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ABSTRACT 
 
Cancer is the second leading cause of death in privileged countries. Tremendous efforts 
have been done to improve the efficiency of cancer treatment. Anti-cancer drug 
resistance is still a major problem in failure of cancer therapy. Microsomal glutathione 
transferase 1 (MGST1) is a membrane protein located in the endoplasmic reticulum and 
the outer membrane of mitochondria. MGST1 is involved in the direct conjugation of 
glutathione to endogenous and exogenous toxic electrophilic hydrophobic compounds. 
The enzyme is often upregulated in tumours, and has been suggested to be an early 
marker of tumorigenesis. Furthermore, MGST1 has been connected to drug resistance 
in the clinic. Herein we show that MGST1 plays a potential role in inducing resistance 
against some commonly used anti-cancer drugs including chlorambucil, melphalan, 
carmustine, doxorubicin and cisplatin as examined in a human breast carcinoma cell 
line (MCF7) overexpressing MGST1. Further, we show that MGST1 dependent 
resistance against cisplatin can be reversed by ethacraplatin, a combination of the drug 
with a GST inhibitor (ethacrynic acid, EA). Upon cellular uptake, this compound is 
cleaved and the EA moiety is released. When cisplatin and ethacrynic acid were added 
together as such they were not as effective as ethacraplatin. Ethacraplatin can therefore 
be a useful alternative to overcome drug resistance by MGST1. 
Instead of inhibition of GSTs to reverse resistance, an alternate strategy is to use 
prodrugs that release cytotoxic molecules catalysed by GSTs. Here we show that 
prodox, a doxorubicin derivative, releases doxorubicin upon MGST1 and GSTP 
dependent catalysis. In MGST1 overexpressing cells the protection against prodox was 
lower compared to doxorubicin. With GSTP a dramatic effect was observed. Prodox 
was considerably more toxic to GSTP overexpressing than control cells. Thus prodrugs 
such as prodox, that are preferentially cleaved in GST overexpressing tumours, could 
be a useful therapeutic approach. 
We investigated whether MGST1 can protect cells against oxidative stress. Exposing 
MCF7 cells overexpressing MGST1 to several agents that induce oxidative stress and 
lipid peroxidation (hydrogen peroxide, cumene hydroperoxide and tert-butyl 
hydroperoxide) resulted in significant protection. Microsomal GST1 also protected 
significantly against 4-hydroxynonenal, a highly reactive and toxic end-product of lipid 
peroxidation. Vitamin E increases the MGST1-dependent protection when toxicity is 
mediated by oxidative stress (hydroperoxides) but not when direct alkylation is the 
dominant mechanism (4-hydroxynonenal). Further, measurements of respiration and 
calcium buffering capacity of mitochondria revealed that MGST1 significantly protects 
mitochondria against oxidative insult. Taken together the results show that MGST1 
protects cells via multiple mechanisms including direct conjugation and reduction as 
well as downstream protection against lipid peroxidation. As vitamin E did not 
augment MGST1 resistance against cisplatin we believe that the major toxic 
mechanism is not related to oxidative stress. The mechanism of the strong protection 
against cisplatin remains to be determined and a hitherto unknown function of MGST1 
is indicated. In summary, these investigations clearly show that MGST1 is an important 
contributor in cellular protection against oxidative stress and anti-cancer drugs. 
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1 OXIDATIVE STRESS 
 

Oxygen is vital for life, but it is also a toxic substance for living organisms. All aerobic 

organisms must deal with the toxic consequences of the formation of partially reduced 

oxygen species, and both enzymatic and non-enzymatic defences have evolved to 

control this hazard. Oxidative stress occurs when the production or accumulation of 

reactive oxygen species (ROS) overwhelms the capacity of the antioxidant defence. 

This could occur when there is insufficient antioxidant defence, overproduction of ROS 

within the cell or exposure to exogenous inducers of oxidative stress (e.g. xenobiotics, 

radiation). The major endogenous production of ROS is during mitochondrial 

respiration [1], other sources are the metabolic actions of the cytochrome P450 system 

[2], inflammation [3], NADPH oxidases [4], xanthine oxidase [5] and other enzymes 

[6]. Oxidative stress could lead to damage to DNA, proteins, lipids and other 

molecules. Oxidative stress has been shown to be involved in many different 

pathological conditions such as atherosclerosis, Parkinson’s Disease, Alzheimer’s 

Disease, chronic inflammation and cancer as well as ageing [7].  

 

ROS also play important roles in intracellular signalling [8], maintaining the redox state 

of regulatory molecules, regulating enzymatic activity, control of the cell cycle and 

apoptosis [9]. Moderate increases of ROS has been shown to stimulate cell proliferation 

and survival [10]. Transcription factors can undergo oxidative modification that might 

lead to increased or decreased transcriptional activity. For instance, transcription factors 

involved in cell cycle regulation have been shown to be modulated by ROS. Nuclear 

factor kappa B (NF-κB) is a transcription factor that can be altered by redox modulation 

[11]. This alteration could lead to promotion of cell survival by controlling genes 

involved in regulating immune, inflammatory and anti-apoptotic responses. Activator 

protein 1 (AP-1) is also a redox regulated transcription factor. Activator protein 1 is a 

dimer that consists of fos and Jun, for which mRNA levels are induced by oxidative 

stress (e.g. H2O2, UV light and ionizing radiation) [12]. Both NF-κB and AP-1 have a 

DNA-recognition site that contains a conserved cysteine residue that can be oxidatively 

modified, a mechanism that has been suggested to control the transcriptional activity.  
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1.1 Reactive oxygen species 

 

A free radical is any species that can exist independently and contains one or more 

unpaired electrons. So all oxygen radicals are ROS, but not all ROS are oxygen 

radicals. The most important ROS are the superoxide radical (O2
•-), hydroxyl radical 

(OH•), hydrogen peroxide (H2O2), hypochlorous acid (HOCl) and singlet oxygen [6]. 

Besides ROS, there are also reactive nitrogen species (RNS) such as peroxynitrite. The 

ROS/RNS compounds have different reactivity and can be produced during different 

processes within the cell.  

 

1.2 Mitochondria as a source of ROS 

 

The major source of endogenously produced ROS is the mitochondrial electron 

transport chain that is located in the inner membrane of mitochondria [1,6]. An electron 

transport chain couples oxidation to the transfer of protons across the inner 

mitochondrial membrane with formation of an electrochemical proton gradient, which 

is used by mitochondria for ATP synthesis. Stepwise electron transfer between 

mitochondrial respiratory complexes ends up with four electron reduction of oxygen. 

However, due to a premature electron leakage to oxygen, the respiratory electron 

transport chain becomes a major site of O2
•- production (Figure 1). It has been 

suggested that approximately 0.2-2% of the O2 reduced in mitochondria will form O2
•-. 

The electron leakage from the electron transport chain mainly occurs at complex I and 

III [1]. The majority of O2
•- formed in mitochondria will be released into the matrix 

(approx. 70%) while the rest will be released into the intermembrane space [13]. 

Superoxide is quite unreactive in aqueous solutions (compared with OH•), but produced 

in hydrophobic environments, like membranes, it is highly reactive [6]. The 

environment near the surface of the membrane favours the protonated form, hydroxyl 

peroxyl (HO2
•) of O2

•- (traces of HO2
• exist in equilibrium with O2

•- at physiological 

pH). Hydroperoxyl is much more reactive than O2
•- and can induce lipid peroxidation. 

It has also been shown that O2
•- can react with HOCl to form the highly reactive OH• 

[14]. The majority of O2
•- produced in the matrix of mitochondria will be dismutated 

into H2O2 and molecular oxygen by the enzyme Manganese Superoxide Dismutase 

(MnSOD, for more information see Box 1) [15,16]. 
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Figure 1. 

A schematic picture of the electron transport chain in mitochondria as major source of the production of 

ROS/RNS. 

 

Hydrogen peroxide can diffuse through membranes within and between cells in vivo. It 

has been observed that H2O2 can also diffuse through the membrane via water 

channels, the aquaporins [6]. H2O2 is continuously produced within tissues in vivo (0.1-

0.01 µM steady state in perfused rat liver). H2O2 can be produced in the mitochondria 

both by monoamine oxidases (in brain) and by dismutation of O2
•- from the electron 

transport chain. H2O2 is only a weak oxidizing or reducing agent and is generally 

poorly reactive. No oxidation occurs when DNA, lipids or most proteins are incubated 

with H2O2, even at millimolar levels [6]. It can not by itself induce lipid, DNA or 

protein oxidation but it can react with iron or copper ions to form the hydroxyl radical 

(OH•) [6]. The highly reactive OH• can also be generated by UV-induced homolytic 

fission of the O-O bond in H2O2 [6], or from ozone, peroxynitrite and ionizing radiation 

(from H2O). The OH• can be scavenged for example by mannitol [17], 

dimethylthiourea [18], formate and dimethyl sulphoxide (DMSO) [6], which are used 

as experimental tools.  
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Nitric oxide (NO) is a colourless gas that is moderately soluble in water, NO can 

diffuse through membranes, between and within cells. Nitric oxide has been shown to 

be involved in cellular signalling [19]. One electron reduction of NO gives the reactive 

short lived nitroxyl anion (NO-), the NO- can react with O2 to form peroxynitrite 

(ONOO-) [20]. Peroxynitrite can also be formed by NO• reacting with O2
•-. 

Peroxynitrite can cross membranes but is short-lived, protonation to peroxynitrous acid 

(ONOOH) occurs quite rapidly [21]. Both ONOO- and ONOOH can react with 

biomolecules but they can also react with carbon dioxide and form carbonate radicals 

(CO3
•– and nitrogen dioxide, •NO2) that are highly reactive and can lead to severe 

damage to cellular components (e.g. lipid peroxidation, protein tyrosine nitration, 

oxidation of proteins and DNA) [22]. Decomposition of ONOO- can also lead to 

formation of nitrite NO2
-, nitrate NO3

- and OH•. 

 

1.3 Endoplasmic reticulum and oxidative stress 

 

The endoplasmic reticulum (ER) consists of a central network of membranes that are 

connected to the nuclear membrane. The main functions of ER are lipid synthesis, 

biotransformation, protein folding and protein maturation. The ER senses and responds 

to changes of homeostasis leading to conditions that interfere with the ER function, a 

phenomenon that is called ER stress [23]. ER stress is induced by the accumulation of 

unfolded proteins or by excessive protein traffic (ER overload response). There is a link 

between ER stress and the generation and accumulation of intracellular ROS, (i.e. 

oxidative stress) [23,24]. The protein folding process within the ER is an energy 

demanding process. Oxidative conditions are required for the formation of 

intramolecular and intermolecular disulfide bonds. This process can generate ROS. ER 

stress includes production of ROS and also leads to release of calcium (Ca2+). 

Activation of transcription factor NF-κB also takes place [24]. The main product 

formed during oxidative protein folding in the ER is of H2O2 [23]. Another important 

source for ROS within ER is the cytochrome P450 system (CYT P450) that produces 

(leaks) both H2O2 and O2
•- [25]. Reactive oxygen species within the ER can target 

chaperones and ER based Ca2+- channels. This could lead to the release of Ca2+ from 

ER that will be taken up in the mitochondria, a secondary buffering system of Ca2+. 

Too high levels of Ca2+ in mitochondria will induce the mitochondrial permeability 

transition (MPT) due to the opening of a non-specific pore in the inner mitochondrial 

membrane, collapse of the membrane potential and cell death [26]. Disruption of the 
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homeostasis of Ca2+ within the ER will also disrupt the protein-folding process that will 

lead to ER stress and production of more ROS. 

 

1.4 Lipid peroxidation 

 

Cell membranes and membranes that surround organelles contain large amounts of 

polyunsaturated fatty acids (PUFAs) [6]. PUFAs contain two or more carbon-carbon 

double bonds and are particularly sensitive to lipid peroxidation initiated by ROS. Most 

membranes have more than 50 % proteins, so lipid peroxidation of membranes will 

most likely not only damage the lipids but also the membrane proteins. One of the 

consequences of lipid peroxidation is decreased membrane fluidity, increased 

“leakiness” of the membrane to substances that normally cross the membrane through 

specific channels (e.g. Ca2+) and damage to membrane proteins such as inactivation of 

ion-channels and enzymes.  

 

Initiation of lipid peroxidation can be caused by reactive species (RS) with the 

formation of a lipid radical (L•), this lipid radical can react further with oxygen to form 

a peroxyl radical (LOO•). The LOO• is highly reactive and will start a cascade of lipid 

peroxidation, if not reduced (Figure 2). Vitamin E (VE) can stop this cascade of lipid 

peroxidation by reducing the peroxyl radical to a less reactive lipid hydroperoxide 

(LOOH). Oxidized VE can be regenerated by ascorbate or ubiquinol [27]. The lipid 

hydroperoxide can further be reduced by glutathione peroxidase (GPx, e.g. MGST1 and 

PHGPx) to a more stable lipid alcohol (LOH). This reduction is very important since 

the lipid hydroperoxide is otherwise degraded to an alkoxyl radical (leading to 

propagation of the chain reaction) and reactive carbonyl compounds (Figure 2) [6].  

 

Lipid peroxidation generates a large repertoire of products such as reactive carbonyl 

compounds, ketones and alkanes. Reactive carbonyl compounds formed during lipid 

peroxidation include hydroxyalkenals, malondialdehyde (MDA), acrolein, glyoxal and 

methylglyoxal [28]. Many of the aldehydes formed during lipid peroxidation are highly 

reactive and can form adducts with cellular components such as proteins, phospholipids 

and DNA. One common end product from peroxidation of PUFAs like linolenic, 

arachidonic and docosahexaenoic acids is MDA [6]. Malondialdehyde is quite 

unreactive but at lower pH its reactivity increases and MDA can react with proteins to 

form intra- and intermolecular crosslinks. Malondialdehyde can also react with DNA 
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bases and introduce mutagenic lesions [29]. In laboratories, a common method to 

measure lipid peroxidation is the thiobarbituric acid (TBA) assay, which is supposed to 

measure free MDA. It is widely discussed whether or not this method actually 

measures only free MDA since MDA is a quite unreactive molecule [6]. Oxidation of 

PUFAs like linoleic and arachidonic acids, which have 6 or more double bonds, 

primarily generates 4-hydroxy-2-nonenal (HNE) [30]. HNE is a highly toxic and strong 

electrophile that reacts and binds covalently to proteins, nucleic acids and 

phospholipids. HNE has also been suggested to be important in cell signalling [31] that 

can affect cell cycle events, modulate proliferation, differentiation and apoptosis [32]. 

In humans, it has been shown that glutathione transferase alpha 4-4 (GSTA4-4) 

conjugates HNE with very high efficiency [33]. For a more detailed description of the 

different end products of lipid peroxidation, see [28]. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. 

Lipid peroxidation. Phospholipids (LH) can be oxidized by reactive species (RS) to form a phospholipid 

radical (L•) that reacts with molecular oxygen to form the peroxyl radical (LOO•), the LOO• can oxidize a 

new LH and start a chain reaction of lipid peroxidation. This chain reaction can be stopped by reduction 

of the LOO• to form a less reactive lipid hydroperoxide (LOOH) by vitamin E (VE). The LOOH can 

further be reduced to a lipid alcohol (LOH) by GPx (e.g. MGST1) or form degradation products such as 

toxic reactive carbonyl compounds that can form adducts with proteins, phospholipids or DNA. 
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1.5 Cellular damage by ROS 

 

Mitochondrial damage 

 

Cellular metabolism is dependent on the ATP produced by mitochondria. 

Mitochondrial serve as a major source of ROS production within the cell, but are also 

vulnerable targets for ROS induced damage [34]. Reactive oxygen species can damage 

lipids, proteins and nucleic acids within the mitochondria. The mitochondrial DNA 

(mtDNA) is less protected and does not have as extensive DNA repair systems as the 

nuclear DNA. The mtDNA encodes proteins that are essential for the electron transport 

chain and ATP generation. Mitochondrial DNA is a sensitive target for ROS and 

oxidation of mtDNA can lead to decreased electron transport, loss of membrane 

potential and ATP generation. For instance Parkinson’s Disease has been connected 

directly to oxidative damage of nucleic acid with both RNA and mtDNA as targets 

[35]. Oxidative damage in the mitochondria has also been linked to Alzheimer’s 

Disease, Huntington’s Disease and ageing [34,36].  

 

DNA damage  

 

Oxidative damage to DNA is connected with mutagenesis, degenerative disorders, 

ageing and cancer [37]. Reactive oxygen species can induce oxidative damage to the 

DNA (e.g. strand breaks, base and nucleotide modifications), where sequences with 

high guanine content are particularly sensitive to oxidative DNA damage. The 

oxidative DNA double strand breaks induce a rigorous repair response involving 

ATM (Ataxia telangiectasia mutated) and ATR (Ataxia telangiectasia RAD-3 

related). ATM and ATR can phosphorylate specific kinases (chk2, hCDS1) causing 

phosphorylation of the tumour suppressor gene p53 [38]. p53 has many functions in 

the response to DNA damage such as to stimulate base excision repair, induce growth 

arrest and apoptosis.  

 

1.6 Cellular protection against ROS 

 

Aerobic organisms have developed a major antioxidant defence to be able to survive 

the consequences of oxygen toxicity. The cells need to monitor, maintain and control 
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an adequate intracellular redox balance [6,39]. The antioxidant defence consists of 

hydrophobic antioxidants (such as vitamin E, retinol, carotenoids), and hydrophilic 

antioxidants (for example ascorbate, GSH and uric acid). Important antioxidant 

enzymes are superoxide dismutase (SOD), catalase, GPx, thioredoxin (Trx), 

peroxiredoxins (Prx) and glutathione transferases (GSTs). There are also enzymes that 

can repair damage caused by oxidative stress such as methionine sulfoxide reductase 

[40]. Several proteins can reduce pro-oxidant levels (e.g. iron-, copper ions and heme) 

such as for example transferrins, albumin and heme oxygenase [41]. The extent of 

defence against oxidative stress is different from tissue to tissue and from cell to cell. 

For example adult and embryonic stem cells have a very extensive antioxidant defence 

that inhibits differentiation [42]. Upregulation of antioxidant enzymes have often been 

shown in cells subjected to oxidative stress [6]. Different defence mechanisms protect 

the cells depending on which RS are generated, how and where they are generated, and 

what the target is. The list of antioxidants and antioxidant enzymes is extensive so I 

will focus on those that have been studied and discussed in our papers, for more details 

please read the excellent book [6]. 

 

Vitamin E  

 

Vitamin E consists of a mixture of tocopherols and tocotrienols. Vitamin E is a lipid 

soluble antioxidant. The most biologically active and studied form is α-tocopherol. It 

has been shown that α-tocopherol protects cellular membranes from lipid peroxidation 

and prevents the cascade of lipid peroxidation that can be induced by oxygen radicals. 

VE inhibits lipid peroxidation by reducing the lipid peroxyl radical (LO2
•). The 

oxidized α-tocopheroxyl radicals formed in this process are much less reactive and can 

be reduced back to α-tocopherol by other antioxidants such as ascorbate [43] and 

ubiquinol [44].  

 

Glutathione (GSH) 

 

The tripeptide glutathione (L-γ-glutamyl-L-cysteinyl-glycine) is the most abundant non 

protein thiol in the cell and partakes in many important functions. The intracellular 

concentration of GSH ranges between 0.5-10 mM. The tripeptide is a cofactor/substrate 

in many enzymatic reactions and plays an important role in the scavenging of reactive 

oxygen species and as an intracellular cysteine storage pool. GSH contributes to many 
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of the major cellular functions including proliferation, differentiation and apoptosis 

[45]. The tripeptide possesses a sulfhydryl (-SH) residue in cysteine, and this gives the 

reactive properties of the molecule. The γ-glutamyl bond contributes to protection of 

GSH from degradation by aminopeptidases. Glutathione exists mainly in its reduced 

form in the cell, but can be oxidized to a disulfide (GSSG). The GSH/GSSG ratio in the 

cytosol is between 30:1 to 100:1 [46], but, during oxidative stress this ratio decreases 

due to formation of GSSG. Conversion of GSSG back to GSH is achieved by 

glutathione reductase (GR) that catalyses the reaction [6]:  

 

GSSG + NADPH + H+ → 2GSH + NADP+.  

 

Maintaining cellular redox homeostasis provides an appropriate antioxidant defence 

mechanism [47]. Glutathione is synthesized by two enzymes γ-glutamylcysteine 

synthase and glutathione synthase. γGCS is the rate-limiting enzyme in the synthesis of 

GSH [48] and it is also feedback inhibited by GSH [49]. Glutathione serves as a major 

low molecular weight antioxidant in the mitochondrion, which contains a high 

concentration of this tripeptide. The plasma levels of GSH are in the low micromolar 

range, and GSH can not be transported over the plasma membrane. Outside of the 

plasma membrane GSH is cleaved by γ-glutamyl transpeptidase to a cysteinylglycine 

that can be transported through the plasma membrane. This cysteinylglycine is further 

cleaved to its native amino acids. 

 

1.7 Redox regulation 

 

Redox regulation plays a key role in intracellular signalling. Some proteins are directly 

redox-regulated (p53) and others are controlled by redox-sensitive transcription factors. 

Redox regulation could involve oxidation and reduction of –SH groups or oxidation 

and reduction of iron ions, for instance human mitochondrial glutaredoxin-2 has been 

reported to be a redox-regulated Fe-S protein [6]. The intracellular redox balance is 

regulated by molecules that contain thiols such as GSH and thioredoxin [50-52]. Trx1 

can regulate the DNA binding of transcription factors that respond to oxidative stress 

and regulates binding of transcription factors AP-1 and NF-κB by reducing the thiol 

that is crucial for DNA binding [53]. Further, Trx1 has been shown to be a redox 

regulator of apoptosis signal-regulating kinase 1 (ASK-1), by protein-protein 

interaction [54]. 



 

10 

Box 1. ANTIOXIDANT ENZYMES 
 
Superoxide dismutases (SOD) 
The SOD enzymes are very efficient in catalyzing the dismutation of O2

•- into H2O2 and O2. 
Several forms of SOD exist but in eukaryotes the copper-zinc containing SOD (CuZnSOD) is 
most common [6]. The CuZnSOD is present in almost all eukaryotic cells, and is mainly 
located in the cytosol but it has also been detected in the lysosomes, nucleus and the 
intermembrane space of mitochondria. Another form of SOD is the Manganese SOD (MnSOD) 
that is mainly found in the mitochondria in animals. The ratio of CuZnSOD and MnSOD found 
in animals differs between species, tissues and the amount of mitochondria in the cells. MnSOD 
knockout mice show neurodegeneration and cardiomyopathy and die within 3-15 days after 
birth [16,55].  
 
Catalase 
Catalase catalyzes the decomposition of H2O2 to O2 and H2O. In animals catalase is present in 
every cell type [6]. Catalase is located in the peroxisomes. There are several enzymes in the 
peroxisomes that produce H2O2 (e.g glycollate oxidase and flavoprotein dehydrogenases that 
are involved in β-oxidation of fatty acids). Animal catalase contains four subunits, the active 
site of each subunit has Fe(III)-heme. Catalase is a highly efficient enzyme. A useful inhibitor 
of catalase is aminotriazole that can inhibit catalase in vivo. 
 
Glutathione Peroxidase (GPx) 
The glutathione peroxidases are a family of selenium containing antioxidant defense enzymes 
that catalyse the reduction of H2O2 with help of glutathione [6]. GPx is inhibited by 
mercaptosuccinate. Glutathione peroxidases can also catalyze the GSH dependent reduction of 
lipophilic hydroperoxides such as cumene hydroperoxide and tert-butyl hydroperoxide and 
lipid hydroperoxides. At least four types of GPx exist. The most common in mammals is GPx1 
that is located in the cytosol, GPx2 is mostly found in cells in the gastrointestinal tract. GPx3 is 
a glycoprotein that mainly originates from the kidney, which also is found in extra cellular 
fluids (e.g. milk, seminal fluid, amniotic fluid, aqueous humor of the eye and lung lining fluids). 
Phospholipid hydroperoxide glutathione peroxidase (PHGPx) or GPx4 can reduce H2O2 and 
synthetic hydroperoxides, but also uniquely reduce phospholipid hydroperoxides within the 
membranes (like MGST1).  
 
Thioredoxin system  
The thioredoxin system involves the thioredoxin reductase (TrxR), its primary substrate 
thioredoxin (Trx) and the electron donor NADPH. Human Trx-1 is primarily localized in the 
cytosol, Trx-2 is found mainly in the mitochondria, the third form, that is not very much 
studied, TGR, is also present in the cytosol and can reduce glutathione disulfide as well as Trx 
[56]. The thioredoxin system has a number of functions in the cell and the list is increasing. For 
instance, Trx is involved in reduction of peroxides via Trx peroxidases, functions as a redox-
sensitive signal transducer that contributes to DNA repair, activates stress response genes and 
can influence cell proliferation and apoptosis [52]. TrxR is a NADPH dependent 
selenoflavoprotein that can reduce oxidized Trx. TrxR1 is predominantly located in the cytosol 
(and reduces Trx1), while TrxR2 is located in the mitochondria (reduces Trx2). It has been 
shown that the redox state of the cell (GSH/GSSG ratio) can regulate Trx function via S-
glutathionylation of Trx [51]. 
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2  CANCER 

 

Cancer is the second leading cause of death in the privileged countries. In Sweden, the 

10-year survival of cancer is ~ 60 % [57,58], but the survival is highly dependent on 

what kind of cancer the patient suffers from. Cancer (malignant neoplasm) is a 

collective name of a line of diseases. Cancer involves dynamic changes in the genome, 

like mutation in specific genes that control cell proliferation, apoptosis and DNA repair 

[59]. There are two classes of genes that are of particular relevance; oncogenes (e.g. 

ras, myc) [60] that have obtained dominant gain of function and tumour suppressor 

genes, which recessively have lost their function (ex. p53) [61]. Hanahan and Weinberg 

have suggested six alterations in cell physiology, which are essential for malignancy, 

cancer cells should be self-sufficient in growth signals, insensitive to anti-growth 

signals, display evasion of apoptosis, limitless proliferation potential, sustained 

angiogenesis and tissue invasion and metastasis [62]. The risk of developing cancer 

increases with age. Genetic damage might also be due to lifestyle such as exposure to 

carcinogens as tobacco smoke, radiation, chemicals or infectious agents. Different 

types of cancer have been shown to be inherited, but cancer-promoting genetic 

alterations may also occur randomly through errors in DNA replication. 

 

2.1 Cancer promotion 

 

The development of cancer is a multi-step process that involves initiation, latency, 

promotion and progression [59]. Initiation is the first step where a carcinogen interacts 

with DNA. The latency is the period between the application of a carcinogen and the 

appearance of a tumour. The third stage is the promotion, initiated cells do not develop 

into tumours without exposure to promoting agents. The effects of promoting agents 

are reversible. The progression is characterized by events that result in the self-

sufficient state and this step is irreversible [59]. It has been shown that early precursor 

lesions of different human tissues express markers of DNA damage response. These 

markers includes phosphorylated histone H2AX, p53, phosphorylated kinases ATM 

and Chk2 [63]. Mutations that alter these markers might lead to increased cell 

proliferation, genomic instability, cell survival and tumour progression. 
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2.2 Anti-cancer treatment 

 

Most cancers can be treated and some can be cured. The anti-cancer treatment depends 

on the character of the malignancy e.g. specific type, location and stage of the 

malignant cells. Solid tumours are often treated by a combination of surgery, 

chemotherapy and radiation while chemotherapy alone is used for treatment of different 

types of blood cancers. Failures in cancer therapy could be due to many different 

aspects such as the specific type of the tumour (aggressive or not), localization of the 

cancer (possibility of surgery), when the cancer has been discovered (e.g., if it already 

has formed metastasis).  

 

2.3 Chemotherapy 

 

Many different anti-cancer drugs can be used in cancer therapy. Since one of the 

hallmarks of cancer is genetic instability and high mutation rates, most often the cells 

within a tumour are very heterogenic. Therefore chemotherapy most often consists of a 

combination of drugs to be able to target and kill cancer cells with different genotypes. 

One obstacle with regard to cancer therapy is the dose limiting factor of the anti-cancer 

drugs due to the induction of severe, sometimes lethal, side-effects. Since the optimal 

goal in cancer therapy is to kill all cancer cells, the drugs have different toxicity targets 

that can be chosen depending on the character and type of the malignant cells. Many 

anti-neoplastic drugs are developed to target proliferating cells since most cancer cells 

are highly proliferative. One serious problem with this strategy is that the anti-cancer 

drugs also kill normal proliferating cells, such as white blood cells, hair follicles and 

gastrointestinal cells. Luckily, normal cells do recover faster than malignant cells, but 

the therapeutic window of many anti-cancer drugs is often very narrow. This means 

that you need a dose that is high enough to kill as much of the cancer cells as possible, 

but yet have the lowest dose achievable to spare the normal cells and to limit side 

effects. Another big obstacle with chemotherapy is failure in chemotherapy due to 

resistance of the cancer cells. 
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2.4 Drug resistance 

 

The main reason for failure of chemotherapy can be due to several resistance 

mechanisms of malignant cells to anti-cancer drugs. The resistance leads to recurrence 

of the disease which could be fatal. The tumour cells can be intrinsically resistant to the 

cytotoxic drugs. This could be due to many different factors like individual differences 

of the patients, genetic changes in the tumour cells, especially genes and proteins that 

are involved in DNA-repair, apoptosis and control of the cell cycle. Another problem is 

overexpression of enzymes that can detoxify the drugs (e.g. GSTs). The resistance 

could also be due to changes in the barrier properties of cellular membranes and/or 

overexpression of specific transport proteins that alters influx or efflux of the drugs. As 

the dividing cancer cells display high rates of genetic changes, cells that originally are 

sensitive to one drug can become cross-resistant to other drugs (e.g. acquired 

resistance). 

 

The characteristics of the tumours can vary between patients, and the optimal would be 

that chemotherapy could be tailored to each patient based on the nature of their 

particular disease, for instance in case of pancreatic cancer which has a very poor 

prognosis. 

 

2.5 Anti-cancer drugs 

 

Cisplatin 

 

Cisplatin is an inorganic molecule with a structure based on platinum. It is used for 

treatment of ovarian tumours, lung cancer, testicular, cervical, bladder, head and neck 

and many other solid tumours [64] (Figure 5). The most potent cytotoxic action of the 

drug is not fully understood, as it seems to be different in different types of tissues. It 

has been shown that cisplatin forms interstrand crosslink adducts on DNA [65], 

interferes with DNA synthesis and activates cell death pathways [66]. Also, induction 

of oxidative stress and ER stress have been suggested as mechanisms of cisplatin 

toxicity [67] as well as induction of different apoptotic signalling pathways involving 

cytochrome c release and subsequent caspase activation [68]. Drug resistance is a big 

problem in cisplatin cancer therapy. Many different mechanisms have been suggested 

to be involved in resistance against cisplatin, such as increased GSH levels and GST 
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activity [69], reduction in adduct formation [70] and loss of DNA mismatch repair [70], 

as well as defective uptake of cisplatin [71]. Although resistance to cisplatin in tumors 

has been extensively investigated the relative importance of the suggested mechanisms 

is still not well understood. Therefore there is no clear answer as how to treat cisplatin-

resistant tumors.  

 

Doxorubicin 

 

Doxorubicin is an anthracycline antibiotic that is one of the most commonly used anti-

cancer drugs to treat many different solid and hematological malignancies [64] (Figure 

5). The cytotoxic effect of doxorubicin includes several mechanisms, such as inhibition 

of topoisomerase II, DNA intercalation, effects on the membranes as well as redox 

cycling that leads to generation of ROS, lipid peroxidation and DNA damage [72]. 

Doxorubicin is metabolized by carbonyl reductase that converts doxorubicin to 

doxorubicinol. Cytochrome P450 reductase (P450R) detoxifies doxorubicin by 

deglycosylation leading to the formation of a 7-deoxyaglycone metabolite [73]. In 

addition, P450R can reduce doxorubicin to the reactive and cytotoxic semiquinone 

radical that can react with oxygen to initiate redox cycling and ROS production. In 

hypoxic environments, the semiquinone radical can become cytotoxic via covalent 

modification of cellular macromolecules. Under aerobic conditions, the semiquinone 

radical undergoes redox cycling leading to generation of ROS. The induction of ROS is 

especially important in the dose-limiting cardiotoxicity associated with doxorubicin 

treatment [74]. 

 

2.6 Oxidative stress and cancer 

 

Cancer and ROS are connected at many different levels making it difficult to 

distinguish what comes first, are ROS needed for tumour growth or are ROS a 

consequence of carcinogenesis. There have been implications that ROS contributes to 

every step of carcinogenesis (initiation, promotion and progression). Oxidative stress 

can stimulate proliferation [75] and activate survival pathways [76], it can also directly 

cause damage to DNA leading to mutations (8-hydroxydeoxyguanosine) [77]. 

Oxidative stress has been shown to affect Akt, also known as kinase B, activity [76], 

which was commonly shown to be dysregulated in cancer cells [78]. ROS can induce 

NF-κB that is involved in many physiological processes such as proliferation, 
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differentiation, apoptosis and cell signalling transduction [42]. High levels of NF-κB 

have been associated to cancer and it has been demonstrated that inhibitors of NF-κB 

suppress tumour growth. Many proteins and enzymes that are involved in regulating 

oxidative stress, such as GSTs [79] and proteins involved in the thioredoxin system, are 

often overexpressed in a variety of tumours. Thioredoxin are important for redox 

regulation and have been connected to tumorigenesis [56]. 

Mitogen-activated protein kinases (MAPKs) belong to a family of serine/threonine 

kinases that use ATP to phosphorylate their protein targets. MAPKs are involved in 

upstream signalling for the transcription factors AP-1 and NF-κB [80]. The MAPKs are 

involved in many different cellular processes such as proliferation, energy metabolism, 

regulation of gene expression and apoptosis [81]. ROS play an important role in 

activation of the MAPK pathway, for instance phosphorylation/activation of MAPKs 

p38 and ERK1/2. ROS induced proliferation has been implicated to be dependent upon 

activation of MAPKs. 

Another target of ROS is Ras. Oxidants activate Ras and stimulate proliferation, while 

antioxidants prevent these events [6]. The MAPK pathway is a downstream effector 

target of Ras. Ras itself can be activated and further promote increases in ROS due to 

generation of superoxide by the NAD(P)H oxidase system. Ras is most often mutated 

and activated in cancer cells and can therefore contribute to ROS generation in cancer 

cells [82].  ASK-1 is a serine/threonine kinase of the MAPK family. It has been shown 

to activate the Jun N-terminal kinase (JNK) and p38 MAPK signalling cascades via 

phosphorylation [83]. ASK-1 has been shown to be very important for the apoptosis 

induced by oxidative and ER stresses as well as FasL and tumour necrosis factor-alpha 

(TNF-alpha) death ligands. The reduced Trx can inhibit ASK-1 activation by protein-

protein interaction. The dissociation of the ASK-1/Trx is redox dependent, Trx 

becomes oxidized and dissociate from ASK-1 that is activated [84]. Thus ROS are 

important in many signalling events and processes that are important for 

carcinogenesis. 

 

2.7 Stem cells and cancer 

 

Embryonic stem cells can differentiate to any kind of cell in the adult organism. During 

differentiation of human embryonic stem cells to germ line cells, it has been noticed 

that telomerase activity, DNA repair systems and genes involved in the antioxidant 

system were downregulated leading to increased oxidative stress and DNA damage 
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[85]. Interestingly, the antioxidant system was downregulated despite increased 

oxidative stress due to increased mitochondrial biogenesis. It is crucial for stem cells to 

reduce the risk of spontaneous DNA damage. This is achieved by having high 

expression of antioxidant enzymes and an extensive DNA repair system. Increased 

ROS levels in embryonic stem cells are suggested to stimulate differentiation. Stem 

cells and cancer cells have several features in common such as the ability of self-

renewal, increased glycolysis [86], adaptation to hypoxic environments (e.g. hypoxia 

inducible factor, Hif-1 stabilization) [87], telomerase activity and high expression of 

antioxidant enzymes. However, one thing is strikingly different, stem cells have very 

little DNA damage while cancer cells have a very unstable genome with constant 

mutations. It has been shown that pathways classically associated with cancer also 

regulate normal stem cell development [88,89]. For instance, activation of Notch that 

simulates self-renewal and Wnt signalling pathways that have been shown to regulate 

both self-renewal and oncogenesis [89].  
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3  GLUTATHIONE TRANSFERASES 
 

The glutathione transferases (GST) are phase II detoxification enzymes and are divided 

into cytosolic, mitochondrial and microsomal GSTs. All GSTs catalyze the conjugation 

of GSH to electrophilic and hydrophobic substances of both endogenous and 

exogenous origin (Figure 3). The reaction catalysed is the first out of four steps in the 

mercapturic acid pathway [90]. These conjugates are transported out of the cells via the 

transmembrane multidrug resistance proteins (MRP) that belong to the C family of 

ABC transporters. Out of the nine transporters within this family it is only two, MRP1 

and MRP2, that primarily recognize and transport GSH-conjugates out of the cell [91]. 

Human GST Kappa is a dimeric enzyme and belongs to the mitochondrial GSTs. It has 

also been suggested that GST Kappa might have a role in protecting peroxisomes 

against oxidative stress. 

 
Figure 3. GSTs can conjugate GSH to a variety of electrophilic and hydrophobic compounds. 

 

The human cytosolic GSTs constitute to the largest group, they are all dimeric and are 

divided into seven classes; Alpha, Mu, Pi, Sigma, Theta, Omega and Zeta [90]. The 

cytosolic GSTs have been shown to catalyze conjugation, reduction and isomerisation 

reactions as well as bind covalently and noncovalently to hydrophobic nonsubstrate 

ligands (both endogenous compounds as well as xenobiotics). The GSTs display 

overlapping substrate specificities. GSTs have also been shown to protect from 
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oxidative stress within the cell. Oxidative stress regulates the expression of GSTs by 

several transcription factors such as Nrf2, NF-κB and AP-1 [2,5].  

 

3.1 Glutathione transferase Pi (GSTP) 

 

Glutathione transferase Pi is predominantly located in the cytosol and has four different 

functional polymorphic variants (GSTP1*A-D) [90,92]. GSTP overexpression has been 

strongly associated with drug resistance. The enzyme has been shown to be 

overexpressed in many tumours [93] and is widely overexpressed in colon cancer [94] 

that has often been associated with drug resistance. Resistance was not only due to 

detoxification. GSTP is also involved in the promotion of clonogenic survival and 

proliferation in colon cancer [94]. GSTP has been shown to regulate kinase dependent 

proliferation pathways. Under unstressed conditions GSTP binds to JNK and inhibits 

the kinase [95]. Upon stress (e.g. irradiation or H2O2) GSTP dissociates from JNK [95]. 

Activated JNK phosphorylates several transcription factors such as c-Jun, ATF2, p53, 

and ELK-1 [96-100] that consequently lead to activation of stress responses like 

changes in the cell cycle, DNA repair or apoptosis [101,102]. GSTP has also been 

shown to inhibit the activity of ASK-1, during stress GSTP oligomerizes allowing 

release of ASK-1 and induction of apoptosis [103]. Townsend et al showed that GSTP 

can potentiate S-glutathionylation during oxidative stress, and that this correlates with 

anti-cancer drug resistance [104]. Several inhibitors and prodrugs have been developed 

to reverse anti-cancer drug resistance induced by GSTP. TLK-199 is a glutathione 

analogue that inhibits GSTP and is involved in dissociating GSTP from JNK that will 

promote JNK associated stress responses [105]. TLK-199 is presently used in clinical 

trials on patients with myelodysplastic syndrome to stimulate the production of blood 

cells in the bone marrow [106,107]. Another drug developed in order to prevent drug 

resistance is NOV-002, a complex of glutathione disulfide (GSSG) stabilized with cis-

platinum. Treating patients with non-small cell lung cancer in clinical trials, has shown 

that NOV-002 is well tolerated and increases survival of the patients [108]. Goto et al 

suggested that GSTP can translocate to the nucleus, especially in cancer cells, and that 

this event correlates to resistance against doxorubicin [109]. Further, this group 

suggested that GSTP can also be localized in the mitochondria where it protects against 

oxidative stress [110]. GSTs thus have many potential roles in tumour development and 

drug resistance. 
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3.2 MAPEG 

 

The membrane bound GSTs belongs to the MAPEG family (Membrane Associated 

Proteins in Eicosanoid and Glutathione metabolism). In humans the MAPEG family 

consists of microsomal glutathione transferase (MGST) 1, MGST2, MGST3, 

leukotriene C4 synthase (LTC4S) that conjugates leukotriene A4 with GSH, 5-

lipoxygenase-activating protein (FLAP) that binds arachidonic acid required for 5-

lipogenase to get activated and finally microsomal prostaglandin E2 synthase 1 

(MPGES1) that catalyses GSH-dependent isomerisation of PGH2 to PGE2 [111]. 

 

3.3 Microsomal Glutathione Transferase 1 (MGST1) 

 

Microsomal GST1 is a membrane protein that has the common GST functions. The 

enzyme is predominately located in the ER membrane and the outer membrane of 

mitochondria [112]. In rat liver MGST1 constitutes about 3% of the ER membrane 

proteins and in the outer membrane of mitochondria approximately 5% [112]. 

Investigation of the mRNA expression of MGST1 in human and rat revealed that 

MGST1 is extensively expressed in most tissues with the highest levels in liver and 

pancreas [113]. Among 48 healthy Japanese volunteers there were 46 single-

nucleotide polymorphisms (SNPs) detected in the MGST1 gene [114], none which 

appeared to have major functional consequence. Microsomal GST1 has broad 

substrate specificity like cytosolic GSTs but differs in DNA and amino acid sequence 

[115]. The enzyme displays both GST and GPx activity and catalyses the conjugation 

of GSH to both endogenous and exogenous hydrophobic electrophilic compounds 

[116-119]. The functional MGST1 enzyme is a homotrimer [115,120,121] with three 

binding sites for GSH [122]. The structure of MGST1 has been solved with a 

resolution of 3.2 Å, and revealed a potential membrane facing substrate entry site 

(Figure 4) [123]. Each subunit has a molecular weight of 17.3 kDa [124]. The MGST1 

gene is located on chromosome 12p13.1–13.2 [125]. Previously, it has been shown 

that MGST1 can be activated by covalent modification of cystein-49 by N-ethyl 

maleimide (NEM, Figure 4), a characteristic that distinguishes MGST1 from all other 

GSTs [116]. Microsomal GST1 can also be activated by limited proteolysis by trypsin 

[126], radiation [120], heating [127] as well as oxidative stress [128,129]. Ji and 

Bennett showed that MGST1 gets activated by and can catalyze the denitration of 

glyceryl trinitrate, and do this with a greater efficiency than its cytosolic counterparts 
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[130,131]. MGST1 from HepG2 cells was induced at the mRNA level after treatment 

of aryl hydrocarbon receptor (AhR) agonists β-naphthoflavone (BNF) and indirubin 

[132]. MGST1 was upregulated in both MCF7 and HepG2 cells after exposure to 

Benzo(a)pyrene (BaP) and TCDD (via AhR) where MGST1 was suggested to be an 

early marker of exposure to compounds like BaP and TCDD [133]  

 
Figure 4. Chemical structure of MGST1. 

Microsomal GST1 can be activated by N-ethylmaleimide that covalently binds to cystein-49. Structure 

of the homo trimeric enzyme 

 

3.4 MGST1 and oxidative stress 

 

MGST1 displays glutathione peroxidase activity towards organic hydroperoxides 

(CuOOH) [116] as well as various lipid hydroperoxides and lipid ozonides [117,118]. 

Further, it has been shown that MGST1 is activated by oxidative stress both 

transcriptionally [134] as well as by protein modification [135,136]. Burk et al 

showed that a GSH-dependent enzyme works in synergy with alpha-tocopherol to 

protect against lipid peroxidation in microsomes [137]. Mosialou later demonstrated 

that MGST1 was responsible for the GSH-dependent protection [138]. As mentioned 

before, MGST1 is located in the ER and the outer mitochondrial membrane, where 

the substrates for MGST1 (e.g. hydrophobic electrophilic compounds) most probably 

will accumulate and perhaps also induce lipid peroxidation. Microsomal GST1 has 

also been shown to contribute to protection against downstream products of lipid 
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peroxidation by conjugation of toxic end-products of lipid peroxidation, such as 4-

hydroxyalk-2-enals including, HNE [118]. Cytosolic GSTA4-4 has also been shown to 

conjugate these end-products with high catalytic efficiency [33]. Awashti has suggested 

that HNE is an important signalling molecule in oxidative stress [32]. By conjugating 

HNE, MGST1 can be important in altering the signalling pathways induced by HNE. 

Maeda et al showed that MGST1 protects against oxidative stress in the retinal pigment 

epithelium and suggested that MGST1 has a potential role in age related diseases in 

the eyes including Pseudoexfoliation syndrome [139] and age-related macular 

degeneration [140]. They also showed that overexpression of MGST1 in HEK293 

cells protected against oxidative stress induced by hydrogen peroxide and oxidized 

docosahexaenoic acid [140]. Cellular oxidative stress increases with age. In human 

hematopoietic stem and progenitor cells that were collected from newborn, young and 

old healthy donors, an increased expression of MGST1 with age was observed [141]. 

Further, there is higher gene expression of MGST1 in smokers with chronic obstructive 

pulmonary disease [142], a disease that has been linked to oxidative stress. Microsomal 

GST1 has also been shown to catalyze the denitration of glyceryl trinitrate, that also can 

activate MGST1 toward other substrates [130] but MGST1 is not a target for S-

nitrosylation [143]. Lee et al have suggested that MGST1 can be activated by forming 

mixed disulfide bonds, and that when it becomes S-glutathionylated could have some 

contribution to the apoptotic process [144,145]. 

 

3.5 MGST1 and cancer 

 

An increasing volume of data correlating MGST1 to cancer is appearing. 

Overexpression of MGST1 in tumours has been shown for many different cancers such 

as lung, prostate, colorectal, brain, osteocarcinoma, leukaemia, Ewing’s sarcoma, 

melanoma and pancreatic cancer [146-155]. High expression of MGST1 has been 

suggested to be an early marker for tumorigenesis [149,151] and high metastatic 

potential [147,149]. Further, overexpression of MGST1 has been correlated to drug 

resistance, for instance in patients with pancreatic cancer treated with gemcitabine, 

where MGST1 was associated with drug resistance as well as bad prognosis [146]. 

Similar results were obtained in patients with Ewing’s sarcoma, where high expression 

of MGST1 was directly correlated to bad prognosis due to resistance against 

doxorubicin [152]. These facts makes our studies with MGST1 and its involvement in 
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anti-cancer drug resistance highly relevant. A more complete survey of MGST1 and 

carcinogenesis is shown in Table 1. 

 

3.6 MGST1 and stem cells 

 

Several studies on glutathione transferase-knockout mice strains have been performed 

and so far mice deficient in mGSTP1-1, mGSTA4-4, mGSTO1-1 and mGSTz1-1 have 

been generated. No remarkable or lethal phenotypes have been detected [156]. 

Presently, no data on MGST1 knock-out mice have been reported, however, there are 

indications that MGST1 is very important in early development of the embryo. In at 

least 10 studies on human embryonic stem cells it has been shown that MGST1 was 

overexpressed as compared to differentiated cell types [157]. Embryonic stem cells are 

totipotent stem cells capable of self-renewal as well as generating other types of cells. 

High mRNA expression of MGST1 was also found in six tested human embryonic 

stem cell lines compared to embryoid body outgrowths [158]. Multipotent (capable of 

self-renewal and able to generate most cell lines) human embryonic stem cells 

demonstrated high expression of MGST1 [159]. High expression of MGST1 was also 

found in both human embryonic stem cells and human malignant counterparts 

(embryonal carcinoma cells) collected from testis tumours [160]. Saretzki et al showed 

that differentiation of embryonic stem cells goes together with downregulation of 

telomerase, decrease of DNA repair activity and also downregulation of antioxidant 

defence and increased oxidative stress [85]. Overall, it has been suggested that stem 

cells maintain high antioxidant defences and also that glycolysis is favoured over 

mitochondrial respiration [161]. Increased ROS in stem cells drives spontaneous 

differentiation, suggesting that one role of MGST1 in embryonic stem cells is to protect 

from oxidative damage and thereby prevent differentiation. 
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Table 1. MGST1 in cancer 
Type of cancer Observation Reference 

   

 Overexpression  

Brain Higher mRNA expression of MGST1 was detected in human 

glioblastomas compared with white matter.  

[150] 

Prostate Malignant prostate tissues had higher gene expression of 

MGST1 compared to non-malignant counterparts 

[148] 

Lung  MGST1 was elevated in early stages of human lung 

adenocarcinoma and squamous cell carcinomas 

[151] 

Acute myeloid leukaemia High expression of MGST1 was detected in patients with acute 

myeloid leukaemia 

[162] 

Canine osteosarcoma MGST1 was overexpressed in poor survivors of dogs with a 

poor prognosis of osteosarcoma 

[153] 

Murine lung  MGST1 was elevated in murine lung tumours compared to 

non-carcinogenetic tissue surrounding the tumour. 

[151] 

 

 Higher metastatic potential  

Prostate High gene expression was correlated to higher metastatic 

potential in human prostate cancer 

[148] 

Melanoma MGST1 expression was upregulated in strongly metastatic cell 

lines compared to cells with lower metastatic potential derived 

from the same tumour 

[147] 

Colorectal  MGST1 polymorphisms may contribute to colorectal cancer 

risk among Han Chinese. 

[163] 

 

 Marker for tumorigenesis  

Colorectal  Overexpression of MGST1 has been suggested to be a good 

marker for clinical staging of colorectal cancer 

[149] 

Lung  MGST1 has been suggested to be an early marker for 

identifying patients with early stages of lung tumours 

[151] 

   

 Drug resistance  

Pancreatic  High expression of MGST1 was correlated with drug resistance 

in pancreatic cancer patients treated with gemcitabine 

[146] 

Ewing carcinoma High expression of MGST1 was directly correlated with bad 

prognosis in patients with Ewing sarcoma, due to resistance 

against doxorubicin 

[152] 

Murine cancer stem cells Overexpression of MGST1 was correlated to drug resistance in 

murine cancer stem cells 

[154] 
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4  PRESENT INVESTIGATION 
 

4.1 Aims of this study 

 

It has been shown previously that MGST1 can protect from lipid peroxidation in 

subcellular fractions and reconstituted systems. In this investigation we wanted to 

further elucidate if MGST1 could protect cellular systems against oxidative stress and 

anti-cancer drugs.  

 

Specific aims: 

 

• Determine whether MGST1 is an important contributor in protecting cells from 

oxidative stress, and elucidate the mechanisms of protection. 

 

• Investigate cytostatic drugs where MGST1 contributes to drug resistance and 

determine mechanisms of protection. 

 

• Find potential anti-cancer drugs to reverse resistance induced by MGST1. 

 

• Develop and determine potential anti-cancer prodrugs that can target and be 

activated within GST overexpressing tumours. 
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Table 2. 

Chemicals used in this study 
Chemical Area of use* MGST1 

Substrate/ 

Activator 

Protection 

by MGST1 

Proposed 

Mechanism 

Anticancer drugs 

Chlorambucil Chronic lymphocytic leukaemia (CLL) 

and low grade non-Hodgkin’s lymphoma 

S, A Y (M, C) Conjugation 

Melphalan Multiple myeloma, breast cancer and 

ovarian cancer 

S, A Y (M, C) Conjugation 

Carmustin Brain cancer, multiple myeloma and 

lymphoma (Hodgkin's and non-Hodgkin 

N Y (M) Unknown 

Cisplatin Testicular cancer, germ cell, head and 

neck cancer, bladder cancer and lung 

cancer 

N Y (M, C) Unknown 

ER stress? 

Doxorubicin Breast cancer, ovarian cancer, and 

bladder cancer, as well as non-Hodgkin's 

lymphoma, Hodgkin’s disease and 

sarcoma. 

 Y (M, C) Downstream, 

oxidative stress? 

 

Cytarabine Acute leukaemia’s, some types of head 

and neck cancer and non Hodgkin’s 

lymphoma  

 N  

Busulfan Chronic myeloid leukaemia.  N  

Ethacraplatin Not used in the clinic yet, GST 

overexpressing tumours 

 N  Inhibits MGST1 

Prodox Not used in the clinic yet, GST 

overexpressing tumours 

S Y (M) MGST1 and 

GSTP activate 

prodox 

Ethacrynic acid Inhibitor of GSTs N Y (C) Inhibitor of 

MGST1 

Others 

Cumene 

hydroperoxide 

Organic hydroperoxide, used to induce 

lipid peroxidation 

S Y (M, C) Reduction 

oxidative stress 

Tert-butyl 

hydroperoxide 

Organic hydroperoxide, used to induce 

lipid peroxidation 

S Y (M, C) Reduction 

oxidative stress 

4-hydroxynonenal Toxic end-product of lipid peroxidation S Y (M) Conjugation 

1-chloro-2,4-

dinitrobenzene 

 S  Conjugation 

Hydrogen 

peroxide 

Endogenously produced, dismutation of  

O2
•- by SOD 

N Y (M) Downstream  

oxidative stress 

S = substrate, A = activate, M = MTT, C = CFE, Y = Yes, N = No,  * http://www.cancerhelp.org.uk/ 
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4.2 Methodology 

 

Short introduction to the methodology used in papers I-IV, for more detailed 

information see methods in paper I-IV. 

 

Anti-cancer drugs 

 

For a short description of the different drugs used in this thesis, see Table 2. In paper I 

we exposed cells to different kinds of anti-cancer drugs including the alkylating agents 

chlorambucil, melphalan, busulfan and carmustine. These agents exert their cytotoxic 

effects via transferring their alkyl groups to DNA that leads to interference with DNA 

replication and transcription of RNA [164]. Chlorambucil and melphalan were 

previously shown to be substrates for MGST1, as well as activate the MGST1 enzyme 

[165,166]. Busulfan and carmustine have not been tested as substrates. Cytarabine is an 

antimetabolite, and is metabolized intracellularly into its active triphosphate form. This 

metabolite damages DNA by multiple mechanisms, including the inhibition of alpha-

DNA polymerase, inhibition of DNA repair through an effect on beta-DNA 

polymerase, and incorporation into DNA [167]. Further we have exposed the cells to 

cisplatin that is not a substrate for MGST1 (data not shown) and doxorubicin, see 

further description of these two substances above under section 2.5 Anti-cancer drugs. 

 

Ethacraplatin 

Ethacraplatin is a potential anti-cancer drug, composed of cisplatin conjugated to two 

ethacrynic acid moieties previously described by Ang et al (Figure 5) [168]. 

Ethacraplatin was used to try to reverse resistance to cisplatin induced in MGST1 

overexpressing cells [169]. The drug has previously been shown to sensitize several 

different cancer cell lines to cisplatin [168]. The GST activity measured in A549 lung 

carcinoma cell lines showed a remarkable decrease when exposed to ethacraplatin. In 

an inhibition study of isolated GSTA1-1 and GSTP1-1 isoenzymes that were exposed 

to ethacrynic acid, cisplatin and ethacraplatin respectively, it was shown that 

ethacraplatin was the most prominent inhibitor. It was also shown that the platinum 

content in A549 lung carcinoma cells was more than five fold higher when exposed to 

ethacraplatin as compared with cisplatin [168], indicating a higher cellular uptake of 

ethacraplatin.  
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Ethacrynic acid (EA) 

Ethacrynic acid is a diuretic drug that is used in the clinic [170]. Ethacrynic acid has 

previously been shown to be a potent inhibitor of GSTs [171], it has also been used in 

clinical trials in attempts to reverse GST dependent drug resistance [172]. We have 

shown that EA inhibits MGST1 (paper II), but it is not a substrate for MGST1 [115]. It 

has also been shown that EA spontaneously reacts with GSH and that the EA/GSH 

conjugate is a more potent inhibitor of GSTP [173]. EA did increase the efficiency of 

many different agents (e.g. cisplatin, chlorambucil, melphalan, mitomycin C and 

adriamycin) [174]. Clinical trials using EA together with thiotepa for patients with 

advanced cancer have been performed [172]. The main toxicity of ethacrynic acid is 

diuresis but the dose-limiting toxicity of the combination of the drugs and the rather 

short-lived and incomplete inhibition of GSTs implicated that new more specific 

inhibitors are warranted. 

 

 
Figure 5 

Chemical structures of chemicals used in paper II. 
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Prodox 

Prodox is a dinitrobenzenesulfonamide derivative of doxorubicin (2,4-dinitrobenzene 

sulfonyl doxorubicin, Figure 5). Previously it has been shown that GSTs display 

sulfonamidase activity on a sulphonamide-based bombesin prodrug analogue [175]. 

Prodox has higher lipophilicity than doxorubicin suggesting its higher cellular uptake. 

Our hypothesis is that prodox enters the cell via passive diffusion and that in cells 

expressing high levels of GSTs (e.g. tumours) [79] the prodrug is cleaved and activated. 

The dinitrobenzene sulphonamide is bound to the amino group of doxorubicin that is 

suggested to be important for toxicity [176,177], thus prodox could be less toxic to 

normal cells (with low expression of GSTs). By this way prodox could be strongly 

toxic to tumours that overexpress GSTs (where it will be cleaved and activated) and 

spare normal cells causing less side-effects. 

 

Organic hydroperoxides 

Cumene hydroperoxide (CuOOH) and tert-butyl hydroperoxide (BuOOH) are both 

organic hydroperoxides that are widely used to induce lipid peroxidation [6]. CuOOH 

has previously been shown to be a substrate for MGST1 [116]. Figure 6 shows 

glutathione peroxidase activity of isolated rat liver-MGST1 using CuOOH and BuOOH 

as substrates. 

 

α-tocopheryl acetate 

We also used α-tocopheryl acetate (VE) as a tool to determine the mechanism of 

protection from different cytotoxic agents. We incubated the cells with α-tocopherol 

acetate for 72 hours before exposure, this compound was used for optimal cellular 

uptake as has previously been shown [178]. Within the cells α-tocopheryl acetate is 

hydrolysed to α-tocopherol.  

 

Cell lines 

 

In all papers we have used human breast carcinoma cells (MCF7wt) that were 

transfected with a vector for expression of rat MGST1. As a control, we transfected 

cells with a vector expressing antisense against rat MGST1 (which does not knock 

down endogenously expressed human MGST1). The MCF7wt cells were chosen 

because these cells have quite low levels of endogenously expressed cytosolic GSTs 

[179,180] and are commonly used to study GST overexpression. In paper I we have 
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performed a biochemical characterization of the cell lines used. The expression of 

MGST1 in transfected cells (sense) was around 10 times lower than that expressed in 

rat liver [112], the overexpression is therefore at a physiological level and can be 

compared to levels in many extra hepatic tissues in vivo.  

 

In paper II we transfected V79 (Chinese hamster lung fibroblast) cells with a vector 

expressing GSTP1-1 either with a nuclear targeting signal (NLS) or a mitochondrial 

targeting signal (MIT). V79 cells transfected with empty vector were used as control. 

Subcellular fractionation of the GSTP transfected cells revealed enrichment of GSTP in 

the nucleus and mitochondria respectively, GSTP was also found in the cytosol in both 

cell lines (data not shown). 

 

Biochemical characterization of the cell lines 

 

To make sure that other enzymes involved in detoxification have not been upregulated 

during transfection we measured the activity of cytosolic GSTs, SOD, GPx, catalase as 

well as GSH levels in both MGST1 overexpressing cells and vector control. GST 

activity was also measured in isolated microsomes, with and without NEM pre-

treatment, a specific activator of MGST1 [116], to determine the levels of 

overexpression of MGST1 in transfected cells.  

 

Viability tests 

 

MTT 

The MTT test is a short, cheap and fast cytotoxicity test, which we have used to screen 

if MGST overexpressing cells are protected from different xenobiotics compared with 

the vector control and MCF7wt cells. The yellow MTT (3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide, a tetrazole) is reduced to purple formazan by 

mitochondrial dehydrogenases in viable cells. The formazan crystals are dissolved in 

DMSO and absorbance measured at 590 nm. This test is an acute cytotoxicity test and 

gives no information if the viable cells will continue to live or if there is cell cycle 

arrest induced. 
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LDH 

Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme present in all cells, 

which is rapidly released into medium upon damage of the plasma membrane. LDH 

activity can be determined by a coupled enzymatic reaction: LDH oxidizes lactate to 

pyruvate, which then reacts with tetrazolium salt to form formazan. The increase for 

formazan produced in culture supernatant directly correlates to the increase in the 

number of cells with permeable plasma membrane. The formazan dye can be detected 

by its absorbance at 500 nm. The LDH assay is a rapid and easy acute cytotoxicity test  

[181,182]. 

 

CFE 

The colony forming efficiency assay (CFE) was used to investigate the cells ability to 

form colonies. This method is a long term cytotoxicity test. After 3 hour exposure of 

toxic agents we change the media and let the cells grow for 7 days. Cells that survive 

the exposure must be able to divide to form a colony. This is a very sensitive, good and 

inexpensive method, but quite time consuming. 

 

Enzyme activity measurements 

 

Specific activity with CDNB as substrate: 

Activities of isolated cytosolic and microsomal GST enzymes and cell fractions were 

measured using the method of Habig et al [183]. In the assay, 5 mM GSH and 0.5 mM 

1-chloro-2,4-dinitrobenzene (CDNB,) as second substrate (both final) are added to a 

100 µl cuvette. By following the change in absorbance at 340 nm product formation 

was measured, ε340 = 9.6 mM-1cm-1. All enzyme activity measurements were performed 

at room temperature. The cytosolic GSTs were assayed in 0.1 M potassium phosphate 

buffer (pH 6.5), whereas MGST1 was assayed in 0.1 M potassium phosphate buffer 

(pH 6.5) containing 0.1% Triton X-100 (required for enzyme solubility).  

 

Specific activity with prodox as substrate: 

Essentially the same assay protocol as described above was used with 50 µM prodox 

substituting for CDNB as second substrate. The maximum excitation and emission 

wavelengths determined were 480 and 555 nm, respectively. Initial rates were 

calculated from the relative increase in fluorescence intensity when doxorubicin was 

formed. 
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Glutathione peroxidase activity: 

To measure the ability of MGST1 to reduce the organic hydroperoxides CuOOH and 

BuOOH a coupled assay was used as previously described [117]. Briefly, assay 

conditions were 0.1 M potassium phosphate including 0.1% triton X-100 pH 6.5, 0.2 

mM NADPH, 5 mM GSH, 2.4 U/ml glutathione reductase and 1 mM of CuOOH or 

BuOOH. Decrease of absorbance was measured at 340 nm at room temperature (ε340 = 

6.22 mM-1cm-1). The isolated rat-MGST1 enzyme used in this study was slightly 

activated.  

Figure 6. 

Glutathione peroxidase activity of MGST1 using CuOOH and BuOOH as substrate. 

 

4.3 Results and conclusions 

 

In all papers we have used human breast cancer cells (MCF7) either transfected with a 

vector expressing rat MGST1 (sense) or, as vector control (antisense), transfected with 

antisense against rat MGST1. To make sure that no other enzymes involved in 

detoxification have been upregulated during transfection of the MCF7 cells, we 

measured the activity of cytosolic GSTs, GPx, SOD, catalase and the GSH levels in 

both the sense and the antisense cells (paper I). We found the activities comparable 

between the two cells lines. GST activity measurements in isolated microsomes 

revealed a more than two fold higher activity in sense compared to antisense 

microsomes. To clarify that it was indeed MGST1 activity and not contamination from 

cytosolic GSTs, we treated the microsomes with NEM before activity measurements. It 

has previously been shown that MGST1 is activated by NEM, while it inhibits or does 

not affect activity of soluble GSTs. After treating the microsomes with NEM we could 
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detect more than 5 fold higher activities in the MGST1 overexpressing cells compared 

to vector control. Western blot and activity measurements indicate that the expression 

of MGST1 in the sense cells used in all papers was approximately 10 times lower than 

endogenously expressed in rat liver and thus comparable to many extrahepatic tissues. 

 

Paper III and IV 

In these studies, we wanted to elucidate the role of MGST1 in protecting cellular 

systems from oxidative stress and also determine the mechanism of protection. 

 

Microsomal GST1 protects against oxidative stress induced by the organic 

hydroperoxides CuOOH and BuOOH, which are known to induce lipid peroxidation 

[6]. Cumene hydroperoxide has previously been shown to be a substrate for MGST1 

[116]. Measurements of the MGST1 capacity to reduce BuOOH (GPx activity) 

revealed a 5 fold lower activity as compared to CuOOH (Figure 6). Microsomal GST1 

protected cells significantly against CuOOH (Figure 7) and BuOOH in both the 

clonogenic assay and MTT test.  
 

Figure 7. MGST1 overexpressing cells are protected against oxidative stress. 

MGST1 overexpressing cells (filled line) are significantly protected against CuOOH compared with 

vector control (dashed line) in a long term colony formation efficiency test. 

 

 

It was also clear that both CuOOH and BuOOH induced lipid peroxidation in the vector 

control cells while MGST1 overexpressing cells were highly protected against these 
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oxidative insults. The endogenous levels of end-products of lipid peroxidation (MDA) 

were shown to be lower in MGST1 overexpressing cells compared to vector control 

cells. Additionally we have seen that MGST1-overexpressing cells were protected 

against DNA damage induced by CuOOH compared to vector control (Comet assay, 

data not shown). Further we show that MGST1 can protect cells against the toxic end-

product of lipid peroxidation, HNE, that has previously been shown to be a substrate 

for MGST1 [117]. When we exposed cells to H2O2 we observed a significant protection 

in the MTT test but not in the clonogenic assay. Hydrogen peroxide is not a substrate 

for MGST1 and is poorly reactive. Hydrogen peroxide can react with iron ions and 

form the highly reactive OH•. Since H2O2 is not a substrate for MGST1, the higher 

viability of the overexpressing cells is most likely due to downstream protection against 

oxidative damage (i.e. lipid peroxidation) consistent with the ability of MGST1 to 

reduce endogenously produced phospholipid hydroperoxides as well as conjugate toxic 

end-products of lipid peroxidation such as hydroxyalkenals (e.g. HNE) [117].   

If the toxic mechanism involves lipid peroxidation an enhancement of protection in 

MGST1 overexpressing cells by alpha-tocopheryl acetate should be observed. Indeed 

when we preincubated cells with alpha-tocopheryl acetate before challenge with the 

cytotoxic hydroperoxide we could observe an increased protection. In contrast, when 

toxicity is due to direct alkylation (HNE) no increased protection could be seen. This 

method was then used to conclude that the most prominent toxic mechanism of 

cisplatin probably is not via oxidative stress. 

 

Mitochondria are protected by MGST1 

 

Since MGST1 is located at high levels in the outer membrane of mitochondria we 

decided to investigate if mitochondria can be protected from oxidative stress upon over-

expression of MGST1 [112]. The ability of MGST1 to protect mitochondria has been 

sparsely studied. One of the major endogenous sources of ROS in the cell is 

mitochondria, due to leakage of electrons from the respiratory complexes [184]. 

Reactive oxygen species can cause mitochondrial deterioration including mtDNA 

damage, oxidation of proteins and lipid peroxidation. It is known that oxygen radicals 

can facilitate a Ca2+ dependent mitochondrial permeability transition (MPT) [185]. To 

further elucidate the mechanism of protection by MGST1 several mitochondrial 

parameters were studied. The mitochondrial membrane potential ΔΨm is crucial for the 

mitochondria and is built up via the respiratory chain. Measurement of the 
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mitochondrial oxygen consumption was used to study potential effects on the 

respiratory chain when cells were exposed to CuOOH. The results revealed that 

MGST1 over-expressing cells had almost unaffected respiration when exposed to 

CuOOH, while, at the same dose, an impaired respiration could be seen in vector 

control cells and MCF7wt cells.  

 

Inhibition of respiration has been shown to make mitochondria more prone to undergo 

MPT [186]. In addition, reactive oxygen species or lipid peroxidation products can 

further facilitate Ca2+-dependent MPT. To elucidate if MGST1 protects the cell from 

calcium-induced MPT, we exposed the cells to CuOOH and measured the ability of 

mitochondria to accumulate Ca2+. Our experiments revealed that even a modest 

overexpression of MGST1 can protect mitochondria when exposed to CuOOH. 

MGST1-overexpressing cells showed a much higher capacity to accumulate Ca2+, 

indicating that MGST1 in the outer membrane of mitochondria makes the mitochondria 

less prone to undergo calcium-induced MPT. Of course, an alternate interpretation 

involves an indirect effect of MGST1 in the ER. Many different anti-cancer drugs 

target mitochondria and produce oxidative stress as their toxic action. The results 

presented here together with our previous paper showing that MGST1 protects against 

several different anti-cancer drugs [169] could be of high relevance for the treatment of 

cancer since many tumours have much higher expression of MGST1 compared to non-

malignant tissue [148,149,151,155]. 

 

In conclusion, MGST1-overexpressing cells were protected against oxidative insult 

induced by CuOOH and BuOOH as well as H2O2 (to a lesser extent). MGST1 could 

also protect cells from the toxic end product of lipid peroxidation, HNE. Our results 

suggest that MGST1 protects cells by multiple mechanisms, including not only 

reduction of CuOOH and BuOOH, but also downstream protection by both direct 

conjugation of HNE as well as reduction of lipid hydroperoxides. Further, we show that 

modest MGST1 overexpression significantly preserves Ca2+ buffering capacity of 

mitochondria under conditions of oxidative stress. Thus, MGST1 can be a very 

important contributor in protecting cells and mitochondria against oxidative stress. 

These data also indicate an important role for MGST1 that is highly expressed in 

embryonic stem cells [157] and is suggested to protect these against oxidative damage 

[85] which could contribute to retaining omnipotency. Here down regulation of 

MGST1 accompanies differentiation of embryonic stem cells. 
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Paper I and II 

Microsomal GST1 overexpressing cells are significantly protected against a line of 

commonly used anti-cancer drugs. 

 

Drug resistance is a major problem in anti-cancer therapy and it has been observed that 

MGST1 expression is elevated in many different tumours [148,150,151]. High 

expression of MGST1 has also been associated with high metastatic potential [147,149] 

and poor prognosis in anti-cancer therapy [146,152]. In these studies, we wanted to 

further investigate MGST1 and its potential involvement in anti-cancer drug resistance. 

In our experimental system, we could show that MGST1 can induce resistance against 

a number of commonly used cytostatic drugs. MGST1 can protect cells against the 

alkylating agents chlorambucil and melphalan demonstrated by both the MTT test 

clonogenic assay. This is consistent with previous data showing that MGST1 can 

conjugate GSH to chlorambucil and melphalan. The drugs can also activate MGST1 

which might contribute to protection [165,166]. Further, we show that MGST1 can 

induce resistance against cisplatin. Cisplatin is not a substrate for MGST1 (data not 

shown) but nevertheless we observe that MGST1 overexpressing cells are significantly 

protected against cisplatin. Previously it has been shown that cisplatin can induce 

oxidative stress [187]. To distinguish if oxidative stress is the most prominent toxic 

mechanism of cisplatin in our system we pre-incubated the cells with alpha-tocopheryl 

acetate. Since this did not result in enhanced protection in MGST1-overexpressing cells 

we concluded that oxidative stress is not the most prominent toxic mechanism of 

cisplatin in our system (Paper IV). These data indicate that MGST1 protects against 

cisplatin by a today unknown mechanism. Since suggested toxic mechanisms of 

cisplatin involve both mitochondria and ER stress [67,188,189], organelles where 

MGST1 is enriched, further studies of these mechanisms are warranted.  

 

Ethacraplatin completely reverses resistance against cisplatin in MGST1 

overexpressing cells. 

 

To try to reverse the cisplatin resistance in MGST1-overexpressing cells we used a new 

drug called ethacraplatin. Ethacraplatin, developed by Ang et al, consists of cisplatin 

conjugated to ethacrynic acid (an inhibitor of GSTs) [168]. Previously it has been 

shown that this compound inhibits both GSTA4-4 and GSTP1-1, and displays stronger 

cytotoxicity to several cancer cell lines compared to cisplatin [168]. Inhibition studies 
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showed that ethacrynic acid inhibits isolated rat liver MGST1 (data not shown). 

Further, we showed that ethacraplatin almost totally abolished the resistance against 

cisplatin in MGST1 overexpressing cells (Figure 8). The same level of inhibition of 

MGST1-dependent resistance could not be accomplished by adding cisplatin and 

ethacrynic acid together to the cells. An explanation for this is that the cells probably 

can take up ethacraplatin to a higher extent (due to higher hydrophobicity) than 

cisplatin and ethacrynic acid. This hypothesis is supported by the fact that human lung 

carcinoma cells treated with ethacraplatin had higher platinum content than cells 

exposed to cisplatin [168]. 

 
Figure 8. Ethacraplatin reverses resistance against cisplatin in MGST1 overexpressing cells. MGST1 

(filled line) significantly protects cells exposed to cisplatin compared to vector control (dashed line). 

Ethacraplatin reverses the resistance in MGST1 overexpressing cells (right panel). 

 

MGST1 induces resistance against doxorubicin. 

 

It has previously been shown that Ewing’s sarcoma patients with high levels of MGST1 

have a bad treatment prognosis due to doxorubicin resistance [152]. One of the toxic 

mechanisms of doxorubicin is induction of oxidative stress in mitochondria and 

disruption of mitochondrial calcium buffering capacity [190,191]. We herein show that 

MGST1 significantly induced resistance against doxorubicin assessed by both the MTT 

test and clonogenic assay. Doxorubicin is not believed to be a substrate for MGST1 

(typical MGST1 substrates are more electrophilic), but this notion has to be 

experimentally tested. After biotransformation more reactive compounds can be formed 

and whether some of them are substrates for MGST1 is unknown. Another hypothesis 

is that MGST1 can protect against downstream damage induced by doxorubicin and its 
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metabolites, such as redox cycling and ROS production leading to lipid peroxidation 

[192,193].  

 

To investigate if we could reverse resistance we tested a new prodrug, a doxorubicin 

derivative called prodox (Figure 5). This compound is doxorubicin conjugated to a 

dinitrobenzenesulfonyl group. This prodrug was developed based on the fact that GSTs 

are overexpressed in many tumours and that GSTs have been shown to possess 

sulfonamidase activity with other prodrugs [175]. Our hypothesis is that prodox can be 

selectively activated in tumours overexpressing GSTs and thus spare normal cells. 

Prodox is also hypothesized to be less toxic than doxorubicin since the 

dinitrobenzenesulfonyl moiety is covalently bound to the amino group (which is 

suggested to contribute to toxicity) of doxorubicin [176].  

 

Prodox is activated by MGST1 and can partly reverse resistance against 

doxorubicin. 

 

Measurements of isolated rat liver MGST1 activity using prodox as a substrate revealed 

that MGST1 possesses sulfonamidase activity and cleaves and activates prodox to 

doxorubicin. Exposure of MGST1-overexpressing cells and control cells to prodox 

resulted in higher sensitivity of both cell lines compared to doxorubicin. As mentioned 

above, MGST1 overexpressing cells were significantly protected when exposed to 

doxorubicin, in both the MTT and clonogenic assay. This protection was partly 

reversed when exposing cells to prodox. It should be noted that control cells have 

endogenous MGST1, so the optimal control would be the cells where MGST1 is totally 

repressed. Further studies are warranted with MGST1 and prodox especially in vivo 

studies. 

 

GSTP overexpressing cells are much more sensitive to  prodox than controls. 

 

It has been shown that cytosolic GSTP induces resistance against doxorubicin [194]. 

Here we exposed V79 cells overexpressing GSTP to doxorubicin and showed that cells 

overexpressing GSTP targeted to nucleus or mitochondria were also protected (nuclear 

or mitochondrial localisation of GSTP might have particular significance in tumour 

cells (see above) [109,110]). However, when we exposed the cells to prodox the GSTP 

overexpressing cells became much more sensitive than control cells in both the MTT 
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and clonogenic assay (Figure 9). This is very interesting data that needs to be 

investigated further both in cells expressing GSTP in cytosol and more importantly in 

in vivo models. We also showed that isolated GSTP1-1 had the ability to cleave prodox. 

These data strongly suggest that prodox can be activated in tumours overexpressing 

GSTP.  

 

 

 
 
Figure 9. GSTP confers resistance to doxorubicin but makes cells more sensitive to prodox. GSTP 

overexpressing cells (dashed, targeted to nucleus) and (dotted, targeted to mitochondria) compared to 

vector control (filled line).  

 

4.5 Concluding remarks 

 

Aims in retrospect….. 

 

• We have shown that MGST1 is an important contributor that protects cells 

against oxidative stress induced by CuOOH, BuOOH, and H2O2. We have 

proposed mechanisms of protection, which include direct conjugation, 

reduction as well as down stream protection against oxidative damage. MGST1 

also protected against the highly reactive end-product of lipid peroxidation, 

HNE. 

 

• We have shown that MGST1 induces resistance against several commonly used 

anti-cancer drugs including chlorambucil, melphalan, carmustine, cisplatin and 

doxorubicin. The proposed mechanism of protection against chlorambucil and 

melphalan is direct conjugation. Thus, we should continue to investigate if 
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MGST1 can induce resistance to other anti-cancer drugs as well as further 

determine the mechanisms of protection against cisplatin and doxorubicin. 

 

• We have managed to overcome MGST1-dependent resistance against cisplatin 

in our cell system with help of ethacraplatin, therefore further studies with other 

substances using the same strategy, as well as in vivo studies, are warranted. 

 

• Both MGST1 and GSTP can cleave and activate prodox to active doxorubicin. 

GSTP-overexpressing cells became significantly more sensitive to prodox than 

control cells. Further, in vivo studies with this promising compound are 

warranted as well as testing other potential prodrugs that can be activated by 

GSTs (exploring the GST sulphonamidase activity).  

 

4.6 Future perspectives 

 

Since we have now shown that MGST1 can protect cells against oxidative stress and 

also induce resistance against several known anti-cancer drugs. We want to further 

distinguish how MGST1 protects cells.  

MGST1 is located in high levels in the outer membrane of mitochondria and we would 

like to determine the significance of MGST1 in these organelles. Is protection against 

lipid peroxidation its main function? Does MGST1 work as an anti-apoptotic protein 

when it prevents lipid oxidation in the mitochondrial membrane? Cytochrome c is 

attached to cardiolipin in the inner membrane of mitochondria. Can MGST1 hinder the 

release of cytochrome c by preventing of oxidation of cardiolipin? 

 

We have successfully transfected prostate cancer cells (Du145) with a vector 

expressing shRNA for MGST1. Western blot revealed that we got clones where 

MGST1 is repressed. These cells could be used to further investigate MGST1 and its 

function in the mitochondria. The Du145 cells have a functioning apoptosis machinery 

(in contrast to MCF7, which are caspase-3 deficient) so this will be an excellent model 

to study involvement of MGST1 in apoptosis. We will also transfect other human 

prostate cancer cells (LNCap cells) and suppress MGST1 with RNAi to have two 

different models to compare with (Du145 has higher GSTP levels than LNCap cells 

and these cells are also models of hormone dependent and hormone independent 

prostate cancer). 
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To study MGST1 and its function in ER stress. In rat-liver 3% of the ER membrane 

protein is MGST1. An oxidative environment is produced in the ER due to the action of 

CYT P450 as well as the protein folding process. Is the function of MGST1 in this 

compartment to counter this type of oxidative stress?  

 

We will further try to determine the mechanism of protection by MGST1 against 

cisplatin. Cisplatin has previously been shown to induce ER stress; is MGST1 involved 

in protecting the cells against this process or are there any other mechanisms of cellular 

protection by MGST1?  

In addition we will investigate if MGST1 could be involved in resistance against other 

anti-cancer drugs and also use different inhibitors to try to reverse MGST1 dependent 

resistance.  

 

To study MGST1 levels and distribution in different cell lines and especially in stem 

cells. Embryonic stem cells have high levels of antioxidant systems to avoid ROS 

induced differentiation. There have been suggestions that stem cells could give rise to 

cancer cells. Cancer cells and stem cells have many resembling features like low 

respiration rate and high levels of antioxidant enzymes (including MGST1), 

independence of surrounding cells, Hif-1 upregulation and so on. It might be the cancer 

stem cells that are resistant to drug treatment and thereby responsible for relapses in 

cancer therapy. If this is the case new GST-inhibitor containing cytostatic drugs and 

GST-dependent prodrugs that release cytotoxic moieties could improve tumour 

therapy. 

 

MGST1 involvement in the multistep process of carcinogenesis is still an area to 

explore. It has been shown, for instance that MGST1 is often overexpressed in tumours 

and that this is an early event in tumorigenesis. Known carcinogens like 

benzo(a)pyrene have been shown to transcriptionally induce MGST1 [134]. MGST1 is 

also induced by oxidative stress that has been suggested to be a factor in tumorigenesis. 

Therefore, the role of MGST1 in initiation, promotion and progression of 

carcinogenesis is an area to further explore. Clearly, knock-out animals would be a 

good experimental system. 
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