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Abstract 

 

Arsenic (As) is a chemical element belonging to the group of metalloids. Arsenic compounds, widely 

diffused in nature and largely used in agrotechnical and industrial processes, represent a serious 

concern for the ecosystem and human health. Indeed, human exposure to arsenic compounds 

increases the incidence of a plethora of diseases and various types of cancer. At the molecular level, 

trivalent arsenic (Na2AsO3, arsenite) causes numerous deleterious effects in target cells, through its 

binding to protein thiols or via the intermediate formation of reactive oxygen species (ROS), in the 

mitochondrial respiratory chain and via NADPH oxidase activation. Experimental work performed 

in our laboratory has focused on the mechanisms regulating mitochondrial ROS formation, an event 

requiring direct effects of the metalloid in the respiratory chain and, most importantly, a significant 

increase in the mitochondrial concentration of Ca2+. Studies on the mechanism whereby arsenite 

affects Ca2+ homeostasis provided evidence for an initial stimulation of the inositol 1,4,5-triphosphate 

receptor (IP3R), maximally induced at low concentrations, and the subsequent activation of the 

ryanodine receptor (RyR). Interestingly, the release of the cation from the RyR was critical to promote 

mitochondrial superoxide (mitoO2
•−) formation. It follows that arsenite induces mitoO2

•− formation 

only cells concomitantly expressing the IP3R and the RyR (as undifferentiated-U937 cells or 

terminally differentiated C2C12 cells). These observations emphasize the relevance of the RyR in 

events associated with mitochondria ROS formation, possibly due to the close apposition of the RyR 

with these organelles. Interestingly, we also obtained evidence for the existence of critical regulatory 

mechanisms for RyR activation, different from conventional Ca2+-induced Ca2+ release mechanisms. 

We found that low dose arsenite dependent Ca2+ release from the IP3R, was responsible for the 

triggering of an endoplasmic reticulum (ER) stress response, leading to increased expression of 

ERO1α, which in turn critically regulated RyR activity. Interestingly, pharmacological inhibition of 

the activity or expression of ERO1α, or its genetic deletion, was associated with the prevention of 

Ca2+ release from the RyR and the ensuing mitochondrial accumulation of the cation necessary for 

the formation of mitoO2
•−. Under the same conditions, the above treatments/manipulations prevented 

the early DNA strand scission or late mitochondrial dysfunction and mitochondrial permeability 

transition (MPT)-dependent apoptosis. We subsequently identified an additional mechanism leading 

to increased ERO1α expression, mediated by mitoO2
•−-derived H2O2, that however failed to impact 

on Ca2+ homeostasis. Based on these findings, it appears that only the mechanism driven by IP3R-

derived Ca2+ increases the expression of ERO1α in the close vicinity of the RyR, possibly in the 

mitochondria associated membranes (MAMs). 
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In conclusion, direct stimulation of the IP3R is critical for the triggering of the effects of arsenite on 

Ca2+ homeostasis. This event was associated with the triggering of an ER stress response leading to 

increased ERO1α expression, possibly in the MAMs, which mediated RyR activation and the ensuing 

mitochondrial Ca2+ accumulation, critical for induces mitoO2
•− formation. Pharmacological inhibition 

of ERO1α activity or expression was therefore associated with prevention of induces mitoO2
•− 

formation as well as with prevention of the ensuing geno- and cyto-toxic effects.  As a final note, we 

identified an additional mechanism of ERO1α expression, which however failed to affect Ca2+ 

homeostasis, possibly due its localization in domains of the ER distal from the RyR and the 

mitochondria. 
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1. Introduction 

 

1.1. Arsenic, uses and risks. 

Arsenic is a chemical element with an atomic number of 33 belonging to the group of metalloids, 

with chemical proprieties between metal and non-metal. In nature, arsenic compounds are widely 

distributed, mostly as grey-metallic rocks or in their crystal form. Arsenic is found in about 320 

different minerals (Chen et al., 2013). The metalloid is widely employed as wood preservative, in the 

production of glass, paper, textile and color pigments, in agriculture in insecticides, herbicides, and 

preservatives for animal food and water. As a final note, arsenic is also employed in the 

pharmaceutical and semiconductor fields.  

The main source of arsenic compounds is represented by the mining industries (Eisler, 2004). Arsenic 

compounds are however extremely toxic and represents a threat for ecosystems and living beings. Its 

wide use over the last century has been linked to the impoverishment of natural biodiversity and the 

onset of various human and plant/animal diseases. For these reasons, the Agency for Toxic 

Substances and Disease Registry (ATSDR) of the U.S.A. has classified arsenic in the first position of 

the List of Hazardous Substances (ATSDR, 2022). In nature, arsenic compounds are divided into 

primary arsenic-bearing minerals and secondary arsenic-minerals (Drahota and Filippi, 2009). When 

primary minerals are exposed to atmospheric factors and surface or groundwaters, several reactions 

lead to the formation of secondary arsenic-minerals. The form of arsenic-anion (arsenide) or dianion 

(di-arsenide), or arsenic-sulfar-seni-deanion(s) belongs to the first category. The secondary arsenic-

bearing minerals are rare in nature and the most important arsenic oxidation states of this category 

are +5 (arsenate), +3 (arsenite), –3 (arsine), and 0 (elemental) arsenic (Kaur et al., 2011). In the soil, 

arsenic is generally present as arsenite and arsenate and in the air is normally found as a mixture of 

arsenite and arsenate (Lim et al., 2014). A plethora of arsenic compounds is instead found in the 

water, due to its indiscriminate discharge in rivers from industries and agriculture. According to the 

Center for Disease Control and Prevention, USA, another underestimated source of the metalloid is 

represented by combustion process, natural or industrial (including smoke of cigarettes, engine 

smoke, or coal smoke for energy production). In smoke, arsenic is usually attached to very small 

particles. 
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1.2. Diseases related to arsenic contamination and clinical applications. 

Arsenic contamination of the ground, air and water are well documented in various parts of the planet. 

According to a recently published article (Shaji et al., 2021), more than 230 million people worldwide 

are at risk of arsenic poisoning, in both developed or developing countries. The WHO estimates that 

in 2021, 140 million people in different 50 countries have been drinking water at levels higher than 

allowed. 

Figure 1: Arsenic risk map worldwide; (Shaji et al., 2021). 

Arsenic is taken up by humans by inhalation, skin contact and, most importantly, by ingestion. In the 

bloodstream, arsenic binds to hemoglobin inside erythrocytes and is then distributed in different 

tissues. The symptoms of acute poisoning normally appear 30 min after ingestion, depending on the 

dose, and include metallic taste, garlic smell and difficulty in swallowing (Saha et al., 1999). Other 

symptoms are similar to those observed in other metal intoxications as palpitation, weakness with 

reddening skin, muscular pain, vomiting, severe nausea, colicky abdominal pain, and profuse diarrhea 

(Saha et al., 1999) (Ratnaike, 2003). Following the gastrointestinal phase, multisystem organ damage 

may occur, leading to death, or irreversible hepatic or renal failure (Tournel et al., 2011). Other 

symptoms related to the failure of the cardiocirculatory system are drowsiness and confusion often 

seen along with the development of a psychosis associated with paranoids, hallucinations, and 

delirium (Saha et al., 1999) (Ratnaike, 2003) (Tournel et al., 2011).  

Low but chronic exposure to contaminated water, food, or air is linked to long-term effects. The major 

source of risk for human health is drinking and using contaminated water, including the use for 

animals and agriculture. The preclinical phase is often asymptomatic: high concentrations of arsenic 

in the bloodstream are mostly eliminated in the urine, but a little part is taken up in the skin, nails, or 
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hair (Saha et al., 1999) (Ratnaike, 2003) (Lim et al., 2014). It is estimated that the passage from the 

preclinical to clinical phase occurs within 6 months to 10 years or more, depending on the daily dose 

of exposure. The clinical manifestations are very heterogeneous and can be confounded with other 

diseases or viral infections; prevalent symptoms are anemia and leukopenia (decrease in leukocytes), 

but the most evident and recurring ones are at the skin level as melano-keratosis, dark pigmentation-

diffuse and/or, dry, rough-spotted nodules in the palms and/or the soles (Saha et al., 1999) (Shaji et 

al., 2021), and leucomelanosis (depigmented spots in legs or trunk). Internal complications appear 

when organs are compromised, generally, the liver, bladder, spleen, and intestine, which can even 

evolve into many other collateral pathologies or organ failures (Chen et al., 1992) (Saha et al., 1999) 

(Flora, 2011). Arsenic exposure may also cause hypertension, peripheral arterial disease (Blackfoot 

disease), atherosclerosis, impaired microcirculation, coronary heart disease, and stroke (Flora, 2011). 

Lastly, the risk of developing a variety of neoplasms is remarkably increased (Basu et al., 2001) 

(Flora, 2011). The International Agency for Research on Cancer (IARC) defines arsenic as 

“carcinogenic to humans (Group 1): “There is enough evidence to conclude that it can cause cancer 

in humans” in 3 different volumes, 1980, 1987 and 2004 (IARC, 2012).  

The toxic properties of the metalloid may have also therapeutical implications, as demonstrated by 

its use for centuries in the traditional Chinese medicine. Salvarsan was initially introduced in 1910 

to cure syphilis and it is still used to treat trypanosomiasis (Council., 1999) (Waxman and Anderson, 

2001). In 1931, the Boston hospital adopted arsenic trioxide (ATO) (since 1789 known as Fowler’s 

solution) to treat myelogenous leukemia. Potassium arsenite was introduced in 1960 to treat many 

tumors in animals. With the recognition as cancerogenic in 1980, the use of arsenic-based therapy in 

clinics was significantly reduced (Council., 1999) (Waxman and Anderson, 2001). Nowadays, 

arsenical compounds are taking a new perspective based on novel discoveries in biology and 

medicine. In 2003 the U.S. Food and Drug Administration (FDA) approved the use of pure ATO in 

hematological malignancies, but its mechanism of action is still under study (Paul et al., 2022). 

Another inorganic arsenic-compound in use to treat melanoma and glioma is Realgar (red arsenic). 

Tryparsamide and other arsenic-compounds are also employed against Trypanosoma brucei, endemic 

in Africa (Paul et al., 2022). Sodium arsenite has been proposed for the treatment of lymphoma and 

other types of cancer Epstein–Barr virus derived. Numerous organic-arsenical compounds are still in 

the preclinical phase, showing fewer side effects for cancer treatments than inorganic ones. 

Furthermore, novel methylated-tri or pentavalent organic forms are currently under investigation as 

antibiotics and antiviral drugs (Paul et al., 2022). Thus, despite the high risk for human health, arsenic 

continue to maintain attraction for the development of novel therapeutical agents with diverse clinical 

applications.  
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1.3. Molecular mechanisms of arsenite toxicity. 

Arsenic interacts with numerous biomolecules thereby inducing a wide spectrum of toxic effects and 

biochemical changes in different physiological functions. The effects of the metalloid can be directly 

mediated through its direct binding to specific target molecules, as proteins or the DNA. In 

alternative, the metalloid can mediate indirect effects via the intermediate formation of reactive 

oxygen species (ROS). It is important to note that basically all the arsenic forms are rapidly 

metabolized to arsenite (Minatel et al., 2018),  an information emphasizing the relevance of the effects 

mediated by sodium arsenite or ATO.  

                                                                     

 

 

Figure 2: Structure of sodium arsenite. 

Arsenite compounds are polar and their influx-efflux in cells from the plasma is mediated through 

membrane transporters such as AQP9, glucose transporter 2, and multidrug-resistant proteins (Flora, 

2011). In the cytoplasm, depending on the cell type, arsenite is metabolized by reduction/methylation-

oxidation reactions (biomethylation) as well as via conjugation with glutathione (GSH) (Habib G. M. 

et al., 2007). These processes lead to the formation of different metabolites which likely contribute 

to the overall toxic response (Minatel et al., 2018). 

Direct effects: 

The proteins directly affected by arsenite are more than 200 (Shen et al., 2013). Arsenite can replace 

the phosphate group (PO4
3-) in proteins, an effect generally associated with their inactivation. Most 

importantly, the metalloid has a high affinity for sulfhydryl groups of proteins (H2S) (Shen et al., 

2013), an interaction often associated with loss of enzymatic activity (Sapra et al., 2015). Arsenic 

binding to protein also interferes with their normal folding (Sapra et al., 2015).  

Arsenic binds to cysteine residues in many enzymes, some of which are also redox regulated.  Arsenic 

hampers the antioxidant defense via inhibition of various enzymes, as the thioredoxins, an event 

contributing to the induction of oxidative stress (Shen et al., 2013).  

Another critical aspect relates to the indirect genotoxic effects of arsenic compounds, which cannot 

be simply explained on the induction of ROS production (Batke et al., 2021). Indeed, arsenite can 

directly interact with the zinc finger, essential for the recognition of DNA, in the DNA repair 
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enzymes. This event synergizes with the formation of DNA lesions directly generated via the ROS-

dependent mechanism (Roy et al., 2018).  

Indirect effects: 

The indirect effects of arsenite are mediated by the formation of ROS, which affect an array of 

signally pathway and promote a wide spectrum of toxic effects.  The main ROS species produced by 

the metalloid are the superoxide anion (O2
•−), hydroxyl radical (-OH), hydrogen peroxide (H2O2), 

singlet oxygen (1O2), and peroxyl radicals (Valko et al., 2005) (Flora, 2011). The O2
•− is considered 

a “primary” ROS, because it is characterized by a low reactivity and is eventually converted to 

“secondary” ROS (Valko et al., 2005).  O2
•− interacts with an extremely high affinity with nitric oxide 

(NO), thereby producing peroxynitrite, a very reactive species hampering many physiological 

functions. However O2
•− is normally converted by the superoxide dismutases (SODs) to H2O2 

(Liochev and Fridovich, 2007), thereby reducing the possibility of peroxynitrite formation.  The SOD 

family is generally considered the main group of metalloproteases, that consists of 3 forms: SOD1, 

the cytoplasmic form with zinc and copper; SOD2, the mitochondrial form with iron or manganese; 

and SOD3 is extracellular (Wang et al., 2018). H2O2 is less reactive than O2
•− but not harmless. 

Indeed, in the presence of divalent iron, H2O2 generates OH•−, highly reactive with nucleic acids 

(Winterbourn, 1995). Catalases detoxify H2O2 with concomitant formation of  H2O and O2 (Goyal 

and Basak, 2010). GSH, thioredoxins and other antioxidants are also critically involved in the primary 

antioxidant defense to maintain an appropriate redox potential.  
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1.4. Arsenic effects in mitochondria 

Irreversible changes in the redox state of the cell very rapidly lead to mitochondrial dysfunction. 

Mitochondria are a major site of ROS formation, in particular in complex I and III of the electron 

transport chain (ETC). Complex I releases O2
•− in the mitochondrial matrix, whereas complex III, 

releases O2
•− in the mitochondrial matrix as well as in intermembrane space. The activity of these 

complexes is affected by changes in redox homeostasis (Flora, 2011) (Magnani et al., 2020) (Fiorani 

et al., 2021). Arsenite interacts directly with mitochondrial proteins and promotes ROS formation. 

Arsenic interacts with succinic dehydrogenase (complex II of the mitochondrial respiratory chain) by 

inhibiting its activity (Hu et al., 2020). Arsenite also produces direct effects on Pyruvate 

Dehydrogenase (Hughes, 2002) (Jomova et al., 2011), thereby reducing the ATP levels. Arsenite 

promotes the onset of mitochondrial permeability transition (MPT), (Bonora and Pinton, 2014) that 

leads to further ROS production (Zorov et al., 2014) and cytochrome c release (Belzacq et al., 2001) 

(Habib G. M. et all., 2007) to drive the apoptotic process (Garrido et al., 2006).  
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1.5. Integrated stress response: Oxidative Stress trigger Endoplasmic Reticulum 

Stress. 

Eukaryotic cells respond to intrinsic or extrinsic forms of stress by activating the integrated stress 

response (ISR) (Pakos-Zebrucka et al., 2016). The ISR is a combination of various pathways 

including a complex cytoprotective signaling which, at the start, reduces global protein synthesis and 

allows translation of a few selected mRNAs to promote cell recovery and survival (Pakos-Zebrucka 

et al., 2016) (Chong et al., 2017) (Almanza et al., 2019). When the correct homeostasis is 

compromised, a set of ‘stress’ signals is transmitted to the cytoplasm in other organelles, including 

the nucleus, to promote the expression of several targeted proteins ( Pakos-Zebrucka et al., 2016) 

(Chong et al., 2017). Oxidative stress and reduction/oxidation imbalance in ER reduces the efficiency 

of protein folding and increases the production of misfolded proteins (Chong et al., 2017). ER plays 

a critical role in the synthesis, correct folding, and sorting of proteins, but it is also involved in many 

other functions, like the synthesis of phospholipids, cholesterol and steroids, the degradation of 

glycogen, detoxification processes and  intracellular Ca²⁺  signaling (Almanza et al., 2019). Due to 

its function, the ER is particularly sensitive to ROS. The ER lumen has an oxidating potential, in 

contrast to the elevated reducing potential of the cytosol (Chong et al., 2017). Maintaining the correct 

redox homeostasis is critical for the oxidative folding, the acquisition of tertiary structure by 

polypeptide chain through the formation of covalent di-sulfidic crosslinks between specific cysteine 

residue side chains with oxidative reactions. O2 and H2O2 are the main electron acceptors for the 

oxidative folding of proteins (Kosuri et al., 2012) (Braakman and Hebert, 2013). The oxidative 

folding is mediated by numerous proteins, as the chaperonin Heat-Shock proteins (Hsp) and PDI 

(Braakman and Hebert, 2013) (Chong et al., 2017). ERO1 is a primary enzymatic catalyst of 

biosynthetic disulfide bonds. ERO1α, the most conserved form and, ERO1β, described mostly in 

secretory cells (Sevier and Kaiser, 2008), are flavoproteins which sustain oxidative protein folding, 

by transferring electrons from cargo proteins via PDI to molecular oxygen, and yielding H2O2 as a 

by-product (Sevier and Kaiser, 2008) (Wang et al., 2014) (Shergalis et al., 2020). In turn,  reduced 

PDI is re-oxidized by ERO1 α, via the FAD cofactor (Onda, 2013) (Shergalis et al., 2020).  Studies 

with recombinant ERO1α demonstrate that for every disulfide bond generated, a peroxide molecule 

is formed and it is estimated that ERO1α activity in living cells may generate up to 25% of the cellular 

ROS produced during protein synthesis (Wang et al., 2014).  
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Figure 3: Physiological mechanism of action of ERO1; (Onda, 2013). 

*These proteins are involved in oxidative folding and are extremely sensitive to the redox status of 

the ER. When the ER protein-folding capacity is exceeded, or if dysfunctional proteins cannot be 

properly folded, another ISR has triggered: the Unfolded Protein Response (UPR) improves the c 

folding capacity of the ER to restore homeostasis (Pakos-Zebrucka et al., 2016) (Chong et al., 2017) 

(Almanza et al., 2019).  
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1.6. Unfolded Protein Response: focus on ERO1α and altered Ca2+ homeostasis. 

The UPR is a cellular stress response originating in the ER, mainly triggered by an excess of 

misfolded proteins. The UPR can be triggered by a severe ER stress or through the combination of 

low-level ER stress plus a “second hit” (Li et al., 2009). This signaling is generally cytoprotective, 

but, if the activation of UPR is prolonged, the cellular response switches from a pro-survival to pro-

apoptotic signaling. Three major sensors ate normally implicated: inositol, requiring enzyme 1 

(IRE1), protein kinase RNA-activated (PKR)-like ER kinase (PERK) and activating transcription 

factor 6 (ATF6) (Almanza et al., 2019). Their activation is mediated through the luminal domains of 

the sensors, BiP, which binds all three sensors in their inactive state (Almanza et al., 2019). When the 

level of unfolded protein load rises, BiP dissociates from these complexes exposing the active sites 

of the sensors, UPR sensors can directly feel the change in ER homeostasis, leading to their activation 

(Eletto et al., 2014a). All the UPR processes appear to be finely regulated, ER-resident PDI has a 

role, in particular, PDI5 and PDI6 that stop the action of the sensor by mediating a reduction of some 

disulfide bonds in specific cysteine residue (Eletto et al., 2014a) (Eletto et al., 2014b) (Almanza et 

al., 2019). 

BiP 

The ER-chaperone BiP binds to IRE1, PERK, and ATF6 in unstressed cells, and it dissociates from 

them during acute ER stress. It is considered the “fourth ER stress sensor” (Wang et al., 2014) and 

binds directly to the unfolded proteins. The ATPase-coupled domain stimulates conformational 

changes in its structure, allowing the binding and releasing of different substrates, but the precise 

mechanism behind such allosteric control remains to be investigated (Wang et al., 2014) (Almanza et 

al., 2019). 

ATF6 signaling and IRE1 signaling 

ATF6 is a member of a family of leucine zipper proteins. ATF6 exists in form of disulfide-bonded 

monomers, dimers, or oligomers exposed in the ER lumen (Almanza et al., 2019). BiP dissociation 

leads to its oxidization, and a monomeric reduced portion is released from the ER (Eletto et al., 

2014a). The monomer moves to the Golgi where it is cleaved again and a fragment of ~ 400 amino 

acids are formed, named ATF6f. ATF6f is the active transcription factor that moves to the nucleus 

and induces the expression of UPR genes (Almanza et al., 2019) (Karagöz et al., 2019). 

IRE1 is a single-pass transmembrane protein with a sensor in the ER lumen and a cytoplasmic 

effector. IRE1 coordinates the UPR through an unconventional splicing mechanism to encode the 
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transcription X-box binding protein 1 (XBP1) (Karagöz et al., 2019). BiP dissociation triggers IRE1 

oligomerization and activation of its cytosolic kinase domain that induces a selective cleavage of dual 

stem loops within the XBP1 mRNA (Almanza et al., 2019). XBP1 directs the transcription of a wide 

range of targets including the expression of chaperones, foldases, and components of the ERAD 

pathway (Eletto et al., 2014b) (Almanza et al., 2019). 

PERK Signaling 

PERK has an ER luminal domain as well as a cytoplasmic kinase domain (Rozpedek et al., 2016). 

BiP detachment from PERK leads to its oligomerization, trans-autophosphorylation, and activation 

(Almanza et al., 2019). The main process of the active PERK is the phosphorylation of eIF2α (Wang 

et al., 2014). It is considered the main trigger of the UPR stress response, and it is the most conserved 

UPR sensor in all eucaryotic reign (McQuiston et al., 2017) (Almanza et al., 2019). Its position is 

critical for its activity. The portion of PERK in the ER lumen triggers the ER events, along with other 

ER stress sensors. The cytosolic domain can interact with other complexes to induce secondary 

pathways such as autophagy (Rozpedek et al., 2016) (McQuiston et al., 2017) (Almanza et al., 2019). 

elF2α 

The key factor for the induction of the ER stress response is the polypeptide chain initiation factor 

(eIF2), a heterotrimeric complex composed of an α-, β-, and γ-subunits. eIF2 binds GTP and initiator 

Met-tRNA to form eIF2-GTP-Met-tRNAi ternary complex (TC) (Clemens, 2001) (Rabouw et al., 

2019). The TC, together with other translation initiation factors and the 40S ribosomal subunit, scans 

the mRNA for AUG start codons. Once found the correct base sequences, eIF2-bound GTP is 

hydrolyzed and eIF2-GDP is released from the translation complex (Rabouw et al., 2019b); to restart 

the cycle, GDP is replaced by eIF2β. In response to the stress, active PERK phosphorylates eIF2α, 

inhibiting eIF2β activity by stabilizing the association eIF2-GDP (Clemens, 2001) (Rabouw et al., 

2019), thereby down-regulates protein synthesis (Almanza et al., 2019). On contrary, some transcripts 

are translated more efficiently after phosphorylation of elF2α, like the ubiquitously expressed 

activating transcription factor 4 (ATF4) and CHOP (a pro-apoptotic transcription factor) (Srivastava 

et al., 2018) (Almanza et al., 2019) (Rabouw et al., 2019). 

ATF4 

ATF4 is a transcription factor that targets genes, including itself, involved in amino acid transport, 

metabolism, protection from oxidative stress, autophagy and apoptosis, central in the UPR program 
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of gene expression (Srivastava et al., 2018). The phosphorylation mediated by PERK on eIF2α drives 

the translational of ATF4 from the cytoplasm to the nucleus (Shan et al., 2009). 

CHOP 

The transcription factor CHOP, also known as DNA damage-inducible gene 153 (GADD153) 

(Oyadomari et al., 2004), is targeted at the transcriptional level by ATF4.  CHOP regulates a panel of 

genes involved in protein synthesis upon prolonged stress, including genes encoding amino acid 

transporters essential for intracellular GSH synthesis (Oyadomari et al., 2004) (Eletto et al., 2014a). 

One of the CHOP targets is ERO1α (Li et al., 2009) (Eletto et al., 2014b) (Karagöz et al., 2019). 

 

 

 

 

 

 

 

 

 

 

Figure 4: The UPR pathway 

 

ERO1α 

As previously discussed, ERO1α is a resident ER-oxidoreductase directly expressed by CHOP during 

the ER-stress response (Oyadomari et al., 2004) (Rozpedek et al., 2016) (Chong et al., 2017) 

(Almanza et al., 2019). In the last decade, numerous authors focused on the impact of this protein in 

the ISR, demonstrating that ERO1α is provided of multiple biological functions. (Li et al., 2009) have 

proposed the existence of a CHOP-ERO1α pro-apoptotic axis based on the activation of the Inositol 
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1,4,5-triphosphate receptor (IP3R)1, releasing Ca2+ and causing mitochondrial dysfunction. This 

study was conducted in animal (mouse) models and in mouse fibroblasts (MEF) Wild Type (WT) as 

well as CHOP or ERO1α KO. Interestingly, lack of CHOP or ERO1α in cells treated with 

tunicamycin, an ER-stress inducer (Guha et al., 2017), or azetidine, another ER-stress inducer (Roest 

et al., 2018), prevented Ca2+ mobilization from the IP3R and abolished the ensuing apoptosis. The 

mechanism(s) regulating IP3R activation remain elusive. In another study (Chin et al., 2011) MEFs 

were grown in hypoxic conditions to express more ERO1α.  It was found that the Ca2+ current was 

greater in WT- vs ERO1α KO cells.  Also, with the use of Caffeine, a Ryanodine Receptor (RyR) 

(Meissner, 2017) agonist, the Ca2+ flux was significantly reduced in ERO1α KO cells than WT-cells. 

Thus, this study suggests a role for ERO1α in the regulation of Ca2+ release from both the IP3R and 

RyR.  Recently, ERO1α accumulation was observed in the MAMs, in the vicinity of the IP3R (Anelli 

et al., 2012). Over-expression of ERO1α enhanced the rate of IP3R oxidation leading to increased 

Ca2+ release from ER and to MPT (Anelli et al., 2012). Finally, a study suggested an effect of ERO1α 

on the RyR. The authors found that in rat myocytes, ERO1α interacts with the RyR thereby causing 

its hyperactivation under stress conditions (Hamilton et al., 2022).   
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1.7. Ca2+ induced mitochondrial ROS formation. 

Ca2+ is a second messenger involved in the regulation of an array of signaling pathways, playing a 

central role in protein synthesis and trafficking, gene expression, cellular proliferation, metabolism, 

or apoptosis. The ER, as the main cellular compartment for Ca2+ storage, plays a pivotal role in the 

regulation of Ca2+ homeostasis. Consequently, the ER needs to maintain higher intraluminal Ca2+ 

concentrations and oxidizing redox potential than the cytoplasm (Almanza et al., 2019). The 

regulation of Ca2+ uptake and release processes is therefore essential for a correct ER function. Ca2+ 

uptake is mediated by the sarco- and endoplasmic-reticulum Ca2+-ATPase (SERCA) family and the 

fraction of Ca2+ in the lumen is largely bound Ca2+ binding proteins (Kiviluoto et al., 2013) (Braakman 

et al., 2013) (Almanza et al., 2019). The main sites of Ca2+ storage in the ER are the IP3R and the 

RyR. The cation is released from these sites via trans-membrane Ca2+ channels organized in 4 sub-

units bounded together around a pore and presenting a portion in the ER lumen and the other one in 

the cytoplasm. The three isoforms of the  IP3R thus far been described (Bartok et al., 2019) are 

activated by 1,4,5 triphosphate. The RyR, is also found in three isoforms, distributed in the skeletal 

and cardiac muscles, as well as in other tissues. These channels release Ca2+ in response to the fraction 

of Ca2+ entering through the voltage dependent Ca2+ channels. The process is therefore defined as 

Ca2+-induced Ca2+-release (CICR) mechanism (Bootman et al., 2002). IP3R or RyR channels are 

redox regulated, via poorly understood mechanisms involving oxidation of several cysteine residues. 

These channels, one of them or both, depending on the cell type, are expressed in the MAMs, in the 

vicinity of the mitochondria to optimize ER-mitochondria interactions and communication. This is of 

pivotal importance to allow mitochondrial Ca2+ uptake.  Under these conditions, the cation is released 

to allow high concentration in microdomains sensed by the mitochondria, or more specifically, by the 

low affinity Mitochondrial Calcium Uniporter (MCU) (De Stefani et al., 2015).   

An increase in the mitochondrial concentration of Ca2+ sustains ATP production, accompanied by the 

rise of NADH levels, NADPH, cofactors, and various modulators involved in oxidative metabolism 

and mitochondrial respiration (Duchen, 2000) (Giorgi et al., 2018) (Romero-Garcia, et al., 2019). In 

general, increased electron transport occurring under these conditions is paralleled by an increased 

formation of ROS.  Ca2+ uptake is accompanied by increased mitochondrial membrane potential, but 

under specific conditions also promotes the triggering of mitochondrial permeability transition. 
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1.8. The effect of arsenite on Ca2+ homeostasis and mitochondrial ROS 

formation. 

This topic has been actively investigated in our laboratory.  The initial studies were performed in 

U937 cells, a versatile human pro-monocyte leukemia cell line. These cells, unlike other cell lines, 

express both the IP3R and the RyR, are highly glycolytic, and express high affinity sodium-dependent 

vitamin C (ascorbic acid, AA) transporters (SVCT2) in both their plasma and mitochondrial 

membranes (Fiorani et al., 2015). Using specific exposure protocols (see below) AA concentrations 

can be significantly increased in the mitochondria to effectively scavenge mitoO2
•− (Guidarelli et al., 

2009).  U937 cells can be differentiated to monocytes (D-U937), with a concomitant downregulation 

of the RyR (Guidarelli et al., 2009).  U937 cells can also be easily made respiration-deficient (RD-

U937), i.e., devoid of a  functional ETC and hence unable to generate mitoO2
•− (Guidarelli et al., 

2009) (Guidarelli et al., 2016).  RD-U937 cells, however, maintained intact mitochondria and 

mitochondrial potential, with the same capacity to accumulate Ca2+ as the mitochondria of their 

respiration proficient counterpart (RP-U937 cells). It was found that a low concentration (2.5 µM) of 

arsenite uniquely promotes mitoO2
•− formation in RP-U937 cells. The dismutation product of 

mitoO2
•−, H2O2, mediates various  downstream effects, including DNA strand scission, MPT, 

autophagy, and apoptosis (Guidarelli et al., 2016). Importantly, mitoO2
•− also induces a cytoprotective 

signaling via nuclear factor erythroid 2 p45-related factor 2 (Nrf2), a transcriptional factor that 

promotes the expression of antioxidant enzymes and enhances GSH biosynthesis (Fiorani et al., 

2018).  

Further studies demonstrated that mitoO2
•− formation requires direct effects of the metalloid in the 

ETC (Guidarelli et al., 2015) (Guidarelli et al., 2019) as well as the mitochondrial accumulation of 

Ca2+. Using the same exposure protocol and the same cells, it was found that the metalloid increases 

the cytosolic Ca2+ concentrations ([Ca2+]c) via a ROS-independent mechanism suppressed by 2-

aminoethoxydiphenyl borate (2-APB) (Berridge, 2016), an IP3R antagonist, and partially reduced by 

Ryanodine (Ry), a RyR antagonist (Meissner, 2017). The fraction of Ca2+ released by  IP3R was 

however limited but nevertheless critical to stimulate the release of the cation from the RyR 

(Guidarelli et al., 2018). Interestingly, only the fraction of Ca2+ released by the RyR was taken up by 

the mitochondria, an observation emphasizing the existence of a close spatial relationship between 

the RyR and the mitochondria. 

The above results have been validated in other cell lines (Guidarelli et al., 2021). 
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The mechanism of arsenite-dependent mitoO2
•− formation summarized in Fig 5 emphasizes the 

relevance of both direct and indirect effects of arsenite in the IP3R and RyR, as well as the existence 

of a crosstalk between these channels mediated by yet unidentified mechanisms.  

 

 

 

 

 

 

 

 

 

 

Figure 5: Mechanism whereby arsenite promotes Ca2+-dependent mitoO2
•−/H2O2 formation; 

(Guidarelli et al., 2019). 

  



21 
 

Aim of the thesis 

 

We addressed the question of the specific contribution of the ER stress response, in particular of the 

enhanced ERO1α expression, in the regulation of Ca2+ homeostasis and ROS formation mediated by 

arsenite. More specifically, we investigated the specific regulation of the crosstalk between the IP3R 

and RyR, which critically releases Ca2+ in microdomains sensed by the mitochondria to then promote 

mitochondrial ROS formation. 
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2. Materials and Methods 

 

2.1. Chemicals.  

Sodium arsenite (NaAsO2), 2-aminoethoxydiphenyl borate (2-APB), ryanodine (Ry), ATP, caffeine 

(Cf), Ru360, L-ascorbic acid (AA), rotenone, hydrogen peroxide (H2O2), 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT), Hoechst 33342, thapsigargin, as well most of the 

reagent and chemicals were purchased from Sigma-Aldrich (Milan, Italy). ISRIB and EN460 were 

obtained from Calbiochem (San Diego, CA). Cyclosporin A (CsA) was from Novartis (Bern, 

Switzerland). Fluo-4-acetoxymethyl ester, MitoSOX red and MitoTracker Red CMXRos, and Rhod 

2-acetoxymethyl ester were purchased from Thermo Fisher Scientific (Milan, Italy).  

Arsenite was prepared as 1 mM or 10 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). 

AA preparation and stability were detailed in ref. (Fiorani et al., 2015). 

2.2. Antibodies.  

The antibody against ERO1α was purchased from Novus Biologicals, LLC, USA (NB 100–2525). 

The antibody against β-actin was purchased from Bio-Rad, Hercules, CA, USA (AHP2417). The 

primary antibody against cytochrome c (7H8, sc-13560), myogenin (F5D, sc-122732), myosin (F59, 

sc32732), HSP-60 (H1, sc-13115), horseradish peroxidase-conjugated mouse secondary antibodies 

(sc-516102) or fluorescein isothiocyanate (FITC)-conjugated polyclonal goat anti-mouse (sc-2010) 

antibodies were purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA.  

2.3. Cell culture. 

U937 cells, pro-monocytic human myeloid leukaemia, define as respiration-proficient (RP)-U937 

cells, were cultured in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal bovine 

serum (FBS).  

These RP-U937 cells were differentiated into monocytes (D-U937) by 4 days of growth in a culture 

medium supplemented with 1.3% dimethylsulfoxide, as indicated in (Guidarelli et al., 2009). 

We also used respiration deficient (RD)-U937 cells. To obtain this cellular model, RP-U937 cells 

were cultured in RPMI medium containing 110 µg/ml pyruvate, 5 µg/ml uridine and 400 ng/ml 
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ethidium bromide for 4 days with medium changes every 2 days, as indicated in (Guidarelli et al., 

2016). 

C2C12, mouse myoblast, Wild Type (WT) and ERO1α Knock Out (KO) were cultured in high-

glucose DMEM (6546-Sigma-Aldrich) supplemented with 10% heat-inactivated FBS and 2 mM L-

glutamine. Differentiation to myotube was performed at 80-90% of confluence with supplementation 

of D-MEM with 1% heat-inactivated FBS for 4 days. Detail on the generation of ERO1α KO C2C12 

was in (Varone et al., 2019). 

All cells were cultured with penicillin (100 units/ml) and streptomycin (100 mg/ml) (Euroclone, 

Milano, Italy) at 37 °C in T-75 tissue culture flasks (Corning Inc., Corning, NY, USA) gassed with 

an atmosphere of 95% air-5% CO2. 

2.4 Real-time quantitative RT-PCR analysis.  

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, DE) performing, following the 

manufacturer’s instructions. One microgram of total RNA was reverse-transcribed and then, analyzed 

using the Applied Biosystems real-time PCR System and the ΔΔCt method as a statistics method. 

The mRNA levels were normalized with cyclophilin relative gene expression. 

 

2.5. Sub-cellular fractionation and Western blot analysis.  

Cells were lysed with RIPA buffer (Thermo Fisher Scientific) with the addition of 1 mM DTT, 1 mM 

Na3VO4, 1 mM NaF, 350 mM PMSF, 1% protease inhibitor complex, pH 7.5. In some experiments, 

the cells were processed to obtain the cytosolic and mitochondrial fractions, as described in (Yu et 

al., 2003). In other experiments, for non-reducing SDS-PAGE, cells were treated with 20 mM NEM 

to quench free thiols. The proteins were quantified with Bradford reagent (Bio-Rad) in SPECTRA 

Fluor Plus Microplate Reader Tecan (Tecan, Swiss). Then 30 µg of proteins were loaded in each lane, 

separated by polyacrylamide gel by vertical electrophoresis and transferred to polyvinylidene 

difluoride membranes. According to the experiments, the membranes were blocked and incubated 

 Forward Reverse 

hs-ATF4 GGT TCT CCA GCG ACA AGG TCT CCA ACA TCC AAT CTG 

TCC 

hs-CHOP CAT CAC CAC ACC TGA AAG CA TCA GCT GCC ATC TCT GCA 

hs-Cyclophilin GAC CCA ACA CAA ATG GTTC C TTT CACT TTG CC AAA CACC A 
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with primary antibodies against ERO1α, cytochrome c, β-actin, HSP-60, myosin, and myogenin. 

Immunoblots were processed with secondary antibodies anti-rabbit or anti-mouse depending on the 

primary antibodies used. The antibodies against β-actin and HSP-60 were employed to assess the 

equal loading of the lanes and to evaluate the purity of the fractions. Relative amounts of proteins 

were quantified by densitometric analysis using Image J software.  

2.6. Measurement of cytosolic and mitochondrial Ca2+ levels.  

Cells were grown in 35 mm tissue culture dishes containing an uncoated coverslip. In some 

experiments, cells were supplemented for 30 min before the end of the treatments with 4 µM Fluo-4 

acetoxymethyl ester, a fluorescent probe used for measurement of the cytosolic Ca2+ or 10 µM Rhod-

2 acetoxymethyl ester, a fluorescent probe employed for measurement the mitochondrial Ca2+. In 

other experiments, the cells were supplemented for 20 min with Fluo-4 AM or Rhod-2 AM and 

exposed for an additional 10 min to ATP or Cf. Then, were washed three times and the fluorescence 

images were acquired with a BX-51 microscope (Olympus, Milan, Italy), equipped with a SPOT-RT 

camera unit (Diagnostic Instruments, Delta Sistemi, Rome, Italy) using an Olympus LCAch 40×/0.55 

objective lens. The excitation and emission wavelengths were 488 and 515 nm for Fluo-4 and 540 

and 590 nm for Rhod-2 with a 5-nm slit width for both emission and excitation. Images were digitally 

collected, with exposure times of 100–400 ms and processed for fluorescence determination at the 

single-cell level using the ImageJ software. Mean fluorescence values were determined by averaging 

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

2.7. MitoSOX red fluorescence assay.  

The cells were supplemented 30 min before the end of treatments with 5 µM MitoSOX Red, a 

fluorescent probe used for measurement of mitoO2
•−. Then, were washed three times and fluorescence 

images were captured with a fluorescence microscope. The excitation and emission wavelengths were 

510 and 580 nm for MitoSOX with a 5-nm slit width for both emission and excitation. Images were 

digitally collected, with exposure times of 100–400 ms and processed for fluorescence determination 

at the single-cell level using the ImageJ software. Mean fluorescence values were determined by 

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

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

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

the method, processing of fluorescence images and calculation of the experimental results were 

provided in (Cantoni and Guidarelli, 2008). Results are expressed as relative nuclear spreading factor 
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values and represent the ratio between the area of the halo (obtained by subtracting the area of the 

nucleus from the total area, nucleus + halo) and the nucleus, randomly selected 

cells/experiment/treatment condition at values of at least 50 cells. 

2.9. Measurement of mitochondrial membrane potential.  

Cells were grown in 35 mm tissue culture dishes containing an uncoated coverslip and exposed for 

30 min with 50 nM MitoTracker Red CMXRos before the end of the treatment. The cells were washed 

three times and the fluorescence images were visualized using a fluorescence microscope. The 

excitation and emission wavelengths were 545 and 610 nm, with a 5 nm slit width for both emission 

and excitation. Images were digitally collected with, exposure times of 100–400 ms and processed 

for fluorescence determination at the single-cell level using the ImageJ software. Mean fluorescence 

values were determined by averaging the fluorescence values of at least 50 cells/treatment 

condition/experiment. 

2.10. Immunofluorescence analysis.  

After treatments, the cells were fixed for 1 min with 95% ethanol/ 5% acetic acid, washed with PBS, 

and blocked in PBS-containing bovine serum albumin (2% w/v) (30 min at room temperature). The 

cells were subsequently incubated with monoclonal anti-cytochrome c antibodies and stored 

overnight at 4 ◦C. Then were washed and incubated for 3 h in the dark with FITC-conjugated 

secondary antibody diluted 1:100 in PBS. The cells were examined with a fluorescence microscope.  

2.11. Fluorogenic caspase 3 assays.  

Caspase 3-like activity was determined fluorometrically by quantifying the release of amino-

methylcoumarin (AMC) from cleaved caspase 3 substrate (Ac-DEVD-AMC). After protein 

quantification with Bradford reagent, 30 µg of protein were added to caspase 3 buffer: Hepes 100 

mM, Sucrose 10% Chaps 0.1% EDTA 1 mM, pH 7.5 plus Ac - DEVD - AMC 0.4 mM. Fluorescence 

was determined at SPECTRA Fluor Plus Microplate Reader Tecan in excitation and 360 nM, 

emission 465 nM at 25 °C, for 3.40 h. 

2.12. Cytotoxicity assay. 

Cytotoxicity was performed with trypan blue exclusion assay. Briefly, an aliquot of the cell 

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

trypan blue) were counted with a hemocytometer. Toxicity was also determined using the MTT assay. 

In these experiments, the cells were supplemented with 25 µg/ml MTT in the last 30 min of the 
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treatments. Then, the cells were washed with PBS and the resulting formazan was extracted with 1 

ml of dimethyl sulfoxide. Absorbance was read at 570 nm.  

2.13. Analysis of apoptosis with the Hoechst 33342 assay.  

Cells were incubated for 5 min with 10 µM Hoechst 33342 before the end of treatments and accurately 

washed three times with PBS. Fluorescence microscopy analysis was performed to determine the 

relative numbers of cells presenting evidence of chromatin condensation or fragmentation (apoptotic 

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

2.14. Statistical analysis. 

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

standard deviation (SD). Statistically significant differences were obtained using an unpaired two-

tailed student’s t-test or by one-way analysis of variance (ANOVA) followed by Dunnett's test for 

multiple comparisons or two-way ANOVA followed by Bonferroni's test for multiple comparisons. 

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. 
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3. Results 

 

3.1. Arsenite induces ER stress and ERO1α expression. 

The initial question addressed in my thesis work was whether arsenite triggers an ER-stress response 

under conditions associated with the exclusive formation of mitoO2
•−. RP-U937 cells were therefore 

exposed for 6 h to 2.5 µM arsenite, a toxicity paradigm associated with mitoO2
•− formation (Guidarelli 

et al., 2019) (Guidarelli et al., 2021), and subsequently processed for ATF4 and CHOP mRNA 

expression analysis. We found that, under these conditions, the metalloid significantly increases 

ATF4 (Fig. 6A) and CHOP (Fig. 6B) mRNA levels, thereby providing clear evidence for the 

induction of an ER stress. This notion is also consistent with the observation that 2.5 µM arsenite 

causes an about threefold increase in ERO1α protein levels (Fig. 6C). 
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 Figure 6: Arsenite induces ER stress and ERO1α expression.  

RP-U937 cells exposed for 6 h to 2.5 µM arsenite were analyzed for ATF4 (A) and CHOP (B) mRNA 

expression, as well as for ERO1α (C) protein expression. Anti-β-actin antibody was used as a loading 

control. Results represent the means ± SD calculated from three separate experiments. *P < 0.05; **P 

< 0.01 compared with untreated cells (ANOVA followed by Dunnett’s test). 
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In order to investigate the role of ERO1α in the cellular responses to the above toxicity paradigm, we 

decided to employ EN460, which interacts with the reduced form of ERO1α thereby preventing its 

reoxidation and inhibiting its activity (Blais et al., 2010). 

It is important to note that in untreated RP-U937 most of ERO1α is in a reduced form, as indicated 

by SDS-PAGE analysis performed under reducing and non-reducing conditions (lines 1 and 2 in Fig. 

7A). Exposure to EN460 (10-50 µM) caused the accumulation of disulfide bounded ERO1α, 

represented by the higher molecular weight band (compare line 3, 4, 5 in Fig. 7A), instead not 

observed under reducing conditions (Fig. 7B). 

These results are in keeping with the notion that, even at lowest concentration tested (10 µM), EN460 

inhibits ERO1α activity. Further analyses revealed that a 6 h exposure to 10 µM EN460 fails to 

promote loss of viability (Fig. 7C) or apoptotic chromatin fragmentation/condensation (Fig. 7D), 

instead detected in cells respectively exposed for 2 h to 50 µM (Fig. 7C) or for 6 h to 25 µM of H2O2 

(Fig. 7D). 

Next, we investigated the effects of EN460 on Ca2+ homeostasis. For this purpose, the cells were 

exposed for 6 h to EN460 with the further addition of ATP, an IP3 releasing agonist (Berridge, 1993) 

or Cf, a RyR agonist (Meissner, 2017b) in the last 10 min, to then determine the Fluo-4 and Rhod-2 

fluorescence responses, respectively indicative of the [Ca2+]c and [Ca2+]m. As shown in Fig. 7, the 

increases in cytosolic (E) and mitochondrial (F) Ca2+ were identical in cells treated with ATP, or Cf, 

alone or in combination with EN460. 

The results illustrated in this section indicate that a 6 h exposure of RP-U937 cells to 2.5 µM arsenite 

leads to an ER stress response associated with a significant expression of ERO1α. We also report the 

conditions to specifically inhibit ERO1α activity in the absence of toxic effects or other indirect or 

direct effects on Ca2+ homeostasis. 

  



30 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Activity and selectivity of EN460 as an ERO1α inhibitor.  

RP-U937 cells were incubated for 6 h with 10, 30 or 50 µM EN460, washed and lysed in the presence 

of 20 mM NEM. Proteins were resolved on a non-reducing SDS-PAGE (A, the lanes between 1 and 

2 is empty), or in a reducing SDS-PAGE after adding 100 mM DTT to the sample buffer (B). Anti-

β-actin antibody was used as a loading control. In other experiments, cells exposed for 6 h to 10 µM 

EN460 were analyzed for cell viability with the trypan blue exclusion (C) and Hoechst (D) assays. 

Positive controls: 150 µM H2O2 for 2 h (C) or 25 µM H2O2 for 6 h (D). Finally, cells exposed for 6 h 

to 10 µM EN460 were washed, re-suspended in fresh culture medium, loaded (20 min) with Fluo 4 

(E), or Rhod 2 (F), and subsequently incubated for 10 min with 100 µM ATP or 10 mM Cf. After 

treatments, the cells were analyzed for their respective fluorescence responses. Results represent the 

means ± SD calculated from three separate experiments. *P < 0.05; **P < 0.01 compared with 

untreated cells (ANOVA followed by Dunnett’s test). (NS, no significant difference).  
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3.2. Pharmacological inhibition of ERO1α mimics the effects of ryanodine on 

Ca2+ mobilization and mitochondrial accumulation, as well as on ROS formation 

induced by arsenite. 

Work performed in our laboratory (Guidarelli et al., 2021) has shown that a 6 h exposure of RP-U937 

cells to 2.5 µM arsenite increases mitoO2
•− emission via a mechanism blunted by 2-APB, an IP3R 

antagonist (Berridge, 2016), and partially inhibited by Ry, a RyR antagonist (Meissner, 2017) (Fig. 

8A). In D-U937 devoid of RyR (Guidarelli et al., 2009), the metalloid caused a limited increase in 

the [Ca2+]c, comparable to that detected in RP-cells supplemented with Ry, via a mechanism sensitive 

to 2-APB (Fig. 8B). Interestingly, EN460, recapitulated the effects (Fig. 8A), or lack of effects (Fig. 

8B), of Ry in both RP-U937 and D-U937 cells, respectively. 

Next, we moved to experiments measuring mitochondrial Ca2+ accumulation mediated by arsenite in 

RP-U937, which, as previously shown (Guidarelli et al., 2019) (Cantoni et al., 2021), is sensitive to 

2-APB or Ry (Fig. 8C), and not observed in D-U937 (Fig. 8D). EN460, suppressed the rise of [Ca2+]m 

evoked by the metalloid in RP-U937 (Fig. 8C) and failed to promote effects in D-U937 (Fig. 8D). 

In RP-U937, mitochondrial accumulation of Ca2+ was associated and critically connected with 

mitoO2
•− formation (Guidarelli et al., 2019) (Cantoni et al., 2021): this response was prevented by 2-

APB, or Ry (Fig. 8E), and not observed in D-U937 (Fig. 9F). EN460, abolished mitoO2
•− formation 

detected in RP-U937 (Fig. 8E).  

Collectively, the above results strongly suggest the involvement of ERO1α in the mechanisms 

associated with deregulation of Ca2+ homeostasis induced by arsenite. In addition, the results 

presented are consistent with the possibility that ERO1α plays a pivotal role in the phase of RyR 

activation after the initial stimulation of Ca2+ release from the IP3R. As a final note, these findings 

are also important to understand the molecular bases of mitoO2
•− formation since this event is Ca2+ 

dependent and mitochondrial Ca2+ accumulation ensues because of Ca2+ mobilization from the RyR.  
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3.3. Pharmacological inhibition of Ca2+ mobilization blunts ERO1α expression 

induced by arsenite.  

We investigated the mechanism whereby arsenite induces ERO1α expression and more specifically 

tested the role of Ca2+. It was interesting to observe that in RP-U937 cells ERO1α expression was 

prevented by 2-APB and partially inhibited by Ry (Fig. 8G). Interestingly, EN460 recapitulated the 

effect of Ry. However, the low increase in ERO1α expression mediated by arsenite in D-U937 cells, 

while abolished by 2-APB, was insensitive to Ry or EN460 (Fig. 8H). 

We therefore conclude that ERO1α expression induced by arsenite is critically regulated by Ca2+ 

release from the IP3R and further amplified by the fraction of the cation released by the RyR, which, 

as demonstrated above, is activated via an ERO1α dependent mechanism. Thus, the Ry-sensitive 

fraction of ERO1α expression was also ERO1α -dependent.  
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Figure 8. EN460 recapitulates the effects of ryanodine on [Ca2+]c, [Ca2+]m and mitochondrial 

superoxide formation. 

 RP-U937 (A, C, E, G) and D-U937 (B, D, F, H) cells were pretreated for 5 min with the vehicle, 50 

µM 2-APB, 20 µM Ry or 10 µM EN460 and incubated for 6 h with the further addition to arsenite. 

After treatments, the cells were analyzed for Fluo 4- (A, B), Rhod 2- (C, D), MitoSOX red- (E, F) 

fluorescence, as well as ERO1α (G, H) protein expression. Anti-β-actin antibody was used to provide 

an internal loading control. The results represent the means ± SD calculated from at least three distinct 

experiments. (N.d., not detectable). *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).  
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3.4. Validation of the proposed mechanism(s) using WT C2C12 and ERO1α KO 

myotubes.  

To validate our previous findings, entirely based on the use of RP- and D-U937 cells and of a single 

inhibitor of ERO1α activity, EN460, we decided to perform experiments in a different cellular system 

which, while characterized by a similar functional organization of the IP3R/RyR/mitochondria 

network, present remarkably different characteristics. We used terminally differentiated murine 

myotubes (WT D-C2C12), which, as previously reported (Guidarelli et al., 2021) respond to ATP or 

Cf with mechanisms of Ca2+ release comparable to those observed in RP-U937 cells. Most 

importantly, these cells also responded to arsenite with increases in the [Ca2+]c and [Ca2+]m, as well 

as with mitoO2
•− formation, like those detected in RP-U937 cells.  

Next, we performed experiments using ERO1α KO D-C2C12, previously generated with the 

CRISPR-Cas9 technology by (Varone et al., 2019). Firstly, we demonstrated that the extent of 

differentiation of WT and ERO1α KO D-C2C12 was remarkably similar in terms of morphology 

(Fig. 9A), and myogenin or myosin expression (Fig. 9B). Secondly, we showed that arsenite increases 

ERO1α expression in WT D-C2C12, via a mechanism suppressed by 2-APB and largely reduced by 

Ry, or EN460, with no evidence of ERO1α expression in both the untreated and arsenite-treated KO 

counterpart (Fig. 9C).  

Arsenite increased the [Ca2+]c (Fig. 9D), [Ca2+]m (Fig. 9E) and mitoO2
•− formation (Fig. 9F) in WT 

D-C2C12 and these effects were prevented by 2-APB. Ry and EN460 partially inhibited the increase 

of the [Ca2+]c (Fig. 9D) and suppressed the mitochondrial accumulation of the cation and the ensuing 

mitoO2
•− formation (Fig. 9E, F). ERO1α KO D-C2C12 instead responded to arsenite with a limited 

rise of the [Ca2+]c (Fig. 9D), sensitive to 2-APB and insensitive to Ry, or EN460. Furthermore, the 

metalloid failed to increase the [Ca2+]m (Fig. 9E) or to promote mitoO2
•− formation (Fig. 9F) in these 

cells.  

Collectively, the results presented in this section corroborate the above findings obtained in RP-U937 

cells by showing that identical mechanisms mediate ERO1α expression in a completely different cell 

line. Our previous conclusion was based on inhibitor studies, in particular using EN460, is validated 

with the use of ERO1α KO cells, in which there was no evidence of ERO1α expression in both naïve 

end arsenite-treated cells.  
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Figure 9. Validation of the proposed mechanisms in WT and ERO1α KO C2C12 myotubes. 

 (A) Representative images of C2C12 myoblasts (WT U-C2C12 and ERO1α KO U-C2C12) and day 

4 C2C12 myotubes (WT D-C2C12 and ERO1α KO D-C2C12). (B) Western blot analysis for 

myogenin and myosin expression in myoblasts and myotubes. Anti-β-actin was used as a loading 

control. WT and ERO1α KO D-C2C12 cells were pretreated for 5 min with the vehicle, 2-APB, Ry 

or EN460 and incubated for a further 6 h in the presence of arsenite. After treatments, the cells were 

analyzed for ERO1α protein expression (C); anti-β-actin antibody was used as a loading control, for 

Fluo 4- (D), Rhod 2- (E) and MitoSOX red- (F) fluorescence. The results represent the means ± SD 

calculated from at least three distinct experiments. (N.d., not detectable). *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).  
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3.5. ISRIB inhibits ERO1α expression induced by arsenite. 

Having established the cell type-independence of the above findings, as well as the notion that 

pharmacological inhibition of ERO1α provides effects in line with those observed in ERO KO cells, 

we performed other experiments using ISRIB, a small molecule that inhibits ERO1α expression 

(Sidrauski et al., 2015) (Rabouw et al., 2019a). In these experiments, RP-U937 and WT-C2C12 were 

exposed for 6 h to 2.5 µM arsenite, or 5 µM thapsigargin, either alone or combined with 0.2 µM 

ISRIB. As indicated in Fig. 10, arsenite and thapsigargin caused a similar increase in ERO1α 

expression in RP-U937 (Fig. 10A, C) and WT D-C2C12 (Fig. 10B, D), in both circumstances 

sensitive to ISRIB.   

These results are in keeping with the well-established notion that validate that ISRIB is an effective 

inhibitor of ERO1α expression. 
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Figure 10. ISRIB inhibits ERO1α expression induced by thapsigargin or arsenite. 

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

arsenite (C, D), in the absence or presence of 0.2 µM ISRIB, and then analyzed for ERO1α protein 

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

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

compared to cells treated with thapsigargin or arsenite (ANOVA followed by Dunnett’s test). 
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3.6. Pharmacological inhibition of ERO1α expression or activity, or its genetic 

deletion, abolishes the early deleterious effects of arsenite. 

The effects of a 6 h exposure to 2.5 µM arsenite on the [Ca2+]c, [Ca2+]m and mitoO2
•− formation in 

WT D-C2C12 and ERO1α KO D-C2C12, with or without 2-APB, Ry or EN460 supplementation, 

have been previously discussed and are also illustrated in Fig. 11A-C. Interestingly ISRIB, under the 

same conditions associated with inhibition of ERO1α expression, recapitulated all the effects 

mediated by EN460 or Ry (Fig. 11A-C). Based on these findings, we decided to test the role of 

ERO1α in arsenite toxicity using pharmacological inhibitors of ERO1α activity and expression or 

ERO1α KO cells. 

RP-U937 and WT D-C2C12 were therefore incubated for increasing time intervals in the presence of 

EN460 or ISRIB and finally analyzed for cell viability. There was no evidence of toxicity in cells 

exposed to EN460 or ISRIB for 6 h, as determined by measuring the number of viable cells (Fig. 

12A, B), loss of membrane integrity (Fig. 12C, D) and apoptotic DNA condensation/fragmentation 

(Fig. 12E, F). ISRIB did not exert detectable toxic effects even at the 16 h or 24 time-points. However, 

RP-U937 were remarkably susceptible to long term exposure to EN460, displaying a large increase 

in the number of both necrotic and apoptotic cells at 16 and 24 h. In contrast with these findings, 

arsenite failed to promote toxicity in WT D-C2C12 also at the 16 or 24 h time-points.  

We therefore performed experiments measuring the effects of the above inhibitors on the genotoxicity 

induced by arsenite. We found that arsenite promotes the accumulation of similar levels of DNA 

single strand breaks in RP-U937 and WT D-C2C12 cells (Fig. 11D), in both circumstances prevented 

by Ry, ISRIB or EN460. ERO1α KO D-C2C12 cells were instead resistant to the genotoxic effects 

mediated by the metalloid. In other identical experiments, Cf (10 mM) was given to RP-U937, WT 

D-C2C12 and ERO1α KO D-C2C12 in the last 10 min of incubation. Under these conditions, there 

was a similar increase of the [Ca2+]c (Fig. 11E), [Ca2+]m (Fig. 11F), mitoO2
•− formation (Fig. 11G) 

and DNA strand scission (Fig. 11H) in the three different cell types. Also similar were the suppressive 

effects of Ry for three different parameters. Importantly, however, EN460 or ISRIB failed to 

recapitulate the inhibitory effects of Ry under these conditions. 

The results presented in this section indicate that a 6 h exposure to EN460 and ISRIB fails to promote 

toxicity in RP-U937, WT D-C2C12 and ERO1α KO D-C2C12. Under these conditions, EN460 and 

ISRIB mimicked the protective effects of Ry on the DNA strand scission induced by arsenite. 

Consistently, ERO1α KO D-C2C12 were resistant to arsenite genotoxicity. We also demonstrated 
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that EN460 and ISRIB do not afford protective effects under conditions in which mitochondrial Ca2+ 

accumulation and mitoO2
•− formation is enforced via Cf supplementation. This observation implies 

that the inhibitory effects of EN460 and ISRIB are causally linked to inhibition of RyR activation 

after the initial IP3R stimulation induced by arsenite.  
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 Figure 11. ISRIB and EN460 recapitulate the effects of ryanodine on the [Ca2+]c, [Ca2+]m, 

mitochondrial superoxide formation and DNA damage induced by arsenite. 

U937, WT D-C2C12 and ERO1α KO D-C2C12 cells were pretreated for 5 min with the vehicle, Ry, 

ISRIB or EN460 and incubated for 6 h with the further addition to arsenite. After treatments, the cells 

were analyzed for Fluo 4- (A), Rhod 2- (B) and MitoSOX red- (C) fluorescence as well as for DNA 

damage with the alkaline halo assay (D). In other experiments, cells exposed for 6 h to ISRIB, or 
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EN460, were washed, re-suspended in fresh culture medium, loaded for 20 min with Fluo 4 (E), Rhod 

2 (F), or MitoSOX red (G) and subsequently incubated for 10 min with 10 mM Cf and 2.5 µM 

arsenite. After treatments, the cells were analyzed for their respective fluorescence responses (E–G) 

and DNA damage (H). The results represent the means ± SD calculated from at least three distinct 

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

compared to cells treated with arsenite (ANOVA followed by Dunnett’s test). 
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Fig. 12. The effects of ISRIB or EN460 on U937 and WT D-C2C12 cell viability. 

U937 and WT D-C2C12 cells were exposed for increasing time intervals to ISRIB or EN460, and 

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

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

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

**P < 0.01, as compared to untreated cells. (ANOVA followed by Dunnett’s test). 
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3.7. Pharmacological inhibition of ERO1α expression or activity, or its genetic 

deletion, abolishes the delayed toxic effects of arsenite.  

Prolonged exposure (16 h) of RP-U937 cells to 2.5 µM arsenite promotes a decline in mitochondrial 

membrane potential (Fig. 13A) and MTT reducing activity (Fig. 13B) as well as the mitochondrial 

loss of cytochrome c associated with a concomitant increase in the cytosol, detected in both Western 

blot (Fig. 13C) and immunofluorescence studies (Fig. 13D) (Fiorani et al., 2018) (Guidarelli et al., 

2019). Similar effects were observed in WT D-C2C12 cells. ISRIB, or EN460, prevented all these 

toxic effects, thereby mimicking the effects of CsA, an immunosuppressor know to prevent MPT and 

MPT-dependent apoptosis (Bonora et al, 2014). 

Next, we performed experiments in which RP-U937 and WT D-C2C12 were exposed to arsenite for 

24 h, a condition associated with caspase 3 activations (Fig. 13E) and apoptotic chromatin 

fragmentation/condensation associated (Fig. 13F). These effects were invariably sensitive to CsA, 

ISRIB or EN460. 

Arsenite failed to promote a reduction in mitochondrial membrane potential (Fig. 13A), MTT 

reducing activity (Fig. 13B), mitochondrial loss of cytochrome c (Fig. 13C, D) and to induce caspase 

3 activation (Fig. 13E) and apoptotic DNA fragmentation (Fig. 13F) in ERO1α KO D-C2C12. 

These results further emphasize the critical contribution of ERO1α in events associated with the 

regulation of Ca2+ homeostasis and mitoO2
•− formation and on downstream events triggered by 

mitoO2
•−, as DNA strand scission and MPT-dependent cytotoxicity. It follows that chemical 

inhibition of ERO1α expression or activity represents an effective strategy to counteract the 

deleterious effects mediated by low concentrations of arsenite. 
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Figure 13. Arsenite causes mitochondrial dysfunction and apoptosis via mechanisms sensitive 

to inhibition of the activity or expression of ERO1α, as well as to its genetic deletion.  

U937, WT D-C2C12 and ERO1α KO D-C2C12 cells were pretreated for 5 min with the vehicle, 0.5 

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

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

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

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

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

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

arsenite (ANOVA followed by Dunnett’s test). 
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3.8. Mitochondrial superoxide contributes to ERO1α expression induced by 

arsenite. 

As indicated above, arsenite induces ERO1α expression in RP-U937 cells via a mechanism blunted 

by 2-APB or ISRIB (Fig. 10C), and partially inhibited by Ry or EN460 (Fig. 8G). This indicates that 

IP3R stimulation triggers the first mechanism of ERO1α expression (sensitive to 2-APB or ISRIB and 

insensitive to Ry or EN460). The partial inhibition of ERO1α expression mediated by Ry, or EN460, 

however implies the existence of a second mechanism regulated by RyR-derived Ca2+ and ERO1α 

activity. In order to obtain more information on this second mechanism, we performed additional 

experiments in RP-U937 cells and found that the inhibitory effects of Ry are mimicked by Ru360 

(Fig. 14A), a MCU inhibitor (Bonora et al., 2014), thereby suggesting the involvement of 

mitochondrial Ca2+ accumulation and of the ensuing mitoO2
•− formation. Indeed, Ru360 prevented 

both effects mediated by arsenite (Fig. 15B, C) with no apparent impact on the [Ca2+]c (Fig. 15A). 

Interestingly, the second mechanism of ERO1α expression was also suppressed by rotenone (Fig. 

15A), an inhibitor of mitochondrial complex I (Degli Esposti, 1998), which prevents mitoO2
•− 

formation (Fig. 15C) in the absence of effects on the [Ca2+]c (Fig. 15A) and [Ca2+]m (Fig. 15B). 

Finally, the second mechanism of ERO1α expression was suppressed by AA (Fig. 14A), 

supplemented to the cells under conditions significantly increasing the content of the vitamin in the 

mitochondrial compartment. As previously demonstrated in our laboratory (Fiorani et al., 2015), RP-

U937 cells express high-affinity transporters for AA in both the plasma and mitochondrial 

membranes, and their relative densities favors the accumulation of significant amounts of the vitamin 

in mitochondria. More specifically, short-term exposure to a low concentration of AA (e.g., 3 µM) 

increases the cytosolic and mitochondrial content of the vitamin reaching micromolar and millimolar 

levels, respectively. Thus, AA supplementation prevented mitoO2
•− formation (Fig. 15C) in the 

absence of effects on the [Ca2+]c (Fig. 15A) and [Ca2+]m (Fig. 15B) and hampered the second 

mechanism of ERO1α expression. 

The involvement of mitoO2
•− in ERO1α expression was further established in experiments using RD-

U937 cells, devoid of a functional mitochondrial respiratory chain and hence unable to release 

mitoO2
•− in response to the metalloid (Fig. 15C). However, the effects of arsenite on Ca2+ homeostasis 

(Fig. 15D, E) were like those previously measured in their respiration proficient counterpart. RD-

U937 cells responded to arsenite with a low increase in ERO1α, like that detected in RP-U937 cells 

supplemented with Ry. In addition, ERO1α expression was on the one hand suppressed by ISRIB and 

2-APB and on the other hand insensitive to EN460, Ry, Ru360, rotenone and AA (Fig. 14B). Thus, 
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we were able to identify only one mechanism of ERO1α expression in RD-U937 cells exposed to 

arsenite, the one driven by IP3R-dericed Ca2+. 

The results presented in this section provide evidence for the existence of two different mechanisms 

mediating ERO1α expression in U937 cells. The first one, critically implicated in RyR stimulation 

and mitochondrial Ca2+ accumulation, is caused by an ER stress response driven by IP3R-derived 

Ca2+ whereas the second one appears to be entirely dependent on mitoO2
•−. 
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Figure 14. Pharmacological modulation of arsenite-induced ERO1α expression in respiration-

proficient and respiration-deficient U937 cells. 

RP-U937 (A) and RD-U937 (B) were pretreated for 5 min with the vehicle, with or without ISRIB, 

EN460, 2-APB, Ry, 10 µM Ru360 or 0.5 µM rotenone, and incubated for 6 h with the further addition 

to arsenite.  In some experiments, the cells were treated for 15 min with 3 µM AA prior to arsenite 

supplementation.  After treatments, the cells were analyzed for ERO1α protein expression, as detailed 

in the Methods section. Anti-β-actin antibody was used as a loading control. Results represent the 

means ± SD calculated from three separate experiments. *P < 0.05; **P < 0.01 compared with 

untreated cells. #P < 0.05; ## P < 0.01 compared with arsenite treated cells. (ANOVA followed by 

Dunnett's test). 
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3.9. ERO1α expression induced by arsenite via the ROS-dependent mechanism 

fails to affect Ca2+ homeostasis. 

We asked the question of whether the mechanism of ERO1α expression mediated by mitoO2
•−, as 

previously shown for the one driven by IP3R-derived Ca2+, has an impact on RyR activity or, more 

generally, on Ca2+ homeostasis. As previously shown, a 6 h exposure to 2.5 µM arsenite elevates the 

[Ca2+]c, via a mechanism suppressed by 2-APB or ISRIB and partially reduced by Ry and EN460 in 

RP-U937 (Fig. 15A). Interestingly, Ru360, rotenone or AA failed to affect the Ca2+ response mediated 

by the metalloid. Furthermore, Ru360 mimicked the effects of 2-APB and ISRIB on mitochondrial 

Ca2+ accumulation, with no apparent effects detected with rotenone or AA (Fig. 15B). Finally, 

arsenite caused a similar increase in the Ca2+]c (Fig. 15D) and [Ca2+]m (Fig. 15E) of RP- and RD- 

U937 cells with identical effects mediated by all the inhibitors. 

Thus, various treatments and the respiration-deficient phenotype, previously shown to prevent 

mitoO2
•− formation, and the ensuing mechanism of ERO1α expression, failed to promote detectable 

effects on Ca2+ homeostasis. 
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Figure 15. Pharmacological modulation of Ca2+ mobilization and mitochondrial accumulation, 

as well as mitochondrial superoxide formation, induced by arsenite in respiration-proficient 

and -deficient U937 cells. 

RP-U937 (A-C) and RD-U937 (D-F) cells were pretreated for 5 min with the vehicle, ISRIB, EN460, 

2-APB, Ry, Ru360 or rotenone, and incubated for 6 h with arsenite. In some experiments, the cells 

were treated for 15 min with AA prior to arsenite exposure. After treatments, the cells were analyzed 

for Fluo 4- (A, D), Rhod 2- (B, E) or MitoSOX red- (C, F) fluorescence. Results represent the means 

± SD calculated from three separate experiments. *P < 0.05; **P < 0.01 compared with untreated 

cells. #P < 0.05; ## P < 0.01 compared with arsenite treated cells. (ANOVA followed by Dunnett's 

test).  
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3.10. The contribution of IP3R-derived Ca2+ and mitoO2
•−-derived H2O2 on the 

overall ER stress response. 

The results presented in the previous section underscore the existence of two different mechanisms 

of ERO1α expression induced by arsenite, the first one driven by IP3R-derived Ca2+ and the second 

by mitoO2
•− -derived H2O2. These results therefore suggest a role for both mechanisms in the arsenite-

dependent ER stress response. This notion was experimentally established by showing that CHOP 

mRNA expression induced by arsenite in RP-U937 cells (2.5 µM, 6 h, Fig. 16), besides being 

suppressed by ISRIB and 2-APB, is partially and similarly reduced by Ry, Ru360, rotenone or AA. 

The partial inhibitory effect of Ry, Ru360, rotenone and AA, previously shown to prevent the 

formation of mitoO2
•−, document an involvement of this species in the second mechanism regulating 

ERO1α expression. 
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Figure 16. Pharmacological modulation of arsenite-induced CHOP mRNA expression in 

respiration-proficient U937 cells. 

RP-U937 were pretreated for 5 min with the vehicle, ISRIB, 2-APB, Ry, Ru360 or rotenone, and 

incubated for 6 h with arsenite and analyzed for CHOP mRNA expression. Data are expressed with 

% respect to the untreated cells. Results represent the means ± SD calculated from three separate 

experiments. *P < 0.05; **P < 0.01 compared with untreated cells. #P < 0.05; ## P < 0.01 compared 

with arsenite treated cells. (ANOVA followed by Dunnett's test). 
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4. Discussion 

 

Trivalent arsenic causes a plethora of deleterious effects in target cells, through its binding to protein 

thiols or via the intermediate formation of ROS mediated by various mechanisms. Recent work from 

our laboratory has focused on mitoO2
•−  formation and demonstrated that this event is mediated by 

low concentrations of the metalloid in selected cell types via a Ca2+-dependent mechanism (Guidarelli 

et al., 2021). We found that arsenite promotes mitoO2
•− formation in RP-U937 cells, or in other cell 

types expressing both the IP3R and RyR, which were necessary to mediate mitochondrial Ca2+ 

accumulation (Guidarelli et al., 2021). There was no mitochondrial Ca2+ uptake in cells expressing 

only the IP3R and therefore these cells failed to generate on mitoO2
•− in response to arsenite 

(Guidarelli et al., 2021). 

Thus, arsenite caused an initial stimulation of the IP3R sequentially connected with RyR activation 

and only the fraction of Ca2+ released by this second channel was taken up by the mitochondria to 

mediate ROS formation (Guidarelli et al., 2018) (Guidarelli et al., 2021). 

An important issue addressed in this thesis work is related to the mechanism(s) linking IP3R 

stimulation with RyR activation, apparently not mediated by a simple Ca2+-induced Ca2+ release 

event, as the release of the cation from the first channel saturates at low arsenite concentrations, unlike 

Ca2+ release from the RyR, instead mediated by concentration-dependent mechanisms (Guidarelli et 

al., 2021).  

We therefore tested the possibility of an involvement of ERO1α, a flavoprotein regulating under stress 

conditions various functions, including Ca2+ mobilization from the IP3R and RyR (Anelli et al., 2013) 

(Hamilton et al., 2022). To address this issue, we initially employed a toxicity paradigm based on a 6 

h exposure of RP-U937 cells to 2.5 µM arsenite and obtained evidence for an ER stress response 

characterized by increased expression of ATF4 and CHOP mRNA as well as of ERO1α protein.  

We then performed inhibitor studies using EN460 and initially determined the conditions associated 

with inhibition of ERO1α activity in the absence of detectable toxic effects and/or other direct/indirect 

effects on Ca2+ homeostasis, in the absence of stimuli, or after agonist stimulation of Ca2+ release 

from the IP3R and RyR.  

Under these conditions, arsenite promoted an increase in the [Ca2+]c and [Ca2+]m via a mechanism 

respectively partially or completely inhibited by Ry. MitoO2
•− formation taking place via the Ca2+-
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dependent mechanism was also suppressed by Ry as well as by EN460. Importantly, the effects 

mediated by Ry were validated by experiments performed in D-U937 cells, devoid of RyR. 

These observations, suggesting the existence of a critical role of ERO1α in the regulation of RyR 

activation after the initial stimulation of the IP3R, were next challenged in a different cell line with 

different characteristics, but nevertheless with a similar functional organization of the 

ER/mitochondria network (Guidarelli et al., 2021). 

For this purpose, we used WT D-C2C12 cells, i.e., C2C12 cell-derived myotubes, providing Ca2+ and 

ROS responses to arsenite comparable to those observed in RP-U937 cells. The effects observed with 

EN460 under these conditions were also identical in the two cell types. Inhibition of ERO1α activity 

therefore recapitulated the effects associated with inhibition of Ca2+ release from the RyR. In addition, 

and, most importantly, we found that ERO1α KO D-C2C12 responded to arsenite as their WT 

counterpart supplemented with either Ry or EN460. Lack of ERO1α expression therefore confers 

resistance to the effects of arsenite associated with RyR activation, mitochondrial Ca2+ accumulation 

and mitoO2
•− formation. 

The final approach to demonstrate the role of ERO1α in the Ca2+ responses induced by arsenite also 

involved the use of RP-U937 and WT D-C2C12 cells, however by replacing EN460 with ISRIB, an 

inhibitor of ERO1α expression. These experiments demonstrated that ISRIB blunts ERO1α 

expression as well as the increases in [Ca2+]c, [Ca2+]m and mitoO2
•− induced by arsenite.  

The first part of my work therefore provides a clear demonstration for the involvement of ERO1α in 

the RyR recruitment phase after the initial IP3R stimulation induced by arsenite, an event critical for 

mitochondrial Ca2+ accumulation and the ensuing Ca2+-dependent mitoO2
•− formation. 

Interestingly, inhibition of the activity/expression as well as the genetic depletion of ERO1α also 

prevented the early genotoxic and late MPT-dependent apoptotic effects of arsenite. 

The final question addressed in my work was on the mechanisms regulating ERO1α expression. 

Arsenite induces an ER stress response associated with an increased ERO1α expression driven by 

IP3R-derived Ca2+ and by a second mechanism downstream to RyR activation, associated with 

mitoO2
•− formation. This second mechanism was therefore prevented by various treatments 

suppressing mitoO2
•− formation and was not observed in respiration-deficient cells. In addition, this 

second mechanism, failed to promote direct or indirect effects on Ca2+ homeostasis, an observation 

compatible with a different localization of the fractions of ERO1α generated by the two mechanisms. 

We therefore postulate that arsenite promotes “local” ER stress responses, driven by either IP3R -
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derived Ca2+ or mitoO2
•− -derived H2O2, increasing the expression of ERO1α respectively in the 

MAMs, in the proximity of the RyR, or in microdomains distal from the MAMs and the Ry. 

Collectively, our results (Fig. 17) demonstrate that a low concentration of arsenite uniquely 

generating mitoO2
•− promotes direct effects on the IP3R, causing Ca2+ release critically connected 

with an ER stress response associated with ERO1α expression. This fraction of ERO1α was then 

responsible for RyR activation and Ca2+ release in microdomains sensed by the mitochondria, thereby 

leading to mitoO2
•− formation and to the ensuing geno- and cyto-toxicity.  Pharmacological inhibition 

of the activity or expression of ERO1α, as its genetic deletion, was then invariably associated with 

prevention of all the deleterious effects mediated by the metalloid. We also underscored a second 

mechanism of ERO1α expression, driven by an ER stress caused by mitoO2
•−-derived H2O2, most 

likely in sites distal from the RyR and hence ineffectual for the regulation of Ca2+ homeostasis. 

 

 

 

Figure 17: Mechanisms whereby arsenite increases ERO1α expression and ERO1α-dependent 

regulation of Ca2+ homeostasis and mitoO2
•− formation. 
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