 hour post-irradiation HDR 

group. Instead, an increase was observed in the CD4+ cells, which are immunomodulatory cells that can 

activate an inflammatory response and are less sensitive to IR than CD8+ cells [173]. 

      We found that 9 out of 11 cell types showed a significant or marginally significant response at 3 hours, 

whereas, at 3 weeks, only 3 out of the 11 investigated cells showed a significant change compared to the 

control. The ANOVA statistical test was used for investigating which of the three variables: dose, time after 

exposure and dose rate, had the greatest impact on the immune cell populations in the spleen of the whole-

body irradiated mice. The ANOVA analysis of the data showed that there is a significant three-way interaction 

between dose, dose rate, and time after exposure in 7 out of 11 cells, while significant two-way interactions 

(three different interaction combinations) could be found in all cells. The data demonstrate that the dose rate 

only had effects on DCs’ cell populations.  

    In conclusion, our data suggest a pro-inflammatory response at low doses 3 hours after exposure. At 3 weeks 

after exposure, there is an increase of M1 at 100 mGy and 200 mGy, but no increase of M2, indicating a 

progression of the inflammatory response at the lower doses. Our data analysis confirms that the dose and 

post-exposure time are the main sources of variation for the effects on the studied cell populations, while the 

effect of dose rate was found to be significant only for DCs and marginally significant for T cells. This does not 

mean that the LDR has a smaller effect on the immune cells but that there is a possibility that the high and low 

dose rate has an equal effect on the immune cell population at low doses. However, a larger sample is needed 

and further investigations of other tissues to see the immune response, in particular, the bone marrow would 

be interesting since the proliferation and differentiation of immune cells occurs in the bone marrow. 

 

Main findings in Publication IV: 

• A pro-inflammatory response at 3 hours post-irradiation for higher doses. 

• A pro-inflammatory response 3 weeks after low doses. 

• The dose-rate effect was only significant for DCs. 

• Dose and time after exposure have a significant effect on the size of the immune cell populations in 

the spleen of whole-body irradiated mice. 
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General discussion 

There are many factors considered to be important for proteins in order to be able to handle the damages 

induced by IR or other cytotoxic agents, for example, the specificity of the protein, affinity of the protein to 

the substrates, and availability (enough concentration to remove all damages) [174]. MTH1 has been shown 

to have a high specificity to other substrates than 8-oxo-dGTP and have a higher catalytic efficiency towards 

modified dATP and ATP than to the modified dGTP and GTP [175]. This implies that during IR other 

modifications can compete for the MTH1 levels in cells, possibly affecting the dephosphorylation of 8-oxo-

dGTP. The cytoplasmic dNTP concentration in a cell is highly dependent on the cell type, cell size, and 

proliferation rate [176]. However, in Publication I, we observed that a single knockdown of MTH1 or MYH is 

not sufficient to induce an increased mutation rate in TK6 cells exposed to IR. The reduced MTH1 (12% in 

MTH1-KD, reference [147]) levels were not affecting the cellular response to LDR and HDR γ-radiation when 

observing mutant frequency, growth, survival, and chromosomal aberrations. The explanations could be that 

the remaining MTH1 levels (12%) may be sufficient to take care of modified dNTP induced by IR or that the 

MYH repairs most of the incorporated modifications [177]. Another explanation could be that once MTH1 is 

downregulated, the cells try to compensate for low MTH1 levels by increasing the expression of other proteins 

with similar functions such as NUDT5 [178]. The 8-oxo-dG level in DNA in lymphocytes has been estimated to 

be approximately 10,000 bases per single cell [179]. If the same amount of 8-oxo-dG exists in the TK6 cells, 

then around 5% of MYH levels in the wildtype TK6 cells would be sufficient to remove the 8-oxo-dG, even if 

exposed to IR. In the D-KD cell, the levels of MTH1 and MYH are about 14% and 25%, respectively, of the levels 

in the wildtype. Exposure of the D-KD cells to dose rates of 15 or 30 mGy/h caused an increase of the mutation 

levels, which were significantly higher than the mutation levels in the D-KD cells when exposed to the same 

dose (1 Gy) but at 1-5 mGy/h. The results indicate that, in TK6 cells, 14% of MTH1 and 25% of MYH levels are 

enough to sanitise/repair the oxidative damages when the dose rate is reduced or other alternative backup 

mechanisms are induced.  

     In Publication II we studied the different radiation qualities on GBM neurospheres and investigated 

oxidative stress-related proteins and 8-oxo-dG concentrations. We also investigated the radiosensitivity of 

NRF2-KD cells for LDR and HDR. The NRF2-KD cells did not show changes in MTH1 expression and have not 

been related to being a direct downstream target of NRF2 transcription activation. The connection of MTH1 

to NRF2 is the antioxidant enzyme PRDX1 which is a downstream target of the NRF2 pathway and has been 

shown to cooperate with MTH1 in reducing the accumulation of 8-oxo-dGTP in the nucleotide pool by reducing 

ROS [180-182]. However, the APE1 was significantly downregulated in the NRF2-KD. APE1 is an important 

protein involved in the BER pathway. APE1 processes the AP sites after the removal of 8-oxo-dG [183]. The 

increased levels of 8-oxo-dG by LDR in the NRF2-KD cells could result in a higher mutation rate, which however 

needs to be confirmed by further experiments in the NRF2-KD cell line.  
     In Publication IV, we studied the splenocytes’ immune cell subpopulation after whole-body irradiation with 
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LDR and HDR at two different time points. We suggest that the decrease of M1 macrophages at the higher 

doses might be misinterpreted. Implicating that at 3 hour post-exposure the M1 macrophages decrease 

because of the induction of ROS and other induced damage by IR since they already have ROS production 

making them more sensitive than the anti-inflammatory M2 macrophages. In a study where the role of NRF2 

in M1 macrophages was investigated, it was demonstrated that, in order to reduce the pro-inflammatory 

response, NRF2 has to bind to the ARE elements in the DNA where the NRF2 binds as a transcription inhibitor 

for pro-inflammatory cytokines [184]. It was further shown that onset of mRNA expression of pro-

inflammatory cytokines was upregulated as early as 3 hours after stimulation with an endotoxin, which 

showed that already 3 hours after exposure, NRF2 was activated by an increased level of ROS, which resulted 

in downregulation of the pro-inflammatory response of M1 macrophages. Since IL-6 is also reduced through 

the same transcriptional inhibitory effect of NRF2, this will lead to no change in the polarisation of anti-

inflammatory M2 macrophage phenotype, where IL-6 has an activating role [185].  

     Radiosensitivity is a multifactorial phenotype, and the proteins we have studied are potentially involved, 

but there are also many other factors involved, depending on the organism and the tissue. Nevertheless, a 

specific biomarker or possibly combinations of several biomarkers are needed in order to be able to identify 

radiosensitive individuals prior to radiotherapy or individuals working in a sector with risk for exposure to 

elevated radiation dose. Although more studies are needed to confirm this, we suggest the levels of oxidative 

stress in combination with DNA repair capacity are the two important factors affecting individual 

radiosensitivity, and extracellular 8-oxo-dG could be used to establish the individual levels of the oxidative 

stress prior to and post IR exposure.  

     In Publication III, we studied 8-oxo-dG as a marker for tumour response. We measured the 8-oxo-dG levels 

in patients undergoing radiotherapy for gastrointestinal tumours before and after RT. Significantly increased 

levels of 8-oxo-dG were found in the responder group, the group with the disappearance of tumour, when 

comparing the levels before and after treatments. However, in the non-responder group, we found a high 8-

oxo-dG level before the start of the therapy, and no changes were observed two weeks after the treatment. 

Considering the results from Publications I and II, in these publications low doses and LDRs were used 

compared to Publication III, where high doses and HDR were delivered. In the responder group, RT probably 

induces down-regulation of stress-related proteins in the tumour cells that lead to enhanced tumour cell 

death. While in the non-responder group with elevated 8-oxo-dG before RT and no-change of 8-oxo-dG after 

RT, a pre-existence of high oxidative stress is indicated that probably leads to an increase of radiation tolerance 

in the cells. The tolerance might be due to the adaptation of the cells to elevated oxidative stress.   
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Conclusion  

The mechanisms behind the effects of radiation are complex and involve several different pathways with 

complex crosstalk between them and are dependent on the dose, dose rate, individual sensitivity, etc. Several 

biomarkers and assays have been suggested to estimate individual susceptibility and exposure levels [41]. IR 

is an effective inducer of ROS both through direct production of ROS and by triggering endogenous oxidative 

stress responses in cells, tissue and organism [186, 187]. Oxidative stress can give rise to elevated expression 

of endogenous antioxidant systems and repair proteins (Publication I and Publication II), modify nucleotides 

in the nucleotide pool (Publication I – Publication III) and induce changes in the immune cell populations 

(Publication IV). If the endogenous protection mechanisms fail to take care of the excessive ROS it can have 

detrimental effects on cellular components, such as DNA and the dNTP in the nucleotide pool, which 

consecutively can give rise to DNA damage and lead to mutations and carcinogenesis. Investigations of the 

antioxidant system, repair proteins and the nucleotide pool are important since not all of the mechanisms 

have been clarified in detail, particularly for the clearance and repair of modified nucleotides in the nucleotide 

pool. It has been shown that the levels of nucleotides in the pool are highly controlled and an imbalance 

between the nucleotides can be cytotoxic or mutagenic and can lead to disease [188]. 8-oxo-dG is a sensitive 

biomarker for investigating oxidative stress of low dose rate and low doses. Our group has contributed to a 

better understanding of the mechanism of production, release, repair and mutagenicity of the 8-oxo-dG 

molecule. The investigation of immune population subsets (Publication IV) is very interesting and could 

potentially be used for future assays and biomarkers. Primarily the effect of low doses and high doses on the 

immune system must be clarified, especially for low dose and LDRs since both stimulatory and suppressive 

effects have been reported [55, 112, 189, 190].  
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Future perspectives   

We have shown the relevance of oxidative stress and stress-related markers in TK6 cell lines, GBM 

neurospheres, and in RT patients coupled to radiosensitivity. The excretion of 8-oxo-dG to the extracellular 

milieu is very important as it indicates a normal function of hMTH1 and other related proteins which are 

required for a normal replication with minimal numbers of replication dependent mutations. The relation 

between oxidative stress levels and radiosensitivity makes 8-oxo-dG a good and sensitive biomarker for 

measuring IR-induced oxidative stress at individual levels. 

     The MYH/MTH1 double knockdown cells showed a dose rate effect at the level of oxidative stress where a 

threshold was reached before the observation of mutations reported in Publication I. Further experiments are 

necessary and characterisation of the LDR mutagenesis is needed for characterisation of mutational spectra 

at the TK locus by sequencing methods to understand types of mutations induced by LDR. It would be very 

interesting to establish a triple knockdown cell (MTH1/MYH/OGG1) and establish the mutational spectra. Both 

in vitro and in vivo studies are necessary to further understand the function of MTH1, MYH and other related 

proteins in connection to mutations induced under oxidative stress induced by LDR.  

     The GBM cell line we used in the Publication II was U87MG, which is a well-characterised radioresistant cell 

line, but, for future purposes, other cell types and as well as proton irradiation need to be used to confirm the 

results. NRF2 knockdown between cell lines and the outcome of the radiosensitivity must be reproducible in 

order to be applicable as a future treatment for GBM cancers. Eventually, further in vivo studies can be 

performed to see the overall reaction to the organism by IR and GBM treatments. 

     In Publication III, the current investigation showed the usefulness of change in serum 8-oxo-dG before and 

after RT as a prognostic factor for the outcome of the treatment. However, the results are based on a few 

patients and validation in larger cohorts including patients with other diagnoses are needed.   

     It would also be interesting to determine the levels of 8-oxo-dG after each fraction during RT as well as 

years after RT. This makes serum 8-oxo-dG measurements difficult since it requires multiple blood collection. 

Alternative bio samples for 8-oxo-dG measurements are of great interest. We have already set up conditions 

and protocols for measuring 8-oxo-dG in urine and saliva from healthy individuals and the results are already 

published. We observed that physical exercise can increase the levels of 8-oxo-dG and antioxidant intake 

inhibits the production of 8-oxo-dG after physical activity. Saliva is of particular interest because it is easy to 

collect and the patients do not need to visit hospital or health centres [191]. This method needs further 

optimisation for collecting saliva but will be easier to take samples from patients.  

     Currently, the mice experiments are ongoing and data for other organs such as the liver, brain and heart 

are being produced using gene expression and protein expression approaches to investigate the effect of doses 

and dose rates on the inflammatory response, oxidative stress response, DNA damage, signalling, etc. These 

data are from the same mice as described in Publication IV. The proteins investigated in the organs include 

Pentraxin 3 (PTX3), a protein involved in the complement system and innate immunity, which has been linked 
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to IR and cardiovascular disease [192-194]. PTX3 regulates the inflammatory responses by interacting with 

different molecules and controlling tissue remodelling and repair, humoral innate immunity and controls the 

complement-dependent tumour-promoting inflammation [192]. Its connection to IR is through the microRNA 

miR-29b, a microRNA involved in cardiovascular fibrosis, getting downregulated in irradiated vascular tissues. 

The down-regulation of the miR-29b activates downstream PTX3 [194]. The PTX3 measurement in mouse 

tissues is being performed on the heart, liver and brain, 3 hours and 3 weeks post-irradiation. However, we 

would like to prolong the post-irradiation time to several months.  

     Finally, it would be very interesting to irradiate NRF2-/- mice with the same experimental setup as used in 

Publication IV and investigate the effects of low dose and LDR on the immune system, oxidative stress, DNA 

repair and survival. 
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