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increased cytosolic thioredoxin reductase (TrxR1) and 
decreased mitochondrial (TrxR2) expression. Tl(III) had a 
biphasic effect on TrxR1 expression and slightly increased 
TrxR2 expression. Despite of this, both cations increased 
total TrxR activity. Obtained results suggest that in Tl(I)-
exposed PC12adh cells, there is an early response to oxi-
dative stress mainly by GSH-dependent system while in 
Tl(III)-treated cells both GSH- and Trx-dependent systems 
are involved.
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Abbreviations
Apocynin  4-Hydroxy-3-methoxyacetophenone
CAT  Catalase
CuZnSOD  CuZn-superoxide dismutase
DHE  Dihydroethidine
DHR123  Dihydrorhodamine 123
DMEM  Dulbecco’s modified Eagle medium
DPI  Diphenylene-iodonium chloride
DTNB  Dithionitrobenzoic acid
GPx  Glutathione peroxidase
GR  Glutathione reductase
GSH  Glutathione
GSSG  Glutathione disulfide
iNOS  Inducible NOS
nNOS  Neuronal NOS
L-NAME  NG-nitro-l-arginine methyl ester
mClBi  Monochlorobimane
MnSOD  Mn-superoxide dismutase
MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide

Abstract Thallium (Tl) is a toxic heavy metal that causes 
oxidative stress both in vitro and in vivo. In this work, we 
evaluated the production of oxygen (ROS)- and nitrogen 
(RNS)-reactive species in adherent PC12 (PC12adh) cells 
exposed for 0.5–6 h to Tl(I) or Tl(III) (10–100 µM). In 
this system, Tl(I) induced mostly  H2O2 generation while 
Tl(III) induced  H2O2 and  ONOO·− generation. Both cati-
ons enhanced iNOS expression and activity, and decreased 
CuZnSOD expression but without affecting its activity. 
Tl(I) increased MnSOD expression and activity but Tl(III) 
decreased them. NADPH oxidase (NOX) activity remained 
unaffected throughout the period assessed. Oxidant levels 
returned to baseline values after 6 h of incubation, sug-
gesting a response of the antioxidant defense system to the 
oxidative insult imposed by the cations. Tl also affected 
the glutathione-dependent system: while Tl(III) increased 
glutathione peroxidase (GPx) expression and activity, Tl(I) 
and Tl(III) decreased glutathione reductase (GR) expres-
sion. However, GR activity was mildly enhanced by Tl(III). 
Finally, thioredoxin-dependent system was evaluated. Only 
Tl(I) increased 2-Cys peroxiredoxins (2-Cys Prx) expres-
sion, although both cations increased their activity. Tl(I) 
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NBT  2,2′-bis(4-Nitrophenyl)-5,5′-diphenyl-3,3′-
(3,3′-dimethoxy-4,4′-diphenylene) ditetrazo-
lium chloride

NOS  Nitric oxide synthase
NOX  NADPH oxidase
PBS  Phosphate buffered saline
PC12adh  PC12 cells, adherent variant
PI  Propidium iodide
Prx  Peroxiredoxin
RNS  Reactive nitrogen species
ROS  Reactive oxygen species
SDS  Sodium dodecyl sulfate
TrxR  Thioredoxin reductase

Introduction

Thallium (Tl) is heavy metal with no recognized biologi-
cal functions, and considered by the USA Environmental 
Protection Agency (EPA) as a priority pollutant, along with 
lead, cadmium, and mercury. The most frequent routes of 
human intoxication with Tl are similar to those of other toxic 
metals, including the ingestion of Tl-containing compounds 
or the inhalation of air-borne particles and fumes (Repetto 
et al. 1998; ATSDR 1999; Peter and Viraraghavan 2005). 
Tl has two redox states, the monovalent [Tl(I)] and trivalent 
[Tl(III)] cations. Tl(I) is redox-inactive under biological con-
ditions, but Tl(III) is a strong oxidant with high standard 
reduction potential (ε0 = +1.25 V).

Based on its abundance and industrial applications, the 
investigation about Tl toxicity focused on Tl(I) rather on 
Tl(III), although the mechanisms involved are still not com-
pletely elucidated. Among other effects, Tl(I) accumulation 
induces an oxidative stress status. Galvan-Arzate and Rios 
(1994) found a positive association between the amount of 
Tl(I) in certain areas of rat brain and the content of lipid 
peroxidation products. In cultured rat pheochromocytoma 
(PC12) cells Tl(I) increases mitochondrial hydrogen per-
oxide  (H2O2) production and decreases glutathione (GSH) 
levels (Hanzel and Verstraeten 2006). In addition, in human 
leukemia T (Jurkat) cells Tl(I) promotes lipid peroxidation 
that affects the biophysical properties of cell plasma mem-
brane, both effects being prevented by cell pre-treatment 
with  Trolox®, a water-soluble analog of vitamin E (Hanzel 
and Verstraeten 2006). Pourahmad et al. (2010) evidenced 
in cultured rat hepatocytes a relationship between Tl(I)-
mediated alteration of cell redox status and the promotion 
of apoptosis. Tl(III) also increases cell oxidant production 
both in rat hepatocytes (Pourahmad et al. 2010) and PC12 
cells (Hanzel and Verstraeten 2006; Pino et al. 2017). In both 
cellular models, GSH played a key role in the detoxification 
of the excess of oxidant species such as  H2O2, and in the 
protection of the noxious effects of Tl(III) on cell integrity.

Usually, organisms respond to oxidative insults by modi-
fying the activity and/or the expression of the enzymatic 
antioxidant defense system. The canonic system consists 
of the coordinated action of three enzymes: the superoxide 
dismutases (CuZnSOD and MnSOD) that dismutate super-
oxide anion  (O2

·−) into  H2O2 and  O2; catalase (CAT), that 
reduces  H2O2 into  O2 and water; and glutathione peroxidase 
(GPx) that reduces  H2O2 to water in a reaction coupled to 
GSH oxidation to GSSG. The latter is reduced back to GSH 
by glutathione reductase (GR), using NADPH as electron 
source, to keep an intracellular GSH to GSSG ratio ~10:1 
(Halliwell and Gutteridge 1999; Wu et al. 2004). Both Tl(I) 
and Tl(III) interfere in vitro with this antioxidant defense 
system through the inhibition of GR and GPx (Villaverde 
et al. 2004). In addition, Tl(III) oxidizes GSH in vitro (Vil-
laverde et al. 2004) which may contribute to cell oxidative 
damage. The participation of thioredoxin (Trx)-dependent 
system—comprised by the enzymes Trx, peroxiredoxin 
(Prx) and thioredoxin reductase (TrxR)—in the detoxifica-
tion of diverse oxidants gained attention in the last decade 
(Hanschmann et al. 2013). Prx reduces  H2O2 to water in 
a fast (Ogusucu et al. 2007; Manta et al. 2009), multistep 
process that involves the oxidative dimerization of Prx (Lu 
and Holmgren 2014). Prx is reduced by Trx, which is sub-
sequently reduced by TrxR using NADPH as the electron 
source (Hanschmann et al. 2013). Prx is a very abundant 
protein—up to 1% of cell soluble proteins (Chae et  al. 
1999)—making Trx-dependent system a major antioxidant 
system. To the best of our knowledge, there are no studies 
about the effects of Tl on Trx-dependent system.

This work is an extension of our previous findings and 
was aimed to investigate if, similarly to the observed in the 
traditional PC12 cell line, low micromolar concentrations of 
Tl(I) or Tl(III) induce an oxidative stress status in the adher-
ent variant (PC12adh cells), as a common mechanism of Tl 
toxicity. These cells were chosen because they can be dif-
ferentiated in vitro to catecholaminergic neurons and consti-
tute a well-accepted model for neurotoxicity studies (Wang 
et al. 2015). Even when PC12adh variant is an adaptation 
of traditional PC12 cells to enhance their adhesion, these 
cells have different morphology and duplication rate (Wang 
et al. 2015). On this basis, we evaluated first the kinetics 
and sources of Tl(I)- and Tl(III)-mediated oxidant species 
generation and next characterized the expression and activity 
of the enzymes responsible for their detoxification.

Materials and methods

Chemicals

Dulbecco’s modified Eagle medium (DMEM high glu-
cose) was purchased from Gibco BRL (Grand Island, NY, 
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USA). Donor horse serum was from PAA Laboratories 
GmbH (Pasching, Germany) and fetal bovine serum was 
from Natocor (Córdoba, Argentina). Thallium(I) nitrate 
was from Fluka (Milwaukee, WI, USA). Thallium(III) 
nitrate was from Alfa Æsar (Ward Hill, MA, USA). The 
following reagents: 3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide (MTT), poly-l-lysine 
hydrobromide, glutathione (GSH), glutathione disulfide 
(GSSG), 2,2′-bis(4-nitrophenyl)-5,5′-diphenyl-3,3′-(3,3′-
dimethoxy-4,4′-diphenylene) ditetrazolium chloride (NBT), 
β-nicotinamide adenine dinucleotide 2′-phosphate reduced 
tetrasodium salt hydrate (NADPH), bovine erythrocyte 
superoxide dismutase (E.C. 1.15.1.1), thioredoxin from E. 
coli (E.C. 1.8.4.10), rat liver thioredoxin reductase (E.C. 
1.8.1.9), bovine milk xantine oxidase (E.C. 1.1.3.22), 
dithionitrobenzoic acid (DTNB), sodium xanthine, bis-
benzimide H (Hoechst 32258), propidium iodide (PI), 
 NG-nitro-l-arginine methyl ester (L-NAME), 4-hydroxy-
3-methoxyacetophenone (apocynin), sulfanilic acid, 
N-(1-naphthyl)ethylene diamine (NEDA), the dyes Neutral 
red and Amido black, and all the other reagents had the 
highest quality available, and were from Sigma-Aldrich (St. 
Louis, MO, USA). Dihydrorhodamine 123 (DHR123), dihy-
droethidine (DHE) and monochlorobimane (mClBi) were 
from Invitrogen/Life Sciences (Grand Island, NY, USA). 
Diphenyleniodonium chloride (DPI) was from Calbiochem 
(La Jolla, CA, USA).

Primary antibodies against β-tubulin (sc-9104), actin 
(sc-1616), catalase (CAT; sc-34285), CuZn-superoxide dis-
mutase (CuZnSOD; sc-11407), Mn-superoxide dismutase 
(MnSOD; sc-18504), glutathione peroxidase 1/2 (GPx1/2; 
sc-133160), glutathione reductase (GR; sc-133136), per-
oxiredoxin (Prx; sc-23969), inducible nitric oxide synthase 
(iNOS; sc-649) and neuronal NOS (nNOS; sc-5302) were 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Primary polyclonal antibodies against thioredoxin reduc-
tase isoform 1 (TrxR1; ab16840) and isoform 2 (TrxR2; 
ab58445) were from Abcam (Cambridge, MA, USA). 
Horseradish peroxidase-conjugated secondary antibodies 
were from Jackson ImmunoResearch Inc. (West Grove, 
PA, USA). Complete, EDTA-free protease inhibitor cocktail 
was from Roche Diagnostics GmbH (Mannheim, Germany). 
PVDF membranes were from Bio-Rad Corp. (Hercules, CA, 
USA).

Tl solutions

Tl(I) and Tl(III) stock solutions were prepared as previously 
described (Hanzel and Verstraeten 2006). The amounts of 
Tl(I) or Tl(III) used in the experiments did not affect the pH 
of the culture medium.

Cell culture

Rat adrenal pheochromocytoma cells (PC12 cells, adher-
ent variant; CRL-1721.1) were obtained from the American 
Type Culture Collection (A.T.C.C., Rockville, MD, USA), 
and cultured as described (Hanzel and Verstraeten 2006). 
These cells were adapted by the provider to enhance their 
adherence to plastic surfaces, and show differences with the 
parental cell line (Wang et al. 2015). As indicated for the 
individual experiments, cells were seeded on 100 mm Petri 
dishes (1 × 107 cells), or 96- or 48-well plates (3 × 104 and 
5 × 105 cells/well, respectively) and allowed to grow until 
~90% of confluence. Culture media were replaced, and cells 
were added with Tl(I) or Tl(III) (10–100 μM) and further 
incubated as indicated for the individual experiments.

Cell viability

Cells were grown on 96-well plates and incubated for 6 h 
in the conditions described above, and cell viability was 
evaluated by MTT reduction assay (Mosmann 1983; Han-
zel and Verstraeten 2006). The absorbance of formazan was 
recorded at 570 nm (reference 620 nm) in a Rayto RT-2100C 
microplate reader (Rayto Life and Analytical Sciences Co., 
Shenzhen, P.R. China).

Alternatively, the viability of cells exposed to the inhibi-
tors diphenylene iodonium (DPI) or apocynin, with or with-
out Tl(I) or Tl(III), was assessed from Neutral red uptake 
(Pino et al. 2017).

Evaluation of mitochondrial oxidant content

Steady-state content of mitochondrial oxidants was evalu-
ated as described previously (Hanzel and Verstraeten 2006). 
Cells were grown on clear-bottom 96-well plates apt for fluo-
rescence measurements (Porvair Sciences Limited, Wales, 
UK) and incubated at 37 °C for 0.5–6 h in the presence of 
10–100 μM Tl(I) or Tl(III). Alternatively, cells were pre-
incubated for 30 min in the absence or presence of 100 μM 
DPI and subsequently exposed for 1 h to 10–100 μM Tl(I) 
or Tl(III). Samples were added with 50 μl of PBS contain-
ing 5 μM DHR123, incubated at 37 °C for 30 min, washed 
twice with warm PBS to eliminate non-incorporated probe, 
and disrupted with 0.1% (v/v) Igepal in PBS. Fluorescence 
emission was recorded at 535 nm (λexcitation: 525 nm) in a 
top-reading PerkinElmer LS55 fluorometer (PerkinElmer 
Ltd., Beaconsfield, UK). Results were normalized by DNA 
content in the samples measured by reaction with 25 μM 
Hoechst 32258 (λexcitation: 370 nm, λemission: 420 nm). Results 
were expressed as the ratio between DHR123 and Hoechst 
32258 fluorescence intensities.
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NADPH oxidase (NOX) activity

NOX activity was evaluated as described by Castilho et al. 
(1999). Cells were grown on clear-bottom 96-well plates apt 
for fluorescence measurements, pre-incubated for 30 min in 
the absence or presence of 100 μM apocynin, and exposed 
for 0.5–6 h to 10–100 μM Tl(I) or Tl(III). Culture media 
were discarded, and cells were washed twice with warm PBS 
and disrupted for 30 min at 37 °C with 0.1 ml of Igepal 
0.1% (v/v). After the addition of 50 μl of a solution contain-
ing 0.3 mM dihydroethidine (DHE) and 1.5 mM NADPH 
in PBS, samples were incubated at 37 °C for 1 h and the 
fluorescence intensity was recorded at 634 nm (λexcitation: 
465 nm). Results were normalized by DNA content in the 
samples, as described above.

Evaluation of extracellular nitrite content

Cells were grown on 48-well plates and incubated for 6 h in 
the conditions described above. Culture media were sepa-
rated and centrifuged at 800×g for 5 min, and nitrite content 
was evaluated in the supernatants (Guevara et al. 1998). The 
concentration of nitrite in the samples was calculated from a 
standard curve run in parallel, using freshly prepared sodium 
nitrite solution.

Evaluation of GSH content

Cells were grown on clear-bottom 96-well plates apt for fluo-
rescence measurements and exposed to 10–100 μM Tl(I) 
or Tl(III) for 1–6 h. Cells were washed twice with warm 
PBS and added with 0.15 ml of 40 μM monochlorobimane 
(mClBi) in PBS (Hanzel and Verstraeten 2006). After 
30 min of incubation at 37 °C, the fluorescence emission of 
the GSH-mClBi complex was recorded at 460 nm (λexcitation: 
395 nm). Cells were disrupted with 2% (v/v) Igepal, and 
DNA content in the samples was measured with 50 µM 
propidium iodide (PI) (λexcitation: 538 nm, λemission: 590 nm). 
Results were expressed as the ratio between GSH-mClBi and 
PI fluorescence intensities.

Preparation of cell lysates

Cells were grown on 100 mm Petri dishes and exposed to 
10–100 μM Tl(I) or Tl(III) for 6 h. Cells were washed twice 
with warm PBS, collected by scrapping, centrifuged at 
800×g for 10 min at 4 °C and pellets were frozen at −80 °C 
for at least 1 h. Pellet rupture was completed by incubat-
ing samples for 30 min at 4 °C in buffer solutions suitable 
for either Western blot analysis [50 mM HEPES buffer (pH 
7.4), 150 mM NaCl, 0.5 mM EDTA, 1% (v/v) Igepal, 1 mM 
PMSF, 5 mM DTT, and protease inhibitors] or enzyme activ-
ity determination [50 mM HEPES buffer (pH 7.4), 125 mM 

KCl and protease inhibitors]. Samples were centrifuged for 
30 min at 10,000×g at 4 °C. Supernatants were separated, 
analyzed for protein content (Bradford 1976), divided into 
small aliquots to prevent the loss of enzyme activity by suc-
cessive freeze/thaw cycles, and stored at –80 °C until their 
use.

Western blot analysis

Samples containing equal amounts of protein were sepa-
rated by SDS-PAGE in gels containing 7.5% (w/v) (iNOS), 
12.5% (w/v) (CAT, GR, TxrR1 and TxrR2) or 15% (w/v) 
(GPx, Prx, CuZnSOD and MnSOD) polyacrylamide, and 
transferred to PVDF membranes. Colored molecular weight 
standards (GE Healthcare, Piscataway, NJ, USA) were ran 
simultaneously. Membranes were blocked for 1 h in 2.5% 
(w/v) bovine serum albumin in Tris buffered saline con-
taining 0.1% (v/v) Tween-20, and incubated overnight at 
4 °C with the corresponding primary antibody. The fol-
lowing dilutions of antibodies were used: Prx and nNOS: 
1:200; iNOS, CAT, GPx, MnSOD and CuZnSOD 1:500; 
GR, TrxR1, TrxR2, β-tubulin and actin 1:1000. Membranes 
were further incubated for 90 min with the correspond-
ing peroxidase-conjugated secondary antibody (dilution 
1:10,000). Specific bands were revealed with chemilumines-
cent  Pierce® ECLplus Western blot substrate (Thermo Sci-
entific, IL, USA) and detected using Amersham Hyperfilm 
ECL (GE Healthcare Bio-Sciences, PA, USA). Raw data 
were analyzed using the open-access software GelAnalyzer 
2010a (http://www.gelanalyzer.com). Data were normalized 
by protein loading using β-tubulin or actin, as indicated for 
the individual experiments.

Antioxidant enzymes activities

CAT

CAT activity was estimated from the consumption of  H2O2 
(Johansson and Borg 1988). Briefly, 40 μl of cell lysates 
were added with 0.86 ml of 50 mM phosphate buffer (pH 
7.4) and reaction was started by the addition of 0.1 ml of 
0.06 M  H2O2. CAT activity was calculated from the absorb-
ance at 240 nm (ε = 43.6 M−1 cm−1) recorded for 2 min 
every 8  s. Results were expressed as μmol  H2O2 con-
sumed min−1 mg  protein−1.

GPx

GPx activity was estimated using FOX assay (Dringen 
et al. 1998; Villaverde et al. 2004). Briefly, 10 μl of cell 
lysates were added with 0.2 ml of 2 mM GSH, 0.5 mM 
cumene hydroperoxide, 1.5 mM EDTA and 1 mM sodium 
azide in 30 mM  K2HPO4, 20 mM  KH2PO4 buffer (pH 7.4). 

http://www.gelanalyzer.com
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Mixtures were incubated at 37 °C and every 5 min, 10 μl 
of the mixture were transferred to 96-well plates contain-
ing 0.1 ml of 10 mM sorbitol, 4 mM  FeSO4, 2 mM xyle-
nol orange in 25 mM  H2SO4. Samples were incubated for 
45 min at room temperature and the absorbance at 560 nm 
was recorded. Cumene hydroperoxide remaining in the 
samples was estimated from a standard curve run in paral-
lel. Results were expressed as μmol cumene hydroperoxide 
consumed min−1 mg protein−1.

GR

GR activity was estimated as described by Villaverde 
et al. (2004) with modifications. Twenty microliters of cell 
lysates were added with 0.2 ml of a freshly prepared solu-
tion containing 62.5 mM GSSG, 0.15 mM NADPH, 0.1 M 
 Na2PO4 buffer (pH 7.6) containing 0.5 mM EDTA. The 
fluorescence of NADPH at 460 nm (λexcitation: 350 nm) was 
recorded for 10 min every 25 s. The amount of NADPH 
remaining in samples was estimated from a standard curve 
run in parallel. Results were expressed as μmol NADPH 
consumed min−1 mg protein−1.

2‑Cys Prx

Two-Cys Prx activity was estimated as described by Kim 
et al. (2005). Twenty μl of cell lysates were added with 
0.180 ml of a freshly prepared solution containing 1 mM 
EDTA, 0.1 mM NADPH, 1.5 mM Trx, 100 mU TrxR in 
50 mM HEPES buffer (pH 7.4). Reaction was started by 
addition of 0.476 mM  H2O2 and the kinetics of NADPH 
oxidation were recorded every minute for 35 min at 460 nm 
(λexcitation: 350 nm). Results were expressed nmol NADPH 
consumed min−1 mg  protein−1.

TrxR

TrxR activity was estimated using insulin as substrate (Hol-
mgren and Bjornstedt 1995). Fifty μl of a freshly prepared 
solution containing 0.36 mM NADPH, 1.33 mM EDTA, 
19 U ml−1 bovine insulin, 0.114 mg ml−1 Trx in 50 mM 
HEPES buffer (pH 7.4) were poured into 96-well plates. 
Reaction was started by adding 10 μl of cell lysates con-
taining 30–50 μg protein, and samples were incubated at 
37 °C for 20 min. Samples without added Trx were run 
in parallel (blanks). Reaction was stopped adding 0.24 ml 
of a solution containing 0.5 mM DTNB and 6 M guani-
dinium hydrochloride in 0.2 M Tris–HCl buffer (pH 8.0). 
TrxR-mediated TNB generation was measured at 412 nm 
(ε = 13,600 M−1 cm−1). Results were expressed as μmol 
TNB.20 min−1 mg protein−1.

SOD

SOD activity was estimated as described by Sun et  al. 
(1988). For total SOD (CuZnSOD and MnSOD) activity, 
25 μl of cell lysates were added to 1 ml of freshly prepared 
0.1 mM EDTA, 50 μM xantine, 7 mU xantine oxidase, and 
90 μM NBT in 50 mM  K2HPO4 (pH 7.8). The absorbance 
of the samples was recorded at 560 nm for 1 min every 5 s. 
For MnSOD activity determination, CuZnSOD was inhib-
ited previously with 2 mM KCN. CuZnSOD activity was 
estimated as the difference between total SOD and MnSOD 
activities.

Statistics

The effects of Tl(I) and Tl(III) were analyzed by one-
way analysis of variance (ANOVA) followed by Fisher’s 
protected least square difference test. The comparison 
between the effects of Tl(I) and Tl(III) was performed 
by two-way ANOVA followed by Holm-Sidak’s multiple 
comparisons test. All statistical analyses, non-linear data 
fitting and correlations were performed using the routines 
available in GraphPad Prism version 6.00 for Windows, 
GraphPad Software (San Diego, CA, USA). A probability 
(P) value <0.05 was considered statistically significant. 
Results are presented as the mean ± SEM, and the number 
of independent experiments (n) is indicated in each figure 
legend.

Results

Effects of Tl on cell viability and oxidant species 
production

The effect of Tl on PC12adh cell viability was evalu-
ated in cells exposed for 6 h to Tl(I) or Tl(III) (10–100 
μM) from their capacity to metabolize the dye MTT. As 
reported previously (Hanzel and Verstraeten 2006), the 
effects of the cations on cell viability were negligible, 
with at least 95% of the cells being metabolically active 
(Suppl. Figure 1).

The kinetics of oxygen (ROS) and nitrogen (RNS) reac-
tive species production in Tl-treated cells were investigated 
using the probe DHR123. Tl increases the steady-state level 
of mitochondrial  H2O2 in parental PC12 cells (CRL-1721) 
(Hanzel and Verstraeten 2006). Because of the morphologi-
cal and functional differences between PC12 and PC12adh 
cells (Wang et al. 2015), it was necessary to verify the effects 
of Tl(I) and Tl(III) in these cells. At 10 μM Tl(I) concen-
tration, DHR123 oxidation increased linearly over time 
(Fig. 1a). At higher concentrations of Tl(I), the maximal 
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DHR123 oxidation moved towards the lower periods of 
incubation (Fig. 1b–d). Tl(III) caused a maximal effect 
between 0.5 and 1 h of incubation, regardless the concentra-
tion assessed (Fig. 1b–d). Once reached the maximal effect, 
DHR123 oxidation decreased toward a steady state value 
that was similar for all samples (Fig. 1b–d). The incuba-
tion time necessary to achieve maximal DHR123 oxida-
tion (Tmax) for each concentration of Tl(I) assessed can be 
described by the equation:

where a  =  9.5  h and b  =  0.4  h, respectively, and 
k = (0.053 ± 0.004) μM−1 (Fig. 1e). A linear relationship 

Tmax = a × e−k[Tl(I)] + b,

was found between DHR123 oxidation measured at 30 min 
of incubation and cation concentration (r2 = 0.94 and 0.87 
for Tl(I) and Tl(III), respectively, P < 0.001) (Fig. 1f).

Both ROS and RNS oxidize DHR123, as evidenced in 
cells incubated with 500 µM  H2O2 or 1 mM of NO donor 
S-nitrosoglutathione (GSNO) (Suppl. Figure 2). The source 
of oxidants in Tl-treated cells was next investigated. Cells 
preincubation for 30 min with 100 μM of flavoprotein inhibi-
tor DPI, followed by exposure (without washing) for 1 h to 
Tl(I) or Tl(III) (10–100 μM), prevented Tl(I)- and Tl(III)-
mediated DHR123 oxidation (Fig. 2a, b). Among other 
enzymes, DPI inhibits succinate dehydrogenase, which 
metabolizes MTT in mitochondria. Supporting that, MTT 

Fig. 1  Tl induced fast and 
transient oxidant production in 
PC12adh cells. PC12adh cells 
were incubated at 37 °C for 
0.5–6 h in the presence of a 
10 μM, b 25 μM, c 50 μM or d 
100 μM Tl(I) (open circle) or 
Tl(III) (filled circle). ROS/RNS 
production was evaluated using 
the probe DHR123 and normal-
ized by DNA content measured 
with Hoechst 32258. e Non-
linear fitting of the incubation 
time necessary to achieve the 
maximal ROS production (Tmax) 
in Tl(I) (open circle)-treated 
cells. No fitting was obtained 
for ROS production in Tl(III) 
(filled circle)-treated cells. 
f Correlation between ROS 
production after 0.5 h of cell 
exposure and Tl(I) (open circle) 
or Tl(III) (filled circle) concen-
tration. Dotted lines show the 
95% confidence band of the best 
fit-line. Results are shown as the 
mean ± SEM (n = 3). Asterisk 
denotes a statistical significance 
respect to the value measured in 
control cells (P < 0.01)
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metabolization in cells exposed to DPI was 60% lower than 
in the controls (Suppl. Figure 3), without being further 
affected by Tl(I) or Tl(III).

Another target of DPI is the plasma membrane-associated 
flavoprotein NOX, which generates  O2

·− and that is specifi-
cally inhibited by apocynin. NOX activity was evaluated 
using DHE, a probe specific for  O2

·− detection. Cells treated 
with 100 µM of pyrogallol were used as positive controls 
(Suppl. Figure 4).  H2O2 (0.5 mM) also caused minor but 
significant DHE oxidation (P < 0.01 vs. control), the mag-
nitude of its effects markedly lower than that of pyrogallol 

(Suppl. Figure 4). DHE oxidation in Tl-treated samples was 
comparable to that of the controls within the period assessed 
and not affected by apocynin, suggesting that the amount 
of  H2O2 generated in Tl-treated samples was insufficient to 
oxidize DHE (Fig. 2c, d; Suppl. Figure 5).

Apocynin per se did not affect MTT metabolization, 
but cell co-incubation with Tl caused minor but signifi-
cant decrease in this parameter (Suppl. Figure 1). Con-
sidering the limitations of MTT assessment, the uptake of 
vital dye Neutral red was also evaluated. Neither apocynin 
nor DPI affected Neutral red uptake in control (Fig. 2e, 

Fig. 2  Tl-induced oxidant 
production was mediated by 
flavoproteins different than 
NOX. The production of ROS 
and RNS was evaluated from 
DHR123 oxidation. DHR123-
loaded PC12adh cells were 
pre-incubated at 37 °C for 
30 min in the absence (filled 
circle) or presence (open circle) 
of 100 µM of DPI, and subse-
quently exposed for 1 h to a 
Tl(I) or b Tl(III) (10–100 µM). 
NOX activity was evaluated 
from DHE oxidation. DHE-
loaded PC12adh cells were pre-
incubated at 37 °C for 30 min 
in the absence (filled circle) or 
the presence (open circle) of 
100 µM of NOX inhibitor apo-
cynin (Apo), and then exposed 
for 1 h to c Tl(I) or d Tl(III) 
(10–100 µM). Results were nor-
malized by DNA content meas-
ured with Hoechst 32258, and 
are shown as the mean ± SEM 
(n > 3). Asterisk denotes a 
statistical significance respect 
to the value measured in control 
cells (P < 0.01). PC12adh cells 
were incubated at 37 °C for 
30 min in the absence (open 
circle) or presence of 100 µM 
DPI (filled square) or Apo 
(filled circle), and then exposed 
for 1 h to e Tl(I) or f Tl(III) 
(10–100 µM). Cell viability 
was evaluated from Neutral red 
uptake. Results are shown as the 
mean ± SEM (n = 3). Asterisk 
denotes a statistical significance 
respect to the value measured 
at the same Tl concentration 
but in the absence of inhibitors 
(P < 0.01)



 Arch Toxicol

1 3

f) or Tl(I)-treated cells (Fig. 2e). DPI, but not apocynin, 
decreased cell viability up to 30% in Tl(III)-treated cells 
(Fig. 2f). Thus, in DHR123 oxidation experiments, at least 
70% of cells remained viable, in contrast to the observed 
from MTT assay (Suppl. Figure 3).

RNS generation was estimated from nitrite accumula-
tion in the media. Both Tl(I) (Fig. 3a) and Tl(III) (Fig. 3b) 
increased nitrite content, reaching maximal effects at 50 and 
25 µM, respectively. This effect was prevented by cell pre-
incubation with L-NAME. Tl(I) and Tl(III) increased iNOS 
expression at similar concentrations (P < 0.05 vs. controls; 
Fig. 3c, d), but no nNOS expression was detected (data not 

shown). Significant correlations (P < 0.01) were found 
between iNOS expression after 6 h of cell exposure to Tl 
and nitrite content in the media (Fig. 3e, f).

Effects of Tl on the expression and activity of the main 
antioxidant enzymes

As DHR123 oxidation was restored to basal levels after 6 h 
of exposure to Tl (25–100 µM), we evaluated if this finding 
was related to increased expression and/or activity of the 
enzymes responsible for the removal of oxidant species.

Fig. 3  Tl had a biphasic effect 
on iNOS expression and activ-
ity. PC12adh cells were pre-
incubated at 37 °C for 1 h in the 
absence (filled circle) or pres-
ence of 1 mM L-NAME (open 
circle) and further incubated for 
6 h in the presence of 10–100 
μM a Tl(I) or b Tl(III). NO 
production was evaluated from 
nitrite content in the culture 
media. c, d Evaluation of iNOS 
expression. c Representative 
Western blots. d Quantification 
of iNOS to β-tubulin expression 
ratio in Tl(I) (open circle)- and 
Tl(III) (filled circle)-treated 
cells. Correlation between 
nitrite content in the culture 
media and iNOS expression 
in e Tl(I)- or f Tl(III)-treated 
cells. Dotted lines show the 
95% confidence band of the best 
fit-line. Results are show the 
mean ± SEM (n ≥ 3). Asterisk 
denotes a statistical significance 
respect to the value measured in 
control cells (P < 0.05)
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Effects on SOD and CAT

Cytosolic (CuZnSOD) and mitochondrial (MnSOD) iso-
forms of SOD were analyzed, as they generate  H2O2 that 
could oxidize DHR123. At 10 μM Tl(I), increased expres-
sion of CuZnSOD was observed (P < 0.05 vs. controls), 
with decreased expression for the remaining concentra-
tions assessed (P < 0.05 vs. controls; Fig. 4a, b). Tl(III) 
decreased CuZnSOD expression levels (Fig. 4a, b) in a 
concentration-dependent manner (P < 0.01 vs. controls). 
However, CuZnSOD activity remained within control val-
ues for all the experimental situations assessed (Fig. 4c). 

Tl(I) and Tl(III) had opposed effects on MnSOD expression 
and activity. Tl(I) increased significantly MnSOD expres-
sion (P < 0.05 vs. controls; Fig. 4d, e), followed by 47 and 
30% increase in its activity at 10 and 25 μM concentration, 
respectively (Fig. 4F). In contrast, Tl(III) decreased both 
MnSOD expression (P < 0.005 vs. controls; Fig. 4d, e) and 
activity (P < 0.05 vs. controls; Fig. 4f) in a concentration-
dependent manner.

We next evaluated the impact of Tl exposure on CAT 
expression, one of the enzymes that metabolize  H2O2. After 
6 h of incubation, Tl(I) or Tl(III) caused no significant 
changes in CAT expression levels (Fig. 5a, b). Although, 

Fig. 4  Tl(I) and Tl(III) 
affected differently CuZnSOD 
and MnSOD expression and 
activities. PC12adh cells were 
incubated at 37 °C for 6 h in the 
presence of 10–100 μM Tl(I) or 
Tl(III). CuZnSOD and MnSOD 
expression and activities were 
evaluated. a, d Representative 
Western blots. Quantification 
of b CuZnSOD and e MnSOD 
to β-tubulin expression ratio in 
Tl(I) (open circle)- and Tl(III) 
(filled circle)-treated cells. 
Activities of (C) CuZnSOD 
and f MnSOD measured in 
Tl(I) (open circle)- and Tl(III) 
(filled circle)-treated cells, 
expressed as the percentage of 
the value recorded in control 
cells. Results are shown as the 
mean ± SEM (n ≥ 3). Asterisk 
denotes a statistical significance 
respect to the value measured in 
control cells (P < 0.01)
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both cations decreased CAT activity to a similar extent and 
in a concentration-dependent manner (P < 0.005 vs. con-
trols; Fig. 5c). A negative correlation (r2 = 0.94, P < 0.01) 
was found between maximal oxidant production in Tl(III)-
treated cells and remnant CAT activity (Fig. 5d).

Effects on glutathione‑dependent system

In addition to CAT,  H2O2 is also metabolized by the GSH-
dependent antioxidant defense system. Up to 50  µM, 
Tl(I) did not affect GSH content (Fig. 6a), but at 100 µM 
Tl(I), GSH content decreased in a time-dependent manner 
(P < 0.001 vs. controls). Tl(III) did not affect GSH content, 
regardless its concentration or the exposure time assessed 
(Fig. 6b). These results suggest that GSH will not limit the 
extent of  H2O2 reduction in Tl-treated cells.

The expression and activity of the enzyme GPx were next 
evaluated. In Tl(I) (10–100 μM)-treated cells no significant 
changes were observed in GPx-1/2 expression (Fig. 7a, b). 
In contrast, 25 and 50 μM Tl(III) increased its expression in 
82 and 54%, respectively (P < 0.01 vs. controls; Fig. 7b). 
Total GPx activity displayed a biphasic behavior (Fig. 7c). 
At 10 μM, Tl(I) and Tl(III) decreased GPx activity in 44 
and 25%, respectively (P < 0.01 vs. controls). At higher 
concentrations, Tl(I) did not affect GPx activity while Tl(III) 
increased it in a concentration-dependent manner (90% at 

100 μM concentration; P < 0.01 vs. controls). A significant, 
positive correlation was found between maximal DHR123 
oxidation achieved in Tl(III)-treated cells and GPx activity 
(P < 0.01; Fig. 7d).

Tl(I) and Tl(III) decreased GR expression (Fig. 8a, b). 
The magnitude of the effect in Tl(I)-treated cells ranged 
from 40 to 57%, but no clear relationship with metal concen-
tration was found. In contrast, Tl(III) decreased GR expres-
sion in a concentration-dependent manner, reaching 60% 
lower values at 100 µM (Fig. 8b). In the 25–100 µM range 
of concentrations, the Tl(I) and Tl(III) had similar effects 
on GR expression. While GR activity in Tl(I)-exposed cells 
remained within control values (Fig. 8c), it was increased 
in Tl(III) (10–50 µM)-treated cells (P < 0.05 vs. controls). 
However, at 100 µM Tl(III), GR activity was comparable to 
those in the controls.

Effects on thioredoxin‑dependent system

H2O2 can also be metabolized by the Trx-dependent system. 
In Tl(I)-exposed cells a significant increase in the expression 
of 2-Cys Prx (isoforms 1, 2 and 4) was observed (P < 0.005 
vs. controls; Fig. 9a, b), reaching a maximum at 50 µM Tl(I). 
In addition, a tendency towards increased 2-Cys Prx activity 
was observed in these cells, reaching the maximal activity 
at 50 µM (P < 0.05 vs. controls; Fig. 9c). In contrast, the 

Fig. 5  Tl decreased CAT 
activity without affecting its 
expression. PC12adh cells were 
incubated at 37 °C for 6 h in 
the presence of 10–100 μM 
Tl(I) or Tl(III). CAT expression 
and activity were evaluated. a 
Representative Western blots. 
b Quantification of CAT to 
β-tubulin expression ratio in 
Tl(I) (open circle)- and Tl(III) 
(filled circle)-treated cells. c 
CAT activity measured in Tl(I) 
(open circle)- and Tl(III) (filled 
circle)-treated cells, expressed 
as the percentage of the data 
obtained in control cells. d Cor-
relation between CAT activity 
and maximal Tl(III)-mediated 
DHR123 oxidation. Dotted 
lines show the 95% confidence 
band of the best fit-line. Results 
are shown as the mean ± SEM 
(n ≥ 3). Asterisk denotes a 
statistical significance respect 
to the value measured in control 
cells (P < 0.01)
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expression (Fig. 9a, b) and activity (Fig. 9c) of 2-Cys Prx in 
Tl(III)-treated cells remained within control values for all 
the concentrations assessed.

Finally, the effects of Tl(I) and Tl(III) on TrxR expression 
and activity were evaluated. Tl(I) significantly increased 
TrxR1 expression (P < 0.001 vs. controls; Fig. 10a, b) and 
decreased TrxR2 expression (P < 0.01 vs. controls; Fig. 10a, 
b) in a concentration-dependent manner. The effect of Tl(III) 
on TrxR1 was biphasic, increasing its expression signifi-
cantly at 25 μM and restoring to basal levels at higher con-
centrations (Fig. 10a, b). A tendency towards increased 
expression of TrxR2 was observed in 100 µM Tl(III)-treated 
cells (P = 0.09 vs. controls; Fig. 10a, c). The activity of 
TrxR measured in 100 µM Tl(I)-treated cells was 32% higher 

than in the controls (P < 0.05; Fig. 10d). Like the observed 
for GR, Tl(III) increased markedly TrxR activity (P < 0.01 
vs. controls; Fig. 10d). Significant, positive correlations 
were found between maximal oxidant production and TrxR 
activity for cells treated with Tl(I) (r2 = 0.96, P < 0.01; 
Fig. 10e) or Tl(III) (r2 = 0.97, P < 0.01; Fig. 10f).

Discussion

Exacerbated ROS production is a common mechanism in 
heavy metal toxicity (Jomova and Valko 2011). Increased 
ROS production by Tl(I) was first described by Hasan and 
Ali (1981) who administered Tl(I) acetate (5 mg/kg ip) to 
rats and observed the accumulation of lipid peroxidation 
products in the brain, brain stem and cerebellum. Similar 
results were observed after the subchronic administration 
of Tl(I) acetate to rats, in doses equivalent to 1/20 and 1/40 
of median lethal dose (Galván-Arzate et al. 2000). Stud-
ies performed in cultured cells or isolated mitochondria 
indicate that these organelles are main targets of Tl toxic-
ity (Korotkov and Brailovskaya 2001; Korotkov and Lapin 
2003; Hanzel and Verstraeten 2006; Pourahmad et al. 2010). 
In traditional, poorly adherent PC12 cells, both Tl(I) and 
Tl(III) increase  H2O2 production with kinetics that have two 
maximums, at 1 and 24 h of exposure to Tl, respectively. The 
second event occurs after the onset of mitochondria depo-
larization, around ~18 h of cell exposure to Tl (Hanzel and 
Verstraeten 2006). In the present work, we extended those 
studies, investigating if the newly generated adherent variant 
of PC12 (PC12adh) cells also had increased ROS/RNS pro-
duction upon Tl exposure, and the manner that they managed 
oxidant excess through the modulation of the enzymes that 
constitute the antioxidant defense system.

First, the impact of Tl(I) and Tl(III) on cell viability and 
oxidant production were verified in the current model. In liv-
ing cells, MTT is metabolized by succinate dehydrogenase 
complex (E.C. 1.3.99.1) which is involved in mitochondrial 
electron transfer chain. Therefore, this method evaluates the 
presence of cells with preserved mitochondrial functionality. 
Until 6 h of cell exposure to Tl(I) or Tl(III) (10–100 μM) 
more than 95% of cells had preserved mitochondria. This 
result was confirmed analyzing the uptake of Neutral red by 
cells with preserved lysosomal functionality. The mainte-
nance of cell viability throughout the experiment was crucial 
for the subsequent determinations that rely on cell capacity 
to synthesize and maintain enzyme functionality.

Oxidant production was evaluated using DHR123 which 
is oxidized in the intracellular milieu to rhodamine 123. 
The kinetics of oxidant generation depended on the time 
of cell exposure to the cations. The time necessary to reach 
maximal oxidant generation (Tmax), decreased exponen-
tially with the concentration of Tl(I) but remained constant 

Fig. 6  Tl(I) (100  µM) caused a rapid decrease in GSH content. 
PC12adh cells were incubated at 37  °C for 1–6  h to 10  μM (open 
circle), 25 μM (filled circle), 50 μM (open square) or 100 μM (filled 
square) a Tl(I) or b Tl(III). GSH content was evaluated in the sam-
ples from the reaction with monochlorobimane (mClBi), and data 
were normalized by DNA content measured with PI. Results are 
shown as the mean ± SEM (n = 3). Asterisk denotes a statistical sig-
nificance respect to the value measured in control cells (P < 0.01)
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in Tl(III)-exposed cells, peaking around 0.5–1 h of incu-
bation regardless the concentration of the cation assessed. 
The different velocities in the production of oxidants could 
be related to the fact that these cations do not share com-
mon transporters in the cells, or to dissimilar toxic potential. 
One of the routes used by Tl(III) to enter PC12 cells is the 
internalization of Tl(III)-transferrin complex via endosomes 
(Hanzel et al. 2012). On the other hand, as Tl(I) resembles 
 K+ in its ionic radius and charge, it uses  K+ transporters—
e.g.  Na+/K+-ATPase and/or  Na+,  K+,  Cl− cotransporter—to 
enter cells (Brismar et al. 1995; Sherstobitov et al. 2010). 
Regardless the mechanisms involved in Tl entry, obtained 
results suggest that Tl(III) could be more toxic than Tl(I) to 
PC12adh cells because, at the same extracellular concentra-
tion, Tl(III) affected cell redox status faster than Tl(I).

DHR123 detects not only  H2O2 but also peroxynitrite 
anion  (ONOO·−) (Crow 1997). However, we expected the 
contribution of the latter to be minimal, as non-differen-
tiated PC12 cells express low amounts of NOS (Peunova 
and Enikolopov 1995; Nakagawa et al. 2000). This was true 
for nNOS, but we found that even non-stimulated PC12adh 
cells expressed iNOS and that its expression was increased 
by 10–50 μM Tl(I) or Tl(III). In addition, iNOS expres-
sion levels correlated positively with the content of nitrite 
released to the media, pointing to iNOS as the source of 

nitrite observed. As NO and  O2
·− generate  ONOO·− in a 

non-enzymatic reaction, both substrates must be formed 
simultaneously. The source of  O2

·− could not be plasma 
membrane-associated NOX, as Tl did not affect its activity 
throughout the period investigated (0.5 to 6 h). In addition, 
no inhibition of CuZnSOD activity that could account for 
transient  O2

·− increase was evidenced. However, we cannot 
discard other sources of  O2

·− generation, such as mitochon-
drial respiratory chain. In fact, the expression and activity 
of mitochondrial MnSOD were decreased in Tl(III)-exposed 
cells that would increase  O2

·−. In contrast, Tl(I) increased the 
expression and activity of this enzyme, and thus once gen-
erated,  O2

·− proceeds to  H2O2. Hence, in Tl(I)-treated cells 
the oxidant species detected by DHR123 would be mostly 
 H2O2, while in Tl(III)-treated cells they would be both  H2O2 
and  ONOO·−.

We observed that, once reached a maximum, DHR123 
oxidation decreased towards a steady-state value slightly 
higher than before treatment. Thus, we hypothesized that 
cells counterbalanced oxidant species production through 
the activation and/or increased expression of the enzymes 
responsible for oxidant metabolization. Three main enzy-
matic systems could metabolize  H2O2: CAT, GSH- and Trx-
dependent systems. In addition,  ONOO·− can be metabolized 

Fig. 7  Tl(lll) (25–50 µM) 
increased GPx-1/2 expres-
sion and its activity correlated 
positively with maximal oxidant 
production. PC12adh cells were 
incubated at 37 °C for 6 h in the 
presence of 10–100 μM Tl(I) or 
Tl(III) and GPx-1/2 expression 
and activity were evaluated. a 
Representative Western blots. 
b Quantification of GPx-1/2 to 
β-tubulin expression ratio in 
Tl(I) (open circle)- and Tl(III) 
(filled circle)-treated cells. c 
Total GPx activity was meas-
ured in Tl(I) (open circle)- and 
Tl(III) (filled circle)-treated 
cells and data were expressed 
as the percentage of the value 
recorded in control cells. d 
Correlation between total GPx 
activity and maximal Tl(III)-
mediated DHR123 oxidation. 
Dotted lines show the 95% 
confidence band of the best 
fit-line. Results are shown as the 
mean ± SEM (n = 3). Asterisk 
denotes a statistical significance 
respect to the value measured in 
control cells (P < 0.001)
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by GPx-1 (Speckmann et al. 2016) present in mitochondria 
and cytosol of most cell types (Rhee et al. 2005).

In Tl-exposed cells, no alterations in CAT expression 
were observed after 6 h of incubation. However, both cati-
ons markedly reduced its activity in concentration-depend-
ent manners. In fact, CAT activity in Tl(III)-treated cells 

Fig. 8  Tl reduced GR expression although its activity was unaltered 
or even increased. PC12adh cells were incubated at 37 °C for 6 h in 
the presence of 10–100 μM Tl(I) or Tl(III) and GR expression and 
activity were evaluated. a Representative Western blots. b Quantifi-
cation of GR to β-tubulin expression ratio in Tl(I) (open circle)- and 
Tl(III) (filled circle)-treated cells. c GR activity measured in Tl(I) 
(open circle)- and Tl(III) (filled circle)-treated cells, expressed as the 
percentage of the value recorded in control cells. Results are shown 
as the mean ± SEM (n ≥ 3). Asterisk denotes a statistical significance 
respect to the value measured in control cells (P < 0.05)

Fig. 9  Tl(I) increased 2-Cys Prx expression and activity. PC12adh 
cells were incubated at 37 °C for 6 h in the presence of 10–100 μM 
Tl(I) or Tl(III) and 2-Cys Prx expression and activity were evalu-
ated. a Representative Western blots. b Quantification of 2-Cys Prx 
to actin expression ratio in Tl(I) (open circle)- and Tl(III) (filled 
circle)-treated cells. c Two-Cys Prx activity measured in Tl(I) (open 
circle)- and Tl(III) (filled circle)-treated cells, and expressed as the 
percentage of the value recorded in control cells. Results are shown 
as the mean ± SEM (n = 4). Asterisk denotes a statistical significance 
respect to the value measured in control cells (P < 0.005)
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correlated negatively with oxidant generation, a relationship 
that was less marked (r2 = 0.72, P = 0.07; correlation not 
shown) in Tl(I)-treated cells. Both ROS and RNS can modu-
late CAT activity. As CAT can be inhibited by  O2

·− (Shimizu 
et al. 1984), impaired  O2

·− removal by MnSOD in Tl(III)-
treated cells could partially account for CAT inhibition. In 
contrast, MnSOD and CuSOD activities were preserved or 
even increased in Tl(I)-exposed cells, and  O2

·−-mediated 
CAT inhibition would not occur. Alternatively, CAT activa-
tion can be prevented by  H2O2 excess which avoids CAT 
phosphorylation in Tyr231 and Tyr386 (Rhee et al. 2005), 
leading to further  H2O2 accumulation. Finally, CAT can be 
inhibited in vitro by  ONOO·− (Grzelak et al. 2000). Hence, 
all these three inhibitory mechanisms could be operative in 

Tl(III)-treated cells, aggravating the oxidative stress caused 
by this cation.

We reported previously that after 24 h of incubation, Tl(I) 
and Tl(III) decreased GSH content in PC12 cells (Hanzel 
and Verstraeten 2006). On this basis, we investigated if this 
could be an initial event that leads to an impairment of GSH-
dependent system. While no significant variations in GSH 
content were observed in Tl(III)-treated cells up to 6 h of 
cell exposure to the cation, a marked and time-dependent 
GSH decrease was found in cells treated with 100 μM Tl(I). 
However, considering that the maximal effect measured cor-
responded to a ~20% decrease and that the cellular concen-
tration of GSH lays in the millimolar order, it is unlikely that 
GSH-dependent system would be impaired by the exhaustion 

Fig. 10  Tl affected TrxR 
expression and its activity cor-
related positively with maximal 
oxidant production. PC12adh 
cells were incubated at 37 °C 
for 6 h in the presence of 
10–100 μM Tl(I) or Tl(III) and 
TrxR1 and TrxR2 expression 
were evaluated. a Representa-
tive Western blots. Quantifica-
tion of b TrxR1 and c TrxR2 to 
actin expression ratio in Tl(I) 
(open circle)- and Tl(III) (filled 
circle)-treated cells. d Total 
TrxR activity measured in Tl(I) 
(open circle)- and Tl(III) (filled 
circle)-treated cells, expressed 
as the percentage of the value 
recorded in control cells. Cor-
relations between TrxR activity 
and maximal e Tl(I)- and f 
Tl(III)-mediated DHR123 
oxidation. Dotted lines show the 
95% confidence band of the best 
fit-line. Results are shown the 
mean ± SEM (n ≥ 3). Asterisk 
denotes a statistical significance 
respect to the value measured in 
control cells (P < 0.001)
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of its co-substrate. However, prolonged exposure to the cati-
ons would decrease the functionality of the system with the 
consequent accumulation of  H2O2 (Hanzel and Verstraeten 
2006).

Non-differentiated PC12 cells express both GPx-1 (Wang 
et al. 2009) and GPx-2 (Ciofani et al. 2014) present in cyto-
sol, nuclei and mitochondria. No significant alterations in 
GPx-1/2 expression and activity were evidenced in cells 
exposed to Tl(I), but both parameters were increased in 
Tl(III)-treated cells. In fact, GPx activity at 6 h of treat-
ment correlated positively with oxidant species production 
at 30 min. This finding suggests that GPx activity could be 
increased as a response against the initial insult of  H2O2 
and/or  ONOO·− (Speckmann et al. 2016). Worth of notic-
ing, GPx-1/2 expression in cells exposed to 100 μM Tl(III) 
remained within control values although its activity was 
markedly increased. GPx can be activated upon phospho-
rylation in Tyr96 in response to increased  H2O2 (Rhee et al. 
2005), conciliating the discrepancy between the expression 
levels and functionality. In vitro, Tl(I) and Tl(III) interact 
with GPx causing its inactivation (Villaverde et al. 2004). 
Therefore, GPx activity measured in Tl-exposed cells could 
be the resultant between increased activity in response to the 
oxidative insult, and the inhibition due to Tl-enzyme interac-
tion. Nevertheless, increased GPx activity in Tl(III)-exposed 
cells could be an early mechanism to decrease  H2O2 and/or 
 ONOO·− levels to physiological values.

Along with peroxide reduction by GPx, GSH is oxidized 
to GSSG, GR being the enzyme responsible for its recy-
cling. Although GR expression was reduced in Tl(I)- and 
Tl(III)-treated cells, its activity remained unaltered or even 
increased. To the best of our knowledge, GR had no post-
translational regulatory mechanisms that conceal these 
apparently contradictory findings. In fact, direct interaction 
between Tl(I) and Tl(III) with purified GR causes its inhibi-
tion, especially with Tl(III) which impairs both reductase 
and diaphorase activities of GR (Villaverde et al. 2004). 
This raises the possibility of a methodological pitfall in GR 
activity determination, that quantifies NADPH oxidation 
coupled to the enzymatic reduction of GSSG. In addition to 
GR, TrxR also uses NADPH to maintain Trx in its reduced, 
active form (Hanschmann et al. 2013). Thus, it is possible 
that both GR and TrxR activities were quantified simultane-
ously in the samples. Hence, TrxR activity was measured 
from Trx capacity to reduce insulin disulfide bridges, that 
cannot be mediated by GSH. As observed for GR, TrxR 
activity was either unaltered [Tl(I)] or increased [Tl(III)], 
supporting the hypothesis that the method used for GR activ-
ity measurement quantified simultaneously both enzymes.

TrxR expression was evaluated measuring the expres-
sion levels of the cytoplasmic (TrxR1) and mitochondrial 
(TrxR2) isoforms. Overall, Tl(I) and Tl(III) had opposed 
effects on TrxR1 and TrxR2 expression. Tl(I) increased 

TrxR1 expression in a concentration-dependent manner, 
while it decreased that of TrxR2. Worth of noticing, Tl(III) 
had a biphasic effect on TrxR1 expression, resembling those 
on iNOS and GPx expression. This observation raises the 
possibility that low concentrations of Tl(III) could induce 
common signaling pathway/s that ultimately regulate/s the 
expression of these enzymes, and this hypothesis is currently 
under investigation. In addition, Tl(III) caused mild increase 
of mitochondrial TrxR2 expression that could account for 
the increased TrxR activity measured at the highest concen-
trations of the cation.

Finally, the effects of Tl on 2-Cys Prx expression and 
activity were investigated. Prx are classified into 2-Cys 
Prx (Prx-1 to Prx-4), atypical 2-Cys Prx (Prx-5) and 1-Cys 
Prx (Prx-6) (Hanschmann et al. 2013), all of them being 
expressed in PC12 cells (Chen et al. 2007). Tl(I) increased 
2.5-folds the expression of 2-Cys Prx, although their activ-
ity was not increased in the same magnitude (1.5-fold at 
50 μM concentration). The increased expression of 2-Cys 
Prx in Tl(I)-treated cells coincides with the decreased con-
centration of GSH, which was also observed in PC12 cells 
submitted to different stimuli (Simzar et al. 2000), suggest-
ing that 2-Cys Prx may regulate GSH-dependent pathway. 
On the other hand, Tl(III) did not affect 2-Cys Prx expres-
sion levels, with activities that were within control values or 
even slightly decreased. Under oxidative stress conditions, 
the Cys in the active site of 2-Cys Prx can be oxidized by 
 H2O2 (Rabilloud et al. 2002; Wagner et al. 2002; Yang et al. 
2002), impairing its activity. Mildly decreased Prx activity 
observed in Tl(III)-exposed cells aggravates their oxida-
tive stress status, as Prx-2 reduces not only  H2O2 but also 
 ONOO·− (Manta et al. 2009).

In summary, obtained results indicate that, similarly to 
the observed in the parental PC12 cell line, both Tl(I) and 
Tl(III) cause a rapid increase in oxidant species production 
in PC12adh cells. This effect is counterbalanced by increas-
ing the expression and/or activity of the enzymatic antioxi-
dant defense system. In the case of cells treated with Tl(I), 
the main oxidant generated seems to be  H2O2, which was 
metabolized mostly through the Trx-dependent system. On 
the other hand, Tl(III) increased both  H2O2 and  ONOO·−, 
which were eliminated via the GSH- and Trx-dependent 
systems. Although this early oxidative insult imposed by 
the cations was almost normalized after 6 h, prolonged expo-
sures to the cations could result in mitochondrial damage 
associated with a second wave of oxidant generation, that 
ultimately leads to the promotion of cell death by apoptosis 
(Hanzel and Verstraeten 2006, 2009).
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