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Abstract  

Arsenite induces many critical effects associated with the formation of reactive oxygen 

species (ROS) through different mechanisms.  We focused on the Ca2+-dependent mitochondrial 

superoxide (mitoO2
-.) formation and addressed questions on the effects of low concentrations of 

arsenite on the mobilization of the cation from the endoplasmic reticulum and the resulting 

mitochondrial accumulation. Using various differentiated and undifferentiated cell types uniquely 

expressing the inositol-1, 4, 5-triphosphate receptor (IP3R), or both the IP3R and the ryanodine 

receptor (RyR), we determined that expression of this second Ca2+ channel is an absolute requirement 

for mitoO2
-. formation and for the ensuing mitochondrial dysfunction and downstream apoptosis. In 

arsenite-treated cells, RyR was recruited after IP3R stimulation and agonist studies indicated that in 

these cells RyR is in close apposition with mitochondria.  It was also interesting to observe that 

arsenite fails to promote mitochondrial Ca2+ accumulation, mitoO2
-. formation, mitochondrial toxicity 

in RyR-devoid cells, in which the IP3R is in close contact with the mitochondria. We therefore 

conclude that low dose arsenite-induced mitoO2
- formation and the resulting mitochondrial 

dysfunction and toxicity, are prerequisite of cell types expressing the RyR in close apposition with 

mitochondria. 

 

Keywords: arsenite; ryanodine receptor; inositol-1, 4, 5-triphosphate receptor; mitochondrial Ca2+; 

mitochondrial superoxide; mitochondrial permeability transition; apoptosis 
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Introduction 

Arsenite is an important carcinogen and toxic compound (Flora 2011; Jomova et al. 2011; 

Minatel et al. 2018) that causes a plethora of effects in target cells, through its direct binding to some 

biomolecules (Chang et al. 2012; Shen et al. 2013) and/or via the intermediate formation of reactive 

oxygen species (ROS) (Flora 2011; Jomova et al. 2011; Hu et al. 2020).  Given the relevance of this 

second event (Flora 2011; Jomova et al. 2011; Hu et al. 2020), it would be important to determine the 

mechanism whereby the metalloid promotes the formation of these species, to eventually establish a 

causal relationship with the effects generated in specific subcellular compartments. Indeed, short-

lived species more likely generate relevant effects in the same sites of their formation, or in the close 

vicinity, thereby affecting the ensuing toxic response.      

Unfortunately, the very large majority of the available studies provided a general indication 

of arsenite-induced ROS formation, with no systematic attempt to identify their origin, and thus the 

overall scenario remains poorly understood.  The underlying mechanisms were investigated only in 

a few studies, which however demonstrated the involvement of either the mitochondrial respiratory 

chain (Liu et al. 2005; Guidarelli et al. 2020; Hu et al. 2020) or NADPH oxidase (Smith et al. 2001; 

Straub et al. 2008; Guidarelli et al. 2019a; Hu et al. 2020), but that nevertheless failed to provide a 

plausible explanation for these apparent discrepancies.  Hence, arsenite potentially activates at least 

two important mechanisms of ROS formation, and the reasons of the prevalence of a mechanism over 

the other remain poorly understood.     

It is interesting to note that in undifferentiated U937 (U-U937) cells, low concentrations of 

arsenite uniquely promote mitochondrial superoxide (mitoO2
-.) formation (Guidarelli et al. 2019a), 

via a mechanism requiring mitochondrial Ca2+ accumulation (Guidarelli et al. 2019b; Guidarelli et al. 

2020).  While the direct mitochondrial effects were maximally induced after a very short time of 

exposure, and with low dose requirements, much longer exposure and greater concentrations of the 
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metalloid were necessary to mobilize Ca2+ from the endoplasmic reticulum (ER) and promote the 

mitochondrial accumulation of the cation (Guidarelli et al. 2020).   

More specifically, arsenite promotes an initial slow mobilization of a limited amount of Ca2+ 

from the inositol-1, 4, 5-triphosphate receptor (IP3R), critical for the triggering of an intraluminal 

crosstalk between the IP3R and the ryanodine receptor (RyR), leading to further release of large 

amounts of Ca2+ (Guidarelli et al. 2018). Interestingly, only the fraction of Ca2+derived from the RyR 

was taken up by the mitochondria, as demonstrated by experiments using RyR antagonists as well as 

differentiated U937 cells (D-U937), failing to express functional RyR (Guidarelli et al. 2009; 

Guidarelli et al. 2018). In addition, RyR was also the source of  Ca2+ accumulating in mitochondria 

after stimulation with IP3 releasing agonists (Clementi et al. 1998; Guidarelli et al. 2020), thereby 

providing indirect experimental evidence for a close spatial and functional connection between the 

RyR and mitochondria of the cell line employed in our experiments (Guidarelli et al. 2019b; 

Guidarelli et al. 2020).   

From the above findings, we can formulate a hypothesis for the mechanism whereby arsenite 

promotes mitoO2
-.  formation in U-U937 cells, based on the spatial and functional organization of 

their ER, in particular on the reciprocal topology of the two Ca2+ release receptors, the IP3R and RyR, 

and their relative vicinity to mitochondria.  It is indeed well established that contact sites between the 

ER and mitochondria regulate Ca2+ transfer between these two organelles, through the low affinity 

mitochondrial Ca2+ uniporter (MCU) (Kirichok et al. 2004; Rizzuto et al. 2012), which requires 

cytosolic Ca2+ concentrations ([Ca2+]c in the 10-20 µM range. These high [Ca2+]c can be reached only 

in the very close proximity of the IP3R or the RyR, when activated by agonist stimulation, or treatment 

with toxic compounds (Van Petegem 2012; Bansaghi et al. 2014; Berridge 2016; Guidarelli et al. 

2019b) 

The aforementioned hypothesis initially build up on experiments performed in U-U937 and 

their respiration-deficient counterpart, as well as in D-U937, can be challenged in other cell types 
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characterised by a different spatial organization of the ER, to pinpoint a unique critical mechanism 

for arsenite-induced mitoO2
-. formation, and hence for the resulting downstream events, which 

include mitochondrial dysfunction and mitochondrial permeability transition (MPT)-dependent 

apoptotic death (Guidarelli et al. 2019b). 

In this study, we aim to investigate whether arsenite-induced mitoO2
- formation, and the 

ensuing MPT-dependent mitochondrial toxicity, is a prerogative of cell types with functional 

interactions between the IP3R and the RyR, with this second channel in close apposition with 

mitochondria.  Furthermore, we also investigate whether the metalloid promotes mitochondrial Ca2+ 

accumulation and mitoO2
- formation in cells that do not express the RyR, in which the IP3R is in fact 

in close contact with the mitochondria.  
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Results 

Characteristics of the experimental cell types 

In this study, we used U-U937 cells, which express both IP3R and RyR (Sugiyama et al. 1994; 

Clementi et al. 1998; Hosoi et al. 2001; Guidarelli et al. 2009), that can be differentiated to monocytes 

(D-U937) with concomitant downregulation of the RyR (Guidarelli et al. 2009). This versatile cellular 

model leads to assess the relative impact of the IP3R in a cellular environment with RyR presence or 

deficiency and in conditions respectively of proliferation (U-U937) or non-proliferation (D-U937).  

We also included in our experimental setting a different cell type that instead gains RyR expression 

following differentiation, i.e. C2C12 cells. Indeed, C2C12 myoblasts (U-C2C12) express only IP3R 

(Bennett et al. 1996; Tarroni et al. 1997), whereas C2C12 myotubes (D-C2C12) express a functional 

RyR too (Airey et al. 1991; Bennett et al. 1996; Tarroni et al. 1997).  We exploit also HeLa cells, 

which express IP3R but not RyR ((Bennett et al. 1996) and see below). In summary, this study 

involved the use of: i) three cell types expressing only IP3R, two of which were proliferating (HeLa 

and U-C2C12 cells) and the third one non-proliferating (D-U937 cells); ii) two cell types expressing 

both IP3R and RyR, i.e., U-U937 cells (proliferating) and D-C2C12 cells (non-proliferating).   

Arsenite-induced Ca2+ response depends on RyR function   

We exploit agonist studies to provide functional evidence of IP3R and RyR activity in different cell 

lines. Logarithmically growing HeLa cells were exposed for 10 min to 10 mM Cf, an agonist of the 

RyR (Meissner 2017), and the [Ca2+]c
 was determined. The results shown in Fig. 1a indicate that Cf 

fails to promote an increase in the [Ca2+]c of these cells, as it also happens in D-U937 or U-C2C12 

cells, i.e., other cell types devoid of RyR (Bennett et al. 1996; Tarroni et al. 1997; Guidarelli et al. 

2009).  
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In contrast, a significant Ca2+ response, sensitive to 20 µM Ry (a RyR antagonist, (Van Petegem 

2012; Meissner 2017)), and insensitive to 50 µM 2-APB (an IP3R antagonist, (Berridge 2016)), was 

detected in U-U937-cells and D-C2C12 cells, i.e., cell types with a functional RyR (Fig. 1a). Some 

experiments were also performed by replacing Cf with 4-chloro-m-cresol (300 µM), another RyR 

agonist (Van Petegem 2012), with identical outcomes (not shown). 

We next tested the effect of 100 µM ATP (for 10 min), an agonist of GQ-protein-linked receptors 

leading to Ca2+ mobilization from the IP3R (Berridge 1993). In HeLa, U-C2C12 and D-U937 cells, 

ATP caused a significant increase of [Ca2+]c, sensitive to 2-APB and insensitive to Ry (Fig. 1b). The 

Ca2+ response mediated by ATP in U-U937 or D-C2C12 cells, besides being sensitive to 2-APB, was 

partially blunted by Ry in a statistically significant manner.   

Altogether, these results are therefore in line with the notion that HeLa, U-C2C12 and D-U937 cells, 

unlike U-U937 cells or D-C2C12 cells, do not have a functional RyR. IP3R was instead responsive to 

agonist stimulation in all of these five cell types. U-U937 or D-C2C12 cells responded to the IP3-

generating agonist with the release of Ca2+ from the IP3R together with an additional aliquot of the 

cation from the RyR.  

After this initial characterization of the aforementioned cell lines with IP3R and RyR agonists, we 

tested the effects of a 6 h exposure to a 2.5 µM concentration of arsenite, as previously done in U-

U937 cells. This treatment was devoid of intrinsic toxic effects in all cell types, as determined by the 

trypan blue assay (which detects loss of plasma membrane integrity) and the Hoechst assay (which 

detects apoptotic DNA fragmentation and condensation) (Supplementary Fig. 1).  

We then found that, under identical conditions, arsenite caused a limited increase in [Ca2+]c in HeLa, 

U-C2C12 and D-U937 cells, invariably sensitive to 2-APB and insensitive to Ry (Fig. 2a).  
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The Ca2+ response induced by the metalloid in U-U937, or D-C2C12, cells was instead significantly 

greater, abolished by 2-APB and remarkably reduced by Ry. It is interesting to note that the [Ca2+]c 

of U-U937 or D-C2C12 cells supplemented with arsenite and Ry were quantitatively identical to 

those detected in D-U937, U-C2C12 and HeLa cells treated with the metalloid alone.   

We next investigated the arsenite concentration-dependence on the [Ca2+]c and obtained evidence for 

a saturable mechanism in HeLa, D-U937 and U-C2C12 cells (Fig. 2b). More specifically, the release 

of the cation from the IP3R was maximally stimulated by 2.5 µM arsenite, whereas in U-U937 or D-

C2C12 cells the effects of the metalloid were concentration-dependent within the tested concentration 

range, i.e., 2.5-10 µM.  Importantly Ry, by preventing Ca2+ release from the RyR, normalized the 

Ca2+ response of U-U937 cells to that of D-U937 cells, and the response of D-C2C12 cells to that of 

U-C2C12 cells. In addition, all these responses were quantitatively similar to that of HeLa cells. 

Arsenite, therefore, stimulates the release of Ca2+ from the IP3R in different cell types, regardless of 

the structural/functional organization of the ER and of their differentiation state. The Ca2+ response 

mediated via IP3R activation, while limited and saturable, is significantly and dose-dependently 

increased in RyR-expressing cells, once again regardless of their differentiation state.  

Arsenite fails to increase the mitochondrial concentration of Ca2+ in cells exclusively expressing 

the IP3R    

We initially determined the mitochondrial clearance of Ca2+ in the aforementioned five cell types. 

The IP3 releasing agonist significantly increased the [Ca2+]m in HeLa (Fig. 3a), D-U937 cells (Fig. 

3c) and U-C2C12 (Fig. 3d), via a mechanism sensitive to 10 µM Ru360 (a MCU inhibitor, (Zazueta 

et al. 1999)), or 2-APB, but insensitive to Ry. 
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Experiments performed in U-U937 (Fig. 3b) and D-C2C12 (Fig. 3e) cells provided outcomes in line 

with the notion that ATP leads to increased [Ca2+]m that, besides being sensitive to Ru360, or 2-APB,  

is also suppressed by Ry. The effects mediated by Ry in U-U937 or D-C2C12 cells were consistent 

with the results obtained in D-U937 or U-C2C12 cells, respectively.   

Therefore, these findings suggest that an IP3 releasing agonist induces mitochondrial Ca2+ 

accumulation in cells that do not express the RyR.  Instead, in RyR expressing cells, the IP3 releasing 

agonist induces mitochondrial Ca2+ accumulation via the intermediate action of the RyR.  

We next addressed the question of whether arsenite promotes mitochondrial Ca2+ accumulation in 

cells exclusively expressing the IP3R. A 6 h exposure to arsenite (2.5 µM) triggered a maximal 

response in terms of Ca2+ release from IP3R (Fig. 2b) but failed to increase [Ca2+]m in HeLa (Fig. 4a), 

D-U937 (Fig. 4c) and U-C2C12 cells (Fig. 4d).  We instead observed a significant mitochondrial Ca2+ 

signal in U-U937 cells (Fig. 4b) and D-C2C12 cells (Fig. 4e), in both circumstances sensitive to 

Ru360, 2-APB and Ry. Furthermore, greater concentrations of arsenite failing to promote detectable 

responses in HeLa, D-U937 and U-C2C12 cells, caused a concentration-dependent mitochondrial 

uptake of the cation in U-U937 and D-C2C12 cells (Fig. 4 f).  
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Confocal and SIM microscopy also corroborated by the quantitative Manders coefficient confirmed 

that 2.5 µM arsenite raises Rhod-2AM fluorescence in mitochondria, hence mitochondrial Ca2+ of D-

C2C12 (Fig.4 g-i) and of U-U937 (not shown). 

 

These results therefore indicate that, in cells uniquely expressing the IP3R, mitochondrial Ca2+ 

accumulation ensues after treatment with a IP3 releasing agonists, but not with arsenite. IP3R 

stimulation with either of these treatments instead increased the [Ca2+]m in RyR expressing cells, in 

which RyR is in close contact with the mitochondria.   

Arsenite does not trigger mitoO2
-.in cells with the only IP3R  

The cells were exposed for 6 h to 2.5 µM arsenite and analyzed for ROS formation using 

DHR (Gomes et al. 2005). This probe is not taken up by the mitochondria but is susceptible to 

oxidation by the H2O2 released from these organelles after dismutation of mitoO2
.- by Mn superoxide 

dismutase (Weisiger et al. 1973). In addition, O2
.- formation can also take place in the mitochondrial 

intermembrane space upon interaction of electrons released by complex III with molecular oxygen, 

with its subsequent conversion to H2O2 catalysed by Cu/Zn superoxide dismutase (Angelova et al. 
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2016).  DHR is therefore a sensitive marker of O2
.- formation generated in both the mitochondrial and 

extra mitochondrial compartments.  

In other experiments, DHR was replaced with MitoSOX red, a fluorochrome commonly employed 

for the detection of O2
.- in the mitochondria of live cells (Mukhopadhyay et al. 2007). 

The results illustrated in Fig 5 indicate that HeLa (a and b), D-U937 (e and f) or U-C2C12 (g and h) 

cells fail to respond to arsenite with detectable fluorescent signals, instead readily observed in U-

U937 (c and d) or D-C2C12 (i and j) cells.  The results obtained in the latter two cell types are 

indicative of Ca2+-dependent mitoO2
-. formation, a notion consistent with the observation that Ru360, 

2-APB and Ry suppress the arsenite-induced fluorescence responses (c and d as well as i and j), under 

the same conditions in which these agents also blunted mitochondrial Ca2+ accumulation (Fig. 4b and 

e).   
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It is interesting to note that qualitatively identical results were obtained with DHR and MitoSOX red, 

thereby implying that, under the conditions employed, arsenite uniquely induces Ca2+-dependent 

mitoO2
-. formation in responsive RyR-expressing cells.   

We finally asked the question of whether the resistance of HeLa, D-U937 and U-C2C12 cells to 

mitoO2
-. formation induced by arsenite is uniquely dependent on the lack of mitochondrial Ca2+ 

accumulation. For this purpose, we reasoned that this phenotype should be lost under conditions in 

which the mitochondrial accumulation of Ca2+ is enforced by other treatments. In this perspective, 

ATP represents an excellent tool to increase the [Ca2+]m in HeLa, U-C2C12 and D-U937 cells, as 

detailed in the above characterization studies (Fig. 3a, c and d). We therefore performed experiments 

in which the cells were supplemented with ATP in the last 10 min of the 6 h incubation in an arsenite-

containing medium.  As indicated in Fig. 6, the arsenite/ATP regimen caused a significant, Ru360 

and 2-APB-sensitive, albeit Ry-insensitive, MitoSOX red fluorescence response in each of the three 

different cell lines.  Note that arsenite alone, as also discussed above, fails to increase the [Ca2+]m  and 

to promote mitoO2
-. formation in the absence of additional treatments. 
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These results therefore indicate that arsenite fails to promote mitoO2
-. formation in cells devoid of 

RyR for the only reason that they are unable to respond to the metalloid with a significant increase in 

the [Ca2+]m.   

Arsenite induces mitochondrial toxicity in RyR expressing cells 

We recently reported that exposure to 2.5 µM arsenite promotes mitoO2
-.-dependent mitochondrial 

dysfunction and apoptosis in U-U937 (Guidarelli et al. 2019b).  Consistently, we observe that a 16 h 

exposure to arsenite causes (Fig. 7b) a decrease of mitochondrial membrane potential (i) and a 

significant mitochondrial loss of cytochrome c (ii). In addition, after a further 8 h of incubation, there 

was evidence of caspase 3 activation (iii), loss of MTT-reducing activity (iv), reduced rate of 

proliferation (v) and increased apoptotic DNA fragmentation (vi). It was then interesting to observe 

that these results are in qualitative agreement with those obtained using D-C2C12 cells (Fig. 7e, i-iv 

and vi), with however an expected difference in cell proliferation experiments (v). D-C2C12 cells are 

non-proliferating cells and thus their number remained unchanged after exposure to arsenite. 
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Experiments performed in HeLa (Fig. 7a), D-U937 (Fig. 7c) and U-C2C12 (Fig. 7d), devoid of RyR, 

and hence resistant to mitoO2
-. formation, provided evidence for a parallel resistance to mitochondrial 

dysfunction and cytotoxicity induced by arsenite. More specifically, in these cells, there was no 

evidence for a decrease in mitochondrial membrane potential (i), mitochondrial loss of cytochrome c 

(ii), caspase 3 activation (iii) or apoptotic DNA fragmentation (vi). In addition, arsenite did not affect 

the proliferation rates of HeLa (Fig. 7av) and U-C2C12 (Fig. 7dv) whereas the number of D-U937 

cells (Fig. 7cv), i.e., non-proliferating monocytes, remained unchanged after the 24 h arsenite 

treatment.   
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These results indicate that arsenite exposure triggers mitochondrial toxicity in proliferating and non-

proliferating RyR expressing cells, permissive for mitoO2
-.formation.  Cells exclusively expressing 

the IP3R, were instead resistant to arsenite-induced mitochondrial ROS formation and to the ensuing 

mitochondrial toxicity. 
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Discussion 

Under physiological conditions, specific extracellular signals transiently increase the [Ca2+]c and 

subsequently the [Ca2+]m to stimulate oxidative phosphorylation and other mitochondrial events 

(Denton 2009; Bhosale et al. 2015).  This sequence of events likely takes place after IP3-generating 

agonist stimulation of HeLa, D-U937 cells and U-C2C12 cells, as the IP3R they express in the absence 

of RyR apparently generates high [Ca2+]c in mitochondrial microdomains in which MCU-dependent 

transport of the cation readily ensues. Hence, D-U937 cells have a different functional organization 

of the ER/mitochondria network in comparison with their undifferentiated counterpart, as the Ca2+ 

mobilized from U-U937 cells via IP3Rs caused mitochondrial Ca2+ accumulation with the 

intermediate involvement of the RyR (Clementi et al. 1998; Guidarelli et al. 2020). D-C2C12 cells 

had a similar functional organization of U-U937 cells, as U-C2C12 cells gained expression of 

functional RyR during differentiation (Airey et al. 1991; Bennett et al. 1996; Tarroni et al. 1997).  

Given these findings, inhibition of Ca2+ release form the RyR of U-U937 or D-C2C12 cells, blunted 

or abolished the effects mediated by IP3R stimulation on [Ca2+]c or [Ca2+]m, respectively.   As a final 

note, direct RyR stimulation with a high concentration of Cf increased both the [Ca2+]c and  [Ca2+]m 

in U-U937 or D-C2C12 cells, and failed to produce effects in HeLa, D-U937 or U-C2C12 cells. 

These results are therefore consistent with the notion that the differentiation process converts U-U937 

cells, characterized by close contact sites between the RyR and mitochondria, to D-U937 cells, in 

which RyR down-regulation takes place in parallel with the formation of new contact sites between 

the IP3R and the mitochondria, similar to those detected in HeLa cells. Specular changes instead ensue 

in the C2C12 cell line, which gained RyR expression with differentiation, thereby emphasizing the 

notion that the functional organization of ER is independent on events related to cell proliferation 

and/or differentiation.   

This initial characterization provided critical information to ask specific questions on the mechanism 

whereby arsenite induces mitochondrial Ca2+ accumulation and O2
-. formation.  



 23 

We found that cells with IP3R but devoid of RyR respond to the metalloid with a saturable and limited 

Ca2+ release, that failed to increase the [Ca2+]m for reasons that remain at the moment poorly 

understood. However, previous studies performed in D-U937 cells, or in Ry-supplemented U-U937 

cells, indicated that arsenite does not impair the Ca2+ response induced by ATP (Guidarelli et al. 

2018), thereby suggesting that the possibility of an inhibitory effect on the IP3R downstream signaling 

is unlikely. It is instead conceivable that the metalloid promotes a slow efflux of the cation from IP3R, 

resulting in low [Ca2+] in microdomains sensed by the mitochondria, so that the cation is not 

efficiently transported in these organelles. 

Our previous studies demonstrated that arsenite induces mitoO2
-. formation via a Ca2+-dependent 

process, since ROS emission was inhibited by various manipulations preventing the mitochondrial 

accumulation of the cation (Guidarelli et al. 2019b; Guidarelli et al. 2020).  Hence, a direct 

consequence of the lack of mitochondrial Ca2+ accumulation was that arsenite fails to promote 

mitoO2
-. formation in HeLa, D-U937 and U-C2C12 cells, that have only the IP3R.  The notion that 

the resistance phenotype of these cells is uniquely due to an insufficient [Ca2+]m was further 

established by demonstrating their ability to generate mitoO2
-. in response to arsenite, under 

conditions in which the mitochondrial accumulation of Ca2+ is enforced by an IP3-releasing agonist.  

Thus, the mitochondrial respiratory chain of these cells is as susceptible as that of RyR expressing 

cells to arsenite, and indeed their inability to generate mitoO2
-. appears to be uniquely dependent of 

their specific functional organization of the ER.   

The scenario was remarkably different in cells expressing both the IP3R and RyR, i.e. U-U937 and 

D-C2C12 cells, which responded to arsenite with a concentration-dependent increase in the [Ca2+]c 

and, most importantly, the [Ca2+]m.  RyR recruitment, after the initial IP3R stimulation, was essential 

for both responses and for the resulting ability to generate mitoO2
-., even at low concentrations of the 

metalloid.  
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Based on previous reports (Guidarelli et al. 2019b; Guidarelli et al. 2020), indicating that mitoO2
-. 

mediates mitochondrial dysfunction and delayed, caspase 3-dependent apoptotic death in U-U937 

cells exposed to arsenite, we predicted that an identical sequence of events should take place in other 

RyR expressing cells, but not in cell types uniquely expressing the IP3R. This notion was 

experimentally established, and indeed D-C2C12 turned out to be as sensitive as U-U937 cells to 

arsenite toxicity, whereas, under the same conditions, HeLa, D-U937 and U-C2C12 cells remained 

viable.   

These and the above results are therefore in line with the notion that concomitant expression of 

functional IP3R and RyR is required to respond to arsenite with an enhanced [Ca2+]m, mitoO2-. 

formation, mitochondrial damage and the ensuing triggering of the mitochondrial pathway of 

apoptosis.  In addition, the initial effects on Ca2+ homeostasis, as well as the entire sequence of 

downstream events, appeared independent on the proliferative and/or differentiation status of the 

cells.   

The same low arsenite concentrations failing to promote mitoO2-
. formation, mitochondrial damage 

and the ensuing toxicity in cells uniquely expressing the IP3R also failed to generate extra-

mitochondrial ROS. We should however keep in mind that a resistance phenotype to a specific 

mechanism of ROS formation does not rule out the possibility of the recruitment of a second 

mechanism, e.g., NADPH oxidase activation, at increasing concentrations of the metalloid.  Under 

these conditions, a MPT-independent mechanism of arsenite toxicity may eventually take place, due 

to the lack of mitochondrial Ca2+ accumulation and mitochondrial ROS formation.  This notion is 

consistent with the outcome of a recent study (Guidarelli et al. 2019a) in which we provided evidence 

of NADPH oxidase activation and ROS formation in respiration-deficient U937 cells exposed to 

arsenite concentrations greater than 5 µM.  It is also interesting to note that these conditions were 

associated with increased mitochondrial Ca2+ accumulation in the absence of mitoO2
-. formation. 
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In conclusion, the results presented in this study are in line with the concept that the spatial and 

functional organization of the ER dictates the susceptibility of specific cell types to arsenite-induced 

mitochondrial Ca2+ accumulation and Ca2+-dependent mitoO2
-. formation, as well as to the ensuing 

apoptosis driven by mitochondrial dysfunction. Although future studies should more carefully 

address this issue, we nevertheless note that experimental animal or human exposure to arsenite has 

been associated to mitochondrial ROS formation and toxicity in tissues as the heart (Flora 2011; 

Jomova et al. 2011; Abdul et al. 2015), brain (Flora 2011; Jomova et al. 2011; Abdul et al. 2015; 

Mochizuki 2019) and skeletal muscle (Ambrosio et al. 2014), in which RyR expression and function 

is well documented.   
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Materials and methods 

 

Chemicals 

Sodium arsenite, 2-aminoethoxydiphenyl borate (2-APB), Ry, caffeine (Cf), 4-chloro-m-cresol, ATP, 

3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT), as well most of reagent-grade 

chemicals were purchased from Sigma-Aldrich (Milan, Italy). Ru360 was from Thermo Fisher 

Scientific (Milan, Italy). Fluo-4- acetoxymethyl ester (AM), Rhod 2-acetoxymethyl ester (AM), 

MitoSOX red, Dihydrorhodamine 123 (DHR) and MitoTracker Red CMXRos were purchased from 

Thermo Fisher Scientific. MitoTracker Deep Red tracker was purchased from Molecular probes 

(Leiden, The Netherlands).  

Cell culture and treatment conditions   

U937 human myeloid leukemia cells, herein defined as U-U937 cells, were cultured in suspension in 

RPMI 1640 medium (Sigma-Aldrich). Culture media were supplemented with 10% fetal bovine 

serum (FBS, Euroclone, Celbio Biotecnologie, Milan, Italy). These cells (U-U937) were 

differentiated to monocytes (D-U937) by a 4-day growth in culture medium supplemented with 1.3% 

DMSO as previous described (Guidarelli et al. 2009). 

The mouse myoblast cell line C2C12 (ECACC 91031101, lot 12F005) was purchased from the 

European Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK) and cultured in high-

glucose D-MEM (Sigma-Aldrich) supplemented with 10% heat inactivated FBS, 2 mM L-glutamine 

(Euroclone). Cells at 60-70 % confluence were split 1:4 or 1:5. Upon 80-90% confluence, C2C12 

myoblasts (U-C2C12) were stimulated to differentiate (D-C2C12) by changing the growth medium 

with D-MEM containing 1% heat inactivated FBS. Fresh D-MEM (1% heat inactivated FBS) was 

replaced daily. In all experiments reported in the present paper, C2C12 cells were used up to passage 

number 15.  



 27 

HeLa human cervical cancer cells, were grown in Dulbecco’s modified Eagle medium 

supplemented with 10% FBS (Euroclone). All cells were cultured with penicillin (100 units/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.  

Sodium arsenite was prepared as a 1 mM stock solution in saline A (8.182 g/l NaCl, 0.372 g/l 

KCl, 0.336 g/l NaHCO3, and 0.9 g/l glucose, pH 7.4) and stored at 4° C.  Cells (1.5 x 105 cells/ml) 

were exposed to arsenite, and/or other addictions, in the respective complete culture medium, as 

detailed in the text, as well as in the legends to the figures.  

Measurement of intracellular free calcium levels and mitochondrial Ca2+ 

HeLa, U-U937, D-U937, U-C2C12 or D-C2C12 cells were grown in 35 mm tissue culture dishes 

containing an uncoated coverslip, treated for 20 min with 4 µM Fluo 4-AM or 10 µM Rhod 2-AM 

and subsequently exposed for further 10 min to the indicated IP3R or RyR agonists. In some 

experiments, the cells were exposed to arsenite for 6 h and Fluo 4-AM or Rhod 2-AM was added to 

the culture medium in the last 30 min. After the treatment the U-U937 or D-U937 cells were 

centrifuged and incubated for 10 min in 2 ml of saline A, that leads the cells to attach to the coverslip.  

The cells were finally washed three times in PBS 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 x/0.55 objective lens. 

The excitation and emission wavelengths 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. Images were collected with exposure times 

of 100-400 ms, digitally acquired and processed for fluorescence determination at the single cell level 

by ImageJ software. Mean fluorescence values were determined by averaging the fluorescence values 

of at least 50 cells/treatment condition/experiment. 
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Super resolution and confocal microscopy 

U-U937 and D-C2C12 cells were grown in arsenite for 6 h and Rhod 2-AM together with MitoTracker 

Deep Red tracker were added to the culture medium in the last 30 min. Confocal and Structured 

illumination microscopy (SIM) was done on a Nikon SIM system with a 100x 1.49 NA oil immersion 

objective, managed by NIS elements software. Raw and reconstructed images were validated with 

the SIM check plugin of Image. Four different fields were randomly selected throughout the wells 

and imaged at laser excitation of 561 nm (Rhod-2AM) and 640 nm (mitochondria with MitoTracker 

Deep Red) with a 3D-SIM acquisition protocol. Confocal images were quantified with ImageJ. Co-

localisation between Rhod-2AM and MitoTracker was analyzed using the Jacop ImageJ plugin and 

expressed as Manders index.  

DHR and MitoSOX red fluorescence assay  

HeLa, U-U937, D-U937, U-C2C12 or D-C2C12 cells were grown in 35 mm tissue culture dishes 

containing an uncoated coverslip exposed for 30 min with either 5 µM MitoSOX red or 10 µM DHR 

prior to the end of the treatment with arsenite (6 h). After the treatment, U-U937 and D-U937 cells 

were centrifuged, incubated for 10 min in 2 ml of saline A and subsequently processed as described 

in (Guidarelli et al. 2019b). 

Measurement of mitochondrial membrane potential  

HeLa, U-U937, D-U937, U-C2C12 or D-C2C12 cells were grown in 35 mm tissue culture dishes 

containing an uncoated coverslip, exposed for 30 min with 50 nM MitoTracker Red CMXRos prior 

to the end of the treatment with arsenite (16 h). After the treatment, the U-U937 or D-U937 cells were 

centrifuged and incubated for 10 min in 2 ml of saline A. 

The cells were finally washed three times and the fluorescence images were visualized using a 

fluorescence microscope. The excitation and emission wavelengths were 545 and 610 nm, 
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respectively, with a 5-nm slit width for both emission and excitation. Mean fluorescence values were 

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

Immunofluorescence analysis 

HeLa, U-U937, D-U937, U-C2C12 or D-C2C12 cells were grown in 35 mm tissue culture dishes 

containing an uncoated coverslip, incubated for 16 h in the absence or presence of arsenite. After the 

treatment, the U-U937 or D-U937 cells were centrifuged, incubated for 10 min in 2 ml of saline A 

and subsequently processed as described in (Guidarelli et al. 2019b). 

Fluorogenic caspase 3 assay  

HeLa, U-U937, D-U937, U-C2C12 or D-C2C12 cells were grown in 60 mm tissue culture, exposed 

for 24 h in the absence or presence of arsenite. After the treatments, the Caspase 3-like activity was 

monitored as described in (Guidarelli et al. 2019b). 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 aminomethylcoumarin (AMC) from cleaved caspase 3 substrate (Ac-

DEVD-AMC).  

Cytotoxicity assay 

HeLa, U-U937, D-U937, U-C2C12 or D-C2C12 cells were grown in 35 mm tissue culture, exposed 

for 24 h in the absence or presence of arsenite. After the treatment, 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. 

In other experiments, the cells were supplemented with 25 μg/ml MTT at 37°C in 5% CO2 30 min 

prior to the end of the treatment with arsenite (24 h). The medium was then removed and replaced 



 30 

with 1 ml of dimethyl sulfoxide, and cell viability was assessed by measuring MTT reductase activity. 

Absorbance was read at 570 nm. Results are expressed as the percentage of MTT-reducing activity 

(absorbance in treated versus untreated cells). 

Analysis of apoptosis with the Hoechst 33342 assay 

HeLa, U-U937, D-U937, U-C2C12 or D-C2C12 cells were grown in 35 mm tissue culture, exposed 

for 24 h in the absence or presence of arsenite and subsequently incubated for 5 min with 10 μM 

Hoechst 33342. The cells were finally analysed with a fluorescence microscope to assess their nuclear 

morphology (chromatin condensation and fragmentation). Cells with homogeneously stained nuclei 

were considered viable. 

Statistical analysis 

The results are expressed as means ± S.D. Statistical differences were analysed 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. We used unpaired t test for two group analysis. 

P < 0.05 was considered significant. 
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Legend to the figures 

Fig. 1.  Characterization of the Ca2+ responses mediated by IP3R and RyR agonists in HeLa, U-U937, 

D-U937, U-C2C2 and D-C2C12 cells. HeLa, U-U937, D-U937, U-C2C12 and D-C2C12 cells were 

pre-exposed for 20 min to Fluo 4-AM and then treater for 10 min with 10 mM Cf (a) or 100 µM ATP 

(b). In some experiments, 50 μM 2-APB, or 20 μM Ry, was added to the cultures 5 min prior to Cf 

or ATP.  After treatments, the cells were analysed for Fluo 4-fluorescence. The results represent the 

means ± SD calculated from at least three distinct experiments. *P <0.05, **P <0.01, as compared to 

untreated cells. (*)P < 0.05, (**)P < 0.01, as compared to cells treated with agonists (ANOVA 

followed by Dunnett's test). 

Fig. 2. Arsenite induces different Ca2+ responses in cells expressing the IP3R, with or without 

concomitant RyR expression. (a) HeLa, U-U937, D-U937, U-C2C12 and D-C2C12 cells were pre-

exposed for 5 min to the vehicle, 2-APB or Ry and subsequently incubated for 6 h in the presence 

of 2.5 μM arsenite.  After treatments, the cells were analysed for Fluo 4-fluorescence. The results 

represent the means ± SD calculated from at least three distinct experiments. *P <0.05, **P <0.01, 

as compared to untreated cells. (*)P < 0.05, (**)P < 0.01, as compared to cells treated with arsenite 

(ANOVA followed by Dunnett's test). (b) Each of the above cell lines was exposed for 6 h to 

increasing concentrations of arsenite and finally analysed for Fluo 4-fluorescence. The effect of Ry 

was tested in U-U937 and D-C2C12 cells. The results represent the means ± SD calculated from at 

least three distinct experiments. *P <0.05, **P <0.01, ***P <0.001, as compared to untreated cells 

(two-way ANOVA followed by Bonferroni’s test). 

Fig. 3. ATP stimulation increases the mitochondrial accumulation of Ca2+ in cells expressing the 

IP3R, with or without concomitant RyR expression. HeLa (a), U-U937 (b), D-U937 (c), U-C2C12 

(d) and D-C2C12 (e) cells were pre-exposed for 5 min to the vehicle, 10 µM Ru-360, 2-APB or Ry 

and treated for a further 10 min with 100 µM ATP. After treatments, the cells were analysed for Rhod 

2-fluorescence. The results represent the means ± SD calculated from at least three distinct 
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experiments. * P <0.01, as compared to untreated cells.  (*)P < 0.01, as compared to cells treated with 

ATP (ANOVA followed by Dunnett's test). 

Fig. 4. Arsenite fails to increase the mitochondrial concentration of Ca2+ in cells uniquely expressing 

the IP3R. HeLa (a), U-U937 (b), D-U937 (c), U-C2C12 (d) and D-C2C12 (e) cells were pre-exposed 

for 5 min to the vehicle, Ru-360, 2-APB or Ry and incubated for a further 6 h in the presence of 2.5 

µM arsenite. After treatments, the cells were analysed for Rhod 2-fluorescence. The results represent 

the means ± SD calculated from at least three distinct experiments. * P <0.01, as compared to 

untreated cells.  (*)P < 0.01, as compared to cells treated with arsenite (ANOVA followed by 

Dunnett's test). (f) Cells were incubated with increasing concentrations of arsenite for 6 h. After 

treatments, the cells were analysed for Rhod 2-fluorescence. The results represent the means ± SD 

calculated from at least three distinct experiments. (N.d., not detectable). *P <0.01, **P <0.001, as 

compared to untreated cells (two-way ANOVA followed by Bonferroni’s test). (g) D-C2C12 cells 

were incubated for 6 h with or without 2.5µM arsenite. After treatments, the cells were analysed to 

determine the co-localization of Rhod 2-AM (green) and MitoTracker Deep Red (red) fluorescence 

signals. On the right, panels display the merged image of the two stains. (h) Manders coefficient of 

Rhod 2-fluorescence in mitochondria was calculated as the proportion of Rhod 2-fluorescence signal 

overlapping with the signal of the Mitotracker in four randomly acquired fields. The results represent 

the means ± SD.*P <0.05 as compared to untreated cells (Two-tailed unpaired t test). (i) High 

Resolution SIM images of Mitotracker signal (green) and Rhod 2-AM (red) in D-C2C12 cells. Insets 

represent area where Rhod 2-AM signal colocalises with that of the Mitotracker in arsenite-treated 

D-C2C12. 

Fig. 5. Arsenite fails to induce mitoO2
-. formation in cells with only IP3R. HeLa (a, b), U-U937 (c, 

d), D-U937 (e, f), U-C2C12 (g, h) and D-C2C12 (i, j) cells were pretreated for 5 min with the vehicle, 

Ru-360, 2-APB or Ry and incubated for 6 h with the further addition of 2.5 µM arsenite. After 

treatments, the cells were analysed for DHR- (a-i) or MitoSOX red (b-j)-fluorescence. The results 
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represent the means ± SD calculated from at least three distinct experiments. (N.d., not detectable). 

*P <0.01, as compared to untreated cells.  (*)P < 0.01, as compared to cells treated with arsenite 

(ANOVA followed by Dunnett's test). 

Fig. 6. ATP promotes mitoO2
-. formation in response to arsenite in cells uniquely expressing the  

IP3R. HeLa, D-U937 and U-C2C12 cells were incubated for 6 h with 2.5 μM arsenite, rinsed and re-

suspended in fresh culture medium containing the vehicle, Ru360, 2-APB or Ry.  After 5 min, cells 

received 100 µM ATP for a further 10 min and were finally analyzed for MitoSOX red fluorescence. 

The results represent the means ± SD calculated from at least three distinct experiments. * P <0.01, 

as compared to untreated cells (ANOVA followed by Dunnett's test). 

Fig. 7. Arsenite causes mitochondrial dysfunction and apoptosis in cells with both IP3R and RyR. 

HeLa (a), U-U937 (b), D-U937 (c), U-C2C12 (d) and D-C2C12 (e) cells were treated for 16  (a-ei-

ii) or 24 (a-eiii-vi) h with arsenite. After treatments, the cells were analysed for MitoTracker red 

CMXRos-fluorescence (a-ei), cytochrome c localization (a-eii), caspase 3 activity (a-eiii), MTT 

reducing activity (a-eiv) and toxicity by either quantifying the number of viable cells (a-ev) or 

measuring chromatin fragmentation/condensation (a-evi). The results represent the means ± SD 

calculated from at least three distinct experiments. * P <0.01, as compared to untreated cells (ANOVA 

followed by Dunnett's test). 

 

 

 

 

 

 



Figures

Figure 1

Characterization of the Ca2+ responses mediated by IP3R and RyR agonists in HeLa, U-U937, D-U937, U-
C2C2 and D-C2C12 cells. HeLa, U-U937, D-U937, U-C2C12 and D-C2C12 cells were pre-exposed for 20 min
to Fluo 4-AM and then treater for 10 min with 10 mM Cf (a) or 100 µM ATP (b). In some experiments, 50



μM 2-APB, or 20 μM Ry, was added to the cultures 5 min prior to Cf or ATP. After treatments, the cells were
analysed for Fluo 4-�uorescence. The results represent the means ± SD calculated from at least three
distinct experiments. *P <0.05, **P <0.01, as compared to untreated cells. (*)P < 0.05, (**)P < 0.01, as
compared to cells treated with agonists (ANOVA followed by Dunnett's test).

Figure 2



Arsenite induces different Ca2+ responses in cells expressing the IP3R, with or without concomitant RyR
expression. (a) HeLa, U-U937, D-U937, U-C2C12 and D-C2C12 cells were preexposed for 5 min to the
vehicle, 2-APB or Ry and subsequently incubated for 6 h in the presence of 2.5 μM arsenite. After
treatments, the cells were analysed for Fluo 4-�uorescence. The results represent the means ± SD
calculated from at least three distinct experiments. *P <0.05, **P <0.01, as compared to untreated cells.
(*)P < 0.05, (**)P < 0.01, as compared to cells treated with arsenite (ANOVA followed by Dunnett's test). (b)
Each of the above cell lines was exposed for 6 h to increasing concentrations of arsenite and �nally
analysed for Fluo 4-�uorescence. The effect of Ry was tested in U-U937 and D-C2C12 cells. The results
represent the means ± SD calculated from at least three distinct experiments. *P <0.05, **P <0.01, ***P
<0.001, as compared to untreated cells (two-way ANOVA followed by Bonferroni’s test)



Figure 3

ATP stimulation increases the mitochondrial accumulation of Ca2+ in cells expressing the IP3R, with or
without concomitant RyR expression. HeLa (a), U-U937 (b), D-U937 (c), U-C2C12 (d) and D-C2C12 (e) cells
were pre-exposed for 5 min to the vehicle, 10 µM Ru-360, 2-APB or Ry and treated for a further 10 min with
100 µM ATP. After treatments, the cells were analysed for Rhod 2-�uorescence. The results represent the



means ± SD calculated from at least three distinct 37 experiments. * P <0.01, as compared to untreated
cells. (*)P < 0.01, as compared to cells treated with ATP (ANOVA followed by Dunnett's test).

Figure 4

Arsenite fails to increase the mitochondrial concentration of Ca2+ in cells uniquely expressing the IP3R.
HeLa (a), U-U937 (b), D-U937 (c), U-C2C12 (d) and D-C2C12 (e) cells were pre-exposed for 5 min to the
vehicle, Ru-360, 2-APB or Ry and incubated for a further 6 h in the presence of 2.5 µM arsenite. After
treatments, the cells were analysed for Rhod 2-�uorescence. The results represent the means ± SD
calculated from at least three distinct experiments. * P <0.01, as compared to untreated cells. (*)P < 0.01,
as compared to cells treated with arsenite (ANOVA followed by Dunnett's test). (f) Cells were incubated
with increasing concentrations of arsenite for 6 h. After treatments, the cells were analysed for Rhod 2-
�uorescence. The results represent the means ± SD calculated from at least three distinct experiments.
(N.d., not detectable). *P <0.01, **P <0.001, as compared to untreated cells (two-way ANOVA followed by
Bonferroni’s test). (g) D-C2C12 cells were incubated for 6 h with or without 2.5µM arsenite. After
treatments, the cells were analysed to determine the co-localization of Rhod 2-AM (green) and



MitoTracker Deep Red (red) �uorescence signals. On the right, panels display the merged image of the
two stains. (h) Manders coe�cient of Rhod 2-�uorescence in mitochondria was calculated as the
proportion of Rhod 2-�uorescence signal overlapping with the signal of the Mitotracker in four randomly
acquired �elds. The results represent the means ± SD.*P <0.05 as compared to untreated cells (Two-tailed
unpaired t test). (i) High Resolution SIM images of Mitotracker signal (green) and Rhod 2-AM (red) in D-
C2C12 cells. Insets represent area where Rhod 2-AM signal colocalises with that of the Mitotracker in
arsenite-treated D-C2C12.



Figure 5

Arsenite fails to induce mitoO2 -. formation in cells with only IP3R. HeLa (a, b), U-U937 (c, d), D-U937 (e, f),
U-C2C12 (g, h) and D-C2C12 (i, j) cells were pretreated for 5 min with the vehicle, Ru-360, 2-APB or Ry and
incubated for 6 h with the further addition of 2.5 µM arsenite. After treatments, the cells were analysed for
DHR- (a-i) or MitoSOX red (b-j)-�uorescence. The results 38 represent the means ± SD calculated from at
least three distinct experiments. (N.d., not detectable). *P <0.01, as compared to untreated cells. (*)P < 
0.01, as compared to cells treated with arsenite (ANOVA followed by Dunnett's test).



Figure 6

ATP promotes mitoO2 -. formation in response to arsenite in cells uniquely expressing the IP3R. HeLa, D-
U937 and U-C2C12 cells were incubated for 6 h with 2.5 μM arsenite, rinsed and resuspended in fresh
culture medium containing the vehicle, Ru360, 2-APB or Ry. After 5 min, cells received 100 µM ATP for a
further 10 min and were �nally analyzed for MitoSOX red �uorescence. The results represent the means ±
SD calculated from at least three distinct experiments. * P <0.01, as compared to untreated cells (ANOVA
followed by Dunnett's test).

Figure 7

Arsenite causes mitochondrial dysfunction and apoptosis in cells with both IP3R and RyR. HeLa (a), U-
U937 (b), D-U937 (c), U-C2C12 (d) and D-C2C12 (e) cells were treated for 16  (a-eiii) or 24 (a-eiii-vi) h with
arsenite. After treatments, the cells were analysed for MitoTracker red CMXRos-�uorescence (a-ei),
cytochrome c localization (a-eii), caspase 3 activity (a-eiii), MTT reducing activity (a-eiv) and toxicity by
either quantifying the number of viable cells (a-ev) or measuring chromatin fragmentation/condensation
(a-evi). The results represent the means ± SD calculated from at least three distinct experiments. * P
<0.01, as compared to untreated cells (ANOVA followed by Dunnett's test)
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