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A B S T R A C T

A low concentration of arsenite (6 h), selectively stimulating the intraluminal crosstalk between the inositol-1, 4,
5-triphosphate receptor and the ryanodine receptor (RyR), increased the mitochondrial transport of RyR-derived
Ca2+ through the mitochondrial Ca2+ uniporter. This event was characterized in intact and permeabilized cells,
and was shown to be critical for mitochondrial superoxide (mitoO2.-) formation. Inhibition of mitochondrial
Ca2+ accumulation therefore prevented the effects of arsenite, in both the mitochondrial (e.g., cardiolipin
oxidation) and extramitochondrial (e.g., DNA single- strand breakage) compartments, and suppressed the Nrf2/
GSH survival signaling. The effects of arsenite on Ca2+ homeostasis and mitoO2.- formation were reversible, as
determined after an additional 10 h incubation in fresh culture medium and by measuring long-term viability. A
16 h continuous exposure to arsenite instead produced a sustained increase in the cytosolic and mitochondrial
Ca2+ concentrations, a further increased mitoO2.- formation and mitochondrial permeability transition. These
events, followed by delayed apoptosis (48 h), were sensitive to treatments/manipulations preventing mi-
tochondrial Ca2+ accumulation. Interestingly, cells remained viable under conditions in which the deregulated
Ca2+ homeostasis was not accompanied by mitoO2.-formation.
In conclusion, we report that the fraction of Ca2+ taken up by the mitochondria in response to arsenite

derives from the RyR. Mitochondrial Ca2+ appears critical for mitoO2.- formation and for the triggering of both
the cytoprotective and apoptotic signaling. The effects of arsenite were reversible, whereas its prolonged ex-
posure caused a sustained increase in mitochondrial Ca2+ and mitoO2.- formation, and the prevalence of the
apoptotic vs survival signaling.

1. Introduction

It is well established that reactive oxygen species (ROS) can be
generated in multiple compartments and by different sources, which
include the respiratory chain, a large family of NADPH oxidases, li-
poxygenases, uncoupled nitric oxide synthase, xanthine oxidase, etc.
[1–4]. These diverse conditions are expected to result in different local
concentrations of H2O2, depending on the site in which superoxide
(O2.-) formation takes place and its dismutation to H2O2 ensues. Fur-
thermore, ROS released by one source can eventually recruit other

mechanisms leading to enhanced ROS release [5,6]. There is for ex-
ample the possibility that activation of NADPH oxidase results in en-
hanced H2O2 formation and in H2O2-dependent mitochondrial dys-
function, which in turn leads to additional ROS release [7,8].

The complexity of these events is further increased by the interplay
between the mechanisms involved in ROS release and Ca2+ mobiliza-
tion, for at least three separate reasons. The first one is related to the
fact that most of the mechanisms mediating ROS formation, in parti-
cular those based on inhibition of electron transport in the respiratory
chain, or on NADPH oxidase activation, are Ca2+-dependent [6,9]. The
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second reason is that ROS may effectively stimulate the release of Ca2+

from both the inositol-1, 4, 5-triphosphate receptor (IP3R) or ryanodine
receptor (RyR) [9–11]. The third one is instead that Ca2+ stimulates the
activity of nitric oxide synthase, thereby resulting in the formation of
reactive nitrogen species, as peroxynitrite [12,13], which effectively
alter Ca2+ homeostasis [13], or eventually lead to further O2.-/H2O2
formation [12–14].

These general principles make the point that the issues of where
ROS and Ca2+ are released, and how these events are interconnected,
are difficult to address, and should therefore involve carefully planned
experiments, using appropriate and possibly simplified approaches. For
example, the cell type should be carefully selected since different cells
may differentially express specific ROS sources and/or Ca2+ channels.
The concentration of the agent under investigation should also be
carefully chosen since toxicity and ATP depletion burst most of the
above complicating factors [5,9,11].

Trivalent arsenic, a widely distributed environmental toxic me-
talloid and human carcinogen [15–17], that produces deleterious ef-
fects in diverse biomolecules located in different subcellular compart-
ments [16,17], represents a prototype of an agent promoting events
characterized by the above complexities. Furthermore, arsenite pre-
sents an additional complication related to its ability to bind to thiol
residues in proteins [16,18], which may on the one hand directly result
in ROS formation and on the other hand directly deregulate Ca2+

homeostasis, since the endoplasmic reticulum presents critical cysteines
in both the IP3R and RyR [10,19]. Not surprisingly, different studies
using different cell types and arsenite concentrations reported evidence
of ROS formation from different sources [16,17] and Ca2+ mobilization
through different mechanisms [20–23], with the interplay between
these events rarely determined [20,23].

Understanding the details of the above effects mediated by arsenite
is of critical importance since the interplay between Ca2+ and ROS is
central to the regulation of events leading to the induction of skin, liver,
lung, urinary tract and bladder cancers [15–17] as well as cardiovas-
cular, hepatic, renal and nervous system disorders [16,17]. Exposure to
arsenic has a major impact on human health, as over 200 million people
are exposed to arsenic, in particular through drinking water [15].

With these considerations in mind, we initially selected a cell type,
U937 cells, in which a low concentration of arsenite exclusively pro-
motes mitochondrial O2.- (mitoO2.-) formation [24–27], to then address
specific questions on the effect mediated by the metalloid on Ca2+

homeostasis [28]. It should be also mentioned that this cell line pre-
sents the following advantages: i) it expresses functional high affinity
Na+ dependent vitamin c transporter 2 in both the plasma and mi-
tochondrial membranes, thereby allowing the accumulation of high and
low amounts of ascorbic acid (AA) in mitochondria and in the cytosol,
respectively [29–31]. Mitochondrial AA can then be functional for an
effective and selective scavenging of mitoO2.-. ii) this cell line does not
express constitutive nitric oxide synthase and fails to express the in-
ducible isoform in response to arsenite [24,26,27]. We can therefore
rule out the involvement of peroxynitrite in our experiments, and hence
simplify the interpretation of their outcomes; iii) this cell line can be
easily manipulated to induce mitochondrial respiratory deficiency
[25,26]. iv) these cells express both the IP3R and the RyR [28,32–34].
v) these cells can be easily differentiated to monocytes with down-
regulated RyR expression [34].

We recently investigated the effects of a low concentration (2.5 µM)
of arsenite (6 h) using the parental U937 cell line, from now on referred
to as respiration-proficient RP-cells, as well as respiration-deficient cells
(RD-cells) and monocyte differentiated cells (D-cells). In this study
[28], we obtained evidence for a stimulatory effect on the IP3R, based
on direct binding of the metalloid on upstream targets, which however
caused the release of a limited amount of Ca2+. This effect did not
increase further at increasing concentrations of the metalloid, did not
impair the Ca2+ response triggered by specific IP3R agonists and was
ROS-independent. We also found that IP3R stimulation was associated

with a very large Ca2+ release from the RyR. This effect was also ROS-
independent and progressively increased at increasing arsenite con-
centrations. Furthermore, arsenite alone failed to release Ca2+from the
RyR, or to sensitize this channel to Ca2+-induced Ca2+ release events
triggered by the elevation of the cytosolic Ca2+ concentration
([Ca2+]c). Our interpretation of these findings was therefore that in
addition to the direct stimulation of the IP3R signaling, the metalloid
also targets the IP3R and RyR intraluminal crosstalk to increase sig-
nificantly the release of Ca2+ through the second channel.

The present study addressed issues related to the regulation of mi-
tochondrial Ca2+ uptake and accumulation, under the same conditions
of arsenite exposure previously employed to investigate the effects of
the metalloid on [Ca2+]c. More specifically, we asked questions related
to the mechanism whereby Ca2+ is taken up by the mitochondria, as
well as on the effects and consequences of this event in terms of ROS
formation/regulation of both the survival and apoptotic signaling.

2. Materials and methods

2.1. Chemicals

Sodium arsenite, 2-aminoethoxydiphenyl borate (2-APB), Ry, AA,
rotenone, caffeine (Cf), CaCl2, ruthenium red (RR), LaCl3, 7-chloro-5-
(2-chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-one (CGP-
37157), Hoechst 33342, as well most of the reagent-grade chemicals
were purchased from Sigma-Aldrich (Milan, Italy). Ru360 was obtained
from Calbiochem (San Diego, CA). Cyclosporin A (CsA) was from
Novartis (Bern, Switzerland). Fluo-4-acetoxymethyl ester, Rhod 2-
acetoxymethyl ester, Dihydrorhodamine 123 (DHR), MitoSOX red, 10-
N-nonyl acridine orange (NAO) and MitoTracker Red CMXRos were
purchased from Molecular Probes (Leiden, The Netherlands).

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 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. These cells were dif-
ferentiated to monocytes by a 4 days growth in culture medium sup-
plemented with 1.3% DMSO, as previous described [35]. U937 cells
were made respiration-deficient as indicated in [25].

Sodium arsenite was prepared as a 1mM stock solution in saline A
(140mM NaCl, 5 mM KCl, 4mM NaHCO3, and 5mM glucose; pH 7.4)
and stored at 4 °C. Cells (1.5× 105 cells/ml) were exposed to arsenite
in complete RPMI 1640 culture medium. Similar conditions were used
in experiments employing permeabilized cells. Permeabilization was
achieved by adding digitonin (10 μM) to a medium consisting of 0.25M
sucrose, 0.1% (w/v) BSA, 10mM MgCl2, 10mMK+-HEPES, and 5mM
KH2PO4 (pH 7.2) at 37 °C. Under these conditions, digitonin permea-
bilizes the plasma membrane but leaves mitochondrial membranes in-
tact [36]. Treatments with AA were performed as detailed elsewhere
[29].

2.3. Measurement of cytosolic and mitochondrial Ca2+levels

The cells were supplemented with either 4 µM Fluo-4-acetox-
ymethyl ester or 10 µM Rhod 2-acetoxymethyl ester 30min prior to the
end of the treatments. After the treatments, the cells were washed three
times and 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×/0.55 objective lens. The excitation and emission wave-
lengths were 488 and 515 nm (Fluo-4), and 540 and 590 nm (Rhod-2)
with a 5-nm slit width for both emission and excitation. The light
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intensity and the exposure settings were kept constant to allow quan-
titative comparisons of relative fluorescence intensity of cells between
treatment groups. The exposure was limited to brief image acquisition
intervals (≤ 5 s) to minimize photo-oxidation of Fluo-4 or Rhod-2.
Fluorescence images (50 cells per sample from randomly selected
fields) were digitally acquired and processed for fluorescence de-
termination at the single cell level on a personal computer using the
public domain Scion Image program. Briefly, single images were con-
verted to 8-bit grayscale by linearly scaling from min-max to 0–255,
where min and max are the two values displayed in the Image
Adjust Brightness/Contrast. The obtained images were then inverted
using the tool “Invert LUT”. With inverted LUTs, pixels with a value of
zero are white and pixels with a value 255 are black, the value (v) of
each entry is replaced by 255-v. Mean fluorescence values were de-
termined by averaging the fluorescence values of at least 50 cells/
treatment condition/experiment.

2.4. DHR, MitoSOX red and NAO fluorescence assays

The cells were supplemented with either 10 µM DHR, 5 µM MitoSOX
red or 10 µM NAO 30min prior to the end of the treatments, washed
three times with Saline A and subsequently analyzed with a fluores-
cence microscope. The resulting images were taken and processed as
described above. The excitation and emission wavelengths were 488
and 515 nm (DHR), 510 and 580 nm (MitoSOX red), and 495 nm and
519 nm (NAO), with a 5-nm slit width for both emission and excitation.
Mean fluorescence values were determined by averaging the fluores-
cence values of at least 50 cells/treatment condition/experiment.

2.5. Aconitase activity

The cells were washed twice with saline A, re-suspended in lysis
buffer (50mM Tris-HCl, 2 mM Na-citrate, 0.6 mM MnCl2, pH 7.4) and
finally sonicated three times on ice by using the Sonicator Ultrasonic
Liquid Processor XL (Heat System-Ultrasonics, Inc., NY) operating at
20W (10 s). The resulting homogenates were centrifuged for 5min at
18,000×g at 4 °C. Aconitase activity was determined spectro-
photometrically in the supernatants at 340 nm, as described in [37].

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

DNA single-strand breakage was determined using the alkaline halo
assay developed in our laboratory [38]. It is important to note that,
although we refer to DNA strand scission throughout the text, the DNA
nicks measured by this technique under alkaline conditions may in fact
include alkali labile sites in addition to direct strand breaks. Details on
the alkaline halo assay and processing of fluorescence images and on
the calculation of the experimental results are also given in Ref. [38].
DNA single-strand breakage was quantified by calculating the nuclear
spreading factor value, representing the ratio 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. Western blot analysis

After treatments, the cells were processed to obtain the whole cell
lysates as described in [39]. Equal amounts of proteins (25 μg) were
resolved in 7% sodium dodecyl sulphate polyacrylamide gel and elec-
trotransferred to polyvinyldiene difluoride membranes. Western blot
analyses were performed using antibodies against Nrf2 (1:500, D1Z9C,
Cell Signaling Technology, Leiden, The Netherlands) and actin (1:1000,
sc-8432, Santa Cruz, Santa Cruz, CA). Details on Western blotting

apparatus and conditions are reported elsewhere [40]. Antibody against
actin were used to assess equal loading of the lanes.

2.8. Measurement of GSH content by high performance liquid
chromatography

The cells (1× 106) were suspended in 100 µl of lysis buffer (0.1%
Triton X-100; 0.1M Na2HPO4; 5mM Na-EDTA, pH 7.5), vortexed and
kept for 10min on an ice bath. Thereafter, 15 µl of 0.1 N HCl and 140 µl
of precipitating solution (0.2M glacial meta-phosphoric acid, 5 mM
sodium EDTA, 5M NaCl) were added to the samples. After cen-
trifugation, the supernatants were collected and kept at −20 °C until
the HPLC analyses. Just before analysis, 60 µl of the acid extract were
supplemented with 15 µl of 0.3M Na2HPO4 and 15 µl of a solution
containing 20mg of DTNB in 100ml of sodium citrate (1% w/v). The
mixture was stirred for 1min at room temperature and, after 5min,
filtered through 0.22 µm pore micro-filters. The resulting samples were
finally analyzed for their GSH content by an HPLC assay [41], using a
15 cm×4.6mm, 5 µm Supelco Discovery® C18 column (Supelco, Bel-
lefonte, PA). The UV absorption was detected at 330 nm. The injection
volume was 20 µl. The retention time of GSH was approximately
15.7 min.

2.9. Measurement of mitochondrial membrane potential

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

2.10. Immunofluorescence analysis

After treatments, the cells were suspended in 2ml of saline A and
incubated for 30min in 35-mm tissue culture dishes containing an
uncoated coverslip. Under these conditions, cells rapidly attach to the
coverslip. The cells were then fixed for 1min with 95% ethanol/5%
acetic acid, washed with phosphate buffer saline (PBS, 136mM NaCl,
10mM Na2HPO4, 1.5mM KH2PO4, 3mM KCl; pH 7.4) and blocked in
PBS-containing bovine serum albumin (2% w/v) (30min 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, wa-
shed and then incubated for 3 h in the dark with fluorescein iso-
thiocyanate (Santa Cruz Biotechnology)-conjugated secondary antibody
diluted 1:100 in PBS. The cells were then analyzed with a fluorescence
microscope to count the relative numbers of cells bearing a punctate
fluorescence, consistent with mitochondrial localization of cytochrome
c, and a diffused fluorescence, consistent with the mitochondrial loss of
cytochrome. In each experiment, at least 150 cells were analyzed to
calculate the percentage of cells with a diffused fluorescence, indicative
of MPT-dependent loss of cytochrome c.

2.11. Fluorogenic caspase 3 assay

Caspase 3-like activity was monitored as described in Guidarelli
et al. [39] Briefly, the cells were lysed and aliquots of the extract (30 μg
proteins) were incubated with 12 μM Ac-DEVD-AMC, at 30 °C. Caspase
3-like activity was determined fluorometrically (excitation at 360 nm
and emission at 460 nm) by quantifying the release of amino-
methylcoumarin (AMC) from cleaved caspase 3 substrate (Ac-DEVD-
AMC).
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2.12. Analysis of apoptosis with the Hoechst 33342 assay

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

2.13. Statistical analysis

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 sig-
nificant.

3. Results

3.1. Arsenite promotes mitochondrial Ca2+ accumulation

RP-cells were exposed for 6 h to 2.5 µM arsenite and subsequently
processed for the assessment of both the [Ca2+]c and [Ca2+]m, using
respectively Fluo-4 and Rhod-2 as fluorescent probes. The results ob-
tained in these experiments indicate that the metalloid promotes a
significant increase in [Ca2+]c, as previously documented [28], as well
as in the [Ca2+]m, as respectively shown in Supplementary Fig. 1A and
B.

The results illustrated in Fig. 1A and B provide a quantification of
the relative increases in the [Ca2+]c and [Ca2+]m and the additional
information that both responses were suppressed by 2-APB, a IP3R
antagonist [42]. Fig. 1B also shows that the increase in [Ca2+]m was
suppressed by Ry, an antagonist of the RyR [19], and by Ru360, an
inhibitor of mitochondrial Ca2+ uniporter (MCU) [43]. The increase in
[Ca2+]c (Fig. 1A) was instead significantly inhibited, but not sup-
pressed, by Ry and insensitive to Ru360.

These results are indicative of a pivotal role of the RyR in processes
leading to mitochondrial Ca2+ accumulation in cells exposed to ar-
senite. This notion is also consistent with the outcome of experiments
showing that arsenite slightly elevates the [Ca2+]c via 2-APB-sensitive
and Ry- or Ru360- insensitive mechanisms in D-cells (Fig. 1A), which
do not express the RyR. Under the same conditions, arsenite failed to
increase the [Ca2+]m (Fig. 1B).

The results presented in this section indicate that arsenite elevates
the [Ca2+]c and [Ca2+]m. It also appears that the fraction of the cation
cleared by the mitochondria derives from the RyR and that mitochon-
drial Ca2+ uptake is mediated by a Ru360-sensitive mechanism. Some
indication for the specificity of the effects of Ru360 is also provided by
the absence of parallel effects on the [Ca2+]c.

3.2. Arsenite-induced mitoO2.- formation is Ca2+-dependent and requires
mitochondrial Ca2+ accumulation

We recently demonstrated that the arsenite-induced Ca2+ mobili-
zation from the IP3R and RyR is not affected by mitoO2.- released under
the same conditions [28]. We therefore asked the question of whether
the same is also true for events regulating mitochondrial Ca2+ uptake.

In order to address this question we used two different assays to
measure ROS formation after a 6 h exposure of RP-cells to arsenite. We
used DHR, a fluorescence probe allowing the detection of different ra-
dicals, including O2.-, generated in both intra- and extra-mitochondrial
compartments [44], and MitoSOX red, a fluorochrome commonly em-
ployed for the detection of O2.- in the mitochondria of live cells [45].

Arsenite promoted significant fluorescence responses using either of
the two probes (Supplementary Fig. 1C and D). These different ap-
proaches also produced identical outcomes, in line with the notion that
arsenite promotes mitoO2.- formation, as we previously determined

[24–27]. Both responses were indeed abolished by the complex I in-
hibitor rotenone, as well as by AA, supplemented under conditions
promoting high and low concentrations of the vitamin in the mi-
tochondria and cytosol, respectively (Fig. 1C and D) [29,30]. As in-
dicated in Fig. 1B, these treatments however failed to affect the ar-
senite-induced increase in [Ca2+]m. Similar results were obtained by
measuring the [Ca2+]c (Fig. 1A) [28].

We also performed other experiments in RD-cells exposed for 6 h to
2.5 μM arsenite. These cells do not express a functional respiratory
chain [25,26] and fail to respond to arsenite with increased mitoO2.-

formation (inset to Fig. 1C and D), but nevertheless accumulate Ca2+ in
their cytosol (Fig. 1A) and mitochondria (Fig. 1B). These responses
were identical to those observed in RP-cells and equally modulated by
2-APB, Ry and Ru360.

These results indicate that, in cells exposed to arsenite, the processes
leading to Ca2+ mobilization and mitochondrial Ca2+ accumulation are
ROS-independent.

We next investigated the role of Ca2+ in events leading to the for-
mation of mitoO2.- in cells exposed to arsenite. As illustrated in Fig. 1,
the DHR- (C) and MitoSOX red (D) fluorescence responses detected in
RP-cells exposed to the metalloid, besides being sensitive to rotenone or
AA, were also suppressed by 2-APB, Ry or Ru360. The results illustrated
in Table 1 indicate that the same treatments instead failed to affect the
DHR-fluorescence response mediated by reagent H2O2, thereby pro-
viding evidence for the specificity of their protective effects.

These results are therefore consistent with the possibility that ar-
senite promotes mitoO2.- formation via a Ca2+-dependent mechanism,
possibly regulated by the mitochondrial fraction of the cation.
Consistent with this notion were the results from experiments using D-
cells indicating the absence of mitoO2.- formation (inset to Fig. 1C and
D) in cells in which arsenite slightly increased the [Ca2+]c, via a 2-APB-
sensitive/Ry-insensitive mechanism, but failed to increase the [Ca2+]m
(Fig. 1B).

We next used an alternative approach based on inhibition of mi-
tochondrial Ca2+ efflux, an event expected to burst the arsenite-in-
duced mitoO2.- formation. For this purpose, we used CGP-37157, an
inhibitor of mitochondrial Na+/Ca2+ exchanger (mNCX) [46], and an
exposure protocol (3 µM for 4 h) failing to produce detectable toxicity,
as measured by either the trypan blue exclusion assay or the release of
lactate dehydrogenase (not shown). An additional advantage of this
exposure protocol is represented by the fact that, under these condi-
tions, arsenite produces weak responses in terms of mitochondrial Ca2+

accumulation and mitoO2.- formation (Table 2). We also found that
CGP-37157 alone caused a weak increase in [Ca2+]m in the absence of
detectable effects on mitoO2.- formation. It was then interesting to ob-
serve that combined exposure to arsenite and the mNCX inhibitor sy-
nergistically increased the [Ca2+]m and mitoO2.- formation.

In order to provide a final, direct evidence linking the mitochondrial
fraction of Ca2+ to mitoO2.- formation, we performed additional ex-
periments using permeabilized RP-cells. In these experiments, the cells
were first exposed to the appropriate fluorescence probe, subsequently
permeabilized as detailed in the methods section, treated for 15min
with 2.5 μM arsenite, alone or with other additions, and finally ana-
lyzed for the [Ca2+]m (Fig. 2A) and mitoO2.- formation (Fig. 2B), as
indicated above. Under these conditions, the metalloid failed to pro-
mote detectable effects, but nevertheless significantly enhanced
mitoO2.- formation when the [Ca2+]m was increased via Cf supple-
mentation. More specifically, we observed that Cf alone, or associated
to arsenite, similarly increased the [Ca2+]m and that the enhanced
mitoO2.- formation was only detected when the cells received both
treatments. The increased [Ca2+]m and mitoO2.- formation were pre-
vented by Ry, Ru360, RR (200 nM, a concentration specifically pre-
venting mitochondrial Ca2+ uptake, [47]) and lanthanium ions
(LaCl3,100 μM, which competitively inhibits Ca2+ uptake, [48]). 2-APB
failed to produce detectable effects under the same conditions.

We next performed experiments in which Cf was replaced with

A. Guidarelli et al. Redox Biology 20 (2019) 285–295

288



reagent Ca2+ (30 μM), and observed a significantly increased mi-
tochondrial Ca2+ accumulation (Fig. 2A) associated with enhanced
mitoO2.- formation (Fig. 2B). Furthermore, both responses were sensi-
tive to Ru360, RR and LaCl3, but not to Ry, or 2-APB.

Collectively, the results presented in this section demonstrate that
arsenite promotes mitochondrial Ca2+ accumulation via a mechanism
insensitive to ROS. In addition, the experimental approach using both
intact and permeabilized cells provided further indication for the spe-
cificity of the effects mediated by the different inhibitors and, most

Fig. 1. Arsenite elevates the [Ca2+]m: the fraction of the cation cleared by the mitochondria derives from the RyR and critically mediates mitoO2
.-

formation. RP-, D- and RD-cells were pretreated for 15min with 0 or 50 μM 2-APB, 20 μMRy, 10 μM Ru360, 0.5 μM rotenone or 10 μM AA and incubated for 6 h with
2.5 μM arsenite. Cells were then loaded (30min) with Fluo-4-AM (A) or Rhod-2-AM (B) and processed to determine their respective fluorescence responses. In other
experiments, RP-cells were treated as indicated above, supplemented with DHR (C) or MitoSOX red (D) and analyzed for their respective fluorescence responses. The
results obtained using D- and RD-cells are shown in the insets. Results represent the means± SD calculated from 4 to 7 separate 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 (one-way ANOVA followed by Dunnet's test).

Table 1
Effect of various treatments on the DHR-fluorescence caused by H2O2.

Treatment DHR-fluorescence (arbitrary units)

Untreated RP-cells 14.5+ 1.4
H2O2 28.9+ 2.5*

+ Rotenone 29.6+ 2.2*

+ AA 27.4+ 2.4*

+2-APB 30.1+ 3.3*

+ Ry 27.7+ 2.7*

+ Ru360 29.0+ 2.6*

RP-cells were treated for 15min with 0 or 50 µM H2O2, in the absence or
presence of rotenone (0.5 µM), 2-APB (50 µM), Ry (20 µM) or Ru360 (10 µM).
Drugs were added to the cultures 5min prior to H2O2. AA (10 µM) was given
to the cells 15min prior to H2O2. After treatments, the cells were analyzed for
DHR-fluorescence. Results represent the means ± SD calculated from at least
3 separate experiments.
* P < 0.001; as compared to untreated cells (one-way ANOVA followed by

Dunnett's test).

Table 2
CGP-37157 enhances the Rhod 2- or MitoSOX-red-fluorescence responses
mediated by arsenite.

Treatment Rhod 2-fluorescence
(arbitrary units)

MitoSOX red-fluorescence
(arbitrary units)

Untreated RP-cells 11.5 ± 1.4 11.3 ± 1.1
CGP-37157 16.9 ± 1.2 11.8 ± 1.3
Arsenite 20.4 ± 2.2 15.1 ± 1.5
Arsenite + CGP-37157 36.4 ± 2.4* 31.8 ± 2.6*

RP-cells were exposed for 4 h to arsenite (2.5 µM) in the absence or presence of
CGP-37157 (3 µM). After treatments, the cells were analyzed for Rhod 2- or
MitoSOX red-fluorescence. Results represent the means ± SD calculated from
3 separate experiments.
* P < 0.01, as compared to cells treated with arsenite (one-way ANOVA

followed by Dunnett's test).
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importantly, convincing experimental evidence causally linking the
increased [Ca2+]m with mitoO2.- formation.

3.3. The increased mitochondrial Ca2+ concentrations are necessary to
promote the indirect effects induced by arsenite on various biomolecules and
on the Nrf2-dependent survival signaling

We previously determined that mitoO2.--derived H2O2 mediates
both the toxic and adaptive responses triggered by arsenite [27]. We
can therefore predict that 2-APB, Ry and Ru360, by preventing mitoO2.-

formation (Fig. 1C and D), as previously observed with rotenone or AA
[24,26,27], cause a parallel inhibition of the effects downstream to
mitoO2.- formation.

Indeed, as shown in Fig. 3, RP-cells exposed for 6 h to arsenite ac-
cumulated significant damage in their mitochondria in which we were
able to detect decreased aconitase activity (A) and increased cardiolipin
oxidation (B), using NAO as a fluorescent probe. Strand scission of
genomic DNA, was also detected under the same conditions (C). In
addition, we obtained evidence for increased Nrf2 expression (Fig. 3D)
and GSH biosynthesis (Fig. 3E).

We found that all the above effects were prevented by 2-APB, Ry
and Ru360. Arsenite instead failed to inhibit aconitase activity (A) and
induce cardiolipin oxidation (B), DNA damage (C), Nrf2 expression
(Fig. 3D) and GSH biosynthesis (Fig. 3E) in both D- and RD-cells, in
which mitoO2.-formation did not take place (insets to Fig. 1C and D).

These results indicate that mitochondrial Ca2+ is critical for the
arsenite-dependent induction of events associated with the formation of
mitoO2.- and hence with the ensuing damage in diverse biomolecules
and activation of the Nrf2/GSH survival responses.

3.4. Transient vs sustained increase in [Ca2+]c and [Ca2+]m

RP-cells were exposed for 6 h to 2.5 μM arsenite and incubated in
fresh culture medium for additional 10 h prior to the assessment of the
[Ca2+]c. The results illustrated in Fig. 4A indicate that the increase in
[Ca2+]c detected after 6 h was transient, and indeed the cytosolic Ca2+

signal measured after recovery was identical to that measured in un-
treated cells. Different results were instead obtained by measuring the
Ca2+ response mediated by a 16 h exposure to the metalloid. We found
that the [Ca2+]c detected in these cells remained similar to that mea-
sured at the 6 h time-point.

The results obtained with RD-cells were identical to those described
above for RP-cells, whereas the small increase in [Ca2+]c detected in D-
cells at 6 h disappeared after the post-treatment incubation and re-
mained unchanged with the 16 h exposure regimen.

We subsequently found that the effects of the metalloid were also
transient for the increased [Ca2+]m (Fig. 4B). We were instead unable
to measure the [Ca2+]m in cells exposed for 16 h to arsenite, since
under the same conditions a significant decline in mitochondrial
membrane potential was also observed (Fig. 5A). Indeed Rhod 2, the
probe employed in experiments measuring the [Ca2+]m, is taken up by
the mitochondria as a function of their membrane potential [49].

It is however important to note that RD-cells, while failing to pro-
duced ROS in response to arsenite (Fig. 1C), were also resistant to the
effects on mitochondrial membrane potential (Fig. 5A). In addition, a
6 h exposure of RD-cells to arsenite caused an increased [Ca2+]m that
returned to control levels after the 10 h post-incubation in fresh culture
medium (Fig. 4B), as previously observed in RP-cells. RD-cells were
therefore used to address the question of whether a sustained increase
in [Ca2+]m is observed after the 16 h exposure to arsenite. The results
illustrated in Fig. 4B indicate that this was indeed the case. As expected,
there was no evidence of mitochondrial Ca2+ accumulation in D-cells
receiving any of the above treatments (Fig. 4B).

We subsequently moved to experiments measuring mitoO2.- forma-
tion. As indicated in Fig. 4C, ROS formation in RP-cells exposed for 6 h
to arsenite was suppressed by recovery in fresh culture medium, and
significantly increased using the 16 h exposure paradigm (Fig. 4C). We
also failed to detect increased mitoO2-.formation in D- or RD-cells re-
ceiving any of the above treatments (Fig. 4C).

We finally performed experiments measuring cardiolipin oxidation
as an index of mitochondrial damage. As also previously indicated in
Fig. 3B, a 6 h exposure to arsenite causes cardiolipin oxidation
(Fig. 4D). This response was suppressed by recovery in fresh culture
medium, and significantly increased using the 16 h exposure paradigm.
In other words, the results obtained in these experiments were identical
to those from experiments measuring mitoO2-.formation (Fig. 4C),
which obviously makes sense since cardiolipin oxidation is mediated by
mitoO2-.. As expected, there was no evidence of cardiolipin oxidation,
in D- or RD-cells receiving any of the above treatments (Fig. 4D).

Collectively these results indicate that, under the conditions em-
ployed in the present study, the effects mediated by arsenite on the
[Ca2+]c and [Ca2+]m are reversible upon post-treatment incubation of
the cells in fresh culture medium. Evidence for mitoO2.- formation was
therefore restricted to cells exposed to arsenite without recovery. The
16 h exposure protocol instead promoted a sustained increase in both
[Ca2+]c and [Ca2+]m, associated with continuous and increasing
mitoO2.- formation.

3.5. Sustained increase in [Ca2+]m is required to promote delayed toxic
effects

As indicated above, and in our previous studies [24,26,27], inhibi-
tion of mitochondrial membrane potential is observed in RP-cells ex-
posed for 16 h to arsenite (Fig. 5A). Furthermore, this event is asso-
ciated with the mitochondrial loss of cytochrome c (Fig. 5B and
Supplementary Fig. 1E), thereby confirming our previous findings

Fig. 2. The role of mitochondrial Ca2+ in events leading to mitoO2
.- for-

mation: studies in permealized cells RP-cells were incubated for 20min with
Rhod-2-AM (A), re-suspended in digitonin buffer and finally exposed for 10min
to 2.5 μM arsenite, either alone or associated with 10mM Cf, or 30 μM CaCl2, in
the absence or presence of 50 μM 2-APB, 20 μMRy,10 μM Ru360, 200 nM RR or
100 μM LaCl3. After treatments, the cells were analyzed for Rhod-2-fluores-
cence. In other experiments (B), intact RP-cells were initially incubated for
20min with MitoSOX red, processed and treated as indicated in (A), and finally
analyzed to determine the resulting fluorescence responses. Results represent
the means ± SD calculated from 3 separate experiments. *P < 0.01, as com-
pared to untreated cells. (*)P < 0.01, as compared to cells treated with ar-
senite (one-way ANOVA followed by Dunnet's test).
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providing evidence for the induction of MPT [24,26,27]. This notion is
in keeping with the observation that CsA (0.5 μM) prevents both events
(not shown). These same events were also sensitive to treatments pre-
venting the mitochondrial accumulation of Ca2+. A longer exposure to
arsenite (48 h) caused caspase 3 activation (Fig. 6A) and apoptotic DNA

fragmentation (Fig. 6B). Both events were suppressed by CsA (not
shown and [24,26,27]), 2-APB, Ry or Ru360.

We found no evidence for a decline in mitochondrial membrane
potential (Fig. 5A), cytochrome c release (Fig. 5B), caspase 3 activation
(Fig. 6A) and chromatin fragmentation (Fig. 6B) in RP-cells exposed for

Fig. 3. Mitochondrial Ca2+ accumulation critically mediates the toxic effects induced by arsenite in mitochondrial and extramitochondrial compart-
ments, as well as the parallel survival signaling. RP-, D- and RD-cells were exposed for 6 h to arsenite. RP cells also received the metalloid in the presence of 2-
APB, Ry or Ru360. After treatments, the cells were analyzed for aconitase activity (A) NAO-fluorescence (B), DNA damage (C) and for their GSH content (E). In other
experiments using identical conditions, except for the duration of arsenite exposure (4 h instead of 6 h), the cells were analyzed for Nrf2 expression (D). Blots shown
in D (representative of three separate experiments) were re-probed for actin. Relative amounts of Nrf2 were quantified by densitometric analysis. Results represent
the means ± SD calculated from 4 to 8 separate experiments. *P < 0.01, as compared to untreated cells. (*)P < 0.01, as compared to cells treated with arsenite
(one-way ANOVA followed by Dunnet's test).
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6 h to arsenite, with or without recovery. As a final note, RD- and D-
cells were resistant to mitochondrial dysfunction (Fig. 5A and B) and
apoptosis (Fig. 6A and B) induced by prolonged arsenite exposure.

These results indicate that a sustained increase in [Ca2+]c and, more
specifically in [Ca2+]m, is critical for the induction of the arsenite-de-
pendent delayed events. The 6 h exposure to the metalloid instead
promotes reversible changes in both the [Ca2+]c and [Ca2+]m.
Exposure to arsenite followed by recovery in fresh culture medium was
indeed associated with inhibition of mitoO2.- formation, mitochondrial
dysfunction and delayed apoptosis.

4. Discussion

In a recent study, we investigated the effect of a low concentration
of arsenite in a U937 cell line (RP-cells) and U937 cell variants with
down-regulated RyR (D-cells) or characterized by a non-functional
mitochondrial respiratory chain (RD-cells). These cells, along with use
of specific inhibitors, allowed the identification of events leading to
increased [Ca2+]c through the sequential involvement of the IP3R and
RyR [28]. More specifically, we observed that arsenite promotes a weak
stimulation of the IP3R and a significant amplification of the overall
Ca2+ response through the RyR, an event dependent on direct effects of
the metalloid on the intraluminal crosstalk between the IP3R and RyR.

Using the same approach, we now report that the effects of arsenite
on the [Ca2+]c are associated with a significant increase in [Ca2+]m,
likely mediated by the MCU, a channel characterized by a high se-
lectivity and conductance for Ca2+, but a low apparent affinity for the
cation [50,51]. Although the involvement of MCU in the mitochondrial
transport of the cation appears consistent with the outcome of various
experimental studies (see below), it should nevertheless be mentioned
that mitochondria can also uptake the cation by additional channels as
the Ca2+/H+ exchanger Letm1, the mitochondrial RyR1 and transient
receptor canonical 3 [52].

Our preliminary observation was that the fraction of Ca2+ mobi-
lized by arsenite from the IP3R fails to promote a [Ca2+]c sufficiently
high to allow transport of the cation in the mitochondria. A more
correct interpretation of these findings should however be based on the
well-established subcellular heterogeneity of the Ca2+ concentrations
resulting from exposure to different stimuli in different cells [11–13].
The different subcellular concentrations of the cation in selected mi-
crodomains can therefore explain the specificity of the corresponding

Fig. 4. The effects of arsenite on the [Ca2+]c and [Ca2+]m are reversible:
prolonged exposure to the metalloid is required to promote a sustained
increase of the concentration of the cation in mitochondria, necessary for
mitochondrial dysfunction and apoptosis. RP-, D- and RD-cells were treated
for 6 h with arsenite (Treatment A). Cells received Treatment A and were then
incubated for a further 10 h in fresh culture (Treatment B). Cells were treated
for 16 h with arsenite (Treatment C). After treatments, the cells were analyzed
for Fluo- 4- (A), Rhod-2- (B), MitoSOX (C) or NAO- (D) fluorescence. Results
represent the means± SD calculated from 3 to 6 separate experiments.

Fig. 5. Impact of transient vs sustained increase in the [Ca2+]m on mi-
tochondrial dysfunction. Cells were treated as indicated in the legend to
Fig. 4, in which a definition of Treatment A-C is also provided. RP-cells received
Treatment C also in the presence of 2-APB, Ry or Ru360. After treatments, the
cells were analyzed for MitoTracker red CMXRos-fluorescence (A) and cyto-
chrome c localization (B), as detailed in the Methods section. Results represent
the means ± SD calculated from 4 to 6 separate experiments. *P < 0.05,
**P < 0.01, as compared to untreated cells. (**)P < 0.01, as compared to
cells treated with arsenite (one-way ANOVA followed by Dunnet's test).
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functional effects [11,53,54]. Likewise, the possibility of Ca2+ trans-
port in mitochondria is restricted to conditions in which the con-
centration of the cation is particularly high in the close proximity of the
MCU [51,54]. These requirements therefore lead us to conclude that the
Ca2+ released by the IP3R in response to arsenite fails to create local
concentrations of the cation permissive for transport through the MCU.

We subsequently determined that the fraction of Ca2+ released by
the RyR after IP3R stimulation induced by arsenite is instead efficiently
cleared by the mitochondria. It therefore appears that the RyR-released
Ca2+ promotes sufficient local concentrations of the cation in specia-
lized microdomains created by the close association between mi-
tochondria and the portion of the endoplasmic reticulum bearing the
RyR channel. As a consequence, RyR-derived Ca2+ is readily trans-
ported by the MCU into mitochondria.

To summarize, the experimental results thus far discussed suggest
that the direct effects of arsenite on the intraluminal IP3R/RyR crosstalk
identified in our previous work [28] are functional to RyR-dependent
Ca2+ release coupled with MCU-dependent mitochondrial Ca2+ accu-
mulation.

Having previously demonstrated that mitoO2.-, and its dismutation
product H2O2, produces hardly any effect on the arsenite-induced Ca2+

mobilization from the IP3R and the RyR [28], we investigated whether
the same was also true for events leading to enhanced mitochondrial
Ca2+ accumulation. Our approach, based on the use of treatments
preventing ROS formation, or RD-cells, univocally demonstrated that
mitochondrial Ca2+ accumulation is also ROS-independent.

We subsequently investigated whether Ca2+ is necessary for ROS
formation and found that treatments preventing the increase in [Ca2+]c
and [Ca2+]m produce parallel inhibitory responses in terms of mitoO2
formation in RP-cells. Furthermore, using RP-cells treated with Ry or D-
cells, which do not express the RyR, we determined that the specific
fraction of the cation involved in mitoO2.- formation is derived from the

RyR. In other words, it appears that RyR-derived Ca2+ plays a critical
role in the regulation of events associated with mitoO2.- formation.
Since the fraction of Ca2+ taken up by the mitochondria also derives
from the RyR, it would make sense to postulate its involvement in ROS
formation. Our experiments performed in intact cells using Ru360
provided outcomes consistent with this conclusion. Indeed the MCU
inhibitor, while failing to affect the [Ca2+]c, prevented the increase in
[Ca2+]m and caused a parallel suppression of mitoO2-. formation.

Consistently, inhibition of Ca2+ efflux from mitochondria mediated
by CGP-37157 was associated with a dramatic increase in the arsenite-
induced mitoO2-. formation.

Inhibitor studies, however, while validated by parallel observations
ruling out the possibility of non-specific effects on Ca2+ homeostasis
and/or on ROS formation, require converging information from studies
using different approaches.

We therefore tried to establish a more direct link between mi-
tochondrial Ca2+ accumulation and mitoO2.- formation using permea-
bilized cells, which allow the use of treatments that cannot be employed
in intact cells. We preliminarily demonstrated that, under these con-
ditions, Cf (a RyR agonist) promotes mitochondrial Ca2+ accumulation.
The observation that such event can be clearly observed in permeabi-
lized cells, implies the existence of a close proximity between the RyR
and mitochondria of RP-cells. The same conclusion was reached in
studies using arsenite, which also promotes Ca2+ release from this
channel and causes mitochondrial Ca2+ accumulation. Regardless of
this consideration, however, an important observation we could make
was that even a short-term exposure to arsenite promotes mitoO2.-

formation in cells manipulated to induce an enforced mitochondrial
Ca2+ accumulation. In addition, as also observed in intact cells, the
increase in [Ca2+]m was necessary -but not sufficient- for ROS forma-
tion.

We also used a different approach in which reagent Ca2+ was

Fig. 6. Sustained increase in the [Ca2+]m leads to
apoptosis. Cells were treated as indicated in the legend to
Fig. 4, in which a definition of Treatment A-C is also
provided. Treatment D refers to cells exposed to the me-
talloid for 48 h. RP-cells received Treatment D also in the
presence of 2-APB, Ry or Ru360. After treatments, the cells
were analyzed for caspase-3 activity (A), or for apoptosis,
by measuring chromatin fragmentation/condensation
with the Hoechst assay (B). Results represent the means
± SD calculated from 5 separate experiments.
*P < 0.01, as compared to untreated cells. (*)P < 0.01,
as compared to cells treated with arsenite (one-way
ANOVA followed by Dunnet's test).
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directly delivered to the permeabilized cells to then obtain results
consistent with those described above, in which Cf was used to promote
mitochondrial Ca2+ accumulation. As a final note, a further proof of
concept documenting the involvement of mitochondrial Ca2+ in ROS
formation is provided by experiments using Ru360, low concentrations
of RR or an excess concentration of lanthanium ions. These different
treatments effectively prevented both the mitochondrial Ca2+ accu-
mulation and ROS formation stimulated by arsenite in the presence of
either Cf or reagent Ca2+.

Collectively, the above results provide solid experimental evidence
supporting the notion that mitochondrial Ca2+ accumulation induced
by arsenite is mediated by the MCU, ensues as a consequence of Ca2+

release form the RyR and critically mediates mitoO2.- formation.
O2.- formation in different subcellular compartments generates dif-

ferent local concentrations of H2O2. For this reason, and for the com-
partmentalized nature of the antioxidant defenses [3,4], the indirect
effects mediated by arsenite through the O2.-/H2O2 signaling may vary
significantly with different sites of O2.- formation. It follows that the
effects mediated by arsenite in the specific paradigm employed in this
study are profoundly affected by the ability of the metalloid to uniquely
produce mitoO2.- in U937 cells, which in turn appears to depend on
mitochondrial Ca2+ accumulation consequent to the direct effects of
the metalloid on the ER. Not surprisingly, prevention of mitochondrial
Ca2+ accumulation was invariably associated with inhibition of the
early effects mediated by arsenite through the intermediate formation
of O2.- and H2O2 in mitochondrial (aconitase inhibition and cardiolipin
oxidation) and extramitochondrial (strand scission of genomic DNA)
compartments. Likewise, prevention of mitochondrial Ca2+ accumula-
tion also abolished the cytoprotective signaling based on activation of
the Nrf2 pathway leading to increased GSH biosynthesis.

Our previous work demonstrated that arsenite triggers two opposite
events, both mediated by mitoO2.- and H2O2 [27]. On the one hand, the
oxidant(s) promoted the formation of lesions on vicinal and distal
biomolecules, as indicated above (6 h), culminating in mitochondrial
dysfunction and MPT (16 h) and followed by a delayed (48 h) apoptotic
response [24,26,27]. On the other hand, O2.- and H2O2 also promoted a
survival signaling based on activation of Nrf2, enhanced γ-gluta-
milcysteine synthase catalytic heavy subunit expression and increased
GSH biosynthesis [27]. This latter event reduced the rate/extent of
mitoO2-. formation and, as a consequence, delayed and mitigated the
extent of the above downstream deleterious effects.

We now provide details on the reasons why the above sequence of
events requires the continuous presence of arsenite. Indeed, cells ex-
posed for 6 h to the metalloid maintained intact and functional mi-
tochondria, and remained viable when post-incubated in fresh culture
medium since ROS formation ceased after the 10 h recovery, as a con-
sequence of the inhibition of events causing deregulated Ca2+ home-
ostasis and increased mitochondrial Ca2+ accumulation. In addition,
prevention of mitochondrial Ca2+ accumulation achieved with the use
of various inhibitors, or D-cells, was invariably associated with the
suppression of the toxic effects mediated by the metalloid. As pre-
viously noted, however, the increase in [Ca2+]m is necessary but not
sufficient to promote cytotoxicity, since the effects detected in RD-cells
were identical to those measured in RP-cells in terms of variations in
[Ca2+]m, but different in terms of mitoO2.- formation and toxicity.
Identical findings were obtained using RP-cells supplemented with
agents preventing mitoO2.- formation.

We therefore conclude that mitochondrial Ca2+ accumulation re-
presents the primum movens of the effects of arsenite in the specific cell
line employed, in which the metalloid only generates mitoO2.-. The
source of the cation appears to be the RyR and its significant accumu-
lation in mitochondria, while failing per se to produce direct con-
sequences, was nevertheless critical for mitoO2.- formation, the up-
stream species responsible for the cytoprotective and toxic effects
mediated by the metalloid. These early events are however reversible
and mitoO2.- formation ceases when the [Ca2+]m returns to normal

levels. Sustained increase in [Ca2+]m is therefore required for con-
tinuous ROS formation, and for the onset of MPT [24,26,27], thereby
making necessary a more prolonged exposure to arsenite in order to
obtain evidence of toxicity.
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