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RESEARCH SUMMARY 
 

The thioredoxin and the glutathione systems are important thiol redox regulating networks. The 
mitochondrial thioredoxin system is composed by NADPH, thioredoxin reductase 2 (TrxR2) and thioredoxin 
2 (Trx2) that, in turn, can reduce peroxiredoxin 3 (Prx3) which has a hydroperoxide scavenging activity. 

Cyclophilin D (CypD) is a small protein of the mitochondrial matrix having a crucial role in the control of the 
mitochondrial membrane permeability transition. CypD activity and redox state were found to be subjected 
to thioredoxin system-mediated reduction in both isolated rat heart mitochondria and in human cell lines. 
Furthermore, CypD interaction with Trx2 and Prx3 was observed with both the co-immunoprecipitation 
technique and with a molecular docking prediction. Thus, CypD can be redox modulated by the 
mitochondrial thioredoxin system. 

 The thiol redox regulating systems, especially TrxR2, are often overexpressed in cancer cells to counteract 
the increased ROS level due to cancer progression. Therefore, the search for specific TrxR2 inhibitors is a 
possible new anticancer strategy. Several novel compounds, obtained in the frame of different 
international collaborations, were studied. In particular, a new Au(III) complex bearing a bidentate N-donor 
ligand, various cyclometalated 2,6-diphenylpyridine Au(III) complexes and a series of mono and bis N-
heterocyclic carbene Au(I) complexes were synthesized and were found to inhibit selectively thioredoxin 
reductase, disrupting the overall cellular redox homeostasis in human ovarian cancer cell lines. 
Afterwards, a class of non-gold based metallodrugs, derived from tamoxifen and called tamoxifen-like 
metallocifens (TLMs), were studied. Interestingly, TLMs act as pro-drugs. In fact, upon enzymatic oxidation, 
they can be transformed into new oxidized derivatives endowed with remarkable TrxR2 inhibitory 
properties. In the lymphoblastoid cell line Jurkat, TLMs-mediated TrxR2 inhibition stimulated Trx2 
oxidation, ROS production and intrinsic apoptotic pathway activation. 

The effects of TrxR2 genetic depletion was also investigated in different cancer cell lines utilizing the 
Crispr/Cas9 method. Notably, an inverse correlation between TrxR2 protein level and cellular ROS 
production was observed, indicating the strong pro-oxidizing condition derived from TrxR2 depletion. 

Then, the research was focused on glutaredoxin 2 (Grx2). Grx2 was reported to link the thioredoxin and the 
glutathione systems, but its specific role in redox signaling events is unclear. Grx2 catalyzes protein de-
glutathionylations and can also coordinate an iron-sulfur cluster, forming dimers. Grx2 monomeric and 
dimeric state was analyzed upon HeLa cells treatment with different oxidizing conditions. Grx2 stayed 
principally as an inactive dimer, while it dissociated, and its activity was stimulated specifically in the 
mitochondrial compartment, only upon the combined hindering of both the glutathione and the 
thioredoxin systems. A large increase of free iron ions in the mitochondrial matrix, induction of lipid 
peroxidation and decrease of the mitochondrial membrane potential were also observed, indicating that 
Grx2 monomerization implied the release of the iron-sulfur cluster. 

In collaboration with Prof. A. Holmgren’s group at the Karolinska Institutet, the role of Grx2 in mitochondria 
has been further studied in a murine model knockout for Grx2 in mitochondria (mGrx2 KO). The overall 
redox state of mitochondria isolated from different organs of WT or mGrx2 KO mice at three months of age 
was assessed and interestingly it was not affected from Grx2 deletion. However, a significant increase of 
mitochondrial ROS production was noted in the liver associated to a decrease of the mitochondrial 
respiratory capacity, to a reduction of the mitochondrial membrane potential and to an increased 
sensitivity to calcium ions. Altogether, these results suggest that Grx2 deletion in mouse mitochondria 
affects mainly the mitochondrial functioning in the liver. 
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SOMMARIO DELLA RICERCA 
 

I sistemi della tioredossina e del glutatione sono importanti nella regolazione redox cellulare. Il sistema 
tioredossinico mitocondriale è composto da NADPH, tioredossina reduttasi 2 (TrxR2) e tioredossina 2 (Trx2) 
che, a sua volta, può ridurre la perossiredossina 3 (Prx3) la quale detossifica dagli idroperossidi. 

La ciclofilina D (CypD) è una proteina di matrice mitocondriale che ha un ruolo cruciale nel controllo della 
transizione di permeabilità di membrana mitocondriale. È stato visto che l'attività e lo stato redox di CypD 
sono soggetti a riduzione mediata dal sistema tioredossinico sia in mitocondri isolati che in linee cellulari 
umane. Inoltre, l'interazione di CypD con Trx2 e Prx3 è stata osservata sia tramite co-immunoprecipitazione 
che con una molecular docking prediction. Pertanto, CypD viene regolata redox dal sistema tioredossinico 
mitocondriale. 

 I sistemi di regolazione redox, e specialmente la TrxR2, sono spesso sovraespressi in cellule tumorali per 
contrastare l'aumento dei ROS causato dalla progressione tumorale. Pertanto, la ricerca di inibitori specifici 
della TrxR2 è una possibile strategia antitumorale. Sono stati studiati diversi nuovi composti nell’ambito di 
varie collaborazioni internazionali. In particolare, un complesso di oro(III) recante un ligando N-bidentato, 
vari complessi 2,6-difenilpiridinici di oro(III) e una serie di complessi carbenici di oro(I) sono stati sintetizzati 
e si sono rivelati in grado di inibire selettivamente la tioredossina reduttasi in linee cellulari tumorali 
ovariche, alterando l’intero equilibrio redox cellulare. In seguito sono stati studiati una classe di composti 
metallorganici derivati dal tamoxifene denominati tamoxifen-like metallocifens (TLMs). I TLMs sono pro-
farmaci. Infatti, tramite ossidazione enzimatica, possono essere trasformati in derivati dotati di notevoli 
proprietà inibitorie sulla TrxR2. Nella linea cellulare linfoblastoide Jurkat, l'inibizione di TrxR2 indotta dai 
TLMs porta all'ossidazione di Trx2, alla produzione di ROS e all'attivazione della via apoptotica intrinseca. 

Utilizzando il metodo Crispr/Cas9, sono stati anche studiati gli effetti della deplezione genetica di TrxR2 in 
diverse linee cellulari tumorali. Nei cloni knockdown per TrxR2 è stata osservata una correlazione inversa 
tra il livello di TrxR2 e la produzione di ROS. Ciò indica la forte condizione pro-ossidante derivante dalla 
mancanza di TrxR2. 

Successivamente la ricerca si è focalizzata sulla glutaredossina 2 (Grx2). La Grx2 collega i sistemi 
tioredossinico e del glutatione, ma il suo ruolo specifico nella segnalazione redox non è stato ancora 
chiarito. Grx2 catalizza processi di de-glutationilazione e può anche coordinare un centro ferro-zolfo, 
formando dimeri inattivi. Per prima cosa lo stato monomerico e dimerico di Grx2 è stato analizzato a 
seguito del trattamento di cellule HeLa con differenti condizioni ossidanti. Grx2 è stata osservata 
principalmente come dimero inattivo, mentre può dissociare ed attivarsi specificatamente nel 
compartimento mitocondriale, solo in seguito all’inibizione di entrambi i sistemi tiolici. Ciò porta ad un 
aumento del ferro labile nella matrice mitocondriale e conseguenti perossidazione lipidica e diminuzione 
del potenziale di membrana mitocondriale. 

In collaborazione con il gruppo del Prof. A. Holmgren presso il Karolinska Institutet, il ruolo di Grx2 nei 
mitocondri è stato ulteriormente studiato in un modello murino knockout per Grx2 nel comparto 
mitocondriale (mGrx2 KO). Lo stato redox di mitocondri deficitari di Grx2 non è stato trovato alterato nei 
diversi organi isolati da animali mGrx2 KO a tre mesi di età. Tuttavia, a livello epatico, sono stati osservati 
un aumento significativo della produzione mitocondriale di ROS, una diminuzione della capacità 
respiratoria e del potenziale di membrana mitocondriale associati ad una maggiore sensibilità degli stessi 
mitocondri agli ioni calcio. Complessivamente, questi risultati suggeriscono che, nel modello murino, il 
fegato è il principale organo affetto dalla delezione mitocondriale di Grx2. 
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1. Introduction        
 

 

 

 

 

1.1 ROS, oxidative stress and redox signaling 

 

1.1.1 Reactive oxygen species: general introduction 

 

ROS, acronym of reactive oxygen species, indicates a group of 

moieties deriving from dioxygen (O2) reduction. Of note, O2 

can accept only one electron at a time and thus its complete 

reduction to water requires different consecutive steps with 

the formation of reactive intermediates. In Fig. 1 the scheme 

of generation of the various ROS species is reported. In 

general, ROS can be divided into two major subgroups: 

radicals (superoxide anion, hydroxyl radical and perhydroxyl 

radical) that are highly reactive, and non-radicals (hydrogen 

peroxide and peroxides) which are more stable. In addition, 

ROS comprise singlet oxygen that is an excited form of 

dioxygen and which is formed, for instance, in the 

photodynamic process. ROS are generally endowed with a 

high reactivity. In the biological context, all the cellular components namely lipids, proteins, sugars and 

nucleic acids can be affected and stably modified by these species. The effects of these modifications might 

be deleterious since they can affect DNA replication, membrane composition, enzymatic activities and key 

biochemical processes. Thus, all aerobic organisms that rely on O2 consumption for their metabolism and 

energy production have to face ROS species and need to control their amount to avoid cell damage.  
 

1.1.2 Significance of ROS in the cell 

 

The excessive increase of ROS in cells is known as oxidative stress, which has been defined as a 

‘‘disturbance in the prooxidant-antioxidant balance in favor of the former’’.1 However, in the last decades, 

many growth factors and hormones were shown to induce transient intracellular increases of hydrogen 

peroxide (H2O2) as a consequence of their signaling cascade. Platelet-derived growth factor,2 epidermal 

growth factor,3 vascular endothelial growth factor (VEGF),4 tumor necrosis factor alfa (TNF-⍺),5 and insulin6
 

are the most prominent examples but also some neurotransmitters and cytokines are able to generate 

localized intracellular H2O2 fluxes.7
 Therefore, ROS are not only deleterious species for the cell, but they can 

also be involved in signaling processes, known as redox signaling, that are essentially mediated by H2O2.
8, 9 

It is important to underline that, in oxidative stress conditions, there is an uncontrolled and permanent 

increase of ROS which eventually damage cell components. Instead, in redox signaling events, the ROS 

production is transient, localized and limited to H2O2. Like other second messengers, H2O2 needs specific 

targets to evoke a peculiar response to the initial stimulus. In addition, the modification must be reversible 

in order to control the signal transduction. In redox signaling, it is largely recognized that H2O2 reacts 

specifically with protein thiols, with the generation of sulfenic acid as shown in the following equation:  

R-S- + H2O2 → R-S-OH + OH- 

Fig. 1 ROS generation chain. 

1 



 10 

This reaction is very fast since it is not kinetically hindered and in line with the velocity of a signaling 

event.10 Cell thiols were found to undergo continuous oxidation at a rate of about 0.5% of the total thiol 

pool per minute.11 The oxidation of thiols by H2O2 has been known for a long time.12 However, not all 

protein thiols, namely all the cysteine residues (Cys), present the same rate of reaction. Indeed, Cys show 

different reactivities according to the protein structure, hydrophobicity, and electronic environment.10 To 

reach high rate constants, the Cys needs to be in the nucleophilic dissociated form (thiolate). Next to basic 

amino acids, Cyst become extremely reactive at physiological pH, due to a lowering of their pKa from 

typically eight to five/seven.13 It is interesting to note that the number of proteins containing at least one 

Cys increases along with evolution, indicating a development of signaling and regulatory functions of this 

amino acid.14 

In comparison with other ROS species, H2O2 is relatively stable. Of note, H2O2 is able to cross cell 

membranes through channels called aquaporins diffusing into the cell environment to target the reactive 

Cys of the effector protein.8, 15 Consequently, H2O2 can be very selective in targeting certain protein Cys 

transiently generating sulfenic groups. Once oxidized, sulfenic cysteines can react with another protein 

thiol forming an intra- or inter-protein disulfide bond or can undergo glutathionylation through the 

formation of a disulfide bridge with glutathione (GSH). These bonds affect protein conformation and/or 

activity. Single Cys redox reactivity is 

not limited to H2O2 interaction. In 

fact, they can also be nitrosylated by 

nitric oxide (NO), acylated by acetyl-

CoA, sulfhydrated by sulfidric acid, 

they can form thiolhemiacetals in the 

presence of aldehydes or they can 

coordinate iron-sulfur (Fe-S) 

clusters.16, 17 Protein CoAlation is 

emerging as a novel post 

translational redox modification and 

consists in the Cys derivatization 

mediated by coenzyme A (CoA). Recent findings suggest that the amount of CoAlated proteins could be 

influenced by nutrient availability.18
 Each thiol modification can change the protein function through three 

different mechanisms: by alkylating Cys in the active site, by influencing its interactions with other 

macromolecules and by modulating the enzymatic activity through modification of allosteric Cys.11 Fig. 2 

shows the major Cys modifications occurring in proteins and the functions that can be affected by these 

derivatizations. Of note, different modifications can occur concomitantly on various Cys residues present 

on the same protein for a fine modulation of its function. 

Together with reactive Cys, selenocysteines (Sec) are also highly reactive towards H2O2. Indeed, Sec possess 

a pKa around 5 that enables them to easily dissociate at physiological pH conferring high reactivity with 

H2O2. Moreover, their catalytic efficiency is higher with respect to Cys.19 Table 1 highlights the principal 

differences between Cys and Sec. Sec is considered the 21st protein amino acid and it is generated by the 

post-translational modification of the protein mediated by a complex machinery which incorporates a 

selenium atom into a serine.20, 21 In the human genome only 25 selenoproteins are present and many of 

them have a role in the control of cellular redox regulation.22, 23  

 

 
 

Fig. 2 Principal Cys redox modifications and functions modulated by 
alterations of protein thiol redox state. 
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Table 1: Properties of the amino acids cysteine and selenocysteine (adapted from24) 

 Cysteine Selenocysteine 

pKa 8.3 5.2 

redox potential -233 mV -488 mV 

codons UGU and UGC UGA + hairpin structure 

 

1.1.3 Redox regulated proteins 

In the last decades, thanks to the “omics” approach, many proteins subjected to redox regulation have 

been identified. Recognized targets of H2O2 include transcription factors, molecular chaperones, 

peptidases, metabolic enzymes, protein kinases and phosphatases and many others.10 

Focusing on the mitochondrial compartment, many redox regulated proteins have been identified. For 

instance, superoxide dismutase 1 (SOD1 or Cu/Zn SOD), the cytosolic isoform of the protein that is also 

present in the mitochondrial intermembrane space, was reported to be activated by low concentrations of 

H2O2 through the oxidation of two Cys present in its active site.25 In addition, the small mitochondrial 

peptidyl prolyl cis-trans isomerase cyclophilin D (CypD) was reported to be a redox sensor. Indeed, CypD 

was shown to be nitrosylated on Cys203 and this modification was hypothesized to inhibit the opening of 

the permeability transition pore.26, 27 This hypothesis was confirmed by the observation that mouse liver 

mitochondria expressing the CypD mutant Cys203Ser were insensitive to Ca2+ induced mitochondrial 

permeability transition.28 Also FoF1-ATP synthase is sensitive to ROS. In particular, oxidation of certain Cys in 

Fo subunit resulted in complete and reversible uncoupling in bovine heart mitochondria.29, 30 In addition, 

Wang and colleagues found that Cys294 in the ATPα subunit of FoF1-ATP synthase can form an 

intermolecular disulfide bond with Cys103 of the ATPγ subunit in canine heart. However, these two Cys are 

located in distant positions in the assembled complex suggesting that these residue may bind only in 

misfolded/aggregated enzymes.27, 31 Cys294 was also reported to undergo nitrosylation and 

glutathionylation.31 Via quantitative proteomics, an increased Cys oxidation was reported in murine 

cardiomyocytes, during ischemia and reperfusion, at several subunits of FoF1-ATP synthase, including in the 

CyPD binding site indicating a pathophysiological relevance of specific Cys redox modifications which can 

cause profound conformational changes of FoF1-ATP synthase complex leading to modulation of its 

activity.32 Moreover, FoF1-ATP synthase is activated by deacetylation mediated by sirtuin 3 (Sirt3). ROS can 

modulate Sirt3 expression and in turn FoF1-ATP synthase activity.33
 

 

Since many cellular proteins are subjected to redox modulation of their activity, during evolution, a 

complex network of proteins able to produce and to remove ROS, enabling a controlled redox regulation, 

have been developed by the cell. In the next two paragraphs the cellular ROS sources and scavengers are 

presented with a focus on the thiol scavenging systems. 
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1.2 Cellular sources of ROS  

The major cellular ROS generators are NADPH oxidases and mitochondria. However, many other sources 

are present such as xanthine oxidase, lipoxygenases, cyclooxygenases, D-amino acid oxidase, cytochromes 

P450, peroxisomes, ER-stress and many others (Fig. 3).34-41  

Fig. 3 Cellular sources of ROS. In the 
cytosol ROS are produced by: NADPH 
oxidase, proline dehydrogenase (Proline 
DH), lipoxygenase, xanthine oxidase, D-
amino acid oxidase (D-aa oxidase), 
peroxisomal fatty acid oxidation, 
cytochrome P450 (Cyt P450), sulfhydryl 
oxidases (SOX), endoplasmatic reticulum 
stress (ER) cyclooxygenases (COX), 
superoxide dismutase 1 (Cu/Zn SOD). In 
mitochondria the ROS generators are: 
complex I (I), complex II (II), complex III 
(III) of the respiratory chain, coenzyme Q 
(Q), pyruvate dehydrogenase (PDH), 
mitochondrial glycerophosphate 
dehydrogenase (mGPDH), electron 
transfer flavoprotein (ETF), alfa-
ketoglutharate dehydrogenases (α-
KGDH), dihydroorotate dehydrogenase 
(DHODH), aconitase, superoxide 
dismutase 2 (MnSOD), protein p66-Shc, 
cytochrome b5 oxidase (Cyt b5 oxidase), 

monoamine oxidase (MAO). PM: plasma membrane, OMM: outer mitochondrial membrane, IMM: inner mitochondrial membrane. 
The arrows indicate the direction of ROS production. 

 

1.2.1 NADPH oxidase 

NADPH oxidase is a multimeric protein complex initially discovered in phagocytic cells such as neutrophils 

and macrophages. It is responsible for the so called “respiratory burst” an oxygen-consuming process that 

produces ROS against invading pathogens.42-44
 Phagocytic NADPH oxidase is formed by a catalytic subunit, 

gp91phox that, along with the p22phox subunit, forms a heterodimer called Nox2, associated to the plasma 

membrane.42, 43 The complex has many cytosolic regulatory subunits such as p47phox, p67phox, and the 

small GTPases Rac1 or Rac2 which are necessary for its activation. In the catalytic process, two heme-

groups of gp91phox transfer the electrons from NADPH, through the flavin prosthetic group, to oxygen, 

generating superoxide anion (O2
•-). Other non-phagocytic oxidases are Nox1, Nox3, Nox4, Nox5 and the 

dual oxidases Duox1 and Duox2.45 The latter two oxidases are found mainly in the thyroid gland. The non-

phagocytic NADPH oxidases can be activated by the regulatory subunits or by calcium ions as in the case of 

Nox5 and Duox1/2.46 Therefore, NADPH oxidases offer the unique ability of forming ROS upon specific 

stimuli in a highly regulated manner, as required in signaling processes, by rapidly generating low 

concentrations of O2
•-, and easily stopping when the complex gets degraded.47 NADPH oxidases have been 

associated with cell survival, proliferation, differentiation and migration signaling.43, 48 NADPH oxidase is not 

only localized on the plasma membrane, as specific isoforms are also found in endoplasmic reticulum (ER), 

nucleus, and mitochondria46, 49 and might be associated to different redox signaling pathways. 
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1.2.2 Mitochondria 

Mitochondrial respiration produces a large amount of ROS through the electron leakage from the 

respiratory chain especially from complex I and III.50, 51 In fact, 2% of oxygen gets transformed into O2
•-,52 

which is then rapidly dismuted by MnSOD to H2O2.53 However, mitochondrial ROS are not only a by-product 

of the electron transport chain. On the contrary, they are actively produced by many enzymes as 

summarized in Fig. 3. In the inner mitochondrial membrane, glycerolphosphate dehydrogenase (m-GPDH) 

and dihydroorotate dehydrogenase generate H2O2 and O2
•- both directed towards the cytosol, 54, 55 instead 

electron transfer flavoprotein (ETF) and alfa-ketoglutarate dehydrogenase (α-KGDH) produce ROS 

principally addressed to the mitochondrial matrix. 56, 57 In the outer mitochondrial membrane two other 

sources of ROS have been identified, cytochrome b5 reductase58 and monoamine oxidase.59 In the 

intermembrane space, H2O2 is generated also by p66Shc, an apoptosis and lifespan regulator.8 Finally, in the 

matrix, aconitase utilizes H2O2 to form hydroxyl radicals.60 

Cardiolipin, the principal component of the mitochondrial inner membrane, is affected by ROS and its 

peroxidation leads to the release of cytochrome c (Cyt c).61 Of note, it is Cyt c itself that catalyzes H2O2-

dependent cardiolipin peroxidation which, in turn, facilitates its detachment from the outer surface of the 

inner mitochondrial membrane.62 As apparent, in mitochondria many ROS sources are present. Moreover, 

a specific isoform of NADPH oxidase, Nox4, presents also a mitochondrial localization63 and it was shown to 

affect the thiol redox state of many mitochondrial proteins such as adenine nucleotide translocase, key 

components of the respiratory chain and enzymes of the Krebs cycle.64 These findings lead to the 

conclusion that probably thiol redox regulation needs to be tightly controlled in this subcellular organelle. 

In addition, the spread of ROS towards opposite directions across mitochondrial membranes suggests 

different targets that are for the great majority largely unknown. 

 

1.3 Thiol redox regulating systems 

In order to balance ROS concentration, together with ROS producers, multiple scavenging systems are 

present in the cell. These systems are both enzymatic and non-enzymatic. The non-enzymatic ones are 

principally the vitamins α-tocopherol and ascorbic acid, which are lipophilic and hydrophilic, respectively. 

However, the main actors for the control of the cellular ROS balance are the antioxidant enzymes. As 

already mentioned in the previous paragraph, SODs are present both in the cytosol and in mitochondria to 

transform the reactive O2
•- in H2O2.53 Once H2O2 is formed, it gets detoxified principally by catalase and by 

two enzymatic thiol redox regulating systems namely the thioredoxin and the glutathione systems. Catalase 

decomposes H2O2 to water utilizing a heme prosthetic group, and presents mainly a peroxisomal 

localization while it shows a low expression in mitochondria.65 

The thioredoxin and the glutathione systems are present both in the cytosolic and in the mitochondrial 

compartments and both receive reducing equivalents from NADPH (Fig. 4). NADP+ is reduced by the 

pentose phosphate pathway in the cytosol and by the nicotinamide nucleotide transhydrogenase in 

mitochondria.10.In addition, glutamate and isocitrate dehydrogenases utilize both NAD+ and NADP+ for the 

oxidation of their substrates, providing a further source of NADPH.66 The NADPH/NADP+ ratio is 

fundamental to maintain these systems active. Consequently, strong oxidizing conditions cannot be 

managed by the cell. This concept further supports the idea that these systems are principally involved in 

signaling events more than in simple scavenging pathways.  
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Fig. 4 Cytosolic and mitochondrial thiol redox regulating systems. 

 

The thioredoxin system 

The mammalian thioredoxin system consists of NADPH, thioredoxin reductase (TrxR), and thioredoxin (Trx) 

(Fig. 4). The cytosolic and the mitochondrial systems are formed by different isoenzymes encoded by genes 

located in separate chromosomes.10, 67 In particular, human cytosolic thioredoxin reductase, also known as 

thioredoxin reductase 1 (TrxR1) is encoded by TXNRD1 gene located on chromosomes 12q23.3 and 

cytosolic thioredoxin, thioredoxin 1 (Trx1) by TXN gene on chromosome 9q31.3. On the other hand, the 

mitochondrial protein isoforms namely thioredoxin reductase 2 (TrxR2) and thioredoxin 2 (Trx2) have both 

their genes set on chromosome 22 (22q11.21 for TXNRD2 and 22q12.3 for TXN2). The Trx system is mainly 

devoted to the transfer of electrons to peroxiredoxins (Prxs) for their antioxidant activity. However, the 

cytosolic and the mitochondrial thioredoxin systems possess other functions and targets which are 

discussed thoroughly in the next subparagraphs. Together with TrxR1 and TrxR2, thioredoxin glutathione 

reductase (TGR), encoded by the TXNRD3 gene (chr 3q21.3), is another member of the family possessing 

both glutathione and glutaredoxin reductase activity.68, 69 This enzyme is expressed only in early spermatids 

while it is absent in mature sperm and its expression is highly tissue-specific.70 

1.3.1.1 Thioredoxin reductases 

Mammalian cytosolic and mitochondrial thioredoxin reductases are selenium-containing homodimeric 

flavoproteins constituted by two subunits of 55-56 kDa. 

TrxR1 was first purified by Arne Holmgren in 1977 from calf liver and thymus,71 whereas mitochondrial 

thioredoxin reductase, TrxR2, was isolated for the first time twenty years later by Rigobello et al. from rat 

liver mitochondria.72
 TrxR2 gene localization and complete sequence have been reported later in 1999.73, 74 

Both protein isoforms were found to possess several splicing variants and to have a large sequence 

homology.75
 TrxR2 holds 36 additional amino acids at the N-terminus, which are necessary for the 

mitochondrial targeting. Interestingly, TrxR1 was detected also in the mitochondrial intermembrane space, 

where it probably counteracts the activation of Cu/Zn SOD.76 TrxR monomers are composed by a NADPH 

binding site, a FAD prosthetic group, a dimerization domain, and two catalytic sites localized at the N- and 

C- termini.77 The crystal structure of TrxR1 and of the human thioredoxin reductase-thioredoxin complex, 
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obtained by two different groups, were crucial for the 

clarification of TrxR catalytic mechanism and of the 

interaction with its substrate, thioredoxin, as reported in 

Fig. 5.78, 79 A Cys-Val-Asn-Val-Gly-Cys motif, characterized by 

the presence of two active Cys, is present at the N-

terminus, whereas the second active site, constituted by a 

Sec/Cys couple, is set on a protein flexible arm at the C-

terminus. The two monomers of TrxR are associated in a 

head-to-tail fashion in order to make the first catalytic site 

of one subunit interact with the second active site of the 

other monomer (Fig. 6). From NADPH, the reducing 

equivalents are shuttled through the FAD prosthetic group 

to the first catalytic site of one TrxR subunit and then to the 

second catalytic center on the other subunit. Finally, the second active site is responsible for thioredoxin 

reduction. As shown in Fig. 5, the flexible arm, endowed with the second active site (Cys/Sec couple), is 

solvent exposed and is crucial for the interaction with thioredoxin. The Sec residue has a fundamental 

catalytic function. Indeed, the recombinant enzyme lacking Sec was shown to dramatically decrease the 

catalytic rate.80 The cytosolic and the mitochondrial TrxRs are very similar in their structure as reported by 

Biterova et al.
81 However, Cys483, which is highly conserved in the interface domain of both TrxRs, was 

found to form an intersubunit disulfide bond only in the mitochondrial enzyme.81 Moreover, several amino 

acids around the active site were reported to be different between the two TrxR isoforms indicating a 

possible impact on the enzymatic activity. Interestingly, the two TrxRs display different sensitivities to 

calcium ions. In fact, the cytosolic isoform is inhibited by Ca2+ in the nanomolar range of concentrations and 

undergoes conformational changes, whereas the mitochondrial TrxR is hardly affected.82 Their different 

sensitivities could be due to their distinctive sequences with TrxR1 being more acidic than TrxR2 and, since 

mitochondria are known to accumulate calcium, suggests a possible physiological significance. In addition, 

Rackham et al. outlined that TrxR2 possesses a stronger affinity for its native substrate Trx2 with respect to 

TrxR1 for Trx1, and its catalytic efficiency is higher at pH 8, a more basic value in comparison to TrxR1.83 

This finding may reflect the adaptation of TrxR2 to the pH of the mitochondrial matrix which is generally 

higher in comparison to the cytosolic one that is usually set around 7.4. Except from their principal 

substrate, TrxRs can also reduce other targets, including selenite, tellurite, lipoic acid, lipid hydroperoxides, 

dehydroascorbic acid, tocopherol, ubiquinone and enzymes such as glutaredoxins (Grxs) and protein-

disulfide isomerase (PDI).75, 84-86 Of note, the affinity of TrxR2 for these other substrates is generally 

significantly lower than the observed affinity of TrxR1.83  

In order to study the significance of the two TrxRs in vivo, mouse models knockout (KO) for either TrxR1 or 

TrxR2 were generated. In both cases, embryonic lethality was observed indicating that the proteins are 

essential for the development of embryos. Of note, TrxR1 expression is essential during embryogenesis in 

most tissues except for the heart,87, 88 while TrxR2 is crucial in particular for hematopoiesis and heart 

function.89 Conditional TrxR1 KO in neurons led to cerebellar hypoplasia and severe ataxia in mice, whereas 

TrxR2 deletion did not.90 Interestingly, the phenotype was not due to the lack of TrxR1 in neurons 

themselves but from the fact that glial cells became unable to support the proliferation of neurons upon 

TrxR1 depletion. Accordingly, a Pro190Leu mutant form of TrxR1, that lowers its enzymatic activity, was 

reported to induce epilepsy in humans suggesting a prominent role of TrxR1 in the central nervous 

system.91 Liver specific conditional deletion of TrxR1 in mice increased the expression of the glutathione 

system improving the overall ROS scavenging capacity of the liver and preventing acetaminophen induced 

Fig. 5 Structure of the human TrxR-Trx complex 
from ref.79 The interaction occurs between the 
Cys32 of Trx and the second catalytic site of TrxR. 
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acute hepatotoxicity.92 However, the lack of TrxR1 was shown to induce glycogen accumulation in the liver 

and strong Nrf2 activation leading to hepatomegaly.93  

Regarding the mitochondrial enzyme, heart specific conditional deletion of TrxR2 in mice was reported to 

induce systolic dysfunction, fractional shortening and reduction of ejection fraction due to cellular stress in 

aged KO hearts.94 Thus, TrxR2 is essential in protecting from age-related functional cardiac decline. Of note, 

Sibbing et al. identified three patients diagnosed with dilated cardiomyopathy to be heterozygous carriers 

of mutations in TrxR2 gene that led to a decrease in TrxR2 enzymatic activity.95 The conditional TrxR2 

deletion in CD4 and CD19 positive T- and B-lymphocytes showed no particular phenotype96 while deletion 

of TrxR1 prevented the expansion specifically of CD4 and CD8 negative thymocytes.97 Moreover, the same 

authors found that TrxR1 is necessary for the expansion of activated T-cells upon viral or parasite infection. 

Conditional TrxR2 KO in vascular endothelial cells resulted in enhanced intravascular cell deposition and 

microthrombi formation upon femoral artery ligation in mice.98 In chondrocytes, lack of TrxR2, achieved 

through shRNA depletion, promoted cell proliferation and stimulated the expression of extracellular matrix 

genes indicating a key role of TrxR2 also in cartilage homeostasis.99  

Therefore, TrxR1 and TrxR2 depletion in mice determines markedly different phenotypes with tissue or 

organ specific effects, suggesting peculiar functions of the two TrxRs in the various tissues. Of note, the 

complete absence of TrxR2 in seven consanguineous individuals affected by familiar glucocorticoid 

deficiency has been reported.100 The lack of TrxR2 in humans causes a late onset adrenal insufficiency due 

to increased oxidative stress in mitochondria which impedes steroidogenesis. Thus, TrxR2 deficiency is not 

embryonically lethal in humans as for mice. In addition, any of the patients lacking TrxR2, presented 

cardiomyopathy as it was expected from the dramatic phenotype of heart-specific TrxR2 KO mice, 

highlighting substantial differences among species. Interestingly, upregulation of TrxR2 has also been 

correlated with longer lifespan from the observation of its higher expression and activity in long-lived 

animals.101 

 

 
 

Fig. 6 Cartoon of the homodimeric structure of TrxR adapted from Ref.317 Red arrows indicate the electron flow throughout the 
system. (C = cysteine; U = Selenocysteine; è = electron) 
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1.3.1.2 Thioredoxins 

 

Thioredoxin was initially discovered as a cofactor of ribonucleotide reductase in E. coli and is evolutionally 

highly conserved.102 Both cytosolic (Trx1) and mitochondrial (Trx2) thioredoxins are small proteins of about 

12 kDa that consist of a central β-sheet core surrounded by four α-helices, and are endowed with the 

conserved active site Cys-Gly-Pro-Cys.67 Once reduced by TrxRs, the main function of thioredoxins is the the 

regeneration of antioxidant enzymes via reduction of disulfide bridges. The catalytic site, also known as 

cysteine box or thioredoxin fold (Cys-X-X-Cys), is formed by a couple of Cys, is highly conserved and is 

present also in other enzymes of the thioredoxin family which includes Grxs, Prxs, PDI, glutathione 

peroxidases (GPxs), glutathione S-transferases (GSTs) and chloride channels.103
 

In human Trx1, the two active-site cysteines are Cys32 and Cys35. The residue at position 32 has a low pka 

and it is called attacking cysteine since it is the one forming a mixed disulfide with the target protein, 

whereas Cys35 is implicated in the subsequent reduction of this disulfide bond and for this reason is called 

resolving cysteine. In addition to the two Cys of the active site, Trx1 presents other three cysteines in its 

sequence namely Cys62, Cys69 and Cys73. Through the modification of these residues the activity of Trx1 

can be modulated.104 Trx1 has been found to directly reduce hydroxyl radical and quench singlet oxygen.105 

However, the antioxidant function of Trx1 is mainly achieved through the regeneration of peroxiredoxins 

(Prxs), which can directly scavenge H2O2.106 

As already mentioned, Trx1 is able to provide reducing equivalents to ribonucleotide reductase but it was 

also shown to be a cofactor of other enzymes involved in biosynthetic processes such as methionine 

sulfoxide reductase and sulfate reductase.107 Moreover, the cytosolic thioredoxin can enter the nucleus 

where it regulates the binding of several transcription factors to the DNA. Trx1 can act directly on 

transcription factors such as in the case of NF-κB and of the glucocorticoid receptor, or indirectly via Ref-1 

reduction as shown for AP-1, HIF-1α, and p53.108-111 In addition, the transcriptional activity of the estrogen 

receptor was also reported to be sensitive to Trx1-mediated redox modulation.112 In the cytosol, reduced 

Trx1 can bind and inhibit the kinase activity of ASK1 preventing ASK1-dependent apoptosis.113 Interestingly, 

Trx1 can modulate NO signaling by regulating NO synthases, but its redox activity can also be inhibited by 

nitrosylation on the structural Cys69.114 These findings suggest a fine cross-talk between the various redox 

signaling events. Trx1 can also be secreted by the cell under conditions of oxidative stress causing 

proinflammatory effects by potentiating the release of cytokines. Secreted Trx1 acts also as a chemotactic 

protein inducing migration of neutrophils, monocytes and T-cells. In addition, a truncated form of 

thioredoxin (Trx80), was found extracellularly at the surface of monocytic cells.107
 

The mitochondrial thioredoxin, Trx2, is ubiquitously expressed and has a 35% sequence identity with Trx1. 

With respect to its cytosolic counterpart, Trx2 presents an N-terminal mitochondrial translocation signal of 

60 amino acids, for the correct protein delivery to mitochondria. Cleavage of the leader peptide gives a 

mature protein of 12.2 kDa. Differently from Trx1, Trx2 lacks structural cysteines other than the two Cys 

present in the active site (Cys90 and 93 for the human enzyme).115, 116 Mitochondrial thioredoxin has a key 

role in antioxidant processes by either directly scavenging ROS or by reducing peroxiredoxin 3 (Prx3), the 

mitochondrial isoform of Prx family.10 Its reducing activity is crucial in mitochondria since these organelles 

are a major source of ROS. In addition, Trx2 has been shown to regulate both induction and inhibition of 

apoptosis. In fact, Trx2 downregulation was shown to lead to a decrease of the mitochondrial membrane 

potential (ΔΨm) and to an increased mitochondrial membrane permeability, inducing Cyt c release, 

caspases activation and apoptosis.116, 117 This effect was probably due to the increased mitochondrial ROS 
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level, due to a hindering of the detoxification mechanisms. This correlation was further supported by the 

finding that Trx2 can specifically scavenge ROS produced by TNF-α signaling, blocking NF-κB activation and 

apoptosis.118 Trx2 was also shown to modulate caspase 3 activity via its denitrosylation,119 regulating both 

the apoptotic pathway and the cellular phenotype of microglia.120, 121 Both thioredoxin 1 and 2 are thus 

involved in the control of apoptosis, but with different mechanisms. 

Animal models KO for Trx1 or Trx2 were generated to dissect the effect of their deficiency. Either Trx1 or 

Trx2 genetic deletion resulted to be embryonically lethal in mice. In particular, Trx1 is essential for early 

differentiation and embryonic morphogenesis.122 Instead, Trx2 KO mice showed increased apoptosis on day 

12.5 coincident with the mitochondrial maturation phase.123 In addition, conditional depletion of Trx2 in 

chicken B-cells was shown to induce the activation of the intrinsic apoptotic pathway.117 Thus, the two 

thioredoxins are both required in embryonic development and have a major function in the control of the 

redox balance and apoptosis in their cellular compartments. 

 

1.3.1.3 Peroxiredoxins 

The first peroxiredoxin (Prx) was discovered in 1968 by Harris.124, 125 Six isoforms of peroxiredoxins also 

known as thioredoxin peroxidases are present in mammalian cells.106, 126 The main function of Prxs is H2O2 

detoxification, but they can also reduce peroxynitrite and organic hydroperoxides. Prxs present a high 

catalytic efficiency in H2O2 detoxification with a reaction rate of 107-108 M-1s-1.127 Prxs are also abundant 

proteins and have been estimated to account for up to 1% of soluble cellular proteins.106, 128 Therefore, 

once H2O2 is produced, it will probably and quickly be scavenged by peroxiredoxins. It has been 

hypothesized that peroxiredoxins could be the principal sensors of the cellular redox condition and could 

transfer oxidative stimuli to target reactive Cys on other proteins after interaction with H2O2. In support of 

this idea, Stöcker et al. recently reported that deletion or depletion of cytosolic Prxs highly affect thiol 

oxidation upon H2O2 stimulation, indicating a probable role of Prxs in mediating H2O2 signaling.129 

Peroxiredoxins can be divided into three subgroups depending on the mechanism of activity: 2-Cys (Prx1 to 

Prx4), atypical 2-Cys (Prx5), and 1-Cys (Prx6).130 The 2-Cys and atypical 2-Cys Prxs have two cysteine 

residues in their active site, namely an N-terminal peroxidatic Cys, endowed with a low pKa, and a C-

terminal resolving one. The catalytic mechanism involves two steps. First, the peroxidatic Cys reacts with 

H2O2 via a nucleophilic attack forming a sulfenic acid. Then, the resolving Cys forms a disulfide bond with 

the peroxidatic Cys releasing a molecule of water. This disulfide bridge can be intermolecular with another 

monomer of Prx for typical 2-Cys Prxs, or intramolecular for atypical 2-Cys Prxs.130 On the other hand, the 1-

Cys peroxiredoxins possess only one reactive cysteine which undergoes oxidation reacting with H2O2. The 

recycling of peroxiredoxins back to their reduced state is performed by thioredoxins. Interestingly, Prx3, the 

mitochondrial isoform of peroxiredoxin family, is reduced by both Trx2 and glutaredoxin 2 (Grx2), which is 

part of the glutathione system, suggesting an interplay between the two thiol regulating networks in 

mitochondria.86 It has been reported that, by transiently overexpressing Prx1 or 2 in cultured fibroblasts, it 

is possible to eliminate the intracellular H2O2 generated in response to growth factors and to block the 

H2O2-mediated activation of NF-κB.131 These data further support the selective interaction of Prxs with 

H2O2.  

Murine models KO for the different peroxiredoxins were generated. Prx1 KO mice were viable but were 

affected by hemolytic anemia form nine months of age and developed malignant cancers.132 In addition, 

Prx1 gene deletion significantly reduced the antioxidant capacity of lung tissue.133 Prx2 KO mice were 

shown to be viable but developed splenomegaly caused by its congestion with morphologically altered 
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erythrocytes.134 Moreover, Prx2 KO mice developed oxidative stress and insulin resistance in skeletal 

muscle suggesting that Prx2 has a crucial function in the maintenance of a normal redox status in skeletal 

muscles.135 In addition, the absence of Prx2 in apolipoprotein E-deficient mice exacerbated atherosclerosis 

development through the increased immune cell adhesion and infiltration into the aortic intima.136 The 

importance of Prx4 seems limited to spermatogenesis since spermatogenic cells lacking Prx4 are more 

susceptible to cell death via oxidative damage with respect to their wild-type (WT) counterparts.137 

Regarding the mitochondrial peroxiredoxin, in 2007, Prx3 KO mice were generated and were shown to 

develop normally but with a reduced body weight with respect to WT animals.138 Moreover, they were 

more susceptible to lipopolysaccharide-induced lung damage probably because of their impairment in ROS 

handling capacity.138 Another recent research pointed out that the deficiency of Prx3 in a murine model 

accelerated oxidative stress and mitochondrial impairment, resulting in the decline of physical strength 

with age.139 Mice lacking Prx5 were viable and fertile but were more vulnerable to intraperitoneal injection 

of lipopolysaccharide, indicating that Prx5 may have a role in inflammation. Furthermore, at 14 months of 

age, 20% of Prx5 KO mice developed cancers.140 Finally, the 1-Cys Prx6 was shown to protect keratinocytes 

from UV-induced cell damage as UV-mediated keratinocyte apoptosis was enhanced in Prx6-deficient 

mice.141 

1.3.1.4 Thioredoxin interacting protein 

Thioredoxin interacting protein (TXNIP) is a 50 kDa negative regulator of thioredoxin activity that can form 

a mixed disulfide bond with the two Cys present in Trx active site.142, 143 Usually TXNIP is located in the 

nucleus, but it can move to the cytosol or mitochondria to bind Trx1 or Trx2 in response to oxidative stress. 

TXNIP binding reduces ASK1 complexation with Trx1/Trx2 resulting in the activation of ASK1-mediated 

signaling pathway.144 TXNIP overexpression in pancreatic β-cells was found to promote apoptosis by 

increasing the Bax/Bcl-2 ratio and caspase 3 expression.145 Interestingly, the overexpression of TXNIP 

carrying a cysteine-serine mutation in its Trx binding site, inhibited glucose uptake in mature adipocytes as 

the WT protein suggesting peculiar functions of TXNIP not related to its Trx binding activity.146 Furthermore, 

TXNIP inhibits adipogenesis and seems to have a central role in the overall glucose handling.147 Two 

different groups observed that TXNIP regulates glucose metabolism and mediates high glucose-induced 

ROS generation.148, 149 TXNIP KO mice were reported to experience fasting hypoglycemia, increased glucose 

uptake in peripheral tissues and impaired lipid metabolism.147, 150, 151 Regarding mitochondria, TXNIP KO 

mice displayed altered heart mitochondria, but were more protected from ischemia-reperfusion injury. This 

latter observation was hypothesized to be due to the increased level of free Trx2.152 Moreover, TXNIP is 

induced by glucose, suppressed by insulin and upregulated in diabetic patients.153 Therefore, TXNIP appears 

crucial in glucose and lipid metabolism via its own activity and in scavenging processes through its Trx 

binding capacity. 
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1.3.2 The glutathione system 

 The glutathione system is formed by NADPH, glutathione reductase (GR) and glutathione (Fig 4). 

In the cell, the ratio between reduced (GSH) and oxidized (GSSG) glutathione ranges from 30:1 to 100:1, 

and GR, using the reducing equivalents derived from NADPH, is the principal enzyme involved in the 

maintenance of this high pool of GSH.10 The glutathione system is expressed both in the cytosolic and in the 

mitochondrial cell compartments that are not in redox equilibrium with each other.154 Reduced glutathione 

can provide electrons to a wide range of enzymes, including GPxs, GSTs and Grxs.10, 155 However, GSH can 

also react with other proteins not involved in ROS scavenging processes, that present reactive Cys in their 

sequence, generating reversible mixed disulfide bonds. This process of glutathionylation is part of the redox 

regulation and signaling mediated by GSH and can either activate or inhibit the activity of the target protein 

or modulate its binding with interacting partners.155 For instance, mitochondrial complex I of the electron 

transport chain was shown to be glutathionyated156 and this protein modification led to an increased 

production of O2
•- by the protein itself.157 In the following subparagraphs the different components of the 

glutathione system are described. 

1.3.2.1 Glutathione reductase 

Glutathione reductase (GR) was purified for the first time in 1955 from yeast and was immediately found to 

receive reducing equivalents from NADPH.158 In fact, together with TrxRs, GR belongs to the pyridine 

nucleotide disulfide oxidoreductase family. In 1987, human GR crystal structure was solved from 

erythrocytes.159 GR is a 52 kDa protein and its active form is a head-to-tail dimer with a large interface 

domain of more than 3000 Å. Like TrxRs, the reducing equivalents deriving from NADPH are transferred to 

the FAD prosthetic group and then 

to its active site formed by a 

couple of cysteines, Cys-Val-Asn-

Val-Gly-Cys.160 Through its activity, 

GR can reduce oxidized glutathione 

(GSSG) producing two molecules of 

GSH (Fig. 7). Thus, GR is 

fundamental to maintain the 

GSSG/GSH ratio and the GSSG-

binding site is extremely conserved 

during evolution. Human GR is 

encoded by a single gene located 

on chromosome 8 at locus p21.1. 

However, different isoforms are 

present in the cytosolic and in the 

mitochondrial cell compartments, which are encoded by two different in-frame starting codons present in 

the gene. Translation from the first codon generates the long mitochondrial GR isoform endowed with a 

mitochondrial targeting sequence, whereas the cytosolic form is encoded from the second starting 

codon.161 Of note, once the leader peptide is processed, the weight of the mature mitochondrial GR is 

equal to its cytosolic counterpart. The cytosolic GR is predominant in terms of total cellular amount, but the 

abundancies of the two isoforms in their own cell compartment is quite similar.160 

Interestingly, three patients with homozygous GR deficiency in blood cells were reported. These patients 

were in good health at about 50 years of age. The only clinical symptoms were restricted to a higher 

 Fig. 7 Cartoon of the homodimeric structure of GR. Red arrows indicate the 
electron flow throughout the system. (C = cysteine; è = electrons) 
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susceptibility to hemolytic crisis after eating fava beans and development of cataract during early 

adulthood.162, 163 After this findings, a GR KO mouse model was generated. Interestingly, mice were viable 

and surprisingly not subjected to hemolytic anemia.164, 165 Curiously, even though the liver of GR deficient 

mice exhibited no GSSG-reductase activity, the amount of glutathione in the reduced form was 

maintained.166 It was hypothesized that glutathione may rely on the thioredoxin system for its reduction 

through the mediation of glutaredoxins. However, in 2015 liver specific TrxR1/GR double KO mice were 

generated and were reported to be long term viable with normal hepatic activities.167 Moreover, liver-

specific TrxR1/Trx1/GR triple KO mice exhibited full recovery from surgical hepatic ischemia/reperfusion 

injury, indicating an effective antioxidant activity.168 However, these mice were shown to be highly sensitive 

to pharmacological inhibition of GSH biosynthesis and to GSH depletion, indicating a strong dependence on 

glutathione de novo synthesis for the maintenance of the redox homeostasis.168 In parallel, hepatocyte 

hyper-proliferation and increased tissue turnover were observed probably aimed to maintain a functional 

liver cell population.168 

1.3.2.2 Glutathione 

 

Glutathione is the most abundant antioxidant in the cell reaching concentrations in the millimolar range.169 

It is a tripeptide consisting of glutamate, cysteine and glycine that can reduce either protein disulfide bonds 

in a reaction mediated by Grxs or scavenge ROS via GPxs. The reduction yields GSSG, that can be reduced 

back to two GSH by GR. GSH synthesis occurs only in the cytosol and involves two enzymatic steps both 

requiring ATP. The first step is rate limiting and is catalyzed by glutamate-cysteine ligase (GCL) also known 

as γ-glutamylcysteine synthetase. GCL is composed of two subunits of 73 kDa (catalytic one) and 31 kDa 

(modulatory one) respectively, encoded by different genes.170 The large subunit is responsible for the 

enzymatic activity and mice lacking the catalytic subunit die before birth.171 The small modulatory subunit 

does not participate to the catalytic process but it increases the enzymatic efficiency. Indeed, mice KO for 

the regulatory subunit are viable but have markedly reduced tissue GSH levels.172 It has been reported that 

the holoenzyme is redox sensitive. In fact, it dissociates after treatment with the reducing agent 

dithiothreitol (DTT), while oxidative stress enhances holoenzyme formation.173 GCL mutations leading to a 

lower protein expression have been reported in humans and were shown to determine hemolytic anemia, 

aminoaciduria and spinocerebellar degeneration.173 The second step in GSH synthesis is catalyzed by 

glutathione synthetase (GS), which is formed by two identical subunits and finally generates γ-

glutamylcysteinylglycine (GSH) by condensing glycine to the γ-glutamylcysteine. GS deficiency in humans is 

autosomal recessive and leads to severe symptoms such as hemolytic anemia, metabolic acidosis and 

neurological defects.174 However, decreased GSH synthesis was reported also in aging, diabetes mellitus, 

fibrotic diseases, and hepatic disorders.175-177 As already mentioned, GSH is produced only in the cytosol, 

but it is also present in mitochondria and in other subcellular organelles such as the ER. Since GSH is 

negatively charged at physiological pH it cannot enter the mitochondrial matrix by simple diffusion. In fact, 

different carriers, such as 2-oxoglutarate or dicarboxylate and tricarboxylate carriers, transport GSH inside 

mitochondria.178, 179 The amount of glutathione in the mitochondrial matrix is 1 to 5 mM for the reduced 

form and 0.01 mM for the disulfide form. Interestingly, the basic pH of the matrix further decreases the 

reductive potential of GSH/GSSG to -280-340 mV compared to the -240 mV observed in the cytosol.180
 

As the major redox buffer, GSH is involved in redox signal transduction of key cellular processes such as 

proliferation, differentiation, autophagy and apoptosis.181, 182 Regarding apoptosis, increased GSH levels 

were shown to prevent apoptotic cell death, whereas GSH depletion induced apoptosis in leukemia cells.183 

Changes in the GSH/GSSG ratio can influence also the activity of proteins undergoing glutathionylation.  
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In addition to redox signaling processes, GSH is also utilized to detoxify a variety of electrophilic substances 

by the phase II enzymes GSTs (see subparagraph 1.3.2.5) and is also involved in iron handling. Indeed, GSH 

depletion in S. cerevisiae, obtained via GCL deletion, was observed to affect iron metabolism but not the 

cell capacity to maintain the redox homeostasis.184 Iron is necessary for the activity of many enzymes in the 

form of iron and sulfur clusters or heme complexes. However, free iron ions can generate dangerous 

radicals in the cell. Hidler and Kong were the first to report the affinity constant for GSH interaction with 

iron(II) and demonstrated that GSH binds iron(II) to a considerable extent at physiological pH avoiding 

undesired generation of radical species and making iron bio-available for its subsequent incorporation into 

iron-dependent enzymes.185 Of note, GSH is endowed with the peculiar γ-carboxyl group which is resistant 

to intracellular degradation. The tripeptide can be hydrolyzed only by γ-glutamyltranspeptidase (GGT), an 

enzyme present on the external surface of certain cell types.186. 

 

1.3.2.3 Glutathione peroxidases 

 

Glutathione peroxidases (GPxs) are a family of enzymes that scavenge H2O2 and other peroxides using 

reduced glutathione as the electron source. The first GPx was discovered by Mills in 1957 from mammalian 

erythrocytes.187 So far, eight GPxs have been identified in mammals of which GPx1-4 are selenoproteins 

(plus GPx6 in humans), while the other ones are endowed with Cys in their active site.188 Functionally, GPxs 

can be classified as hydroperoxide or lipid-hydroperoxide oxidoreductases with different substrate 

specificities.160 GPx1, 2, 3, 5 and 6 form active homotetramers, while GPx4, 7 and 8 are monomeric 

proteins.189 

GPx1 is widely expressed and localizes predominantly in the cytosol, and to a lower amount in the 

mitochondrial matrix.190 Homozygous GPx1 KO mice are healthy and do not present increased content of 

protein carbonyl groups or lipid peroxides but are more susceptible to oxidative challenges.191 GPx2 is 

mainly expressed in the gastrointestinal tract and GPx1/GPx2 deficiency in mouse models led to 

inflammatory bowel disease with mucosal inflammation in the ileum and colon.192  

GPx3 is a secreted plasma protein synthesized mainly in the proximal convoluted tubule of the kidney.193, 194 

GPx3 KO mice were found to be viable and did not show phenotypic alterations.195  

GPx4 exists in three different isoforms namely cytosolic GPx4 (expressed in the whole body), mitochondrial 

GPx4 and sperm-nuclear GPx4 (both expressed mainly in testis), all deriving from the same gene.160 Each 

isoform localizes in its specific cell compartment and can be free or membrane-associated.188 Interestingly, 

GPx4 can receive reducing equivalents not only from GSH but also from DTT, mercaptoethanol, cysteine 

and protein thiols.189 Mice lacking GPx4 were reported to die in utero underlying a vital function of this 

selenoprotein.196 The importance of this enzyme is not limited to embryonic development. In fact, lack of 

GPx4 in adult mice, achieved through the generation of a tamoxifen-inducible GPx4 KO strain, was also 

incompatible with life and led to death in just two weeks from tamoxifen administration.189 GPx4 is also 

utilized as a structural protein during sperm maturation, being involved in the mitochondrial capsule 

formation.197 Specific deletion of the mitochondrial GPx4 isoform gave rise to viable animals but males 

were completely infertile. On the other hand, sperm-nuclear GPx4 deficient mice were viable and fertile. 

Therefore, this latter isoform can be compensated by other enzymes.189  

GPx4 has been associated also with a new mechanism of cell death called ferroptosis. Ferroptosis is indeed 

defined as a process of cell death activated by missing GPx4 and that can be inhibited by iron-chelators or 

α-tocopherol supplementation. This process involves the iron-mediated peroxidation of lipids in cellular 
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membranes and cannot be rescued by inhibitors of apoptosis or of necroptosis. The precise mechanisms 

and the intermediates of the ferroptotic process are currently being studied and the possible occurrence of 

ferroptosis in vivo is still debated.198 So far, truncated cardiolipin and 4-hydroxy-2-nonenal (HNE) have been 

suggested as possible species triggering ferroptosis.189 In addition, acyl-CoA synthetase long chain family 

member 4 (ACSL4) has been recently identified as a key component of ferroptosis execution by mediating 

the insertion of long poly-unsaturated fatty acids into membranes.199 Indeed GPx4/ACSL4 double KO cells 

were shown to be resistant to ferroptosis.  

Going on with the other GPx isoforms, GPx5 has been reported as epididymis specific in many mammalian 

species and androgens control its expression.200 Mice lacking GPx5 are viable and fertile but display a high 

incidence of miscarriage and developmental deficits in the offspring especially when females are mated 

with old males.189 GPx6 is a selenoprotein only in humans whereas it possesses a Cys in its active site in 

other mammalian species. This protein, homologous to GPx3, is expressed in the olfactory epithelium but it 

has not been purified yet.201 Finally, GPx7 localizes in the cytosol and in the ER lumen and GPx8 is a 

membrane protein of the ER. GPx7 and GPx8 show low enzymatic activities and may have a role in protein 

folding in the ER.189 

1.3.2.4 Glutaredoxins 

Glutaredoxin (Grx) was initially identified by Arne Holmgren in 1976 as a GSH-dependent electron donor for 

ribonucleotide reductase in an E. coli strain lacking thioredoxin.202 Later on, the first mammalian 

glutaredoxin was purified from calf thymus in 1982.203 All Grxs belong to the thioredoxin superfamily and 

possess the thioredoxin fold. 

Grxs are divided into two subgroups, dithiol and monothiol, depending on the number of Cys present in the 

active site. Dithiol isoforms are characterized by a Cys-Pro-Tyr-Cys catalytic site and catalyze the reduction 

of both protein disulfides and GSH mixed disulfides with proteins or low molecular weight thiols. Moreover, 

dithiol glutaredoxins can reduce also ascorbic acid protecting the cell from ROS induced apoptosis.204 For 

disulfide reduction both Cys of the active site participate to the catalysis. Instead, the reduction of GSH 

mixed disulfide with proteins requires the activity of only the N-terminal Cys. Interestingly, the cysteine to 

serine mutation of the C-terminal Cys in the active site of pig Grx1, increases the protein activity.205 

Conversely, in E. coli, a Cys14Ser mutant of Grx1 displayed only 38% of GSH disulfide oxidoreductase 

activity compared to the WT protein.206 Monothiol Grxs possess a Cys-Gly-Phe-Ser active site. The majority 

of them is inactive in classical Grx activity assays and are mainly involved in the coordination of iron and 

sulfur clusters.169 So far, four Grxs have been identified in mammalian cells, two dithiol glutaredoxins, Grx1 

and Grx2, and two monothiol isoforms namely Grx3 and Grx5.207
 

Human Grx1 is encoded by GLRX1 gene set on chromosome 5q15 and its active site is constituted by the 

canonical sequence Cys-Pro-Tyr-Cys. Grx1 is a 12 kDa cytosolic protein but it can also enter the nucleus,208 

be present in the mitochondrial intermembrane space,209 and be secreted into plasma.210, 211 Its catalytic 

activity is inhibited by oxidation and by pH lowering.212 Interestingly, Grx1 sequence contains other three 

Cys, apart from the ones forming the catalytic site, which may be involved in the observed protein 

inactivation during oxidative and nitrosative stress.213 Grx1 KO mice displayed no peculiar phenotype,214 but 

were shown to be protected from lipopolysaccharide-induced lung inflammation and from angiotensin II-

triggered ROS production and cardiac hypertrophy.215, 216 Grx1 can also de-glutathionylate caspase 3 after 

TNF-α apoptosis induction.217 Furthermore, high glucose levels were shown to increase Grx1 expression in 
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retinal Müller cells activating NF-κB proinflammatory response and might be involved in the development 

of diabetic retinopathy.218 

Grx2 was identified in 2001 as another dithiol glutaredoxin.219 Grx2 shows only 34% sequence identity 

compared to Grx1 and differs also in the size 

(18 kDa) and active site (Cys-Ser-Tyr-Cys).219 In 

humans, the amount of Grx2 is generally 1:20 

with respect to Grx1.211 Alternative splicing of 

Grx2 mRNA gives rise to various splice variants 

which are directed either to mitochondria or, in 

the absence of the N-terminal mitochondrial 

targeting sequence (19 amino acids), to the 

cytosol and nucleus.220 However, the expression 

of the cytosolic and nuclear isoforms is low 

apart from testis, immortalized cell lines and 

some cancer types.221 As already mentioned, 

human Grx2 active site sequence is Cys-Ser-Tyr-

Cys. This particular sequence allows Grx2 to coordinate a 2Fe-2S cluster as discovered by Lillig et al. with 

Mössbauer spectroscopy (Fig. 8).222 Of note, the proline residue in the active site of Grx1 was shown to be 

responsible for the inhibition of cluster coordination. In fact, the substitution of the proline with a serine in 

human Grx1 active site, increasing the flexibility, enables the protein to complex a 2Fe-2S cluster like 

Grx2.223 Insights into the mechanism of Grx2 cluster coordination revealed that the N-terminal cysteine 

(Cys37) of the active site is responsible for the iron binding and that the dimeric structure is further 

stabilized by two molecules of reduced glutathione which bind either iron non covalently and the two 

monomers of Grx2 by polar interactions (Fig. 8).224 The coordination of the cluster stabilizes Grx2 in a 

quiescent and enzymatically inactive dimer by sequestering its reactive Cys residues (Cys37 and Cys40).224 

Cys40 is not required for deglutathionylation activities since its mutation was shown to increase Grx2 

enzymatic activity.225 Notably, GSH bound to the complex is in dynamic equilibrium with free GSH and an 

increase of oxidized glutathione upon oxidative stimuli could destabilize the complex and free Grx2 

monomers. Thus, the cluster may function as a redox sensor being able to release active monomeric Grx2 

in case of a shift of the GSH/GSSG ratio toward a more oxidized condition. Accordingly, Grx2 is particularly 

expressed in tissues exposed to oxidative stress such as the heart, skeletal muscle and liver while it is not 

expressed at all in peripheral blood leukocytes.220 Grx2 sequence present another cysteine pair namely 

Cys28 and Cys113 which form a structural disulfide bridge far from the active site (Fig. 8). This second 

disulfide bond is highly conserved and increases protein stability by anchoring the N- and C- terminal α-

helices. Indeed the mutation of these amino acids was shown to affect also dimer formation.222
 

It is important to note that Grx2 can be restored to its reduced state not only by GSH, but also by 

thioredoxin reductase as both TrxR isoforms were shown to be able to reduce human Grx2.226 This 

important finding underlines the connection between glutathione and thioredoxin pathways. Grx2 was 

hypothesized to be a sort of backup for the thioredoxin system being activated by oxidizing conditions and 

becoming important in the protection and recovery from oxidative stress. Indeed, Grx2 is resistant to 

oxidative inactivation and to electrophiles such as HNE,227 and may recycle Trx2 when TrxR2 is inactivated. 

Mitochondrial Grx2 overexpression was reported to make cell less susceptible to apoptosis induced by 2-

deoxy-glucose and doxorubicin, by preventing Cyt c release and caspase activation.228 On the contrary, 

siRNA-mediated Grx2 depletion dramatically increased cell sensitivity toward apoptotic stimuli including 

Fig. 8 Carbon trace of the Grx2 dimer. The dimer is bridged by a 

2Fe-2S cluster. Monomers are the cyan and dark blue ribbon 

structures, while glutathione and protein cysteines are 

represented as sticks. From ref.224 
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doxorubicin or phenylarsine oxide.229 In 2003, mitochondrial complex I was shown to be a target of Grx2 

glutathionylation/deglutathionylation activity and to increase mitochondrial O2
•- production when 

glutathionylated, thus supporting the idea of a role of Grx2 in redox signaling events.157 In addition, Grx2 

has recently been shown to inhibit peroxynitrite formation in oligodendrocytes.230 Interestingly, brain 

lesions of a mouse model of multiple sclerosis displayed decreased Grx2 expression and increased 

nitrotyrosine formation.230 Morpholino based knockdown of Grx2 in zebrafish impaired blood vessel 

network formation and axonal outgrowth leading to loss of neurons.231, 232 Moreover, Grx2 depletion in 

zebrafish affected correct heart looping.233 Grx2 deficient mice develop age dependent diseases including 

early cataract, heart hypertrophy and increased blood pressure.234, 235 Regarding Grx2 role in iron and sulfur 

cluster handling, its interaction with ISU scaffold proteins was observed in 2011.236 Furthermore, Grx2 was 

shown to be able to transfer 2Fe-2S clusters to apo ferredoxin 1 which is a mediator of electron-transfer 

reactions.237 Thus, Grx2 seems to be important also in cluster transfer pathways. 

Moving to monothiol glutaredoxins, a cytosolic isoform Grx3, and a mitochondrial one Grx5, have been 

identified in mammalian cells. Both are involved in iron and sulfur cluster handling. Grx3 is a 37 kDa 

cytosolic protein endowed with an N-terminal inactive Trx domain and two C-terminal monothiol Grx 

domains both containing a Cys-Gly-Phe-Ser active site.238 It is an iron and sulfur cluster assembly factor, 

homologue to S. cerevisiae Grx3/Grx4.239 Interestingly, lack of Grx3 and 4 in yeast impaired the functioning 

of all iron-dependent enzymes because of a loss of bio-available iron necessary for their activity, despite 

accumulation of iron in the cell.240 Silencing of Grx3 in HeLa cells affected the activity of several cytosolic 

iron and sulfur proteins leading to a cell phenotype similar to iron starvation.241 Moreover, in Jurkat cells, 

Grx3 was shown to translocate into the nucleus upon phosphorylation.242 Grx3 deletion in murine models 

was reported to be embryonically lethal at day E12.5 and to cause morphological defects in embryos.243 By 

studying fibroblasts derived from Grx3 KO embryos it was shown that Grx3 deletion impaired cell growth 

and cell cycle progression during late mitosis.244 Monothiol Grx5 presents only one active site and is located 

exclusively in mitochondria.245 Grx5 is mainly implicated in iron and sulfur cluster biogenesis and has a role 

in heme biosynthesis.246 It was reported that patients carrying a homozygous mutation of Grx5 gene 

leading to decreased Grx5 levels, suffer of sideroblastic-like microcytic anemia and mitochondrial iron 

overload in erythroid cells due to impaired iron homeostasis and heme biosynthesis.247 Accordingly, yeast 

mutants lacking Grx5 are characterized by the accumulation of iron and inactivation of proteins containing 

iron and sulfur clusters.248 

1.3.2.5 Glutathione S-transferases 

Glutathione S-transferases (GSTs) are a family of GSH-dependent enzymes with overlapping conjugation 

activities for a variety of substrates.249 In fact, the predominant function of GSTs is the conjugation of GSH 

to a huge variety of electrophilic substances in order to reduce their toxicity or increase their solubility.160 

The glutathione-tagged molecules are finally metabolized and/or excreted. GSTs can be divided into three 

major subgroups, canonical soluble GSTs that usually reside in the cytosol, kappa soluble GSTs that can be 

targeted to the mitochondrial and/or peroxisomal compartments, and hydrophobic GSTs, also known as 

membrane-associated proteins with divergent functions in eicosanoid and glutathione metabolism 

(MAPEG), which are found in the microsomal fractions.160 The mechanisms of GSH conjugations are 

extremely variable and depend on the GSTs class and on the specific substrate. Interestingly, GSTs and 

especially GSTP1 were shown to bind diglutathionyl dinitrosyl iron complexes and the binding of the cluster 

was reported to inhibit GSTs activity.250  
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1.4 Oxidative stress and diseases 

In humans, oxidative stress was shown to be involved in a wide variety of pathologies, including cancer, 

type II diabetes, arteriosclerosis, chronic inflammatory processes, ischemia/reperfusion injury, metabolic 

syndrome and various neurodegenerative diseases.251 Oxidative stress can be due to ROS overproduction 

through iperactivation/overexpression of ROS-producing enzymes such as NADPH oxidases, or to 

alteration/interruption of the electron transfer through the scavenging pathways. The common outcome is 

the disruption of the redox balance.11 

The permanent perturbation of redox homeostasis can lead to pro-inflammatory or cytotoxic conditions 

associated with acute and chronic diseases. Moreover, the continuous exposure of the cell to an excessive 

amount of ROS can further damage the DNA and other cellular components giving rise to a vicious cycle 

that may further trigger ROS production, exacerbating the outcome. Therefore, understanding the 

mechanisms involved in the dysregulation of redox signaling events, causing oxidative stress and leading to 

disease, is a compelling need. In the next subparagraphs the role of redox dysregulation with respect to 

two major pathologies affecting a large number of people worldwide, namely cancer and metabolic 

syndrome, is discussed. 

 1.4.1 Cancer  

Cancer is a leading cause of morbidity and mortality worldwide. The World Health Organization estimated 

that in 2015, 8.8 million deaths were caused by cancer accounting for about 1:6 of total deaths. 

Unfortunately, the incidence increases every year and the number of new cases is expected to reach 22 

million in 2022.252 Cancer comprises a panel of hundreds 

of different forms characterized by distinctive origin, 

features and aggressiveness and derives from the 

neoplastic transformation of normal cells to cancerous 

cells through a multistep process. The neoplastic 

transformation is commonly divided into five 

consecutive stages: initiation, transformation, 

progression, local invasion and metastasis. The latter 

step, associated to the maximal tumor severity, consists 

in the colonization of a distant tissue by the cancer and 

correlates with a poor prognosis. The neoplastic 

transformation results from the dysregulation of DNA 

transcription with progressive loss of the features of a 

differentiated cell and it is associated to an enhanced 

proliferation and uncontrolled cell growth. Many are the 

etiological causes of cancer and often the combination of many risk factors is necessary. The risk factors 

can be divided into physical carcinogens such as ultraviolet and ionizing radiations, chemical carcinogens 

such as alcohol abuse, tobacco smoke, asbestos, arsenic, and biological carcinogens, such as HPV or HBV 

infections and only a small proportion of the cases can be associated to genetic causes.253 The initiation 

process consists in a primary damage to the DNA but it is usually not sufficient for the development of 

cancer that, instead, is favored by the disruption of oncosuppressor genes such as p53, retinoblastoma 

protein (RB) and p16INK4A which normally block the proliferation of mutated cells.254 As reported in Fig. 9, 

during the transition from normal tissue to invasive cancer, cells experience a progressive increase of ROS 

levels.255 In fact, increased amount of DNA oxidation products and of lipid peroxidation have been 

Fig. 9 ROS level during neoplastic transformation and 
possible effects deriving from the blockage of the 
cellular scavenging systems. 
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measured in a large number of tumor samples including mammary ductal carcinoma, colorectal 

adenocarcinomas, renal cell carcinoma, gliomas and in blood samples of patients affected by leukemia.256 

In addition, the amount of the DNA oxidative derivative 8-hydroxydeoxyguanosine in urine has been 

proposed as a marker of cancer.257 The origin of ROS overproduction probably resides in a combination of 

metabolic aberrations acquired following transformation, and of the immune response that further 

supports ROS increase.255, 258 The rise of ROS promotes tumor development with multiple mechanisms. 

Firstly, redox signaling is essential for the progression of cell cycle and thus for cell proliferation.254 In fact, 

an increased ROS amount was shown to positively affect the activity of different transcription factors such 

as ASK1 and FOXO and of cell cycle gatekeeper like RB or p53, sustaining cell proliferation and enabling the 

cancer cell to evade growth stops.254 Moreover, elevated ROS levels stimulate HIF-1α stabilization and 

consequent transcription of VEGF which induces angiogenesis.259 Indeed, treatment with the free radical 

scavenger N-acetyl cysteine (NAC) or inhibition of NADPH oxidase were shown to block tumor 

vascularization.260, 261 Finally, high ROS levels have been detected in metastatic cells and have been 

associated with cancer dissemination.254 In fact, the inhibition of ROS by NAC was shown to restore 

adhesion of MDA-MB-435 breast cancer cells.262 Therefore, ROS are exploited by cancer cells to promote 

growth and spreading. 

However, the ROS increase was shown to induce also major changes in cancer cell functions by influencing 

key metabolic pathways. Already in 1926, Otto Warburg observed that cancer cells enhance their glucose 

uptake and rely mostly on glycolysis for their ATP production.263, 264 Amongst others, this metabolic switch 

increases the pentose phosphate pathway-mediated NADPH production furnishing reducing equivalents to 

the scavenging systems.254 In cancer cells, a reduction of oxidative phosphorylation is often associated with 

the concomitant formation of ROS by the electron transport chain.265 This large increase of ROS inside 

mitochondria can affect the mitochondrial DNA (mtDNA) which contains no introns and encodes for several 

components of the respiratory complexes, leading eventually to further mitochondrial dysfunctions. In fact, 

the occurrence of mutations in mtDNA have been reported in a wide variety of human tumors.266 Thus, 

cancer cells experience an increased ROS level especially in the mitochondrial compartment. This elevated 

ROS amount account for many aspects of cancer progression promoting cell growth and dissemination but 

it also affects cell metabolism reprogramming glucose utilization. These peculiarities of cancer cells can be 

exploited for the development of chemotherapeutic drugs targeting either dysfunctional mitochondria 

and/or increasing ROS production by exhausting the ROS-buffering capacity of cancer cells and triggering 

cell death. 

 

1.4.1.1 Targeting mitochondria for anticancer therapy 

 

Since long cancer cells were reported to show hyperpolarized mitochondria.267, 268 Interestingly, the 

increased Δψm is directly correlated to tumor aggressiveness and poor responsiveness to treatment.269, 270 

Considering that mitochondria of many cancer cells, especially the ones resistant to standard 

chemotherapy, display both an elevated membrane potential and an increased ROS production,254 the 

selective targeting of cancerous mitochondria may be a possible successful therapeutic strategy in order to 

induce cancer cell death. For example, the susceptibility of mtDNA to ROS-induced mutation may be 

exacerbated by chemotherapeutic drugs.271 mtDNA is more susceptible to ROS damage with respect to the 

nuclear DNA mainly because of the lack of introns and histones but also for its proximity to ROS generating 

sites and for the limited capacity of the mitochondrial DNA-repairing systems.256 It follows that a peak of 

ROS production in mitochondria can severely impact on cancer cell proliferation. In addition, the intrinsic 

apoptotic process is initiated in mitochondria by the release of pro-apoptotic factors into the cytosol. This 
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process was shown to be triggered by ROS increase.272 Thus, by targeting hyperpolarized mitochondria, 

apoptosis could be selectively activated in cancer cells. 

In order to discriminate between normal and dysfunctional mitochondria, the potential anticancer drug has 

to possess two main features: (I) be mitochondriotropic namely it has to accumulate mainly in the 

organelle with respect to the rest of the cell, and (II) distinguish between normal and cancer cells targeting 

only hyperpolarized mitochondria. An elegant study published in 2005 by Trapp and Horobin, using the 

Fick-Nernst-Planck equation, identified the class of 

molecules which are more selectively targeted to cancer 

cell mitochondria.273 The study was based on the fact that 

the mitochondrial membrane potential is about 60 mV 

more negative in tumor cells with respect to normal cells. 

As reported in Fig. 10, monovalent cations with 

intermediate lipophilicity were found to possess the 

highest selectivity for cancer cell mitochondria.273 

Moreover, this group of molecules seemed to accumulate 

also in mitochondria of cancer cells resistant to classic 

chemotherapy. Delocalized lipophilic cations (DLCs) are 

organic compounds with elevated lipophilicity which bear 

a positive charge that can be delocalized on different 

atoms.274 Accordingly with the article by Trapp and Horobin, DLCs are capable of crossing lipid membranes 

and, being positively-charged, accumulate in mitochondria exploiting the negative mitochondrial 

membrane potential generated by the respiratory chain. In addition, the increased Δψm can account for 

their selective gathering by cancer cells mitochondria. Rhodamine 123, which is currently utilized as a dye 

to measure the mitochondrial membrane potential, was the first DLC identified as an anticancer molecule. 

It was shown to inhibit the proliferation of cultured carcinoma cells in vitro, and to extend the survival of 

mice implanted with Ehrlich ascites tumor or with MB49 mouse bladder carcinoma cells.275-277 Later, a 

series of five linear cationic N-heterocyclic carbene (NHC) complexes with anticancer properties in vitro and 

inducing mitochondrial damage were synthesized by Berners-Price and co-workers.278 These compounds 

can be easily modified in the structure and thus their lipophilicity can be finely modulated. From the results 

obtained on normal and cancer breast cells, emerged that the degree of selectivity of the complexes 

towards cancer cells was correlated to their log P values with intermediate lipophilicity having again the 

best selectivity.278 Amongst others, the DLC MKT-077 was reported to significantly inhibit the proliferation 

of a panel of human cancer cell lines both in vitro and in vivo, being able to affect also tumors resistant to 

classic chemotherapeutics.279, 280 MKT-077 was also approved by the US Food and Drug Administration in 

clinical trials for the treatment of carcinoma. However, the trials were discontinued in phase II because of 

lack of efficacy. In conclusion, DLCs have been identified as selective mitochondriotropic agents able to 

target dysfunctional hyperpolarized mitochondria and were tested as possible anticancer agents. 

Unfortunately, none of the compounds developed so far has become a drug and thus further efforts should 

be done to identify an effective anticancer compound. 

 

 

 

 

Fig. 10 Ratio between calculated mitochondrial and 
cytosolic concentrations of synthetic organic 
monovalent cations with different lipophilicity in 
cancer cells (thick line), in multidrug resistant cancer 
cells (dashed line) or in normal cells (thin line), 
considering 1 h exposure. Form ref.273 
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1.4.1.2 Targeting antioxidant systems for anticancer therapy 

 

An excessive amount of ROS may lead to cell damage or even to death. Therefore, cancer cells need to 

maintain ROS levels in a certain range of concentration in order to avoid deleterious effects. It is widely 

recognized that cancer cells cope with the ROS rise by increasing their antioxidant defenses and, in 

particular, overexpressing the thioredoxin system.255, 281 In fact, both thioredoxins and thioredoxin 

reductases are highly expressed by many malignant cells and their expression correlates with tumor 

aggressiveness.281 In particular, TrxR1 is upregulated in pleural mesotheliomas, melanomas, breast, thyroid, 

prostate, liver and colorectal cancers, 282-288 whereas TrxR2 expression is particularly elevated in 

hepatocarcinoma, osteosarcoma, prostate, colon and rectal cancers.289-291 Interestingly, TrxR2 is also involved in 

the progression of non-small-cell lung cancer and its inhibition was associated with a decrease of tumor 

proliferation and migration.292 Regarding thioredoxins, their overexpression has been observed in lung, 

cervix, pancreatic, colorectal, hepatocellular, gastric and breast cancers.289, 293-298
 In addition, Prx3 was 

shown to be upregulated in liver, cervical, prostate and colon cancers.289, 299-301 In tumor cells, the principal 

function of the thioredoxin system is to counteract the excessive amount of radical species in order to 

escape death. In HeLa cells, Trx2 was shown to reduce TNF-α-mediated mitochondrial ROS production with 

subsequent inhibition of apoptosis.302 The scavenging activity of the thioredoxin system is also necessary to 

protect the transformed cell from the “oxygen burst” of immune cells and may contribute to the cancer 

capacity of escaping the immune system. In support of this anti-immune function, it has been reported that 

human TrxR can inactivate NK-lysin, a basic peptide produced by activated natural killer cells.303 Moreover, 

neoplastic cells, especially leukemia B- and T-cells, actively secrete thioredoxin and Trx-80, a truncated 

form of Trx1, as mitogenic cytokines to promote cell proliferation.304, 305 Furthermore, thioredoxin was 

shown to be capable of reducing and inactivate immunoglobulins in vitro.
306 Thus, Trx1 secretion may be 

another defense mechanism against the immune system. It is worth highlighting that the thioredoxin 

system is also a source of reducing equivalents to ribonucleotide reductase and thus it can sustain cancer 

cell proliferation by providing key elements for DNA replication. The overexpression of the thioredoxin 

system has been also associated to the dramatic phenomenon of drug resistance. In fact, many tumors 

resistant to classic chemotherapeutics express high levels of both TrxR and Trx.307 In conclusion, the 

thioredoxin system can sustain tumorigenesis by many different ways including ROS detoxification, DNA 

replication and resistance to both the immune system and chemotherapy. Interestingly, both TrxR and Trx 

have been proposed as cancer biomarkers and could be useful in tumor diagnosis.308
 

As already mentioned, cancer cells show increased oxidative stress that is mainly due to neoplastic 

transformation, altered metabolism and impaired mitochondrial function. Therefore, they highly depend 

on their antioxidant systems for the control of ROS levels. As a consequence, cancer cells are more 

vulnerable with respect to normal cells to agents that further enhance oxidative stress or that lower their 

capacity to cope with ROS, because of their minor spare ability to sustain additional oxidative challenges 

(Fig 9).281 Of note, a high ROS load also reduces the apoptotic threshold contributing to the vulnerability of 

tumors. Therefore, the inhibition of cellular antioxidant networks could be a way to target cancer cells, 

increasing the ROS level above the apoptotic threshold. This idea is supported by the fact that radiotherapy 

and many chemotherapeutics in clinical use rely on ROS accumulation to induce cancer cell death. For 

instance, etomoxir is able to increase ROS levels by depleting NADPH and ATP, and anthracyclines increase 

ROS production via redox-cycling and subsequent inhibition of the mitochondrial respiratory complexes.309, 

310
 Unfortunately, many pro-oxidizing chemotherapeutics induce also severe side effects such as 

cardiotoxicity and nephrotoxicity. Therefore, new ROS modulators with a safer therapeutic profile and a 

more specific cellular target need to be developed.311  
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Amongst the various scavenging enzymes, thioredoxin reductases have emerged as potential good targets 

for the development of anticancer drugs. This assumption is based on different points: (I) TrxRs are 

implicated in NADPH utilization upstream of Trx, Prx and Grx and, therefore, their inhibition impairs the flux 

of electrons in the whole system; (II) TrxRs are overexpressed in many cancer cells and tumors are more 

vulnerable to their inhibition; (III) Genetic depletion of either the cytosolic or the mitochondrial TrxR in 

cancer cells was shown to impair tumor progression;312 (IV) TrxRs confer tumor resistance to standard 

chemotherapeutic; (V) TrxRs can be selectively targeted through the binding of the selenocysteine present 

in their exposed active site. 

In the last decades, more than 150 compounds have been found to target TrxRs ranging from natural 

products to metal ions or synthetic compounds.313-317 The majority of the inhibitors act by irreversibly 

alkylating Sec. However, organic compounds such as quinoids, anthracyclines and naphthoquinones, have 

been proposed to react with the FAD binding site.315 Among the different classes of interacting molecules, 

gold compounds, and especially gold complexes, have emerged as particularly potent enzyme inhibitors. In 

1997 Hill and colleagues reported for the first time the inhibitory effects of gold complexes such as 

aurothioglucose on thioredoxin reductase.318 Then, Gromer et al. found that the enzyme was also inhibited 

by two drugs commonly used for the treatment of rheumatoid arthritis namely aurothioglucose and 

auranofin (Af).319 These thiolate and phosphine Au(I) complexes were shown to be potent inhibitors of 

TrxR, in particular Af which displayed IC50 value of inhibition of 4 nM. Interestingly, Af has recently passed 

phase II clinical trials for the treatment of chromatic lymphocytic leukemia and of prolymphocytic or small 

lymphocytic lymphomas.320 

The good inhibitory capacity of gold complexes on TrxR can be explained by the “hard and soft acids and 

bases theory” which basically states that soft acids are more prone to react with soft bases and, 

accordingly, hard acids mainly react with hard bases. Selenolates fall under the soft bases category and 

thus are prone to complex with soft acids such as gold, silver, palladium, ruthenium and platinum. Thus, the 

research of TrxR inhibitors for anticancer therapy has focused principally on “soft” metal complexes. In the 

last years, efforts have been addressed to the synthesis of organometallic compounds in which the metal 

ion is coordinated by an organic scaffold that makes the molecule more stable in aqueous environment.321 

The family of organometallics comprises many different classes including metallocenes, metallo-carbenes 

(e.g. N-heterocyclic carbenes), metallo-arenes, metallo-carbonyls and alkynyl complexes.321 Each class was 

found to benefit of some peculiarities which can be exploited to target tumors. For instance, carbonyl 

complexes, being highly lipophilic, are easily gathered by the cells.322 However, the most studied and 

promising classes of organometallic complexes are the N-heterocyclic carbene (NHC) metal complexes and 

the metallocenes. 

Regarding NHC compounds, they were initially developed in the late ‘90s as antibacterial drugs.323 The first 

NHC Au(I) complexes endowed with anticancer properties were synthesized by Berners-Price’s group.278 As 

already reported in the previous subparagraph these complexes were able to enter into cancer cell 

mitochondria. The molecular target of these compounds was identified in the mitochondrial thioredoxin 

reductase and the mechanism of inhibition relied on the selective alkylation of the Sec present in TrxR 

active site.278 In the following years many differentially functionalized NHC Au(I) complexes have been 

synthesized. For example NHC Au(I) complexes with aminotriazole or xanthine ligands were shown to affect 

different cancer cell lines principally by inhibiting the activity of TrxR.324, 325 In the field of chemical 

synthesis, cyclometalation is a common way to generate metal complexes functionalized with various 

ligands. Of note, metals in different oxidation states can also be stabilized by the ring structure. Au(III) 

complexes are oxidizing agents that quickly react with thiols and are generally unspecific alkylators in 
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biological environments. Cyclometalation, however, can stabilize the metal atom and, by modulating the 

ring structure, can lead to a more targeted action. Already in 1996, a series of Au(III) complexes carrying a 

2[dimethylamino)methyl]-phenyl backbone were shown to have strong cytotoxic properties on various 

cancer cell lines both in vitro and in vivo through inhibition of TrxR.326 In addition, a dimethybenzyl-pyridine 

Au(III) complex, synthesized by Messori’s group, was reported to be as effective as cisplatin in decreasing 

the viability of the ovarian cancer cell line A2780 by selectively inhibiting TrxR activity.327 Interestingly, the 

hydrolysis derivative of the complex was also shown to impair mitochondrial functions triggering apoptosis, 

suggesting a potential preference for TrxR2.328 Furthermore, dithiocarbamate Au(III) complexes were 

shown to affect mitochondria inducing ROS production.329  

Moving to the metallocenes, the first complexes reported to induce toxicity via a redox mechanism were 

organometallic ruthenium(II) and osmium(II) arene complexes and iridium(III) cyclopentadienyl complexes. 

In particular, these compounds were shown to target cancer cells leading to a redox 

imbalance in a combination therapy with L-buthionine sulfoximine (BSO), an inhibitor 

of GSH synthesis.330, 331
 The majority of the metallocene compounds possessing an 

anticancer activity correlated to an imbalance of the cellular redox state, are 

ferrocene compounds.332 The ferrocene unit, which is reported in Fig. 11, is formed 

by an iron center and two cyclopentadienyl ligands. The structure of ferrocene has 

several advantages with respect to other metallocenes for the synthesis of potential 

drugs: (I) it is a compact and stable molecule; (II) it has low toxicity and (III) it 

possesses reversible redox properties. The anticancer activity of ferrocenyl 

compounds was already reported in 1978 by Brynes and co-workers who found for the first time that some 

ferrocene derivatives were able to kill lymphocytic leukemia cells.333 Of note, the neutral ferrocene 

complex itself is not cytotoxic whereas the ferricenium salts were active also in vivo being able to lead to 

the survival of up to 83% of the animals bearing Ehrlich ascites tumor with respect to untreated controls.334 

Since ferrocene does not present DNA intercalating properties, its mechanism of action was supposed to be 

the generation of radical species, through the Fenton reaction mediated by the iron atom, leading to 

oxidative damage.335 A large number of ferrocene derivatives have been synthesized. Many of them are 

endowed with cytotoxic properties against specific cancer types and are well summarized in some recent 

reviews.332, 336 Amongst the ferrocenyl derivatives with anticancer activity, the family of ferrocifens 

deserves to be mentioned because of the promising results for breast cancer treatment. Ferrocifens were 

synthesized for the first time in 1996, by G. Jaouen and coworkers by substituting a phenyl ring of 4-OH-

tamoxifen, the active metabolite of tamoxifen, with a ferrocene unit.337 Tamoxifen is a non-steroidal 

selective estrogen receptor modulator (SERM) which is commonly used to treat ER+ breast cancer.338 

However, it is completely inactive on ER- cancers which are associated to a worst prognosis and survival 

expectation. The functionalization of the tamoxifen moiety with the ferrocene unit was aimed to increase 

the potency of the drug possibly widening its efficacy to estrogen-insensitive cancer cells. Over the years, 

many derivatives were generated functionalizing the overall structure by modulating the stereochemistry, 

the length of the N,N-dimethylamino side chain, the position of both the phenol group and of the ferrocene 

unit.332, 339 Notably, hydroxyferrocifens were found to block the proliferation of both MCF-7 (ER+) and of 

MDA-MB-231 (ER-) breast cancer cells.340 Regarding the mechanism of action of ferrocifens on the two 

breast cancer cell lines, a large production of ROS was observed indicating again the potent redox 

properties of the ferrocene unit.341 However, the exact mechanism of action and the cellular targets of 

these complexes needed to be defined. In 2014, Citta et al. identified that thioredoxin reductases are the 

principal targets of some of the ferrocifens in the lymphoblastoid Jurkat cell line, suggesting the mechanism 

involved in the ferrocifen-induced ROS production.342 

Fig. 11 Structure of 
the ferrocene unit. 
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Therefore, many different metal compounds can block the proliferation of cancer cells by targeting their 

scavenging systems, leading to ROS overproduction and eventually to cell death. Thioredoxin reductases 

seem to be good targets as they are often overexpressed in cancer cells. However, very few complexes 

specifically target one of the two TrxRs. Of note, TrxR2 inhibition in isolated rat liver mitochondria was 

associated with mitochondrial permeability transition and with Cyt c release.343-345 Thus, TrxR2 inhibition 

can directly affect Δψm leading to the activation of intrinsic apoptosis. Since cancer cells rely on TrxR for 

ROS detoxification especially in the mitochondrial compartment, TrxR2 inhibition could be exploited to 

selectively induce apoptosis in cancer cells. Isoform specific inhibitors are difficult to obtain because of the 

high similarity between the cytosolic and the mitochondrial TrxRs. However, their different cellular 

compartmentalization can potentially help to design a compound able to discriminate the two protein 

isoforms. For example, DLCs which are able to accumulate inside mitochondria, could be useful to 

specifically target TrxR2. 

 

1.4.2 Metabolic syndrome 

The pathophysiology of the metabolic syndrome is very complex and up to now no univocal causative 

factor has been identified yet. However, ROS have been associated to many aspects linked to its 

development.346 The metabolic syndrome is established if a patient shows three or more of the following 

factors: visceral obesity, elevated blood pressure, impaired glucose tolerance, increased triglyceride (TG) 

and decreased high-density lipoprotein (HDL) blood levels.346 Table 2 summarizes the criteria commonly 

utilized for the diagnosis of the disorder for both genders. 

 

Table 2: Parameters for the diagnosis of the metabolic syndrome (fulfillment of three or more) 

 
 

Parameter Men Women 

Waist circumference > 102 cm > 88 cm 

Blood pressure > 130/85 mm Hg > 130/85 mm Hg 

Fasting plasma glucose levels > 100 mg/L > 100 mg/L 

TG > 150 mg/L > 150 mg/L 

HDL < 40 mg/L  < 50 mg/L  

 
Patients suffering from metabolic syndrome are often aged, obese, practice low physical activity and show 

insulin resistance. The excessive caloric intake in aged people is one of the major risk factors but there is 

also a genetic component.347 Visceral obesity may play an important role in the development of the 

syndrome. Upon macrophages infiltration, adipocytes release large amounts of cytokines inducing a 

chronic inflammatory state that may promote also oxidative stress. The resulting systemic inflammation 

favors the onset of other related pathologies such as cardiovascular disease (CVD) and diabetes.348 

Accordingly, anti-inflammatory treatments such as statins, inhibitors of secretory phospholipase A2, 

inhibitors of lipoprotein-associated phospholipase A2 and inhibitors of angiotensin-converting enzyme 

were shown to reduce atherosclerosis progression.349 In general, the diagnosis of metabolic syndrome has 

been correlated to a 2-fold increase risk of CVD outcomes.347 Moreover, obesity promotes the development 

of colon, kidney, prostate, endometrial, and breast cancers and is associated to a worsened outcome for 

cancer treatment.350 Tumor proliferation is probably boosted by adipose tissue inflammation, 

hyperglycemia, hyperinsulinemia and increased insulin-like growth factor 1 levels.350 Furthermore, 
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metabolic syndrome is a risk factor for type II diabetes347 and can also be associated to nonalcoholic 

steatohepatitis (NASH).351 All together, these observations point out that metabolic syndrome can favor the 

onset of many severe pathologies such as CVD, diabetes, NASH and cancer. 

The different pathologic changes found in patients suffering from metabolic syndrome converge on 

oxidative stress induction which was found to be an early event in the progression of the disease.348 

Therefore, the role of oxidative stress in metabolic syndrome is an emerging topic and, in literature, many 

papers have been published dealing with the contribution of specific scavenging enzymes to the protection 

from the disorder or with the role of ROS producing enzymes in the progression of the syndrome. It is 

important to remind that H2O2 formation is involved in insulin downstream signaling pathway.6 H2O2 itself 

was shown to increase glucose uptake by adipocytes and muscles, stimulating the translocation of GLUT4 

to the membrane and the synthesis of lipid in adipocytes.352 Interestingly, obese mice and humans 

experience a progressive increase of ROS production in adipose tissue, accompanied by NADPH oxidase 

overexpression. In addition, lipid peroxides and oxidized proteins measured in plasma and urine are also 

increased in obese patients.348 Among ROS producing enzymes, NADPH oxidases and myeloperoxidase are 

largely recognized to boost the progression of atherosclerosis.353 Regarding the antioxidant enzymes, 

Amirkhizi et al. reported a significant decrease of Cu/Zn SOD, total GPx and catalase activities in the 

erythrocytes of obese women compared to a normal weight group.354 Furthermore, obese patients 

displayed decreased amounts of vitamins A, C, E and of β-carotene.355 As a consequence, people affected 

from metabolic syndrome are more susceptible to oxidative stress. Therefore, the role of single antioxidant 

enzymes in relation to the syndrome and the specific redox signaling pathways affected by the increased 

ROS production are currently being investigated. For instance, Trx1 secreted in circulation was found to be 

higher in patients affected either by metabolic syndrome, hypercholesterolemia or diabetes, with respect 

to healthy controls356-358 and TrxR1 expression in adipose tissue is directly correlated to the percentage of 

fat mass in both human patients and obese mice.359, 360 However, TrxR1 knockdown in human 

undifferentiated adipocytes was shown to enhance adipose tissue differentiation indicating that TrxR1 

overexpression does not have a role in adipocyte proliferation but probably deals with its ROS buffering 

activity.361 TrxR2 expression was augmented in the heart of rats fed with a high-fat high-sucrose diet.362 

Moreover, mRNA levels of both thioredoxins and thioredoxin reductases were elevated in patients with 

hypertension.363 Of note, mice overexpressing Trx1 and fed with high-fat diet were shown to increase their 

adipose tissue mass similarly to the WT animals but did not develop glucose resistance,364 whereas human 

Trx2 overexpression in mice led to the prevention of angiotensin II induced hypertension.365 Interestingly, 

angiotensin II-triggered hypertension in WT mice increases Trx1 expression only in males and not in 

females, revealing a probable influence of estrogens.366 Altogether these data suggest that the 

upregulation of the thioredoxin system is probably a compensatory mechanism to reduce the oxidative 

burden derived from metabolic changes and from the inflammatory response. Accordingly, the 

cardioprotective effect of the antidiabetic agent metformin has been ascribed to an upregulation of Trx1 

expression.367 Anyhow, alterations in the thioredoxin system do not seem to be involved in the 

pathogenesis of the metabolic disorder. In addition, the different mouse strains depleted or overexpressing 

enzymes of the thioredoxin system do not develop the metabolic syndrome. 

On the contrary, recent advances in the field have emerged on the role of the other major thiol redox 

regulating system, namely the glutathione system, in relation to the metabolic syndrome. In fact, patients 

affected by type II diabetes display reduced levels of glutathione and significant oxidative stress in 

erythrocytes.368, 369 As already mentioned total GPx blood levels were decreased in obese women when 

compared to healthy subjects and this effect could be due to the decrease of GSH which is its substrate. 
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This hypothesis was confirmed in a rat model of oxidative stress. In fact, when glutathione biosynthesis was 

inhibited in rats by BSO administration and the glutathione levels were efficiently reduced, an impaired 

glucose homeostasis, associated with elevated adiposity and insulin resistance, was observed.370 In GPx1 

KO mice, an increased deposition of atherosclerotic plaques was observed, while GPx4 overexpression 

decreased atherogenesis and delayed the progression of lesions suggesting a protective role of GPxs 

against atherosclerosis.371, 372 Accordingly, GPx3 activity measured in serum was diminished in patients 

affected by atrial fibrillation compared to healthy subjects, demonstrating that reduced levels of GPx 

increases the risk of CVD outcomes.373 In a study conducted in Japan on subjects affected by type II 

diabetes, emerged that individuals carrying a less-active mutated form of GPx1 (Pro198Leu variant) were 

more prone to atherosclerosis, vascular abnormalities and diabetic neuropathy with respect to the subjects 

having the more active Pro198 GPx1 variant.374 Of note the statin rosuvastatin, in addition to its lipid-

lowering effect, was found to contrast atherosclerosis in rats by elevating the amount of glutathione and 

GPxs and enhancing the overall antioxidant capacity.375 Also GPx7 KO mice were reported to have higher 

body and fat-pad masses when fed on a 60% fat diet compared to WT mice.376 Thus, GPxs seem to be 

involved in the control of glucose metabolism and of the body weight and, in general, appear protective 

against the development of metabolic syndrome and related diseases. 

Less than 0.2% of the total GSH pool is involved in protein S-glutathionylation.377 However, GSH-

derivatization of Cys regulates the function of a plethora of different proteins. Thus, changes in the extent 

of this post-translational modification can be significant for numerous cell functions. Regarding the 

metabolic syndrome, levels of glutathionylated proteins are decreased in the liver and adipose tissue of 

obese rats compared to control animals. Interestingly, this decrease was associated with a parallel increase 

of Grx1 in the adipose tissue.378 In 2017, Shao et al. reported that Grx1 KO mice fed with normal diet 

spontaneously develop obesity, hyperlipidemia, and hepatic steatosis by 8 months of age.379 Authors 

identified that Grx1 KO mice exhibited upregulation of hepatic enzymes involved in lipid synthesis because 

of a decrease in sirtuin 1 activity due to its glutathionylation. The specific involvement of sirtuin 1 was 

supported by the observed lowering of lipid accumulation in the liver and of cholesterol levels in plasma of 

Grx1 KO mice after the hepatic expression of a mutant form of situin 1 lacking cysteines (C61S + C318S + 

C613S).379 Downs et al. recently reported that only female mice deficient for Grx1 fed a normal chow diet 

develop the metabolic syndrome, characterized by atherosclerosis, mild hyperlipidemia, hyperglycemia and 

obesity.380 Aged female Grx1 KO mice display also macrophages activation with blood macrophages 

showing increased protein glutathionylation, overexpression of pro-inflammatory “M1”-associated genes 

and impaired autophagy. Therefore, monocytic Grx1 seems to be involved in the protection from 

atherosclerotic plaques deposition and chronic inflammatory diseases.380 More recently, Grx2 KO mice 

were shown to develop different features that can be associated to the metabolic syndrome.381 Indeed, 

these mice display augmented body mass, increased blood pressure and heart hypertrophy.235, 381 

Interestingly, Grx2 deletion does not induce Grx1 overexpression underlying different functions of the two 

isozymes which cannot be compensated by the other one. The proposed mechanism of metabolic 

syndrome induction in Grx2 KO mice is an altered mitochondrial respiration inducing O2
•-/H2O2 production 

and leading to a consequent oxidative stress especially in the liver and in the heart.381 As already 

mentioned in paragraph 1.3.2.4, Grx2 has different splicing variants: a prevalent mitochondrial one, and 

other isoforms resident in the cytosol and in the nucleus able to regulate the redox state of transcription 

factors. Therefore, the impact of the deletion of single Grx2 isoforms should be evaluated in order to better 

clarify the mechanism of metabolic syndrome induction.  
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2. Aims of the research 
 

 

The aim of this research was to investigate the role of different mitochondrial proteins involved in thiol 

redox regulation in relation to normal or dysregulated cell physiology. Redox regulation includes important 

signaling pathways that modulate key cellular functions such as proliferation or cell death. The exact 

mechanisms of redox signal cascades are often still unknown especially in the mitochondrial cell 

compartment and need to be elucidated. 

In the first part of the research, I focused my attention on the mitochondrial thioredoxin system. The 

equivalents supplied by NADPH, are utilized by TrxR2 to reduce Trx2 that, in turn, reduces other substrates 

such as Prx3, devoted to the removal of H2O2 and other hydroperoxides. The purpose of the research was 

the identification of new mitochondrial proteins undergoing redox regulation by this system. Based on 

evidences in literature indicating that cyclophilins are sensitive to redox conditions,26 we investigated 

whether cyclophilin D (CypD), a peptidyl prolyl cis-trans isomerase of the mitochondrial matrix, could be 

redox regulated by the thioredoxin system. To this aim, co-immunoprecipitation techniques, enzymatic 

activity assays, protein redox state determinations and in silico analysis were performed on both purified 

proteins, isolated rat heart mitochondria or different immortalized cell lines. In addition, using the co-

immunoprecipitation method, CypD interaction with Trx2 was also investigated in a human cell line 

overexpressing Trx2 that has been successfully generated for this specific purpose. 

In order to better clarify the peculiar function of thioredoxin reductase 2 (TrxR2) in mitochondria, I studied 

the effects of TrxR2 depletion in a cellular model. I started by utilizing the short-interfering RNA approach 

that can lead to a transient protein depletion and I analyzed the effect on Trx2 redox state. Then, I utilized 

the Crispr-Cas9 technique, which targets and cleaves the gene of interest, in order to generate a stable 

TrxR2 knockout cell line. Many different cancer cell models were employed and two DNA guides utilized. 

After expansion of single clones, the stable TrxR2-depleted cell lines were identified. Then, cellular ROS 

production was assessed in the various clones and were correlated to the expression level of the 

mitochondrial thioredoxin reductase. 

The second part of the research was centered on the relation between thioredoxin reductases and cancer. 

Indeed, for their survival, invasion capacity and resistance to classic chemotherapeutic drugs, cancer cells 

are highly dependent on the thioredoxin system and in particular on thioredoxin reductases. For this 

reason, the design of new compounds able to affect the thioredoxin system is a possible strategy to hit 

cancer cells. In addition, cancer cells are often characterized by hyperpolarized mitochondria. Therefore, 

the aim was the identification of new anticancer drugs able to selectively target TrxR2 in mitochondria. 

Different classes of metal complexes, synthesized in the frame of various international collaborations, were 

investigated for their ability to inhibit TrxR activity. The mechanism of TrxR inhibition was characterized and 

the efficacy of the new compounds against different cancer cell lines was assessed. In addition, the effect 

of these complexes on the overall cellular redox state was measured. In particular, total thiols, amount of 

total and oxidized glutathione, thioredoxin and peroxiredoxins redox state, enzymatic activities of different 

redox active enzymes and ROS production were analyzed. Moreover, for the most promising complexes, 

their impact on mitochondrial functioning was assessed. Thus, mitochondrial membrane potential, 

mitochondrial ROS production, Cyt c release and caspase activation were determined. Finally, the 

subcellular localization of the complexes was also analyzed. 

2 
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In the third part of the research, I focused on glutaredoxin 2 (Grx2), a mitochondrial protein that modulates 

protein glutathionylation and previously found to link the thioredoxin and the glutathione systems 

receiving reducing equivalents by both GSH and TrxRs.226 Grx2 can form enzymatically inactive dimers 

coordinating a 2Fe-2S cluster with its active site. Oxidative stress conditions were hypothesized to induce 

the disassembly of the dimer and to activate Grx2. In order to examine this hypothesis, I started by 

exploring the role of Grx2 in the mitochondrial response to oxidative stress in a cellular model. A classical 

chemical approach was utilized to establish oxidative stress, using principally micromolar concentrations of 

sodium selenite as a glutathione oxidizing agent. I first determined the concentration of sodium selenite 

able to almost completely oxidize the glutathione pool, inducing oxidative stress. In this condition, Grx2 

monomeric/dimeric status and activity were analyzed. Mitochondria were isolated form selenite treated or 

control cells, and the specific glutaredoxin activity was estimated in both the cytosolic and the 

mitochondrial cell compartments at different time points from sodium selenite administration in order to 

monitor Grx2 activity over time. The impact of sodium selenite on TrxRs enzymatic activities was also 

evaluated in the two cell fractions. I further assessed whether oxidative stress, by affecting Grx2 

monomer/dimer ratio, could determine the release of the 2Fe-2S cluster into mitochondria. Therefore, the 

free iron pool was measured in the cellular mitochondrial fractions. In the same conditions, the lipid 

peroxidation level was assessed with two different techniques as it may represent an indirect measurement 

of fluctuations of the free iron concentrations. Finally, the mitochondrial membrane potential was 

investigated in order to see possible effects of iron release on mitochondrial functioning. 

In the very last part of the research, the effect of mitochondrial Grx2 deletion was investigated in a whole-

body mGrx2 knockout C57bl/6 mouse model, in collaboration with Prof. Holmgren’s group of the Karolinska 

Institutet. In the mouse strain, the mitochondrial-targeting sequence of Grx2 was deleted and thus the 

protein can be expressed, but cannot enter the mitochondrial compartment. Firstly, we investigated 

whether the absence of Grx2 in mitochondria can affect the redox state of the organelle. For this purpose, 

we isolated mitochondria from the liver, kidney, brain and heart and assessed the mitochondrial redox 

state measuring total thiols, glutathione amount and the enzymatic activities of glutaredoxin, thioredoxin 

reductases and glutathione reductase. Afterwards, since mGrx2 depleted mice displayed fatty liver from 

three months of age, we analyzed mGrx2 KO mouse liver mitochondria for their overall functioning. Hence, 

ROS production, oxygen consumption using different substrates and mitochondrial membrane potential 

status were measured. Eventually, mitochondrial sensitivity to calcium was also determined by means of 

the swelling assay. 

  



 37 

3. Materials and Methods 
 

 

3.1 Enzymes 

 

• Thioredoxin reductase 1 and 2 

Cytosolic rat liver thioredoxin reductase (TrxR1) was purified according to Luthman and Holmgren 

and mitochondrial rat liver thioredoxin reductase (TrxR2) according to Rigobello et al.72, 382 

• Thioredoxin 

Human recombinant thioredoxin 1 (expressed and isolated from E. coli > 5 Units/mg of protein) 

was purchased from Sigma-Aldrich (Därmstadt, D).  

• Glutathione reductase 

Yeast glutathione reductase (from S. cerevisiae 500 Units/mg of protein) was purchased from 

Sigma-Aldrich (Därmstadt, D).  

• Glutaredoxin 2 

Human recombinant glutaredoxin 2 (expressed and isolated from E. coli > 5 Units/mg of protein) 

was kindly provided by Prof. A. Fernandez (Karolinska Institutet, Stockholm, S). 

 

3.2 Cell lines 
 

    Table 3: List of the different cell lines utilized 

Name Cell type Culture medium 

Jurkat lymphoblastoid cells RPMI-1640 

CEM-R leukemic lymphoid cells (vinblastine resistant) RPMI-1640 

HeLa epithelioid cervix carcinoma cells high glucose DMEM 

A2780 ovarian cancer cells high glucose DMEM 

A2780R ovarian cancer cells (cisplatin resistant) high glucose DMEM 

SKOV-3 ovarian cancer cells high glucose DMEM 

2008 ovarian cancer cells RPMI-1640 

C13 ovarian cancer cells (cisplatin resistant)  RPMI-1640 

A549 lung carcinoma cells high glucose DMEM 

HEK 293 embryonic kidney cells RPMI-1640 
 

 

The various human cell lines were obtained either by ECACC or by ATCC. Cells were cultured in RPMI-1640 

medium or in high glucose DMEM medium (Gibco, Waltham, MA, USA) supplemented with 10% fetal calf 

serum (FCS), 2 mM glutamine and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) at 37°C in a 

humidified atmosphere of 95% air and 5% CO2. 

 

3.3 Animal models 

 

• mGrx2 KO mouse model 

The inbred C57bl/6 mouse strain lacking mitochondrial Grx2 (mGrx2 KO) was obtained from the 

Karolinska Institutet (Stockholm, S). The mouse model was generated at the Central Institute for 

Experimental Animals (Kawasaki, J) by targeting exons 1c, 1a and 2 in GLRX2 gene, located on 

chromosome 1:143.72-143.75, and replacing them by a neomycin cassette which was subsequently 

3 
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excised (Fig. 12). The deleted exons encode for Grx2 mitochondrial targeting sequence. Thus, in 

mGrx2 KO mice Grx2 is expressed but cannot enter the mitochondrial matrix and its expression is 

restricted to the cytosolic compartment. mGrx2 KO mice show no suffering phenotype and grow 

normally. However, they develop a metabolic syndrome in the adulthood with increased body 

weight and fatty liver. 10 to 13 weeks old mice were utilized for the reported experiments.  

 

 
Fig. 12 Scheme of the targeting construct on mouse Grx2 locus. 

 

• Wistar rats 

Adult Wistar albine WT rats were breed in standard conditions and sacrificed at 7-8 weeks of age 

(≅250 g of body weight). Liver and heart were explanted and rapidly processed for mitochondria 

isolation. 

 

All the animals utilized were kept in climate-controlled rooms (21±2°C and 50% of humidity) on a 12 h of 

light/12 h of dark day cycle and fed with a standard chow diet. 

 

3.4 Enzymatic activities and BIAM assay 

3.4.1 Thioredoxin reductase activity 

Isolated rat liver thioredoxin reductase 1 and 2 activities were determined by estimating the dithiobis(2-

nitrobenzoic acid) (DTNB) reduction kinetics in the presence of NADPH. Aliquots of highly purified TrxR1 or 

TrxR2 (70 nM) were preincubated for 5 min with the studied compounds in 0.2 M sodium/potassium 

phosphate (NaKPi) buffer (pH 7.4), 5 mM EDTA and 0.25 mM NADPH. The reaction was initiated with 1 mM 

DTNB and followed spectrophotometrically at 412 nm for about 10 min on a Lambda2 spectrophotometer 

(PerkinElmer, Waltham, MA, USA).  

For the estimation of the total TrxR activity in cellular or mitochondrial lysates, aliquots (50 µg proteins) 

were added to 0.2 M NaKPi buffer (pH 7.4), 5 mM EDTA, and 2 mM DTNB in a final volume of 250 µL. After 

2 min the reaction was started with 0.4 mM NADPH and DTNB reduction was followed 

spectrophotometrically at 412 nm for 10 min.  

In addition, to measure TrxR activity in cellular lysates, the insulin assay was also employed. Briefly, aliquots 

of lysates (12 µg proteins) were incubated for 40 min in a final volume of 50 µL in 100 mM Hepes-Tris 

buffer (pH 7.6) in the presence of 15 mM EDTA, 1.5 mM NADPH, 0.20 mM insulin, and 0.1 mM Trx from E. 

coli. The reaction was stopped by adding 0.2 mL of 1 mM DTNB in 0.2 M Tris-HCl buffer (pH 8.1) containing 

1 mM EDTA and 7.2 M guanidine, and the absorbance of the samples was estimated at 412 nm on a Tecan 

Infinite M200 PRO plate reader (Tecan, Mannedorf, CH).383 
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3.4.2 Glutathione reductase activity 

Glutathione reductase activity was measured in 0.2 M Tris-HCl buffer (pH 8.1), 1 mM EDTA and 0.25 mM 

NADPH. After 5 min of preincubation of GR (70 nM) with the various compounds, the assay was started by 

the addition of 1 mM oxidized glutathione (GSSG) and NADPH consumption was measured at 340 nm using 

a Lambda2 spectrophotometer. In cellular and mitochondrial lysates, GR specific activity was estimated on 

80 µg of proteins. 

3.4.3 Glutaredoxin activity 

The standard assay for Grx2 activity relies on the procedure developed by Mieyal et al.384 as modified by 

Raghavachari and Lou.385 Basically, recombinant human Grx2 (70 nM) was preincubated for 5 min with 

increasing concentrations of sodium selenite (1-20 µM) in 0.2 M NaKPi buffer (pH 7.4), 5 mM EDTA, 0.5 mM 

GSH, 70 nM GR and 0.2 mM NADPH. Then, the enzymatic activity was assessed at 30°C with 2 mM 

hydroxyethyldisulfide (HEDS) as Grx2 substrate. NADPH decrease was followed at 340 nm with a Lambda2 

spectrophotometer. To determine Grx2 activity, the slope of the linear portion of the NADPH consumption 

curve was utilized. In cellular and mitochondrial lysates, Grx specific activity was estimated on 50 µg of 

proteins. 

3.4.4 BIAM assay 

This assay allows the detection of irreversible cysteine and selenocysteine alkylation in proteins. In 

particular, the differential derivatization of TrxRs’ cysteine and selenocysteine by newly developed 

inhibitors can be studied. Rat liver TrxR1 (1 µM) pre-reduced in the presence of 60 µM NADPH was 

incubated with the studied compounds for 30 min at room temperature in 50 mM Tris-HCl buffer (pH 7.4) 

containing 200 µM NADPH and 1 mM EDTA. After incubation, 8 µL of the reaction mixture were added to 8 

µL of 100 µM biotinylated iodoacetamide (BIAM) in either 0.1 M Tris-HCl (pH 8.5) or in 0.1 M Hepes-Tris 

(pH 6.0) buffer.386 The samples were incubated at room temperature for an additional 30 min to allow 

BIAM alkylation of free SH/SeH groups. Then, samples were subjected to sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% acrylamide/bis(acrylamide) gel, and transferred to 

a nitrocellulose membrane. BIAM labelled enzyme was detected with the chemiluminescence deriving from 

streptavidin-conjugated horseradish peroxidase (HRP) activity. 

 

3.5 Experiments performed in cultured cells 

3.5.1 MTT assay 

Cell proliferation was determined with the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 

(MTT) reduction assay. Cells (1×104) were plated on a 96 well plate and treated with increasing 

concentrations of the different compounds for 24, 48 or 72 h. At the end of incubation, 0.5 mg/mL MTT 

dissolved in phosphate-buffered saline (PBS) was added to the cells for 3 h at 37°C. Afterward, MTT 

solution was removed and 100 μL of stop solution (90% isopropanol, 10% DMSO) were added to each well. 

After 15 min and complete formazan dissolution, the absorbance at 595 nm and 690 nm was estimated 

using a Tecan Infinite M200 PRO plate reader. 
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3.5.2 Preparation of cell lysates 

After treatment, cells (2×106) were harvested, washed with PBS and lysed with a modified RIPA buffer 

constituted by 50 mM Tris-HCl buffer (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X100, 0.5% 

DOC, 1 mM NaF, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and supplemented with an antiprotease 

cocktail (Complete, Roche, Mannheim, D). After 40 min of incubation at 4°C, lysates were centrifuged at 

14000g for 5 min and aliquots of the supernatants were utilized for protein determination with the Lowry 

assay.387 

3.5.3 Preparation of cytosolic and mitochondrial cell fractions  

Cells were sub-fractionated essentially following the protocol of Clayton and Shadel.388 Briefly, cells (3x107 

per condition) were collected, washed with PBS and subjected to hypo-osmotic treatment with 2 mL of 10 

mM NaCl, 1.5 mM MgCl2, 10 mM Tris-HCl buffer (pH 7.5) for 5 min and gently homogenized using a Dounce 

tissue grinder. Afterwards, 1.4 mL of 525 mM mannitol, 175 mM sucrose, 2.5 mM EDTA, 12.5 mM Tris-HCl 

buffer (pH 7.5) were rapidly added. The homogenate was diluted to a final volume of 5 mL with 210 mM 

mannitol, 70 mM sucrose, 1 mM EDTA, 5 mM Tris-HCl buffer (pH 7.5) and subjected to differential 

centrifugation. The first step was carried out at 1300g for 5 min at 4°C to discard nuclei and non-disrupted 

cells. The mitochondrial fraction was pulled down from the supernatant at 15800g for 15 min at 4°C and 

washed twice. The crude soluble supernatant obtained from the mitochondrial isolation step was further 

centrifuged at 105000g for 15 min at 4°C to obtain the cytosolic fraction. Mitochondrial fractions were 

lysed using a modified RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% 

Triton X100, 0.1% SDS, 0.5% DOC, 1 mM NaF, supplemented with an antiprotease cocktail and 0.1 mM 

PMSF and subjected to protein determination with the Lowry assay.387 The presence of cytochrome oxidase 

and Cyt c as mitochondrial markers was assessed by Western blot analysis in the mitochondrial fraction. 

3.5.4 Determination of cellular ROS production  

Adherent cells (1x104 per well) were seeded in a 96 well plate in complete medium in a volume of 100 µL 

per well. The following day cells were washed with PBS/10 mM glucose and then incubated for 1 h with 10 

µM 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate acetyl ester (CM-H2DCFDA) 

(ThermoFisher, Waltham, MA, USA) at 37°C, 5% CO2. Afterwards, the medium was removed and 100 µL 

PBS/10 mM glucose supplemented with the various compounds was added to each well. ROS production 

was estimated by monitoring the fluorescence increase of the probe (ʎEx= 485 nm, ʎEm= 527 nm) for 1.5-2 h 

using an Infinite M200 PRO plate reader. The protocol was also adapted for cells in suspension. In this case, 

Jurkat cells (4×104 per well) were seeded in PBS/10 mM glucose. After 1 h, cells were loaded with 1 μM CM-

H2DCFDA and with increasing concentrations of the compounds. Then, fluorescence was followed for 2 h 

as reported above. 

3.5.5 Determination of total thiols  

Cells (4.5×105 per well) were plated in a 6 well plate and incubated in the different conditions. Afterwards, 

cells were washed with PBS and dissolved with 7.2 M guanidine in a 0.2 M Tris-HCl buffer (pH 8.1), 5 mM 

EDTA. Then, 3 mM DTNB was added to titrate the thiol groups and the absorbance increase was monitored 

at 412 nm for 5 min on a Lambda2 spectrophotometer. 
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3.5.6 Estimation of total and oxidized glutathione  

Cells (4.5x105) were incubated with the indicated compounds, then washed with cold PBS and 

deproteinized with 6% meta-phosphoric acid. After 20 min at 4°C, samples were collected and centrifuged 

at 15800g for 10 min at 4°C. Supernatants were neutralized with 15% Na3PO4 and utilized for total 

glutathione estimation.389 For the measurement of oxidized glutathione, sample aliquots were treated with 

2-vinylpyridine for 40 min before performing the assay.390 The pellets obtained after centrifugation were 

washed with 1 mL of ice-cold acetone, centrifuged at 11000g, dried, and then dissolved in 62.5 mM Tris-HCl 

buffer (pH 8.1) containing 1% SDS for protein determination by means of the Lowry assay.387 

3.5.7 Evaluation of the redox state of Trx1, Trx2 and CypD 

In cells, the thiol redox state of the proteins of interest was estimated according to the method developed 

by Bersani et al. as modified by Du et al.391, 392 After treatment, cells (2x106) were washed with PBS and 

lysed with 100 μL of urea lysis buffer composed by 8 M urea, 1 mM EDTA, 100 mM Tris-HCl (pH 8.3), 

containing 10 mM iodoacetamide (IAM) in order to alkylate free thiols. Incubation was carried out at 37°C 

for 20 min. Then, cell lysates were spun down and precipitated by ice-cold acetone-1M HCl (98:2). The 

pellets were washed twice with ice-cold acetone-1M HCl-H2O (98:2:10), dissolved in 60 mL of urea lysis 

buffer including 3.5 mM dithiothreitol (DTT), and incubated for 30 min at 37°C to reduce the disulfide 

bonds. Afterwards, 3 µL of 600 mM iodoacetic acid (IAA, final concentration 30 mM) were added to the 

samples, followed by incubation for 30 min at 37°C. The protein concentration was determined using the 

Lowry assay387 and 20 µg of each sample were separated by urea-PAGE (7% acrylamide/bis(acrylamide), 7 

M urea) in non-reducing conditions and blotted. The membranes were probed with the primary antibodies 

for Trx1, Trx2 and CypD. A peroxidase conjugated secondary antibody and chemiluminescence were used 

to detect the immunoreactive bands. 

3.5.8 Determination of the monomer/dimer ratio of Prx3 and Grx2 

For Prx3 and Grx2 redox state estimation, the procedure of Stanley et al.393 with modification, was utilized. 

After incubation in the different conditions, cells were centrifuged at 500g for 5 min, washed with cold PBS 

and then treated with 1 mL of 10% trichloroacetic acid. Samples were kept at 4°C for 30 min, centrifuged at 

10000g for 10 min at 4°C, and resuspended in 0.5 mL of ice-cold acetone. After 10 min of incubation, 

samples were centrifuged again at 10000g for 10 min at 4°C. Then, the pellets obtained were dissolved in 

670 mM Tris-HCl buffer (pH 7.5), 2% SDS and 1 mM EDTA, containing 10 mM AIS (4-acetamido-4′-

((iodoacetyl) amino) stilbene-2,2′-disulfonic acid) (Invitrogen, Carlsbad, CA, USA), a thiol alkylating agent. 

Derivatization was carried out at room temperature for 20 min, followed by further 45 min at 37°C. 20 µg 

of proteins of each sample was loaded, without reducing agents, onto Bis-Tris Gel NuPAGE (12% 

acrylamide/bisacrylamide) and blotted. Anti-Prx3 and anti-Grx2 antibodies were used to detect the 

monomeric and dimeric form of the proteins in Western blot. A horseradish peroxidase conjugated 

secondary antibody was employed to detect the immunoreactive bands in chemiluminescence. Cellular 

mitochondrial fractions were processed in the same manner. Once obtained following the protocol of 

Clayton and Shadel which is reported in subparagraph 3.5.3,388 mitochondria were lysed with the AIS-

containing buffer and processed following the same protocol described above. 
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3.5.9 Mitochondrial thioredoxin reductase depletion 

• Transient TrxR2 depletion (siRNA method) 

In order to obtain a transient TrxR2 knockdown cell line, the short interfering RNAs (siRNAs) were 

utilized. HeLa cells were seeded at 50% confluence in 6 well plates and transfected with 40-80 nM 

of two different commercially available TXNRD2 siRNAs (siGENOME, Dharmacon GE Healthcare, 

Little Chalfont, UK) using Attractene (Qiagen, Venlo, NL) as transfection reagent. Target sequences: 

siRNA a: GAAAGAGAUUCUGCUGUCA, siRNA b: GCCGAUCACAUCAUCAUUG. Medium was replaced 

after 6 h, cells were harvested 48 h after transfection and subjected to the experiment.  

 

• Stable TrxR2 depletion (Crispr/Cas9 method) 

TrxR2 knockdown cell clones were generated with 

the Crispr/Cas9 technique. A549 cells were seeded 

at 80% confluence in a 6 well plate and transfected 

with 5 µg of commercially available all-in-one 

plasmid pD1301-AD: CMV-Cas9-2A-GFP,Cas9-ElecD 

expressing Cas9-DasherGFP and the sgRNA guides 

(ATUM, Newark, CA, USA) (Fig. 13) using 

lipofectamine 2000 as transfection agent 

(Invitrogen, Carlsbad, CA, USA). The gRNA guide 

sequence used were CTGGGGACACTCACGTGCGT 

and GATGCAGCCCACGTTGACGC. After 15 h cells 

were washed carefully with PBS and medium was 

replaced. Two days post-transfection, GFP positive 

cells were sorted in a 96 well plate using a FACS Aria 

II cell sorter (BD BioSciences, San Jose, CA, USA) and 

single clones were expanded. 

 

To determine mitochondrial thioredoxin reductase depletion, cells (≅1x106) were lysed with the modified 

RIPA buffer (see subparagraph 3.5.2) for 40 min at 4°C and centrifuged at 15800g for 10 min. Then, 25 μg of 

the supernatants were subjected to 10 % acrylamide/bisacrylamide SDS-PAGE and to Western blot analysis 

using a monoclonal anti-TrxR2 antibody. A peroxidase conjugated secondary antibody and 

chemiluminescence were used to detect the immunoreactive bands. For the loading control GAPDH 

amount was assessed.  

 

3.5.10 Trx2 overexpression 

Trx2 overexpression was established in Hela cells by 

means of a pcDNA3.1 plasmid coding for a FLAG-tagged 

form of human Trx2 (DYKDDDDK octapeptide linked at 

protein C-terminus) and bearing a G418 resistance 

(Invitrogen Carlsbad, CA, USA) (Fig. 14). Cells were seeded 

in a 6 well plate (4x105 cells/well) and transfected with 5 

µg of DNA utilizing lipofectamine 2000 as transfection 

agent (Invitrogen, Carlsbad, CA, USA). After 15 h medium 

was replaced. Selection of the transfected cells was Fig. 14 Map of the plasmid utilized for Trx2 
overexpression. 

Fig. 13 Map of the all-in-one Crispr/Cas9 plasmid 
targeting TXNRD2 gene. 
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performed with 0.6 mg/mL geneticin (Gibco, Waltham, MA, USA). Afterwards, the protein overexpression 

was observed by Western blot analysis utilizing either an anti-Trx2 antibody and an anti-FLAG one. 

3.5.11 Co-immunoprecipitation of CypD with Trx2 from Trx2 overexpressing HeLa cells 

Trx2 overexpressing HeLa cells (1x106) were trypsinized, lysed for 30 min with 300 µL of a 25 mM Hepes-

Tris lysis buffer (pH 7.4), 150 mM NaCl, 1% Triton X100, 1mM EDTA containing a protease and phosphatase 

inhibitor cocktail, centrifuged at 20000g for 10 min at 4°C and diluted 1:1 with the same buffer without 

detergents. Pre-cleaning phase was performed using 20 μL of A/G PLUS-Agarose beads (Santa Cruz 

Biotechnology, Dallas, TX, USA) for 45 min at 4°C with stirring. Pre-cleaned samples were centrifuged at 

720g for 5 min and the supernatant was incubated with an anti-Trx2 antibody (Abfrontier) overnight at 4°C. 

A/G PLUS-Agarose beads (20μL) were added, incubated for 3 h at 4°C, centrifuged at 720g for 5 min and 

washed with ice-cold buffer (50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM NaF and protease inhibitor). The 

pull down was resuspended in SDS loading buffer containing 100 mM DTT, boiled for 10 min, and then 

centrifuged at 17000g for 1 min. The supernatant was separated by SDS-PAGE (Mini-PROTEAN® TGX, any 

kD, Bio-Rad Lab. Inc., Hercules, CA, USA) and transferred onto a nitrocellulose membrane using Trans-Blot® 

Turbo Blotting System (Bio-Rad Lab Inc. Hercules, CA, USA). Membrane blots were probed with anti-Trx2 

(Santa Cruz Biotechnology), anti-Prx3 (Abfrontier) and anti-CypD (ThermoFisher) antibodies and visualized 

by enhanced chemiluminescence.  

3.5.12 Flow cytometric analysis of the mitochondrial membrane potential  

The mitochondrial membrane potential was analyzed by flow cytometry with the fluorescent probe 

tetramethyl rhodamine methyl ester (TMRM) (Molecular Probes, Eugene, OR, USA). Cells (2x106) were 

incubated in the various conditions, then harvested and resuspended in PBS/10 mM glucose/25 nM TMRM 

for 20 min at 37°C in the dark. Changes of the membrane potential were estimated with a FACSCanto II 

flow cytometer (BD BioSciences, San Jose, CA, USA) using a blue laser at 488 nm. 30000 events were 

recorded for each sample. 

3.5.13 Flow cytometric analysis of the mitochondrial superoxide production  

Cells were probed for mitochondrial superoxide production utilizing the fluorescent probe MitoSOX Red 

(Molecular Probes, Eugene, OR, USA). Cells (2x106) treated under various conditions, were then incubated 

with 1 µM MitoSOX Red in PBS/10 mM glucose for 25 min in the dark. Then cells were trypsinized, diluted 

(1:4) and fluorescence was recorded on the FL2 channel utilizing a FACSCanto II flow cytometer. 30000 

events were recorded for each sample. 

3.5.14 Determination of lipid peroxidation in HeLa cells 

Lipid peroxidation was analyzed in cells either by flow cytometry and through the measurement of 

malondialdehyde (MDA) production. HeLa cells (3.5x105) were incubated for 18 h in the presence of 15 μM 

sodium selenite. For the FACS estimation of lipid peroxidation, at the end of incubation, cells were loaded 

with 2 µM BODIPY C-11 probe (Molecular Probes, Eugene, OR, USA) diluted in PBS/10 mM glucose, for 30 

min at 37°C in the dark. Then, cells were trypsinized and resuspended in PBS/10 mM glucose at a 

concentration of 2.5x105/mL. Lipid peroxidation was measured on the FITC-1 channel with a FACSCanto™ II 

flow cytometer (Becton-Dickinson, CA, USA) using a blue laser at 488 nm. 30000 events were recorded for 

each sample. For the MDA production, cells treated in the same conditions, were washed with PBS and 
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incubated with 1 mL of 50 mM H2SO4 and 150 µL of 10% phosphotungstic acid for 10 min at room 

temperature. Then, cells were collected and centrifuged at 15600g for 10 min at 4°C. The obtained pellets 

were washed with 1 mL of 50 mM H2SO4 and 150 µL of 10% phosphotungstic acid. Samples were incubated 

at room temperature for 5 min and centrifuged again at 15600g for 10 min at 4°C. Afterwards, the pellets 

were lysed with 350 µL of a buffer composed by 0.25% NONIDET P-40, 0.01% butylhydroxytoluene and 

0.17% thiobarbituric acid and incubated at 95°C for 60 min. Samples were ice-cooled for 5 min and 

centrifuged at 15600g for 10 min. The pellets were washed with 500 µL of acetone/HCl solution (98:2) for 

10 min at 4°C, centrifuged at 15600g for 10 min at 4°C, dissolved in 75 µL of RIPA buffer and subjected to 

protein determination.387 The supernatants were added with 400 µL of n-butanol, vigorously mixed and 

centrifuged at 15600g for 15 min. The fluorescence of the upper phase was analysed (ʎEx= 530 nm, ʎEm= 590 

nm) using a Tecan Infinite M200 PRO plate reader. 

3.5.15 Estimation of cytochrome c release and caspase 3 activation 

Cyt c release and caspase 3 activation were detected using the Western blot technique. After incubation, 

cells (2x106) were washed with PBS and treated for 15 min with a hypotonic lysis buffer constituted by 10 

mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 20 mM Hepes-Tris buffer (pH 7.5) containing an 

antiprotease cocktail. Then, the suspension was centrifuged at 12500g for 10 min at 4°C. The supernatant 

was treated with 0.5 mM EGTA and 2.5 mM PMSF and centrifuged for 30 min at 105000g at 4°C to obtain 

the cytosolic fraction. The pellets obtained from the first centrifugation were lysed in the previously 

reported modified RIPA buffer. Aliquots of the supernatants or of the pellets (10 mg protein) were 

subjected to SDS-PAGE (15% acrylamide/bisacrylamide) followed by Western blot analysis using an anti- Cyt 

c and an anti-caspase 3 antibodies. 

3.5.16 Determination of PARP-1 activity 

Poly ADP-ribose polymerase 1 (PARP-1) activity was determined using Trevigen's HT Universal Colorimetric 

PARP Assay which measures the incorporation of biotinylated poly(ADP-ribose) onto histone proteins. 

Either recombinant human PARP-1 (supplied with the kit) or 50 µg of SKOV-3 cell lysates were used. 

Purified PARP-1 was incubated with the compounds for 1 h at room temperature prior to the assay, while 

cells were pre-treated with the compounds for 48 h. The TACS-SapphireTM (Helgerman Ct, Gaithersburg 

MD, USA), a horseradish peroxidase colorimetric substrate, was added and incubated in the dark for 30 

min. At the end of incubation, absorbance was read at 630 nm using a Tecan Infinite M200 PRO plate 

reader. 

3.5.17 ICP-OES metal quantification in Jurkat cells 

For the estimation of cellular uptake of the osmium complexes Jurkat cells were incubated for 24 h in the 

presence of 50 μM Oc-OH or 15 μM Oc-OH-Tam and washed twice in PBS buffer. Pellets of cells (107 cells) 

were resuspended in 0.5 mL of HCl (37%, Fluka for trace analysis) and digested at 60°C in an ultrasound 

bath for 1 h. Then, samples were adjusted to HCl 2% by addition of 8.75 mL of water and filtered on a 0.2 

μm filter. Quantification of osmium was performed at 225.585 nm. HNO3 that is classically used for induced 

coupled plasma optical emission spectroscopy (ICP-OES) experiments, was substituted by HCl as HNO3 leads 

to the formation of the very toxic and volatile OsO4. 

To measure the cellular distribution of TLMs, Jurkat cells (3x107) incubated for 24 h in the presence of 30 

µM TLMs were subjected to cell fractionation, as reported in subparagraph 3.5.3. Then, mitochondria were 

dissolved in 0.54 mL HCl (37%, Fluka for trace analysis) and digested at 60°C in an ultrasound bath for 1 h. 
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The samples’ volume was brought to 10 mL by the addition of water ([HCl] in the sample = 2%). The 

cytosolic fractions were adjusted to 2% HCl by the addition of appropriate volumes of 37% HCl and water 

(final volume = 10 mL). All the solutions were filtered on a 0.45 µm syringe filter. Quantification of iron, 

ruthenium and osmium was performed at 238.204, 267.876 and 225.585 nm, respectively, using an Agilent 

5100 instrument (Agilent, Santa Clara, CA, USA). Metal standards (Fe, Ru and Os) were prepared from 1000 

ppm stock solutions. The concentrations used for calibration were in all cases 0, 7.8, 15.6, 31.2, 62.5, 125, 

250 and 500 ppb. The ICP-OES experiments were performed on the ALIPP6 platform at the University Pierre 

et Marie Curie, Paris, F. 

3.5.18 Quantification of the labile iron pool in HeLa cells mitochondrial fractions 

The amount of labile iron pool in mitochondria was measured after HeLa cells treatment with 15 µM 

sodium selenite for 18 h. After incubation, cells were subjected to mitochondria isolation as reported in 

subparagraph 3.5.3. Isolated mitochondria were treated with 600 µL of 6% meta-phosphoric acid for 20 

min at 4°C in order to extract the labile iron pool. At the end of incubation, samples were centrifuged at 

15800g for 10 min at 4°C. The pellets were subjected to protein determination.387 The supernatants were 

mineralized and the total amount of iron was estimated by atomic absorption spectroscopy. Briefly, 

supernatants were subjected to five 20 min freeze-thaw cycles at -20 +32°C and vortexed. Then, 

samples were mineralised in 200 μL of highly purified nitric acid (Fe: ≤0.01 mg/kg) and 200 μL H2O2. 

Afterwards, they were transferred into a microwave Teflon vessel before being subjected to the 

standard procedure using a speed wave MWS-3 Berghof instrument. After cooling, the Fe content of 

each sample was determined using a Varian AA Duo graphite furnace atomic absorption spectrometer 

(Varian, Palo Alto, CA, USA) at a wavelength of 248.3 nm. A calibration curve was obtained using 

standard solutions of known Fe concentrations. 

 

3.6 Experiments performed on isolated mitochondria 

3.6.1 Mitochondria isolation and preparation of mitochondrial matrix 

Rat or mouse liver, heart and kidney mitochondria were isolated by differential centrifugation following the 

method of Myers and Slater.394 After an overnight starvation period, rodents were sacrificed by cervical 

dislocation. The different organs were explanted and dipped in ice-cold isolation buffer composed by 220 

mM sucrose, 70 mM mannitol, 0.1 mM EDTA, 5 mM Hepes-Tris (pH 7.0). After 5-6 washes with the isolation 

buffer in order to remove blood, the various organs were minced using scissors and homogenized using a 

potter endowed with a teflon pestle. Only for the heart, the connective tissue was partially removed by 

fiberglass filtering. Afterwards, the homogenates were centrifuged at 700g for 10 min at 4°C. The 

supernatants obtained were poured to new ice-cold tubes and centrifuged again at 700g for 10 min at 4°C. 

The supernatant of the last centrifugation was transferred in new cold tubes and centrifuged at 10000g for 

15 min at 4°C. The pellets, corresponding to the mitochondrial fractions, were resuspended in ice-cold 

isolation buffer and centrifuged at 10000g for 15 min at 4°C. The final pellets were dissolved in isolation 

buffer without EDTA and subjected to protein determination. 

For isolation of brain mitochondria, the procedure utilized followed standard protocols.395 Briefly, mice 

were sacrificed by cervical dislocation, the complete brain was immediately removed and placed in an ice-

cold beaker with extraction buffer composed by 125 mM sucrose, 250 mM mannitol, 10 mM EGTA, 0.01% 
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BSA, 1x protease inhibitors, 10 mM Hepes-Tris (pH 7.2) and rinsed twice. Then, the brain was minced using 

small scissors and gently homogenized using a dounce. Afterwards, the homogenate was centrifuged at 

700g for 10 min at 4°C. Supernatant was poured to a new ice-cold tube and centrifuged again at 700g for 

10 min at 4°C. The supernatant obtained was centrifuged at 10000g for 15 min at 4°C. The pellet was 

resuspended in ice-cold extraction buffer added with digitonin to a final concentration of 0.02%. The 

centrifugation at 10000g for 15 min at 4°C was repeated and the final pellet was dissolved in a small 

volume of extraction buffer and subjected to protein determination. 

Mitochondrial proteins were estimated with the Bradford method to prevent possible interferences of 

lipids.396  

Rat heart mitochondrial matrix was obtained by sonication (twice for 30 s each) of 20 mg/mL of a 

mitochondrial suspension diluted 1:4 with 25 mM Tris-HCl (pH 8.0), followed by centrifugation at 10000g 

for 10 min. Pellet was discarded and the supernatant centrifuged at 105000g for 30 min in order to 

separate sub-mitochondrial particles from the mitochondrial matrix. The latter was finally dialyzed 

overnight against 10 mM Tris-HCl buffer (pH 7.4), 1 mM EDTA.  

3.6.2 Measurement of CypD, Trx2 and Prx3 amount in rat heart and liver mitochondrial matrix  

Aliquots of 40 μg protein of rat heart and liver mitochondrial matrix were loaded onto Bis-Tris Gel NuPAGE 

(12% acrylamide/bisacrylamide) (Novex, Life Technology, Carlsbad, CA, USA) and then subjected to 

immunoblot detection using specific antibodies. Band quantification was performed utilizing Image J 

software. 

3.6.3 Determination of ROS production 

WT and mGrx2 KO mouse liver mitochondria (0.5 mg/mL) were incubated at 25°C in a 96-well plate with 20 

mM Hepes-Tris buffer (pH 7.4) containing 100 mM sucrose, 50 mM KCl, 0.5 mM NaKPi and 5 mM succinate. 

Formation of H2O2 was detected with 20 μM AmplexRed (Invitrogen, Carlsbad, CA, USA) in the presence of 

11 nM HRP (λEx= 530 nm, λEm= 590 nm), using an Infinite M200 PRO plate reader. 

3.6.4 Evaluation of the redox state of Trx2 and CypD 

Trx2 and CypD redox state from rat heart mitochondria was estimated following an established method.391 

The procedure is slightly different with respect to the one described in subparagraph 3.5.7. Briefly, 200 μg 

of freshly prepared rat heart mitochondria were incubated in 220 mM mannitol, 70 mM sucrose, 1 mM 

EDTA, 5 mM Hepes-Tris (pH 7.4), 5 mM glutamate, 5 mM malate in a final volume of 50 μL in different 

conditions for 30 min. Then, 100 μL of 11 M urea, 1 mM EDTA, 50 mM Tris-HCl buffer (pH 8.3) containing 30 

mM IAA were added and incubated for 30 min at 37°C to alkylate free thiols. Afterwards, proteins were 

precipitated by ice-cold acetone-1M HCl (98:2). The pellets obtained were washed with ice-cold acetone-

1M HCl-H2O (98:2:10), dissolved in 60 μL of lysis buffer composed by 8 M urea, 1 mM EDTA, 50 mM Tris-HCl 

(pH 8.3) additioned with 3.5 mM DTT, and incubated for 30 min at 37°C to reduce the disulfide bonds. 

Then, samples were treated with 10 mM IAM, for 20 min at 37°C in order to alkylate the newly exposed 

thiol groups. After protein determination,387 20 µg of each sample were subjected to urea-PAGE 

electrophoresis (7% acrylamide/bis(acrylamide), 7 M urea) and blotted on a nitrocellulose membrane using 

a Trans-Blot® Turbo Blotting System (Bio-Rad Laboratories, Hercules, CA, USA). Finally, the membranes 

were probed for Trx2 and CypD with the respective primary antibodies. A peroxidase conjugated secondary 

antibody and chemiluminescence were used to detect the immunoreactive bands. 
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3.6.5 Measurement of the mitochondrial membrane potential  

The mitochondrial membrane potential of WT or mGrx2 KO mouse liver mitochondria was estimated by 

means of the fluorescent dye rhodamine 123. Mitochondrial proteins (0.5 mg/mL) were incubated at 25°C 

in 20 mM Hepes-Tris buffer (pH 7.4), 100 mM sucrose, 50 mM KCl, 1 mM MgCl2, 1 mM NaH2PO4 containing 

12.5 μM rotenone. Mitochondria were treated with 5 mM succinate as an oxidizable substrate in the 

presence or absence of EGTA at the concentration of 20 μM or 1 mM. Fluorescence was estimated (λEx= 

485 nm, λEm= 527 nm) using an Infinite M200 PRO plate reader. The ratio between the fluorescence 

recorded before and after the addition of succinate was calculated and compared between WT and mGrx2 

KO mice. 

3.6.6 Estimation of mitochondrial swelling 

Mitochondrial swelling was followed spectrophotometrically as decrease of the optical density at 540 nm. 

Briefly, WT or mGrx2 KO liver mitochondria (0.25 mg/mL) were incubated at 25°C in 5 mM Hepes-Tris 

buffer (pH 7.4), 213 mM mannitol, 71 mM sucrose, 20 µM EDTA, containing 5 mM succinate, 5 μM 

rotenone and 2.5 μM oligomycin in the presence or absence of 40 μM CaCl2. The absorbance at 540 was 

monitored for about 20 min on a Lambda2 spectrophotometer. 

3.6.7 Determination of the oxygen consumption  

Oxygen consumption of WT or mGrx2 KO mouse liver mitochondria was measured polarographically, 

utilizing a Clark-type oxygen electrode inserted in a water jacketed chamber (25°C) with constant stirring. 

Mouse liver mitochondria (1 mg/mL) were incubated at 25°C in 20 mM Hepes-Tris buffer (pH 7.4), 100 mM 

sucrose, 50 mM KCl, 1 mM MgCl2, 1 mM NaH2PO4 containing 20 µM EGTA. Respiration was started by the 

addition of 7.5 mM succinate or by the combination 7.5 mM glutamate + 3.75 mM malate (state 4). Then, 

0.2 mM ADP was added (state 3). The consumption of dioxygen was calculated in nmoles of O2·sec−1·mg−1 

of protein and the respiratory control index (ratio between state 3/state 4 rates) was finally calculated in 

order to determine the tightness of the coupling between respiration and oxidative phosphorylation. 

3.6.8 Assessment of total thiols 

Liver, heart, brain and kidney mitochondria of WT or mGrx2 KO mice (0.25 mg of proteins) were diluted 

with 0.2 M Tris-HCl buffer (pH 8.1), 1% SDS, 10 mM EDTA to a final volume of 1 mL. Then, 3 mM DTNB was 

added to titrate thiol groups and the absorbance increase was monitored at 412 nm for 5 min on a 

Lambda2 spectrophotometer. The amount of thiols was determined by subtracting to the readings the 

background optical density observed before the addition of DTNB. 

3.6.9 Estimation of the total and oxidized glutathione  

Mitochondria (0.5 mg) were deproteinized with 2 mL of 6% meta-phosphoric acid. After 20 min at 4°C 

samples were collected and centrifuged at 15800g for 10 min at 4°C. Supernatants were neutralized with 

15% Na3PO4 and utilized for total glutathione estimation as described in subparagraph 3.5.6. 

3.6.10 Estimation of CypD PPIase activity 

The peptidyl prolyl cis-trans isomerase (PPIase) activity of CypD was estimated essentially as described by 

Kofron et al. with modifications.397 Assays were performed at 5.5°C in 100 mM NaCl, 50 mM Hepes-Tris 
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buffer (pH 8.0). The peptide N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide was dissolved (3 mM) in 

trifluoroethanol containing 470 mM LiCl, while 2.4 mM α-chymotrypsin was dissolved in 1 mM HCl. Aliquots 

of mitochondrial matrix (30 μg proteins) were preincubated for 15 min in a volume of 50 μL in various 

conditions. The assay was performed in a final volume of 500 μL by the addition, after 5 min of 

equilibration, of α-chymotrypsin (48 μM, final conc) followed, after 1 min, by the peptide substrate (60 μM, 

final conc). The reaction was followed spectrophotometrically at 390 nm as absorbance increase of p-

nitronaniline resulting from the enzymatic cleavage by α-chymotrypsin of the peptide in the trans form. 

The acquired data were fitted to a first-order rate equation in order to obtain the corresponding rate 

constants (kobs, s
−1).26, 28 

3.6.11 Co-immunoprecipitation of CypD with Trx2 and Prx3  

Co-immunoprecipitation analysis was performed in isolated mitochondria employing a different method 

with respect to the one utilized for cell lysates (see subparagraph 3.5.11). Basically, rat heart mitochondrial 

matrix (0.2 mg proteins) was pre-reduced for 30 min at 37°C in 50 mM Tris-HCl buffer (pH 7.4) in the 

presence of 0.8 μM TrxR1, 315 μM NADPH and 1 mM EDTA in a final volume of 50 μL with or without 

addition of 50 µM cyclosporin A (CsA). Then, samples were diluted 1:1 with 50 mM Tris-HCl (pH 7.4), 50 

mM NaCl, 1 mM NaF, 5 mM EDTA, 0.1 mM PMSF and protease inhibitor cocktail. Pre-cleaning phase was 

performed using 20 μL of A/G PLUS-Agarose beads for 45 min at 4°C with stirring. Pre-cleaned samples 

were centrifuged at 720g for 5 min and the supernatant was incubated with anti-Trx2 (Abfrontier), anti-

Prx3 (Santa Cruz Biotechnology) and anti-CypD (Fitzgerald) antibodies for 3 h at 4°C. A/G PLUS-Agarose 

beads (20μL) were added, incubated for 1 h at 4°C, centrifuged at 720g for 5 min and washed with ice-cold 

buffer (50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM NaF and protease inhibitor). The pull down was 

resuspended in SDS loading buffer containing 100 mM DTT, boiled for 10 min, and then centrifuged at 

17000g for 1 min. The supernatant was separated by SDS-PAGE (Mini-PROTEAN® TGX, any kD, Bio-Rad Lab. 

Inc., Hercules, CA, USA), transferred onto a nitrocellulose membrane using Trans-Blot® Turbo Blotting 

System (Bio-Rad Lab Inc. Hercules, CA, USA). Membrane blots were probed with anti-Trx2 (Santa Cruz 

Biotechnology), anti-Prx3 (Abfrontier) and anti-CypD (ThermoFisher) antibodies and visualized by enhanced 

chemiluminescence.  

3.7 RNA isolation and RT-qPCR analysis of Grx2 RNA 

Total RNA from liver and brain of WT or mGRX2 KO mice was isolated using TRIzol according to the 

manufacturer’s procedure (Life Technologies, Carlsbad, CA, USA) and kept at -80°C. RNA concentration and 

purity was measured on a Nanodrop spectrophotometer (ThermoFisher, Waltham, MA, USA). 

Complementary DNA (cDNA) was synthesized from 2 µg of total RNA by using a Maxima First Strand cDNA 

synthesis kit for RT-qPCR (ThermoFisher, Waltham, MA, USA). The cDNA was stored at -20°C. Reverse 

transcriptase PCR was performed using DreamTaq Green PCR Master Mix (2X) (ThermoFisher, Waltham, 

MA, USA) according to the manufacturer’s procedure. Sequences of primer sets:  

Exon1 sense: 5′- ATG GGA AAC AGC ACA TCG TCG -3′     Exon4 antisense: 5′- CAG AGG CAG CAA TTT CCC -3’ 

Exon3 sense: 5′- CTA ACA ATT GTG TGG TGA TCT TC -3′  Exon4 antisense: 5′- CAG AGG CAG CAA TTT CCC -3’ 
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3.8 Western blot procedure and list of the primary antibodies 

Once blotted, the membranes were saturated with 50 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl, 3% BSA 

for 2 h at room temperature. Primary antibodies were diluted in 50 mM Tris-HCl buffer (pH 7.5), 150 mM 

NaCl, 1% BSA, 0.02% NaN3, and added to the membranes. Following overnight incubation with primary 

antibodies at 4°C, membranes were washed three times for 10 min with the washing buffer composed by 

50 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl, 0.1% Tween20. Then, secondary antibodies conjugated to 

the reporter enzyme HRP (Santa Cruz Biotechnology, Dallas, TX USA) were diluted at the appropriate 

concentrations (from 1:10000 to 1:3000) in the same buffer utilized for the primary antibody and incubated 

with the membranes for 40 minutes at room temperature. Afterwards, the membranes were washed three 

times (10 min each). Protein bands were revealed using luminol as a HRP substrate in the presence of H2O2 

taking advantage of UVITEC Alliance Q9 mini chemiluminescence imaging detector (UVITEC, Cambridge, UK) 

and analyzed using Image J or NineAlliance softwares for band quantification. 

Table 4: List of the primary antibodies utilized 
 

Antibody Brand 
Commercial 

code 
Clone 

Species cross 

reactivity* 

Secondary Ab 

dilution 

Trx1 Santa Cruz sc-20146 FL-105 m, r, h Rabbit 1:5000 

Trx2  Abfrontier LF-MA0079 4C5 m, r, h Only For IP 

Trx2  Santa Cruz sc-50336 H75 m, r, h Rabbit 1:5000 

TrxR1  Santa Cruz sc-28321 B-2 m, r, h Mouse 1:3000 

TrxR2  Santa Cruz sc-166259 D-12 m, r, h Mouse 1:3000 

Prx3 Santa Cruz sc-59663 4G10 m, r, h Mouse 1:3000 

Prx3 Abfrontier LF-MA0044 12B m, h Mouse 1:5000 

Grx2 IMCO AGRX-02 n.a. h Rabbit 1:5000 

Grx2  My Biosource MBS176047 n.a. m, r, h Rabbit 1:10000 

Caspase 3  Santa Cruz sc-7148 H-277 m, r, h Rabbit 1:5000 

Cyt c NovusBio NB100-56503 7H8.2C12 m, r, h Mouse 1:3000 

Cyt c oxidase 

(subunit I) 
Molecular Probes A6403 1D6V m, r, h Mouse 1:3000 

CypD ThermoFisher 455900 E11AE12BD4 m, r, b, h Mouse 1:10000 

CypD Fitzgerald 10R-1136 AT1F5 m, r, b, h Mouse 1:3000 

GAPDH  Santa Cruz sc-32233 6C5 m, r, h Mouse 1:3000 

GSH Santa Cruz sc-52399 D8 m, r, b, h Mouse 1:3000 

FLAG Sigma-Aldrich F7425 FL / Rabbit 1:5000 

* m= mouse; r= rat; b= bovine; h=human (n.a. = not available) 

 

3.9 Molecular modelling of the interaction of CypD with Prx3 or Trx2 

A molecular docking prediction using ClusPro 2.0 webserver was utilized.398 For CypD, Prx3, and Trx2 the 

protein structures present in PDB (Protein Data Bank), 2bit (human CypD), 1zye (bovine Prx3) and 1uvz 

(human Trx2) respectively were utilized. For Prx3, the bovine 1zye crystal structure that presents more than 

88.8% identity with human sequence, was used. 

 



 50 

3.10 Enzymatic oxidation of TLMs by the HRP/H2O2 mixture 

Enzymatic oxidation of the compounds by HRP (46 nM) and H2O2 (200 mM) was performed in 0.2 M Tris-

HCl buffer (pH 8.1), 1 mM EDTA. Briefly, HRP and H2O2 were added to the solution of the compounds. The 

solution was immediately transferred to a cuvette and the UV-Vis spectrum was recorded between 250 and 

550 nm every 30 s on a Cary 50 spectrometer (Varian, Palo Alto, CA, USA). 

3.11 EPR spectroscopy studies on ansaFc  

X-band EPR spectra of ansaFc complex were recorded on a Bruker Elexsys 500 spectrometer equipped with 

an Oxford Instrument continuous-flow liquid helium cryostat and a temperature control system. 50 μM 

ansaFc was mixed with 46 nM HRP and 200 mM H2O2 in 0.2 M Tris-HCl buffer (pH 8.1), 1 mM EDTA, 

transferred in quartz tubes and incubated for different times (1, 2, 5, 10 min). At the end of incubation, the 

tubes were frozen in a liquid nitrogen bath and introduced in the EPR cavity. EPR experiments were 

performed at 10 K, using a microwave power of 0.159 mW (non-saturating conditions) with a modulation of 

1 G. 

3.12 Statistical analysis 

All the experiments performed with WT and mGrx2 KO mice were made with matching-aged control 

animals. All the experimental data reported are the mean with their respective standard deviations (SD) of 

the indicated number of experiments. Comparisons between two groups were performed using non paired 

two-tailed Student’s t-test. The statistical analyses of variance (ANOVA) were performed using the Tukey 

test with INSTAT 3.3 (GraphPad) software. A value of p<0.05 was considered significant. 
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4. Results and Discussion 
 
 

4.1 Targets of the mitochondrial thioredoxin system 

The knowledge of the specific proteins undergoing redox regulation in mitochondria is still limited. 

Therefore, we aimed at identifying new proteins of the mitochondrial compartment able to interact with 

the thioredoxin system. 

The family of cyclophilins comprises different proteins that catalyze the cis-trans isomerization of peptidyl-

prolyl bonds (PPIase activity).399
 Of note, long ago cyclophilins were found to possess redox properties. For 

instance, human T-cell cyclophilin 18 was shown to bind Prx3 stimulating its activity, while cyclophilin A can 

reduce and recycle Prx2.400, 401 Cyclophilin D (CypD) is the mitochondrial isoform of cyclophilins and has a 

key function in modulating the opening of the mitochondrial permeability transition pore.402 Interestingly, 

the overexpression of CypD in HEK293 cells protects from tert-butylhydroperoxide induced permeability 

transition indicating redox properties.403 In addition, Linard et al. found that CypD conformation and 

activity are affected by the oxidation of the conserved Cys157 and Cys203 residues possibly through their 

condensation into a disulfide bond. In the same research, CypD oxidation was hypothesized to trigger the 

opening of the mitochondrial permeability transition pore.26 This hypothesis was supported by the 

observed insensitivity of mouse liver mitochondria expressing the CypD mutant Cys203Ser, to Ca2+-induced 

swelling.28 

Considering that the principal regulator of the mitochondrial thiol redox state is the thioredoxin system and 

that other cyclophilins were already shown to be able to interact with peroxiredoxins, we investigated the 

possible interplay between CypD and the mitochondrial thioredoxin system. 

 
4.1.1 CypD isomerase activity is induced by the thioredoxin system 
 
First of all, we evaluated the relative amount of Prx3, Trx2 and CypD in rat heart and liver mitochondrial 

matrix. As reported in Fig. 15, all three enzymes are more abundant in heart mitochondria and thus, we 

chose this organ for our investigations. The PPIase activity of CypD was measured monitoring the 

absorbance increase of p-nitroaniline as described in the Materials and Methods section. Upon incubation 

of rat heart mitochondrial matrix in different experimental conditions, CypD activity was determined. In Fig. 

16 the kinetic curves and the relative differences in first order rates between CypD activities incubated 

under various conditions with respect to the control are reported. The addition of NADPH did not affect 

CypD activity while the incubation of CypD with the complete thioredoxin system (NADPH, TrxR and Trx), 

stimulated both the rate and extent of PPIase activity. Interestingly, Af, the specific inhibitor of thioredoxin 

reductase,319, 343 completely prevented the observed stimulatory effect on CypD activity elicited by the 

thioredoxin system indicating that PPIase induction depends from the activity of the enzymatic system. 

Conversely, cyclosporin A (CsA), which is a specific inhibitor of CypD, inhibits PPIase activity, as previously 

reported.28 Thus, the thioredoxin system, keeping CypD in its reduced form, increases its specific activity. Of 

note, diamide, a thiol-oxidizing agent, was also able to markedly inhibit CypD activity (data not shown) 

further suggesting that the redox state of CypD can modulate its activity. 

4 
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Fig. 15 Relative amount of Prx3, CypD and Trx2 in rat liver and heart mitochondrial matrix. (A) Western blot and (A’) densitometric 
analysis performed with ImageJ software for the three proteins of interest. 

 

 

 
Fig. 16 PPIase activity of CypD incubated under different conditions. Rat heart mitochondrial matrix (30 μg proteins) was 
preincubated in 100 mM NaCl, 50 mM Hepes-Tris buffer (pH 8.0) at 25°C for 15 min in the presence, where indicated, of 300 μM 
NADPH, 0.4 μM TrxR1 from rat liver, 3 μM Trx from E. coli, 1 μM Af or 1 μM CsA. PPIase activity was estimated by a coupled assay 
utilizing α-chymotrypsin as described in the Materials and Methods section. The panel on the left reports the time course curves of 
PPIase activity. The panel on the right shows the relative differences of the rate constants in the various conditions with respect to 
the control (*=p< 0.01; ***=p<0.001). Mean ± SD of 3 experiments. 
 
4.1.2 Inhibition of the thioredoxin system triggers CypD oxidation 

In order to investigate the redox interaction between cyclophilin D and the thioredoxin system, Trx2, Prx3 

and CypD redox state was assessed in both isolated rat heart mitochondria and cultured human cells upon 

TrxR2 inhibition or in the presence of reducing and oxidative stimuli utilizing the redox Western blot 

technique (see Materials and Methods section for details). This technique allows the detection of a number 

of bands corresponding to the number of thiols present in the enzyme plus one and related to the different 

oxidation states of the protein. Regarding Trx2, three major bands can be detected in accordance with the 

presence of only two Cys in Trx2 structure.227 As reported in Fig. 17, panel A at least 5 bands were apparent 

for CypD in isolated rat heart mitochondria, indicating the presence of 4 thiols potentially subjected to 

redox transition and consistent with the number of Cys present in CypD sequence.26 Lane a of CypD redox 

Western blot displays the redox condition of CypD in homeostatic conditions. Of note, the protein is 
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present mainly in its reduced states and shows an oxidation pattern similar to N-acetyl cysteine (NAC) 

treated mitochondria, a thiol reducing agent (lane c). In these reducing conditions, also Trx2 and Prx3 are 

largely reduced (Fig 17, panel B and C) . Prx3 redox state was determined through the measurement of its 

monomeric (reduced) and dimeric (oxidized) forms utilizing a different derivatization method as described 

in subparagraph 3.5.8. Incubation of mitochondria with CsA did not alter the redox state of CypD neither of 

Trx2 or Prx3 (lane d). On the contrary, oxidizing conditions achieved via diamide addition (lane b), shifted all 

the three proteins to their oxidized forms. Notably, the treatment of mitochondria with increasing 

concentrations of Af, the TrxR2 selective inhibitor, led to Trx2 oxidation, Prx3 dimerization and a 

concomitant shift of CypD to the more oxidized forms (lane e and f). Interestingly, the extent of CypD 

oxidation was correlated to the concentration of Af utilized and thus, seemed to be directly dependent on 

TrxR2 inhibition. Therefore, the oxidation of CypD in mitochondria is consistent with that of Trx2 and Prx3, 

and with the extent of TrxR2 inhibition suggesting a redox interplay between the thioredoxin system and 

CypD. 

 
 

Fig. 17 Redox Western blot of CypD, Trx2 and Prx3 in rat heart mitochondria. Mitochondria (200 μg proteins) were incubated under 
various conditions at 25°C for 30 min. Then, the redox state of CypD (A), Trx2 (B), and Prx3 (C) were determined as described in the 
Materials and Methods section. A′, B′ and C′ report the densitometric analysis of the bands in A, B and C respectively, performed 
using the NineAlliance software. (a) Cnt; (b) 2 mM Diamide; (c) 2 mM NAC; (d) 1 μM CsA; (e) 5 μM Af; (f) 7 μM Af. 
 

 

The redox states of Trx2 and CypD were also determined in two different human cell lines namely HeLa and 

CEM-R cancer cells. In this case, a modified redox Western blot analysis was employed in which the two 

thiol alkylating agents (IAA and IAM) are inverted with respect to the procedure used for isolated 

mitochondria (see Materials and Methods). Consequently, the upper Western blot band represents the 

fully reduced enzyme while the lowest corresponds to the completely oxidized form of the protein. 

In cells, in addition to Af, other compounds such as arsenic trioxide (ATO) and 1-chloro-2,4-dinitrobenzene 

(CDNB) were utilized as TrxR inhibitors.404, 405 As shown in Fig. 18, lanes b and g, both HeLa and CEM-R cell 

lines after treatment with NAC, displayed reduced states of CypD and Trx2 that look very similar to the 
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control conditions (lanes a and f). Thus, also in cells the proteins are mainly reduced in homeostatic 

conditions. Conversely, the two enzymes undergo concomitant oxidation upon TrxR inhibition mediated by 

Af (lanes c and i), ATO (lanes d and j), or CDNB (lanes e and k). Different concentrations of TrxR inhibitors 

were used in the two cell lines in accordance with their thioredoxin reductase expression levels.406 

Moreover, for CEM-R cells, Prx3 redox state was also determined in the same conditions. As reported in Fig. 

18, the monomer/dimer ratio of Prx3 is in accordance with the observed CypD and Trx2 redox states as 

previously seen in rat heart mitochondria (Fig. 17). In particular, the band corresponding to Prx3 monomer 

largely decreases in the presence of oxidizing conditions or upon inhibition of TrxR. 

 

To further prove the dependence of CypD on the thioredoxin system for its reduction and to avoid possible 

direct effects of oxidizing agents on CypD redox state, a short-interfering RNA (siRNA) mediated TrxR2 

depletion was utilized. TrxR2 knockdown HeLa cells were obtained and subjected to redox Western blot 

analysis of both Trx2 and CypD. Although TrxR2 depletion was only partial, an induction of Trx2 oxidation 

was apparent and accompanied by a concomitant moderate oxidation of CypD (Fig. 19). Therefore, 

different oxidizing stimuli or direct thioredoxin system inhibition with either a pharmacological approach or 

RNA interference can induce a concurrent oxidation of Trx2, Prx3 and CypD, highlighting again the link 

between mitochondrial thioredoxin system and CypD. 
 

 
Fig. 19 Redox state of Trx2 and CypD upon TrxR2 silencing in HeLa cells. HeLa cells were transfected as reported in Materials and 
Methods (siRNA a targeting sequence: GAAAGAGAUUCUGCUGUCA, siRNA b targeting sequence: GCCGAUCACAUCAUCAUUG) and 

Fig. 18 Redox Western blot of CypD, 

Trx2 and Prx3 in cultured cells. HeLa 

and CEM-R cells (1x106) were treated 

for 18 h in various conditions, and 

then subjected to CypD and Trx2 

redox state determination using a 

non-reducing urea-PAGE. For the 

estimation of the redox state of Prx3, 

CEM-R cell lysates were derivatized 

with 10 mM AIS and subjected to SDS-

PAGE in non-reducing conditions. (a 

and f) Cnt; (b) 3 mM NAC; (c) 15 μM 

Af; (d) 20 μM ATO; (e) 20 μM CDNB; 

(g) 2 mM NAC; (h) 2 mM diamide; (i) 3 

μM Af; (j) 15 μM ATO; (k) 20 μM 

CDNB. 
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then subjected to the analysis of TrxR2 protein amount or Trx2 and CypD redox states. (A) TrxR2 protein level, GAPDH as loading 
control and redox state of CypD and Trx2. (B) Analysis of the correlation between TrxR2 depletion and Trx2 and CypD oxidation. (a) 
mock-treated; (b) non targeting siRNA; (c) 40 nM siRNA a; (d) 80 nM siRNA a; (e) 40 nM siRNA b; (f) 80 nM siRNA b. 

4.1.3 Molecular modelling of the interaction of CypD with Prx3 and Trx2 

A molecular docking prediction using ClusPro 2.0 webserver was employed to deepen the CypD interaction 

with Trx2 and Prx3.398 Interestingly, the majority of possible docking configurations for CypD require its CsA 

binding site. Indeed, CypD hydrophobic CsA-binding pocket is involved in the 96% of possible CypD-Trx2 

interactions and in the 87% of predicted interplays between CypD and Prx3. Hydrophobic interactions and 

salt bridges are responsible for the stabilization of the complexes between proteins. Interestingly, Cys157 

of CypD resides in the CsA binding pocket and, upon binding with both the redox active proteins, results in 

close proximity to reactive cysteines. In particular, its interaction with Cys90 of Trx2 active site and with the 

peroxidatic Cys109 of Prx3 can occur (Fig. 20) suggesting a possible involvement of this cysteine in the 

observed thioredoxin system-mediated redox regulation. 

 
Fig. 20 Binding between CypD and Trx2 or between CypD and Prx3. PDB (Protein Data Bank), 2bit (human CypD), 1uvz (human Trx2) 
and 1zye (bovine Prx3) were utilized. (A) Global view of the best binding between CypD and Trx2. (B) Global view of the best 
predicted binding between CypD and Prx3. As one can see the Cys157 residue of CypD, present in the CsA binding pocket, is in close 
proximity to active Cys of Trx2 and Prx3. The amino acids residues are labelled according to the full-length protein sequences.  

4.1.4 Co-immunoprecipitation of CypD with Trx2 and Prx3 
  
The results obtained so far are consistent with a direct interaction of CypD with both Trx2 and Prx3. 

Therefore, the co-immunoprecipitation technique (Co-IP) was utilized to confirm the binding of CypD with 

proteins belonging to the thioredoxin system in both rat heart mitochondrial matrix and human cultured 

cells overexpressing Trx2. Pre-reduced rat heart mitochondrial matrix was incubated with either an anti-

Trx2 or an anti-Prx3 antibody, immunoprecipitated and the pull-down protein pool was resolved onto a 

SDS-PAGE. CypD was detected in both cases in the co-IP protein pool (Fig. 21). Furthermore, the 

experiment was repeated utilizing an anti-CypD antibody to immunoprecipitate the proteins and CypD 

binding with both Trx2 and Prx3 was confirmed (data not shown). Since the molecular docking prediction 

indicated the highly probable involvement of the CsA binding pocket of CypD for its interaction with Trx2 

and Prx3, the co-IP experiment was repeated in the presence of 50 µM CsA. As apparent from Fig. 21, the 

addition of the CypD inhibitor partially hindered the binding between the proteins (19% reduction of the 

amount of CypD co-IP with Trx2 and 28% reduction of the binding between CypD and Prx3) supporting the 

data obtained from the molecular modelling. 
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Fig. 21 Co-IP of CypD with Trx2 or with Prx3 from rat heart mitochondrial matrix. Pre-reduced rat heart mitochondrial matrix (200 
μg proteins), was incubated with antibodies anti-Trx2 or anti-Prx3 in the presence or absence of 50 µM CsA, pulled down, 
separated by SDS-PAGE, blotted and probed with the specific antibodies as described in the Materials and Methods section. (A) Co-
IP of CypD with Trx2. (B) Co-IP of CypD with Prx3. (a) aliquot of rat heart mitochondrial matrix (10 μg protein); (b) 
immunoprecipitated proteins (** = p<0.01). 

Accordingly, CypD was successfully co-immunoprecipitated with Trx2 also from human cells. HeLa cells 

were transfected with a plasmid encoding for a FLAG-tagged form of human Trx2. The obtained cell line 

displayed an eight fold increase in Trx2 protein expression (Fig 22, panel A and A’). Then, CypD and Prx3 

were efficiently co-immunoprecipitated with Trx2 from cell overexpressing Trx2, as shown in Fig. 22, panel 

B, confirming their binding properties also for the human protein isoforms. 

Altogether, the co-immunoprecipitation experiments report that Trx2, Prx3 and CypD can physiologically 

interact, consistent with a functional relationship linking these proteins. 

 

 
Fig. 22 Co-IP of CypD and Prx3 with Trx2 from Trx2 overexpressing HeLa cells. HeLa cells overexpressing a FLAG-tagged form of 

human Trx2 were lysed and incubated with an anti-Trx2 antibody, pulled down, separated by SDS-PAGE, blotted and probed with 

the specific antibodies. (A) Western blot analysis of FLAG-Trx2 overexpression, GAPDH is reported as a loading control; (A’) 

Densitometric analysis of Trx2 protein level performed with NineAlliance software showing an 8 fold increase of Trx2 protein level. 

(a) mock-treated; (b) scrambled vector; (c) FLAG-Trx2 vector. (B) Co-IP of Prx3 and CypD with Trx2. (d) aliquot of HeLa cell lysate (10 

μg of protein); (e) aliquot of IP supernatant (10 μg of protein); (f) immunoprecipitated proteins. 
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The results obtained in this first part of the research suggest a direct regulatory activity of the 

mitochondrial thioredoxin system on CypD. Interestingly, in physiological conditions, oxidation of CypD may 

be modulated by the action of Prx3 in the presence of H2O2, while thioredoxin or other reducing factors 

may reverse this process. This hypothesis arises from the fact that although Prxs preserve the majority of 

proteins from thiol oxidation, they were found to actively promote the oxidation of a subset of target 

proteins. For instance, Prx1 favors the oxidation of ASK1,407 and Prx2 of the transcription factor STAT3.408 

Moreover, the deletion of all eight Prxs in yeast cells hindered the alteration of gene expression in response 

to H2O2, suggesting again their role in the transmission of redox events.409 Very recently, Dick and 

colleagues showed that the deletion or depletion of cytosolic Prx1 and 2 hinders the overall H2O2-

dependent protein thiol oxidation in mammalian cells and that Prxs directly oxidize other proteins enabling 

redox signaling.129 In the same paper, authors highlighted that, conversely, Trx1 depletion caused a slight 

increase in protein thiol oxidation after H2O2 addition independently from Prx1/2 expression level, 

suggesting a prevalent role of Trx1 as a thiol reducing protein. Notably, these results have been obtained 

on the cytosolic compartment and a direct translation of these findings to the mitochondria would be a too 

simplistic view but a possible oxidizing activity of Prx3 on CypD could be envisaged. In particular, a spark of 

H2O2 production in the mitochondrial matrix could be rapidly intercepted by Prx3 and transmitted to CypD. 

Once oxidized, CypD may transfer the redox signaling to other mitochondrial proteins such as FoF1-ATP 

synthase, adenine nucleotide translocator, mitochondrial phosphate carrier and p53, which were all 

reported to possess reactive Cys in their structures.31, 410-414 Since CypD has a key function in the regulation 

of the mitochondrial permeability transition pore,402 the modulation of its redox state could influence also 

the overall mitochondrial functioning. In particular, CypD may keep the permeability transition pore closed 

in its reduced state, while it could favor the pore opening when oxidized. Thus, further investigations on 

these redox interactions need to be carried out in order to elucidate the whole redox signaling cascade in 

mitochondria. 
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4.2 Thioredoxin reductase as a target in cancer therapy 

Both cytosolic and mitochondrial thioredoxin reductases are overexpressed in cancer cells exerting pro-

proliferating and anti-apoptotic functions.281, 290 Together with their substrates thioredoxins, TrxRs have 

been reported as possible cancer diagnostic markers.308, 316 In addition, their enhanced expression was 

associated to the development of resistance to standard chemotherapeutics.307 Therefore, their inhibition 

could be useful in contrasting tumor progression and resistance. Some chemical compounds, especially 

gold complexes were reported to target TrxRs and to exert a noticeable cytotoxicity on cancer cells but 

without selectivity for one particular isoform of TrxR.313-317 In parallel to TrxRs overexpression, many cancer 

cells also display hyperpolarized mitochondria.267, 268 In order to specifically induce cytotoxicity in cancer 

cells with respect to normal cells, the defective mitochondria could be targeted. Therefore, the search for 

specific inhibitors of TrxR2 which may act specifically in cancer cells by exploiting the high mitochondrial 

membrane potential, was followed as a possible new anticancer strategy. 

 

4.2.1 Thioredoxin reductase 2 genetic depletion 

At first, the effects deriving from the selective TrxR2 depletion were studied in a cancer cellular model. In 

literature, several papers have been published dealing with TXNRD2 deletion in murine cells90, 94, 415, 416 and 

the majority of them investigated the effects of TrxR2 depletion on heart functioning. Interestingly, 

Hellfritsch et al. reported that TXNRD2 deletion in murine cancer cells was able to inhibit their proliferation 

via an altered mitochondrial redox balance.416 However, data are completely lacking for human cancer cell 

lines and the effect of TrxR2 loss should be investigated as a potential approach in anticancer therapy.  

As already reported in subparagraph 4.1.2, the siRNA-mediated transient depletion of TrxR2 highly affected 

Trx2 redox state. In particular, a large increase in the protein oxidation level was observed even for a slight 

decrease of TrxR2 protein amount (see Fig. 19). Therefore, we decided to utilize the Crispr-Cas9 technique 

in order to obtain a human cell line stably knockout for TrxR2. The Crispr/Cas9 technology consists in the 

deletion of the protein of interest via the targeted cleavage of the relative gene by Cas9 activity. Two 

different RNA guides for Cas9 were utilized targeting distinct exons of TXNRD2 gene and tested on a panel 

of cancer cell lines (see Materials and Methods for experimental details). After cell transfection, clonal 

selection was employed and more than 100 clones were screened in order to identify the ones in which the 

gene had been effectively cleaved. Although the complete TrxR2 deletion (TrxR2 KO) was not obtained in 

any of the cell lines used, we were able to generate different A549 stable TrxR2 knockdown clones. After 

clonal expansion, the cellular ROS production was assessed and compared to WT cells (Fig. 23). 

Notably, we observed that the ROS level inversely correlated to TrxR2 protein expression, as shown in Fig. 

23. In particular, the halving of TrxR2 protein level doubles both resting and antimycin-induced ROS 

production with respect to the control. These findings suggest that mitochondrial thioredoxin reductase 

possesses a key function in the control of the overall cellular redox homeostasis. Thus, selective inhibitors 

of the mitochondrial TrxR could be highly efficient in inducing cancer cell death through ROS overload. 
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Fig. 23 Correlation between TrxR2 protein amount and ROS production. (A) Western blot analysis of TrxR2 in three different A549 
knockdown clones (A-C) with respect to control cells; (A’) Densitometric analysis of the Western blot bands shown in A using 
NineAlliance software. (B) Basal and antimycin-induced ROS production of the three TrxR2 depleted A549 clones, measured with 
the CM-H2DCFDA probe, reported as fold over the control after 2 h from the addition of the probe. Mean ± SD of 3 experiments (*= 
p<0.05; ***= p<0.001). 
 
 

4.2.2 Thioredoxin reductase inhibitors as potential anticancer drugs 

Since TrxR2 depletion in human cells seemed to largely affect mitochondrial ROS handling capacity, we next 

aimed at finding compounds which could associate the TrxR2 inhibitory activity with a cancer cell targeting. 

Therefore, we focused on the identification of new TrxR inhibitors possibly having mitochondriotropic 

properties, namely being able to accumulate in the mitochondrial cell compartment exploiting the 

hyperpolarized status of cancer cell mitochondria. It is necessary to assess the selectivity of new families of 

complexes in order to avoid side-effects and to construct solid and reliable structure-activity relationships 

to address the design of targeted chemotherapeutic agents. 

In the following subparagraphs, the different classes of metal complexes studied are presented. The 

compounds were synthesized in collaboration with different European groups of chemists from various 

universities. In particular, Prof. Angela Casini’s group from the School of Chemistry of the Cardiff University 

(GB), Prof. Fritz Kühn’s group from the faculty of Chemistry of the Technische Universität München (D) and 

Prof. Anne Vessières’s group from the Department of Chemistry of the Sorbonne University in Paris (F). For 

each class the TrxR inhibitory activity, the mechanism of TrxR inhibition and the efficacy against different 

cancer cell lines were explored. In addition, their effects on the overall cellular redox state were also 

assessed. 
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4.2.2.1 Benzimidazole-4-carboxamide Au(III) complex 

The first compound to be studied in collaboration with Prof. Casini’s group, was an Au(III) complex bearing 

a 2-((2,2’-bipyridin)-5-yl)-1H-benzimidazol-4-carboxamide ligand. The ligand was specifically designed to 

inhibit the enzymatic activity of poly(adenosine diphosphate (ADP)-ribose) polymerase 1 (PARP-1), a zinc-

finger protein involved in the repair of single-strand breaks in the DNA,417 while the gold center was 

conceived to target the Sec present in the active site of 

TrxR. Therefore, the inhibitory activities of both the 

Au(III) center and of the organic ligand may be synergic 

in leading to a cytotoxic effect in cancer cells. In 

addition, the inhibition of PARP-1 could be useful to 

potentiate the anticancer activity of DNA-intercalating 

agents.418 In Chart 1 the structures of the gold complex 

(2) and of its ligand (1) are reported. 

Firstly, the in vitro inhibition of purified enzymes (PARP-1, TrxR1 and GR) by the two compounds was 

determined as described in the Materials and Methods section. As expected, PARP-1 activity was highly 

inhibited by both compounds (Table 5). Of note, only complex 2 inhibited thioredoxin reductase activity 

(TrxR1) showing an IC50 in the same range as Af (IC50 of Af = 6.88±1.25 nM), whereas the ligand 1 was 

completely ineffective. This result fits with the lack of the Au(III) center in 1 able to bind the selenol group 

of TrxR. Furthermore, the inhibitory efficiency of complex 2 for GR is 28-fold lower than for TrxR1 as 

expected from the lack of Sec in GR structure (Table 5). 

 

Table 5: Inhibitory effect of 1 and 2 on the different isolated enzymes in vitro (IC50) 

 

 IC50* 

Compound PARP-1 (nM) TrxR1 (nM) GR (µM) 

1 5.0±2.1 >100 >10 

2 6.0±1.3 14.32±1.62 0.40±0.06  
*Mean ± SD of five experiments 

 

 

Then, the complex and its ligand were tested for their antiproliferative activities in a small panel of cancer 

cell lines. To this aim the MTT assay was used (see Materials and Methods section). In particular, the 

human ovarian cancer cells SKOV-3, A2780 and A2780R (cisplatin resistant variant), as well as the human 

lung cancer line A549, were incubated with 1 or 2 at increasing concentrations for 72 h. Afterwards, their 

cytotoxicity was determined and compared to the one induced by cisplatin and Af. As reported in Table 6, 

the complex 2 was more efficient than the ligand 1 towards all tested cell lines. In addition, 2 was more 

effective than cisplatin on the cisplatin resistant A2780R cell line suggesting a different mechanism of 

action that can overcome the resistance. A549 cells were poorly sensitive to both the compounds, whereas 

the SKOV-3 cell line showed major differences in IC50 values, with 2 being 4-fold more potent than 1. The 

different sensitivities of the various cell lines could be due to several factors, including the transport 

mechanisms resulting in distinctive efficiencies in the uptake or efflux of the studied compounds. Af 

remained the most potent complex but it was highly unselective among the different cell lines. 

 

 

Chart 1: Structures of the benzimidazole-4-carboxamide 
ligand 1 and of the related Au(III) complex 2. 
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Table 6: Cytotoxicity of compounds 1 and 2 (IC50) on A2780, A2780R, A549, and SKOV-3 cancer cell lines 

after 72 h of treatment, compared to Af and cisplatin 

 

 IC50 (µM)* 

Compound A2780 A2780R A549 SKOV-3 

1 9.70±3.06 33.1±5.9 46.7±17.5 84.4±7.6 

2 4.80±2.35 13.0±2.7 35.0±6.5 22.7±2.9 

Af 1.25±0.5 1.5±0.3 2.5±0.7 1.8±0.4 

cisplatin 5.2±1.9 35.0±5.9 10.8±2.8 13.2±3.5 

*Mean ± SD of three experiments 

 

 

SKOV-3 cells were selected for the characterization of the effects of compounds 1 and 2 in cells. First of all, 

total PARP-1, TrxR and GR activities were evaluated in SKOV-3 cells pre-treated with the two compounds 

for 48 hours. Interestingly, only the gold complex 2 (20 µM) was able to induce a 70% reduction of PARP-1 

activity, while ligand 1 was almost totally ineffective (Fig. 24, panel A). Moreover, as shown in Fig. 24, panel 

B, 2 was also able to induce a 50% inhibition of the total TrxR activity at 40 µM (dark green bars) with a 

certain specificity over GR (light green bars), while 1 was inefficient on both the enzymes. Cell treatment 

with 3 µM Af led to a drop of the total TrxR activity to 20% indicating that 2 is less efficient than Af as TrxR 

inhibitor in cells. The effects of the new compounds on the various enzymatic activities are in line with the 

data on their cytotoxicity suggesting differences in the uptake mechanisms and in their cellular 

accumulation capacity. In fact, ligand 1, which showed a high IC50 value on SKOV-3 cells was unable to 

inhibit the three enzymes while 2 was either effective on the enzymes and cytotoxic. 

In order to analyze the effect of 1 and 2 on the overall cellular redox state, the total glutathione content 

(reduced + oxidized) was measured in SKOV-3 cells, after their treatment with the two compounds for 48 h 

in comparison to Af. Fig. 24, panel C shows that no statistically significant variation of the total GSH 

content, as well as of the GSH/GSSG ratio occurred for Af or for ligand 1, while 2 decreased the total 

glutathione amount and increased GSSG pool at the highest concentration tested (50 µM). This result 

indicates that the cytotoxic potency of the gold complex 2 does not particularly rely on the glutathione 

pathway and that its mechanism of toxicity is not due to a general oxidizing activity but on the targeting of 

specific enzymes in the cell. 

Finally, we evaluated whether the Au(III) complex or its ligand could affect the mitochondrial membrane 

potential (MMP) in order to investigate possible mitochondriotropic properties. In fact, other Au(III) 

complexes were already reported to alter mitochondrial functioning and to induce apoptosis. For instance, 

an Au(III) meso-tetraarylporphyrin complex, that exhibited 100 fold stronger cytotoxicity than cisplatin 

against a panel of human cancer cell lines, was reported to induce a decrease of the MMP, release of Cyt c 

and activation of caspase 9 and caspase 3 of the apoptotic pathway.419 In addition, a series of Au(III) 

anticancer agents showing dithiocarbamato ligands were found to induce ERK1/2 phosphorylation 

triggered by accumulation of ROS. Mitochondria have been suggested as a target of these gold complexes 

and the sustained ERK1/2 activation was hypothesized to lead to apoptosis.420 Thus, different Au(III) 

complex have mitochondria-based cellular targets and trigger mitochondrial dysfunctions.  
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Therefore, MMP of SKOV-3 cells treated for 18 h with 20 or 40 µM compounds 1 and 2 or with 10 µM Af 

was measured by cytofluorimetric analysis, using the probe tetramethyl rhodamine methyl ester (TMRM) 

according to established protocols (see Materials and Methods section for details) and compared to the 

MMP of cells incubated with 10 µM of the uncoupling agent carbonyl cyanide m-chlorophenyl hydrazone 

(CCCP). As apparent in Fig. 24, panel D, both complexes 1 and 2 did not alter the mitochondrial membrane 

potential with respect to their controls. Conversely, Af partially affected the MMP by inhibiting TrxRs 

activities while CCCP led to the drop of the MMP in the majority of the cells. This result clearly indicates 

that mitochondria are not affected by compounds 1 and 2 and that the complex and its ligand do not act on 

mitochondria to exert their anticancer activity. 

 
 

Fig. 24 Effects of the benzimidazole-4-carboxamide Au(III) complex (2) and of its ligand (1) on SKOV-3 cells. (A) PARP-1 activity 

estimation. SKOV-3 cells were treated with the compounds (20 µM) for 48 h and then subjected to the PARP-1 activity assay as 
described in Materials and Methods. (B) Effect of the compounds 1 and 2 on total TrxR and GR activities in cell lysates. SKOV-3 cells 

were treated for 48 h with 20 and 40 µM of 1 and 2 or with 3 µM Af, lysed and processed to determine the total TrxR (dark gren 
bars) and GR (light green bars) activities. (C) Total and oxidized glutathione amount in SKOV-3 cells treated with 1, 2 or Af. 

Glutathione levels were determined in SKOV-3 cells as described in Materials and Methods, after treatment with 50 µM 1, 20-40-50 
µM 2 or 3 µM Af for 48 h. (D) Mitochondrial membrane potential (MMP) of SKOV-3 cells treated for 18 h with the two compounds 

(20 or 40 µM). After treatment, cells were incubated with 25 nM TMRM for 20 min and then analysed by flow cytometry. 10 µM 
CCCP and 10 µM Af were used as positive controls for the induction of MMP collapse and for TrxR inhibition, respectively. Bars 
represent mean percentages ± SD of SKOV-3 cells whose mitochondria showed low MMP. Data are the mean ± SD of at least 3 
replicates for each experiment (*= p <0.05; ** = p<0.01; *** = p<0.001). 

In conclusion, the Au(III) complex 2 possesses a potent PARP-1 inhibitory capacity on both the isolated 

enzyme and in cell lysates. In addition, the seleno-enzyme thioredoxin reductase is efficiently targeted by 2 

but not from its ligand 1 which lacks the active gold center. The Au(III) compound displays a good 

cytotoxicity towards different ovarian cancer cell lines without major effects on both the MMP and the 

intracellular glutathione redox state suggesting a selective action on the two targeted proteins and a 

complete deficiency of mitochondriotropic properties. 
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4.2.2.2 Diphenylpyridine Au(III) complexes 

Pursuing the search of novel Au(III) complexes endowed with TrxR inhibitory properties as well as 

anticancer activity, three new cyclometalated 2,6-diphenylpyridine Au(III) complexes were studied in 

collaboration with Prof. Kühn’s group (Chart 2). The three complexes bear different ligands to the gold 

atom namely chloride for complex 1, 1,3,5-

triazaphosphaadamantane (PTA) for complex 2 

and thio-β-D-glucose-tetraacetate (GluS-) for 

complex 3. The PTA ligand was added to 

increase the hydrophilicity of complex 2, while 

the GluS− ligand was chosen to possibly 

enhance the uptake of 3 via the GLUT1 

transporter. 

At first, in vitro inhibition of purified rat liver cytosolic and mitochondrial TrxRs by compounds 1-3 was 

investigated and compared to Af, using the DTNB assay described in Materials and Methods. As reported in 

Table 7, compounds 1-3 are good inhibitors of cytosolic thioredoxin reductase (TrxR1), with complex 3 

being the most potent, showing an IC50 value close to the one of Af. Instead, the mitochondrial TrxR activity 

is only slightly affected by the three complexes with compounds 1 and 3 showing a very similar inhibitory 

activity. Furthermore, the effect of the complexes on GR activity was also studied and, interestingly, their 

inhibitory capacity was at least 60-fold lower than for TrxR1 (Table 7). 
 

Table 7: Inhibitory effect of compounds 1-3 (IC50) on isolated TrxR1, TrxR2 and GR activities  
 

 IC50 (nM)* 

Compound TrxR1 TrxR2 GR 

1 10±1 59±5 219±18 

2 10±1 213±20 439±7 

3 3±1 60±4 180±22 

Af 0.9±0.3 3±1 >10 000 
*Mean ± SD of three experiments 

 

Afterwards, the gold complexes were tested for their cytotoxicity against A549, SKOV-3 and 2008 human 

cancer cell lines by means of the MTT assay (see Materials and Methods section) and compared to cisplatin. 

Of note, the cytotoxicity was assessed after 72 h of treatment with the complexes for A549 and SKOV-3 

cells and after 48 h for 2008 cells. Table 8 reports the IC50 values of 1-3 and of cisplatin on the cell viability. 

The compound displaying the highest potency was complex 3 in accordance to its good TrxR1 and GR 

inhibitory capacity observed in vitro, while the most sensitive cell line was the 2008 ovarian cancer. 
 

Table 8: Cytotoxicity of the Au(III) compounds 1-3 and of cisplatin (IC50) against A549, SKOV-3 (72 h 

incubation) and 2008 (48 h incubation) cells  
 

 IC50 (µM)* 

Compound A549 SKOV-3 2008 

1 35±5 39±7 29±3 

2 > 50 48.1±2.3 > 50 

3 30.4±1.3 13.0±0.9 7.0±1.2 

cisplatin 12±0.5 16.3±1.7 10.4±1.3 
*Mean ± SD of three experiments 

Chart 2: Structures of the three diphenylpyridine Au(III) complexes. 
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Then, we decided to analyse whether the complexes were able to target TrxR and GR in 2008 cells, the 

most sensitive cells to the compounds. Thus, the ovarian cancer cells were pre-treated for 48 h with 1-3 at 

increasing concentrations (10-50 µM) and subjected to the measurement of the two enzymatic activities 

(see Materials and Methods). As apparent from Fig. 25, panel A, complex 3 was the most effective in 

inhibiting the total thioredoxin reductase activity, followed by compound 2. Conversely, complex 1 was 

almost inactive even at the highest concentration used (50 µM). In addition, GR activity was also 

determined and, as shown in Fig. 25, panel A’, the enzyme was not inhibited by 1-3 confirming the different 

potency of the complexes on TrxR and GR already noted on the isolated enzymes. 

In order to evaluate the effects deriving from TrxRs inhibition, the redox state of Trx1 and Trx2, the main 

substrates of TrxRs, was analysed in 2008 cells treated for 48 h with 1 and 3 (Fig. 25, panel B). The redox 

Western blot analysis already described in subparagraph 4.1.2 was utilized. As expected, only complex 3 

induced the oxidation of Trx1 and Trx2, evidenced by the shift of the bands towards their more oxidized 

forms and, indirectly, confirmed that compound 3 is effective in inhibiting TrxR. 

Finally, the overall cellular redox state was evaluated. To this aim, total thiols, total glutathione content and 

GSH/GSSG ratio were determined after incubation of 2008 cells (1x106) with 1-3 (25 μM and 50 μM) for 48 

h. As shown in Fig. 25, panel C, the total amount of thiols in cells was unchanged upon treatment with 

complexes 1 and 2, whereas complex 3 at the highest concentration (50 μM), was able to decrease thiols 

level of about 40%, suggesting that 3 affects the redox homeostasis of the cell. Regarding glutathione, a 

significant increase of oxidized glutathione was elicited only by complex 3 at 50 µM (Fig. 25, panel D). 

Therefore, complex 3, by inhibiting thioredoxin reductase activity, induces oxidation of thioredoxins leading 

to a redox imbalance in the cell as shown from the decrease of total thiols and increase of the oxidized 

glutathione pool. 

 
Fig. 25 Effects of the three Au(III) complexes in 2008 ovarian cancer cells. (A, A’) Total TrxR and GR activities measured in 2008 
ovarian cancer cells (1x106) after 48 h treatment with 1-3 as reported in the Materials and Methods section, mean ± SD of 3 
experiments. (A) Total TrxR activity estimation after cell treatment with 1-3 at the indicated concentrations; (A’) GR activity 
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determination after cells treatment with 50 µM of each compound. (B) Redox Western blot of Trx1 and Trx2 in 2008 cells after 
incubation with 1 (40 μM) and 3 (20 μM) for 24 h; N-acetyl-cysteine (NAC) was used to achieve the fully reduced status, while 
diamide is taken as control for the totally oxidized protein form (a) Cnt; (b) 3mM NAC; (c) 2 mM diamide; (d) 40 μM compound 1; 
(e) 20 μM compound 3. (C) Total thiols in 2008 ovarian cancer cells after treatment with 1-3 for 48 h. Cells (5x105) were treated 

with the compounds (25 or 50 µM) and then subjected to total thiol determination, mean ± SD of 5 experiments. (D) Total 
glutathione amount and redox state (GSSG/GSH ratio) after cell treatment with 50 µM of compounds 1-3 for 48 h, mean ± SD of 3 
experiments. (*=p< 0.05; ** = p<0.01; ***=p<0.001).  

In conclusion, the three novel Au(III) complexes have been examined for their TrxR and GR inhibitory 

capacity and for their antiproliferative effects in a small panel of human cancer cells. The complexes are 

nanomolar inhibitors of isolated cytosolic and mitochondrial TrxRs, with a more potent activity on the 

cytosolic isoform of the enzyme while they scarcely affect the activity of GR. In general, these compounds 

are poorly toxic, with the exception of compound 3, which was particularly active against the 2008 ovarian 

cancer cell line. The preferential inhibition of TrxR over GR was confirmed also in 2008 cells and supported 

by the observed oxidation of Trxs after cell incubation with compound 3. Furthermore, complex 3 was 

shown to be particularly effective in disrupting the cellular redox state by decreasing the level of thiols and 

augmenting glutathione oxidation. However, the Au(III) complexes need to be further optimized for 

biological applications, especially in terms of potency on cancer cells. 

 

4.2.2.3 N-heterocyclic carbene (NHC) Au(I) complexes 

In 2008, Berners-Price and coworkers synthesized a series of cationic N-heterocyclic carbene (NHC) Au(I) 

complexes endowed with remarkable cytotoxicity and able to induce mitochondrial damage.278 Since then, 

the research for novel organometallic NHC Au(I) complexes as potential anticancer agents has largely 

increased.421 The fine-tuning of the hydrophilic/lipophilic character can highly affect the stability of the 

complex in physiologic media, its capacity to enter cancer cells and its inhibitory properties. Thereafter, we 

decided to characterize a series of new differentially functionalized mono- and bis- NHC Au(I) complexes for 

their cytotoxic activity and enzymatic inhibitory capacity. In addition, a dinuclear NHC Au(I) complex was 

also tested. The structures of the compounds synthesized in collaboration with Prof. Casini’s group, are 

reported in Chart 3. Notably, the NHC ligands are endowed with sulfonate or hydroxyl groups in order to 

increase the hydrophilicity of the complexes. In addition, in the mono- and bis-carbenic series, R is 

substituted with groups endowed with increasing lipophilicity (lipophilic character of R: 1<2<3 and 5<6<7). 

 

 
Chart 3: Structures of the hydrophilic N-heterocyclic carbene Au(I) complexes. 

 

Initially, the seven NHC Au(I) complexes were evaluated for their inhibitory potential toward both isolated 

cytosolic (TrxR1) and mitochondrial (TrxR2) rat liver TrxRs, according to established protocols as described 

in the Materials and Methods section. In Table 9 the half-maximal inhibitory concentrations (IC50) of the 



 66 

NHC Au(I) complexes on the two enzymes are reported in comparison to Af as a benchmark. The 

monometallic bis-carbenic complexes 1-3 were able to inhibit cytosolic TrxR in the micromolar range of 

concentrations (4.8-23 μM), while the mono-carbenic compounds 5-7 were much more efficient showing 

lower IC50 values (0.018-0.073 μM). These results are probably due to the greater stability of the bis-

carbenic compounds 1-3 and to their lower nucleophilicity with respect to the mono-carbenic complexes 5-

7 which, instead, easily undergo ligand exchange with Cys and/or Sec residues of TrxR. Of note, the 

bimetallic bis-carbenic gold complex 4 is slightly more potent than 1-3, thanks probably to the two gold 

centers. In addition, TrxR activities were not inhibited by the isolated ligands demonstrating the 

requirement of gold centers for TrxR inhibition (data not shown). All three mono-carbenic Au(I) complexes 

were able to inhibit TrxR1 in the nanomolar range of concentrations as Af (TrxR1 inhibition potency: 

6>7>5). Regarding TrxR2, the inhibitory capacity of 5-7 was lower with respect to Af and the efficiency 

between the three complexes was slightly different than for TrxR1 (TrxR2 inhibition potency: 6>5>7). 

Moreover, the complexes were tested for their inhibitory activity toward isolated glutathione reductase. 

GR activity was found to be inhibited at higher concentrations with respect to TrxRs (>10 μM for all the 

complexes), indicating a preferential effect on TrxRs. 

 

Table 9: Inhibitory effect (IC50) of the NHC Au(I) complexes against isolated cytosolic (TrxR1) and 

mitochondrial (TrxR2) thioredoxin reductases 

 

 
IC50(µM)* 

 
Compound TrxR1 TrxR2 

1 5.073±0.212 n.d. 

2 23.167±1.623 n.d. 

3 3.664±0.091 n.d. 

4 0.409±0.051 3.257±0.091 

5 0.073±0.002 0.313±0.041 

6 0.018±0.001 0.267±0.022 

7 0.025±0.003 0.561±0.102 

Af 0.007±0.001 0.004±0.001 

*Mean ± SD of three experiments 

 

In order to investigate the mechanism of inhibition of the complexes toward TrxR, the biotinylated-

iodoacetamide (BIAM) assay was employed. Utilizing this method, it is possible to observe the binding of 

the complexes with the C-terminal redox-active centre of TrxR on the basis of the different pKa values of 

Cys (8.57) and Sec (5.27). In particular, at pH 6.0 only Sec (and low pKa Cys) can be alkylated by BIAM, 

whereas at pH 8.5 both Cys and Sec are modified. The labelled enzymes are then detected with horseradish 

peroxidase conjugated streptavidin, triggering chemiluminescence. The pretreatment of TrxR with thiol- 

and/or selenol- alkylating species can block BIAM binding and thus reduces the intensity of the 

chemiluminescent band (see Materials and Methods section for details). Thus, we pretreated isolated 

TrxR1 with the mono-carbenic complexes 5-7 in comparison with the bis-carbenic compounds 1-3 followed 

by BIAM derivatization at the two pH. The results are shown in Fig. 26, panel A and A’. Complexes 1-3 (100 

μM) were poor alkylators of both Cys and Sec. Conversely, compounds 5 and 6, at the same concentration, 

almost completely hindered BIAM binding to the enzyme at both pH, indicating a strong affinity not only 
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towards selenol groups but also for thiols. Compound 7 was the most effective complex. Indeed, a low 

concentration (20 μM) was sufficient to significantly affect BIAM binding. Interestingly, a certain selectively 

for selenol groups was also detected (Fig. 26, panel A’: 42% of residual band intensity for lane d vs 58% for 

lane d′). Therefore, the three mono-carbenic Au(I) complexes 5-7, can alkylate TrxR and show a slight 

binding preference for Sec. On the contrary, complexes 1-3, according to their low enzyme inhibitory 

capacity, do not target thiols nor selenols suggesting again that they hardly undergo ligand exchange 

reactions. 

Then, the mono-carbenic Au(I) complexes (5-7) were evaluated for their antiproliferative effects on the 

2008 ovarian cancer cell line. The dinuclear complex 4 was also included because of its stronger TrxR 

inhibitory activity in comparison to the other bis-carbenic compounds. To this end, 2008 cells were treated 

with compounds 4-7 at increasing concentrations and then cell viabilities were quantified using the MTT 

assay, as described in the Materials and Methods section. As reported in Fig. 26, panel B, the three mono-

carbenic Au(I) complexes were highly efficient, displaying IC50 values of cytotoxicity in the low-micromolar 

range (13.2±3.5, 17.5±1.5, and 24.5±4.2 μM for 5, 6 and 7, respectively) already after only 1 h of incubation 

with cells. Conversely, complex 4 was not toxic even at the highest concentration used. Interestingly, 

compounds’ cytotoxicity did not display significant differences at 24 h, suggesting that they could be 

inactivated with time. In support of this hypothesis, Ott and co-workers reported that the bioavailability of 

other NHC Au(I) complexes could be negatively affected by serum components.422 This hypothesis may 

possibly explain the acute and transient effect on cell viability of our new Au(I) complexes. 

Afterwards, the total TrxR and GR activities were assessed in 2008 cells pretreated with compounds 4-7 

(20, 40, and 60 μM) for 3 h (Fig. 26, panel C and C’). For the dinuclear bis-carbenic complex 4, a slight 

decrease of both enzymatic activities was apparent only at the highest concentration examined (60 μM), in 

accordance to its low cytotoxicity. Whereas, the mono-carbenic complexes 5-7 induced a significant 

decrease of the total thioredoxin reductase activity (>70%) even at the lowest concentration used (20 μM), 

showing an inhibitory effect following the same order of their antiproliferative activity 5>6>7. At higher 

concentrations, TrxR activity largely declined, reaching 90% inhibition at 60 μM. In contrast, GR activity was 

clearly less affected by 5-7 with a maximal 70% inhibition of complex 5 at the concentration of 60 μM (Fig. 

26, panel C’). These results are in agreement with the previously observed selectivity of 5-7 for TrxR as well 

as with their cytotoxicity, which appears to be correlated with their TrxR inhibitory capacity. 

Finally, ROS production was evaluated upon 2008 cell treatment with the various NHC Au(I) complexes. In 

fact, TrxR inhibition, by altering the cellular redox homeostasis, increases H2O2 concentration that can be 

measured as a direct proof of redox imbalance. Thus, the effect of gold compounds 4-7 (20 μM) on ROS 

production was measured in 2008 ovarian cancer cells over a period of 2 h using the peroxide-sensitive 

fluorescent probe CM-H2DCFDA (see Materials and Methods section). As shown in Fig. 26, panel D, all 

three mono-carbenic Au(I) complexes stimulated ROS formation with complex 5 being the most effective, 

in accordance with its strongest inhibitory effect on TrxR. On the other hand, complex 4 did not elicit ROS 

production as expected from its poor activity in cellulo. 
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Fig. 26 Effects of the NHC Au(I) complexes in vitro on isolated enzymes and on cancer cells. (A, A’) BIAM assay on reduced TrxR1 
pre-incubated with 100 µM complexes 1-3 and 5-6 (A) or with 5, 10 and 20 µM complex 7 (A’) (see Materials and Methods section 
for details). Densitometric analysis performed with NineAlliance software is reported. (B) Cell proliferation assessed with the MTT 
assay after 1 h incubation of 2008 cells (1x104) with increasing concentrations of 4-7, mean ± SD of 3 experiments. All the bars 
relative to cells treated with complexes 5-7 (2.5-60 µM) are significant with respect to the control with p<0.01. (C) 2008 cells 
(1x106) were treated with complexes 4-7 at increasing concentrations (20, 40 and 60 µM) for 3 h, lysed and then subjected to total 
TrxR activity measurement as described in Materials and Methods, mean ± SD of 4 experiments; (C’) 2008 cells (1x106) were 
treated with 60 µM complexes 4-7 for 3 h, lysed and total GR activity assessed (see Materials and Methods), mean ± SD of 4 
experiments. (D) ROS production of 2008 cancer cells (1x104) upon treatment with 20 µM complexes 4-7 utilizing the probe CM-
H2DCFDA, RFU = relative fluorescent units, mean ± SD of 4 experiments (*=p< 0.05; ** = p<0.01; ***=p<0.001). 

 

In conclusion, a series of novel mono- and bis-carbenic and one dinuclear Au(I) complexes were screened 

for their inhibitory effects on purified TrxR and GR and on 2008 cells. The three mono-carbenic complexes 

were the most effective in targeting TrxR over GR by preferentially binding preferentially to the Sec present 

in TrxR active site. In addition, the mono-carbenic compounds were tested for their antiproliferative 

effects, TrxR inhibitory activity and oxidative stress induction on the human ovarian cancer cell line 2008. 

The results clearly indicate a correlation between cytotoxicity, TrxR inhibition and ROS production in cancer 

cells. However, cell culture media components (including serum proteins) probably influence the 

metallodrug speciation and possibly induce deactivation of the complexes over time. 
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4.2.2.4 Tamoxifen-like metallocifens 

The last class of metal complexes that have been studied as possible thioredoxin reductase inhibitors are 

the tamoxifen-like metallocifens (TLMs). Tamoxifen is a chemotherapeutic drug utilized to treat patients 

affected by ER+ breast cancer.338 The new 

complexes derive from the substitution of one of 

the phenyl rings in the structure of tamoxifen 

(indicated with a red dot in Chart 4) by a 

metallocene unit and modifications/excision of 

the lateral amino-chain. As already mentioned in 

Introduction, the metallocene unit presents 

reversible redox properties and long ago has 

been associated to an anticancer activity.333 

Thus, TLMs were synthetized by Prof. Vessières’s 

group to combine the estrogen modulatory 

properties of the tamoxifen structure with the 

redox activity of the metallocene unit. In 

addition, it has been shown that tamoxifen is 

able to affect mitochondria by interfering with oxidative phosphorylation leading to mitochondria 

uncoupling and to the perturbation of the MMP.423 Thus, TLMs could possibly associate the mitochondrial 

targeting capacity to a redox activity. Many different derivatives have been synthesized. In 2014, Citta et al. 

studied two TLMs of iron (Fc-OH and Fc-OH-Tam) with respect to their possible inhibitory activity on TrxR, 

GR and GPx and reported that the complexes were able to selectively target TrxR, while GR or GPx were not 

affected.342 Interestingly, metallocifens need to be enzymatically transformed into oxidized derivatives 

(with the combination H2O2/HRP) to be able to alkylate the Sec present in the active site of TrxR. These 

derivatives were identified as quinone methides (QMs). Fc-OH and Fc-OH-Tam inhibitory effect on TrxR was 

confirmed also in the lymphoblastoid Jurkat cell line. Therefore, we decided to further analyze the effects 

of this class of complexes on both isolated enzymes and cancer cells. In particular, other TLMs were tested 

for their TrxRs inhibitory capacity and insights were obtained into the mechanism of cancer cell death 

induction. Moreover, since tamoxifen was found to target mitochondria we also investigated the possible 

tropism for mitochondria of some TLMs. Chart 4 reports the structure of the different TLMs studied. 

The first compound to be investigated was the ansa-ferrocenyl compound (ansaFc). As apparent in Chart 4, 

differently from Fc-OH-Tam, the amino-chain has been substituted by a hydroxyl group and the ferrocene 

unit is covalently linked to the rest of the complex by both the cyclopentadienyl rings. 

Since the active metabolites of the previously studied iron complexes were obtained through the enzymatic 

oxidation mediated by the HRP/H2O2 mixture, we initially investigated whether ansaFc could be also 

transformed into a quinone methide. Thus, the UV-Vis spectrum of the compound (50 μM) was recorded in 

the presence of 46 nM HRP and 200 μM H2O2 in 0.2 M Tris-HCl buffer (pH 8.1), 1 mM EDTA as described in 

the Materials and Methods section. The time evolution of the UV-Vis spectrum of ansaFc upon HRP/H2O2 

addition is shown in Fig. 27, panel A. Two short-lived bands rapidly appeared at 368 and 273 nm. Then, a 

band at 560 nm emerged and was associated with the coloring of the solution in bright pink. The intensity 

of this band reached a maximum of absorbance at 15 min, then rapidly decreased (t1/2 = 8 min). The 

transient species observed initially could be a radical of the compound (ansaFc•) probably resulting from 

one electron oxidation and one proton abstraction. To prove this hypothesis EPR spectroscopy was 

Chart 4: Structures of the various TLMs studied. 
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employed and confirmed the formation of a transient organic radical (Fig. 27, panel B). In fact, kinetic 

studies in the range 1-10 min showed the formation of a peak at g = 2.0205 characteristic of an organic 

radical that reached a maximum after 2 min and then slowly decreased but remained detectable after 10 

min. Instead, the pink species was attributed to the quinone methide formation. This species seems to be 

also poorly stable as shown by the disappearance of the band after 90 min along with the appearance of 

insoluble species, associated to an increase of the baseline (Fig. 27, panel A). 

In the previous studies performed in the ferrocifen series, the QMs obtained by enzymatic oxidation were 

characterized as strong inhibitors of thioredoxin reductase, whereas the parent complexes were less 

efficient inhibitors.342 Thus, we decided to evaluate the inhibitory capacity of both ansaFc and ansaFc• on 

TrxR1. Since the radical derivative ansaFc• is not stable, its inhibitory activity on TrxR was measured after 

different pre-incubation times of ansaFc with the HRP/H2O2 mixture (0.5-60 min) and a 5 min incubation 

with TrxR1 prior to the enzymatic activity measurement. The results summarized in Fig. 27, panel C, show 

that the extent of TrxR1 inhibition highly depend on the time of ansaFc pre-incubation with HRP/H2O2. In 

fact, TrxR1 activity decreased between 0.5 and 5 min pre-incubation times and reached a minimum (14% of 

residual activity) at 5 min. However, the inhibitory effect decreased for longer pre-incubation times, i.e. 

when the QM is formed, indicating that ansaFc• is the active metabolite of ansaFc responsible for TrxR1 

inhibition. 

Then, the inhibitory capacity of ansaFc on TrxR1 and GR in comparison with ansaFc• (obtained after 5 min 

preincubation in the presence of the HRP/H2O2 mixture where the inhibitory potency of the species is 

maximal), was studied (Fig. 27, panel D). Regarding TrxR1, ansaFc alone only slightly inhibited TrxR1 (IC50 

around 7 μM) while a significantly lower IC50 value (around 0.15 μM) was found for ansaFc•. Interestingly, 

GR which is structurally homologous to TrxR, was not significantly inhibited by both the compounds as 

shown in Fig. 27, panel D. 

This result suggests that ansaFc• may target the Sec at the C-terminal of TrxR that is not present in GR. In 

order to verify the alkylation of the selenol in TrxR by the ansaFc derivative, the BIAM assay was 

performed. As apparent form Fig. 27, panel E, ansaFc, at relatively high concentration (50 μM), was not 

able to interact with the Sec. Indeed, the amount of TrxR detected was almost identical to the control. On 

the contrary, ansaFc• at a very low concentration (2 μM), was able to react with both Sec and Cys. These 

results are in good agreement with the respective potency of ansaFc and ansaFc• as TrxR inhibitors (Fig. 27, 

panel D). However, the BIAM assay revealed also that ansaFc• binds not only the Sec residue but also thiols 

indicating a high reactivity. 

Ab-initio calculations performed at Density Functional Theory (DFT) level showed the possibility of 

delocalization of the unpaired electron of ansaFc• between the Cα position and the deprotonated phenol 

ring (Fig. 27, panel F). The possibility of an intramolecular resonance stabilizes the organic radical and thus 

renders it visible in both the UV-Vis and in the EPR spectra. 
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Fig. 27 Effects of ansaFc, enzymatic transformation, characterization of the derivative, and inhibitory properties. (A) Time evolution 
of the UV-Vis spectrum of ansaFc (50 µM) incubated in the presence of 46 nM HRP/200 µM H2O2 in 0.2 M Tris-HCl buffer (pH 8.1), 1 
mM EDTA at 25°C. (B) X-band EPR (microwave frequency = 9.3944 GHz) of frozen solution of ansaFc•: evolution of the peak at 
g=2.0205, corresponding to the organic radical, at the indicated reaction times (a) 1 min; (b) 2 min; (c) 5 min; (d) 10 min. (C) Kinetics 
of inhibition of cytosolic thioredoxin reductase (TrxR1) in vitro by ansaFc•. AnsaFc (0.25 μM) was first preincubated for different 
times (0.5-60 min) with the HRP/H2O2 mixture. Then, aliquots of highly purified TrxR1 (60 nM) were added and incubated for 5 min 
in 0.2 M Tris-HCl buffer (pH 8.1), 1 mM EDTA and NADPH (0.25 mM). Percentage of remaining TrxR1 activity was determined by 
estimating the DTNB-reducing property of the enzyme as described in Materials and Methods section, mean ± SD of 3 experiments. 
(D) Percentage of TrxR1 and GR activities. Purified enzymes were incubated for 5 min in the presence of various concentrations of 
ansaFc or ansaFc• (obtained by pretreatment of ansaFc with H2O2/HRP for 5 min) and TrxR1 and GR activities were then measured, 
mean ± SD of 3 experiments. Red curve: TrxR1 activity in the presence of ansaFc; Dark blue curve: TrxR1 activity in the presence of 
ansaFc•; Light blue curve: GR activity in the presence of ansaFc; Dark red curve: GR activity in the presence of ansaFc•. (E) BIAM 
assay of TrxR1 with ansaFc or ansaFc•. TrxR1 (1 μM), pre-reduced with NADPH (60 μM), was incubated for 30 min with 50 μM 
ansaFc or 2 μM ansaFc• in 50 mM Tris-HCl buffer (pH 7.4) containing 0.2 mM NADPH, 1 mM EDTA. Then, samples were processed 
as described in Materials and Methods section (IB: immunoblot). (F) Computed Spin Density isosurfaces (isocontour value 0.025). 
Positive (blue) zones indicate regions were an excess of electron is present corresponding to the zones were the radical is localized 
(** = p<0.01; *** = p< 0.001). 
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Next, we moved to assess the possible anticancer effect of ansaFc in Jurkat cells. We started by 

investigating its cytotoxicity, utilizing the MTT assay. Cells were incubated for 72 h with increasing 

concentration of ansaFc and then processed (see Materials and Methods for details). Fig. 28, panel A 

displays the viability curve and it is interesting to note that the compound is cytostatic more than cytotoxic. 

We also evaluated the total TrxR and GR activities in Jurkat cell lysates after their incubation with ansaFc 

for 48 h. The complex led to a modest inhibition of TrxR and was completely ineffective on GR activity. We 

hypothesized that ansaFc, once oxidized to ansaFc•, could be too reactive to be selective for TrxR and that 

it could possibly derivatize Cys residues of other proteins, inducing oxidative stress. The cellular ROS 

production upon addition of ansaFc was thus determined. The CM-H2DCFDA probe was utilized following 

established protocols (reported in Materials and Methods section) and the ROS level was measured from 

the addition of ansaFc to the cells and followed for 2 h. Notably, very low concentrations of ansaFc were 

found to largely increase ROS level (Fig. 28, panel C and C’) proportionally to the amount of ansaFc 

administered. The high ROS production indicates an imbalance of the cell redox homeostasis. The amount 

of total cellular thiols was then analyzed after cell treatment with ansaFc and, consistently with the 

previous results, a dose-related decrease of thiol groups was determined (Fig. 28, panel D). 

 

 
 

Fig. 28 Effect of ansaFc on Jurkat cells. (A) Cell proliferation assay performed on Jurkat cells using the MTT assay. Cells (4x104) were 
incubated with increasing concentrations of ansaFc for 72 h and then processed as reported in the Materials and Methods section. 
(B) Inhibitory activity of ansaFc on the total TrxR and GR activities in Jurkat cells. Cells (1x106) were incubated with the indicated 
concentrations of ansaFc for 48 h, lysed and subjected to the determination of the total TrxR (green bars) and GR (orange bars) 
activities. (C) Cellular ROS production after ansaFc administration. Jurkat cells (4x104) were treated with ansaFc at increasing 
concentrations and then ROS production was analyzed for 2 h using CM-H2DCFDA as reported in the Materials and Methods 
section, RFU = relative fluorescent units; (C’) ROS level of cells incubated with increasing concentrations of ansaFc at 2 h from the 
treatment, as percentage with respect to the control. (D) Total thiols of Jurkat cells after ansaFc administration. Cells (1x106) were 
incubated for 48 h with increasing concentrations of ansaFc. Afterwards, total thiols were titrated utilizing DTNB. Mean ± SD of 3 
biological replicates are shown for each experiment (* = p < 0.05; ** = p<0.01; *** = p< 0.001). 
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In conclusion, ansaFc can generate a very reactive derivative, ansaFc•, which has been characterized as an 

organic radical that can be stabilized by resonance. The oxidative derivative is a potent inhibitor of TrxR1 

with respect to GR on the isolated enzyme showing reactivity towards both Sec and Cys. In Jurkat cells the 

compound is cytostatic and the mechanism involves an imbalance of the redox homeostasis of the cell. 

Indeed, a large ROS production and a decrease of total thiols were observed. However, the complex seems 

to be too much reactive and may unselectively target protein thiols when administered to cultured cells 

after the generation of the reactive radical. Thus, ansaFc probably needs to be optimized in order to exert a 

more targeted activity on cancer cells. 

 

 

Continuing with the class of TLMs, we moved to the osmium derivatives namely Oc-OH and Oc-OH-Tam 

(see Chart 4). Osmium is an element of the group 8 of transition metals of the periodic table, together with 

iron and ruthenium. This heavy element is endowed with an excellent metal-to-ligand back-donation 

property at low oxidation states (+2, +3) and can form more stable complexes than those of iron in 

biological media.424, 425 Thus, we decided to study the potential anticancer activity of these organometallic 

complexes in order to see possible differences with the iron analogues previously studied by Citta et al.342 

Aiming to see whether the osmium compounds can also be transformed in more active species upon 

enzymatic oxidation, we started by assessing their potential inhibitory activity on isolated thioredoxin 

reductases before and after incubation with HRP/H2O2, as previously performed for the iron series of 

compounds. Thus, we incubated the osmium complexes with 0.1 mM H2O2 and 22 nM HRP in 0.2 M Tris-

HCl buffer (pH 8.1). After 5 min, TrxR activity was estimated as described in Materials and Methods. Of 

note, their respective quinone methides (QM), synthesized by chemical oxidation with freshly prepared 

Ag2O, were also tested for their TrxR inhibitory activity. As reported in Table 10, both compounds are 

scarcely effective on the cytosolic thioredoxin reductase (TrxR1) up to a concentration of 20 μM, whereas a 

remarkable TrxR1 inhibition was apparent after their oxidation with the HRP/H2O2 system, with oxidized 

Oc-OH-Tam being a little more active than oxidized Oc-OH. The chemically synthesized quinone methides 

displayed also a good inhibitory capacity on TrxR1, but lower with respect to the derivatives resulting from 

HRP/H2O2 transformation. Oc-OH, Oc-OH-Tam and their enzymatically-formed derivatives were also tested 

on the isolated mitochondrial thioredoxin reductase (TrxR2). In accordance with the data obtained on the 

cytosolic enzyme, only the transformed compounds showed a significant inhibition of TrxR2. Moreover, a 

large difference in terms of potency on TrxR2 was seen between the two derivatives. In particular, the Oc-

OH-Tam derivative was more than two fold better as TrxR2 inhibitor than the one generated from Oc-OH. 

 

Table 10: Inhibitory effect of the osmium complexes alone, after enzymatic transformation, and of their 

chemically synthetized quinone methides (IC50) on purified thioredoxin reductases 

 

 IC50 (µM)* 

            TrxR1 TrxR2 

            Oc-OH Oc-OH-Tam Oc-OH Oc-OH-Tam 

Complex alone  ≥ 20 > 20 ≥ 20 > 20 

Complex pre-treated with HRP/H2O2  2.4±0.3 1.2±0.1 12.2±1.8 4.5±0.8 

Quinone methide  5.4±0.7 3.6±0.2 n.d n.d 
 *Mean ± SD of three experiments (n.d = not determined) 
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At this point we investigated the nature of the species obtained in the presence of the enzymatic oxidizing 

system HRP/H2O2. The formation of the new derivatives was followed by UV-Vis spectrometry upon 

HRP/H2O2 addition (Fig. 29, panel A and B). At first, we observed a rapid decrease of the shoulder around 

300 nm, characteristic of Oc-OH and Oc-OH-Tam, together with the appearance of a peak at 323 nm in 

both spectra. The formation of these species was rapid (t1/2 = 6.7 and 4.0 min for Oc-OH and Oc-OH-Tam 

derivatives, respectively). As apparent from Fig. 29, panel A and B, the UV-Vis spectra of the enzymatically-

obtained species were also different from those of the corresponding quinone methides which showed 

peaks at 365 nm and 417 nm, respectively. 

Since the two potent TrxR inhibitors obtained from Oc-OH and Oc-OH-Tam enzymatic transformation are 

not quinone methides, we hypothesized that a cessation of the reaction sequence at an earlier step than 

that of neutral quinone methide could be involved, and referable to a quinone methide cation (QM+) (Fig. 

29, panel C). As already mentioned, osmium is the most effective element of the triad in stabilizing 

carbocations and radicals. Thus, QM+ can be obtained after a first oxidation of the complex, the removal of 

the phenolic proton and a second oxidation without the release of the last proton. 

Taking into account the positive results obtained on the isolated enzyme, we moved to experiments in 

cellulo. The antiproliferative effect of the two complexes was determined on Jurkat cells in order to 

compare their activity to the one elicited by the previously studied TLMs. After 24 h incubation, Oc-OH-Tam 

exhibited a strong antiproliferative effect showing an IC50 value of 7.4 μM, while Oc-OH was significantly 

less cytotoxic (IC50 = 42 μM). 

The effect of Oc-OH and of Oc-OH-Tam on the total TrxR and GR activities in Jurkat cells was then analyzed. 

In particular, based on the cytotoxic activity, Jurkat cells (2x106) were incubated for 18 h with 50 μM of Oc-

OH or 15 μM of Oc-OH-Tam, lysed and subjected to the estimation of the two enzymatic activities as 

described in Materials and Methods. As reported in Fig. 29, panel D, Oc-OH-Tam was far more effective 

than Oc-OH towards TrxR as, at 15 μM, it inhibited the enzyme activity by almost 70%, while Oc-OH, even 

at a higher concentration (50 μM), was only slightly effective. Conversely, the activity of GR was partially 

stimulated suggesting a selectivity of the two complexes for TrxR. The stimulatory effect on GR probably 

derived from the induction of its expression as a consequence of the cellular redox imbalance. Notably, the 

two osmium compounds, incubated in the same conditions described above, did not inhibit TrxR activity in 

the non-tumor cell line HEK293 (data not shown), indicating some selectivity for cancer cells. This result can 

be due to different uptake capacity of the two cellular models or, more probably, depend on the selective 

activation of the complexes to their active metabolites only in cancer cells, which are characterized by a 

higher basal ROS production. 

Afterwards, the thiol redox state of both cytosolic and mitochondrial thioredoxins (Trx1 and Trx2), the 

principal substrates of TrxRs, was examined in Jurkat cells incubated in the same conditions utilized for the 

analysis of the enzymatic activities (50 μM Oc-OH or 15 μM Oc-OH-Tam for 18 h). The redox Western blot 

method, specific for thiol oxidation states, was used (see Materials and Methods). As shown in Fig. 29, 

panel E, Oc-OH-Tam appeared extremely effective in inducing the oxidation of both Trx1 and Trx2 while Oc-

OH only partially increased their oxidation. Prx3 redox state was also determined in the same experimental 

conditions. Upon cell incubation with Oc-OH-Tam, the dimeric form of Prx3, corresponding to its oxidized 

state, was prevalent, as shown in Fig. 29, panel E. Conversely, Oc-OH was completely unable to stimulate 

the oxidation of Prx3. 
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Since the whole thioredoxin system seemed to be impaired, ROS production was estimated in Jurkat cells 

monitoring CM-H2DCFDA fluorescence over 2 h from the addition of the complexes to the cellular media 

(Fig. 29, panel F and F’). Accordingly to the results obtained so far, Oc-OH-Tam was more effective than Oc-

OH in triggering ROS production as shown by both the kinetic curves (Fig. 29, panel F) and ROS 

quantification at 120 min (Fig. 29, panel F’). 

 
Fig. 29 Action of the osmium complexes and of their derivatives in vitro and in cancer cells. (A) Superimposition of the UV-Vis 
spectra of Oc-OH, Oc-OH-QM and of its derivative generated by enzymatic oxidation Oc-OH-QM

+. (B) Superimposition of the UV-
Vis spectra of Oc-OH-Tam, Oc-OH-Tam-QM and of the species formed by the HRP/H2O2 system Oc-OH-Tam-QM

+. (C) Proposed 
scheme of the oxidation sequence of Oc-OH and Oc-OH-Tam. (D) TrxR (dark green bars) and GR (light green bars) activities in Jurkat 
cell lysates. Jurkat cells (2x106) were incubated for 18 h with Oc-OH (50 μM) or Oc-OH-Tam (15 μM), lysed and the activities of the 
two redox enzymes were estimated, mean ± SD of 3 experiments. (E) Redox state of Trx1, Trx2 and Prx3. Jurkat cells (2x106), 
treated for 18 h with the two complexes in the same conditions reported in D, were subjected to redox Western blot analysis as 
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reported in Materials and Methods. The bands correspond to the different oxidation states of Trx1 or Trx2 and Prx3. (F, F’) 
Estimation of cellular ROS production after Jurkat cells treatment with the two osmium compounds. 4x104 cells were incubated in 
PBS/10 mM glucose medium in the presence of 1 μM CM-H2DCFDA and osmium complexes at the indicated concentrations; (F) 
Kinetic curves of fluorescence increase, RFU = relative fluorescent units; (F’) Percentage of ROS production obtained after 120 min 
of incubation; mean ± SD of 3 experiments (* = p < 0.05; ** = p<0.01; *** = p< 0.001). 

In order to determine whether mitochondria are targeted by the two complexes, their effect on the 

mitochondrial membrane potential (MMP) were studied in Jurkat cells. Interestingly, Oc-OH-Tam was 

effective in decreasing the MMP after 18 h of incubation at the concentration of 15 μM (Table 11). Oc-OH 

(50 μM) could also affect mitochondria but to a minor extent. 
 

Table 11: Percentages of Jurkat cells with high and low MMP after treatment with 50 μM Oc-OH or 15 μM 

Oc-OH-Tam for 18 h  

 

 

 
 

 

 
 

 

* Mean ± SD of five experiments 

 

Finally, we evaluated the cellular uptake of the two osmium complexes. In particular, quantification of 

osmium in whole cells (1x107) incubated for 24 h in the presence of Oc-OH (50 μM) or Oc-OH-Tam (15 μM) 

was performed by ICP-OES as described in Materials and Methods. Interestingly, the amount of osmium is 

higher in cells incubated with 15 μM of Oc-OH-Tam, the most cytotoxic complex, than in cells incubated 

with 50 μM of Oc-OH (Table 12). This result indicates that Oc-OH-Tam is more efficiently internalized by the 

cells and that probably the lateral amino-chain has a role in favoring the uptake of the complex in the cell. 
 

Table 12: ICP-OES quantification of osmium in Jurkat cells after incubation with Oc-OH or Oc-OH-Tam 
 

Compound Amount  of Os in the 

sample (ppb)* 

Amount of Os per 

cell (fmol) 

Oc-OH 796±6 3.9 

Oc-OH-Tam 855±5 4.2 
* Mean of 3 measurements, Cnt < 50 ppb 

 

In conclusion, the results show that the two osmium complexes behave differently from their iron 

analogues. In fact, we observed the formation of quinone methide carbocations as active metabolites 

instead of quinone methides. In addition, the iron complexes had similar effects on cell viability, whereas, 

in the osmium series, Oc-OH-Tam displayed a higher cytotoxicity with respect to Oc-OH. The 

antiproliferative activity of the two compounds was dependent on their different cellular uptake. In fact, 

the entrance in the cell was shown to be larger for Oc-OH-Tam with respect to Oc-OH indicating that the 

amino-chain is important in the process of compounds’ internalization. Once inside the cell, the two 

complexes can be converted into their active species able to inhibit TrxR activity. Of note, the difference in 

cytotoxicity between the two complexes was consistent with their differential inhibitory effect on TrxR 

that, therefore, appeared as a pivotal cellular target. The high TrxR inhibitory activity of Oc-OH-Tam, 

hindering the electron flow in the system, triggered the oxidation of Trx1, Trx2 and Prx3 and it was 

associated to an increase of ROS production and decrease of mitochondrial membrane potential eventually 

leading to the death of cancer cells. 

 Percentage of cells (%)* 

 high MMP low MMP 

Cnt 81.95±4.8 18.1±4.8 

Oc-OH 61.5±10.9 38.8±10.6 

Oc-OH-Tam 2.95±0.05 97.6±0.64 
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In order to investigate the role played by the metallocene unit in the activity of TLMs, we decided to 

compare the biological effects of the iron, osmium and ruthenium complexes bearing the lateral amino-

chain namely Fc-OH-Tam, Oc-OH-Tam and Rc-OH-Tam (see Chart 4), with those of tamoxifen (Tam) and of 

its main metabolite 4-OH-tamoxifen (OH-Tam) formed by Tam hydroxylation mediated by cytochromes 

P450 CYP2D6 and CYP3A.426 As already mentioned, the complexes endowed with the amino-chain are the 

most cytotoxic on cancer cells especially for the osmium series. 

We started by assessing their effects on isolated TrxR1 and TrxR2 before and after transformation with the 

HRP/H2O2 mixture. As reported in Table 13, the organic Tam and OH-Tam were completely inactive on both 

TrxR1 and TrxR2. The ruthenium compound had never been tested before for its inhibitory effect on 

thioredoxin reductases. Interestingly, Rc-OH-Tam alone was even less active than the iron and the osmium 

complexes on both TrxR isoforms. Strikingly different results were obtained when the TLMs were 

enzymatically oxidized by 22 nM HRP and 0.1 mM H2O2 for 15 min prior to the incubation with TrxR. 

Indeed, upon oxidation, Rc-OH-Tam became a potent inhibitor of TrxR1 showing an IC50 value of 0.42 µM in 

line with the values previously found for Fc-OH-Tam and Oc-OH-Tam derivatives. Tam remained inactive 

after treatment with HRP/H2O2 while OH-Tam enzymatic oxidation led to a partial inhibition of TrxR1 (see 

Table 13). 

 

Table 13: Inhibitory effect of the three TLMs and of tamoxifen and OH-tamoxifen (IC50) on isolated cytosolic 

(TrxR1) and mitochondrial (TrxR2) thioredoxin reductases 

 

 IC50 (µM) IC50 (µM)a 

Compound TrxR1 TrxR2 TrxR1 TrxR2 

Tam > 100 > 100 > 10 > 10 

OH-Tam > 100 > 100 8.7±1.1 > 10 

Fc-OH-Tam 15±2 32±3 0.06±0.02 10.9±1.2 

Oc-OH-Tam 40±3.5 23±3 1.2±0.1 4.5±0.8 

Rc-OH-Tam 62±2 > 100 0.42±0.08 4.6±0.1 
a) Compounds were incubated in 0.2 M Tris–HCl buffer (pH 8.1), with 22 nM HRP and 0.1 mM H2O2 for 15 min at 25°C and then added to the 

enzyme. Mean ± SD of three experiments is reported for each compound 

 

As for the osmium complexes, the enzymatic oxidation of OH-Tam, Fc-OH-Tam and Rc-OH-Tam by the 

HRP/H2O2 system was monitored by UV-Vis spectrometry in order to identify the active species generated 

by their enzymatic oxidation. OH-Tam treatment with HRP/H2O2 led to the rapid disappearance of its 

characteristic band at 279 nm but no new peak appeared on the spectrum (Fig. 30, panel A). Accordingly, 

OH-Tam was already shown to generate unstable radical species that tend to polymerize after HRP-

mediated oxidation.427 Thus, the transient radical species could be involved in the increased TrxR1 

inhibitory capacity shown for OH-Tam upon its enzymatic transformation (Table 13). For Fc-OH-Tam, an 

intense band at 402 nm appeared after transformation, corresponding to the one observed with the 

quinone methide synthesized by chemical oxidation with Ag2O (Fig. 30, panel B). Thus Fc-OH-Tam active 

derivative is the quinone methide (Fc-OH-Tam-QM) as already reported in literature.342 This conversion 

corresponds to a 2-electron, 2-proton abstraction pathway. Upon oxidation with HRP/H2O2, Rc-OH-Tam 

displayed a band at 418 nm (Fig. 30, panel C) which we assigned to the trace typical of a quinone methide. 

Therefore, also the ruthenium complex reactive derivative is a quinone methide. As it appears from the 

spectra recorded, oxidation of all the compounds is rapid, with a slightly faster rate observed for the iron 

complex. 
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To gain better insight into the mechanism of action of 

the three TLMs upon transformation by the HRP/H2O2 

mixture, the BIAM assay was performed. Fig. 31, panel 

A and A’ shows that very weak bands were observed for 

TrxR1 samples at pH 6 after treatment with the TLMs 

derivatives, while the organic analogues had no effect. 

This means that the three TLMs derivatives were able 

to interact with the selenol of TrxR. At pH 8.5, only 

oxidized Oc-OH-Tam partially decreased the band 

intensity, indicating an affinity also towards thiol 

groups. Of note, the HRP/H2O2 mixture alone had no 

effect on the ability of BIAM to alkylate TrxR1. 

Altogether the results obtained with the BIAM assay 

suggest that the three TLMs, once transformed into 

their active derivatives, are able to target TrxRs by interacting with the Sec present in the catalytic site of 

the protein (and Oc-OH-Tam also with the Cys) whereas Tam and OH-Tam are almost completely 

ineffective, as expected from their inability of generating reactive species. The fact that the oxidation 

derivative of Oc-OH-Tam is a quinone methide carbocation and not the neutral quinone methide may 

provide a rationale for its higher reactivity with respect to the iron or ruthenium complexes. 

 

At this point we compared the effects induced by the three TLMs with the ones elicited by their organic 

analogues Tam and OH-Tam against cancer cells. Jurkat cells (2x106) were incubated with each compound 

(15 µM) for 18 h and the total TrxR activity was determined in cell lysates. A significant decrease of the 

total TrxR activity (60 to 95% inhibition) was observed in cells treated with the three TLMs while Tam and 

OH-Tam were not effective (data not shown). Next, we decided to measure separately the activity of TrxR1 

and TrxR2 in order to investigate the potential different sensitivities of the two isoforms to the compounds 

in cellulo. For the isolation of the cellular mitochondrial fraction an important bulk of cells is necessary, thus 

we increased the amount of compounds in order to keep a ratio between the number of cells and the 

concentration of the complexes. The conditions were set at 30 µM compounds on 3x107 Jurkat cells. At the 

end of incubation, cells were collected and subjected to sub-fractionation as reported in the Materials and 

Methods section. The cytosolic and mitochondrial cell fractions were then tested for TrxR1 and TrxR2 

enzymatic activities, respectively. As apparent from Fig. 31, panel B, the effect of the three TLMs on TrxR1 

was surprisingly modest, inducing only 25-36% of inhibition. In addition, the extent of TrxR1 hindrance was 

not much different from that of the organic compounds which led to a decrease of the enzymatic activity in 

the range of 12–21%. Conversely, a large inhibition of TrxR2 was observed for cells exposed to Fc-OH-Tam 

and Rc-OH-Tam (72% and 79.4% inhibition, respectively), followed by Oc-OH-Tam (44% inhibition). On the 

other hand, Tam and OH-Tam were significantly less effective on TrxR2 (up to 27% inhibition). This result is 

Fig. 30 UV-Vis spectra of OH-Tam, Fc-OH-Tam and Rc-OH-Tam and 
derivatives. Each complex was treated with 22 nM HRP and 0.1 
mM H2O2 in 0.2 M Tris-HCl buffer (pH 8.1), 1 mM EDTA and the 
UV-Vis spectra were recorded at the indicated times (see 
Materials and Methods section for details). (A) Disappearance of 
the peak at 279 nm for OH-Tam. (B) Gradual appearance of a peak 
at 402 nm in the Fc-OH-Tam spectra characteristic of the QM. (C) 
Appearance of a peak at 418 nm in the Rc-OH-Tam spectra 
assigned to the formation of the quinone methide derivative. 
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particularly interesting because the extent of inhibition on the isolated enzymes was higher on TrxR1 for all 

the compounds, whereas in cells a striking selectivity towards TrxR2, especially for Fc-OH-Tam and Rc-OH-

Tam, is apparent. 

As the three TLMs induced a strong inhibition of TrxR2, the redox state of its main substrate, Trx2, was 

evaluated. Cells were incubated with each compound for 18 h (15 µM on 2x106 cells) and subjected to the 

redox Western blot procedure (see Materials and Methods for details). In Fig. 31, panel C and C’ the bands 

corresponding to the fully oxidized, the partially oxidized and the completely reduced form of Trx2 are 

shown. As one can see, the three TLMs induced Trx2 oxidation, especially Fc-OH-Tam for which almost all 

Trx2 was fully oxidized. Jurkat cells exposed to Oc-OH-Tam or Rc-OH-Tam displayed also a large Trx2 

oxidation with more than 50% of the protein in the completely oxidized form for both the complexes. On 

the contrary, Tam and OH-Tam did not significantly alter Trx2 redox state and displayed a pattern of 

oxidation similar to the untreated cells. The data obtained for Trx2 redox state are in line with the previous 

results on TrxR2 inhibition with the organic tamoxifens being almost totally ineffective. 

 
Fig. 31 Effect of TLMs on isolated TrxR1 and on cell lysates. (A, A’) BIAM assay of TrxR1 treated with the various compounds after 
their oxidation with the HRP/H2O2 system. TLMs, Tam and OH-Tam (2 µM) were treated with HRP/H2O2 for 15 min. A pre-reduced 
aliquot of TrxR1 was incubated with the oxidized derivatives and then with BIAM at pH 6.0 (A), or pH 8.5 (A’). BIAM conjugated 
enzyme was detected with a streptavidin-HRP conjugate as reported in the Materials and Methods section. (a’) Cnt; (a) Cnt + 
HRP/H2O2; (b) Tam + HRP/H2O2; (c) OH-Tam + HRP/H2O2; (d) Fc-OH-Tam + HRP/H2O2; (e) Oc-OH-Tam + HRP/H2O2; (f) Rc-OH-Tam + 
HRP/H2O2. (B) TrxR1 and TrxR2 activities in Jurkat cells. Cytosolic and mitochondrial fractions were isolated from Jurkat cells treated 
with the various compounds (30 µM/3x107 cells for 18 h), and TrxR1 (blue bars) and TrxR2 (green bars) activities were estimated as 
reported in the Materials and Methods section, mean ± SD of 4 experiments (a) Cnt; (b) Tam; (c) OH-Tam; (d) Fc-OH-Tam; (e) Oc-

OH-Tam; (f) Rc-OH-Tam (*= p<0.05; **= p<0.01; ***= p<0.001). (C) Redox state of Trx2 in treated cells. Jurkat cells (2x106) 

incubated for 18 h with 15 µM TLMs or organic tamoxifens were lysed and subjected to IAM/IAA procedure to visualize the 
reduced, partially oxidized and fully oxidized protein, (a) Cnt; (b) Tam; (c) OH-Tam; (d) Fc-OH-Tam; (e) Oc-OH-Tam; (f) Rc-OH-Tam. 
(C’) Densitometric analysis of the lanes shown in C performed using ImageJ software, mean ± SD of 3 experiments. 



 80 

 Since the mitochondrial thioredoxin system was the most affected by TLMs in Jurkat cells, the effects of 

the compounds on the specific mitochondrial ROS production and on the mitochondrial membrane 

potential were determined. The mitochondrial superoxide production was measured by flow cytometric 

analysis using the MitoSOX Red probe. Cells were incubated with 15 µM TLMs or organic tamoxifens for 18 

h and then processed as reported in the Materials and Methods section. As apparent form Fig. 32, panel A, 

TLMs elicited a strong ROS production. Fc-OH-Tam was the most effective with 72% of cells analyzed 

showing high superoxide levels. Also in this case, the organic tamoxifens had no major effects in cells and 

did not significantly induce ROS production with respect to the control. 

Then, the mitochondrial membrane potential (MMP) was evaluated by flow cytometry using the TMRM dye 

(Fig. 32, panel B). In particular, 2x106 cells were treated with the compounds (15 µM) for different 

incubation times in order to see whether the effect of the complexes on mitochondrial functioning was an 

early or a late event after cell treatment. Interestingly, the impact of TLMs on mitochondria is gradual with 

Fc-OH-Tam being the most rapid, in accordance with its fast transformation into the active derivate and 

with its strong TrxR2 inhibitory activity in cells. Anyhow, after 18 h, the population of cells with a low MMP 

was close to 100% for cells incubated with each TLMs. Conversely, the organic tamoxifens affected the 

MMP to a much lower extent (up to 16% for OH-Tam at 18 h). 

The collapse of the mitochondrial membrane potential is often associated to the release of pro-apoptotic 

factors into the cytosol and with the consequent activation of the intrinsic apoptotic pathway.272 Therefore, 

localization of Cyt c and activation state of caspase 3 were examined in Jurkat cells exposed to 15 µM TLMs 

or organic tamoxifens for 18 h. As clearly shown in Fig. 32, panel C, only TLMs triggered a massive release 

of Cyt c from mitochondria to the cytosol. In addition, pro-caspase 3 was no more detectable in cells 

exposed to TLMs as reported in Fig. 32, panel D, indicating that the enzyme had been activated by 

proteolytic cleavage. Thus, TLMs and not organic tamoxifens were able to trigger cell apoptosis by the 

activation of the intrinsic pathway. 

Finally, the cellular distribution of the three TLMs was determined in order to confirm a potential 

mitochondrial accumulation capacity. In particular, the quantification of iron, osmium and ruthenium in the 

mitochondrial and cytosolic cell fractions was performed by ICP-OES analysis upon cell treatment with Fc-

OH-Tam, Oc-OH-Tam or Rc-OH-Tam. Since iron is normally present in cells, its quantification was also 

assessed in untreated cells. The levels of iron, osmium and ruthenium relative to the single cell 

compartments were similar, indicating that the three TLMs were all able to enter the cell in comparable 

concentrations. As expected, the highest levels of the three metals were detected in mitochondria 

supporting a preferential accumulation in the mitochondrial cell fraction (Fig. 32, panel E).  
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Fig. 32 Effects of TLMs and of organic tamoxifens on Jurkat cell mitochondria. (A) Consequences of TLMs and organic tamoxifens on 
mitochondrial superoxide production in Jurkat cells. Cells were treated for 18 h with the various compounds (15 µM), then 
incubated in PBS/10 mM glucose in the presence of 1 µM MitoSOX and subjected to the determination of superoxide production in 
flow cytometry. (B) Impact of TLMs and organic tamoxifens on mitochondrial membrane potential. Cells were treated with the 
compounds (15 µM) for 3, 6 or 18 h. Then, aliquots of the cells were incubated in PBS/10 mM glucose in the presence of 25 nM 
TMRM and FACS analysis performed. (C) Release of Cyt c from mitochondria. Jurkat cells (2x106) were treated for 18 h in the 
presence of 15 µM compounds. Afterwards, Cyt c localization was evaluated in both the cytosol and in mitochondria. (D) Western 
blot analysis of pro-caspase 3. (a) Cnt; (b) Tam; (c) OH-Tam; (d) Fc-OH-Tam; (e) Oc-OH-Tam; (f) Rc-OH-Tam. Mean ± SD of 3 
biological replicates for all the experiments was performed (*= p<0.05; **= p<0.01; ***= p<0.001). (E) ICP-OES quantification of 

iron, osmium and ruthenium in the cytosol and mitochondria of Jurkat cells (3x107) incubated with 30 µM Fc-OH-Tam, Oc-OH-Tam 
or Rc-OH-Tam for 18 h or of iron in untreated cells. Mean ± SD of 3 replicates for Fc-OH-Tam, two replicates of Oc-OH-Tam and 
single experiment for Rc-OH-Tam. 

In conclusion, TLMs are mitochondriotropic complexes able to selectively target TrxR2 in Jurkat cancer cells. 

The dimethylamino group present in the lateral chain of TLMs is protonated at physiological pH, and is 

probably involved in their observed accumulation in mitochondria. In fact, the positive charge favors the 

translocation of the complexes into the negatively-charged mitochondrial matrix.274 The TLMs-mediated 

TrxR2 inhibition has been shown to trigger ROS production and mitochondrial dysfunction with the 

activation of the intrinsic apoptotic pathway. In contrast, organic tamoxifens are far less potent TrxR 

inhibitors and also less cytotoxic than metallocifens. This finding highlights the essential role of the 

metallocene unit for the biological activity of TLMs and for their pro-drug charachter. 
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4.3 Glutaredoxin 2 in the mitochondrial compartment: interplay between thioredoxin and 

glutathione systems 

 

Glutaredoxin 2 (Grx2) is a small protein that modulates protein glutathionylation/de-glutathionylation 

processes.219 The protein has mainly a mitochondrial localization but other splicing variants have been 

observed in the cytosolic and nuclear compartments.221 In the mitochondrial matrix, Grx2 coordinates a 

2Fe-2S cluster through its active site forming an inactive dimer stabilized by two molecules of glutathione. 

In addition, Grx2 was reported to connect the thioredoxin and the glutathione systems by receiving 

reducing equivalents by both GSH and TrxRs226 and by reducing, in turn, Trx2 and Prx3.227 Whether Grx2 is 

mostly active as a disulfide reductase or if it is mainly involved in the transport of iron and sulfur clusters is 

still not known. Therefore, we decided to study this enzyme in relation to the mitochondrial redox state in 

both cultured cells and in a mouse model specifically knockout for mitochondrial Grx2. 

4.3.1 Grx2 response to oxidative stress in a cellular model 

Based on evidences reporting a protective role of Grx2 from apoptosis,229 it has been hypothesized that this 

protein usually resides in the mitochondrial matrix as an inactive dimer and that it may sense redox 

imbalance getting activated upon oxidative stress induction. However, the protein redox state has never 

been observed in cells. Therefore, a classical pharmacological approach was utilized to establish oxidative 

stress in HeLa cells. In particular, the TrxRs inhibitor Af, the inhibitor of glutathione synthesis buthionine 

sulfoximine (BSO) and the glutathione depleting and oxidizing agent sodium selenite (Sel), were utilized 

alone or in combination in order to block the thioredoxin system, the glutathione system or both thiol 

redox regulating networks. Then, the monomeric and dimeric forms of the protein were detected by 

Western blot after cell lysis and thiol alkylation with AIS as reported in the Materials and Methods section. 

Untreated cells displayed Grx2 principally in the dimeric form (Fig. 33, lanes a and e) confirming the 

hypothesis of a dominant inactive condition of Grx2. Interestingly, the block of either the glutathione 

system by 1 mM BSO (lane b) or of the thioredoxin system by 1 µM Af (lane c), did not significantly affect 

Grx2 redox state with respect to the control. Conversely, the concomitant inhibition of both thiol 

scavenging systems by the combination of BSO + Af or by 15 µM Sel for 18 h, led to Grx2 monomerization 

as apparent from the increase intensity of the band corresponding to Grx2 monomer in lanes d and f. This 

result shows for the first time the redox state of Grx2 in cells and highlights that the hindering of both thiol 

redox systems is necessary for the induction of its monomerization. 

 

Fig. 33 Determination of Grx2 monomeric/dimeric state in 
HeLa cells under different oxidative conditions. HeLa cells 
(4.5x105) were treated for 18 h with 1 µM Af, 1 mM BSO, the 
combination Af + BSO or with 15 µM Sel. To analyze the 
monomerization of Grx2, whole cell samples incubated in the 
different conditions, were derivatized with 10 mM AIS, 
subjected to SDS-PAGE in non-reducing conditions and 
stained with an anti-Grx2 antibody (see Materials and 
Methods for details). (A) Western blot analysis of Grx2 
monomer/dimer ratio; (A′) Densitometric analysis of data 
reported in panel A performed with ImageJ software. (a, e) 
Cnt; (b) 1 mM BSO; (c) 1 µM Af; (d) 1 mM BSO + 1 µM Af; (f) 
15 µM Sel. 
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Treatment with Sel was the most effective in inducing Grx2 monomerization. Therefore, we decided to 

utilize it for the following experiments. In order to check Grx2 monomer/dimer ratio in the mitochondrial 

compartment avoiding possible interferences of the cytosolic/nuclear isoforms of the enzyme, we isolated 

the mitochondrial cell fraction from HeLa cells incubated with 15 µM Sel for 18 h, and subjected them to 

the same procedure utilized for the whole cell lysates. The result obtained is shown in Fig. 34, panel A and 

A’. In isolated mitochondria, the induction of Grx2 monomerization was even clearer since Sel treatment 

led to an almost complete conversion of the dimer into the monomeric form of the protein. This process is 

probably addressed to the rescue of the redox balance specifically in mitochondria and further supports the 

sensitive cross-talk between Grx2 and both the mitochondrial redox systems. The same Western blot 

membrane was also incubated with an antibody raised against glutathione. Interestingly, we observed that 

the glutathione moiety was detected only in correspondence to the dimeric form of Grx2 as expected from 

the fact that two molecules of glutathione are involved in the stabilization of the protein-cluster 

complex,222 while no staining was shown for the monomer or in cells treated with Sel (Fig. 34, panel B). As 

GSH bound to the complex was reported to be in continuous exchange with the pool of free GSH,223 

oxidative stress conditions, leading to an alteration of GSH/GSSG ratio, can likely cause the disassembly of 

the cluster. Thus, we determined the glutathione amount and redox state in HeLa cells treated for 18 h 

with increasing concentrations of Sel up to 20 µM. As shown in Fig. 34, panel C, a marked decrease of the 

total glutathione pool was measured, accompanied by a large increase of the relative amount of oxidized 

glutathione (GSSG). In addition, in cells treated in the same conditions also total thiols decreased (Fig. 34, 

panel D) in line with glutathione depletion. This indicates that glutathione oxidation induced by Sel can be 

sensed by Grx2 dimer possibly through the oxidation and removal of the two GSH molecules involved in the 

stabilization of the complex.  

 
Fig. 34 Mechanism of Grx2 monomerization upon HeLa cells treatment with Sel. (A) Determination of Grx2 monomerization in 
mitochondrial cell fractions. HeLa cells (3x107) were treated for 18 h with 15 µM Sel. Then, mitochondria were isolated and 
derivatized with 10 mM AIS, subjected to SDS-PAGE in non-reducing conditions and analyzed by Western blot. (a) Markers; (b) Cnt; 
(c) 15 µM Sel; (A′) Densitometric analysis of data reported in panel A performed with ImageJ software. (B) Determination of 
protein-bound glutathione. HeLa cells were processed as reported in A and the membrane was probed with an anti-GSH antibody. 
(a) Markers; (b) Cnt; (c) 15 µM Sel. (C) Determination of glutathione amount and redox state. HeLa cells (4.5x105) were treated for 
18 h with increasing concentrations of Sel (5-20 µM). At the end of incubation, cells were processed and total (Total GSH) and 
oxidized (GSSG) glutathione levels were assessed, mean ± SD of 3 experiments. (D) Measurement of total thiols in HeLa cells 
treated in the same conditions reported in C, mean ± SD of 3 experiments. (*= p<0.05, **=p<0.01, ***=p<0.001). 
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In order to see whether Grx2 gets activated upon monomerization, we analyzed its specific activity in 

mitochondria. Thus, mitochondria were isolated form Sel treated (15 µM for 18 h) or control HeLa cells, 

and the specific glutaredoxin activity was determined in the mitochondrial cell compartment over time as 

described in the Materials and Methods section. In particular, Grx2 enzymatic activity was measured after 

3, 6, 12 or 18 h from Sel administration in order to monitor its response to oxidative stress. Interestingly, 

Grx2 activity showed an initial slight decrease, followed by a significant increase of about 30% at 18 h (Fig. 

35, panel A), which coincided with the time when protein monomerization occurred. The overall amount of 

protein did not change after Sel administration neither in the mitochondrial nor in the cytosolic cell 

compartments when cell fractions were lysed and subjected to SDS-PAGE in reducing conditions and 

Western blot analysis (Fig. 35, panel B). This finding further supported the idea that the observed increase 

of protein activity was due to the disassembly of Grx2 dimer and not from an increased protein expression. 

We also evaluated the impact of cell treatment with Sel on TrxR2 specific activity. As shown in Fig. 35, panel 

C, TrxR2 activity was initially stimulated but then dropped at longer incubation times. It is interesting to 

note that Grx2 activity inversely correlates with the one of TrxR2. In fact, the initial stimulation of TrxR2 

was associated to a decrease of Grx2 activity, while the further progressive decrease of TrxR2 activity 

seemed to be balanced by an increase of Grx2 thiol reducing action. Once again these data suggest that 

Grx2 can sense the redox state of both the thioredoxin and the glutathione systems getting activated when 

the residual scavenging activity of both systems falls under a certain threshold. 

 Notably, in the cytosol, the total glutaredoxin and TrxR1 activities were not remarkably affected (Fig. 35, 

panel D), indicating that the role of Grx2 in response to oxidative stress is probably limited to the 

mitochondrial compartment. We also evaluated the direct effect of Sel on purified human recombinant 

Grx2 activity and we observed that Sel treatment up to 20 µM did not alter Grx2 activity (data not shown). 

 
 Fig. 35 Enzymatic activities and Grx2 amount in mitochondrial and cytosolic cell compartments of Sel treated or control HeLa cells. 
HeLa cells (3x107) were treated for 3, 6, 12 or 18 h with 15 µM Sel and then subjected to cell sub-fractionation in order to obtain 
cytosol and mitochondria enriched fractions. (A) Grx activity in the mitochondrial cell fraction determined as reported in Materials 
and Methods, mean ± SD of 5 experiments. (B) Grx2 overall protein level in the two cellular compartments. Densitometric analysis 
performed with NineAlliance software is reported. (a) Cnt; (b) 15 µM Sel. (C) Time-scale analysis of TrxR2 activity in mitochondrial 
cell fractions, mean ± SD of 5 experiments. (D) TrxR1 and total cytosolic glutaredoxin activities measured in Sel treated cells, mean 
± SD of 5 experiments. (*= p<0.05, **= p<0.01, ***=p<0.001). 
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Since Grx2 activation implies the drop of the 2Fe-2S cluster, which is coordinated through a Cys in Grx2 

active site, we decided to analyze whether the cluster is released inside the mitochondrion upon redox 

imbalance. Therefore, the labile iron pool, namely the amount of metal not bound to proteins, was 

measured in mitochondria isolated from Sel treated or control cells by atomic absorption as described in 

Materials and Methods. Graphite furnace atomic absorption involves the vaporisation of samples in a 

graphite coated furnace in order to atomise the sample. Free atoms of a specific element (for this 

study, iron) will absorb light at characteristic wavelengths and the absorption at this wavelength is 

linearly proportional to the amount of that element present in the specimen. Table 14 reports the 

quantity of free iron normalized for the protein content in the mitochondrial fraction of control or Sel 

treated (15 µM for 18 h) cells. As one can note, the amount of free iron ions was extremely increased 

in mitochondria isolated from treated cells supporting our hypothesis of a release of the 2Fe-2S 

clusters, concomitantly with Grx2 monomerization. 

 

Table 14: Amount of labile iron ions in the mitochondrial fractions of Sel treated (15 µM for 18 h) or control 

HeLa cells 

 µg Fe/mg protein* 

Cnt 11.8±6.3 

Sel 15 µM 24.1±15.1 
* Mean ± SD of three experiments 

 

It is well known that free iron ions can have deleterious effects in the cell as they can easily induce lipid 

peroxidation. The increase of free iron and lipid peroxidation are associated to a particular mechanism of 

cell death called ferroptosis.169 Thus, the lipid peroxidation level in HeLa cells after Sel treatment was 

estimated by flow cytometry technique utilizing the BODIPY-C11 fluorescent dye. In addition, the 

malondialdehyde production was also measured. As shown in Fig. 36, panel A and B, with both methods 

cells treated with 15 µM Sel for 18 h displayed an increase in lipid peroxidation with respect to control 

cells. A different sensitivity between the two methods was observed and may be explained by the fact that 

malondialdehyde is a late product of the lipid peroxidation process and may need a longer incubation time. 

We further analyzed the status of the mitochondrial membrane potential (MMP) which is known to be 

affected by cardiolipin oxidation.61 As expected, the MMP was largely affected in Sel-treated cells (Fig. 36, 

panel C) probably as a result of the iron-induced peroxidation of lipids in the mitochondrial membrane.  

 
Fig. 36 Effects of iron release in mitochondria. HeLa cells (4x105) were treated with 15 µM Sel for 18 h and then subjected to the 
different experiments. (A) FACS analysis of lipid peroxidation measured in HeLa cells with the BODIPY-C11 fluorescent dye (see 
Materials and Methods for details), the percentage of cells displaying high fluorescence corresponding to a high level of lipid 
peroxidation is shown. (B) MDA production measured in HeLa cells reported as fold over the control. (C) Percentage of HeLa cells 

with high MMP determined in flow cytometry using TMRM probe. (a) Cnt; (b) 15 µM Sel. Mean ± SD of 3 biological replicates for all 
the experiments. (**= p<0.01, ***=p<0.001). 
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In conclusion, we have found that, in cells, Grx2 resides in the mitochondrial matrix as an inactive dimer in 

homeostatic conditions, coordinating a 2Fe-2S cluster. Upon oxidative stress induction by the concomitant 

inhibition of the thioredoxin and the glutathione systems, the complex can sense the redox imbalance via 

the two molecules of glutathione that normally stabilize the dimer, and gets disassembled. The monomeric 

Grx2 was shown to be active as a disulfide reductase. The release of the iron and sulfur cluster instead, by 

increasing the amount of free iron ions in mitochondria, induced lipid peroxidation and, consequently, a 

drop of the mitochondrial membrane potential. This result is in agreement with a previous finding 

indicating that, in dopaminergic neurons, Grx2 knockdown by siRNA resulted in a significant increase of 

labile iron pool levels in mitochondria.223 In addition, disturbed iron homeostasis has been recently 

identified as cell death mechanism in Parkinson ś disease.428 Therefore, mitochondrial Grx2 redox state and 

activity could be also involved in neurodegenerative disorders. 

 

 
4.3.2 Effects deriving from mitochondrial Grx2 deletion in mice 

Following the appealing results obtained in cultured cells we decided to delve more deeply into the role of 

Grx2 in mitochondria functioning moving to an in vivo murine model, in collaboration with Prof. A. 

Holmgren’s group from the Department of Medical Biochemistry and Biophysics at the Karolinska Institutet 

in Stockholm (S). Therefore, the effects deriving from the specific deletion of mitochondrial Grx2 were 

investigated. The C57bl/6 inbred mouse strain was generated by the selective deletion of Grx2 

mitochondrial-targeting sequence encoded by exons 1a, 1c and 2 in GRX2 gene, leading to a mouse model 

whole body knockout for Grx2 in the mitochondrial compartment (see Materials and Methods for details). 

4.3.2.1 Determination of Grx2 amount and activity in mGrx2 KO mouse mitochondria 

At first, we checked the actual absence of the protein in mitochondria. In particular, we performed both a 

RT-PCR of Grx2 mRNA in order to establish the effective deletion of the first exons, and a Western blot 

analysis to highlight the absence of the protein in the mitochondrial compartment. As reported in Fig. 37, 

panel A and A’, Grx2 mRNA isolated from both the brain and the liver of mGrx2 KO mice, clearly lacked the 

first exons. In addition, as expected, the Western blot analysis confirmed the absence of Grx2 in 

mitochondria of mGrx2 KO mice (Fig. 37, panel B), whereas it was still expressed in the cytosol as in wild-

type (WT) animals (Fig. 37, panel B’). Moreover, we measured the total glutaredoxin activity in both the 

mitochondrial and the cytosolic cell compartments after their isolation from the liver, brain, heart and 

kidneys of WT and KO mice at 3 months of age (see Materials and Methods for details). As apparent from 

Fig. 37, panel C, glutaredoxin activity was decreased in mGx2 KO mitochondria with respect to their WT 

counterparts. Interestingly, Grx2 activity did not show the same extent of decrease in the mitochondrial 

fractions isolated from the various organs. In particular, mGrx2 KO heart mitochondria did not display 

statistically significant differences in glutaredoxin activity in comparison to the WT. This unexpected result 

might be explained by the fact that the assay can also titrate the activities of other 2-Cys glutaredoxins 

present in the mitochondrial lysate. In particular, glutaredoxin 1 (Grx1), which is the most abundant 

representative of the family of Grx enzymes, is highly efficient in catalyzing the reduction of HEDS, the 

synthetic substrate utilized in the activity assay. Grx1 usually resides in the cytosol but it can also enter the 

mitochondrial intermembrane space (IMS)209 and has a critical role specifically in heart mitochondria. 

Indeed, a decrease of Grx1 protein level in the IMS by 50-60% was reported in elderly rats and was 

associated to their increased susceptibility to ischemia/reperfusion damage.214 Altogether these data may 

explain the residual Grx activity measured in the various mitochondrial fractions and particularly in the 
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heart. The total glutaredoxin activity was also measured in the cytosolic fractions of WT and mGrx2 KO 

mice and no significant differences were found for any of the organs studied (Fig. 37, panel C′). 

 

 

Fig. 37 Determination of Grx2 amount and activity in mGrx2 KO mice in comparison to WT animals. (A, A’) RT-PCR analysis of Grx2 
mRNA (see Materials and Methods for details). (A) DNA bands corresponding to the exon 3-4 transcript; (A’) Bands corresponding 
to the exon 1-4 transcript. (B, B’) Western blot analysis and densitometric analysis of Grx2 protein level in the mitochondrial (B) and 
in the cytosolic (B’) mouse liver fractions. Cyt c oxidase and GAPDH are reported as loading controls for the mitochondrial or 
cytosolic compartments, respectively. (C) Total glutaredoxin activity of mouse mitochondria isolated from liver, heart, brain and 
kidneys of WT or mGrx2 KO mice. Mitochondria were isolated with differential centrifugations and Grx activity was assessed on 50 

µg of proteins as reported in the Materials and Methods section. Mean ± SD of 8 experiments, n= 24; (C’) Total glutaredoxin activity 
of mouse cytosolic fractions isolated from liver, heart, brain and kidneys of WT or mGrx2 KO mice and assessed as reported in C. 
Mean ± SD of 8 experiments, n= 24. (** = p<0.01; *** = p<0.001). 
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4.3.2.2 Analysis of the mitochondrial redox state  

We next investigated whether the absence of Grx2 in mitochondria could affect the overall redox state of 

the subcellular organelle by determining total thiols and glutathione amount in mitochondria. Mice were 

sacrificed at 3 months of age, organs were explanted and subfractionated as described in Materials and 

Methods. As shown in Fig. 38 neither the total thiols nor the glutathione amount were significantly 

different between WT and mGrx2 KO mitochondria. However, both parameters are lower in mGrx2 KO 

mitochondria in all the organs analyzed, indicating a trend towards a more oxidized condition. Therefore, 

by increasing the size of the sample, a statistically significant difference between WT and mGrx2 KO 

mitochondria could possibly emerge. 

 

 
 

Fig. 38 Total thiols and glutathione amount of WT and mGrx2 KO mouse liver, heart, brain and kidney mitochondria. (A) Total thiols 
determined on 0.25 mg of mitochondrial proteins as described in Materials and Methods. (B) Glutathione content (GSH + GSSG) 
measured on 0.5 mg of mouse mitochondria. Mean ± SD of 6 experiments, n= 18. 

 

 

Since no major variations were observed in the overall mitochondrial redox state, we hypothesized that the 

absence of Grx2 could be compensated, in mGrx2 KO mice, by the increased expression/activity of other 

enzymes involved in thiol redox regulation. Thus, we measured the thioredoxin reductase and glutathione 

reductase activities in both the mitochondrial and the cytosolic compartments isolated from WT and mGrx2 

KO liver, heart, brain and kidneys. As reported in Fig. 39 TrxR1, TrxR2 and GR activities were quite similar 

between WT and mGrx2 KO mice. Notably, a slight increase of both TrxR1 and GR activities were found in 

mGrx2 KO mice only in the kidneys, suggesting a possible organ-specific effect deriving from the lack of 

Grx2. The study of elderly mice could be useful in order to understand whether the mild effects on the 

overall redox state observed in young mice could worsen during aging. In fact, young animals are known to 

face better oxidative stress conditions with respect to the elderlies. 
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Fig. 39 TrxR and GR activities in the cytosolic and mitochondrial fractions. (A) TrxR2 specific activity determined in the 
mitochondrial fractions on 50 µg of proteins (see Materials and Methods for details). (B) TrxR1 specific activity determined in the 
cytosolic fractions on 50 µg of proteins. (C) GR specific activity determined in the mitochondrial fractions on 50 µg of proteins. (D) 
GR specific activity determined in the cytosolic fractions on 50 µg of proteins. Mean ± SD of 8 experiments, n= 24. 

 
Comparing the liver of mGrx2 KO mice at 3 months of age with the one of WT animals, we observed a clear 

increase in lipid deposition as apparent from its enlarged and off-white appearance (Fig. 40, panel A). 

Interestingly, we also observed that mGrx2 KO liver mitochondria showed an increased basal ROS 

production with respect to WT liver mitochondria (Fig. 40, panel B and B’) indicating that the absence of 

Grx2 specifically impacts on the redox homeostasis of this organ. Therefore, we focused on the liver and we 

tried to understand the effects linking mGrx2 deletion to fatty liver development. 

 

 

Fig. 40 Comparison of liver appearance and ROS 
production between WT and mGrx2 KO mice. (A) 
Picture of WT (left) and mGrx2 KO (right) livers 
explanted from mice at three months of age. (B, 
B’) ROS production of WT and mGrx2 KO mouse 
liver mitochondria measured on 0.125 mg 
proteins using the AmplexRed dye as described in 
Materials and Methods section. (B) Kinetic curves 
of basal ROS production, RFU = relative 
fluorescent units; (B’) Quantification of ROS levels 
reported in fold over the control (WT) after 1200 
sec. Mean ± SD of 3 experiments, n= 10 (* = 
p<0.01). 
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4.3.2.3 Study of liver mitochondria functioning 

The functioning of mGrx2 KO mouse liver mitochondria was investigated. At first, the oxygen consumption 

of liver mitochondria was determined polarographically using a Clark electrode as described in Materials 

and Methods. Different substrates were employed and the control-index values (ratio between state 

3/state 4 rates) were determined. This index outlines the tightness of the coupling between respiration and 

oxidative phosphorylation. mGrx2 KO mouse liver mitochondria showed a lower respiratory capacity with 

respect to WT mitochondria with both substrates (succinate or glutamate/malate) when assessed in the 

presence of low concentrations of EGTA (20 µM), while their respiratory capacity was comparable to the 

WT when all the endogenous calcium was chelated (1 mM EGTA). Fig. 41, panel A, reports the control index 

values of WT or mGrx2 KO mouse liver mitochondria determined utilizing either succinate or glutamate + 

malate as oxidizable substrates in the presence of 20 µM EGTA.  

Accordingly, the mitochondrial membrane potential of mGrx2 KO liver mitochondria was lower with 

respect to WT mitochondria when assessed in the presence of low amount of EGTA or in the absence of the 

calcium chelator, while no statistically significant differences were observed in the presence of 1 mM EGTA 

(Fig. 41, panel B). This result fits perfectly with the data on mitochondrial respiration and suggests an 

increased sensitivity of mGrx2 KO mouse liver mitochondria to calcium ions. 

Thereafter, the mitochondrial sensitivity to calcium was assessed by means of the swelling assay (see 

Materials and Methods for details). As apparent from Fig. 41, panel C and D, mGrx2 KO liver mitochondria 

are more easily subjected to swelling as shown from the rapid decrease of absorbance at 540 nm upon 

calcium addition (40 µM CaCl2 in buffer containing 20 µM EGTA). 

 

In conclusion, mGrx2 KO mice did not show major alterations in mitochondrial redox balance in most of the 

organs tested nor a compensatory increase of activity/expression of other enzymes involved in thiol redox 

regulation. However, the liver of these mice, already at three months of age, appeared filled up with lipid 

deposits. Measuring ROS production of liver mitochondria we observed a rise of the basal ROS level upon 

mGrx2 deletion. Moreover, an increased sensitivity to calcium ions of mGrx2 KO liver mitochondria with 

respect to WT was shown. The association to the metabolic syndrome of altered levels or dysregulated 

function of many proteins involved in redox regulation in mitochondria, is in accordance with the observed 

phenotype. However, the exact mechanism linking Grx2 deletion with the alterations in liver functions and 

fatty liver development has not been elucidated yet. A possible implication of sirtuins or of iron and sulfur 

cluster handling capacity could be envisaged and should be investigated. 
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Fig. 41 Effect of mGrx2 deletion on mouse liver mitochondria functioning. (A) Mitochondrial respiratory capacity of WT and mGrx2 
KO mouse liver mitochondria was measured polarographically on 1 mg proteins, as described in Materials and Methods. The 
control-index values obtained with either succinate (Succ) or glutamate/malate (Glut/Mal) in the presence of 20 µM EGTA are 
shown. (B) Mitochondrial membrane potential of mouse liver mitochondria measured on 0.125 mg of proteins, reported as ratio of 
relative fluorescence unit (RFU) of the probe rhodamine 123 before and after substrate addition (5 mM succinate) in the presence 
of increasing concentrations of EGTA (0-1 mM). (C, D) Swelling assay performed in the presence of 5 mM succinate, 20 µM EGTA on 
0.25 mg of mouse liver mitochondria with or without treatment with 40 µM CaCl2. Mean ± SD of 6 experiments, n= 18, (n.s. = not 
significative, * = p<0.05, ** = p<0.01, *** = p<0.001). 
  



 92 

5. Conclusions 
 
 

The role of different mitochondrial proteins involved in thiol redox regulation in relation to normal or 

dysregulated cell physiology was investigated. The principal conclusions obtained from the research 

presented in this thesis are outlined below. 

5.1 Mitochondrial thioredoxin system mediates redox regulation 

• Cyclophilin D is redox regulated by the mitochondrial thioredoxin system 

The peptidyl prolyl cis-trans isomerase activity of CypD was stimulated by the presence of the 

complete thioredoxin system. In addition, analysis of CypD redox state highlighted that the 

inhibition or depletion of TrxR2 led to a concomitant oxidation of Trx2, Prx3 and CypD, suggesting a 

cross-talk between these proteins. This result was obtained in both rat heart mitochondria and 

cultured human cell lines. A molecular binding prediction was also performed and pointed out that 

CypD interacts with both Trx2 and Prx3 through its CsA binding pocket where a conserved Cys is 

located. Co-immunoprecipitation technique from rat heart mitochondrial matrix was employed to 

confirm the binding capacity of CypD with both Trx2 and Prx3. Interestingly, the addition of CsA 

partially hindered this interaction indicating the involvement of the CsA binding pocket of CypD. 

Moreover, CypD co-immunoprecipitated with Trx2 also from a Trx2-overexpressing cell line. 

Considering the importance of CypD as the unique recognized factor modulating the mitochondrial 

permeability transition, the redox control dependent on the thioredoxin system appears critical for 

the overall mitochondrial functioning.429 

 

• TrxR2 controls ROS production 

Taking advantage of the Crispr-Cas9 technique, a few stable TrxR2 knockdown cell lines were 

generated. The cellular ROS production was measured in the various TrxR2 knockdown clones and 

was observed to inversely correlate to the amount of TrxR2. The result indicates that TrxR2 

depletion is promptly followed by a large increase of ROS species suggesting a direct involvement 

of TrxR2 in ROS handling. 

5.2 TrxR2 inhibition and consequences in cancer cells 

 

• The benzimidazole-4-carboxamide Au(III) complex inhibits both PARP-1 and TrxRs 

The inhibitory capacity of a new cytotoxic benzimidazole-4-carboxamide Au(III) complex on PARP-1 

and TrxRs activities was studied. Various biological and biochemical assays showed that the 

compound is a potent inhibitor of PARP-1 and, to a lower extent, of TrxR while it does not affect GR 

activity. Accordingly, the intracellular glutathione redox state was almost not affected. Notably, the 

double inhibition of PARP-1 and TrxR can be synergic in determining the observed cytotoxicity on 

cancer cells and may potentiates the activity of DNA-damaging agents, such as alkylators, platinum 

compounds, topoisomerase inhibitors, and radiation. Thus, this complex seems promising as a 

possible anticancer metallodrug with a double cellular target.430 

 

• Diphenylpyridine Au(III) complexes show different cytotoxicity depending on the ligand 

Three novel diphenylpyridine Au(III) complexes were studied for their TrxR and GR inhibitory 

capacity and for their antiproliferative effects in a small panel of human cancer cells. The 

5 
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complexes appeared to selectively inhibit isolated cytosolic and mitochondrial TrxRs, with respect 

to the homologous enzyme GR. Notably, compound 3 was the only one showing good cytotoxic 

properties and was particularly active against the 2008 ovarian cancer cell line. In addition, 

compound 3 was able to inhibit TrxR in 2008 cells, increasing Trxs oxidation and leading to the 

disruption of the overall cellular redox state by decreasing the amount of free thiols and enhancing 

glutathione oxidation. Therefore, a central role of the ancillary ligands in the observed anticancer 

effects has been outlined and may be useful in the field of the metallodrugs’ design.431 

 

• Hydroxylated mono-carbenic Au(I) complexes display promising anticancer activities 

Different novel mono- and di-nuclear Au(I) complexes featuring sulfonated bis-carbenic ligands and 

a series of hydroxylated mono-carbenic Au(I) compounds were comparatively evaluated for their 

inhibitory activity on TrxR and GR. Notably, the sulfonated bis-carbenic Au(I) complexes were mild 

inhibitors of TrxR, whereas the mono-carbenic compounds (5-7) were selective against TrxR over 

GR, showing IC50 values in the nanomolar range of concentrations. The mechanism of TrxR 

inhibition involved the binding of the Au(I) center to Sec in the enzyme active site as shown from 

the BIAM assay. The mono-carbenic compounds were tested also on the human ovarian cancer cell 

line 2008 and a correlation between TrxR binding capacity and the cytotoxic effect was observed.432 

However, a poor stability in cell culture media was outlined probably due to their inactivation 

mediated by serum proteins. Thus, in order to improve complex stability, the carbene scaffold 

could be derivatized with targeting molecules such as antibodies or proteins. 

 

• TLMs give rise to different active metabolites and behave as pro-drugs 

Various complexes deriving from tamoxifen structure and endowed with a metallocene unit were 

tested for their inhibitory activity on both TrxR isoforms. All the compounds analyzed were mild 

inhibitors of TrxRs but acquired a potent inhibitory capacity upon enzymatic oxidation with the 

HRP/H2O2 mixture. The oxidation derivative of Fc-OH-Tam was shown to be the most active, having 

an IC50 value in the range of those measured for Au(I) complexes (IC50=0.06 µM on isolated TrxR1). 

The active derivatives of the complexes were then identified and corresponded mostly to quinone 

methides except ansaFc and Oc-OH-Tam that originated a radical species and a quinone methide 

cation, respectively. The oxidation derivatives were able to alkylate the Sec in TrxR active site 

irreversibly, inhibiting the enzyme. It has also been shown that, once inside the cell, probably 

thanks to the activity of cytochrome P-450, the complexes effectively undergo conversion to their 

active species able to inhibit TrxR activity and thus TLMs can be defined as pro-drugs. This selective 

activation inside cancer cells could be a good strategy to avoid side-effects in vivo.433-435 

 

• TLMs bearing the amino-chain accumulate in mitochondria 

The first clue suggesting the importance of the amino-chain for the compounds’ activity in cells was 

the observed higher cytotoxicity displayed by Oc-OH-Tam with respect to Oc-OH. In fact, the 

cytotoxicity of osmium compounds was found to depend on their cellular uptake from culture 

media that was larger for Oc-OH-Tam indicating that the amino-chain has a role in the process of 

compounds’ internalization. The ICP-OES analysis of the TLMs distribution in the different cell 

compartments confirmed a mitochondrial accumulation for all the complexes endowed with the 

chain. Therefore, we can assume that the amino chain, positively-charged at physiological pH, 

favors their mitochondrial accumulation in a mitochondrial membrane potential-driven fashion. 

Thus, TLMs endowed with the amino-chain can be defined as mitochondriotropic agents.435 

 



 94 

• TLMs induce the activation of the intrinsic apoptotic pathway 

In Jurkat cells, TLMs were shown to preferentially inhibit the mitochondrial TrxR leading to the 

oxidation of its main substrate Trx2. Afterwards, their impact on mitochondrial functioning was 

assessed and alteration of the MMP, overproduction of ROS, release of Cyt c and activation of the 

caspase pathway were observed, indicating an induction of the intrinsic apoptotic pathway. This 

may have to do with CypD oxidation and its role in the regulation of the mitochondrial permeability 

transition process.435 

5.3 Role of Grx2 in mitochondrial thiol redox regulation 

• Grx2 gets activated upon concomitant disruption of the thioredoxin and the glutathione systems 

For the first time in cells, Grx2 has been shown to be enzymatically inactive in homeostatic 

conditions forming dimers in mitochondria by coordinating a 2Fe-2S cluster. Oxidative stress was 

found to induce Grx2 activation through the disassembly of the dimer only in the mitochondrial 

compartment. Interestingly, Grx2 monomerization was induced by the concomitant impairment of 

both the thioredoxin and glutathione systems. Thus, Grx2 is able to sense the mitochondrial redox 

state and seems to get activated in strong oxidizing conditions probably through the detachment of 

the two molecules of glutathione involved in the stabilization of the dimer. Then, the labile iron 

pool was determined in order to analyze whether the 2Fe-2S was released from Grx2 dimer 

disassembly in mitochondria. As expected, the amount of free iron ions was largely increased upon 

Grx2 monomerization in the cellular mitochondrial fraction. In addition, the newly released iron 

ions were shown to induce lipid peroxidation and eventually to affect the mitochondrial membrane 

potential. 

 

• mGrx2 KO mice show fatty liver and impaired liver mitochondria functioning  

In order to determine the role of Grx2 in the mitochondrial redox balance, a C57bl/6 mouse strain 

knockout for Grx2 in mitochondria was characterized. The genetic excision of the mitochondrial 

targeting sequence of Grx2 was employed in order to generate the mouse model lacking Grx2 

specifically in the mitochondrial compartment. No major alterations in the overall mitochondrial 

redox homeostasis were observed in different organs isolated from three months-old mice with 

respect to WT mice. Mitochondria isolated from the liver, kidney, brain and heart were subjected 

to the determination of total thiols, glutathione amount and enzymatic activities of TrxR2 and GR 

and no significant differences were observed between WT and mGrx2 KO animals. However, mGrx2 

KO mice displayed fatty liver. Thus, mGrx2 KO mouse liver mitochondria were checked for their 

functioning. Notably, mGrx2 KO liver mitochondria were found to have an increased ROS 

production, decreased oxygen consumption capacity and decreased mitochondrial membrane 

potential in the absence of a calcium chelator. Interestingly, mGrx2 KO liver mitochondria displayed 

also a higher sensitivity to calcium as shown from the swelling assay. Altogether, these preliminary 

results indicate that the lack of Grx2 in the mitochondrial compartment is responsible for the 

development of an early-onset fatty liver in which a decrease of mitochondrial activity associated 

to an increased sensitivity to calcium is implicated. A possible alteration in lipid synthetic pathway 

or in their catabolism could be envisaged. 
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Fig. 42 Summary of the principal results presented in this thesis. The picture shows the two thiol redox regulating networks present 

in the mitochondrial cell compartment. The different classes of novel TrxR inhibitors studied are reported, and their interaction 

with the Sec present in the active site of TrxR is highlighted. The redox regulation of CypD by the mitochondrial thioredoxin system 

is displayed and, in particular, the observed interaction of CypD with both Trx2 and Prx3 is shown. Regarding Grx2, it has been 

found to get activated in mitochondria upon oxidative stress conditions and hindering of both the thioredoxin and the glutathione 

pathways. Its activation implies the release of the 2Fe-2S cluster leading to an increased lipid peroxidation. Finally, a mouse model 

KO for mGrx2 has been studied. Fatty liver and increased sensitivity to calcium, associated to an increase of ROS production, has 

been observed specifically for mouse liver mitochondria. 

 

Part of the results presented in this thesis have already been published (see publication list) or are 

currently being processed for the preparation of manuscripts for later submission and publication. The 

future perspectives are principally aimed to earn a more complete knowledge on the significance of redox 

signaling in the mitochondrial compartment. The search for new proteins undergoing redox regulation by 

the thioredoxin system in mitochondria will be a major issue. In addition, the role of Grx2 in mitochondrial 

thiol redox regulation will be further explored in both cultured cells and mice. In vivo, we will study the 

mechanism linking Grx2 depletion to fatty liver development. The identification of this mechanism could 

possibly help also for the understanding of the metabolic syndrome etiopathogenesis. Finally, novel and 

more selective TrxR inhibitors will be tested for their possible application as anticancer drugs searching in 

particular for mitochondriotropic molecules. 
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7. Abbreviations 
 
 

ACSL4 acyl-CoA synthetase long chain family member 4  
Af auranofin, (1-thio-β-D-glucopyranosato) (triethylphosphine)Au 2,3,4,6-tetraacetate 
AIS 4-acetamido-4′-((iodoacetyl) amino) stilbene-2,2′-disulfonic acid 
AP-1 activator protein 1 
ASK1  apoptosis signal-regulating kinase 1 
ATO  arsenic trioxide 
BIAM   biotinylated iodoacetamide 
BSA  bovine serum albumin 
BSO  buthionine sulphoximine 
CDNB  1-chloro-2,4-dinitrobenzene 
CM-H2DCFDA  5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate acetyl ester  
CoA  coenzyme A  
CsA  cyclosporin A 
CVD   cardiovascular diseases 
CypD   cyclophilin D 
Cys   cysteine 
Cyt c   cytochrome c 
DLCs   delocalized lipophilic cations  
DOC  sodium deoxycholate 
DTNB 5,5′-dithiobis (2-nitrobenzoic acid) 
DTT  dithiothreitol 
EDTA ethylene diamine tetraacetic acid 
EGTA ethylene-bis(oxyethylenenitrilo) tetraacetic acid 
EPR electron paramagnetic resonance 
ER endoplasmic reticulum 
FACS  fluorescence-activated cell sorting 
FCS  fetal calf serum 
2Fe-2S  iron and sulfur cluster 
FLAG  Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys octapeptide 
FOXO  forkhead box O protein  
GAPDH  glyceraldehyde 3-phosphate dehydrogenase 
GCL   glutamate-cysteine ligase  
GGT   γ-glutamyltranspeptidase  
GLRX2  glutaredoxin 2 gene 
GPx  glutathione peroxidase 
GR  glutathione reductase 
Grxs  glutaredoxins 
Grx1  glutaredoxin 1 
Grx2  glutaredoxin 2 
GS   glutathione synthetase  
GSH  glutathione (reduced) 
GSSG  glutathione (oxidized) 
GSTs   glutathione S-transferases  
HEDS   hydroxyethyldisulfide  
Hepes 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid 
HIF-1α  hypoxia inducible factor 1 alfa 
HNE  4-hydroxy-2-nonenal 
H2O2  hydrogen peroxide 
HRP   horseradish peroxidase  
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IAA  iodoacetic acid 
IAM  iodoacetamide 
ICP-OES inductively coupled plasma-atomic emission spectrometry 
KO   knockout  
MDA   malondialdehyde  
mGrx2 KO mitochondrial Grx2 knockout 
MMP or ΔΨm  mitochondrial membrane potential (delta psi) 
MTT  3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide  
NAC   N-acetyl cysteine 
NADPH β-nicotinamide adenine dinucleotide  
NaKPi   sodium/kalium phosphate  
NASH   non alcoholic steatohepatitis 
NHC   N-heterocyclic carbene  
NF-κB  nuclear factor kappa light chain enhancer of activated B cells 
NO nitric oxide 
Nrf2 nuclear factor erythroid derived 2 like 2 
O2  dioxygen  
O2

•-  superoxide anion 
PAGE  polyacrylamide gel electrophoresis 
PARP-1  poly ADP-ribose polymerase 1  
PBS   phosphate-buffered saline  
PMSF   phenylmethylsulfonyl fluoride 
PPIase   peptidyl prolyl cis-trans isomerase  
Prx3  peroxiredoxin 3 
Prxs   peroxiredoxins  
Rac1/2  Ras-related C3 botulinum toxin substrate 1/2 
ROS  reactive oxygen species 
RT-qPCR reverse transcriptase-polymerase chain reaction 
SDS  sodium dodecyl sulfate 

Sec  selenocysteine 
Sel  sodium selenite 
Sirt3  sirtuin 3  
SODs  superoxide dismutases 
SOD1/ Cu-Zn superoxide dismutase 1 (cytosolic) 
SOD2/Mn superoxide dismutase 2 (mitochondrial) 
TGR   thioredoxin glutathione reductase 
TLMs  tamoxifen-like metallocifens 
Tris  tris(hydroxymethyl)aminomethane 
Trx1  thioredoxin 1  
Trx2  thioredoxin 2  
Trx80  truncated thioredoxin 1 
TrxRs  thioredoxin reductases 
TrxR1  thioredoxin reductase 1  
TrxR2  thioredoxin reductase 2  
TNF-⍺  tumor necrosis factor alfa  
TXN  thioredoxin 1 gene 
TXN2  thioredoxin 2 gene 
TXNIP   thioredoxin interacting protein  
TXNRD1 thioredoxin reductase 1 gene 
TXNRD2 thioredoxin reductase 2 gene 
TXNRD3 thioredoxin glutathione reductase gene 
VEGF   vascular endothelial growth factor 
WT  wild-type  
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