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Abstract 

 

Parkinson disease (PD) is a progressive neurodegenerative disorder 

characterized by the selective death of dopaminergic neurons in the brain. 

Excess production of reactive oxygen species (ROS) and Ca2+ dyshomeostasis 

are strongly implicated in dopaminergic cell death. Genetic and toxin-based 

studies, as well as post-mortem analysis of the brains of PD patients, indicated a 

strong association between the dysfunction of mitochondria and lysosomes with 

PD. How ROS and Ca2+ affect these organelles is not fully understood. Previous 

studies reported that the ROS-sensitive transient receptor potential melastatin 2 

(TRPM2) Ca2+ channel plays a role in neurotoxin-induced cell death. In this 

thesis, I hypothesized that TRPM2-mediated Ca2+ entry affects the dynamics of 

ROS and the intracellular organelles to cause neuronal cell death. 

 

I have tested the hypothesis using 1-methyl-4-phenylpyridinium (MPP+), a potent 

PD-inducing agent, and the SH-SY5Y human neuroblastoma cell line. Results 

presented in Chapter 3 show that MPP+ stimulates ROS production leading to 

neuronal cell death by stimulating TRPM2 dependent rise in cytosolic Ca2+ and 

the Ca2+ dependent NADPH oxidase 2 (NOX2). Inhibition of either NOX2, or the 

TRPM2 channel, prevented MPP+ induced ROS production and cell death, 

indicating potential functional crosstalk between NOX2 and TRPM2. Inhibition of 

NOX2 alone was able to prevent mitochondrial ROS (mtROS) production, 

indicating NOX2-derived ROS stimulates mtROS generation. Quenching of 

mtROS was sufficient to prevent cell death, indicating that NOX2-derived ROS 

amplify mtROS to cause cell death. Interestingly, Zn2+ mediates Ca2+ induced 

mtROS amplification.  

 

In Chapter 4, I have studied the effect of MPP+ on lysosomes and mitochondria, 

and asked whether NOX2 and TRPM2 channels play roles. The results showed 

MPP+ treatment caused a decline in lysosomal numbers and increased 

mitochondrial fragmentation. TRPM2 inhibition as well as NOX2 inhibition 

prevented both these effects. I found Ca2+ and Zn2+ have distinct roles in 

organelle dynamics. Ca2+ caused loss of lysosomes whereas its effect on 
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mitochondrial fragmentation is mediated by Zn2+ induced recruitment of fission 

inducing Drp-1 protein to mitochondria. Zn2+ caused the mitochondrial effects by 

inhibiting complex I and III.    

 

Finally, an antibody capable of blocking TRPM2 mediated Ca2+ entry was able to 

rescue the neurotoxin-induced cell biological effects and neuronal cell death 

(Chapter 5). In conclusion, studies presented in this thesis reveal new insights 

into the cell biological mechanisms underlying PD-toxin induced neuronal cell 

death.  
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RIRP ROS-induced ROS production  

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RyR Ryanodine receptors  

S1QEL Suppressor of complex I site Q electron leak 

S3QEL Suppressor of complex III site Q electron leak 

SBS Standard buffer solution  

Scr-siRNA Scramble siRNA 

SDS Sodium dodecyl sulfate  

SDS-PAGE Sodium dodecyl sulfate – polyacrylamide gel electrophoresis 

SEM Standard error of the mean 

SERCA Sarco/endoplasmic reticulum Ca2+ activated ATPase 

SH-SY5Y Human neuroblastoma cell line  

siRNA Small interfering RNA 

SNpc Substantia nigra pars compacta  
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SOCE Store-operated Ca2+-entry  

SOD1 Superoxide dismutase 1 

SOD2 Superoxide dismutase  

STIM1 Stromal interaction molecule 1 

STIM2 Stromal interaction molecule 2 

TCA Tricarboxylic acid  

TEMED Tetramethylethylenediamine 

TEMPO 2,2,6,6-tetramethylpiperidinyl-1-oxyl 

TM Transmembrane  

TMRE Tetramethylrhodamine, ethyl ester 

TNFα Tumor necrosis factor alpha  

TPEN N,N,N’,N’-tetrakis(2-pyridinylmethyl)-1,2­ethanediamine  

TRAIL Tumor necrosis factor-related apoptosis-inducing ligand  

TRP Transient receptor potential 

TRPC5 Transient receptor potential canonical 5 

TRPM2 Transient receptor potential melastatin 2  

VDAC Voltage-dependent anion channels  

VDCC Voltage dependent Ca2+ channels  

VSLD Voltage sensor-like domain  

Zip1 Zinc transporter 1 

ZIPs Zrt, irt-related proteins  

Zn2+ Zinc ion 

Zn-PTO Zinc pyrithione  

Znt Zn2+ transporter 

α-Syn α-Synuclein  

ΔpH Electrochemical proton gradient  

ΔΨm Mitochondrial membrane potential  

 

 



 
 

Chapter 1  

Introduction 

 

1.1    Parkinson’s disease  

 

1.1.1 Parkinson’s disease overview 

 

Parkinson’s disease (PD) is the second most common neurodegenerative 

movement disorder after Alzheimer’s disease. PD was originally described by 

James Parkinson in 1817. It is highly associated with a partial loss of 

dopaminergic neurons in the brain (Alexander, 2004). The cause of PD is still 

unclear. However, both genetic and environmental factors are suggested to be 

involved (Dickson, 2018). Age, heredity, gender, and exposure to exogenous 

toxins are some of the factors thought to be associated with PD. Although several 

drugs are available to improve the disease’s symptoms, current therapies fail to 

slow down or stop the progression of dopaminergic neuronal loss.   

 

 

1.1.2 Epidemiology  

 

It is generally accepted that the prevalence of PD in industrialized countries is 

around 0.3% of the general population. The disease affects 1% of the population 

above the age of 60 (de Rijk et al., 1995), and 3% in people aged above 80 years. 

The mean duration of the disease from diagnosis to death is around 15 years 

(Katzenschlager et al., 2008). More recent data suggests that the incidence rate 

of the disease ranges from 8 to 18 per 100,000 persons per year (Lee and Gilbert, 

2016).  

 

Age is the major risk factor for PD. However, sex also appears to play a role as it 

has been noticed that men are about 1.5 times greater risk than women in 
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developing PD. However, gender-association of the disease remains 

controversial (Twelves et al., 2003). Furthermore, recent studies support an 

increased risk of PD in the later years of life that could be attributed, at least in 

part, to traffic-related air pollution (Lee et al., 2016b). The prevalence of PD is 

predicted to double by year 2060 (Savica et al., 2018), which entails the need to 

better understand of the pathophysiology of the disease and to develop new 

therapeutic strategies. 

 

 

1.1.3 Symptoms, causes and pathophysiology 

 

PD is characterized by the gradual and selective loss of dopaminergic neurons 

and the consequent decline in dopamine secretion in the substantia nigra pars 

compacta (SNpc) (Kinoshita et al., 2015). By the time the patient is diagnosed 

with PD, up to 60% of dopaminergic neurons are already lost (Balestrino and 

Schapira, 2020). The symptoms of the disease start gradually. The primary motor 

symptoms of PD include bradykinesia (slowed movement), tremor (involuntary 

shaking of certain parts of the body), rigidity (muscle stiffness), and postural 

instability (balance problem) and difficulty in walking (Moustafa et al., 2016, 

Rodriguez-Oroz et al., 2009). The decreased dopamine level is the major reason 

for developing these symptoms. The severity of symptoms increases as the 

disease progresses over time. Non-motor symptoms (NMS) are also common in 

PD patients, including sensory abnormalities, sleep disturbances, gastrointestinal 

dysfunction, bladder dysfunction and fatigue (Pfeiffer, 2016). It is, however, 

known that NMS can also occur normally in elderly without PD. Studies 

suggested that 68-88% of normal people will show at least one NMS with aging. 

However, in PD patients the NMS tends to be more frequent and severe (Pfeiffer, 

2016).  

 

The aetiology of PD is still unclear. Most of the PD cases (85-90%) are sporadic 

and are attributed to the environment, such as industrial pollution and exposure 

to certain pesticides (e.g., paraquat). The neurotoxin 1-methyl-4-phenyl 
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tetrahydropyridine (MPTP), a by-product produced during the manufacturing of 

the synthetic opioid 1-methyl-4-phenyl-4-propionoxy-piperidine (MPPP) 

(Langston et al., 1983, Ballard et al., 1985), could cause selective destruction of 

dopaminergic neurons (Kopin, 1987). Exposure to toxic levels of manganese, 

carbon monoxide and trichloroethylene could also result in a kind of 

parkinsonism. Also, it has been reported that use of ꞵ2-adrenoreceptor 

antagonists can increase the risk of the disease in contrast to ꞵ2-adrenoreceptor 

agonists (Mittal et al., 2017). On other hand, an inverse association has been 

reported in users of calcium channel blockers (Gudala et al., 2015) and statins 

(Bai et al., 2016); these drugs appear to lower the risk of PD.   

 

It is believed that family history is an important risk factor of PD. 5-15% of the PD 

causes are familial in origin, where the disease is linked to mutations in a number 

of genes (Balestrino and Schapira, 2020). Examples of these genes including 

SNCA, PRKN, PINK1, DJ-1, PARK8, PARK9 and GBA (Balestrino and Schapira, 

2020).        

 

Another hallmark pathological feature of PD is the accumulation of misfolded 

protein known as α-synuclein (α-Syn) found as cytoplasmic inclusions in the 

brains of affected individuals; these are called Lewy bodies. (Braak et al., 2003). 

Lewy bodies are composed of a mixture of more than 90 proteins, including PD 

associated gene products (such as α-Syn, PARKIN, DJ-1, LRRK2 and PINK1), 

ubiquitin, mitochondria-related protein and autophagy proteins (Wakabayashi et 

al., 2013). α-synuclein is a soluble protein that is abundantly found in the brain 

especially concentrated in the presynaptic nerve terminal (Wakabayashi et al., 

2013). The normal function of α-synuclein is poorly understood, but a study on 

Zebrafish suggested a role in the regulation of vertebrate neuronal plasticity 

(George et al., 1995). It was originally described as a precursor of the non-Aꞵ 

component of Alzheimer’s disease amyloid (Iwai et al., 1995). α-Synuclein plays 

a direct role in the pathophysiology of PD, and this had been proven by genetic 

evidence. PD can be inherited as a rare autosomal dominant trait (ADPD). α-

Synuclein is encoded by SNCA, a gene mapped to human chromosome 4q21-

22. A53T is a mutation identified in α-Synuclein gene in Italian kindred and 
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unrelated Greek families (Polymeropoulos et al., 1997). Other missense 

mutations (A30P and E46K) of α-Synuclein gene are also thought to be 

associated with the development of PD (Krüger et al., 1998, Zarranz et al., 2004). 

E46K mutation was found in all affected family members and in some 

asymptomatic individuals, but not in the healthy controls. This mutation 

(substitution of glutamic acid for lysine) occurs in the conserved area of α-

synuclein protein that could severely affect the protein function. The A30P 

mutation is an alanine to proline exchange at position 30, but how this mutation 

affects α-synuclein protein function is unknown. However, the mutation is in the 

highly conserved region of α-synuclein protein where it is thought to be involved 

in interactions with the membrane cytosolic surface and, therefore, interfere with 

its binding to synaptic vesicles. It has been suggested that proline substitution 

affects the secondary structure of the protein and increases its ability to 

aggregate leading Lewy bodies formation (Krüger et al., 1998).  

 

Abnormal aggregation of α-synuclein results in intermediate toxic oligomeric and 

fibrillar forms that have detrimental effects on the cell, including impairment of 

mitochondrial, lysosomal and proteasomal function, and damage to membranes 

and cytoskeleton. These damages, in turn, impair synaptic function leading to 

neuronal degeneration (Balestrino and Schapira, 2020). A major target of 

dysfunctional α-synuclein is the mitochondrion. α-Synuclein-induced effects on 

mitochondria result in oxidative stress and neuronal cell death. Thus, abnormal 

forms of α-synuclein play an important role in mitochondrial dysfunction and may 

contribute to PD pathogenesis.  

 

The basis for selective death of specific neuronal populations in 

neurodegenerative diseases remains unclear. The SNpc dopamine neurons 

appear to produce a large amount of ROS due to high metabolic activity and have 

low levels of antioxidant defences, such as glutathione. Furthermore, they contain 

high concentrations of dopamine, which is a highly reactive molecule capable of 

generating ROS through autooxidation (Surmeier et al., 2011). Furthermore, 

SNpc neurons have high levels of neuromelanin (NM) pigment. NM is a derivative 

of oxidized catecholamine that reacts with lipids and proteins, and acts as a 
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reservoir that traps iron, metals, and other toxic substances. Lewy pathology 

which is a major hallmark of PD is nearly always found in the NM neurons in the 

SNpc and the loss of NM is seen in all PD patients (Sulzer and Surmeier, 2013). 

Thus the combination of excess ROS production from high metabolic activity, 

metabolism of dopamine and neuromelanin, and low antioxidant defences leads 

to a net increase in ROS levels in these cells making them especially vulnerable 

to oxidative damage (Carrasco and Werner, 2002).  

 

 

1.1.4 Prevention and management  

 

To date, PD is considered as an incurable disorder since no treatment has yet 

been found to either arrest or reverse the progression of the disease. The 

currently available therapies aim to improve the symptoms of the disease. Most 

of the treatments aim to restore the levels of dopamine either by enhancing the 

levels of dopamine in the brain or by reducing its metabolism (Singh et al., 2007). 

They include Levodopa, which is a precursor of dopamine, and MAO-b 

(monoamine oxidase-b) inhibitor (e.g., rasagiline, selegine, safinamide), which 

prevents oxidative degradation of dopamine. Levodopa is converted to dopamine 

by dopa decarboxylase. It is often administered in combination with Carbidopa. 

Carbidopa does not cross the blood brain barrier and inhibits dopa decarboxylase 

in the peripheral tissues, thereby increasing its availability to the brain. It also 

helps prevent the side effects of Levodopa (nausea and vomiting), resulting from 

the actions of dopamine in peripheral tissues. However, these therapies failed to 

modify the progression of neurodegeneration. Other pharmacological drugs 

include dopamine receptor agonists, and the newly researched neuroprotective 

agents such as nicotine, melatonin, selenium, Iron-chelators, vitamins (A, C, E), 

and anti-inflammatory agents. Finally, there are non-pharmacological therapies 

involving gene therapy, cell transplantation, immunotherapies and surgical 

interventions which are currently under investigation. (Singh et al., 2007, 

Balestrino and Schapira, 2020). Recent phase 2 clinical trials, using monoclonal 
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antibodies targeted against pathologically aggregated form of α -synuclein, which 

engendered much hope, have unfortunately proven unsuccessful (Whone, 2022).  

 

1.1.5 MPTP as a model of Parkinson’s disease  

 

The role of neurotoxins in the aetiology of PD has been of interest for many 

researchers. 1-methyl-4-phenyl tetrahydropyridine (MPTP) is a potent neurotoxin 

that selectively damages dopaminergic neurons and has been linked to PD 

(Langston et al., 1983). MPTP is commonly used as an experimental model of 

PD because it can induce Parkinsonian syndrome in humans and primates 

(Jenner, 2003). It is a highly lipophilic molecule and can easily cross the blood-

brain barrier. In neuronal cells, MPTP is oxidized to 1-methyl-4-phenylpyridinium 

(MPP+) by the enzyme monoamine oxidase b (MAO-b) that is found at high levels 

in mitochondria, especially in glial cells. MPP+ is an active metabolite that inhibits 

the mitochondrial electron transport chain (ETC) by inhibiting the NADH-quinone 

oxidoreductase (Complex 1), causing an increase in mitochondrial ROS 

production, thereby affecting many cellular events (Langston et al., 1987). MPP+ 

is structurally similar to dopamine and can therefore be readily taken up by cells 

expressing dopamine transporters (DAT). Dopamine neurons of SNpc express 

high levels of DAT compared to other cell types and are therefore capable of 

accumulating toxic levels of MPP+. In dopamine neurons, MPP+ is thought to 

inhibit mitochondrial complexes to increase ROS production and thereby damage 

these neurons. In support of this, Mazindol, a selective DA-uptake inhibitor, was 

shown to provide a neuroprotective effect against the MPP+-induced loss of DA 

neurons (Javitch and Snyder, 1984, Sanchez-Ramos et al., 1986). Furthermore, 

MPP+ generates reactive oxygen species (ROS) when it is reduced to MPP by 

cytochrome P-450 reductase, generating oxygen radicals (Yoshikawa, 1993). 

These findings together imply a close association between oxidative stress and 

MPP+ toxicity in neuronal cells.  

 

MPP-based studies, thus support a role for mitochondrial dysfunction and the 

associated oxidative stress in the pathogenesis of sporadic PD.   
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1.2 Oxidative stress 

 

1.2.1 Roles of ROS: Physiology and pathophysiology 

 

Oxidative stress results from an imbalance between the production of prooxidants 

and antioxidants (Takahashi et al., 2011). Prooxidants are mainly represented by 

ROS; when their levels exceed the control by antioxidants, they result in an 

oxidative stress. ROS are chemical species that are highly reactive and are 

formed due to partial reduction of oxygen (O2). The term ROS refer to the oxygen 

free radicals, including superoxide anion (O2
-) and hydroxyl radical (OH•), and 

nonradical oxidants such as hydrogen peroxide (H2O2) and singlet oxygen (1O2) 

(Zorov et al., 2014). Although H2O2 does not have unpaired electrons, it is highly 

effective as an oxidant and it could be reduced to OH•, the most reactive oxygen 

radical (Tarafdar and Pula, 2018). O2
- is short lived and has limited ability to 

diffuse cross cellular membranes when compared with H2O2. However, O2
- can 

react with nitric oxide (NO) resulting in highly reactive peroxynitrite (ONOO-).  

 

ROS are natural by-products of various cellular processes, such as cellular 

respiration, protein folding, and end-products of some metabolic reactions 

(Reczek and Chandel, 2015). ROS play vital roles in intracellular signaling 

regulating several physiological and cellular processes. For instance, they are 

involved in growth factor signaling, host defence, autophagy, and proliferation 

and differentiation of stem cells (Reczek and Chandel, 2015). ROS are involved 

directly and indirectly in the defence against invading microorganisms. In cell 

signaling, ROS could modify redox-sensitive amino acids in many proteins, such 

as ion channels, phosphatases and transcription factors. Many biosynthetic 

processes, such as iodination of thyroid hormones and crosslinking of matrix 

proteins, are ROS-dependent. However, excess ROS have a damaging effect on 

macro-molecules, including DNA, proteins, and lipids. DNA oxidation could result 

in mutations and affect gene expression (Brieger et al., 2012, Dröge, 2002). 

These damaging effects lead to pathological changes that trigger ROS-related 
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diseases. For this reason, it is critical for the cell to manage these conflicting dual 

functions of ROS.  

 

Mitochondrial DNA is more sensitive to oxidative damage because of lack of DNA 

repair enzymes in mitochondria. Furthermore, protein oxidation by ROS could 

result in insoluble protein aggregation which is considered as one of the 

pathological features found in many diseases, including neurodegenerative 

disorders. (Brieger et al., 2012).  

 

 

1.2.2 Sites of ROS production  

 

ROS could originate from both exogenous and endogenous sources. Examples 

of exogenous sources include radiation and drugs, while endogenous sources of 

ROS include various cellular compartments such as the cell membrane, 

cytoplasm, endoplasmic reticulum (ER), mitochondria, and peroxisomes 

(Forrester et al., 2018, Rastogi et al., 2017). However, about 90% of ROS are 

produced by the mitochondria, named mtROS, as a by-product during electron 

transport via the electron transport chain (Zorov et al., 2014). mtROS will be 

discussed later in (section 1.2.3.2).  

 

In the cytoplasm, O2 is reduced to O2
- through the nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase (NOX) enzymes. There are several 

isoforms of NOX (1-7), of which NOX2 is found at the plasma membrane where 

it catalyses the generation of O2
- in the extracellular space (Fisher, 2009). 

Extracellular O2
- can enter the cytosol through chloride channel-3 (CIC3) (Fisher, 

2009). O2
- can also be dismutated to H2O2 in the extracellular space which can 

then diffuse into the cell through aquaporin channel (AQP) (Figure 1.1). All 

cytosolic O2
- is rapidly converted to H2O2 by the enzymatic activity of superoxide 

dismutase 1 (SOD1). Also, significant amount of ROS is generated from the ER 

(Tu and Weissman, 2004). The ER releases H2O2 as a by-product during 

oxidative protein folding (Reczek and Chandel, 2015). The accumulation of 
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unfolded and/or misfolded proteins elevates the ER ROS level and induces ER 

stress which promotes Ca2+ leak from the ER stores. The released H2O2 can be 

converted to water by the antioxidant enzymes including glutathione peroxidases 

(GPXs), peroxiredoxins (PRXs), and catalase (Reczek and Chandel, 2015). 

GPXs and PRXs are present in the cytosol, mitochondria, and the ER, whereas 

catalase is restricted to the peroxisomes (Reczek and Chandel, 2015). In 

addition, H2O2 can react with the reduced form of metal cations (Fe2+ and Cu+) to 

produce the OH•, which has irreversible oxidative damaging effect on the DNA, 

proteins, and lipids (Reczek and Chandel, 2015). Finally, another source of H2O2 

is the oxidation of long-chain fatty acids in the peroxisomes (Figure 1.1). 
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Figure 1.1 Endogenous sources of ROS. 

Intracellular ROS are primarily produced by cytosolic NADPH oxidase enzymes 

(NOXs), the mitochondria, the endoplasmic reticulum, and the peroxisome. NOX 

found in the plasma membrane generates superoxide (O2
-) in extracellular space. 

The extracellular O2
- can be dismutated to hydrogen peroxide (H2O2) which can 

diffuse into the cell through aquaporin channel (AQP). Also, extracellular O2
- can 

penetrate the plasma membrane to the cytosol through chloride channel-3 

(ClC3). In the cytosol, O2
- is rapidly converted into hydrogen peroxide (H2O2) by 

the action of superoxide dismutase 1 (SOD1). Figure adapted from (Reczek and 

Chandel, 2015), and created with BioRender.com 
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1.2.3 Mechanism of ROS production  

 

1.2.3.1 NADPH oxidase (NOX) 

 

The NADPH oxidase (NOX) is a family of multi-subunit enzyme complexes that 

are expressed throughout the body. NOXs are membrane-associated proteins, 

and their function is to transfer electrons from NADPH to O2 resulting in 

superoxide anion (O2
-) generation and subsequently other forms of ROS (Bedard 

and Krause, 2007, Tarafdar and Pula, 2018). NOX enzymes play important roles 

in many biological processes, such as in cellular signaling, stress response, 

cellular defence, and regulation of transcription and translation (Tarafdar and 

Pula, 2018, Bedard and Krause, 2007, Sorce and Krause, 2009). The first NOX 

enzyme discovered was the NOX2, and it was initially named g92phox, as an 

enzyme responsible for respiratory burst in neutrophils (Rossi and Zatti, 1964, 

Tarafdar and Pula, 2018). Later, six members of NOX family were added, 

including NOX1, NOX3, NOX4, NOX5, DUOX1 and DUOX2. All NOX isoforms 

share conserved functional and structural characteristics (Magnani et al., 2017, 

Bedard and Krause, 2007). The dual oxidases (DUOX1 and DUOX2) contain both 

a NOX domain and a peroxidase-like domain, and they are also called NOX6 and 

NOX7, respectively (Altenhöfer et al., 2015, Bedard and Krause, 2007).     

 

The NOX domain comprises at least six membrane-spanning alpha helical 

domains harbouring two hemes, and at the cytosolic C-terminus there is a flavin 

adenine dinucleotide (FAD) and NADPH binding site (Kawahara et al., 2007, 

Bedard and Krause, 2007). However, there are minor structural differences 

between the members of NOX family. The catalytic subunits of some NOXs 

require association with other functional protein subunits. For example, NOX1 

requires p22phox and NoxA1 for activation. NOX2 associates with p22phox and 

needs other cytosolic subunits, including p40phox, p47phox, p67phox and the 

small GTPase Rac1 or Rac2, for its activation and assembly in the plasma 

membrane. In some cells, such as microglia, phosphorylation of the p47phox 

subunit appears to play a major role in controlling NOX2 activation. 

Phosphorylation of p47phox could be catalysed by various kinases, such as 
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protein kinase C (PKC), Akt, p21-activated kinase (Pak), mitogen-activated 

protein kinase (MAPK), and extracellular signal-regulated kinase (ERK). For 

NOX3, the protein subunits p22phox, NoxO1, NoxA1 and Rac are needed for 

enzyme activity. On other hand, NOX4 does not contain cytosolic subunits, and 

only p22phox appears to be required for its activation. Finally, activation of NOX5, 

NOX6 and NOX7 depends directly on increased cytosolic Ca2+ concentration and 

none of the protein subunits which have been mentioned earlier are thought to 

be involved. (Belarbi et al., 2017) 

 

All NOX enzymes catalyse a reaction that involves the transfer of two electrons 

from NADPH, through the FAD and the two hemes, to molecular oxygen. NOX1, 

NOX2, NOX3 and NOX5 produce superoxide (O2
-), whereas NOX4, NOX6 and 

NOX7 generate hydrogen peroxide (H2O2). Several factors are thought to activate 

ROS production by NOX enzymes, including mechanical forces, environmental 

factors such as hypoxia, and hormones such as angiotensin II and aldosterone, 

and the cytokine tumor necrosis factor α (TNFα). (Tarafdar and Pula, 2018, 

Sahoo et al., 2016) 

 

The expression levels of NOX enzymes vary among different tissues in the body. 

For example, NOX 1 is highly expressed in the colon, NOX2 in phagocytes, NOX3 

in the ear, NOX4 in blood vessels and kidney, NOX5 in the lymphoid and testis, 

NOX6 and NOX7 are expressed more in the thyroid (Tarafdar and Pula, 2018). It 

has been shown that within the human brain, NOX2 is the predominant NOX, and 

traces of NOX4 and NOX5 were also detected (Cheng et al., 2001, Belarbi et al., 

2017). In neurons, NOX4 is found to be associated with the internal membranes 

such as ER, endosomes, and mitochondrial membranes (Case et al., 2013, 

Martyn et al., 2006, Belarbi et al., 2017). Dopaminergic neuron samples from PD 

patients showed NOX1 (Choi et al., 2012)  and NOX4 (Zawada et al., 2015) 

expression in the nucleus and are involved in oxidative stress induced neuronal 

cell death in PD.    

 

It is believed that NOX enzymes are major generators of ROS in the brain (Belarbi 

et al., 2017). The reported physiological functions of NOXs in the central nervous 
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system include host defence, debris removal, and the regulation of neuronal 

function and synaptic plasticity (Belarbi et al., 2017). However, overproduction of 

ROS by NOXs could be harmful and lead to neuronal degeneration.   

 

 

1.2.3.2 Mitochondrial ROS  

 

Mitochondria are the major source of cellular ROS. Approximately 90% of ROS 

are generated from the mitochondria (Balaban et al., 2005). Mitochondrial ROS 

are produced mainly from ETC during the process of oxidative phosphorylation, 

where O2 is reduced to H2O. The most abundant form of ROS in the mitochondria 

is the superoxide anion (O2
-) (Zorov et al., 2014).  0.2-2% of oxygen consumed 

by the mitochondria is reduced to O2
-, which can be converted to other ROS, for 

example, hydrogen peroxide (H2O2) and hydroxyl ions (OH-). (Balaban et al., 

2005)  

 

During electron transport, electrons could leak from the ETC complexes and 

interact with O2 resulting in O2
- formation. This takes place mainly at the flavin 

mononucleotide (FMN) site of complex I and the Q cycle of complex III. Therefore, 

complex I and III are considered as the major sources of O2
- and H2O2 in 

mitochondria (Nickel et al., 2014). Also, under normal conditions, low levels of O2
- 

are produced at IIF site of complex II, which is associated with succinate 

dehydrogenase (Zhao et al., 2019), and complex IV appears to be not involved 

in ROS production. However, there appear to be 11 ROS-producing sites in total 

in mammalian mitochondria (Zhao et al., 2019).  

 

Several pathologies associated with excess mitochondrial ROS production have 

been reported. mtROS are involved in atherosclerotic lesion progression and 

plaque erosion and rupture (Hulsmans et al., 2012, Kattoor et al., 2017). A study 

on cellular and animal models of cardiovascular diseases showed that 

mitochondrial-targeted antioxidants reduced ROS-induced apoptosis and 

enhanced cardiac function (Hulsmans et al., 2012). In hypertension, oxidative 
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stress induces endothelial dysfunction, remodelling and inflammation leading to 

vascular damage (Montezano et al., 2015). Furthermore, it has been found that 

mtROS are involved in the initiation of cancer, amplification of tumour cells, and 

could stimulate additional mutations that lead to metastatic behaviour (Sabharwal 

and Schumacker, 2014, Sosa et al., 2013). Moreover, there is emerging evidence 

that mitochondria are the main source of excess mtROS production in Type 2 

Diabetes Mellitus, where they play a major role in disease onset and 

complications (Ceriello, 2006, Erejuwa, 2012, Ahmad et al., 2017). Similarly, a 

strong association between mtROS and Alzheimer’s and Parkinson’s disease 

has been reported (Dias et al., 2013, Manczak et al., 2004, Angelova and 

Abramov, 2018). 

 

mtROS were reported to be associated with numerous other disorders including 

obesity (Ghosh et al., 2011), cardiomyopathy (Lorenzo et al., 2013), Ischemia-

reperfusion injury (Chouchani et al., 2016), pulmonary arterial hypertension 

(Fulton et al., 2017), schizophrenia (Nagano et al., 2015), non-alcoholic liver 

disease (Dias et al., 2013), and age-related macular degeneration (Marazita et 

al., 2016). Thus, understanding of how excess mtROS production leads to the 

onset or progression of diseases is fundamental to the development of 

mitochondria-targeted therapies.  

 

 

1.2.4 Roles of metal ions in ROS production 

 

Metal ions, especially Ca2+, Zn2+ and Fe2+ have been shown to play key roles in 

the generation of ROS and ROS associated disease (Gulcin and Alwasel, 2022). 

 

1.2.4.1 Calcium ions  

 

Calcium ions (Ca2+) play a vital role in many physiological processes and in 

maintaining cellular homeostasis. Ca2+ acts as a second messenger in signal 
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transduction pathways that control a wide range of cellular processes such as 

gene transcription, muscle cell contraction and cell proliferation (Bootman et al., 

2003). Ca2+ is also involved in activating neurotransmitter release to modulate 

neuronal function (Burgoyne, 2007), and is an important cofactor of many 

enzymes. In eukaryotic cells, Ca2+ concentration gradients are maintained across 

the cellular membrane (~ 100 nM inside, and ~ 1-2 mM outside) (Berridge et al., 

2003). Intracellular Ca2+ homeostasis and signaling are mainly regulated through 

Ca2+ entry into the cells through channels and transporters, and by Ca2+ release 

from intracellular stores such lysosomes, Golgi apparatus, ER and mitochondria. 

Ca2+ could be pumped out the cell against its concentration gradient by several 

mechanisms, the most important one being through plasma membrane Ca2+ 

activated ATPase (PMCA) (Brini and Carafoli, 2011). Membrane Ca2+ 

transporters are shown in Figure 1.2. Defects in intracellular Ca2+ homeostasis 

are associated with multiple pathophysiological conditions and have been linked 

to many age-related diseases (LaFerla, 2002, Ermak and Davies, 2002, Berridge 

et al., 2003, Marambaud et al., 2009). 

 

The largest intracellular Ca2+ storage site is the ER. Ca2+ release from the ER can 

increase the cytosolic Ca2+ concentration from 100 nM (at rest) to 1 mM (Berridge 

et al., 2003, Jin et al., 2021). The ER releases Ca2+ in response to the activation 

of specific Ca2+ channels found on its membrane, such as inositol 1,4,5-

triphosphate receptors (IP3R) and ryanodine receptors (RyR). Ca2+ can then be 

transferred to other cellular organelles including mitochondria (Jin et al., 2021). 

In the mitochondria, Ca2+ homeostasis has a vital role in the physiology and 

pathophysiology of the cell. Ca2+ also plays a critical role in determining the 

morphology of mitochondria; this will be discussed later under the mitochondrial 

dynamics section (section 1.3.3). 
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Figure 1.2 Membrane transporters of calcium ions. 

Illustration showing the calcium ions transporters that are found in the cell 

membrane, endoplasmic reticulum (ER) and mitochondrial membranes. The 

voltage dependent Ca2+ channel (VDCC), receptor operated channel (ROC) and 

transient receptor potential channel (TRPC) are calcium channels that transport 

calcium ions into the cytosol. The plasma membrane Ca2+ activated ATPase 

(PMCA) and the sarco/endoplasmic reticulum Ca2+ activated ATPase (SERCA) 

are energy-dependent calcium pumps that transport calcium ions from the cytosol 

or into the endoplasmic reticulum. NOX, the sodium-calcium exchanger. In the 

ER, two receptors (Ryanodine receptor; RyR and Inositol 1,4,5-triphosphate 

receptor; IP3R) mediate the release of calcium from the ER store. The 

mitochondrial permeability transition pore (mPTP), mitochondrial uniporter 

(MCU), and mitochondrial sodium-calcium exchanger (NCX) are all involved in 

calcium transport in mitochondrial. Figure adapted from (Görlach et al., 2015), 

and created with BioRender.com  



 
 

17 
 

Studies suggest an interplay between calcium signaling pathways and other 

signaling systems, such as ROS, (Görlach et al., 2015) which in turn seems to 

control cellular physiology. As mentioned earlier (section 1.2.3.1), the activation 

of most NOX enzymes involves Ca2+, either by directly binding the enzyme or 

through phosphorylation of the regulatory proteins by calcium dependent kinases 

such as PKC. Thus, increased cytosolic Ca2+ levels promote ROS generation as 

a result of Ca2+-induced NOX activation. Ca2+ also plays a role in mitochondrial 

ROS production (section 1.3.3). Thus, Ca2+ regulates intracellular ROS 

generation from multiple sources. 

 

Conversely, Ca2+ homeostasis can be regulated by ROS. Various Ca2+ channels, 

pumps and exchangers are regulated by ROS (Görlach et al., 2015). Ca2+ 

permeable channels such as, voltage dependent Ca2+ channels (VDCC) and 

some members of transient receptor potential (TRP) channels, have been shown 

to be sensitive to ROS. The TRPM2 channel was the first identified TRP channel 

that is ROS sensitive. This channel was found to be activated by H2O2 and 

adenosine diphosphate ribose (ADPR). The activation mechanism of TRPM2 will 

be described in (section 1.6.3). Other TRP members including TRPC1, TRPC3, 

TRPC4, TRPC6, are also sensitive to ROS (Görlach et al., 2015). 

 

Furthermore, the store-operated Ca2+-entry (SOCE) is controlled by two Ca2+ 

sensor molecules, STIM1 and STIM2 (stromal interaction molecule 1 and 2), 

which translocate from the ER to the plasma membrane to bind and stimulate the 

Ca2+- permeable Orai channels, thereby promoting Ca2+ influx and refilling 

intracellular Ca2+ stores (Bogeski et al., 2012, Görlach et al., 2015). It has been 

shown that H2O2 induces STIM1 stimulation of SOCE through interaction with its 

cysteine residue at position 56 (Grupe et al., 2010, Görlach et al., 2015). Also, 

the activity of Orai channels was found to be modulated in response to 

extracellular oxidative stress (Bogeski et al., 2010, Görlach et al., 2015). Another 

study suggested an association between NOX2-derived ROS and the activity of 

STMI and Orai1 (Bréchard et al., 2008).  
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In addition, ROS can also modulate the ER Ca2+ channels, RyR and IP3R. The 

RyR has many cysteine residues making the protein an excellent target for redox 

regulation (Meissner, 2010, Görlach et al., 2015). Studies have shown that RyR 

activity can be directly regulated by ROS though oxidation of thiol group leading 

to Ca2+ leak from the ER (Zima and Blatter, 2006, Görlach et al., 2015). It has 

been shown that ROS generation from NOX2 can stimulate RYR1 activity in 

skeletal muscle cells (Hidalgo et al., 2006). Furthermore, an association between 

mtROS and RyR activation has been reported (Bovo et al., 2012). It has been 

shown that the sensitivity of IP3R to IP3 is enhanced by ROS (Bánsághi et al., 

2014). 

 

ROS also affect Ca2+ homeostasis by modulating the activity of PMCA and 

SERCA by disrupting ATP binding and hydrolysis required for the activity of these 

Ca2+ pumps (Zaidi, 2010). ROS regulation of Ca2+ pumps plays major role in 

neuronal function in the aging brain and increase the susceptibility to 

neurodegenerative diseases including AD, PD and stroke (Zaidi, 2010). Taken 

together, many channels and transporters are modulated by oxidative stress to 

affect Ca2+ homeostasis. 

 

 

1.2.4.2 Zinc ions 

 

Zinc is the second most abundant trace element in human body (2-3 g) after iron 

(Hübner and Haase, 2021). Zn2+ is essential for all living organisms and plays an 

important role in many cellular processes such as development, protein 

metabolism, DNA synthesis and gene expression (Colvin et al., 2010, Ma et al., 

2022). In humans, Zn2+ binds around 10% of total proteins either to support the 

protein structure (such as the Zn2+ finger), or serve as a cofactor required for 

enzyme activity (such as in oxidoreductases, hydrolases, isomerases, 

transferases, and ligases) (Ma et al., 2022, Colvin et al., 2010). Zn2+ that is loosely 

bound to proteins is known as labile Zn2+. In humans, the total cellular 

concentration of Zn2+ is in the range of 200-300 µM (Maret, 2014), while the 
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concentration of free cytosolic Zn2+ is ~100 pM, although these values vary 

among different cell types and fluctuate in response to certain extracellular stimuli 

(Pratt et al., 2021). Experimentally, it is quite challenging to distinguish between 

protein-bound Zn2+ and free Zn2+ (Maret, 2014).  Zn2+ deficiency has been shown 

to be linked to abnormal growth and development, congenital neuronal and 

immune disorders (Sensi et al., 2009). However, excess Zn2+, like Ca2+, is 

cytotoxic. Accumulation of Zn2+ has been shown to induce neuronal cell death 

and is associated with neurodegenerative diseases such as Alzheimer’s and PD 

(Sensi et al., 2009). Therefore, both excess and shortage of Zn2+ are detrimental 

to the cell. Intracellular Zn2+ levels are controlled by two families of Zn2+ 

transporters, Zrt-, Irt-related proteins (ZIPs) and Zn2+ transporters (Znt), and by 

metallothioneins (MTs), which collectively regulate cellular homeostasis of Zn2+ 

(Maret, 2014). The ZIP family (14 members) is responsible for Zn2+ influx into the 

cytosol, whereas the Znt family (9 members) mediates Zn2+ efflux (Sensi et al., 

2009, Ma et al., 2022). In addition to the cell membrane, these Zn2+ transporter 

proteins are also found in some subcellular organelles including the nucleus, 

lysosomes, ER, Golgi, endosomes, and mitochondria (Colvin et al., 2010, Ma et 

al., 2022). 

 

Like Ca2+, Zn2+ dyshomeostasis is closely linked with oxidative stress. MT has 20 

cysteine residues which contribute to Zn2+ binding. Under normal conditions, the 

majority of intracellular Zn2+ is bound to MT, but during severe oxidative stress, 

ROS can oxidize the thiol groups of MT resulting in the release of free Zn2+ 

(Marreiro et al., 2017). Although MT is mostly located in the cytosol, it can be 

translocated to the nucleus to protect against DNA damage (Hübner and Haase, 

2021). Elevation of Zn2+ stimulates two key transcription factors to induce the 

expression of Zn2+ binding proteins, transporters as well as antioxidants to restore 

Zn2+ and ROS homeostasis. Binding of Zn2+ to the metal transcription factor 1 

(MTF-1) enables its binding to metal response element (MRE) promoter of target 

genes to induce the expression of MTs and ZnTs (Colvin et al., 2010, Hübner and 

Haase, 2021). Another zinc-dependent transcription factor, called nuclear factor 

erythroid 2-related factor 2 (Nrf2), induces the expression of the antioxidant 

proteins in response to elevation of ROS and Zn2+. In normal conditions, Nrf2 is 

inactive because it is bound to the suppressor protein, Kelch-like ECH-associated 
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protein 1 (Keap1).  Elevation of ROS and Zn2+ induces the degradation Keap1, 

enabling Nrf2 translocation to the nucleus. In the nucleus, Nrf2 binds the 

antioxidant response element (ARE) promoter to induce the expression of 

antioxidants proteins (Hübner and Haase, 2021) 

 

Excess Zn2+ is harmful and can be cytotoxic. It has been shown that besides 

releasing Zn2+ from MT, ROS can also induce lysosomal Zn2+ release.  Zn2+ 

released from the lysosomes has been shown to specifically affect mitochondrial 

dynamics and function in endothelial and pancreatic-ꞵ cells (Abuarab et al., 2017, 

Li et al., 2017a). These aspects will be elaborated in section 1.3.3.  

 

Given these reports, it is important to better understand the mechanistic 

relationship between Ca2+, Zn2+ and ROS and how this relationship is affected in 

numerous oxidative stress associated diseases, including PD. 

 

 

1.2.5 ROS in human diseases 

 

Excess ROS production is deleterious to cells and tissues leading to pathological 

changes associated with several diseases, including cardiovascular diseases, 

diabetes, cancer, and neurodegenerative diseases.  

 

ROS play an important role in atherogenesis, endothelial dysfunction, low density 

lipoprotein (LDL) oxidation, and inflammation leading to the initiation and 

development of atherosclerosis (Negre-Salvayre et al., 2020). A recent study has 

reported a role for excess mtROS in early and advanced atherosclerosis lesions. 

The study showed that low levels of mitochondrial superoxide dismutase (SOD2), 

an enzyme that neutralizes ROS, can increase mitochondrial ROS levels and the 

consequent endothelial dysfunction in ApoE-deficient mice, leading to the 

development of atherosclerosis (Vendrov et al., 2017).  
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Oxidative stress caused by hyperglycaemia-induced ROS generation contributes 

to the development and progression of diabetes and the associated vascular 

complications (Gao and Mann, 2009). NOX is the main source of ROS in the 

vasculature in hyperglycaemia (Gao and Mann, 2009). Prolonged NOX activation 

in diabetes diminishes NADPH levels, which is an essential cofactor for 

endothelial antioxidant systems (Gao and Mann, 2009). Moreover, ROS 

overproduction by NOX leads to mitochondrial dysfunction. Studies have 

reported that diabetes induces defects in the mitochondrial ETC and promotes 

increased ROS production (Bugger and Abel, 2010, Yuan et al., 2010). 

Pancreatic ꞵ-cell dysfunction is a major pathological feature of type 2 diabetes. 

These cells are vulnerable to oxidative stress and hence to apoptosis because of 

their relatively poor ROS-detoxifying mechanisms (Lenzen et al., 1996). Another 

main feature of type 2 diabetes is insulin resistance. Studies have shown that 

insulin resistance occurs before the development of hyperglycaemia. It has been 

suggested that increased ROS levels are an important trigger for insulin 

resistance (Houstis et al., 2006). H2O2, for example, induces insulin resistance 

by inhibiting insulin-stimulated tyrosine phosphorylation of insulin receptors 

(Hansen et al., 1999). It is also becoming clear that diabetes is associated with 

obesity. Obesity is characterized by elevated plasma free fatty acids (FFA) 

concentrations. FFAs induce ꞵ-cell dysfunction and cell death, but the underlying 

mechanisms are still unclear (Yuan et al., 2010). Inhibition of NOX2 activity has 

been shown to rescue ꞵ-cells from FFA-induced cell death (Yuan et al., 2010, Li 

et al., 2017a). All these findings suggest that excess ROS generation might 

contribute to the pathogenesis of diabetes by affecting both β-cell function and 

insulin sensitivity. 

  

Recent studies have shown a role for oxidative stress in cancer (Franco et al., 

2008). Excess ROS can lead to inflammation and induce somatic mutations and 

neoplastic transformation (Khandrika et al., 2009). Oxidative stress has been 

linked to prostate cancer (Khandrika et al., 2009), and breast and ovarian cancers 

(Desouki et al., 2005). Studies have shown crosstalk between mtROS and NOX 

redox signaling (Desouki et al., 2005, Dikalov, 2011), and that abnormal crosstalk 

contributes to breast and ovarian cancer (Desouki et al., 2005). Interestingly, 

inhibition of NOX enzymes was found to reduce malignant melanoma 
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proliferation (Brar et al., 2002). Excess ROS also promotes cancer cell migration 

by remodelling the actin cytoskeleton (Li et al., 2016). 

 

Finally, studies have shown a role for ROS in neurodegenerative diseases. In 

neuronal cells of the brain, ROS generating mechanisms are not fully understood. 

Normal level of ROS is required for brain function. However, increased ROS 

concentrations in the brain lead to neurotoxicity which, in turn, contributes to 

neuronal diseases. For example, in Alzheimer’s disease, amyloid induces 

microglia activation and long-lasting ROS generation leading to neuronal cell 

damage and dementia (Elfawy and Das, 2019, Barnham et al., 2004, Gibson, 

2002). The role of ROS in PD will be discussed next. 

 

 

1.2.5.1 Oxidative stress in Parkinson’s disease  

 

The mechanisms by which ROS cause PD is not completely understood. It has 

been suggested that NOX-derived ROS is a major factor for dopaminergic 

neuronal loss in PD. Knockout of NOX2 protected mice from MPTP-induced loss 

of dopaminergic neurons (Brieger et al., 2012). Neuronal cells are especially 

vulnerable to oxidative stress damage because of their high oxygen consumption, 

high content of polyunsaturated fatty acids in their cell membranes and poor 

antioxidant mechanisms (Liu et al., 2017). As mentioned earlier, ROS can affect 

the structure and function of many macromolecules such as DNA and proteins. 

ROS can promote α-synuclein and parkin aggregation. These changes are 

thought to lead to the selective apoptotic death of dopaminergic neurons (Naoi 

and Maruyama, 1999). Such apoptosis could be suppressed by antioxidants, 

confirming the role of ROS in neuronal cell death in PD. Moreover, heavy metal 

ions such as iron , copper and cobalt are highly associated with oxidative stress 

and are implicated in the aetiology of PD (Lan et al., 2016). Patients with PD have 

higher levels of ferric  (Fe3+) and ferrous (Fe2+) ions in the midbrain (SN) in 

comparison to healthy individuals (Dexter et al., 1989), and show increased ROS 

generation in the brain (Halliwell, 1989). The Fe3+ and Fe2+ ions can react with 
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O2
- and H2O2, respectively, producing the highly reactive OH• (Núñez et al., 

2012). Furthermore, patients with PD have decreased glutathione levels, 

decreased mitochondrial complex I and increased dopamine turnover 

(Yoshikawa, 1993), all of which increase ROS generation and lead to neuronal 

cell damage.  

 

Dopamine is an unstable molecule and can undergo auto-oxidation to produce 

dopamine quinones and free radicals in a reaction catalysed by oxygen, metals, 

or enzymes such as tyrosinase (Dias et al., 2013). These products of dopamine 

oxidation can contribute to mitochondrial dysfunction and neurodegeneration in 

PD (Hastings, 2009). Dopamine can also be oxidized by MAO-a and MAO-b 

enzymes which are located in the outer mitochondrial membrane. Under normal 

conditions, dopamine level is regulated mainly by MAO-A. However, in PD and 

during aging, MAO-b levels increase and it becomes the major regulator of 

dopamine metabolism producing 3,4-dihydroxyphenylacetaldehyde (DOPAL) 

and H2O2 (Dias et al., 2013). Taken together, there is considerable evidence 

supporting a link between oxidative stress and PD. 

 

 

1.2.6 Targeting ROS in human diseases 

 

As mentioned in the previous sections, oxidative stress results from an imbalance 

between antioxidants and free radicles generated in the cell (Mazo et al., 2017). 

Therefore, antioxidants have been considered an attractive approach to 

counteract ROS-mediated diseases. However, antioxidant treatment strategies 

have yielded disappointing results, especially in neurodegenerative diseases, 

because of the lack of understanding of the underlying mechanisms (Liu et al., 

2017). It is also important to recognize the fact that for any therapeutic chemical 

to be successful in the treatment of PD, it must be able to cross the blood-brain 

barrier and reduce oxidative stress (Neves Carvalho et al., 2017). Instead of 

antioxidants, recent approaches have selectively targeted ROS-generating 

enzymes, such as NOX (Casas et al., 2015). 
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NOX inhibition is a promising pharmacological approach in ROS-associated 

diseases. NOX2 is highly expressed in the brain and dopaminergic neurons. 

Apocynin, 4-hydrozy-3-methoxy acetophenone, is one of the promising NOX 

inhibitors. It blocks p47phox translocation to the cell membrane and prevents 

NOX assembly thus inhibiting the enzyme activity (Rastogi et al., 2017, Wang et 

al., 2006). However, it is not specific. It acts on NOX1 and NOX2, the most active 

forms, more than other NOX enzymes. Apocynin has protective effects against 

ischemic injury, lipid peroxidation, and neuronal cell death. In a rat model of PD, 

apocynin was able to suppress α-Syn aggregation, α-Syn-mediated NOX 

activation, and ROS generation (Sharma et al., 2016). Furthermore, the gp91-ds-

tat is another promising drug which is specific to NOX2 (Williams and Griendling, 

2007). This inhibitor prevents p47phox binding to gp91phox through emulating 

the binding site of pg91phox. It has been shown that gp91-ds-tat reduced ROS 

generation and cerebrovascular alterations associated with Alzheimer disease 

(Park et al., 2008), and also attenuated angiotensin II-induced hypertension (Rey 

et al., 2001) in a mouse model. Finally, some drugs can act indirectly on NOX. 

For example, angiotensin converting enzyme (ACE) inhibitors and angiotensin 

receptor antagonists can reduce NOX activation that is stimulated by angiotensin 

II/PKC pathway. (Rastogi et al., 2017) 

 

 

1.3 Mitochondria 

 

1.3.1 Mitochondria structure and function 

 

Mitochondria are well known for their role in ATP production. However, 

mitochondria are also involved in numerous other physiological processes, such 

as apoptosis, innate immunity, Ca2+ homeostasis and ROS generation (Tilokani 

et al., 2018, Camello-Almaraz et al., 2006). Mitochondria are enclosed by two 

membranes, an outer membrane and an inner membrane separated by the 

intermembrane space. The inner mitochondrial membrane (IMM) surrounds a 

matrix. The IMM contains the electron transport chain (ETC) which comprises 
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four protein complexes: complex I, II, III, and IV, and  ATP synthase (Figure 1.3). 

Complex I (NADH dehydrogenase) accepts electrons from NADH that are 

generated from tricarboxylic acid (TCA) cycle and passes these electrons to 

coenzyme Q (ubiquinone). Complex II (succinate dehydrogenase) transfers 

electrons from succinate to coenzyme Q as well. Electrons are then transferred 

to complex III (cytochrome c reductase), which passes them to cytochrome c (Cyt 

c). Cyt c is a small protein that mediates the transfer of electrons from complex 

III to complex IV (cytochrome c oxidase) which finally uses the electrons and H+ 

ions to reduce O2 to H2O. (Harvey, 2011, Dudkina et al., 2010). The pumping of 

H+ ions from the matrix into the intermembrane space creates an electrochemical 

proton gradient (ΔpH) across the IMM and mitochondrial membrane potential 

(ΔΨm). The protons are pumped back into the matrix by ATP synthase (complex 

V) and, in doing so, phosphorylates ADP to ATP. This process is known as 

oxidative phosphorylation (OXPHOS) because ADP phosphorylation is coupled 

to the oxidative reactions in ETC (Jonckheere et al., 2012). ETC in mitochondria 

is considered as the major site of intracellular ROS production. This is due to the 

premature electron leakage to O2 causing its reduction to O2
-. Complex I, II, and 

III release O2
- into the matrix as a side product of ETC (Figure 1.3) (Camello-

Almaraz et al., 2006). In the matrix, O2
- is rapidly converted to H2O2 by the 

enzyme superoxide dismutase 2 (SOD2) (Murphy, 2009b). The only scavenger 

enzyme found in mitochondria is the glutathione peroxidase (GSPx) that uses 

reduced glutathione (GSH) as coenzyme to convert H2O2 to H2O (Kirkinezos and 

Moraes, 2001). O2
- released from complex III into the intermembrane space can 

be transported to the cytosol through voltage-dependent anion channels (Reczek 

and Chandel, 2015). In the cytosol, O2
- is dismutated to H2O2 by SOD1. Under 

normal conditions, the rates of O2
- production is less than 1% of the total rate of 

electron transport from NADH to O2, and the effects of ROS are counteracted by 

antioxidants. However, the rate of ROS production by mitochondria is increased 

in several pathological conditions such as hypoxia, ischemia, and aging 

(Kirkinezos and Moraes, 2001). Accumulation of ROS in mitochondria can lead 

to several adverse effects including damage to mitochondrial proteins, 

membranes, and DNA, and to impaired ATP synthesis (Murphy, 2009b). 

Moreover, mitochondrial oxidative damage induces the release of intermembrane 

space proteins such as cytochrome c (Cyt c) by the outer membrane 
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permeabilization to the cytoplasm which activates cell apoptosis (Murphy, 

2009b). ROS production by mitochondria can be stimulated by ER stress. Ca2+ 

released from the ER stores enters mitochondria causing depolarization of 

mitochondrial membrane leading to further production of mitochondrial ROS. 

 

 

 

Figure 1.3 Mitochondrial respiratory chain (electron transport chain, ETC) 

showing the flow of electrons, and the production of ATP and ROS. 

ROS can be produced from the respiratory chain. Superoxide (O2
-) generated 

from complexes I, II and III is released into the matrix where it could be dismutated 

into H2O2 by mitochondrial superoxide dismutase (SOD2). O2
- released from 

complex III into the intermembrane space can be transported to the cytosol 

through voltage-dependent anion channels where it can be converted to H2O2 by 

superoxide dismutase 1 (SOD1). Figure created by BioRender.com 

  



 
 

27 
 

1.3.2 Mitochondrial dynamics 

 

Mitochondria are mobile organelles that exist as tubular branched networks. The 

network undergoes continuous fusion and fission to maintain a healthy structure, 

function, and distribution (Archer, 2013, Friedman and Nunnari, 2014). Fission 

helps to promote the dysfunctional parts of the mitochondrial network to undergo 

mitophagy.  Fission also has a role in tissue development and function, as a study 

showed that defective fission in animals is embryonically lethal (Ishihara et al., 

2009). On other hand, fusion enables the functional parts of the network to merge 

with and extend the healthy mitochondria network. Fusion is important for 

extending and interconnecting mitochondrial network which, in turn, allows 

mitochondria to mix and redistribute their contents (Favaro et al., 2019). These 

two processes are collectively known as “mitochondrial dynamics”. Mitochondrial 

dynamics are affected by various metabolic stimuli, including excess nutrients, 

environmental toxins, and cellular dysfunction. In many disorders, such as 

diabetes, cancer, obesity, and cardiovascular and neurodegenerative diseases, 

there is increased mitochondrial fission (Wai and Langer, 2016). ROS are major 

stimulants of mitochondrial fission. 

 

The core components of fission and fusion machinery are the GTPase proteins 

belonging to the dynamin family. In the fission process, mitochondrial constriction 

and scission are carried out mainly by Drp1 (dynamin related protein-1) and 

Dynamin2 (Dnm2) (Lee et al., 2016a, Tilokani et al., 2018). Drp1 mediates outer 

membrane fission in response to specific cellular signals that cause its 

translocation from the cytosol to the outer membrane of mitochondria causing 

constriction of the membrane. Wakabayashi et al., (2009) have shown that 

genetic loss of Drp1 leads to a drastic elongation of mitochondrial tubules that 

could be rescued by Drp1 re-expression (Wakabayashi et al., 2009).  

 

During mitochondrial fission, Drp1 forms a ring-like structure around the 

mitochondria promoting the narrowing of the outer mitochondrial membrane 

(OMM), following by GTP hydrolysis leading to membrane constriction which 

specify the site of mitochondrial scission. Drp1 assembles at OMM as Drp1-
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oligomeric helices. (Friedman and Nunnari, 2014, Fröhlich et al., 2013, Tilokani 

et al., 2018)  

 

Drp1 recruitment to OMM requires other adaptor proteins. These are Drp1 

receptors at the OMM, including fission protein (Fis1), mitochondrial fission factor 

(MFF), and mitochondrial dynamics proteins (MiD49 and MiD51), which facilitate 

Drp1 recruitment. (Wai and Langer, 2016). The activity of Drp1 and its association 

with mitochondria are controlled by phosphorylation, ubiquitination and 

sumoylation (Santel and Frank, 2008). 

 

Experiments using live-cell imaging reported that Dnm2 works downstream to 

Drp1 recruitment and action (Lee et al., 2016a). Dnm2 gathers as a collar-like 

structure around the constricting site catalysing the final step of mitochondria 

fission. Furthermore, ER is involved in the initial step of mitochondrial fission. It 

has been shown that ER tubules not only contact mitochondria but are also able 

to wrap around the mitochondria causing the constriction of mitochondria 

(Friedman et al., 2011). This could reduce the average mitochondrial diameter 

from 300-500 nm to around 150 nm, that not only specify the recruitment site for 

Drp1 and its adaptor proteins, but also facilitates the formation of Drp1-oligomeric 

ring structure (Friedman et al., 2011, Tilokani et al., 2018). 

 

The molecular machinery responsible for the IMM fission is less well understood. 

However, it has been suggested that Drp1-mediated constriction of the OMM is 

sufficient to drive IMM scission (Wai and Langer, 2016). IMM constriction takes 

place at mitochondria-ER contact site, and it is a Ca2+-dependent step 

(Chakrabarti et al., 2018, Cho et al., 2017). ER stimulation causes Ca2+ 

mobilization from the ER to mitochondria leading to constriction and scission of 

IMM before Drp1 recruitment and activity, suggesting that the IMM and OMM 

constriction events are independent (Chakrabarti et al., 2018, Cho et al., 2017, 

Tilokani et al., 2018). Inhibition of the mitochondrial calcium uniporter (MCU) 

prevents this fission process (Hom et al., 2007), supporting the idea that 

mitochondrial Ca2+ influx is required for mitochondrial fission. (Tilokani et al., 

2018) 
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Mitochondrial fusion is an important process that allows cooperation between 

mitochondria, thereby maintaining an efficient respiratory function (Chen et al., 

2003). The fusion mechanism is controlled by two other GTPases called Mitofusin 

1 (Mfn1) and mitofusin2 (Mfn2) which mediate OMM fusion. Studies showed that 

Mfn1 or Mfn2 overexpression or deficiency affect mitochondrial morphology 

(Chen et al., 2003, Santel and Fuller, 2001). Overexpression of Mfn1 and Mfn2 

induces mitochondrial aggregation around the nucleus (Eura et al., 2003, Tilokani 

et al., 2018). In a study using mouse embryonic fibroblasts, Chen et al., (2003) 

revealed that Mfn1 mutant cells display severely fragmented mitochondria. 

Similarly, Mfn2 mutant cells showed shorter swollen rounded mitochondria in 

contrast to wild-type cells which displayed long extended mitochondrial network 

(Chen et al., 2003). During fusion, these proteins accumulate between adjacent 

mitochondria forming complexes that initiate the fusion process (Brandt et al., 

2016). 

 

Mitochondrial fusion consists of three main steps. First, the tethering of the outer 

membranes of two attached mitochondria to a distance approaching 6 nm, 

followed by GTP hydrolysis to induce the fusion. In the second step, 

characterized by a docking ring of protein density surrounding the extended areas 

of outer membranes, the distance between the OMM decreases to less than 3 

nm, and thereby, increasing their contact surface area. Finally, fusion of OMM of 

the tethered mitochondria occurs as a result of conformational changes 

stimulated by GTP hydrolysis. (Brandt et al., 2016, Tilokani et al., 2018) 

 

IMM fusion is mediated by optic atrophy 1 (OPA1) and specific lipid components. 

OPA1 is localized in the intermembrane space bound firmly to the outer surface 

of the inner membrane (Griparic et al., 2004). Overexpression of OPA1 causes 

mitochondrial elongation, whereas genetic depletion of the protein by siRNA 

leads to mitochondrial fragmentation (Griparic et al., 2004). Different isoforms of 

OPA1 protein exist, two of which play a major role in mitochondrial dynamics, the 

long-form (L-OPA1) and the short-form (S-OPA1). Both OPA1 isoforms are 

required for IMMs fusion, and they work together to mediate efficient fusion 
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process; however, a recent study showed that L-OPA1 alone is sufficient to 

induce fusion. (Tilokani et al., 2018) 

 

 

1.3.3 Role of calcium and zinc ions in mitochondrial dynamics 

 

Several studies have shown that a rise in intracellular Ca2+ and the consequent 

increase in mitochondrial Ca2+ affects mitochondrial dynamics and promotes the 

fission process (Camello-Almaraz et al., 2006, Pinton et al., 2008). Mitochondria 

can take up the Ca2+ from several sources including cytoplasm and intracellular 

organelles, such as the ER and lysosomes (Lange et al., 2009). Excess ROS in 

the cell could cause ER stress resulting in Ca2+ release from ER and its uptake 

by mitochondria. There is evidence for physical interaction between the ER and 

mitochondria. Known as mitochondria-endoplasmic reticulum contacts (MERCs), 

these sites facilitate Ca2+ transfer from the ER to the mitochondria. The isolated 

MERCs, called mitochondria-associated membranes (MAMs), contain parts of 

both OMM and smooth ER. Both MAMs and IMM participate in Ca2+ signaling, 

cell death and autophagy (Gomez-Suaga et al., 2017, Rizzuto et al., 1998, Jin et 

al., 2021). 

 

Ca2+ enters the mitochondria through voltage-dependent anion channels (VDAC) 

which are components of mitochondrial permeability transition pore (mPTP). 

These channels are regulated by two proteins: Mfn2, which tethers ER to 

mitochondria for efficient Ca2+ transfer, and by cyclophilin D (CypD) which serves 

as a sensitizer controlling the opening of the mPTP (de Brito and Scorrano, 2008). 

However, data on the molecular structure of mPTP and whether the VDAC 

channel is a part of it, remain unclear. After Ca2+ entry through the OMM, it 

crosses the IMM. The large negative ΔΨm (~-140 mV) serves as a driver for Ca2+ 

entry. Ca2+ entry into the matrix is regulated by mitochondrial calcium uniporter 

(MCU) and its regulators, including mitochondrial Ca2+ uptake 1 (MICU1) and 

mitochondrial Ca2+ uptake 2 (MICU2) (Jin et al., 2021). Chemical inhibition of 

mPTP using cyclosporine, prevents Ca2+-induced mitochondrial fragmentation 
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(Cereghetti et al., 2010). Together, these lines of evidence suggest a key role for 

Ca2+ in mitochondrial dynamics. 

 

Baumgartner et al., (2009) reported that increased mitochondrial Ca2+ uptake 

stimulates loss of ΔΨm and subsequent mitochondrial ROS production 

(Baumgartner et al., 2009). However, other studies showed that Ca2+ signaling 

and ΔΨm are independent (Chalmers and McCarron, 2008, Collins et al., 2001), 

and may depend on cell type. Ca2+ accumulation induces mitochondrial 

superoxide generation leading to mitochondrial damage and subsequent cell 

death (Nicholls, 2005) by promoting mPTP opening and release of Cyt c and 

apoptotic-inducing factor (AIF) (Duchen, 2000a). 

 

Mitochondrial dynamics and function are also modulated by Zn2+. Impairment of 

Zn2+ homeostasis has been reported to lead to mitochondrial dysfunction, 

increased fission and consequently cell death. Zn2+ can be taken up by 

mitochondria through MCU. Although mitochondrial Zn2+ uptake provides a way 

of excess Zn2+ clearance from the cytosol of neurons undergoing excitotoxicity 

(Dineley et al., 2005, Sensi et al., 2009), increased mitochondrial Zn2+ can induce 

loss of ΔΨm and ROS generation leading to cell death (Dineley et al., 2005). It is 

thought that there is an overlap or cross-talk between Ca2+ and Zn2+ pathways in 

cell death (Sensi et al., 2009); however, the mechanism of cross-talk is unclear. 

 

Zn2+ can stimulate mitochondrial ROS production by inhibiting complex III of ETC, 

or by interfering with complex I and α-ketoglutarate dehydrogenase (Sensi et al., 

2009). Like Ca2+, Zn2+ can induce mPTP opening leading to release of apoptotic 

factors, Cyt c and AIF, from mitochondria leading to neuronal cell death (Jiang et 

al., 2001). 

 

While it is clear that Zn2+ plays an important role in mitochondrial homeostasis, 

how mitochondrial Zn2+ is controlled is poorly understood. The role of Zn2+ in 

mitochondrial fission is still unclear. However, recent studies have shown that 

increased mitochondrial Zn2+ leads to mitochondrial fragmentation which is 
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associated with loss of ΔΨm (Abuarab et al., 2017, Li et al., 2017a). These events 

have been shown to be linked to TRPM2 channel activation by oxidative stress. 

But, how TRPM2 activation triggers the rise in mitochondrial Zn2+ and then 

mitochondrial fission remain to be investigated. These studies also have 

investigated the role of Zn2+ in Drp1 recruitment, and the authors found that Zn2+ 

chelation prevents Drp1 recruitment to mitochondria in pancreatic ꞵ-cells (Li et 

al., 2017a) and in endothelial cells (Abuarab et al., 2017). These data suggest a 

role for Zn2+ in Drp1-mediated mitochondrial fission. 

 

The newly identified Drp1-interacting protein Zip1, a Zn2+ transporter that is 

localized with Drp1 and MFF at mitochondrial division sites (Bowers and Srai, 

2018) has provided additional evidence supporting the role of Zn2+ in 

mitochondrial fission. The authors proposed that Drp1 is recruited from the 

cytosol to the OMM by binding to MFF. Then, at the OMM, Drp1 associates with 

Zip1 promoting Zn2+ influx into the mitochondrial matrix via MCU causing 

inhibition of ETC components and loss of ΔΨm. The mechanism by which Drp1 

stimulates Zip1 for Zn2+ entry into the mitochondria remains unclear (Cho et al., 

2019)  

 

Furthermore, it has been demonstrated that the loss of function of SLC-

30A9/ZnTP9, the mitochondrial Zn2+ exporter, leads to mitochondrial Zn2+ 

accumulation and the consequent damage to mitochondrial structure and 

function. This impairs development in animals and shortens their life span (Ma et 

al., 2022). 

 

Taken together, studies indicate important roles for both Ca2+ and Zn2+ in 

mitochondrial dynamics, function, and cell viability. However, the underlying 

molecular mechanisms and the interplay between Ca2+ and Zn2+ in mitochondrial 

dysfunction need further investigation. 
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1.3.4 Mitochondrial membrane potential (ΔΨm)  

 

ΔΨm is the most reliable indicator of mitochondrial function (Bagkos et al., 2014). 

Its value ranges between -136 to -140 for optimal ATP production. Any deviation 

from that range could result in a significant drop in ATP production and a large 

increase in mitochondrial ROS production (Bagkos et al., 2014). Mitochondria 

use oxidizable substrates such as NADH and FADH2 generated during glycolysis 

and the Krebs cycle to produce ΔΨm. Deficiency of oxidizable substrates 

available to the mitochondria and blockage of respiration could result in a 

decrease in ΔΨm (Gottlieb et al., 2003). Assessment of the ΔΨm in living cells is 

taken as a proxy for mitochondrial activity. Loss of ΔΨm results in mitochondrial 

dysfunction and reduced ATP production. Impaired ATP generation coupled with 

increased ROS production, have adverse effects on cellular function and underlie 

various pathologies. 

 

Loss of ΔΨm marks mitochondria for selective elimination, and thus, plays a role 

in mitochondrial homeostasis. Furthermore, ΔΨm influences mitochondrial 

dynamics. Studies have shown that mitochondrial membrane fusion depends on 

healthy ΔΨm across the membrane, whereas loss of ΔΨm shifts the 

mitochondrial dynamics toward fission (Ishihara et al., 2003, Legros et al., 2002). 

 

Loss of ΔΨm leads to Cyt c translocation from the matrix to the intermembrane 

space facilitating its release from the mitochondria into the cytosol. In the cytosol, 

Cyt c induces the assembly of the apoptosome, apoptotic protease activating 

factor 1 (Apaf-1), and caspase-9 that initiate pathways leading to cell death 

(Adrain and Martin, 2001, Gottlieb et al., 2003, Hengartner, 2000). Thus, loss of 

ΔΨm is closely associated with bioenergetic failure, increased ROS production, 

increased mitochondrial fission and apoptotic cell death. 
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1.3.5 Mitochondrial fission and neuronal cell death in Parkinson’s 

disease  

 

The human brain may only make up 2% of total body mass, yet it consumes 

around 20% of the body’s resting energy (Harris and Attwell, 2012). Each neuron 

utilizes ~ 4.7 million ATP molecules per second. ATP production supports the 

synapse assembly, generation of action potentials and synaptic transmission. 

Also, in the presynaptic terminals, mitochondria maintain and regulate 

neurotransmission (Islam, 2017).  Therefore, neurons require high amount of 

energy to maintain their biological functions (Naoi and Maruyama, 1999). 

Furthermore, it is known that neurons are postmitotic cells that do not exhibit cell 

division after fetal development is completed and they remain alive and function 

for decades. Therefore, aged or dysfunctional mitochondria in these cells will 

have a negative impact on cell function. Thus, the mitochondria play an important 

role in age-related diseases such as PD (Federico et al., 2012). 

 

Several studies have reported an association between abnormal mitochondrial 

fission and neuronal diseases such as Parkinson’s (Rappold et al., 2014), 

Huntington’s (Guo et al., 2013), and Alzheimer’s disease (Reddy et al., 2017). 

The interaction between genetic predisposition and environment is thought to 

induce mitochondrial ETC failure and oxidative stress in Substantia nigra neurons 

leading to neuronal cell death (Schapira et al., 1992). Selective damage of brain 

dopaminergic neurons in PD has been suggested to be due to impaired 

mitochondria respiration as a result of complex I dysfunction following MPP+ 

uptake through dopamine transporters (Langston and Ballard Jr, 1983). 

Furthermore, complex I impairment was also found in cybrid cells isolated from 

patients with PD (Swerdlow et al., 1996). The defect in complex I in PD seems to 

be related to genetics, and may have a vital role in the neurodegeneration in PD 

by catalysing ROS generation and increasing the neuronal susceptibility to 

mitochondrial toxins (Swerdlow et al., 1996). Another study also showed that the 

level of ROS production in isolated brain cell mitochondria treated with MPP+ is 

proportionally associated with the degree of damage to complex I (Perier et al., 

2005). MPP+-induced complex I defect can eventually cause impaired respiration 
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and ATP production. In vivo studies reported that MPP+ treatment causes 

significant reduction in ATP level in whole brain tissue from mouse (Chan et al., 

1991). Studies reported that restoration of mitochondrial function can slow down 

disease progression as well as the neuronal function loss in PD and Alzheimer 

disease (Onyango et al., 2017). 

 

Abnormal mitochondrial fission and its association with PD has been well 

documented (Van Laar and Berman, 2009, Nakamura et al., 2011, Feng et al., 

2020, Wang et al., 2012, Deng et al., 2008). Oxidative stress induces 

mitochondrial fragmentation that in turn leads to apoptosis. Studies have shown 

that MPP+ induces Drp1 hyperactivity, mitochondrial fragmentation, and 

dopaminergic neuronal cell death (Barsoum et al., 2006, Meuer et al., 2007). This 

was further supported by studies which demonstrated that mitochondrial fission 

and neuronal cell death can be prevented through Drp1 inhibition or mitofusin 1 

(Mfn1) overexpression (Gomez-Lazaro et al., 2008). A recent study also 

supported the link between increased Drp1 levels and neurotoxin (rotenone)-

induced PD (Rahimmi et al., 2015). Furthermore, it has been shown that Drp1 

inhibition by mitochondrial division inhibitor (Mdivi1) reduces MPP+-induced 

neurotoxicity and restored dopamine release in mice (Rappold et al., 2014). All 

these findings suggest that the inhibition of mitochondrial fission has a protective 

effect against dopaminergic neuronal death in PD. 

 

Genetic evidence has shown that abnormal mitochondrial dynamics and impaired 

mitochondrial function are key features of PD. Genes, such as PINK1, Parkin and 

PARK7 regulate mitochondrial structure and function. The PINK1 gene encodes 

for PTEN-induced kinase 1, a protein located in the mitochondria. It has a 

protective effect on the cell by tagging damaged mitochondria and activating the 

mitophagy pathway through Parkin recruitment (Valente et al., 2004). PARKIN is 

a gene responsible for the pathogenesis of autosomal recessive juvenile 

parkinsonism (AR-JP) found in patients of different ethnic origins (Kitada et al., 

1998). Parkin protein is a ubiquitin protein ligase (E3), involved in the pathway 

that attaches ubiquitin to certain proteins marking them for degradation by 

proteasome (Fishman and Oyler, 2002). Mutations in the Parkin gene affect the 
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function of Parkin protein causing selective damage of nigral neurons in the 

brains of AR-JP patients (Kitada et al., 1998, Shimizu et al., 2000). PARK7 is 

another gene which plays a role in the pathology of PD. It encodes DJ-1, a 

ubiquitous highly conserved protein, but its exact function is still unknown. 

However, evidence suggests its involvement in regulating calcium influx in 

mitochondria, and in protecting the cell from the damaging effect of oxidative 

stress. A study showed that loss of DJ-1 function leads to neurodegeneration 

(Bonifati et al., 2003)  

 

 

1.4 Lysosomes 

 

1.4.1 Structure and function 

 

Emerging evidence indicates that lysosomal dysfunction is associated with PD. 

Lysosomes are specialized single membrane-bound organelles containing a 

variety of hydrolase enzymes that are responsible for the degradation of 

macromolecules, entering the cells by endocytosis or intracellular components 

delivered by autophagy; thus, they play a key role in maintaining cellular 

homoeostasis (Wang et al., 2018a, Nagakannan et al., 2020). Lysosomes are 

also involved in other cellular processes such as in immune defence and cell 

death. In cells of the immune system, lysosomes play an important role in 

phagocytosis, processing and secretion of cytokines, and antigen presentation 

(Ge et al., 2015, Udayar et al., 2022). Furthermore, they serve as storage 

organelles for nutrients and metal ions such as calcium, iron, copper, and zinc 

(Nagakannan et al., 2020). 

  

There are over 60 different hydrolase enzymes in the lysosomal lumen, including 

proteases, nucleases, lipases, phosphatases, and glycosidases, which are highly 

active at the acidic pH (4.5-5) inside the lysosomes and are inactivated at the 

neutral pH (7.4) of the cytosol (Nagakannan et al., 2020). The low pH is 
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maintained by the proton pumping v-ATPase, chloride channels and ion 

transporters that are located in the lysosomal membrane. Other proteins 

including lysosomal-associated membrane protein 1 and 2 (LAMP-1 and LAMP-

2) are thought to protect the lysosomal membrane from degradation by hydrolase 

enzymes (Wang et al., 2018a). 

 

 

1.4.2 Lysosomal membrane permeabilization and cell death  

 

Lysosomal membrane permeabilization (LMP) is caused by the damage of 

lysosomal membranes. Partial LMP results in selective leakage of lysosomal 

contents such as cathepsins (for example, cathepsin B and D), which activates a 

cascade of events leading to apoptotic cell death (Wang et al., 2018a, 

Nagakannan et al., 2020). Complete LMP, on the other hand, results in massive 

leakage of lysosomal contents causing loss of lysosomal proton gradient, an 

increase in cytosolic acidity, breakdown of cellular components, and cell death 

(Wang et al., 2018a). Moreover, increased intracellular acidity can cause 

mitochondrial acidification leading to loss of ΔΨm and impaired Ca2+ homeostasis 

and apoptotic cell death. The acidic cytosol also provides optimal environment 

for the activity of released lysosomal hydrolases causing proteolytic degradation 

of cytosolic proteins contributing to cell death. (Nagakannan et al., 2020) 

 

Several intracellular and extracellular factors can stimulate LMP; they include 

ROS, proteases, and B-cell lymphoma 2 (Bcl-2) family of proteins which regulate 

cell death. Excessive ROS production could lead to loss of lysosomal membrane 

integrity by peroxidation of lysosomal membrane lipids (Fong et al., 1973, 

Nagakannan et al., 2020). Studies have shown that ROS scavengers can reduce 

LMP-induced cell death. For instance, the N-acetylcysteine has been shown to 

have a protective effect against apoptosis and lysosomal damage in the SH-

SY5Y cell line (Nagakannan et al., 2016). Lysosomes contain labile redox-active 

iron resulting from the digestion of many iron-containing macromolecules, such 

as MT (Nagakannan et al., 2020). In the acidic lumen of lysosomes, the free ferric 
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iron (Fe3+) is reduced to ferrous state (Fe2+) which reacts with H2O2 to form the 

highly active OH• causing peroxidation of lysosomal membrane lipids and 

lysosomal damage (Kurz et al., 2008b, Johansson et al., 2010).  

 

As mentioned earlier, proteases such as cathepsins induce apoptotic cell death. 

Leakage of cysteine cathepsins, mainly cathepsin B, into the cytosol has been 

shown to cause LMP through degradation of lysosomal membrane proteins 

LAMP-1 and LAMP-2 (Nagakannan et al., 2020). Also, the Ca2+-dependent 

cytosolic cysteine proteinase, called calpain, was found to be responsible for LMP 

by cleavage of LAMP-2 (Rodriguez and Torriglia, 2013, Khorchid and Ikura, 

2002). Increased cytosolic Ca2+ concentrations can activate calpain and 

subsequently induce LMP.  

 

 

1.4.3 Lysosomes in Parkinson’s disease 

 

Studies have shown that lysosomal dysfunction in glial and neuronal cells is a 

pathological hallmark of neurodegenerative diseases, such as Alzheimer’s and 

Parkinson’s diseases (Udayar et al., 2022). It has been shown that autophagy 

plays a role in PD. Lysosomal dysfunction leads to reduced clearance of toxic 

protein aggregates such as α-synuclein and dysfunctional intracellular organelles 

such as depolarized mitochondria. Samples from PD patients showed 

accumulation of autophagosomes in the brain, indicating failure of lysosomal 

fusion of autophagosomes (Dehay et al., 2010). Furthermore, depletion of 

lysosomal numbers precedes the autophagosome accumulation in MPP+-treated 

dopaminergic neurons. Lysosomal depletion results from LMP caused by excess 

ROS production (Dehay et al., 2010). Induced permeabilization of lysosomal 

membrane causes release of hydrolase enzymes into the cytosol which could 

directly contribute to neurodegenerative diseases, besides affecting the 

autophagic clearance process. Genetic and pharmacological stimulation of 

lysosomal biogenesis can restore the lysosomal levels and attenuate MPP+-

induced cell death  (Dehay et al., 2010). 
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Recent studies have provided a better understanding of both physiological and 

pathophysiological functions of neurodegeneration-related lysosomal genes such 

as GBA1, LRRK2, ATP13A2, ATP10B, VPS13C, C9orf72, GRN, TMEM175, 

TMEM106B, and CHMP2B (Udayar et al., 2022) many of which have been shown 

to be associated with PD. Mutations in GBA1, LRRK2 and ATP13A2 associated 

with PD will be explained below.  

 

Loss of function mutations in GBA1 have been shown to trigger PD. The GBA1 

gene encodes ꞵ-glucocerebrosidase (GCase). GCase is a lysosomal hydrolase 

capable of cleaving glucocerebroside and glucosylsphingosine. The mechanism 

by which mutations in GBA1 leads to PD remains unclear, however, GCase 

dysfunction can result in accumulation of lipid in the lysosomes leading to 

undetectable structural and functional changes at organelle level (Udayar et al., 

2022). It has been shown that GCase activation within lysosomes can reduce α-

synuclein levels in the midbrain neurons of patients with PD (Mazzulli et al., 

2016b). A study using neuronal cells from patients with PD carrying mutations in 

GBA1 revealed prolonged mitochondria-lysosome contacts affecting 

mitochondrial function. These effects could be prevented by enhancing GCase 

activity, thus suggesting the role of mitochondria-lysosome contacts as an 

upstream regulator of mitochondrial function in GBA1-linked PD (Kim et al., 

2021). 

 

Mutations in the LRRK2 gene, which codes for leucine-rich repeat kinases, also 

contribute to the pathology of PD. Gain of function mutations in LRRK2 increase 

the risk of both familial and sporadic PD (Bonet-Ponce et al., 2020). The PD-

linked LRRK2 mutations promote the recruitment of LRRK2 to damage 

lysosomes (Bonet-Ponce et al., 2020). Although the underlying mechanism of the 

role of LRRK2 in PD is poorly understood, it has been reported that LRRK2 

mutations contribute to aggregation of α-synuclein protein because of lysosomal 

damage (Udayar et al., 2022). 
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Another important gene, ATP13A2 (PARK9), is associated with autosomal 

recessive early-onset PD (Park et al., 2014), and encodes a lysosomal ATPase 

cation transporting ATP13A2. The ATP13A2 protein is located in acidic vesicles, 

including lysosomes and autophagosomes, suggesting a role in autophagy-

lysosomal pathway (ALP) (Park et al., 2014). ATP13A2 is a cation pump for 

several metal ions, mainly Ca2+ Mn2+ and Zn2+. Studies have shown that Mn2+ is 

one of the environmental risk factors of PD, and Mn2+ cytotoxicity has been linked 

with ATP13A2 knockout in various cell models (Tan et al., 2011, Gitler et al., 

2009). ATP13A2 can prevent Mn2+ cytotoxicity by reducing intracellular Mn2+ 

levels and Cyt c released from mitochondria (Tan et al., 2011).  Zn2+ is another 

environmental risk factor for PD. Although Zn2+ dyshomeostasis has a major 

pathological influence in PD, the underlying cell biological mechanisms are 

unclear. 

 

However, it has been reported that mutations in ATP13A2 caused not only loss 

of lysosomal function, but also mitochondrial dysfunction (Park et al., 2011, 

Grünewald et al., 2012). Furthermore, using patient-derived human olfactory 

neurosphere (hON) with ATP13A2 deficiency, Park et al. (2014) demonstrated 

that loss of ATPA13A2 caused an increase in cytosolic Zn2+ because of impaired 

cellular buffering capacity of cytosolic Zn2+ resulting from poor Zn2+ sequestration 

by lysosomes (Park et al., 2014). Increased cytosolic Zn2+ induces mtROS 

production leading to loss of ΔΨm, mitochondrial dysfunction and oxidative 

stress. Prolonged mitochondrial dysfunction is accompanied by mitochondrial 

fission leading to ATP depletion and cell death (Park et al., 2014).  

 

Thus, studies on PARK9 mutations support a role for Zn2+ dyshomeostasis in 

dysfunction of lysosomes and mitochondria in the context of PD.  
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1.5 Cell death 

 

1.5.1  Physiological and pathophysiological roles of cell death 

 

Cell death is an essential biological process required for the elimination of cells 

that are harmful or no longer needed (Kaiser et al., 2020). It is a vital process in 

normal physiology, that together with cell proliferation, helps to maintain the 

homeostasis in human body (Elmore, 2007). Cell death is important during 

developmental processes. For example, the nervous and immune systems 

develop through overproduction of cells, however, overproduction of cells is 

followed by the death of unwanted cells that failed to establish functional synaptic 

connections or produce antigen specificities, respectively (Elmore, 2007). This 

process of programmed cell death is commonly known as apoptosis. 

 

Dysregulation of cell death may lead to pathophysiology such as developmental 

defects, autoimmune disorders, cancer, ischemia and neurodegenerative 

diseases (Elmore, 2007). Excessive apoptosis is thought to be involved in 

autoimmune diseases such as, the autoimmune deficiency syndrome (AIDS) (Li 

et al., 1995). Much of our understanding of apoptosis comes from studies of 

cancer cells. Tumour cells use different mechanisms to suppress apoptosis 

including the downregulation of pro-apoptotic proteins, such as Bax. (Kerr et al., 

1994, Elmore, 2007). Also, a role for the pro-apoptotic Bax gene in myocardial 

ischemia injury has also been reported (Hochhauser et al., 2003). 

Overexpression of Bax has been detected in ischemic myocardial tissue, and 

Bax-deficient mice showed reduced damage to mitochondria and the nuclear 

chromatin morphology, indicating reduced apoptosis. Therefore, it is suggested 

that Bax might be considered as a potential therapeutic target in myocardial 

ischemia (Hochhauser et al., 2003). The role of apoptosis in neurodegenerative 

diseases will be discussed in section 1.5.3. 
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1.5.2 Mechanism of cell death 

 

Historically, three types of cell death have been identified: apoptosis, autophagy, 

and necrosis. However, as this field is still developing, an updated classification 

focussing on the mechanistic and fundamental aspects of this process has been 

proposed. These include intrinsic apoptosis, extrinsic apoptosis, mitochondrial 

permeability transition-driven necrosis, necroptosis, ferroptosis, pyroptosis, 

parthanatos, entotic cell death, lysosome-dependent cell death, autophagy-

dependent cell death, immunogenic cell death, cellular senescence, and mitotic 

catastrophe (Galluzzi et al., 2018).      

 

Whether a cell dies by apoptosis, autophagy or necrosis is determined mainly by 

the nature and severity of the cell death insult and the biochemical pathways 

involved. Autophagy manifests a substantial cytoplasmic vacuolization and 

culminates in phagocytic uptake and subsequent lysosomal degradation 

(Galluzzi et al., 2018). On the other hand, apoptosis and necrosis exhibit different 

morphological features which will be discussed in the next section.    

 

1.5.2.1 Apoptosis 

 

Apoptosis is characterized by specific morphological changes including cell 

shrinkage, chromatin condensation, nuclear fragmentation, a reduction of cellular 

volume, and plasma membrane blebbing but without affecting its integrity until 

the final stages of apoptosis (Kroemer et al., 2009). During apoptosis, the cell 

breaks up into fragments called apoptotic bodies. These cell fragments are 

engulfed by neighbouring cells and phagocytes where they are degraded into 

small molecules and reused to build new cells. Since the plasma membrane is 

intact and does not rupture during this process, there is no leakage of cellular 

contents and therefore apoptosis is not associated with an inflammatory immune 

response (Kaiser et al., 2020). 
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In apoptotic cells, many of the morphological changes are thought to be derived 

from activation of one or more specific proteases known as caspases. Caspases 

are present in their inactive forms. They are divided into two types: initiator 

caspases, including caspase-2, -8, -9, and -10, and the effector caspases that 

include caspase-3, -6, and -7. The caspases-dependent apoptosis could be 

triggered by either extrinsic (cell surface receptor-linked, caspase 8) or intrinsic 

(mitochondrial depolarization-linked, caspase 9) pathways (Lockshin and Zakeri, 

2004). Caspases are responsible for some of the morphological changes seen in 

apoptotic cells. They cleave intracellular proteins, such as nuclear and 

cytoskeletal proteins which precede the nuclear condensation and the plasma 

membrane blebbing. Caspases are also involved in phosphatidylserine exposure 

which is a signal for phagocytosis and clearance of apoptotic cells (Orrenius et 

al., 2003).  Bcl-2 family is a group of proteins that work in conjunction with 

caspases to regulate cell death. They are divided into two types, anti-apoptotic 

(e.g., BCL-XL, BCL-2, MCL-1) and pro-apoptotic (e.g., Bax and BAK) proteins. 

These proteins are translocated from the cytosol to the mitochondria to regulate 

apoptotic events (Orrenius et al., 2003). 

 

 

Extrinsic (receptor-linked) pathway 

 

This pathway is mediated by pro-apoptotic ligands such as tumor necrosis factor-

related apoptosis-inducing ligand (TRAIL), that interacts with specific cell surface 

death receptors to form the death-inducible signaling complex (DISC) (Elmore, 

2007). DISC activates the initiator caspase-8 which, in turn, activates the effector 

caspase-3 leading to apoptosis. Caspase-8 can also cleave Bid (a pro-apoptotic 

protein) which induces the translocation and insertion of Bax and Bak into the 

outer mitochondrial membrane to form a pore (mitochondrial outer membrane 

permeabilization, MOMP) through which Cyt c is released into the cytosol. In the 

cytosol, Cyt c associates with apoptotic activating factor-1 (Apaf-1) and pro-

caspase-9 in the presence of dATP to form an apoptosome complex. This 

complex activates pro-caspase-9 that, in turn, activates caspase-3, leading to 

nuclear condensation and fragmentation (Figure 1.4). (Orrenius et al., 2003). 
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Intrinsic (mitochondria-linked) pathway 

 

In the intrinsic pathway, the death stimulus acts directly or indirectly on 

mitochondria leading to cell death. In the early stages of apoptosis, death signals 

induce certain intracellular events including increased Ca2+ and ROS levels, and 

translocation of the pro-apoptotic Bax and Bak to the mitochondrial outer 

membrane to form MOMP (Mattson, 2000). The later stages of apoptosis include 

the formation of a pore in the inner mitochondrial membrane, referred to as mPTP 

(mitochondrial permeability transition pore). Although the structural basis for 

mPTP formation is unclear, by increasing the permeability of the inner membrane, 

mPTP promotes nonselective diffusion of ions and other small molecules, 

including H+ ions, Ca2+ and ROS. This results in bioenergetic failure (due to 

collapse of H+ gradient, required for ATP synthesis), increased oxidative stress 

and release of Cyt c into the cytoplasm. The intrinsic pathway also promotes 

translocation of apoptosis inducing factor (AIF) and endonuclease G (EndG) from 

mitochondria to the nucleus where they cause chromatin condensation and 

fragmentation. All these events collectively contribute to apoptotic cell death 

(Orrenius et al., 2003) (Figure 1.4). 

 

 

1.5.2.2 Necrosis 

 

Necrosis is another form of cell death that occurs when cells are exposed to injury 

or extreme stress, such as heat, lack of oxygen, or infection by pathogens. The 

morphological characteristics of cells undergoing necrosis include gain in cell 

volume (oncosis), swelling of organelles, rupture of plasma membrane and 

subsequent loss of intracellular contents (Kroemer et al., 2009). These changes 

lead to inflammatory responses including temperature, pain, swelling and 

phagocytic removal of necrotic cells, and initiate repair of damaged tissue (Kaiser 

et al., 2020). Unlike apoptosis, necrosis is an accidental uncontrolled form of cell 

death (Kroemer et al., 2009). Furthermore, necrosis could activate another 

mechanism of cellular suicide, known as necroptosis, which is often initiated by 
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extracellular cytokines such as the tumor necrosis factor alpha (TNFα). This form 

of cell death usually causes inflammation and is associated with several diseases 

including neurodegeneration and atherosclerosis (Kaiser et al., 2020). 

 

 

 

 

Figure 1.4 Signaling pathways that induce cell death (apoptosis). 

A schematic diagram showing the intrinsic and extrinsic pathways of apoptosis. 

In the intrinsic pathway, the death stimulus acts on mitochondria leading to the 

assembly of the apoptosome complex. It involves the translocation of the pro-

apoptotic members of Bcl-2 family, Bax, and Bak to the outer mitochondrial 

membrane which promotes cytochrome c (Cyt c) release from the mitochondria 

to the cytosol. It also involves the translocation of apoptosis inducing factor (AIF) 

and endonuclease G (EndG) from mitochondria to the nucleus where they cause 

chromatin condensation and fragmentation. In the extrinsic pathway, pro-

apoptotic ligands, such as tumour necrosis factor-related apoptosis-inducing 

ligand (TRAIL), bind the conjugate cell surface death receptors to form the death-

inducible signaling complex (DISC). DISC activates caspase-8 which in turn 
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stimulates the effector caspase-3 leading to apoptosis. Caspase-8 can also 

cleave Bid (a pro-apoptotic protein) which induces the translocation and insertion 

of Bax and Bak into the outer mitochondrial membrane to from MOMP through 

which Cyt c is released. In the cytosol, Cyt c forms an apoptosome complex of 

apoptotic activating factor-1 (Apaf-1) and pro-caspase-9 in the presence of dATP. 

The apoptosome complex activates pro-caspase-9 and then caspase-3, leading 

to apoptosis. Figure adapted from (Orrenius et al., 2003), and created with 

BioRender.com 
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1.5.3 Apoptosis in neurodegenerative diseases 

 

Neurodegenerative diseases are complex disorders where both genetic and 

environmental factors are thought to be involved. However, it is believed that 

these diseases share a common signaling pathway leading to neuronal cell 

death. The pathway involves ROS, disturbed calcium homeostasis, mitochondrial 

dysfunction, and activation of caspases (Mattson, 2000). 

 

Apoptosis is the underlying cause of many neurological disorders in humans such 

as Alzheimer’s, Parkinson’s, and Huntington’s disease (Ethell and Buhler, 2003).  

Alzheimer’s disease is associated with the deposition of amyloid-ꞵ which is 

neurotoxic when in its aggregated form. Amyloid-ꞵ can induce apoptosis by 

causing oxidative stress or by activating TNFα secretion by microglia (Elmore, 

2007). Huntington’s disease is another neurodegenerative disorder that results 

from specific neuronal loss and dysfunction in the striatum and cortex regions of 

brain (Ona et al., 1999). A study has reported that caspase-1 is important in the 

pathogenesis of this disease. In the transgenic mouse model of Huntington’s 

disease, reduced caspase-1 expression extends the survival, protects against 

cell death, and delays the appearance of neuronal inclusions and onset of 

symptoms (Ona et al., 1999). Another study using lymphoblasts from patients 

with Huntington’s disease showed increased stress-induced apoptotic cell death 

associated with increased mitochondrial depolarization and caspase-3 activation 

(Mattson, 2000, Sawa et al., 1999). 

 

Studies of neuronal cell death in PD suggest a central role for oxidative stress. 

Increased iron levels, low complex I activity, and a decrease in the reduced form 

of glutathione (GSH) levels are all detectable pathophysiological features in PD. 

Low GSH levels increase the oxidative stress leading to cell death. This occurs 

in the pre-symptomatic stage of PD and promotes neuronal degradation or make 

neurons more vulnerable to neurotoxins (Jenner and Olanow, 1998). 
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Investigation of brain tissue from patients with Parkinson’s diseases showed a 

link between the apoptosis-related DNA damage and the death of dopaminergic 

neurons (Jenner and Olanow, 1998). A study reported that caspase-1 mediated 

mechanisms are shared in different chronic and neurodegenerative diseases 

such as, ischemia, PD, and Huntington’s disease (Ona et al., 1999). Moreover, 

as mentioned earlier, one of the major hallmarks of PD is the formation of Lewy 

bodies in the substantia nigra which are formed by the aggregation of damaged 

or mutant α-synuclein. Experiments using human neuroblastoma SH-SY5Y cell-

line has shown that expression of mutant α-synuclein can induce apoptotic cell 

death (El-Agnaf et al., 1998). Taken together, studies have supported a role for 

apoptotic cell death in the pathology of several neurodegenerative diseases.  

 

 

1.6 Human TRPM2 (hsTRPM2) channels 

 

The Transient receptor potential (TRP) channel was originally identified from 

genetic studies on visual transduction in photoreceptors of the fruit fly (Drosophila 

Melanogaster) (Minke et al., 1975). The TRP family consists of six subfamilies. 

They mainly conduct Ca2+, but some members of the TRP family are capable of 

conducting other cations including Na+, K+, Mg2+, and Zn2+. The transient receptor 

potential melastatin (TRPM) subfamily consists of eight members that are divided 

into four groups. These are TRPM1 – TRPM3, TRPM4 – TRPM5, TRPM6 – 

TRPM7, and TRPM2 – TRPM8. This classification is based on their sequence 

homology. Of these, TRPM2 and TRPM8 have been widely studied (Naziroglu, 

2011). TRPM2  is a non-selective cation channel (PCa/PNa = 0.5-5) (Owsianik et 

al., 2006) that allows Ca2+ influx across the plasma membrane (Nagamine et al., 

1998, Sano et al., 2001, Perraud et al., 2001, Hara et al., 2002, Sumoza‐Toledo 

and Penner, 2011). 
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1.6.1 hsTRPM2 structure 

 

TRPM2, formerly known as TRPC7 or LTRPC2, was first described in 1998 

(Nagamine et al., 1998). The structure of human (homo sapiens) TRPM2 

(hsTRPM2) is recently described (Wang et al., 2018b). It is a tetramer; each 

subunit consists of 1503 amino acids (~171 kDa). The Cryo-electron microscopy 

(Cryo-EM) structure of TRPM2 showed an umbrella shaped architecture with 

dimensions of approximately 100 Å by 100 Å by 150 Å (Figure 1.5). Each 

monomer comprises six transmembrane segments (S1-S6) with N- and C-termini 

facing the cytosol. The N-terminal domain consists of four TRPM-homology 

regions (MHRs), MHR 1/2, MHR 3, and MHR 4 domains, followed by the six 

transmembrane (TM) regions. The TM region is composed of a voltage sensor-

like domain (VSLD) (S1-S4), and a pore domain (S5-S6). The C-terminal contains 

the TRP helices (H1 and H2), rib helix, and pole helix, followed by the unique 

Nudix-type motif 9 homology domain (NUDT9H) (Figure 1.5) (Xia et al., 2019, 

Perraud et al., 2001, Sumoza‐Toledo and Penner, 2011). NUDT9H was predicted 

to hydrolyse ADPR in 2003 (Perraud et al., 2003). The activity of NUDT9H in 

TRPM2 varies in different species. For example, in nvTRPM2 of sea anemone, 

NUDT9H hydrolyses ADPR. While in human hsTRPM2, the domain binds ADPR 

but does not cause hydrolysis as it lacks the enzymatic activity because of the 

absence of key glutamate residues (Shen et al., 2003, Xia et al., 2019). The 

significance of these differences between the domains of NUDT9H of different 

species is not fully understood but suggests complexity of channel activation and 

gating. 

 

The high-resolution structure of hsTRPM2 revealed an overall three-tiered 

architecture (Figure1.5 C), and between them there is a Ca2+ binding site in the 

VSLD, and an ADPR binding site in the NUDT9H domain. The bottom tier 

comprises the C-terminal NUDT9H and the pole helix, and the N-terminal 

MHR1/2 and MHR 3. The middle tier comprises the MHR 4 domain and the rib 

helix. Finally the top tier includes the TM domain and the TRP helices (Wang et 

al., 2018b).  
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Figure 1.5 The structure of Human TRPM2 (hsTRPM2). 

The diagram shows the structure of hsTRPM2 structure in its apo-state. (A) The 

arrangement of domains composing hsTRPM2, with residue numbers being 

shown above. (B) Side view of a 3D cryo-EM image. The estimated dimension of 

the tetramer is 100 Å by 100 Å by 150 Å. (C) Ribbon diagram of the three-tier 

architecture of the hsTRPM2 showing the four differently coloured subunits in two 

orthogonal views. (D) Schematic of single subunit with its main structural 

components and their arrangement, using the same colour scheme as in (A). (E) 

A ribbon diagram of (D). (Wang et al., 2018b) 
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This structure provides a better understanding of the gating mechanism of the 

TRPM2 channel. NUDT9H, which is responsible for sensing ADPR, is located in 

close proximity to MHR1/2 and MHR3 in the same subunit. Three contact areas 

were identified: interface I, II, and III. Interface I and II of NUDT9H interact with 

MHR1/2 and MHR3, respectively, of its own subunit (cis-interaction). Interface III 

mediates intersubunit interactions with the neighbouring subunit (trans-

interaction) at the bottom tier (Figure 1.6) (Wang et al., 2018b, Xia et al., 2019). 

In the apo (closed-inactive) state, trans-interaction occurs causing the channel 

closure by limiting the movements of the subunits in the absence of ligands (Xia 

et al., 2019). When ADPR binds to NUDT9H (primed state), the NUDT9H and 

MHR 1/2 undergo a large 27° rotation (counter clockwise), causing disruption of 

trans-interaction to prime the channel for further conformational changes upon 

Ca2+ binding. Next, when both ADPR and Ca2+ are bound (open state) to TRPM2, 

it induces 15° rotation in the cytoplasmic domain, a tilt at the TRP H1 to drag the 

S6 helix leading to enlargement of the pore, opening the channel and allowing 

Ca2+ influx (Figure 1.6). (Xia et al., 2019)  

 

 

1.6.2 Cellular distribution 

 

TRPM2 channels are expressed in several tissues including the brain, liver, 

spleen, heart, vasculature, pancreas, and immune cells (Jang et al., 2014, 

Hecquet et al., 2010, Lange et al., 2009). At the cellular level, they are expressed 

at the plasma membrane as well as in the lysosomes (Lange et al., 2009) 

 

In the central nervous system (CNS), TRPM2 mRNA is most prevalent among 

transient receptor potential (TRP) channels (Fonfria et al., 2006). Quantitative 

real-time polymerase chain reaction (qRT-PCR) analysis of TRPM2 mRNA 

expression found that it is most abundant in the brain, where they contribute to 

CNS physiology and pathophysiology (Belrose and Jackson, 2018). Within the 

CNS, microglia, astrocytes, and neuronal populations in the hippocampus, 

substantia nigra, striatum, and cortex, as well as dorsal root ganglion sensory 
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neurons, have all been shown to express TRPM2 (Belrose and Jackson, 2018, 

Fonfria et al., 2006, Hill et al., 2006). Exposure to ROS or intracellularly 

administered of ADPR can activate TRPM2 in these cells in the presence of Ca2+ 

(Belrose and Jackson, 2018, Olah et al., 2009). 

 

 

 

 

Figure 1.6 The gating mechanism of the human TRPM2 channel (hsTRPM2). 

(Top) Cryo-EM of TRPM2 structure in apo (closed state), ADPR-bound (primed 

closed state), ADPR- and Ca2+-bound (open state). (Down) corresponding 

drawing that demonstrate the process of gating TRPM2 channel. (Wang et al., 

2018b)  
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1.6.3 TRPM2 function, activation, and disease association 

 

The TRPM2 channel is a non-selective, voltage independent cation channel, 

capable of sensing oxidative stress (Jiang et al., 2010). By raising the cytoplasmic 

Ca2+ level, TRPM2 plays essential roles in cell death (Kaneko et al., 2006) and a 

number of other functions, including in immune responses (Massullo et al., 

Knowles et al., 2013), cell proliferation (Zeng et al., 2010a), and insulin secretion 

(Kashio and Tominaga, 2017). Furthermore, it is expressed in sensory neurons 

and mediates sensation of warmth. It has been reported that TRPM2 is expressed 

in warmth-sensitive neurons (WSNs) of the hypothalamus, where it serves as a 

thermosensitive channel (Song et al., 2016). At the subcellular level, TRPM2 

regulates mitochondrial dynamics (Abuarab et al., 2017, Li et al., 2017a).  

 

On the other hand, studies have shown that TRPM2 plays a role in oxidative 

stress-induced death of many types of cells including neuronal, cardiac 

endothelial and pancreatic-ꞵ cells (Abuarab et al., 2017, Li et al., 2017a, Manna 

et al., 2015, Kaneko et al., 2006) as a result of increased Ca2+ influx and Zn2+ 

dyshomeostasis. The death of pancreatic-ꞵ cells and neuronal cells could be 

prevented by small interfering RNA against TRPM2 or deletion of the TRPM2 

gene in mice (Kaneko et al., 2006, Manna et al., 2015). In vivo mouse studies 

have shown that knock-out of TRPM2 channels prevents streptozotocin-induced 

type 1 diabetes (Manna et al., 2015) and development of post-ischemic brain 

injury (Ye et al., 2014). Knock-out of TRPM2 channel also prevents high fat diet 

induced insulin resistance in mice indicating a role for TRPM2 in type 2 diabetes 

(Zhang et al., 2012).  

 

Moreover, a number of studies have reported an association of abnormal 

activation of TRPM2 with other diseases (Yamamoto and Shimizu, 2016) 

including stroke (Wang et al., 2021, Ye et al., 2014), vascular damage (Alves-

Lopes et al., 2020), inflammation (Yamamoto and Shimizu, 2016), and cancer 

cell migration (Li et al., 2016). TRPM2 channels have also been implicated in 

neurodegenerative disorders such as Alzheimer’s (Yamamoto et al., 2007) and 

PD (Hermosura and Garruto, 2007). Therefore, TRPM2 channels could be 

considered as a potential therapeutic target. 
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TRPM2 channel activation causes Ca2+ influx, leading to the elevation of cytosolic 

Ca2+. Elevated cytosolic Ca2+ affects several intracellular signaling events, 

including mitochondrial fission (Abuarab et al., 2017, Li et al., 2017a). TRPM2 

channels can be activated by different intracellular and extracellular factors. 

Intracellularly, it is activated by ADPR, Ca2+, and H2O2. Cytosolic ADPR is the 

most potent TRPM2 activator since it binds to the NUDT9-H domain and gates 

the channel to allow Ca2+ influx (Launay et al., 2001). ADPR activation of TRPM2 

requires Ca2+ binding to the TM domain, as without Ca2+ binding, the channel is 

inactive (closed). However, intracellular Ca2+ is capable of activating the TRPM2 

channels independent of ADPR, the mechanism of which is not yet clear, but is 

thought to involve a calmodulin-binding IQ-motif which is identified between 

residues 404-416 and is thought to induce conformational changes in N-terminus 

of TRPM2 protein upon Ca2+ binding (Du et al., 2009a). TRPM2 can also be 

activated by other nucleotides including cyclic adenosine diphosphate ribose 

(cADPR), nicotinamide-adenine dinucleotide (NAD), nicotinic acid adenine 

dinucleotide (NAAD) and NAAD-phosphate (NAADP), but the mechanisms by 

which they activate the channel remains unclear (Rosenbaum, 2015). 

 

ADPR is generated from the hydrolysis of NAD+ and/or cADPR by 

glycohydrolases such as the ectoenzymes CD38 and CD157. Mitochondria are 

the major source of ADPR (Sumoza‐Toledo and Penner, 2011). Mitochondrial 

membranes are impermeable to NAD+ that is found in mitochondrial matrix, but 

the influx of Ca2+ into the mitochondria induces the mPTP to NAD+ release. Then 

NAD+ is converted into ADPR by the action of NADase that is found in the outer 

membrane of the mitochondria (Ayub and Hallett, 2004). Therefore, NAD+ 

activates the TRPM2 channel indirectly through hydrolysis to ADPR; Ca2+ at high 

concentration is thought to stimulate ADPR production from mitochondria (Ayub 

and Hallett, 2004). ADPR can also be generated in the nucleus. This occurs by 

the combined action of poly-ADPR-polymerases (PARP) and poly-ADPR-

glycohydrolases (PARG) in response to DNA damage (Sumoza‐Toledo and 

Penner, 2011). In response to ROS-induced DNA damage, PARP breaks down 

NAD+ to nicotinamide and ADPR. ADPR is then polymerized onto different 
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nuclear proteins that activate the DNA repair pathways. PARG degrades ADPR 

polymers generating free ADPR that subsequently activates TRPM2 channels 

(Sumoza‐Toledo and Penner, 2011). 

 

Furthermore, TRPM2 can be directly activated by H2O2, as revealed by the finding 

that a mutation in the N-terminal sequence between 307-316 residues can revoke 

TRPM2 response to H2O2 (Hara et al., 2002). Later, another study reported a role 

for methionine 214 in N-terminal domain in TRPM2 activation by H2O2, (Kashio 

et al., 2012).  

 

Although these TRPM2 activators can independently activate the channel, they 

have synergistic effects with other influences such as temperature (Togashi et 

al., 2006, Kashio and Tominaga, 2017). It has been reported that H2O2-induced 

TRPM2 activation is promoted by temperature elevation (Kashio and Tominaga, 

2017). TRPM2 activity is also influenced by cellular acidification. The function of 

TRPM2 channel is completely inhibited when the cells are exposed to external or 

internal pH between 5 and 6 (Du et al., 2009b). 

 

To date, there are no pharmacological inhibitors that can specifically target the 

TRPM2 channel. However, there are some blockers that can effectively work on 

TRPM2, such as 2-aminoethoxydiphenyl borate (2-APB) (Togashi et al., 2008), 

N-(5,6-Dihydro-6-oxo-2-phenanthridinyl)-2-acetamide hydrochloride (PJ34) 

(Fonfria et al., 2004), N-(p-amylcinnamoyl)anthranilic acid (ACA) (Kraft et al., 

2006), flufenamic acid (FFA) (Hill et al., 2004a), and antifungal imidazoles, such 

as, clotrimazole and econazole (Hill et al., 2004b). Genetic knockdown of TRPM2 

or siRNA-based approaches, have been successfully used to underpin the 

cellular and physiological roles of TRPM2 channels.  

 

Presently, there are no treatments that can modify the progression of PD. 

Dopaminergic drugs are mostly used to control the symptoms. However, because 

these drugs do not prevent disease progression and the underlying 

neurodegeneration, they lose their effectiveness in controlling disease symptoms 
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with time. Several ion channels have been implicated in the regulation of 

dopamine release, neuronal activity and neuronal viability in substantia nigra pars 

compacta (Duda et al., 2016). As such, dysregulation of these channels is thought 

to be associated with the degeneration of dopaminergic neurons in PD. Thus, 

targeting ion channels is a promising approach for prevention neurodegeneration 

(Daniel et al., 2021). 

 

1.7 Therapeutic approaches to Parkinson's disease  

 

Currently, there are no medicines that can cure or slow down the progression of 

PD. The main line of treatment involves administering a combination of Levodopa 

and Carbidopa. By replacing the dopamine lost due to dopaminergic neuronal 

death, these drugs reduce the symptoms in PD patients. However, new 

understanding of the genetic, cellular, and molecular mechanisms of 

dopaminergic cell death in PD is beginning to highlight new therapeutic 

opportunities.    

 

1. Therapeutics targeted to ROS: As mentioned in section 1.2.5.1, 

increased ROS production is a characteristic feature of both genetic and 

sporadic forms of PD. Attempts were made to target the major sources of 

ROS, viz., NOX2 and mitochondria. Antioxidants such as CoQ10 

(CoenzymeQ10) and mitochondria-targeted antioxidants such as MitoQ 

(mitoquinone mesylate) were found to be effective in animal studies and 

protected against mitochondrial damage-mediated neurotoxicity (Murphy 

and Hartley, 2018, Miquel et al., 2014, McManus et al., 2011). MitoQ 

prevented ROS overproduction and loss of ΔΨm in neurons which had a 

protective effect against the progression of AD-liked neuropathology, thus 

supporting the use of mitochondria-focused therapies for the treatment of 

oxidative stress-related disorders (McManus et al., 2011). Although 

CoQ10 and MitoQ data are promising in animal models, they had no effect 

in PD in clinical trials (Snow et al., 2010, Chaturvedi and Flint Beal, 2013). 

It is clear that targeting ROS is a useful therapeutic strategy for treating 
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many oxidative stress-related diseases such as PD; however, the lack of 

success of these drugs in clinical trials could be attributed to the fact that 

these drugs cannot distinguish between beneficial ROS and harmful ROS.     

 

2. Therapeutics targeted to Lysosomes: As explained in sections 1.4.3, 

lysosomal dysfunction is a key feature of PD, and that GCase and LRRK2 

play key roles (Udayar et al., 2022, Ysselstein et al., 2019a). Thus, 

attempts are being made to test the potential of activators of GCase and 

inhibitors of LRRK2 for PD treatment (Ysselstein et al., 2019b). Currently, 

phase 1b clinical studies of LRRK2 kinase inhibitors are in progress and 

target PD patients with and without LRRK2 mutations (Ysselstein et al., 

2019a). In addition, clinical studies of GCase activators in patients with 

GBA1-PD are also ongoing. It was shown that the GCase level is 

persistently low in LRRK2 mutant neurons, which suggests that activating 

GCase may also be beneficial for LRRK2-PD patients (Ysselstein et al., 

2019a). Increased lysosomal GCase activity was sufficient to reduce the 

buildup of oxidised dopamine and α-syn in the neurons of PD patients 

(Ysselstein et al., 2019a).  

 

3. Therapeutics targeted to mitochondria: Increased mitochondrial fission is 

a characteristic feature of neurons in PD (Van Laar and Berman, 

2009). Targeting Drp-1, a key regulator of mitochondrial fission (see 

section 1.3.2), could be a novel approach to PD treatment. The 

mitochondrial division inhibitor 1 (mdivi1), a chemical that can cross the 

blood-brain barrier, is known to be a pharmacological Drp1 inhibitor (Feng 

et al., 2020). It is found that mdivi1 can inhibit the OMM's permeabilization 

and prevent the release of apoptotic proteins from the mitochondria to the 

cytosol (Grohm et al., 2012). Knocking-down Drp1 or treatment with mdivi1 

reduces mitochondrial ROS in activated microglial cells (Park et al., 2013), 

preventing mitochondrial fission, loss of MPP, and the death of neurons 

(Grohm et al., 2012). Importantly, mdivi1 has been shown to have a 

neuroprotective effect against oxidative stress and mitochondrial 
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fragmentation associated with α-syn mutation (A53T) in a PD animal 

model (Bido et al., 2017). Despite these promising findings and the fact 

that Drp1 was first recognized as a potential target in diseases associated 

with mitochondrial dynamics, subsequent studies demonstrated that 

deletion of the Drp-1 gene is embryonically lethal (Ishihara et al., 2009, 

Wakabayashi et al., 2009). Also, the mdivi1 effect in human neurons was 

disappointing and failed to specifically inhibit Drp1, although it can 

suppress mitochondrial Complex I and modify mitochondrial ROS 

generation (Bordt et al., 2017). In addition, recent research in a pig model 

suggests that mdivi1 has no effect on mitochondrial morphology (Ong et 

al., 2019, Feng et al., 2020). Thus, it is essential to investigate further the 

mechanism through which mdivi1 targets Drp1 and mitochondria fission. 

 

Clinical trials targeting mitochondrial dynamics in PD were faced with 

another obstacle. In animal studies, the intervention is administered in the 

presymptomatic stage, whereas, in humans, at the point of diagnosis of 

the neurodegenerative disease and recruitment into clinical trials, the 

implicated pathological features are underway and cannot be reversed 

(too late to interfere at the level of mitochondria). Hence, the therapeutic 

window had already passed by the time symptoms develop. (Murphy and 

Hartley, 2018) 

 

4. Therapeutics targeted to α-synuclein aggregates: Since aggregated α-

synuclein is a key pathological feature of PD (see Section 1.1.2), 

aggregates being found in Lewy bodies of patient brains, monoclonal 

antibodies have been developed against the aggregates. However, recent 

clinical trials using the antibody approach provided disappointing results 

(Whone, 2022). Therefore, it is crucial to pursue other PD-associated 

protein targets. For example, targeting ion channels, such as TRPM2, may 

provide a new therapeutic approach.  
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In light of the above, it is essential to understand how PD-causing agents affect 

the signalling mechanisms underlying ROS regulation and lysosomal and 

mitochondrial homeostasis associated with dopaminergic cell death.   

 

 

1.8 Aim of the thesis 

 

The overall aim of this thesis is to understand how the PD causing MPP+ toxin 

affects ROS, the intracellular organelle dynamics, and cell survival in a cellular 

model of PD. Specific aims of the thesis are: 

1. To investigate the role of the TRPM2 channel in MPP+-induced oxidative 

stress and cell death through understanding the dynamics of three 

important players (ROS, Ca2+ and Zn2+) in this process. 

2. To study how TRPM2-Ca2+-Zn2+ signaling impacts the function of 

intracellular organelles to cause dopaminergic neuronal cell death. 

3. To test the ability of antibodies produced against an extracellular epitope 

of the TRPM2 channel to prevent MPP+- induced intracellular cytotoxic 

events and neuronal cell death. 
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Chapter 2  

Materials and Methods                                                                              

 

2.1 Materials  

 

2.1.1 Cell lines 

 

• Human neuroblastoma cell line (SH-SY5Y) was from ATCC (CRL-2266)– 

Manassas, VA, USA.  

• Human embryonic Kidney cells expressing TRPM2 (HEK-TRPM2tet cells) 

was obtained from Dr A.M Scharenberg, University of Washington, 

Seattle, WA, USA.   

 

 

2.1.2 Cell Culture medium  

 

• DMEM (Dulbecco’s Modified Eagle Medium) + GlutaMAX-1 was 

purchased from Invitrogen (Gibco Life Technologies, UK).  

• Opti-MEM® (1x) from Gibco® Life Technologies, USA. 

• 0.05% Trypsin-EDTA solution (1%) from Sigma-Aldrich. 

• TrypLE™ Express enzyme (1x) was purchased from Thermo Fisher 

Scientific. 

• (DPBS) Dulbecco’s phosphate buffered saline from Sigma-Aldrich 

• FBS (Fetal bovine serum) from Gibco® Life Technologies, USA.  

• Antibiotics (10000 U/ml penicillin and 10000 µg/ml streptomycin) from 

Gibco® Life Technologies, USA.  
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2.1.3 For Transfection 

 

• Lipofectamine® 2000 was purchased from Life technologies™. 

• Lipofectamine® RNAiMAX was purchased from Invitrogen. 

 

 

2.1.4 Molecular probes 

 

• Hoechst 33342, Pluronic®F127, Fura-2-AM were purchased from Life 

Technologies™.  

• Propidium iodide (PI), 2ʹ,7ʹ-Dichlorodihydrofluorescein diacetate (H2DCF-

DA), Dihyroethidium (DHE), MitoSOX™, Fluo4-AM and FluoZin™3-AM, 

MitoTrackerTM Red, and MitoTrackerTM Green were all purchased from 

Invitrogen.   

• LysoBrite™ Deep Red from AAT Bioquest, Inc, US. 

• Tetramethylrhodamine, ethyl ester (TMRE) was purchased from Sigma. 

• Drp1-GFP was kindly provided by Dr. Stefan Strack (University of Iowa, 

US). 

 

 

2.1.5 Pharmacological reagents  

 

• Hydrogen peroxide (H2O2) from Sigma-Aldrich. 

• 1-Methyl-4-phenylpyridinium (MPP+) iodide, N-acetyl cysteine (NAC), 

2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO), (2-(2,2,6,6-

Tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium 

chloride (Mito-TEMPO), N,N,N’,N’-tetrakis(2-pyridinylmethyl)-

1,2­ethanediamine (TPEN), 1,2-bis-(aminophenoxy)-ethane-N,N,N’,N’-

tetra-acetic acid- acetoxymethyl ester (BAPTA-AM) were purchased from 

Sigma-Aldrich. 

• Apocynin was purchased from Abcam. 
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• Gp91ds-tat was purchased from (AnaSpec, Inc. Fremont, CA, USA). 

• 2-Aminoethoxydiphenyl borate (2-APB) was purchased from Cayman 

Chemical Company-Ann Abor, MI, USA. 

• N-(p-amylcinnamoyl) anthranilic acid (ACA) and PARP inhibitor VII, PJ34 

were purchased from Sigma-Aldrich. 

• Calcium ionophore (A23187) was purchased from Sigma - life Science. 

• Zinc pyrithione (Zn-PTO) complex made by mixing stock solution of ZnCl2 

(0.7 µM) and pyrithione (PTO, 0.5 µM) purchased from Thermo Fisher 

Scientific, made up in ethanol in the desired ratio. 

• Suppressor of complex I (S1QEL) and complex III (S3QEL) from Sigma-

Aldrich. 

• SiRNA (5´-GAAAGAAUGCGUGUAUUUUGUAA-3´) against human 

TRPM2 was designed using siDirect and custom made by Dharmacon (GE 

Healthcare, Chicago, USA). 

• Control siRNA was from Ambion. 

 

 

2.1.6 Antibodies 

 

2.1.6.1 Primary antibodies 

 

• Mouse monoclonal Anti-FLAG®M2 (1:5000 dilution) was purchased from 

Sigma-Aldrich®, F1804 - 1 mg/ml).  

• Anti-TRPM2 antibodies (1:1000 dilution) against home-designed 

extracellular epitopes were custom generated in rabbit.  

 

2.1.6.2 Secondary antibodies 

 

• Goat anti-Mouse IgG HRP-conjugated antibody (1:10000) purchased from 

BIO-RAD. 
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• Goat anti-Rabbit IgG HRP-conjugated antibody (1:5000) from Sigma-

Aldrich®. 

• Cy3-conjugated anti-Rabbit IgG (1:500) from Jackson Immuno-Research.  

 

 

2.1.7 Buffers and solutions 

 

• Hank’s Balanced Salt Solution (1x) (HBSS) was purchased from Gibco® 

by Life Technologies™. 

• 10x standard buffer solution (SBS) 

Ingredients Quantity 

NaCl 7.85 g 

KCl 0.37 g 

HEPES 2.38 g 

Milli-Q water 100 ml 

                       pH adjusted to 7.4 with 2 M NaOH 

 

• 1x SBS – supplemented with Ca2+, Mg2+ and glucose   

Ingredients Quantity 

10x SBS 5 ml  

1 M MgCl2 60 µl 

1 M CaCl2 75 µl 

1 M glucose  400 µl 

Milli-Q water Up to 50 ml 

 

• 10x sodium dodecyl sulphate (SDS) running buffer 
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Ingredients Quantity 

Glycine 144 g 

Tris 30.3 g 

SDS 10 g 

Milli-Q water Up to 1 L 

 

• 1x SDS running buffer: diluted from 10x stock in Milli-Q water. 

• 10x phosphate buffered saline (PBS)  

Ingredients Quantity 

NaCl 80 g 

KCl 2 g 

Na2HPO4.7H2O 26.8 g 

KH2PO4 2.4 g 

Milli-Q water Up to 1 L 

 

• 1x PBS diluted from 10x stock in Milli-Q water. 

• 1x PBS/Tween (PBS-T) prepared by adding 250 µl of Tween20 into 500 

ml of 1x PBS. 

• Ice-cold transfer buffer (prepared and stored at 4 ⁰C) 

Ingredients Quantity 

Glycine 14.4 g 

Tris 3.03 g 

SDS 1 g 

Milli-Q water 800 ml 

methanol 200 ml 

 

• Blocking buffers: 5% Marvel milk in 1x PBS-T, or 5% Bovine serum 

albumin (BSA), or 5% goat serum. 
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• Fixative solution: 16% formaldehyde prepared in PBS purchased from 

Invitrogen.  

• Lumigen PS-atto solution A and solution B purchased from Lumigen, 

U.S.A. 

 

 

2.1.8 Tissue cultures materials 

  

All tissue culture plates (6, 24 and 96 well plates) and flasks were purchased from 

Sarstedt. The 8-well ibiTreat slides were purchased from ibidi. The 35 mm 

fluoroDish™ glass bottomed tissue culture dishes were purchased from World 

Precision instruments. 

 

 

2.2 Methods 

 

2.2.1 Cells culture 

 

SH-SY5Y and HEK-TRPM2tet were cultured in DMEM+GlutaMAX-1 

supplemented with 10% FBS and penicillin (100 U/ml) and streptomycin (100 

µg/ml), referred to as complete medium. All cell lines were grown at 37⁰C in a 

humidified 5% CO2 incubator. Cells were sub-cultured in T-25 or T-75 flasks until 

they reached 70-80% confluency. For passaging the cells, growth medium was 

removed from the flask, and cells were washed with DPBS. Then, cells were 

detached from the flask by adding 1-2 ml (1 ml for T-25 and 2 ml for T-75 flasks) 

of TrypLE™ (for SHSY-5Y cells) or 0.05% trypsin-EDTA (for HEK-TRPM2tet cells) 

solution and incubated in 37⁰C for 2-5 minutes until complete cell detachment has 

been achieved. This was followed by resuspending the cells in 6-8 ml medium. 

Cell culture was continued by transferring 0.5-1.0 ml of cell suspension into a new 

flask containing pre-warmed fresh culture medium (e.g., 5-10 ml for T-25 flask, 
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or 10-20 ml for T-75 flask). For experiments, cells were seeded into multi-well 

plates, ibidi tissue culture slides or dishes and grown at 37⁰C in 5% CO2 incubator 

followed by treatments after 24-48 hours. HEK-TRPM2tet cells were induced with 

tetracycline (1 µg/ml) for 48 hours before treatment to induce TRPM2 expression 

in these cells. Uninduced cells were used as controls.     

 

 

2.2.2 Treatments  

 

Cells were grown on multi-well plates, 35 mm FluoroDishes™ or 8 well ibiTreat 

slides for live cell imaging and maintained in DMEM+GlutaMAX-1 complete 

medium. For cell treatment, all stock chemical reagents and molecular probes 

were made up in sterile Milli-Q water, PBS or DMSO and, where appropriate, 

diluted in the media. 

 

 

2.2.2.1 ROS production inducers 

 

MPP+ was used to induce ROS production in SH-SY5Y cells. MPP+ was made 

up in sterile Milli-Q water at 100 mM. To determine the effect of MPP+ on total 

cellular and mitochondrial ROS generation, SH-SY5Y cells were treated with 

different concentrations of MPP+ (0, 0.5, 1 mM) diluted in DMEM medium. Then, 

they were incubated at 37 ⁰C in 5% CO2 incubator for 24 hours. In HEK-TRM2tet 

cells, ROS production was induced by treating the cells with 50 µM H2O2 for 2 

hours at 37 ⁰C in a 5% CO2 incubator. The final concentration of H2O2 was 

achieved by diluting the 9.8 M stock with DMEM medium. Following the 

treatments, cells were stained (see later and relevant figure legends), and 

washed with 1x HBSS before imaging. 
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2.2.2.2 ROS scavengers and NOX inhibitors 

 

Three ROS scavengers (antioxidants) were tested on SH-SY5Y cells. Cells were 

treated with 1 mM MPP+ with and without antioxidants; NAC (5 mM), TEMPO (10 

µM) or Mito-TEMPO (10 µM). Then, they were incubated for 24 hours at 37 ⁰C. 

Co-treatments with the general NOX inhibitor, Apocynin (10 µM), or the NOX2 

specific gp91ds-tat peptide inhibitor (5 µM) were also performed for 24 hours at 

37 ⁰C in a 5% CO2 incubator. Cells were stained (see relevant figure legends) 

after the treatments, rinsed, and washed with 1x HBSS before imaging. 

 

 

2.2.2.3 Inhibition of TRPM2  

 

To determine the role of TRPM2 channels in mediating MPP+-induced ROS 

production, mitochondrial fragmentation, lysosomes depletion, and cell death, 

TRPM2 blockers (chemicals) or siRNA were used. In addition, to block the 

channel, anti-TRPM2 function blocking antibodies were used on SHSY5Y and 

HEK-TRPM2tet cells (see chapter 5). 

 

TRPM2 blockers 

 

For TRPM2 inhibition, SH-SY5Y cells were pre-treated for 1 hour with three 

different TRPM2 pharmacological blockers; ACA (10 µM), 2-APB (50 µM) and 

PJ34 (10 µM). Then, MPP+ was added to a final concentration of 1 mM and the 

cells were incubated for 24 hours at 37 ⁰C. HEK-TRM2tet cells were incubated 

with 50 µM H2O2 for 2 hours after the pre-treatment. 
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siRNA-TRPM2 Transfection 

 

Transfections were performed on SH-SY5Y cells grown in a 24-well plate at 60% 

confluency. 12.5 ng of small interfering RNA (siRNA) specific to TRPM2 (TRPM2-

siRNA) or control scrambled siRNA (Scr-siRNA) were prepared in Opti-MEM® 

and incubated at room temperature for 5 minutes. In parallel, a second 

combination consisting of Lipofectamine® RNAiMAX and Opti-MEM® was also 

prepared and incubated at room temperature for 5 minutes. The two mixes were 

then combined and allowed to incubate at room temperature for 25 minutes 

before adding to the cells. After 6 hours, the medium was replaced with the 

complete medium and cells were allowed to grow for 24 hours. Transfected cells 

were exposed to 1 mM MPP+ for 24 hours at 37 ⁰C. Then, depending on the aim 

of the experiment, cells were stained either with DHE (for total cellular ROS), 

MitoSOX (for mitochondrial ROS), MitoTrackerTM Red (for mitochondria), or 

propidium iodide (for dead cells nuclei) and/or Hoechst (for nuclei) (see later and 

relevant figure legends). Finally, stain was replaced with 1XHBSS before imaging 

the stained cells.  

 

Anti-TRPM2 antibodies 

 

Cells were treated with anti-TRPM2 antibodies (1:100 dilution in DMEM), or with 

preimmune serum (1:100 dilution in DMEM) for 2 hours at 37 ⁰C prior to desired 

treatments (e.g., H2O2 or MPP+). Depending on the aim of the experiment, cells 

were then stained for cell death (PI stain), calcium (Fura-2-AM or Fluo4-AM), 

cytosolic ROS (DHE), mitochondrial ROS (MitoSOX), lysosomes (LysoBrite 

Red), or mitochondria (MitoTrackerTM Red) (see relevant figure legends). After 

washing with 1XHBSS, the cells were imaged.  
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2.2.2.4 Ca2+ and Zn2+ chelators  

 

To understand the role of Ca2+ and Zn2+ in this study, two ion chelators were 

used. To determine the role of Ca2+, SH-SY5Y cells were treated with 1 mM MPP+ 

plus or minus the Ca2+ chelator, BAPTA-AM (5 µM) for 24 hours at 37 ⁰C. TPEN 

was used for quenching Zn2+. Cells were treated with MPP+ (1 mM) plus or minus 

TPEN (0.5 µM) for 24 hours at 37 ⁰C in a 5% CO2 incubator. Cells were stained 

as required (see later and relevant figure legends) and washed with 1X HBSS 

before imaging. 

 

 

2.2.2.5 Ca2+ and Zn2+ ionophores  

 

To rise the intracellular Ca2+ and Zn2+ levels, the Ca2+ ionophore (A23187) and 

Zn2+ ionophore, Zn-pyrithione (Zn-PTO) were used. A23187 is not specific for 

Ca2+ and could allow Zn2+ entry, therefore, it was combined with the membrane 

impermeable Zn2+ chelator, DTPA (diethylenetriaminepentaacetic acid). The 

latter removes any Zn2+ present in the ambient medium. Cells were treated with 

2 µM A23187 in the presence of 2 mM DTPA and incubated at 37⁰C for 4 hours. 

For Zn2+ delivery into the cells, Zn-PTO (2 µM) was added to the cells in Ca2+ free 

medium and incubated for 2 hours at 37⁰C. Then, depending on the aim of the 

experiment, cells were stained and imaged. 

 

 

2.2.2.6 Suppressors of superoxide production from mitochondrial 

complexes  

 

To determine the mitochondrial site of ROS production in MPP+ treated SH-SY5Y 

cells, site-specific suppressors of electron leak from complex I (S1QEL) and 

complex III (S3QEL) were used. These selective chemicals suppress 

mitochondrial ROS generation at complex I/III without altering forward electron 
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transport (Wong et al., 2019a, Orr et al., 2015). SH-SY5Y cells were pre-treated 

with S1QEL (10 µM) or S3QEL (5 µM) for one hour. The cells were then incubated 

with 1 mM MPP+ for 24 hours at 37 ⁰C. Following the treatments, they were 

stained for mitochondria (MitoTrackerTM Red), mtROS (MitoSOX), or cell death 

(PI). The cells were washed with 1x HBSS before recording the images. 

 

 

2.2.3 Immunoblotting 

 

2.2.3.1 Sample Preparation  

 

SH-SY5Y cells were cultured in T-25 flask to 80% confluency. HEK-TRPM2tet 

cells were cultured in two T-25 flasks to 50% confluency. One flask was treated 

with 1 µg/ml tetracycline for 48 hours, and the other flask was left untreated 

(uninduced). From all three flasks, medium was removed, and cells were washed 

with PBS. Cells were scraped in 3 ml PBS, transferred into tubes, and then 

centrifuged at 200 g for 5 minutes at 4⁰C. Following centrifugation, supernatant 

was discarded, and the pellets were suspended 1x SDS sample buffer and 

incubated for five minutes at 95⁰C before loading into SDS-PAGE gels (sodium 

dodecyl sulfate – polyacrylamide gel electrophoresis). 

 

 

2.2.3.2 SDS-PAGE gel preparation  

 

10% SDS – polyacrylamide gels were prepared as follows: the resolving gel was 

prepared by mixing 4 ml of ddH2O, 3.33 ml 30% Bis/Acrylamide, 2.5 ml 1.5 M Tris 

(pH 8.8), 100 µl 10% SDS, 100 µl 10% APS (Ammonium persulphate) and 4 µl 

TEMED (Tetramethylethylenediamine). The stacking gel was prepared by mixing 

2.73 ml ddH2O, 680 µl 30% Bis/Acrylamide, 500 µl 1 M Tris (pH 6.8), 40 µl 10% 

SDS 40 µl 10% APS and 4 µl TEMED. The resolving gel mixture was loaded first 

into the casting cassette, allowed to polymerize, and then the stacking gel mixture 
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was overlaid. A comb was placed into the stacking gel and the gel was allowed 

to set for at least 1 hour before use. 

 

 

2.2.3.3 Gel running, transferring and antibody incubation 

 

Cell lysates were loaded onto the SDS-PAGE gel. 6 µl of protein marker and 10 

µl of each sample were loaded into preformed wells. Gel was run at 200 volts 

until the required separation of the marker bands was achieved. Then, gel was 

removed from the tank and placed in ice-cold transfer buffer for 15 min. Stacking 

gel was removed and the running gel was placed on a 0.45 µm nitrocellulose 

membrane (BIO-RAD). The gel-membrane stack was then placed between two 

blotting papers that were pre-wetted with transfer buffer. The separated proteins 

were then transferred electrophoretically from the gel onto the nitrocellulose 

membrane using a semi-dry transfer apparatus (BIO-RAD) at 0.06 A for 90 

minutes. The membrane was incubated with the blocking buffer on a shaker at 

4⁰C for 4 hours. After the blocking step, the membrane was incubated with the 

primary antibody (diluted in blocking buffer) on a shaker at 4⁰C for overnight. The 

membrane was washed with PBS-T for 1 hour (changed every 20 minutes) on a 

shaker at room temperature. Following the wash, the membrane was incubated 

with the secondary antibody (diluted in blocking buffer) for two hours on a shaker 

at room temperature. Then, the washing step was repeated as described earlier 

after primary antibody incubation. 

   

 

2.2.3.4 Developing 

 

Lumigen PS-atto solution A and solution B were mixed in equal volumes (250 µl 

each) and left in dark for 5 minutes. The membrane was placed onto a clean 

glass back plate (side of membrane that faced gel upwards) then covered 

completely with the PS-atto mixture. The membrane was then incubated in dark 



 
 

72 
 

for two minutes. The excess reagent was then drained off and the membrane was 

covered with cling film. Finally, the membrane was imaged using the SYNGENE 

imager. A band of ~ 170 KDa corresponds to the size of TRPM2 subunit. 

 

 

2.2.4 Immunostaining  

 

To examine the ability of anti-TRPM2 antibodies to recognize native TRPM2, 

immunocytochemical surface staining was performed. HEK-TRPM2tet cells (both 

tetracycline induced and non-induced cells) and SH-SY5Y cells grown on pre-

treated glass coverslips in a 24-well plate were first fixed with 4% 

paraformaldehyde solution for 15 minutes at room temperature. After washing 

with 1x PBS (three times, five minutes each), non-specific binding sites were 

blocked with blocking buffer (5% goat serum in 1x PBS) for one hour at room 

temperature. Then, cells were incubated with anti-TRPM2 antibody (1:200 

dilution in blocking buffer) for two hours followed by washing with 1x PBS (three 

times, five minutes each). After that, cells were stained with Cy3 conjugated 

donkey anti-rabbit IgG secondary antibody (1:500 dilution in blocking buffer) for 

one hour and washed with 1x PBS (three times, five minutes each). Cells were 

then rinsed with distilled water before mounting the coverslips onto a microscope 

slide using a small drop of DAPI Fluoromount-G mounting medium (purchased 

from SouthernBiotech). Coverslips edges were sealed with nail varnish, and cells 

were imaged using EVOS FL Auto 2 microscopes fitted with RFP filter and a 40x 

objective.  

 

 

2.2.5 Intracellular Ca2+ measurement by Flexstation 

 

Changes in intracellular Ca2+ in response to H2O2 stimulus was monitored by pre-

loading the cells with Fura-2-AM, a fluorescent Ca2+ reporter. Fluorescence was 

recorded using FlexStation®III (Molecular Devices). FlexStation can perform 
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automated fluorescence measurements in multi-well plates, and report the 

activity of Ca2+ channels by measuring changes of intracellular free Ca2+ level in 

response to a stimulus (Marshall et al., 2005). For this, cells were grown in 

0.001% poly-L-lysine coated 96-well plate, so the confluency reached 100% 

within 24 hours. Then medium was removed, and cells washed with SBS. Then, 

the cells were incubated in Fura-2-AM (2 µM) and 0.01% Pluronic®F127 diluted 

in SBS and incubated in the dark at 37°C for 1 hour. After incubation, Fura-2-AM 

solution was removed and replaced with 200 µl of SBS and further incubated in 

the dark for 30 minutes. After incubation, cells were washed 3 times with SBS. 

Following this dye loading step, appropriate treatment solutions were prepared 

and added to the cells; the plate was incubated in the dark for desired period of 

time (as shown in the relevant figure legends). During the incubation time, a 

round-bottom 96-well (compound) plate containing H2O2 solution was prepared 

(for concentrations see figure legends). Finally, both the plates (cells and the 

compound) were loaded into the FlexStation®III Multi-Mode Microplate Reader. 

Fluorescence was detected with excitation wavelength at 340 nm and 380 nm for 

Ca2+-bound and Ca2+-free Fura-2, respectively. In both states, the emission 

wavelength was 510 nm. The readings were taken for a total of 6 minutes at 5 

seconds time intervals. At the 60 seconds time point, 20 µl of H2O2 (five-fold the 

required final concentration) was automatically injected into the wells. The 

fluorescence intensities were calculated from the ratios of 510 nm/340 nm and 

510 nm/380 nm which are directly related to the concentration of intracellular 

Ca2+. The statistical analysis was performed by calculating the mean ± S.E.M of 

fluorescence ratios that were calculated by taking the fluorescence intensities at 

the baseline (before the addition of H2O2) and subtracting the value from the last 

time point. Then the statistical differences between various treatments were 

compared using One-way Anova in Origin software (version 9.1.0). 

 

 

2.2.6 Intracellular Ca2+ measurement by live cell imaging 

 

Cells were grown in 8-well ibiTreat slides, 35 mm FluoroDish™, or 96-well plate 

to approximately 60% confluence. Cells were treated or not treated (control) with 
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the test chemicals (as shown in the relevant figure legends) for desired length of 

time.  Cells were washed with 1x HBSS and loaded with Fluo4-AM as described 

above. After washing with 1XHBSS to remove the excess stain, cells stained with 

Hoechst 33342 (2 µM) in 1XHBSS for 30 minutes at 37 ⁰C. Finally, stain was 

replaced with 1x HBSS before recording the images using the inverted confocal 

microscope (see imaging details in section 2.2.16, table 2.2). 

 

 

2.2.7 Intracellular Zn2+ measurement by live cell imaging 

 

To detect intracellular free Zn2+, cells were grown on a 8-well ibiTreat slides or 35 

mm FluoroDish™ to about 50% confluency. After desired treatments, cells were 

washed with 1XHBSS and loaded with 2 µM FluoZin3-AM (prepared in 1x HBSS) 

in the presence of 0.01% pluronic acid for 1 hour at 37 ⁰C. Cells were then washed 

and incubated with Hoechst 33342 (2 µM) for 30 minutes. After washing with 1x 

HBSS to remove the excess stain, cells were imaged using the inverted confocal 

microscope (see imaging details in section 2.2.16, table 2.2). 

 

 

2.2.8 Live cell imaging of mitochondria and lysosomes 

 

Cells were grown in 8-well ibiTreat slides or 35 mm FluoroDish™ to ~50% 

confluency. After desired treatments, the chemicals/medium were removed. Cells 

were then loaded with 500 nM MitoTrackerTM Red, 200 nM MitoTrackerTM Green, 

or 200 nM LysoBrite™ Deep Red for 30 minutes at 37 ⁰C. Subsequently, cells 

were washed once with 1x HBSS and imaged using the inverted confocal 

microscope (see imaging details in section 2.2.16, table 2.2).  
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2.2.9 Mitochondrial morphology assessment 

 

The imaging-based quantitative assessment of mitochondrial morphology was 

performed using the “Mitochondria Analyzer” as described by (Chaudhry et al., 

2020). Mitochondria Analyzer is a plugin in Image J or Fiji software that enables 

quantitative analysis of mitochondrial morphology and network from photo-

labelled mitochondria. It allows quantification of the morphological changes of 

mitochondria and to produce both two-dimensional (2D) analysis of the images 

and three-dimensional (3D) analysis of the entire mitochondrial network. For an 

accurate analysis, image acquisition was optimized for best resolution images. 

Single cross-section images were acquired for 2D analysis, whereas for 3D 

analysis, Z-stacks were acquired. Mitochondria Analyzer provides multiple 

parameters of analysis that allow identification of mitochondria morphologies (see 

section 2.2.20). In this study, two parameters (aspect ratio and form factor) have 

been selected from 2D data analysis. All other parameters that reflect the full 

mitochondrial network morphology were calculated using 3D data analysis. 

These parameters are volume, surface area, sphericity, number of branches, 

mean branch length, total branch length, number of branch junctions and branch 

end points (see details in table 2.1 and figure 2.1). 

 

 

2.2.10 Mitochondrial membrane potential 

 

To investigate the effect of specific chemical treatment on the inner mitochondrial 

membrane potential (ΔΨm), cells were grown in 96 well tissue culture plate at ~ 

50% confluency. After treatment (see relevant figure legends), cells were stained 

for ΔΨm using 200 nM tetramethylrhodamine ethyl ester (TMRE) for 30 minutes 

at 37 ⁰C. Then, cells were washed once with 1x HBSS and recorded by using 

EVOS FL Auto 2 microscope (see imaging details in section 2.2.16, table 2.2). 

Strong red fluorescence indicates healthy mitochondria, whereas a reduction in 

fluorescence indicates loss of ΔΨm, an indicator of unhealthy mitochondria 

(Crowley et al., 2016). Thus, the intensity of TMRE fluorescence (analysis details 
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in section 2.2.20) was utilized to evaluate whether mitochondria in a stained cell 

have high (active mitochondria) or low (inactive mitochondria) ΔΨm (Crowley et 

al., 2016).  

 

 

 

 

  



 
 

77 
 

Table 2.1 Definitions of mitochondria parameters. 

Definitions of parameters used in 2D and 3D analysis of mitochondrial 

morphology. Modified from (Chaudhry, 2019, Picard et al., 2013)  

Parameter Definition/ Description 

2D parameters 

Aspect ratio A shape measure given by: (major axis)/(minor axis). 

It reflects the length-to-width ratio.  

Form factor 

 

A shape measure given by: (perimeter2)/(4𝜋)(surface 

area) 

1 indicates round mitochondrion and the value 

increases with elongation. 

It reflects the complexity and branching of 

mitochondria. 

3D parameters 

Mean volume  Mean volume of mitochondrion 

Mean Surface area Mean surface area of mitochondria (mitochondria size)   

Sphericity A shape measure of sphericity. It reflects the circularity 

and roundness of mitochondria. The higher sphericity 

value, the more the sphericity of the mitochondrion.  

Branches Total number of branches in image. 

Total branch length Sum of length of all branches in image. 

Mean branch length Total branch length divided by number of branches. 

Branch junctions Number of junctions (points where two or more 

branches meet) within all skeletons in image. 

Branch end points Total number of end point, which are where the 

branches end without connecting to another branch. 
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Figure 2.1 Schematic drawing summarized the various parameters used for 

describing the mitochondrial network connectivity in 3D analysis. 

  



 
 

79 
 

2.2.11 Assessment of lysosomes number and Lysosomal membrane 

permeabilization 

 

To examine the lysosomal membrane permeabilization (LMP) in SH-SY5Y cells 

in normal and neurotoxic condition, they were grown in 8-well ibiTreat slide. Cells 

were treated with medium alone (CTRL) or 1 mM MPP+ in the presence or 

absence of a TRPM2 inhibitor (2-APB, 50 µM) for 24 hours at 37 ⁰C. Also, the 

effect of elevated cytosolic Ca2+ on LMP was investigated by exposing the cells 

to the Ca2+ ionophore A23187 (2 µM plus 2 mM DTPA) for different incubation 

periods (0, 2, 4 hours) with and without the Ca2+ chelator (BAPTA, 5 µM). After 

treatment, cells were stained for lysosomes using 200 nM LysoBrite™ Deep Red 

for 30 minutes at 37 ⁰C. Cells were then washed once with 1x HBSS and imaged 

using the inverted confocal microscope (see imaging details in section 2.2.16, 

table 2.2). The number of lysosomes and LMP were assessed through two 

methods: either by calculating the number of LysoBrite Red-positive lysosomes, 

or by measuring the intensity of LysoBrite fluorescence per cell (analysis details 

in section 2.2.20). LMP is indicated by the reduction in the number/intensity of 

positive-stained lysosomes (Abuarab et al., 2017, Li et al., 2017a). 

 

 

2.2.12 Drp 1-GFP recruitment to mitochondria  

 

To investigate MPP+-induced Drp1 recruitment to mitochondrial, SH-SY5Y cells 

grown in 8-well ibiTreat slide at ~ 50% cells confluency were transfected with 0.3 

µg of Drp1-GFP using Lipofectamine® 2000 in Opti-MEM medium. After 8 hours, 

equal volume of complete medium was added, and the incubation continued for 

48 hours at 37 ⁰C. Then, cells were treated with either MPP+ (1 mM) in present 

or absence of the TRPM2 blocker (2-APB, 50 µM) and incubated further for 24 

hours, or treated with Ca2+ free medium containing the Zn2+ ionophore (Zn-PTO, 

2µM) for 2 hours at 37 ⁰C. After treatment, cells were stained for mitochondria 

using MitoTrackerTM Red for 30 minutes, washed with 1x HBSS, and cells were 
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imaged for Drp1-GFP and MitoTrackerTM Red using confocal microscope (see 

imaging details in section 2.2.16, table 2.2). 

 

 

2.2.13 Assessment of total cytosolic ROS production 

 

Total intracellular ROS generation was determined by staining the cells either 

with DHE or H2DCF-DA in cells grown in 96-well plates. Cells were treated or not 

treated (control) with the test chemicals (as shown in the relevant figure legends) 

for the desired incubation period. Medium was removed and the cells were 

stained with 100 µl of DHE (5 µM) or H2DCF-DA (10 µM) and Hoechst 33342 (2 

µM), diluted in 1x HBSS, for 30 minutes at 37°C. Following this, cells were 

washed with 1x HBSS and then imaged using EVOS FL Auto 2 microscope (see 

imaging details in section 2.2.16, table 2.2). The results were expressed as the 

mean of DHE (or H2DCF-DA) fluorescence intensity per cell (see details in 

section 2.2.20). 

 

 

2.2.14 Assessment of mitochondrial ROS production 

 

Following the desired treatments, cells were tested for mitochondrial superoxide 

production using the MitoSOX Red stain. Staining was performed by incubating 

the cells, grown in 96-well plates with 100 µl of 2 µM MitoSOX and Hoechst 33342 

(2 µM), diluted in 1x HBSS, for 30 minutes at 37°C. Following this, the stain was 

replaced with 1x HBSS and then cells were imaged using EVOS FL Auto 2, or a 

confocal microscope (see imaging details in section 2.2.16, table 2.2). The results 

were expressed as the mean of MitoSOX fluorescence intensity per cell (see 

details in section 2.2.20).   
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2.2.15 Cell death Assay 

 

The cell viability was determined by co-staining the cells with Hoechst 33342 and 

propidium iodide (PI). Hoechst 33342 stained total nuclei of all cells whereas PI 

stained only the nuclei of dead cells. PI is commonly used as a good indicator of 

loss of cell viability. It is economical, stable and does not stain live or early 

apoptotic cells. In the experiment, PI stock (1 mg/ml) was prepared in water, and 

the working stain solution was made up by diluting the stock in DMEM medium 

to give 5 µg/ml final concentration. For Hoechst 33342, the final concentration 

used was 2 µM. Staining was performed at 37⁰C for 20-30 minutes. Then, cells 

were imaged using EVOS FL Auto 2 microscope (see imaging details in section 

2.2.16, table 2.2). The results are expressed as percentage of cell death; that is, 

the number of dead cells (PI positive - Red) out of total number of cells (Hoechst 

33342 – blue). 

 

 

2.2.16 Fluorescence Microscopy 

 

Images of stained cells were captured using either an EVOS FL Auto 2 

microscope (Invitrogen™, Thermo Fisher Scientific Waltham, MA, USA) with a 

20x or 40x objective lens, or an inverted confocal microscope (LSM 880 + 

Airyscan, Carl Zeiss, Germany) with a 40x/1.4 Oil DIC M27 objective lens. Images 

were taken from at least three different fields of view per well. The microscope as 

well as the specific filter sets or wavelengths used to observe each fluorescent 

dye are listed in table 2.2. 
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Table 2.2 Shows the microscope and filter set used for the fluorescent dyes. 

 

Fluorescent dye Microscope EVOS Filter Excitation Emission 

Hoechst 33342 EVOS/ Confocal DAPI 360 nm 460 nm 

PI EVOS Texas Red 535 nm 617 nm 

H2DCF-DA EVOS GFP 488 nm 510 nm 

DHE EVOS RFP 510 nm 580 nm 

MitoSOX™ EVOS/ Confocal RFP 510 nm 580 nm 

Fluo4-AM EVOS/ Confocal GFP 488 nm 510 nm 

FluoZin™3-AM Confocal - 490 nm 520 nm 

MitoTrackerTM Red Confocal - 581 nm 644 nm 

MitoTrackerTM Green Confocal - 490 nm 516 nm 

LysoBrite™ Deep Red Confocal - 581 nm 644 nm 

TMRE EVOS RFP 550 nm 575 nm 

Drp1-GFP Confocal - 488 nm 505 nm 
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2.2.17 Image and statistical analysis  

 

2.2.17.1 Image analysis 

 

Fiji/ImageJ (1.53c) were used for all analysis of total cellular and mitochondrial 

ROS fluorescent intensity, mitochondrial morphology, mitochondrial membrane 

permeabilization, lysosomes and dead cells counting.  

 

For fluorescent intensity measurements, integrated density for the entire image 

(x) was measured. Background fluorescence intensity (y) was determined from 

the mean of multiple selected areas where cells were absent and subtracted from 

x. Number of cells (n) was counted from Hoechst stain and the following equation 

was used to determined fluorescent intensity per cell: 

                                 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 =
𝑥−𝑦

𝑛
   

 

For analysis of mitochondria morphology, images were acquired using inverted 

confocal microscope, with a 40x/1.4 Oil DIC M27 objective lens to best resolution. 

Single cross-section images were acquired for 2D analysis, whereas for 3D 

analysis, Z-stacks were acquired. The quantitative assessment of mitochondrial 

network was carried out using the “Mitochondrial Analyzer” plugin in Fiji/ImageJ 

1.53c software that provides several analytical parameters allowing a quantitative 

description of mitochondria morphologies. The acquired images were first pre-

processed and thresholded by selecting either “2D or 3D Threshold” command 

to obtain maximum mitochondrial structural details and minimizing any 

background signal. This command depends on the local threshold method which 

provides a threshold for each pixel in the image and normally requires two 

important parameters to be identified: the block size (The area around each pixel 

and which depends on the objects size) and the C value (signal to noise contrast) 

(Chaudhry et al., 2020). Therefore, different combination of block size and C 

value was tested to get the optimal one for the acquired mitochondrial images. 

For 3D analysis, the 3D construction of mitochondria was generated by merging 
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a stack of serial slices spanning the whole cell using the “stacks-Z project” 

command. Then, the threshold images converted into skeleton image using 

“skeletonize (2D/3D)” command following by skeleton analysis by applying “2D 

or 3D analysis” command. From 2D analysis, the aspect ratio and form factor 

were measured. 3D images were utilized to obtain the volume, surface area, 

sphericity, number of branches, mean branch length, total branch length, number 

of branch junctions and branch end points in mitochondria (table 2.1 and figure 

2.1). 

 

Finally, the number of lysosomes were determined either manually using the “cell 

counter” command or automatically by applying the “find Maxima” command on 

pre-processed (to reduce the background signals) images.   

 

 

2.2.17.2 Statistical analysis 

 

Statistical significance was determined using One-way ANOVA followed by 

Tukey post-hoc mean comparison test using OriginPro 9.1 (Seifert, 2014) and 

Jamovi stat 1.6.23 (Şahin and Aybek, 2019).  All experiments were performed at 

least three times (n), and the number of cells (N) analyzed in each experiment 

was indicated in the figure legend. The values were presented as mean ± SEM. 

Probability (P) values; * Indicates p ˂0.05; ** indicates p ˂0.01; *** indicates p 

˂0.001.   
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Chapter 3  

Neurotoxin-induced SH-SY5Y neuroblastoma cell death is  

mediated by TRPM2 stimulated ROS amplification                                                                           

 

3.1 Introduction 

 

Oxidative stress is intimately associated with neuronal cell death, which is an 

underlying cause of many neurodegenerative disease. Understanding the 

regulatory mechanisms underlying oxidative stress is therefore important for 

development of therapies for neuronal diseases. Oxidative stress results from an 

imbalance between the production of prooxidants and antioxidants (Takahashi et 

al., 2011). The prooxidants are mainly represented by the reactive oxygen 

species (ROS) and when their levels exceed the control by antioxidants, they 

result in oxidative stress. ROS are natural by-products of various cellular 

processes, such as cellular respiration, protein folding, and some metabolic 

reactions (Reczek and Chandel, 2015). They play vital roles in intracellular 

signaling in several physiological and cellular processes. For instance, they are 

involved in growth factor signaling, host defence, autophagy, and proliferation 

and differentiation of stem cells (Reczek and Chandel, 2015). In cell signaling, 

ROS can modify redox-sensitive amino acids in many proteins, such as ion 

channels, kinases, phosphatases, and transcription factors, thereby affecting 

their activities. However, over-production of ROS has damaging effects on 

biomolecules, including DNA, proteins, and lipids. DNA oxidation could result in 

mutations and impact gene expression (Brieger et al., 2012, Dröge, 2002). 

Oxidative damage compromises the function of a number of proteins essential 

for cellular health.  ROS can also affect the integrity of the lipid bilayer of cell 

membranes through peroxidation of polyunsaturated fatty acids. These damaging 

effects collectively contribute to pathological changes characteristic of many 

ROS-related diseases. Indeed, overproduction of ROS is a defining feature of 

almost all late-age onset human diseases including diabetes (Gao and Mann, 

2009, Houstis et al., 2006), cardiovascular diseases (Negre-Salvayre et al., 

2020), cancer (Franco et al., 2008, Khandrika et al., 2009, Desouki et al., 2005) 
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and neurodegenerative diseases (such as, Parkinson’s and Alzheimer’s) 

(Tarafdar and Pula, 2018). Several in vitro and in vivo studies have shown that 

prevention of excess ROS production, as well as ROS scavengers (Hulsmans et 

al., 2012, Ceriello, 2006, Erejuwa, 2012, Yan, 2014, Calkins et al., 2012), reduce 

cell death and the severity of many diseases. The mechanisms underlying the 

generation of pathological concentration of ROS have been extensively 

investigated, but how ROS production is regulated is unclear. Addressing the 

latter question is important for developing safe and effective therapies targeted 

to ROS. 

 

Excess ROS production in a cell is often trigged by exogenous agents such as 

different types of radiation, toxins, environmental pollutants including heavy metal 

ions such as Mn2+ and Zn2+. These agents stimulate ROS production in various 

cellular compartments such as the cell membrane, cytoplasm, ER, mitochondria, 

and peroxisomes (Forrester et al., 2018, Rastogi et al., 2017). A major source of 

ROS, however, is mitochondria, where 90% of total cellular ROS is produced. 

Mitochondrial ROS (mtROS) are produced as a by-product during the transport 

of electrons from reduced nucleotides to molecular oxygen through the electron 

transport chain (ETC) (Zorov et al., 2014). Most exogenous agents target the 

protein complexes of ETC to generate toxic amounts of mtROS.  

 

Recent studies have implicated TRPM2 channels in ROS regulation and cell 

death (Abuarab et al., 2017, Li et al., 2017a). ROS activation of TRPM2 channels 

affects intracellular Ca2+ and Zn2+ dynamics. Both ions are implicated in ROS 

production by affecting NADPH oxidase (NOX) enzymes and the mitochondrial 

ETC (Sensi et al., 2009, Dineley et al., 2005, Görlach et al., 2015, Nicholls, 2005, 

Marreiro et al., 2017). Studies have suggested an association between TRPM2 

channel activation and a number of diseases (Yamamoto and Shimizu, 2016) 

including PD (Sun et al., 2018). Patients with PD have decreased glutathione 

levels, decreased mitochondrial complex I activity and increased dopamine  

turnover (Yoshikawa, 1993), all of which increase ROS formation and lead to 

neuronal cell damage. The aim of this study is to test the hypothesis that TRPM2 

channel mediated changes in intracellular Ca2+ and Zn2+ trigger ROS 
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overproduction and neuronal cell death in PD. To test this hypothesis, human 

neuroblastoma SH-SY5Y cells were used. This cell line expresses tyrosine 

hydroxylase required for conversion of L-tyrosine to L-dihydroxyphenylalanine (L-

DOPA), that is subsequently converted to dopamine by aromatic L-amino acid 

decarboxylase (Xicoy et al., 2017). Furthermore, they express dopamine 

transporters to facilitate uptake of dopamine as well as MPP+ (Kovalevich and 

Langford, 2013, Knaryan et al., 2014). For these reasons, SH-SY5Y cells have 

widely been used in PD research (Xicoy et al., 2017). Expression of TRPM2 

channels in SH-SY5Y cells has been demonstrated using western blotting and 

electrophysiology (Sun et al., 2018, Chen et al., 2013). For these reasons, in this 

study, this cell was used in conjunction with MPP+ as a model to study the TRPM2 

dependent intracellular events that lead to ROS dyshomeostasis and cell death.   

 

In these models, MPP+ has been shown to induce ROS generation and 

quenching of ROS protects DA neurons from toxin induced cell death (Wang et 

al., 2011, Fragkouli and Doxakis, 2014, Choi et al., 1999, Lotharius et al., 1999, 

Anantharam et al., 2007), however, the details of the underlying mechanisms are 

unclear. Thus, the aim of this chapter is to understand the molecular mechanism 

of oxidative stress induced neuronal cell death and the role that TRPM2 channels 

play using the in vitro model of PD. In this context, it is important to note that SH-

SY5Y cells natively express TRPM2 channels (Chen et al., 2013, Sun et al., 

2018). 

 

 

3.2 Results  

 

3.2.1 MPP+ Promotes ROS production in SH-SY5Y cells  

 

To determine the optimal MPP+ concentration required for ROS production, SH-

SY5Y cells were treated with various concentrations of MPP+ (0, 0.5, 1, 2 and 5 

mM) for 24 hours. The effect of MPP+ on total (cytosolic plus mitochondrial) as 
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well as mitochondrial ROS was determined by co-staining the cells with the 

H2DCF-DA (green) and MitoSOX (red) fluorescent dyes. At 0.5 mM 

concentration, MPP+ caused a significant increase in both mitochondrial (p ˂ 

0.01) and total ROS (p ˂ 0.001) production. Elevation of MPP+ to 1 mM caused 

further increase in ROS levels (Figure 3.1). Concentrations above 1 mM caused 

marked cell death causing a reduction in ROS signals and were therefore avoided 

in all subsequent ROS experiments.  
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Figure 3.1 Dose dependent effect of MPP+ on total intracellular and 

mitochondrial ROS generation in SH-SY5Y cells. 

SH-SY5Y cells were treated with the indicated concentrations of MPP+ for 24 h. 

Cells were then stained for nuclei (Hoechst 33342), total (H2DCF-DA) and 

mitochondrial (MitoSOX) ROS. (A) Representative phase and fluorescent images 

of stained cells. (B-C) the corresponding mean ± SEM of data of DCF 

fluorescence (B) and MitoSOX fluorescence (C) per cell, from three independent 

experiments. ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; one-way Anova with 

post-hoc Tukey Test. 
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3.2.2 MPP+ induced ROS production in completely quenched by Mito-

TEMPO 

 

I next tested the ability of three antioxidants (NAC, TEMPO, and Mito-TEMPO) to 

prevent MPP+-induced ROS production and to confirm that the increased 

fluorescence of the reporter chemicals is not an artefact but due to a rise in ROS 

production. The mitochondria-targeted antioxidant “Mito-TEMPO” is a specific 

scavenger of mitochondrial superoxide. It combines the antioxidant piperidine 

nitroxide “TEMPO” with the lipophilic cation triphenylphosphonium (TPP+) that 

gives the ability of the compound to pass through the phospholipid bilayers and 

accumulates several hundred-fold within mitochondria where it can dismutate 

superoxide in the catalytic cycle (Trnka et al, 2008). Cells were treated with 

medium only (CTRL) or MPP+ with or without antioxidants for 24 hours at 37⁰C. 

Results showed that NAC (5 mM), TEMPO (10 µM) and Mito-TEMPO (10 µM) 

inhibited MPP+-induced increase in cytosolic (DHE fluorescence) and 

mitochondrial (MitoSOX fluorescence) ROS level in the cells (Figure 3.2). 

Interestingly, Mito-TEMPO was able to quench ROS signals as effectively as the 

total ROS scavenger, NAC. These results suggest that the major site of ROS 

generation by MPP+ is mitochondria. 
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Figure 3.2 ROS quenchers attenuate MPP+-induced total intracellular and 

mitochondrial ROS level in SH-SY5Y cells.  

SH-SY5Y cells were treated with medium only (CTRL) or 1 mM MPP+ with or 

without antioxidants (5 mM NAC, 10 µM TEMPO or 10 µM Mito-TEMPO) for 24 

h at 37⁰C. (A) Fluorescent images of SH-SY5Y cells stained for total cytosolic 

(DHE) and mitochondrial ROS (MitoSOX). Scale bar: 200 µM. (B-C) The 

corresponding mean ± SEM of data of DHE Fluorescence (B) and Mito-SOX 

Fluorescence (C) from three independent experiments. * indicates p ˂ 0.05, ** 

indicates p ˂ 0.01; *** indicates p ˂ 0.001; one-way Anova with post-hoc Tukey 

test.  
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3.2.3 Inhibition of NADPH oxidase 2 (NOX2) prevents not only 

cytosolic ROS, but also mitochondria ROS production 

 

Previous studies have reported that MPP+ can also stimulate NOX2 (Zawada, 

2011) to increase cytosolic ROS. To determine the relative contributions of both 

cytosolic and mitochondrial sources to MPP+ induced increase in ROS level, I 

have first examined the effect of the general NOX inhibitor, apocynin (10 µM) on 

ROS production. The results show that apocynin attenuated DHE as well as, 

unexpectedly, the MitoSOX fluorescent signals (Figure 3.3). To exclude any non-

specific effects of apocynin, I have used the NOX2 specific gp91ds-tat peptide 

inhibitor (5 µM) (Rey et al., 2001). The results were similar to those of apocynin 

(Figure 3.3). The ability of NOX inhibition to suppress MPP+-induced 

mitochondrial ROS production raises questions on the previous reports 

(Yıldızhan and Nazıroğlu, 2020, Yang et al., 2018, Cleeter et al., 1992, Ramsay 

et al., 1991, Marambaud et al., 2009) that MPP+ acts directly at Complex I of 

mitochondria to produce ROS. Instead, our results suggest that MPP+ activates 

NOX2 and that NOX2-derived ROS, in turn, stimulate mitochondrial ROS 

production. 
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Figure 3.3 NOX2 inhibition prevents MPP+ induced increase in total as well 

as mitochondrial ROS production.  

(A) Fluorescent images of SH-SY5 cells treated with medium alone (CTRL), or 

medium containing 1 mM MPP+ with and without NOX inhibitors (10 µM apocynin 

and 5 µM Gp91ds-tat). Then, cells were stained for total (DHE) and mitochondrial 

ROS (MitoSOX). Scale bar: 200 µM. (B-C) The corresponding mean ± SEM of 

data of DHE Fluorescence (B) and MitoSOX Fluorescence (C) from three 

independent experiments. ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; NS, not 

significant; one-way Anova with post-hoc Tukey test.         
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3.2.4 ROS quenchers as well as NOX2 inhibitors prevent MPP+-

induced SH-SY5Y cell death  

 

Given both ROS quenchers (Figure 3.2) and NOX2 inhibitors (Figure 3.3) 

attenuate the MPP+-induced ROS increase, and ROS are known to trigger cell 

death, I have next examined the effect of these reagents on MPP+-induced SH-

SY5Y cell death. The results demonstrate that mitochondria targeted Mito-

TEMPO is as effective as the general ROS quenchers, NAC and TEMPO, in 

preventing MPP+-induced cell death (Figure 3.4). The ability of Mito-TEMPO to 

completely inhibit the cell death is consistent with the fact mitochondria are the 

major source of cytotoxic cytosolic ROS production.  

 

I have next asked whether NOX2-derived ROS are the key drivers of cell death 

because inhibition of NOX2 was capable of preventing mitochondria ROS 

production. Both apocynin and gp91ds-tat treatments have resulted in a marked 

decrease in the percentage of cell death in MPP+-treated SH-SY5Y cells (Figure 

3.5). Therefore, these data reveal that inhibition of cytosolic ROS production 

through inhibition of NOX2 alone is enough to prevent mitochondrial ROS 

production as well as cell death.  
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Figure 3.4 ROS quenchers have a protective effect against MPP+ induced 

SH-SY5Y cell death. 

SH-SY5Y cells were treated with medium only (CTRL) or 1 mM MPP+ with and 

without antioxidants (5 mM NAC, 10 µM TEMPO or 10 µM Mito-TEMPO) for 24 

h at 37⁰C. (A) Fluorescent images of SH-SY5Y cells stained for nuclei of all 

(Hoechst) and dead (PI) cell nuclei. (B) Mean ± SEM of percent cell death from 

three independent experiments. *** indicates p ˂ 0.001; one-way Anova with 

post-hoc Tukey test.         
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Figure 3.5 MPP+ induces SH-SY5Y cell death through NOX2 activation.  

NOX2 inhibitors attenuated MPP+-induced SH-SY5Y cell death. (A) Fluorescent 

images of SH-SY5Y cells exposed to medium alone (CTRL), or medium 

containing 1 mM MPP+ minus or plus NOX inhibitors (10 µM apocynin and 5 µM 

Gp91ds-tat). Cells were stained for nuclei of all (Hoechst) and dead (PI) cell 

nuclei. (B) Mean ± SEM of percent of cell death from three independent 

experiments. ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; one-way Anova with 

post-hoc Tukey test.    
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3.2.5 TRPM2 channels mediate MPP+-induced ROS production and 

cell death 

 

Previous studies have shown that MPP+ induces both TRPM2 expression and its 

activation, and that inhibition of TRPM2 channels prevents MPP+-induced cell 

death (Sun et al., 2018) . Given the data that MPP+ induces rise in both cytosolic 

and mitochondrial ROS in SH-SY5Y cells (Figure 3.1), as well as cell death 

(Figure 3.4). I asked whether TRPM2 channels mediate MPP+-induced cell death 

by inducing ROS production.   

 

SH-SY5Y cells were treated with MPP+ (1 mM) in the absence or presence of 

three different pharmacological inhibitors of TRPM2 (10 µM ACA, 50 µM 2-APB 

and 10 µM PJ34) for 24 hours at 37⁰C; the cells were then stained for cytosolic 

ROS as well as for mitochondrial ROS. Also, in a parallel experiment, PI staining 

was performed to measure the percentage of cell death. All the three inhibitors, 

ACA, 2-APB and PJ34 caused a significant reduction in MPP+-induced cytosolic 

and mitochondrial ROS generation (Figure 3.6) as well as the accompanying cell 

death (Figure 3.7). Similar effects were seen when TRPM2 expression was 

suppressed using TRPM2-siRNA, but not with scrambled (Scr-) siRNA (Figure 

3.8). These data support a role for TRPM2 channels in ROS overproduction and 

the consequent SHSY5Y cell death.  
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Figure 3.6 Inhibition of TRPM2 channels prevents MPP+-induced ROS 

generation in SH-SY5Y cells. 

Cells were treated with medium alone (CTRL) or medium containing 1 mM MPP+ 

with and without TRPM2 inhibitors: ACA (10 µM), 2-APB (50 µM) and PJ34 (10 

µM). (A) Fluorescent images of SHSY5Y cells stained for total cytosolic (DHE) 

and mitochondrial ROS (Mito-SOX). Scale bar: 200 µM. (B-C) The corresponding 

mean ± SEM of data of DHE Fluorescence (B) and Mito-SOX Fluorescence (C) 

from three independent experiments. ** indicates p ˂  0.01; *** indicates p ˂  0.001; 

one-way Anova with post-hoc Tukey test.    
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Figure 3.7  Inhibition of TRPM2 channels prevents MPP+-induced SH-SY5Y 

cell death. 

Inhibition of TRPM2 prevents MPP+-induced SHSY5Y cell death. Cells were 

treated with medium alone (CTRL) or medium containing 1 mM MPP+ with and 

without TRPM2 inhibitors: ACA (10 µM), 2-APB (50 µM) and PJ34 (10 µM). (A) 

Representative fluorescent images of SHSY5Y cells stained for all nuclei 

(Hoechst 33342) and nuclei of dead (PI) cells. (B) Mean ± SEM of percent cell 

death from three independent experiments. ** indicates p ˂ 0.01; one-way Anova 

with post-hoc Tukey test.    
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Figure 3.8 Inhibition of TRPM2 channels with siRNA prevents MPP+-induced 

ROS production and cell death.  

Cells were transfected with TRPM2-siRNA or scrambled (Scr)-siRNA and 

incubated with and without MPP+ (1 mM) for 24 hours at 37⁰C. (A and D) 

Fluorescent images of transfected SH-SY5Y cells stained for cytosolic ROS 

(DHE), mitochondrial ROS (MitoSOX), all nuclei (Hoechst 33342), and dead cell 

nuclei (PI). (B,C,E) The corresponding mean ± SEM of data of DHE Fluorescence 

(B) and MitoSOX Fluorescence (C) and percentage of cell death (E) from three 

independent experiments. ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; one-way 

Anova with post-hoc Tukey test. 
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3.2.6 Use of a recombinant TRPM2 expression system to confirm the 

role of TRPM2 channels in ROS production 

 

To confirm the role of TRPM2 channels in ROS generation, I have used HEK-293 

cells (HEK-TRPM2tet) transfected with TRPM2-FLAG gene that is controlled by a 

tetracycline-regulated promotor. Firstly, the effect of tetracycline on TRPM2-

FLAG expression in HEK-TRPM2tet cells was tested. Cells were treated with 

tetracycline (1 µg/ml, +tet) or vehicle (-tet) for 48 hours at 37⁰C. The result of 

immunoblotting showed that cells treated with tetracycline display the TRPM2-

FLAG band (~170 KDa); the band was absent in the control vehicle treated cells 

(Figure 3.9 A).  

 

The function of expressed TRPM2 channel in HEK-TRPM2tet cells was 

determined by measuring the Ca2+ influx using the Ca2+ imaging technique by 

Flexstation III. H2O2 (3 mM) treatment caused a marked increase in cytosolic Ca2+ 

signal (Figure 3.9 B) in tetracycline induced, but not uninduced cells. 

Furthermore, pre-treatment of the cells with the 2-APB (150 µM), an inhibitor of 

TRPM2, decreased the Ca2+ signal. These data indicate that TRPM2 expression 

was induced by tetracycline, and its activation by H2O2 stimulated extracellular 

Ca2+ entry in HEK-TRPM2tet cells.  

 

Using the inducible HEK-TRPM2tet cell line, I sought supporting evidence for the 

role of TRPM2 channels in ROS production. Tetracycline-induced cells were 

treated with H2O2 (50 µM plus or minus 50 µM 2-APB) for 2 hours at 37C; 

uninduced cells (minus tetracycline) were used as a control. After treatment, total 

and mitochondrial ROS generation was determined by staining the cells with DHE 

and MitoSOX, respectively. Results demonstrated that H2O2 caused some 

increase in total and mitochondrial ROS production in uninduced cells. In 

tetracycline induced cells, H2O2 caused further increase in both total and 

mitochondrial ROS production (Figure 3.9 C-E). Furthermore, 2-APB caused 

significant reduction in total and mitochondrial ROS generation in the induced 

cells (Figure 3.9 C-E). These data, together with the MPP+ data on SH-SY5Y 

cells (Figures 3.6 and 3.8) support a role for TRPM2 channels in ROS production.  
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Figure 3.9 TRPM2 channels regulate ROS generation in HEK-TRPM2tet cells. 

(A-B) Tetracycline induction of TRPM2-FLAG expression in HEK-TRPM2tet cells. 

(A) Western blot shows a ~170 KDa band corresponding to TRPM2-FLAG in 

HEK-TRPM2tet cells induced with tetracycline (1 µg/ml). Duplicate samples were 

loaded; Samples 1 and 2 are non-induced (control), whereas samples 3 and 4 

show the expression of TRPM2 in tetracycline-induced HEK-TRPM2tet cells. (B) 

Functional analysis of TRPM2 expression in HEK-TRPM2tet cells. Cells were 

loaded with Fura-2-AM for 1 hour followed by two times wash with SBS. They 
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were treated as follows: Control (non-induced cells treated with 3 mM H2O2), 

induced cells (tet) treated with 3 mM H2O2, and induced cells (tet) treated 3 mM 

H2O2 plus 150 µM 2-APB. Changes in cytosolic Ca2+ level were recorded using 

FlexStation III. H2O2 was applied at the time point shown with an arrow. Results 

show the F ratio (340 nm/ 380 nm), representing the Ca2+ level, at different time 

points. The symbols represent the treatment used on the cells. Results showed 

that when the expression of TRPM2 channel was induced by tetracycline (1 

µg/ml), it stimulated marked Ca2+ influx into cells treated with H2O2 than non-

induced cells. 2-APB inhibited the effect of H2O2 and reduced Ca2+ influx 

indicating the expression of TRPM2 in HEK-TRPM2tet cells and its role in 

mediating the rise in intracellular Ca2+ level. (C-E) TRPM2 channels regulate 

ROS generation in HEK-TRPM2tet cells. Cells either induced with tetracycline 

(+Tet) or left uninduced (-Tet) for 24 hours. One set of induced wells were 

pretreated with 2-APB (50 µM). Others were either left untreated or treated with 

H2O2 (50 µM) for 2 hours, as indicated. (C) Fluorescent images of cells in which 

Hoechst 33342 stained the cells nuclei, DHE and MitoSOX stained the cytosolic 

and mitochondrial ROS, respectively. (D-E) The corresponding mean ± SEM of 

data of DHE fluorescence (D) and MitoSOX fluorescence (E) per cell from three 

independent experiments. ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; one-way 

Anova with post-hoc Tukey Test.  
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3.2.7 MPP+ promotes ROS production by inducing intracellular Ca2+ 

increase through TRPM2 channels 

 

The effect of MPP+ in increasing cytosolic Ca2+ level has been previously reported 

(Chen et al., 1995, Kass et al., 1988, Marambaud et al., 2009). The results in this 

study thus suggest for the possibility that TRPM2 mediated rise in Ca2+ plays a 

role in MPP+ induced ROS production and cell death.  

 

To determine the effect of MPP+ on intracellular Ca2+ level in SH-SY5Y cells, cells 

were exposed to medium only (CTRL) or medium containing MPP+ (1 mM) for 24 

hours at 37C. The cells were then stained for Ca2+ using Fluo-4-AM, a Ca2+ 

fluorophore. Results showed that MPP+ treatment caused a marked increase in 

intracellular Ca2+ level in SH-SY5Y cells (Figure 3.10).  

 

Secondly, to support the fact that the increase in cytosolic Ca2+ level was due to 

the influx of Ca2+ through TRPM2 channels, TRPM2 blocker (2-APB) was used. 

SH-SY5Y cells were treated with medium only (CTRL) or medium containing 

MPP+ (1 mM) plus or minus 2-APB (50 µM) for 24 hours at 37C, followed by 

Fluo-4-AM staining. TRPM2-blocker has significantly reduced MPP+-induced 

intracellular rise in Ca2+ level, indicating TRPM2 involvement in this process 

(Figure 3.10 A-B).  

 

The expression of TRPM2 in SHSY-5Y cells was further tested by loading the 

cells with Fura-2-AM and measuring the Ca2+ signal using FlexStation. SH-SY5Y 

cells were exposed to MPP+ (1 mM) for 24 hours. The rationale for exposing the 

cells to MPP+ prior to measuring TRPM2 activity with FlexStation was the report 

that MPP+ is capable of increasing the TRPM2 expression at the plasma 

membrane (Sun et al., 2018). Cells were then stimulated with H2O2 (2 mM) to 

reveal TRPM2 mediated Ca2+ influx.  Cells that were stimulated with H2O2 

showed higher intracellular Ca2+ signal compared to control (medium only). MPP+ 

pre-treatment caused a further increase in Ca2+ signal (Figure 3.10 C-D), 

suggesting a role for MPP+ in stimulating TRPM2 expression in SH-SY5Y cells. 
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Also, 2-APB attenuated H2O2-induced Ca2+ signal in MPP+ pretreated cells 

(Figure 3.10 C-D), supporting the role of TRPM2 in mediating Ca2+ entry in SH-

SY5Y cells during oxidative stress. Chelation of Ca2+ using BAPTA-AM was used 

to confirm that the rise in fluorescence of Ca2+ probe represents an increase in 

cytosolic Ca2+ levels.  The data showed that BAPTA-AM pre-treatment was able 

to quench the rise in fluo-4 signal (Figure 3.10 A-B). Results of sections 3.2.5 to 

3.2.7, taken together, suggest that TRPM2 is upregulated upon treatment with 

MPP+, and the resultant increase in TRPM2 activity and cytosolic Ca2+ may cause 

the cells to become more vulnerable to apoptosis, mainly due to increased ROS 

level.  
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Figure 3.10 TRPM2 channels mediate MPP+-induced rise in the intracellular 

Ca2+ level in SH-SY5Y cells. 

(A) Fluorescent images of SH-SY5Y cells stained for Ca2+ using Fluo-4-AM and 

for all nuclei (Hoechst) after exposure to medium alone (CTRL) or medium 

containing 1 mM MPP+ with and without the pretreatment (10 min) with TRPM2 

blocker, 2-APB, or the Ca2+ chelator, BAPTA-AM. Scale bar: 75 µM. (B) Mean ± 

SEM of data from (A) expressed as mean of Fluo-4 fluorescence intensity per cell 

from three independent experiments. (C) Functional analysis of TRPM2 

expression in SH-SY5Y cells. Cells were either untreated or pre-exposed for 24 

h to 500 µM MPP+ (MPP+-pretreated). Cells were then loaded with Fura-2-AM for 

1 h followed by two times wash with SBS. One group of MPP+-pretreated cells 

were treated with 150 µM 2-APB for 15 min. Changes in cytosolic Ca2+ levels 

were recorded using FlexStation III, after addition of H2O2 or SBS (the time point 

shown with an arrow). Results show the F ratio (340 nm/ 380 nm), representing 

the Ca2+ level, at different time points. The symbols represent the treatment used 



 
 

107 
 

on the cells (see the key in C). (D) Mean ± SEM of peak fluorescence from (C). * 

indicates p ˂ 0.5 ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; NS, not significant; 

one-way Anova with post-hoc Tukey test.  
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3.2.8 Chelation of Ca2+ and Zn2+ inhibits TRPM2-mediated ROS 

generation and SH-SY5Y cell death. 

 

To understand the role of Ca2+ and Zn2+ in ROS production, first I examined the 

effect of Ca2+ and Zn2+ chelators on ROS production and cell death. As shown in 

the previous section, MPP+ induced a rise in cytosolic Ca2+ that was inhibited by 

2-APB (Figure 3.10). To determine the effect of Ca2+ on intracellular ROS 

generation and cell death, SH-SY5Y cells were co-treated with the Ca2+ chelator, 

BAPTA-AM (5 µM) and 1 mM MPP+ for 24 hours at 37C. Staining for total and 

mitochondrial ROS showed that cytosolic Ca2+ chelation by BAPTA-AM 

prevented MPP+-induced ROS production in SH-SY5Y cells (Figure 3.11 A-C) as 

well as cell death (Figure 3.11 D-E). Taken together with the data presented in 

the previous section, these results support a role for TRPM2 mediated Ca2+ entry 

in ROS generation leading to SH-SY5Y cell death.  

 

Next, the effect of Zn2+ chelation on MPP+-induced ROS production and SH-

SY5Y cell death was investigated. Previous studies with pancreatic ꞵ-cells have 

shown that TRPM2-mediated Ca2+ entry leads to rise in mitochondrial Zn2+ and 

this results in ꞵ-cells death (Li et al., 2017a). In this study, MPP+ caused a similar 

rise in mitochondrial Zn2+ (will be discussed in chapter 4) resulting in an increase 

in ROS level and SH-SY5Y cell death that could be rescued with the Zn2+ 

chelator, TPEN (N,N,N’,N’-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine). In this 

experiment, cells were exposed to MPP+ with and without TPEN (0.5 µM) for 24 

hours at 37C, following which cells were stained for cytosolic and mitochondrial 

ROS or for cell death. Chelation of intracellular Zn2+ by TPEN attenuated MPP+-

induced ROS production (Figure 3.12 A-C) as well as cell death (Figure 3.12 D-

E) in SH-SY5Y cells. These data suggest that Ca2+ and Zn2+ both play a role in 

MPP+-induced ROS overproduction leading to cell death.   
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Figure 3.11 Chelation of Ca2+ prevents MPP+-induced rise in ROS 

production and cell death. 

(A-C) Chelation of Ca2+ prevented cytosolic and mitochondrial ROS production. 

SH-SY5Y cells were exposed to medium alone (CTRL), or medium containing 1 

mM MPP+ with and without the Ca2+ chelator, BAPTA-AM (5 µM), for 24 hours at 

37⁰C. (A) Fluorescent images of SH-SY5Y cells stained for total (DCF) and 

mitochondrial ROS (MitoSOX). (B-C) The corresponding mean ± SEM data for 

DCF Fluorescence (B) and MitoSOX Fluorescence (C) from three independent 

experiments. *** indicates p ˂ 0.001; one-way Anova with post-hoc Tukey test. 

(D-E) Chelation of Ca2+ prevented cell death. Representative fluorescent images 

of SH-SY5Y cells stained for total nuclei (Hoechst 33342) and dead cell nuclei 

(PI) (D) and the corresponding mean ± SEM data for percentage cell death (E). 

** indicates p ˂ 0.01; *** indicates p ˂ 0.001 one-way Anova with post-hoc Tukey 

test.   
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Figure 3.12 Chelation Zn2+ prevents MPP+-induced rise in ROS production 

and cell death. 

(A-C) Chelation of Zn2+ attenuated cytosolic and mitochondrial ROS production. 

SH-SY5Y cells were exposed to medium alone (CTRL), or medium containing 1 

mM MPP+ with and without Zn2+ chelator, TPEN (0.5 µM), for 24 hours at 37⁰C. 

(A) Fluorescent images of SH-SY5Y cells stained for total (DCF) and 

mitochondrial ROS (MitoSOX). (B-C) The corresponding mean ± SEM data for 

DCF Fluorescence (B) and MitoSOX Fluorescence (C). (D-E) Chelation of Zn2+ 

prevented cell death. Representative fluorescent images of cells stained for total 

nuclei (Hoechst 33342) and dead cell nuclei (PI). Scale bar: 125 µM. (D) and the 

corresponding mean ± SEM data for cell death (E). All mean data are from three 

independent experiments; ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; one-way 

Anova with post-hoc Tukey test.    
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3.2.9 Zn2+ acts downstream of Ca2+ 

 

Since both Ca2+ and Zn2+ chelators were able to prevent ROS production and cell 

death, the possibility of an interplay between Ca2+ and Zn2+ in ROS production 

and cell death was next examined. For this, I used the calcium ionophore A23187 

to raise intracellular Ca2+. Cells were treated with A23187 for different time 

periods (0, 1, 2 and 4 hours) and the rise in intracellular Ca2+ recorded (Figure 

3.13 A). The results showed time dependent increase in fluo-4 fluorescent 

intensity. Interestingly, longer exposure (2 hours and beyond) has resulted in 

Ca2+ accumulation in punctate structures. For subsequent experiments, I have 

used a 2 hours incubation period with A23187. 

 

TRPM2 channels have been shown to promote Zn2+ release from intracellular 

sources and that the resultant increase in intracellular Zn2+ causes cellular 

damage (Manna et al., 2015, Abuarab et al., 2017, Li et al., 2017a, Li et al., 

2017b). Since A23187 is not specific for Ca2+ and could allow Zn2+ entry, to 

eliminate the role for any extracellular Zn2+ entry, I combined A23187 with the 

membrane impermeable Zn2+ chelator, DTPA (diethylenetriaminepentaacetic 

acid). SH-SY5Y cells were treated with medium alone (CTRL) or medium 

containing A23187 (1 µM plus 1 mM DTPA) with and without the chelators, either 

BAPTA-AM (5 µM) or TPEN (0.5 µM). A23187 induced a rise ROS production 

(Figure 3.13 B-D) as well as cell death (Figure 3.13 E-F). Both ROS production 

and cell death were rescued by BAPTA-AM 

 

Intriguingly, Zn2+ chelation with TPEN alone was sufficient to prevent the Ca2+ 

ionophore-induced ROS production (Figure 3.13 B-D) and cell death (Figure 3.13 

E-F), indicating that Ca2+ entry affects Zn2+ dynamics and changes in intracellular 

Zn2+ homeostasis in turn affects ROS generation in the cell. Taken together, 

these results suggest that Ca2+ acts upstream of Zn2+ in a signaling pathway that 

leads to ROS overproduction and cell death.      
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To confirm and support this finding further, the intracellular concentration of Zn2+ 

was raised using a Zn2+ ionophore, Zn-pyrithione (PTO), in Ca2+ free medium to 

prevent Ca2+ entry. The results showed that Zn2+ delivery through Zn-PTO (2 µM) 

into SH-SY5Y cells caused a rise in cytosolic Zn2+, detected using FluoZin-3 (Gee 

et al., 2002) (Figure 3.14 A) and mitochondrial ROS (Figure 3.14 B-C); Zn-PTO 

also significantly increased the cell death (Figure 3.14 D-E). Here I tested only 

for mitochondrial ROS as it is the major source of intracellular ROS and because 

mitochondrial Zn2+ has a vital role in this process, however, this will be 

investigated further in the following chapter. Moreover, TPEN (0.5 µM) was able 

to antagonize the effect of Zn-PTO (Figure 3.14). An important implication of 

these findings is that Zn2+, rather than Ca2+, plays a dominant role in ROS 

generation and cell death during MPP+-induced oxidative stress in SH-SY5Y 

cells.  
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Figure 3.13 Ca2+ and Zn2+ chelators prevent A23187-induced ROS 

production and SH-SY5Y cell death. 

(A) Confocal images of SH-SY5Y cells stained for Ca2+ using Fluo-4-AM after 

incubating the cells with the Ca2+-ionophore, A23187 (1 µM, combined with 1 mM 

DTPA) for different time periods (0, 1, 2, 4 hours). A23187 increased the 

intracellular Ca2+in a time-dependent manner. Scale bar: 10 µM. (B-D) Chelation 

of Ca2+ and Zn2+ prevented cytosolic and mitochondrial ROS production in 

A23187 treated cells. SH-SY5Y cells were exposed to medium alone (CTRL), or 

medium containing A23187 (1 µM, combined with 1 mM DTPA) with and without 

the Ca2+ chelator BAPTA-AM (5 µM) or Zn2+ chelator TPEN (0.5 µM) for 2 hours 

at 37⁰C. (B) Fluorescent images of cells stained for total (DCF) and mitochondrial 

ROS (MitoSOX). Scale bar: 200 µM. (C-D) The corresponding mean ± SEM data 

of DCF Fluorescence (C) and MitoSOX Fluorescence (D). (E-F) Chelation of Ca2+ 



 
 

114 
 

and Zn2+ prevented A23187-induced cell death. Representative confocal images 

of SH-SY5Y cells stained for total cell nuclei (Hoechst 33342) and dead cell nuclei 

(PI) (E) and the corresponding mean ± SEM data for cell death (F). Scale bar: 

200 µM. All mean data are from three independent experiments; * indicates p ˂ 

0.05; ** indicates p ˂ 0.01 one-way Anova with post-hoc Tukey test. *** indicates 

p ˂ 0.001; one-way Anova with post-hoc Tukey test.   

  

  



 
 

115 
 

 

Figure 3.14 The Zn2+ ionophore (Zn-PTO) increases mitochondrial ROS 

production and cell death. 

SH-SY5Y cells were exposed to Ca2+ free medium only (CTRL) or Ca2+ free 

medium containing Zn-PTO (2 µM) plus or minus the Zn2+ chelator, TPEN (0.5 

µM), for 3 hours at 37⁰C. (A) Confocal images of cells stained for intracellular 

Zn2+ using FluoZin-3 after Zn-PTO treatment. (B-C) Zn-PTO increases 

mitochondrial ROS production in SH-SY5Y cells that could be attenuated by 

TPEN. (B) Fluorescent images of cells stained for mitochondrial ROS (Mito-
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SOX). Scale bar: 200 µM. (C) The corresponding mean ± SEM data for Mito-SOX 

fluorescence. NS, not significant; one-way Anova with post-hoc Tukey test. (D-E) 

TPEN prevented Zn-PTO -induced cell death. (D) Fluorescent images of SH-

SY5Y cells stained for total (Hoechst 33342) and dead (PI) cell nuclei. Scale bar: 

200 µM. (E) The corresponding mean ± SEM data for cell death. All mean date 

are from three independent experiments; *** indicates p ˂ 0.001; one-way Anova 

with post-hoc Tukey test.   
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3.3 Discussion  

 

Oxidative stress is a key pathogenic feature of many degenerative diseases, 

including PD (Metodiewa and Kośka, 1999, Beal, 2002, Dias et al., 2013). There 

is extensive genetic evidence as well as patient data to support a role for oxidative 

stress in the aetiology of PD. Post-mortem examination of the brains of PD 

patients displayed high levels of markers of peroxidation of lipids and proteins 

(Dias et al., 2013, Beal, 2002). The mechanisms of oxidative stress are highly 

complex involving a number of enzymes, regulatory molecules, and organelles. 

Added to this complexity is the evidence for extensive crosstalk between various 

mechanisms and organelles (Elfawy and Das, 2019, Castelli et al., 2019, Repnik 

and Turk, 2010, Camello-Almaraz et al., 2006, Feissner et al., 2009, Reczek and 

Chandel, 2015). This has presented enormous challenges to the development of 

therapies targeted to oxidative stress. Here I have focused on the role of the 

ROS-sensitive TRPM2 channel and the ions, Ca2+ and Zn2+, it regulates. For this, 

an established cellular model of PD, where SH-SY5Y cells were challenged with 

a sub-lethal dose of MPP+ to initiate oxidative changes that eventually lead to PD 

phenotype (Xicoy et al., 2017, Langston et al., 1983, Xie et al., 2010a, Vila and 

Przedborski, 2003), was used. The findings, summarized in the schematic (Figure 

3.15), are as follows: 1. MPP+ stimulates production of ROS via NOX2 and 

mitochondrial mechanisms. 2. The majority of cytotoxic ROS are produced at the 

mitochondria. 3. Inhibition of NOX2 was able to abolish MPP+ induced mtROS 

production indicating NOX2 derived ROS drive mtROS production. 4. Inhibition 

of TRPM2-mediated Ca2+ entry abolishes the ability of MPP+ to stimulate ROS 

production. 5. Chelation of intracellular Ca2+ rescued MPP+ induced ROS 

production and cell death. 6. Importantly, Ca2+ induced ROS production and the 

consequent cell death were prevented by chelating Zn2+ alone, indicating a 

downstream role for Zn2+ in Ca2+-induced ROS production. 7. Intracellular 

delivery of Zn2+ using an ionophore recapitulated the effect of MPP+ on mtROS 

production. These findings (observations 3, 6 and 7) raise questions on the 

historically accepted view that MPP+ generates cytotoxic mtROS by inhibiting 

mitochondrial complexes. I present an alternative mechanism whereby the 

neurotoxin, MPP+ activates the TRPM2 channel to promote Ca2+ entry, that in  
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Figure 3.15 Schematic diagram summarized the findings. 

In SH-SY5Y cells, MPP+ induces ROS generation via NOX2 and mitochondrial 

pathways. The mitochondria generate the vast majority of harmful ROS. The 

inhibition of NOX2 by gp91-ds-tat was able to stop the generation of mtROS 

caused by MPP+, which indicates that NOX-derived ROS are the likely major 

determinant of mtROS production. TRPM2, the Ca2+ permeable ion channel, is 

activated by ROS causing an increase in cytosolic Ca2+ and Zn2+ levels that 

subsequently stimulate mitochondrial ROS generation. Blocking the TRPM2 

channel using pharmacological inhibitors (ACA, 2-APB, PJ34) or TRPM2 siRNA 

prevents MPP+ induced ROS generation. Chelation of intracellular or Zn2+ alone 

was sufficient to prevent cytotoxic mtROS generation and cell death, indicating 

that Zn2+ plays a critical role in MPP+ induced neuronal cell death. Figure created 

with BioRender.com 
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turn increases intracellular Zn2+ levels to cause mitochondrial complex inhibition 

and the cytotoxic mtROS production.   

 

 

3.3.1 MPP+ induced ROS amplification drives death of SH-SY5Y 

neuroblastoma cells 

 

Numerous studies have demonstrated that MPP+ induces ROS generation in SH-

SY5Y cells (Yang et al., 2018, Yi et al., 2013, Lee et al., 2011, Wang and Liu, 

2022). Various sources and mechanisms have been reported including dopamine 

metabolism (Wang et al., 2005, Feuerstein et al., 1988, Chang and Ramirez, 

1987, Santiago et al., 1995), NADPH oxidases (Zawada et al., 2011, Gao et al., 

2003, Wu et al., 2003) and mitochondria (Yi et al., 2013, Yang et al., 2018, Cleeter 

et al., 1992). MPP+ can stimulate dopamine release from the storage vesicles into 

the cytosol (Rollema et al., 1988), which, in turn, can either be auto-oxidized 

leading to the formation of highly reactive intermediates and ROS or can be 

oxidized enzymatically by mitochondrial monoamine oxidase-b (MAO-b) 

producing 3,4-dihydroxyphenylacetaldehyde (DOPAL). During this process, H2O2 

is produced as a by-product. One study has reported that DOPAL induces 

opening of the mitochondrial permeability transition pore (mPTP) thereby 

contributing to cell death (Kristal et al., 2001). Examination of post-mortem brains 

of PD patients revealed increased expression of NOX2 in both microglia and 

dopaminergic neurons in substantia nigra (Keeney et al., 2021) indicating a role 

for NOX2 in PD; however, the relative contributions of microglial NOX2 and 

neuronal NOX2 remains unclear. NOX2 upregulation and the resultant increase 

in ROS production has been reported in both animal models (Wu et al., 2003) 

and in vitro cellular models of PD (Keeney et al., 2021, Zawada et al., 2011). 

Furthermore, knock-out of NOX2 in mice reduces the loss of dopaminergic 

neurons (Brieger et al., 2012). An important source of ROS, however, is 

mitochondria where most neurotoxins are thought to inhibit mitochondrial 

complexes to produce mtROS (Cleeter et al., 1992, Przedborski et al., 2004). 

However, as will be discussed further, the underlying mechanisms are not 
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mutually exclusive, but significant positive feedback regulation seems to operate 

between NOX2 and mitochondria. 

 

In this study, I found that MPP+-induced ROS production and neuronal cell death 

could be prevented not only by quenching the total ROS with NAC and TEMPO, 

but by quenching the mitochondrial ROS alone with Mito-TEMPO (Figure 3.2 and 

3.4). These results suggested that NOX2 derived ROS alone cannot cause SH-

SY5Y cell death and may need to signal mitochondria to produce mtROS. 

Consistent with this possibility, I found inhibition of NOX2 prevented mtROS 

production (Figure 3.3) and cell death (Figure 3.5). These data provide support 

to the emerging concept whereby ROS generated at one source can serve as a 

positive feedback signal for ROS production at a different site - a pathway termed 

‘ROS-induced ROS production’ (RIRP) (Daiber, 2010, Dikalov, 2011). While our 

results suggest that NOX2 derived ROS stimulate mtROS production in MPP+ 

challenged neuronal cells, in the rotenone models, the toxin appears to stimulate 

mtROS first which in turn activate NOX2 (Keeney et al., 2021). Regardless of 

which way round RIRP occurs, RIRP appears to represent a key mechanism that 

enables amplification of intracellular ROS in order to raise the cytosolic 

concentration of ROS to toxic levels.  

 

 

3.3.2 TRPM2 channels mediate MPP+ induced ROS production and 

cell death 

 

Ca2+ is a well-known regulator of ROS production (Görlach et al., 2015). Rise in 

intracellular Ca2+ is implicated in NOX2 activation (Brandes et al., 2014, Rada 

and Leto, 2008, Valentin et al., 2001, Bréchard et al., 2005, Schenten et al., 2008, 

Schenten et al., 2010) as well as mitochondrial ROS generation (Camello-

Almaraz et al., 2006, Görlach et al., 2015, Feissner et al., 2009, Kowaltowski et 

al., 1998, Cadenas and Boveris, 1980). Thus, dyshomeostasis of Ca2+ is closely 

associated with ROS generation and the consequent cell death in degenerative 

diseases (Tan et al., 2001, Mattson, 2000, Jenner and Olanow, 1998, Cookson 
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and Shaw, 1999, Siklós et al., 1996, Barnham et al., 2004, Lewen et al., 2000, 

Ermak and Davies, 2002, LaFerla, 2002, Gibson, 2002). Furthermore, there is 

evidence for a significant interplay between Ca2+ and ROS: Ca2+ can stimulate 

ROS and ROS, in turn, can affect intracellular Ca2+ dynamics (Barnham et al., 

2004, Suzuki et al., 1997, Neill et al., 2002). A number of calcium channels and 

transporters are ROS sensitive, and their activation can impact normal Ca2+-ROS 

interplay, leading to cellular dysfunction or demise, and ultimately to disease 

states (Hempel and Trebak, 2017, Liu et al., 2022, Wang et al., 2017, Nilius, 

2007, Ermak and Davies, 2002, Hool and Corry, 2007). The TRPM2 channel is 

one of the ROS-sensitive ion channels implicated in mitochondrial dysfunction 

and cell death (Fonfria et al., 2004, Takahashi et al., 2011, Abuarab et al., 2017, 

Li et al., 2017a). A role of TRPM2 channels in the regulation of Ca2+ as well as 

ROS has been reported (Fonfria et al., 2004, Li and Jiang, 2019, Takahashi et 

al., 2011, Abuarab et al., 2017, Li et al., 2017a). Also, recent studies suggest that 

TRPM2 channels might play important role in the pathology of neurodegenerative 

diseases (Sun et al., 2015, Xie et al., 2010b, Verma et al., 2012, Ye et al., 2014) 

because it is highly expressed in brain. 

 

Thus, I hypothesized that TRPM2 channel plays a role in NOX2 activation and/or 

mitochondrial ROS generation. Consistent with this hypothesis, inhibition of 

TRPM2 channels with pharmacological agents or silencing RNA prevented MPP+ 

induced ROS production (Figures 3.6, 3.7 and 3.8). Additional support for the role 

of TRPM2 was obtained using HEK-293 cells. HEK-293 cells lacking TRPM2 

expression failed to generate ROS when challenged with an oxidant (H2O2). By 

contrast, when these cells were engineered to express TRPM2 channel, the cells 

responded to oxidant treatments and generated significant amounts of ROS 

(Figure 3.9). NOX2 is known to be activated by Ca2+-dependent protein kinases 

(Fontayne et al., 2002, Belarbi et al., 2017). I asked whether TRPM2 activation 

provides the Ca2+ required for NOX2 activation. MPP+ treatment of SH-SY5Y 

cells caused an increase in intracellular Ca2+ by activating the TRPM2 channels 

(Figure 3.10). Given the finding that NOX2 dependent ROS generation drives 

mitochondrial ROS production, these results suggest that TRPM2 activation 

promotes NOX2 activation by providing the Ca2+ required for the recruitment of 

p47phox and assembly of the functional NOX2 complex at the plasma membrane. 
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Previous studies have indeed reported that MPP+ signals the translocation of 

p47phox to the plasma membrane (Zawada et al., 2011, Hernandes and Britto, 

2012, Jackson-Lewis et al., 2002, Zhang et al., 2004); however the mechanism 

that ensures the Ca2+ supply, to the best of my knowledge, is unknown. Taken 

together, MPP+ activation of the TRPM2 channel, by providing the Ca2+, promotes 

activation of the plasma membrane NOX2 to stimulate ROS production that, in 

turn, stimulates mtROS generation. As NOX2 generates ROS at the plasma 

membrane it is conceivable that this would rise the local concentration of ROS to 

levels sufficient to activate the TRPM2 channel. Thus, I speculate that NOX2 and 

TRPM2 channels are functionally coupled at the plasma membrane to enable 

amplification of the two toxic signals, viz., Ca2+ and ROS. 

 

These findings raise questions on the long-prevailing notion that MPP+ acts 

primary on complex I of mitochondria directly to produce ROS and the 

subsequent cell death (Cleeter et al., 1992, Ramsay et al., 1991, Yang et al., 

2018). However, it is difficult to conceive how TRPM2 inhibition can interfere with 

MPP+ inhibition of Complex I. To address this, I have examined how the Ca2+ 

signals generated at the plasma membrane signal the mitochondria to stimulate 

ROS production. Chelation of cytosolic Ca2+ with BAPTA was sufficient to prevent 

MPP+ induced ROS generation as well as cell death (Figure 3.11), a result that 

is consistent with several previous reports (Kass et al., 1988, Collatz et al., 1997, 

Tymianski et al., 1993, Togashi et al., 2008, Ichimiya et al., 1998, Annunziato et 

al., 2003, Norberg et al., 2010). Numerous studies have reported that a rise in 

intracellular Ca2+ is accompanied by an influx of Ca2+ into the mitochondria 

(Santo-Domingo and Demaurex, 2010, Rizzuto et al., 2008, Duchen, 2000b), and 

that the resulting rise of Ca2+ can impact mitochondrial complexes (Pandya et al., 

2013, Sheehan et al., 1997, Pan et al., 2013, Bravo-Sagua et al., 2017). However, 

there are recent studies implicating Zn2+ in oxidative stress induced neuronal cell 

death (Li et al., 2017b, Kim et al., 1999). Furthermore, using endothelial (Abuarab 

et al., 2017) and pancreatic β-cells (Li et al., 2017a), recent studies have 

demonstrated that TRPM2-mediated Ca2+ influx can be accompanied by an 

elevation of mitochondrial Zn2+ to levels sufficient to cause significant 

mitochondrial fission and loss of function.   
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Consistent with a role for Zn2+, the Zn2+ chelator (TPEN) prevented MPP+ induced 

mtROS generation and cell death (Figure 3.12) (Sheline et al., 2013, Kim et al., 

1999). TPEN is a cell permeable Zn2+ chelator that has high affinity to Zn2+ (Kd ~ 

2.6 x 10-16 M-1) (Sensi et al., 2009). However, it can also chelate Ca2+ but in low 

affinity (Kd ~ 1.3 x 10-4 M-1), thus a low concentration of TPEN (0.5 µM) was used 

to exclude any Ca2+ binding.  

 

Direct elevation of intracellular Ca2+ with the calcium ionophore, A23187 caused 

an increase in intracellular levels of Zn2+ and ROS production that was again 

suppressed by TPEN (Figure 3.13). Direct elevation of intracellular Zn2+ with the 

zinc ionophore, Zn-pyrithione, reproduced the effects of both MPP+ and the 

intracellular Ca2+ rise on mtROS production and cell death (Figure 3.14). 

Together these results indicate that Ca2+ induced mtROS production is mediated 

by Zn2+. It is likely that Zn2+ enters mitochondria through the mitochondrial 

uniporter (Malaiyandi et al., 2005) and other unidentified mechanisms and inhibit 

complexes I and III (Sensi et al., 2009) and thereby increase mtROS production. 

Studies with isolated mitochondria have shown inhibition of complexes I and III 

by Zn2+ (Sensi et al., 2009, Sharpley and Hirst, 2006, Kleiner, 1974, Skulachev 

et al., 1967, Kleiner and Von Jagow, 1972). Furthermore, a Zn2+ binding site was 

found in the crystal structure of Complex III (Giachini et al., 2007).   

 

Although the ability of MPP+ to induce mtROS production has been attributed to 

the ability of the drug to inhibit complex I, these results were obtained using 

isolated mitochondria (Mizuno et al., 1987, Suzuki et al., 1992, Cassarino et al., 

1999, Przedborski et al., 2004, Hasegawa et al., 1990). In the intact cell, however, 

the situation appears to be different: the mtROS inducing effect of MPP+ is more 

likely mediated by Zn2+ ions. Whether Zn2+ also mediates the mitochondrial 

effects of numerous other neurotoxins remains to be investigated. In support of a 

key role for Zn2+ in PD pathology is the evidence from post-mortem brains of PD 

patients where studies have shown high levels of free Zn2+ compared to healthy 

brains (Portbury and Adlard, 2017, Dexter et al., 1991).     
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In summary, results presented in this chapter reveal a novel signaling circuit, 

comprising NOX2, TRPM2, Ca2+, and Zn2+, that underlies neurotoxin-mediated 

dopaminergic cell death. Whether a similar mechanism occurs in other models of 

PD, including the genetic models remains to be determined. Given this pathway 

is associated with the generation of toxic levels of ROS, it could potentially be 

targeted to develop new drugs for PD. 

 
 
 

3.3.3 Experimental limitations 

 

This work has some limitations including the use of the small-molecule 

fluorescent probes for intracellular ROS assessment. Two fluorescent probes 

were used in studies presented in this chapter, DCFH-DA and DHE. Although in 

most experiments DHE was used, in some experiments DCFH-DA was used. 

DCFH is oxidized to the fluorescent product DCF by several ROS, so it is not 

specific for a particular ROS. Also, DCF is not oxidized directly by H2O2, but only 

after it is converted to more reactive species by peroxidases or redox-active 

metals (Murphy et al., 2022). The fluorescence of DCF is sensitive to local O2 

levels, pH (Murphy et al., 2022), and light. Thus, the fluorescent intensity might 

be affected by factors other than just ROS. It is therefore prudent to use other 

methods, such as mass spectrophotometry and genetic ROS sensors (Murphy et 

al., 2022).    

 

It is known that BAPTA can bind divalent cations other than Ca2+. However, 

BAPTA is routinely used in research based on the assumption that other divalent 

cations either have a significantly lower binding affinity for BAPTA than for Ca2+, 

or their overall levels are too low to interfere with Ca2+/BAPTA binding. It is 

common knowledge that Zn2+ competes with Ca2+ for binding to Ca2+ chelators 

and probes (such as Fluo-4 and Fura-2) (Qian and Colvin, 2016). For example, 

Zn2+ binds BAPTA with high affinity (Kd= 7.9 nM) (BENTERS et al., 1997) 

compared with Ca2+ (Kd= 110 nM) (Tsien, 1980), however, total intracellular Zn2+ 

levels range from one-tenth to one-third of total Ca2+ levels (Colvin et al., 2015). 

Furthermore, the majority of intracellular Zn2+ is protein bound. To eliminate Zn2+ 
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interference with Ca2+/BAPTA binding, TPEN (Zn2+ chelator) was used in 

conjunction with BAPTA.    

 

Furthermore, the ionophore A23187 is not specific for Ca2+ and could allow Zn2+ 

entry. To eliminate the role for any extracellular Zn2+ entry, I combined A23187 

with the membrane impermeable Zn2+ chelator, DTPA. However, more specific 

delivery methods, for example, by modulating Ca2+ channels and transporters, 

could be used.   
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Chapter 4  

TRPM2- mediated ionic signals promote lysosomal dysfunction 

and mitochondrial fragmentation in a cellular model of 

Parkinson’s disease 

 

4.1 Introduction 

 

Parkinson’s disease (PD) is the second most prevalent neurological movement 

disorder, characterized by the death of dopaminergic neurons in the brain 

(Balestrino and Schapira, 2020). To date, the molecular basis of PD is not 

completely understood, however, genetic and environmental factors are thought 

to play key roles (Dickson, 2018). The majority of PD cases (85-90%) are 

sporadic and are associated with environmental factors, such as industrial 

pollutants and pesticides (Breckenridge et al., 2016, Balestrino and Schapira, 

2020). 1-methyl-4-phenyl tetrahydropyridine (MPTP) is one example of a 

neurotoxin that has the potential to destroy dopaminergic neurons selectively 

(Kopin, 1987). Exposure to hazardous levels of manganese, carbon monoxide 

and trichloroethylene could also result in a kind of Parkinsonism (Balestrino and 

Schapira, 2020). The remaining 5-15% of the PD causes are familial in nature, 

with mutations in a number of genes linked to disease development (Balestrino 

and Schapira, 2020). According to genetic studies, mitochondrial dysfunction is 

an important factor in PD. Genes such as PINK1, PARKIN, and DJ-1 have been 

shown to influence mitochondrial function and are implicated in familial risk 

factors for PD (Valente et al., 2004, Kitada et al., 1998, Bonifati et al., 2003). 

Additionally, neuronal cells are vulnerable to lysosomal dysfunction (Feng and 

Yang, 2016). Importantly, lysosomal abnormities have been observed in the 

brains of PD patients (Dehay et al., 2010). Several studies indicated that oxidative 

stress due to excessive ROS production is the primary cause of dopaminergic 

cell death (Choi et al., 2012). Given ROS affects Ca2+ homeostasis (Suzuki et al., 

1997, Neill et al., 2002, Camello-Almaraz et al., 2006, Ermak and Davies, 2002), 

it would seem that dysregulation of organelle homeostasis in dopaminergic 

neurons of individuals with PD is driven by abnormal ROS and Ca2+ signaling.  
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It has also been suggested that besides Ca2+, Zn2+ plays a role in mitochondrial 

homeostasis (Ma et al., 2022, Dineley et al., 2005, Sensi et al., 2009); 

nevertheless, the mechanism by which mitochondrial Zn2+ is controlled is not well 

understood. In addition, it is unknown how Zn2+ contributes to the process of 

mitochondrial fission. Recent studies, however, have found that elevated 

mitochondrial Zn2+ leads to mitochondrial fragmentation which is linked to a loss 

of the mitochondrial membrane potential (ΔΨm) (Abuarab et al., 2017, Li et al., 

2017a). Furthermore, activation of TRPM2 channels is thought to be associated 

to these events. It was noted that most studies published up until this point have 

concentrated on one or two specific signals and/or organelles. Consequently, 

there is a significant gap in our understanding of how the ROS, Ca2+ and Zn2+ 

signals affect the communication between the various organelles, and how that 

results in organelle dysfunction and cell survival. 

 

In this chapter, using the MPP+-based cellular model of PD, I have investigated 

the mechanism by which ROS and Ca2+ signals generated at the plasma 

membrane are transmitted to lysosomes and mitochondria to cause 

mitochondrial fragmentation and cell death.  

 

 

4.2 Results 

 

4.2.1 MPP+ causes mitochondrial fragmentation in SH-SY5Y cells  

 

MPP+ has been reported to induce extensive mitochondrial fragmentation in SH-

SY5Y cells (Zhu et al., 2012). The effect of MPP+ on mitochondrial structure in 

SH-SY5Y cells was first examined. To determine the optimal concentration to be 

used in subsequent experiments, cells were treated with different concentrations 

of MPP+ (0, 1 and 2 mM) for 24 hours. Mitochondria were then stained with 

MitoTrackerTM Red, a red-fluorescent dye used for labelling mitochondria in live 
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cells where its accumulation is dependent upon the mitochondria membrane 

potential.  

 

In control cells (CTRL), mitochondria were seen as long, branched networks. 

Following the MPP+ treatment, however, the tubular network disappeared and 

turned into shorter, rounded structures, representing fragmented mitochondria 

(Figure 4.1). Results showed that 1 mM MPP+ caused significant fragmentation 

of the mitochondrial network, and a similar, but more pronounced effect was seen 

with 2 mM concentration (Figure 4.1). Thus, a concentration of 1 mM was 

selected for all subsequent experiments on mitochondrial fission. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 MPP+ causes mitochondrial fragmentation in SH-SY5Y cells. 

SH-SY5Y cells were incubated with medium alone (CTRL) or medium containing 

1 or 2 mM MPP+ for 24 hours at 37 ⁰C and stained for mitochondria 

(MitoTrackerTM Red). Confocal images show that 1 mM MPP+ is sufficient to 

cause mitochondrial fragmentation. Scale bar: 10 µm, and 5 µm for expanded 

images.  
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4.2.2 MPP+ induces ROS production and mitochondrial fragmentation 

through NOX2 activation 

 

Several studies have reported that mitochondrial structure is vulnerable to 

oxidative stress and the associated pathologies of many aging and metabolic 

diseases including the neurodegenerative disorders, especially PD (Roberts and 

Sindhu, 2009, Nojiri et al., 2006, Manczak et al., 2006, Blake and Trounce, 2014, 

Lin and Beal, 2006, Lee et al., 2011, Tsutsui et al., 2011). Studies, including the 

data in Chapter 3 of this thesis, also suggest that MPP+ induces ROS production 

by activating NOX2 (Zawada et al., 2011, Di et al., 2012, Li et al., 2021), as well 

as through inhibition of mitochondrial electron transport (Nakamura et al., 2000, 

Choi et al., 2008, Cleeter et al., 1992). The mechanism by which ROS signals 

generated by the plasma membrane NOX2 leads to mitochondrial fragmentation 

was examined next.  

 

SH-SY5Y cells were treated with 1 mM MPP+ with and without NOX inhibitors 

(apocynin and gp91ds-tat) for 24 hours at 37 °C and the mitochondrial 

morphology were observed by staining the cells with MitoTrackerTM Red. 

Apocynin is a general inhibitor of all NOX isoforms, whereas gp91ds-tat is a 

specific inhibitor of NOX2 (Williams and Griendling, 2007). Images were taken 

using a confocal microscope, followed by the analysis of mitochondrial 

morphology from 2D and 3D images using the ‘Mitochondria Analyzer” plugin in 

image J as described by (Chaudhry et al., 2020). The data (Figure 4.2) show that 

MPP+ induced a significant decrease in mean volume, surface area, total and 

mean branch length per mitochondrion. Also, MPP+ significantly increased 

mitochondria sphericity and reduced the number of branches, branch junctions 

and branch end points per mitochondrion. These findings suggest that MPP+ 

caused significant mitochondrial fragmentation in SH-SY5Y cells, and that 

Mitochondria Analyzer can be used to provide a quantitative description of the 

various parameters defining the mitochondrial morphology from the 2D and 3D 

sets of images acquired from a confocal microscope (Table 2.1). The analysis 

also revealed that quenching of ROS using the general NOX inhibitor, apocynin 

(10 µM), and NOX2 specific gp91ds-tat peptide inhibitor (5 µM) significantly 
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prevented MPP+-induced mitochondrial fragmentation (Figure 4.2 D-M). These 

findings indicate that MPP+ causes mitochondrial fragmentation in SH-SY5Y cells 

through a pathway that involves NOX2 activation and cytosolic ROS generation.    
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Figure 4.2 MPP+ induces cytosolic ROS production and mitochondrial 

fragmentation in SH-SY5Y cells through NOX2 activation. 

Inhibition of NOX2 prevented MPP+-induced cellular ROS production and 

mitochondrial fragmentation. Cells were treated for 24 hours with medium alone 

(CTRL), or medium containing 1 mM MPP+ with and without the general NOX 

inhibitor (10 µM apocynin) or NOX2 inhibitor (5 µM gp91ds-tat). (A-B) MPP+ 

increases cellular ROS production by stimulating NOX2. (A) Fluorescent images 

of SH-SY5Y cells stained for total (DHE). (B) The corresponding mean ± SEM of 

DHE fluorescence intensity from three independent experiments. (C-M) MPP+-

induces mitochondrial fragmentation is dependent on NOX2. (C) Representative 

confocal images of SH-SY5Y cells stained for mitochondria (MitoTrackerTM Red). 

Scale bars: 10 µm, and 5 µm for expanded images. (D-M) Quantification of 

changes in mitochondrial morphology through estimation of mean aspect ratio 

(D) mean form factor (E), mean volume (F), mean surface area (G), sphericity 

(H), branches per mitochondrion (I), total branch length per mitochondrion (J), 

mean branch length (K), branch junctions per mitochondrion (L), branch end 

points per mitochondrion (M). Data presented as normalized mean ± SEM of 

mitochondrial parameters from three independent experiments, n = 3; N = 56 

cells in total. * indicates p ˂ 0.05; ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; 

NS, not significant; one-way Anova with post-hoc Tukey test.      
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4.2.3 TRPM2 channels mediate MPP+-induced mitochondrial 

fragmentation. 

 

Many studies have shown a vital role for Ca2+ in mitochondrial fission (Slupe et 

al., 2013, Cereghetti et al., 2008, Abuarab et al., 2017, Liu and Hajnóczky, 2009, 

Calvo-Rodriguez and Bacskai, 2021, Clapham, 2007, Srinivasan et al., 2017). 

Data of the previous chapter also support the effect of Ca2+ on ROS levels in SH-

SY5Y cells as well as on cell death. TRPM2 channels have been first 

demonstrated to play a role in mitochondrial fission in pancreatic ꞵ-cells (Li et al., 

2017a) and human umbilical venous cord cells (HUVECs) (Abuarab et al., 2017) 

subjected to oxidative stress, but it is not clear whether they play a similar role in 

neuronal cells.   

 

SH-SY5Y cells were treated with MPP+ (1 mM) in the absence or presence of 

pharmacological inhibitors of TRPM2 (10 µM ACA, 50 µM 2-APB and 10 µM 

PJ34). After 24 hours of incubation at 37 ⁰C, cells were stained and imaged. 

Findings showed that inhibition of TRPM2 channels with ACA, 2-APB and PJ34 

had significant rescue effect on MPP+-induced mitochondrial fragmentation 

(Figure 4.3). 2-APB and PJ34 rescued all parameters of mitochondrial 

morphology. ACA rescued 7 out of 10 parameters examined but showed no 

significant rescue of three parameters (number of branches, branch junctions, 

and branch end points per mitochondrion) (Figure 4.3 G, J, K). Furthermore, 

similar rescue effects were observed when the SH-SY5Y cells were transfected 

with siRNA targeted to TRPM2, but not with Scr-siRNA (Figure 4.4). Interestingly, 

the mitochondrial morphology of cells treated with TRPM2-siRNA shows better 

network than the controls, however this was not quantified. Thus, suppression of 

TRPM2 expression or function attenuates MPP+-induced mitochondrial 

fragmentation in SH-SY5Y cells. 
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Figure 4.3 Inhibition of TRPM2 channels prevents MPP+-induced 

mitochondrial fragmentation in SHSY5Y cells. 

Pharmacological inhibition of TRPM2 prevents mitochondrial fragmentation. Cells 

were treated with medium alone (CTRL) or medium containing 1 mM MPP+ with 

and without TRPM2 inhibitors; ACA (10 µM), 2-APB (50 µM) and PJ34 (10 µM) 

for 24 hours at 37 ⁰C. (A) Representative confocal images of SH-SY5Y cells 

stained for mitochondria (MitoTrackerTM Red). Scale bars: 10 µm, and 5 µm for 
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expanded images. (B-K) Quantification of changes in mitochondrial morphology 

through estimation of mean aspect ratio (B), mean form factor (C), mean volume 

(D), mean surface area (E), sphericity (F), branches per mitochondrion (G), total 

branch length per mitochondrion (H), mean branch length (I), branch junctions 

per mitochondrion (J), branch end points per mitochondrion (K). Data presented 

as normalized mean ± SEM of mitochondrial parameters from three independent 

experiments n =3; * indicates p ˂ 0.05; ** indicates p ˂ 0.01; *** indicates p ˂ 

0.001; NS, not significant; one-way Anova with post-hoc Tukey test. 
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Figure 4.4 Inhibition of TRPM2 by siRNA prevents MPP+-induced 

mitochondrial fission. 

(A) Fluorescent images of SH-SY5Y cells transfected with TRPM2-siRNA or Scr-

siRNA for 48 hours and incubated with and without 1mM MPP+ for 24 hours at 37 

⁰C and stained for mitochondria using MitoTracker Red and then recorded using 

a confocal microscope. Scale bars: 10 µm, and 5 µm for expanded images. (B) 

The corresponding mean ± SEM of percentage of cells with mitochondrial fission; 

data from three independent experiments performed as in (A) ** indicates p ˂ 

0.01; *** indicates p ˂ 0.001; one-way Anova with post-hoc Tukey test. 
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4.2.4 The role of Ca2+ and Zn2+ in MPP+-induced mitochondrial 

fragmentation 

 

As mentioned earlier, activation of TRPM2 channels not only increases cytosolic 

Ca2+ levels, but also Zn2+ levels (Manna et al., 2015, Abuarab et al., 2017, Li et 

al., 2017a). It has been previously shown that Zn2+ chelation alone can prevent 

TRPM2-mediated excessive mitochondrial fission and ꞵ-cell death (Li et al., 

2017a).   

 

Accordingly, the role of Ca2+ and Zn2+ in MPP+ induced mitochondrial fission was 

examined. To achieve that, two ion chelators were used: BAPTA (Ca2+ chelator) 

and TPEN (Zn2+ chelator). SH-SY5Y cell were treated with MPP+ (1 mM) in the 

presence or absence of BAPTA-AM (5 µM) or TPEN (0.5 µM) and, after 24 hours 

of incubation at 37 °C, stained and imaged to assess changes in mitochondrial 

morphology. Results showed that both Ca2+ and Zn2+ chelation rescued 

mitochondrial fission (Figure 4.5). However, the latter showed a stronger rescue 

effect in most measured parameters indicating the critical role of Zn2+ in MPP+-

induced mitochondrial fragmentation in SH-SY5Y cells.  

 

To understand and support the individual roles of Ca2+ and Zn2+ in mitochondrial 

dynamics, we used the Ca2+ ionophore (A23187) and the Zn2+ ionophore (Zn-

PTO) to raise the intracellular levels of these two ions. First, to optimize the time, 

cells were treated with 2 µM A23187 for different time periods (0, 1, 2 and 4 

hours). Diethylenetriaminepentaacetic acid (DTPA, 2 mM), a membrane-

impermeable Zn2+chelator, was included with A23187 to chelate Zn2+ in the 

extracellular medium and thereby ensure any changes in the levels of free Zn2+ 

is due to intracellular Zn2+ release. Then, the rise of intracellular Ca2+ and the 

morphology of mitochondria were monitored by co-staining the cells with Fluo-4 

AM and MitoTrackerTM Red. Results showed time dependent increase in Fluo-4 

fluorescence intensity indicating increased intracellular Ca2+ concentration. 

A23187 caused a raise in intracellular Ca2+, which initially appears as diffuse 

Fluo-4 stain in the cytoplasm (in the first 2 h), but longer exposure (4 hours) has 

resulted in Ca2+ accumulation in punctate structures. The nature of these puncta  
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Figure 4.5 Ca2+ and Zn2+ chelation prevents MPP+ induced mitochondrial 

fission.  

(A) Fluorescent images of SH-SY5Y cells exposed to medium alone (CTRL) or 

medium containing 1 mM MPP+ with and without the Ca2+ chelator BAPTA-AM (5 

µM) or Zn2+ chelator TPEN (0.5 µM) for 24 hours at 37 ⁰C and stained for 

mitochondria using MitoTrackerTM Red and the images were captured using 

confocal microscope. Scale bars: 10 µm, and 5 µm for expanded images. (B-K) 
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Quantification of changes in mitochondrial morphology through estimation of 

mean aspect ratio (B), mean form factor (C), mean volume (D), mean surface 

area (E), sphericity (F), branches per mitochondrion (G), total branch length per 

mitochondrion (H), mean branch length (I), branch junctions per mitochondrion 

(J), branch end points per mitochondrion (K). Data presented as normalized 

mean ± SEM of mitochondrial parameters from three independent experiments n 

=3; N = 176 cells in total. * indicates p ˂ 0.05; ** indicates p ˂ 0.01; *** indicates 

p ˂ 0.001; NS, not significant; one-way Anova with post-hoc Tukey test. 
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remains to be determined. As for the mitochondrial morphology, delivery of Ca2+ 

through A23187 led to a progressive loss of the long-branched mitochondrial 

network with time, with excessive mitochondrial fragmentation being detected 

after 4 hours of treatment (Figure 4.6). 

 

Moreover, co-staining the cells with FluoZin-3 and MitoTrackerTM Red revealed 

that the A23187 induced cytosolic Ca2+ rise led to increased mitochondrial Zn2+ 

(Figure 4.7). The data also showed that longer incubation with the Ca2+ ionophore 

caused further increase in mitochondrial Zn2+ (shown as yellow puncta 

representing the co-localization of the green FluoZin-3 stain of Zn2+ with the red 

MitoTracker stain) and mitochondrial fragmentation. In the untreated cells 

(CTRL), there was less detectable Zn2+ in the mitochondria compared with cells 

after 2 or 4 hours incubation with A23187 which showed a marked rise in 

mitochondrial Zn2+ (Figure 4.7).  These results suggest a correlation between 

cytosolic Ca2+ rise, intracellular Zn2+ redistribution and mitochondrial fission.  

 

The roles for both Ca2+ and Zn2+ was further supported by the fact that both 

BAPTA and TPEN significantly rescued (p ˂ 0.001) A23187-induced 

mitochondrial fragmentation (Figure 4.8). 

 

Finally, the direct and independent effect of increasing the free intracellular Zn2+ 

on mitochondrial fragmentation was assessed. Cells were treated with 2 µM Zn-

PTO in Ca2+ free medium for 2 hours at 37 °C before staining for mitochondria. 

Data showed that delivery of Zn2+ through Zn-PTO into SH-SY5Y cells resulted 

in excessive mitochondrial fragmentation, and that co-treatment with TPEN (0.5 

µM) was able to antagonize the effect of Zn-PTO (Figure 4.9 A). The effects were 

apparent in all measured parameters of mitochondrial fission (Figure 4.9 B-K). 

The fact that Zn2+ chelation alone was sufficient to prevent mitochondrial fission 

suggests that Zn2+, rather than Ca2+, plays a dominant role in oxidative stress 

induced mitochondrial fragmentation. The data also suggest that Zn2+ likely acts 

downstream of Ca2+.   
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Collectively, these findings support coordinated signaling roles for both Ca2+ and 

Zn2+ in MPP+-induced mitochondrial fragmentation in SH-SY5Y cells.  
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Figure 4.6 Rising cytosolic Ca2+ with Ca2+-ionophore (A23187) causes 

mitochondrial fission. 

(A) Fluorescent images of SH-SY5Y cells stained for Ca2+ (Fluo4-AM) and 

mitochondria (MitoTrackerTM Red) following A23187 treatment. Cells were 

incubated at 37 ⁰C with A23187 (2 µM plus 2 mM DTPA) for different time periods 

(0, 1, 2, 4 hours). Representative confocal images show that A23187 induced rise 

in intracellular Ca2+ (top panel), and mitochondrial fission (bottom panels) in a 

time-dependent manner. Scale bars: 10 µm, and 5 µm for expanded images. (B) 

Mean ± SEM of percent cells displaying mitochondrial fragmentation in A23187 

treated cells. Statistical analysis was performed from three independent 

experiments n = 3; N = 754 cells in total. *** indicates p ˂ 0.001; NS, not 

significant; one-way Anova with post-hoc Tukey test. 
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Figure 4.7 Cytosolic Ca2+ rise by A23187 increases mitochondrial Zn2+ and 

mitochondrial fission. 

Fluorescent images of SH-SY5Y cells co-stained for Zn2+ (FluoZin-3) and 

mitochondria (MitoTrackerTM Red). Images were taken using confocal 

microscopy of cells exposed to medium (CTRL) or A23187 (2 µM plus 2 mM 

DTPA) for the indicated times (0, 1, 2, 4 hours). Yellow puncta represent the co-

localization of the green FluoZin-3 stain with the MitoTrackerTM Red. The data 

show that longer incubation with A23187 caused increased Zn2+ mobilization to 

mitochondria and mitochondrial fragmentation. Scale bars: 10 µm, and 5 µm for 

expanded images.    
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Figure 4.8 Ca2+-induced mitochondrial fragmentation is mediated by Zn2+. 

(A) Representative confocal images of SH-SY5Y cells treated with medium alone 

(CTRL) or with A23187 (2 µM plus 2 mM DTPA) for 4 hours at 37 ⁰C and stained 

for Ca2+ using Fluo4-AM. (B) Fluorescent images of SH-SY5Y cells exposed to 

medium alone (CTRL) or A23187 (2 µM plus 2 mM DTPA) with and without the 

Ca2+ chelator (5 µM BAPTA) or the Zn2+ chelator (0.5 µM TPEN) for 2 hours at 

37 ⁰C; cells were then stained for mitochondria using MitoTrackerTM Red. Scale 
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bars: 10 µm, and 5 µm for expanded images. Data show that chelation of Ca2+ 

and Zn2+ prevents mitochondrial fragmentation. (C-L) Quantification of changes 

in mitochondrial morphology through estimation of mean aspect ratio (C), mean 

form factor (D), mean volume (E), mean surface area (F), sphericity (G), branches 

per mitochondrion (H), total branch length per mitochondrion (I), mean branch 

length (j), branch junctions per mitochondrion (K), branch end points per 

mitochondrion (L). Data presented as normalized mean ± SEM of mitochondrial 

parameters from three independent experiments n =3; N = 295 cells in total. * 

indicates p ˂ 0.05; ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; NS, not 

significant; one-way Anova with post-hoc Tukey test.      
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Figure 4.9 Zn2+ ionophore, Zn2+-pyrithione (Zn-PTO) increases 

mitochondrial fragmentation in the absence of extracellular Ca2+. 

(A) Representative confocal images of SH-SY5Y cells exposed to Ca2+ free 

medium alone (CTRL) or Ca2+ free medium containing the Zn2+ ionophore (2 µM 

Zn2+-pyrithione, Zn-PTO) in the absence or presence of the Zn2+ chelator (0.5 µM 

TPEN) for 2 hours at 37 ⁰C. Next, cells were stained for mitochondria using 

MitoTrackerTM Red. Scale bars: 10 µm, and 5 µm for expanded images. (B-K) 

Quantification of changes in mitochondrial morphology through estimation of 



 
 

147 
 

mean aspect ratio (B), mean form factor (C), mean volume (D), mean surface 

area (E), sphericity (F), branches per mitochondrion (G), total branch length per 

mitochondrion (H), mean branch length (I), branch junctions per mitochondrion 

(J), branch end points per mitochondrion (K). Data presented as normalized 

mean ± SEM of mitochondrial parameters from three independent experiments n 

=3; N = 218 cells in total. * indicates p ˂ 0.05; ** indicates p ˂ 0.01; *** indicates 

p ˂ 0.001; NS, not significant; one-way Anova with post-hoc Tukey test.      
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4.2.5 Zn2+ localization in intracellular organelles  

 

Zinc (Zn2+) is important for many cellular functions and its intracellular distribution 

can influence cellular metabolism and signaling (Lu et al., 2016). The exact 

distribution of free Zn2+ in subcellular organelles remains elusive. Studies have 

shown that lysosomes serve as Zn2+ storage organelle and protects the cells from 

excess intracellular Zn2+ toxicity (Roh et al., 2012, Kukic et al., 2014, Han et al., 

2018, Abuarab et al., 2017, Li et al., 2017a). 

 

In this study, to determine the source of intracellular Zn2+, SH-SY5Y cells were 

grown in normal conditions, and were co-stained with FluoZin-3 and different 

organelle-specific fluorescent dyes (MitoTrackerTM Red: for mitochondria, and 

LysoBrite Red: for Lysosomes). Results showed remarkable localization of Zn2+ 

to lysosomes, indicating that free Zn2+ is more likely to be found in lysosomes in 

healthy SH-SY5Y cells (Figure 4.10 A). On the other hand, FluoZin-3 - 

MitoTrackerTM colocalization is less obvious (Figure 4.10 B), suggesting absence 

of Zn2+ in mitochondria in detectable amounts. 

 

These results suggest that lysosome is a potential free Zn2+ storing organelle 

during cellular Zn2+ homeostasis under normal conditions.  
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Figure 4.10 Zn2+ is stored in lysosomes of SH-SY5Y cells. 

Fluorescent images taken of SH-SY5Y cells grown in medium alone and co-

stained for Zn2+ using FluoZin 3-AM and lysosomes using LysoBrite Red (A), or 

mitochondria using MitoTrackerTM Red (B). Results show that Zn2+ is localized 

mostly (indicated by yellow vesicles) to lysosomes rather than to mitochondria in 

SH-SY5Y cells. Scale bars: 10 µm.   
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4.2.6 TRPM2 activation mediates MPP+-induced lysosomal membrane 

permeabilization  

 

As shown in the previous section (Figure 4.10 A), free Zn2+ in SH-SY5Y cells is 

largely stored in the lysosomes. It has been reported that oxidative stress can 

alter intracellular Zn2+ dynamics and its distribution among subcellular 

compartments in a TRPM2-dependent manner (Abuarab et al., 2017).  

 

To understand whether MPP+-induced oxidative stress influences intracellular 

Zn2+ distribution in SH-SY5Y cells, the effect of MPP+ on lysosomal Zn2+ was first 

examined. Cells were incubated with 1 mM MPP+ for 24 hours at 37° C, and then 

co-stained with FluoZin-3 and LysoBrite Red.  Results revealed that when cells 

were exposed to MPP+, the overlap between FluoZin-3 green and LysoBrite Red 

dyes (represented by yellow particles) has declined, indicating loss of Zn2+ from 

lysosomes or a loss of LysoBrite Red from lysosomes (Figure 4.11 A). Results 

also showed a significant decrease in the number of LysoBrite Red-positive 

lysosomes per cell (Figure 4.11 B). These findings suggest that MPP+ induced 

lysosomal membrane permeabilization leading to a loss of lysosomal Zn2+.    

 

We next asked whether TRPM2 channels are involved in MPP+-induced 

lysosomal Zn2+ release in SH-SY5Y cells. To answer this question, cells were co-

treated with MPP+ and the TRPM2 blocker, 2-APB, following by staining for Zn2+ 

and lysosomes. The data showed that 2-APB rescued FluoZin-3 – LysoBrite 

overlap (yellow) as well as the number of LysoBrite Red- positive vesicles per cell 

(Figure 4.11), providing evidence that TRPM2 channels could mediate MPP+-

induced loss of lysosomal number and loss of Zn2+.         

 

Therefore, these data indicate that MPP+ induces lysosomal membrane 

permeabilization and lysosomal Zn2+ loss through a pathway mediated by TRPM2 

activation. 
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Figure 4.11 TRPM2 channels mediate MPP+-induced lysosomal membrane 

permeabilization in SH-SY5Y cells. 

(A) Representative fluorescent images of SH-SY5Y cells treated with medium 

alone (CTRL) or 1 mM MPP+ in the presence or absence of a TRPM2 inhibitor 

(50 µM 2-APB) for 24 hours at 37 ⁰C and stained for Lysosomes using LysoBrite 

Red and for Zn2+ using FluoZin-3. (B) Mean ± SEM of data from (A) expressed 

as number of lysosomes per cell, n =3; The yellow spots represent the overlap of 

Zn2+ staining (FluoZin-3) with lysosomal staining (LysoBrite Red), indicating the 

localization of Zn2+ in lysosomes. Scale bars: 10 µm, and 5 µm for expanded 

images. *** indicates p ˂ 0.001; one-way Anova with post-hoc Tukey test.    
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4.2.7 Increased Ca2+ uptake causes lysosomal membrane 

permeabilization  

 

Since it has been previously shown that TRPM2-mediated Ca2+ influx induces 

intracellular Zn2+ release in pancreatic β-cells (Li et al., 2017a), the role of rise in 

intracellular Ca2+ in Zn2+ mobilization and redistribution within the SH-SY5Y cells 

was examined.  

 

To determine the effect of Ca2+ entry on lysosomal membrane permeabilization 

and Zn2+ release in SH-SY5Y cells, they were treated with the calcium ionophore, 

A23187, and co-stained with FluoZin-3 and LysoBrite Red, then the changes 

recorded using a confocal microscope. When SH-SY5Y cells were incubated with 

A23187 (2 µM combined with 2 mM DTPA) for different periods of times (0, 2 and 

4 hours), changes in intracellular Zn2+ distribution was observed (Figure 4.12 A). 

In control cells (CTRL), there was a noticeable overlap (yellow) of Zn2+ and 

lysosomal staining suggesting Zn2+ localization to lysosomes. However, the 

association of FluoZin-3 green with LysoBrite Red was diminished with an 

accompanied decline in the percentage of LysoBrite Red-positive lysosomes per 

cell when intracellular Ca2+ was raised using A23187 (Figure 4.12 B). The longer 

incubation time resulted in reduced Zn2+ localization to lysosomes. However, 

there was no significant increase in the number of Zn2+ positive puncta (Figure 

4.12 C), suggesting that Zn2+ has been redistributed to other cellular organelles. 

These results indicate that increased Ca2+ entry causes lysosomal membrane 

permeabilization and redistribution of Zn2+ to other organelles in SH-SY5Y cells.  

 

Moreover, results showed that Ca2+ chelation by BAPTA inhibited A23187-

induced lysosomal membrane permeabilization and the loss of lysosomal Zn2+, 

as shown by the restoration of yellow puncta, representing FluoZin-3 – LysoBrite 

Red signals (Figure 4.12 A). Also, I found that Ca2+ chelation prevented loss of 

LysoBrite Red positive-lysosomes caused by Ca2+ entry via A23187.  
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Although the exact mechanisms by which Ca2+ influx promotes lysosomal 

membrane permeabilization remains to be determined, these findings indicate 

that rise in intracellular Ca2+ triggers lysosomal membrane permeabilization 

leading to redistribution of lysosomal Zn2+ to other intracellular structures. The 

data suggest that Ca2+ channels might play critical roles in controlling intracellular 

Zn2+ dynamics. 
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Figure 4.12 Ca2+ ionophore induces lysosomal membrane permeabilization. 

(A) Representative confocal images of SH-SY5Y cells exposed to medium 

(CTRL) or A23187 (2 µM plus 2 mM DTPA) for the indicated times (0, 2 and 4 

hours) and stained for Lysosomes using LysoBrite Red and for Zn2+ using 

FluoZin-3. (B-C) Mean ± SEM of percentage of LysoBrite Red-positive lysosomes 

per cell (B) and the number of FluoZin-3 positive puncta (C) analyzed from three 
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independent experiments performed as in (A). The yellow spots represent the 

overlap of Zn2+ staining (FluoZin-3) with lysosomes staining (LysoBrite), 

indicating the localization of Zn2+ in lysosomes. Scale bars: 10 µm, and 5 µm for 

expanded images. ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; NS, not 

significant; one-way Anova with post-hoc Tukey test. 
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4.2.8 TRPM2 channels and Zn2+ mediate MPP+-induced loss of 

mitochondrial membrane potential (ΔΨm) 

 

In previous research, the loss of mitochondrial membrane potential (ΔΨm) has 

been correlated with changes in mitochondria network structure (Ishihara et al., 

2003, Legros et al., 2002). Since MPP+ has been shown influence the 

mitochondrial dysfunction and fragmentation (Przedborski et al., 2004), the effect 

of MPP+ on ΔΨm was examined next. Additionally, it is important to determine 

whether TRPM2 channels and Zn2+ are involved in this mitochondrial dysfunction 

in the cellular model of PD, as was the case with pancreatic β-cells (Li et al., 

2017a) and endothelial cells (Abuarab et al., 2017). 

 

To investigate that, SH-SY5Y cells were treated with 1 mM MPP+ either without 

or in the presence of the TRPM2 inhibitor (50 µM 2-APB), or the Zn2+ chelator 

(0.5 µM TPEN), and after 24 hours incubation at 37 °C, cells were stained for 

ΔΨm using 200 nM tetramethylrhodamine ethyl ester (TMRE). Staining SH-SY5Y 

cells with TMRE allows for the detection of the negative charge that is present 

across the membrane of healthy mitochondria (Crowley et al., 2016). The 

intensity of TMRE fluorescence detected by confocal microscopy can be unitized 

to evaluate whether mitochondria in a stained cell have high (active mitochondria) 

or low (inactive mitochondria) ΔΨm (Crowley et al., 2016). Notably, cells exposed 

to MPP+ showed significant loss of ΔΨm (Figure 4.13). This effect was prevented 

by blocking TRPM2 channels with 2-APB (Figure 4.13). The results also showed 

that Zn2+ chelation with TPEN markedly reduced ΔΨm loss, demonstrating that 

Zn2+ plays an important role in MPP+-induced ΔΨm loss (Figure 4.14). 

 

These findings suggest that TRPM2 channels and Zn2+ play a critical role in the 

MPP+-induced dissipation of ΔΨm.   
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Figure 4.13 TRPM2 channels mediates MPP+-induced loss of mitochondrial 

membrane potential (ΔΨm) 

(A) Fluorescent images of SH-SY5Y cells co-stained for nuclei (Hoechst) and 

mitochondria membrane potential (TMRE) following of 1 mM MPP+ treatment with 

and without the TRPM2 inhibitors, 2-APB (50 µM) for 24 hours at 37 ⁰C. Scale 

bar: 75 µM. (B) Mean ± SEM of percent cells displaying active mitochondria 

(TMRE-positive cells). Statistical analysis was performed from three independent 

experiments. *** indicates p ˂ 0.001; one-way Anova with post-hoc Tukey test. 
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Figure 4.14 Zn2+ chelation reduces mitochondrial membrane potential 

(ΔΨm) loss caused by MPP+. 

(A) Fluorescent images of SH-SY5Y cells co-stained for nuclei (Hoechst) and 

mitochondria membrane potential (TMRE) following of 1 mM MPP+ treatment with 

and without the Zn2+ chelator TPEN (0.5 µM) for 24 hours at 37 ⁰C. Scale bar: 75 

µM. (B) Mean ± SEM of percent cells displaying active mitochondria (TMRE-

positive cells). Statistical analysis was performed from three independent 

experiments. ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; one-way Anova with 

post-hoc Tukey test. 
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4.2.9 Mitochondrial ROS stimulates MPP+-induced mitochondrial 

fragmentation 

 

It has previously been reported that the mitochondrial-targeted antioxidants can 

significantly rescue mitochondrial fragmentation caused by oxidative stress 

(Plotnikov et al., 2008) implicating a role for mitochondrial ROS (mtROS) in 

mitofission. Therefore, the effect of mitochondrial-targeted antioxidant Mito-

Tempo, a specific scavenger of mitochondrial superoxide, was used to assess its 

ability to rescue mitochondrial fission in SH-SY5Y cells.  

 

As shown in the previous chapter, MPP+ induces mtROS generation (Figure 3.2) 

and the consequent cells death (Figure 3.4). In this section, I asked whether 

MPP+-induced mtROS production is linked to mitochondrial fission. The 

association of mitochondrial fragmentation and the rise of mtROS was first 

examined. SH-SY5Y cells were treated with medium only (CTRL) or with 1 mM 

MPP+ for 24 hours at 37 °C, before co-staining for mitochondria using 

MitoTrackerTM green and for mtROS using MitoSOX Red. Images taken by the 

confocal microscope showed that MPP+ treatment stimulated mtROS production, 

represented by an increase in MitoSOX fluorescent intensity, as well as an 

increase in mitochondrial fragmentation (Figure 4.15). Cells with little or no 

mtROS showed near normal mitochondrial morphology. These data could 

suggest that MPP+ induced excessive mtROS generation is closely associated 

with mitochondrial fission.    

 

Next, the effect of the mitochondrial-targeted antioxidant Mito-TEMPO on MPP+-

induced mitochondrial fission was investigated. SH-SY5Y cells were treated with 

medium only (CTRL) or 1 mM MPP+ with and without Mito-TEMPO (10 µM) for 

24 hours at 37 °C. Then, the mitochondrial morphology was observed by staining 

the cells with MitoTrackerTM Red. Results showed that control cells have long, 

branched mitochondrial network, whereas following the MPP+ treatment, the 

tubular network shape broke down into shorter, rounded structures, representing 

fragmented mitochondria. Regarding cells treated with Mito-TEMPO, they 

produced similar results as the control (Figure 4.16). Moreover, co-staining with 
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MitoTrackerTM green and MitoSOX revealed the protective effect of Mito-TEMPO 

on SH-SY5Y cells against both mitochondrial fission and mtROS overproduction 

(Figure 4.17). Notably, the data clearly showed that only cells with high MitoSOX 

fluorescent intensity displayed discernible mitochondria fragmentation (Figure 

4.17).   

 

All the assessed parameters of mitochondrial fragmentation have shown that 

Mito-TEMPO prevented mitochondrial fragmentation in MPP+-treated SHSY5Y 

cells (4.16 B-K). These findings suggest that mitochondrial fragmentation occurs 

in parallel with mtROS generation that serves as a trigger for mitochondrial 

dysfunction during neurotoxin (MPP+)-induced oxidative stress.  
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Figure 4.15 Mitochondrial ROS production is associated with mitochondrial 

fragmentation in MPP+-treated SH-SY5Y cells. 

SH-SY5Y cells were treated with medium alone (CTRL) or with 1 mM MPP+ for 

24 hours at 37 ⁰C and co-stained with MitoTrackerTM green (for mitochondria) and 

MitoSOX (for mitochondrial ROS). (A) Representative confocal images show that 

MPP+ treatment caused increased MitoSOX fluorescent intensity as well as the 

associated mitochondrial fragmentation. Scale bar: 10 µM. (B) Expanded images. 

Scale bar: 5 µM.   
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Figure 4.16 Quenching of mitochondrial ROS rescues mitochondrial fission 

in SH-SY5Y cells exposed to MPP+. 

SH-SY5Y cells were treated with medium only (CTRL) or 1 mM MPP+ with and 

without the mitochondrial-targeted antioxidant (10 µM Mito-TEMPO) for 24 hours 

at 37 ⁰C. (A) Fluorescent images of SH-SY5Y stained for MitoTrackerTM Red. 

Scale bars: 10 µm, and 5 µm for expanded images. (B-K) Quantification of 
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changes in mitochondrial morphology through estimation of mean aspect ratio 

(B), mean form factor (C), mean volume (D), mean surface area (E), sphericity 

(F), branches per mitochondrion (G), total branch length per mitochondrion (H), 

mean branch length (I), branch junctions per mitochondrion (J), branch end points 

per mitochondrion (K). Data presented as normalized mean ± SEM of 

mitochondrial parameters from three independent experiments n = 3; ** indicates 

p ˂ 0.01; *** indicates p ˂ 0.001; NS, not significant; one-way Anova with post-

hoc Tukey test. 
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Figure 4.17 Mito-TEMPO protects SH-SY5Y cells from mitochondrial fission. 

(A) Fluorescent images taken by confocal microscope of SH-SY5Y cells exposed 

to medium alone (CTRL) or 1 mM MPP+ with and without the mitochondrial-

targeted antioxidant (Mito-TEMPO, 10 µM) for 24 hours at 37 ⁰C. To determine 

the association between mitochondrial fragmentation and excessive 

mitochondrial ROS production, cells were co-stained with MitoTrackerTM Green 

(for mitochondria) and MitoSOX (for mitochondrial ROS) for 30 minutes prior to 

the recording. Scale bars: 10 µm, and 5 µm for expanded images.  
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4.2.10 Inhibition of mitochondrial complexes I and III rescues MPP+-

induced mitochondrial fragmentation and cell death 

 

In cellular signaling and pathology, mitochondria are key producers of ROS. 

Mitochondrial complex I and complex III are the primary contributors of mtROS 

production, in particular, superoxide/ hydrogen peroxide during reverse electron 

transport (Wong et al., 2019a, Brand, 2010, Murphy, 2009a). Deficits in complex 

I have been linked with PD and a number of other neurological diseases (Zorov 

et al., 2014). On the other hand, ROS from complex III has been linked to 

myocardial infraction, which has been shown to induce oxidative damage and 

impair mitochondrial function (Heather et al., 2010). Also, a recent study showed 

that genetically determined dysfunction in complex III may lead to a distinct 

neurodegenerative phenotype (Cerri and Valente, 2020).  

 

To determine the source of ROS in MPP+-induced oxidative stress in SH-SY5Y 

cells, the electron leak site-specific suppressors of complex I (S1QEL) and 

complex III (S3QEL) were used. These selective chemicals suppress mtROS 

generation at complex I or III without altering forward electron transport (Wong et 

al., 2019a, Orr et al., 2015). Thus, these chemicals allow assessment of the 

relative contribution of complex I and III to the overall mtROS signal by comparing 

the amount of inhibition caused by these two site-specific suppressors. 

Furthermore, the involvement of complexes I and III to mitochondrial 

fragmentation and cell death could also be examined.  

 

To identify the contribution of mitochondrial complex I and complex III, SH-SY5Y 

cells were pretreated with S1QEL (10 µM) or S3QEL (5 µM) for one hour. The 

cells were then co-incubated with 1 mM MPP+ for 24 hours at 37 °C. Following 

the treatment, they were stained for mitochondria, mtROS, and cell death 

(propidium Iodide). The results show that both S1QEL and S3QEL suppressed 

mitochondrial fission, mtROS generation and cell death indicating roles for both 

Complex I and III (Figures 4.18 and 4.19). However, their relative contribution to 

these effects was different. Results showed that both S1QEL and S3QEL lowered 

the overall mtROS production, however, the decreases were not statistically 
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significant (Figure 4.18 A-B). Of the two, S3QEL caused a greater decrease in 

mtROS levels compared to S1QEL, which suggests that the contribution of 

Complex III is greater than that of Complex I in terms of its contribution to MPP+ 

induced mtROS production. Therefore, the subsequent question is whether ROS 

generated by mitochondria complex I and/or complex III, upon MPP+ treatment, 

are involved in mitochondrial fission and cell death. Analyzing the mitochondrial 

morphology showed that S1QEL and S3QEL attenuated MPP+-induced 

mitochondria fragmentation (Figure 4.19). In particular, S3QEL demonstrated a 

highly significant rescuing effect on mitochondrial fission (Figure 4.19). Moreover, 

when their effects on cell viability were investigated, data revealed that both the 

mtROS suppressors had significant effect (S1QEL, p ˂ 0.01; S3QEL p ˂ 0.001) 

against SH-SY5Y cell death caused by MPP+ (Figure 4.18 C-D), suggesting a 

role of mitochondria-generated ROS from complex I and III in MPP+-induced 

mitochondrial fragmentation and subsequent cell death.          

 

Collectively, these findings indicate that Complexes I and III, mainly Complex III, 

represent the mitochondrial sites of ROS generation that impact mitochondrial 

fragmentation and neuronal cell death.  
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Figure 4.18 Effects of S1QEL and S3QEL on mitochondria ROS generation 

and SH-SY5Y cell death. 

SH-SY5Y cells were pretreated with either S1QEL (10 µM) or S3QEL (5 µM) for 

1 hour, then they were incubated with 1 mM MPP+ for 24 hours at 37 ⁰C. (A) 

Fluorescent images of SH-SY5Y cells stained for mitochondrial ROS using 

MitoSOX and for cells nuclei using Hoechst. Scale bar: 125 µM. (B) Mean ± SEM 

of data of MitoSOX fluorescence. (C) Fluorescent images of cells stained for 

nuclei of all (Hoechst) and dead (Propidium Iodide, PI) cells. Scale bar: 125 µM. 

(D) Mean ± SEM of percent of cell death. Mean data were obtained from three 

independent experiments n = 3, ** indicates p ˂ 0.01; *** indicates p ˂ 0.001; NS, 

not significant; one-way Anova with post-hoc Tukey test.      
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Figure 4.19 Effects of S1QEL and S3QEL on mitochondrial fission in SH-

SY5Y cells. 

SH-SY5Y cells were pretreated with either S1QEL (10 µM) or S3QEL (5 µM) for 

1 hour, then they were incubated with 1 mM MPP+ for 24 hours at 37 ⁰C. After 

treatment, cells were stained for mitochondria using MitoTrackerTM Red. (A) 

Fluorescent images showing the mitochondrial morphology of untreated (CTRL) 

and treated cells. Scale bars: 10 µm, and 5 µm for expanded images. (B) 

Quantification of changes in mitochondrial morphology through estimation of form 

factor and aspect ratio. (C) Quantification of mitochondrial network complexity 

through estimation of branch length and number per mitochondrion, and number 

of branch junctions per mitochondrion. Data presented as normalized mean ± 
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SEM of mitochondrial parameters from three independent experiments n =3; N = 

335 cells in total. * indicates p ˂  0.05; ** indicates p ˂  0.01; *** indicates p ˂  0.001; 

NS, not significant; one-way Anova with post-hoc Tukey test. 
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4.2.11 TRPM2 channels mediate MPP+ induced changes in Zn2+ 

redistribution and Drp1 recruitment to mitochondria   

 

The fission process of mitochondria is catalysed by dynamin-related protein 1 

(Drp1). Drp1 mediates outer membrane fission in response to specific cellular 

signals that result in its translocation from the cytoplasm to the outer membrane 

of mitochondria causing a restriction and scission of the mitochondrial network 

leading to mitochondrial fragmentation (Archer, 2013, Chappie et al., 2009, 

Friedman et al., 2011). Since it was shown in the previous sections that increased 

intracellular Ca2+ and Zn2+ levels in response to TRPM2 activation caused 

mitochondrial fragmentation, the next question was whether TRPM2 mediated 

changes in Zn2+ can induce Drp1 recruitment to mitochondria during MPP+ 

treatment. 

 

To determine the role of TRPM2 activation in Drp1 recruitment to mitochondria, 

SH-SY5Y cells were transfected with GFP-tagged Drp1 and incubated for 48 

hours at 37 °C; cells were then treated with medium alone (CTRL) or with 1 mM 

MPP+ for 24 hours, before staining with MitoTrackerTM Red. In normal cellular 

conditions, Drp1 proteins are mostly found in the cytosol, however, a study 

reported that around 3% of the total Drp1 is associated with mitochondria 

(Smirnova et al., 2001), where they promote mitochondrial fission via GTP-

dependent conformational change (Chang and Blackstone, 2010). Results 

revealed that, in control cells, Drp1-GFP is uniformly distributed throughout the 

cytoplasm; no detectable Drp1-GFP association with mitochondria was found. 

After 24 hours of MPP+ treatment, Drp1-GFP aggregated into puncta, which were 

observed at disparate areas along mitochondria tubules and in the cytosol (Figure 

4.20). Compared to cells in the later stages of mitochondrial fission where the 

network is highly fragmented, cells in the early stages of mitochondrial fission 

showed a higher degree of localization to mitochondria. This is probably because 

following the fragmentation, Drp-1 dissociates from mitochondria. The TRPM2 

inhibitor, 2-APB, reduced the mitochondrial localization of Drp1-GFP and 

mitochondrial fission (Figure 4.20). 
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Next, to investigate the role of Zn2+ directly in mitochondrial fission, effect of the 

Zn2+ ionophore (Zn-PTO) on Drp1 translocation from the cytosol to mitochondria 

was tested. SH-SY5Y Cells were transfected with GFP-tagged Drp1 and 

incubated for 48 hours at 37 °C, before exposing to Zn-PTO (2 µM) for 2 hours. 

The results showed that Zn2+ caused Drp1 to aggregate into puncta seen on the 

fragmented mitochondria and some in the cytosol (Figure 4.21), as was observed 

with MPP+ treated cells (Figure 4.20). However, the extent of mitochondrial fission 

is too extensive to detect significant association of Drp1-GFP with mitochondria. 

Moreover, to confirm the Zn2+ redistribution to mitochondria, cells were exposed 

to Zn-PTO or MPP+ and stained for Zn2+ using FluoZin-3. Both treatments induce 

Zn2+ accumulation in mitochondria causing mitochondrial fission (Figure 4.22 – 

4.23) 

 

Collectively, these findings suggest that MPP+-induced mitochondrial 

fragmentation is mediated by TRPM2-dependent Zn2+ mediated Drp1 recruitment 

to mitochondria. 
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Figure 4.20 TRPM2 channels mediate MPP+-induced mitochondrial Drp-1 

recruitment. 

Fluorescent images of SH-SY5Y cells transfected with Drp1-GFP and incubated 

for 48 hours at 37 ⁰C, then treated with medium alone (CTRL) or with 1 mM MPP+ 

plus or minus the TRPM2 inhibitor (50 µM 2-APB) for 24 hours at 37 ⁰C. Following 

the treatment, cells were stained for mitochondria using MitoTrackerTM Red and 

for cells nuclei with Hoechst. Scale bars: 10 µm.  
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Figure 4.21 Rise in intracellular Zn2+ by Zn-ionophore (Zn-PTO) promotes 

mitochondrial Drp-1 recruitment. 

Fluorescent images of SH-SY5Y cells transfected with Drp1-GFP and incubated 

for 48 hours at 37 ⁰C, then exposed to Ca2+ free medium alone (CTRL) or Ca2+ 

free medium containing the Zn2+ ionophore (Zn-PTO, 2µM) for 2 hours at 37 ⁰C. 

Following the treatment, cells were stained for mitochondria using MitoTrackerTM 

Red and for cells nuclei with Hoechst. Scale bars: 10 µm. 
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Figure 4.22 Rise in intracellular Zn2+ by Zn-ionophore (Zn-PTO) increases 

mitochondrial Zn2+ and mitochondrial fragmentation. 

Fluorescent images of SH-SY5Y cells exposed to Ca2+ free medium alone 

(CTRL) or Ca2+ free medium containing the Zn2+ ionophore (Zn-PTO, 2µM) for 2 

hours at 37 ⁰C. Following the treatment, cells were stained for mitochondria using 

MitoTrackerTM Red, for nuclei with Hoechst, and for Zn2+ using FluoZin-3. The 

yellow spots represent the overlap of Zn2+ staining (FluoZin-3 green) with 

mitochondria staining (MitoTrackerTM Red), indicating the localization of Zn2+ in 

mitochondria. Scale bars: 10 µm. 
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Figure 4.23 MPP+ induces rise in mitochondrial Zn2+ and mitochondrial 

fragmentation. 

Fluorescent images of SH-SY5Y cells treated with medium alone (CTRL) or with 

1 mM MPP+ for 24 hours at 37 ⁰C. Then, cells were stained for mitochondria using 

MitoTrackerTM Red, for nuclei with Hoechst, and for Zn2+ using FluoZin-3. The 

arrows point to yellow spots representing the overlap of Zn2+ staining (FluoZin-3 

green) with mitochondria staining (MitoTrackerTM Red), indicating the localization 

of Zn2+ in mitochondria in cells treated with MPP+. Scale bars: 10 µm. 

 

  



 
 

176 
 

4.3 Discussion  

 

In the previous chapter, I have demonstrated that TRPM2-mediated Ca2+ and 

Zn2+ signals play a role in ROS generation. ROS are known to negatively impact 

the structure and function of lysosomes and mitochondria (Kurz et al., 2008a, 

Elfawy and Das, 2019, Abuarab et al., 2017, Li et al., 2017a, Lin and Beal, 2006). 

Given the fact that PD is characterized by the dysfunction of these organelles 

(Dehay et al., 2010, Kim et al., 2021, Mazzulli et al., 2016b, Deng et al., 2018, 

Balestrino and Schapira, 2020, Dias et al., 2013), the role of TRPM2-Ca2+-Zn2+ 

signaling in lysosomal and mitochondrial biology was investigated. The results 

obtained using the MPP+/SH-SY5Y cellular model of PD are presented in this 

Chapter (schematically depicted in Figure 4. 24). In summary, the results show: 

(i) inhibition of NOX2-generated ROS and TRPM2 mediated Ca2+ entry prevents 

MPP+ induced mitochondrial fragmentation; (ii) extracellular Ca2+ entry leads to a 

marked decline in the number of functional lysosomes; (iii) elevation of cytosolic 

Ca2+ leads to the redistribution of lysosomal Zn2+ ions into mitochondria; (iv) the 

resultant increase in mitochondrial Zn2+ causes loss of mitochondrial membrane 

potential and the breakdown of mitochondrial network; (v) and, MPP+ (via Zn2+) 

induced mitochondrial fission can be inhibited by preventing the electron leak 

mainly from Complex III of the mitochondrial electron transport chain.  

 

 

4.3.1 The functional interaction of NOX2 and TRPM2 channels in 

generating cytosolic ROS and Ca2+ signals 

 

Apocynin, a pan inhibitor of NOX enzymes, and the NOX2 specific inhibitor 

Gp91ds-tat (Williams and Griendling, 2007), both completely inhibited 

mitochondrial fragmentation (Figure 4.2). These data are consistent the previous 

studies with neuronal cells where MPP+ induced mitochondrial fragmentation and 

cell death were shown to be inhibited by NOX2 inhibition (Rastogi et al., 2017, 

Wu et al., 2006). Pharmacological inhibition (Figure 4.3) as well as siRNA 

mediated suppression (Figure 4.4) of TRPM2 channel expression prevented 
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mitochondrial fragmentation. Previous studies have reported that TRPM2 

channels play an important role in oxidative stress induced mitochondrial 

fragmentation in endothelial and pancreatic ꞵ-cells (Abuarab et al., 2017, Li et al., 

2017a, Li et al., 2017b). NOX2 generated ROS can stimulate TRPM2 channels. 

TRPM2 mediated extracellular Ca2+ entry, in turn, can promote the formation of 

functional NOX2 complex by recruiting the cytoplasmic p47phox subunit to 

plasma membrane NOX2. Ca2+ has been shown to activate protein kinase C and 

phosphorylate p47phox required for its recruitment to NOX2 (Fontayne et al., 

2002, Belarbi et al., 2017). Thus MPP+ likely promotes functional coupling 

between NOX2 and TRPM2 channels and such coupling could amplify both the 

mito-toxic Ca2+ and ROS signals. Although these observations were made using 

MPP+, they are likely applicable to other forms of PD where NOX2 activation is 

involved. Therefore, disruption of NOX2-TRPM2 functional interaction may open 

up new avenues for treatment of PD. 

  



 
 

178 
 

 

Figure 4.24 Schematic diagram summarizing the findings. 

In SH-SY5Y cells, MPP+ induces ROS generation via NOX2 and mitochondrial 

pathways. The pathway shows that MPP+ induces ROS generation by NOX2, 

promoting TRPM2-mediated Ca2+ influx into the cells. Extracellular Ca2+ entry 

causes depletion of lysosomes and redistribution of lysosomal Zn2+ (purple dots) 

to mitochondria. In the mitochondria, Zn2+ inhibits mainly Complex III; this causes 

loss of mitochondrial membrane potential, and stimulates Drp1 recruitment (blue 

dots) from the cytosol to the mitochondria, leading to mitochondrial 

fragmentation. Mitochondrial dysfunction subsequently induces mitochondrial 

ROS (mtROS) overproduction. mtROS thus generated could further stimulate 

TRPM2 exacerbating the mitochondrial fission and dysfunction. Ca2+ and Zn2+ 

ionophores (A23187 and Zn-PTO) reproduce the effects of MPP+ on 

mitochondria. NOX2 inhibition with gp91-ds-tat rescues mitochondria from MPP+ 

effects. Blocking the TRPM2 channel using pharmacological inhibitors (ACA, 2-

APB, PJ34) or TRPM2 siRNA prevents MPP+-induced mitochondrial 

fragmentation. Figure created with BioRender.com 
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4.3.2 Dyshomeostasis of both Ca2+ and Zn2+ contributes to 

mitochondrial fragmentation 

 

Multiple studies have shown that elevation of intracellular Ca2+ stimulates 

mitochondrial fission (Duchen, 2000a, Orrenius et al., 2015, Szabadkai et al., 

2006). Inhibition of TRPM2 mediated Ca2+ entry (Figures 4.3, 4.4) as well as 

chelation of Ca2+ with BAPTA (Figure 4.5) were able to prevent MPP+ induced 

mitochondrial fragmentation. These results are entirely consistent with the 

previous reports (Zhu et al., 2012, Wang et al., 2011). A time-dependence study 

of Ca2+ delivery through the Ca2+ ionophore, A23187 demonstrated a progressive 

loss of the normal mitochondrial network morphology (Figure 4.6 and 4.7), further 

supporting the role of Ca2+ in mitochondrial fragmentation.  

 

However, besides Ca2+, Zn2+ is implicated in neurodegeneration including in PD 

(Dexter et al., 1991). Indeed, chelation of Zn2+ with TPEN has been shown to 

prevent oxidative stress induced neuronal cell death (Medvedeva et al., 2009) 

including in PD (Sikora and Ouagazzal, 2021). Consistent with the role of Zn2+, 

chelation of Zn2+ alone was sufficient to prevent MPP+-induced mitochondria 

fragmentation (Figure 4.5) and the consequent cell death (Figure 3.12). The 

importance of Zn2+ was further confirmed through direct intracellular delivery of 

Zn2+ using the Zn2+ ionophore, Zn-PTO. Elevation of intracellular Zn2+ with Zn-

PTO led to extensive mitochondrial fragmentation (Figure 4.9). A similar role for 

Zn2+ in oxidative stress induced mitochondrial fragmentation has been reported 

with human endothelial cells (Abuarab et al., 2017) and pancreatic β-cells (Li et 

al., 2017a).  

 

Interestingly, chelation of Zn2+ with TPEN prevented A23187 induced 

mitochondrial fragmentation effectively as BAPTA (Figure 4.8). This result 

supports the idea that Ca2+ induced mitochondrial fragmentation during oxidative 

stress is likely mediated by Zn2+.  
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4.3.3 TRPM2 mediated Ca2+ influx promotes lysosomal dysfunction 

 

Studies presented in the preceding chapter demonstrated that MPP+ activation 

of NOX2 generates ROS that stimulates Ca2+ influx through the TRPM2 channel. 

In this Chapter, I sought to understand how the ROS and Ca2+ signals generated 

at the plasma membrane are transmitted to mitochondrial network, causing the 

network to break down and the cells to die. Although it is known from various 

studies that ROS and Ca2+ can attack mitochondria directly resulting in 

mitochondrial damage (Camello-Almaraz et al., 2006, Pinton et al., 2008, 

Nicholls, 2005), recent studies with endothelial and pancreatic β-cells from this 

laboratory demonstrated that the Ca2+ signals generated at the plasma 

membrane first act on the lysosomes to release lysosomal Zn2+ that then causes 

mitochondrial damage (Abuarab et al., 2017, Li et al., 2017a). Similar results were 

obtained with SH-SY5Y cells. MPP+ caused LMP and the loss of lysosomes 

(Figure 4.11). The Ca2+ ionophore, A23187 replicated the effect of MPP+ on 

lysosomes; these effects were prevented by the chelation of Ca2+ with BAPTA 

confirming the role of cytosolic Ca2+ elevation in LMP and decline of lysosomal 

numbers (Figure 4.12). Importantly, preventing Ca2+ influx through MPP+-induced 

TRPM2 channels with the TRPM2 blocker (2-APB) also rescued the loss of 

lysosomes in SH-SY5Y cells (Figure 4.11). Taken together, these data support 

the fact that MPP+ induced TRPM2 mediated extracellular Ca2+ entry leads to 

LMP and a decline in lysosomal numbers. Whether TRPM2 induced NOX2 

activation and NOX2 derived ROS also affect lysosomal integrity was not 

examined. Nevertheless, these findings provide a cell biological explanation for 

the previous reports that lysosomal dysfunction precedes mitochondrial 

dysfunction (Boya et al., 2003, Zhao et al., 2003, Cirman et al., 2004, Leist and 

Jäättelä, 2001, Mitrofan et al., 2010). 

 

It is still unclear exactly how the increase in cytosolic Ca2+ level leads to LMP. 

However, it was found that high Ca2+ can activate calpain, a Ca2+-dependent 

cytosolic protease, that has been attributed to promote LMP through degrading 

the lysosomal-associated membrane protein, LAMP-2 (Rodriguez and Torriglia, 
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2013, Khorchid and Ikura, 2002). Also, lysosomes are capable of transporting 

ions across their membrane in a bi-directional way, which is necessary for 

lysosomal function and the initiation of downstream signaling pathways (Udayar 

et al., 2022). Saposin, a Ca2+ binding protein, is another possible potential factor 

that might explain the association between increased cytosolic Ca2+ and the 

lysosomal dysfunction. It is suggested that Saposin has a suppressive effect on 

lysosomal hydrolase ꞵ-glucocerebrosidase (GCase) that is encoded by GBA1 

gene, which is thought to be a prevalent genetic risk factor for PD (Udayar et al., 

2022). The mechanism by which GBA1 is associated to PD is yet not known. 

However, it is believed that GCase dysfunction can cause buildup of lipid in the 

lysosomes, resulting in structural and functional alterations at the organelle level 

(Udayar et al., 2022). Additionally, in GBA1-related PD, it has been shown that 

contact between mitochondria and lysosomes is prolonged to cause mitochondria 

dysfunction, which may be avoided by increasing GCase activity in dopaminergic 

neuronal cells (Kim et al., 2021). Thus, collectively, these findings point to an 

upstream regulation of mitochondria activity involving mitochondrial-lysosomal 

interactions, and Ca2+. 

 

Although the majority of earlier studies, including genetic, cell biological and 

clinical studies have implicated mitochondria in PD pathology (Deng et al., 2018, 

Balestrino and Schapira, 2020, Dias et al., 2013, Tretter et al., 2004), recent 

studies have reported a significant role for lysosomal dysfunction in PD (Dehay 

et al., 2010, Kim et al., 2021, Mazzulli et al., 2016a, Sidransky and Lopez, 2012, 

Klein and Mazzulli, 2018). Lysosomal proteins are among the most important 

targets for several genetic mutations linked to PD. For instance, mutations in 

GBA1, LRRK2 and PARK9 genes have all been implicated with the development 

of PD (Udayar et al., 2022). An in vivo study using a mouse model of PD has 

shown a decrease in lysosomal numbers in the brain (Dehay et al., 2010). 

Lysosomal dysfunction in both glial and neuronal cells has been shown to be a 

trigger the progression of the pathological markers of neurodegenerative 

diseases, such as alpha-synuclein in PD (Choi et al., 2020, Udayar et al., 2022).  
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4.3.4 Ca2+ induced LMP is accompanied by the redistribution of Zn2+ 

to mitochondria leading to the fragmentation of mitochondrial 

network 

 

Lysosomal damage is followed by the release of cytotoxic enzymes such as 

cathepsins (Nagakannan et al., 2020, Wang et al., 2018a) and metal ions 

including Ca2+ and Zn2+. Given chelation of free Zn2+ with TPEN was able to 

prevent MPP+ and calcium ionophore induced mitochondrial fission, we asked 

whether Zn2+ released from the lysosomes could induce mitochondrial damage. 

Consistent with this possibility, both MPP+ and the calcium ionophore treatments 

led to a marked decline in lysosomal Zn2+ (Figures 4.10 - 4.12) and the 

redistribution of Zn2+ to mitochondria (Figure 4.7 and 4.22 – 4.23). Elevation of 

mitochondrial Zn2+ was accompanied by the fragmentation of mitochondrial 

network (Figure 4.8 - 4.9 and 4.22 – 4.23). These results are in agreement with 

the previous studies on endothelial (Abuarab et al., 2017) and pancreatic ꞵ-cells 

(Li et al., 2017a).  

 

A previous study has demonstrated that lysosomal depletion precedes 

dopaminergic cell death in a mouse model of PD (Dehay et al., 2010). The 

authors suggested that restoring normal lysosomal level and function may 

constitute a potential neuroprotective therapy in PD (Dehay et al., 2010). 

Inhibition of Ca2+ entry via TRPM2 channel significantly rescued MPP+-induced 

lysosomal depletion in SH-SY5Y cells (Figure 4.11). This suggests that the 

TRPM2 channel could be therapeutically targeted to prevent lysosomal loss in 

PD.  

 

How Zn2+ enters mitochondria is uncertain. Several candidate mechanisms have 

been reported. These include mitochondrial calcium uniporter (MCU) (Malaiyandi 

et al., 2005), and Zip1 (Cho HM et al., 2019). Studies with C-elegans reported 

that ZnT9 (SLC-30A9), a Zn2+ exporter and SLC-25A25, a Zn2+ importer regulate 

mitochondrial Zn2+ levels to maintain mitochondrial homeostasis  (Ma et al., 

2022). As mentioned above, recent studies have reported close physical contacts 
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between mitochondria and lysosomes (Wong et al., 2018, Kim et al., 2021, Wong 

et al., 2019b). Such proximity between the two organelles might facilitate the 

efficient redistribution of Zn2+ from lysosomes to mitochondria during oxidative 

stress. Indeed, disruption of mitochondrial-lysosome contacts has been 

implicated in the regulation of mitochondrial dynamics (Wong et al., 2018). 

 

Studies of human genetic mutations have provided support for the role of 

lysosomes in Zn2+ homeostasis. Genetic mutations in ATP13A2/PARK9, which 

encodes lysosomal P-type ATPase (type5) have been shown to be disrupt 

lysosomal function, leading to Zn2+ dyshomeostasis, that in turn affects 

mitochondrial function (Park et al., 2014, Tsunemi and Krainc, 2013). PARK9 

expression was found to be high in the brains of sporadic PD patients, suggesting 

a role for PARK9 in the pathophysiology of PD (Tsunemi and Krainc, 2013). It 

has been found that a loss of function mutation in this gene might cause 

lysosomal dysfunction, which can then lead to an accumulation of α-Syn. 

Although the association between PARK9 and lysosomal dysfunction is 

uncertain, it has been shown that Zn2+ sequestration by lysosomes was reduced 

in PARK9-deficient neurons and the expression of Zn2+ transporters increased 

(Tsunemi and Krainc, 2013). Moreover, reduced capacity of lysosomes to buffer 

cytosolic Zn2+ results in the accumulation of Zn2+ in mitochondria leading to the 

loss of ΔΨm and mitochondria dysfunction (Park et al., 2014). 

 

Moreover, the data of this study also showed an association between increased 

mitochondria Zn2+ and Drp1 recruitment from the cytosol to mitochondria to 

initiate mitochondrial fission. Zn-PTO results suggest a role of Zn2+ in Drp-1 

recruitment. Notably, inhibition of TRPM2 seems to attenuate MPP+-induced 

Drp1 translocation to mitochondria (Figure 4.20), however, this aspect of the 

study requires further investigations. On the whole, these findings suggest that 

the recruitment of Drp-1 protein and subsequent mitochondria fragmentation is 

facilitated by the transfer of Zn2+ from lysosomes to mitochondria via TRPM2-

mediated pathway. These findings are in agreement with other studies using 

endothelial and pancreatic ꞵ-cells (Abuarab et al., 2017, Li et al., 2017a).   
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4.3.5 MPP+ induced loss of ΔΨm and mitochondrial ROS generation 

are mediated by Zn2+ 

 

It has been suggested that mitochondrial Zn2+ uptake provides a way of excess 

Zn2+ clearance from the cytosol of neurons undergoing excitotoxicity (Dineley et 

al., 2005, Sensi et al., 2009). However, elevated mitochondrial Zn2+ levels induce 

loss of ΔΨm (an indicator of loss of mitochondrial function) and ROS generation, 

causing neuronal cell death (Dineley et al., 2005). Thus, there is some evidence 

that rise in mitochondrial Zn2+ is associated with the loss of ΔΨm and ROS 

production. Consistent with these reports, MPP+ and Zn-PTO caused a rise in 

mitochondrial Zn2+ leading to the loss of ΔΨm and an increase in mtROS 

production, the effects being rescued by the TPEN pretreatment (Figure 3.12, 

3.14, 4.9 and 4.14).  

 

It is generally believed that MPP+ impacts mitochondria by direct inhibition of 

mitochondrial ETC complexes (Cleeter et al., 1992, Nakamura et al., 2000, 

Smeyne and Jackson-Lewis, 2005). However, the data presented in this study 

suggested that the effect of MPP+ might be rather indirect, being mediated by the 

Zn2+ inhibition of mitochondrial complexes. Previous studies have shown that 

Zn2+ is capable of inhibiting complex I and III (Sensi et al., 2009, Liu et al., 2021, 

Sharpley and Hirst, 2006, LORUSSO et al., 1991, Link and von Jagow, 1995, 

Dineley et al., 2003). Employing specific suppressors of mitochondrial complexes 

that prevent mtROS generation without altering forward electron transport (Wong 

et al., 2019a, Orr et al., 2015), data demonstrated that S3QEL (complex III 

suppressor) was capable of rescuing MPP+ induced mtROS production (Figure 

4.18 A-B) and mitochondrial fragmentation (Figures 4.19). These results are in 

line with the previous studies conducted on isolated mitochondria, where the 

authors of the study found that Zn2+ inhibits complex III more effectively than other 

sites in mitochondrial ETC including complex I (Kleiner, 1974, Link and von 

Jagow, 1995, LORUSSO et al., 1991). The S1/S3QEL compounds also 

prevented MPP+-induced SH-SY5Y cell death (Figure 4.18 C-D). Impairments in 

mitochondrial complex I and III have been linked to a number of 
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neurodegenerative conditions (Cerri and Valente, 2020, Zorov et al., 2014, Liu et 

al., 2021). 

 

Interestingly, Mito-TEMPO, a quencher of mtROS, was able to fully rescue MPP+ 

induced mitochondrial dysfunction and fragmentation (Figure 4.16 and 4.17). 

Although MPP+ stimulates ROS production by activating NOX2, NOX2 generated 

ROS appear to be not enough to cause mitochondrial damage. It appears that 

TRPM2 generated calcium signals need to mobilize lysosomal Zn2+ to 

mitochondria in order to trigger loss of ΔΨm (by inhibiting Complexes I and III), 

and subsequent mtROS production and mitochondrial fission. It is likely that 

mtROS would join the pool of ROS to further increase TRPM2 activation, NOX2 

activation, and lysosomal dysfunction, thereby setting a vicious cycle of events 

that ultimately increase the rate of cell death. 

 

To conclude, the findings presented in this chapter suggest that ROS, Ca2+ and 

Zn2+ serve as feedforward positive regulatory signals that promote cytotoxic 

communication between the plasma membrane, lysosomes, and mitochondria. 

This results in the dysfunction of lysosomes and mitochondria that ultimately 

causes neuronal cell death. Therefore, in order to develop safe drugs, a deeper 

understanding of the complexity of these pathways is required. 

 
 
 

4.3.6 Experimental limitations 

 

This study investigated the upstream (ROS and Ca2+) and downstream 

(mitochondrial fission and cell death) effects of MPP+ treatment by measuring 

events at a single time point. One limitation of single time point measurements is 

that it is possible to miss some of the events. A time-course study of these events 

will provide a dynamic picture of the events. The experiments in this chapter might 

have some limitations associated with used of non-specific fluorescents probes 

for cellular organelles and ions. The limitations of Ca2+ probes and chelators have 

already been discussed in the previous chapter.  
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LysoBriteTM Deep Red is a fluorescent probe that accumulates in acidic 

organelles and is commonly used to stain lysosomes. However, cells have other 

acidic organelles, such as endosomes that could also be stained with this probe. 

This could affect quantification data.  

 

MitoTrackerTM Red is a positively charged ΔΨm-sensitive fluorescent dye. It is 

rapidly taken up into the negatively charged mitochondria. However, during 

oxidative stress, mitochondrial network loses its potential (more depolarised). 

This is expected to limit the uptake of the dye and underestimate the effects that 

treatments have on mitochondrial dynamics (Poot and Pierce, 1999, Buckman et 

al., 2001). One potential solution is to mark the mitochondria by expressing 

mitochondria-targeted fluorescent proteins, such as Mito-GFP and Mito-Cherry.  

 

Another point to be considered is the extent to which FluoZin3-AM can 

accumulate in mitochondria. At present there are no systematic studies 

demonstrating entry of FluoZin3-AM into organelles, but the finding that 

lysosomes which contain significant amounts of Zn2+ can be labelled with 

FluoZin-3 suggests that the AM- ester of FluoZin-3 likely accumulates in these 

organelles before it is hydrolysed by the cytoplasmic esterases.    
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Chapter 5  

TRPM2 pore-blocking antibodies inhibit death signaling in a 

cellular model of Parkinson’s disease 

 

5.1 Introduction 

 

Ion channels are complex transmembrane proteins that regulate the electrical 

signals required for maintaining cellular homeostasis and tissue functions, 

including cardiovascular and nervous systems (Kleopa, 2011). Ion channels are 

the target of approximately 18% of small-molecule drugs that are reported in 

ChEMBL database (Santos et al., 2017, Hutchings et al., 2019). Numerous 

therapies target ion channels for diseases ranging from cardiovascular diseases, 

type II diabetes to neurological conditions (Krafte, 2016). Due to paucity of 

knowledge on structure and function, the majority of drugs targeted to ion 

channels are small molecules and peptide modulators which have been identified 

from studies of naturally occurring substances, for instance, plant and animal 

toxins (Hutchings et al., 2019). For over past two decades, there has been a 

growing interest in therapeutic monoclonal antibodies (mAbs) (Reichert et al., 

2005). 

 

Currently, it is acknowledged that antibodies offer several potential therapeutic 

advantages (Hutchings et al., 2019), since they have greater approval success 

rate than small molecule drugs (Reichert et al., 2005). This is because unlike 

small molecule drugs, which may have more off-target interactions, antibodies 

offer the benefit of higher target specificity. Furthermore, there is less variability 

in patient pharmacokinetics in antibody-based therapies and longer duration of 

action, resulting in lower dose requirements (Hutchings et al., 2019).  

 

To date, most of the antibody-based therapies for PD are focused on targeting α-

synuclein since aggregation of α-synuclein in the brain is a primary hallmark of 

the disease. In animal models of PD, immunotherapy targeting α-synuclein has 
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yielded promising outcomes (Nimmo et al., 2020). However, recent two phase 2 

clinical trials of anti- α-synuclein monoclonal antibodies showed no patient benefit 

(Whone, 2022).  Accordingly, it is important to target other PD associated protein 

targets.   

 

One example is the TRPM2 channel. The role of TRPM2 channel in PD and other 

neurodegenerative disorders has recently received a lot of interest because it is 

highly expressed in brain (Faouzi and Penner, 2014, Sun et al., 2018, Chung et 

al., 2011, Lee et al., 2013).  Based on the findings in pervious chapters and on 

what has been earlier reported in other studies, the TRPM2 channel plays a role 

in dopaminergic neuronal death and hence in the development of PD (Hermosura 

and Garruto, 2007, Xie et al., 2010b, Vaidya and Sharma, 2020, Belrose and 

Jackson, 2018). Various small molecules have been shown to block TRPM2 

channel activity. These include flufenamic acid (FFA), 2-(3-methylphenyl) 

aminobenzoic acid (3-MFA), anthranilic acid (ACA), and 2-aminoethoxydiphenyl 

borate (2-APB), N-(5,6-Dihydro-6-oxo-2-phenanthridinyl)-2-acetamide 

hydrochloride (PJ34), econazole and clotrimazole (Luo et al., 2018, Togashi et 

al., 2008, Kraft et al., 2006, Hill et al., 2004b, Hill et al., 2004a, Fonfria et al., 

2004). The majority of TRPM2 channel inhibitors, however, are non-specific and 

can affect other channels and proteins (Luo et al., 2018). Because of the lack of 

specific and efficient TRPM2 inhibitors, it is challenging to study and validate 

TRPM2 channel as a therapeutic target (Luo et al., 2018). 

 

Generating an effective antibody targeting the function of an ion channel is quite 

challenging since several important hurdles might be involved, such as the short 

binding site and the limited number of potential epitopes in the target region 

(Hutchings et al., 2019). Furthermore, ion channels within the same family 

generally have significant sequence homology, especially in the pore region, 

where most channel blockers act (Hutchings et al., 2019). As a result, the 

available epitopes either lack the immunogenicity necessary to generate strong 

antibody responses in mammalian hosts or produce antibodies with cross-

reactivity. In some cases even when the extracellular regions are large enough, 
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protein synthesis cannot reliably produce high-quality products as a result of poor 

expression or difficulty in purification (Hutchings et al., 2019). 

 

The mechanisms of antibody action involve direct blockage of the ion permeation 

route, modulation of the gating, and internalization and degradation of the 

channel following surface aggregation clustering (Sun and Li, 2013). Ion channels 

have several functionally important regions that could be targeted by antibodies 

for channel modulation. One such region is the outer mouth of the channel pore 

because binding of an antibody to this region potentially blocks ion conductance 

through the channel (Sun and Li, 2013). In the case of channels with six 

transmembrane domains, antibodies were generated against the short 

extracellular loop N-terminal to the pore-forming region, known as E3, which 

exhibits substantial sequences variation (Sun and Li, 2013). E3 was initially 

investigated in voltage-gated potassium channels. Anti-peptide antibodies 

targeted to E3 segments of two channel proteins, Kv1.2 and Kv3.1, suppressed 

more than 70% of neuronal cell currents (Zhou et al., 1998, Sun and Li, 2013). 

Later, E3 targeting has been expanded to include other voltage-gated cation 

channels, such as Nav 1.5 and TRPC5, which also yielded considerable inhibition 

of whole cell currents (50-60%) in transfected cells (Xu et al., 2005, Sun and Li, 

2013). Antibody could target other channel regions that are not directly close to 

the pore-forming domains, such as the S4 voltage sensor region of sodium 

channels expressed in dorsal root ganglion (DRG) neurons (Schwartz et al., 

1990). Although antibodies are often targeted to the extracellular domains of 

voltage sensing and pore domains, as mentioned above, they may not be able to 

distinguish between the closely related subtypes due to considerable degree of 

structural conservation (Colecraft and Trimmer, 2022). Although many voltage-

gated ion channels have relatively small accessible extracellular pore-forming 

parts, they have a significant portion of their structure on the intracellular side, 

providing an opportunity to generate antibodies that target the intracellular sites 

of ion channels. However, these regions need to be involved in channel regulation 

(Colecraft and Trimmer, 2022). 
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Currently, there is no antibody-based therapeutic available on the market that 

targets the function of an ion channel (Sun and Li, 2013, Colecraft and Trimmer, 

2022). However, function-blocking antibodies have been successfully used in a 

variety of experimental contexts to establish the specificity of an effect. 

 

This chapter aims to develop an antibody against the extracellular region of the 

TRPM2 channel and examine its ability to recognize the channel using 

immunological methods, and to inhibit the channel function by measuring Ca2+ 

influx. A further aim of the study was to test the ability of the antibody to prevent 

MPP+ induced mitochondrial and lysosomal damage, and cell death using SH-

SY5Y cells.  

 

 

5.2 Results 

 

5.2.1 Antibody production 

 

To generate an antibody capable of blocking the TRPM2 channel activity, an 

extracellular epitope (ECE) of the human TRPM2 channel was chosen as an 

antigen. The ECE was identified by the bioinformatic analysis of the channel, 

involving sequence alignment with other related members and the 3D structure 

of the channel. Potential glycosylation sites were excluded. The details of the 

sequence and its location in the channel was not explained in this thesis for 

confidentiality reasons due to its potential for intellectual property rights (the 

commercialisation unit of Leeds University is currently assessing our application 

for IPR). The ECE chosen has low sequence similarity to other members of the 

channel family. 

 

Two approaches were used to generate antibodies against the ECE. First is the 

traditional approach, where the synthetic ECE peptide, conjugated to the keyhole 

limpet hemocyanin protein was used to raise antibodies (named anti-TRPM2-
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ECE) in the rabbit (outsourced). The second approach, adopted from a paper 

published by Ottonolle and colleagues (Canali et al., 2014), involved grafting a 

tandem construct of ECE sequence into the His6-tagged Pyrococcus furiosus 

thioredoxin (His6-pTRX) scaffold protein. In the tandem construct, three ECE 

peptide sequences were separated by the flexible GSG (glycine-serine-glycine) 

sequences. The resulting ECE concatemer, ECE3x, was back translated into 

DNA sequence. The custom synthesized ECE3x DNA sequence was cloned into 

surface exposed loop of His6-pTRX and the resulting construct, His6-pTRX-

ECE3x, was expressed in E.coli (Figure 5.1). This part of the work has been 

carried out in our lab by my supervisor, Professor Asipu Sivaprasadarao, and 

Anthony Chan. The expressed protein was purified by Ni2+-affinity 

chromatography and used as an antigen to generate antibodies in rabbit 

(outsourced).  
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Figure 5.1 Antibody generated against the extracellular epitope (ECE) of 

TRPM2 channel. 

(A) Membrane topology of one subunit of TRPM2, depicting the S1-S6 

transmembrane segments and the extracellular loops. (B) Schematic of the 

plasmid construct used to express the tandem (triple) repeat of an ECE inserted 

into the thioredoxin (Trx) scaffold. The Trx-ECE3x was expressed in E.coli and 

the purified protein was used to raise antibodies in rabbit. (C) Structure of human 

TRPM2 channel showing the Ca2+ entry pathway. Only two diagonally placed 

subunits are shown for clarity (PDB: 6PUR, Pymol was used to generate this 

figure). The diameter of the channel is 10 nm. Ca2+ entry leads to intracellular 

organelle dysfunction as explained in previous chapters. (D) 3D structure of IgG 

which has a diameter of 15 nm (Klein and Bjorkman, 2010), is shown for size 

comparison with TRPM2. Precisely how the antibody binds the channel is unclear 

but is expected to block the entrance of the pore.  
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5.2.2 Anti-ECE3x antibody purification  

 

ECE3x-targeted antibody was purified from the crude serum by using AminoLink® 

Coupling Resin (from Thermo Fisher Scientific Lot # 20381), which enables 

efficient covalent immobilization of proteins to a beaded agarose, making it an 

effective method for affinity purification of antibodies and antigens (Thermo fisher 

Scientific, user guide). The His6-pTRX-ECE3x fusion antigen was coupled to 

AminoLink® Coupling Resin using cyanoborohydride solution (NaCNBH3) as for 

the manufacturer’s instructions. The purification procedure involved two 

chromatography steps. First, His6-pTrx scaffold protein was immobilized on a 

Talon (metal-affinity) resin and the crude antiserum was run through this resin to 

remove any potential antibodies against this scaffold protein. Second, the 

unbound flow-through fractions were collected and run on a resin coupled to His6-

pTRX-ECE3x fusion antigen. After that, the bound anti-ECE3x antibody was 

released by applying elution buffer (0.1 M glycine-HCl, pH 2.5). The eluted 

fractions were collected and the absorbance at 280 nm was recorded for each 

fraction. The fractions with peak absorbance were pooled and dialyzed against 

50 mM Tris-HCl, pH 7.5 buffer at 4 ⁰C. Finally, an equal volume of glycerol was 

added, and the sample was aliquoted and stored at -20 ⁰C. 

 

 

5.2.3 Immunochemical and functional characterisation of anti-TRPM2 

antibodies 

 

The purified anti-TRPM2-ECE3x and anti-TRPM2-ECE antibodies were first 

subjected to immunochemical (Western blotting and immunocytochemistry) and 

functional testing. For this, two cell lines were used, HEK-293 cells stably 

expressing the recombinant human TRPM2 channels under the control of a 

tetracycline promoter (HEK-TRPM2tet) and the SH-SY5Y neuroblastoma cell line, 

which expresses TRPM2 channels natively (Chen et al., 2013, Sun et al., 2018). 

The HEK-TRPM2tet cells were treated with tetracycline (1 µg/ml) for 48 hours to 
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induce TRPM2 expression prior to immunochemical analysis, control cells being 

left untreated.  

 

The specificity of anti-TRPM2-ECE3x antibodies for TRPM2 was examined by 

Western blotting of the lysates of HEK-TRPM2tet cells (tetracycline induced and 

non-induced) and SH-SY5Y cells. The results of immunoblotting revealed that 

ECE3x antibody can recognize the ~170 KDa corresponding to the theoretical 

size of TRPM2 protein in the extracts of tetracycline-induced HEK-TRPM2+tet 

cells, whereas the corresponding band was absent in non-induced cells (Figure 

5.2 A). However, there are significant number of nonspecific bands (with the 

exception of a ~80 KDa band) that are common to both induced and non-induced 

extracts. The ~80 KDa is likely a proteolytic product of TRPM2. As for SH-SY5Y, 

the anti-TRPM2-ECE3x antibody was able to detect the native TRPM2 protein, 

but the band is rather faint (Figure 5.3 A). This could be explained by the low 

expression level of TRPM2 protein in these cells relative to the recombinant HEK-

TRPM2tet cells. Like the anti-TRPM2-ECE3x antibody, the anti-ECE antibody was 

also able to detect the ~170 KDa TRPM2 band in the induced cells but not in 

uninduced HEK-TRPM2tet cells (data not shown, work performed by Jinmiao Qu 

in Professor Sivaprasadarao’s lab).  

 

The ability of the two anti-TRPM2 antibodies to recognize surface expressed 

TRPM2 was also examined using immunocytochemical staining. HEK-TRPM2tet 

(both tetracycline induced and non-induced cells) and SH-SY5Y cells were 

allowed to bind the anti-TRPM2-ECE3x antibodies, and then stained with the Cy3 

conjugated donkey anti-Rabbit IgG secondary antibody. Fluorescent images 

show intense staining of tetracycline-induced HEK-TRPM2+tet cells compared to 

non-induced cells (Figure 5.2 B). Anti-TRPM2-ECE3x antibody was also able to 

detect TRPM2 in SH-SY5Y cells, but the TRPM2 staining was weak when 

compared with  HEK-TRPM2+tet cells; this is consistent with the reported low-level 

expression of the channel in SH-SY5Y cells (An et al., 2019). However, pre-

treatment of cells with MPP+ led to a marked increase in TRPM2 expression 

(Figure 5.3 B). These latter data are in agreement with the previous report that 
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MPP+ stimulates surface expression of the channel in SH-SY5Y cells (Sun et al., 

2018, Yildizhan et al., 2022). 

 

The next question to address was whether the binding of anti-TRPM2-ECE3x 

antibody to TRPM2 can prevent extracellular Ca2+ entry into the cells. For this, as 

reported previously (Price and Lummis, 2005), cells were preloaded with the cell 

permeable Fura-2-AM Ca2+ reporter, and changes in intracellular Ca2+ in 

response to H2O2 stimulus was recorded. To determine the effect of the anti-

TRPM2-ECE3x antibody, tetracycline-induced HEK-TRPM2tet cells, as well as 

SH-SY5Y cells, were treated with PBS (control) or the purified anti-ECE3x 

antibody for 2 hours at 37 ⁰C and then changes in intracellular Ca2+ were 

recorded. The results show that addition of H2O2 caused a marked increase in 

Ca2+ entry in tetracycline treated HEK-TRPM2tet cells, but not in uninduced cells 

(Figure 5.2 C-D), as well as in SH-SY5Y cells (Figure 5.3 C-D). The anti-TRPM2-

ECE3x antibody was able to inhibit the Ca2+ rise as effectively as the 2-APB, a 

chemical inhibitor of TRPM2, in both cell lines. 

 

The effect of anti-ECE antibody on MPP+-induced changes in intracellular Ca2+ 

in SH-SY5Y cells was investigated using fluorescent microscopy instead of 

Flexstation because, unlike H2O2, the effect of MPP+ on Ca2+ rise is slow and less 

robust. SH-SY5Y cells were exposed to medium only (CTRL), or medium 

containing MPP+ (1 mM) for 24 hours to stimulate TRPM2 expression. Cells were 

pre-treated with either anti-TRPM2-ECE antibody or preimmune serum for 2 

hours, before staining for Ca2+ using Fluo-4-AM. Figure 5.4 shows that compared 

to the control, MPP+ treatment caused a significant increase in Fluo-4 

fluorescence. No such increase was observed in cells pre-treated with the anti-

TRPM2-ECE antibody, whereas preimmune serum failed to prevent the MPP+-

induced rise in Ca2+ (Figure 5.4). These results confirm that the anti-ECE antibody 

can prevent MPP+-induced, TRPM2 mediated Ca2+ influx in SH-SY5Y cells.   

 

Together, these data demonstrate that both the anti-TRPM2 antibodies may 

serve as useful tools to determine the cell biological roles of the TRPM2 channel 

in native cells.  
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Figure 5.2 Immunochemical and functional characterization of the anti-

TRPM2 -ECE3x antibody in HEK-TRPM2tet cells. 

(A) Immunoblot showing the expression of TRPM2 (~170 KDa band) using the 

anti-TRPM2-ECE3x antibody in tetracycline-induced (+tet) and non-induced (-tet) 

HEK-TRPM2tet cells. (B) Fluorescent images show surface immunostaining of 

TRPM2 in the induced, but not uninduced HEK-TRPM2tet cells. These cells were 

fixed in 4% PFA and incubated with ECE3x antibody (1:200 dilution) for 2 hours, 

then stained with Cy3 conjugated donkey anti-Rabbit IgG (1:500 dilution) for 1 

hour. Scale bar: 125 µm. (C-D) Functional analysis of TRPM2 expression by 

measurement of Ca2+ influx in non-induced (C) and in tetracycline-induced (D) 

HEK-TRPM2tet cells. Cells were pre-treated with the anti-TRPM2-ECE3x 

antibody (~35 µg/ml, 2 hours) or a TRPM2 inhibitor (150 µM 2-APB,10 min). 



 
 

197 
 

Then, cells were washed with SBS. After loading the cells with the Ca2+ indicator, 

Fura-2-AM, they were stimulated with 3 mM H2O2 at the 60 second time point. 

Changes in cytosolic Ca2+ were measured using Flexstation III. Results show the 

F ratio (340 nm/ 380 nm) representing the Ca2+ levels at different time points. 

Inset shows treatments used on the cells; data points with the error bars (SEM) 

are colored according to the inset. 
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Figure 5.3 Immunochemical and functional characterization of the anti-

TREM2-ECE3x antibody using SH-SY5Y cells. 

(A-B) Immunodetection of TRPM2 using anti-ECE3x antibody. (A) Western blot 

shows ~ 170 kDa band most likely corresponding to TRPM2 protein. (B) 

Fluorescent images of SH-SY5Y cells show immunostaining of TRPM2 using 

ECE3x antibody in cells either untreated or treated with 1 mM MPP+ for 24 hours. 

Cells were fixed in 4% PFA and incubated with the anti-TRPM2-ECE4x antibody 

(1:200 dilution) for 2 hours, then stained with Cy3 conjugated donkey anti-Rabbit 

IgG (1:500 dilution) for 1 hour. Scale bar: 75 µm. (C) Functional analysis of 

TRPM2 expression by measurement of Ca2+ influx in SH-SY5Y cells which were 

first pre-treated with ECE3x antibody (35 µg/ml, 2 hours) or TRPM2 inhibitor (150 

µM 2-APB, 10 min). FlexStation recordings and analysis were performed as for 

Figure 5.2. (D) Mean ± SEM of F ratio from (C). 
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Figure 5.4 Functional characterization of the anti-TRPM2-ECE antibody. 

(A) Fluorescent images of SH-SY5Y cells stained for cytosolic Ca2+ using Fluo-

4-AM; cells were either untreated (CTRL) or treated with 1 mM MPP+ for 24 hours; 

in the bottom two panels, MPP+ treated cells were pre-treated with the anti-

TRPM2-ECE antibody or preimmune serum. Scale bar: 10 µM. (B) Mean ± SEM 

of data from (A) expressed as mean Fluo-4 fluorescence per cell from two 

independent experiments; n = 2; N = 376 cells. ** indicates p ˂ 0.01, *** indicates 

p ˂ 0.001; one-way ANOVA with post-hoc Tukey test.  
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5.2.4 The anti-TRPM2-ECE antibody attenuates cellular and 

mitochondrial ROS production  

 

Data presented in Chapter 3 of this thesis have shown that MPP+ induces a rise 

in cytosolic and mitochondrial ROS levels in SH-SY5Y cells. The studies have 

also suggested that activation of TRPM2 channels underlies MPP+-induced rise 

in intracellular ROS. Thus, the ability of anti-TRPM2-ECE antibody to prevent 

MPP+-induced rise in total intracellular and mitochondrial ROS generation was 

next investigated.  

 

To test the effect of the anti-TRPM2-ECE antibody on cytosolic and mitochondrial 

ROS levels in SH-SY5Y cells, cells were first incubated with the anti-TRPM2-

ECE antibody for 2 hours. Cells were then treated with 1 mM MPP+ at 37 C for 

24 hours, before staining for the total and mitochondrial ROS. As has been shown 

in Chapter 3, MPP+ caused a significant increase in the production of total ROS 

(DHE signal) and mitochondrial ROS (MitoSOX signal) in control cells. In cells 

pre-treated with the anti-TRPM2-ECE antibody, however, the fluorescence 

signals were significantly reduced (Figures 5.5 and 5.6). Interestingly, the 

inhibitory effect of anti-TRPM2-ECE antibodies on total ROS (p ˂ 0.01) appears 

to be greater than that on mitochondrial ROS generation (p ˂ 0.05).  

 

To conclude, these findings suggest that targeting TRPM2 channels using the 

specific anti-TRPM2-ECE antibody attenuates cytosolic and mitochondrial ROS 

production (see Chapter 3). 
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Figure 5.5 The anti-TRPM2-ECE antibody attenuates cytosolic ROS level in 

MPP+-treated SH-SY5Y cells. 

SH-SY5Y cells were untreated (CTRL) or pretreated for 2 hours with the anti-

TRPM2-ECE antibody. The cells were then exposed to the 1 mM MPP+ for 24 

hours at 37 C. CTRL represents cells not exposed to MPP+. (A) Fluorescent 

images of SH-SY5Y cells stained with Hoechst 33342 for nuclei and with 

dihydroethidium (DHE), for total ROS. Scale bar: 100 µM. (B) Mean ± SEM of 

data from (A) expressed as mean of DHE signal per cell from four independent 

experiments n = 4; N = 38,147 cells. ** indicates p ˂ 0.01; one-way ANOVA with 

post-hoc Tukey test.  
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Figure 5.6 The anti-TRPM2-ECE antibody attenuates MPP+-induced 

mitochondrial ROS production in SH-SY5Y cells. 

SH-SY5Y cells were untreated (CTRL) or pretreated for 2 hours with the anti-

TRPM2-ECE antibody. The cells were then exposed to the 1 mM MPP+ for 24 

hours at 37 C. CTRL represents cells not exposed to MPP+. (A) Fluorescent 

images of SH-SY5Y cells stained with Hoechst 33342 for nuclei and with 

MitoSOX for mitochondrial ROS. Scale bar: 100 µM. (B) Mean ± SEM of data 

from (A) expressed as mean of MitoSOX per cell from four independent 

experiments n = 4; N = 51,478 cells. * indicates p ˂ 0.05, *** indicates p ˂ 0.001; 

one-way ANOVA with post-hoc Tukey test.  
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5.2.5 The anti-TRPM2-ECE antibody prevents MPP+-induced 

mitochondrial fragmentation  

 

The role of TRPM2 in mitochondrial fission during oxidative stress has been 

demonstrated in pancreatic ꞵ-cells and endothelial cells (Li et al., 2017a, Abuarab 

et al., 2017, Wang et al., 2012). Results presented in Chapter 4, have shown that 

pharmacological inhibition and silencing of TRPM2 channel expression with 

siRNA can rescue SH-SY5Y cells from MPP+-induced mitochondrial fission. 

Accordingly, the ability of the anti-TRPM2-ECE antibody to prevent MPP+-

induced mitochondrial fission was examined. For this, cells were treated with the 

medium (control), MPP+ alone, and MPP+ with either anti-TRPM2-ECE antibody 

or preimmune serum and stained with MitoTrackerTM Red. Results show that in 

the control cells, mitochondria appear mostly filamentous with long branched 

network, whereas with in MPP+-treated cells, mitochondria lose their branched 

network and appear fragmented with the majority of mitochondria being spherical 

(Figure 5.7 A). The anti-TRPM2-ECE antibody, but not the preimmune serum, 

was able to fully prevent the effect of MPP+ on mitochondrial network in SH-SY5Y 

cells (Figure 5.7).  

 

Various parameters were analysed to quantify the mitochondria morphology from 

2D and 3D data sets of images acquired from confocal microscope (Figure 5.7 

B-L). For each single mitochondrion of SH-SY5Y cell, the morphological 

characteristics were analysed. By 2D analysis of images, parameters such as the 

length (represented as aspect ratio) and the mitochondrial connectively or 

branching (represented by form factor) were calculated. The results showed that 

the anti-TRPM2-ECE antibody, but not the preimmune serum, rescued the MPP+ 

induced decrease in the aspect ratio and the form factor (Figure 5.7 B-C).  

Analysis of 3D data demonstrated the ability of the anti-TRPM2-ECE antibody, 

but not the preimmune serum, to rescue the effect of MPP+ on other mitochondrial 

parameters, including the sphericity, volume, surface area, branch length, and 

the number of mitochondrial branches and branch junctions (Figure 5.7 D-L). 

These data imply that anti-TRPM2-ECE antibody can overcome the damaging 

effect of MPP+ on mitochondrial structure. 
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These findings not only provide further support for the role of TRPM2 mediated 

Ca2+ entry in mitochondrial dynamics, but more importantly, they demonstrate the 

ability of anti-TRPM2-ECE antibody to preserve the mitochondrial integrity in the 

face of MPP+ insult.  
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Figure 5.7 The anti-TRPM2-ECE antibody rescues MPP+ induced 

mitochondrial fragmentation in SH-SY5Y cells. 

SH-SY5Y cells were untreated (CTRL) or pretreated for 2 hours with either anti-

TRPM2-ECE antibody or preimmune serum. The cells were then exposed to the 

1 mM MPP+ for 24 hours at 37 C. CTRL represents cells not exposed to MPP+. 

(A) Fluorescent images of SH-SY5Y cells stained for mitochondria with 

MitoTrackerTM Red. Scale bars: 10 µM, and 5 µM for expanded images. (B-L) 
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Quantification of changes in mitochondrial morphology through estimation of 

mean aspect ratio (B), mean form factor (C), mean volume (D), mean surface 

area (E), sphericity (F), branches per mitochondrion (G), total branch length (H), 

total branch length per mitochondrion (I), branch junctions (J), and branch 

junctions per mitochondrion (K), branch end points per mitochondrion (L). Data 

represent mean ± SEM of mitochondrial parameters from five independent 

experiments n = 5; N = 281 cells for 2D analysis, and N = 394 cells for 3D 

analysis. * indicates p ˂ 0.05, ** indicates p ˂ 0.01, *** indicates p ˂ 0.001; NS, 

not significant; one-way ANOVA with post-hoc Tukey test. 
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5.2.6 The anti-TRPM2-ECE antibody restores lysosomal depletion that 

occurs in MPP+-treated SH-SY5Y cells  

 

Studies have shown that MPP+ treatment leads to lysosomal depletion (Chapter 

4) (Dehay et al., 2010). Therefore, the ability of anti-TRPM2-ECE antibody to 

rescue MPP+ induced lysosomal decline was next examined. 

 

For this, SH-SY5Y cells were exposed to medium alone (control) or to MPP+ for 

24 hours at 37 C in the presence or absence of either anti-TRPM2-ECE antibody 

or preimmune serum. After treatment, cells were stained for lysosomes using 

LysoBrite Red, and the images acquired using the confocal microscope. As noted 

in Chapter 4, MPP+ treatment caused a significant decrease in the number of 

lysosomes (Figure 5.8). The anti-TRPM2-ECE antibody, but not the preimmune 

serum, rescued the MPP+ induced loss of lysosomes. These results indicate that 

anti-TRPM2-ECE antibody is capable of preventing MPP+-induced lysosomal 

depletion. 
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Figure 5.8 The anti-TRPM2-ECE antibody rescues MPP+-induced lysosomal 

loss in SH-SY5Y cells. 

SH-SY5Y cells were untreated (CTRL) or pretreated for 2 hours with either anti-

TRPM2-ECE antibody or preimmune serum. The cells were then exposed to the 

1 mM MPP+ for 24 hours at 37 C. CTRL represents cells not exposed to MPP+. 

(A) Fluorescent images of SH-SY5Y cells stained for lysosomes using LysoBrite 

Red. Scale bars: 10 µM, and 5 µM for expanded images. (B) Mean ± SEM of data 

from (A) expressed as mean of LysoBrite Red fluorescence per cell from three 

independent experiments n = 3; N = 400 cells. * indicates p ˂ 0.05, ** indicates p 

˂ 0.01, NS, not significant; one-way ANOVA with post-hoc Tukey test. 
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5.2.7 The anti-TRPM2-ECE antibody inhibits the MPP+-induced SH-

SY5Y cell death 

 

Data presented in Chapter 3 of this thesis, as well as previous published studies 

(Sun et al., 2018, Yildizhan et al., 2022) have shown that MPP+ kills neuronal 

cells by stimulating TRPM2-mediated Ca2+ influx. Following the demonstration 

that anti-TRPM2-ECE antibody inhibits MPP+ induced TRPM2 mediated Ca2+ 

influx, excessive ROS production and mitochondrial fragmentation, I examined 

the ability of the antibody to prevent MPP+-induced SH-SY5Y cell death. To 

investigate this, SH-SY5Y cells were pre-treated with the anti-TRPM2-ECE 

antibody and then exposed to MPP+ for 24 hours before staining to assess cell 

death. MPP+ treatment caused significant death (p ˂ 0.001) of SH-SY5Y cells 

(Figure 5.9), which was remarkably rescued by the anti-TRPM2-ECE antibody (p 

˂ 0.001) (Figure 5.9 B). 

 

These data demonstrate that the anti-TRPM2-ECE antibody is capable of 

inhibiting MPP+-induced SH-SY5Y cells death.  
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Figure 5.9 The anti-TRPM2-ECE antibody inhibits MPP+-induced SH-SY5Y 

cell death. 

SH-SY5Y cells were untreated or pretreated for 2 hours with the anti-TRPM2-

ECE antibody. The cells were then exposed to the 1 mM MPP+ for 24 hours at 37 

C. CTRL represents cells not exposed to MPP+. (A) Fluorescent images of SH-

SY5Y cells stained for nuclei of all (Hochest 33342) and dead (Propidium iodide, 

PI) cells. (B) Mean ± SEM of percent cell death from five independent 

experiments n = 5; N = 54,326 cells. *** indicates p ˂ 0.001; one-way ANOVA 

with post-hoc Tukey test. 
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5.3 Discussion 

 

In this Chapter, I have described the production of novel antibodies against an 

extracellular loop of TRPM2 channel. The aim was to test whether targeting this 

loop, predicted to block the pore, would prevent the toxic effect of MPP+ on SH-

SY5Y cells by blocking the extracellular Ca2+ entry.  

 

The results demonstrate that anti-TRPM2-ECE antibodies can (i) recognise the 

channel protein in western blotting and immunostaining, (ii) prevent H2O2- and 

MPP+-induced TRPM2 mediated Ca2+ influx, and (iii) prevent MPP+ induced ROS 

production, lysosomal decline, mitochondrial fragmentation, and cell death. 

 

Two different antibodies targeted to an extracellular loop were developed. Anti-

TRPM2-ECE was raised against the ECE peptide sequence, whereas the anti-

TRPM2-ECE3x was raised against the tandem triple repeat of ECE inserted into 

the Pyrococcus thioredoxin scaffold protein produced in E.coli (Canali et al., 

2014). Both antibodies were characterized by western blotting and 

immunocytochemistry using HEK-TRPM2tet cells and SH-SY5Y cells. While the 

HEK cell data showed clear staining, the signal to noise ratio was high in SH-

SY5Y cells, presumably because of low level of channel expression in 

comparison to the recombinant HEK-TRPM2tet cells. 

 

Most research commonly used function blocking antibodies are produced against 

extracellular domains of ion channels. These include 6-transmembrane domain 

containing channels, including voltage gated ion channels and TRP channels 

(Sun et al., 2012, Xu et al., 2005). Antibodies have also been raised against the 

E3 peptide sequence of the mouse TRPM2 channel (Sun et al., 2012, Ru et al., 

2015, Zhang et al., 2022). The authors reported that the TRPM2E3 antibody 

(TM2E3) was able to specifically recognise TRPM2 in immunostaining and 

immunoblotting, and recue of H2O2 induced loss of metabolic activity of H5V 

mouse endothelial cells. The authors have also reported inhibition of Ca2+ 

currents in HEK-293 cells overexpressing TRPM2 channels (Sun et al., 2012). 
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With H5V cells, however, the inhibition of Ca2+ currents is partial. The authors 

attributed this to the presence of TRPM2-independent Ca2+ entry via other ROS-

sensitive Ca2+-permeable channels such as TRPC1,TRPC3, TRPC4, TRPM5, 

TRPC6, TRPM7 (Sun et al., 2012).  

 

The authors have not presented the details of how their antibodies have been 

raised. Crucial information about the sequence of the peptide used to raise the 

antibodies is missing in the paper by Sun et al. (2012). Interestingly, the E3 loop 

of TRPM2 channels is short (9 amino acid long) in TRPM2 channels of most 

species, including the human, zebrafish, mouse and nematode. We presume that 

the authors have used the entire sequence of the E3 loop to raise antibodies. 

Despite being short, the TM2E3 antibody was able to display function blocking 

effects. There is one amino acid difference between the mouse TRPM2-E3 and 

human TRPM2-E3. There were no data on whether the TM2E3 antibody can 

recognize the human TRPM2 in the paper by Sun et al. As our group is planning 

to protect the intellectual property rights of our antigenic peptide, I am unable to 

present details of how our antigen differs from TM2E3. 

 

The anti-TRPM2-ECE and ECE3x antibodies detected a band at ~170 KDa, 

corresponding to the theoretical size of TRPM2 by western blotting; the band was 

present in HEK-TRPM2tet cell extracts engineered to express the TRPM2 

channel, but not in uninduced cells. However, western blotting of SH-SY5Y cell 

extracts with both the antibodies showed a high level of background bands, 

making the identification of TRPM2 band difficult. This could be attributed to the 

low expression level of TRPM2 protein in these cells. Further optimization needs 

to be done to reduce background staining in western blotting and to improve the 

signal noise ratio in native cell extracts. However, both antibodies were able to 

prevent MPP+ induced Ca2+ influx in SH-SY5Y cells (Figures 5.3 and 5.4), as well 

as the H2O2 induced Ca2+ entry in tetracycline induced HEK-TRPM2+tet cells 

(Figure 5.2). These data suggest that both the anti-TRPM2-antibodies bind the 

surface expressed TRPM2 channels in SH-SY5Y cells and have the potential to 

counter the toxic effects of this toxin on the downstream signaling in neuronal 

cells.  
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Consistent with this possibility, anti-TRPM2-ECE was able to effectively prevent 

MPP+-induced SH-SY5Y cell death (Figure 5.9). Furthermore, at the organelle 

level, the antibodies were able to rescue the lysosomes and mitochondrial 

network from the damaging effects of MPP+, including the loss of lysosomes and 

the breakdown of the mitochondrial network (Figure 5.7 and 5.8). In addition, the 

antibodies attenuated MPP+ induced ROS production (Figure 5.5 and 5.6). Given 

loss of lysosomes (Dehay et al., 2010) and mitochondrial fragmentation and 

dysfunction, and excess ROS production (Deng et al., 2018, Dias et al., 2013, 

Tretter et al., 2004, Balestrino and Schapira, 2020) are well established features 

of both genetic and idiopathic PD, the results provide compelling evidence that 

the ECE targeted anti-TRPM2 antibodies can serve as useful cell biological tools 

to investigate Parkinson’s disease. More importantly, from the medical point of 

view, they provide the proof-of-principle for therapeutic potential of ECE targeted 

antibodies in the treatment of PD. Although not tested, they are likely to prove 

useful in investigations into the cell biological basis of a number of other diseases 

where oxidative stress and TRPM2 channels have been implicated. The diseases 

where TRPM2 channels have been implicated include diabetes, cardiovascular 

diseases, cancer, and neurodegenerative diseases such as Alzheimer’s and 

Parkinson’s (Yamamoto and Shimizu, 2016, Yamamoto et al., 2007, Ye et al., 

2014, Zeng et al., 2010b, Zhang et al., 2012, Manna et al., 2015, Malko and Jiang, 

2020, Hiroi et al., 2013, Hermosura and Garruto, 2007). 

 

Although there is a rapidly growing list of therapeutic antibodies that have been 

approved by the FDA, there are no anti-ion channel antibodies that are currently 

being used in clinical practice (Colecraft and Trimmer, 2022). This is presumably 

due to the technical difficulties in developing antibodies against ion channels and 

the relative paucity of mechanistic information on how they work. The present 

work not only provided evidence for the ability of anti-TRPM2 antibodies to 

prevent neurotoxin-induced cell death, but provided the cell biological mechanism 

by which this protective effect was achieved.  
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Chapter 6  

General discussion and summary 

 

6.1 Discussion and summary of key findings 

 

Parkinson’s disease (PD) is the world’s second most prevalent 

neurodegenerative disease following Alzheimer’s disease. The loss of 

dopaminergic neurons in the substantia nigra pars compacta (SNpc) and 

accumulation/aggregation of α-synuclein in Lewy bodies (LBs) are major defining 

features of PD. Approximately 15% of patients with PD have a family history of 

genetic mutations associated with the disease, whereas the remaining cases are 

sporadic with uncertain aetiology and likely to be caused by a combination of 

genetic and environmental risk factor (such as, exposure to toxins) (Deng et al., 

2018). Oxidative stress is an important factor contributing to dopaminergic cell 

death because of excessive ROS production (Choi et al., 2012). It is commonly 

known that elevated ROS levels have harmful effects on cellular organelles 

including mitochondria and lysosomes (Lin and Beal, 2006, Kurz et al., 2008a, 

Elfawy and Das, 2019, Abuarab et al., 2017, Li et al., 2017a). The dysfunctions 

of mitochondria and lysosomes have been linked to PD in several studies (Kim 

et al., 2021, Dehay et al., 2010, Deng et al., 2018, Mazzulli et al., 2016b, Zhu and 

Chu, 2010). Considering that ROS influence Ca2+ homeostasis and disrupt 

organelles’ function, in this thesis, I have investigated how the Parkinson’s 

disease-causing toxin, MPP+ affects TRPM2 channel dependent Ca2+ and ROS 

signaling to impact organelle function to eventually cause dopaminergic neuronal 

cell death (Chapters 3 and 4). The last part of the thesis (Chapter 5) describes 

the ability of antibodies raised against an extracellular epitope of the TRPM2 

channel to attenuate all these subcellular cytotoxic events to protect the cells from 

death.    

 

The rationale for focusing on the TRPM2 ion channel is as follows: (i) it is a ROS-

sensitive ion channel which, by permeating Ca2+, affects intracellular Zn2+ 

homeostasis; (ii) both Ca2+ and Zn2+ are cytotoxic signaling ions; and (iii) studies 
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have reported TRPM2 association with a number of diseases including 

neurodegenerative disorders, such as Alzheimer’s and Parkinson’s diseases 

(Jiang et al., 2010, Yamamoto and Shimizu, 2016, Yamamoto et al., 2007, Malko 

and Jiang, 2020). This channel is natively expressed in the neuroblastoma SH-

SY5Y cells which are commonly used as human neuronal cellular model to study 

the mechanisms of neurodegeneration because of their neuronal properties (An 

et al., 2019, Xicoy et al., 2017). Also, this cell line along with the neurotoxin, 

MPP+, is a widely used model that mimics PD (Xicoy et al., 2017). In this study, 

it was hypothesized that MPP+ generated ROS activate the TRPM2 channel to 

generate ionic signals that, by affecting the crosstalk between the various 

intracellular organelles, causes neuronal cell death. A combination of 

biochemical, molecular and cell biological approaches were used to test this 

hypothesis.    

 

The experiments reported in Chapter 3 investigated the role of TRPM2 channels 

in MPP+-induced oxidative stress and cell death in SH-SY5Y cells. In agreement 

with previous findings (Yang et al., 2018, Lee et al., 2011, Wang and Liu, 2022), 

MPP+ was found to stimulate ROS generation in SH-SY5Y cells. Quenching the 

total cytosolic ROS with antioxidants was shown to prevent MPP+-induced ROS 

overproduction and cell death. Interestingly, quenching mitochondrial ROS alone 

with Mito-TEMPO was sufficient to prevent MPP+ induced cell death. These data 

suggested that NOX2-derived ROS promote mitochondria to produce mtROS, 

which has been further supported by the ability of gp91ds-tat (NOX2 inhibitor) to 

prevent mtROS production and SH-SY5Y cell death. These findings lend 

credence to the developing concept that ROS produced at one location might act 

as a positive feedback signal to stimulate ROS production at another location, a 

phenomenon termed “ROS-induced ROS production” (RIRP) (Daiber, 2010, 

Dikalov, 2011).      

 

NOX2 overexpression and subsequent increase in ROS generation have been 

reported in both animal models (Wu et al., 2003) and in vitro cellular models of 

PD (Keeney et al., 2021, Zawada et al., 2011). Increased intracellular Ca2+ is 

involved in both NOX2 activation and the production of mtROS (Rada and Leto, 
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2008, Bréchard et al., 2005, Schenten et al., 2008, Schenten et al., 2010, 

Camello-Almaraz et al., 2006, Görlach et al., 2015, Feissner et al., 2009, 

Kowaltowski et al., 1998). Therefore, Ca2+ dyshomeostasis has been linked to 

the production of ROS and the subsequent cell death seen in degenerative 

diseases. 

 

It is well established that ROS activates the TRPM2 channel to stimulate Ca2+ 

influx that, in turn, triggers cell death. Results showed that MPP+ caused an 

increase in intracellular Ca2+ in SH-SY5Y cells by activating the TRPM2 channel. 

Furthermore, the data from this study suggested that MPP+-induced Ca2+ influx 

through TRPM2, stimulates NOX2 activation at the plasma membrane to 

generate ROS that, in turn, promotes mtROS production. Also, these results 

suggest that ROS required for TRPM2 activation might be generated through 

activation of NOX2 by MPP+ treatment. Taken together, these findings suggest 

functional coupling between NOX2 and TRPM2 channels at the plasma 

membrane that help amplify the intracellular Ca2+ and ROS to toxic levels.   

 

Inhibition of TRPM2 channels with siRNA and pharmacological blockers 

significantly prevented the effect of MPP+ on cytosolic and mitochondrial ROS 

generation as well as on cell death. These results question the commonly held 

belief that MPP+ acts directly on complex I of mitochondria to produce ROS to 

cause cell death (Cleeter et al., 1992, Ramsay et al., 1991, Yang et al., 2018). 

On the other hand, it is hard to understand how the inhibition of TRPM2 could 

attenuate the reported MPP+’s ability to impact complex I directly. To address this 

ambiguous effect of MPP+ on mitochondria, the role of Ca2+ in this pathway was 

investigated. The data demonstrate that chelation of cytosolic Ca2+ can 

significantly prevent MPP+-induced cytosolic and mitochondrial ROS generation 

and cell death. It is known that increased cytosolic Ca2+ level is associated with 

increased Ca2+ influx into the mitochondria, affecting mitochondrial complexes 

(Pandya et al., 2013, Pan et al., 2013, Bravo-Sagua et al., 2017). Interestingly, 

data from this study have also shown that increased cytosolic Ca2+ is 

accompanied by increased Zn2+ and mtROS levels in SH-SY5Y cells. Recent 

evidence has linked Zn2+ to neuronal cell death caused by oxidative stress (Li et 
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al., 2017b, Kim et al., 1999). This has been further supported in other cell types, 

including endothelial cells (Abuarab et al., 2017) and pancreatic ꞵ-cells (Li et al., 

2017a), where the authors revealed that TRPM2-mediated Ca2+ influx leads to a 

rise in mitochondrial Zn2+, resulting in mitochondrial dysfunction and fission. 

Direct elevation of Zn2+ by using a Zn2+ ionophore (Zn-PTO) was sufficient to 

increase mtROS production and cell death, thus reproducing the effects of both 

MPP+ and elevated cytosolic Ca2+. Collectively, these findings suggest that Zn2+ 

mediates Ca2+-induced mtROS production and cell death and indicate that Zn2+ 

has the primary detrimental influence on mitochondria.   

 

Mitochondria play an important role in apoptosis; therefore, the effect of MPP+ 

and TRPM2-Ca2+-Zn2+ signaling on mitochondria morphology in SH-SY5Y cells 

was examined in chapter 4. In particular how the ROS and Ca2+ signals generated 

at the plasma membrane are transmitted to mitochondria, causing mitochondrial 

fragmentation and cell death was investigated. First, the results confirm that 

mitochondria undergo extensive fragmentation in response to MPP+, which is 

consistent with previous studies (Zhu et al., 2012, Wang et al., 2011). Second, 

the data demonstrate that inhibition of NOX2-generated ROS and TRPM2-

mediated Ca2+ influx, and chelation of Ca2+, prevent MPP+-induced mitochondria 

fragmentation. Third, in addition to mitochondria fragmentation, MPP+ caused a 

marked reduction in the lysosome number and loss of ΔΨm. The Ca2+ ionophore, 

A23187, has shown a similar effect on lysosomes as MPP+, indicating the role of 

elevated cytosolic Ca2+ in lysosomal membrane permeabilization (LMP) and a 

decline in the number of lysosomes. The results also show that preventing Ca2+ 

influx through MPP+-stimulated TRPM2 channel with a TRPM2 blocker (2-APB) 

rescued the lysosomes from the MPP+ effect. Importantly, along with the 

decrease in the number of lysosomes, there was a redistribution of Zn2+ from 

lysosomes into mitochondria. Fourth, the resultant rise in mitochondrial Zn2+ was 

accompanied by the loss of ΔΨm and the breakdown of the mitochondrial 

network.     

 

Zn2+ chelation has been shown to prevent oxidative stress-induced neuronal cell 

death (Medvedeva et al., 2009). The data in this study clearly demonstrate that 
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the chelation of Zn2+ alone was sufficient to prevent MPP+-induced mitochondrial 

fragmentation and cell death, which is confirmed further through direct delivery of 

Zn2+ using Zn-PTO. These results and the role of Zn2+ in oxidative stress-induced 

mitochondria fission are in agreement with other studies that reported similar 

effects of Zn2+ in endothelial cells (Abuarab et al., 2017) and pancreatic ꞵ-cells 

(Li et al., 2017a). Thus, the data of this study provide evidence that Zn2+ acts 

downstream to Ca2+ in oxidative stress-induced mitochondrial fragmentation 

pathways in neuronal cells. Moreover, MPP+ and Zn-PTO caused an increase in 

mitochondrial Zn2+ leading to a loss of ΔΨm and mtROS generation. This could 

be explained by the effects of Zn2+ on mitochondrial ETC complexes (Sensi et 

al., 2009, Link and von Jagow, 1995, Liu et al., 2021, Sharpley and Hirst, 2006, 

LORUSSO et al., 1991, Dineley et al., 2003). Therefore, specific suppressors of 

mitochondrial complexes (I and III) were used to determine the relative 

contribution of these two complexes in mtROS production and mitochondrial 

fragmentation. The data revealed that mitochondrial complex III suppression 

prevents MPP+-induced mtROS production, mitochondrial fragmentation, and the 

death of SH-SY5Y cells more effectively than complex I. Collectively, these 

findings suggest that MPP+-induced mtROS production is an indirect effect and 

might be mediated by Zn2+ inhibiting mitochondrial complex III. Finally, data also 

demonstrate that Zn2+ accumulation in mitochondria promotes Drp-1 protein 

recruitment to mitochondria initiating the fission process in a pathway mediated 

by TRPM2.    

 

In chapter 5, two antibodies, targeted an extracellular epitope of the TRPM2 

channel, named anti-TRPM2-ECE and -ECE3x, have been developed. The data 

demonstrate that anti-TRPM2-ECE3x successfully recognized TRPM2 in western 

blotting and or immunostaining assays in HEK293 cells engineered to 

overexpress the TRPM2 when induced with tetracycline. Both antibodies were 

able to prevent H2O2- and MPP+-induced Ca2+ influx indicating their ability to 

block the Ca2+-permeating pore in the TRPM2 channel and prevent its function. 

Notably, the anti-TRPM2-ECE antibody has been found to protect cells from the 

damaging effects of MPP+ and oxidative stress on their organelles and viability. 

Data from this study show that anti-TRPM2-ECE antibody significantly prevents 

MPP+-induced ROS production and loss of lysosomes. Moreover, the 
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effectiveness of the anti-TRPM2-ECE antibody in preventing MPP+-induced 

mitochondrial fragmentation and cell death was remarkable in SH-SY5Y cells. 

Thus, these function blocking anti-TRPM2 antibodies serve as a useful biological 

tool to investigate intracellular events that are affected during oxidative stress. 

Furthermore, they might guide development of novel therapeutic approaches for 

the treatment of PD and other diseases where TRPM2 have been implicated.     

 

The findings of this study could have significant implications for understanding 

the pathology of PD as well as possible therapeutic approaches. The data show 

that the TRPM2 channel deploys Ca2+ and Zn2+ signals to promote harmful 

communication between different cellular compartments during oxidative stress. 

This novel signaling pathway may prove to be a promising therapeutic target not 

just for PD, but many other oxidative stress-linked disorders which share similar 

pathways. Supporting this idea is the fact that the TRPM2 channel has a role in 

many ROS-associated diseases (Yamamoto and Shimizu, 2016). In addition, 

recent studies have implicated TRPM2 in oxidative stress-induced mitochondrial 

fragmentation in endothelial and pancreatic ꞵ-cells (Abuarab et al., 2017, Li et al., 

2017a), which is a common feature of many ROS-associated diseases. Thus, the 

findings reported in this thesis likely have implications for a wide spectrum of 

diseases.  

 

To conclude, the findings presented in this thesis reveal a mechanistic link 

between NOX2, TRPM2, ROS, Ca2+ and Zn2+ in the PD-toxin induced cytotoxic 

signaling associated with neuronal cell death. Furthermore, they report the 

development and potential use of TRPM2 function-blocking antibodies to 

interrogate cellular and molecular mechanisms of cell death in systems where 

TRPM2 channels have been implicated. It is also hoped that this novel signaling 

pathway will guide development of novel therapeutic approaches to diseases for 

which there are currently no cure, including Parkinson’s disease.  
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6.2 Future work 

 

Results presented in this thesis reveal a novel signalling circuit, comprising 

NOX2, TRPM2, Ca2+, and Zn2+, that underlies neurotoxin-mediated dopaminergic 

cell death. Since the experiments have been carried out using the SH-SY5Y cell 

line, it would be important to examine this pathway in primary cells and brain 

tissue. Whether a similar mechanism occurs in other models of PD remains to be 

determined. The effects of MPP+ on ROS production, lysosome function and 

mitochondrial dynamics could be investigated in dopaminergic neurons 

expressing disease causing mutants of α-synuclein gene. In addition, whether 

other neurotoxins, including pesticides (Rotenone and Paraquat) use similar 

mechanisms to impact mitochondrial dynamics and cell death should be 

examined. Such studies will provide mechanistic insights into both genetic and 

sporadic forms of PD. 

 

The data presented in chapter 3 suggested functional coupling between NOX2 

and TRPM2. It would be important to confirm these findings using other 

biochemical and microscopy-based studies including coimmunoprecipitation and 

colocalization methods, such as the Proximity Ligation Assay (PLA) for protein-

protein interactions.  

 

In chapter 4, it was found that MPP+ causes a decline in lysosomes number and 

cause mitochondrial fragmentation. An in vivo study has reported the effect of 

MPP+ on lysosome function (Dehay et al., 2010), however, similar in vivo studies 

should be carried on mitochondria dynamics. Furthermore, it would be interesting 

to test if NOX2 and TRPM2 inhibitors, and Zn2+ chelators, can prevent MPP+- 

induced mitochondria fission in animal models.       
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