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Abstract  32 

Arsenite toxicity is in numerous cellular systems dependent on the formation of reactive 33 

oxygen and or nitrogen species. This is also true in U937 cells in which the metalloid 34 

selectively promotes the formation of mitochondrial superoxide (mitoO2
-.) rapidly converted 35 

to diffusible H2O2. We tested the hypothesis that, under the same conditions, mitoO2
-. also 36 

mediates the triggering of a parallel survival signaling.  We found that a low concentration 37 

of the metalloid causes an early activation of nuclear factor erythroid 2 p45-related factor 2 38 

(Nrf2), and a downstream signaling leading to enhanced GSH biosynthesis, via a mechanism 39 

sensitive to various treatments/strategies selectively preventing mitoO2
-. formation. Under 40 

the same conditions, the toxic effects mediated by arsenite, leading to delayed mitochondrial 41 

permeability transition (MPT)-dependent apoptosis, were also prevented. Additional studies 42 

revealed remarkable similarities in the kinetics of mitoO2
-. formation, MPT induction, Nrf2 43 

activation and GSH biosynthesis, prior to the onset of apoptosis in a small portion of the 44 

cells. Importantly, mitoO2
-. formation, as well as the ensuing toxic events, were significantly 45 

potentiated and anticipated under conditions associated with inhibition of de novo GSH 46 

biosynthesis triggered by the metalloid through Nrf2 activation.  47 

We conclude that, in the arsenite toxicity paradigm under investigation, mitoO2
-. 48 

represents the only trigger of two opposite pathways leading to activation of the Nrf2 49 

signaling and/or to a MPT-dependent apoptotic death. The first pathway, through enhanced 50 

GSH biosynthesis, mitigates the extent of further mitoO2
-. formation, thereby limiting and 51 

delaying an otherwise rapid and massive apoptotic death.  52 
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1. Introduction 56 

Arsenite is a widely diffused environmental toxicant. Epidemiological studies have 57 

demonstrated that human exposure to the metalloid, mainly resulting from the ingestion of 58 

contaminated drinking water, significantly increases the risk to develop various types of cancer 59 

and other chronic pathologies (Flora, 2011; Jomova et al., 2011). Although various mechanisms 60 

have been thus far proposed to explain the carcinogenic and toxic effects of the metalloid, in 61 

particular those resulting from its direct binding to thiol residues of target molecules (Shen et al., 62 

2013; Watanabe and Hirano, 2013; Mandal, 2017), the involvement of reactive oxygen species 63 

(ROS) in these events is nowadays widely accepted (Flora, 2011; Jomova et al., 2011; 64 

Ellinsworth, 2015). Indeed, numerous studies have used various approaches to provide an 65 

indication of ROS formation and to infer the involvement of these species in the resulting 66 

lesions through the demonstration of a protective effect mediated by antioxidant 67 

supplementation (Flora, 2011; Jomova et al., 2011; Rao et al., 2017).   68 

Less studies have instead addressed the question of the origin and identity of the ROS 69 

produced in response to arsenite, and the limited amount of information available indicates that 70 

the mechanism(s) leading to superoxide (O2
-.) formation is largely dependent on the cell type 71 

and treatment condition.  For example, the involvement of NADPH oxidase has been reported in 72 

some cell types (Smith et al., 2001; Straub et al., 2008; Flora, 2011; Li et al., 2014; Ellinsworth, 73 

2015), in which the relevance of this pathway of O2
-. production is likely dependent on the level 74 

of expression of NADPH oxidase itself.  Activation of this pathway may then result in 75 

mitochondrial dysfunction, thereby recruiting an additional mechanism of O2
-. formation (Li et 76 

al., 2014).  In this perspective, the selective activation of  mitochondrial O2
-. (mitoO2

-.) 77 

formation is more likely to take place in cell types poorly expressing NADPH oxidase. Evidence 78 
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of  mitoO2
-. formation has been provided in a limited number of studies (Flora, 2011; Jomova et 79 

al., 2011; Guidarelli et al., 2016a; Guidarelli et al., 2016b).  Additional factors affecting the cell 80 

type-dependence of the ROS response to arsenite are related to the expression of nitric oxide 81 

(NO) synthase, as the diffusion-limited reaction of O2
-. with NO leads to the formation of  82 

peroxynitrite, a highly reactive and toxic species (Liu et al., 2005; Jomova et al., 2011; 83 

Ellinsworth, 2015). Cells not expressing NO synthase will be eventually damaged by H2O2, the 84 

dismutation product of O2
-., with different sub-cellular concentrations of the oxidant expected to 85 

result from mitoO2
-. formation, associated with the effect of manganese superoxide dismutase, or 86 

NADPH-oxidase-derived O2
-., associated with the action of cupper/zinc superoxide dismutase.       87 

These simple considerations, while representing only a small part of a more complicate 88 

scenario, nevertheless emphasize the importance of learning more on the site in which ROS are 89 

being generated in response to arsenite. These mechanisms necessarily impact on the identity, 90 

and sub-cellular concentrations, of the downstream species produced and are also critical to 91 

correctly address the study of the indirect effects of arsenite, for example at the level of gene 92 

expression, induction of damage on different sub-cellular targets, apoptotic and even survival 93 

signaling responses.   94 

By keeping these considerations in mind, we initially characterized the effects of arsenite 95 

in promonocytic U937 cells to understand more on the antileukemic and toxic effects of the 96 

metalloid (Guidarelli et al., 2015; Guidarelli et al., 2016a). Our interest was also stimulated by 97 

the observation that in these cells low concentrations of arsenite (e.g., 2.5 µM) selectively 98 

promote mitoO2
-. formation, in the absence of detectable effects mediated by NADPH oxidase 99 

(Guidarelli et al., 2016b). This notion was established using various approaches and 100 

significantly greater concentrations of the metalloid were necessary in order to promote 101 

detectable NADPH oxidase activation. As an example, 10 µM arsenite caused in respiration-102 

deficient U937 cells (which fail to produce mitoO2
-. in response to 2.5 µM arsenite) a NADPH 103 
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oxidase inhibitor-sensitive DHR fluorescence response similar to that mediated by 2.5 µM 104 

arsenite in respiration-proficient cells.     105 

Thus, the metalloid caused the selective formation of mitoO2
-. and we were indeed able to 106 

selectively suppress this response with rotenone, an inhibitor of complex I (Degli Esposti, 1998), 107 

or using the same cells manipulated to induce respiratory deficiency (Guidarelli et al., 2016a; 108 

Guidarelli et al., 2016b). It is important to remind that U937 cells are highly glycolytic, and 109 

therefore maintain high ATP levels, and remain viable, under conditions of impaired 110 

function/activity of the mitochondrial respiratory chain (Brand and Hermfisse, 1997).   111 

An additional advantage of the specific cell type employed is related to the expression of 112 

high affinity transporters of L-ascorbic acid (AA) in both the plasma and mitochondrial 113 

membranes (Azzolini et al., 2013; Fiorani et al., 2015a; Fiorani et al., 2015b), a condition 114 

favoring the selective accumulation of AA in mitochondria after exposure to low extracellular 115 

concentrations of the vitamin (Azzolini et al., 2013; Fiorani et al., 2015a). Under these 116 

conditions, intramitochondrial AA very rapidly and effectively scavenged mitoO2
-. (Guidarelli et 117 

al., 2016a).  Using these treatments, we were able to demonstrate a selective suppression of ROS 118 

formation mediated by arsenite, and hence establish the pivotal role of mitoO2
-. and its down-119 

stream products in the induction of the deleterious effects elicited by the metalloid (Guidarelli et 120 

al., 2017).    121 

The specific characteristics of the U937 cell clone used in our laboratory can also be used 122 

to address additional questions, for example related to the role of mitoO2
-. in the activation of 123 

specific cytoprotective signaling pathways, as the one connected to the nuclear factor (erythroid-124 

2 related) factor 2 (Nrf2) (Abdul-Aziz et al., 2015; Tebay et al., 2015; Hourihan et al., 2016).   125 

Oxidative and electrophilic stress are associated with an initial dissociation of Nrf2 from 126 

Kelch-like ECH-associated protein 1 (Keap1) and its subsequent translocation and accumulation 127 

in the nucleus (Tebay et al., 2015; Hourihan et al., 2016). The transcription factor promotes 128 

enhanced expression of an array of antioxidant enzymes (Abdul-Aziz et al., 2015; Tebay et al., 129 
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2015; Hourihan et al., 2016), which include γ-glutamylcysteine synthase (γ-GCS, (Abdul-Aziz 130 

et al., 2015; Tebay et al., 2015)), the rate-limiting enzyme of GSH biosynthesis  (Griffith and 131 

Mulcahy, 1999; Franklin et al., 2009), comprising a catalytic heavy subunit, (GCLC) and a 132 

regulatory light subunit (GCLM). Activation of these pathways leading to enhanced GSH 133 

biosynthesis is of extreme importance for providing cytoprotection in a variety of toxicity 134 

paradigms (Flora, 2011; Hou et al., 2014; Forman, 2016). 135 

It has been reported that arsenite induces the dissociation of Nrf2 from Keap 1 (Pi et al., 136 

2003; Lau et al., 2013). Although some studies claimed a role for a direct binding of arsenite to 137 

either Keap 1 or Nrf2 (He and Ma, 2009; He and Ma, 2010), Nrf2 activation is often reported to 138 

depend also on ROS formation.  This notion is normally established by studies showing that 139 

Nrf2 activation is sensitive to very high concentrations of N-acetylcysteine (Ray et al., 2015; 140 

Rossler and Thiel, 2017), or other antioxidants (Choudhury et al., 2016; Gong et al., 2016), with 141 

a need of a more selective approach linking the cytoprotective signaling to the specific sources 142 

from which ROS are released by the metalloid.    143 

The study of the effect of mitoO2
-. in the Nrf2 signaling, using selective strategies to 144 

prevent the formation of these species, would therefore allow a more clear definition of their 145 

role in Nrf2 activation. The approach of selectively targeting mitoO2
-. to understand its role in 146 

a cytoprotective signaling appears even more important under conditions in which the same 147 

species is also involved in the triggering of events leading to apoptosis.    148 

In this perspective, the respective timing of these responses appears of particular 149 

importance to determine the dynamics regulating critical steps of the final decision of the cells 150 

to survive or die.  This information is necessary to further our knowledge, thus far limited to the 151 

demonstration that cells overexpressing Nrf2 (or downstream effectors) are particularly resistant 152 

to arsenite, and that down-regulation of these systems remarkably enhances the sensitivity of the 153 

cells to the metalloid (Wang et al., 2007; Jiang et al., 2009; Yang et al., 2012; Son et al., 2015; 154 

Chen et al., 2017).  155 
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The present study was designed to determine the role of mitoO2
-. released in response to a 156 

low concentration (i.e., promoting delayed apoptosis in a limited portion of cells) of arsenite in 157 

the induction/activation of Nrf2 (Pi et al., 2003; Li et al., 2013). Our results indicate that  158 

mitoO2
-. is responsible for the induction of two opposite pathways associated with the early 159 

activation of the Nrf2 signaling and the delayed induction of mitochondrial permeability-160 

transition (MPT)-dependent apoptosis. The first pathway significantly blunted and delayed the 161 

MPT-dependent apoptosis induced by the metalloid through a mechanism associated with 162 

enhanced GSH biosynthesis and inhibition of excessive mitoO2
-. formation.  163 

  164 
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2. Materials and Methods 165 

2.1. Chemicals.  166 

Sodium arsenite, AA, rotenone, diphenyleneiodonium (DPI), apocynin (Apo), phorbol-12-167 

myristate-13-acetate (PMA), DL-buthionine-[S,R]-sulfoximine (BSO), Hoechst 33342, GSH, 168 

dithiobis-(2-nitrobenzoic acid), (DTNB) as well most of the reagent-grade chemicals were 169 

purchased from Sigma-Aldrich (Milan, Italy). Cyclosporin A (CsA) was from Novartis (Bern, 170 

Switzerland). Dihydrorhodamine 123 (DHR) and MitoTracker Red CMXRos were purchased from 171 

Molecular Probes (Leiden, The Netherlands). Acetonitrile was acquired from Carlo Erba (Carlo 172 

Erba Reagenti, Milan, Italy). 173 

2.2. Cell culture and treatment conditions.  174 

U937 human myeloid leukemia cells were cultured in suspension in RPMI 1640 medium 175 

(Sigma-Aldrich, Milan, Italy) supplemented with 10% fetal bovine serum (Euroclone, Celbio 176 

Biotecnologie, Milan, Italy), penicillin (100 units/ml) and streptomycin (100 µg/ml) (Euroclone), 177 

at 37 °C in T-75 tissue culture flasks (Corning Inc., Corning, NY, USA) gassed with an 178 

atmosphere of 95% air-5% CO2. U937 cells were made respiration-deficient (RD cells) as 179 

indicated in (Guidarelli et al., 2016b). Sodium arsenite was prepared as a 1 mM stock solution in 180 

saline A (140 mM NaCl, 5 mM KCl, 4 mM NaHCO3, and 5 mM glucose; pH 7.4) and stored at 181 

4°C. Cells (1 x 105 cells/ml) were exposed to arsenite in complete RPMI 1640 culture medium, as 182 

reported in the legends to the figures. A 10 mM AA stock solution was prepared in extracellular 183 

buffer (EB, 15 mM Hepes, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, pH 7.4) 184 

immediately before use. Cells (1 x 106 cells/ml) were treated with AA in EB supplemented with 185 

0.1 mM dithiothreitol for 15 min at 37°C. Stability of AA under these conditions was assessed by 186 

monitoring the absorbance at 267 nm for 15 min (ε267 =14,600 M-1cm-1). 187 

2.3. Western Immunoblotting analysis.  188 

After treatments, the cells were washed with phosphate buffer saline (PBS, 136 mM NaCl, 10 189 

mM Na2HPO4, 1.5 mM KH2PO4, 3 mM KCl; pH 7.4) and lysed by sonication in a sodium dodecyl 190 
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sulphate (SDS) buffer containing 50 mM Tris-HCl pH 8.0, 2% (w/v) SDS, 10 mM N-191 

ethylmaleimide, supplemented with a commercial cocktail of protease inhibitors (Roche 192 

Diagnostic, Monza, Italy). Lysates were boiled for 3 min and then centrifuged for 5 min at 12000 x 193 

g. The protein content was determined according to Lowry (Lowry et al., 1951), using bovine 194 

albumin as standard. Proteins were separated on 8% SDS polyacrylamide gels, transferred onto 195 

nitrocellulose membrane and probed with the following antibodies: anti Nrf2 (D1Z9C, Cell 196 

Signaling Technology, Leiden, The Netherlands), anti GCLC (PA5-16581, ThermoFisher 197 

Scientific, Monza, Italy) and anti actin (A2066, Sigma-Aldrich). Immunoreactive bands were 198 

detected using horseradish peroxidase-conjugated secondary antibody (BioRad, Milan, Italy). 199 

Peroxidase activity was detected with the enhanced chemiluminescence detection method 200 

(WesternBright ECL, Advasta, Roma, Italy). 201 

2.4. Measurement of total, protein and non-protein thiols.  202 

Total, protein and non-protein thiols were colorimetrically quantified by DTNB (Ellman, 203 

1959). After treatments, the cells (4 x 106) were washed three times with PBS and the pellets 204 

resulting from the last centrifugation were suspended in lysis buffer (0.1% Triton X-100, 0.1 M, 205 

Na2HPO4, 5 mM EDTA, pH 7.5) and incubated for 10 min at ice-bath temperature. The total thiol 206 

content was measured spectrophotometrically, at 412 nm, using DTNB (ε412 = 13,600 M-1· cm-1).  207 

For the assessment of protein thiols, the lysates were centrifuged on 10,000 MWCO centrifugal 208 

filters AMICON® ULTRA 4 (Millipore, Milan, Italy) and the concentrated protein (with 209 

molecular weight ≥ 10 kDa) fractions were analyzed as indicated above. Non-protein thiol content 210 

was determined in the acid soluble fraction obtained from the same lysates, as described by 211 

Beutler (Beutler, 1984).  212 

2.5. Measurement of GSH content by High Performance Liquid Chromatography.  213 

The cells (1x106) were suspended in 100 µl of lysis buffer, vortexed and kept for 10 min on 214 

an ice bath.  Thereafter, 15 µl of 0.1 N HCl and 140 µl of precipitating solution (0.2 M glacial 215 

meta-phosphoric acid, 5 mM sodium EDTA, 5 M NaCl) were added to the samples. After 216 
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centrifugation, the supernatants were collected and kept at –20° C until the HPLC analyses. Just 217 

before analysis, 60 𝜇𝜇l of the acid extract were supplemented with 15 𝜇𝜇l of 0.3 M Na2HPO4 and 15 218 

𝜇𝜇l of a solution containing 20 mg of DTNB in 100 ml of sodium citrate (1% w/v). The mixture 219 

was stirred for 1 min at room temperature and, after 5 min, filtered through 0.22 μm pore micro-220 

filters.  The resulting samples were finally analyzed for their GSH content by an HPLC assay 221 

(Brundu et al., 2016),  using a 15 cm x 4.6 mm, 5 µm Supelco Discovery® C18 column (Supelco, 222 

Bellefonte, PA). The UV absorption was detected at 330 nm. The injection volume was 20 μl. The 223 

retention time of GSH was approximately 15.7 min.  224 

2.6. DHR fluorescence assay.  225 

The cells were incubated for 30 min with 10 µM DHR prior to the end of the incubation with 226 

arsenite, washed three times and analysed with a fluorescence microscope. Fluorescence images 227 

were captured with a BX-51 microscope (Olympus, Milan, Italy), equipped with a SPOT-RT 228 

camera unit (Diagnostic Instruments, Delta Sistemi, Rome, Italy) using an Olympus LCAch 40 229 

x/0.55 objective lens. The excitation and emission wavelengths were 488 and 515 nm with a 5-nm 230 

slit width for both emission and excitation. Images were collected with exposure times of 100-400 231 

ms, digitally acquired and processed for fluorescence determination at the single cell level on a 232 

personal computer using J-Image software. Mean fluorescence values were determined by 233 

averaging the fluorescence values of at least 50 cells/treatment condition/experiment. 234 

2.7. Measurement of mitochondrial membrane potential.  235 

The cells were incubated for 30 min with 50 nM MitoTracker Red CMXRos prior to the 236 

end of the incubation with arsenite, washed three times and analyzed with a fluorescence 237 

microscope. The resulting images were taken and processed as described above. The excitation 238 

and emission wavelengths were 545 and 610 nm, respectively, with a 5-nm slit width for both 239 

emission and excitation. Mean fluorescence values were determined by averaging the 240 

fluorescence values of at least 50 cells/treatment condition/experiment.  241 

2.8. Immunofluorescence analysis. 242 
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 After treatments, the cells were suspended in 2 ml of saline A and incubated for 30 min in 243 

35-mm tissue culture dishes containing an uncoated coverslip. Under these conditions, cells 244 

rapidly attach to the coverslip. In some experiments the cells were incubated for 5 min with the 245 

cell-permeable DNA dye (Hoechst 33342, 10 μM) prior to the end of incubation to stain the 246 

nucleus. The cells were then fixed for 1 min with 95% ethanol/5% acetic acid, washed with PBS 247 

and blocked in PBS containing bovine serum albumin (2% w/v) (30 min at room temperature). 248 

The cells were subsequently incubated with rabbit polyclonal anti-P47phox (sc-17844) (1:100 in 249 

PBS supplemented with 2% bovine serum albumin; Santa Cruz  Biotechnology Inc. USA), rabbit 250 

polyclonal anti-Nrf2 (1:50 in PBS containing 2% bovine serum albumin; Santa Cruz 251 

Biotechnology) or monoclonal anti-cytochrome c antibody (1:100 in PBS containing 2% bovine 252 

serum albumin; Santa Cruz Biotechnology) stored for 18 h at 4° C, washed and then incubated for 253 

3 h in the dark with fluorescein isothiocyanate (Santa Cruz Biotechnology)-conjugated secondary 254 

antibody diluted 1:100 in PBS. Stained cells were captured with a fluorescence microscope and 255 

the resulting images were processed for fluorescence determination as described above. 256 

2.9. Fluorogenic caspase 3 assay.  257 

Caspase 3-like activity was monitored as described in Guidarelli et al. (Guidarelli et al., 258 

2005). Briefly, the cells were lysed and aliquots of the extract (30 μg proteins) were incubated 259 

with 12 μM Ac-DEVD-AMC, at 30 °C. Caspase 3-like activity was determined fluorometrically, 260 

with excitation at 360 nm and emission at 460 nm, by quantifying the release of 261 

aminomethylcoumarin (AMC) from cleaved caspase 3 substrate (Ac-DEVD-AMC). 262 

2.10. Analysis of apoptosis with the Hoechst 33342 assay.  263 

After treatments, the cells were incubated for 5 min with 10 μM Hoechst 33342 and then 264 

analysed with a fluorescence microscope to assess their nuclear morphology (chromatin 265 

condensation and fragmentation). Cells with homogeneously stained nuclei were considered 266 

viable.  267 

2.11. Statistical analysis.  268 
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The results are expressed as means ± SD. Statistical differences were analyzed by one-way 269 

ANOVA followed by Dunnett’s test for multiple comparison or two-way ANOVA followed by 270 

Bonferroni’s test for multiple comparison. A value of  P < 0.05 was considered significant. 271 

  272 
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3. Results 273 

3.1. Time-dependence of the activation of the Nrf2 signalling pathway.  274 

Logarithmically growing U937 cells were exposed for increasing time intervals to 2.5 μM 275 

arsenite and then processed for Western blot analysis of Nrf2 protein expression.  As shown in 276 

Fig. 1A, very low levels of Nrf2 were detected in whole lysates from untreated cells during the 16 277 

h of incubation.  Expression of the transcription factor was instead remarkably enhanced in cells 278 

exposed for 4 h to arsenite, with a progressive decline being observed al later times of incubation.  279 

Enhanced Nrf2 expression is normally associated with its nuclear translocation and the ensuing 280 

transactivation of target genes (Abdul-Aziz et al., 2015; Tebay et al., 2015; Hourihan et al., 2016). 281 

Consistently, immunofluorescence studies provided evidence of Nrf2 nuclear translocation after a 282 

6 h exposure to arsenite (Fig. 1B).  In addition, expression of GCLC was significantly increased 4 283 

h after addition of arsenite.  The maximal increase in GCLC expression was detected at 6 h and 284 

these levels were maintained throughout the entire period of exposure to the metalloid.  These 285 

results are indicative of a positive effect of arsenite on GSH biosynthesis.  A significant increase 286 

in cellular GSH content was indeed  detected in cells exposed for 4 h to the metalloid, with a 287 

plateau reached at the 8 h time point  (Fig. 1C). 288 

A final set of experiments was performed in cells exposed for 16 h to 2.5 μM arsenite to obtain an 289 

indication on the cellular sulphydryl status of the cells.  As shown in Fig. 1D, this treatment 290 

significantly enhanced the total thiol content of the cells, with hardly any effect detected on 291 

protein thiols.  In fact, the increased thiol response was entirely attributable to the non-protein 292 

thiol pool (95% of which is represented by GSH, (Meister and Anderson, 1983)).   293 

These results indicate that, under the conditions employed, arsenite promotes time-dependent Nrf2 294 

activation and enhanced GCLC expression associated with increased GSH biosynthesis. 295 

3.2. The Nrf2 signaling pathway is activated by mitochondrial superoxide.  296 

DHR is a general fluorescence probe  responsive to extramitochondrial O2
.-, hydrogen 297 

peroxide (Gomes et al., 2005) as well as reactive nitrogen species (Kooy et al., 1994), which 298 
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however are not produced under the experimental conditions employed in these studies (Guidarelli 299 

et al., 2016a). Fig. 2A shows the time-dependence of the DHR-fluorescence response induced by 300 

2.5 μM arsenite  that, based on the sensitivity to rotenone, AA or the respiration-deficient 301 

phenotype appears entirely mediated by mitoO2
.- (Fig. 2A).  These results are in keeping with our 302 

previous findings obtained in cells exposed to arsenite for 16 h (Guidarelli et al., 2016a; Guidarelli 303 

et al., 2017). Rotenone, or AA, also suppressed the enhanced expression of both Nrf2 and GCLC 304 

(Fig. 2B), and the increased GSH biosynthesis (Fig. 2C), detected respectively 6 and 8 h after 305 

addition of 2.5 μM arsenite. In addition, the metalloid produced hardly any effect on RD cell GSH 306 

(Fig. 2C), thereby implying the absence of an upstream Nrf2 signaling in cells unable to generate 307 

mitoO2
.- in response to arsenite (Fig. 2A).   308 

These results indicate that mitoO2
.-  is the species responsible for the arsenite-dependent activation 309 

of the Nrf2/GCLC signaling leading to increased GSH biosynthesis. Complete suppression of this 310 

signaling response by treatments/manipulations abolishing mitoO2
.- formation argues against the 311 

involvement of additional mechanisms leading to activation of the transcription factor.  312 

3.3. The increased GSH biosynthesis reduces mitochondrial superoxide formation.  313 

We tested the impact of enhanced GSH synthesis in arsenite toxicity with the use of a low 314 

concentration of BSO, an inhibitor of γ-GCS (Meister and Anderson, 1983).  As indicated in Fig. 315 

3A, 2.5 μM BSO promoted a time-dependent decrease in cellular GSH, detectable after 4 h and 316 

reaching an about 30% decrease at 16 h.  It was interesting to observe that a superimposable curve 317 

was obtained using cells supplemented with both BSO and arsenite, thereby implying that BSO 318 

prevents the enhanced GSH biosynthesis induced by the metalloid.  The results illustrated in Fig. 319 

3B indicate that BSO, under the same conditions, significantly increased the extent of the time-320 

dependent DHR-fluorescence response elicited by arsenite.  BSO instead failed to produce effects 321 

in the absence of additional treatments.  The DHR-fluorescence response detected 8 and 16 h after 322 

addition of arsenite was suppressed by rotenone, the respiration-deficient phenotype or AA, 323 

regardless of whether induced by the metalloid alone (Fig. 2A) or associated with BSO (Fig. 3C).   324 
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These results suggest that inhibition of the GSH response significantly enhances the mitochondrial 325 

mechanisms leading to O2
.- formation, with no evidence for a recruitment of additional 326 

mechanisms.  The possibility of an activation of NADPH oxidase was nevertheless tested.  We 327 

recently demonstrated that Apo and DPI, two different NADPH inhibitors (Brandes et al., 2014), 328 

fail to affect the DHR-fluorescence response evoked by arsenite in the absence of other treatments 329 

(Guidarelli et al., 2016b). The results illustrated in Fig. 3C indicate that similar results are 330 

obtained after combined exposure to arsenite and BSO. Moreover, there was no evidence of 331 

activation of NADPH oxidase, as measured by immunocytochemical detection of its membrane 332 

translocation, in cells exposed for 16 h to arsenite alone, as we previously demonstrated 333 

(Guidarelli et al., 2016b), or associated with BSO (Fig. 3Da and b). PMA was used as positive 334 

control to promote Apo-, or DPI-, sensitive activation of NADPH oxidase (Fig. 3Dc-e) and DHR 335 

fluorescence (Fig. 3Df). The results presented in this section indicate that the increased GSH 336 

biosynthesis induced by arsenite is functionally-linked to events limiting mitoO2
-. formation.     337 

3.4. The increased GSH biosynthesis mitigates mitochondrial dysfunction.  338 

We have previously reported that arsenite causes U937 cell death via a mechanism mediated 339 

by the formation of mitoO2
.-, leading to loss of mitochondrial membrane potential and MPT, and 340 

to the ensuing triggering of the mitochondrial pathway of apoptosis (Guidarelli et al., 2015; 341 

Guidarelli et al., 2016a). We therefore tested whether BSO, by anticipating and increasing the rate 342 

of O2
-. formation, also promotes similar effects on the apoptotic cascade.  As indicated in Fig. 4A, 343 

arsenite elicited a time-dependent mitochondrial depolarization and this response was significantly 344 

increased by concomitant exposure to BSO. Furthermore, loss of mitochondrial membrane 345 

potential detected at 16 h was sensitive to treatments preventing mitoO2
-. formation and to the 346 

MPT inhibitor CsA,  regardless of whether induced by the metalloid alone (Guidarelli et al., 2015; 347 

Guidarelli et al., 2016a) or associated with BSO (Fig. 4B).  These results therefore suggest that 348 

BSO increases the sensitivity of the cells to MPT induced by arsenite.  The CsA-sensitive release 349 

of cytochrome c was next assessed to further support the notion that the GSH response delays and 350 
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mitigates the onset of MPT in cells exposed to arsenite.  For this purpose, we employed an 351 

immunocytochemical approach allowing detection of a punctuate fluorescence in untreated cells, 352 

consistently with the mitochondrial localization of cytochrome c.  MPT is associated with a loss of 353 

the punctuate fluorescence as a consequence of the dilution of cytochrome c released by the 354 

mitochondria in the cytosol.  The use of this approach allowed us to calculate the number of cells 355 

presenting evidence of mitochondrial loss of cytochrome c, indicative of MPT, in response to 356 

various treatments and conditions.  The results summarized in Fig. 4C indicate that a 6 h exposure 357 

to arsenite promotes cytochrome c release in a very small proportion of the cells, that dramatically 358 

increased upon supplementation of BSO, which instead failed to produce effects in the absence of 359 

the metalloid. As previously observed in experiments measuring loss of mitochondrial membrane 360 

potential, the effects mediated by arsenite/BSO  in terms of mitochondrial loss of cytochrome c 361 

were sensitive to CsA, rotenone, the respiration-deficient phenotype or AA.  These results 362 

therefore emphasize the relevance of the GSH response elicited by arsenite in the triggering of 363 

events leading to prevention of mitochondrial dysfunction. Inhibition of de novo GSH 364 

biosynthesis indeed anticipates and increases mitochondrial depolarization and MPT.   365 

3.5. The increased GSH biosynthesis delays and mitigates apoptosis.  366 

We performed experiments to determine whether the increased rate of mitoO2
-. formation, 367 

resulting from inhibition of the GSH response, also anticipates and increases the arsenite-368 

dependent apoptosis.  In these experiments, the cells were exposed for 6 or 16 h to arsenite, 369 

conditions respectively associated with no or barely detectable levels of caspase 3 activation (Fig. 370 

5A).  As previously reported, significant activation of caspase 3 is instead detected after 16-48 h 371 

(Guidarelli et al., 2017).  Supplementation of BSO resulted in remarkably increased caspase 3 372 

activity, appreciable even at the shortest time of incubation. Furthermore, under both conditions, 373 

activation of caspase 3 was sensitive to CsA, rotenone, the respiration-deficient phenotype or AA.  374 

These results therefore provide evidence for a significant anticipation of the processes leading to 375 

activation of caspase 3, critically involved in the mitochondrial pathway of apoptosis (Kurokawa 376 
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and Kornbluth, 2009; Fiandalo and Kyprianou, 2012). Further analyses measuring chromatin 377 

condensation/fragmentation indeed revealed that 2.5 μM arsenite promotes an apoptotic response, 378 

barely detectable at 24 h and increasing thereafter (Fig. 5B).  About 15% of the cells were 379 

apoptotic at 48 h, as we also recently reported (Guidarelli et al., 2015; Guidarelli et al., 2016a). 380 

Interestingly, BSO significantly enhanced, and remarkably anticipated, the apoptotic response 381 

mediated by the metalloid. CsA, rotenone, the respiration-deficient phenotype and AA prevented 382 

apoptosis in cells exposed to the metalloid alone (Guidarelli et al., 2016a; Guidarelli et al., 2016b) 383 

or associated with BSO (inset to Fig. 5B). The last series of experiments was performed using 384 

cells exposed for 16 h to arsenite in the absence or presence of  increasing concentrations of BSO.  385 

In keeping with the results illustrated in Fig. 3A, an identical progressive decline in cellular GSH 386 

levels was observed under both conditions (Fig. 5C).  Furthermore, BSO caused a dose-dependent 387 

induction of apoptosis in cells supplemented with arsenite, with hardly any effect detected after 388 

exposure to the metalloid or BSO alone (Fig. 5D). These results provide compelling evidence for 389 

the relevance of the GSH response, elicited by arsenite via a mechanism entirely mediated by 390 

mitoO2
-., in the triggering of events counteracting excessive mitoO2

-. formation and the ensuing 391 

mitochondrial dysfunction and apoptosis. 392 

  393 
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4. Discussion 394 

Our previous studies showed that arsenite exposure of U937 cells leads to the selective and 395 

unique formation of  mitoO2
-. (Guidarelli et al., 2016a; Guidarelli et al., 2016b; Guidarelli et al., 396 

2017), an event responsible for the triggering of downstream events leading to mitochondrial 397 

dysfunction and apoptosis (Guidarelli et al., 2016a; Guidarelli et al., 2016b).  This cause-effect 398 

relationship was not established with the use of high concentrations of non-specific 399 

antioxidants/radical scavengers but, rather, with the use of treatment/manipulations selectively 400 

blunting mitoO2
-. formation.  In particular, the formation of this species was inhibited either 401 

chemically, i.e. with rotenone through the suppression of complex I activity (Degli Esposti, 1998), 402 

or with the use of cells manipulated to induce respiratory-chain deficiency.  Under these different 403 

conditions, prevention of mitoO2
-. formation was invariably associated with suppression of 404 

mitochondrial dysfunction and cytotoxicity.  An additional approach to reach the same conclusion 405 

was based on the observation that pre-exposure to a low concentration of AA (10 μM) results in 406 

the same protective effects.  It is important to emphasize that our previous studies  demonstrated 407 

that mitochondrial AA effectively and rapidly scavenge mitoO2
-. generated in response to arsenite  408 

(Guidarelli et al., 2015; Guidarelli et al., 2016a), with hardly any effect mediated by cytosolic AA. 409 

This premise, while  recapitulating critical information relevant for the experimental design of 410 

the present study, emphasises the notion that  mitoO2
-. is a critical player of the arsenite-dependent 411 

apoptotic response under investigation. Our results are indicative of a very little -if any- 412 

contribution of other mechanisms, for example related to the direct binding of the metalloid to 413 

protein and non-protein thiols (Shen et al., 2013; Watanabe and Hirano, 2013). 414 

The first question addressed concerns the role of this species, and its downstream products, in 415 

the triggering of the Nrf2 cytoprotective signalling.  We therefore used the same approach 416 

outlined above, however introducing a focus on the timing of the events under investigation. We 417 

initially showed that the time-dependence of Nrf2 activation is compatible with  the kinetics of 418 

mitoO2
-. formation. A cause-effect relationship between these events was then established with the 419 
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demonstration that Nrf2 expression is abolished by treatment/conditions suppressing mitoO2
-. 420 

formation.  421 

It is very well known that Nrf2 activation is associated with the expression of various 422 

cytoprotective genes (Abdul-Aziz et al., 2015; Tebay et al., 2015; Hourihan et al., 2016).  We 423 

focused our attention on GCLC and found that its time-dependent increased expression, and the 424 

resulting enhanced GSH biosynthesis, were also kinetically compatible with the upstream role of 425 

mitoO2
-. and the ensuing Nrf2 activation. Not surprisingly, treatments blunting Nrf2 activation 426 

through inhibition of mitoO2
-. formation also abolished the increased GCLC expression and GSH 427 

biosynthesis.  428 

The results thus far discussed allow a first conclusion, possibly relevant in different cellular 429 

systems in which arsenite selectively promotes the formation of mitoO2
-..  This species cannot exit 430 

mitochondria and is in fact rapidly dismutated by MnSOD to diffusible H2O2 (Hamanaka and 431 

Chandel, 2010; Kudryavtseva et al., 2016).   In this direction we recently showed that, under the 432 

same conditions employed in this study, arsenite-derived H2O2 produces distal effects, as DNA 433 

strand scissions and modulation of gene expression (Guidarelli et al., 2017).  Hence, the above 434 

results are consistent with the notion that mitoO2
-., via the resulting H2O2, is the only species 435 

involved in Nrf2 expression/activation, and in the ensuing GSH response.  This consideration 436 

apparently rules out the possible contribution of other mechanisms, as the direct binding of arsenic 437 

to Nrf2 itself, or Keap1, previously described in other systems, in which however the source of the 438 

radical species produced were not determined (He and Ma, 2009; He and Ma, 2010; Lau et al., 439 

2013).  440 

A more general conclusion from our results is instead that mitoO2
-. plays a pivotal role in the 441 

response of the cells to arsenite, as it critically regulates the triggering of both toxicity and 442 

cytoprotective mechanisms. Future studies should determine whether the same is true for 443 

NADPH-oxidase derived O2
-. and whether the same relationship is eventually maintained under 444 

conditions in which both mechanisms are sequentially recruited. This notion will be addressed in 445 
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the respiration-deficient cells used in this study, that require about 4 time greater concentrations of 446 

arsenite to significantly activate NADPH oxidase (Guidarelli et al., 2016b).     447 

An additional consideration we can make is on the relationships existing between the rate of 448 

mitoO2
-./H2O2 formation and the increased GSH biosynthesis. It has been proposed that binding of 449 

arsenic to GSH leads to formation of a conjugate extruded by the cells via multidrug transporters, 450 

an event resulting in GSH depletion and enforcing ROS formation (Leslie, 2012; Watanabe and 451 

Hirano, 2013).  Although the formation of the arsenic/GSH complex, and the consequent decline 452 

in GSH content, would be masked by the enhanced GSH biosynthesis, we nevertheless consider 453 

poorly relevant its occurrence in the toxicity paradigm under investigation, since the GSH levels 454 

observed after inhibition of mitoO2
-. formation were identical to those detected in untreated cells. 455 

Our conclusion is therefore that mitoO2
-./H2O2 formation is not the consequence of GSH depletion 456 

but rather a cause, eventually concealed by the Nrf2 signalling response.  Another point we can 457 

make is that, in the toxicity paradigm under investigation, the contribution of detoxification 458 

mechanisms based on the formation of GSH-trivalent arsenic complexes (Leslie, 2012; Watanabe 459 

and Hirano, 2013) is poor, or negligible.    460 

The second major question addressed was on the significance of the Nrf2/GCLC/GSH 461 

response, under the same conditions in which the metalloid triggers these events, and the 462 

mitochondrial pathway of apoptosis, in response to the same mitoO2
-.-dependent signalling.   This 463 

question cannot find an explanation on previous findings obtained using cells with down-regulated 464 

Nrf2 (or GCLC) expression, as obtained using siRNA technologies or KO mice (Jiang et al., 2009; 465 

Yang et al., 2012; Yang et al., 2015), or using approaches (e.g., BSO prior to treatment with 466 

arsenite)  leading to an initial decreased GSH pool (Meister and Anderson, 1983). All these 467 

conditions are indeed associated with an impaired defence machinery and with an acquired 468 

susceptibility to arsenite toxicity, which can obviously become apparent regardless of the source 469 

of ROS involved.   470 
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The question we asked is more specifically linked to the condition of acute arsenite exposure 471 

associated with the ongoing toxicity and protective signalling pathway triggered by mitoO2
-..  Our 472 

kinetic studies established that the Nrf2/GCLC/GSH pathway is characterised by a rapid 473 

occurrence, as maximally activated within the first 6-8 h of exposure to the metalloid.  474 

Mitochondrial dysfunction is also detected under the same conditions, but then further increases in 475 

the subsequent 8 h to finally promote delayed apoptotic DNA fragmentation, detected after 48 h in 476 

about 15% of the cells.  We were interested to determine the specific impact of the 477 

Nrf2/GCLC/GSH pathway in the timing/extent of the above responses.  478 

In order to approach this issue, we first established that a low concentration of BSO, 2.5 μM, 479 

suppresses the GSH response to then demonstrate that this manipulation significantly increased 480 

the rate of ROS formation induced by arsenite.  Interestingly, this event was entirely mediated by 481 

the increased mitoO2
-. formation, since completely suppressed by rotenone, the respiration-482 

deficient phenotype or AA. In addition, we also ruled out the possibility of a recruitment of other 483 

mechanisms leading to O2
-. formation, as the activation of NADPH oxidase.   484 

These results therefore suggest that the triggering of the GSH response mitigates the extent of 485 

time-dependent mitoO2
-. release. Although more studies should specifically address this issue, it 486 

appears that mitoO2
-. initially produced by arsenite triggers the GSH response to down-modulate 487 

further mitoO2
-. release.  In this perspective, the increased GSH biosynthesis, which only takes 488 

place in the cytosol, should lead to increased mitochondrial accumulation of GSH, an established 489 

and well-characterised process (Ribas et al., 2014; Calabrese et al., 2017).   Mitochondrial GSH 490 

would then promote its effects by reducing mitoO2
-. formation in the mitochondrial respiratory 491 

chain and supporting reactions leading to prevention of mitochondrial damage  or to detoxification 492 

of H2O2 (Ribas et al., 2014; Calabrese et al., 2017).   493 

 A final observation from this study was that the increased rate of mitoO2
-. formation 494 

associated with prevention of the GSH response is followed by a dramatic anticipation of 495 

mitochondrial dysfunction and downstream events leading to apoptosis.   496 
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In conclusion,  our  results  indicate that a low concentration of arsenite induces in  U937 cells 497 

a time-dependent  mitoO2
-. formation leading to delayed MPT-dependent apoptosis. Under the 498 

same treatment conditions, mitoO2
-.-derived H2O2 diffuses to extramitochondrial compartments, 499 

thereby promoting early activation of the Nrf2/GCLC/GSH signalling. Enhanced GSH 500 

biosynthesis is then associated with inhibition of excessive mitoO2
-. formation, with an ensuing 501 

decreased and delayed mitochondrial dysfunction and apoptosis. Suppression of this signalling is 502 

indeed invariably associated with  remarkably accelerated and enhanced rates of events leading to 503 

MPT-dependent apoptosis. 504 

  505 
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Figures 681 

 682 

 683 

 684 

Fig. 1. Arsenite promotes a time-dependent expression of Nrf2 and CGLC accompanied by 685 
increased GSH biosynthesis. (A) Cells were exposed for increasing time intervals to 2.5 µM 686 
arsenite and analysed for Nrf2 and GCLC expression using actin as a loading control. (B) 687 
Representative images providing evidence of Nrf2 expression/nuclear localization in cells 688 
exposed for 6 h to arsenite.  Immunofluorescence staining indicative of Nrf2 expression in cells 689 
exposed to the vehicle (a) or to arsenite (b).  (c) and (d) are images taken from the same field in 690 
which the nuclear compartments are identified by Hoechst staining. Scale bar represents 20 µm.  691 
(C) Cells were exposed for increasing time-intervals to arsenite and then analysed for their GSH 692 
content by HPLC. (D) Cells exposed for 16 h to arsenite were  analysed for their total, protein 693 
and non protein thiol content, as detailed under Materials and methods. Results represent the 694 
means ± SD calculated from at least 3 separate experiments. *P < 0.05, **P < 0.01, as compared 695 
to untreated cells (one-way ANOVA followed by Dunnet’s test).  696 
 697 
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 698 

Fig. 2.  Mitochondrial superoxide mediates the arsenite-dependent Nrf2/GCLC/GSH response.  699 
(A) Cells were exposed for increasing time intervals to 2.5 µM arsenite, either alone or 700 
associated with 0.5 μM rotenone (Rot) or 10 µM AA and analysed for their DHR-fluorescence 701 
response. The effect of arsenite was also investigated in RD cells. Results represent the means ± 702 
SD calculated from at least 3 separate experiments. *P < 0.05, **P < 0.01, as compared to 703 
untreated cells (two-way ANOVA followed by Bonferroni’s test). 704 
(B) Cells were exposed for 6h  to 2.5 µM arsenite, either alone or associated with rotenone (Rot)  705 
or AA, and analysed for Nrf2 and GCLC expression.  706 
(C) Cells were exposed for 16h  to 2.5 µM arsenite, either alone or associated with rotenone 707 
(Rot)  or AA, and analysed for their GSH content. The effect of arsenite was also tested in RD 708 
cells.  GSH content is expressed as a percentage of the GSH concentration found in the control 709 
cells. Results represent the means ± SD calculated from at least 3 separate experiments. **P < 710 
0.01, as compared to untreated cells (one-way ANOVA followed by Dunnet’s test).  711 
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 712 
Fig. 3. The enhanced GSH biosynthesis reduces the rate of mitochondrial superoxide formation 713 
induced by arsenite.  (A and B) Cells were exposed for increasing time intervals to 0 or 2.5 μM 714 
arsenite, both in the absence or presence of 2.5 μM BSO.  At the indicated times, aliquots of the 715 
cells were processed for the measurement of their GSH content  (results are expressed as a 716 
percentage of the GSH content of their appropriate controls, A) and for the analysis of the DHR-717 
fluorescence response (B).  Results represent the means ± SD calculated from at least 3 separate 718 
experiments. *P < 0.05, **P < 0.01, as compared to untreated cells or arsenite treated cells (two-719 
way ANOVA followed by Bonferroni’s test). (C) Cells were treated for 8 or 16 h with arsenite 720 
and BSO, both in the absence or presence of rotenone (Rot), AA, DPI (1 µM) or Apo (10 µM). 721 
After treatments, the cells were analyzed for DHR-fluorescence. The effect of arsenite/BSO was 722 
also tested in RD cells. (D) Representative micrographs showing p47phox localization in cells 723 
exposed for 16 h to BSO alone (a) or associated with arsenite (b).  In other experiments  the cells 724 
were exposed for 30 min to 100 µg/ml PMA alone (c)  or associated with Apo (d), or DPI (e). 725 
The inhibitors were added to the cultures 15 min prior to PMA treatment. The micrographs are 726 
representative of at least three separate experiments. Scale bar represents 20 µm.  Panel (f) 727 
shows the DHR-fluorescence response detected in cells exposed to PMA in the absence or 728 
presence of Apo, or DPI.  Results represent the means ± SD calculated from at least 3 separate 729 
experiments. *P < 0.05, **P < 0.01, as compared to untreated cells (one-way ANOVA followed 730 
by Dunnet’s test). 731 
 732 
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 733 
Fig. 4. The increased GSH biosynthesis mitigates and delays mitochondrial dysfunction induced 734 
by arsenite. (A) Cells were exposed for increasing time intervals to arsenite alone or associated 735 
with BSO. After treatments, the cells were analyzed for MitoTracker red CMXRos-fluorescence. 736 
Results represent the means ± SD calculated from at least 3 separate experiments. *P < 0.05, as 737 
compared to arsenite treated cells (two-way ANOVA followed by Bonferroni’s test). (B) Cells 738 
were exposed for 16 h to arsenite and BSO in the absence or presence of rotenone (Rot), AA, or 739 
CsA (0.5 µM).  Selected experiments were performed using RD cells. After treatments, the cells 740 
were analyzed for MitoTracker red CMXRos-fluorescence. Results represent the means ± SD 741 
calculated from at least 3 separate experiments. **P < 0.01, as compared to untreated cells (one-742 
way ANOVA followed by Dunnet’s test). (C) Cells were exposed for 6 h to arsenite alone, or 743 
associated with BSO, both in absence or presence of rotenone (Rot), AA, or CsA. The effect of 744 
arsenite/BSO was also tested in RD cells. After treatments, cytochrome c localization was 745 
determined by immunofluorescence staining with anti-FITC antibody. The graph shows the 746 
percentage of cells with diffused fluorescence as a consequence of the mitochondrial loss of 747 
cytochrome c (n=150). **P < 0.01, as compared to untreated cells (one-way ANOVA followed 748 
by Dunnet’s test). 749 
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 753 
 754 
Fig. 5. The increased GSH biosynthesis mitigates and delays the apoptotic death induced by 755 
arsenite. (A) Cells were exposed for 6 or 16 h to arsenite alone, or associated with BSO, both in 756 
absence or presence of rotenone (Rot), AA, or CsA.  The effect of arsenite/BSO was also tested 757 
in RD cells. After treatments, the cells were analysed for caspase-3 activity, as detailed in 758 
Materials and methods.  Results represent the means ± SD calculated from at least 3 separate 759 
experiments. *P < 0.05, **P < 0.01, as compared to untreated cells (one-way ANOVA followed 760 
by Dunnet’s test). (B) Cells were exposed for increasing time intervals to arsenite alone or 761 
associated with BSO. After treatments, the cells were analyzed for apoptosis, by measuring 762 
chromatin fragmentation/condensation with the Hoechst assay. Results represent the means ± 763 
SD calculated from at least 3 separate experiments. *P < 0.05, as compared to arsenite treated 764 
cells (two-way ANOVA followed by Bonferroni’s test).  The inset shows the effect of CsA, 765 
rotenone (Rot), AA or the respiration-deficient phenotype on the apoptotic response mediated by 766 
a 16 h exposure to arsenite/BSO. Results represent the means ± SD calculated from at least 3 767 
separate experiments. **P < 0.01, as compared to cells exposed to arsenite/BSO (one-way 768 
ANOVA followed by Dunnet’s test).  Cells were exposed for 16 h to increasing concentrations 769 
of BSO in the absence or presence of arsenite and analysed for (C) GSH content (expressed as a 770 
percentage of the GSH concentration found in the control cells) and for (D) apoptotic DNA 771 
fragmentation/condensation. Results represent the means ± SD calculated from at least 3 772 
separate experiments. *P < 0.05, **P < 0.01, as compared to untreated cells (two-way ANOVA 773 
followed by Bonferroni’s test). 774 
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