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Abstract

Arsenite toxicity is in numerous cellular systems dependent on the formation of reactive
oxygen and or nitrogen species. This is also true in U937 cells in which the metalloid
selectively promotes the formation of mitochondrial superoxide (mitoO;™) rapidly converted
to diffusible H>O,. We tested the hypothesis that, under the same conditions, mitoO,™ also
mediates the triggering of a parallel survival signaling. We found that a low concentration
of the metalloid causes an early activation of nuclear factor erythroid 2 p45-related factor 2
(Nrf2), and a downstream signaling leading to enhanced GSH biosynthesis, via a mechanism
sensitive to various treatments/strategies selectively preventing mitoO>~ formation. Under
the same conditions, the toxic effects mediated by arsenite, leading to delayed mitochondrial
permeability transition (MPT)-dependent apoptosis, were also prevented. Additional studies
revealed remarkable similarities in the kinetics of mitoO;™ formation, MPT induction, Nrf2
activation and GSH biosynthesis, prior to the onset of apoptosis in a small portion of the
cells. Importantly, mitoO>™~ formation, as well as the ensuing toxic events, were significantly
potentiated and anticipated under conditions associated with inhibition of de novo GSH
biosynthesis triggered by the metalloid through Nrf2 activation.

We conclude that, in the arsenite toxicity paradigm under investigation, mitoO>"
represents the only trigger of two opposite pathways leading to activation of the Nrf2
signaling and/or to a MPT-dependent apoptotic death. The first pathway, through enhanced
GSH biosynthesis, mitigates the extent of further mitoO,™ formation, thereby limiting and

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

Arsenite is a widely diffused environmental toxicant. Epidemiological studies have
demonstrated that human exposure to the metalloid, mainly resulting from the ingestion of
contaminated drinking water, significantly increases the risk to develop various types of cancer
and other chronic pathologies (Flora, 2011; Jomova et al., 2011). Although various mechanisms
have been thus far proposed to explain the carcinogenic and toxic effects of the metalloid, in
particular those resulting from its direct binding to thiol residues of target molecules (Shen et al.,
2013; Watanabe and Hirano, 2013; Mandal, 2017), the involvement of reactive oxygen species
(ROS) in these events is nowadays widely accepted (Flora, 2011; Jomova et al., 2011;
Ellinsworth, 2015). Indeed, numerous studies have used various approaches to provide an
indication of ROS formation and to infer the involvement of these species in the resulting
lesions through the demonstration of a protective effect mediated by antioxidant
supplementation (Flora, 2011; Jomova et al., 2011; Rao et al., 2017).

Less studies have instead addressed the question of the origin and identity of the ROS
produced in response to arsenite, and the limited amount of information available indicates that
the mechanism(s) leading to superoxide (O;™) formation is largely dependent on the cell type
and treatment condition. For example, the involvement of NADPH oxidase has been reported in
some cell types (Smith et al., 2001; Straub et al., 2008; Flora, 2011; Li et al., 2014; Ellinsworth,
2015), in which the relevance of this pathway of O™ production is likely dependent on the level
of expression of NADPH oxidase itself. Activation of this pathway may then result in
mitochondrial dysfunction, thereby recruiting an additional mechanism of O™ formation (Li et
al., 2014). In this perspective, the selective activation of mitochondrial O™ (mitoO,™)

formation is more likely to take place in cell types poorly expressing NADPH oxidase. Evidence
3
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of mitoO>~ formation has been provided in a limited number of studies (Flora, 2011; Jomova et
al., 2011; Guidarelli et al., 2016a; Guidarelli et al., 2016b). Additional factors affecting the cell
type-dependence of the ROS response to arsenite are related to the expression of nitric oxide
(NO) synthase, as the diffusion-limited reaction of O, with NO leads to the formation of
peroxynitrite, a highly reactive and toxic species (Liu et al., 2005; Jomova et al., 2011;
Ellinsworth, 2015). Cells not expressing NO synthase will be eventually damaged by H>O», the
dismutation product of O,™, with different sub-cellular concentrations of the oxidant expected to
result from mitoO,™ formation, associated with the effect of manganese superoxide dismutase, or
NADPH-oxidase-derived O™, associated with the action of cupper/zinc superoxide dismutase.

These simple considerations, while representing only a small part of a more complicate
scenario, nevertheless emphasize the importance of learning more on the site in which ROS are
being generated in response to arsenite. These mechanisms necessarily impact on the identity,
and sub-cellular concentrations, of the downstream species produced and are also critical to
correctly address the study of the indirect effects of arsenite, for example at the level of gene
expression, induction of damage on different sub-cellular targets, apoptotic and even survival
signaling responses.

By keeping these considerations in mind, we initially characterized the effects of arsenite
in promonocytic U937 cells to understand more on the antileukemic and toxic effects of the
metalloid (Guidarelli et al., 2015; Guidarelli et al., 2016a). Our interest was also stimulated by
the observation that in these cells low concentrations of arsenite (e.g., 2.5 uM) selectively
promote mitoO;™ formation, in the absence of detectable effects mediated by NADPH oxidase
(Guidarelli et al., 2016b). This notion was established using various approaches and
significantly greater concentrations of the metalloid were necessary in order to promote

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

deficient U937 cells (which fail to produce mitoO;™ in response to 2.5 uM arsenite) a NADPH
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oxidase inhibitor-sensitive DHR fluorescence response similar to that mediated by 2.5 uM
arsenite in respiration-proficient cells.

Thus, the metalloid caused the selective formation of mitoO>™ and we were indeed able to
selectively suppress this response with rotenone, an inhibitor of complex I (Degli Esposti, 1998),
or using the same cells manipulated to induce respiratory deficiency (Guidarelli et al., 2016a;
Guidarelli et al., 2016b). It is important to remind that U937 cells are highly glycolytic, and
therefore maintain high ATP levels, and remain viable, under conditions of impaired
function/activity of the mitochondrial respiratory chain (Brand and Hermfisse, 1997).

An additional advantage of the specific cell type employed is related to the expression of
high affinity transporters of L-ascorbic acid (AA) in both the plasma and mitochondrial
membranes (Azzolini et al., 2013; Fiorani et al., 2015a; Fiorani et al., 2015b), a condition
favoring the selective accumulation of AA in mitochondria after exposure to low extracellular
concentrations of the vitamin (Azzolini et al., 2013; Fiorani et al., 2015a). Under these
conditions, intramitochondrial AA very rapidly and effectively scavenged mitoO>~ (Guidarelli et
al., 2016a). Using these treatments, we were able to demonstrate a selective suppression of ROS
formation mediated by arsenite, and hence establish the pivotal role of mitoO>~ and its down-
stream products in the induction of the deleterious effects elicited by the metalloid (Guidarelli et
al., 2017).

The specific characteristics of the U937 cell clone used in our laboratory can also be used
to address additional questions, for example related to the role of mitoO;™ in the activation of
specific cytoprotective signaling pathways, as the one connected to the nuclear factor (erythroid-
2 related) factor 2 (Nrf2) (Abdul-Aziz et al., 2015; Tebay et al., 2015; Hourihan et al., 2016).

Oxidative and electrophilic stress are associated with an initial dissociation of Nrf2 from
Kelch-like ECH-associated protein 1 (Keapl) and its subsequent translocation and accumulation
in the nucleus (Tebay et al., 2015; Hourihan et al., 2016). The transcription factor promotes

enhanced expression of an array of antioxidant enzymes (Abdul-Aziz et al., 2015; Tebay et al.,
5
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2015; Hourihan et al., 2016), which include y-glutamylcysteine synthase (y-GCS, (Abdul-Aziz
et al., 2015; Tebay et al., 2015)), the rate-limiting enzyme of GSH biosynthesis (Griffith and
Mulcahy, 1999; Franklin et al., 2009), comprising a catalytic heavy subunit, (GCLC) and a
regulatory light subunit (GCLM). Activation of these pathways leading to enhanced GSH
biosynthesis is of extreme importance for providing cytoprotection in a variety of toxicity
paradigms (Flora, 2011; Hou et al., 2014; Forman, 2016).

It has been reported that arsenite induces the dissociation of Nrf2 from Keap 1 (Pi et al.,
2003; Lau et al., 2013). Although some studies claimed a role for a direct binding of arsenite to
either Keap 1 or Nrf2 (He and Ma, 2009; He and Ma, 2010), Nrf2 activation is often reported to
depend also on ROS formation. This notion is normally established by studies showing that
Nrf2 activation is sensitive to very high concentrations of N-acetylcysteine (Ray et al., 2015;
Rossler and Thiel, 2017), or other antioxidants (Choudhury et al., 2016; Gong et al., 2016), with
a need of a more selective approach linking the cytoprotective signaling to the specific sources
from which ROS are released by the metalloid.

The study of the effect of mitoO>™ in the Nrf2 signaling, using selective strategies to
prevent the formation of these species, would therefore allow a more clear definition of their
role in Nrf2 activation. The approach of selectively targeting mitoO; to understand its role in
a cytoprotective signaling appears even more important under conditions in which the same
species is also involved in the triggering of events leading to apoptosis.

In this perspective, the respective timing of these responses appears of particular
importance to determine the dynamics regulating critical steps of the final decision of the cells
to survive or die. This information is necessary to further our knowledge, thus far limited to the
demonstration that cells overexpressing Nrf2 (or downstream effectors) are particularly resistant
to arsenite, and that down-regulation of these systems remarkably enhances the sensitivity of the
cells to the metalloid (Wang et al., 2007; Jiang et al., 2009; Yang et al., 2012; Son et al., 2015;

Chen et al., 2017).
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The present study was designed to determine the role of mitoO;™ released in response to a
low concentration (i.e., promoting delayed apoptosis in a limited portion of cells) of arsenite in
the induction/activation of Nrf2 (Pi et al., 2003; Li et al., 2013). Our results indicate that
mitoO;™ is responsible for the induction of two opposite pathways associated with the early
activation of the Nrf2 signaling and the delayed induction of mitochondrial permeability-
transition (MPT)-dependent apoptosis. The first pathway significantly blunted and delayed the
MPT-dependent apoptosis induced by the metalloid through a mechanism associated with

enhanced GSH biosynthesis and inhibition of excessive mitoO,™ formation.
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2. Materials and Methods
2.1. Chemicals.

Sodium arsenite, AA, rotenone, diphenyleneiodonium (DPI), apocynin (Apo), phorbol-12-
myristate-13-acetate (PMA), DL-buthionine-[S,R]-sulfoximine (BSO), Hoechst 33342, GSH,
dithiobis-(2-nitrobenzoic acid), (DTNB) as well most of the reagent-grade chemicals were
purchased from Sigma-Aldrich (Milan, Italy). Cyclosporin A (CsA) was from Novartis (Bern,
Switzerland). Dihydrorhodamine 123 (DHR) and MitoTracker Red CMXRos were purchased from
Molecular Probes (Leiden, The Netherlands). Acetonitrile was acquired from Carlo Erba (Carlo
Erba Reagenti, Milan, Italy).

2.2. Cell culture and treatment conditions.

U937 human myeloid leukemia cells were cultured in suspension in RPMI 1640 medium
(Sigma-Aldrich, Milan, Italy) supplemented with 10% fetal bovine serum (Euroclone, Celbio
Biotecnologie, Milan, Italy), penicillin (100 units/ml) and streptomycin (100 pg/ml) (Euroclone),
at 37 °C in T-75 tissue culture flasks (Corning Inc., Corning, NY, USA) gassed with an
atmosphere of 95% air-5% CO,. U937 cells were made respiration-deficient (RD cells) as
indicated in (Guidarelli et al., 2016b). Sodium arsenite was prepared as a 1 mM stock solution in
saline A (140 mM NaCl, 5 mM KCIl, 4 mM NaHCOs3, and 5 mM glucose; pH 7.4) and stored at
4°C. Cells (1 x 10° cells/ml) were exposed to arsenite in complete RPMI 1640 culture medium, as
reported in the legends to the figures. A 10 mM AA stock solution was prepared in extracellular
buffer (EB, 15 mM Hepes, 135 mM NaCl, 5 mM KCI, 1.8 mM CaCl,, 0.8 mM MgCl,, pH 7.4)
immediately before use. Cells (1 x 10° cells/ml) were treated with AA in EB supplemented with
0.1 mM dithiothreitol for 15 min at 37°C. Stability of AA under these conditions was assessed by
monitoring the absorbance at 267 nm for 15 min (e267 =14,600 M'cm™).

2.3. Western Immunoblotting analysis.
After treatments, the cells were washed with phosphate buffer saline (PBS, 136 mM NaCl, 10

mM Na,HPOys, 1.5 mM KH>PO4, 3 mM KCI; pH 7.4) and lysed by sonication in a sodium dodecyl
8
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sulphate (SDS) buffer containing 50 mM Tris-HCl pH 8.0, 2% (w/v) SDS, 10 mM N-
ethylmaleimide, supplemented with a commercial cocktail of protease inhibitors (Roche
Diagnostic, Monza, Italy). Lysates were boiled for 3 min and then centrifuged for 5 min at 12000 x
g. The protein content was determined according to Lowry (Lowry et al., 1951), using bovine
albumin as standard. Proteins were separated on 8% SDS polyacrylamide gels, transferred onto
nitrocellulose membrane and probed with the following antibodies: anti Nrf2 (D1Z9C, Cell
Signaling Technology, Leiden, The Netherlands), anti GCLC (PAS5-16581, ThermoFisher
Scientific, Monza, Italy) and anti actin (A2066, Sigma-Aldrich). Immunoreactive bands were
detected using horseradish peroxidase-conjugated secondary antibody (BioRad, Milan, Italy).
Peroxidase activity was detected with the enhanced chemiluminescence detection method
(WesternBright ECL, Advasta, Roma, Italy).

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

Total, protein and non-protein thiols were colorimetrically quantified by DTNB (Ellman,
1959). After treatments, the cells (4 x 10%) were washed three times with PBS and the pellets
resulting from the last centrifugation were suspended in lysis buffer (0.1% Triton X-100, 0.1 M,
NapHPO4, 5 mM EDTA, pH 7.5) and incubated for 10 min at ice-bath temperature. The total thiol
content was measured spectrophotometrically, at 412 nm, using DTNB (g412 = 13,600 M- cm™).
For the assessment of protein thiols, the lysates were centrifuged on 10,000 MWCO centrifugal
filters AMICON® ULTRA 4 (Millipore, Milan, Italy) and the concentrated protein (with
molecular weight > 10 kDa) fractions were analyzed as indicated above. Non-protein thiol content
was determined in the acid soluble fraction obtained from the same lysates, as described by
Beutler (Beutler, 1984).

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

The cells (1x10°) were suspended in 100 pl of lysis buffer, vortexed and kept for 10 min on

an ice bath. Thereafter, 15 pl of 0.1 N HCI and 140 pl of precipitating solution (0.2 M-glacial

meta-phosphoric acid, 5 mM sodium EDTA, 5 M NaCl) were added to the samples. After
9
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centrifugation, the supernatants were collected and kept at —20° C until the HPLC analyses. Just
before analysis, 60 ul of the acid extract were supplemented with 15 ul of 0.3 M Na,HPO4 and 15
ul of a solution containing 20 mg of DTNB in 100 ml of sodium citrate (1% w/v). The mixture
was stirred for 1 min at room temperature and, after 5 min, filtered through 0.22 um pore micro-
filters. The resulting samples were finally analyzed for their GSH content by an HPLC assay
(Brundu et al., 2016), using a 15 cm x 4.6 mm, 5 um Supelco Discovery® C18 column (Supelco,
Bellefonte, PA). The UV absorption was detected at 330 nm. The injection volume was 20 pl. The
retention time of GSH was approximately 15.7 min.

2.6. DHR fluorescence assay.

The cells were incubated for 30 min with 10 pM DHR prior to the end of the incubation with
arsenite, washed three times and analysed with a fluorescence microscope. Fluorescence images
were captured with a BX-51 microscope (Olympus, Milan, Italy), equipped with a SPOT-RT
camera unit (Diagnostic Instruments, Delta Sistemi, Rome, Italy) using an Olympus LCAch 40
x/0.55 objective lens. The excitation and emission wavelengths were 488 and 515 nm with a 5-nm
slit width for both emission and excitation. Images were collected with exposure times of 100-400
ms, digitally acquired and processed for fluorescence determination at the single cell level on a
personal computer using J-Image software. Mean fluorescence values were determined by
averaging the fluorescence values of at least 50 cells/treatment condition/experiment.

2.7. Measurement of mitochondrial membrane potential.

The cells were incubated for 30 min with 50 nM MitoTracker Red CMXRos prior to the
end of the incubation with arsenite, washed three times and analyzed with a fluorescence
microscope. The resulting images were taken and processed as described above. The excitation
and emission wavelengths were 545 and 610 nm, respectively, with a 5-nm slit width for both
emission and excitation. Mean fluorescence values were determined by averaging the
fluorescence values of at least 50 cells/treatment condition/experiment.

2.8. Immunofluorescence analysis.
10
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After treatments, the cells were suspended in 2 ml of saline A and incubated for 30 min in
35-mm tissue culture dishes containing an uncoated coverslip. Under these conditions, cells
rapidly attach to the coverslip. In some experiments the cells were incubated for 5 min with the
cell-permeable DNA dye (Hoechst 33342, 10 uM) prior to the end of incubation to stain the
nucleus. The cells were then fixed for 1 min with 95% ethanol/5% acetic acid, washed with PBS
and blocked in PBS containing bovine serum albumin (2% w/v) (30 min at room temperature).
The cells were subsequently incubated with rabbit polyclonal anti-P47P"* (sc-17844) (1:100 in
PBS supplemented with 2% bovine serum albumin; Santa Cruz Biotechnology Inc. USA), rabbit
polyclonal anti-Nrf2 (1:50 in PBS containing 2% bovine serum albumin; Santa Cruz
Biotechnology) or monoclonal anti-cytochrome ¢ antibody (1:100 in PBS containing 2% bovine
serum albumin; Santa Cruz Biotechnology) stored for 18 h at 4° C, washed and then incubated for
3 h in the dark with fluorescein isothiocyanate (Santa Cruz Biotechnology)-conjugated secondary
antibody diluted 1:100 in PBS. Stained cells were captured with a fluorescence microscope and
the resulting images were processed for fluorescence determination as described above.

2.9. Fluorogenic caspase 3 assay.

Caspase 3-like activity was monitored as described in Guidarelli et al. (Guidarelli et al.,
2005). Briefly, the cells were lysed and aliquots of the extract (30 pg proteins) were incubated
with 12 uM Ac-DEVD-AMC, at 30 °C. Caspase 3-like activity was determined fluorometrically,
with excitation at 360 nm and emission at 460 nm, by quantifying the release of
aminomethylcoumarin (AMC) from cleaved caspase 3 substrate (Ac-DEVD-AMC).

2.10. Analysis of apoptosis with the Hoechst 33342 assay.

After treatments, the cells were incubated for 5 min with 10 uM Hoechst 33342 and then
analysed with a fluorescence microscope to assess their nuclear morphology (chromatin
condensation and fragmentation). Cells with homogeneously stained nuclei were considered
viable.

2.11. Statistical analysis.
11
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The results are expressed as means + SD. Statistical differences were analyzed by one-way
ANOVA followed by Dunnett’s test for multiple comparison or two-way ANOVA followed by

Bonferroni’s test for multiple comparison. A value of P <0.05 was considered significant.
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3. Results
3.1. Time-dependence of the activation of the Nrf2 signalling pathway.

Logarithmically growing U937 cells were exposed for increasing time intervals to 2.5 uM
arsenite and then processed for Western blot analysis of Nrf2 protein expression. As shown in
Fig. 1A, very low levels of Nrf2 were detected in whole lysates from untreated cells during the 16
h of incubation. Expression of the transcription factor was instead remarkably enhanced in cells
exposed for 4 h to arsenite, with a progressive decline being observed al later times of incubation.
Enhanced Nrf2 expression is normally associated with its nuclear translocation and the ensuing
transactivation of target genes (Abdul-Aziz et al., 2015; Tebay et al., 2015; Hourihan et al., 2016).
Consistently, immunofluorescence studies provided evidence of Nrf2 nuclear translocation after a
6 h exposure to arsenite (Fig. 1B). In addition, expression of GCLC was significantly increased 4
h after addition of arsenite. The maximal increase in GCLC expression was detected at 6 h and
these levels were maintained throughout the entire period of exposure to the metalloid. These
results are indicative of a positive effect of arsenite on GSH biosynthesis. A significant increase
in cellular GSH content was indeed detected in cells exposed for 4 h to the metalloid, with a
plateau reached at the 8 h time point (Fig. 1C).
A final set of experiments was performed in cells exposed for 16 h to 2.5 uM arsenite to obtain an
indication on the cellular sulphydryl status of the cells. As shown in Fig. 1D, this treatment
significantly enhanced the total thiol content of the cells, with hardly any effect detected on
protein thiols. In fact, the increased thiol response was entirely attributable to the non-protein
thiol pool (95% of which is represented by GSH, (Meister and Anderson, 1983)).
These results indicate that, under the conditions employed, arsenite promotes time-dependent Nrf2
activation and enhanced GCLC expression associated with increased GSH biosynthesis.
3.2. The Nrf2 signaling pathway is activated by mitochondrial superoxide.

DHR is a general fluorescence probe responsive to extramitochondrial O»~, hydrogen

peroxide (Gomes et al., 2005) as well as reactive nitrogen species (Kooy et al., 1994), which
13



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

however are not produced under the experimental conditions employed in these studies (Guidarelli
et al., 2016a). Fig. 2A shows the time-dependence of the DHR-fluorescence response induced by
2.5 uM arsenite that, based on the sensitivity to rotenone, AA or the respiration-deficient
phenotype appears entirely mediated by mitoO>~ (Fig. 2A). These results are in keeping with our
previous findings obtained in cells exposed to arsenite for 16 h (Guidarelli et al., 2016a; Guidarelli
et al., 2017). Rotenone, or AA, also suppressed the enhanced expression of both Nrf2 and GCLC
(Fig. 2B), and the increased GSH biosynthesis (Fig. 2C), detected respectively 6 and 8 h after
addition of 2.5 uM arsenite. In addition, the metalloid produced hardly any effect on RD cell GSH
(Fig. 2C), thereby implying the absence of an upstream Nrf2 signaling in cells unable to generate
mitoO;~ in response to arsenite (Fig. 2A).

These results indicate that mitoO;~ is the species responsible for the arsenite-dependent activation
of the Nrf2/GCLC signaling leading to increased GSH biosynthesis. Complete suppression of this
signaling response by treatments/manipulations abolishing mitoO>~ formation argues against the
involvement of additional mechanisms leading to activation of the transcription factor.

3.3. The increased GSH biosynthesis reduces mitochondrial superoxide formation.

We tested the impact of enhanced GSH synthesis in arsenite toxicity with the use of a low
concentration of BSO, an inhibitor of y-GCS (Meister and Anderson, 1983). As indicated in Fig.
3A, 2.5 uM BSO promoted a time-dependent decrease in cellular GSH, detectable after 4 h and
reaching an about 30% decrease at 16 h. It was interesting to observe that a superimposable curve
was obtained using cells supplemented with both BSO and arsenite, thereby implying that BSO
prevents the enhanced GSH biosynthesis induced by the metalloid. The results illustrated in Fig.
3B indicate that BSO, under the same conditions, significantly increased the extent of the time-
dependent DHR-fluorescence response elicited by arsenite. BSO instead failed to produce effects
in the absence of additional treatments. The DHR-fluorescence response detected 8 and 16 h after
addition of arsenite was suppressed by rotenone, the respiration-deficient phenotype or AA,

regardless of whether induced by the metalloid alone (Fig. 2A) or associated with BSO (Fig. 3C).
14
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These results suggest that inhibition of the GSH response significantly enhances the mitochondrial
mechanisms leading to O~ formation, with no evidence for a recruitment of additional
mechanisms. The possibility of an activation of NADPH oxidase was nevertheless tested. We
recently demonstrated that Apo and DPI, two different NADPH inhibitors (Brandes et al., 2014),
fail to affect the DHR-fluorescence response evoked by arsenite in the absence of other treatments
(Guidarelli et al., 2016b). The results illustrated in Fig. 3C indicate that similar results are
obtained after combined exposure to arsenite and BSO. Moreover, there was no evidence of
activation of NADPH oxidase, as measured by immunocytochemical detection of its membrane
translocation, in cells exposed for 16 h to arsenite alone, as we previously demonstrated
(Guidarelli et al., 2016b), or associated with BSO (Fig. 3Da and b). PMA was used as positive
control to promote Apo-, or DPI-, sensitive activation of NADPH oxidase (Fig. 3Dc-e) and DHR
fluorescence (Fig. 3Df). The results presented in this section indicate that the increased GSH
biosynthesis induced by arsenite is functionally-linked to events limiting mitoO,™ formation.

3.4. The increased GSH biosynthesis mitigates mitochondrial dysfunction.

We have previously reported that arsenite causes U937 cell death via a mechanism mediated
by the formation of mitoO,", leading to loss of mitochondrial membrane potential and MPT, and
to the ensuing triggering of the mitochondrial pathway of apoptosis (Guidarelli et al., 2015;
Guidarelli et al., 2016a). We therefore tested whether BSO, by anticipating and increasing the rate
of Oy~ formation, also promotes similar effects on the apoptotic cascade. As indicated in Fig. 4A,
arsenite elicited a time-dependent mitochondrial depolarization and this response was significantly
increased by concomitant exposure to BSO. Furthermore, loss of mitochondrial membrane
potential detected at 16 h was sensitive to treatments preventing mitoO>~ formation and to the
MPT inhibitor CsA, regardless of whether induced by the metalloid alone (Guidarelli et al., 2015;
Guidarelli et al., 2016a) or associated with BSO (Fig. 4B). These results therefore suggest that
BSO increases the sensitivity of the cells to MPT induced by arsenite. The CsA-sensitive release

of cytochrome ¢ was next assessed to further support the notion that the GSH response delays and
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mitigates the onset of MPT in cells exposed to arsenite. For this purpose, we employed an
immunocytochemical approach allowing detection of a punctuate fluorescence in untreated cells,
consistently with the mitochondrial localization of cytochrome ¢. MPT is associated with a loss of
the punctuate fluorescence as a consequence of the dilution of cytochrome c released by the
mitochondria in the cytosol. The use of this approach allowed us to calculate the number of cells
presenting evidence of mitochondrial loss of cytochrome c, indicative of MPT, in response to
various treatments and conditions. The results summarized in Fig. 4C indicate that a 6 h exposure
to arsenite promotes cytochrome c release in a very small proportion of the cells, that dramatically
increased upon supplementation of BSO, which instead failed to produce effects in the absence of
the metalloid. As previously observed in experiments measuring loss of mitochondrial membrane
potential, the effects mediated by arsenite/BSO in terms of mitochondrial loss of cytochrome ¢
were sensitive to CsA, rotenone, the respiration-deficient phenotype or AA. These results
therefore emphasize the relevance of the GSH response elicited by arsenite in the triggering of
events leading to prevention of mitochondrial dysfunction. Inhibition of de novo GSH
biosynthesis indeed anticipates and increases mitochondrial depolarization and MPT.

3.5. The increased GSH biosynthesis delays and mitigates apoptosis.

We performed experiments to determine whether the increased rate of mitoO,™ formation,
resulting from inhibition of the GSH response, also anticipates and increases the arsenite-
dependent apoptosis. In these experiments, the cells were exposed for 6 or 16 h to arsenite,
conditions respectively associated with no or barely detectable levels of caspase 3 activation (Fig.
5A). As previously reported, significant activation of caspase 3 is instead detected after 16-48 h
(Guidarelli et al., 2017). Supplementation of BSO resulted in remarkably increased caspase 3
activity, appreciable even at the shortest time of incubation. Furthermore, under both conditions,
activation of caspase 3 was sensitive to CsA, rotenone, the respiration-deficient phenotype or AA.
These results therefore provide evidence for a significant anticipation of the processes leading to

activation of caspase 3, critically involved in the mitochondrial pathway of apoptosis (Kurokawa
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and Kornbluth, 2009; Fiandalo and Kyprianou, 2012). Further analyses measuring chromatin
condensation/fragmentation indeed revealed that 2.5 uM arsenite promotes an apoptotic response,
barely detectable at 24 h and increasing thereafter (Fig. 5B). About 15% of the cells were
apoptotic at 48 h, as we also recently reported (Guidarelli et al., 2015; Guidarelli et al., 2016a).
Interestingly, BSO significantly enhanced, and remarkably anticipated, the apoptotic response
mediated by the metalloid. CsA, rotenone, the respiration-deficient phenotype and AA prevented
apoptosis in cells exposed to the metalloid alone (Guidarelli et al., 2016a; Guidarelli et al., 2016b)
or associated with BSO (inset to Fig. 5B). The last series of experiments was performed using
cells exposed for 16 h to arsenite in the absence or presence of increasing concentrations of BSO.
In keeping with the results illustrated in Fig. 3A, an identical progressive decline in cellular GSH
levels was observed under both conditions (Fig. 5C). Furthermore, BSO caused a dose-dependent
induction of apoptosis in cells supplemented with arsenite, with hardly any effect detected after
exposure to the metalloid or BSO alone (Fig. 5D). These results provide compelling evidence for
the relevance of the GSH response, elicited by arsenite via a mechanism entirely mediated by
mitoO;™, in the triggering of events counteracting excessive mitoO,™ formation and the ensuing

mitochondrial dysfunction and apoptosis.
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4. Discussion

Our previous studies showed that arsenite exposure of U937 cells leads to the selective and
unique formation of mitoO;™ (Guidarelli et al., 2016a; Guidarelli et al., 2016b; Guidarelli et al.,
2017), an event responsible for the triggering of downstream events leading to mitochondrial
dysfunction and apoptosis (Guidarelli et al., 2016a; Guidarelli et al., 2016b). This cause-effect
relationship was not established with the use of high concentrations of non-specific
antioxidants/radical scavengers but, rather, with the use of treatment/manipulations selectively
blunting mitoO,~ formation. In particular, the formation of this species was inhibited either
chemically, i.e. with rotenone through the suppression of complex I activity (Degli Esposti, 1998),
or with the use of cells manipulated to induce respiratory-chain deficiency. Under these different
conditions, prevention of mitoO>~ formation was invariably associated with suppression of
mitochondrial dysfunction and cytotoxicity. An additional approach to reach the same conclusion
was based on the observation that pre-exposure to a low concentration of AA (10 uM) results in
the same protective effects. It is important to emphasize that our previous studies demonstrated
that mitochondrial AA effectively and rapidly scavenge mitoO;™ generated in response to arsenite
(Guidarelli et al., 2015; Guidarelli et al., 2016a), with hardly any effect mediated by cytosolic AA.

This premise, while recapitulating critical information relevant for the experimental design of
the present study, emphasises the notion that mitoO,™ is a critical player of the arsenite-dependent
apoptotic response under investigation. Our results are indicative of a very little -if any-
contribution of other mechanisms, for example related to the direct binding of the metalloid to
protein and non-protein thiols (Shen et al., 2013; Watanabe and Hirano, 2013).

The first question addressed concerns the role of this species, and its downstream products, in
the triggering of the Nrf2 cytoprotective signalling. We therefore used the same approach
outlined above, however introducing a focus on the timing of the events under investigation. We
initially showed that the time-dependence of Nrf2 activation is compatible with the kinetics of

mitoO;™ formation. A cause-effect relationship between these events was then established with the
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demonstration that Nrf2 expression is abolished by treatment/conditions suppressing mitoO>™
formation.

It is very well known that Nrf2 activation is associated with the expression of various
cytoprotective genes (Abdul-Aziz et al., 2015; Tebay et al., 2015; Hourihan et al., 2016). We
focused our attention on GCLC and found that its time-dependent increased expression, and the
resulting enhanced GSH biosynthesis, were also kinetically compatible with the upstream role of
mitoO;™ and the ensuing Nrf2 activation. Not surprisingly, treatments blunting Nrf2 activation
through inhibition of mitoO;™ formation also abolished the increased GCLC expression and GSH
biosynthesis.

The results thus far discussed allow a first conclusion, possibly relevant in different cellular
systems in which arsenite selectively promotes the formation of mitoO,™. This species cannot exit
mitochondria and is in fact rapidly dismutated by MnSOD to diffusible H>O, (Hamanaka and
Chandel, 2010; Kudryavtseva et al., 2016). In this direction we recently showed that, under the
same conditions employed in this study, arsenite-derived H>O» produces distal effects, as DNA
strand scissions and modulation of gene expression (Guidarelli et al., 2017). Hence, the above
results are consistent with the notion that mitoO,™, via the resulting H>O», is the only species
involved in Nrf2 expression/activation, and in the ensuing GSH response. This consideration
apparently rules out the possible contribution of other mechanisms, as the direct binding of arsenic
to Nrf2 itself, or Keapl, previously described in other systems, in which however the source of the
radical species produced were not determined (He and Ma, 2009; He and Ma, 2010; Lau et al.,
2013).

A more general conclusion from our results is instead that mitoO;™ plays a pivotal role in the
response of the cells to arsenite, as it critically regulates the triggering of both toxicity and
cytoprotective mechanisms. Future studies should determine whether the same is true for
NADPH-oxidase derived O™ and whether the same relationship is eventually maintained under

conditions in which both mechanisms are sequentially recruited. This notion will be addressed in
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the respiration-deficient cells used in this study, that require about 4 time greater concentrations of
arsenite to significantly activate NADPH oxidase (Guidarelli ef al., 2016b).

An additional consideration we can make is on the relationships existing between the rate of
mitoO,/H>O» formation and the increased GSH biosynthesis. It has been proposed that binding of
arsenic to GSH leads to formation of a conjugate extruded by the cells via multidrug transporters,
an event resulting in GSH depletion and enforcing ROS formation (Leslie, 2012; Watanabe and
Hirano, 2013). Although the formation of the arsenic/GSH complex, and the consequent decline
in GSH content, would be masked by the enhanced GSH biosynthesis, we nevertheless consider
poorly relevant its occurrence in the toxicity paradigm under investigation, since the GSH levels
observed after inhibition of mitoO,™ formation were identical to those detected in untreated cells.
Our conclusion is therefore that mitoO,/H>O» formation is not the consequence of GSH depletion
but rather a cause, eventually concealed by the Nrf2 signalling response. Another point we can
make is that, in the toxicity paradigm under investigation, the contribution of detoxification
mechanisms based on the formation of GSH-trivalent arsenic complexes (Leslie, 2012; Watanabe
and Hirano, 2013) is poor, or negligible.

The second major question addressed was on the significance of the Nrf2/GCLC/GSH
response, under the same conditions in which the metalloid triggers these events, and the
mitochondrial pathway of apoptosis, in response to the same mitoO; -dependent signalling. This
question cannot find an explanation on previous findings obtained using cells with down-regulated
Nrf2 (or GCLC) expression, as obtained using siRNA technologies or KO mice (Jiang et al., 2009;
Yang et al., 2012; Yang et al., 2015), or using approaches (e.g., BSO prior to treatment with
arsenite) leading to an initial decreased GSH pool (Meister and Anderson, 1983). All these
conditions are indeed associated with an impaired defence machinery and with an acquired
susceptibility to arsenite toxicity, which can obviously become apparent regardless of the source

of ROS involved.
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The question we asked is more specifically linked to the condition of acute arsenite exposure
associated with the ongoing toxicity and protective signalling pathway triggered by mitoO,™. Our
kinetic studies established that the Nrf2/GCLC/GSH pathway is characterised by a rapid
occurrence, as maximally activated within the first 6-8 h of exposure to the metalloid.
Mitochondrial dysfunction is also detected under the same conditions, but then further increases in
the subsequent 8 h to finally promote delayed apoptotic DNA fragmentation, detected after 48 h in
about 15% of the cells. We were interested to determine the specific impact of the
Nrf2/GCLC/GSH pathway in the timing/extent of the above responses.

In order to approach this issue, we first established that a low concentration of BSO, 2.5 uM,
suppresses the GSH response to then demonstrate that this manipulation significantly increased
the rate of ROS formation induced by arsenite. Interestingly, this event was entirely mediated by
the increased mitoO,~ formation, since completely suppressed by rotenone, the respiration-
deficient phenotype or AA. In addition, we also ruled out the possibility of a recruitment of other
mechanisms leading to O™ formation, as the activation of NADPH oxidase.

These results therefore suggest that the triggering of the GSH response mitigates the extent of
time-dependent mitoO>™ release. Although more studies should specifically address this issue, it
appears that mitoO>™ initially produced by arsenite triggers the GSH response to down-modulate
further mitoO,™ release. In this perspective, the increased GSH biosynthesis, which only takes
place in the cytosol, should lead to increased mitochondrial accumulation of GSH, an established
and well-characterised process (Ribas et al., 2014; Calabrese et al., 2017). Mitochondrial GSH
would then promote its effects by reducing mitoO,™ formation in the mitochondrial respiratory
chain and supporting reactions leading to prevention of mitochondrial damage or to detoxification
of H>O> (Ribas et al., 2014; Calabrese et al., 2017).

A final observation from this study was that the increased rate of mitoO," formation
associated with prevention of the GSH response is followed by a dramatic anticipation of

mitochondrial dysfunction and downstream events leading to apoptosis.
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In conclusion, our results indicate that a low concentration of arsenite induces in U937 cells
a time-dependent mitoO>~ formation leading to delayed MPT-dependent apoptosis. Under the
same treatment conditions, mitoO; -derived H>O» diffuses to extramitochondrial compartments,
thereby promoting early activation of the Nrf2/GCLC/GSH signalling. Enhanced GSH
biosynthesis is then associated with inhibition of excessive mitoO>™ formation, with an ensuing
decreased and delayed mitochondrial dysfunction and apoptosis. Suppression of this signalling is
indeed invariably associated with remarkably accelerated and enhanced rates of events leading to

MPT-dependent apoptosis.
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Fig. 1. Arsenite promotes a time-dependent expression of Nrf2 and CGLC accompanied by
increased GSH biosynthesis. (A) Cells were exposed for increasing time intervals to 2.5 uM
arsenite and analysed for Nrf2 and GCLC expression using actin as a loading control. (B)
Representative images providing evidence of Nrf2 expression/nuclear localization in cells
exposed for 6 h to arsenite. Immunofluorescence staining indicative of Nrf2 expression in cells
exposed to the vehicle (a) or to arsenite (b). (c) and (d) are images taken from the same field in
which the nuclear compartments are identified by Hoechst staining. Scale bar represents 20 pum.
(C) Cells were exposed for increasing time-intervals to arsenite and then analysed for their GSH
content by HPLC. (D) Cells exposed for 16 h to arsenite were analysed for their total, protein
and non protein thiol content, as detailed under Materials and methods. Results represent the
means + SD calculated from at least 3 separate experiments. *P < 0.05, **P < 0.01, as compared
to untreated cells (one-way ANOVA followed by Dunnet’s test).
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Fig. 2. Mitochondrial superoxide mediates the arsenite-dependent Nrf2/GCLC/GSH response.
(A) Cells were exposed for increasing time intervals to 2.5 uM arsenite, either alone or
associated with 0.5 uM rotenone (Rot) or 10 uM AA and analysed for their DHR-fluorescence
response. The effect of arsenite was also investigated in RD cells. Results represent the means +
SD calculated from at least 3 separate experiments. *P < 0.05, **P < 0.01, as compared to
untreated cells (two-way ANOVA followed by Bonferroni’s test).

(B) Cells were exposed for 6h to 2.5 uM arsenite, either alone or associated with rotenone (Rot)
or AA, and analysed for Nrf2 and GCLC expression.

(C) Cells were exposed for 16h to 2.5 uM arsenite, either alone or associated with rotenone
(Rot) or AA, and analysed for their GSH content. The effect of arsenite was also tested in RD
cells. GSH content is expressed as a percentage of the GSH concentration found in the control
cells. Results represent the means + SD calculated from at least 3 separate experiments. **P <
0.01, as compared to untreated cells (one-way ANOVA followed by Dunnet’s test).
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Fig. 3. The enhanced GSH biosynthesis reduces the rate of mitochondrial superoxide formation
induced by arsenite. (A and B) Cells were exposed for increasing time intervals to 0 or 2.5 uM
arsenite, both in the absence or presence of 2.5 uM BSO. At the indicated times, aliquots of the
cells were processed for the measurement of their GSH content (results are expressed as a
percentage of the GSH content of their appropriate controls, A) and for the analysis of the DHR-
fluorescence response (B). Results represent the means = SD calculated from at least 3 separate
experiments. *P < 0.05, **P < 0.01, as compared to untreated cells or arsenite treated cells (two-
way ANOVA followed by Bonferroni’s test). (C) Cells were treated for 8 or 16 h with arsenite
and BSO, both in the absence or presence of rotenone (Rot), AA, DPI (1 uM) or Apo (10 uM).
After treatments, the cells were analyzed for DHR-fluorescence. The effect of arsenite/BSO was
also tested in RD cells. (D) Representative micrographs showing p47phox localization in cells
exposed for 16 h to BSO alone (a) or associated with arsenite (b). In other experiments the cells
were exposed for 30 min to 100 pg/ml PMA alone (c) or associated with Apo (d), or DPI (e).
The inhibitors were added to the cultures 15 min prior to PMA treatment. The micrographs are
representative of at least three separate experiments. Scale bar represents 20 um. Panel (f)
shows the DHR-fluorescence response detected in cells exposed to PMA in the absence or
presence of Apo, or DPI. Results represent the means + SD calculated from at least 3 separate
experiments. *P < 0.05, **P < 0.01, as compared to untreated cells (one-way ANOVA followed
by Dunnet’s test).
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Fig. 4. The increased GSH biosynthesis mitigates and delays mitochondrial dysfunction induced
by arsenite. (A) Cells were exposed for increasing time intervals to arsenite alone or associated
with BSO. After treatments, the cells were analyzed for MitoTracker red CMXRos-fluorescence.
Results represent the means + SD calculated from at least 3 separate experiments. *P < 0.05, as
compared to arsenite treated cells (two-way ANOVA followed by Bonferroni’s test). (B) Cells
were exposed for 16 h to arsenite and BSO in the absence or presence of rotenone (Rot), AA, or
CsA (0.5 uM). Selected experiments were performed using RD cells. After treatments, the cells
were analyzed for MitoTracker red CMXRos-fluorescence. Results represent the means = SD
calculated from at least 3 separate experiments. **P < 0.01, as compared to untreated cells (one-
way ANOVA followed by Dunnet’s test). (C) Cells were exposed for 6 h to arsenite alone, or
associated with BSO, both in absence or presence of rotenone (Rot), AA, or CsA. The effect of
arsenite/BSO was also tested in RD cells. After treatments, cytochrome c¢ localization was
determined by immunofluorescence staining with anti-FITC antibody. The graph shows the
percentage of cells with diffused fluorescence as a consequence of the mitochondrial loss of
cytochrome ¢ (n=150). **P < 0.01, as compared to untreated cells (one-way ANOVA followed
by Dunnet’s test).
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755 Fig. 5. The increased GSH biosynthesis mitigates and delays the apoptotic death induced by
756 arsenite. (A) Cells were exposed for 6 or 16 h to arsenite alone, or associated with BSO, both in
757 absence or presence of rotenone (Rot), AA, or CsA. The effect of arsenite/BSO was also tested
758 in RD cells. After treatments, the cells were analysed for caspase-3 activity, as detailed in
759 Materials and methods. Results represent the means = SD calculated from at least 3 separate
760 experiments. *P < 0.05, **P < 0.01, as compared to untreated cells (one-way ANOVA followed
761 by Dunnet’s test). (B) Cells were exposed for increasing time intervals to arsenite alone or
762 associated with BSO. After treatments, the cells were analyzed for apoptosis, by measuring
763 chromatin fragmentation/condensation with the Hoechst assay. Results represent the means +
764 SD calculated from at least 3 separate experiments. *P < 0.05, as compared to arsenite treated
765 cells (two-way ANOVA followed by Bonferroni’s test). The inset shows the effect of CsA,
766 rotenone (Rot), AA or the respiration-deficient phenotype on the apoptotic response mediated by
767 a 16 h exposure to arsenite/BSO. Results represent the means + SD calculated from at least 3
768 separate experiments. **P < 0.01, as compared to cells exposed to arsenite/BSO (one-way
769 ANOVA followed by Dunnet’s test). Cells were exposed for 16 h to increasing concentrations
770 of BSO in the absence or presence of arsenite and analysed for (C) GSH content (expressed as a
771 percentage of the GSH concentration found in the control cells) and for (D) apoptotic DNA
772 fragmentation/condensation. Results represent the means = SD calculated from at least 3
773 separate experiments. *P < 0.05, **P < 0.01, as compared to untreated cells (two-way ANOVA
774 followed by Bonferroni’s test).
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	2.1. Chemicals.
	Sodium arsenite, AA, rotenone, diphenyleneiodonium (DPI), apocynin (Apo), phorbol-12-myristate-13-acetate (PMA), DL-buthionine-[S,R]-sulfoximine (BSO), Hoechst 33342, GSH, dithiobis-(2-nitrobenzoic acid), (DTNB) as well most of the reagent-grade chemi...

