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dependent on endoplasmic reticulum (ER) oxidoreductin1a (ERO1a) up-regulation.
Under these conditions, the fraction of Ca2+ released by the RyR via an ERO1a-
dependent mechanism was promptly cleared by the mitochondria and critically
mediated O2-. formation, responsible for the triggering of time-dependent events
associated with strand scission of genomic DNA and delayed mitochondrial apoptosis. 
We herein report that, in differentiated C2C12 cells, this sequence of events can be
intercepted by genetic deletion of ERO1a as well as by EN460, an inhibitor of ERO1a
activity. Similar results were obtained for the early effects mediated by arsenite in
proliferating U937 cells, in which however the long-term studies were hampered by the
inhibitor intrinsic toxicity.  It was then interesting to observe that ISRIB, an inhibitor of p-
eIF2α, was in both cell types devoid of intrinsic toxicity and able to suppress ERO1a
expression and the resulting downstream effects leading to arsenite geno- and cyto-
toxicity. We therefore conclude that pharmacological inhibition of ERO1a activity, or
expression, effectively counteracts the deleterious effects induced by the metalloid via
a mechanism associated with prevention of mitochondrial O2-. formation.

Response to Reviewers: Response to reviewers’ queries
Reviewer 1
1. Similarity index was high only in two sections of our first submission, References
and Material and Methods.   We cannot change the references. We instead introduced
several changes in the Material and Methods section.
2. Title was changed.
3. New Western blots are presented in the revised version of the paper.  Hope this
reviewer find the acceptable in high resolution.
4. We tried to improve the quality of writing.
5. Title of Fig. 5 was changed.
Reviewer 2
1. The experimental results illustrated in Fig. 3 indicate that treatment for up to 24 h
with 10 uM EN460 is not toxic for WT D-C2C12, as measured by counting the number
of trypan blue positive and negative cells, as well as the number of Hoechst positive
cells.  However, under identical conditions, EN460 failed to promote toxicity only at 6h,
with a time-dependent induction of both necrotic (increase in trypan positive cells) and
apoptotic death (increase in Hoechst positive cells) at 16 and 24 h.  ISRIB (200 nM)
instead failed to induce toxicity in both cell lines, under all of these conditions.
The above experiments were therefore performed to select appropriate conditions to
test the effect of ISRIB and EN460 on various toxicity endpoints induced by arsenite.
These inhibitors were used under conditions (cell line and time of exposure) in which
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there was no evidence of intrinsic toxicity.
Based on these preliminary results, we decided to test the effect of ISRIB in both U937
and WT D-C2C12 cells exposed for 6, 16 or 24h to arsenite.  The effect of EN460 was
instead tested in similar experiments only in WT D-C2C12 cells.  The results reported
in the former Fig 4E (now Fig 4F) do not indicate that U937 cells are resistant to
apoptosis induced by arsenite (which would be in obvious contrast with the data
reported in Fig. 3).  Rather, the effect of EN460 under these conditions was NOT
TESTED (NT).   To make it more clear, the new Fig 4F only presents 4 bars (control,
arsenite and arsenite plus CsA or ISRIB).
Given the observed lack of toxicity of EN460 at 6 h, we tested the effect of EN460 on
the DNA damaging response elicited by arsenite
We were impressed by high vulnerability of U937 cells to EN460, apparently shared by
other hematological tumor cells (this point is commented in text of the revised version
of the paper).  We therefore agree with this reviewer that a very large proportion of
these cells were metabolically dead at 16-24 h.  For obvious reasons, we did not test
the effects of EN460 in the arsenite-dependent toxicity parameters measured at 16 or
24 h.
2.      The results section is divided in various sub-sections, as requested.
3.      We performed the experiments requested and now present the results from
Western blot studies in which cytochrome c immunoreactivity is measured in both the
mitochondrial and cytosolic fractions.
4.      This reviewer suggests to perform experiments to demonstrate that arsenite
induces DNA strand scission via a ROS-dependent mechanism.   However this
information was given in a previous study from our laboratory (Guidarelli et al.,
Biofactors 2017), in which we also demonstrated the involvement of mitochondrial
superoxide.  This information is now reported in two different parts of the revised
version of the manuscript.
5.      We used one or two * to indicate that the response mediated by arsenite (alone
or with other additions) is significantly different from that of untreated cells.  In addition,
one or two # indicate that the response of arsenite associated with various treatments
is statistically different from that mediated by arsenite alone.
The title of Fig 5 was re-written.
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ABSTRACT  

Our recent studies suggest that arsenite stimulates the crosstalk between the inositol 1, 4, 5-

triphosphate receptor (IP3R) and the ryanodine receptor (RyR) via a mechanism dependent on 

endoplasmic reticulum (ER) oxidoreductin1 (ERO1) up-regulation. Under these conditions, the 

fraction of Ca2+ released by the RyR via an ERO1-dependent mechanism was promptly cleared by 

the mitochondria and critically mediated O2
-. formation, responsible for the triggering of time-

dependent events associated with strand scission of genomic DNA and delayed mitochondrial 

apoptosis.  We herein report that, in differentiated C2C12 cells, this sequence of events can be 

intercepted by genetic deletion of ERO1 as well as by EN460, an inhibitor of ERO1 activity. 

Similar results were obtained for the early effects mediated by arsenite in proliferating U937 cells, in 

which however the long-term studies were hampered by the intrinsic toxicity of the inhibitor.  It was 

then interesting to observe that ISRIB, an inhibitor of p-eIF2 alpha, was in both cell types devoid of 

intrinsic toxicity and able to suppress ERO1 expression and the resulting downstream effects 

leading to arsenite geno- and cyto-toxicity. We therefore conclude that pharmacological inhibition of 

ERO1activity, or expression, effectively counteracts the deleterious effects induced by the 

metalloid via a mechanism associated with prevention of mitochondrial O2
-. formation. 

 

 

 

 

Keywords: arsenite; ERO1α; mitochondrial Ca2+; mitochondrial superoxide; DNA damage; 

apoptosis. 
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1. Introduction 

Arsenite is a ubiquitous environmental contaminant with potent carcinogenic and toxic properties 

(Flora, 2011; Jomova et al., 2011; Minatel et al., 2018; Nurchi et al., 2020). The molecular 

mechanisms involved in these responses, still poorly understood, are conditioned by the ability of the 

metalloid to bind to protein thiols (Nurchi et al., 2020; Shen et al., 2013; Vergara-Geronimo et al., 

2021) and to promote the formation of reactive oxygen species (ROS) (Flora, 2011; Hu et al., 2020; 

Jomova et al., 2011; Nurchi et al., 2020), which may then contribute to the induction of numerous 

deleterious effects. The overall scenario therefore appears rather confused, with many unanswered 

questions, further complicated by the existence of cell type and concentration-dependent mechanisms 

(Flora, 2011; Guidarelli et al., 2021; Hu et al., 2020).   

With these considerations in mind, we initially developed a well-defined toxicity paradigm associated 

with mitochondrial superoxide (mitoO2
-.) formation (Guidarelli et al., 2020; Guidarelli et al., 2019a). 

We found that these species are actively generated after exposure of U937 cells to low micromolar 

concentrations of arsenite via a mechanism critically regulated by Ca2+ (Guidarelli et al., 2021; 

Guidarelli et al., 2019a), thereby emphasizing the importance of parallel effects mediated by the 

metalloid in the endoplasmic reticulum (ER). More specifically, arsenite induced an initial 

stimulation of the inositol-1,4, 5-trisphosphate receptor (IP3R), critically connected with the 

activation of the ryanodine receptor (RyR), finally responsible for the release of the fraction of Ca2+ 

accumulated by the mitochondria (Guidarelli et al., 2021; Guidarelli et al., 2019a).  Interestingly, this 

sequence of events was observed in other cell types characterized by a similar functional organization 

of the ER/mitochondria network, including terminally differentiated C2C12 cells (Guidarelli et al., 

2019a).  

Recently, we reported that the above crosstalk between the IP3R and RyR is regulated by ER 

oxidoreductin1 (ERO1) (Spina et al., 2022).  More specifically, arsenite promoted ERO1 

expression and its pharmacological or genetic inhibition was associated with prevention of Ca2+ 
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release from the RyR, the ensuing mitochondrial Ca2+ accumulation and the final mitoO2
-. formation 

(Spina et al., 2022).  

Having previously demonstrated that arsenite-induced mitoO2
-. leads to an early DNA strand scission 

(Guidarelli et al., 2017), followed by mitochondrial dysfunction and mitochondrial permeability 

transition (MPT)-dependent apoptosis (Guidarelli et al., 2017), we challenged the hypothesis of 

preventing the deleterious effects of arsenite by targeting ERO1.   

For this purpose we used EN460, an inhibitor of the reshuffling of electrons in ERO1, thereby 

blunting its redox activity (Blais et al., 2010; Hayes et al., 2019).  In a recent study (Spina et al., 

2022), this inhibitor was successfully employed to infer a role of ERO1 in RyR activation after the 

stimulation of the IP3R mediated by arsenite.  In these experiments, however, EN460 was used at 10 

µM and left in the cultures for 6 h, i.e., under carefully selected conditions in which the impact of 

ERO1 inhibition was not associated with confounding toxic effects of the inhibitor.  On the other 

hand, EN460 displays numerous off target effects (Blais et al., 2010; Hayes et al., 2019), thereby 

implying the possibility that longer times of incubation will eventually promote toxicity.   

We therefore considered the possibility of limiting the impact of ERO1 through the inhibition of its 

expression.  ISRIB is a small molecule inhibiting the activity of p-eIF2 alpha and the expression of 

CHOP, which is upstream to ERO1 in the PERK branch of the ER stress response (Sidrauski et al., 

2015; Zyryanova et al., 2021). Most importantly, ISRIB is not particularly toxic in cultured cells 

(Hosoi et al., 2016; Koncha et al., 2021) and other preclinical models (Halliday et al., 2015; Wong et 

al., 2019), thereby suggesting the possibility of its use in humans (Rabouw et al., 2019; Schoof et al., 

2021; Sidrauski et al., 2015). 

Based on these considerations, we characterized the effects of ISRIB on arsenite-induced expression 

of ERO1, deregulation of Ca2+ homeostasis and mitoO2
-. formation in U937 and in Wild Type 

differentiated C2C12 cells (WT D-C2C12). We then performed an accurate characterization of the 
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toxic effects mediated by EN460, or ISRIB, over a 6-24 h exposure time-window, to finally address 

the issue of whether pharmacological inhibition of either the activity or expression of ERO1 

prevents the early DNA strand scission and the delayed MPT-dependent apoptosis induced by 

arsenite.  The outcome of these inhibitor studies was compared with that of experiments using ERO1 

KO  C2C12 myotubes (ERO1 KO D-C2C12).  
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2. Materials and methods 

2.1. Chemicals 

Sodium arsenite, thaspigargin, 2-aminoethoxydiphenyl borate (2-APB), ryanodine (Ry), Hoechst 

33342 as well most of reagent-grade chemicals were purchased from Sigma-Aldrich (Milan, Italy). 

ISRIB and EN460 were obtained from Calbiochem (San Diego, CA). Cyclosporin A (CsA) was from 

Novartis (Bern, Switzerland). Fluo-4-acetoxymethyl ester, Rhod 2-acetoxymethyl ester and 

MitoSOX red were purchased from Thermo Fisher Scientific (Milan, Italy).  

2.2. Cell culture 

Human U937 promonocytic cells were cultured 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 μg/ml) (Euroclone), at 37 °C in T-75 tissue culture 

flasks (Corning Inc., Corning, NY, USA) gassed with an atmosphere of 95% air-5% CO2.  

Wild type (WT) and ERO1α KO C2C12 myoblasts, generated as detailed in (Varone et al., 2019), 

were cultured in high-glucose D-MEM (Sigma-Aldrich) supplemented with 10% heat inactivated 

FBS, 2 mM L-glutamine (Euroclone).  Proliferating WT and ERO1α KO myoblasts had a similar 

morphology that in both circumstances changed significantly after 4 days of growth in D-MEM 

supplemented with 1% heat-inactivated serum. WT and ERO1α KO myotubes (WT D-C2C12 and 

ERO1α KO D-C2C12) also had a similar morphology. Remarkably similar was also the gain of 

expression of specific markers of differentiation, as increased myogenin and myosin (Spina et al., 

2022). In addition, Western blot of the lysates provided evidence of ERO1α expression in WT D-

C2C12 cells but not in ERO1α  KO D-C2C12 cells (Spina et al., 2022).  

2.3. Sub-cellular fractionation and western blot analysis 

Cells were lysed with the addition of a buffer containing 50 mM Tris, 5mM EDTA, 150 mM NaCl, 

0,5% Triton, 0,1% SDS, 1 mM DTT, 1 mM Na3VO4, 1 mM NaF, 350 mM PMSF, 1% protease 
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inhibitor complex, pH 7,5. In some experiments, the cells were processed to obtain the cytosolic and 

mitochondrial fractions, as previously described (Yu et al., 2003).  30 μg of proteins were loaded in 

each lane, separated by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate 

and transferred to polyvinyldiene difluoride membranes. The membranes were blocked and incubated 

with antibodies against ERO1α (NB 100-2525, Atlas Antibodies, Stockholm Sweden), cytochrome c 

(sc-13560, Santa Cruz Biotecnology, Santa Cruz, CA) β-actin (VMA00048, Bio-Rad, Hercules, CA), 

and HSP-60 (sc-13115, Santa Cruz Biotecnology). Immunoblots were processed with horse-radish 

peroxidase-conjugated anti-rabbit (ERO1α) or anti-mouse (β-actin, cytochrome c and HSP-60) 

antibodies. Antibodies against β-actin and HSP-60 were used to assess the equal loading of the lanes 

and the purity of the fractions. Relative amounts of proteins were quantified by densitometric analysis 

using Image J software.  

2.4. Measurement of cytosolic and mitochondrial Ca2+ levels 

The cells were exposed to 4 µM Fluo-4-acetoxymethyl ester, or 10 µM Rhod 2-acetoxymethyl ester, 

in the last 30 min of the treatments. The cells were then washed with a phosphate buffer saline (PBS, 

136 mM NaCl, 10 mM Na2HPO4, 1.5 mM KH2PO4, 3 mM KCl; pH 7.4) and processed for 

fluorescence microscopy analysis as previously detailed (Spina et al., 2022).    

2.5. MitoSOX red fluorescence assays 

The cells were exposed to 5 μM MitoSOX red in the last 30 min of the treatments. The cells were 

then washed with PBS and processed for fluorescence microscopy analysis as indicated in (Spina et 

al., 2022).   

2.6. Measurement of DNA single-strand breakage by the alkaline halo assay 

The formation of DNA single-strand breaks was determined using the alkaline halo assay. Details 

on the method, processing of fluorescence images and calculation of the experimental results are 

provided in (Cantoni and Guidarelli, 2008). The nuclear spreading factor value, represents the ratio 
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between the area of the halo (obtained by subtracting the area of the nucleus from the total area, 

nucleus + halo) and that of the nucleus, from 50 to 75 randomly selected 

cells/experiment/treatment condition. Results are expressed as relative nuclear spreading factor 

values calculated by subtracting the nuclear spreading factor values of control cells from those of 

treated cells. 

2.7. Measurement of mitochondrial membrane potential  

Cells were exposed to 50 nM MitoTracker Red CMXRos in the last 30 min of the treatments. The 

cells were then washed with PBS and processed for fluorescence microscopy analysis as indicated in 

(Spina et al., 2022).  

2.8. Immunofluorescence analysis 

Cells were incubated for 16 h in the absence or presence of arsenite, 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 monoclonal anti-

cytochrome c antibodies (1:100 in PBS containing 2% bovine serum albumin; Santa Cruz 

Biotechnology) stored for 18 h at 4° C, washed and incubated for 3 h in the dark with fluorescein 

isothiocyanate (Santa Cruz Biotechnology)-conjugated secondary antibody diluted 1:100 in PBS. The 

cells were finally examined with a fluorescence microscope as indicated in (Spina et al., 2022).    

2.9. Fluorogenic caspase 3 assay  

Cells were exposed for 24 h to arsenite and then analysed for caspase 3-like activity as detailed in 

(Guidarelli et al., 2005).  Caspase 3-like activity was determined fluorometrically (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. Cytotoxicity assay 
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Cells were exposed for 24 h to arsenite and analysed with the trypan blue exclusion assay. Briefly, an 

aliquot of the cell suspension was diluted 1:2 (v/v) with 0.4% trypan blue, and the viable cells (i.e., 

those excluding trypan blue) were counted with a hemocytometer. 

Toxicity was also determined using the MTT assay. In these experiments, the cells were 

supplemented with 25 μg/ml MTT in the last 30 min of the treatment with arsenite (24 h).  After 

treatments, the cells were washed with PBS and the resulting formazan extracted with 1 ml of 

dimethyl sulfoxide.  Absorbance was finally read at 570 nm.  

2.11. Analysis of apoptosis with the Hoechst 33342 assay 

Cells were incubated for 5 min with 10 µM Hoechst 33342 at the end of the 24 h exposure to arsenite, 

and accurately washed three times with PBS. Fluorescence microscopy analysis was the performed 

to determine the relative numbers of cells presenting evidence of chromatin condensation or 

fragmentation (apoptotic cells) and cells with homogeneously stained nuclei (viable cells).  

2.12. Statistical analysis 

GraphPad Prism was used for statistical analysis. All quantitative Data were presented as the mean ± 

standard deviation (SD).  Statistically significant differences were obtained using one-way ANOVA. 

A P value of <0.05 was considered statistically significant. 
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3. Results 

3.1 ISRIB inhibits ERO1 expression induced by arsenite, thereby preventing the ensuing effects on 

Ca2+ homeostasis and mitoO2
-. formation  

The results illustrated in Fig. 1 indicate that a 6 h exposure of U937 cells (A and C), or D-C2C12 

cells (B and D), to either thapsigargin (5 µM) or arsenite (2.5 µM), promotes quantitatively similar 

increases in ERO 1 expression.  Interestingly, ISRIB (200 nM) suppressed ERO 1 expression 

induced in these different cell types and conditions.   

We previously reported that in the above cell types arsenite increases the cytosolic concentration of 

Ca2+ ([Ca2+]c) via a mechanism partially sensitive to 20 µM Ry, or 10 µM EN460 (Spina et al., 2022), 

employed under conditions respectively associated with suppression of Ca2+ mobilization induced by 

the RyR agonist Cf (Spina et al., 2022), or with inhibition of ERO1 activity (Spina et al., 2022).  

Fig. 2A shows that the inhibitory responses mediated by Ry, or EN460, were mimicked by ISRIB.  

Importantly, at the concentrations and time of exposure indicated above, EN460 or ISRIB were not 

toxic for U937 and WT D-C2C12 cells.  

In both cell types, the effects of arsenite on the [Ca2+]c were paralleled by an increased mitochondrial 

concentration of the cation ([Ca2+]m) (Fig. 2 B) and by the concomitant formation of mitoO2
-. (Fig. 

2C).  Both responses were suppressed by Ry, EN460 or ISRIB.  In addition, arsenite failed to increase 

the [Ca2+]m (Fig. 2B) and to elicit mitoO2
-. formation (Fig. 2C) in ERO1 KO D-C2C12 cells. In 

these cells, arsenite promoted a modest increase in the [Ca2+]c, insensitive to Ry, EN460 or ISRIB, 

and quantitatively similar to the one observed in WT D-C2C12 cells supplemented with the metalloid 

and each of these inhibitors (Fig. 2A).  

The above results therefore indicate that ISRIB suppresses ERO1 expression induced by arsenite, 

an event associated with prevention of Ca2+ release from the RyR and the ensuing mitochondrial 

accumulation of the cation critically connected to mitoO2
-. formation.  
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3.2. Pharmacological inhibition of ERO1 expression or activity, or its genetic deletion, abolishes 

the early deleterious effects of arsenite 

Based on the results illustrated in the previous section, we investigated the effects of Ry, EN460 or 

ISRIB on arsenite genotoxicity.  In U937 or WT D-C2C12 cells, arsenite caused an early (6 h) 

formation of DNA single strand breaks (Fig. 2D), in both circumstances sensitive to Ry, EN460 or 

ISRIB.  Consistently, ERO 1 KO D-C2C12 cells were resistant to the DNA strand scission induced 

by the metalloid.  These results are therefore in line with those from experiments measuring mitoO2
-

. formation (Fig. 2C), in which the suppressive effects of Ry were recapitulated by EN460, ISRIB as 

well as by deletion of ERO1.   

In order to further establish the specificity of these findings, we performed experiments in which 

U937, WT D-C2C12 and ERO 1 KO D-C2C12 cells were treated for 10 min with arsenite and Cf.  

We reasoned that Cf, by directly releasing Ca2+ from the RyR, thereby increasing the [Ca2+]m, should 

bypass the ERO 1-dependent regulation of these effects culminating in mitoO2
-. formation.  This 

strategy was successfully employed to promote mitoO2
-. formation under the same conditions in 

which arsenite alone failed to promote effects on Ca2+ homeostasis (Guidarelli et al., 2020).   

Cf/arsenite indeed increased the [Ca2+]c (Fig. 2E), [Ca2+]m (Fig. 2F) and mitoO2
-. formation (Fig. 2G). 

Identical ROS responses were obtained in U937, WT D-C2C12 and ERO 1 KO D-C2C12 cells.  In 

addition, mitoO2
-. formation was under these different conditions invariably sensitive to Ry and 

insensitive to EN460 or ISRIB. In these experiments the cells were incubated for 6 h with the 

inhibitors, with the addition of the cocktail arsenite/Cf in the last 10 min.  

In other experiments, we found that the 10 min exposure to Cf/arsenite promotes similar levels of 

DNA strand scission in U937 and WT D-C2C12 cells (Fig. 2H), which was significantly greater than 

that induced by a 6 h exposure to arsenite in the absence of Cf (Fig. 2D), suppressed by Ry and 

insensitive to EN460, or ISRIB.  The final critical observation derived from these experiments was 
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that ERO 1 KO D-C2C12 cells responded to Cf/arsenite with or without the above addition as their 

WT counterpart. 

The outcome of the above experiments therefore argues against the possibility of off target effects of 

EN460, or ISRIB, and is therefore in keeping with the notion that chemical inhibition of the activity 

or expression of ERO 1 represents an effective strategy to promote upstream inhibition of arsenite-

induced mitoO2
-. formation and of the ensuing early formation of DNA single strand breaks.  

3.3. Assessment of the intrinsic toxicity of EN460 or ISRIB 

Having previously established that the early effects mediated by a low concentration of arsenite are 

followed by delayed MPT-dependent apoptosis (Guidarelli et al., 2021), we wondered whether the 

early protective effects of EN460 and ISRIB are associated with prevention of late cytotoxicity. In 

order to address this issue, we first performed toxicity studies in U937 (Fig. 3A, C, E) and WT D-

C2C12 (Fig. 3B, D, F) cells exposed for increasing time intervals to 10 µM EN460 or 200 nM ISRIB.   

There was no evidence of toxicity at 6 h in the two cell types exposed to each of the inhibitors, as 

indicated by visual inspection of the cultures (not shown), and by the lack of effects on the number 

of viable cells (Fig. 3A and B), loss of membrane integrity (Fig. 3C and D) or apoptotic DNA 

condensation/fragmentation (Fig. 3E and F).  There were instead remarkable differences at 16 and 24 

h, in that only WT D-C2C12 cells remained viable after exposure to the inhibitors.  U937 cells 

resulted particularly sensitive to EN460, and indeed displayed a time-dependent reduction in cell 

counts (Fig. 3A), as well as a progressive increase in the percentage of trypan blue positive (Fig. 3C) 

and apoptotic (Fig. 3E) cells.  

Based on these findings, we decided to investigate whether ISRIB prevents the delayed toxic effects 

mediated by arsenite in U937 cells and in WT C2C12 myotubes.  The effect of EN460 were instead 

investigated only in WT D-C2C12 cells.   
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3.4. Pharmacological inhibition of ERO1 expression or activity, or its genetic deletion, abolishes 

the delayed toxic effects of arsenite 

Prolonged exposure (16 h) of U937 cells or WT C2C12 myotubes to arsenite causes a decline in both 

the mitochondrial membrane potential (Fig. 4A)  and MTT-reducing activity (Fig. 4B), as well as the 

mitochondrial loss of cytochrome c, which became clearly detectable in the cytosolic compartment 

(Fig. 4C).  The cells were also analysed with a fluorescence microscope to determine the relative 

numbers of cells bearing a punctate vs diffused fluorescence.  The first condition is indicative of a 

mitochondrial localization of cytochrome c, whereas the second provides evidence for a 

mitochondrial loss of cytochrome c.  Arsenite significantly increased the percentage of U937 or WT 

D-C2C12 cells with a diffused fluorescence and this response (Fig. 4D), as well as the loss of 

mitochondrial membrane potential (Fig. 4A) and MTT-reducing activity (Fig. 4B) were suppressed 

by EN460, ISRIB or CsA. At 24 h, we obtained evidence of caspase 3 activation (Fig. 4E) and 

apoptotic DNA fragmentation/condensation (Fig. 4F), once again sensitive to EN460, ISRIB or CsA.  

The outcome of inhibitor studies was entirely consistent with the results obtained in experiments 

using ERO1 KO D-C2C12 cells. Indeed, under these conditions, arsenite failed to promote a decline 

in mitochondrial membrane potential (Fig. 4A), loss of MTT-reducing activity (Fig. 4B) or 

mitochondrial cytochrome c (Fig. 4 C and D) at 16 h.  Arsenite also failed to induce activation of 

caspase 3 (Fig. 4E) and apoptotic DNA fragmentation at 24 h (Fig. 4F).   

We finally analyzed the same parameters in U937 cells, in which arsenite induced effects qualitatively 

and quantitatively similar to those mediated in WT D-C2C12 cells, and with an identical sensitivity 

to CsA or ISRIB. As previously mentioned, EN460 was not included in these studies because of its 

intrinsic toxicity.  

The results obtained in these experiments, while emphasizing the pivotal role of ERO1 in the 

regulation of events associated with arsenite-induced mitoO2
-. formation, indicate that inhibition of 
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ERO1 activity or expression, or its genetic deletion, prevents delayed effects resulting in 

mitochondrial dysfunction and MPT-dependent apoptosis.  
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 4. Discussion 

The results presented in this study show that arsenite-induced DNA strand scission as well as 

mitochondrial dysfunction and apoptosis associated with the formation of mitoO2
-. can be prevented 

by strategies other than those based on pharmacological inhibition of MPT (Guidarelli et al., 2015; 

Guidarelli et al., 2019b; Guidarelli et al., 2017) or on antioxidant supplementation (Guidarelli et al., 

2015; Guidarelli et al., 2019a, b; Guidarelli et al., 2017).   

It is well established that CsA inhibits the opening of the permeability transition pores caused by 

mitochondrial ROS in an array of toxicity paradigms (Bauer and Murphy, 2020; Bonora et al., 2020) 

and consequently prevents the downstream apoptotic signaling, as we also report in this study for 

U937 and WT-D-C2C12 cells exposed for 16-24 h to a low concentration of arsenite.  However, CsA 

failed to prevent arsenite-induced DNA strand scission observed at 6 h, a time at which there was no 

evidence of mitochondrial dysfunction and MPT.  

Antioxidant supplementation can instead prevent the deleterious effects of arsenite via ROS 

scavenging, an observation previously made using high concentrations of general antioxidants (Flora, 

2011; Kadirvel et al., 2007; Wang et al., 2013).  On the other hand, the potential clinical significance 

of these findings is uncertain since translation of the experimental results obtained with antioxidants 

in cultured cells and animals to humans has very rarely proved to be successful (Ghezzi et al., 2017; 

Sies and Jones, 2020).   A more specific strategy to target mitochondrial ROS would then be 

represented by treatments leading to increased antioxidant concentrations in the mitochondrial matrix 

(Apostolova and Victor, 2015; Jiang et al., 2020).  This more specific approach was previously 

exploited in our laboratory (Fiorani et al., 2015) and took advantage of the discovery that cultured 

cells express functional Na+ dependent vitamin c transporter 2 in both the plasma and mitochondrial 

membranes (Fiorani et al., 2015). Moreover, the mitochondrial transporter of the vitamin is highly 

expressed in U937 cells and presents the same high affinity of its plasma membrane counterpart 

(Fiorani et al., 2015).  As a consequence, short-term exposure to low micromolar concentrations of 
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L-ascorbic acid causes a dramatic increase in the mitochondrial concentration of the vitamin, under 

the same conditions in which its cytosolic levels were only marginally increased (Fiorani et al., 2015). 

Using these conditions, arsenite failed to produce detectable mitoO2
.-  as well as the ensuing geno- 

and cyto-toxic effects (Guidarelli et al., 2015; Guidarelli et al., 2019a, b; Guidarelli et al., 2017).   

Although the high affinity mitochondrial transport of L-ascorbic acid is a likely “cell culture effect” 

(Cantoni et al., 2018), since cells are normally grown in the virtual absence of the vitamin, it appears 

nevertheless reasonable to predict that mitochondria targeted antioxidants (Apostolova and Victor, 

2015; Jiang et al., 2020) may represent effective strategies to counteract mitochondrial ROS elicited 

by arsenite.   

The approach herein exploited to blunt DNA strand scission and mitochondrial apoptosis induced by 

arsenite lies on effects upstream to mitoO2
.- formation, in particular associated with events critically 

regulated by ERO1. Indeed, arsenite promotes the formation of mitoO2
.- via a Ca2+-dependent 

mechanism and the mitochondrial fraction of the cation is derived from the RyR recruited after the 

initial stimulation of the IP3R via an ERO1-dependent mechanism.  

In our initial experiments, we demonstrated that arsenite and thapsigargin similarly upregulated 

ERO1 in proliferating U937 cells and terminally differentiated C2C12 cells.  In addition, these 

responses were in both circumstances sensitive to ISRIB.  As a consequence, ISRIB recapitulated all 

the effects mediated by EN460, or Ry, on the [Ca2+]c, [Ca2+]m and mitoO2
-. formation stimulated by 

arsenite.  Importantly, the outcome of these studies was entirely consistent with that of experiments 

using ERO1 KO cells.   

The specificity of the effects of EN460 and ISRIB was also established in experiments in which the 

ERO1-dependence for RyR stimulation was bypassed with the use of a RyR agonist. Cf was 

therefore employed to directly mobilize Ca2+ from the RyR, thereby increasing the [Ca2+]m and 

promoting mitoO2
-. formation after a 10 min exposure to arsenite, otherwise unable to generate 
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detectable effects under these conditions.  As we recently reported, a very short time of exposure to 

low concentrations of arsenite is indeed sufficient to promote significant effects in the mitochondrial 

respiratory chain, resulting in mitoO2
-. formation under conditions of increased [Ca2+]m (Guidarelli et 

al., 2020).  These responses were sensitive to Ry, as expected, but insensitive to EN460 or ISRIB, 

thereby suggesting that the responses mediated by these inhibitors in the 6 h arsenite exposure 

paradigm were not due to off-target effects.  

Thus, the above results indicate that ISRIB prevents arsenite-dependent ERO1 expression and the 

downstream effects on Ca2+ homeostasis and mitoO2
-. formation.  

In order to employ appropriate conditions to test the impact of ISRIB and EN460 on the deleterious 

effects mediated by arsenite, we performed preliminary toxicity studies providing two important 

findings. The first one was that prolonged exposure to ISRIB fails to cause detectable toxicity in 

proliferating U937 cells and terminally differentiated C2C12 cells, two cell types bearing remarkably 

different characteristics. Thus, as previously suggested in other investigations (Halliday et al., 2015; 

Hosoi et al., 2016; Koncha et al., 2021; Wong et al., 2019), this inhibitor can be employed also in 

long-term exposure studies.  The second finding was that EN460 instead promotes time- and cell 

type-dependent toxic effects, since the same lack of toxicity was restricted to WT D-C2C12 cells.  In 

U937 cells, EN460 failed to affect viability in the first 6 h of exposure, but subsequently caused a 

time-dependent induction of both necrotic and apoptotic death. We consider unlikely the possibility 

that the susceptibility of U937 cells to prolonged exposure to EN460 is causally linked to the 

proliferation phenotype. Rather, their vulnerability is more likely related to some specific 

characteristics of leukemic cells, as previously suggested (Hayes et al., 2019).  

Based on the above information, we restricted the use of EN460 to experiments in which the inhibitor 

was devoid of intrinsic toxicity.  
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We found that EN460 and ISRIB abolish the DNA strand scission induced by arsenite at 6 h in both 

cell types.  In addition, these inhibitors were as effective as the MPT inhibitor CsA in preventing the 

delayed onset of mitochondrial dysfunction and apoptotic DNA fragmentation/condensation induced 

by the metalloid in WT D-C2C12 cells. Finally, ISRIB also prevented these delayed effects of arsenite 

in U937 cells.  The specificity of the cytoprotective effects of EN460 and ISRIB is emphasized by 

the observation that, under identical conditions, the metalloid failed to promote DNA strand scission, 

mitochondrial dysfunction and apoptosis in ERO1 KO D-C2C12 cells.  

In conclusion, it appears that EN460 and ISRIB mimic the protective effects mediated by the ERO1 

KO phenotype, or by Ry, on Ca2+ mobilization/mitochondrial accumulation and mitoO2
-. formation 

induced by arsenite, thereby leading to suppression of the early DNA strand scission and late MTP-

dependent apoptosis. The intrinsic toxicity of EN460, apparently cell type dependent, however sets a 

limitation to its potential use, whereas ISRIB appears particularly safe for both cell types. 

Pharmacological inhibitors of ERO1 activity or expression therefore represent suitable candidates 

for challenging novel pharmacological strategies aimed at the prevention of arsenite-dependent geno- 

and cyto-toxicity associated with mitoO2
-. formation.  The proposed mechanism whereby arsenite 

induces mitoO2
-.- dependent DNA damage and mitochondrial apoptosis, as well as the specific targets 

of EN460 and ISRIB, are illustrated in Fig. 5. 
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Legend to the figures 

Fig. 1. ISRIB inhibits ERO1 expression induced by thapsigargin or arsenite 

U937 (A,C) and WT D-C2C12 (B,D) cells were exposed for 6 h to 5 µM thapsigargin (A,B) or 2.5 

µM arsenite (C,D), in the absence or presence of 200 nM ISRIB, and then analyzed for ERO1α protein 

expression. Anti-β-actin antibody was used as a loading control. Results represent the means ± SD 

calculated from at three separate experiments. *P <0.01, as compared to untreated cells. #P < 0.01, as 

compared to cells treated with thapsigargin or arsenite (ANOVA followed by Dunnett's test). 

 

Fig. 2.  ISRIB and EN460 recapitulate the effects of ryanodine on the [Ca2+]c, [Ca2+]m, mitochondrial 

superoxide formation and DNA damage induced by arsenite 

U937, WT D-C2C12 and ERO1 KO D-C2C12 cells were pretreated for 5 min with the vehicle, 20 

μM Ry, ISRIB or 10 μM EN460 and incubated for 6 h with the further addition to arsenite. After 

treatments, the cells were analysed for Fluo 4 (A), Rhod 2 (B) and MitoSOX red (C) fluorescence as 

well as for DNA damage with the alkaline halo assay (D). In other experiments, cells exposed for 6 

h to ISRIB, or EN460, were washed, re-suspended in fresh culture medium, loaded for 20 min with 

Fluo 4 (E), Rhod 2 (F), or MitoSOX red (G) and subsequently incubated for 10 min with 10 mM Cf 

and 2.5 µM arsenite. After treatments, the cells were analyzed for their respective fluorescence 

responses (E-G) and for DNA damage (H). The results represent the means ± SD calculated from at 

least three distinct experiments. *P <0.05, **P <0.01, as compared to untreated cells. #P < 0.05, 

##P < 0.01, as compared to cells treated with arsenite (ANOVA followed by Dunnett's test). 

 

Fig. 3. The effects of ISRIB or EN460 on U937 and WT D-C2C12 cell viability  
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U937 and WT D-C2C12 cells were exposed for increasing time intervals to ISRIB, or EN460, and 

then analysed by counting the number of viable cells (A) and trypan blue positive cells (B). Sister 

cultures were processed for the assessment of apoptotic chromatin fragmentation/condensation (C). 

The results represent the means ± SD calculated from at least three distinct experiments. *P <0.05, 

**P <0.01, as compared to untreated cells. (ANOVA followed by Dunnett's test). 

 

Fig. 4. Arsenite causes mitochondrial dysfunction and apoptosis via mechanisms sensitive to 

inhibition of the activity or expression of ERO1, as well as to its genetic deletion 

U937, WT D-C2C12 and ERO1 KO D-C2C12 cells were pretreated for 5 min with the vehicle, 

CsA, ISRIB or EN460, and incubated for 16 (A-D) or 24 (E,F) h with arsenite. After treatments, the 

cells were analysed for MitoTracker red CMXRos-fluorescence (A), MTT reducing activity (B), 

cytochrome c (Cyt c) immunoreactivity in the cytosolic and mitochondrial fractions (C), cytochrome 

c localization (D), caspase 3 activity (E), or apoptotic chromatin fragmentation/condensation (F).  The 

results represent the means ± SD calculated from at least three distinct experiments. *P <0.05, **P 

<0.01, as compared to untreated cells. #P < 0.05, ##P < 0.01, as compared to cells treated with arsenite 

(ANOVA followed by Dunnett's test). 

 

Fig. 5. Proposed mechanism whereby EN460 and ISRIB inhibit DNA damage and mitochondrial 

apoptosis induced by a low concentration of arsenite. 

The metalloid promotes an initial activation of the IP3R, which enhances the expression (sensitive to 

ISRIB) and activity (sensitive to EN460) of ERO1 to critically regulate the activation of the RyR.  

Ca2+ release from the RyR (sensitive to Ry) is associated with the mitochondrial accumulation of the 

cation and with the formation of mitoO2
-..  Conversion of the latter to H2O2 leads to mitochondrial 

dysfunction and MPT-dependent apoptosis. The diffusible nature of H2O2 is also permissive for the 
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induction of distal effects, as DNA strand scission. Thus, ISRIB and EN460, by preventing the 

stimulatory effects of ERO1 on the RyR prevent mitoO2
-. formation and its downstream effects 

leading to DNA strand scission and MPT-dependent apoptosis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 1 

Inhibition of activity/expression, or genetic deletion, of ERO1 

blunts arsenite geno- and cyto-toxicity 

Andrea Guidarellia, Andrea Spinaa, Mara Fiorania, Ester Zitoa,b and Orazio Cantonia* 

aDepartment of Biomolecular Sciences, University of Urbino Carlo Bo, Urbino, Italy. 

bIstituto di Ricerche Farmacologiche Mario Negri IRCCS, Milan, Italy 

 

*Corresponding author: Prof. Orazio Cantoni, Dipartimento di Scienze Biomolecolari, Sezione di 

Farmacologia e Farmacognosia, Università degli Studi di Urbino, Via S. Chiara 27, 61029 Urbino 

(PU), Italy. Tel: +39-0722-303523; Fax: +39-0722-305470; e-mail: orazio.cantoni@uniurb.it 

 

Abbreviations: 2-APB, 2-aminoethoxydiphenyl borate; Cf, caffeine; [Ca2+]c, cytosolic Ca2+ 

concentrations; [Ca2+]m, mitochondrial Ca2+ concentration; ER, endoplasmic reticulum; CsA, 

Cyclosporin A; ERO1α, ER oxidoreductin1α; ERO1α KO D-C2C12, ERO1α KO differentiated 

C2C12 myotubes; IP3R, inositol 1,4,5-trisphosphate receptor; mitoO2
.-, mitochondrial superoxide; 

MCU, mitochondrial Ca2+ uniporter; MPT, mitochondrial permeability transition; Ry, ryanodine; 

RyR, ryanodine receptor; ROS, reactive oxygen species; WT D-C2C12, Wild Type differentiated 

C2C12 myotubes. 

 

 

 

 

Manuscript for revision (CLEAN VERSION) Click here to view linked References

https://www.editorialmanager.com/fct/viewRCResults.aspx?pdf=1&docID=52714&rev=2&fileID=1808727&msid=5c2d9e03-817c-438e-a540-016537567164
https://www.editorialmanager.com/fct/viewRCResults.aspx?pdf=1&docID=52714&rev=2&fileID=1808727&msid=5c2d9e03-817c-438e-a540-016537567164


 2 

ABSTRACT  

Our recent studies suggest that arsenite stimulates the crosstalk between the inositol 1, 4, 5-

triphosphate receptor (IP3R) and the ryanodine receptor (RyR) via a mechanism dependent on 

endoplasmic reticulum (ER) oxidoreductin1 (ERO1) up-regulation. Under these conditions, the 

fraction of Ca2+ released by the RyR via an ERO1-dependent mechanism was promptly cleared by 

the mitochondria and critically mediated O2
-. formation, responsible for the triggering of time-

dependent events associated with strand scission of genomic DNA and delayed mitochondrial 

apoptosis.  We herein report that, in differentiated C2C12 cells, this sequence of events can be 

intercepted by genetic deletion of ERO1 as well as by EN460, an inhibitor of ERO1 activity. 

Similar results were obtained for the early effects mediated by arsenite in proliferating U937 cells, in 

which however the long-term studies were hampered by the intrinsic toxicity of the inhibitor.  It was 

then interesting to observe that ISRIB, an inhibitor of p-eIF2 alpha, was in both cell types devoid of 

intrinsic toxicity and able to suppress ERO1 expression and the resulting downstream effects 

leading to arsenite geno- and cyto-toxicity. We therefore conclude that pharmacological inhibition of 

ERO1activity, or expression, effectively counteracts the deleterious effects induced by the 

metalloid via a mechanism associated with prevention of mitochondrial O2
-. formation. 

 

 

 

 

Keywords: arsenite; ERO1α; mitochondrial Ca2+; mitochondrial superoxide; DNA damage; 

apoptosis. 
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1. Introduction 

Arsenite is a ubiquitous environmental contaminant with potent carcinogenic and toxic properties 

(Flora, 2011; Jomova et al., 2011; Minatel et al., 2018; Nurchi et al., 2020). The molecular 

mechanisms involved in these responses, still poorly understood, are conditioned by the ability of the 

metalloid to bind to protein thiols (Nurchi et al., 2020; Shen et al., 2013; Vergara-Geronimo et al., 

2021) and to promote the formation of reactive oxygen species (ROS) (Flora, 2011; Hu et al., 2020; 

Jomova et al., 2011; Nurchi et al., 2020), which may then contribute to the induction of numerous 

deleterious effects. The overall scenario therefore appears rather confused, with many unanswered 

questions, further complicated by the existence of cell type and concentration-dependent mechanisms 

(Flora, 2011; Guidarelli et al., 2021; Hu et al., 2020).   

With these considerations in mind, we initially developed a well-defined toxicity paradigm associated 

with mitochondrial superoxide (mitoO2
-.) formation (Guidarelli et al., 2020; Guidarelli et al., 2019a). 

We found that these species are actively generated after exposure of U937 cells to low micromolar 

concentrations of arsenite via a mechanism critically regulated by Ca2+ (Guidarelli et al., 2021; 

Guidarelli et al., 2019a), thereby emphasizing the importance of parallel effects mediated by the 

metalloid in the endoplasmic reticulum (ER). More specifically, arsenite induced an initial 

stimulation of the inositol-1,4, 5-trisphosphate receptor (IP3R), critically connected with the 

activation of the ryanodine receptor (RyR), finally responsible for the release of the fraction of Ca2+ 

accumulated by the mitochondria (Guidarelli et al., 2021; Guidarelli et al., 2019a).  Interestingly, this 

sequence of events was observed in other cell types characterized by a similar functional organization 

of the ER/mitochondria network, including terminally differentiated C2C12 cells (Guidarelli et al., 

2019a).  

Recently, we reported that the above crosstalk between the IP3R and RyR is regulated by ER 

oxidoreductin1 (ERO1) (Spina et al., 2022).  More specifically, arsenite promoted ERO1 

expression and its pharmacological or genetic inhibition was associated with prevention of Ca2+ 
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release from the RyR, the ensuing mitochondrial Ca2+ accumulation and the final mitoO2
-. formation 

(Spina et al., 2022).  

Having previously demonstrated that arsenite-induced mitoO2
-. leads to an early DNA strand scission 

(Guidarelli et al., 2017), followed by mitochondrial dysfunction and mitochondrial permeability 

transition (MPT)-dependent apoptosis (Guidarelli et al., 2017), we challenged the hypothesis of 

preventing the deleterious effects of arsenite by targeting ERO1.   

For this purpose we used EN460, an inhibitor of the reshuffling of electrons in ERO1, thereby 

blunting its redox activity (Blais et al., 2010; Hayes et al., 2019).  In a recent study (Spina et al., 

2022), this inhibitor was successfully employed to infer a role of ERO1 in RyR activation after the 

stimulation of the IP3R mediated by arsenite.  In these experiments, however, EN460 was used at 10 

µM and left in the cultures for 6 h, i.e., under carefully selected conditions in which the impact of 

ERO1 inhibition was not associated with confounding toxic effects of the inhibitor.  On the other 

hand, EN460 displays numerous off target effects (Blais et al., 2010; Hayes et al., 2019), thereby 

implying the possibility that longer times of incubation will eventually promote toxicity.   

We therefore considered the possibility of limiting the impact of ERO1 through the inhibition of its 

expression.  ISRIB is a small molecule inhibiting the activity of p-eIF2 alpha and the expression of 

CHOP, which is upstream to ERO1 in the PERK branch of the ER stress response (Sidrauski et al., 

2015; Zyryanova et al., 2021). Most importantly, ISRIB is not particularly toxic in cultured cells 

(Hosoi et al., 2016; Koncha et al., 2021) and other preclinical models (Halliday et al., 2015; Wong et 

al., 2019), thereby suggesting the possibility of its use in humans (Rabouw et al., 2019; Schoof et al., 

2021; Sidrauski et al., 2015). 

Based on these considerations, we characterized the effects of ISRIB on arsenite-induced expression 

of ERO1, deregulation of Ca2+ homeostasis and mitoO2
-. formation in U937 and in Wild Type 

differentiated C2C12 cells (WT D-C2C12). We then performed an accurate characterization of the 
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toxic effects mediated by EN460, or ISRIB, over a 6-24 h exposure time-window, to finally address 

the issue of whether pharmacological inhibition of either the activity or expression of ERO1 

prevents the early DNA strand scission and the delayed MPT-dependent apoptosis induced by 

arsenite.  The outcome of these inhibitor studies was compared with that of experiments using ERO1 

KO  C2C12 myotubes (ERO1 KO D-C2C12).  
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2. Materials and methods 

2.1. Chemicals 

Sodium arsenite, thaspigargin, 2-aminoethoxydiphenyl borate (2-APB), ryanodine (Ry), Hoechst 

33342 as well most of reagent-grade chemicals were purchased from Sigma-Aldrich (Milan, Italy). 

ISRIB and EN460 were obtained from Calbiochem (San Diego, CA). Cyclosporin A (CsA) was from 

Novartis (Bern, Switzerland). Fluo-4-acetoxymethyl ester, Rhod 2-acetoxymethyl ester and 

MitoSOX red were purchased from Thermo Fisher Scientific (Milan, Italy).  

2.2. Cell culture 

Human U937 promonocytic cells were cultured 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 μg/ml) (Euroclone), at 37 °C in T-75 tissue culture 

flasks (Corning Inc., Corning, NY, USA) gassed with an atmosphere of 95% air-5% CO2.  

Wild type (WT) and ERO1α KO C2C12 myoblasts, generated as detailed in (Varone et al., 2019), 

were cultured in high-glucose D-MEM (Sigma-Aldrich) supplemented with 10% heat inactivated 

FBS, 2 mM L-glutamine (Euroclone).  Proliferating WT and ERO1α KO myoblasts had a similar 

morphology that in both circumstances changed significantly after 4 days of growth in D-MEM 

supplemented with 1% heat-inactivated serum. WT and ERO1α KO myotubes (WT D-C2C12 and 

ERO1α KO D-C2C12) also had a similar morphology. Remarkably similar was also the gain of 

expression of specific markers of differentiation, as increased myogenin and myosin (Spina et al., 

2022). In addition, Western blot of the lysates provided evidence of ERO1α expression in WT D-

C2C12 cells but not in ERO1α  KO D-C2C12 cells (Spina et al., 2022).  

2.3. Sub-cellular fractionation and western blot analysis 

Cells were lysed with the addition of a buffer containing 50 mM Tris, 5mM EDTA, 150 mM NaCl, 

0,5% Triton, 0,1% SDS, 1 mM DTT, 1 mM Na3VO4, 1 mM NaF, 350 mM PMSF, 1% protease 
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inhibitor complex, pH 7,5. In some experiments, the cells were processed to obtain the cytosolic and 

mitochondrial fractions, as previously described (Yu et al., 2003).  30 μg of proteins were loaded in 

each lane, separated by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate 

and transferred to polyvinyldiene difluoride membranes. The membranes were blocked and incubated 

with antibodies against ERO1α (NB 100-2525, Atlas Antibodies, Stockholm Sweden), cytochrome c 

(sc-13560, Santa Cruz Biotecnology, Santa Cruz, CA) β-actin (VMA00048, Bio-Rad, Hercules, CA), 

and HSP-60 (sc-13115, Santa Cruz Biotecnology). Immunoblots were processed with horse-radish 

peroxidase-conjugated anti-rabbit (ERO1α) or anti-mouse (β-actin, cytochrome c and HSP-60) 

antibodies. Antibodies against β-actin and HSP-60 were used to assess the equal loading of the lanes 

and the purity of the fractions. Relative amounts of proteins were quantified by densitometric analysis 

using Image J software.  

2.4. Measurement of cytosolic and mitochondrial Ca2+ levels 

The cells were exposed to 4 µM Fluo-4-acetoxymethyl ester, or 10 µM Rhod 2-acetoxymethyl ester, 

in the last 30 min of the treatments. The cells were then washed with a phosphate buffer saline (PBS, 

136 mM NaCl, 10 mM Na2HPO4, 1.5 mM KH2PO4, 3 mM KCl; pH 7.4) and processed for 

fluorescence microscopy analysis as previously detailed (Spina et al., 2022).    

2.5. MitoSOX red fluorescence assays 

The cells were exposed to 5 μM MitoSOX red in the last 30 min of the treatments. The cells were 

then washed with PBS and processed for fluorescence microscopy analysis as indicated in (Spina et 

al., 2022).   

2.6. Measurement of DNA single-strand breakage by the alkaline halo assay 

The formation of DNA single-strand breaks was determined using the alkaline halo assay. Details 

on the method, processing of fluorescence images and calculation of the experimental results are 

provided in (Cantoni and Guidarelli, 2008). The nuclear spreading factor value, represents the ratio 
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between the area of the halo (obtained by subtracting the area of the nucleus from the total area, 

nucleus + halo) and that of the nucleus, from 50 to 75 randomly selected 

cells/experiment/treatment condition. Results are expressed as relative nuclear spreading factor 

values calculated by subtracting the nuclear spreading factor values of control cells from those of 

treated cells. 

2.7. Measurement of mitochondrial membrane potential  

Cells were exposed to 50 nM MitoTracker Red CMXRos in the last 30 min of the treatments. The 

cells were then washed with PBS and processed for fluorescence microscopy analysis as indicated in 

(Spina et al., 2022).  

2.8. Immunofluorescence analysis 

Cells were incubated for 16 h in the absence or presence of arsenite, 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 monoclonal anti-

cytochrome c antibodies (1:100 in PBS containing 2% bovine serum albumin; Santa Cruz 

Biotechnology) stored for 18 h at 4° C, washed and incubated for 3 h in the dark with fluorescein 

isothiocyanate (Santa Cruz Biotechnology)-conjugated secondary antibody diluted 1:100 in PBS. The 

cells were finally examined with a fluorescence microscope as indicated in (Spina et al., 2022).    

2.9. Fluorogenic caspase 3 assay  

Cells were exposed for 24 h to arsenite and then analysed for caspase 3-like activity as detailed in 

(Guidarelli et al., 2005).  Caspase 3-like activity was determined fluorometrically (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. Cytotoxicity assay 
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Cells were exposed for 24 h to arsenite and analysed with the trypan blue exclusion assay. Briefly, an 

aliquot of the cell suspension was diluted 1:2 (v/v) with 0.4% trypan blue, and the viable cells (i.e., 

those excluding trypan blue) were counted with a hemocytometer. 

Toxicity was also determined using the MTT assay. In these experiments, the cells were 

supplemented with 25 μg/ml MTT in the last 30 min of the treatment with arsenite (24 h).  After 

treatments, the cells were washed with PBS and the resulting formazan extracted with 1 ml of 

dimethyl sulfoxide.  Absorbance was finally read at 570 nm.  

2.11. Analysis of apoptosis with the Hoechst 33342 assay 

Cells were incubated for 5 min with 10 µM Hoechst 33342 at the end of the 24 h exposure to arsenite, 

and accurately washed three times with PBS. Fluorescence microscopy analysis was the performed 

to determine the relative numbers of cells presenting evidence of chromatin condensation or 

fragmentation (apoptotic cells) and cells with homogeneously stained nuclei (viable cells).  

2.12. Statistical analysis 

GraphPad Prism was used for statistical analysis. All quantitative Data were presented as the mean ± 

standard deviation (SD).  Statistically significant differences were obtained using one-way ANOVA. 

A P value of <0.05 was considered statistically significant. 
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3. Results 

3.1 ISRIB inhibits ERO1 expression induced by arsenite, thereby preventing the ensuing effects on 

Ca2+ homeostasis and mitoO2
-. formation  

The results illustrated in Fig. 1 indicate that a 6 h exposure of U937 cells (A and C), or D-C2C12 

cells (B and D), to either thapsigargin (5 µM) or arsenite (2.5 µM), promotes quantitatively similar 

increases in ERO 1 expression.  Interestingly, ISRIB (200 nM) suppressed ERO 1 expression 

induced in these different cell types and conditions.   

We previously reported that in the above cell types arsenite increases the cytosolic concentration of 

Ca2+ ([Ca2+]c) via a mechanism partially sensitive to 20 µM Ry, or 10 µM EN460 (Spina et al., 2022), 

employed under conditions respectively associated with suppression of Ca2+ mobilization induced by 

the RyR agonist Cf (Spina et al., 2022), or with inhibition of ERO1 activity (Spina et al., 2022).  

Fig. 2A shows that the inhibitory responses mediated by Ry, or EN460, were mimicked by ISRIB.  

Importantly, at the concentrations and time of exposure indicated above, EN460 or ISRIB were not 

toxic for U937 and WT D-C2C12 cells.  

In both cell types, the effects of arsenite on the [Ca2+]c were paralleled by an increased mitochondrial 

concentration of the cation ([Ca2+]m) (Fig. 2 B) and by the concomitant formation of mitoO2
-. (Fig. 

2C).  Both responses were suppressed by Ry, EN460 or ISRIB.  In addition, arsenite failed to increase 

the [Ca2+]m (Fig. 2B) and to elicit mitoO2
-. formation (Fig. 2C) in ERO1 KO D-C2C12 cells. In 

these cells, arsenite promoted a modest increase in the [Ca2+]c, insensitive to Ry, EN460 or ISRIB, 

and quantitatively similar to the one observed in WT D-C2C12 cells supplemented with the metalloid 

and each of these inhibitors (Fig. 2A).  

The above results therefore indicate that ISRIB suppresses ERO1 expression induced by arsenite, 

an event associated with prevention of Ca2+ release from the RyR and the ensuing mitochondrial 

accumulation of the cation critically connected to mitoO2
-. formation.  
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3.2. Pharmacological inhibition of ERO1 expression or activity, or its genetic deletion, abolishes 

the early deleterious effects of arsenite 

Based on the results illustrated in the previous section, we investigated the effects of Ry, EN460 or 

ISRIB on arsenite genotoxicity.  In U937 or WT D-C2C12 cells, arsenite caused an early (6 h) 

formation of DNA single strand breaks (Fig. 2D), in both circumstances sensitive to Ry, EN460 or 

ISRIB.  Consistently, ERO 1 KO D-C2C12 cells were resistant to the DNA strand scission induced 

by the metalloid.  These results are therefore in line with those from experiments measuring mitoO2
-

. formation (Fig. 2C), in which the suppressive effects of Ry were recapitulated by EN460, ISRIB as 

well as by deletion of ERO 1.   

In order to further establish the specificity of these findings, we performed experiments in which 

U937, WT D-C2C12 and ERO 1 KO D-C2C12 cells were treated for 10 min with arsenite and Cf.  

We reasoned that Cf, by directly releasing Ca2+ from the RyR, thereby increasing the [Ca2+]m, should 

bypass the ERO 1-dependent regulation of these effects culminating in mitoO2
-. formation.  This 

strategy was successfully employed to promote mitoO2
-. formation under the same conditions in 

which arsenite alone failed to promote effects on Ca2+ homeostasis (Guidarelli et al., 2020).   

Cf/arsenite indeed increased the [Ca2+]c (Fig. 2E), [Ca2+]m (Fig. 2F) and mitoO2
-. formation (Fig. 2G). 

Identical ROS responses were obtained in U937, WT D-C2C12 and ERO 1 KO D-C2C12 cells.  In 

addition, mitoO2
-. formation was under these different conditions invariably sensitive to Ry and 

insensitive to EN460 or ISRIB. In these experiments the cells were incubated for 6 h with the 

inhibitors, with the addition of the cocktail arsenite/Cf in the last 10 min.  

In other experiments, we found that the 10 min exposure to Cf/arsenite promotes similar levels of 

DNA strand scission in U937 and WT D-C2C12 cells (Fig. 2H), which was significantly greater than 

that induced by a 6 h exposure to arsenite in the absence of Cf (Fig. 2D), suppressed by Ry and 

insensitive to EN460, or ISRIB.  The final critical observation derived from these experiments was 
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that ERO 1 KO D-C2C12 cells responded to Cf/arsenite with or without the above addition as their 

WT counterpart. 

The outcome of the above experiments therefore argues against the possibility of off target effects of 

EN460, or ISRIB, and is therefore in keeping with the notion that chemical inhibition of the activity 

or expression of ERO1 represents an effective strategy to promote upstream inhibition of arsenite-

induced mitoO2
-. formation and of the ensuing early formation of DNA single strand breaks.  

3.3. Assessment of the intrinsic toxicity of EN460 or ISRIB 

Having previously established that the early effects mediated by a low concentration of arsenite are 

followed by delayed MPT-dependent apoptosis (Guidarelli et al., 2021), we wondered whether the 

early protective effects of EN460 and ISRIB are associated with prevention of late cytotoxicity. In 

order to address this issue, we first performed toxicity studies in U937 (Fig. 3A, C, E) and WT D-

C2C12 (Fig. 3B, D, F) cells exposed for increasing time intervals to 10 µM EN460 or 200 nM ISRIB.   

There was no evidence of toxicity at 6 h in the two cell types exposed to each of the inhibitors, as 

indicated by visual inspection of the cultures (not shown), and by the lack of effects on the number 

of viable cells (Fig. 3A and B), loss of membrane integrity (Fig. 3C and D) or apoptotic DNA 

condensation/fragmentation (Fig. 3E and F).  There were instead remarkable differences at 16 and 24 

h, in that only WT D-C2C12 cells remained viable after exposure to the inhibitors.  U937 cells 

resulted particularly sensitive to EN460, and indeed displayed a time-dependent reduction in cell 

counts (Fig. 3A), as well as a progressive increase in the percentage of trypan blue positive (Fig. 3C) 

and apoptotic (Fig. 3E) cells.  

Based on these findings, we decided to investigate whether ISRIB prevents the delayed toxic effects 

mediated by arsenite in U937 cells and in WT C2C12 myotubes.  The effect of EN460 were instead 

investigated only in WT D-C2C12 cells.   
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3.4. Pharmacological inhibition of ERO 1 expression or activity, or its genetic deletion, abolishes 

the delayed toxic effects of arsenite 

Prolonged exposure (16 h) of U937 cells or WT C2C12 myotubes to arsenite causes a decline in both 

the mitochondrial membrane potential (Fig. 4A)  and MTT-reducing activity (Fig. 4B), as well as the 

mitochondrial loss of cytochrome c, which became clearly detectable in the cytosolic compartment 

(Fig. 4C).  The cells were also analysed with a fluorescence microscope to determine the relative 

numbers of cells bearing a punctate vs diffused fluorescence.  The first condition is indicative of a 

mitochondrial localization of cytochrome c, whereas the second provides evidence for a 

mitochondrial loss of cytochrome c.  Arsenite significantly increased the percentage of U937 or WT 

D-C2C12 cells with a diffused fluorescence and this response (Fig. 4D), as well as the loss of 

mitochondrial membrane potential (Fig. 4A) and MTT-reducing activity (Fig. 4B) were suppressed 

by EN460, ISRIB or CsA. At 24 h, we obtained evidence of caspase 3 activation (Fig. 4E) and 

apoptotic DNA fragmentation/condensation (Fig. 4F), once again sensitive to EN460, ISRIB or CsA.  

The outcome of inhibitor studies was entirely consistent with the results obtained in experiments 

using ERO1 KO D-C2C12 cells. Indeed, under these conditions, arsenite failed to promote a decline 

in mitochondrial membrane potential (Fig. 4A), loss of MTT-reducing activity (Fig. 4B) or 

mitochondrial cytochrome c (Fig. 4 C and D) at 16 h.  Arsenite also failed to induce activation of 

caspase 3 (Fig. 4E) and apoptotic DNA fragmentation at 24 h (Fig. 4F).   

We finally analyzed the same parameters in U937 cells, in which arsenite induced effects qualitatively 

and quantitatively similar to those mediated in WT D-C2C12 cells, and with an identical sensitivity 

to CsA or ISRIB. As previously mentioned, EN460 was not included in these studies because of its 

intrinsic toxicity.  

The results obtained in these experiments, while emphasizing the pivotal role of ERO1 in the 

regulation of events associated with arsenite-induced mitoO2
-. formation, indicate that inhibition of 
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ERO1 activity or expression, or its genetic deletion, prevents delayed effects resulting in 

mitochondrial dysfunction and MPT-dependent apoptosis.  
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 4. Discussion 

The results presented in this study show that arsenite-induced DNA strand scission as well as 

mitochondrial dysfunction and apoptosis associated with the formation of mitoO2
-. can be prevented 

by strategies other than those based on pharmacological inhibition of MPT (Guidarelli et al., 2015; 

Guidarelli et al., 2019b; Guidarelli et al., 2017) or on antioxidant supplementation (Guidarelli et al., 

2015; Guidarelli et al., 2019a, b; Guidarelli et al., 2017).   

It is well established that CsA inhibits the opening of the permeability transition pores caused by 

mitochondrial ROS in an array of toxicity paradigms (Bauer and Murphy, 2020; Bonora et al., 2020) 

and consequently prevents the downstream apoptotic signaling, as we also report in this study for 

U937 and WT-D-C2C12 cells exposed for 16-24 h to a low concentration of arsenite.  However, CsA 

failed to prevent arsenite-induced DNA strand scission observed at 6 h, a time at which there was no 

evidence of mitochondrial dysfunction and MPT.  

Antioxidant supplementation can instead prevent the deleterious effects of arsenite via ROS 

scavenging, an observation previously made using high concentrations of general antioxidants (Flora, 

2011; Kadirvel et al., 2007; Wang et al., 2013).  On the other hand, the potential clinical significance 

of these findings is uncertain since translation of the experimental results obtained with antioxidants 

in cultured cells and animals to humans has very rarely proved to be successful (Ghezzi et al., 2017; 

Sies and Jones, 2020).   A more specific strategy to target mitochondrial ROS would then be 

represented by treatments leading to increased antioxidant concentrations in the mitochondrial matrix 

(Apostolova and Victor, 2015; Jiang et al., 2020).  This more specific approach was previously 

exploited in our laboratory (Fiorani et al., 2015) and took advantage of the discovery that cultured 

cells express functional Na+ dependent vitamin c transporter 2 in both the plasma and mitochondrial 

membranes (Fiorani et al., 2015). Moreover, the mitochondrial transporter of the vitamin is highly 

expressed in U937 cells and presents the same high affinity of its plasma membrane counterpart 

(Fiorani et al., 2015).  As a consequence, short-term exposure to low micromolar concentrations of 
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L-ascorbic acid causes a dramatic increase in the mitochondrial concentration of the vitamin, under 

the same conditions in which its cytosolic levels were only marginally increased (Fiorani et al., 2015). 

Using these conditions, arsenite failed to produce detectable mitoO2
.-  as well as the ensuing geno- 

and cyto-toxic effects (Guidarelli et al., 2015; Guidarelli et al., 2019a, b; Guidarelli et al., 2017).   

Although the high affinity mitochondrial transport of L-ascorbic acid is a likely “cell culture effect” 

(Cantoni et al., 2018), since cells are normally grown in the virtual absence of the vitamin, it appears 

nevertheless reasonable to predict that mitochondria targeted antioxidants (Apostolova and Victor, 

2015; Jiang et al., 2020) may represent effective strategies to counteract mitochondrial ROS elicited 

by arsenite.   

The approach herein exploited to blunt DNA strand scission and mitochondrial apoptosis induced by 

arsenite lies on effects upstream to mitoO2
.- formation, in particular associated with events critically 

regulated by ERO1. Indeed, arsenite promotes the formation of mitoO2
.- via a Ca2+-dependent 

mechanism and the mitochondrial fraction of the cation is derived from the RyR recruited after the 

initial stimulation of the IP3R via an ERO1-dependent mechanism.  

In our initial experiments, we demonstrated that arsenite and thapsigargin similarly upregulated 

ERO1 in proliferating U937 cells and terminally differentiated C2C12 cells.  In addition, these 

responses were in both circumstances sensitive to ISRIB.  As a consequence, ISRIB recapitulated all 

the effects mediated by EN460, or Ry, on the [Ca2+]c, [Ca2+]m and mitoO2
-. formation stimulated by 

arsenite.  Importantly, the outcome of these studies was entirely consistent with that of experiments 

using ERO1 KO cells.   

The specificity of the effects of EN460 and ISRIB was also established in experiments in which the 

ERO1-dependence for RyR stimulation was bypassed with the use of a RyR agonist. Cf was 

therefore employed to directly mobilize Ca2+ from the RyR, thereby increasing the [Ca2+]m and 

promoting mitoO2
-. formation after a 10 min exposure to arsenite, otherwise unable to generate 
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detectable effects under these conditions.  As we recently reported, a very short time of exposure to 

low concentrations of arsenite is indeed sufficient to promote significant effects in the mitochondrial 

respiratory chain, resulting in mitoO2
-. formation under conditions of increased [Ca2+]m (Guidarelli et 

al., 2020).  These responses were sensitive to Ry, as expected, but insensitive to EN460 or ISRIB, 

thereby suggesting that the responses mediated by these inhibitors in the 6 h arsenite exposure 

paradigm were not due to off-target effects.  

Thus, the above results indicate that ISRIB prevents arsenite-dependent ERO1 expression and the 

downstream effects on Ca2+ homeostasis and mitoO2
-. formation.  

In order to employ appropriate conditions to test the impact of ISRIB and EN460 on the deleterious 

effects mediated by arsenite, we performed preliminary toxicity studies providing two important 

findings. The first one was that prolonged exposure to ISRIB fails to cause detectable toxicity in 

proliferating U937 cells and terminally differentiated C2C12 cells, two cell types bearing remarkably 

different characteristics. Thus, as previously suggested in other investigations (Halliday et al., 2015; 

Hosoi et al., 2016; Koncha et al., 2021; Wong et al., 2019), this inhibitor can be employed also in 

long-term exposure studies.  The second finding was that EN460 instead promotes time- and cell 

type-dependent toxic effects, since the same lack of toxicity was restricted to WT D-C2C12 cells.  In 

U937 cells, EN460 failed to affect viability in the first 6 h of exposure, but subsequently caused a 

time-dependent induction of both necrotic and apoptotic death. We consider unlikely the possibility 

that the susceptibility of U937 cells to prolonged exposure to EN460 is causally linked to the 

proliferation phenotype. Rather, their vulnerability is more likely related to some specific 

characteristics of leukemic cells, as previously suggested (Hayes et al., 2019).  

Based on the above information, we restricted the use of EN460 to experiments in which the inhibitor 

was devoid of intrinsic toxicity.  
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We found that EN460 and ISRIB abolish the DNA strand scission induced by arsenite at 6 h in both 

cell types.  In addition, these inhibitors were as effective as the MPT inhibitor CsA in preventing the 

delayed onset of mitochondrial dysfunction and apoptotic DNA fragmentation/condensation induced 

by the metalloid in WT D-C2C12 cells. Finally, ISRIB also prevented these delayed effects of arsenite 

in U937 cells.  The specificity of the cytoprotective effects of EN460 and ISRIB is emphasized by 

the observation that, under identical conditions, the metalloid failed to promote DNA strand scission, 

mitochondrial dysfunction and apoptosis in ERO1 KO D-C2C12 cells.  

In conclusion, it appears that EN460 and ISRIB mimic the protective effects mediated by the ERO1 

KO phenotype, or by Ry, on Ca2+ mobilization/mitochondrial accumulation and mitoO2
-. formation 

induced by arsenite, thereby leading to suppression of the early DNA strand scission and late MTP-

dependent apoptosis. The intrinsic toxicity of EN460, apparently cell type dependent, however sets a 

limitation to its potential use, whereas ISRIB appears particularly safe for both cell types. 

Pharmacological inhibitors of ERO1 activity or expression therefore represent suitable candidates 

for challenging novel pharmacological strategies aimed at the prevention of arsenite-dependent geno- 

and cyto-toxicity associated with mitoO2
-. formation.  The proposed mechanism whereby arsenite 

induces mitoO2
-.- dependent DNA damage and mitochondrial apoptosis, as well as the specific targets 

of EN460 and ISRIB, are illustrated in Fig. 5. 
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Legend to the figures 

Fig. 1. ISRIB inhibits ERO1 expression induced by thapsigargin or arsenite 

U937 (A,C) and WT D-C2C12 (B,D) cells were exposed for 6 h to 5 µM thapsigargin (A,B) or 2.5 

µM arsenite (C,D), in the absence or presence of 200 nM ISRIB, and then analyzed for ERO1α protein 

expression. Anti-β-actin antibody was used as a loading control. Results represent the means ± SD 

calculated from at three separate experiments. *P <0.01, as compared to untreated cells. #P < 0.01, as 

compared to cells treated with thapsigargin or arsenite (ANOVA followed by Dunnett's test). 

 

Fig. 2.  ISRIB and EN460 recapitulate the effects of ryanodine on the [Ca2+]c, [Ca2+]m, mitochondrial 

superoxide formation and DNA damage induced by arsenite 

U937, WT D-C2C12 and ERO1 KO D-C2C12 cells were pretreated for 5 min with the vehicle, 20 

μM Ry, ISRIB or 10 μM EN460 and incubated for 6 h with the further addition to arsenite. After 

treatments, the cells were analysed for Fluo 4 (A), Rhod 2 (B) and MitoSOX red (C) fluorescence as 

well as for DNA damage with the alkaline halo assay (D). In other experiments, cells exposed for 6 

h to ISRIB, or EN460, were washed, re-suspended in fresh culture medium, loaded for 20 min with 

Fluo 4 (E), Rhod 2 (F), or MitoSOX red (G) and subsequently incubated for 10 min with 10 mM Cf 

and 2.5 µM arsenite. After treatments, the cells were analyzed for their respective fluorescence 

responses (E-G) and for DNA damage (H). The results represent the means ± SD calculated from at 

least three distinct experiments. *P <0.05, **P <0.01, as compared to untreated cells. #P < 0.05, 

##P < 0.01, as compared to cells treated with arsenite (ANOVA followed by Dunnett's test). 

 

Fig. 3. The effects of ISRIB or EN460 on U937 and WT D-C2C12 cell viability  
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U937 and WT D-C2C12 cells were exposed for increasing time intervals to ISRIB, or EN460, and 

then analysed by counting the number of viable cells (A) and trypan blue positive cells (B). Sister 

cultures were processed for the assessment of apoptotic chromatin fragmentation/condensation (C). 

The results represent the means ± SD calculated from at least three distinct experiments. *P <0.05, 

**P <0.01, as compared to untreated cells. (ANOVA followed by Dunnett's test). 

 

Fig. 4. Arsenite causes mitochondrial dysfunction and apoptosis via mechanisms sensitive to 

inhibition of the activity or expression of ERO1, as well as to its genetic deletion 

U937, WT D-C2C12 and ERO1 KO D-C2C12 cells were pretreated for 5 min with the vehicle, 

CsA, ISRIB or EN460, and incubated for 16 (A-D) or 24 (E,F) h with arsenite. After treatments, the 

cells were analysed for MitoTracker red CMXRos-fluorescence (A), MTT reducing activity (B), 

cytochrome c (Cyt c) immunoreactivity in the cytosolic and mitochondrial fractions (C), cytochrome 

c localization (D), caspase 3 activity (E), or apoptotic chromatin fragmentation/condensation (F).  The 

results represent the means ± SD calculated from at least three distinct experiments. *P <0.05, **P 

<0.01, as compared to untreated cells. #P < 0.05, ##P < 0.01, as compared to cells treated with arsenite 

(ANOVA followed by Dunnett's test). 

 

Fig. 5. Proposed mechanism whereby EN460 and ISRIB inhibit DNA damage and mitochondrial 

apoptosis induced by a low concentration of arsenite. 

The metalloid promotes an initial activation of the IP3R, which enhances the expression (sensitive to 

ISRIB) and activity (sensitive to EN460) of ERO1 to critically regulate the activation of the RyR.  

Ca2+ release from the RyR (sensitive to Ry) is associated with the mitochondrial accumulation of the 

cation and with the formation of mitoO2
-..  Conversion of the latter to H2O2 leads to mitochondrial 

dysfunction and MPT-dependent apoptosis. The diffusible nature of H2O2 is also permissive for the 
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induction of distal effects, as DNA strand scission. Thus, ISRIB and EN460, by preventing the 

stimulatory effects of ERO1 on the RyR prevent mitoO2
-. formation and its downstream effects 

leading to DNA strand scission and MPT-dependent apoptosis.  
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