
1521-0103/367/1/184–193$35.00 https://doi.org/10.1124/jpet.118.250480
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS J Pharmacol Exp Ther 367:184–193, October 2018
Copyright ª 2018 by The American Society for Pharmacology and Experimental Therapeutics

Low Concentrations of Arsenite Target the Intraluminal Inositol 1,
4, 5-Trisphosphate Receptor/Ryanodine Receptor Crosstalk to
Significantly Elevate Intracellular Ca21

Andrea Guidarelli, Mara Fiorani, and Orazio Cantoni
Department of Biomolecular Sciences, University of Urbino Carlo Bo, Urbino, Italy

Received May 7, 2018; accepted July 27, 2018

ABSTRACT
Arsenite is an established human carcinogen that induces cyto-
toxic and genotoxic effects through poorly defined mechanisms
involving the formation of reactive oxygen species (ROS) and
deregulated Ca21 homeostasis. We used variants of the U937 cell
line to address the central issue of the mechanism whereby
arsenite affectsCa21homeostasis.We found that 6-hour exposure
to the metalloid (2.5 mM), although not associated with an
immediate or delayed toxicity, causes a significant increase in
the intracellular Ca21 concentration ([Ca21]i) through a mechanism
characterized by the following components: 1) it was not affected
by ROS produced under the same conditions; 2) a small amount of
Ca21wasmobilized from the inositol-1,4,5-trisphosphate receptor
(IP3R), and this response was not augmented by greater concen-
trations of themetalloid; 3) large amounts of Ca21were instead dose

dependently mobilized from the ryanodine receptor (RyR) in
response to IP3R stimulation; 4) the cells maintained an intact
responsiveness to agonist-stimulated Ca21 mobilization from
both channels; 5) arsenite, even at 5–10 mM, failed to directly
mobilize Ca21 from the RyR; and 6) arsenite failed to enhance
Ca21 release from the RyR under conditions in which the [Ca21]i
was increased by either RyR agonists or ionophore-stimulated
Ca21 uptake. We therefore conclude that arsenite elevates the
[Ca21]i by directly targeting the IP3R and its intraluminal crosstalk
with the RyR. This mechanism likely mediates mitochondrial
superoxide formation, downstream damage on various biomol-
ecules (including genomic DNA), and mitochondrial dysfunction/
apoptosis eventually occurring after longer incubation to, or
exposure to greater concentrations of, arsenite.

Introduction
Intracellular mobilization of Ca21, an event that regulates

an array of different physiologic functions, as well as patho-
logically and toxicologically relevant dysfunctions, is medi-
ated predominantly by two separate, but nevertheless related,
Ca21 channels, the inositol 1,4,5-trisphosphate receptor
(IP3R) and the ryanodine receptor (RyR) (Berridge, 2016;
Chernorudskiy and Zito, 2017; Meissner, 2017). These Ca21

channels are located on the surface of the endoplasmic
reticulum (ER) and share numerous similarities, including a
complex regulationmediated by reactive oxygen species (ROS)
(Gorlach et al., 2015; Chernorudskiy and Zito, 2017; Csordás
et al., 2018). The significance of the IP3R- and RyR-regulated
mechanisms can be easily appreciated in physiologic as well as
pathologic conditions (Clapham, 2007; Berridge, 2016;
Raffaello et al., 2016; Chernorudskiy and Zito, 2017; Csordás
et al., 2018). Toxic treatments often deregulate Ca21 homeo-
stasis, with important consequences on the activity of

enzymatic systems/signal transduction pathways eventually
associated with the formation of large amounts of ROS.
Trivalent arsenic, a widely distributed environmental toxic

metalloid and human carcinogen (Flora, 2011; Minatel et al.,
2018), produces deleterious effects in an array of molecular
targets, presumably through its direct binding to protein
thiols and indirectly through the intermediate formation of
ROS (Flora, 2011). These effects include DNA strand scission,
inhibition of DNA repair, altered gene expression, mitochon-
drial dysfunction and permeability transition, ER stress,
autophagy, and apoptosis (Flora, 2011). Not surprisingly,
various studies have investigated the effects of trivalent
arsenic on Ca21 homeostasis.
This is especially true for As2O3 (Hoonjan et al., 2018), a

compound widely used as an antileukemic drug. Although the
number of studies addressing the effects of sodium arsenite is
significantly lower, their outcomes nevertheless provide in-
formation for an increased intracellular concentration of Ca21

([Ca21]i); however, the increased is mediated by often undefined
mechanisms (Chen et al., 2002; Banerjee et al., 2011; Suriyo
et al., 2012; Pachauri et al., 2013). Some studies have linked the
release of cation to activation of phospholipase C (PLC) and
further downstream signaling via inositol 1,4,5-trisphosphate
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through IP3Rs (Chen et al., 2002; Suriyo et al., 2012), but
unfortunately these studies did not address involvement of the
RyR. Finally, other studies have reported effects of arsenite
associated with either a decreased Ca21 response of primary
cheratinocytes to IP3R agonists (Hsu et al., 2012) or, rather,
enhanced Ca21 responses mediated by phenylephrine in vascu-
lar smooth muscle cells (Lee et al., 2005).
It therefore appears that arsenite targets the IP3R, but

critical details of the overall scenario are still missing. For
example, it is unclear whether the RyR, which presents
critical cysteins and releases Ca21 in response to ROS or
specific thiol-reactive agents (Chernorudskiy and Zito, 2017;
Meissner, 2017), is involved in the Ca21 response elicited by
the metalloid. In addition, the RyR could be involved through
the so-called Ca21-induced Ca21 release (CICR) event; how-
ever, the major problems for correct interpretation of the
available information concern use of different cell types and
exposure conditions in the different studies. Most of these
studies used high and toxic concentrations of arsenite,
possibly triggering multiple mechanisms affecting Ca21 ho-
meostasis and ROS release.
Information is therefore needed to learn more about the

mechanism(s) whereby low concentrations of the metalloid
affect Ca21 homeostasis. These conditions allow the detection
of effects specifically induced by themetalloid in the absence of
confounding events resulting from energy depletion and/or
toxicity. Understanding the molecular bases of these events is
particularly important since deregulated Ca21 homeostasis is
a potential trigger for ROS formation and hence for the
ensuing formation of potentially mutagenic DNA lesions. As
a final note, these same mechanisms are also of potential
relevance for the triggering of events promotingmitochondrial
permeability transition-dependent apoptosis observed after
prolonged exposure to the same arsenite concentrations or
after exposure to greater concentrations of the metalloid
(Guidarelli et al., 2016a, 2017; Fiorani et al., 2018).
The present study was therefore designed to fill some of the

gaps left by previous studies. In particular, using the well
characterized and versatile U937 cell line, also used in our
previous studies (Guidarelli et al., 2016a, 2017), we found that
arsenite elevates the [Ca21]i through the sequential mobili-
zation of small and large amounts of the cation from the IP3R
and RyR, respectively. Under these conditions, cells main-
tained an intact responsiveness to agonist-stimulated Ca21

mobilization from both channels, and the large Ca21 response
mediated by the metalloid appeared entirely dependent on
direct effects on the intraluminal crosstalk between the two
Ca21 channels.

Materials and Methods
Chemicals. Sodium arsenite, 1-(6-((17b-3-methoxyestra-1,3,5(10)-trien-

17-yl)amino)hexyl)-1H-pyrrole-2,5-dione (U-73122), 2-aminoethoxydiphenyl
borate (2-APB), ryanodine (Ry), caffeine (Cf), 4-chloro-m-cresol (4-
CmC), ATP, histamine, A23187, thapsigargin, rotenone, ascorbic acid
(AA), H2O2, as well most of the reagent-grade chemicals, were
purchased from Sigma-Aldrich (Milan, Italy). Fluo-4- acetoxymethyl
ester was from Molecular Probes (Leiden, The Netherlands).

Cell Culture and Treatment Conditions. U937humanmyeloid
leukemia cells were cultured in suspension in RPMI 1640 medium
(Sigma-Aldrich) supplemented with 10% fetal bovine serum (Euro-
clone, Celbio Biotecnologie, Milan, Italy), penicillin (100 U/ml), and
streptomycin (100 mg/ml) (Euroclone), at 37°C in T-75 tissue culture

flasks (Corning Inc., Corning, NY) gassed with an atmosphere of 95%
air-5% CO2. These cells were differentiated to monocytes by 4 days of
growth in culture medium supplemented with 1.3% dimethylsulfox-
ide, as previous described (Scotti et al., 2018). U937 cells were made
respiration-deficient as indicated in Guidarelli et al. (2016b).

Sodium arsenite was prepared as a 1 mM stock solution in saline A
(140 mMNaCl, 5 mMKCl, 4 mMNaHCO3, and 5 mM 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. A 10mMAA stock solution was
prepared in extracellular buffer (15 mM Hepes, 135 mM NaCl, 5 mM
KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, pH 7.4) immediately before use.
Cells (1 � 106 cells/ml) were treated with AA in extracellular buffer
supplemented with 0.1 mM dithiothreitol for 15 minutes at 37°C.
Stability of AA under these conditions was assessed bymonitoring the
absorbance at 267 nm for 15 minutes («267 5 14,600 M21cm21).

Measurement of Intracellular Free Ca21 Levels. Cells were
treated for 20 minutes with 4 mM Fluo-4-acetoxymethyl ester and
subsequently exposed for further 10 minutes to selected IP3R or RyR
agonists. In other experiments, cells were exposed for increasing
time intervals to arsenite, and Fluo-4-acetoxymethyl ester was added
to the culture medium in the last 30 minutes of incubation. After
the treatments, cells were washed three times with saline A and
immediately analyzed by fluorescent microscopy. Fluorescence im-
ages were captured with a BX-51 microscope (Olympus, Milan, Italy),
equipped with a SPOT-RT camera unit (Diagnostic Instruments;
Delta Sistemi, Rome, Italy) using an Olympus LCAch 40 x/0.55
objective lens. The excitation and emission wavelengths were
488 and 515 nm, respectively, with a 5-nm slit width for both emission
and excitation. Images were collected with exposure times of 100–400
milliseconds, digitally acquired and processed for fluorescence de-
termination at the single cell level on a personal computer using NIH
ImageJ software. Mean fluorescence values were determined by
averaging the fluorescence values of at least 50 cells/treatment
condition in each experiment.

Cytotoxicity Assay. The number of viable cells was estimated
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 using the
hemocytometer.

Aconitase Activity. Cells were washed twice with saline A,
resuspended in lysis buffer (50 mM 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., Jamestown, NY) operating at 20W (10 seconds). The
resulting homogenates were centrifuged for 5 minutes at 18,000g at
4°C. Aconitase activity was determined spectrophotometrically in the
supernatants at 340 nm, as described in Gardner (2002).

ATP Determination. Cells were washed twice with saline A and
resuspended in ice-cold 5% perchloric acid. After a 10-minute in-
cubation in an ice bath, the samples were centrifuged for 5 minutes
at 10,000g. The supernatants were neutralized with 3 M K2CO3,
and the precipitates were removed by centrifugation. Then 10% (v/v)
1 M KH2PO4 (pH 6.5) was added to the nucleotide-containing
supernatants. The samples were then filtered through 0.22-mm-pore
microfilters and analyzed for ATP content by reversed-phase
high-performance liquid chromatography (Stocchi et al., 1985) using
a 25 cm � 4.6- mm, 5-mm Supelco Discovery C18 column (Supelco,
Bellefonte, PA).

Measurement of Ca21-ATPase Activity. Cells were washed
twice with saline A, resuspended in saline A, and finally sonicated
three times on ice, as detailed already. The resulting homogenates
were analyzed for Ca21-ATPase activity by using a commercial Kit
(MyBioSource, San Diego, CA).

Statistical Analysis. The results are expressed as means 6 S.D.
Statistical differences were analyzed by one-way analysis of variance
(ANOVA) followed by Dunnett’s test for multiple comparison or two-
way ANOVA followed by Bonferroni’s test for multiple comparison.
P , 0.05 was considered significant.
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Results
Selection of the Experimental Cell Types. We inves-

tigated the effects of arsenite onCa21 homeostasis and focused
our attention on the role of both the IP3R and RyR. For this
purpose, we decided to use U937 cells, which express both
channels (Sugiyama et al., 1994; Clementi et al., 1998; Hosoi
et al., 2001; Guidarelli et al., 2009) and uniquely generate
mitochondrial superoxide (mitoO2

2) in response to arsenite
(Guidarelli et al., 2016a,b, 2017; Fiorani et al., 2018). As we
reported elsewhere, mitoO2

2 formation could be selectively
prevented with use of complex I inhibitors, by the respiration-
deficient phenotype, or by a short-term pre-exposure to a very
low AA (Guidarelli et al., 2016a,b, 2017; Fiorani et al., 2018),
thereby providing optimal conditions to address the question
of whether Ca21 mobilization from intracellular stores is
mediated by ROS. There is, however, a final relevant advan-
tage offered by these cells to conveniently address some of the
questions asked in the present study. Indeed, U937 cells can
be easily differentiated to monocytes, and these conditions are
associated with downregulation of the RyR (Guidarelli et al.,
2009), thereby providing a useful approach to address the
specificity of the effects mediated by RyR inhibitors.
The present study was therefore performed using promon-

ocytic U937 cells, referred to here as respiration-proficient
cells (RP cells), respiration-deficient cells (RD cells), and
differentiated cells (D cells). RD and D cells were both derived
from RP cells and are characterized by similar ATP levels
(present study) and antioxidant defense (Guidarelli et al.,
2006, 2009). Whereas D cells presented typical features of
monocytes, and were therefore unable to proliferate (Guidarelli
et al., 2009), RP and RD cells maintained a similar morphology
and displayed identical growth kinetics (Guidarelli et al., 2016b).
Preliminary Characterization of the Ca21 Response

to Selected Agonists. Experiments were initially per-
formed to characterize the Ca21 response of RP, RD, and
D cells to IP3R and RyR agonists. As indicated in Fig. 1, A–C, a
10-minute exposure to increasing concentrations of ATP
caused a comparable, dose-dependent increase in [Ca21]i in
the three cell types, suppressed by 2-APB, a specific IP3R
antagonist (Berridge, 2016), or U-73122, a PLC inhibitor
(Cardenas et al., 2016), with, however, a different sensitivity
to Ry, an RyR inhibitor (Meissner, 2017). Ry marginally
reduced the increase in [Ca21]i detected in RP or RD cells,
with no apparent effects measured in D cells. Similar results
were obtained by replacing ATPwith histamine, another IP3R
agonist (Hill et al., 1997) (Fig. 1G). Note that the effects
mediated by 100 mM ATP on [Ca21]i were not further in-
creased at up to 10 times greater concentrations (data not
shown).
Cf, an RyR agonist (Meissner, 2017), also promoted an

increase in [Ca21]i in RP- (Fig. 1D) and RD (Fig. 1E) cells,
in both circumstances insensitive to 2-APB, or U-73122,
and suppressed by Ry. Cf, however, failed to increase [Ca21]i
in D cells (Fig. 1F). Similar results were obtained using
4-CmC, another RyR agonist (Meissner, 2017), in the place
of Cf (Fig. 1H). The Ca21 response mediated by Cf, or
4-CmC, was significantly lower than that mediated by
either ATP or histamine. Note that the effects mediated by
10 mM Cf on [Ca21]i were not further increased in RP- and
RD-cells using up to three times greater concentrations
(data not shown).

These results provide a detailed description of the Ca21

responses mediated by IP3R and RyR agonists in RP, RD,
and D cells. This information will be used to interpret the
effects mediated by arsenite in the three cell types. These
results also provide evidence for the specificity of the effects
mediated by Ry, which abolished the responsemediated by Cf,
with only a small effect on the ATP-dependent stimulation.
Likewise, the specificity of the effects of 2-APB is demon-
strated by the complete inhibition of the Ca21 response evoked
by ATP and by the lack of effect on the response mediated
by Cf.
Selection of Appropriate Treatment Conditions. Af-

ter preliminary characterization of the Ca21 responses medi-
ated by IP3R and RyR agonists in the three cell types used in
this study, we performed experiments to select conditions of
arsenite exposure failing to produce detectable signs of
cytotoxicity. As shown in Fig. 2, 6-hour exposure to 2.5 mM
arsenite failed to promote detectable toxic effects in RP, RD, or
D cells. Negative results were obtained using the trypan blue
exclusion assay (Fig. 2A) or measuring the release of lactate
dehydrogenase (data not shown). In addition, the three cell
types maintained normal ATP levels (Fig. 2B) and Ca21

-ATPase activities (Fig. 2C). Note that all the preceding
negative results are associated with positive results obtained
with other treatments (inset, Fig. 1, A–C).
To provide an additional relevant information documenting

that under these conditions arsenite fails to affect the viability
of the three cell types, we counted the number of viable
cells after increasing the time intervals of post-treatment
(6 hours) incubation in fresh culture medium. As indicated in
Fig. 2, RP (Fig. 2D) or RD (Fig. 2E) cells treated with arsenite
proliferated with kinetics superimposable on those of their
untreated counterparts. D cells ceased to proliferate during
differentiation and eventually lost this phenotype and pro-
liferated once again after 24–48 hours of incubation in
complete culture medium deprived of the differentiating
agent. As indicated in Fig. 2F, however, there were no
differences in the number of untreated or arsenite-treated D
cells after increasing time intervals of incubation in fresh
culture medium.
By all the preceding criteria, we can therefore safely

conclude that a 6-hour exposure to 2.5 mM arsenite fails to
produce immediate or delayed signs of toxicity in the three cell
types used in this study.
Effects of Arsenite on Ca21 Homeostasis Are Not

Mediated by ROS. The results illustrated in the previous
section indicate that a 6-hour exposure to 2.5 mM arsenite
fails to produce obvious signs of toxicity in the three cell
types used in this study. This treatment, as we previously
determined (Guidarelli et al., 2016b, 2017; Fiorani et al.,
2018), is, however, associated with the formation of mitoO2

2,
which can be clearly detected in RP cells in terms of
inhibition of aconitase activity (Fig. 3A). Aconitase is an
enzyme sensitive to O2

2-dependent inhibition (Yan et al.,
1997; Gardner, 2002) and is largely localized in the mito-
chondria (Scandroglio et al., 2014). In addition, we recently
determined that aconitase activity is only detectable in
the mitochondrial fraction of U937 cells (Guidarelli et al.,
2014). Figure 3A also shows that mitoO2

2 formation is
suppressed by rotenone or AA. As a final note, arsenite
failed to inhibit aconitase activity in RD cells, thereby
indicating that the effects mediated by the respiratory
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chain inhibitor rotenone in RP cells are mimicked by the
respiration-deficient phenotype.
These results, although recapitulating our previous find-

ings (Guidarelli et al., 2016a,b, 2017; Fiorani et al., 2018),
provide a rationale and a strategy to address the specific
question of whether O2

2 and/or its dismutation product, H2O2,

are causally involved in events associated with the effects of
arsenite on Ca21 homeostasis.
We therefore performed experiments in RP cells exposed for

6 hours to 2.5mMarsenite to test the effects of rotenone, or AA,
in the ensuing increase in [Ca21]i. As indicated in Fig. 3B, both
agents failed to prevent the increase in [Ca21]i mediated by

Fig. 1. Characterization of the Ca2+ responses mediated by IP3R and RyR agonists in RP, RD, and D cells. Fluo-4-acetoxymethyl ester-preloaded RP
(A and D), RD (B and E), and D cells (C and F) were exposed for 10 minutes to increasing concentrations of ATP (A–C) or Cf (D–F). In some experiments,
2 mM U-73122, 50 mM 2-APB, or 20 mMRy was added to the cultures 5 minutes before ATP or Cf. Fluo-4-acetoxymethyl ester-preloaded RP, RD, and D
cells were exposed for 10 minutes to 10 mMhistamine (G) or 300 mM4-CmC (H) in the absence or presence of U-73122, 2-APB, or Ry. Fluo-4-fluorescence
was then quantified as detailed in Materials and Methods. Results represent the means 6 S.D. calculated from at least three separate experiments.
*P , 0.01 compared with untreated cells, *P , 0.01, or cells treated with agonists (one-way ANOVA followed by Dunnett’s test).
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the metalloid. Along the same lines, identical time-dependent
increases in [Ca21]i were observed in RP and RD cells exposed
for increasing time intervals to arsenite (Fig. 3C).
These results rule out the possibility that mitoO2

2./H2O2

contributes to events associated with altered Ca21 homeostasis.
Arsenite Promotes the Sequential Release of Ca21

from the IP3R and the RyR. We performed experiments
to determine the source of the Ca21 mobilized by arsenite in
RP cells exposed to arsenite. As indicated in Fig. 4A, the time-
dependent increase in [Ca21]i observed in these cells was
prevented by 2-APB and significantly blunted, but not abol-
ished, by Ry. To obtain further information allowing interpre-
tation of these results, we performed similar experiments in D
cells. These cells responded to arsenite with a significantly
lower time-dependent increase in [Ca21]i (Fig. 4B) compared
with RP cells. In addition, the Ca21 response detected in D
cells was suppressed by 2-APB and unaffected by Ry. Note
that similar low [Ca21]i are detected in D cells exposed to
arsenite and in RP cells exposed to arsenite in combination
with Ry.We could not test the effect of U-73122 on the increase
in [Ca21]i mediated by arsenite because of its intrinsic toxicity.
Loss of viability was detected in each of the three cell types

after 6 hours’ incubation with U-73122 or even after a
10-minute exposure to the inhibitor before the subsequent
6-hour incubation in fresh medium. The susceptibility of
tumor cells to PLC inhibitors has been reported elsewhere
(Cardenas et al., 2016).
These results therefore indicate that arsenite induces a

time-dependent increase in [Ca21]i likely attributable to
mobilization of the cation from both the IP3R and RyR. The
outcome of inhibitor studies in RP cells, combined with that
from experiments using D cells, which fail to express the RyR,
suggest that the initial low Ca21 response mediated by
stimulation of the IP3R is functional to recruitment of the
RyR to contribute to a significantly greater increase in [Ca21]i.
Characterization of the Effect of Arsenite on the

IP3R and RyR. The results summarized in the previous
section suggest that a 6-hour exposure to 2.5 mM arsenite
causes a weak IP3R response. The simplest explanation
obviously would be based on the concentration dependence
of the effects mediated by arsenite, although alternative
explanations are based on the possibility that the metalloid
inhibits critical steps of the machinery involved in Ca21

release by the IP3R.

Fig. 2. The effects of arsenite on cell
viability, energy status, and Ca2+-ATPase
activity. RP, RD, and D cells were exposed
for 6 hours to 2.5 mM arsenite and then
analyzed by counting the number of
trypan blue–positive cells (A) and mea-
suring theirATP levels (B) andCa2+-ATPase
activities (C). The positive controls were
obtained using RP cells exposed for
120 (A, inset) or 30 (B, inset) minutes
to 150 mM H2O2. Cells were exposed for
10 minutes to 1 mM thapsigargin (C,
inset; n.d., not detectable). In other
experiments, RP (D), RD (E), and D cells
(F) were treated with arsenite as in-
dicated in (A), washed, resuspended in
fresh culture medium, and grown for up
to 72 hours. The cell number was de-
termined using a hemocytometer 24–72
hours after 6-hour exposure to the metal-
loid. Results are expressed as percentages
of the untreated control and represent the
means 6 S.D. calculated from at least
three separate experiments. *P , 0.01
compared with untreated cells (one-way
ANOVA followed by Dunnett’s test).
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We therefore performed experiments to address these
questions and initially determined the [Ca21]i resulting from
a 6-hour exposure of RP cells to 2.5–10 mM arsenite. The
results illustrated in Fig. 4C indicate that, under these
conditions, the metalloid promotes a remarkable and pro-
gressive increase in [Ca21]i. Ry significantly blunted this Ca21

response and abolished the concentration dependence of the
effects of arsenite. The outcome of experiments using D cells
indicated that 5 or 10 mM arsenite fails to promote greater
effects than 2.5 mM arsenite (Fig. 4D). The curve obtained in
these conditions was virtually identical to that obtained using
RP cells supplemented with Ry (note the different ordinate
axis). Interestingly, 2-APB also abolished the Ca21 response
mediated by the high concentrations of arsenite, thereby
indicating that the metalloid, even under harsh conditions,
fails to directly mobilize the cation from the RyR.
We then asked whether treatment with arsenite is associ-

ated with specific effects on the IP3R structure and function,
thereby limiting the Ca21 response mediated by its stimula-
tion. For this purpose, we tested the effect of the IP3R agonist
ATP under nonpermissive conditions for further Ca21 release
by the RyR. In these experiments, RP cells were treated for
6 hours with 2.5 mM arsenite in the presence of Ry (Fig. 5A)
andD cells with themetalloid alone (Fig. 5B) before 10-minute
exposure to increasing concentrations of ATP/Ry (RP cells) or
ATP alone (D cells). We found that the Fluo-4–dependent
fluorescence responses mediated by ATP in arsenite-
supplemented RP and D cells, although originating by the
ordinate axis with an initial value corresponding to the
fraction of the cation mobilized by the metalloid, rapidly
converged with the dose-response curve obtained in naïve
RP and D cells. As expected, under all the conditions, the Ca21

responses were suppressed by 2-APB (inset, Fig. 5).
Collectively, the results obtained in these experiments

indicate that arsenite is a poor activator of the signaling
leading to Ca21 mobilization from the IP3R and that this
response is maximally stimulated at 2.5 mM. Furthermore,
arsenite does not limit the responsiveness of the IP3R to
agonist stimulation. An additional conclusion derived from
these experiments is that arsenite, even at very high concen-
trations, does not directly mobilize Ca21 from the RyR.
Arsenite Fails to Affect the CICR Event Induced by

Local Increases in [Ca21]i in Close Proximity of the
RyR or by More General Increases of the Cytosolic
[Ca21]i Induced by a Ca21 Ionophore. The results thus
far presented provide evidence for specific and concentration-
dependent effects of arsenite resulting in enhanced Ca21

release from the RyR, under conditions in which the [Ca21]i
derived from the IP3R is weakly stimulated. Hence, a possible
explanation would be that arsenite binds to specific thiols of
the RyR, thereby causing its concentration-dependent sensi-
tization to the increased [Ca21]i. We therefore used 2-APB to
prevent Ca21 release from the IP3R, and the ensuing events
and investigated the effect of arsenite on agonist-induced
stimulation of Ca21 release by the RyR. With this experiment,
we were testing whether a local increase in [Ca21]i was able to
trigger a greater release of the cation from theRyR in arsenite-
supplemented cells.
RP cells were therefore exposed for 6 hours to 2.5 mM

arsenite in the presence of 2-APB, before 10minutes’ exposure
to increasing concentrations of Cf (Fig. 6A). Interestingly, the
Fluo-4–dependent fluorescence response observed under

Fig. 3. The effects of arsenite on Ca2+ homeostasis are not mediated by
ROS. Cells were exposed for 6 hours to 2.5 mM arsenite in the absence or
presence of either 0.5 mM rotenone or 10 mM AA and then analyzed for
aconitase activity (A) or Fluo-4-fluorescence (B). Selected experiments
were performed using RD cells either untreated or supplemented with
arsenite. In other experiments, Fluo-4-acetoxymethyl ester-preloaded RP
and RD cells were incubated for increasing time intervals with 2.5 mM
arsenite and then processed as indicated (C). Results represent the
means6S.D. calculated from at least three separate experiments. *P, 0.05;
**P , 0.01 compared with untreated cells. *P , 0.05 compared with
cells treated with arsenite (two-way ANOVA followed by Bonferroni’s test).
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these conditions appeared identical to that mediated by Cf in
cells pretreated with 2-APB alone. Ry abolished the increase
in [Ca21]i detected under both conditions (inset, Fig. 6A).
These results indicate that arsenite fails to enhance the Ca21

response mediated by a RyR agonist, which obviously in-
creases the [Ca21]i in the same microdomains in which the
RyR is located.
We therefore asked the question of whether the same is true

under conditions in which the [Ca21]i is elevated with the use
of A23187, a Ca21 ionophore (Peiretti et al., 1996). In these
experiments, RP cells were treated with arsenite/2-APB, as
indicated, subsequently stimulated with increasing concen-
trations of A23187 and finally analyzed to determine the Fluo-
4-fluorescence response. The increase in [Ca21]i detected
under these conditions was virtually identical to that detected
in cells pre-exposed to 2-APB alone and treated with the
ionophore (Fig. 6B). Ry induced a significant and similar
inhibition of both Ca21 responses (inset, Fig. 6B). Hence, a
general increase in [Ca21]i resulting from ionophore stimula-
tion fails to trigger an enhanced CICR event in cells exposed to
arsenite.
These results indicate that arsenite does not sensitize the

RyR to the CICR event mediated by an increased [Ca21]i
resulting from exposure to either a RyR agonist or a Ca21

ionophore. In this perspective, the possibility of a general

sensitizing effect to the [Ca21]i, even when the cation is
released by the IP3R, appears unlikely. These results are
therefore indicative of specific intraluminal effects of arsenite
on the crosstalk between the IP3R andRyR, finally leading to a
remarkable release of the cation in the cytosol.

Discussion
We have investigated the effect of a nontoxic concentration

of arsenite on Ca21 homeostasis with the aim of understand-
ing the specific mechanism involved in this response, in the
absence of confounding factors associated with the parallel
triggering of toxic events. Using a well defined, versatile
cellular system, we have demonstrated that the metalloid
targets the IP3R to release low levels of Ca21, an event
associated with an ensuing much larger response mediated
by the RyR. We also determined the specific effects of the
metalloid on each of the two Ca21 pools to conclude finally that
the increased [Ca21]i takes place as a consequence of ROS-
independent, direct effects of arsenite on the intraluminal
crosstalk between the two Ca21 channels.
Our studies on the effects of arsenite on Ca21 homeostasis

were preceded by an initial characterization of the Ca21

responses evoked by selected IP3R and RyR agonists in the
three cell types used in this study. These experiments provided

Fig. 4. Arsenite promotes a sustained
increase in the [Ca2+]i through a mecha-
nism mediated by an initial small effect
on the IP3R and a subsequent remarkable
effect on the RyR. Fluo-4-acetoxymethyl
ester-preloaded RP (A) and D cells (B)
were incubated for increasing time inter-
vals with 2.5 mM arsenite in the absence
or presence of 2-APB or Ry. Fluo-4-
acetoxymethyl ester-preloaded RP (C)
and D cells (D) were incubated for 6 hours
with increasing concentrations of arsenite
in the absence or presence of 2-APB or Ry.
After treatments, the cells were analyzed
for Fluo-4-fluorescence. Results represent
the means6 S.D. calculated from at least
three separate experiments. *P , 0.05;
**P, 0.01 compared with untreated cells
(two-way ANOVA followed by Bonferro-
ni’s test).
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results consistent with the well established notion that ATP, or
histamine, causes a significant elevation in [Ca21]i by signaling
through PLC and the IP3R. The contribution of the Ca21

released by the RyR in response to the increase in [Ca21]i
instead appeared quite limited. We also noted that the effects
mediated by ATP, or histamine, are identical in RP, RD, and D
cells, thereby implying that the IP3R signaling is independent
on the respiratory and differentiation status of the parental cell
line. Additional information derived from this preliminary
investigation is that stimulation of the RyR with Cf (or

4-CmC) provides a lower Ca21 response with respect to that
mediated by the IP3R agonists, restricted to the proliferating
cells and insensitive to their respiratory status. Differentiation
of RP cells to monocytes, as we reported several years ago
(Guidarelli et al., 2009), instead leads to RyR downregulation
and loss of responsiveness to RyR agonists.
Our studies on the effects of arsenite on Ca21 homeostasis

were also preceded by the demonstration that the experimental

Fig. 5. Arsenite fails to affect the Ca2+ response mediated by the IP3R
agonist ATP. Fluo-4-acetoxymethyl ester-preloaded RP (A) and D cells (B)
were incubated for 6 hours with 2.5 mM arsenite in the presence (A) or
absence of Ry (B), washed, resuspended in fresh culture medium, and
finally exposed for 10 minutes to increasing concentrations of ATP/Ry
(A) or ATP alone (B). Also shown in the insets (A and B) are the effects
of 2-APB on the observed Fluo-4-fluorescence. Results represent the
means6S.D. calculated from at least three separate experiments. *P, 0.01
compared treated cells with Ry or arsenite/Ry treated cells. *P , 0.01
compared with cells treated with Ry/ATP or arsenite/Ry/2-APB (one-way
ANOVA followed by Dunnett’s test).

Fig. 6. Arsenite fails to affect the CICR event induced by local increases in
Ca2+ concentration in the close proximity of the RyR (i.e., induced by Cf) or by
more general increases of [Ca2+]i (i.e., induced by a Ca2+ ionophore). Fluo-4-
acetoxymethyl ester-preloaded RP cells were incubated for 6 hours with
2.5 mM arsenite and 2-APB, washed, resuspended in fresh culture medium,
and subsequently exposed for 10minutes to increasing concentrations of Cf (A)
or A23187 (B). Also shown in the insets (A andB) are the effect of Ry onFluo-4-
fluorescence responses detected in the two conditions. Results represent the
means6 S.D. calculated from at least three separate experiments. *P, 0.05;
**P , 0.01 compared treated cells with 2-APB or arsenite/2-APB. *P , 0.05
comparedwith cells treatedwith 2-APB/Cf or arsenite/2-APB/Cf (A). *P, 0.05
compared with cells treated with 2-APB/A23187 or arsenite/2-APB/A23187
(B) (one-way ANOVA followed by Dunnett’s test).
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conditions used were not associated with detectable signs of
toxicity or evenwith effects on the activity of theCa21-ATPases or
the energy status of RP, RD, or D cells. This preliminary
characterization is essential for correct interpretation of the
significance of the results of our experiments investigating
the impact of arsenite on Ca21 homeostasis with use of U937
cells treated, or manipulated, to provide detailed information
in this direction.
With this background information, we investigated the

effects of arsenite on Ca21 homeostasis in both RP and RD
cells. As indicated in the Introduction, exposure to 2.5 mM
arsenite selectively promotes the formation of mitoO2

2 in
RP-cells (Guidarelli et al., 2016a,b, 2017; Fiorani et al.,
2018). This notion was further established in this study by
monitoring the inhibition of the activity of a mitoO2

2-sensitive
enzyme, aconitase, taking place via a mechanism suppressed
bymitochondrial AA (Fiorani et al., 2015; Cantoni et al., 2017)
rotenone or by the respiration-deficient phenotype; that is, RD
cells failed to produce ROS in response to arsenite. It was then
interesting to observe that all these treatments, or manipula-
tions, suppressingmitoO2

2 formation failed to produce parallel
effects on Ca21 homeostasis. It follows that the metalloid
directly promotes effects associated with an increased [Ca21]i,
in the absence of an intermediate role mediated by mitoO2

2

and/or its dismutation product H2O2. These effects are there-
fore most likely dependent on the direct binding of arsenite to
specific protein-SH located in critical proteins regulating Ca21

release from the ER.
This conclusion is particularly interesting since ROS medi-

ate most of the toxic effects of arsenite, and their formation is
most likely associated to Ca21-dependent mechanisms (Flora,
2011). Under the specific conditions used in this study, the
increased [Ca21]i may therefore result in enhanced mitochon-
drial Ca21 accumulation, thereby fostering the formation of
mitoO2

2. This notion is currently being tested, but the pre-
ceding findings nevertheless lead us to propose that the direct
effects of arsenite in the ER might represent an early and
critical effect of the metalloid, likely responsible for the
triggering of downstream genotoxicity and cytotoxicity.
Subsequent studies using various inhibitors and RP as well

as D cells provided interesting information about the mecha-
nism leading to the increase in [Ca21]i-mediated by arsenite.
Although it appears difficult to compare an acute agonist-
induced Ca21 responsemeasured over a 10-minute time frame
with the time-dependent sustained response mediated by
arsenite over a 6-hour period, we nevertheless noted remark-
able differences in these conditions.
Indeed, we previously discussed that RyR agonists release

much less Ca21 than IP3R agonists and that the CICR response
provides a minor contribution to the large Ca21 response
mediated by the IP3R agonists. The scenario was completely
different after exposure to arsenite. The overall information
provided by the results presented in this study demonstrates
the existence of a dichotomy between the persistently low Ca21

response derived from IP3R and the remarkable and pro-
gressive increase in the amount of Ca21 subsequently released
by the RyR.
The first observation was integrated by the information

deriving from two separate approaches. The first was the
demonstration that the IP3R-mediated response (i.e., the
Ry-insensitive elevation of Ca21 detected in RP cells or
the overall response detected inD cells is not further increased

by arsenite concentrations up to 10 mM. The second approach
instead produced results arguing against the possibility that
the saturable mechanism is dependent on putative inhibitory
effects of arsenite on Ca21 release by the IP3R. Using the same
conditions described in the preceding section to prevent the
release of Ca21 from the RyR, we indeed demonstrated that
arsenite does not affect the Ca21 response mediated by the
IP3R agonist ATP.
Collectively, the results obtained in these experiments

indicate that arsenite is a poor activator of the signaling
leading to Ca21 mobilization from the IP3R and that this
response is maximally stimulated at 2.5 mM. The effects of
arsenite were instead concentration-dependent under condi-
tions permissive for the involvement of the RyR in the overall
Ca21 response. This remarkable response was not due to
direct stimulation of Ca21 release by the RyR since high
concentrations of arsenite failed to increase the [Ca21]i under
conditions preventing the mobilization of the cation from the
IP3R.
Collectively, the results thus far discussed indicate that the

Ca21 released by the IP3R, remaining low and constant at
increasing arsenite concentrations, leads to further release of
the cation from the RyR, which instead becomes progressively
more elevated at increasing concentrations of the metalloid.
Hence, these results imply that arsenite sensitizes the RyR to
events other than then the increase in [Ca21]i, likely de-
pendent on direct effects on the intraluminal crosstalk be-
tween the IP3R and RyR.
This notion is also consistent with other findings obtained in

experiments using RyR agonist- or A23187 ionophore-induced
stimulation. Our results, indeed, argued against a general
sensitizing effect of arsenite on the RyR. It rather appeared
that the sensitization, clearly appreciable after the IP3R
stimulation mediated by the metalloid, was not apparent
under conditions in which the cation was released by agonist-
mediated stimulation of the RyR itself or eventually derived
from the external milieu.
We are therefore left with the only possibility that the

remarkable release of RyR-derived Ca21 detected in response
to arsenite is largely mediated by mechanisms regulated
within the ER.
In conclusion, using well defined cellular systems and

conditions, we investigated the mechanism whereby nontoxic
concentrations of arsenite, which nevertheless significantly and
selectively stimulate mitoO2

2 formation, lead to an increased
[Ca21]i. Themetalloid promoted a sustained increase in [Ca21]i
through a mechanism independent on the effect of these
radicals and associated with an initial mobilization of low
levels of the cation from the IP3R. This event, although limited
and saturable, was critical for the triggering of further Ca21

release from the RyR that was, however, concentration de-
pendently modulated by further effects of arsenite on the
intraluminal crosstalk between the IP3R and the RyR (Fig. 7).
Our results indicate that this response accounts for the very
large proportion of the overall Ca21 response evoked byarsenite
under the conditions used in the present investigation.
The present study therefore provides critical information for

understanding the mechanism whereby arsenite promotes its
deleterious effects in mammalian cells. We have identified
important direct effects mediated by the metalloid in the ER,
critically contributing to the increase in [Ca21]i, the likely
primum movens of the overall cellular response to arsenite. It
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is easy to predict that these events will also regulate
accumulation of the cation in specific compartments, such as
the mitochondria. Mitochondrial Ca21 would then critically
regulate processes leading to mitoO2

2 formation, thereby
promoting the ensuing downstream effects, as the strand
scission of genomic DNA, even at low and nontoxic arsenite
concentrations. Mitochondrial Ca21, however, also mediates
processes leading to cell death, such as mitochondrial dys-
function and permeability transition (Gorlach et al., 2015;
Csordás et al., 2018). With this perspective, the mechanisms
identified in this study should be considered relevant also for
the induction of apoptosis caused by a more prolonged
exposure to or exposure to greater concentrations of arsenite.
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Fig. 7. Mechanism whereby a low concentration of arsenite mobilizes Ca2+

from the ER. Arsenite elevates the [Ca2+]i by directly targeting the IP3R and
its intraluminal crosstalk with the RyR.
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