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ABSTRACT 

 

Organotelluranes RT3 and RT4 are thiol reagents that induce mitochondrial transition pore 

(MTP) opening in a sensitive and insensitive manner to cyclosporin A. Although RT3 and RT4 

promote glutathione depletion, paradoxically, they are also an efficient antioxidant for membrane 

lipids. These compounds' antagonistic effects elicited the challenging question of how the gene 

expression of antioxidant enzymes would respond to treatment with these compounds. The 

influence of RT3 and RT4 on antioxidant enzyme expression was investigated in cultured aortic 

smooth muscle cells (ASMC). RT3 and RT4 promoted disruption of ionic calcium homeostasis, 

mitochondrial transmembrane potential (ΔΨ), and cell death in a dose-dependent manner. The 

cell death mechanisms responded qualitatively to the increase of the organotellurane 

concentration and changed from apoptosis to necrosis. RT3 and RT4 increased the expression of 

thioredoxin significantly. RT3 also increased the expression of glutaredoxin and glutathione 

peroxidase, slightly the catalase expression without significant effects on SOD expression. The 
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results are consistent with GSH and protein thiol depletion and discussed based on the cell 

toxicity mechanism exhibited by these compounds.  
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Introduction 

 Tellurium forms inorganic and organic derivatives, both with a multiplicity of biological 

effects that are attractive due to the potential therapeutic applications and technological 

applications.(Comasseto et al. 2007; Cunha et al. 2009; Hagar et al. 2020; Machado and Pereira 

da Silva 2020; Medina-Cruz et al. 2020; Pietrasiak and Togni 2017; Srivastava et al. 2018; 

Teixeira et al. 2018; Moroder and Musiol, 2019; Sato et al. 2019; Wang et al. 2020) The organic 

derivatives of tellurium, are compounds with at least, one tellurium-carbon ligation in their 

structures.(Cunha et al. 2009; Nogueira et al. 2004; Pietrasiak and Togni 2017; Teixeira et al. 

2018) Organotellurium comprise the groups of the divalent derivatives tellurols, 

diorganoditellurides, and diorganotellurides, and the hypervalent derivatives that are the 

organotellurium trihalides, diorganotellurium dihalides, organotellurium oxides, organotellurates, 

and organopertelluranes.(Cunha et al. 2009) Most of the biological effects of tellurium 

compounds are related to the reactivity with thiol groups.(Cunha et al. 2009; Kheirabadi and 

Izadyar 2020; Nantes et al. 2011; Pessoto et al. 2007; Yokomizo et al. 2015) The inorganic 

tellurium compounds AS-101 and SAS form stable Te-Cys4 complexes by replacing of labile 

ligands by four equivalents of cysteine.(Cunha et al. 2009; Silberman et al. 2016) Silberman et al 

demonstrated that distinct of inorganic tellurium compounds, the diaromatic organotelluranes of 

the type TeIVAr2Xn (X = Cl, O and CH3COO) do not form stable complexes with 

cysteine.(Silberman et al. 2016; Teixeira et al. 2018) The reaction mechanism of diaromatic 

organotelluranes forms complexes with two cysteines that are intermediates of the final products, 

the TeIIAr2 and cystine.(Silberman et al. 2016) The effects of trichlorotelluro-dypnones on the 

bioenergetics of cells and their relationship with thiol reactivity were also 

investigated.(Yokomizo et al. 2015) For these compounds, it was proposed a reaction mechanism 
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like to SN2-type and SN1-type that are associative and dissociative mechanism.(Yokomizo et al. 

2015) All the postulated mechanisms implicate in the depletion of thiol groups with 

repercussions on the cell redox balance.(Allen and Mieyal 2012; Benhar 2020; Jones 2006; 

McBean et al. 2015; Paul et al. 2018) GSH is considered the most abundant redox buffer in cells 

and acts in conjunction with proteins, particularly the TRX system (TRX, TRX reductase, and 

NADPH) in maintaining the intracellular redox homeostasis.(Arnér and Holmgren 2000; Berndt 

et al. 2006; Bjørklund et al. 2020; Jones 2006; McBean 2017; Panday et al. 2020) The cells have 

redox-sensitive transcription factors that regulate gene expression in response to changes in the 

cellular redox status. The pathway of redox-sensitive gene expression involves agents acting as 

sensors, transducers and effectors.(Gong et al. 2020; Hirota et al. 2000; Spector et al. 1988; 

Messina et al. 2019) The redox state of cysteine residues is a key signal for a cellular gene 

expression in response to loss of redox homeostasis. In this regard, distinct oxidative states of 

cysteine residues elicit specific responses in cells. The reactivity of thiol groups depends on their 

protonation state. The thiolate group (-S-) is more reactive with its conjugate acid form (-

SH).(Castranova et al. 2016; Wall et al. 2012) Also, the oxidation of protein bound thiol groups 

depends on the accessibility to the oxidative agents and different derivatives can be formed, i.e. 

sulfenic (-SOH), sulfinic (SO2H) and sulfonic (SO3H) acids.(Icimoto et al. 2017; Jeong et al. 

2011) The sulfenic and sulfinic groups are reversible oxidized states of thiol group while sulfonic 

acids represent irreversible modification of proteins. The thiol group of proteins are also targeted 

by the nitrosative species nitric oxide (NO•) and peroxynitrite (ONOO-) that is formed by the 

reaction of NO• with superoxide ion (O2
-•). The toxicity of nitrosative species results of covalent 

binding of NO• to the thiol group of proteins leading to the formation of S-nitrosothiols 

(SNOs)(Sun et al. 2006) and the occurrence of protein nitration by the appending of nitro group 
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(-NO2) to a tyrosine residue.(Paes de Barros et al. 2020) A diversity of enzymes and transcription 

factors responds to the oxidative stress such as peroxiredoxins,(Jeong et al. 2006; Jiang et al. 

2020; Kang et al. 2004; P. et al. 2017; Rhee et al. 2005) the transcription factors NF-κB and AP-

1,(Attafi et al. 2020; Gius et al. 1999; KLATT et al. 1999; Nishi et al. 2002) the negative 

regulator of Nrf2, protein 1 (Keap1),(Priya Dharshini et al. 2020; Wakabayashi et al. 2004) 

thioredoxin(Holmgren 1995; Rashidi et al. 2019; Shao et al. 2020; Sumbayev 2003; Zeng et al. 

2020), tyrosine phosphatases (PTP),(Denu and Tanner 1998; Hsu et al. 2020)  and the kinase 

MEKK1.(Cross et al. 2007; CROSS and TEMPLETON 2004; Matsushita et al. 2020) As an 

example, the transcription factor Nrf2 controls hundreds of genes involved in the combat of the 

oxidative stress. Nrf2 is repressed by association with the homodimeric form of the Keap1 

protein. Human Keap1 has several of its 25 cysteine residues with low pKa and consequently, 

they are highly reactive in the cell conditions. Therefore, Keap1 protein regulates Nrf2 in 

response to the cell redox state.(Baird and Yamamoto 2020; Janssen-Heininger et al. 2000; 

Krajka-Kuźniak et al. 2017; Limón-Pacheco and Gonsebatt 2009) The redox-sensitive gene 

expression is also regulated by S-glutathionylation, that is the reversible formation of disulfide 

bonds between GSH and cysteinyl residues.(Limón-Pacheco and Gonsebatt 2009; Mailloux et al. 

2020; Matsui et al. 2020) The S-glutathionylation is a negative regulatory process for tyrosine 

hydroxylase,(Borges et al. 2002) PKC-α,(Ward et al. 2000) MEKK1 kinase,(Cross et al. 2007) 

PTP1B,(Lee et al. 1998; William C. Barrett et al. 1999) and inhibitor of kappa B kinase-β, which 

inhibits NF-κB(Checconi et al. 2019; Reynaert et al. 2006) that in turn is reversed by 

glutaredoxin (Grx).(Gallogly and Mieyal 2007; Wen et al. 2020) TRX is a low molecular weight 

disulfide oxido-reductase enzyme with 10-12 kDa. TRX has two reactive cysteine residues that 

forms a disulfide bond upon oxidation and that is recycled the action of TRX reductase and 
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NADPH.(Collet and Messens 2010) TRX exerts its antioxidant activity by the enzymatic action 

on other enzymes and transcription factors as well as the scavenging of reactive oxygen 

species.(Berndt et al. 2006)(Collet and Messens 2010) TRX is overexpressed in conditions in 

which the redox-active cysteines are inactivated by heavy metals, and reactive species produced 

by ischemia–reperfusion and viral infection.(Branco et al. 2019; Kasuno et al. 2003; Zhou et al. 

2020) In the present study, the toxicologic effects of RT-03 and RT-04 (Fig. 1) on aortic smooth 

muscle cells (ASMC) and the repercussions on the expression of thioredoxins (TRx), thioredoxin 

reductase, glutaredoxin, SOD, catalase, and glutathione peroxidase were investigated. 

 

Figure 1. Molecular structures of RT-03 and RT-04. 
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Materials and Methods 

Synthesis of organotelluranes 

The organotelluranes used (RT-03 and RT-04) were synthesized by the electrophilic addition 

of p-methoxyphenyl tellurium trichloride to alkynes, called 1-ethynyl-1-cyclohexanol and 3-

methyl -3-hydroxy-butyne, respectively.(Zeni et al. 1999) 

Animal handling and euthanasia 

Rats of the Wistar lineage, maintained and euthanized using procedures approved by the 

internal ethics committee registered at COBEA, which supervises all norms and ethical 

principles in maintenance of animals, such as: space, ventilation, temperature, nutrition, 

hydration and proper handling. Only males of the Wistar lineage were used in this research, the 

euthanasia method used was the cervical dislocation for rats up to 200 grams, and cranial trauma 

for animals over 200 grams, these methods are described in Guide to the care and use of 

experimental animals, Canadian Council on Animal Care (CCAC).(Olfert, Cross and 

McWilliam, 2020) The chemical method of euthanasia cannot be used because in this type of 

study it is contraindicated due to the interaction of the lethal chemical agents with membranes, 

interfering in the transport of ions, among other effects. 

Isolation of hepatic mitochondria 

Mitochondria were isolated from the liver of male Wistar rats of approximately 200 g using the 

differential centrifugation technique.(Schneider 1951) The liver was removed after the animal's 

death and washed in a solution containing 250 mM sucrose, 10 mM HEPES-KOH buffer and 1 

mM EGTA at pH 7.4 at 4 ° C, chopped into small fragments and homogenized in Potter-
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Elvehjen. The suspension was centrifuged at 580g for 5 minutes and the supernatant purchased 

was centrifuged at 10,300g for 10 minutes. The resulting supernatant was discarded along with 

the upper lipid phase with Pasteur pipette, and the resulting pellet resuspended in approximately 

25 ml of medium containing 250 mM sucrose, 10 mM HEPES-KOH buffer and 0.3 mM EGTA 

at pH 7.4 at 4 °C and centrifuged at 3400g for 15 minutes. The final pellet or mitochondrial 

fraction was resuspended in a solution containing 250 mM sucrose, 10 mM HEPES-KOH buffer 

at pH 7.4 at 4 ° C, at a concentration of approximately 100 mg of protein per ml. 

Dosage of proteins 

The protein concentration was quantified by the Biuret method, where an aliquot (10 mL) of 

the sample to be determined was mixed with 100 μL of a solution of 5% deoxycholic acid (m / v) 

and water q.s. 1.5 mL. To this mixture was added 1.5 mL of the biuret reagent, composed of 

0.15% (m/v) cupric sulfate, 0.6% (w/v) sodium and potassium tartrate and 0.75 M NaOH. After 

10 min, the absorbance was determined at 540 nm against a blank of reagents and a 1% BSA 

solution was used as standard.(Layne 1957)(Noble and Bailey 2009) 

ANT extraction of rat liver mitochondria 

Isolation of ANT was done according to Rück et al, 1998.(Rück et al. 1998) All steps were 

done at 4°C. Isolated liver mitochondria (20 mg) in 1 ml of isolation medium were incubated for 

5 min with an equal volume of extraction buffer consisting of 40 mM KH2PO4, 40 mM KCl, 2 

mM EDTA and 6% Triton X-100, at pH 6.0. The suspension was centrifuged for 30 min at 

24,000 g and the supernatant was loaded onto a column packed with 1g of dry hydroxyapatite 

(Bio-Rad). After elution with extraction buffer the fractions collected containing proteins were 

diluted in 20 mM MES buffer, 0.2 mM EDTA and 0.5% Triton X-100 at pH 6.0 in the ratio 1: 1. 
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This sample was applied to a 1-ml cation exchange HiTrapSP column (Pharmacia), connected 

with a FPLC system and eluted by a NaCl gradient (0.1 M NaCl in column buffer). Fractions 

were analyzed by 12% SDS-PAGE and by immunodetection by anti-ANT, porin, CyPD, and 

Bax antibodies after transfer to nitrocellulose sheets. 

MALDI-TOF Spectrometry 

The mass spectra were acquired in a MALDI-TOF Pro mass spectrometer device that can 

operate in linear or reflectron mode using harmonic reflecton which increases the resolution and 

narrows the focusing time. The samples were mixed with saturated solution (5 mg / ml) of 3,5-

dimethoxy-4-hydroxycinnamic acid in 50% acetonitrile and 0.5% TFA, and 0.5 ml of the 

mixture was loaded onto the MALDI stainless steel films for analysis.(Kawai et al. 2005) 

Culture of rabbit aortic smooth muscle cells  

Maintenance of rabbit aortic smooth muscle cell (ASMC) culture was performed every 3 days. 

The removal of the cells from the flasks, when confluent, was performed by the trypsinization 

process. After determining cell viability, 1 x 106 cells were distributed in flasks of 75 cm3 and 

grown in DMEM medium (Sigma Chemical Co.) supplemented with 10% fetal bovine serum 

(BFS, Gibco, BRL-USA), and kept in a 5% of CO2 at 37ºC. The trypsinization for cell handling 

was done by discarding of the culture medium followed by cell washing, at least 2 times with 

PBS solution. In sequence, a 2.5% trypsin solution containing 0.25% EDTA was added to the 

flask and held for 2 minutes at 37 °C to inactivate the reaction and then culture medium 

supplemented with BFS was added in a volume 2 times greater than that of trypsin used. After 

cells were detached from the flask, the solution was centrifuged at 450 g for 10 min at 20 °C and 

cell viability was determined.(Rodrigues et al. 2007) 
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Cell viability assays  

The yellow tetrazole MTT (3- (4,5-dimethylthiazolyl-2) -2, 5-diphenyltetrazol bromide) is 

metabolically reduced by living cells, in part by the action of dehydrogenase enzymes, to 

generate reduced equivalents such as NADH and NADPH. In the intracellular medium of viable 

cells, the reduction of the yellow tetrazole salt gives the purple formazan salt, which can be 

solubilized and quantified by spectroscopic measurements. The assay for EC50 determination 

was performed in 96-well plate, in each well, 2 x 105 cells were added, at least 12 hours after cell 

distribution that is the minimum time for cells to adhere on the plate. After the incubation time 

had elapsed, 10 μl of the MTT solution (5mg/ml) (Invitrogen Co., USA) was added to each well 

and the plate incubated for an additional 4 hours. The whole procedure was performed in the 

dark due to photosensitivity of the MTT reagent. After the incubation time, 100 μl of a 10% SDS 

solution in 0.01 M HCL was added to each well, and after incubation for 9 to 12 hours the 

absorbances at 570 and 650 nm of each well was read using a reader of (Biotek ELX800). Blue 

trypan assay was performed on 25 x 13 mm petri dishes containing 5 x 10 5 cells. After 

incubation, 200 μl of the 0.4% tripan blue solution was added and nine fields / plate were 

analyzed, 50 cells / field counted, in a total of three plates per concentration. The percentage of 

dead cells was calculated in relation to the total cells present in the field. For the V-FITC/7-AAD 

assay, the cells were trypsinized and centrifuged 500 g for 5 min. The binding medium 

containing 10 mM of HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4, and 1 μg/mL annexin V 

were added to the precipitate. Cells were incubated in light-protected propylene tubes and kept at 

room temperature for 15 min. Detection of the percentage of cells in apoptosis and necrosis was 

determined on a flow cytometer (Beckman Coulter, Lab Cell Quanta SC MPL model).  
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Intracellular Ca2+ measurements  

Rabbit aortic cells were loaded with 10 μM of Fura-2AM. Before starting the experiments, the 

cells were washed with Ca2+-free buffer to avoid interference of the external Ca2+. Ca2+ levels 

were measured on isolated intact cells using a high resolution inverted digital microscope that 

was coupled to a CCD camera controlled by a software.  

Intra-cell mitochondrial membrane potential  

Rabbit aortic cells were loaded with 1 μM TMRM (tetramethyl rhodamine) for 30 min. Before 

starting the experiments, the cells were washed with fluorescence buffer. Fluorescence was 

monitored in isolated intact cells using a high-resolution digital microscope with an inverted 

microscope coupled to a CCD camera.  

Oxidation of total thiol groups 

After induction of thiol group oxidation by the organotelluranes or 0.6 mM t-BOOH, the thiol 

content of cells was determined using 5,5'dithiobis (2-nitrobenzoic acid) (DTNB). The samples 

were centrifuged 2 min at 10,000 rpm and the pellet was treated twice with 200 µL of 6.5% 

trichloroacetic acid (TCA). After the addition of TCA, the samples were submitted to 

centrifugation at 10,000 g during 5 min to precipitate the protein content. The final pellet was 

resuspended in 1 mL of the cell medium in which 100 µM 5,5'-dithio-bis(2-nitrobenzoic acid)  

(DTNB), 0.5 mM EGTA, and 0.5 M Tris, pH 8.3 were present. The colorimetric determination 

of SH was measured by the absorbance intensity at 412 nm, using cysteine for 

calibration.(Castilho et al. 1996) 
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Results and Discussion 

Effects of RT-03 and RT-04 on ASMC viability and bioenergetics. 

The ASMCs were incubated with organotelluranes RT-03 and RT-04 at the concentrations of 

0, 10, 25, 50, 75, and 100 μM for one hour and the cell viability and death mechanisms were 

determined by flow cytometry using the annexin V-FITC/7-AAD kit. (Figure 2A and B). 
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Figure 2. Flow cytometry of MLAC cells incubated with organotelluranes. MLAC cells (1x105 cells) 

were incubated for 1h at 37 °C under 5% CO2 atmosphere, with RT-03 (panel A) and RT-04 (panel B). 

The insets show the curves for viable cells EC50 for each compound treatment. The percentages of 

apoptotic and necrotic cells were determined by flow cytometry using double labelling with annexin V-

FITC and 7-AAD. 
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dye 7-AAD and characterizes late apoptotic cells.(Pessoto et al. 2015)(Schlegel and Williamson 

2001)(Zachowski et al. 1989) Otherwise, the staining only with 7-AAD characterizes necrotic 

cells. Figures 2(a), and 2(b), lower panels, show the results of cell death mechanisms promoted 

by RT-03 and RT-04, respectively. The data of cell viability were used for the calculation of 

EC50 (Figures 2, upper panels). Figure 2A and B, upper panels, show the percentage of viable 

cells as a function of the logarithm of organotellurane concentration. In this condition, the EC50 

for cell viability was calculated by fitting the data by equation 1. 

% ���� ����	 
  �� �
�������

�����������	�
��
       (1) 

   Where, �� and, �� are respectively the upper and lower asymptotic of the curve, p (Hill 

slope) the tangent slope to the curve and EC50 calculation from the curve turning point 
������. 

The EC50 determined for RT-03 e RT-04, were, respectively = 34±4 and 50±5 μM. Cell viability 

was also determined using Trypan blue assay (not shown). The same EC50 for RT-03 (34±3 μM) 

was obtained using Trypan blue. The EC50 of RT-04 determined by Trypan blue assay was 64±3 

μM and is close of the value obtained from flux cytometry data (50±5 μM). These results show 

the correlation between the events measured by both techniques. Therefore, the uptake of 

telluranes by the cells produces a toxic effect that triggers the mechanisms of programmed cell 

death whose events that signal its occurrence were measured by Annexin V / 7-AAD. At the 

same time these events lead to permeabilization of the plasma membrane which is measured by 

the uptake of Tripan blue. It is important to note that the significantly lower EC50 of RT-03 in 

relation to RT-04 (32-47%, considering Annexin V / 7-AAD and trypan blue, respectively) is 

consistent with the results previously obtained in isolated rat liver mitochondria 

(IRLM).(Yokomizo et al. 2015) In IRLM, RT-03 was also more efficient than RT-04 to promote 

damages in the organelle. The treatment of ASMCs with RT-03 at concentrations of 10-25 μM 
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increased the percentage of apoptosis and necrosis by 31% and 44% respectively over the 

control. The use of 10-25 μM of RT-04 increased apoptosis up to 50% and necrosis up to 164%. 

Although the percentage of apoptosis had increased significantly after the treatment with 25 μM 

of the organotelluranes, around 75% of ASMCs remained viable. Bellow EC50 apoptosis 

responded predominantly for the cell death and above the EC50, necrosis was the predominant 

cell death mechanism promoted by the organotelluranes. The cell viability EC50 values of RT-03 

and RT-04 were close to the EC50 of SH depletion that were, respectively, 60.2 ± 3 and 68.7 ± 3 

μM (Figure 3). Figure 3 shows also that RT-03 and RT-04 did not deplete GSH of ASMCs. 

These results suggest that cell death promoted by the organotelluranes are related to the depletion 

of protein thiol groups but not to the oxidative stress. In IRLM, RT-03 and RT-04 promoted 

depletion of both protein thiol and GSH. The concentration of mitochondrial and cytosolic GSH 

are both in the range of 10-15 mM.(Marí et al. 2009) However, the enzymatic machinery to 

synthesize GSH is present only in cytosol as well as the pentose-phosphate pathway that is an 

important source of NADPH (48). The organotelluranes, RT-03 and RT-03 react as Lewis acids 

leading to protein SH depletion according to two possible mechanisms that were previously 

postulated: bis alkylation and redox mechanism.(Pessoto et al. 2007)  
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Figure 3. Effect of RT-03 and RT-04 on the SH and GSH contents of ASMC. 

 

Despite, different effects of the organotelluranes on GSH content of IRLM and ASMCs, loss 

of ΔΨ and Ca2+ homeostasis were observed for ASMCs (Figure 4). Figure 4 shows the effects of 

RT-03 on the cytosolic Ca2+ concentration (black line). The cytosolic Ca2+ concentration was 

labelled by Fura-2AM fluorescence that shifts the spectrum peak from 380 to 340 nm after Ca2+ 

binding.  The 340/380 nm intensity ratio increased progressively to the maximum within 5 min 

in response to the increase of cytosolic Ca2+ concentration. In the following, cytosolic Ca2+ 
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concentration decreased due to mitochondrial uptake and attained the minimal around 25 min 

after the organotellurane addition. In the same conditions, the mitochondrial transmembrane 

potential (ΔΨ) was measured for ASMC after the addition of the organotellurane. The loss of ΔΨ 

promoted by RT-03 was accompanied by decay of TMRM (gray line) fluorescence at 340 nm. 

The halftime (t1) of TMRM fluorescence decay was determined as 7.8 min by fitting the data 

using equation 2, 

 

��� 
 �� � �� � ���	 
��⁄       (2) 

 

Where y0 is the offset, A1 the decay amplitude and t1, the halftime of the decay. The halftime 

of ΔΨ leakage was coincident with the maximum of the cytosolic Ca2+ overload and indicated by 

the vertical red dotted line in Figure 4. The cytosolic Ca2+ buffering promoted by the 

mitochondrial uptake contributes to the organelle permeabilization. The results obtained with 

RT-04 was very similar (not shown). The inset of Figure 4 shows snapshot of ASMC 

immediately and 13 min after the addition of RT-03 as indicated by the letters a and b. Loss of 

ΔΨ promoted by RT-03 and RT-04 was also observed using JC-1 as marker (not shown). 
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Figure 4. RT-03-promoted changes in Ca2+ homeostasis and mitochondrial permeabilization. ASM cells 

were grown on glass coverslips and incubated with TMRM and Fura-2AM in the presence of 50 μM of 

organotelluranes. The black line represents the 340/380 nm ratio of Fura-2AM fluorescence that increases 

proportionally to the cytosolic Ca2+ concentration. The gray line represents the ΔΨ dissipation curve that 

was fitted by equation 2 (green dotted line). The vertical red line marks the half-life of the ΔΨ decay that 

is coincident with the maximum of Ca2+ overload in cytosol. The inset shows the snapshot of ASMC 

labeled by TMRM at the times indicated by the green arrows.  

 

Considering the effect of the organotelluranes on mitochondrial bioenergetic, it was 

investigated the capacity of RT-03 and RT-04 to promote the thiol depletion of isolated adenine 

nucleotide translocase was investigated (Figure 5). The organotelluranes decreased drastically 

the thiol content of isolated ANT that is consistent with mitochondria permeabilization promoted 

by these compounds.   
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Figure 5. Effect of organotelluranes on the thiol content of ANT. ANT was isolated and incubated for 

15 min in the presence of RT-03 e RT-04 and the thiol content determined colorimetrically at 412 nm 

after the reaction with DTNB.  

 

The effects of organotelluranes (50 �M) on the ΔΨ, SH content and Ca2+ homeostasis of 

ASMC culminated with cell death that was evidenced by changes in the nuclear morphology 

(Figure 6). 
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Figure 6. Effect of RT-03 on ASMC morphology. Snapshots show ASMCs nucleus after 15 h of 

incubation in the absence (left panel) and presence (right panel) of 50 μM of RT-03. The cells were 

incubated during 15 and the nucleus labeled with Hoeschst 33342. 

 

Figure 6 shows the snapshots representative of cell morphology after 15 h of incubation with 

RT-03. After incubation, cells were treated with aqueous solution of Hoechst 33342 (1μg/ml), 

for 15 min. The images show the normal morphology of control cells (left panel) and the typical 

apoptotic nucleus with the characteristics of condensation and pycnoses. RT-03 promoted also 

loss of ASMC adherence and even the cells that remained stuck on the plaque presented pycnotic 

nucleus. In the following, the effect of RT-03 and RT-04 on the expression of proteins related to 

redox balance of cells was determined by real time PCR (Figure 7A-L).  
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Figure 7. Effect of RT-03 and RT-04 concentrations on the cell death mechanisms and the expression of 

antioxidant enzymes. 

 

In Figure 7A-L the data of RNAm production was shown overlapped with the percentage of 

apoptotic and necrotic ASMCs that were treated with the corresponding concentration of RT-03 

and RT-04. Thioredoxin (TRX) had the expression extremely enhanced by the organotelluranes, 

particularly, RT-03. The results obtained with 100 μM of RT-03 suggests a total uncontrol of the 

TRX RNAm production. Contrarily, the organotellurane RT-03 did not affect significantly the 

expression of thioredoxin reductase (TRXr) while RT-04 promoted an inhibition its expression. 

In the case of GRX expression, only 100 µM of RT-03 promoted a significant increase of the 

RNAm production. The expression of superoxide dismutase (SOD) increased more significantly 

in ASMCs treated with 20 μM of organotelluranes and in this condition, the more severe effect 

was observed for RT-04. The concentration of 20 μM produced the greatest increase of apoptosis 

as the preponderant mechanism of cell death. In concentrations >20 µM, the expression of SOD 

was inhibited by both the organotelluranes, and more significantly by RT-04. The expression of 

catalase was also decreased significantly in ASMCs treated with 50 mM of RT-04 but not by 

RT-03 that duplicate the enzyme expression only at 100 μM. RT-03 also promoted increase of 
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glutathione peroxidase (GPx) expression in a concentration-dependent manner. RT-04 also 

increased the expression of GPx, except at the concentration of 50 μM in which a significant 

decrease of the enzyme expression was observed.  

Discussion 

Organotelluranes have a particular reactivity with the thiol groups herewith their biological 

activities are rationalized. The reaction of a thiol with organotelluranes is still a matter of debate 

since the rate of such processes difficult to access in experimental model systems; an early 

attempt was conducted by Albeck and coworkers who proposed two mechanistic pathways by 

which these reactions would occur, an associative and dissociative mechanisms (Scheme 1). 

(Cunha et al. 2009; Yokomizo et al. 2015)  

 

 

Scheme 1. Proposed ligand exchange reactions of dichloro organotelluranes. 

 

The difference of both mechanisms lies in the nature of the reaction intermediate as an anionic 

pentavalent intermediate is formed by addition of the nucleophile in the former mechanism 

whereas a cationic trivalent specie is formed in the later prior to the reaction with the thiol. 

Interestingly, orgatelluranes RT-04 and a dichloride derivative of RT-03 shows a remarkable 

stability in aqueous dimethylsulfoxide solutions, even in acidic media, showing that DMSO 

solutions of organotelluranes are very stable remaining in the form of dichlorides.(Princival et al. 
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2017) In general, the most commonly exploited organotelluranes in biological studies have a 

limited solubility in aqueous media thus theoretical studies have been carried out to investigate 

the fate of such species in water media since the hydrolysis can be anticipated. These studies 

indicate that after a series of ligand-exchange reactions, a thermodynamically stable telluroxide 

may be formed which is reactive towards thiols, nonetheless(Silva et al. unpublished data; 

Teixeira et al. 2018). The spontaneous formation of telluroxides from dihalo diorganotelluranes 

possessing an intramolecular coordination ether moiety further corroborated these theoretical 

studies.92 Telluroxides may likely react with thiols but through a nucleophilic addition 

mechanism forming an monothiolate that can react with another thiol leading to a dithiolate that 

can disproportionate forming a telluride and the disulfide (Scheme 2).  

 

 

Scheme 2. Reactions of thiols with organotelluroxides. 

 

Organotellurane monothiolates originated in reactions with macromolecular thiols are likely to 

be kinetically more stable than those formed in reactions with low molecular weight thiols as 

cysteine, whose formation of the dithiol is more favorable due to lower steric hindrance. 

Whatever the mechanism, an intermediate protein-tellurane complex might form and become a 

target for the reaction with GSH and TRX. Also, the direct reaction of cysteine residues of TRX 

with organotelluranes cannot be discarded as it possesses more nucleophilic thiols than those of 

GSH and TRX. The protein-tellurane complexes can react with antioxidant proteins as TRX, 

GRX, and GSH by bis-thiolation leading to a redox pathway. In the redox pathway, 
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glutathionylated protein or a mixed disulfide complex with TRX could be formed and 

subsequently recycled by TRXr and GRXr. However, inhibition of TRXr, previously described 

for some of organotelluranes, could prevent the recovery of protein thiol groups.(Albeck et al. 

1998) In the case of TRX, cells responded to the impaired recycling of TRX with its 

overexpression. In this regard, RT-03 could more strongly inhibit TRXr and form more stable 

complexes with proteins leading to more drastic effects of TRX and GRX overexpression. The 

structure-dependent reactivity of RT-03-protein complexes via bis-thiolation (i.e., the formation 

of dithiolates) or redox mechanisms remains uncovered. 

Before analyzing of the concentration-dependent effect of RT-03 and RT-04 on the expression 

of antioxidant enzymes, it is important to consider that for RT-03, but not for RT-04, the 

concentrations of 50 and 100 µM lead to a similar percentage of cell death. Also, RT-03 

promoted overexpression of Grx, catalase, and GPx only at the concentration of 100 µM. 

Therefore, it is reasonable to consider that 100 µM of RT-03 promoted a severe disruption of 

cellular redox control and their effects are not comparative with the corresponding concentration 

of RT-04. Thioredoxin was the protein with the highest expression increase in response to 

treatment with RT-03 and RT-04. Overexpression of Trx was observed even below the EC50 of 

RT-03 and RT-04. Apart from the effect of 100 µM of RT-03, Grx was not overexpressed by 

ASMCs treated with 20 and 50 µM of RT-03 and had a decreased expression in the presence of 

50 µM of RT-04. The expression of TrxR was not significantly affected by RT-03 and was 

inhibited by RT-04, more significantly above the EC50. 

These results can be understood based on the following reasoning. The reaction mechanisms of 

telluranes with thiols have been extensively studied and can comprise two stages: the formation 

of the tellurium-sulfur bond forming a monothiolate and possible secondary reactions of the Te-

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 28

protein complexes with nucleophiles. The formation of organotellurane adducts with a protein 

thiol group may occur through associative and dissociative mechanisms described previously. 

The protein complexed with the organotellurane may be the target of nucleophilic attack by 

glutathione, another protein, or another cysteine residue of its chain. Thus, the tellurane-protein 

adduct can be glutathionylated or form intra- or inter-molecular disulfides (RS-SR). 

In any of these conditions, the protein may be recycled to its native form by the action of the 

Grx and Trx systems. Glutathionylated proteins can be reduced by the action o Grx and other 

disulfides by  the Grx and Trx systems. Organotelluranes can inhibit TrxR impairing the 

recycling of oxidized Trx to the reduced form. The high consumption of reduced Trx without 

recycling by TrxR could lead cells to respond with the overexpression of the enzyme.  

The absence of glutathione depletion suggests that the balance of oxidation and recycling of 

the peptide was not affected by RT-03 and RT-04 at the concentration range of 20-100 µM. 

Notwithstanding, GSH was not the preferential nucleophile that reacted with the Te-protein 

adducts. The reaction with GSH should be unfavorable because the pKa of its thiol group is 8.3, 

and most of the thiol is therefore protonated. Also, the organotelluranes are highly hydrophobic 

and should partition preferentially inside cell membranes. Taken together, these results suggest 

that membrane thiol groups are the principal nucleophiles reacting with RT-03 and RT-04 in 

ASMCs. Previously, it was demonstrated that RT-03 and RT-04 are also an efficient antioxidant 

for membrane lipids, as these organotelluranes did not promote organelle damage when used in 

low concentrations at nanomolar scale; however high concentrations of RT-03 and RT-04 

promoted the opening of the MPTP associated with thiol depletion but without lipid oxidation in 

mitochondria. 
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Consistently, 20 and 50 µM of RT-03 did not significantly affect the expression of SOD and 

catalase. Above the EC50, RT-03 increased the expression of GPx. However, GPx-1 is a 

selenocysteine-containing enzyme, and its expression has unique forms of regulation that 

involves the trace mineral selenium. Therefore, it is not surprising that tellurium-containing 

compounds could affect the expression of GPx. Further, GPx controls the cellular levels of 

hydrogen peroxide and consequently the signal transduction involving redox-sensitive cysteines. 

Several proteins are redox regulated by TRX, such as NF-κB subunit p50, hypoxia-inducible 

factor 1-α, the tumor suppressor p53, c-Fos/c-Jun complexes, and others. Overexpression of 

thioredoxin in cancer cells is associated with apoptosis inhibition. In pancreatic cancer, the 

complexation of TRX with apoptosis signal-regulating kinase 1 (ASK1) inhibits apoptosis. TRX 

binds to the N-terminal noncatalytic region of ASK1 that encompasses the amino acid residues 

1-655 leading to the enzyme inhibition. Consistently, necrosis rather than apoptosis contributed 

to cell death promoted by RT-03 and RT-04. Additionally, the cellular feedback described herein 

may play a role when other organotelluranes showed antitumor activity in a murine melanoma 

model using B16-F10 cells (Paschoalin et al., 2019). 

Conclusions 

The organotelluranes RT-03 and RT-04 have peculiar effects on the redox balance by interacting 

specifically with thiol groups of proteins with concomitant protection of membrane lipids. The 

attack of protein thiol groups and particularly the capacity to inhibit TRXr affected 

mitochondrial bioenergetic and consistently lead to a significant increase in TRx, GRx, and 

glutathione expression levels peroxidase. Three levels of damage previously observed in RLM 

treated with the organotelluranes were reproduced in ASMCs. In RLM, RT-03 and RT-04 

promoted mitochondrial transition pore opening at the concentration range of 5-10 mM, 
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alterations in the bilayer fluidity, phosphorylation impairment, uncoupling, transmembrane 

potential disruption, and depletion of mitochondrial reduced thiol groups at the range of 15-30 

mM promoted, and complete RLM respiratory inhibition at 100 mM. Consistently, ASMCs 

exhibited a maximum of a 2-fold increase in apoptosis rate after the treatment with 25 mM of the 

organotelluranes without the significant occurrence of necrosis that increased fifty times at the 

concentration of 75 mM of RT-03 and RT-04 and total uncontrol of the RNAm production at 100 

mM. The damaging effects of RT-03 and RT-04, both in rat liver mitochondria and cells, are 

related to the reactivity with thiol groups of proteins. These findings are essential for 

comprehending how organotellurane affects cells, essential for further therapeutic applications of 

these compounds. 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 31

Declarations 

Acknowledgments 

Authors thank FAPESP, CNPq, CAPES, and the UFABC´s Strategic Research Units NBB and 

NuTS for the financial support and David da Mata Lopes for the technical assistance. 

 

Funding 

FAPESP (2015/17688-0, 2017/02317-2), CAPES, finance code-001 and CNPq (309247/2017-9, 

305818/2018-0, and 487012/2012-7). National System of Nanotechnology Laboratories - 

SisNANO, Proc. CNPq 402289/2013-7. 

 

Conflict of interest. The authors declare that they have no conflict of interest derived from any 

commercial or financial relationships. 

 

Author Contributions 

FSP and CHY performed the experiments, analyzed data, and designed the figures. RLORC 

synthetized and analyzed the studied organotelluranes. ILNC and RLORC designed the research 

project, and wrote the manuscript. All authors reviewed and approved the manuscript. 

 

Availability of data and material 

As far as is reasonable, the authors will provide data as requested. 

 

 

 

Ethics approval - Not applicable. 

Consent to participate - Not applicable. 

Consent for publication - Not applicable. 

Code availability - Not applicable. 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 32

REFERENCES 

 

Albeck A, Weitman H, Sredni B, Albeck M. Tellurium Compounds: Selective Inhibition of 

Cysteine Proteases and Model Reaction with Thiols. Inorg. Chem. 1998, 37(8):1704-1712. doi: 

10.1021/ic971456t. 

Allen EMG, Mieyal JJ. Protein-thiol oxidation and cell death: Regulatory role of glutaredoxins. 

Antioxid Redox Signal. 2012, 17(12):1748-63. doi: 10.1089/ars.2012.4644.  

Arnér ESJ, Holmgren A. Physiological functions of thioredoxin and thioredoxin reductase. Eur. 

J. Biochem. 2000, 267(20):6102–9. doi: 10.1046/j.1432-1327.2000.01701.x. 

Attafi IM, Bakheet SA, Korashy HM. The role of NF-κB and AhR transcription factors in lead-

induced lung toxicity in human lung cancer A549 cells. Toxicol Mech Methods. 2020, 

30(3):197-207. doi: 10.1080/15376516.2019.1687629. 

Baird L, Yamamoto M. The Molecular Mechanisms Regulating the KEAP1-NRF2 Pathway. Mol 

Cell Biol. 2020, 40(13):e00099-20. doi: 10.1128/MCB.00099-20. 

Benhar M. Oxidants, antioxidants and thiol Redox switches in the control of regulated cell death 

pathways. Antioxidants. 2020, 9(4):309. doi: 10.3390/antiox9040309. 

Berndt C, Lillig CH, Holmgren A. Thiol-based mechanisms of the thioredoxin and glutaredoxin 

systems: implications for diseases in the cardiovascular system. Am J Physiol Heart Circ 

Physiol. 2007, 292(3):H1227-36. doi: 10.1152/ajpheart.01162.2006. 

Bjørklund G, Tinkov AA, Hosnedlová B, Kizek R, Ajsuvakova OP, Chirumbolo S, Skalnaya 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 33

MG, Peana M, Dadar M, El-Ansary A, Qasem H, Adams JB, Aaseth J, Sklany AV. The role of 

glutathione redox imbalance in autism spectrum disorder: A review. Free Radic Biol Med. 2020, 

160:149-162. doi: 10.1016/j.freeradbiomed.2020.07.017. 

Borges CR, Geddes T, Watson JT, Kuhn DM. Dopamine Biosynthesis Is Regulated by S -

Glutathionylation. J Biol Chem. 2002, 277(50):48295-302. doi: 10.1074/jbc.M209042200. 

Branco V, Pimentel J, Brito MA, Carvalho C. Thioredoxin, Glutathione and Related Molecules 

in Tumors of the Nervous System. Curr Med Chem. 2020, 27(12):1878-1900. doi: 

10.2174/0929867326666190201113004.  

Castilho RF, Kowaltowski AJ, Vercesi AE. The irreversibility of inner mitochondrial membrane 

permeabilization by Ca2+ plus prooxidants is determined by the extent of membrane protein 

thiol cross-linking. J Bioenerg Biomembr. 1996, 28(6):523-9. doi: 10.1007/BF02110442. 

Castranova V, Asgharian B, Sayre P, Virginia W, Carolina N. HHS Public Access. 2016;1922–

2013.  

Checconi P, Limongi D, Baldelli S, Ciriolo MR, Nencioni L, Palamara AT. Role of 

glutathionylation in infection and inflammation. Nutrients. 2019,11(8):1952. doi: 

10.3390/nu11081952. 

Collet J-F, Messens J. Structure, Function, and Mechanism of Thioredoxin Proteins. Antioxid 

Redox Signal. 2010, 13(8):1205-16. doi: 10.1089/ars.2010.3114. 

Comasseto JV, Cunha RLOR, Clososki GC. Tellurium. Compr. Organomet. Chem. III. Elsevier; 

2007  p. 587–648. doi: 10.1016/B0-08-045047-4/00121-7. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 34

Cross JV, Foss FW, Rady JM, Macdonald TL, Templeton DJ. The isothiocyanate class of 

bioactive nutrients covalently inhibit the MEKK1 protein kinase. BMC Cancer. 2007, 7:183. doi: 

10.1186/1471-2407-7-183. 

Cross JV, Templeton DJ. Oxidative stress inhibits MEKK1 by site-specific glutathionylation in 

the ATP-binding domain. Biochem J. 2004, 381(Pt 3):675-83. doi: 10.1042/BJ20040591. 

Cunha RLOR, Gouvea IE, Juliano L. A glimpse on biological activities of tellurium compounds. 

An. Acad. Bras. Cienc. 2009;81(3):393–407. doi: 10.1590/s0001-37652009000300006. 

Denu JM, Tanner KG. Specific and Reversible Inactivation of Protein Tyrosine Phosphatases by 

Hydrogen Peroxide: Evidence for a Sulfenic Acid Intermediate and Implications for Redox 

Regulation. Biochemistry. 1998, 37(16):5633-42. doi: 10.1021/bi973035t. 

Gallogly MM, Mieyal JJ. Mechanisms of reversible protein glutathionylation in redox signaling 

and oxidative stress. Curr Opin Pharmacol. 2007, 7(4):381-91. doi: 10.1016/j.coph.2007.06.003. 

Gius D, Botero A, Shah S, Curry HA. Intracellular oxidation/reduction status in the regulation of 

transcription factors NF-κB and AP-1. Toxicol Lett. 1999, 106(2-3):93-106. doi: 10.1016/s0378-

4274(99)00024-7. 

Gong T, Hu Q, Nie X, Liu T, Wang H. Periodic Dynamic Regulation of MSCs Differentiation on 

Redox-Sensitive Elastic Switched Substrates. ACS Appl. Bio Mater. 2020, 3(6): 3612-3620. doi: 

10.1021/acsabm.0c00245. 

Hagar M, Roman G, Eitan O, Noam BY, Abrham Z, Benjamin S. A Tellurium-Based Small 

Immunomodulatory Molecule Ameliorates Depression-Like Behavior in Two Distinct Rat 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 35

Models. Neuromolecular Med. 2020, 22(3):437-446. doi: 10.1007/s12017-020-08603-5.  

Hirota K, Matsui M, Murata M, Takashima Y, Cheng FS, Itoh T, Fukuda K, Yodoi J. 

Nucleoredoxin, glutaredoxin, and thioredoxin differentially regulate NF-κB, AP-1, and CREB 

activation in HEK293 cells. Biochem. Biophys. Res. Commun. 2000;274(1):177–82. doi: 

10.1006/bbrc.2000.3106. 

Holmgren A. Thioredoxin structure and mechanism: conformational changes on oxidation of the 

active-site sulfhydryls to a disulfide. Structure. 1995, 3(3):239-43. doi: 10.1016/s0969-

2126(01)00153-8. 

Hsu MF, Koike S, Mello A, Nagy LE, Haj FG. Hepatic protein-tyrosine phosphatase 1B 

disruption and pharmacological inhibition attenuate ethanol-induced oxidative stress and 

ameliorate alcoholic liver disease in mice. Redox Biol. 2020, 36:101658. doi: 

10.1016/j.redox.2020.101658.  

Icimoto MY, Ferreira JC, Yokomizo CH, Bim L V, Marem A, Gilio JM, Oliveira V, Nantes IL. 

Redox modulation of thimet oligopeptidase activity by hydrogen peroxide. FEBS Open Bio. 

2017, 7(7):1037-1050. doi: 10.1002/2211-5463.12245. 

Janssen-Heininger YM, Poynter ME, Baeuerle PA. Recent advances towards understanding 

redox mechanisms in the activation of nuclear factor kappaB. Free Radic Biol Med. 2000, 

28(9):1317-27. doi: 10.1016/s0891-5849(00)00218-5. 

Jeong J, Jung Y, Na S, Jeong J, Lee E, Kim M-S, Choi S, Shin, DH, Paek E, Lee HY, Lee KJ. 

Novel Oxidative Modifications in Redox-Active Cysteine Residues. Mol Cell Proteomics. 2011, 

10(3):M110.000513. doi: 10.1074/mcp.M110.000513. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 36

Jeong W, Park SJ, Chang T-S, Lee D-Y, Rhee SG. Molecular Mechanism of the Reduction of 

Cysteine Sulfinic Acid of Peroxiredoxin to Cysteine by Mammalian Sulfiredoxin. J Biol Chem. 

2006; 281(20):14400-7. doi: 10.1074/jbc.M511082200. 

Jiang L, Gong Y, Hu Y, You Y, Wang J, Zhang Z, Wei Z, Tang C. Peroxiredoxin-1 

Overexpression Attenuates Doxorubicin-Induced Cardiotoxicity by Inhibiting Oxidative Stress 

and Cardiomyocyte Apoptosis. Oxid Med Cell Longev. 2020:2405135. doi: 

10.1155/2020/2405135. 

Jones DP. Redefining Oxidative Stress. Antioxid. Redox Signal. Antioxid Redox Signal. 2006; 

8(9-10):1865-79. doi: 10.1089/ars.2006.8.1865. 

Kang SW, Chang T-S, Lee T-H, Kim ES, Yu D-Y, Rhee SG. Cytosolic Peroxiredoxin Attenuates 

The Activation Of Jnk And P38 But Potentiates That Of Erk In Hela Cells Stimulated With 

Tumor Necrosis Factor-α. J Biol Chem. 2004, 279(4):2535-43. doi: 10.1074/jbc.M307698200. 

Kasuno K, Nakamura H, Ono T, Muso E, Yodoi J. Protective roles of thioredoxin, a redox-

regulating protein, in renal ischemia/reperfusion injury. Kidney Int. 2003, 64(4):1273-82. doi: 

10.1046/j.1523-1755.2003.00224.x. 

Kawai C, Prado FM, Nunes GLC, Di Mascio P, Carmona-Ribeiro AM, Nantes IL. pH-dependent 

interaction of cytochrome c with mitochondrial mimetic membranes: The role of an array of 

positively charged amino acids. J. Biol. Chem. 2005, 280(41): 34709-34717. doi: 

10.1074/jbc.M412532200. 

Kheirabadi R, Izadyar M. Computational modeling of the kinetics and mechanism of tellurium-

based glutathione peroxidase mimic. Int. J. Quantum Chem. 2020, 120(12): e26201. doi: 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 37

10.1002/qua.26201. 

Klatt P, Molina EP, De Lacoba MG, Padilla CA, Martinéz-Galisteo E, Bárcena JA, Lamas S. 

Redox regulation of c-Jun DNA binding by reversible S-glutathiolation. FASEB J. 

1999,13(12):1481-90. doi: 10.1096/fasebj.13.12.1481. 

Krajka-Kuźniak V, Paluszczak J, Baer-Dubowska W. The Nrf2-ARE signaling pathway: An 

update on its regulation and possible role in cancer prevention and treatment. Pharmacol. 

Reports. 2017, 69(3):393-402. doi: 10.1016/j.pharep.2016.12.011. 

Layne E. Spectrophotometric and turbidimetric methods for measuring proteins. Methods 

Enzymol. 1957, 3:447–54. doi: 10.1016/S0076-6879(57)03413-8. 

Lee SR, Kwont KS, Kim SR, Rhee SG. Reversible inactivation of protein-tyrosine phosphatase 

1B in A431 cells stimulated with epidermal growth factor. J. Biol. Chem. 1998, 273(25):15366–

72. doi: 10.1074/jbc.273.25.15366. 

Limón-Pacheco J, Gonsebatt ME. The role of antioxidants and antioxidant-related enzymes in 

protective responses to environmentally induced oxidative stress. Mutat. Res. - Genet. Toxicol. 

Environ. Mutagen. 2009, 674(1-2):137-47. doi: 10.1016/j.mrgentox.2008.09.015. 

Machado TM, Pereira da Silva MA. Preparation and properties of antimony sodium 

polyphosphate glasses containing tellurium particles. Mater. Chem. Phys. 2020, 244: 122731. 

doi: 10.1016/j.matchemphys.2020.122731. 

Mailloux RJ, Gill R, Young A. Protein S-glutathionylation and the regulation of cellular 

functions. In: Oxidative Stress - Eustress and Distress, Sies H (Ed.). Elsevier: New York; 2020. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 38

Chap 13, p. 217-247. 

Marí M, Morales A, Colell A, García-Ruiz C, Fernández-Checa JC. Mitochondrial glutathione, a 

key survival antioxidant. Antioxid. Redox Signal. 2009 11(11):2685-700. doi: 

10.1089/ARS.2009.2695. 

Matsui R, Ferran B, Oh A, Croteau D, Shao D, Han J, Pimentel DR, Bachschmid MM. Redox 

Regulation via Glutaredoxin-1 and Protein S-Glutathionylation. Antioxid Redox Signal. 2020, 

32(10): 677-700. doi: 10.1089/ars.2019.7963. 

Matsushita M, Nakamura T, Moriizumi H, Miki H, Takekawa M. Stress-responsive MTK1 

SAPKKK serves as a redox sensor that mediates delayed and sustained activation of SAPKs by 

oxidative stress. Sci. Adv. 2020, 24;6(26):eaay9778. doi: 10.1126/sciadv.aay9778. 

McBean G. Cysteine, Glutathione, and Thiol Redox Balance in Astrocytes. Antioxidants. 2017; 

6(3):62. doi: 10.3390/antiox6030062. 

McBean GJ, Aslan M, Griffiths HR, Torrão RC. Thiol redox homeostasis in neurodegenerative 

disease. Redox Biol. 2015. 2015, 5:186-194. doi: 10.1016/j.redox.2015.04.004.  

Medina-Cruz D, Tien-Street W, Vernet-Crua A, Zhang B, Huang X, Murali A, Chen J, Liu Y, 

Garcia-Martin JM, Cholula-Días JL, Webster T. Tellurium, the forgotten element: A review of 

the properties, processes, and biomedical applications of the bulk and nanoscale metalloid. In: Li 

B., Moriarty T., Webster T., Xing M. (eds) Racing for the Surface. 2020. Springer, Cham., pp 

723-783. doi: 10.1007/978-3-030-34471-9_26. 

Messina S, De Simone G, Ascenzi P. Cysteine-based regulation of redox-sensitive Ras small 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 39

GTPases. Redox Biol. 2019, 26:101282. doi: 10.1016/j.redox.2019.101282. 

Moroder L, Musiol HJ. Amino acid chalcogen analogues as tools in peptide and protein research. 

J Pept Sci. 2020, 26(2):e3232. doi: 10.1002/psc.3232. 

Nantes IL, Rodrigues T, Caires ACF, Cunha RLOR, Pessoto FS, Yokomizo CH, Araujo-Chaves 

JC, Faria PA, Santana DP, Santos CG. Specific effects of reactive thiol drugs on mitochondrial 

bioenergetics. J. Bioenerg. Biomembr. 2011, 43(1):11-8. doi: 10.1007/s10863-011-9328-9. 

Nishi T, Shimizu N, Hiramoto M, Sato I, Yamaguchi Y, Hasegawa M, Aizawa S, Tanaka H, 

Kataoka K, Watanabe H, Handa H. Spatial Redox Regulation of a Critical Cysteine Residue of 

NF-κB in Vivo. J. Biol. Chem. 2002, 277(46):44548–44556. doi: 10.1074/jbc.M202970200. 

Noble JE, Bailey MJA. Chapter 8 Quantitation of Protein. Methods Enzymol. 2009, 463:73-95. 

doi: 10.1016/S0076-6879(09)63008-1. 

Nogueira CW, Zeni G, Rocha JBT. Organoselenium and Organotellurium Compounds: 

Toxicology and Pharmacology. Chem. Rev. 2004, 104(12):6255–86. doi: 10.1021/cr0406559. 

Hang P, Zhao J, Sun L, Li M, Du Z, Li Y. Brain-derived neurotrophic factor attenuates 

doxorubicin-induced cardiac dysfunction through activating Akt signalling in rats. J. Cell. Mol. 

Med. 2017; 21(4):685-696. doi: 10.1111/jcmm.13012. 

Olfert ED, Cross BM, McWilliam AA. Guide To the Care and Use of Experimental Animals. 

Vol. 1, 2nd Ed., 2020. Avaible at: 

https://www.ccac.ca/Documents/Standards/Guidelines/Experimental_Animals_Vol1.pdf. 

Paes de Barros M, Casares Araujo-Chaves J, Marlise Mendes Brito A, Lourenço Nantes-Cardoso 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 40

I. Oxidative/Nitrative Mechanism of Molsidomine Mitotoxicity Assayed by the Cytochrome c 

Reaction with SIN-1 in Models of Biological Membranes. Chem. Res. Toxicol. 2020 , 

33(11):2775–84. doi: 10.1021/acs.chemrestox.0c00122. 

Panday S, Talreja R, Kavdia M. The role of glutathione and glutathione peroxidase in regulating 

cellular level of reactive oxygen and nitrogen species. Microvasc. Res. 2020, 131:104010. doi: 

10.1016/j.mvr.2020.104010. 

Paul BD, Sbodio JI, Snyder SH. Cysteine Metabolism in Neuronal Redox Homeostasis. Trends 

Pharmacol. Sci. 2018, 39(5): 513-524. doi: 10.1016/j.tips.2018.02.007. 

Paschoalin T, Martens A, Omori AT, Pereira FV, Juliano L, Travassos LR, Machado-Santelli 

GM, Cunha RLOR. Antitumor effect of chiral organotelluranes elicited in a murine melanoma 

model. Bioorg. Med. Chem. 2019, 27(12): 2537-2545. doi: 513-524. doi: 

10.1016/j.tips.2018.02.007. 

Pessoto FS, Faria PA, Cunha RLOR, Comasseto J V, Rodrigues T, Nantes IL. Organotellurane-

promoted mitochondrial permeability transition concomitant with membrane lipid protection 

against oxidation. Chem. Res. Toxicol. 2007, 20(10):1453-61. doi: 10.1021/tx700092r. 

Pessoto FS, Yokomizo CH, Prieto T, Fernandes CS, Silva AP, Kaiser CR, et al. 

Thiosemicarbazone p-Substituted Acetophenone Derivatives Promote the Loss of Mitochondrial 

Δ ψ, GSH Depletion, and Death in K562 Cells. Oxid. Med. Cell. Longev. 2015;2015:394367. 

doi: 10.1155/2015/394367.  

Pietrasiak E, Togni A. Synthesis and Characterization of Fluorinated Hypervalent Tellurium 

Derivatives. Organometallics. 2017, 36(19): 3750-3757. doi:10.1021/acs.organomet.7b00535 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 41

Princival CR, Archilha MVLR, Dos Santos AA, Franco MP, Braga AAC, Rodrigues-Oliveira 

AF, et al. Stability Study of Hypervalent Tellurium Compounds in Aqueous Solutions. ACS 

Omega. 2017, 2(8):4431–9. doi: 10.1021/acsomega.7b00628 

Priya Dharshini LC, Vishnupriya S, Sakthivel KM, Rasmi RR. Oxidative stress responsive 

transcription factors in cellular signalling transduction mechanisms. 2020, 72:109670. doi: 

10.1016/j.cellsig.2020.109670.  

Rashidi Z, Aleyasin A, Eslami M, Nekoonam S, Zendedel A, Bahramrezaie M, et al. Quercetin 

protects human granulosa cells against oxidative stress via thioredoxin system. Reprod Biol. 

2019 Sep;19(3):245-254. doi: 10.1016/j.repbio.2019.07.002.  

Reynaert NL, van der Vliet A, Guala AS, McGovern T, Hristova M, Pantano C, et al. Dynamic 

redox control of NF-B through glutaredoxin-regulated S-glutathionylation of inhibitory B kinase 

beta. Proc. Natl. Acad. Sci. 2006, 103(35):13086–13091. doi: 10.1073/pnas.0603290103. 

Rhee SG, Chae HZ, Kim K. Peroxiredoxins: A historical overview and speculative preview of 

novel mechanisms and emerging concepts in cell signaling. Free Radic. Biol. Med. 2005, 

38(12):1543–52. doi: 10.1016/j.freeradbiomed.2005.02.026. 

Rodrigues T, De França LP, Kawai C, De Faria PA, Mugnol KCU, Braga FM, et al. Protective 

role of mitochondrial unsaturated lipids on the preservation of the apoptotic ability of 

cytochrome c exposed to singlet oxygen. J. Biol. Chem. 2007;282(35):25577–87. doi: 

10.1074/jbc.M700009200. 

Rück A, Dolder M, Wallimann T, Brdiczka D. Reconstituted adenine nucleotide translocase 

forms a channel for small molecules comparable to the mitochondrial permeability transition 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 42

pore. FEBS Lett. 1998, 426(1): 97–101. doi: doi: 10.1016/s0014-5793(98)00317-2 

Sato RH, Kosaka PM, Omori AT, Ferreira EA, Petri DFS, Malvar O, Domínguez CM, Pini V, 

Ahumada O, Tamayo J, Calleja M, Cunha RLOR, Fiorito PA. Development of a methodology 

for reversible chemical modification of silicon surfaces with application in nanomechanical 

biosensors. Biosens Bioelectron. 2019, 137:287-293. doi: 10.1016/j.bios.2019.04.028. 

Schlegel RA, Williamson P. Phosphatidylserine, a death knell. Cell Death Differ. 2001, 

8(6):551-63. doi: 10.1038/sj.cdd.4400817. 

Schneider WC, Hogeboom GH. Cytochemical Studies of Mammalian Tissues: The Isolation of 

Cell Components by Differential Centrifugation: A Review. Cancer Res. 1951;11(1):1-22.  

Shao R, Yang Y, Zhang Y, Zhao S, Zheng Z, Chen G. The expression of thioredoxin-1 and 

inflammatory cytokines in patients with sepsis. Immunopharmacol. Immunotoxicol. 2020, 

42(3):280–5. doi: 10.1080/08923973.2020.1755309 

Silberman A, Albeck M, Sredni B, Albeck A. Ligand-Substitution Reactions of the Tellurium 

Compound AS-101 in Physiological Aqueous and Alcoholic Solutions. Inorg. Chem. 2016, 

55(21):10847–50. doi: 10.1021/acs.inorgchem.6b02138 

Silva GD, Cunha RLOR, Domingues M, Neto C. Equilibrium Between Tri- and Tetra-

Coordinate Chalcogenuranes Is Critical for Cysteine Protease Inhibition. ChemRxiv. Preprint. 

https://doi.org/10.26434/chemrxiv.13148825.v1. 

Spector A, Yan GZ, Huang RRC, McDermott MJ, GAscoyne PRC, Pigiet V. The effect of H2O2 

upon thioredoxin-enriched lens epithelial cells. J Biol Chem. 1988, 263(10): 4984-4990. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 43

Srivastava K, Panda A, Sharma S, Singh HB. Telluroxanes: Synthesis, structure and applications. 

J. Organomet. Chem. 2018, 861:174–206. doi: 10.1016/j.jorganchem.2018.02.036. 

Sumbayev V V. S-nitrosylation of thioredoxin mediates activation of apoptosis signal-regulating 

kinase 1. Arch. Biochem. Biophys. 2003, 415(1):133–6. doi: 10.1016/s0003-9861(03)00199-1. 

Sun J, Steenbergen C, Murphy E. S-nitrosylation: NO-related redox signaling to protect against 

oxidative stress. Antioxid. Redox Signal. 2006, 8(9–10):1693–705. doi: 

10.1089/ars.2006.8.1693. 

Teixeira ML, Menezes LRA, Barison A, de Oliveira ARM, Piovan L. Investigation of Chemical 

Stability of Dihalogenated Organotelluranes in Organic–Aqueous Media: The Protagonism of 

Water. J. Org. Chem. 2018, 83(14):7341-7346. doi: 10.1021/acs.joc.7b02971 

Wakabayashi N, Dinkova-Kostova AT, Holtzclaw WD, Kang M-I, Kobayashi A, Yamamoto M, 

et al. Protection against electrophile and oxidant stress by induction of the phase 2 response: Fate 

of cysteines of the Keap1 sensor modified by inducers. Proc. Natl. Acad. Sci. 2004, 

101(7):2040–2045. doi: 10.1073/pnas.0307301101. 

Wall SB, Oh JY, Diers AR, Landar A. Oxidative modification of proteins: An emerging 

mechanism of cell signaling. Front. Physiol. 2012 Sep 14;3:369. doi: 10.3389/fphys.2012.00369. 

eCollection 2012. 

Wang H, Chai L, Xie Z, Zhang H. Recent Advance of Tellurium for Biomedical Applications 

[Internet]. Chem. Res. Chinese Univ. 2020, 36: 551-559. doi: 10.1007/s40242-020-0193-0 

Ward NE, Stewart JR, Ioannides CG, O’Brian CA. Oxidant-Induced S -Glutathiolation 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 44

Inactivates Protein Kinase C-α (PKC-α): A Potential Mechanism of PKC Isozyme Regulation. 

Biochemistry. 2000, 39(33):10319–29. doi: 10.1021/bi000781g 

Wen J, Li X, Zheng S, Xiao Y. Upregulation of Glutaredoxin 2 alleviates oxygen-glucose 

deprivation/reoxygenation-induced apoptosis and ROS production in neurons by enhancing Nrf2 

signaling via modulation of GSK-3β. Brain Res. 2020, 1745:146946. doi: 

10.1016/j.brainres.2020.146946. 

Barrett WC, DeGnore JP, König S, Fales HM, Keng YF, Zhang ZY, Yim MB, Chock PB. 

Regulation of PTP1B via Glutathionylation of the Active Site Cysteine 215. Biochemistry. 1999 

May 18;38(20):6699-705. doi: 10.1021/bi990240v. 

Yokomizo CH, Pessoto FS, Prieto T, Cunha RLOR, Nantes IL. Effects of Trichlorotelluro-

dypnones on Mitochondrial Bioenergetics and Their Relationship to the Reactivity with Protein 

Thiols. Chem. Res. Toxicol. 2015, 28(6):1167–75. doi: 10.1021/tx5005166. 

Zachowski A, Henry J-P, Devaux PF. Control of transmembrane lipid asymmetry in chromaffin 

granules by an ATP-dependent protein. Nature.1989, 340(6228):75–6. doi: 10.1038/340075a0 

Zeng XS, Geng WS, Wang ZQ, Jia JJ. Morphine Addiction and Oxidative Stress: The Potential 

Effects of Thioredoxin-1. Front. Pharmacol. 2020, 11:82. doi: 10.3389/fphar.2020.00082. 

Zeni G, Chieffi A, Cunha RLOR, Zukerman-Schpector J, Stefani HA, Comasseto JV. Addition 

Reaction of p-Methoxyphenyltellurium Trichloride to 3-Hydroxy Alkynes. Organometallics. 

1999, 18(4): 803-806. doi: 10.1021/om980738d. 

Zhou J, Wang C, Wu J, Fukunaga A, Cheng Z, Wang J, et al. Anti-Allergic and Anti-

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411


 45

Inflammatory Effects and Molecular Mechanisms of Thioredoxin on Respiratory System 

Diseases. Antioxid. Redox Signal. 2020, 32(11):785–801. doi: 10.1089/ars.2019.7807 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.05.425411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425411

