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‘All things are poison and nothing is without poison, 

only the dose permits something not to be poisonous.’ 

 

Paracelsus (1493 - 1541) 
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ABSTRACT 

Mammalian thioredoxin reductase (TrxR; EC 1.8.1.9) is a homodimeric 

NADPH-dependent selenium-containing flavoenzyme with disulfide oxidoreductase 

activity. The mammalian thioredoxin (Trx) system exerts an impressive spectrum of 

functions either directly through reactions catalyzed by TrxR or by its prime substrate 

Trx. It is involved in redox regulation, antioxidant defense, cell growth, replication and 

regulation of transcription factors. TrxR was found to be overexpressed in a variety of 

tumor cells and may be involved in several, if not all, steps of carcinogenesis. Therefore, 

TrxR has been proposed as a potential target for anticancer therapy. In fact, inhibition of 

TrxR has been shown by a number of chemotherapeutic drugs as part of their 

mechanism of action.  

The rather unique biochemistry of TrxR indeed supports efficient targeting 

by electrophiles. TrxR has an N-terminal active site with two cysteines (Cys) and a C-

terminal active site with a Cys and a selenocysteine (Sec). Both active sites are necessary 

for native TrxR function. Sec is a rare, naturally occurring amino acid encoded by a 

UGA codon. As this codon normally signals a termination of translation, a recoding 

signal, the Sec insertion sequence is present in the 3´ untranslated region of the mRNA. 

A specific translation machinery then guides the insertion of the Sec into the polypeptide 

chain. Sec is a highly reactive Cys analog with a selenium atom in place of the sulfur, 

resulting in a significantly lower pKa value. Therefore, Sec is mainly deprotonated at 

physiological pH and thus highly reactive towards alkylation by electrophilic agents. This 

results in abrogation of redox activity of the enzyme´s C-terminal active site that is 

essential for reduction of Trx and most other substrates. However, specific targeting of 

the Sec does not render a completely inactive protein. With an intact N-terminal active 

site, inhibited TrxR may still induce a rapid cell death in cancer cells presumably by 

redox cycling with an endogenous substrate inducing oxidative stress as shown in this 

thesis. We named this cytotoxic form of TrxR SecTRAPs (selenium compromised 

thioredoxin reductase-derived apoptotic proteins). Introducing SecTRAPs directly into 

A549 (lung carcinoma) or HeLa (cervical adenocarcinoma) cells using the protein 

delivery reagent BioPORTER! we observed DNA condensation, phosphatidylserine 

exposure prior to loss of membrane integrity and production of reactive oxygen species. 

Cell death was caspase-dependent but independent of novel protein synthesis. 

Cisplatin was shown to inhibit TrxR and form SecTRAPs in vitro. We 

investigated the elemental differences in TrxR inhibition of simple Pt, Pd and Au salts, 

showing Pd and Au to be superior in this aspect. All salts seemingly target the C-terminal 

active site of TrxR in a specific manner, potentially forming SecTRAPs. 

Inhibition of cellular TrxR was shown to correlate with cytotoxicity of 

nitroaromatic and quinone compounds involving caspase activation. However, the extent 

of cell death was in some cases, but not all, dependent on TrxR1 levels. Using siRNA 

constructs to specifically knock down TrxR1 by 90% in A549 cells resulted in increased 

susceptibility towards DNCB and menadione, and decreased sensitivity to cisplatin. This 

may indicate that different TrxR inhibition mechanisms can lead to different treatment 

outcomes and that cisplatin may indeed form toxic SecTRAPs within cells. This occurs 

possibly at a greater extent in tumors where high expression of TrxR is prevalent. The 

potential of TrxR as an anticancer drug target is discussed in this thesis with special focus 

on drugs likely to form SecTRAPs and possibly to induce selective tumor killing. 
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1 INTRODUCTION 

        Oxygen is the third most abundant element by mass in the universe and the major 

element by mass in the Earth's crust. Oxygen gas constitutes 20.9% of the volume of our 

air and is essential for life on Earth as we know it today. It originally accumulated in our 

atmosphere as a toxic byproduct of cyanobacteria. The continuous increase in the oxygen 

pressure slowly led to a stable aerobic environment about 2.2 to 2.3 billion years ago. 

This so-called ‘Great Oxidation Event’ led to the formation of a protective ozone layer 

and formed the basis for the evolution of complex multicellular life forms utilizing highly 

exergonic aerobic respiration. 

 

1.1 REACTIVE OXYGEN AND NITROGEN SPECIES 

As vital as oxygen is today for both lower and higher aerobic organisms, it still 

remains toxic in the form of reactive oxygen species (ROS). Under physiological 

conditions the majority are produced as a side product during mitochondrial respiration 

when electrons are transferred from reducing equivalents such as NADH or FADH2 to 

molecular oxygen forming water in the presence of protons. Other sources of ROS and 

reactive nitrogen species (RNS) are infection or inflammation, treatment with certain 

drugs, exposure to pollutants in the atmosphere or to UV radiation. The major type of 

ROS formed during mitochondrial respiration is superoxide (O2
¥-) which may account as 

a product for up to 2% of the total oxygen consumption in this process.1 In addition, 

hydrogen peroxide (H2O2) may be produced instead of water from oxygen in a two- 

instead of four-electron reduction.2 While O2
¥- is a reactive oxidant, it is unable to cross 

lipid bilayers and thus mainly confined to the mitochondrion. However, it is easily 

converted into H2O2 and molecular oxygen by superoxide dismutase (SOD).3 H2O2 is less 

reactive but can travel across membranes and thus distributes freely throughout the cell. 

In the presence of transition metals, the highly reactive hydroxyl radical (¥OH) can be 

formed in the Fenton reaction (reaction 1). O2
¥- may regenerate the reduced form of the 

participating transition metal in the Haber-Weiss reaction (reaction 2) perpetuating the 

formation of ¥OH.4 
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Fe2+(Cu+) + H2O2 # Fe3+(Cu2+) + •OH + OH
$
 (reaction 1) 

O2
¥- + Fe3+(Cu2+) # Fe2+(Cu+) + O2  (reaction 2) 

 

ROS/RNS can react with proteins, lipids and nucleic acids leading to loss 

of their biological functions and have been suggested to be involved in the aging process. 

Oxidative damage to DNA may cause mutations leading to cell death or carcinogenesis. 

Lipids with polyunsaturated fatty acid chains are prone to radical attacks. Such lipid 

peroxidation may lead to the formation of atherosclerotic plaques and is thus linked to 

cardiovascular diseases. Reaction of ROS/RNS with certain amino acids in proteins may 

lead to a variety of outcomes, from reversible reduction in enzyme activity to irreversible 

loss of function of denatured proteins. 

Importantly, the effects of ROS/RNS are not only detrimental. Low doses 

of nitric oxide (NO), H2O2, O2
¥-, carbon monoxide (CO) and hydrogen sulfide (H2S) play 

important roles in normal signal transduction pathways. NO is a mediator of 

vasodilation, inhibitor of platelet aggregation and a modulator of immune defense 

through the activation of cGMP (cyclic guanosine monophosphate)-dependent 

signaling.5 Recently, it has been acknowledged that NO can directly modulate protein 

function through reversible, covalent S-nitrosylation, mainly of exposed reactive cysteine 

(Cys) moieties. This was shown for a wide variety of proteins such as caspases, 

phosphatases, small GTPases, and protein channels.5 H2O2 may stimulate tyrosine 

phosphorylation by oxidizing cysteines of protein tyrosine phosphatases thus, inhibiting 

enzyme activity.6 Superoxide, H2O2 and NO are important in host defense.7 CO is 

produced from the degradation of heme to biliverdin by heme oxygenase-1 and -2 and 

may be important for oxygen sensing in the carotid body.8 H2S, abundantly produced in 

the brain, has been shown to be involved in regulation of synaptic activity and memory.9 

It also protects neurons from oxidative stress. Redox regulation of transcription factor 

activities is yet another physiological function of ROS, with nuclear factor-#B (NF-#B) 

and activator protein-1 (AP-1) as well-known examples.4 Whereas AP-1 DNA binding 

activity is directly regulated by the redox status of critical Cys residues,10 NF-#B activation 

is achieved by degradation of the inhibitory protein I-#B upon oxidative conditions in 

the cell.11 The physiological functions of ROS/RNS have just become a major interest of 

research and more are most likely to be discovered. Keeping in mind the diverse effects 



                                       Exploring Thioredoxin Reductase as an Anticancer Drug Target 

 

 3 

of these reactive species highly depending on their intracellular concentrations, a delicate 

balance between the formation and elimination of ROS/RNS has to be maintained in 

the cell at all times. 

 

1.2 OXIDATIVE STRESS, CANCER AND NUTRITION 

Many epidemiological studies have demonstrated a close association between 

chronic oxidative conditions and carcinogenesis.12 The term 'oxidative stress' refers to a 

disruption of redox signaling and control due to an imbalance between oxidants and 

antioxidants in favor of the former.13 The redox status of a cell is influenced by the levels 

and/or activities of four classes of molecules: i) antioxidant enzymes, e.g. thioredoxin 

reductase (TrxR) and SOD, ii) low molecular weight antioxidants, e.g. ascorbate and "-

tocopherol, iii) oxidants, e.g. O2
¥- and H2O2, iv) oxidation products, e.g. lipid peroxides 

and 8-hydroxyguanine as well as the ratio of antioxidant/prooxidant redox couples such 

as reduced and oxidized glutathione (GSH/GSSG).13 All these factors are not necessarily 

at equilibrium during oxidative stress. Rather, distinct pathways may be affected without 

changes of other signaling cascades.  

Accumulation of ROS/RNS during oxidative stress can cause DNA damage such 

as single- and double-strand breaks14 or DNA-protein cross-links.15,16 If damage is beyond 

the capacity of repair enzymes, point mutations, deletions, insertions or chromosomal 

translocations may occur. This may lead to the inactivation of tumor suppressor genes or 

persistent activation of oncogenes which signal continuous cell proliferation. Increased 

cell proliferation and metabolism in turn makes the cells more prone to oxidative stress 

and mutations.12 Thus, step-wise alteration of the genetic information leads to a steady 

increase in genomic instability resulting in carcinogenesis if cell survival is supported.17  

It has previously been proposed that oxidative stress randomly damages the 

genome. New findings however indicate that certain genes may indeed be more prone to 

oxidative damage than others. The tumor suppressor genes p15INK4B and p16INK4A were 

frequently inactivated in oxidative stress-induced renal cell carcinoma of rats upon 

treatment with ferric nitrilotriacetate.18 It has not been established yet whether 

carcinogenesis is a process of 'random alteration of genetic information followed by 

selective processes' or 'non-random alteration of genetic information overridden by 
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selective processes'.12 'Oxygenomics' – a research area studying the localization of 

oxidative DNA damage in the genome of living cells is currently addressing this question. 

As mentioned above, tumor cells have a higher rate of ROS formation. Oxidative 

stress may not only induce mutations but can activate cell death signaling. The higher 

oxidative tone in cancer cells may therefore lead to the induction of antioxidant defense 

mechanisms via activation of transcription factors such as NF-E2-related factor 2 (Nrf2). 

Nrf2-mediated antioxidant response is one of the major cellular defense systems 

facilitating cell survival under oxidative and toxic insults.19 Under physiological 

conditions, Nrf2 resides in the cytoplasm bound to its negative regulator Kelch-like ECH 

associated protein 1 (Keap1)20 that facilitates Nrf2 ubiquitination and subsequent 

proteasomal degradation thus, ensuring low basal levels.21 Upon cellular stress, key 

cysteines in Keap1 are modified and released Nrf2 translocates to the nucleus where it 

forms a heterodimer with Maf.19 Subsequent binding to the antioxidant response 

element (ARE) sequence induces the transcription of downstream genes that can be 

divided into different categories, including i) intracellular redox-regulating enzymes, ii) 

phase II detoxifying proteins and iii) transporter proteins. Redox regulating enzymes 

include thioredoxin (Trx), TrxR, glutathione peroxidase (GPx), peroxiredoxins (Prx), 

heme oxygenase-1 (HO-1), and glutamate cysteine ligase (GCL). Thus, the physiological 

role of Nrf2 is to protect normal cells from toxic insults and prevent excessive ROS 

formation and the subsequent process of carcinogenesis. Cancer cell lines and tumor 

tissues were found to display increased Nrf2 activity.19 Once cells become cancerous, the 

cytoprotective effects of Nrf2 can promote cancer cell survival and contribute towards 

resistance against anticancer therapy through upregulation of antioxidant systems or 

efficient detoxification of chemotherapeutic agents. For the reasons described herein, 

effective targeting of antioxidant systems that cancer cells are highly dependent on, may 

serve as a promising anticancer strategy. 

 

An estimated 30% of all cancer cases are linked to poor dietary habits, similar to 

the number accounted for by smoking, whereas only about 15% are due to genetic 

factors.22 Several hundred epidemiological studies have linked diets rich in fruits, 

vegetables, nuts, seeds and tea to a decreased risk of developing various cancer forms. As 

oxidative damage is highly implicated in carcinogenesis, antioxidant components of these 
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foods have been studied extensively. Ascorbate (vitamin C), "-tocopherol (vitamin E) and 

selenium have been shown to prevent cancer development in several large intervention 

trials further reviewed elsewhere.23,24 The effects however varied for different types of 

cancer from significant to non-existing indicating different roles of these antioxidants in 

tumors of different origins. The trials also varied in length of treatment and the dosage of 

antioxidant. A cancer may develop over years or even decades suggesting a long-term 

treatment required for preventing malignancies. The concentration of antioxidants used 

is decisive. Ascorbate or "-tocopherol may potentially act as prooxidants at high 

concentrations since they easily form radicals in the presence of transition metals.25,26 It 

has recently been shown that intake of the antioxidant $-carotene in form of 

supplements at doses higher the recommended daily intake significantly increases the risk 

for lung cancer in smokers.27,28 The mechanism for this is currently not known.  

 Clearly, there should be a benefit of moderate supplementation. This, however, 

depends on the individual as people with a poor diet or a certain nutrient deficiency 

should benefit more from such supplementation than people who already receive 

necessary amounts of antioxidants through their diet. This was explicitly demonstrated 

for selenium supplementation in the NPC and SELECT trials where the reduced 

incidence of human prostate, lung and colon cancers correlated with low initial plasma 

selenium concentrations but no protection was seen in selenium sufficient subjects.29-33 

 

The benefit of antioxidant supplementation during cancer therapy is still under 

debate and clinical trials are on-going or being set-up.24 Chemotherapeutic agents may 

induce lipid peroxidation, reduce antioxidant capacities and consequently enhance 

oxidative stress not only in malignant cells.34,35 Antioxidants may protect normal cells 

from therapy-induced oxidative damage and as a result reduce the risk for secondary 

tumors as well as immediate side effects such as radiation-induced fibrosis,36 proctitis37 or 

cisplatin-induced loss of high-tone hearing.38 How such supplementation may interfere 

with the antitumor activity of the drugs during therapy, especially those that 

mechanistically induce oxidative stress, remains to be demonstrated. Intriguingly, 

experimental studies indicate selective cancer cell killing by apoptosis while protecting 

normal cells upon treatment with a variety of phytochemicals including selenite and "-

tocopherol.24 The mechanisms underlying this selectivity remain to be elucidated. In the 
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case of selenite, however, a recent study showed that the selective killing of drug-resistant 

cancer cells was associated with the upregulation of the xC-cystine/glutamate antiporter 

and the multidrug resistance protein (MRP). This causes a reductive extracellular 

microenvironment.39 Reduced selenite is taken up more efficiently leading to a cancer 

cell-specific accumulation of redox active selenium compounds inducing oxidative stress 

and cell death. 

 

1.3 OXIDATIVE STRESS AND CELL DEATH 

Overproduction of ROS/RNS due to exogenous stimuli or endogenous 

metabolic alterations overriding a physiological limit may lead to excessive damage of 

biomolecules, which results in compromised cell survival. Importantly though, the form 

of cell death engaged is dependent upon the severity of oxidative damage. Global 

oxidative damage might simply not support vital biochemical functions and necrotic cell 

death is induced. Less severe damage on the other hand might still support the survival 

of a cell with altered genetic information and thus potentially give rise to mutated 

offspring leading to the development of cancer. To protect the organism from such 

events, an active, suicidal form of cell death, apoptosis, may be engaged in the damaged 

cell. 

 

1.4 CELL DEATH PATHWAYS 

1.4.1 Apoptosis and necrosis 

As mentioned above, two major pathways of cell death are to be distinguished – 

apoptosis (from the Greek 'a falling away', referring to the falling leaves in autumn) and 

necrosis (Greek, 'to make dead'). The classic morphological and biochemical 

characteristics of necrosis and apoptosis are summarized in Table I.40 

Apoptotic cells sustain functional membrane pumps throughout the execution. 

The cells undergo condensation and shrinkage by losing water. The remaining intact 

membranes continue to exclude vital dyes and the mitochondria maintain function. In 

fact, they play a central role in the execution signaling and sustain energy production.41 

Endonucleases are activated and fragment DNA, which exhibits the characteristic DNA 

ladder in an agarose gel. A cascade of initiator and executioner caspases (cysteine 
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aspartate-specific proteases) is activated to eventually degrade cellular proteins. Cell 

membranes start blebbing, followed by the formation of apoptotic bodies. These bodies 

remain physiologically intact and display so-called 'eat-me' signals such as 

phosphatidylserine (PS) on the plasma membrane surface.42 These signals promote the 

recognition and engulfment by macrophages or other surrounding cells thus, evading an 

inflammatory response. Apoptotic cells that are not removed efficiently undergo 

secondary necrosis.43 

Necrotic cells, in contrast, lose membrane pump functions at an early stage, 

resulting in an influx of water, sodium and calcium, leading to immense cellular swelling 

(oncosis). Lipoxygenases are activated upon the rapid calcium overload inducing 

peroxidation of plasma and organelle membranes.44 This leads to failure of 

mitochondrial function and ATP production via the respiratory chain. Increasing 

acidosis causes precipitation of chromatin that appears as dark, pyknotic nuclei in the 

microscope. Lysosomes burst and release enzymes into the cytoplasm that are able to 

digest cellular components and induce karyolysis – the disintegration of the nucleus. At 

this stage the cells lose subcellular compartmentalisation completely and finally, due to 

total cell disintegration, intracellular antigens are scattered into the surrounding tissue 

causing an inflammatory reaction. Previously, necrosis was considered to be a passive 

accidental form of cell death due to substantial damage to a cell leading to uncontrolled 

reactions as described here. However, it has recently been acknowledged that necrotic cell 

death in some cases may be intimately regulated by certain signal transduction pathways 

as well as catabolic mechanisms44,45 involving death domain receptors and Toll-like 

receptors depending on receptor-interacting protein 1 (RIP-1).46 
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Table I. Morphological and biochemical features of apoptotic and necrotic cell death.40 

 

Cell death mode Morphological features Biochemical features 

 

Apoptosis 
 

Rounding-up of the cell, reduction of 

cellular and nuclear volume (pyknosis), 

nuclear fragmentation (karyorrhexis), 

plasma membrane blebbing, minor 

modification of cytoplasmic organelles, 

engulfment by phagocytes in vivo 

 

Activation of proapoptotic Bcl-2 family 

proteins, activation of caspases, loss of 

mitochondrial membrane potential/ 

mitochondrial membrane 

permeabilization, DNA fragmentation, PS 

exposure, excessive ROS production 

 

Necrosis 
 

Cytoplasmic swelling (oncosis), swelling 

of organelles, moderate chromatin 

condensation, plasma membrane 

rupture 

 

Activation of calpains, activation of 

cathepsins, drop of ATP levels, release of 

HMGB-1 (High-mobility group box-1), 

lysosomal membrane permeabilization, 

excessive ROS production 

 

 

1.4.2 Overview of apoptotic signaling pathways 

Two major apoptotic signaling pathways are recognized in mammalian cells, i.e. 

the intrinsic and extrinsic pathways.47 A variety of organelles has been shown to sense 

distinguished cell damage signals inducing the intrinsic or extrinsic apoptotic pathway. 

DNA damage in the nucleus leads to p53 activation, but also the endoplasmic reticulum, 

lysosomes and probably the golgi apparatus can induce apoptotic signaling.48 It seems 

that all proapoptotic stimuli lead to caspase activation and/or mitochondrial membrane 

permeabilisation. Thus, Ferri and Kroemer propose that all pathways converge in this 

central executioner signaling leading to cellular degradation. The main features of the 

intrinsic and extrinsic apoptotic pathways will now be discussed. 

 

1.4.2.1 The intrinsic, mitochondria-mediated pathway 

As mentioned above, the mitochondrion plays a decisive role in apoptosis. 

ROS, radiation, chemotherapeutic drugs and other DNA damaging agents as well as 

growth-factor depletion may initiate this pathway. Proapoptotic members of the Bcl-2 

protein family (e.g. Bax, Bak, Bid) are activated and support pore formation in the outer 

mitochondrial membrane. These pores facilitate liberation of cytochrome c and other 

proapoptotic proteins, such as Smac/DIABLO, Omi/HtrA2, AIF and endonuclease G. 
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It has been shown that Smac/DIABLO and Omi/HtrA2 promote cell death by 

inactivating inhibitors of apoptosis protein (IAPs)49-51 that, under physiological 

conditions, directly bind and inhibit initiator as well as executioner caspases.52,53 AIF and 

endonuclease G both act on DNA disintegration in a caspase-independent mode.54 

Cytochrome c, an essential component of the electron transport chain, is associated with 

the outer leaflet of the inner mitochondrial membrane by interaction with cardiolipin, a 

unique mitochondrial lipid. This binding may be breached upon peroxidation of 

cardiolipin subsequent to ROS production in the mitochondria,55 thus enabling the 

release of cytochrome c into the cytosol via the pores formed in the outer mitochondrial 

membrane. Cytosolic cytochrome c promotes formation of the apoptosome, a scaffold 

for caspase activation by binding to the cytosolic apoptotic peptidase activating factor-1 

(Apaf-1), inducing a conformational change that allows subsequent binding of dATP or 

ATP. This promotes oligomerisation of Apaf-1 monomers, resulting in a protein complex 

resembling a wheel with seven spokes and a hub.56 Following this, procaspase-9 can 

translocate to the scaffold, interacts with the caspase activation and recruitment domain 

(CARD) of Apaf-1, and becomes activated.57 It may then proteolytically activate the 

executioner procaspase-3, which in turn leads to degradation of vital cellular proteins and 

thus, cell death.  

Upon DNA damage nuclear caspase-2 may translocate to the mitochondria and 

engage the intrinsic apoptotic pathway by inducing the release of cytochrome c and 

Smac/DIABLO into the cytosol.58,59 However, upon p53 activation, caspase-2 may also 

become activated in the cytosolic PIDDosome protein complex.60 

 

1.4.2.2 The extrinsic, receptor-mediated pathway 

Different external stimuli can induce apoptotic cell death via death receptors 

present in the cellular membrane. These receptors belong to the tumor necrosis factor 

(TNF) receptor superfamily containing cytoplasmic homophilic death domains recruiting 

adapter molecules.61,62 Upon ligand binding, such as Fas/CD95-ligand, TNF or TNF-

related apoptosis inducing ligand (TRAIL), oligomerization of the receptors occurs and a 

death inducing signaling complex (DISC) is formed. The adapter molecule FADD (Fas-

associated death domain protein) recruits multiple procaspase-8 molecules that become 

activated.63,64 Active caspase-8 may either directly cleave and activate procaspase-3 or 
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cleave Bid, a proapoptotic member of the Bcl-2 protein family promoting pore formation 

in the outer mitochondrial membrane, thus, engaging mitochondrial signaling.65  

A summary of the major events of intrinsic and extrinsic apoptotic pathways is 

shown in Figure 1. 

 

 

 

 

Figure 1. Extrinsic and intrinsic pathways of apoptosis. The intrinsic pathway is mediated by mitochondria. 

Distinct initiator caspases are activated in each pathway of apoptosis converging in activation of executioner 

caspase-3 (modified from Gupta et al.66). 
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1.4.3 Other forms of cell death 

Albeit very distinguishable morphological and biochemical features of apoptosis 

and necrosis, in reality, numerous cell death events cannot be categorized as plainly one 

or the other. Often, dying cells display a mixture of both apoptotic and necrotic features 

and terms such as necroapoptosis and aponecrosis have been suggested.67 There are 

additional forms of cell death with some overlapping characteristics of apoptosis or 

necrosis yet also possessing distinct features, e.g. excitotoxicity in neurons, paraptosis, 

pyroptosis and pyronecrosis.40 Mitotic catastrophe may occur either during or shortly 

after dysregulated or failed mitosis with a specific nuclear morphology. It is an event that 

may lead to either apoptosis or necrosis.68 Autophagy, or cellular self-digestion, involves 

the formation of autophagosomes containing large amounts of cytoplasmic material to be 

degraded upon fusion with lysosomes to autolysosomes.69 It is recognized as a cell death 

mode distinct from apoptosis and necrosis. However, in some cases, autophagic 

vacuolization may precede apoptosis.70 It should therefore be emphasized that many 

forms of cell death exist and that there is no clear cut between them. The way a cell dies 

is dependent on i) its cell type, ii) its gene expression profile, iii) the killing stimuli, and 

iv) the cell’s surrounding environment. 

 

1.5 ANTIOXIDANTS 

In order to support life in an oxygenated environment organisms have to develop 

effective defense mechanisms to prevent damage by ROS/RNS. Reaction of a free radical 

with a biomolecule initiates a harmful chain reaction of radical formation and these 

reactive species must be efficiently removed in order to provide cell survival. Such chain 

reactions can be terminated via two events: i) two radicals react with each other 

eliminating the unpaired electrons or ii) the radical is scavenged by antioxidants. The 

most relevant antioxidants for this thesis will be discussed below in further detail. 

One may distinguish between low molecular weight antioxidant compounds and 

antioxidant enzymes. The non-enzymatic defense line involves those discussed in this 

thesis, being ascorbate, "-tocopherol, lipoic acid, ubiquinone and GSH. These small 

molecules may act as radical scavengers or as chain breakers. They may all be regenerated 

by antioxidant enzymes, e.g. TrxR, Trx, glutathione reductase (GR) and lipoamide 
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dehydrogenase (LipDH). The Trx system, with focus on TrxR as the subject of this thesis, 

shall be discussed in more detail below. 

 

1.5.1 Ascorbate 

Ascorbate is one of the most abundant free radical scavengers in many cell types 

and the most effective water-soluble antioxidant in human plasma.4 It scavenges reactive 

species such as hydroxyl (•OH), alkoxyl (•OR), peroxyl (•OOR) and tocopheroxyl (•OT) 

radicals. The resulting monodehydro- or dehydroascorbate may be regenerated by GSH, 

TrxR or dihydrolipoic acid. Alternatively, two monodehydroascorbyl radicals may react 

with each other, thus acting as chain breakers.4 In addition, ascorbate may function as a 

cofactor for a variety of redox enzymes. The significance of this role is illustrated by the 

typical scurvy symptoms observed due to dietary ascorbate deficiency. Lack of ascorbate 

impairs the activity of prolyl hydroxylase, causing collagen instability.71 As mentioned 

above, at high concentrations ascorbate can even function as a prooxidant by reducing 

transition metals such as Fe3+ and Cu2+.25 This leads to the regeneration of the reduced 

metal substrates for the Fenton reaction (reaction 1), a process giving rise to harmful 

hydroxyl radicals. The resulting ascorbyl radical may react with another ascorbyl radical 

to form one molecule ascorbate and one molecule dehydroascorbate.4 The latter may 

then be reduced back to ascorbate by GSH or TrxR and transition metals can, once 

again, be reduced by ascorbate. 

 

1.5.2 " -Tocopherol 

"-Tocopherol is lipophilic and found exclusively in plants. It is the most 

biologically active of the eight forms of vitamin E and functions in biological membranes 

as a radical scavenger donating a hydrogen atom to a reactive radical.4 A tocopheroxyl 

radical is formed that is less reactive and therefore less harmful. "-Tocopherol is 

regenerated by other antioxidants, including ascorbate, as mentioned above, ubiquinol, 

and, indirectly by dihydrolipoic acid. Therefore, its regeneration is, at least part of it, also 

linked to TrxR.4 
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1.5.3 Lipoic acid 

Lipoic acid (LA) is amphipathic, i.e soluble in aqueous and non-aqueous 

solutions. It contains a disulfide bridge which can be reduced to a dithiol by TrxR, GR or 

LipDH.4 LA and dihydrolipoic acid (DHLA) display diverse direct or indirect antioxidant 

effects. They can chelate transition metals72 lowering free radical damage or serve as 

radical scavengers with different specificities for distinct ROS.73 DHLA may also 

regenerate ascorbate and GSH.74 Both LA and DHLA can. In addition, LA increases 

intracellular GSH levels after 24 h75 possibly involving activation of Nrf2. LA is also an 

important cofactor in both the pyruvate dehydrogenase and the "-ketoglutarate 

dehydrogenase complexes in energy metabolism.76 

 

1.5.4 Ubiquinol/Ubiquinone 

Ubiquinol and its oxidized form ubiquinone are ubiquitously expressed in all 

aerobic organisms, hence the name. The major role of this redox pair is as a mobile 

carrier of electrons between complex I/II and III in the electron transport chain located 

in the inner mitochondrial membrane. Ubiquinol can also act as a lipid-soluble 

antioxidant by scavenging unpaired electrons from radicals in a rather stable 

semiquinone. Regeneration of ubiquinol is mainly achieved by LipDH,77 but to some 

extent also by TrxR and other members of this protein family.78 

 

1.5.5 Glutathione 

GSH is present at intracellular concentrations in the millimolar range and thus 

the most abundant thiol-based antioxidant in respiring cells.4 It is a tripeptide synthesized 

through the subsequent linking of first glutamate to cysteine by the glutamate cysteine 

ligase and then glycine to %-glutamyl cysteine by the %-glutamyltranspeptidase. The main 

function of GSH is to maintain an intracellular redox homeostasis. The redox state of a 

cell is often expressed as the ratio of GSH to GSSG, which in a physiological state is 

above ten in the cytoplasm. GSH may act as a radical scavenger whereupon two GS& react 

by forming an intermolecular disulfide bridge in glutathione disulfide (GSSG). 

Glutathionylation may also protect important thiols in proteins from oxidation or 

eliminate highly reactive electrophiles, processes catalyzed by glutathione-S-transferase 
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(GST). Gpx utilizes GSH to reduce lipid peroxides to alcohols4 and glutaredoxin (Grx) 

uses GSH as electron donors to reduce disulfide bridges in proteins including 

deglutathionylation of cysteines.79 GSSG is efficiently reduced to two GSH by the 

NADPH-dependent GR. 

 

1.6 THE THIOREDOXIN SYSTEM 

           As mentioned above, low molecular weight antioxidants are vital compounds for 

the survival of respiring cells but in order to efficiently carry out their protective 

functions, they need to be regenerated rapidly. This task is performed by a wide variety of 

antioxidant enzymes. Other important enzymes, such as superoxide dismutase or catalase 

directly eliminate reactive species.4 Furthermore, specific antioxidant enzymes can repair 

oxidant damage, e.g. Gpx, Grx, Prx and methionine sulfoxide reductase (Msr). As the list 

of such cytoprotective proteins is rather extensive, it is not possible to discuss them all in 

this thesis. Therefore, the focus will lie on TrxR, the enzyme primarily studied in this 

thesis. The Trx system comprises TrxR, its primary substrate Trx and the electron donor 

NADPH. Comparisons will be drawn between mammalian TrxR and its closely related 

GR, which was also part of some studies in this thesis. 

 

1.6.1 Physiological functions of the mammalian Trx system 

 

The mammalian Trx system exerts an impressive variety of functions either 

directly through reactions catalyzed by TrxR or by its prime substrate Trx. Crucial 

examples shall be mentioned here to demonstrate the complexity of the functions of the 

Trx system to the reader. The presumably most important reactions catalyzed by TrxR 

and Trx are involved in redox regulation and antioxidant defense as well as cell growth 

and replication. Other functions are in the regulation of transcription factors including 

NF-#B,80 p53,81 AP-180,82 and the glucocorticoid receptor.83 

As mentioned above, Trx is the main substrate of mammalian TrxR, but the 

enzyme has a broad substrate specificity reducing both other proteins and non-protein 

substrates. In turn, Trx may reduce a number of compounds. Examples of substrates of 

TrxR and Trx are given in Table II. 
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The Trx system also plays a significant role in apoptosis induction. In the case of 

apoptosis signal-regulating kinase 1 (ASK-1), reduced Trx binds to and thus keeps ASK-1 

inactive.84 Upon oxidative stress, Trx may become oxidized releasing ASK-1, which, now 

active, induces apoptosis. In yeast it was shown that the knockout of the TrxR gene 

caused an accumulation of oxidized, inactive p5385 and overexpression of wildtype Trx in 

human cancer cell lines induced p53 activity81 indicating a role for Trx in p53-dependent 

cell cycle arrest and/or cell death. 

TrxR has additional non-endogenous substrates, thus potentially acting as 

competitive inhibitors towards Trx and other proteins or compounds mentioned here.  

 

Table II. Endogenous substrates of mammalian TrxR and Trx. 

 

Enzyme Protein substrates Non-protein substrates 

 
Thioredoxin 

Reductase 

 
Thioredoxin,86 glutaredoxin 2,87 

protein disulfide isomerase,88 calcium 

binding protein 1 and 2,89 thioredoxin-

like-1,90 granulysin,91 cytochrome c92 

 
Dehydroascorbate,93 ubiquinol,78 lipoic 

acid,94 lipoamide,94 lipid hydroperoxides,95 

selenite96 and other selenium compounds,4 

menadione (vitamin K3),
97 L-cystine,97 NK-

lysin98 

 

Thioredoxin 
 

Ribonucleotide reductase,99 

peroxiredoxins,100 methionine 

sulfoxide reductases,101 apoptosis signal-

regulating kinase 1,102 cAMP-

dependent protein kinase,103 NF-

#B,104,105 glucocorticoid receptor,83 

p5381 

 

Glutathione disulfide,106 insulin,107 hydrogen 

peroxide4 

 

1.6.2 Thioredoxin  

Thioredoxin belongs to a family of proteins with a common structural motif – 

the thioredoxin fold. It consists of a central core of four or five $-strands surrounded by 

three or four "-helices and the conserved sequence -Cys-Gly-Pro-Cys-.108,109 Other 

examples of this family are Grx, GST and GPx.109 Trx is a 12 kDa protein with 

characteristics more conserved across species than those of the TrxRs.110 In human, two 

separate genes encode for a cytosolic form (Trx1), which can also be translocated to the 
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nucleus111 or exported from the cell,112 and a mitochondrial form (Trx2). Thioredoxin 

was originally discovered in E. coli as an electron donor for ribonucleotide reductase113 

but has many additional substrates, examples of which are shown in Table II. 

 

1.6.3 Thioredoxin reductase 

1.6.3.1 Classification 

Thioredoxin reductase (EC 1.8.1.9) is an NADPH-dependent flavoenzyme 

belonging to a family of homodimeric pyridine nucleotide-disulfide oxidoreductases, 

which includes GR, LipDH and mercuric ion reductase.114 Importantly, when discussing 

properties and functions of TrxR, it is crucial to distinguish between small and large 

TrxRs, based upon the molecular weight of the subunits. Small or low Mr type TrxR, 

found in lower organisms such as bacteria, fungi and yeast as well as plants consist of two 

identical 35 kDa subunits. Large or high Mr type TrxR subunits are of 55-60 kDa 

mass.110,115 These two enzyme classes show significant differences not only in their 

structure but also in their catalytic mechanism of reaction here discussed using E. coli and 

mammalian TrxR as representatives.  

One subunit of E. coli TrxR binds one flavin adenine dinucleotide (FAD) and 

possesses one active site with two redox active Cys. The catalytic cycle involves a crucial 

and unique domain rotation of 67° not seen in any other enzyme of the protein family.116 

Crystal structures of both conformations revealed that one is necessary for the electron 

transfer from the reduced FAD to the active site disulfide and the other for the 

subsequent reduction of Trx and regeneration of reduced FAD by NADPH.117,118 

Albeit great similarities in their sequence and catalytic cycle, large TrxRs show 

distinct species dependent properties. In contrast to small TrxRs, these large TrxRs 

consist of three domains per subunit: i) the FAD domain, ii) the NADPH binding 

domain and iii) the interface domain (ID). They also possess two redox active sites – one 

N-terminal in close association to the FAD, the other at the rather flexible C-terminus 

(Figure 2A).  
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A)  
 

 

 

 

 

 

 

 

B) 

 

Figure 2. Structure of mammalian TrxR1. A) Schematic overview over the three domains of the head-to-tail 

homodimer, B) model based upon the crystal structure of the Sec-containing rat TrxR1 dimer with one 

subunit depicted in yellow and the other in green. One molecule of Trx1 (red) is docked to each C-terminal 

active site.119 

 

The motif of the second active site depends on the species (Table III). In some, 

e.g. the malaria parasite Plasmodium falciparum or the fruit fly Drosophila melanogaster, this 

site contains two Cys, whereas in mammals, one Cys is substituted by the rare amino acid 

selenocysteine (Sec). Mammalian TrxR is structurally closely related to GR, however, the 

Sec-containing C-terminal active site is a unique feature of TrxR present in a 16 amino 

acid extension of the polypeptide compared to GR.120,121 This short C-terminal amino 

FAD domain

NADPH domain
Interface
domain C-terminal active GCUG motif

N-terminal active CVNVGC motif
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acid chain is highly flexible and exposed upon reduction of the enzyme.119 The very 

broad substrate specificity of mammalian TrxR is presumably due to this high 

accessibility and the strong reactivity of Sec. 

 

Table III. Overview of different C-terminal active site motifs of large TrxRs. 

 

Species C-terminal motif Comments 

 

Plasmodium 

falciparum 

 

–CGGGKC110 

 

25-93% activity of mammalian TrxR, depending on the 

substrate 

Drosophila 

melanogaster 

–SCCS122 Cytosolic and mitochondrial forms  

Ca. 50% activity of mammalian TrxR, depending on the 

substrate 

Caenorhabditis 

elegans 

–GCCG123 

–GCUG 

Mitochondrial form 

Cytosolic form 

Human –GCUG124  Cytosolic and mitochondrial forms  

 

In human, three separate genes encoding for different isoforms of TrxR have 

been identified, namely TXNRD1 encoding for TrxR1, TXNRD2 for TrxR2, and 

TXNRD3 encoding for thioredoxin glutathione reductase (TGR), an isoform of TrxR 

with a Grx domain in the N-terminal sequence. From TXNRD1 and TXNRD2, different 

splice variants may be expressed giving rise to different versions of the protein. For TrxR1 

five versions (TXNRD1_v1-5) may potentially be expressed with different physiological 

functions,125 which have not been fully characterized yet. TXNRD1_v1 corresponds to the 

‘classical’ form of TrxR1 and it is expressed in the cytosol, whereas TXNRD1_v4 and 

TXNRD1_v5 may potentially translocate to the mitochondria.125 In addition, 

TXNRD1_v2 was shown to accumulate in nuclei colocalizing with estrogen receptors126 

and for TXNRD1_v5 a putative nuclear localization signal was predicted.125 Intriguingly, 

TXNRD1_v3 has been shown to localize to the cell membrane inducing protrusions 

interacting with actin and tubulin.127 TXNRD2 has previously been considered to encode 

a mitochondrial TrxR but two out of three splice variants have actually been found in the 

cytosol where they could reduce Trx1.128 TGR is mainly expressed in male germ cells and 
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only at low levels in other tissues.129-131 It is implicated in spermatogenesis presumably 

playing a role in disulfide bond formation and protein isomerization.129 Splice variants of 

TGR have not yet been described. Knockout mice of either Txnrd1132, Txnrd2132,133, Txn134 

or Txn2135 (encoding for Trx1 or Trx2, respectively) all cause embryonic lethality, however 

with strikingly varying phenotypes in embryonic cells suggesting vital unique functions 

for each gene product. The lack of a common phenotype between Txnrd1 and Txn 

knockouts or Txnrd2 and Txn2 knockouts, respectively, may indicate the following: i) 

TrxR1 and TrxR2 (or specific splice variants of these proteins) complement certain 

functions of each other and/or ii) additional still unidentified electron donors for Trx1 

and Trx2 exist at certain developmental stages and/or in certain cell types.114 It should 

also be noted that hemizygous deletion of either Txnrd1 or Txnrd2 showed no evident 

phenotype even under selenium starvation.136 

 

1.6.3.2 Catalytic properties of mammalian TrxR 

The general arrangement of the two TrxR subunits is in a head-to-tail 

conformation (Figure 2A and B). The enzyme-bound FAD is in close proximity to the N-

terminal redox-active Cys 59 and 64 in each subunit. In case of the mammalian 

selenoprotein variant of TrxR, this active site, in turn, is close to the C-terminal active 

Cys 497 and Sec 498 of the other subunit. The catalytic cycle is characterized by a ping-

pong mechanism137 further illustrated in Figure 3. In principle, the fully oxidized enzyme 

(species 1) is reduced by one equivalent of NADPH which donates two electrons to the 

FAD (species 2). The reduced FAD will then transfer one electron to Cys 59 and share 

the other with Cys 64 forming a stable charge transfer complex (species 3). Subsequently, 

the N-terminal active site will reduce the C-terminal selenenylsulfide of the other subunit 

to a selenolthiol (species 4). The FAD can then again transfer electrons from NADPH to 

the regenerated disulfide at the N-terminal active site forming a charge transfer complex 

with Cys 64 (species 5 and 6). Most substrates of TrxR1 are reduced by the C-terminal 

selenolthiol motif, which restores the selenenylsulfide ready to receive electrons from the 

N-terminal Cys again. Thus, TrxR is believed to cycle between a two- and four-electron 

reduced form, with the fully oxidized and fully reduced enzyme form presumably not 

playing a crucial role in the organism, if they exist at all. Using TrxR2, several substrates 

seem also to be directly reduced by species 3 in vitro.138 
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Electrophilic agents can derivatize the C-terminal active site selenolate (found in 

species 4-6, to form species 7-9). This will lead to enzyme forms incapable of reducing Trx 

and most of the other substrates. With an intact N-terminal active site, however, certain 

substrates such as juglone (5-hydroxy-1,4-naphthoquinone) or other quinones (Q) may 

still be reduced. This may have detrimental effects on cell survival as further discussed 

below. 

 

 

 

Figure 3. The catalytic cycle of mammalian TrxR.114 For further details, see text. 

 

1.6.3.3 Biosynthesis of mammalian TrxR 

The human TrxR1 gene is located on chromosome 12 with a typical 

housekeeping gene promoter enabling constitutive gene expression.139 An ARE sequence 

is present in the promoter region indicating transcriptional regulation by oxidative 

stress,140 which may involve Nrf2.141-143 Different splice variants are discussed above and 

alternative transcription start sites may play a role in their expression.144 The 3´ 

untranslated region (UTR) contains AU-rich elements responsible for the rapid TrxR1 

mRNA turnover.145 The essential Sec insertion sequence (SECIS) element for Sec 

incorporation is also present in the 3´UTR.145,146 The unique mechanism of 

selenoprotein expression shall be further discussed below. 

As of today, there are 25 selenoproteins identified in human147 several with yet 

unknown functions. TrxR is one of the best described human selenoproteins. Other 

antioxidant selenoproteins are GPx1-4 and 6, SelK, SelW and SelR, or methionine-R-

sulfoxide reductase B1 (MsrB1). The iodothyronine deiodinases (DIO) 1-3 are important 
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in thyroid hormone metabolism, selenophosphate synthetase 2 (SPS2) in Sec synthesis, 

and SelP with as many as 10 Sec residues in men and 17 in zebrafish, functions in 

selenium transport and storage. Sep15, SelN, SelM and SelS may be involved in protein 

folding and the functions of SelH, SelI, SelO, SelT and SelV have not yet been 

characterized in detail.148 

Sec is the 21st natural amino acid and is encoded by a UGA codon. As this 

codon normally signals a termination of translation, additional regulatory mechanisms 

have to be present to enable a recoding of the UGA. For this, the SECIS element, a 

rather complex secondary RNA structure in the 3´UTR of the TrxR message, serves as a 

recoding signal. In addition, a specific translation machinery is essential for Sec 

incorporation and comprises a Sec specific tRNA, Sec tRNA(Ser)Sec, the specific elongation 

factor EFSec, SECIS binding protein 2 (SBP2), ribosomal L30 protein, SECp43, in some 

cases a Sec redefinition element (SRE) potentially for fine-tuning of the readthrough, and 

possibly other yet unidentified factors.148 Sec is, unlike the other 20 natural amino acids, 

synthesized directly on its tRNA by Sec synthase (SecS) using serine as an 

intermediate.149,150 Recently, the crystal structure of human SecS in complex with the Sec 

tRNA(Ser)Sec, phosphoserine and thiophosphate has been solved. These data, in 

combination with in vivo and in vitro enzyme assays revealed new insights into the 

mechanism of Sec synthesis.151 

Maintaining such complicated mechanisms for the insertion of one amino acid 

comes to quite a cost. However, chemical advantages of Sec over its related Cys seem to 

have been sufficient to push evolution towards the development of this complex 

machinery.152,153 The different properties of the two amino acids Cys and Sec shall 

therefore be discussed. In Sec the sulfur atom of Cys is replaced by a selenium atom as 

depicted in Figure 4. This changes the pKa from 8.3 in Cys to 5.2 in Sec154 resulting in an 

almost completely deprotonated and highly reactive anionic selenolate at physiological 

pH as opposed to the mainly protonated and thus less reactive thiol of Cys.  
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Figure 4. Chemical structure of Cys and Sec. 

 

      As Sec is essential for the activities of selenoproteins selenium is regarded an 

essential micronutrient. Plants absorb inorganic selenium from the soil, the availability of 

which may vary greatly in different regions of the world.148 In the United States the 

recommended intake of dietary selenium is 55 µg/day, and the therapeutic window is 

very narrow. Severe endemic Se deficiency is associated with at least two diseases – 

Keshan disease (a juvenile multifocal myocarditis) and Kaschin-Beck disease (a 

chondrodystrophy) occurring in rural areas of China and Russia with extremely low Se 

levels in the soil.155 Moderate deficiency may lead to increased oxidative stress and thus 

carcinogenesis,114 decreased immunocompetence, infertility, senility and accelerated 

cognitive decline in the elderly, and cardiovascular diseases.156 The upper safe limit of Se 

intake is 400 µg/d for an adult as estimated by the World Health Organization.155 

Toxic Se levels lead to selenosis – a condition accompanied by hypotension, respiratory 

distress, garlic-like odor of the breath, gastrointestinal disturbances (vomiting, 

diarrhea), hair and nail changes, and neurologic manifestations.155,157 Selenium at 

nutritional to supranutritional levels (100-300µg/d114) is considered a chemopreventive 

agent. The majority of this element functions in the form of Sec present in 

selenoproteins. Its antioxidant properties are closely related to the antioxidant functions 

of these proteins. However, fundamental cellular processes such as DNA synthesis are 

also selenium dependent as TrxR is involved in the process. Selenomethionine is the 

major precursor for Sec synthesis in animals and the major selenocompound found in 

cereal grains, legumes and soybeans.158 Upon uptake it is converted into selenide by the 

activity of different lyases.159 Selenide is then phosphorylated by SPS2 and subsequently 

transferred to phosphoseryl-tRNA(Ser)Sec where it replaces the hydroxyl group of Ser 

H

H3N − C − COO-

CH2 

SH

H

H3N − C − COO-

CH2 
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forming Sec now ready for incorporation into the polypeptide chain.148,149 Animal studies 

have shown that selenoprotein levels correlate to dietary selenium intake.160 Thus, 

supranutritional selenium supplementation may allow overexpression of 

selenoproteins. As many selenoproteins act in antioxidant defense mechanisms, high 

selenium intake may facilitate tumor progression. Low selenium intake, on the other 

hand, may induce carcinogenesis due to decreased cellular antioxidant activities leading 

to higher mutation rates caused by oxidative stress. It is thus highly important to 

sustain a diet with adequate amounts of selenium and also other antioxidants to 

prevent cancer development. 

 

1.6.3.4 Inhibitors of mammalian TrxR 

The list of TrxR inhibitors is long. In fact, several electrophilic agents used in 

the clinics, have been shown to inhibit TrxR presumably as part of their mechanisms of 

action. Examples are platinum compounds (cisplatin,161,162 oxaliplatin163), gold drugs 

(auranofin,137 aurothioglucose164,165), dinitrohalobenzenes,166 nitrosureas (carmustine or 

BCNU),167 nitrogen mustards (chlorambucil, melphalan),163 ifosfamide,168 

cyclophosphamide,169 and arsenic trioxide.170 The drugs used in this thesis, their clinical 

use, major mechanism of action and impact on TrxR activity are summarized in Table 

IV. Other, naturally occurring inhibitors of TrxR are 4-hydroxy-2-nonenal171 produced 

endogenously by lipid peroxidation, flavonoids such as myricetin and quercetin,172 

curcumin,173 a major ingredient of curry, and isothiocyanates174,175 found in cruciferous 

vegetables. For further discussion of these compounds and their effects, the interested 

reader is referred to the original publications.  
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Table IV. Clinically used TrxR inhibitors studied in this thesis. 
 

Drug Major clinical 

use  

Main mechanism 

of action 

TrxR inhibition (in vitro/in vivo)  

 

Cisplatin 

 

 

Testicular, 

bladder, lung, 

oesophagus, 

stomach and 

ovarian cancera) 

 

DNA damage 
 

In vitro : kinact = 21 M-1s-1 b) 

kinact = 0.37x10-3 µM-1min-1) c), IC50 = 15  µM in A549 

cells after 24 h exposure (Paper III), 45% TrxR (300 

nM) inhibition after 20 min preincubation with 200 

µM d) 

In vivo : Mice inoculated with ascitic hepatoma 22 

(H22) cells showed inhibition of TrxR activity in 

H22 cells by 69% and 86% upon treatment with 5 

and 15 mg/kg cisplatin for 5h; the enzyme in kidney 

decreased by 22% and 51%176 

 

Oxaliplatin 
 

Colorectal 

carcinoma177 a) 

 

DNA damage 
 

75% TrxR (300nM) inhibition after 20 min 

preincubation with 200 µM d) 

 

Auranofin 
 

Rheumatoid 

arthritis e) 

 

Poorly understood, 

potentially TrxR 

inhibition110 

 

In vitro : Ki = 4 nM (Trx assay)/2.4 nM (DTNB 

assay) f) 

IC50 = 2.6 nM for purified TrxR2178 

IC50 = 1.7 µM in A549 cells after 24 h exposure 

(Paper III), 

In vivo : 71% inhibition of renal TrxR activity after 

6 h treatment of mice using 100 mg/kg179 

 

DNCB 
 

HIV180 

cutaneous 

warts181 

 

Immunostimulation 

(increase in CD8+   

T-cell and natural 

killer cell subsets)180 

 

IC50 = 8 µM for human TrxR from placenta using a 

selenite reduction assay,166 induction of NADPH 

oxidase activity upon alkylation,182 ki(max)/Ki = 333 M-

1s-1 and 65-75% inhibition of cellular TrxR upon 4 h 

treatment using 50 µM (Paper I) 

 
a) from: www.cancer backup.org.uk 
b) for bovine TrxR in the insulin-coupled Trx-reducing assay162 
c) recombinant rat TrxR1 in the DTNB assay (Paper III) 
d) recombinant rat TrxR1 in the DTNB assay163 
e) from www.medicinenet.com 
f) 1.7 nM human TrxR subunits from placenta137 
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1.6.3.5 SecTRAPs and GRIM-12 

It seems likely that most electrophilic compounds inhibiting TrxR1 

preferentially bind to the highly reactive and accessible selenolate. This would, 

consequently, compromise the C-terminal active site necessary for the reduction of Trx1 

and most other substrates. Intriguingly, selenium-compromised TrxR1 has been shown 

to rapidly induce cell death by a gain-of-function when directly introduced into the 

human lung carcinoma cell line A549 using the BioPORTER! protein delivery system.183 

Specific inhibition of the selenolthiol motif does not impair all redox activity of the 

enzyme. With an intact FAD and N-terminal active site, this form of selenium-

compromised TrxR1 is still able to catalyze redox reactions with e.g. certain redox cycling 

quinones.184 This may lead to the induction of cell death displaying both apoptotic and 

necrotic features involving excessive formation of ROS as discussed in Paper II. We thus 

named these cytotoxic forms of TrxR1 SecTRAPs for selenium compromised 

thioredoxin reductase-derived apoptotic proteins, also referring to the 'trap' that the Sec 

residue constitutes towards electrophilic compounds due to its high nucleophilicity and 

accessibility. 

A cytotoxic property of TrxR1 has earlier been described in the form of GRIM-

12 (gene associated with retinoid-interferon induced mortality number 12) using an 

antisense technical knockout approach screening for cells surviving interferon-$/retinoic 

acid (IFN/RA) treatment.185 This finding initiated a number of studies of the cell death 

promoting activity of TrxR1 upon IFN/RA treated cancer cell lines.185-190 However, many 

experiments were based upon the transfection of a vector encoding for a TrxR1 construct 

lacking the Sec residue, i.e. translating into a selenium-compromised TrxR1185 as also 

discussed elsewhere.183 This fact was originally not recognized by the authors. Instead, a 

Myc-epitope replaced the site of the Sec-encoding UGA codon.186 Nevertheless, 

interesting experiments have been performed using this construct and mutants of it, 

finding that the FAD and NADPH domains but not the ID of TrxR1 were required for 

cell death induction upon IFN/RA treatment.190 Overexpression of an N-terminal 

dithiol-motif mutated selenium-compromised TrxR1 and a C32S/C35S Trx1 were 

protective towards the cell killing activity of selenium-compromised TrxR1.186,187 A 

protection from cytotoxicity was also demonstrated by the sole overexpression of the ID 

of TrxR1.185 Cell death upon selenium-compromised TrxR1 involved activation of 
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caspase-8 and -9, release of cytochrome c, transcriptional activity of p53, PARP-cleavage 

and PS exposure in the plasma membrane.186-188 Cytotoxicity was found to be directly 

linked to selenium-compromised TrxR1 vector transfection in MCF-7, T47D, COS-7 and 

HeLa cells.187 Although many features of GRIM-12-induced cell death were described, 

the exact molecular mechanism of induction and the role of interaction with both Trx1 

and IFN/RA have not been revealed. 

Possible parallels between GRIM-12 and SecTRAPs-induced cell death shall be 

discussed in detail in the 'Discussion'-part of this thesis. 

 

1.7 THE TRX SYSTEM IN CANCER 

There is evidence that the mammalian Trx system may, in one way or another, be 

implicated in different diseases or conditions such as male infertility, vitiligo, hemolytic 

anemia, pulmonary fibrosis, cataract, cancer, HIV infection/AIDS, Alzheimer´s disease 

and aging.4,110,114 The role of the Trx system in neoplastic disorders shall now be discussed 

according to the focus of this thesis. 

For tumors to develop from normal cells certain alterations must take place, which 

were defined by Hanahan and Weinberg as the six hallmarks of cancer:191 i) self-

sufficiency in growth signals, ii) insensitivity towards growth-inhibitory signals, iii) evation 

of programmed cell death (apoptosis), iv) unlimited replicative potential, and for solid 

tumors v) sustained angiogenesis and vi) capability to metastasize to other tissues. The 

Trx system may be involved in many, if not all of these steps in cancer development, 

however, clear evidence is still lacking in several cases. Both TrxR and Trx are frequently 

overexpressed in human tumor cells.192-195 The involvement of the Trx system in cancer 

cell survival and tumor progression may be directly linked to its following properties as it 

i) supports cell growth,114 ii) is needed for progression through the cell cycle and thus 

evasion of growth-inhibitory signals,196 iii) is linked to the regulation of apoptosis 

induction on several levels,114 iv) sustains the pool of deoxyribonucleotides for accelerated 

DNA synthesis, v) may promote angiogenesis by induction of hypoxia-inducible factor 

1alpha (HIF-1") and vascular endothelial growth factor (VEGF),197,198 and vi) seems to 

stimulate matrix metalloproteinase and tumor cell invasiveness.199,200 Many of the 

functions of the Trx system involved in cancer development are directly linked to the 

antioxidant activities of the enzymes, others are mediated through their additional 
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unique reactions, some of which are described above. Thus, the activities of the Trx 

system protecting normal cells from oxidative damage and subsequent transformation 

into cancer cells, in fact, support cancer cell survival once a tumor has formed. With the 

important involvement of the Trx system in tumor development and its frequent 

overexpression in cancer cells it becomes attractive to evaluate both TrxR and Trx as 

potential anticancer targets.  
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2 PRESENT INVESTIGATION 

2.1 AIMS OF THIS STUDY 

The Trx system, and TrxR in particular, have been widely discussed as potential 

antitumor drug targets and a variety of inhibitors of TrxR has demonstrated good 

anticancer activity in either cell culture or in vivo.161,168-170,172 However, as shall be 

discussed in this thesis, it is important to investigate the mechanism of TrxR inhibition, 

especially the target site, i.e. whether SecTRAPs are formed or whether the overall TrxR 

activity is inhibited. 

 

The specific aims of this thesis were: 

 

¥ To characterize a variety of TrxR inhibitors and their effects on cancer cell 

survival (Paper I, III and IV). 

 

¥ To delineate the mechanism of inhibition for some of these compounds, i.e. 

their potential of forming SecTRAPs (Paper III and IV).  

 

¥ To further characterize the SecTRAPs-induced cell death observed by Anestål 

et al.183 (Paper II). 

 

¥ To evaluate how different levels of TrxR1 may influence the phenotype of the 

lung carcinoma cell line A549 as well as the outcome of treatment with 

various TrxR inhibitors (Paper IV). 

 

2.2 COMMENTS ON INHIBITORS AND METHODOLOGY 

The material and methods used in Paper I-IV of this thesis are thoroughly 

described in the 'Materials and Methods'-section of each paper. Nonetheless, the TrxR 

inhibitors studied in closer detail as well as a selection of methods should be discussed 

here in further detail. 
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2.2.1 TrxR inhibitors 

Throughout the studies, known TrxR inhibitors were used (Paper I-IV) as well as 

new inhibitors were discovered (Paper I and III). Figure 5 depicts the chemical structures 

of inhibitors studied in more detail in this thesis. The metal salts are not shown due to 

their simple structure. A list of the compounds that are used in the clinics, their 

pathological indication, main mechanism of action as well as data on TrxR inhibition are 

shown in chapter 1.6.3.4, Table IV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Chemical structures of the TrxR inhibitors used most extensively in this thesis. 

 
 

2.2.2 Enzyme activity measurements 

    There are several methods to study enzyme properties and mechanisms. Solving 

the crystal structure of a protein is a fundamental approach. The first structure of 

mammalian TrxR1 was published by Sandalova et al., in 2001.201 This, however, was a 

Sec498Cys mutant as the expression of selenoproteins is highly complicated and results 

in comparably low yield. In our laboratory, we have developed an efficient expression 
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and purification system to produce Sec-containing rat TrxR1202 and we recently 

succeeded in solving its structure.119 The structure of a protein gives insights into how it 

may function, e.g. where or how it might bind and interact with other biomolecules, or 

which family of proteins it may belong to.  

 When studying enzymes it is important not only to find binding partners, 

substrates or inhibitors but also to elucidate the mechanism of reaction and the kinetic 

properties such as dissociation constants, rates of reaction or inhibition. For this, in vitro 

enzyme activity assays are used. Stopped-flow kinetics as used in Paper I and II give 

information about very rapid reactions with a dead time of less than one millisecond. We 

have used this technique to study the electron flow from NADPH to TrxR1 and different 

nitroaromatic substrates in Paper I. In Paper II we applied stopped-flow 

spectrophotometry to compare the kinetics of the reductive half reaction, i.e. the 

formation of the charge transfer complex at the N-terminal active site of full-length and 

truncated TrxR1 lacking the last two amino acids.  

 NADPH consumption of pure enzyme was followed under steady-state conditions 

to identify new substrates of TrxR1 (Paper I) and we compared catalytic properties of full-

length to truncated TrxR1 in reactions with the quinone juglone in the presence or 

absence of Trx1 and insulin (Paper II). Standard in vitro TrxR activity assays are the 

insulin-coupled Trx assay (used in Paper II) and the DTNB (5,5!-dithio-bis(2-nitrobenzoic 

acid)) assay (used in Paper I, II and III).203 In the insulin-coupled Trx assay NADPH 

consumption is followed spectrophotometrically at 340 nm. NADPH reduces TrxR, 

which reduces Trx. Trx is then re-oxidized by insulin and can thus again serve as a 

substrate for TrxR.  

 DTNB, or Ellman’s reagent, is a direct substrate of large type TrxRs and is reduced 

to two TNB- molecules. TNB- readily ionizes to TNB2-, which has a high extinction 

coefficient (13,600 M
$1cm

$1) at 412 nm. DTNB is used as the standard substrate for 

catalytic activity determination of recombinant enzyme. Studying inhibitors of TrxR1 

we preferred the DTNB assay to the insulin-coupled Trx assay as a decrease in NADPH 

consumption in the insulin assay can be due to inhibition of either TrxR, Trx or both. In 

biological samples such as blood, tissues or cell extract, however, DTNB is not an optimal 

substrate for TrxR activity measurements as it may react with any thiol group releasing 

one TNB-. With a large number of thiol groups in such samples the background is very 
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high. As TrxR activity might be low in biological samples and due to the presence of 

other NADPH-metabolizing enzymes, the insulin-coupled Trx assay as described above is 

not very suitable either. Therefore, an endpoint insulin assay has been developed,203 

which was used in Paper I, III and IV. Here, excess Trx and insulin are added to the 

sample and incubated at 37 °C. After an appropriate time the reactions are stopped by 

adding a high concentration of guanidine hydrochloride and DTNB is added to 

measure all thiols. As excess Trx is added in this assay, the maximal capacity of TrxR 

activity is measured and competitive inhibition of TrxR cannot be detected. To 

determine the number of thiols not formed due to TrxR catalyzed reactions a 

background sample from the same biological material containing everything except 

additional Trx is run in parallel. 

 It is highly important to study enzymes in isolated reactions in vitro to understand 

molecular mechanisms, find substrates or identify inhibitors as potential new drugs. It 

is as important to analyze the actual behavior of the enzyme of interest in biological 

samples and to examine the effects of interacting drugs on whole systems. These 

approaches should therefore preferably be combined in studies and if possible together 

with overexpression and/or knockdown/knockout experiments for the enzyme of 

interest (Paper IV). 

 

2.2.3 Cell viability and cytotoxicity methods 

In Paper I-IV cell viability or cytotoxicity was studied using different methods. 

Each technique has both advantages and disadvantages, which shall be discussed here. 

These should always be taken into consideration before using a certain assay. An 

overview of the methods analyzing cell viability or cell death used in this thesis is given in 

Table V. 
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Table V. Methods used to measure cytotoxicity or cell viability in Paper I-IV. 

 

Method Paper Parameter measured 

 

MTT 
 

III 
 

Activity of mitochondrial dehydrogenases 

Trypan Blue I Plasma membrane integrity 

Vital Dye IV Plasma membrane integrity 

PI staining II Plasma membrane integrity 

Hoechst II Condensed nuclei 

Annexin V  II Phosphatidylserine exposure 

DEVD-AMC cleavage I Caspase activation 

 

The MTT assay is a simple, fast and cheap method to measure cell viability using 

Thiazolyl Blue Tetrazolium Bromide (MTT). It was used in Paper III in a 96-well plate 

format to screen for effects on viability of different cancer cell lines upon treatment with 

metal compounds. As it measures the activity of mitochondrial dehydrogenases a 

decrease in the formation of colored formazan crystals gives no indication on whether 

cell cycle arrest or cell death is induced.  

Trypan Blue is a dye that is taken up by cells with lost membrane integrity, i.e. 

necrotic or late apoptotic cells. Early apoptotic cells may be Trypan Blue-negative but 

dying, and thus, detach from the plate of monolayer cultures. We used this method to 

measure cytotoxicity of nitroaromatic and quinone compounds in Paper I. Upon 

treatment of monolayer cell cultures with these compounds the detached cells were 

collected. Trypan Blue-positive and -negative cells were counted manually using a light 

microscope. It is a cheap and simple method but may be laborious and caution must be 

given not to incubate the cells too long with the dye as intact cells will start taking up the 

dye after a few minutes incubation giving rise to false positives.  

A similar approach was applied in Paper III using Vital Dye (Biomarker) staining 

living cells green and the nuclei of dead cells red due to lost membrane integrity. In 

contrast to the Trypan Blue method, the analysis here was automated. A549 cells were 

treated with siRNA targeting TrxR1 or a mock sequence and cultured in 384-well plates. 

Upon treatment with different compounds Vital Dye was added. Images of the cells in 

each well were captured using a custom-modified automated microscope and the 

program Platefocus_10 with autofocus function developed by the co-authors Flaberg and 
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Szekely. The number of green and red cells was then counted using the analyze particle 

function in the ImageJ software. One important advantage of this method is the 

automated high throughput of large numbers of samples. However, high technology and 

expertise is needed and the only parameter measured is plasma membrane integrity, i.e. 

cytotoxicity with no discrimination between apoptotic and necrotic cell death. 

In Paper II we aimed to further characterize the cell death induced by SecTRAPs. 

For this, we used a combination of methods. Staining of the nuclei with Hoechst 33342 

and propidium iodide (PI) was used for the detection of morphological changes. Cells 

with a condensed nucleus (bright Hoechst staining) and/or lost plasma membrane 

integrity (PI positive) were counted as dead cells while cells weakly stained with Hoechst 

were viable. This morphological evaluation, however, is very laborious as 700-1000 cells 

per sample needed to be counted manually in each experiment for statistical analysis.  

In order to detect apoptosis, cells were stained with PI and fluorescently labeled 

Annexin V. Annexin V binds to phosphatidylserine in the plasma membrane and does 

not penetrate intact cells. Apoptotic cells translocate PS from the inner leaflet of the 

plasma membrane to the exposed outer leaflet as an 'eat-me' signal for the surrounding 

phagocytes.204 As necrotic cells lose membrane integrity early in the dying process, 

Annexin V may penetrate these cells and stain PS in the inner leaflet of the plasma 

membrane. Co-staining with PI is used to distinguish apoptotic from necrotic cells. Cells 

only positive for Annexin V staining are thus apoptotic and cells positive for Annexin V 

and PI are necrotic.  

As we detected PS exposure prior to loss of membrane integrity in the majority of 

the dying cells in Paper II, we concluded that the cell death induced by SecTRAPs 

involved apoptotic pathways. Therefore, we proceeded to investigate whether the cell 

death was caspase-dependent. For this, we preincubated the samples with caspase 

inhibitors and evaluated the extent of cell death induced by Hoechst/PI staining as 

described above. Caution must be given to the concentration of caspase inhibitors used 

as high concentrations (100 µM), frequently used in the literature, may mask cell death 

by mitotic catastrophe. Therefore, we used 25 µM inhibitor for most of our experiments.  

As we were limited to small sample sizes in Paper II it was not convenient to 

directly measure caspase activation by cleavage of substrates. In Paper I, however, we 

could measure activation of caspase-3 using the exogenously added non-fluorescent 
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DEVD-AMC. Caspase-3 recognizes the tetrapeptide DEVD and cleavage results in the 

release of fluorescent AMC measured over time using a microtiter plate reader. However, 

caspase-7 is very closely related to caspase-3 and recognizes the same peptide.205 Thus, it 

cleaves DEVD-AMC as well but with lower efficiency. It is therefore more correct to refer 

to caspase-3/-7 or caspase-3-like activity.  

While measurement of cell death using caspase inhibitors may mask other cell 

death pathways and lead to the misinterpretation of results, direct measurement of 

caspase activation gives no indication whether the cell death is in fact caspase-dependent. 

Therefore, a combination of both approaches should be used whenever possible. The use 

of specific siRNA towards certain caspases is another very useful strategy. However, if 

many different caspases are to be studied, the optimization process would be very time-

consuming. 

 

2.2.4 BioPORTER-mediated protein delivery and transfection techniques 

 BioPORTER® protein delivery reagent is a cationic lipid formulation designed 

for efficient introduction of biomolecules such as proteins, peptides and antibodies into 

cells without disturbing their functionality. This method has been used successfully to 

transduce active caspase-3,206 cytolethal distending toxin B,207 or suicide nucleoside 

kinases such as herpes simplex virus type-1 thymidine kinase208 into cells. Delivery was 

rapid and efficiency was monitored under a fluorescent microscope using Alexa488-

labelled TrxR.183 However, treatment of the cells with different forms of TrxR or GR in 

complex with the BioPORTER® reagent caused the cells to become rather sticky 

hampering cell death analysis using flow cytometry. Due to the high cost of the reagent 

we were therefore confined to small sample sizes and microscopic analyses in our 

experiments.  

 A non-lipid approach of protein delivery is the fusion of a cell-penetrating peptide 

to the protein of interest. Such peptides are often lysine or arginine rich and include 86-

mer trans-activating transcriptional activator (TAT) from HIV-1, herpes simplex virus 

type-1 protein VP22 or homeodomain of Antennapedia (Antp).209 The fusion to a short 

peptide, however, may in some cases have an impact on the functionality of the protein 

of interest and the efficiency in protein uptake into live cells has been challenged.210 

Therefore, we chose to use the BioPORTER® delivery strategy for our studies.  
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 A newly developed method to deliver proteins, genes or drugs into cells utilizes 

nanoparticles forming smaller complexes compared to using BioPORTER®.211,212 The 

cellular uptake of fluorescently labeled lectin A-chain (27 kDa) was significantly more 

efficient using P(MDS-co-CES) nanoparticles than BioPORTER®.211 We have 

experienced 5-10% cell death due to sole BioPORTER® treatment in cancer cell lines 

as shown in Paper II. Attempts to use this technique to introduce SecTRAPs into 

normal monocytes were not successful as these cells did not tolerate treatment with the 

BioPORTER® reagent itself (Anestål and Arnér, unpublished results). Using 

nanoparticles might enable us to investigate whether SecTRAPs killing is cancer cell 

specific. 

 Due to the limitations of the BioPORTER® system we tried to establish stably 

transfected HeLa cells with inducible expression of selenium-compromised TrxR, i.e. 

truncated TrxR lacking the last two amino acids Sec and Gly, to study cell death 

pathways involved in SecTRAPs-mediated killing. This approach would have provided us 

with the possibility to use larger sample sizes, as needed for Western Blot analyses 

including immunoprecipitation of potential interaction partners of SecTRAPs. Flow 

cytometry could be applied as well to further investigate the involvement of 

mitochondrial signaling. A stably transfected HeLa Tet-On cell line was transfected with 

a vector encoding for truncated TrxR downstream of a promoter activated in the 

presence of doxycycline. No successfully transfected clones could however be established, 

presumably due to slight leakage of the doxycycline responsive promoter even in the 

absence of the inducer leading to background expression of the cytotoxic SecTRAPs. An 

alternative approach for the future is therefore to transiently transfect cells with a 

SecTRAPs-encoding vector as in the work discussed above studying the GRIM-12 

concept. 
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2.3 RESULTS AND CONCLUSIONS 

2.3.1 Paper I 

Cenas N*, Prast S*, Nivinskas H, Sarlauskas J, and Arnér ES. Interactions of 

Nitroaromatic Compounds with the Mammalian Selenoprotein Thioredoxin Reductase 

and the Relation to Induction of Apoptosis in Human Cancer Cells. J Biol Chem. 2006 

Mar 3;281(9):5593-603 

*shared first authorship 

 

Here, we discovered and characterized new nitroaromatic substrates and 

inhibitors of TrxR, established kinetic profiles in vitro and examined the effects on 

cellular redox systems and cell viability of strong irreversible nitroaromatic and quinone 

inhibitors of TrxR. 

 

2.3.1.1 In vitro characterization of novel interactions of TrxR with nitroaromatics 

We studied nitroaromatic compounds, which exist as environmental pollutants 

or are used as drugs known to display cytotoxic, antitumor or antiparasitic properties. 

These compounds are generally believed to redox cycle and form free radicals due to 

single-electron reduction by flavoenzymes. Alternatively, through two (or four)-electron 

reduction, they become reduced to arylhydroxylamines that may alkylate DNA and/or 

other cellular nucleophiles. We could show that a number of these compounds could be 

reduced by TrxR with tetryl and p-dinitrobenzene as the most efficient substrates          

(kcat = 1.8 and 2.8 s-1, respectively). The nitroreductase activity of TrxR was higher than 

that of GR213,214 and similar to that of DT-diaphorase, which was previously believed to 

be the most significant nitroreductase in the cytosol.215 In reaction with the 

nitroaromatics, TrxR cycled between the two- and four-electron reduced state as shown 

by stopped-flow reduction of cytochrome c. We also showed that several of these 

nitroaromatic compounds could inhibit DTNB reduction of TrxR and, intriguingly, 

different compounds utilized different inhibition mechanisms. The most common 

inhibition pattern among the compounds tested was uncompetitive inhibition with 

respect to NADPH and non-competitive inhibition with respect to DTNB. This means 

that binding of the inhibitor to the enzyme was dependent on the presence of NADPH 

and involved another site than the C-terminal selenolthiol motif where DTNB is 
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predominantly reduced. We here propose that these nitroaromatic compounds reversibly 

act on the N-terminal domain of TrxR, presumably inhibiting the enzyme-bound FAD as 

proposed for quinone substrates.182,184 Tetryl and 4,6-dinitrobenzofuroxan (DNBF), 

however, were identified as competitive inhibitors with respect to DTNB. The 

interactions of tetryl with TrxR were analyzed in more detail, revealing that it redox 

cycled with the enzyme consuming a several fold excess of NADPH in a one-electron 

reduction giving rise to O2
¥- molecules. In addition, a two-electron reduction of tetryl by 

TrxR led to N-denitration and thus the formation of N-methylpicramide. Interestingly, 

tetryl interacted mainly with the C-terminal active site thus undergoing an uncommon 

nitroreductase reaction involving a Sec residue. 

 

2.3.1.2 Effect of selected inhibitors on cellular redox systems and cell death 

We wished to investigate whether nitroaromatic compounds studied herein 

could irreversibly inhibit cellular TrxR in cultured human cancer cell lines and whether 

this would correlate to cytotoxicity. We therefore chose nitroaromatic compounds 

identified as irreversible inhibitors of the enzyme in vitro, i.e. tetryl, DNBF and DNCB 

(dinitrochlorobenzene/1-chloro-2,4-dinitrobenzene)182 or juglone,184 as well as TNT 

(2,4,6-trinitrotoluene), a weak reversible inhibitor of TrxR.  

Both DNCB and juglone clearly and preferentially inhibited cellular TrxR over 

GR in three different human cancer cell lines, whereas no significant irreversible 

inhibition was found upon treatment with tetryl, DNBF or TNT. DNCB and juglone 

also showed strong cytotoxicity with loss of membrane integrity as shown by early uptake 

of Trypan Blue as well as activation of caspases-3/-7, thus displaying both necrotic and 

apoptotic features of cell death in all the three cell lines studied. Neither DNBF nor TNT 

were cytotoxic or activated caspases. TNT was a weak reversible inhibitor of TrxR in vitro 

and this activity did not seem to disturb the function of the cellular Trx system to an 

extent that could affect cell viability. DNBF, however, was identified as a strong 

irreversible TrxR inhibitor in vitro. We here argue that the lack of inhibition of cellular 

TrxR or GR as well as the lack of cytotoxicity may be reasoned by the formation of 

negatively charged Meisenheimer-type adducts with water in aqueous solutions, which 

could hamper cellular uptake.  
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Interestingly, tetryl did not significantly inhibit TrxR or GR irreversibly but 

showed caspase activation and cytotoxicity. Both could be blocked by overexpression of 

the antiapoptotic protein Bcl-2. We therefore conclude that tetryl, or a metabolite, 

induces cell death independently of TrxR or GR inhibition, involving pathways that 

could be blocked by Bcl-2, possibly but not necessarily, similar to pathways engaged by 

staurosporine. 

 

In summary, we here identified novel interactions of TrxR with nitroaromatic 

compounds, some as substrates, others as inhibitors. Strong irreversible inhibition of 

cellular TrxR correlated well with caspase activation and cytotoxicity, thus leading to the 

conclusion that the inhibition of the enzyme activity is one major mechanism by which 

these compounds kill cancer cells. In addition, we discuss the possibility of SecTRAPs 

formation by derivatization of the Sec residue by these compounds, which may 

contribute to the pronounced cell death observed. 

 

 

2.3.2 Paper II 

Anestål K, Prast-Nielsen S, Cenas N, Arnér ES. Cell Death by SecTRAPs: Thioredoxin 

Reductase as a Prooxidant Killer of Cells. PLoS ONE. 2008 Apr 2;3(4):e1846 

 

Upon discovery of the deadly properties of selenium-compromised TrxR1 in 

A549 cells183 the molecular pathways leading to such a rapid and pronounced cell death 

were studied in more detail. We aimed to understand how an enzyme considered to 

promote cell growth and protect from cell death could, upon derivatisation or loss of its 

C-terminal active Sec, become a killer.  

 

2.3.2.1 Morphological and biochemical features of SecTRAPs-induced cell death 

 

Here, we introduced the term SecTRAPs for selenium compromised 

thioredoxin reductase-derived apoptotic proteins. We showed that the cell death 

involved could be diminished by caspase inhibitors, displayed condensed DNA, and 

phosphatidylserine exposure was detected prior to a loss of cell membrane integrity. 

These are typical apoptotic features. However, no characteristic nuclear fragmentation or 
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membrane blebbing was detected. We therefore concluded that SecTRAPs-induced a cell 

death with both apoptotic and necrotic features. Cytotoxicity further depended on an 

intact N-terminal active site as shown by mutation of the redox active Cys 59 and 64 to 

Ser. We further found that this cell death was independent of novel protein synthesis 

and was prevented by preincubation with either ascorbate or "-tocopherol but not a 

combination of both. In fact, direct delivery of SecTRAPs into HeLa cells showed 

extensive ROS production after only three hours.  

 

2.3.2.2 Biochemical properties of SecTRAPs in vitro 

 

We showed here that co-incubation of different amounts of SecTRAPs with 

full-length TrxR1 did not inhibit in vitro TrxR1 activity in either the insulin-coupled Trx 

or DTNB assay. Instead, we could demonstrate direct prooxidant activities of SecTRAPs 

in vitro. Truncated TrxR1 could efficiently reduce juglone with similar kinetics as the full-

length enzyme indicating a Sec-independent reaction. However, Trx1 (and probably 

other substrates of TrxR1 not tested here) could compete with juglone in the reaction 

with full-length enzyme. In fact, Trx1 had a higher kcat/Km and when incubated with 

TrxR1 and lower concentrations of juglone, virtually all electrons from NADPH were 

transferred via TrxR1 to Trx1 and subsequently to insulin. Redox cycling of both 

truncated and full-length TrxR1 with juglone led to a direct formation of O2
¥- which was 

efficiently scavenged by co-incubation with SOD. We here conclude that SecTRAPs may 

kill cells by a direct induction of ROS leading to the apoptotic and necrotic features of 

cell death as described here. We believe that SecTRAPs redox cycle with an endogenous 

compound possibly with similar features as juglone and that the full-length enzyme 

normally present in cells is ‘preoccupied’ with Trx1 and/or other Sec dependent 

substrates as described above. Upon chemical disruption of the C-terminal Sec-

containing active site TrxR1 is not able to reduce these substrates anymore. It thus 

becomes available for redox cycling with a Sec-independent substrate potentially leading 

to direct O2
¥- formation and induction of cell death as demonstrated here. We also 

proposed a model for TrxR inhibition by different mechanisms leading to either a ‘mere’ 

loss of a functional Trx system or to SecTRAPs formation and thus an active induction 

of cell death (Figure 5).  
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It should be noted here, that the endogenous formation of TrxR lacking the last 

two amino acids, as we proposed in our model, may not be produced under natural 

conditions. After publication of our article, it was reported that in selenium-deficient rat 

liver Cys could replace Sec in TrxR. Termination of translation at the Sec-encoding UGA 

could not be detected.216 The phenomenon that the UGA codon may support specific 

insertion of Sec or Cys was previously demonstrated in the protozoan ciliate Euplotes 

crassus.217 Intriguingly, this dual use of the UGA could occur even within the same gene, 

well in accordance with the findings of Lu et al. in rat liver.216 

 

 

 

Figure 6. Model for mechanisms of TrxR inhibition and consequences (Paper II). 
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2.3.3 Paper III 

Prast-Nielsen S and Arnér ESJ. Metal cations of platinum, palladium and gold as direct 

inhibitors of mammalian thioredoxin reductase – striking elemental differences suggest 

strategies for the development of new anticancer agents. Submitted Mansucript 

 

In this study we used simple chloride salts of palladium (Pd), platinum (Pt) and 

gold (Au) to investigate whether specific elemental properties of these metals could 

differentially target TrxR and subsequently disturb tumor cell growth.  

 

2.3.3.1 In vitro kinetic characterization of enzyme inhibition 

We found that Pd and Au were strikingly more efficient inhibitors of 

recombinant TrxR1 in vitro compared to Pt with kinact of 0.39 or 0.59 µM-1 min-1 for 

K2PdCl6 or K2PdCl4, respectively, and kinact < 1.6 µM-1 min-1 for KAuCl4 as opposed to 

kinact of 0.10 x 10-3 or 0.18x10-3 µM-1 min-1 for K2PtCl6 or K2PtCl4, respectively. We noted 

that the inhibition of TrxR1 by KAuCl4 was similar to that shown by auranofin and 

inhibition by the Pt salts was clearly in the same range as that by cisplatin (cDDP). GR 

activity was strongly inhibited by KAuCl4 but not by auranofin, nor by the Pd and Pt 

compounds. The observed differences in the extent of TrxR1 inhibition were not found 

to be due to selective chelation of Pt atoms over Pd or Au by the metal chelator EDTA 

present in the reaction buffer. They rather seemed to rely on inherent properties of the 

metals in their reactions with the enzyme. The metal-mediated inhibition of TrxR1 was 

found to be irreversible and seemed to preferentially target the C-terminal active Sec. 

This was demonstrated by i) a dependence on prior reduction of the enzyme by NADPH, 

thus reducing the C-terminal selenosulfide to a thiol and a highly nucleophilic selenolate, 

ii) a sustained ability to reduce juglone, known to be independent of an intact Sec but 

dependent upon the FAD and an intact N-terminal active site, and iii) superoxide 

production upon redox cycling of the enzyme with juglone. These findings may 

potentially suggest SecTRAPs formation upon binding of the metals to TrxR1 as shown 

earlier for cisplatin by Anestål and Arnér183 as well as in Paper II. 
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2.3.3.2 Inhibition of cellular enzyme systems and effects on cell viability 

Further, we investigated the abilities of the metal compounds to inhibit the 

cellular Trx system and GR activities in the human lung carcinoma cell line A549. 

Interestingly, we found clear inhibition of TrxR activity in cells treated with either Pt or 

Au compounds, but K2PdCl4 only displayed a slight inhibition at the concentrations 

used. In addition, KAuCl4 was found to inhibit Trx and none of the compounds 

inhibited GR activity in these cells. Attempting to reveal whether the lack of inhibition 

by K2PdCl4 was due to less cellular accumulation of this compound compared to the 

others, cell extracts from untreated A549 cells were prepared to which the metal 

compounds were added directly. The TrxR inhibition pattern observed in this 

experiment resembled the in vitro kinetic data, i.e. the Au compounds as the strongest 

inhibitors, K2PdCl4 as a very potent inhibitor and both Pt compounds showed barely 

inhibition at the low concentrations used herein. The effects on A549 cell viability upon 

treatment with the metal compounds correlated well with the cellular TrxR inhibition 

measurements. Therefore, we concluded that TrxR inhibition was at least one 

mechanism by which these compounds induced cell death. In addition, cytotoxicity 

profiles of HeLa as well as both wildtype and p53-/- HCT116 cells upon treatment with 

the metal compounds were established. In summary, we here present striking differences 

in the ability of Pd, Pt and Au to inhibit TrxR. Based upon these findings, new 

anticancer drugs with a reactive Pd center may possibly be developed in addition to the 

already existing Pt- and Au-containing agents. However, derivatisation of Pd with ligands 

enabling an efficient cellular uptake together with thorough evaluation of other 

important pharmacokinetic and –dynamic properties of such derivates is then necessary.  

 

 

2.3.4 Paper IV 

Eriksson SE, Prast-Nielsen S, Flaberg E, Szekely L, Arnér ESJ. High levels of thioredoxin 

reductase 1 in A549 cells controls drug-specific cytotoxic outcomes. Submitted 

Manuscript 

 

In Paper IV we used short interfering RNA sequences to transiently 

downregulate the expression of TrxR1 in the human lung carcinoma cell line A549 
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known to express high levels of TrxR (www.proteinatlas.org). Two different sequences 

were used separately to efficiently knock down TrxR protein levels and activities to about 

ten percent thus rather resembling levels of a normal cell.  

 

2.3.4.1 Phenotypic analyses upon TrxR1 knockdown 

We analyzed the phenotype of A549 cells upon specific knockdown of TrxR1 

compared to untransfected and mock-transfected cells. We found that cell growth was 

hardly impaired even upon additional GSH depletion and no apparent change in cell 

cycle distribution was detected. Moreover, reducing capacity of neither Trx nor GR was 

significantly affected. Under saturating conditions in cell extract the capacity of cellular 

TrxR to reduce lipoamide or lipoic acid was decreased when TrxR1 was downregulated. 

When lipoamide or lipoic acid were added to live cells in which NADPH may be limited 

or NADH-dependent reduction might be the predominant reaction, remaining activity 

of TrxR1 was sufficient to uphold the TrxR1-mediated reduction of either lipoamide or 

lipoic acid. Depletion of GSH by BSO or treatment with auranofin, generally considered 

as a specific TrxR inhibitor, however, decreased reduction of lipoamide, lipoic acid and 

the Grx-specific substrate HED. This indicated that i) GSH dependent reduction was 

involved in all cases and ii) auranofin may have additional targets to TrxR in A549 cells. 

Surprised by the mild phenotypic change upon depletion of ninety percent of TrxR 

activity in lung cancer cells, we calculated the ability of the remaining low TrxR1 levels 

and Trx levels to support ribonucleotide reduction and found that the capacity of the 

Trx system still overrode the requirements of deoxyribonucleotide synthesis for 

sustaining normal cell growth under ideal culture conditions.  

 

2.3.4.2 Analysis of the role of high TrxR1 levels under stressing conditions 

Next, we wished to analyze the susceptibility of these cells towards treatment 

with known TrxR inhibitors. Comparing the extent of cell death induced by DNCB, 

menadione, auranofin, cisplatin, oxaliplatin, and juglone in mock-transfected versus 

TrxR1-downregulated cells revealed intriguing results. Cytotoxicity induced by auranofin, 

oxaliplatin and juglone was rather independent of intracellular TrxR1 levels. Lower levels 

of TrxR on the other hand, rendered cells significantly more susceptible towards DNCB 

and menadione treatment, indicating that high levels of TrxR1 might protect from 
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oxidative stress induced by these agents. Most intriguingly, however, was the observation 

that in the case of cisplatin high levels of TrxR1, as frequently found in tumors, mediated 

a significantly more pronounced cell death. This finding is consistent with the SecTRAPs 

model proposed in Paper II. It also demonstrates the complexity of TrxR and how 

different inhibitors may lead to highly varying outcomes in cells dependent upon the 

endogenous TrxR levels.  

 

To conclude, we propose that it is dependent upon the chemical properties of 

the compound used, which inhibition mechanism is engaged upon treatment with TrxR 

inhibitors. The mechanism of inhibition may thus be highly important for the outcome 

of drug treatment.  
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3 DISCUSSION 

In Paper I and III new inhibitors of TrxR were identified and cytotoxicity correlated 

well with loss of cellular TrxR activity. The in vitro inactivation rates were fast in most 

cases agreeing with the high accessibility and reactivity of the Sec residue which was 

preferentially targeted, shown by a maintained juglone reduction activity after removing 

unbound inhibitor (Paper III). These findings may form the basis for the development of 

new potent inhibitors of TrxR as anticancer drugs. A direct targeting of Sec by 

electrophilic compounds has been shown by others and include dinitrohalobenzenes,182 

electrophilic prostaglandin derivatives,218 antitumour quinols,219 arsenic trioxide,170 

anticancer flavonoids such as myricetin and quercetin,172 4-hydroxy-2-nonenal171 and 

curcumin.173 In addition, X-ray crystallography revealed that terpyridine-platinum(II) 

complexes bound specifically to the C-terminal active site of a Sec498Cys mutant of 

human TrxR1.220 

The potential of targeting TrxR in anticancer treatment was discussed in paper I-IV 

of this thesis and by others.110,114,221 TrxR may be involved in several, if not all, steps of 

carcinogenesis,222 and overexpression of both TrxR and Trx has been found in a variety 

of tumors.192-195 Higher growth rate of tumor cells requires an increased rate of 

deoxyribonucleotide synthesis, which is supported by the Trx system. The higher 

metabolism leads to an elevated production of ROS, which the Trx system may 

eliminate. Thus, tumor cells may become dependent on increased levels of TrxR and 

Trx. Inhibiting these functions as part of an anticancer therapy could be advantageous.  

The matter, however, is not as simple. First of all, electrophilic agents targeting TrxR 

may also have off-targets influencing the outcome of the treatment. Second, the 

molecular mechanism of TrxR inhibition may be crucial, i.e. whether all TrxR activity is 

compromised or whether SecTRAPs might be formed. As detected using TrxR1-specific 

siRNA, a mere inhibition of the enzyme activity may not be sufficient to kill cancer cell 

lines in culture as shown in paper IV and by others.196,223 SecTRAPs killing on the other 

hand is efficient and rapid.  

Unfortunately, most studies using both siRNA and chemical inhibition of TrxR are 

performed in monolayer cell cultures. These cells are grown under ideal conditions and 

do not resemble the true nature of a tumor in a living organism. In accordance with 
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paper III, Yoo et al. efficiently knocked down TrxR1 in various cancer cell lines detecting 

only mild phenotypic changes when the cells were grown under ideal conditions in 

monolayer cultures.196 However, when cultured in soft agar or injected into mice the 

TrxR1 knockdown cells showed severely impaired growth and displayed a phenotype 

resembling less malignant cells. Decrease in TrxR1 levels also led to a loss of self-

sufficient growth in culture.223 Cell cycle distribution was altered upon TrxR1 

knockdown and DNA polymerase components showed decreased levels in cells grown in 

serum-deficient medium. The pools of deoxyribonucleotides, however, were not 

decreased significantly indicating that sufficient Trx activity was maintained even at low 

TrxR1 levels as we also propose for our system in Paper IV. This is also in accordance 

with the findings of Watson et al., showing that a knockdown of TrxR1 by 80-90% in 

HeLa cells did not result in elevated levels of oxidized Trx.224 The residual TrxR activity 

was sufficient to keep Trx in a reduced state. In contrast, inhibition of TrxR by 

monomethylarsonous acid (MMA(III)) but not by aurothioglucose (ATG) led to the 

accumulation of approximately 70% of Trx in the oxidized state. This may be due to an 

oxidative stress induced by MMA(III) and not by ATG as measured by DCF 

fluorescence.  

These studies clearly demonstrate a discrepancy between knockdown of TrxR1 and 

chemical inhibition. This is in strong agreement with our SecTRAPs hypothesis. 

However, off-targets for the inhibitors are not ruled out at this stage. All in all, this shows 

that even though cancer cell lines in culture may very well tolerate an efficient 

knockdown of TrxR1, it is a highly important enzyme in tumors and thus an attractive 

anticancer drug target. More studies need to be performed using three dimensional cell 

culture and/or animal studies investigating the effects of certain drugs targeting TrxR.  

It would be desirable to identify new inhibitors that kill tumor cells expressing high 

levels of TrxR1 more efficiently than their counterparts with a decreased level of the 

enzyme as we show in cell culture for cDDP in Paper IV. This might indicate that normal 

cells would be less susceptible towards such treatment. We discuss the possibility of 

SecTRAPs formation in A549 cells upon cDDP treatment as the mechanism underlying 

higher susceptibility towards this drug in cells with higher TrxR levels.  

In Paper II we have analyzed the involvement of different death signaling pathways 

in cytotoxicity by SecTRAPs. As mentioned in chapter 1.6.3.5, TrxR has earlier been 
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associated with cell death upon treatment of MCF-7 cells with IFN/RA.185-190 There, 

TrxR was identified by an antisense technical knockout approach screening for cells 

surviving IFN/RA treatment and thus named GRIM-12.185 Upon this finding a wide 

variety of cell experiments was performed mostly based on overexpression of TrxR from a 

transfected vector lacking the SECIS element. Therefore, in the early experiments, the 

Sec encoding UGA was read as a stop codon compromising the C-terminal active site. 

The polypeptide chain thus ended with a -GC motif instead of a -GCUG motif.185,225 

This results in the protein form we call truncated TrxR1, thus, a SecTRAP by our 

definition. Later, this construct was fused to a Myc-epitope still containing the 

compromised -GC- motif, therefore, also forming a potential SecTRAP.  

Before discussing possible parallels between GRIM-12 and SecTRAPs, which may 

possess the same cell killing activity of TrxR, reasons for differences in observations 

between the group of Kalvakolanu and us should be drawn to the reader's attention.  

GRIM-12 was mainly analyzed by overexpressing the protein in transfected MCF-7 

breast carcinoma cell lines. As opposed to the direct protein delivery using the 

BioPORTER® reagent, transfection with DNA may lead to a diminished killing effect as 

the toxic protein is produced comparably slowly with steady increase in concentration 

over a longer time. In this case, cells are given the chance to upregulate compensating 

defense mechanisms, e.g. endogenous Sec-containing TrxR due to potential prooxidant 

properties of GRIM-12. Such properties were not evaluated in the GRIM-12 studies, 

however, we detected ROS production using SecTRAPs. Furthermore, our studies were 

performed in A549 and HeLa cells showing that caspase-3 inhibitors abrogated or at least 

delayed SecTRAPs-induced cell death significantly. It should be noted that zDEVD-fmk 

may also inhibit caspase-7.205 MCF-7 cells lack caspase-3, which may result in a delayed 

GRIM-12-induced cell death.  

Keeping the facts mentioned above in mind similarities and possible differences 

between the cytotoxicity caused by GRIM-12 and SecTRAPs shall be discussed in order 

to establish whether these are both based upon the same phenomenon. The hypothesis 

by Kalavkolanu and co-workers that a mammalian TrxR lacking the ID containing the C-

terminal active site ‘may behave like prokaryotic, yeast, and plant [TrxRs] with strict Trx-

reductive properties’190 shall be discussed in the end.  
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Using the selenium-compromised GRIM-12 constructs the death signaling was 

analyzed by Kalavkolanu and co-workers. As mentioned in chapter 1.6.3.5, activation of 

caspase-8 and -9, release of cytochrome c, transcriptional activity of p53, PARP-cleavage 

and PS exposure in the plasma membrane were involved.186-188 In Paper II we could 

demonstrate both PS exposure and caspase-8 involvement in SecTRAPs-induced cell 

death. We also investigated cytochrome c release and caspase-9 activation. We only 

detected slight effects upon SecTRAPs treatment and being limited by the BioPORTER® 

technique to fluorescent microscopy, these slight effects did not show statistical 

significance. This might indicate that mitochondria are involved in SecTRAPs-induced 

cell death but other pathways, e.g. direct activation of caspase-3 by caspase-8 might be 

more important. In the case of GRIM-12, in accordance with our results, only slight 

release of cytochrome c and moderate activation of caspase-9 was involved in the cell 

killing signaling. PARP-cleavage and activation of p53 was not determined in our study.  

Cell death by SecTRAPs was independent of protein biosynthesis and occurred 

within 4 h. GRIM-12, on the other hand, was shown to induce expression of death-

associated genes such as Fas and TRAIL.187 However, it was not shown that cytotoxicity 

depended on the induction of these proteins.  

The N-terminal redox active Cys 59 and 64 were shown to be essential for cell death 

mediated by both GRIM-12186 and SecTRAPs (Paper II). This mutant, in fact, protected 

against IFN/RA-induced reduction of tumor size in an in vivo mouse model.189 

Overexpression of the sole ID of TrxR lacking the Sec residue inhibited IFN/RA-

induced cell death by about 50%. We have not examined the effect of co-delivery of the 

ID together with SecTRAPs on SecTRAPs-induced cytotoxicity, nor have we evaluated 

other mutations or deletions in truncated TrxR1 in order to reveal whether other amino 

acids in addition to Cys 59 and 64 are essential for the prooxidant activity. These are 

certainly essential experiments.  

Our hypothesis in Paper II is that a cellular low molecular weight compound, 

possibly a juglone-like quinone, has the capability of redox cycling at the N-terminal 

active site of TrxR1 with concomitant ROS production. However, with an intact Sec 

residue, the electrons would primarily be passed on from the N-terminal active site to the 

C-terminus where Trx and most other substrates are reduced. The destruction of the Sec 

and thus impairment of the C-terminal active site would enable TrxR1 to reduce the yet 
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unknown prooxidant substrate at the N-terminus leading to oxidative stress and cell 

death. To support this hypothesis more mutational studies are needed.  

In the case of cell killing activity of GRIM-12 it was shown that the ID was 

dispensable. In fact, deletion of the ID increased cytotoxicity.190 The FAD and NADPH 

domains, on the other hand, were necessary for cell killing in line with our hypothesis of 

redox cycling with a cellular substrate at the N-terminal active site as this would require 

both prior NADPH binding and reduction of the FAD.  

In a mutational analysis, it was found that Thr 193, Tyr 187 (as potential 

phosphorylation sites) and Cys 189 in GRIM-12 were important for p53 activation. 

Expression of the double mutant Y187F/C189A or the single mutant T193A protected 

MCF-7 cells from IFN/RA-induced cytotoxicity. The authors here suggest that Trx 

transiently interacts with Cys 189 during enzymatic modification subsequently resulting 

in p53 activation. The nature of this interaction is not further explored. It seems quite 

clear how important Cys 189 is and p53 activation is Trx dependent in this model. It 

has, however, not been demonstrated that GRIM-12 and Trx do interact physically at 

this site. Y187, C189 and T193 might be important for other properties of TrxR, which 

downstream involve Trx.187,188  

The induction of cell death by GRIM-12 was augmented by co-transfection of 

wildtype Trx and decreased by co-transfection of a C32S/C35S Trx mutant. This 

indicated that redox active Trx was involved in the death signaling pathway and that 

redox inactive Trx somehow could diminish this effect mediated by endogenous levels of 

wildtype Trx. Ravi et al.226 have demonstrated a prooxidant and proapoptotic role of Trx 

in daunorubicin-mediated cell death involving O2
¥- production dependent upon an 

unidentified NADPH-dependent reductase. The exact mechanism, however, remains to 

be elucidated. Daunorubicin is not a direct inhibitor or substrate of TrxR in vitro163 but a 

metabolite might potentially redox cycle with the enzyme. Another study showed that 

nitric oxide-donating acetyl salicylic acid (NO-ASA) inhibited TrxR and caused 

production of ROS and RNS leading to oxidized Trx and release of ASK-1.227 SiRNA 

mediated knockdown of Trx protected cells from NO-ASA-induced cell death. Tian et 

al.228 demonstrated recently that reduced Trx protected human liver carcinoma cells from 

cell death induced by arsenic trioxide, an inhibitor of TrxR.170 Oxidized Trx or the 
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C32S/C35S Trx mutant, on the other hand, sensitized cells towards cytotoxicity of 

arsenic trioxide.  

The role of Trx and its oxidation state in SecTRAPs-mediated cell death is an 

important issue that has not yet been analyzed in detail. A truncated TrxR2 lacking the 

last two amino acids, i.e. Sec and Gly showed stronger interaction with Trx1 in vitro than 

the full-length Sec-containing enzyme suggesting that SecTRAPs might bind and thus 

inhibit Trx1 as the mechanism of action of selenium-compromised TrxR.128 However, a 

10-fold molar excess of SecTRAPs over Trx1 and 2000-fold excess over TrxR1 could not 

inhibit in vitro enzyme activity in the insulin-coupled Trx reduction assay. This may 

indicate a downstream role for Trx in the cell death signaling, perhaps an alteration due 

to the induced oxidative stress, rather than a direct physical interaction of SecTRAPs 

with Trx. 

As mentioned above, GRIM-12 lacks Sec, a residue shown to be essential for 

Trx reducing activity of TrxR.95 However, overexpression of GRIM-12 resulted in an 

increase in cellular TrxR activity.185,229 It was noted though that this increase in enzyme 

activity was clearly lower than the increase in protein levels.229 To our understanding of 

the TrxR1 mechanism, GRIM-12 would not be able to reduce Trx. The elevated activity 

in transfected cells might however stem from a compensatory possibly Nrf2-mediated 

upregulation of Sec-containing TrxR upon oxidative stress that GRIM-12 might pose on 

cells. A possible approach to evaluate this hypothesis would be to knockdown the 

endogenous TrxR1 using siRNA, subsequently transfect the cells with a vector encoding 

GRIM-12 mutated in the siRNA targeting sequence and measure TrxR activity in these 

cells. This knockdown/knock-in strategy was demonstrated successfully for TrxR1, Gpx1 

and SPS2.230 It was not shown in any of the publications that GRIM-12 could reduce Trx 

in vitro. In many studies, GRIM-12 was expressed with a myc-tag and could therefore be 

co-immunoprecipitated and evaluated for this activity in a cell-free system. These 

experiments are inevitable in order to support the authors´ view of GRIM-12 or TrxR 

lacking the ID acting in a strict Trx-reductive manner comparing it to the small TrxRs. As 

discussed in chapter 1.6.3.1, small TrxRs not only differ from large ones in structure but 

most importantly in their catalytic mechanism of reaction.  

The cell killing activities of GRIM-12 are Sec-independent and most likely do 

not involve direct reduction of Trx, although Trx may be important in the downstream 
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signaling pathway. Careful analysis of all the reported GRIM-12 properties could not 

exclude the possibility that GRIM-12, in fact, acts as a SecTRAP. 
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4 FUTURE PERSPECTIVES 

Too little is still known about the induction of cell death by SecTRAPs and we have 

been hampered technically using the BioPORTER® system. Our attempt to establish 

stably transfected HeLa cells for inducible expression of truncated TrxR upon addition of 

doxycycline using the Tet-On system was not successful, presumably due to a leaky 

promoter as even small amounts of SecTRAPs expression might kill the cells. Transient 

transfections with different mutants should be of value, especially when attempting to 

understand the biochemical properties of SecTRAPs. With a more profound knowledge 

about the activities of SecTRAPs identification of the intracellular redox active substrate 

using molecular modeling might be facilitated. Co-immunoprecipitating tagged 

SecTRAPs could provide insights into whether there is a physical interaction with Trx, as 

proposed by Kalvakolanu and co-workers190 and shown in vitro for TrxR2 lacking the last 

two amino acids,128 or whether other proteins might interact with SecTRAPs in cells.  

Most interesting, however, is the role of SecTRAP formation in anticancer 

treatment. The intriguing results of Paper IV showing that cDDP kills A549 cells with 

high TrxR1 levels more efficiently than A549 cells with lower levels is well in line with 

our SecTRAPs hypothesis. Indeed, the ability of SecTRAPs formation due to alkylation 

of the Sec residue in TrxR1 by cDDP has been shown in vitro by Anestål and Arnér183 

and in Paper II. This finding indicates the possibility that tumor cells are more 

susceptible towards SecTRAPs-forming compounds than normal cells. An important 

next step is to verify this finding in a model more closely resembling a tumor such as 

three dimensional cell culture and animal models. As cells growing in an environment 

like this are more dependent on high levels of TrxR1,196,223 drugs leading to the 

formation of SecTRAPs might kill these cells even more efficiently compared to mere 

inhibitors of overall TrxR activities. Compounds of interest can be evaluated in vitro for 

their potential SecTRAP formation by a drug screen as presented in Paper IV, confirmed 

by BioPORTER® experiments as in Paper II. A central question to answer is also whether 

SecTRAPs killing is a cancer cell-specific event per se or whether tumor cells might just be 

more prone to SecTRAPs formation if they overexpress TrxR.  

In the future we wish to use a systematic approach employing a quantitative high 

throughput screen (qHTS) of large compound libraries to identify new highly potent and 

specific inhibitors of TrxR over GR. Such libraries should include different metal-based 
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and other electrophilic compounds as these have high potential to inhibit TrxR1 (Paper I 

and III). The most promising hits should then be investigated more closely for binding 

and dissociation constants and, most importantly, their mechanism of inhibition, i.e. 

potential SecTRAPs formation, by using the siRNA approach in cell experiments as 

shown in Paper IV. Structure activity relationships may be established by synthesis of 

derivates to develop promising anticancer drugs efficiently inhibiting TrxR and killing 

tumor cells more effectively than normal cells.  

Finally, such a systematic approach should be followed by animal models to evaluate 

both the efficacy in tumor killing as well as the safety of the new drug or drugs before 

being introduced to clinical studies. As mentioned before, several chemotherapeutic 

drugs already used in the clinics have been shown to inhibit TrxR and this notion may 

contribute to their mechanism of action.161-163,167-170 However, even such promising 

compounds as auranofin, which inhibits TrxR very efficiently,137 have off-targets, as 

shown by the inhibition of TrxR-independent selenium incorporation into 

selenoproteins231 or decreased reduction of lipoamide, lipoic acid or the Grx-specific 

HED by auranofin (Paper IV). This may, on one hand, lead to more efficient killing, on 

the other hand to less tumor specific cell death increasing side effects and toxicity. 

Intriguingly, auranofin shows very few side effects when used as treatment against 

rheumatoid arthritis.232 Inhibition of TrxR in synovial cells of inflamed joints is likely to 

be one important mechanism of action of auranofin.233 The enzyme has been found to 

be significantly overexpressed in these joints and moreover, it seems to be more prone to 

superoxide- or hydrogen peroxide-induced inhibition in rheumatoid arthritis patients 

compared to patients suffering from non-inflamed osteoarthritis.234 Whether TrxR in 

cancer cells might also be more sensitive towards inhibition then the enzyme of normal 

cells remains to be demonstrated.  

The future vision of anticancer drug treatment is a custom-tailored regimen upon 

close profiling of the tumor to evaluate beforehand whether a drug might be effective. In 

the case of dependence on high levels of TrxR activity in a tumor, a highly specific 

inhibitor is desirable for treatment. However, the biggest obstacle in treatment of cancer 

is probably the vast heterogeneity of this disease not only between individuals, but even 

within one patient. Therefore, it will always be important to concurrently target multiple 

survival pathways of cancer cells to efficiently kill a tumor. All in all, I believe that 
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targeting TrxR as one strategy combined with others has potential in anticancer therapy, 

probably not for all but for a variety of tumors. 

In the end it should be mentioned that inhibitors of TrxR or homologues may also 

serve as effective drugs in the treatment of other diseases, especially infections. 

Pathogenic microorganisms have to cope with high oxidative stress imposed by the host 

immune defense upon infection. Therefore, they are highly dependent on their own 

antioxidant systems. These organisms, including bacteria and parasites, have in many 

cases evolved defense mechanisms different from the mammalian host. These constitute 

attractive drug targets, e.g. the distinct small TrxRs found in prokaryotes, unique TrxR 

homologues, but also other pathogen specific antioxidant enzymes.235,236 Promising drug 

screens as bases for the development of new antimalarial and antischistosomal drugs have 

been performed.237-240 Major antioxidant systems in Plasmodium falciparum involve both a 

GR and a large TrxR, which bears a CysXXXXCys redox motif instead of a Cys-Sec redox 

pair at the C-terminal active site thus, differing from the mammalian form.237 In 

Schistosoma mansoni, thiol-based reactions center around one enzyme – Schistosoma 

mansoni thioredoxin glutathione reductase (smTGR) – which is essential for both Trx 

and Grx-mediated pathways.239 Other pathogens, including trypanosoma, leishmania, 

and mycobacterium species have evolved unique ways to cope with oxidative stress in the 

host.236 Research is focusing on both analyzing the biochemical mechanisms of pathogen 

antioxidant defense systems and developing specific inhibitors. 

Thus, in addition to chemotherapeutic drugs based on the inhibition of antioxidant 

enzymes such as TrxR – the focus of this doctoral thesis –inhibitors of such significant 

enzymes will without major doubt play a crucial role in the treatment of infectious 

diseases in the future. 
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