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ABSTRACT 
 
Mammalian thioredoxin reductases (TrxRs) are homodimeric selenoproteins 

belonging to the nucleotide oxidoreductase family. They contain a C-terminal 
penultimate selenocysteine residue, which is kept reduced by the N-terminal redox 
active site, CVNVGC, of the adjacent subunit. The low pKa of the selenocysteine 
residue, in combination with its C-terminal accessibility, gives TrxRs broad substrate 
specificity. The main substrates of TrxRs are thioredoxins (Trxs), which are reduced 
using NADPH as an electron donor. Trx can then act as a general protein-disulfide 
reductase and reduce a variety of substrates. This constitutes the thioredoxin system. 
Apart from the classical cytosolic thioredoxin system, there exists a complete 
thioredoxin system exclusively in mitochondria with its own thioredoxin (Trx2) and 
thioredoxin reductase (TrxR2). In this thesis, we describe the functional 
characterization of the cytosolic and mitochondrial thioredoxin reductases. 

It has been suggested that there exists a link between selenium and vitamin E 
in the protection against lipid membrane peroxidation. Here, we present evidence that 
TrxR1 is a major reducer of ubiquinone, a regenerator of vitamin E. This reduction is 
entirely selenium dependent, and puts forward TrxR1 as an important enzyme in the 
antioxidant defence of lipid membranes. 

Furthermore, we show that cell lines overexpressing TrxR2 have a higher 
viability than control cells upon complex III inhibition. This effect may be ascribed to 
the reduction of cytochrome c by TrxR2, since this would allow electrons to bypass 
complex III via TrxR2. Indeed, we demonstrate that TrxR2 is a potent reducer of 
cytochrome c. 

In addition, we show that cells overexpressing TrxRs have a surprising 
elevated expression of markers associated with differentiation, compared to control 
cells. This effect is evident for both the classic cytosolic form, TrxR1a, and its cytosolic 
splice variant TrxR1b. Expression of TrxR1a and TrxR1b apparently preceds the 
expression of the genes associated with differentiation, suggesting TrxRs to be involved 
in the early onset of differentiation. Furthermore, some genes are oppositely regulated 
by TrxR1a and TrxR1b, implying attentiveness in future TrxR1 gene silencing 
experiments. 
In summary, the results presented in this thesis give better understanding of the 
functions of TrxRs. Our work illustrates the diverse roles of TrxRs, from mediators of 
redox homeostasis in distinct cellular compartments to their implications in gene 
expression pathways. The role of TrxRs in these redox regulatory mechanisms are far 
from resolved and, as reflected in this thesis, much more work is needed in this field of 
research. 
 
Keywords: Thioredoxin, thioredoxin reductase, reactive oxygen species, mitochondria, 
differentiation, redox signaling, ubiquinone, cytochrome c, selenium, selenoprotein. 
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1 INTRODUCTION 
 

Proper cell function relies on the delicate balance between deleterious signaling 

events promoting cell death and signaling events promoting survival and proliferation. 

The cell has developed several ways to protect itself from any of these extremes. One 

way employs the thioredoxin system. This system has been implemented in many 

cellular functions, from redox regulations of cell-death and gene-expression, to 

proliferation and tumorgenesis. In this thesis, I will start with a general introduction of 

oxidative stress and antioxidant systems. This will then be followed by an introduction 

on the thioredoxin systems. I will end this thesis with a summary and a general 

discussion of the results that this thesis is built upon. 

 
 
 
1.1 REACTIVE OXYGEN SPECIES AND OXIDATIVE STRESS 

 

Oxygen is essential for all living organisms. However, when it is incompletely 

reduced, it is also a source for harmful reactive oxygen species (ROS). ROS is a 

common name for intracellular highly oxidizing species, such as free radicals, which 

are usually low molecular weight compounds with an unpaired electron (1, 2). The 

major ROS molecules include superoxide (O2·-), hydrogen peroxide (H2O2), and 

hydroxyl radical (·OH), and can all be produced by cellular metabolism or acquired 

exogenously (3). In the cell, the redox-reactions of ROS with biomolecules are harmful 

as the loss of electrons may cause the biomolecule to lose its function or render it 

harmful by making it a free radical itself (4). Therefore, the protection against, and 

elimination of, ROS is a necessity for proper cell function and is achieved by several 

antioxidant systems in the cell (5). However, the view of oxidant actions as only being 

harmful has changed during the last 15 – 20 years. It has become more evident that 

most oxidants arise from endogenous processes, and that the balance between oxidant 

and antioxidant levels fluctuates in an organized and controlled manner (6, 7). Both 

oxidants and antioxidants have specific roles in the cell; thus, there has become a 

distinction between oxidant-mediated degradation (toxic) and oxidant-mediated 

regulation (physiological). 
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Oxidant-mediated damage arises when the oxidant level exceeds the capacity of 

the antioxidant systems. Increased intracellular ROS levels can induce direct damage to 

DNA, proteins, and lipids, or secondary damage, such as rises in intracellular free metal 

ions, e.g. Ca2+, Cu+, and Fe2+. Ca2+ can stimulate proteases and nucleases to further 

damage DNA and the cytoskeleton, and causes increase in nitric oxide radical 

formation, which inhibits mitochondrial energy production and may lead to production 

of the cytotoxic ONOO- molecule (see below)(4, 8-10). Elevated Cu+ and Fe2+ can lead 

to ischaemic and reperfusion tissue injury by directly reacting with hydrogen- or lipid-

peroxides yielding the highly reactive hydroxyl radical (·OH) or by disrupting enzyme 

functions. 

On the other hand, a controlled oxidative status in the cell is necessary for many 

crucial physiological processes, such as cell cycle regulation (mitogenesis and 

apoptosis) (11), immune defense (12), gene regulation (13) and receptor function (14). 

For example, in cell cycle regulation, a low level of oxidant production is coupled to a 

proliferative potential. Oxidants are also involved in mitogenic signal transduction (15). 

Tumor cells undergo mitogenic events upon oxidative stress, in the absence of growth 

factors and other mitogens, and a mild oxidative stress is postulated to be important in 

several apoptotic events (16, 17), and may therefore also exhibit anticancerogenic 

effects. 

 

 

1.1.1 Chemistry and specificity of ROS 

 

Free radicals carry a high free energy making them highly reactive and prone to 

undergo reduction by oxidation of surrounding molecules. Oxidation (loss of electrons) 

and reduction (gain of electrons) are always coupled, and are termed redox-reactions 

(4). The production and step-wise reduction and elimination of superoxide is an 

illustrative example of ROS production and scavenging: 

 

 

(Reaction 1) 

 

 

O2 O2·- H2O2 ·OH + OH- 2H2O 
e- e- e- e- 

2H+ 2H+ 
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H2O2 + Fe(II) HO· + OH- + Fe(III) 

1.1.1.1 Superoxide 
 

Molecular oxygen is a biradical in its ground state and addition of one electron 

yields superoxide (O2·-), a free radical. However, superoxide is not highly reactive 

towards DNA, lipids and amino acids. Since it cannot penetrate lipid membranes it is 

confined to the closed compartments where it was produced. Superoxide is generated 

spontaneously in aerobic, electron-rich environments, such as the inner membrane of 

mitochondria. It undergoes dismutatation to hydrogen peroxide and molecular oxygen 

mainly by the enzyme superoxide dismutase (3, 4, 14): 

 

 

(Reaction 2) 

 

1.1.1.2 Hydrogen peroxide 
 

Hydrogen peroxide (H2O2) is not a radical and not very reactive with DNA, 

lipids and proteins by itself. Nonetheless, it can penetrate lipid membranes and is 

involved in the formation of more ROS and permits fluctuation of ROS between 

cellular compartments (18). The highly reactive and dangerous hydroxyl radical is 

formed when transition metals, such as Cu+ or Fe2+, react with H2O2 (Fenton reaction, 

Reaction 3). This accounts for the main harmful effect of H2O2, and can be further 

potentiated by the regeneration of Fe(II) by H2O2 (Reaction 4)(4). In addition, H2O2 can 

function as an intracellular signaling molecule by oxidating thiols to disulfides thus 

modulating enzyme activity (Reaction 5) (19). 

 

 

(Reaction 3) 

 

 

 

(Reaction 4) 

 

 

 

(Reaction 5) 

 

H2O2 + 2RSH RSSR + H2O 

2H+ + 2O2·- H2O2 + O2 

H2O2 + Fe(III) O2·- + Fe(II) + 2H+ 
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H2O2 is removed by several antioxidant systems including catalase, glutathione 

peroxidase, peroxiredoxins and thioredoxin reductase (20-23), which will be discussed 

in detail below. 

 

1.1.1.3 Hydroxyl radical 
 

The hydroxyl radical (·OH) is probably the most harmful ROS, because of its 

highly oxidizing properties and reactivity towards biomolecules (8, 18). As mentioned 

above, the hydroxyl radical is formed by the reaction of hydrogen peroxide and 

transition metals in the Fenton reaction (Reaction 3). The transition metals are central 

in highly reactive ROS formations. They can convert poorly reactive species into more 

reactive ones, hence accelerating the hydroxyl radical formation, which in turn generate 

more, but less reactive, radicals (4). Because of the high reactivity of the hydroxyl 

radical it can only react close to its site of production. The hydroxyl radical is thought 

to play a central role in lipid peroxidation, which will be discussed below. 

 

1.1.1.4 Nitric oxide (NO) 
 

Nitric oxide is a member of reactive nitrogen species, rather than of ROS, and 

does not readily react with most biomolecules. However, it reacts easily with other 

radicals producing less reactive species, hence in a way functioning as an antioxidant 

(24). NO is synthesized by nitric oxide synthase (NOS). This enzymatic reaction 

involves oxidation of L-arginine to L-citrulline and NO (Reaction 6): 

 

 

(Reaction 6) 

 

Normally, NO functions as an intracellular or extracellular messenger by 

stimulating heam-dependent activation of guanilyl cyclase. This produces cyclic GMP 

which, for example, regulates the local relaxation of smooth muscle cells, as well as 

inhibits local platlet aggregation and adhesion (9, 25, 26). Excessive NO production is 

deleterious for the cell and is mainly caused by the induction of inducible NOS (iNOS), 

by cytokines and endotoxins (24). NO can react with molecular oxygen or superoxide 

to yield NO2 and the highly cytotoxic peroxy nitrite (–ONOO)(Reaction 7), 

respectively. Mitochondria is the primary locus for –ONOO production where it can 

cause oxidation, nitration and nitrosation of critical parts in the mitochondrial matrix, 

L-Arginine + NADPH + O2 
NOS 

L-Citrulline + NADP+ + NO 
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the inner and outer membrane, and thus impairing the mitochondrial function and 

causing apoptosis or necrosis (27).  

 

 

 

(Reaction 7) 

 

 

1.1.2 Lipid peroxidation 

 
The generation of lipid peroxidation is the main pathophysiological effect of 

ROS (28, 29). It is caused by the reaction of radicals with polyunsaturated fatty acids, 

whereby their multiple double bonds get prone to hydrogen abstraction, leaving an 

unpaired electron on the carbon. The carbon-centered radical can then easily react with 

molecular oxygen, yielding a lipid peroxy radical that itself can abstract a hydrogen 

atom from a neighboring polyunsaturated fatty acid, and thus starting a chain reaction 

(Reaction 8)(4). 

 

 

 

 

 

(Reaction 8) 

 

The lipid peroxidation in membranes causes loss of fluidity, decreased 

membrane potential, increase in permeability, and eventually rupture. However, the 

most significant effect of lipid peroxidation is the oxidation of low-density lipoprotein 

particles (LDL), causing the generation of atherosclerotic plaques (28). It has been 

found that even a mild oxidation of LDL can increase the adherence and penetration of 

phagocytotic cells in arterial lesions, consequently stimulating the formation of these 

plaques (30). 

 

 

NO -ONOO O2·- 
NO2 

1/2O2 

LH L· 
Initiation 

O2 

LOO· 
LH 

L· 

LOOH 

Propagation 

  

ROS 
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1.2 SOURCES OF ROS 

 
The aerobic environment is the main source of ROS. Many ROS generating 

reactions are spontaneous, e.g. the formation of superoxide in an electron-rich 

environment. Other ROS generating reactions involve active production by 

flavoenzymes, e.g. xanthine oxidase and NADPH-oxidase, or redox-cycling of 

xenobiotics (31-33). The Endoplasmatic Reticulum is involved in lipid and protein 

synthesis, and also in detoxifications of xenobiotics. This, and oxidation of unsaturated 

fatty acids in the Endoplasmatic Reticulum may produce lipid peroxides, H2O2, and/or 

superoxide (10, 34, 35). Another important source for ROS is the peroxisome (36). 

Here, several peroxisome-specific enzymes produce H2O2, which is involved in 

oxidation and detoxification of substrates by peroxidative reactions through a 

peroxisome-specific catalase (37). The β-oxidation of fatty acids is also carried out in 

the peroxisome, as well as in the mitochondrion (38). Nevertheless, only a very small 

fraction of H2O2 produced in the peroxisome escapes the catalase and the organelle (36, 

39). In addition, ROS can be generated by cellular signaling pathways (e.g., MAPK 

pathways, p53 signaling, etc)(11), which will be discussed below. However, the main 

source of ROS is the mitochondrial respiration. Here, the combination of an electron-

rich environment and aggregation of transition metal proteins makes an ideal ground 

for radical formation (4, 8, 10). In fact, the generation of radicals such as the semi-

ubiquinone radical in the mitochondrial respiratory chain is a normal part of the 

respiratory electron transport (40, 41). Hence, electron leaking is a common event in 

mitochondria and there are several antioxidant systems in mitochondria that protect the 

organelle from the harmful effects of ROS. These include superoxide dismutase (Mn-

SOD), peroxiredoxins (PrxIII), glutaredoxin (Grx), glutathione peroxidase (GPx), and 

the mitochondrial thioredoxin-system (42). The mitochondrial antioxidant systems will 

be discussed later in this thesis. 

 

 

1.3 ROS AND CELLULAR SIGNALING 

 
ROS are not only harmful for the cell, but also participate in several important 

physiological processes. In fact, ROS have been shown to be involved in signaling 

events, playing a crucial role in cell survival as well as cell death. This is clearly 
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concentration dependent; a low dose of ROS promotes cell survival by mitogenic and 

proliferative effects while a high dose leads to cell death, either by direct effects of 

ROS (necrosis) or by its modulation of protein activities (apoptosis)(figure 1)(11, 13, 

43). 

 

 

 

 

 

 

 
Figure 1. Cellular responses of ROS. The response depends on magnitude, kind of 
ROS, duration of the exposure, and cell type. Low doses of ROS (in particular 
H2O2) are generally associated with proliferation and mitogenesis, while high 
doses promote cell death. 
 

Hence, ROS are implicated in modulating transcriptional activity of redox 

sensitive transcription factors and may function as second messengers in signal 

transduction pathways. Below follows the most important redox-regulated signaling 

pathways and factors (summarized in figure 2). 

 

 

1.3.1 Mitogen activated protein kinases (MAPK) 

 

Mitogen activated protein kinases (MAPK) are a large family of kinases that 

include several serin/threonine kinases, which are activated by oxidative stress and are 

involved in an array of cellular processes, such as proliferation, differentiation, and 

apoptosis (44-46). Based on their structure, they are divided into three subfamilies: the 

extracellular signal-regulated kinases (ERK), the c-Jun N-terminal kinases (JNK), and 

the p38 kinases. The ERK pathway is generally linked to proliferation, while the JNK 

and p38 pathways are linked to stress. Therefore, JNK and p38 are often grouped 

together and referred as stress-activated protein kinases (SAPK) (11). Although 

numerous targets of MAPKs have been identified, still little is known about their 

importance in cell survival and proliferation in response to oxidative stress. In addition, 

 

Low dose High dose 

Proliferative 
Mitogenic 

Cell death 

Apoptosis Necrosis 

ROS 
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both pro- and anti-apoptotic properties have been ascribed to several downstream 

targets of MAPKs (e.g c-Jun and p53), further complicating the implication of these 

pathways (47-50). 

 

1.3.1.1 ERK 
 
The ERK pathway is the major pathway through which proliferation signals 

from growth factor membrane receptors are transferred to the nucleus (45, 51). Many 

oxidative stresses such as UV-irradiation, H2O2, and arsenite are known to 

phosphorylate and activate several growth factor receptors, hence substantially 

activating the ERK pathway (11). Activation of ERK by oxidant injury has been shown 

to promote cell survival as well as apoptotic response. What determines whether ERK 

activation leads to cell survival or to cell death is still debated but it is hypothesized that 

a short and transient ERK stimulation promotes survival (52), while a prolonged 

stimulation with a delayed activation of ERK favors apoptosis (53). 

 

1.3.1.2 JNK and p38 (SAPK) 
 

The JNK and p38 pathways are activated by a wide range of stresses, 

including cytokines, radiation, osmotic shock, mechanical injury, heat stress, and 

oxidative damage (11). They are activated by extremely complex pathways involving 

many MAPK kinases (MAPKK) and MAPK kinase kinases (MAPKKK) (46). 

Different MAPKK and MAPKKKs exist for different stimuli, some of which are 

activated by oxidative stress (54). In fact, the apoptosis signal-regulating kinase 1 

(ASK-1), a MAPKKK involved in the activation of both JNK and p38, has been 

shown to bind thioredoxin 1 (Trx1). Under normal redox conditions, Trx1 inhibits 

ASK-1. Under oxidative stress conditions, however, Trx1 dissociates from ASK-1, 

leading to activation of JNK and p38 and is promoting the cell to undergo apoptosis 

(55). It has also been shown that JNK is activated by hydrogen peroxide and/or other 

oxidative stresses. This is thought to be mediated through suppression of several 

phosphatases involved in JNK-inactivation (56-58). Evidence also exist that 

glutathione S-transferase (GST) bind and inactivates JNK under normal conditions, 

while the GST-JNK complex is disrupted by oxidative stress (59). 

In addition to pro-apoptotic effects of JNK activation, it has been suggested 

that JNK participates in pro-survival events upon oxidative injury. The deletion of 

MEKK1, another MAPKKK which inhibits JNK, renders cells extremely sensitive to 
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oxidative stress-induced apoptosis (60). Furthermore, knock down of JNK has also 

been shown to make the cells more prone to undergo apoptosis (61). 

Like JNK, p38 has also been implicated in both pro-survival and pro-apoptotic 

functions (62-64). Exactly which response is favored when is debated, but it has been 

suggested that different oxidants influence p38 differently. For example, singlet oxygen 

induces p38-required apoptosis but not H2O2 (62). 

 

 

1.3.2 p53 

 

The tumor suppressor protein p53 is a transcription factor that is involved in 

regulating growth arrest and cell death in response to genotoxic stress (65, 66). Its 

overexpression suppresses proliferation by p21 induction and arrests the cell cycle 

progression in the G1 phase to allow time for the DNA proofreading machinery to 

work before cell division (67, 68). Thus, p53 is an important anti-tumorgenic factor, 

and is mutated and rendered dysfunctional in most malignant tumors, hence making 

the tumor more aggressive (69, 70). Various oxidative stresses are known to activate 

and overexpress p53, something that is attributed to many chemotherapeutic, non-

DNA damaging, factors (e.g., cytokines). In addition, ROS are generated downstream 

of p53 activation, mediating apoptotic events (58, 71). 

The activation of p53 involves multiple complex phosporylation and 

adenylation steps and its details are still not very well known (65). One way of ROS 

mediated activation could be direct DNA-damage by ROS, leading to overexpression 

of p53. There also exists extensive crosstalk with other signaling pathways activated 

by ROS that increase p53 activation, e.g. by SAPK signaling pathways (mentioned 

above)(72-74) and NFκB dependent upregulation (discussed below)(75). 

Furthermore, ROS can regulate p53 DNA-binding activity by oxidizing functional 

cysteines in its DNA binding domain (76). The p53-mediated apoptosis consists of an 

array of activated target genes acting together in a complex manner. This activation 

also leads to increased ROS production, which in turn further increases the p53 

activation, creating a positive feedback-loop (71, 77). The p53-mediated ROS 

production arises probably through transcriptional regulation of genes involved in 

cellular redox homeostasis, such as manganese superoxide dismutase (Mn-SOD), an 

enzyme involved in radical scavenging that is negatively regulated by p53 (78, 79). 
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1.3.3 NFκB 

 

The nuclear factor κB (NFκB) family of transcription factors regulate many 

genes involved in immune function, cell proliferation, and inflammatory and 

apoptotic processes (80, 81). ROS are believed to be potent activators of NFκB 

activity. Activation of NFκB is triggered by the phosphorylation, release and 

degradation of its inhibitory partner, IκB. This degradation is induced by oxidative 

conditions and prevented by most antioxidants (13, 82-84). The phosphorylation of 

IκB is achieved by numerous kinases, many in crosstalk with pathways known to be 

stimulated by oxidative stress (11). However, NFκB must be in a reduced form to be 

able to bind DNA. Although several oixidants activate NFκB, they inhibit its DNA 

binding activity. It is believed that NFκB activation is achieved in a two-step 

mechanism involving Trx1. Thus, Trx1 can block degradation of IκB, inhibiting 

NFκB activation, but enhance NFκB transcriptional activity in the nucleus (85). 

 

 

1.3.4 Heat shock proteins (Hsp) 

 

Heat shock proteins (Hsp) are a group of related proteins of molecular 

chaperons that aid the assembly, folding, and translocation of other proteins. They are 

transcriptionally activated by oxidative damage of proteins via heat shock 

transcription factor 1 (HSF1). Their activation during oxidative stress is important in 

preventing misfolding and aggregation of proteins, as well as for the refolding and 

removal of damaged proteins (86, 87). Hence, Hsp promote cell survival by 

preventing apoptosis under a variety of stress conditions (87, 88). On the other hand, 

the Hsp response is blocked by antioxidants before heat stress, leading to apoptosis 

(89). Hsp are also involved in carcinogenesis and the chemotherapeutic resistance of 

tumors (90-92) and promote cell survival by inhibiting other apoptotic signaling 

pathways (e.g., JNK pathway)(93-95). 
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1.3.5 JAK/STAT 

 

Cytoplasmic Janus protein tyrosin kinases (JAKs) are involved in several 

signaling pathways associated with survival, proliferation and apoptosis. They 

phosphorylate and thus activate cytokine receptors, as well as members of the signal 

transducers and activators of transcription (STAT) family, which then translocate to the 

nucleus and activate or repress transcription (96). It has been demonstrated that 

hydrogen peroxide can directly activate both JAKs and STATs, and that antioxidants 

inhibit this activation (97). An intricate crosstalk between the JAK/STAT pathway and 

other ROS regulated pathways exist. For example, one target of the JAK/STAT 

pathway is the heat shock protein Hsp70, which has been shown to be activated 

following hydrogen peroxide treatment, in part by enhanced binding of STATs to its 

promoter. This activation is decreased by JAK inhibition (98). 

 

 

1.3.6 AP-1 

 

Activator protein 1 (AP-1) is a dimer of the gene products from the Jun and Fos 

proto-oncogene families, and is involved in cell proliferation, differentiation, and 

cellular stress (99, 100). Its expression is drastically induced by several pro-oxidant 

conditions, such as hydrogen peroxide and UV-irradiation (101, 102). Post-translational 

phosphorylation of the Fos and Jun proteins, by JNK, ERK, and other members of the 

MAPK pathway, increases the DNA-binding activity of AP-1 (103). In addition, the 

DNA-binding activity of AP-1 can be modulated by the redox state of critical 

conserved cysteines located in the DNA-binding region of Fos and Jun. A reduction of 

these cysteines has been shown to increase the DNA-binding of AP-1, which is also 

seen after the addition of antioxidants (104). The thioredoxin system directly increases 

the AP-1 activity. This is achieved by increased expression of the thioredoxin reductase 

(TrxR1) gene upon oxidative stress stimuli. TrxR1 reduces Trx1, which in turn 

translocates to the nucleus by a not fully characterized mechanism (105). Trx1 can 

directly interact with, and reduce, the nuclear signaling protein redox factor-1 (Ref-1), 

which then activates AP-1 in a redox-dependent manner (9, 106, 107). 
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1.3.7 Sp1 

 

Sp1 belongs to the SP-family of transcription factors that bind to GC-boxes, and 

is known to regulate the expression of a very large number of genes, including many 

cell cycle-regulated and housekeeping-type genes (108, 109). Although Sp1 regulates 

many genes, its disruption is non-lethal, and the cell appears to retain normal functions. 

Nevertheless, Sp1 is essential for mouse embryogenesis, since Sp1-knockout mouse 

embryos die at an early stage of the embryogenesis, implying an important role for Sp1 

in differentiation (110). 

Sp1 is susceptible to redox regulation, probably by modulation of redox-

sensitive cysteines in the DNA-binding region. H2O2 has been shown to decrease Sp1 

activity, while the antioxidant Trx1 activates the DNA-binding activity. Interestingly, 

both Trx1 and TrxR1 have Sp1 binding sites in their promoters, possibly allowing them 

to enhances their own expression (111, 112). 

 

 

1.3.8 HIF-1 

 

Hypoxic conditions affect the cellular redox state, and hence the expression of 

redox-regulated genes. Hypoxia leads to the phosphorylation, stabilization and 

activation of hypoxia-inducible factor 1 (HIF-1). HIF-1 is an important transcription 

factor that is involved in increasing O2-delivery by stimulating angiogenesis, and in the 

development of cancer phenotype by giving the tumor cells a survival advantage under 

hypoxic conditions (113-115). HIF-1 is heterodimeric and is composed of HIF-1α 

whose expression is rapidly induced by hypoxia, and HIF-1β (also known as aryl 

hydrocarbon receptor nuclear translocator, ARNT), which is constitutively expressed 

(116). The sensitivity of HIF-1α is regulated by the antioxidant/prooxidant equilibrium 

in the cell. An increased level of reduced glutathione is associated with increased HIF-1 

DNA-binding activity, while increased pro-oxidative conditions block this activity 

(117). 

The thioredoxin system is closely linked to the HIF-1α expression and activity. 

Trx1 overexpression has been shown to, via Ref-1, increase HIF-1α expression and 

DNA-binding activity during both normoxic and hypoxic conditions. Overexpression 

of Trx1 together with Ref-1 drastically increased this DNA-binding activity even more, 
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demonstrating a redox-dependent stabilization and activation of HIF-1α (118, 119). 

Furthermore, impairing TrxR1 activity has been shown to repress HIF-1α expression, 

suggesting a role for the whole thioredoxin system in HIF-1α regulation (120). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 2.  Redox sensitive factors are involved in various signaling pathways regulating the balance 
between proliferative and deleterious cell responses. Toxic concentrations lead to apoptotic or 
necrotic cell death. In more moderate concentrations, different antioxidant enzymes and ROS, in 
particular superoxide or hydrogen peroxide, are capable of complex regulation of several kinases 
involved in signaling pathways, as well as a number of transcription factors. These regulate in turn 
the expression of many genes associated with cell survival, proliferation, differentiation and 
apoptosis. This is further complicated by intricate crosstalk between the pathways and by cell type 
specificity. 
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1.4 MITOCHONDRIA AND ROS GENERATION 

 
 
1.4.1 Mitochondrial function 

 

The Mitochondrion is the energy factory of the cell. In the inner mitochondrial 

membrane exist several multiprotein complexes, which make up the so-called 

mitochondrial respiratory chain (figure 3). This system accepts electrons from 

metabolic processes, such as Krebs citric acid cycle. The electrons pass through the 

complexes to the final electron acceptor, oxygen. This enables the complexes to pump 

protons from the matrix into the intermembrane space, yielding a proton gradient. The 

potential energy built up by the proton gradient is employed by ATP synthase to 

produce ATP. 

Electrons are received to complex I or II from NADH and succinate (from the 

citric acid cycle) respectively, and delivered to the lipid soluble ubiqionone (Q10, 

discussed below), which gets reduced to ubiquinol (121, 122). During this process, 

complex I shuttles four protons from the matrix to the intermembrane space per NADH 

received. From the lipid mobile ubiquinol the electrons are passed to complex III, 

where they are shuttled through several ferroproteins, whereby another four protons are 

transferred to the intermembrane space. The electrons are further passed to another 

mobile link, cytochrome c, which shuttles the electrons to complex IV. Here, the 

electrons are accepted by oxygen that, together with protons from the matrix, yields 

water. For every four reduced cytochrome c molecules accepted, two water molecules 

are produced and four protons pumped to the intermembrane space (123, 124). The 

built up proton-motive force over the membrane drives ATP synthase to produce ATP 

as protons flows passively from the intermembrane space to the matrix through a 

proton pore that it is associated with (125). This process is called oxidative 

phosphorylation. 
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Figure 3. Electron flow and protonpumping in the mitochondrial oxidative 
phosphorylation.  Ubiquinone is illustrated as Q and cytochreome c as Cyt c. 

 

 

1.4.2 Mitochondrial free radical formation 

 
The electron rich environment in the mitochondrial respiratory chain provides 

breeding ground for free radical formation, and hence is a major source of intracellular 

oxidants. The electrons that escape from the transport may reduce O2, generating O2·-, 

the primary ROS. It has been estimated that under normal mitochondrial function 1 – 

4% of oxygen in the mitochondria is reduced by a one-step electron reduction, yielding 

superoxide (126). Superoxide is very unstable and dismutates rapidly by Mn-SOD to 

H2O2, which is membrane permeable. In the presence of transition metals, H2O2 can be 

converted to the highly reactive hydroxyl radical by Fenton chemistry (see above). The 

exact locations for the radical productions are still debated. However, upon inhibiting 

the different complexes of the respiratory chain, different amounts of electrons are 

accumulated on upstream electron transfer sites and different amounts of superoxide 

are generated (127, 128). One site that is probably a major player in ROS formation in 

mitochondria is complex III. Within complex III, electrons are transferred from 

ubiquinol to the Fe-S centers in the Rieske protein that reduces cytochrome c. The 

oxidation of ubiquinol involves one-step electron transfers, yielding a semiquinone 

radical, which can react with oxygen to generate superoxide (122). A drastic elevation 

in ROS production is seen when inhibiting this complex by antimycin A or 
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myxothiazol (129-132). Thus, a dysfunctional respiratory chain involves increased 

ROS production and energy deficiency, and is implicated in several diseases such as 

myopathies and neurodegenerative diseases (133). Aging is also associated with 

elevated ROS-production in the mitochondria, as well as with impairment of 

mitochondrial antioxidant enzymes (134). Increased lipid peroxidation augments 

oxidation of mitochondrial proteins and adds to the oxidative stress effects, creating a 

vicious cycle. Both lower ATP-production by decreased respiratory complex activities, 

and increased ROS-mediated mutations on mtDNA, may accumulate exponentially 

with age (135, 136). 

 

 

1.4.3 Mitochondrial-dependent apoptosis 

 
Apoptosis, or programmed cell death, is a regulated form of self-destruction for 

the cell. In mammals, mitochondria are implicated in the execution of apoptosis by 

increasing the outer mitochondrial membrane (OMM) permeability either by non-

specific OMM rupture, or by formation or opening of specific channels, causing the 

release of several pro-apoptotic proteins from the intermembrane space (137). These 

proteins may act in a caspase-dependent way: i.e. through cytochrome c, or in a 

caspase-independent way: i.e. through apoptosis-inducing factor (AIF). In the caspase-

dependent way, caspases are activated upon different cellular stresses, DNA-damage, 

intracellular calcium increase, or by receptor mediation (137, 138). This triggers a 

cascade of pro-apoptotic signals throughout the cell and translocates the pro-apoptotic 

proteins, such as Bax, Bak, and Bid to the OMM (139). Here, the pro-apoptotic proteins 

cause cytochrome c release by inhibiting anti-apoptotic proteins, such as Bcl-2, and 

increasing the mitochondrial membrane permeability. Cytochrome c activates the 

oligomerisation of the apoptosome complex in the cytosol, which triggers a caspase 

cascade that executes the apoptosis (140). 

As the name implies, the caspase-independent pathway does not rely on 

downstream capsases. The apoptotic stimuli induces the OMM protein AIF to 

translocate to the nucleus where it triggers chromatin condensation and large-scale 

DNA fragmentation, independently of caspase activation (141). 

It is known that an increased ROS formation in mitochondria increases the 

permeability of the OMM through opening of transition pores, resulting in 

depolarization and cytochrome c release. This action of ROS can either be executed 
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through translocation of Bax to the OMM, or through ROS-induced modifications of 

membrane protein thiols to produce cross-linking reactions and to open membrane 

pores upon Ca2+-binding (142). In addition, the opening of the permeability transition 

pores is favored by oxidative stress through oxidation of crucial sulfhydryl groups via 

their reactions with oxidized intracellular glutathione (143). On the other hand, 

mitochondrial disulfide reductases, such as TrxR2 (see below), may rescue the cell 

from apoptosis by preventing this disulfide formation and thus the opening of the 

membrane pores, as well as by inhibiting pro-apoptotic proteins (144). 

 

 

1.5 ANTIOXIDANT SYSTEMS 

 

The cell can employ several defense mechanisms to detoxify ROS and repair 

damage caused by ROS. These are called antioxidant systems and can roughly be 

divided into two categories: non-enzymatic and enzymatic systems. The non-enzymatic 

systems are generally low molecular weight redox-active molecules, while the 

enzymatic ones employ redox-active proteins. Both systems can detoxify ROS by 

shuttling electrons from ROS within them or to harmless substrates. The most 

important antioxidants are discussed below. 

 

 

1.5.1 Non-enzymatic low molecular weight antioxidant systems 

 
The non-enzymatic, or low molecular weight, antioxidants are defined as 

substances of less than 1000 Da molecular weight, which react directly with ROS 

before they can have time to react with other cellular components. This depends on the 

antioxidants reactivity, intracellular concentration, and its interaction with other cellular 

systems. 

 

1.5.1.1 Vitamins 
 

Vitamins are essential dietary components with a ROS scavenging potential and 

biological activity. Vitamin E (alpha-tocopherol) is a lipid soluble molecule. It plays an 

important role in preventing generation of lipid peroxyl radicals in biological 

membranes and thereby protecting from lipid peroxidation (145). Insufficient dietary 
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vitamin E, or disruptions in its uptake or transport have been shown to cause numerous 

conditions with severe lipid peroxidation, resulting in neurologic and cardiovascular 

disorders (146, 147).  

Vitamin C (ascorbic acid) is another redox-active compound that, unlike 

vitamin E, is water-soluble and can scavenge a variety of ROS (148). It also 

participates as a cofactor in several hydroxylation and amidation processes such as in 

the synthesis of collagen, carnitine, noradrenalin and peptide hormones (149). Although 

vitamin C is water-soluble, it is also important in protection from lipid peroxidation. 

This protection is indirect, where vitamin C reduces radicals formed in reactions of 

vitamin E with lipid peroxides. The combination of both vitamins has been shown to be 

important in protection from atherosclerosis in hypercholesterolemic persons (146, 150, 

151). 

 

1.5.1.2 Ubiquinone 
 

Ubiqinone, (Q10, also known as coenzyme Q) is a product of the mevalonate 

pathway and is present in all cell membranes. The highest amounts are found in 

lysosomes, Golgi vesicles and the mitochondrial membranes where it is a part of the 

respiratory chain (152)(see above). It is composed of a redox active quinone ring and 

an isoprenoid side-chain. The number of isoprenoids is species-specific and is reflected 

in the nomenclature. For example, human ubiquinone has 10 isoprenoid units (Q10), 

whereas yeast has 6 (Q6). The reduced form of ubiquinone, ubiquinol (Q10H2) is the 

only known endogenously synthesized lipid-soluble antioxidant, and plays an important 

role in the protection against lipid and protein peroxidation. Its role is both direct, by 

reducing the perferryl radical (Fe3+-O2·-), and a more indirect by reducing and 

regenerating vitamin E (153)(figure 4). Therefore, ubiquinol is considered as an 

extremely efficient antioxidant against radicals produced in biologic membranes (40, 

154). In addition, to the antioxidant properties of Q10, it also participates in several 

biological processes such as in mitochondrial respiration as an electron carrier, 

regulation of mitochondrial permeability pores, and as an extra-mitochondrial electron 

transporter (152). 

To exert its antioxidant function, ubiquinol requires continuous reduction and 

regeneration. This was thought to be achieved mainly by enzymatic systems in 

mitochondrial respiration (155). However, recently several non-mitochondrial systems 

have been identified as highly efficient ubiquinone reducers (156-159). These include 



 

 19 

lipoamide dehydrogenase, thioredoxin reductase and glutathione reductase (figure 4). 

All three enzymes belong to the same family of pyridine nucleotide disulfide 

oxidoreductase and are able to reduce lipoic acid to its antioxidant form, dihydrolipoic 

acid (152).  

 

 

 

 

 

 

 

 

 

Figure 4. Schematic view of the sites of action of ubiquinone on lipid peroxidation (152).   
 

1.5.1.3 Glutathione 
 

With its concentrations in the millimolar range, glutathione (GSH) is the most 

abundant antioxidant in the cell (160). It is a tripeptide consisting of glutamate, cysteine 

and glycine that can scavenge ROS and reduce protein cysteine thiols. The reduction 

yields a glutathione radical (GS·), which readily reacts with another GS· to form GSSG, 

that can in turn be reduced back to two GSH by glutathione reductase (GR)(161). As 

the largest redox buffer in the cell, GSH plays an important role in numerous ROS-

mediated signal transduction pathways and regulation of transcription factor activities, 

implying an important role in cellular proliferation, differentiation, and apoptosis (162-

164). Interestingly, Drosophila melanogaster lacks GR, and the reduction of GSSG is 

solely carried out by the thioredoxin system (selenium-independent)(164). 
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1.5.2 Selenium 

 
Inorganic selenium compounds exist generally as hydrogen selenide (H2Se) or 

as selenium oxides, such as selenite (SeO3
2-). Selenite has rather strong oxidizing 

properties with a high reactivity towards thiols and is thus easily reduced. In the 

organism, selenite is metabolized and reduced to selenide (HSe-), in reactions with 

thioredoxin reductase and glutathione (165-167). The generation of selenide is a key 

step in the formation of selenoproteins. However, selenide is highly reactive and can 

spontaneously oxidize to form superoxide in the presence of molecular oxygen. Thus, 

in higher concentrations, selenide can be very harmful for the cell, causing massive 

oxidative damage, whereas in low doses it functions as an essential trace element and 

part of the antioxidant defense (168, 169)(figure 5). 

 

 

 

 

 

 
Figure 5. Biological effects of selenium at different concentration intervals. 

 

Selenium has similar chemical properties as sulphur, and most organic sulphur 

compounds have a selenium analogue, including the amino acids methionine and 

cysteine. However, compared to cysteine, the selenium analogue selenocysteine (Sec) 

has drastically different chemical properties. Selenols (R-SeH) are much stronger acids 

than thiols. The pKa of the selenol in Sec is typically 5.25, compared to 8.25 in the 

cysteine thiol (170). Thus, at physiological pH Sec is in anionic form, whereas the 

cysteine thiol remains protonated. This gives the Sec a higher reactivity than cysteine at 

physiological pH. 

 

1.5.2.1 Selenoproteins and their synthesis 
 

In the body, selenium is mainly present in form of Sec, and is essential for the 

reducing activities of different selenoproteins. This ascribes for the antioxidant 

properties of selenium in the cell (171). There exist 25 known selenoproteins in 

humans, many of which have not been biochemically characterized yet (172). 
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However, the most important selenoproteins are probably the glutathione peroxidases 

and thioredoxin reductases, which play important roles in the antioxidant defense. 

These two proteins and their subfamilies will be discussed in more depth further on. 

For an effective Sec incorporation into the selenoprotein, there must exist a 

selenocystein insertion sequence (SECIS) in the 3’-untranslated region of the mRNA. 

The SECIS is a stem-loop structure with conserved GA/AG tandem repeats in the core 

of the upper helix. The Sec codon, UGA, which normally is a stop-codon, can in the 

presence of the downstream SECIS-element guide a special selenocysteyl tRNASec and 

be translated to a Sec (172-175). The tRNASec is initially aminocylated with a serine. In 

prokaryotes, a specific enzyme, Sec-synthase, catalyzes the elimination of water from 

the serine and adds selenium in the form of monoselenophosphate (176). The 

eukaryotic equivalent of Sec-synthase has not been described. However, recently a 

phosphoseryl-tRNAsec kinase (PSTK) has been identified in eukaryotes, and is thought 

to play a role in Sec biosynthesis and/or regulation (177). The monoselenophosphate is 

synthesized from selenide and ATP by selenophosphate synthetase in both prokaryotes 

and eukaryotes (176). Another crucial part for Sec insertion is SECIS-binding proteins 

(e.g. SBP, EFSec) that guide the tRNASec to the UGA codon (178, 179). 

 

 

1.5.3 Enzymatic antioxidant systems 

 
Besides the low-molecular weight antioxidant systems, cells have developed 

several enzymatic systems to protect themselves from ROS and to repair damage 

mediated by oxidant stress. These systems, summarized in figure 6, are designated 

enzymatic antioxidant systems and include several selenoproteins. Below follows an 

introduction to these systems, except the thioredoxin system that will be discussed in 

more depth in chapter 1.6 in this thesis. 

 

1.5.3.1 Superoxide dismutase (SOD) 
 

A class of enzymes called superoxide dismutases (SOD) are able to dismutate 

O2·- into H2O2 and O2 (180). In cells, there exists a constitutively expressed SOD that 

utilizes copper or zinc to maintain its catalytic activity, called Cu/Zn-SOD. An 

alternative of this form, containing a heparin-binding domain, can also be exported into 

the extracellular space, and is called EC-SOD (181). In mitochondria, there exists a 
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SOD form with a manganese prosthetic group, designated Mn-SOD (182). The 

expression of Mn-SOD can be induced by oxidative stress, and it plays an important 

role in protecting the mitochondrial macromolecules from electron leakage and the O2·- 

production from the mitochondrial respiration. In contrast to Cu/Zn-SOD, Mn-SOD 

knockout leads to severe cardiomyopathy, hepatic lipid accumulation and early 

neonatal death (183).  

 

1.5.3.2 Catalase 
 

Catalase is a heme protein, predominantly expressed in peroxisomes, but also to 

some extent in the cytosol. It catalyses the decomposition of H2O2 into H2O and O2, 

thereby protecting the cell from the formation of the highly reactive ·OH by the Fenton 

reaction. Catalase is itself protected from oxidative damage having a NADPH molecule 

tightly bound  to each of its four subunits (184, 185). 

 

1.5.3.3 Glutathione peroxidases (GPx) 
 

Glutathione peroxidases (GPx) are selenoenzymes that reduce H2O2 and other 

peroxides by employing GSH as the electron source. There are at least four different 

GPx in mammals termed GPx1-4 (20, 186). GPx1 is the major isoform and is expressed 

in all tissues. It is localized predominantly in the cytosol, but a small proportion (about 

10%) of GPx1 is present in the mitochondrial matrix (187). Given the absence of 

catalase in the mitochondria of most cell types, GPx1 has been thought to play a crucial 

role in the protection against oxidative damage by hydrogen peroxide (188, 189). 

However, homozygous GPx1 knockout mice appear healthy and do not manifest an 

increased sensitivity to hyperoxia or an increased content of protein carbonyl groups or 

lipid peroxides (190). GPx4 is also found in mitochondria and can, unike GPx1, also 

reduce more lipophilic compounds, like phospholipid peroxides. In addition, GPx4 is 

involved in sperm maturation, where it has been shown to be active in early spermatids, 

but later on becomes insoluble, thus working as a structural protein in the mature 

spermatozoa (191). It has also been postulated that GPx4 is involved in spermatid 

chromatin condensation (192), giving GPx4 at least three different roles during sperm 

maturation. GPx2 is mainly expressed in the gastrointestinal tract, while GPx3 (plasma 

GPx) is mostly found in the kidney (20). Interestingly, it has been shown that GPx3 can 

be regenerated by the thioredoxin system and that thioredoxin reductase expression 

resembles that of GPx3 in kidney (193, 194). 
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1.5.3.4 Peroxiredoxins (Prx) 
 

The newly identified peroxiredoxin family of antioxidant enzymes with 

peroxidase activity includes at least six isoforms in mammalian cells (195). Among 

them, PrxIII and PrxV are localized to the mitochondria. Prxs are capable of directly 

reducing and detoxifying H2O2, peroxynitrate, and a wide range of organic 

hydroperoxides (21, 22, 196, 197). Upon reaction with peroxides, the redox-sensitive 

Cys residue of each subunit of the peroxiredoxin homodimer is oxidized to Cys-SOH, 

which then reacts with neighboring Cys-SH of the other subunit to form an 

intramolecular disulfide. This disulfide is reduced and regenerated specifically by 

thioredoxin (198). Prxs are ubiquitously expressed and found in mitochondria, the 

cytosol, peroxisomes, and the nucleus, where they are associated with membranes (21, 

196, 199). Prxs can protect against p53 (200) and H2O2-induced apoptosis by a 

mechanism upstream of Bcl-2 (201), and several Prxs have been found to be 

overexpressed in malignant mesothelioma (202). 

 

1.5.3.5 Glutaredoxins (Grx) 
 

Another part of the antioxidant defense are the glutaredoxins (Grx). They are 

capable of reducing a variety of substrates, such as vitamin C (ascorbic acid) and 

glutathione-mixed protein disulfides, formed during oxidative stress, and protect the 

cell from ROS induced apoptosis (203). Two Grxs have been identified in mammalian 

cells: Grx1 that resides in the cytosol, and Grx2 that exists in separate cellular 

compartments (204). Alternative splicing of Grx2 at the 5’ end of its mRNA can occur. 

This directs the protein either to the mitochondria or, in the absence of the N-terminal 

mitochondrial targeting peptide, to the nucleus (205). In mitochondria, a large number 

of proteins contain reactive thiols that, upon oxidation by GSSG, will form intraprotein 

disulfides. However, a small number reacts rapidly with GSH to form persistent mixed 

disulfides, thereby preventing protein oxidation. Grx2 catalyzes both protein disulfide 

reduction and reversible protein glutathionylation/deglutathionylation over a wide 

range of GSH/GSSG ratios. In mitochondria, Grx2 efficiently catalyzes both 

glutathionylation and deglutathionylation of mitochondrial complex I (206), which in 

turn regulates superoxide production by the complex (207). More importantly, Grx2 

can receive electrons not only from GSH, but also from thioredoxin reductase, 

supporting both monothiol and dithiol reactions (208).  Thus TrxR2 might play an 
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important role not only in H2O2 removal but also in protein 

glutathionylation/deglutathionylation by Grx2 under oxidative stress. Grxs are reduced 

and regenerated by GSH, which in turn relies on glutathione reductase (GR) for its 

reduction (203). Grxs have also been found induced in several cancer cells, and are 

associated with resistance to specific anti-cancer drugs (209, 210). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. The actions of antioxidant enzymes in ROS scavenging. 

 

 

1.5.4 Antioxidant systems in mitochondria 

 
As mentioned earlier, the mitochondria are one of the major sources of 

intracellular ROS, as a consequence of electron leakage from the respiratory chain 

located in the inner mitochondrial membrane. To cope with the increased ROS 

formation, this organelle has employed an array of mitochondria-specific antioxidant 

systems. In addition to the cytosolic forms of antioxidant enzymes, there are several 

isoforms of these enzymes that are specifically directed to the mitochondria. 

Mn-SOD is a specific mitochondrial isoform of the cytosolic Cu/Zn-SOD, 

which dismutates superoxide, that is produced in the matrix or on the matrix-side of the 

inner mitochondrial membrane, to H2O2 (182). The expression of Mn-SOD is induced 

by oxidative activation of the transcription factor NFκB (211, 212). The electron 

transporter cytochrome c in the intermembrane space can also contribute to the 

antioxidant defense by shuttling electrons from superoxide to the terminal oxidase 
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(213). In addition, superoxide can be spontaneously dismutated by the lower pH in the 

intermembrane space (214). 

H2O2, the product of superoxide dismutation and the main precursor of the 

highly reactive hydroxyl radical, is mostly decomposed in the mitochondria by the 

mitochondrial forms of the enzymes GPx (GPx1 and GPx4) (215, 216), Prx (PrxIII and 

PrxV) (21, 196), Grx (Grx2, indirect reduction) (205), as well as the mitochondrial 

thioredoxin system (217). In addition, the Trx-system has been shown to efficiently 

regenerate both GPx and Prx (42). The mitochondrial Trx-system will be discussed in 

detail below. 

In addition to cytochrome c, the other electron carrier, ubiquinol (Q10H2) has a 

detoxifying role against ROS. It is located in the inner mitochondrial membrane and 

can in the presence of succinate reduce a variety of peroxides and thus function as an 

antioxidant (218, 219). The powerful antioxidant vitamin E is also found in the inner 

mitochondrial membrane. Q10H2 and vitamin E together constitute a powerful 

protection against lipid peroxidation of the inner mitochondrial membrane (145, 220).  

 

 

1.5.5 Antioxidant systems and differentiation 

 
The production of ROS is essential for normal embryogenesis. An increase of 

ROS in special cell types mediates apoptosis, which is essential for cell elimination 

during morphogenesis. As discussed earlier, oxidant and antioxidant effects are 

implicated in numerous signaling pathways and transcription factor regulatory events 

involved in proliferation, differentiation and apoptosis. The mechanism behind this is 

very complicated and so far only little is known about how the oxidant/antioxidant 

balance affects cell differentiation. However, it has been postulated that differentiating 

cells possess a less oxidizing, or more reducing environment than differentiated cells, 

which could imply more active antioxidant systems in differentiating cells (221). For 

example, it has been shown that the transcription factor Sp1 is highly active in rat brain 

during embryogenesis compared to aged rats (222, 223). Since Sp1 is inactivated by 

oxidation and activated when reduced, it could be postulated that antioxidant enzymes 

play an important role in the activation of redox-sensitive transcription factors (224). In 

fact, the redox-state of the thioredoxin system is thought to be involved in determining 

the fate of cells during development (225). Knockouts of either thioredoxin or 

thioredoxin reductase have been shown to be embryonically lethal (226, 227). 
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However, the knockout of other antioxidant enzymes, such as SOD (228) or catalase 

(229) does not lead to early embryonic lethality, implying a particular important role 

for the Trx-system in embryogenesis. In addition, several redox-sensitive transcription 

factors are under apparent Trx control, including NFκB and AP-1 (42). As discussed 

earlier, the redox status of Trx can also directly regulate apoptosis by regulating ASK-1 

activity in various cells (55). 

 
 
1.6 THE THIOREDOXIN SYSTEM 

 

Thioredoxin systems are found in all living organisms, from prokaryotes to 

eukaryotes, and are among the most important redox regulating systems in the cell 

(230, 231). They are involved in regulation of numerous processes that are dependent 

on thiol-disulfide interchange and have numerous important functions in antioxidant 

defense. Active reduced thioredoxin (Trx-SH2) can reduce a variety of substrates. In 

this process thioredoxin is oxidized (Trx-S2). It is reduced and regenerated back to its 

active form by the selenoprotein thioredoixn reductase (TrxR) at the expense of 

NADPH. This constitutes the thioredoxin system (232)(figure 7). 

 

 

 
 

Figure 7. The thioredoxin system. 

 

There are several organelle and tissue-specific thioredoxin systems, represented 

by numerous isoforms of Trxs and TrxRs, e.g. cytosolic, Trx1 and TrxR1, and 

mitochondrial, Trx2 and TrxR2. Here follows an introduction on the most important 

members of Trx (figure 8) and TrxR (figures 11 and 12) superfamilies, as well as 

descriptions of some of their organ and tissue specificities. 
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Figure 8. Thioredoxin superfamily. The abbreviationa are: MTS, mitochondrial 
translocation signal; DnaJ, DnaJ domain; PDI, protein disulfide isomerase domain; NDP, 
nucleoside-diphosphate kinase domain. 

 

 

1.6.1 Mammalian thioredoxin isoforms 

 
1.6.1.1 Cytosolic thioredoxin 1 (Trx1) 
 

The mammalian cytosolic thioredoxin 1 (Trx1) is an ubiquitous 12 kDa protein 

containing a characteristic active site sequence WCGPC motif, a so-called thioredoxin 

motif (233). Via the active site cysteines, Trx1 can act as a general protein-disulphide 

reductase, reducing a great variety of enzymes, receptors and transcription factors. Trx1 

was first purified from rat liver in 1972 (234), and has been found since then in several 

species, including human, chicken, bovine and mouse. 

Trx1 expression is induced by various stresses, such as H2O2, phorbol esters, O2, 

hypoxia, viral infections, autoimmune inflammation, infections, UV and X-ray 

irradiations (235-242). Although there are two AP-1 and one NFκB consensus 

sequences in the Trx1 promoter, they do not appear to play a major role in Trx1 

expression. Instead, a novel promoter sequence was found to be involved in the 

oxidative stress induced Trx1 expression. This sequence showed no similarity to other 

known consensus sequences for DNA binding factors and was designated an oxidative 
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responsive element (ORE)(243). In addition, antioxidant and retinoic acid response 

elements have been found in the Trx1 promoter (244, 245). 

Trx1 has many biological activities. It can be secreted by an unknown 

mechanism from the cell and act as a chemotactic agent for monocytes, neutrophils and 

T-lymphocytes. Trx1 has been found to be produced and secreted as a cytokine from T-

cells in leukemia patients (246). The Trx1 mediated chemotaxis is different from other 

known chemokines, employing neither G-protein dependent pathways, nor does it the 

classic Endoplasmatic Reticulum Golgi pathways. However, it requires the presence of 

its redox active site (247-249). 

An important function for Trx1 is its role in antioxidant defense, both by direct 

catalysis of antioxidant reactions, and by regenerating other antioxidant enzymes. In 

fact, Trx1 has been shown to directly reduce the hydroxyl radical and quench singlet 

oxygen (1O2) (250). However, most of the antioxidant functions of Trx1 are exerted 

through the regeneration of peroxiredoxins (Prxs), which can scavenge H2O2 and alkyl 

peroxides (21, 198, 199). Furthermore, the oxidoreductase activity of Trx1 is also 

needed for providing electrons for the catalytic cycles of enzymes involved in 

biosynthetic processes, such as ribonucleotide reductase, sulfate reductase, and 

methionine sulfoxide reductase (251). 

Although Trx1 is primarily a cytosolic protein, it can, upon various oxidative 

stress conditions, translocate into the nucleus. The mechanism behind this translocation 

is not clear. However, it is possible that Trx1 binds to a protein, such as NFkB or redox 

factor-1 (Ref-1), that is transported into the nucleus upon oxidative stress, hence acting 

as a Trx1 carrier across the nuclear membrane (105, 106, 118, 252-254). 

As discussed earlier, a major function for Trx1, either in the cytoplasm and/or 

in the nucleus, is as a regulator of numerous redox-sensitive signal transduction 

pathways and transcription factors. These functions can be assigned to Trx1 both as a 

ROS scavenger and as a protein disulfide reductase. For example, ASK-1, a MAPKKK 

involved in the regulation of JNK and p38, is known to bind Trx1 in a redox dependent 

manner. Trx1 in its reduced form binds and inhibits the kinase activity of ASK-1 and 

the subsequent ASK-1-dependent apoptosis. In its oxidized form, Trx1 cannot bind 

ASK-1 and thus cannot prevent ASK-1-dependent apoptosis (55). This provides a 

means by which the redox environment in the cell may regulate apoptosis. Other 

examples of Trx1 as a redox regulator of cell functions include its ability to regulate the 

DNA-binding activity of several redox sensitive transcription factors, such as NFκB, 
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AP-1, HIF-1, and p53 (85, 106, 120). It has been shown that in the nucleus the activity 

of NFκB is directly dependent on the reducing power of Trx1, while AP-1, HIF-1, and 

p53 are regulated indirectly via Ref-1, which is reduced and activated by Trx1 (106). 

Furthermore, Trx1 is involved in signaling mediated by NO, both indirectly by redox 

regulation of NOS isoenzymes, and directly by becoming itself nitrosylated on the 

structural cysteine 69 that is essential for its redox activity and anti-apoptotic effect 

(255). All these functions give Trx1 a central role in the redox control of cellular 

processes by regulating the transcription of cell-type specific target genes. 

Another role for Trx1 in transcriptional modulation of gene expression is its 

ability to regulate the activities of the glucocorticoid receptor and estrogen receptor 

(ER). These receptors belong to the nuclear receptor superfamily and are sensitive to 

oxidation. The glucocorticoid receptor DNA-binding and hormone-binding activities 

are decreased with increased oxidation. Trx1 has been demonstrated to directly bind to 

the glucocorticoid receptor under such conditions, restoring its hormone-binding and 

DNA-binding activities (252, 256, 257). The transcriptional activity of the estrogen 

receptor is also downregulated in an increasingly oxidative environment (258). Trx1 

restores this activity, further suggesting an important function of Trx1 in the 

modulation of specific gene expressions.  

 

1.6.1.2 Mitochondrial thioredoxin (Trx2) 
 

The mammalian mitochondrial thioredoxin (Trx2) has a 35% sequence 

homology to its cytosolic isoform, Trx1, and shares numerous conserved residues, such 

as the WCGPC active site sequence. It is ubiquitously expressed, but with the highest 

levels in metabolically active tissues, such as stomach, testis, liver, neurons, heart, and 

adrenal gland. A major difference from Trx1 is the presence of a 60-amino acid N-

terminal extension in Trx2. This extension has a characteristic mitochondrial 

translocation signal (MTS), which directs the protein to the mitochondrion. Cleavage at 

a mitochondrial peptidase cleavage site gives a mature protein of 12.2 kDa. Another 

feature of Trx2 is the lack of structural cysteins that are otherwise present in all 

thioredoxins. This renders Trx2 more resistant to inactivation by oxidative stress, as 

compared to Trx1 (259, 260). 

Trx2 is a major player in the mitochondrial antioxidant defense by scavenging 

ROS, either directly or via TrxR2 and PrxIII (217). Additionally, Trx2 is suggested to 

play an important role in the death processes of the cell, regulating both induction and 
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inhibition of apoptosis. It has been demonstrated that, upon downregulation of Trx2, 

the mitochondrial membrane potential (ΔΨm) decreases and the mitochondrial 

membrane permeability increases, resulting in the release of cytochrome c, activation 

of caspases and execution of apoptosis (260, 261). It could be possible that Trx2 

directly redox-regulates OMM pores, hence regulating the cytochrome c release and 

apoptosis. As previously mentioned, mitochondria are major sources of intracellular 

ROS, and Trx2 is believed to play an important ROS-detoxifying role in mitochondria. 

It does so by preventing apoptosis mediated by ROS, produced either from electron 

leakage from the respiratory chain or from upstream signaling events. In fact, Trx2 has 

been shown to specifically scavenge ROS produced by TNFα signaling and block 

downstream NFκB activation and apoptosis (262). Furthermore, Trx2 has been 

demonstrated to be essential for embryogenesis as knock-out mouse embryos display 

massive apoptosis and die around the time of maturation of mitochondria and the 

beginning of oxidative phosphorylation. Additionally, embryonic fibroblasts cultured 

from homozygous Trx2-null embryos were not viable (263). However, recent findings 

have suggested the Trx2 modulation of apoptosis to be independent of its active site 

cysteines, presumably by a cysteine-independent regulation of upstream anti-apoptotic 

proteins, such as Bcl-xL (144). 

 

 

1.6.2 Other isoforms of thioredoxins 

 
Recently, several other isoforms of thioredoxins have been characterized 

showing a distinct subcellular or tissue specific expression pattern. Some of these are 

described below. 

 

1.6.2.1 ERdj5 
 

ERdj5 is a ubiquitous protein that resides in the Endoplasmatic Reticulum. It is 

comprised of a DnaJ domain, functioning as a co-chaperone for Hsp70, three protein 

disulfide isomerase (PDI) domains, responsible for disulfide bonding within the 

endoplasmatic reticulum, and a Trx domain. An Endoplasmatic Reticulum stress 

element (ERSE) is present in the 5’-UTR of ERdj5, suggesting its expression to be 

regulated by Endoplasmatic Reticulum stress. In fact, the transcriptional activation of 

ERdj5 is induced by known potentiators of the unfolded protein response (UPR), such 
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as tunicamycin and DTT, suggesting a role for ERdj5 in protein folding and 

translocation across the Endoplasmatic Reticulum membrane (264). 

 

1.6.2.2 Thioredoxin-like protein (Txl) 
 

The thioredoxin-like 1 (Txl-1) protein belongs to the family of thioredoxins and 

contains a 105 amino acid N-terminal domain, homologous to other mammalian Trxs, 

with a GCGPC active site, and a 184 amino acid C-terminal domain of unknown 

function. Txl-1 is found ubiquitously expressed in human tissues with the highest 

expression in testis, stomach, and the central nervous system. The function of Txl-1 is 

not well characterized. However, although Txl-1 has been found inactive in the insulin 

reduction assay (265), a recent study demonstrated Txl-1 to be a substrate for TrxR1 

and to be involved in the response to glucose deprivation (266).  

A second thioredoxin-like protein, Txl-2, exists with the highest expression in 

the lung and sperm. It consists also of two distinct domains: a N-terminal domain 

containing a typical Trx active site, and a C-terminal domain belonging to the 

nucleoside diphosphate (NDP) kinase family. However, Txl-2 lacks both disulfide 

reducing ability and NDP kinase activity. Instead, it has been shown to bind 

microtubule, and thus might have a structural stabilizing function (267). 

 

1.6.2.3 Sperm specific Trxs (Sptrx) 
 

Two isoforms of Trx are tissue specific to sperm, Sptrx-1 and Sptrx-2, and are 

are highly expressed during sperm maturation (268). Both proteins consist of two 

distinct domains. Sptrx-1 has a N-terminal domain of 23 highly conserved repetitions 

of a 15-residue motif, and a C-terminal thioredoxin domain. Sptrx-2 has the thioredoxin 

domain located to the N-terminus, while the C-terminal domain contains three putative 

NDP kinase domains. Sptrx-1 is active in the insulin reduction assay. However, 

compared to Trx1, Sptrx-1 is more effective when is oxidized. Sptrx-1 behaves as an 

oxidant in the presence of selenite but not in the presence of glutathione as an electron 

acceptor. This could suggest a role for Sptrx-1 in the development of spermatids and 

spermatozoa by stabilizing structures through disulfide cross-linking. In contrast to 

Sptrx-1, Sptrx-2 cannot function as a reducer of insulin disulfides in the presence of 

TrxR1 and NADPH. Sptrx2 is expressed as a structural component during 

spermatogenesis, from the pachytene spermatocytes stage onwards (267, 269, 270). 

There is a third Sptrx, Sptrx-3. It shows close homology to Trx1 with a RCGPC active 
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site sequence, but its expression is also limited to the sperm. Although little is known 

about Sptrx-3, it is apparently located to the Golgi apparatus of pachytene 

spermatocytes and overexpressed in diverse testis and sperm pathologies (271). 

  

 

1.6.3 Mammalian thioredoxin reductase isoforms 

 
The classical mammalian thioredoxin reductases (TrxRs) belong to the 

nucleotide disulfide oxidoreductase family that includes glutathione reductase (GR), 

lipoamide dehydrogenase and mercuric ion reductase (272). TrxRs are homodimeric 

selenoproteins with each subunit containing a FAD and a NADPH binding domain. 

The active site (CVNVGC) is conserved between TrxRs and GR, with the exception 

that in TrxRs a penultimate C-terminal selenocystein (Sec) from the adjacent subunit, 

encoded by an UGA-codon in the presence of a 3’-UTR SECIS element, also is a part 

of the active site (figure 9). 

 

 

 

 

 

 

 

 
Figure 9. Model of mammalian TrxR. The NADPH, FAD and the interface 
domain of each subunit are illustrated. The active site cysteines are represented 
as black circles and the selenocyteines as white circles. 

 

Using NADPH, the enzyme-bound FAD gets reduced, enabling electron 

transport to the active site cysteine disulfides that form a dithiol with a FAD-thiolate 

charge transfer complex. The N-terminal redox active site sequence then reduces the 

C-terminal redox active Sec-Cys pair of the adjacent subunit (273-275). The reduced 

highly reactive selenothiol in the active site allows TrxRs not only to reduce Trx, but 

also numerous other substrates (42)(figure 10). However, most, if not all, of the 

functions of Trx depend on the activity of TrxR. Replacing the Sec residue with a 

cysteine renders TrxR virtually inactive (274). 
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Figure 10. The active site mechanism of TrxR. 
 

In mammalian cells, there are three TrxR genes, a cytoplasmic (TrxR1), a 

mitochondrial (TrxR2), and a testis-specific form, thioredoxin and glutathione 

reductase (TGR)(figure 11). 

 

 

 

 

 

 

 

 

Figure 11. Mammalian TrxR isoforms. 
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1.6.3.1 Cytosolic thioredoxin reductase (TrxR1) 
 

The mammalian cytosolic thioredoxin reductase (TrxR1, or TrxR1a) is the 

classical and best characterized form of TrxR. It is ubiquitously expressed in all tissues, 

with the highest expression in liver and kidney, and the lowest in testis (194). The 

regulation of TrxR1 transcription and translation is highly complex. It is transcribed 

from a housekeeping-type promotor with binding sites for Sp1, Sp3, and Oct1 

transcription factors, and it has several AU-rich elements (AREs) in the 3’-UTR. AREs 

are typically found in mRNA of genes that have a rapid posttranscriptional up- or 

downregulation in response to various signaling events (276, 277). In addition, 

selenium has a positive effect on TrxR1 transcription, which may be due to increased 

selenocysteine production, a process that needs active TrxR1 to convert selenite to the 

active form selenide (165, 278). 

TrxR1 has wide substrate specificity, and apart from reducing thioredoxins it 

can reduce proteins such as protein-disufide isomerase and GPx3, as well as low 

molecular weight compounds such as dehydroascorbic acid, lipoic acid, ubiquinone, 

lipid hydroperoxides, selenite and selenocysteine (42, 159). It can cleave S-

nitrosoglutathione (GSNO) to glutathione and NO and scavenge peroxynitrite (42, 

274). TrxR1 therefore plays a major role in antioxidant defense, not only by directly 

detoxifying ROS, but also by regenerating diverse antioxidant systems. 

Like Trx1, TrxR1 is also involved in regulating transcription factors, such as 

p53, HIF-1, AP-1, and NFκB. It has been shown that p53 and HIF-1 function is 

impaired by inhibiting TrxR1 activity through covalent modifications of the Sec-

residue by electrophilic lipids, such as prostaglandins and estrone-quinone (120, 279). 

The AP-1 activitity can also be regulated in a redox-dependent manner by TrxR1 via 

the reduction of Ref-1 and Trx1 (107). In addition, TrxR1 has been shown to be 

involved in promoting cell death effects of combined interferon and retinoic acid by 

activation of p53-mediated gene expression (280-283). The tumor necrosis factor alpha 

(TNFα) has also been shown to increase NFκB activity via upregulation of TrxR1 

expression (284). Recently, TrxR1 was suggested to be involved in cellular 

differentiation (Paper III, IV), as well as in rapid cell death in A549 lung carcinoma 

cells provoked by selenium-compromised TrxR1 (285). 

There are as many as 21 potential 5’-alternative splice forms of TrxR1. 

However, the actual translation results in only at least three different proteins, TrxR1a 

(the classical cytosolic TrxR1 form), TrxR1b (also known as KM-102-derived 
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reductase-like factor, KDRF)(286), and glutaredoxin thioredoxin reductase (Grx-TR) 

(figure 12)(287, 288). TrxR1b has a 52 amino acid N-terminal extension, which 

includes a LXXLL motif, a so-called nuclear receptor-binding motif (NR-box). This 

suggests that this form interacts with nuclear receptors in a co-regulatory way. In fact, a 

recent report shows that TrxR1b can directly interact with estrogen receptors (ERs) and 

thus regulating the transactivation function of ER at AP-1 sites. This process causes an 

intranuclear localization of TrxR1b (289). 

Grx-TR has a 150 amino acid N-terminal extension, containing a conserved Grx 

domain, although with an inactive Grx CXXC active site. This form was found 

expressed in the testis of humans, dogs, and chimpanzees, but not in rats and mice (287, 

288). Although the function of Grx-TR is not clear, its presence could suggest a link 

between TrxR1 oxidoreductase activity and more specialized cellular redox functions, 

possibly involving the testis specific thioredoxins. Taken together, the examples 

presented here imply many important roles for TrxR1, alone and/or through 

thioredoxin, in various cellular responses, mediated through various upstream or 

downstream transcriptional pathways. 

 

 

 

 

 

 

 

Figure 12. Three alternative 5’-splice variants of TrxR1. 
 

1.6.3.2 Mitochondrial thioredoxin reductase (TrxR2) 
 

The mitochondrial thioredoxin reductase (TrxR2) is translocated to the 

mitochondrion by a mitochondrial translocation sequence (MTS). It shows high 

sequence homology to TrxR1. It has FAD and NADPH binding domains, a conserved 

CVNVGC active site, and a penultimate Sec residue, giving it similar biochemical 

properties to TrxR1. TrxR2 has been shown to reduce Trx, as well as chemically 

unrelated compounds such as 5,5’-dithiobis (2-nitrobenzoic acid), selenite, and alloxan. 

Furthermore, TrxR2 activity is efficiently suppressed by classical inhibitors of TrxRs 

such as 1-chloro-2,4-dinitrobenzene (CDNB)(217, 290). 
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The biological activitiy of TrxR2 is much less characterized than of the 

cytosolic TrxR1. However, TrxR2 is becoming increasingly recognized as an important 

protein in maintaining mitochondrial redox homeostasis. TrxR2 has a clear antioxidant 

property in the mitochondria. It is a key enzyme in removing ROS generated in the 

mitochondria, either directly, or by reducing Trx2, which in turn reduces PrxIII that can 

scavenge ROS (217). In fact, the activity of PrxIII has been shown to be directly 

dependent on TrxR2 activity (291). In addition, a role for TrxR2 in 

glutathionylation/deglutathionylaytion in mitochondria is supported by its reduction of 

Grx2 (208). Active TrxR2 is also implemented in protecting the cell from apoptosis by 

maintaining mitochondrial membrane permeability, probably by keeping membrane 

pore thiols in a reduced state (292). This effect could possibly be modulated through 

Trx2. In addition, TrxR2 directly interacts with cytochrome c and rescues the 

mitochondria from complex III dysfunctions (paper II), implying an important role for 

TrxR2 in sustaining a functional respiratory electron transport. Furthermore, TrxR2 has 

been demonstrated to be involved in the regulation of cell proliferation. Overexpression 

of a dominant negative mutant of TrxR2 caused increased H2O2 production, as well as 

increased tyrosine phosphorylation in response to epidermal growth factor treatment. 

This also resulted in increased rate of progression of G1 to S phase in the cell cycle, 

apparently by affecting the expression of numerous proteins involved in cell cycle 

control (293). Furthermore, TrxR2 seems to have a role in embryonic development and 

hematopoiesis, as conditional TrxR2 knock-out mouse embryos develop severe heart 

defects and anemia (294). 

Several splice variants of TrxR2 have also been reported (295, 296). Although 

most of them are not yet well characterized, it has been suggested that some may 

regulate TrxR2 expression, activity and its mitochondrial translocation. In fact, several 

alternative splice variants lack a mitochondrial leader sequence, suggesting an 

unknown role for TrxR2 in the cytosol and adds to its functional complexity (297). 

 

 

1.6.3.3 Thioredoxin and glutathione reductase (TGR) 
 

The selenoprotein TGR is a fusion between a N-terminal Grx domain and a 

typical TrxR domain.  It has specificities for both the thioredoxin and the glutathione 

systems, thus being able to reduce Trx, GSSG, and GSH-linked disulphides in vitro. 

This wide substrate specificity is thought to be mediated through the movement of the 
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C-terminal GSH-like Sec-containing tetrapeptide (GCUG). TGR is predominantly 

found in testes, where it is assumed to be involved in the reduction of the testis specific 

thioredoxins (see above) and sperm maturation (268, 298, 299). However, additional 

roles for TGR remain to be characterized. 

 

 

1.6.4 Thioredoxin system and pathophysiology 

 
The function of the thioredoxin system as a major antioxidant system is of clear 

beneficial value for the organism. Nevertheless, both Trx and TrxR have numerous 

deleterious roles in pathological conditions. 

 

1.6.4.1 Tumors 
 

The antioxidant function of the thioredoxin system is generally regarded as a 

tumor-preventing system. This also applies to its role in signaling processes and the 

regulation of transcription factors, such as p53 and NFκB (see above) that are involved 

in tumor prevention and immune response, respectively. However, the thioredoxin 

system can also promote tumorgenesis. As mentioned previously, extracellular reduced 

Trx1 (ADF) can act as an autocrine growth factor in various tumor diseases (246). 

Thus, quantitative analyses of plasma Trx1 concentrations may be important in the 

detection and monitoring of tumor disease. Established tumors may benefit from the 

Trx system in many additional ways. They are dependent on the critical supply of 

deoxyribonucleotides, provided by an active Trx system (300). Secreted reduced Trx 

protects from extracellular NK-lysin (a pore forming peptide secreted from natural 

killer cells), from TNFα-dependent cytotoxicity and from respiratory bursts of immune 

cells (301, 302). Additionally, numerous tumors show an overexpression of TrxRs, 

which is a logical consequence of increased metabolism and thus an increased need for 

detoxification of metabolic byproducts. However, TrxRs also play a more direct role in 

tumorgenesis. In addition to its antioxidant functions, TrxR may activate pro-survival 

signaling pathways, e.g. via AP-1 activation or NFκB inhibition, and promote redox-

dependent cell cycle progression (303-306). As a consequence, TrxRs are prime targets 

for anticancer agents. Since TrxR could cause resistance to chemotherapeutic oxidative 

stress inducers, it is critical to inhibit TrxR redox activity. In fact, several 
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chemotherapeutic agents are effective TrxR inhibitors such as carmustine, fotemustine, 

and cisplatin (306). 

 

1.6.4.2 Autoimmune diseases 
 

Sjögren’s syndrome, a chronic systemic inflammatory disorder associated with 

Epstein-Barr virus infection, and rheumatoid arthritis, a common chronic disease 

characterized by symmetrical inflammations in peripheral joints, are two inflammatory 

diseases that have been associated with increased Trx1 and TrxR1 levels (307, 308). In 

addition to its growth factor properties, it is believed that reduced extracellular Trx1 

can enhance interleukin-1 activity, an inflammation mediator, thus contributing to the 

severity of the inflammation (309). In addition, inhibiting TrxR with different gold 

compounds that covalently modify the selenol-containing residues is widely and 

effectively used in treating rheumatoid arthritis (310, 311). 

 

1.6.4.3 HIV infection 
 

It has been reported that HIV-infected patients display an increased plasma 

level of Trx1 but decreased selenium status in correlation with the disease progression. 

The mechanism behind this is not known, but might involve an oxidant-stress-induced 

displacement of selenium from TrxR1. The elevated Trx1 level in AIDS patients is 

used as an important marker for the stage of the disease (306, 312, 313). 
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2 AIMS OF THE STUDY 
 

The thioredoxin system with its potent redox reactivity is not only a major 

player in antioxidant defense, but is also involved in various complex cellular signaling 

pathways and the regulation of different transcription factors, as well as in pathological 

conditions. The importance of this system is reflected in its conservation, from 

prokaryotes to eukaryotes, and in the organelle- and tissue-specific variants of the 

thioredoxin system. Thus, its implications are vast and it is of great interest to 

understand this system in all its complexity. The work that this thesis comprises aimed 

to add to the immense work of characterizing cellular functions of isoforms of 

thioredoxin reductases. 

 

The specific aims were: 

I. To examine wether ubiquinone is a novel substrate for TrxR1 and to 

characterize its reduction by TrxR1 (paper I). 

II. To examine wether cytochrome c is a novel substrate for TrxR2 and to 

characterize the implication of this finding with regard to mitochondrial 

respiratory chain dysfunctions (paper II). 

III. To characterize human stable cell lines overexpressing TrxR1 or TrxR2 

with respect to cell growth and differentiation (paper III). 

IV. To identify genes, whose expression is associated with TrxR1a and TrxR1b 

overexpression (paper IV). 
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3 RESULTS AND DISCUSSION 
 

The results upon which this thesis is based are fully presented and discussed in 

papers I – IV. The following section contains a short presentation of the results from 

each paper and a general discussion. 

 

 

3.1 PAPER I 

 

In the first paper we identified mammalian TrxR1 as a major reducer of 

ubiquinone (Q10). Surprisingly TrxR1 was able to reduce Q10 at higher rates than the 

other known Q10 reducing enzymes, lipoamid dehydrogenase and glutathione reductase. 

This reduction was time- and dose-dependent, and had a sharp physiological pH 

optimum at around 7.5. In addition, the reduction of Q10 by TrxR1 was apparently 

strongly selenium-dependent. Almost no reduction of Q10 was seen when TrxRs lacking 

selenocystein was used. By incubating HEK-293 cells overexpressing TrxR1 with 

selenite, we also saw that the increase of TrxR1 activity in homogenates was 

accompanied by an increase in reduction of ubiquinone. In conclusion, these results 

suggest TrxR1 to be a major reducer of Q10 in a selenium-dependent manner, and may 

provide a link between selenium and Q10 in protecting plasma membranes from lipid 

peroxidation. 

 

 

3.2 PAPER II 

 

To study the biological significance of mitochondrial TrxR2, we established 

HEK-293 cell lines overexpressing the protein by stable transfection. We saw a 

cytoprotecting effect of TrxR2 in cells treated with the mitochondrial respiratory chain 

(MRC) complex III inhibitors, antimycin A and myxothiazol. The activity of TrxR2 

was proved crucial for the protection against complex III dysfunction, by specific 

inhibition of TrxR2 using 1-chloro-2,4-dinitrobenzene (CDNB), an alkylator of the 

active site Sec. CDNB abolished the resistance to complex III inhibition. The 

cytoprotective effect of TrxR2 activity upon complex III inhibition could be ascribed to 
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its antioxidant effects, scavenging the elevated ROS upon MRC dysfunctions, or a 

more direct interaction with the members of the MRC. Indeed, in this study we saw a 

novel strong reduction of cytochrome c by active TrxR2 in vitro, using either NADPH 

or NADH as cofactors. This could imply a bypassing mechanism of electron transport 

upon MRC dysfunction, using TrxR2 as an electron carrier. 

 

 

3.3 PAPER III 

 

The complex selenium incorporation machinery has been an obstacle in 

constructing mammalian cell lines that stably overexpress selenoproteins. In the third 

paper, we characterized the HEK-293 cells made to stably overexpress TrxR1 or 

TrxR2. We saw that selenium supplementation increased the activity rather than the 

protein amount of TrxRs, and that overexpression of TrxR1 downregulated the 

expression and activity of the endogenous selenoprotein GPx. We also saw that the 

TrxR-overexpressing cells grew slower over a wide range of selenium concentrations, 

an effect which could not be correlated to increased apoptosis nor to increased 

oxidative levels. The most surprising finding was that both TrxR1 and TrxR2 

overexpressing cells showed an increased expression of markers associated with 

differentiation, suggesting a role for TrxRs in differentiation. 

 

 

3.4 PAPER IV 

 
The increased differentiation level observed in TrxR-overexpressing HEK-293 

cells in paper III prompted us to study this phenomenon more in depth. To this end, we 

employed a gene profiling approach. We saw a marked differentiential expression of 

numerous genes associated with differentiation, adhesion, and tumorgenesis in HEK-

293 cells overexpressing the classical cytosolic form TrxR1a and its splice variant 

TrxR1b, compared to control cells. In addition, we observed a different expression 

pattern of various genes when comparing the TrxR1a overexpressing cells to the ones 

overexpressing TrxR1b. Interestingly, when inducing the human neuroblastoma cell 

line SH-SY5Y to undergo differentiation, we saw an increase of both TrxR1a and 

TrxR1b in an early stage of neuritic differentiation, that preceded the onset of the genes 
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associated with differentiation seen regulated by TrxR1a or TrxR1b overexpression. In 

conclusion, this suggests TrxRs to play an important role in cellular differentiation and 

emphasizes the need to distinguish between the TrxR1 splice variants in gene silencing 

and knock-out experimental approaches.  
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4 GENERAL DISCUSSION AND FUTURE 
PERSPECTIVES 

 
The regulation of the cellular redox environment is critical for proper cell 

function. In this respect, the balance between oxidant and antioxidant systems is of 

significant importance. Although oxygen is essential for metabolic processes it also 

poses a constant threat. Incomplete reduction of oxygen yields harmful free radicals 

and other ROS, which may react with, and damage biomolecules. To overcome this 

oxidative stress, the cell has evolved several antioxidant systems that can scavenge 

ROS or repair damage inflicted by ROS, thus allowing an important level of 

intracellular redox regulation. Many proteins are activated by oxidation, while others 

are inactivated. In fact, there are numerous redox-regulated signaling pathways 

involved in regulating processes, such as proliferation, differentiation, and cell death. In 

addition, an immense crosstalk exists between these pathways, ascribing an intricate 

complexity to redox-dependent signaling. The thioredoxin system is one of the most 

important systems regulating the intracellular (and intraorganelle) redox homeostasis. 

In this thesis, studies to functionally characterize different TrxRs are presented. 

We show that TrxR1 is a very potent reducer of ubiquinone (Q10). This reduction was 

strongly dependent on the selenium containing form of TrxR1, supporting the findings 

that selenium deficiency decreases the Q10 and vitamin E concentrations (314-316). 

Thus, a selenocysteine-saturated TrxR1 is apparently necessary for proper Q10 

reduction, and thereby for proper vitamin E regeneration. This puts forward a novel 

link between selenium and Q10 in the antioxidant defense of lipid membranes. 

There exist an exclusive and complete thioredoxin system in the mitochondria. 

Since mitochondria, with their respiratory chain (MRC), are major sites for ROS 

production, it is thought that the major function of the mitochondrial thioredoxin 

system is to contribute to antioxidant defense in this organelle. Recently, mechanisms 

by which this system may play a more direct role in regulating mitochondrial functions 

have been proposed. It has been shown that the mitochondrial thioredoxin system is 

involved in regulating mitochondrial membrane potential, modulating apoptosis, and 

has been proposed to directly interact with members of the MRC. In this thesis, we 

show that TrxR2 can directly reduce cytochrome c, an important member of the MRC. 

This seems to render the cells more resistant to inhibitors of complex III, proposing a 

mechanism by which electrons could bypass this complex via TrxR2. This effect could 
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be of importance in understanding diseases characterized by a decreased activity of 

complex III such as several myopathies and encelopathies (317, 318). However, it 

remains to be characterized to what extent the beneficial role of TrxR2 may play in 

these diseases, and to what extent the complex-bypassing role and/or its antioxidant 

role (either by itself or with Trx2 and PrxIII) should be accredited. 

The incorporation of selenium into selenoproteins has been an obstacle in 

successful recombinant and stable expression of those proteins. Nevertheless, using the 

pIRES-vector system, we managed to establish HEK-293 cells that overexpress TrxR1 

or TrxR2 by stable transfections. These stable cell lines became powerful tools 

reflected throughout this thesis. One of the most striking effects of TrxR 

overexpression in these cells is the apparent induction of differentiative properties. 

Several classical markers of epithelial differentiation were expressed, as well as genes 

associated with adhesion and tumorgenesis. Interestingly, TrxR expression is highest in 

the early onset of differentiation and precedes the expression of other genes related to 

differentiation, thus suggesting a role for TrxRs in the early stages of differentiation. 

One of the numeous TrxR1 splice variants, TrxR1b, has a N-terminal LXXLL motif (a 

so-called NR-box), suggesting this form to interact with nuclear receptors. 

Overexpression of TrxR1b resulted in a similar pattern of expression of genes 

associated with differentiation as for TrxR1a. However, some genes showed an altered 

or opposite regulation between the two variants, implying a distinct role for the 

alternative N-terminus of TrxR1b. Distinguishing between the TrxR1a and TrxR1b 

splice forms may provide insights into the mechanisms by which TrxRs work, and is of 

importance when considering experiments using TrxR1 knockdowns or knockouts. 

Recently TrxR1b was found to interact with estrogen receptors, as well as to be 

imported into the nucleus by an unknown mechanism (289). The implication of this 

finding on estrogen signaling, and other possible interactions with nuclear receptors 

remains to be characterized. 

Although it is known that TrxRs do regulate several signaling pathways and 

transcription factors, much work remains in order to elucidate the role of TrxRs in the 

observed differentiative potential, and future work involves correlating TrxR activity 

with its role in differentiation. This would employ selenium supplementation, 

mutations of the TrxR Sec residue, as well as the implications of specific TrxR 

inhibitors. In conclusion, the obvious finding that TrxRs are implicated in 

differentiation opens new doors in elucidating the mechanisms of redox processes as 

such, as well as their roles in tumorgenesis, cell adhesion, and proliferation. 
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5 CONCLUSIONS 
 
 
5.1 PAPER I 

 
• TrxR1 was able to reduce ubiquinone to ubiquinol using either NADPH or 

NADH as a cofactor. 

• This reduction was selenium dependent, as non sec-containing forms of TrxR 

could not reduce Q10. 

• In vitro studies were confirmed using homogenates from TrxR1 overexpressing 

HEK-293 cells, which also showed an increased, selenium dependent Q10 

reduction rate compared to control cells. 

 

 

5.2 PAPER II 

 
• Mitochondrial extracts from HEK-293 cells stably overexpressing TrxR2 

showed a 7-fold increase in TrxR-activity compared to control cells. This 

activity could be elevated by selenium supplementation. 

• TrxR2 is a potent reducer of cytochrome c. 

• TrxR2 protects HEK-293 cells against the cytotoxic effects of the chemicals 

antimycin A and myxothiazol that inhibit the activity of complex III in the 

respiratory chain. 

 

 

5.3 PAPER III 

 
• Active, selenium-containing TrxR1 and TrxR2 were overexpressed in HEK-293 

cells. 

• In HEK-293 cells overexpressing TrxR1 and TrxR2, the activity of TrxRs 

rather than the protein amount, could be elevated by selenium 

supplementations. 

• Overexpression of TrxR1 resulted in downregulation of the endogenous 

selenoprotein GPx. 
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• TrxR1 and TrxR2 overexpressing cells grew slower than control cells over a 

wide range of selenium concentrations. 

• TrxR1 and TrxR2 overexpression induced expression of markers associated 

with differentiation. 

 

 

5.4 PAPER IV 

 
• Overexpression of TrxR1a or of its splice variant, TrxR1b, resulted in 

differential expression of several genes associated with differentiation, 

adhesion, and tumorgenesis. 

• TrxR1a or TrxR1b expression preceded the expression of genes associated with 

differentiation. 

• Several genes showed an altered or opposite regulation by TrxR1a compared to 

TrxR1b. 
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