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Abstract 

Oxidative stress caused either due to overproduction of reactive oxygen species (ROS) or 

failure of endogenous antioxidants leads to damage of cellular macromolecules and 

intracellular organelles, which if remain uncontrolled may lead to cell death. Lysosomes 

play a vital role in maintaining cellular homeostasis by acting as the terminal degradative 

organelles in autophagic process. Autophagy is a highly regulated pro-survival pathway 

that delivers the toxic cellular debris and damaged organelles to the highly acidic 

lysosomes for digestion. Any impairment in lysosomal function can lead to inhibition of 

autophagic process and protein accumulation. Importantly, due to the presence of potent 

hydrolyzing enzymes within its lumen, any compromise in lysosomal membrane integrity 

can lead to severe cellular damage and cell death. Several factors including ROS has been 

shown to contribute to lysosomal membrane permeabilization (LMP); however, the 

molecular mechanisms involved in the induction of cell death by LMP during uncontrolled 

oxidative stress is poorly understood.  

In this thesis, I demonstrate that excessive oxidative stress induced by inactivation of 

endogenous thiol antioxidants such as thioredoxin (Trx) and glutathione (GSH) systems 

promote oxidative damage of lysosomes and results in activation of apoptotic and non-

apoptotic cell death mechanisms. Inactivation of Trx system led to blockade of autophagic 

process and protein accumulation, which was attributed to loss of lysosomal proteolytic 

ability and acidity. On further exploration, I discovered that inhibition of Trx system caused 

oxidative inactivation of cathepsin L, a pro-autophagic lysosomal protease and LMP 

resulting in the induction of apoptotic pathway. Using small molecule inhibitor screening, 

cathepsin B was found to be the executioner of apoptotic cell death in this model.  
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Complementary studies in another model of a recently identified non-apoptotic cell death 

mechanism known as ferroptosis further confirms cathepsin B as a major executioner of 

cell death under oxidative stress conditions. Iron mediated lipid peroxidation is a major 

player in ferroptosis. GSH and glutathione peroxidase 4 (GPX4) are required for proper 

scavenging of lipid peroxides and hence depletion of GSH or deletion of GPX4 results in 

ferroptosis. Using pharmacologic and gene-knockout approaches, cathepsin B was 

identified as the cell death executioner in ferroptosis which was confirmed in primary 

fibroblasts derived from cathepsin B knockout (Ctsb-/-) mice. Accordingly, inhibition of 

cathepsin B also attenuated several markers of cell death and preserved the integrity of 

mitochondrial and lysosomal membranes. Using inhibitor screening and knockout cell 

lines, cathepsin B was found to act as a histone H3 protease during ferroptosis that was not 

previously recognized in any physiological or pathological settings. 

Taken together, this thesis establishes that cathepsin B acts as an executioner of cell death 

induced by LMP following failure of intracellular redox balance. These findings can have 

implications in several disease conditions including traumatic injuries, neurodegenerative 

diseases and cancers where oxidative stress plays a key role in occurrence and development 

of pathologies.  
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1.1 Reactive oxygen species  

Reactive Oxygen Species (ROS) are continuously formed as a byproduct of cellular respiration 

and metabolism. Basal or low concentration of ROS mediates various intracellular signaling 

pathways either through activation of ROS sensors, oxidative modifications of several signaling 

components and/or modifying the activity of transcription factors (Apel and Hirt, 2004). However, 

accumulation of ROS either due to increased production or failure of ROS eliminating 

mechanism/s can lead to a condition called as “oxidative stress”, which inflicts detrimental effects 

on the cellular macromolecules and eventually tissue damage (Lushchak, 2014; Sies, 2015). ROS 

including oxygen free radical superoxide (O2
•), hydroxyl radical (•OH), hydroperoxyl (HO•

2), 

hydrogen peroxide (H2O2), singlet oxygen (1O2), nitric oxide (NO•) and peroxynitrites (ONOO-) 

are implicated in the development and progression of numerous pathological conditions. Although 

mitochondria are the major source of cellular ROS, other organelles including endoplasmic 

reticulum, peroxisome and lysosomes do generate ROS (Lushchak, 2014; Reczek and Chandel, 

2015).  

Under physiological conditions, several endogenous antioxidants, either through enzymatic or 

non-enzymatic reactions, limit the accumulation of ROS to prevent any cellular damage. As 

illustrated in Fig.1.1, superoxide dismutase (SOD) catalyzes the conversion of O2
• to H2O2, which 

in turn is decomposed to H2O and O2 by catalase. Peroxidases like glutathione peroxidases and 

peroxiredoxins can also catalytically breakdown H2O2 (Wood et al., 2003; Valko et al., 2007). 

H2O2 in the presence of transition metals like Fe2+ and Cu+ can generate a highly unstable and 

extremely reactive •OH (and hydroxyl anion (OH-)) through a process called as “Fenton Reaction” 

(Valko et al., 2007). The spontaneous reaction between H2O2 and O2
• can also produce •OH (and 

molecular oxygen) through Haber-Weiss reaction (Kehrer, 2000). Moreover, O2
• can react with 
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NO• to form ONOO-, which in turn can generate nitrogen dioxide (NO2
•) and •OH (Radi, 2018). 

Unlike H2O2 and O2
•, which have half-lives of 10–5 s and 10–6 s respectively, •OH are 

comparatively short lived with a half-life of 10–9 s (Giorgio et al., 2007). Due to relatively long 

half-life, H2O2 can diffuse readily across biological membranes and exert its actions further away 

from its site of production (Kohen and Nyska, 2002). In contrast, due to its negative charge, O2
• is 

unable to pass through the membranes and hence can react with its substrates only in its immediate 

environment. Similarly, due to short half-life (limiting its diffusion capacity) and indiscriminate 

reactivity, •OH can modify biological molecules only in proximity of its site of production 

(D'Autreaux and Toledano, 2007).  

 

Figure 1.1. Production of ROS and antioxidant defense systems. O2, molecular oxygen; O2
•, 

superoxide radical; H2O2, hydrogen peroxide; •OH, hydroxyl radical; OH-, hydroxyl anion; NO•, 

nitric oxide; ONOO-, peroxynitrites; NO2
•, nitrogen dioxide; Fe2+, ferrous ion; Fe3+, ferric ion; 

SOD, superoxide dismutase; GSH, glutathione; GPX, glutathione peroxidase; Trx, thioredoxin; 

Prx, peroxiredoxin; NOS, nitric oxide synthase.   
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1.2 Oxidative damage of biomolecules 

ROS, when uncontrolled, can modify the cellular biomolecules including RNA, DNA, proteins 

and lipids either through oxidation or nitrosylation. These oxidative modifications can cause 

changes in structure, integrity, solubility, activity and/or susceptibility to degradation (Berlett and 

Stadtman, 1997; Jung and Grune, 2008; Thanan et al., 2015). 

1.2.1 Protein oxidation 

ROS can cause direct damage to the proteins by attacking the polypeptide backbone or amino acid 

side chains resulting in fragmentation, structural changes, loss of function or activity of proteins 

(Stadtman and Levine, 2000; Grimm et al., 2012). While oxidation of amino acids including 

aspartate, glutamate and proline residues can lead to cleavage of peptide backbone, protein 

carbonyls are formed due to oxidation of lysine, arginine, histidine, and proline (Mirzaei and 

Regnier, 2006; Costa et al., 2007). The secondary oxidation products of other biomolecules 

including lipids, carbohydrates and nucleic acids can also cause protein oxidation through 

formation of protein adducts (Bau et al., 2002; Kurbanyan et al., 2003; Grimsrud et al., 2008; 

Gentile et al., 2009). Reversible oxidation of amino acids as observed in cellular signaling events 

are revoked by the intracellular antioxidants. Conversely, when the proteins undergo irreversible 

oxidative damage beyond repair due to the formation of hydroxyl, carbonyl, sulfinic and sulfonic 

derivatives, the oxidized proteins are cleared by the cellular protein degradation machineries, the 

ubiquitin proteasome system and autophagy-lysosomal system. However, when these oxidized 

proteins are not degraded, this can lead to further severe oxidation of amino acid residues, cross-

linking to other proteins and accumulation of protein aggregates (Costa et al., 2007; Jung and 

Grune, 2008; Pajares et al., 2015). Accumulation of oxidatively modified proteins like protein 

carbonyls and protein-adducts including ceroid, lipofuscin, advanced aged glycation end products 
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and α-synuclein have been documented during natural aging and many pathological conditions 

like neurodegenerative and cardiovascular diseases, muscular dystrophy, arthritis, atherosclerosis, 

cataracts and diabetes mellitus (Yin, 1996; Dalle-Donne et al., 2003; Martinez et al., 2010; Reeg 

and Grune, 2015). 

The sulfur containing amino acids, cysteine and methionine, are highly prone to oxidative changes 

and are most frequently oxidized (Hoshi and Heinemann, 2001b). These thiol (-SH) amino acids 

contribute to the preservation of structural integrity, functionality of many enzymes and redox 

cycling of endogenous antioxidants such as glutathione (GSH) and thioredoxin (Trx) (Levine et 

al., 2000). As shown in Fig. 1.2, oxidation of cysteine can generate sulfenic acid (-SOH), sulfinic 

acid (-SO2H) and sulfonic acid (-SO3H). While sulfenylation can be reversed by thioredoxin or 

GSH-dependent reductases, sulfinylation can only be reduced by a specialized enzyme, 

sulfiredoxin. Sulfonylation, on the contrary, is an irreversible oxidation which can cause 

permanent structural and functional changes in proteins. Similarly, NO• radical can react with the 

thiol group of cysteine to form a reversible post-translation modification, S-nitrosothiol (-SNO). 

Reactive cysteine residues in proteins can also be modified by hydrogen sulfide (H2S) through a 

process called protein sulfhydration resulting in the conversion of thiol group of cysteine to 

persulfide group (-SSH) (Chung et al., 2013; Nakamura et al., 2013). Apart from 

oxidative/nitrative changes, cysteine residues can also undergo lipid modifications such as 

palmitoylation, prenylation, farnesylation and geranylgeranylation (Farnsworth et al., 1994; Zhang 

and Casey, 1996; Rodenburg et al., 2017). Likewise, oxidation of methionine produces methionine 

sulfoxide, which can undergo further oxidation to from methionine sulfone. While methionine 

sulfoxide can be reduced by methionine sulfoxide reductases, methionine sulfone is an irreversible 

modification (Drazic and Winter, 2014; Reeg and Grune, 2015) (Fig. 1.3).  
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Figure 1.2. Reversible and irreversible oxidative modifications of cysteine. ROS, Reactive 

Oxygen Species; RNS, Reactive Nitrogen Species; GSH, reduced glutathione; GSSG, oxidized 

glutathione; Grx, glutaredoxin, Trx, thioredoxin; Srx, sulfiredoxin; H2S, hydrogen sulfide. 

 

 

Figure 1.3. Reversible and irreversible oxidative modifications of methionine. ROS, reactive 

oxygen species; RNS, reactive nitrogen species; MSR, methionine sulfoxide reductase; Trx, 

thioredoxin; TrxR, thioredoxin reductase; NADPH, nicotinamide adenine dinucleotide phosphate 

(reduced); NADP+, nicotinamide adenine dinucleotide phosphate (oxidized). 
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1.2.2 Lipid peroxidation 

Lipid peroxidation is a process in which free radicals extract an electron from lipid molecules in 

the cell membrane resulting in the generation of primary oxidizing intermediates such as lipid 

peroxyl radicals (LOO•) and lipid hydroperoxides (LOOH) and secondary products including 

propanal, hexanal, and 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) leading to the 

loss of membrane properties. Unsaturated phospholipids, glycolipids and cholesterols are the 

major targets of lipid peroxidation (Girotti, 1998; Yin et al., 2011; Ayala et al., 2014). Lipid 

peroxidation can occur by both enzymatic and non-enzymatic processes. ROS like •OH, HO•
2 and 

ONOO- are potent inducers of lipid peroxidation and could initiate a lipid oxidation chain reaction 

resulting in membrane damage (Bielski et al., 1983; Schneider et al., 2008). Similarly, enzymes 

including cyclooxygenases, lipoxygenases and cytochrome P450 catalyzes the peroxidation of 

poly unsaturated fatty acids (PUFA) or arachidonic acid to generate various metabolites including 

stable hydroxides and lipid hydroperoxides. These metabolites are further processed by several 

other enzymes to generate respective biologically active signaling molecules such as 

prostaglandins, leukotrienes or thromboxanes (Girotti, 1998; Smith et al., 2011; Ayala et al., 2014; 

Gruber et al., 2015). However, few reactive metabolites formed in the process can oxidize other 

lipids initiating a chain reaction or form adducts with proteins and nucleic acids. For example, 

Leukotriene A4 (LTA4), a conjugated triene epoxide is formed as an intermediate by 5-

lipoxygenase from arachidonic acid during the generation of biologically active leukotrienes B4 

and C4. LTA4, due to its high reactivity can form adducts with nucleosides and nucleotides in 

DNA and RNA (Reiber and Murphy, 2000; Hankin et al., 2003). Similarly, other highly reactive 

lipid hydroperoxide metabolites including 9,12-dioxo-10(E)-dodecenoic acid (DODE), 4,5-epoxy-

2(E)-decenal (EDE), 4-HNE and MDA can form adducts with DNA and proteins (Slatter et al., 
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2004; Lee et al., 2005; Williams et al., 2007; Pizzimenti et al., 2013). The biological effects of 

secondary lipid peroxidation metabolites such as MDA and 4-HNE are well studied and are 

implicated in aging and many pathological conditions including inflammation, atherosclerosis, 

neurodegenerative, cardiovascular, renal and hepatic diseases, diabetes and cancer (Negre-

Salvayre et al., 2008; Iacobini et al., 2009; Garcia et al., 2013).  

The reactive lipid hydroperoxides are mainly metabolized by glutathione peroxidase 4 (GPX4) to 

corresponding lipid alcohols using GSH as electron donor (Brigelius-Flohe, 1999). It is also known 

as phospholipid hydroperoxide glutathione peroxidase (PHGPx) due to its unique ability to reduce 

hydroperoxides in phospholipids and cholesterol in mammalian cells (Imai and Nakagawa, 2003). 

GPX4 is widely distributed and can be found in cytosol, mitochondrial and nuclear compartments 

(Schneider et al., 2009). Failure of the hydroperoxide neutralization can lead to increase in 

membrane permeability, organelle damage and cell death (Wong-Ekkabut et al., 2007). For 

instance, cardiolipin, a phospholipid exclusively present in inner and outer mitochondrial 

membrane is highly prone to peroxidation (Lesnefsky and Hoppel, 2008; Paradies et al., 2009). 

Cardiolipin oxidation can cause loss of mitochondrial integrity and function. More importantly, 

cytochrome c (cyto C) strongly binds with cardiolipin but not cardiolipin hydroperoxide. Hence, 

oxidation of cardiolipin can result in induction of intrinsic apoptotic cascade due to the rapid 

release of cyto C into the cytosol. Overexpression of mitochondrial GPX4 was shown to efficiently 

inhibit cardiolipin oxidation and its consequences (Nomura et al., 2000). Very recently, lipid 

peroxidation has been found to play the central role in the induction of ferroptosis, a novel iron 

dependent cell death mechanism. This is characterized by massive accumulation of lipid 

peroxidation products and can be induced by either depletion of GSH or inhibition / deletion of 

GPX4. Approaches such as iron chelation, lipoxygenase inhibition and lipophilic antioxidants such 
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as vitamin E, all of which target the buildup of lipid peroxides, can mitigate ferroptotic cell death 

(Dixon et al., 2012; Conrad et al., 2018; Shah et al., 2018). Similarly, Trx dependent peroxidase, 

peroxiredoxins, can also metabolize lipid hydroperoxides and protect the phospholipids of cellular 

membranes (Luo et al., 2010; Zuo et al., 2018). Knockout of members of peroxiredoxin family has 

been shown to cause severe lipid peroxidation and cell death (Baskin-Bey et al., 2005; Tran et al., 

2018). Recently, peroxiredoxin 6 was demonstrated to negatively regulate ferroptosis by inhibiting 

excessive lipid peroxidation (Lu et al., 2019).  

1.2.3 Oxidative damage to nucleic acids 

ROS like 1O2, 
•OH, HO•

2 and ONOO- are shown to readily react with purine and pyrimidine bases 

of DNA and RNA producing over 80 different varieties of oxidatively modified DNA lesions 

including diastereomers and unstable hydroperoxide precursors (Cadet et al., 2003; Wagner and 

Cadet, 2010; Cadet et al., 2011). Due to low redox potential, guanine is highly prone to oxidative 

attack by ROS and nitrating species generating 8-oxoguanine (8-oxoG), 8-hydroxydG (8-OHdG) 

and 8-nitroguanine (8-nitroG) (Steenken and Jovanovic, 1997). These oxidative changes can cause 

single strand and double strand DNA breaks, which may lead to mutagenesis, if not repaired. DNA 

lesions including 8-oxoG, 8-OHdG and thymine glycol are used as reliable biomarkers of oxidative 

stress in several pathologies including neurodegeneration and carcinogenesis (Kikuchi et al., 2002; 

Dedon and Tannenbaum, 2004; Fukae et al., 2005; Kryston et al., 2011). Repair mechanisms such 

as base excision repair (BER) and nucleotide excision repair (NER) process the oxidatively 

generated DNA lesions stress (Kryston et al., 2011). Inactivation of DNA repair mechanism due 

to oxidative damage or failure of antioxidant defense system can also cause DNA lesions. In 

melanoma cells and human skin fibroblasts, depletion of GSH retarded the BER of oxidative 

purine modifications induced by radiation (Eiberger et al., 2008). A similar impairment in BER 
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was observed in Trx deficient cells and inactivation of Trx by overexpression of TXNIP was 

associated with enhanced oxidative DNA damage (Kim et al., 2013a; Oberacker et al., 2018). 

1.3 Cellular antioxidants 

The redox status of the cell is determined by the balance between ROS and its counteractive 

molecules called antioxidants, which nullify the effects of ROS through either enzymatic and non-

enzymatic actions. Several studies have demonstrated that the absence / inactivation of these 

antioxidants can cause severe oxidative stress and have detrimental impact on the cellular growth, 

proliferation and survival (Ho et al., 2004; Turanov et al., 2010; Watanabe et al., 2014a; Muri et 

al., 2018). As shown in Fig. 1.1, several enzymatic antioxidants such as SOD, catalase, peroxidases 

such as glutathione peroxidase and thioredoxin / peroxiredoxin system modulate the free radical 

chain reactions and neutralize ROS. Similarly, non-enzymatic antioxidants such as glutathione, 

vitamin A, C and E, α-lipoic acid, metal binding proteins, uric acid, bilirubin and melatonin rapidly 

inactivate ROS and thereby terminating the free radical chain reaction and prevent further 

oxidative cellular damage (Aslani and Ghobadi, 2016; Mironczuk-Chodakowska et al., 2018). As 

discussed above, ROS can reversibly / irreversibly oxidize the cellular macromolecules and thus 

rendering them inactive or reactive, which may cause further oxidative damage to the cell. These 

oxidative modifications can occur on enzymes, carriers or transcription factors in the cytosol, 

mitochondria, nucleus or plasma membrane. Endogenous reductants like GSH or Trx functions 

mainly by reducing the oxidized biomolecules directly or indirectly by acting as a recycler / co-

factor for the enzymatic / non-enzymatic ROS decomposer and thus ensures normal physiology of 

the cells (Ren et al., 2017). 
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1.3.1 Thioredoxin system 

Thioredoxin (Trx) and its reducing enzyme Thioredoxin reductase (TrxR) together with NADPH 

constitute the Thioredoxin system. There are mainly three isoforms identified in mammalian cells, 

Trx1 and TrxR1 in cytoplasm, Trx2 and TrxR2 in mitochondria and a third isoform in testis, Trx3 

and TrxR3. Trx is a small (12 kDa) multifunctional protein expressed ubiquitously and was first 

identified as a hydrogen donor for ribonucleotide reductase in Escherichia coli. Trx functions by 

catalyzing the dithiol / disulfide oxido-reduction with the help of the conserved cysteine residues 

in their active site (-Cys32-Gly-Pro-Cys35-) and in this process gets oxidized (Trx-S2). TrxR is a 

NADPH dependent selenocysteine containing enzyme that catalyzes the transfer of electrons from 

NADPH to Trx-S2, reducing it to Trx-SH2, the active form (Laurent et al., 1964; Holmgren, 1985; 

Nishiyama et al., 2001; Holmgren and Lu, 2010) (Fig. 1.4). In addition to the two active site 

cysteine residues, human Trx also contains three structural cysteine moieties at Cys62, Cys69, and 

Cys73. These structural cysteine residues also play a critical role in regulating the catalytic activity 

of Trx. An intermolecular Cys73-Cys73 homodimer disulfide linkage can cause loss of catalytic 

activity of Trx. This Cys73 homodimer of Trx was found to be inaccessible by TrxR (Gasdaska et 

al., 1996). Likewise, formation of a second disulfide bond between Cys62 and Cys69, in addition to 

the active site disulfide, was shown to inactivate Trx (Watson et al., 2003). Interestingly, this Cys62 

and Cys69 disulfide linkage can be reduced by glutaredoxin, but not TrxR (Du et al., 2013). 

Similarly, S-nitrosylation of Cys69 and Cys73 can also inhibit the oxido-reductase activity of Trx 

and make it inaccessible to TrxR (Hashemy and Holmgren, 2008).  

Trx in its reduced form (Trx-SH2) can effectively reduce cysteine modifications such as 

sulfenylation, S-nitrosylation, S-sulfhydration and disulfide bond formation and rescue the protein 

function (Spector et al., 1988a; Wu et al., 2011; Ju et al., 2016) (Fig. 1. 2). Trx also plays a crucial 
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role in methionine reduction reactions by recycling Methionine sulfoxide reductase, which gets 

oxidized and inactivated in the process of reducing methionine sulfoxide to methionine (Reeg and 

Grune, 2015) (Fig. 1.3). Trx, by its oxidoreductase activity, recycles Peroxiredoxins (Prx-S2 to 

Prx-SH2), which in turn decomposes H2O2, organic hydroperoxides and ONOO- (Dubuisson et al., 

2004; Trujillo et al., 2007).   

Trx expression is induced by various oxidative stimuli through antioxidant responsive element 

(ARE) by activation of Nuclear factor erythroid 2-related factor 2 (NRF2) (Kim et al., 2003). Trx 

interacts with a number of target proteins and modulates several physiological processes inside the 

cell including maintaining reducing environment, controlling cell cycle, inhibiting apoptosis and 

inflammation, enhancing transcription of other antioxidants such as superoxide dismutase, 

promote vasculogenesis and increase neural stem cell proliferation (Nishiyama et al., 2001; 

Samuel et al., 2010; Song et al., 2011; Tian et al., 2014). While genetic knockdown of either Trx1 

or Trx2 is lethal at embryonic stage, their overexpression has been shown to increase life span in 

mice (Matsui et al., 1996; Nonn et al., 2003; Perez et al., 2011; Pickering et al., 2017). The 

protective effects of Trx and TrxR proteins are well studied in the context of cancer cells. 

Upregulation of Trx system in some cancers has been linked to their enhanced resistance to anti-

tumor treatments and therefore pharmacological and molecular inhibition of Trx system to inhibit 

cancer growth is routinely pursued (Gorrini et al., 2013a). Overexpression of Trx in experimental 

models of neuronal, cardiac and renal ischemic injuries had shown better tissue preservation and 

improved functional recovery (Takagi et al., 1999; Kasuno et al., 2003; Shao et al., 2014).  

The cytoprotective effect of Trx is mediated by its capacity to inhibit the activation of apoptosis 

signal kinase 1 (Ask1). Under normal conditions, Trx binds to ASK1 and inhibits apoptosis, 

however during severe oxidative stress conditions, Trx get oxidized and dissociates from ASK1. 
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Once dissociated, ASK1 can get activated by either phosphorylation or by multimerization through 

formation of disulfide bonds, which further activates the JNK and p38 MAP kinase pathways to 

induce cell death (Tobiume et al., 2001; Nadeau et al., 2007) (Fig. 1.4). Trx can also modulate the 

protease function of caspases -3, -6 and -8 and impact the progression of apoptosis through 

oxidation, transnitrosylation and denitrosylation (Mitchell and Marletta, 2005; Mitchell et al., 

2007; Sengupta et al., 2010; Islam et al., 2019).  

Trx is inactivated mainly by two ways – oxidation of cysteines or by binding with a natural 

inhibitor called Thioredoxin Interacting Protein (TXNIP) through formation of a disulfide bond 

between Cys247 in Txnip and Cys32 in Trx1 (Zhou and Chng, 2013; Hwang et al., 2014). The 

binding of TXNIP to Trx is dependent on the redox status of Trx; TXNIP neither binds to oxidized 

nor mutant Trx, proving that a reduced Trx active site is essential for TXNIP action (Hwang et al., 

2014; Shalev, 2014).  

In many cases, the binding of Trx to TXNIP appears to mutually inhibit each other’s cellular 

functions. For instance, ROS induced dissociation of Trx from TXNIP was shown to facilitate the 

interaction of TXNIP to NLRP3 (nucleotide binding domain leucine-rich-containing family, pyrin 

domain containing 3) inflammasome resulting in the activation of caspase-1 and production of 

pro-inflammatory cytokines such as Interleukin – 1beta (IL-1β) and IL-18 (Zhou et al., 2010; Chen 

et al., 2017) (Fig. 1.4). Similarly, TXNIP can translocate to mitochondria in response to oxidative 

stress, where TXNIP binds to Trx2 leading to dissociation and activation of Ask1 and resulting in 

mitochondrial pathway mediated cell death (Chen et al., 2008a; Saxena et al., 2010). 
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Figure 1.4. Cellular functions of thioredoxin. Trx1 in its reduced state mediates the reduction of 

several oxidized target proteins including ATG4 and peroxiredoxins (Prx). ATG4 is a major 

component of autophagy system and mediates the conversion of LC3 to LC3-I facilitating the 

addition of phosphatidylethanolamine (PE) to form LC3-PE (LC3-II), which allows it to bind to 

the autophagosome membrane. Trx participates in the decomposition of H2O2 by acting as a redox 

recycler of Prx. Oxidation of Trx1 in response to oxidative stress leads to dissociation of TXNIP, 

which can bind and activate NLRP3 inflammasome resulting in secretion of pro-inflammatory 

cytokines such as IL-1β and IL-18. Similarly, dissociation of ASK1 from Trx leads to the 

activation of ASK1 and activation of downstream intermediaries such as JNK signaling resulting 

in apoptosis. Additionally, Trx1 also controls apoptosis by mediating the S-nitrosylation of active 

site cysteine residues in Caspase-3 rendering them inactive. Oxidatively inactivated Trx is 

rejuvenated by the action of TrxR which transfers electrons from NADPH to Trx. 
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1.3.2 Glutathione system 

Glutathione (GSH, L-γ-glutamyl-L-cysteinyl-glycine) is the most abundant non-protein sulfhydryl 

and acts as an important reservoir of amino acid cysteine in the cells (Franco and Cidlowski, 2009). 

GSH is a tripeptide molecule made up of amino acids – cysteine, glycine and glutamate. GSH is 

synthesized by a two-step reaction catalyzed by γ-glutamylcysteine synthase (γ-GCS) and GSH 

Synthetase. γ-GCS, also known as glutamate-cysteine ligase (GCL), is a heterodimer composed of 

a modulatory subunit (γ-GCSm or GCLM) and a catalytic subunit (γ-GCSc or GCLC). In the first 

step, γ-GCS catalyzes the ATP dependent rate limiting reaction by adding glutamate to cysteine to 

create L-γ-glutamyl-L-cysteine. GSH Synthetase, a homodimer, then adds glycine to L-γ-

glutamyl-L-cysteine to generate GSH (Dickinson and Forman, 2002; Aslani and Ghobadi, 2016) 

(Fig. 1.5).  

GSH can directly scavenge free radicals including 1O2, O2
•, •OH and DNA radicals and also acts 

as an essential co-factor for the selenium dependent enzyme GPX, which detoxifies peroxides such 

as H2O2, LOO• and ONOO-. In the process of neutralizing ROS, directly or indirectly, GSH is 

oxidized to form GSSG (dimer), which is then reduced to GSH by the action of glutathione 

reductase with the utilization of NADPH. The increase in the ratio of GSSG to GSH has been 

recognized as an index of severity of oxidative stress (Franco and Cidlowski, 2009; Aslani and 

Ghobadi, 2016). Indeed, oxidation of GSH to GSSG has been shown to precede DNA damage and 

apoptosis (Esteve et al., 1999). Consistently, depletion of GSH causes increased oxidative stress, 

mitochondrial dysfunction, apoptosis through both intrinsic and extrinsic pathways and necrosis 

(Canals et al., 2001; Armstrong et al., 2002; Higuchi, 2004; Franco et al., 2007; Franco et al., 2008; 

Franco et al., 2014). Recently, GSH depletion was shown to cause Ferroptosis, a novel iron 

dependent cell death mechanism initiated by the accumulation of lipid peroxides due to the failure 
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of GSH/GPX4 machinery (Dixon et al., 2012; Conrad et al., 2018). Similarly, increasing the 

intracellular GSSG content also have been shown to cause cell death (Park et al., 2009). High 

levels of GSH and GPX has been shown to confer resistance against various forms of cell death 

and DNA damage (Friesen et al., 2004; Cazanave et al., 2007; Dannenmann et al., 2015).  

GSH is also involved in the removal of xenobiotics and toxic metabolites by the action of 

glutathione-S-transferase (GST) leading to the formation of GSH adducts as in the case of 

detoxification of lipid peroxidation product, 4-HNE (Balogh and Atkins, 2011). GSH can also 

form an adduct with NO generating S-nitrosoglutathione (GSNO), which acts as a reservoir for 

NO thereby facilitating S-nitrosylation of proteins (Keszler et al., 2010; Broniowska et al., 2013). 

GSNO is the most abundant low molecular weight S-nitrosothiol (SNO) and plays a significant 

role in NO dependent regulatory mechanisms including smooth muscle relaxation and inhibition 

of platelet aggregation (Debelder et al., 1994). GSNO reductase (also known as alcohol 

dehydrogenase 3), using NADH as a cofactor, reduces GSNO to GSSG and ammonia (NH3) 

(Jensen et al., 1998). 

GSH and GSSG can react with protein thiols to form mixed disulfides by a process known as 

protein glutathionylation to regulate the protein function. This process can proceed either by the 

reaction of a sulfenylated protein with GSH or disulfide exchange reaction with GSSG or addition 

of GSH to S-nitrosylated cysteine residue (Xiong et al., 2011)  (Fig. 1.2). Protein S-

glutathionylation has been shown to amplify apoptotic signals (Di Stefano et al., 2006; Anathy et 

al., 2009). Contrastingly, glutathionylation can also cause inactivation of caspases-3 (Huang et al., 

2008). Glutaredoxins (Grx) are oxidoreductases that act in conjunction with GSH and NADPH 

dependent glutathione reductase to catalyze the reduction of reversible protein mixed disulfides 

and S-glutathionylated proteins. Grx deglutathionylates the proteins through a thiol / disulfide 
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exchange reaction. Grx initially reacts with the S-glutathionylated protein and forms an 

intermediate, Grx-S-SG. The oxidized Grx or the Grx intermediate is then reduced by GSH 

yielding Grx-SH2 (reduced Grx) and GSSG, which is reduced by glutathione reductase to GSH 

(Xiong et al., 2011).  Four isoforms of Grxs are expressed in human: Grx1, Grx2, Grx3, and Grx5 

(Aslani and Ghobadi, 2016). Certain members of Grx family, Grx1 and Grx2, can also promote S-

glutathionylation of proteins such as actin and GAPDH (Gallogly et al., 2008). Apart from removal 

of GSH from proteins, Grx has been shown to play an important role in maintaining redox 

homeostasis through reactivating Trx by reducing the non-active site disulfide of Trx, which 

cannot be reduced by TrxR (Du et al., 2013). Conversely, components of Trx system can also act 

as backup for few Grxs. During conditions when reactivation of Grx by GSH is substantially 

decreased due the increase in GSSG/GSH ratio, Grx2 was shown to be reactivated using the 

reducing equivalents from TrxR (Johansson et al., 2004). In addition, Grx can also act as an 

alternative recycling mechanism for peroxiredoxin 2 by reducing the mixed disulfides formed 

between GSH and the active site cysteine moieties of Prx (Rahantaniaina et al., 2013; Peskin et 

al., 2016).  
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Figure 1.5. Synthesis and cellular functions mediated by GSH. GSH is synthesized by the 

conjugation of three amino acids – glutamine, cysteine and glycine. GSH acts as an essential 

cofactor for multiple enzymes involved in (1) detoxification of peroxidases (GPX), (2) 

deglutathionylation reactions (Grx), (3) reducing S-nitrosoglutathione or GSNO (GSNOR) and (4) 

detoxification of xenobiotics (triangular structure). During these processes GSH is oxidized to 

GSSG, which is reduced by GR. GSSG, oxidized glutathione; GPX, glutathione peroxidase; Grx, 

glutaredoxin; GST, glutathione-S-transferase; GSNOR, S-nitrosoglutathione reductase; GR, 

glutathione reductase; Prx2, peroxiredoxin 2; γ-GCS, γ-glutamylcysteine synthase; GSS, 

glutathione synthetase; LOOH, lipid hydroperoxide; LOH, lipid alcohol; H2O2, hydrogen peroxide; 

NO•, nitric oxide; triangle-GS, xenobiotic conjugated with GSH.  
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1.4 Protein degradation systems 

Degradation of misfolded, oxidatively damaged and aggregated proteins is accomplished by two 

intracellular proteolytic systems: the ubiquitin proteasome system and autophagy-lysosomal 

system. Mammalian cells do have other proteolytic systems such as caspases and Ca2+ activated 

calpains, which can cleave their substrates and cause destruction of intracellular constituents 

during apoptosis, necrosis and other tissue injuries (Lecker et al., 2006; Feng et al., 2014). 

1.4.1 Ubiquitin proteasome system 

The ubiquitin proteasome system (UPS) is responsible for degrading majority of short-lived 

proteins including transcription factors, signal transducers and misfolded, mutated and defective 

proteins (Laney and Hochstrasser, 1999; Kruger et al., 2001). Proteasomes are multi-subunit 

catalytic protease complexes found in cytosolic and nuclear compartments. Eukaryotic cells 

contain two major pathways of UPS: 26S proteasome complex and the 20S “core” proteasome 

(Scherrer and Bey, 1994; Jung et al., 2009b; Jung et al., 2014). The 20S proteasome along with a 

regulatory subunit called 19S forms the 26S proteasome complex. While the 20S proteasome can 

actively recognize and eliminate the misfolded and oxidized proteins in an ATP and ubiquitin 

independent manner, proteins that are targeted to 26S proteasome requires the substrates to be 

tagged with poly-ubiquitin tail so that it can be recognized by the ATP-dependent 19S regulator 

(Davies, 2001; Ciechanover and Stanhill, 2014; Lefaki et al., 2017). To facilitate the recognition 

of target proteins by 26S proteasome, a cascade of four enzymes namely, E1 (ubiquitin-activating 

enzyme), E2 (ubiquitin-conjugating enzyme), E3 (ubiquitin ligase) and E4 (ubiquitin-prolongation 

enzyme) covalently attach ubiquitin to the substrate proteins (Hershko and Ciechanover, 1998; 

Koegl et al., 1999). The mono-ubiquitinated and poly-ubiquitinated substrates are recognized by 

19S proteasome, which deubiquitinates and unfolds the target proteins and threads them into the 
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proteolytic chamber of 20s catalytic subunit (Strickland et al., 2000; Finley, 2009; Rousseau and 

Bertolotti, 2018).  

Both 20S and 26S proteasomes are susceptible to oxidative modifications, but to varying degrees, 

which can impact their function and cause accumulation of defective, misfolded and oxidized 

proteins (Reinheckel et al., 1998; Reinheckel et al., 2000; Ishii et al., 2005). Multiple studies have 

demonstrated that 26S proteasome is highly susceptible to oxidative inactivation resulting in 

disassembly of the proteasomal complex and accumulation of ubiquitinated proteins (Wang et al., 

2010; Haratake et al., 2016; Wang et al., 2017). Moreover, oxidative stress can also cause 

inactivation of ubiquitin conjugating (E1 and E2) enzymes, which are essential for ubiquitinating 

the substrates (Shang and Taylor, 1995). In contrast, 20S proteasome is comparatively resistant to 

oxidative stress and can degrade the oxidized proteins under mild to moderate oxidative stress 

conditions (Reinheckel et al., 1998; Reinheckel et al., 2000; Aiken et al., 2011). Interestingly, 

proteins that undergo irreversible oxidation like carbonylation were shown to be not preferentially 

ubiquitinated (Kastle and Grune, 2011). In fact, 20S proteasome was found to be the major 

proteolytic system in degradation of oxidatively modified proteins, while 26S complex turned out 

to be the main pathway for removal of native proteins and not very effective in clearing oxidized 

proteins (Grune et al., 1996; Davies, 2001). However, severe oxidative stress can cause extensive 

protein oxidation, cross-linking, protein aggregation and adduct formation with lipid peroxidation 

products such as 4HNE and lipofuscin making them resistant to proteolytic digestion. These 

accumulated protein aggregates and adducts can bind to 20S proteasome and inhibit it irreversibly 

(Friguet et al., 1994; Friguet and Szweda, 1997; Sitte et al., 2000; Verhoef et al., 2002). And, 

defective protein clearance due to dysfunctional UPS are associated with the buildup of abnormal 

protein aggregates especially in neurodegenerative diseases including Alzheimer’s, Huntington’s 
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and Parkinson’s (Lowe et al., 1988; McNaught and Jenner, 2001; Bedford et al., 2008; Tai et al., 

2012).  

1.4.2 Autophagy – lysosomal system 

Autophagy is a highly regulated catabolic process involved in the digestion and recycling of 

damaged cellular components to maintain cellular homeostasis. Three main types of autophagy 

that are morphologically and mechanistically distinct have been identified: macroautophagy, 

microautophagy and Chaperone mediated autophagy (CMA) (Settembre et al., 2013). 

Macroautophagy (here after referred to as autophagy) involves an isolation membrane that engulfs 

the cellular debris and dysfunctional organelles destined for digestion by autophagy to form a 

double layered vesicle called autophagosome. The autophagosome then fuses with the highly 

acidic lysosome forming the autolysosome, where the lytic enzymes digest the cargo and 

monomers such as amino acids and free fatty acids are generated for reutilization. In 

microautophagy, the soluble cytosolic substrates are directly sequestered through lysosomal or 

endosome membrane invagination. Unlike yeast cells, where three forms of selective autophagy 

(micropexophagy, piecemeal microautophagy of the nucleus and micromitophagy) are found, 

mammalian cells undergo non-selective microautophagy (Li et al., 2012). CMA involves 

internalization of cytosolic proteins tagged with the CMA targeting pentapeptide motif (KFERQ) 

into the lysosomal lumen for degradation. The cytosolic chaperone HSC70 (Heat Shock cognate 

70) recognizes the CMA targeting motif and targets the substrate proteins to the surface of the 

lysosomes where the lysosomal transporter LAMP-2a (lysosome-associated membrane protein 

type 2a) interacts with the substrates and transfers the substrate into the lysosomal lumen 

(Orenstein and Cuervo, 2010).  
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Around 38 autophagy related genes (ATGs) regulating various stages of autophagy have been 

identified by genetic screening in yeast, many of which are highly conserved across eukaryotes. 

Among these, 18 core autophagic machinery genes (ATG1–10, ATG12–14, ATG16–18, ATG29, 

and ATG31) are essential for autophagosome formation (Mizushima et al., 2011; Lippai and Low, 

2014b; Cohen-Kaplan et al., 2016). Various factors can induce autophagy, of which the most 

effective inducing signal being starvation/deprivation of nutrients and/or growth factors. These 

signals converge at the nutrient sensing protein kinase, mTOR (mechanistic Target of Rapamycin), 

which at well-fed state interacts with ULK1 (Unc51-like serine/threonine kinase) complex 

consisting of ULK1, Atg13, FIP200 (focal adhesion kinase family interacting protein of 200 kDa) 

and Atg101 and keeps the complex inhibited by phosphorylating ULK1 and ATG13. Under mTOR 

inhibition, either due to nutritional stress or rapamycin (mTOR inhibitor) treatment, ULK1 and 

ATG13 are dephosphorylated leading to ULK1 activation, which in turn phosphorylates ATG13 

and FIP200 leading to the initiation of phagophore nucleation (Ganley et al., 2009; Hosokawa et 

al., 2009; Jung et al., 2009a; Mercer et al., 2009). The central metabolic sensor of the cell, AMPK 

(5' AMP-activated protein kinase) plays a key role in initiation of autophagy during nutritional 

stress. AMPK, which gets activated in response to low ATP or high AMP levels as observed during 

nutrient depletion or hypoxia, can suppress mTOR activity by multiple pathways. AMPK can 

phosphorylate and activate TSC2 (tuberous sclerosis complex 2), a GTPase-activating protein, 

resulting in the suppression of Rheb (GTPase Ras homolog enriched in brain), which is essential 

for the activation of mTOR (Inoki et al., 2003b; Inoki et al., 2003a; Li et al., 2004). AMPK can 

also directly phosphorylate mTOR at Ser722 and Ser792 and inactivate mTOR signaling (Gwinn 

et al., 2008; Hindupur et al., 2015). Alternatively, AMPK can promote autophagy by direct 

activation of ULK1 by phosphorylating serine residues at 317 and 777 (Kim et al., 2011). 
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The activated ULK1 complex then triggers phagophore nucleation by interacting with class III 

PI3K (phosphoinositide 3-kinase) complex consisting of vacuolar protein sorting 15 and 34 

(VPS15 and 34), Beclin-1, AMBRA1 (activating molecule in Beclin-1-regulated autophagy 

protein 1) and ATG14. Phosphorylation of Beclin-1 (at Ser14 and Ser30) and ATG14 (at Ser29) 

by ULK1 enhances the recruitment and lipid kinase activity of class III PI3K (VPS34), which 

converts phosphatidylinositol to phosphatidylinositol-3-phosphate (PI3P) (Russell et al., 2013; 

Wold et al., 2016; Park et al., 2018). ULK1 can also phosphorylate AMBRA1, which anchors the 

class III PI3K complex to cytoskeleton by binding to Beclin-1. Phosphorylation of AMBRA1 by 

ULK1 has been suggested to facilitate the dissociation of class III PI3K complex from cytoskeleton 

and enable translocation of the complex to autophagy initiation sites (Di Bartolomeo et al., 2010; 

Mizushima et al., 2011). The anti-apoptotic Bcl-2 family proteins such as Bcl-2, Mcl-1 and Bcl-xl 

can also regulate autophagy induction by its interaction with Beclin-1, which disrupts the binding 

of Beclin-1 with VPS34 (Pattingre et al., 2005; Erlich et al., 2007). Competitive disruption of Bcl-

2-Beclin-1 interaction by BH3 only proteins like Bad or BH3 mimetic were demonstrated to induce 

autophagy (Maiuri et al., 2007b). Similarly, phosphorylation of Beclin-1 by death associated 

protein kinase (DAPK) and phosphorylation of Bcl-2 by JUN N-terminal kinase-1 (JNK1) can 

reduce the inhibitory interaction between Beclin-1 and Bcl-2 and induce autophagy (Wei et al., 

2008a; Zalckvar et al., 2009). Furthermore, Bcl-2 can also interact with AMBRA1 and inhibit 

autophagy initiation (Strappazzon et al., 2011). 

PI3P generated from phosphatidylinositol at the phagophore nucleation site then recruits the PI3P 

effectors, double-FYVE-containing protein 1 (DFCP1) and WD-repeat domain phosphoinositide-

interacting proteins (WIPIs) to the phagophore. This enables WIPIs to recruit the ATG12–ATG5–

ATG16 complex, which facilitates the elongation and expansion of phagophore through 
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conjugation of ATG8 family proteins (Mizushima et al., 2011). Microtubule-associated protein 

light chain 3 (LC3), a ATG8 family member, is an ubiquitin like protein that is synthesized as pro-

LC3 with additional sequences at C-terminal. The cysteine protease ATG4 processes pro-LC3 to 

LC3-I, which exposes the glycine residue at the C-terminal that is essential for their conjugation 

to phosphatidylethanolamine (PE). This proteolytically processed LC3-I is further activated by E1-

like enzyme ATG7 in an ATP dependent manner. An E2-like enzyme ATG3 conjugates PE to 

activated LC3-I to form LC3-ATG3 conjugate which interacts with the E3-like complex, ATG12–

ATG5–ATG16, to generate the lipidated form LC3-II (Ichimura et al., 2000; Fujita et al., 2008; 

Dikic and Elazar, 2018). LC3-II incorporates into both the inner and outer surfaces of the 

expanding phagophore membrane, where it binds to different adaptor proteins and facilitates the 

sequestration of cargo for degradation (Glick et al., 2010). Following the closure of the double 

layered autophagosomal membrane, the outer lipid bilayer membrane of the autophagosome fuses 

with the lipid bilayer membrane of lysosomes to form autolysosome. This process is regulated by 

multiple factors including small GTPases like Rab7 (Ras-associated binding 7), SNARE (soluble 

N-ethylmaleimide-sensitive factor attachment protein receptors) proteins and tethering factors like 

HOPS (homotypic fusion and protein sorting) complex and ATG14L, phospholipids and ATG8-

family proteins (Nakamura and Yoshimori, 2017; Dikic and Elazar, 2018; Lorincz and Juhasz, 

2019). Importantly, ATG4 deconjugates LC3-PE on the outer membrane of autophagosomes, 

which facilitates the interaction and fusion of the autophagosome with lysosomes (Kirisako et al., 

2000; Yu et al., 2012). Once fused, the lysosomal acid hydrolases digest the sequestered 

autophagic cargo and the salvaged metabolites are released into the cytosol to be reused by the cell 

(Dikic and Elazar, 2018; Lorincz and Juhasz, 2019).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               



25 
 

Selective sequestration of cargo is achieved by the adaptor proteins like sequestosome-1/ubiquitin 

binding protein p62, which bind to their substrates through an ubiquitin-binding domains and dock 

to LC3-II via their LC3-interacting region (LIR) and hence target the cargo to autophagosomes 

(Pankiv et al., 2007; Lamark et al., 2009). In addition to ubiquitin mediated autophagy, substrates 

can also be delivered to autophagosome independently of ubiquitin, especially in selective 

autophagy. Other adaptor proteins that can bind to the substrates in a ubiquitin dependent and/or 

independent manner and channel them to the autophagic degradation include NBR1 (Neighbor of 

BRCA1 protein) (Deosaran et al., 2013), optineurin (Wong and Holzbaur, 2014), NDP52 (Nuclear 

Dot Protein 52 kDa) (Thurston et al., 2009), Tax1BP1 (Tax1-Binding Protein 1) (Tumbarello et 

al., 2015), Tollip (Toll interacting protein) (Lu et al., 2014), NCAO4 (Nuclear receptor Coactivator 

4) (Mancias et al., 2014), BNIP3 (BCL2 19 kDa-Interacting Protein 3) (Quinsay et al., 2010) and 

SMURF1 (Smad-Ubiquitin Regulatory Factor 1) (Orvedahl et al., 2011).  

1.5 Redox regulation of autophagy and cell death mechanisms 

1.5.1 Redox regulation of autophagy 

ROS induced modifications including oxidation and S-nitrosylation plays a crucial role in several 

steps of autophagy including initiation and sustaining the autophagic process. Many studies have 

demonstrated that induction of autophagy by starvation or chemical inducers caused a 

corresponding increase in ROS production; similarly, addition of exogenous ROS can also induce 

autophagy (Kissova et al., 2006; Kim et al., 2007; Kunchithapautham and Rohrer, 2007; Scherz-

Shouval et al., 2007b). Further confirming the role of ROS in regulation of autophagic process, 

treatment with antioxidants were shown to inhibit autophagy induction (Bridges, 1987; 

Underwood et al., 2010).  ROS like O2
• and H2O2 has been suggested to induce autophagy through 

activation of AMPK or JNK1 pathways (Li et al., 2013a; Zhang et al., 2013). Activation of AMPK, 
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as observed during starvation, can induce autophagy by either activating ULK1 (Kim et al., 2011) 

or suppressing mTOR activity (Alexander et al., 2010; Hindupur et al., 2015). The serine/threonine 

kinase JNK1 induces autophagy by interrupting the inhibitory interaction of Bcl-2 with Beclin-1 

by phosphorylating Bcl-2 (Wei et al., 2008a). Interestingly, NO (by S-nitrosylation of JNK1) was 

shown to inhibit JNK1 dependent Bcl-2 phosphorylation and enhance Bcl-2-Beclin-1 interaction 

thereby suppressing autophagy. Additionally, NO can also negatively regulate autophagy by 

activating mTOR through phosphorylation of AMPK, which in turn is due to NO mediated S-

nitrosylation of IKKβ (inhibitor of kappa B kinase) (Sarkar et al., 2011). 

Notably, ROS induced cysteine oxidation plays a major role in autophagy progression through 

regulation of cysteine protease ATG4, which generates mature LC3-I from pro-LC3. H2O2 

mediated reversible oxidation of Cys81 residue was shown to inactivate ATG4, thereby preventing 

delipidation of LC3-II and thus facilitating the autophagosome elongation (Scherz-Shouval et al., 

2007b; Fernandez and Lopez-Otin, 2015). Interestingly, ATG4 is active during the maturation of 

autophagy and cleaves PE from LC3-II to recover LC3 from the mature autophagosomes 

facilitating the autophagosome-lysosomal fusion (Kirisako et al., 2000; Yu et al., 2012). Although 

the differential susceptibility of ATG4 to ROS oxidation at initiation and maturation stage of 

autophagy is still poorly understood, recent studies have demonstrated that Trx has redox control 

over ATG4. In these experiments, competitive inhibition of Trx using a mutant form of Trx1 was 

shown to result in enhanced autophagy and the fine tuning of ATG4 by the intracellular redox 

status was suggested to regulate the autophagosome formation (Perez-Perez et al., 2014). 

Additionally, a pro-oxidant complex comprising of REDD1 (regulated in development and DNA 

damage responses 1) and TXNIP was shown to suppress ATG4 activity and induce autophagy. 

Importantly, Trx activity was substantially increased in both Redd1-/- and Txnip-/- MEF cells, which 
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was associated with decreased cytosolic ROS and defective induction of autophagy in both normal 

and hypoxic conditions confirming the key regulatory role of Trx system in autophagy (Qiao et 

al., 2015). Similarly, changes in the ratio of GSH to GSSG can also modulate macro or selective 

autophagy (mitophagy). Depletion or oxidation of GSH was shown to change the intracellular 

environment to more oxidizing conditions, which facilitated oxidation of thiols like Prxs and 

primed the cells for autophagy commitment (Deffieu et al., 2009; Desideri et al., 2012; Sun et al., 

2018). 

1.5.2 Redox regulation of cell death mechanisms 

Disturbed intracellular redox status is a well-known trigger for induction of cell death. Several 

redox sensitive proteins, transcription factors and other signaling molecules are involved in the 

regulation of cell death. The functions of apoptotic mediators such as cyto C, Bcl-2, caspases can 

be directly or indirectly altered by cellular ROS (Trachootham et al., 2008). For instance, the 

interaction between cardiolipin and cyto C is essential for the anchorage of cyto C to the inner 

mitochondrial membrane (Kagan et al., 2009). However, under oxidative stress conditions, 

excessive ROS accumulation can activate the peroxidase activity of cyto C-cardiolipin complex 

resulting in the peroxidation of cardiolipin. This leads to the dissociation of cyto C-cardiolipin 

complex and release of cyto C into the cytosolic compartment through the mitochondrial 

permeability transition pore (mPTP) initiating the activation of apoptosis (Kagan et al., 2005). 

Equally, many of the components of mPTP such as voltage-dependent anion channel (VDAC), 

adenine nucleotide translocase (ANT) and cyclophilin D (CypD) are subject to redox regulation. 

Nitrosylation of essential tyrosine residues in VDAC and ANT (Aulak et al., 2001; Vieira et al., 

2001; Yang et al., 2019b) and oxidation induced intramolecular disulfide bridge formation in 

CypD (Linard et al., 2009; Nguyen et al., 2011) are suggested to contribute to mPTP opening 
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resulting in the release of mitochondrial contents into cytosol. The MOM can as well be 

permeabilized by the pro-apoptotic Bcl-2 family members including Bax and Bak, which can form 

oligomeric complexes and induce pore formation in MOM or can interact with mPTP to increase 

the permeability (Dewson and Kluck, 2009; Suh et al., 2013). Moreover, cysteine oxidation 

induced disulfide bridge formation was shown to promote dimerization, translocation and insertion 

of Bax into the mitochondrial membrane (D'Alessio et al., 2005; Nie et al., 2008; Brustovetsky et 

al., 2010).  

Likewise, the redox status of the active site cysteine residues in both initiator and executioner 

caspases are crucial for their function. Oxidative modifications such as disulfide formation, S-

nitrosylation and S-glutathionylation can affect the proteolytic activities of caspases. For example, 

Trx was shown to activate and inactivate caspases by S-nitrosylation and denitrosylation reactions, 

respectively, suggesting that nitrosylation reactions can act as a redox switch in modulating 

caspase activities. While Trx (Cys69 or Cys73) mediated S-nitrosylation of active site cysteine 

(Cys163) of caspase-3 suppressed the proteolytic activity and apoptosis, nitrosylation of the same 

cysteine moiety by Trx (Cys32) was shown to enhance its enzymatic activity and promote cell 

death (Mitchell and Marletta, 2005; Mitchell et al., 2007; Benhar et al., 2008). Additionally, other 

caspases such as -8 and -9 were also demonstrated to be regulated by the transnitrosylating and 

denitrosylating activities of Trx (Sengupta et al., 2010; Zhang et al., 2016a). In the same way, S-

glutathionylation of pro-caspase-3 was shown to suppress TNF-α induced apoptosis as the 

glutathionylated pro-caspase-3 was resistant to proteolytic cleavage induced activation by initiator 

caspase-8 (Pan and Berk, 2007; Trachootham et al., 2008). 
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1.5.3 Cross talk between autophagy and cell death mechanisms 

Autophagy, though been activated to clear the damaged proteins and organelles in an attempt to 

maintain a healthy intracellular environment, sustained or over-activation of autophagic process 

can deplete the cells of essential intracellular elements including mitochondria and other critical 

proteins and trigger cell death (Nemchenko et al., 2011). In fact, due to the observation that dying 

cells often display accumulation of autophagic vesicles, autophagy was initially classified as type 

II programmed cell death or “autophagic cell death” (Kroemer and Levine, 2008). In support of 

this postulate, several studies have demonstrated that inhibition of autophagy by chemical 

inhibition or genetic knockdown of key autophagic proteins like ATG5 and ATG7 can block cell 

death (Kim et al., 2013b; Kim et al., 2014b; Molaei et al., 2015; Shan et al., 2016; Guo et al., 

2017). 

There are common mediators like JNK and Bcl-2 family proteins that can regulate multiple 

catabolic processes like autophagy and apoptosis and can switch a cellular stress response from 

pro-survival to cell death inducing signal. Activation of JNK by nutrient deprivation or ROS 

induces both autophagy and apoptosis through phosphorylation of Bcl-2. This leads to the 

dissociation of Bcl-2-Beclin-1 complex inducing autophagy and also decreases Bcl-2-Bax 

interaction resulting in apoptosis (Wei et al., 2008a; Wei et al., 2008b). Bcl-2 was shown to 

maintain its anti-apoptotic function even when it was bound to Beclin-1, which was suggested to 

be due to the weak affinity between Beclin-1 and Bcl-2 proteins as compared to the interaction 

between Bax and Bcl-2 (Pattingre et al., 2005; Ciechomska et al., 2009; Gordy and He, 2012). 

Accordingly, sequestering Bcl-2/Bcl-xl by enhancing their binding to Beclin-1 was shown to 

induce apoptosis in a Bax-dependent manner. The pro-apoptotic kinase, Mst-1 (Mammalian Ste20-

like kinase-1) was shown to phosphorylate the threonine residue of Beclin-1 at 108 thereby 
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enhancing its interaction with Bcl-2/Bcl-xl and inhibiting autophagy. Simultaneously, this 

improved interaction between Bcl-2/Bcl-xl with Beclin-1 lead to the activation of Bax and 

induction of apoptosis (Maejima et al., 2013). 

Although autophagy is mechanistically distinct from other cell death pathways, autophagy can be 

influenced by factors that govern cell death processes and vice versa is also true. Apoptosis 

mediators like caspases can inhibit autophagy by cleaving the essential component of autophagic 

machinery. Beclin-1 was shown to be proteolytically cleaved by caspases including caspase-3 and 

-8 (Wirawan et al., 2010; Zhu et al., 2010; Li et al., 2011). Likewise, caspase and calpain were 

shown inactivate AMBRA1 and ATG5 by proteolysis thereby inhibiting the activation of pro-

survival autophagy (Yousefi et al., 2006; Pagliarini et al., 2012).  

Autophagy, due to its degradative function, can cause similar attenuation of apoptosis by 

selectively sequestering certain intracellular pro-apoptotic mediators. Autophagic degradation of 

active-caspase-8 was shown to promote resistance to apoptosis (Hou et al., 2010). Also, NOXA, a 

pro-apoptotic and pro-necrotic factor, was demonstrated to be eliminated by autophagic pathway 

thereby blocking apoptotic progression (Wang et al., 2018b). 

Autophagy can act as an inducer of cell death by depleting the endogenous pro-survival proteins. 

As an example, autophagy was shown to degrade the enzymatic antioxidant catalase thereby 

inducing abnormal ROS accumulation and necrotic cell death (Yu et al., 2006). In ferroptosis, 

autophagic degradation of ferritin plays a key role in cell death induction. Ferritin is a 

metalloprotein that serves principally to store iron. Autophagic degradation of ferritin by NCOA4 

mediated selective autophagy leads to excessive accumulation of iron in the cytosol which results 

in lipid peroxidation and ultimately ferroptotic cell death (Tang et al., 2018). Autophagy can also 

induce cell death independent of its degradative functions. As in the case of caspase-8 self-
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processing, where autophagosomal membrane can act as a platform for the assembly of 

intracellular DISC, which leads to the activation of caspase-8 and subsequent induction of 

apoptosis through caspase-3 activation (Young et al., 2012). Likewise, autophagy was also shown 

to promote necroptosis by facilitating the assembly of necrosome on autophagosomal membrane 

by ATG5 mediated recruitment of receptor-interacting protein 1 and 3 (RIP1 and RIP3) and FADD 

(Fas Associated Via Death Domain) (Basit et al., 2013).  

Alternatively, lysosomes, the digestive component of autophagy can also act as an inducer of cell 

death. Due to the presence of hydrolytic enzymes that are capable of digesting most cellular 

macromolecules, any damage to the lysosomes can be potential harmful to the cells (Boya and 

Kroemer, 2008). Various factors, including ROS and proteases, that are discussed in the following 

sections can cause permeabilization of lysosomes, which can initiate various types of cell death 

pathways depending on the extent of lysosomal damage. 

1.6 Lysosomes 

Lysosomes are dynamic membrane-bound subcellular organelles that were originally discovered 

by Christian de Duve in 1955 (de Duve, 2005). Apart from playing a key role in maintaining 

cellular homeostasis by facilitating the digestion and recycling of cellular macromolecules, 

lysosomes are also involved in a plethora of other cellular processes including differentiation, 

immune response, nutrient sensing and cell death. Around 80 acid hydrolases including nuclease, 

proteases, lipases, phosphatases, glycosidases and sulfatases are present within the lysosomal 

lumen in a highly acidic environment (pH 4.5-5). The acidic lumen facilitates the degradation of 

macromolecules as most of the lysosomal hydrolases exhibit optimal activity at acidic pH but are 

inactivated at the neutral pH (7.4) of cytosol. The vacuolar ATPase (v-ATPase) residing in the 

lysosomal membrane maintains the acidic luminal interior by pumping protons from the cytoplasm 
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into the lysosomal lumen against their electrochemical gradient by harnessing the energy generated 

from ATP hydrolysis (Yamashima and Oikawa, 2009; Appelqvist et al., 2013). In addition to the 

acidic pH, a healthy supply of reducing equivalents is required for reduction of disulfide bonds in 

proteins for their optimal digestion by lysosomal enzymes. The reducing equivalents are also vital 

for appropriate activation of some enzymes (Ewanchuk and Yates, 2018).  The limiting membrane 

of the lysosome is composed of a single lipid-bilayer and proteins. The internal (luminal) 

lysosomal perimeter is lined by a glycoprotein coat called “glycocalyx’ protecting the lumen from 

the acidic environment (Settembre et al., 2013). The heavily glycosylated structural proteins 

including Lysosome-Associated Membrane Protein 1 (LAMP1) and 2 (LAMP-2) present in the 

lysosomal membrane resists the proteolytic destruction of lysosomal membrane (Kundra and 

Kornfeld, 1999).  

1.6.1 Lysosomal biogenesis 

Lysosomal biogenesis involves a complex process, much of which is still unknown. Transcription 

factor EB (TFEB), belonging to the microphthalmia-associated transcription factor (MITF) family 

proteins, is known as the master regulator of lysosome biogenesis. Nutrient sufficiency inactivates 

and retains TFEB in the cytoplasm, whereas extreme stimulus including starvation causes TFEB 

to translocate into nucleus and induce an array of genes involved in lysosome biogenesis. The 

phosphorylation status of TFEB governs its subcellular localization and activity (Yang et al., 

2018). Under nutrient rich conditions, TFEB is inactivated by phosphorylation of serine residues 

at 142 and 211 by mTORC1 and/or ERK2. Remarkably, the phosphorylation at Ser211 acts as the 

docking site for the molecular chaperone 14-3-3, which prevents the nuclear translocation of TFEB 

by sequestering it in the cytoplasm (Settembre et al., 2011; Martina et al., 2012; Roczniak-

Ferguson et al., 2012). Conversely, inactivation of mTORC1 during nutrient starvation or 
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lysosomal stress alleviates TFEB phosphorylation promoting TFEB to translocate to nucleus. In 

addition, starvation concomitantly induces the efflux of lysosomal Ca2+ through Ca2+ transporter, 

mucolipin 1 (MCOLN1) belonging to the transient receptor potential channel family (TRPML1) 

to activate the calcium and calmodulin-dependent protein phosphatase calcineurin, which 

dephosphorylates TFEB at Ser142 and Ser211, preventing the binding of 14-3-3 thereby enabling 

TFEB to translocate to nucleus (Tong and Song, 2015). Interestingly, MCOLN1 is a redox 

sensitive channel and can be activated by Reactive Oxygen Species (ROS) triggering lysosomal 

Ca2+ release leading to calcineurin-dependent nuclear translocation of TFEB (Zhang et al., 2016b). 

TFEB, once accumulated in the nucleus, binds and activates Coordinated Lysosomal Expression 

and Regulation (CLEAR) network to promote the transcription of target genes (Appelqvist et al., 

2013).  

The lysosomal acid hydrolases are synthesized in the rough endoplasmic reticulum and are 

transported to the trans-Golgi network (TGN). The lysosomal hydrolases contain a carbohydrate 

tag, mannose-6-phosphate (M6P), to distinguish them from other secretory proteins and to enable 

accurate recognition and lysosomal targeting. The M6P tag is precisely added to the N-linked 

oligosaccharide chains of the acid hydrolase during their passage through TGN. The cation-

dependent and / or independent M6P receptors present in TGN recognizes and binds to the M6P 

tagged hydrolases and packs them in clathrin-coated carriers that bud from TGN. These carrier 

vesicles subsequently deliver their contents to the endosomes and then to lysosomes.  Once, the 

endosomes fuse to vesicles to form lysosomes, the acidic luminal pH triggers the dissociation of 

M6P receptors from the lysosomal enzymes and the M6P receptors are recycled back to TGN 

(Coutinho et al., 2012a; Progida and Bakke, 2016). Thus, M6P receptors are used to distinguish 

lysosomes from endosomes, since M6P receptors are absent in lysosomes, but are found in TGN, 
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endosomes and the plasma membrane. Other soluble enzymes as well as non-enzymatic lysosomal 

proteins are sorted for lysosomal trafficking by an M6P-independent route using other receptors 

such as lysosomal integral membrane protein (LIMP-2) and sortilin (Coutinho et al., 2012b). For 

example, the lysosomal enzyme β-glucocerebrosidase uses LIMP-2 (Reczek et al., 2007) and 

lysosomal proteases such as cathepsins D and H uses sortilin (Canuel et al., 2008) as transport 

receptors. LIMP-2 may be involved in regulation of lysosomal membrane integrity as loss of its 

homologue protein SCAV-3 in Caenorhabditus elegans results in lysosomal rupture and affects 

its longevity (Li et al., 2016b).  

Lysosomes can also contain few highly heterogeneous membranous bodies within the lumen called 

as intraluminal vesicles. These vesicles are formed by invagination of limiting membrane in the 

endocytic pathway and is involved in sorting and delivery of cargos, especially lipids and 

membranes to lysosomes for degradation (Piper and Katzmann, 2007; Appelqvist et al., 2013).  

1.6.2 Cathepsins: the major class of lysosomal proteases 

Cathepsins are a major class of lysosomal proteases involved in protein processing machinery in 

the context of a wide variety of physiological and pathological processes. These include protein 

degradation, prohormones activation, antigen presentation, bone resorption and remodeling, 

keratinocyte differentiation, mammary gland involution, osteoarthritis, atherosclerosis, pulmonary 

arterial hypertension and tumor progression and invasion (Burke et al., 2003; Turk et al., 2012; 

Chang et al., 2019). Cathepsins are categorized based on their structure and catalytic mechanisms 

into three subtypes: serine, aspartic and cysteine proteases. The serine proteases include 

Cathepsins A and G, aspartic proteases include Cathepsins D and E while Cathepsins B, C, F, H, 

K, L, O, S, V, X and W belong to cysteine proteases (Reiser et al., 2010; Turk et al., 2012). Almost 

all the cathepsins require an acidic environment to exhibit their optimal activity with few 



35 
 

exceptions including cathepsins K and S, which can maintain stable activities at pH 7 and 8 

(Cirman et al., 2004; Wilder et al., 2011). Also, cathepsins such as B, D and L, which are widely 

implicated in lysosomal membrane permeabilization (LMP) mediated cell death, remain active and 

degrade their substrates at neutral pH (Boya and Kroemer, 2008). The optimal activity of cysteine 

cathepsins is maintained by an acidic yet reducing condition. The source of reducing equivalents 

required for cysteine cathepsins activity is not currently known; It has been postulated that 

thioredoxin reductase might be the reducing system using NADPH that provides the reducing 

capacity for phagolysosomes and lysosomes (Ewanchuk and Yates, 2018). Supporting this notion, 

our lab has shown that inhibition of thioredoxin reductase using pharmacological inhibitors and 

genetic manipulation severely impairs lysosomal activity (Nagakannan et al., 2016) . The reducing 

enzyme for activation of cysteine cathepsins is γ-interferon-inducible lysosomal thiol reductase 

(GILT) (Balce et al., 2014). This enzyme is regulated by γ-interferon which in turn is regulated 

transcriptionally by thioredoxin (Kang et al., 2008). 

Cathepsins are not limited to the acidic environment of the cell.  For example, cathepsin B was 

found to be localized in extrafollicular space in thyroid carcinomas, where cathepsin B was 

suggested to facilitate invasiveness and metastasis through extracellular matrix degradation (Shuja 

et al., 1999). Similarly, variants of Cathepsin B and V were found in the nucleus of thyroid 

carcinoma HTh74 cells (Tedelind et al., 2010). The nuclear variant of cathepsin L was found to be 

involved in cell cycle progression through cleavage of Cut Like Homeobox 1 (CUX1) transcription 

factor (Goulet et al., 2004; Goulet et al., 2006) and embryonic stem cell differentiation through 

histone H3 cleavage (Duncan et al., 2008). Cathepsins can degrade a wide variety of substrates 

including cell adhesion molecules like fibronectin, laminin, tenascin, collagen, receptors like 

epidermal growth factor receptor and ephrin type A receptor 2 (Guinec et al., 1993; Sobotic et al., 
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2015), and intracellular pro- and anti-apoptotic proteins (Cirman et al., 2004; Droga-Mazovec et 

al., 2008).  

Loss of cathepsins or their functions are associated with severe abnormalities or defective 

functioning of organs indicating their vital role in several physiological functions. Loss of 

lysosomal functions seems to affect nervous system the most. Deletion of both cathepsin B and L 

in mice display neuronal degeneration in cerebellum and cerebral cortex, severe hypotrophy and 

motility defects resulting in lethality by fourth week of life (Felbor et al., 2002; Sevenich et al., 

2006; Stahl et al., 2007). Similarly, deficiency or mutation of cathepsin D was found to cause 

lysosomal storage disease associated with ceroid lipofuscinoses and neurodegeneration (Tyynela 

et al., 2000; Koike et al., 2003).  Mice deficient of cathepsin D were found to die before fourth 

postnatal week displaying extensive intestinal necrosis accompanied by thromboembolism (Saftig 

et al., 1995). Various endogenous inhibitors of cathepsins have been identified including cystatins, 

thyropins and serpins, which prevent the cathepsins form binding to their substrates. Among these, 

cystatins form the major class of inhibitors which constitutes three subfamilies: Type-1 cystatins 

(Stefin A and B), type-2 cystatins (cystatins C, D, E and F) and type-3 cystatins (Kininogens) 

(Stoka et al., 2016; Pogorzelska et al., 2018). Cystatins, especially cystatin C, functions as 

endogenous neuroprotective agent by preventing neuronal cell death and promoting neurogenesis 

(Pirttila et al., 2005; Xu et al., 2005; Watanabe et al., 2014b). Deficiency of cystatins has been 

shown to enhance cathepsin activity and is implicated in many disease conditions. Unverricht–

Lundborg disease (ULD) or progressive myoclonic epilepsy type 1 (EPM1) is an inherited 

neurodegenerative disorder caused due to loss-of-function mutation of cystatin B (Rinne et al., 

2002). Knockout of cystatin B in mice (which mimics the clinical symptoms of ULD) augmented 

cathepsin B and D activities and lead to neuronal loss in cerebellum and cerebral cortex. These 
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effects were rescued when cystatin B knockout mice were crossbred with cystatin C 

overexpressing mice, while crossbreeding of cystatin B knockout and cystatin C knockout mice 

exacerbated the clinical symptoms, cerebral atrophy and neuronal loss (Kaur et al., 2010). 

Similarly, reduction in cystatin C levels was associated with enhanced cathepsin S activity in tears 

obtained from patients with Sjögren’s Syndrome, a systemic autoimmune disease that is 

characterized by dryness of eyes and mouth (Edman et al., 2018). Moreover, cystatin C acts as a 

pro-survival factor by inducing autophagy through mTOR inhibition during cellular stress (Tizon 

et al., 2010).  

1.6.3 Lysosomal membrane permeabilization 

LMP is characterized by the leakage of the lysosomal contents including the catabolic enzymes 

like cathepsins into the cytosol due to rupture of lysosomal membrane. The extent of lysosomal 

membrane damage decides the cellular outcome. While partial LMP results in translocation of 

lysosomal contents, including cathepsins like B and D, to the cytoplasm triggering the activation 

of several effectors leading to apoptosis or autophagic cell death (Karch et al., 2017; Wang et al., 

2018a), complete LMP causes loss of lysosomal proton gradient and massive leakage of lysosomal 

contents into the cytosol leading to increased cytosolic acidification and widespread hydrolytic 

damage of cellular components resulting in necrosis (Brunk et al., 1997; Boya and Kroemer, 2008). 

Additionally, acidification of cytosolic compartment has been shown to cause mitochondrial 

acidification, resulting in mitochondrial depolarization and impaired Ca2+ handling (Gursahani and 

Schaefer, 2004) and can also act as an effector mechanism for recruitment of Bax onto the 

mitochondrial membrane triggering apoptosis (Gursahani and Schaefer, 2004). Besides, 

acidification of the cytosolic compartment also facilitates certain the lysosomal proteases like 

cathepsin D to maintain their enzymatic activity to cause proteolytic degradation of key cellular 
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proteins during apoptosis (Nilsson et al., 2006; Mrschtik and Ryan, 2015). Causes and 

consequences of LMP are depicted as schematic in Figure 1.6. 

 

Figure 1.6. Causes and consequences of lysosomal membrane permeabilization (LMP). 

Number of factors like hydroxyl radicals produced by Fenton reaction (using Fe2+), p53, apoptotic 

regulatory protein Bax, proteases such as calpain, caspases and cathepsins, and the natural 

sphingolipid sphingosine which acts as a lysosomotropic detergent can cause lysosomal membrane 

rupture. The consequences of LMP in particular interest on the role of cathepsins is highlighted. 

The cathepsins discharged into the cytosolic compartment can cause proteolytic degradation / 

activation of several cytosolic substrates (Bcl-2, Bcl-xL, Mcl-1, XIAP and Bid), cause direct or 

indirect organelle damage (mitochondria and nucleus) and trigger / execute various forms cell 

death. Bcl-2: B-cell lymphoma 2; Bcl-xL: B-cell lymphoma-extra-large; Mcl-1: myeloid cell 

leukemia 1; BIM: Bcl-2-interacting mediator of cell death; Bak: Bcl-2 homologous 

antagonist/killer; Bax: Bcl-2-associated X protein; Bid: BH3 interacting-domain death agonist; 

tBid: truncated p15 BID; XIAP: X-linked inhibitor of apoptosis protein; LAPF: lysosome 

associated and apoptosis inducing protein containing PH and FYVE domains; Ca2+: Calcium; Fe2+: 

Ferrous Iron; H2O2: Hydrogen peroxide; OH•: Hydroxyl radical; PLA2: Phospholipases A2; Cyto 

C: Cytochrome C; AIF: Apoptosis Inducing Factor; IL-1β: Interleukin 1β; LAMP 1 / 2: 

Lysosomal-associated membrane protein 1 or 2.  
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1.6.3.1 Causes of lysosomal membrane permeabilization  

1.6.3.1.1 Oxidative stress and reactive oxygen species 

Increased production of ROS can lead to disruption of lysosomal membrane integrity by 

peroxidation of lysosomal membrane lipids (Fong et al., 1973; Myers et al., 1993). Exogenous 

oxidizing insults like photosensitization and H2O2 are shown to induce LMP (Zdolsek et al., 1990; 

Vanden Berghe et al., 2010). Several studies have demonstrated that scavenging ROS can inhibit 

lysosomal dependent cell death by preserving lysosomal integrity contents further exemplifying 

the role of ROS in LMP process (Roberg and Ollinger, 1998; Yu et al., 2004; Windelborn and 

Lipton, 2008; Huai et al., 2013; Oku et al., 2017). Lysosomes can produce ROS inside the 

lysosomal lumen through Fenton reaction that is catalyzed by iron and can lead to LMP (Kurz et 

al., 2010). ROS, either in the form of O2• or H2O2 are generated from different sources including 

plasma membrane (NADPH oxidase), peroxisomes, mitochondria and endoplasmic reticulum and 

accumulate in the cytosol. Superoxide dismutase converts the highly unstable O2
• to relatively 

stable H2O2 increasing the cytosolic concentration of H2O2, which is then eliminated by the action 

of catalase, glutathione peroxidase and peroxiredoxin maintaining the cellular redox balance 

(Lushchak, 2014; Reczek and Chandel, 2015). Inhibition of antioxidants is sufficient to induce 

regulated cell death mechanisms. Depletion of glutathione has been extensively used as an anti-

cancer treatment (Marengo et al., 2008). Although different cells may respond differently to this 

stress, inhibition of GSH synthesis by L-buthionine-S,R-sulfoximine (BSO) leads to exacerbation 

of oxidative stress as shown by increased ROS including lipid hydroperoxides and induction of 

apoptosis, which is mediated by activation of calpains and caspases (Marengo et al., 2008). This 

could be effectively inhibited by administration of vitamin C or inhibition of NADPH oxidase, 

confirming the involvement of oxidative stress in this model.  
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During oxidative stress, a portion of excessive H2O2 can escape dismutation, and diffuse into 

lysosomes, that lack any hydrogen peroxidase enzymes. Lysosomes are important storage 

organelle of labile redox-active iron, as they are the terminal degradative organelles in autophagy 

process and digest many iron-containing macromolecules including cytosolic enzymes with iron 

co-factors, iron binding protein ferritin, metallothioneins and iron rich mitochondrial components 

(Terman and Kurz, 2013). In high acidic and reducing environment within the lysosomes, the 

unchelated ferric iron (Fe3+) is reduced to ferrous (Fe2+). The diffused H2O2 can react with Fe2+ 

resulting in the formation of extremely reactive •OH or the similarly reactive oxo-iron species such 

as ferryl or perferryl radicals (Kurz et al., 2008). The •OH radicals are highly reactive and can 

cause peroxidation of membrane lipids by abstracting electron form the unsaturated fatty acids, 

which in turn creates an unstable lipid radical initiating a self-propagating chain reaction of lipid 

peroxidation (Radi, 2018). This results in lysosomal membrane rupture and leakage of lysosomal 

contents into the cytosol causing damage to other intracellular organelles and cell death. The role 

of labile iron in LMP is further substantiated by the finding that iron chelators completely protect 

against oxidative stress induced LMP and cell death (Persson et al., 2003; Lin et al., 2010). 

Additionally, HSP70, a molecular chaperone, can prevent LMP by scavenging the intra-lysosomal 

redox active iron, thus protecting against ROS induced LMP dependent cell death (Doulias et al., 

2007).  

1.6.3.1.2 Other factors  

Although the discharge of cathepsins from lysosomes into cytosol is a consequence of LMP, 

numerous studies have shown that once in cytosol, cathepsins can also cause lysosomal membrane 

damage, further propagating LMP (Werneburg et al., 2002; Feldstein et al., 2004; Guicciardi et 

al., 2007; Jacobson et al., 2013; Katsnelson et al., 2016).  For instance, hepatocytes derived from 
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cathepsin B deficient mice were found to be resistant to TNF-α and lysosomotropic detergent 

sphingosine induced LMP. (Werneburg et al., 2002). Similarly, caspases such as caspase 2, -8 and 

-9 were shown to cause LMP directly or indirectly (Guicciardi et al., 2000; Werneburg et al., 2004; 

Gyrd-Hansen et al., 2006). Likewise, members of the pro-apoptotic Bcl-2 family proteins, which 

are known to permeabilize mitochondria initiating apoptosis, are also suggested to cause LMP by 

forming proteolipid pores in the lysosomal membranes (Werneburg et al., 2012).  In an in-vitro set 

up, recombinant Bax was able to trigger cathepsin release from purified lysosomes (Kagedal et al., 

2005; Johansson et al., 2010). Moreover, on induction of apoptosis by various stimuli, Bax was 

found to translocate to lysosomal membrane and induce LMP, which was attenuated by 

downregulation of Bax (Feldstein et al., 2004; Kagedal et al., 2005; Feldstein et al., 2006; Castino 

et al., 2009; Bové et al., 2014).  

In addition, the lipid composition of lysosomal membrane plays a major role in the susceptibility 

to LMP. Compared to other cellular membranes, lysosomal membrane contains lower 

concentrations of cholesterol and sphingolipids (Hamer et al., 2012). In contrast, bis 

(monoacylglycerol) phosphate (BMP), a negatively charged glycerophospholipid is found to be 

highly concentrated in the inner lysosomal membranes. However, in comparison to the limiting 

membrane, the intraluminal vesicular membranes are enriched in cholesterol and BMP (Kobayashi 

et al., 1998; Kobayashi et al., 2002; Mobius et al., 2003; Schulze et al., 2009). Implicating the 

essential role of cholesterol in lysosomal membrane integrity, depletion of lysosomal cholesterol 

using methyl-β-cyclodextrin, a cholesterol sequestering agent, was shown to sensitize lysosomes 

to osmotic stress (Hao et al., 2008) leading to membrane destabilization and permeability to 

potassium ions and protons (Deng et al., 2009). In contrast, addition of cholesterol to isolated 

lysosomes were shown to reduce permeability (Fouchier et al., 1983), and therefore, increasing 
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lysosomal cholesterol content in in-vitro experiments protects against membrane permeabilizing 

agents and attenuates cell death (Appelqvist et al., 2011; Reiners et al., 2011; Appelqvist et al., 

2012a; Gutierrez et al., 2016). Similarly, the oxidative metabolites of cholesterol, formed either 

due to free radical attack or enzymatic reactions, called “Oxysterols” are known to permeabilize 

membranes allowing ions and small polar molecules to pass through (Holmes and Yoss, 1984; 

Olsen et al., 2012). Recently, an oxysterol 27-Hydroxycholesterol was shown to induce pyroptosis 

through LMP, implicating the impact of cholesterol oxidation products on lysosomal membrane 

(Chen et al., 2019). 

Lysosomal membranes were shown to undergo lipid peroxidation in response to free radicals in 

an in-vitro setup (Fong et al., 1973). End products of lipid peroxidation such 4-hydrononenal (4-

HNE) and malondialdehyde are increased after oxidative damage of cellular membrane lipids that 

can impair cellular functions. Accumulation of 4-HNE in lysosomes is shown during oxidative 

stress which can cause LMP and cell death in neurons. Most importantly, 4-HNE was able to 

permeabilize isolated lysosomes indicating its direct membrane destabilizing effect on lysosomes 

(Hwang et al., 2008).  

Similarly, sphingolipid catabolism acts as a major trigger for LMP. Sphingosine, an amino alcohol 

containing a long unsaturated hydrocarbon chain, forms the backbone of sphingolipid 

sphingomyelin. Sphingomyelin is degraded by enzyme sphingomyelinase to generate ceramide 

and phosphocholine. Ceramide is further converted to sphingosine by ceramidase. Being the most 

abundant sphingolipid in mammalian cells, sphingomyelin metabolism is vital for maintaining 

membrane homeostasis (Gault et al., 2010); however, increased hydrolysis of sphingomyelin and 

accumulation of the breakdown products, particularly sphingosine, has been found to induce LMP 

and cell death (Ullio et al., 2012). Sphingosine is accumulated in lysosomes due to the protonation 
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of their free amino group, which promotes lysosomal membrane disruption by acting as a 

detergent. A dose dependent response to sphingosine has been reported for lysosomal membrane; 

at low dose of sphingosine induces partial LMP and apoptosis whereas, high dose sphingosine 

leads to extensive lysosomal membrane rupture resulting in necrosis (Kagedal et al., 2001). 

Remarkably, inhibition of sphingosine kinase-1, which catalyzes the conversion of sphingosine to 

sphingosine-1-phosphate, was sufficient to trigger LMP and cell death in glioma cells (Mora et al., 

2010). Sphingosine kinase-1 is also a cathepsin B substrate (Taha et al., 2005; Taha et al., 2006) 

and administration of sphingosine failed to induce LMP in hepatocytes obtained from Cat B-/- mice 

(Werneburg et al., 2002).  

1.6.3.2 Consequences of lysosomal membrane permeabilization  

1.6.3.2.1 LMP and apoptosis 

Lysosomal proteases released in LMP can induce apoptosis by either caspase dependent or 

independent mechanisms. Cathepsins such as B and D once released from the lysosomes into the 

cytoplasm, can cleave the pro-apoptotic protein Bid to t-Bid (Cirman et al., 2004; Droga-Mazovec 

et al., 2008; Appelqvist et al., 2012b), which then translocates to mitochondria and interacts with 

Bax/Bak to form oligomers. This process facilitates creating pores in the mitochondrial outer 

membrane leading to cyto C release, assembly of apoptosome and eventual activation of caspase 

cascade and induction of apoptosis (Eskes et al., 2000; Wei et al., 2000). Furthermore, lysosomal 

cathepsins can enhance the mitochondrial destabilization and cell death by degrading the anti-

apoptotic members of Bcl-2 family, Bcl-2, Bcl-xl and Mcl-1, which prevent apoptosis by 

antagonizing the actions of pro-apoptotic proteins such as Bax and Bak (Droga-Mazovec et al., 

2008; Brunelle and Letai, 2009). Cathepsins can also cause direct caspase activation by proteolytic 

cleavage as shown for Caspase-2, which can directly induce mitochondrial permeabilization and 
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apoptosis, after activation by cathepsin B in TNF-α induced hepatocyte apoptosis (Guicciardi et 

al., 2005). Cathepsin L was shown to induce caspase-3 cleavage (Ishisaka et al., 1999; Hishita et 

al., 2001) and caspase 8 is a known substrate of cathepsin D (Conus et al., 2008). Additionally, 

cathepsins were also found to facilitate caspase activation by degrading XIAP (X-linked inhibitor 

of apoptosis) (Droga-Mazovec et al., 2008; Taniguchi et al., 2015), an endogenous inhibitor of 

caspases-3, -7 and -9 (Srinivasula et al., 2001; Paulsen et al., 2008). Alternatively, cathepsins can 

also induce caspase-independent apoptosis by triggering the translocation of Apoptosis Inducing 

Factor (AIF) from mitochondria to nucleus (Chen et al., 2005; Yuste et al., 2005; Sevrioukova, 

2011).  

1.6.3.2.2 LMP and necrosis 

The intensity of LMP is an important factor in method of cell death.  Massive LMP is known to 

induce necrotic cell death characterized by cellular swelling and loss of plasma membrane integrity 

(Brunk et al., 1997). One of the earliest reports to identify the role of lysosomal membrane damage 

in necrosis was in 1966 by Allison and Dingle (Allison and Dingle, 1966), where necrosis of rat 

adrenal cortical cells caused by 7,12-Dimethylbenz(a)anthracene (DMBA), a carcinogenic 

hydrocarbon, was shown to be due to leakage of lysosomal enzymes. Lysomotrophic detergents 

such as O-methyl-serine dodecylamide hydrochloride (MSDH), Leu-Leu-OMe (LLOMe) and 

sphingosine induce necrosis at higher concentrations which otherwise cause apoptotic cell death 

at lower concentrations (Li et al., 2000; Kagedal et al., 2001; Talukdar et al., 2016). Similarly, 

cathepsins were shown to mediate necrotic cell death caused by lysosomal disrupting adjuvants 

alum and LLOMe. Interestingly, inhibition of cathepsins not only inhibited necrosis but also 

further lysosomal destabilization (Jacobson et al., 2013).  
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1.6.3.2.3 LMP and necroptosis 

Necroptosis is a regulated form of necrosis identified by cellular swelling, plasma membrane 

rupture and moderate chromatin condensation (Tang et al., 2019). It involves the activation of 

receptor-interacting kinases-1 (RIPK1) and 3 (RIPK3), resulting in the activation of pseudokinase 

mixed-lineage kinase domain-like protein (MLKL) by phosphorylation. The phorpshorylated 

MLKL forms oligomers and locates to the intracellular and plasma membrane ultimately leading 

to loss of membrane integrity and cell death (Gudipaty et al., 2018). Compromise in lysosomal 

membrane integrity was suggested to precede plasma membrane disruption during necroptosis 

(Vanden Berghe et al., 2010). The necroptosis inducers RIPK1 and RIPK3 are proposed to be 

degraded in lysosomes, as inhibition of lysosomal function led to the accumulation of these two 

kinases. Necroptosis ensues in the absence of apoptosis. Interestingly, the combination of 

bafilomycin and pan-caspase inhibitor was sufficient to induce necroptosis, which otherwise 

requires the addition of TNF-α with pan-caspase inhibitor to cause necroptotic cell death (Liu et 

al., 2018). Similarly, granulysin, a cytotoxic protein released by T cells and Natural Killer cells 

was shown to cause LMP and release of cathepsin B during necroptosis (Zhang et al., 2009).  

1.6.3.2.4 LMP and pyroptosis 

Pyroptosis is a inflammasome mediated programmed cell death pathway triggered by various 

stimuli including invading pathogens, hypoxic insults and trauma (Bortolotti et al., 2018; Cheng 

et al., 2019). Most of the inflammatory danger signals induce inflammasome assembly by causing 

lysosomal rupture. The lysosomal proteases such as cathepsins once released from the ruptured 

lysosomes can activate NLRP3 (nucleotide binding domain leucine-rich-containing family, pyrin 

domain containing 3) inflammasomes and lead to the secretion of pro-inflammatory cytokines. 

Silica crystals and aluminum salts were shown cause NLPR3 inflammasome activation through 
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lysosomal rupture, where inhibition of lysosomal acidification with Bafilomycin completely 

blocked the silica induced IL-1β secretion. Interestingly, the activation of caspase-1 and secretion 

of IL-1β was found to be dependent on Cathepsin B. Further confirming the essential role of 

lysosomal destabilization in inflammasome activation, sterile LMP induced by lysosomotropic 

agent Leu-Leu-OMe (L-leucyl-L-leucine methyl ester) was shown to be sufficient to induce 

cytokine secretion in wild type, but not in NLRP3 or ASC deficient bone marrow–derived 

macrophages (Hornung et al., 2008). Similarly, Amyloid β was shown to induce NLPR3 activation 

and the consequent caspase-1 activation and interleukin secretion through LMP and cathepsin B. 

Interestingly, cathepsins D and L were found have no role in inflammasome activation (Halle et 

al., 2008). NLRP3 inflammasome was suggested to mediate the inflammatory response observed 

in atherosclerosis. Cholesterol crystals, as observed in atherosclerosis, was shown to elicit acute 

inflammation in mice when injected intraperitoneally. However, mice deficient of cathepsin B was 

found to be resistant to induction of inflammation indicating the crucial role of lysosomes in 

cholesterol crystals induced inflammasome activation (Duewell et al., 2010). Interestingly, one of 

the major cholesterol oxidation product, 27-hydroxycholesterol, was shown to cause lysosomal 

destabilization and pyroptosis, which was partially prevented by the cathepsin B inhibitor, CA-

074-me, demonstrating the key role of lysosome and lysosomal protease in the execution of 

pyroptotic cell death (Chen et al., 2019). 

1.6.3.2.5 LMP and ferroptosis 

Lysosomes are mainly implicated in ferroptosis due to their essential role in autophagy and cellular 

iron homeostasis. Lysosomes forms a major source of free iron due to the degradation of iron 

binding protein ferritin in lysosomes during the process called ferritinophagy, which is mediated 

by the cargo receptor Nuclear receptor coactivator 4 (NCOA4) (Hou et al., 2016). Addition of iron 
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chelators like deferoxamine or desferrioxamine, which are known to accumulate exclusively in 

acidic organelles such as lysosomes (Cable and Lloyd, 1999; Persson et al., 2003), was shown to 

abrogate lysosomal ROS generation and ferroptotic cell death (Kubota et al., 2010; Torii et al., 

2016). Further evidence of involvement of iron levels and lysosomes in ferroptosis has been 

revealed by inhibition of lysosomal acidity and proteases using respective inhibitors. These 

approaches effectively decreased the labile iron pool by preventing the degradation of ferritin and 

ROS generation in lysosomes and ameliorate cell death induced by ferroptotic inducers (Kubota 

et al., 2010; Gao et al., 2016; Torii et al., 2016).  

Therapeutic initiation of ferroptosis is an effective approach for induction of cell death. 

Salinomycin is an antibacterial compound, which is currently used in experimental studies for its 

breast cancer stem cell killing property. Salinomycin and its derivative Ironomycin, were shown 

to cause ferroptotic cell death by sequestering iron in the lysosomes, triggering degradation of 

ferritin and increasing lysosomal ROS production. This was rescued by iron chelator deferoxamine 

and cathepsin B inhibitor illustrating the role of lysosomes in ferroptosis (Mai et al., 2017).  

Similarly, a recent report showed that ferroptosis is mediated by permeabilization of lysosomes 

after administration of cisplatin, a platinum based antitumor agent in human renal proximal tubular 

epithelial cell line HK-2 (Deng et al., 2019). Despite the importance of LMP in execution of 

ferroptosis, the potential existence of an executioner molecule and the underlying mechanisms in 

ferroptosis remains unknown.   

The contribution of lysosomes to induction of ferroptosis is not merely a passive action mediated 

by their rupture; in fact, lysosome may actively contribute to ferroptosis by degradation of few 

endogenous anti-ferroptotic proteins including Glutathione Peroxidase 4 (GPX4). This 

endogenous antioxidant enzyme is involved in the neutralization of lipid peroxides and plays a 
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central role in preventing ferroptosis. Genetic depletion or inhibition of GPX4 activity using 

specific inhibitors like RSL3 or by depleting GSH can induce ferroptosis (Friedmann Angeli et al., 

2014; Gaschler et al., 2018). Recently, GPX4 was shown to be degraded through the lysosomal 

autophagic process CMA in response to ferroptosis induction by erastin. Inhibition of the 

molecular chaperone HSP90 was able to prevent GPX4 degradation and ferroptosis. Importantly, 

lysosomal acidification inhibitors such as Bafilomycin A1, chloroquine and ammonium chloride 

were shown to prevent erastin induced degradation of GPX4 and ferroptotic cell death (Wu et al., 

2019). Similarly, ARNTL (aryl hydrocarbon receptor nuclear translocator-like protein 1), is a core 

circadian clock protein that is degraded in lysosomes during ferroptosis. Inhibition of lysosomal 

acidification using chloroquine inhibited ARNTL degradation in human tumor cell lines, Calu-1 

and HT1080 (Yang et al., 2019a).  

The possibility of LMP in ferroptosis was suggested by us (Nagakannan and Eftekharpour, 2017a) 

and others (Gao et al., 2018). We showed that ferroptotic induction was associated with the leakage 

of lysosomal cathepsin B into the cytosolic compartment. Inhibition of cathepsin B was able to 

mitigate cell death induced by various ferroptotic inducing agents. Inhibition of CTSB synthesis 

was also effective in prevention of ferroptosis (Gao et al., 2018).  
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1.7 Thesis overview 

1.7.1 Study rationale 

Oxidative stress has been identified as a common phenomenon in almost all disease conditions 

including trauma, degenerative diseases, and numerous cancers. Oxidative modifications of 

biomolecules, especially proteins and lipids, by ROS is a common process during normal cellular 

metabolism. Cellular thiols, including glutathione (GSH) and thioredoxin (TRX) are cellular 

rheostat for regulation of ROS levels. However, overproduction of ROS or depletion of cellular 

antioxidants can result in oxidative stress, which can cause severe oxidative damage of 

macromolecules impairing their functions. As highlighted in the above section, lysosomes play a 

key role in autophagic process and are crucial for maintaining cellular homeostasis. Disruption of 

lysosomal integrity is highly lethal due to its highly acidic content and hydrolytic enzymes capable 

of digesting most of the cellular macromolecules. Previous reports have identified that several 

factors can destabilize lysosomes leading to cell death. However, the impact of uncontrolled ROS 

generated due to the inactivation or depletion of endogenous antioxidants on lysosomal integrity 

and status of lysosomal cathepsins needs further investigation. A potential link between lysosomal-

autophagy pathway and the novel non-apoptotic cell death mechanism, ferroptosis, has been 

shown previously; however, the underlying mechanism is not clear. 
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1.7.2 General hypothesis and research objectives 

The overall goal of my PhD thesis was to investigate the potential involvement of cellular thiols 

in lysosome-mediated cell death during oxidative stress and identify the key molecular players. 

1.7.3 Hypotheses: 

1. Severity of oxidative stress dictates the crosstalk between autophagy and apoptosis  

2. Lysosomal destabilization and differential regulation of lysosomal cathepsins mediate the 

interplay between autophagy to apoptosis 

3. Lysosomal cathepsins mediate the execution of lipid peroxidation induced non-apoptotic 

cell death, ferroptosis.  

1.7.4 Specific research objectives: 

1. To determine the effect of oxidative stress induced by inactivation of endogenous 

antioxidant system on autophagy and apoptosis. 

2. To investigate the role of lysosomes and lysosomal cathepsins in the crosstalk between 

autophagy to apoptosis. 

3. To investigate the status of lysosomes and cathepsins in ferroptosis. 
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Chapter 2 

 

Perturbation of redox balance after thioredoxin reductase deficiency 

interrupts autophagy-lysosomal degradation pathway and enhances 

cell death in nutritionally stressed SH-SY5Y cells 

Contents of this chapter has been included in the following published article:  

 

Pandian Nagakannan, Mohamed Ariff Iqbal, Albert Yeung, James A. Thliveris, Mojgan 

Rastegar, Saeid Ghavami, Eftekhar Eftekharpour. Perturbation of redox balance after thioredoxin 

reductase deficiency interrupts autophagy-lysosomal degradation pathway and enhances cell death 

in nutritionally stressed SH-SY5Y cells. Free Radical Biology and Medicine 2016;101:53-70.  
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2.1 Abstract: 

Oxidative damage and aggregation of cellular proteins is a hallmark of neuronal cell death after 

neurotrauma and chronic neurodegenerative conditions.  Autophagy and ubiquitin protease system 

are involved in degradation of protein aggregates, and interruption of their function is linked to 

apoptotic cell death in these diseases. Oxidative modification of cysteine groups in key molecular 

proteins has been linked to modification of cellular systems and cell death in these conditions. 

Glutathione and thioredoxin systems provide reducing protons that can effectively reverse protein 

modifications and promote cell survival. The central role of Thioredoxin in inhibition of apoptosis 

is well identified. Additionally, its involvement in initiation of autophagy has been suggested 

recently. We therefore aimed to investigate the involvement of Thioredoxin system in autophagy-

apoptosis processes.  A model of serum deprivation in SH-SY5Y was used that is associated with 

autophagy and apoptosis. Using pharmacological and RNA-editing technology we show that 

Thioredoxin reductase deficiency in this model enhances oxidative stress and interrupts the early 

protective autophagy and promotes apoptosis. This was associated with decreased protein-

degradation in lysosomes due to altered lysosomal acidification and accumulation of 

autophagosomes as well as impairment in proteasome pathway. We further confirmed that the 

extent of oxidative stress is a determining factor in autophagy- apoptosis interplay, as upregulation 

of cellular reducing capacity by N-acetylcysteine prevented impairment in autophagy and 

proteasome systems thus promoted cell viability. Our study provides evidence that excessive 

oxidative stress inhibits protein degradation systems and affects the final stages of autophagy by 

inhibiting autolysosome maturation: a novel mechanistic link between protein aggregation and 

conversion of autophagy to apoptosis that can be applicable to neurodegenerative diseases.  

  



53 
 

2.2 Introduction:  

Macroautophagy, commonly referred to as autophagy, is a protective mechanism responsible for 

sequestration of old/damaged proteins and organelles by lysosomal proteases.  This process (Feng 

et al., 2014) involves initiation and formation of phagophore vesicles to engulf the damaged 

proteins/organelles and formation of autophagosome.  The autophagosome then fuses with 

lysosomes to form autolysosome in which proteases like cathepsins are activated and digest the 

cargo.  Disruption of autophagy at any stage during this process has been shown to induce cell 

death and therefore it has been a hot research topic as a potential therapeutic approach that can 

induce or prevent cell death in different conditions.  

Extensive research on the involvement of Reactive Oxygen Species (ROS) in regulation of 

autophagy indicate the importance of a balanced ROS-antioxidant ratio in autophagy progression: 

Low levels of ROS is required for basal autophagy(Scherz-Shouval and Elazar, 2007; Li et al., 

2013b) and application of antioxidant molecules under normal conditions has been shown to be 

detrimental for autophagy process(Underwood et al., 2010). Increased ROS levels such as those 

observed in starvation (Scherz-Shouval et al., 2007a; Li et al., 2013b), neurodegenerative diseases 

(ND) (Ghavami et al., 2014; Walter et al., 2016), and injury (Tang et al., 2014; Wang et al., 2014) 

enhances autophagy-mediated protein degradation and excessive levels of ROS results in cell 

death (Chen et al., 2008b). Application of antioxidants has proven to be protective in these 

conditions by regulation of autophagy (Cabet et al., 2015).  These reports indicate that maintaining 

the cellular redox balance is a critical factor for protective autophagy.   

The redox balance of the cell is regulated by the availability of cellular thiol systems including 

Glutathione (GSH) and Thioredoxin (Trx).  Numerous lines of evidence suggest that reversible 

oxidation of cysteines in key signaling molecules is used as a molecular switch in many redox 
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regulated processes including autophagy (Levonen et al., 2014). Cysteine residues are found in 

many proteins including the autophagy related proteins (ATG), however the only direct evidence 

for regulatory role of ROS on autophagy has been shown for ATG4 (Scherz-Shouval et al., 2007a). 

This group showed that ATG4 is directly oxidized by H2O2, a critical step for formation of 

autopohagosomes(Scherz-Shouval et al., 2007a).  A more recent report (Perez-Perez et al., 2014) 

indicated that ATG4 activity might be specifically regulated by Trx1 redox status, although this 

remains to be confirmed in mammalian systems. Trx1 redox status has also been shown to be 

involved in regulation of apoptosis(Ahsan et al., 2009; Zeldich et al., 2014) through inhibition of 

apoptosis signal kinase-1 by reduced Trx(Liu et al., 2000; Shao et al., 2015). These reports may 

suggest a key central role for Trx system in autophagy-apoptosis interplay.  

Based on these reports, we employed a model of serum deprivation (SD) in SH-SY5Y 

neuroblastoma cells that has been previously used to study autophagy(Xu et al., 2013), and 

apoptosis(Bar-Am et al., 2005).  The redox regulatory role of Trx1 is directly dependent upon the 

availability of its reduced form and its redox buffering capacity is disabled after oxidation.  

Thioredoxin reductase (TrxR) is a selenocysteine oxidoreductase and the most commonly known 

enzyme involved in reduction of oxidized Trx (Mustacich and Powis, 2000), although a more 

recent report suggested that glutathione and glutaredoxin systems can act as back up mechanism 

for Trx1 reduction(Du et al., 2012). Genetic knockout of heart specific mitochondrial TrxR 

(Kiermayer et al., 2015) results in dysregulation of autophagy; however, the underlying cellular 

mechanism remains unknown. In the present study, we employed Auranofin (Au), a well-studied 

pharmacological inhibitor of TrxR, and a small hairpin RNA editing approach to downregulate 

TrxR activity in SH-SY5Y neuroblastoma cells. This model was used to examine the underlying 

mechanisms of autophagy and apoptosis progression in nutritionally stressed SH-SY5Y cells.  
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2.3 Materials and methods 

2.3.1 Reagents  

The following reagents were used in this study: Auranofin and Puromycin (Tocris Bioscience, 

UK), Bafilomycin A1, Thioredoxin reductase 1 assay kit (Cayman chemical, USA), 3-

Methyladenine, Chloroquine, N-Acetyl-L-cysteine, Iodoacetic acid, tertiary butyl hydroperoxide 

(Sigmaaldrich, Canada), CellROX Deep Red Reagent, Lysotracker Red DND-99, DQ Red BSA 

(Molecular Probes, USA), Insulin, Insulin-Transferrin-Selenium (ITS) and Halt Protease and 

phosphatase inhibitor cocktail (Thermo Scientific, USA), Iodoacetamide (abcam, USA). All other 

chemicals used in this study were of analytical grade. 

2.3.2 Cell culture 

The human neuroblastoma cell line SH-SY5Y was a kind gift from Dr. Jun-Feng Wang, University 

of Manitoba. The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 

high glucose (4.5 g/L) supplemented with 4 mM glutamine, 1 mM Sodium Pyruvate and 10% heat 

inactivated Fetal Bovine Serum in a humidified incubator containing 5% CO2 at 37°C. Pre-

confluent cells (70-80% confluence) between passages 5-16 were used for these experiments.  

2.3.3 Serum deprivation, treatments and measurement of cell viability 

To induce serum deprivation, cells were washed once with warm serum free DMEM medium (SD 

medium) and were then incubated with fresh SD medium for specified time points. Auranofin (Au) 

was diluted in SD or complete growth medium to reach the indicated concentrations in culture 

medium. In experiments involving addition of autophagy inhibitors, cells were incubated with the 

indicated concentrations of inhibitors for 30 min in complete growth medium prior to induction of 

SD followed by co-treatment for the experimental time duration in SD medium with or without 

(Au). All inhibitors were dissolved in DMSO and were diluted in growth medium. The final 
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concentration of DMSO in the culture medium was less than 0.01% to avoid any solvent effects. 

N-Acetylcysteine (NAC) was prepared in DMEM at a stock concentration of 0.5 M. A final 

concentration of 2.5 mM was used in culture conditions. This did not cause any significant change 

in pH (pH=7.4±0.1). Any modification in the treatment protocols are described in the figure 

legends.  

Cell viability was determined using Water Soluble Tetrazolium-1 reagent (WST-1, Roche 

Diagnostic GmbH, Mannheim, Germany) or Cell Counting Kit-8 (CCK-8) kit (Dojindo Molecular 

Technologies, Japan) according to the manufacturer’s instructions. Briefly, SH-SY5Y cells were 

seeded in 96 well plates at a density of 15,000 cells/well in 100 µl culture medium and incubated 

for 24 - 48 hr for adhesion and then subjected to appropriate treatment conditions. At the end of 

experimental period, 10 µl of WST-1 or CCK-8 reagent was added to each well and incubated for 

further 4 hr. The absorbance was measured at 450 nm with background correction at 650 nm using 

Synergy H1 Hybrid Reader (BioTeK Instruments, USA). Cell viability was expressed as 

percentage of control.   

2.3.4 Generation of TrxR1 knockdown and ATG7 knockout cell lines 

Knockdown of TrxR1 in SH-SY5Y cells was achieved by lentiviral transfection of anti-TrxR1 

shRNA. Lentiviral particles were produced by co-transfecting HEK293T cells with the packaging 

plasmids (GAG, VSVG, REV and TAT) and shRNA (Origene, USA), as shown previously 

(Rastegar et al., 2009). Medium containing viral particles was harvested 48 hr post transfection, 

centrifuged, filtered and diluted with fresh media and added to SH-SY5Y cells to downregulate 

TrxR1 using polybrene as transfection reagent. 
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To deplete ATG7, Cells were transfected with either control or ATG7 shRNA using adenoviral 

particles for 24 hr (Santa Cruz Biotechnolgies, USA). The cells were selected by growing in the 

presence of 1 µg/ml puromycin containing media(Ghavami et al., 2015). 

2.3.5 Thioredoxin Reductase enzyme assay 

TrxR activity was measured by end point assay according to the method described by Holmgren 

(Holmgren, 1979b) with slight modifications. Briefly, 20 µg of total cell lysate was incubated with 

the reaction mixture containing 5 µM of rhTrx, Insulin (250 µM) and NADPH (700 µM) in TE 

Buffer (50 mM Tris-HCl and 1 mM EDTA, pH 7.5) for 30 min at 37°C. After incubation, the 

reaction was terminated by addition of 1 mM DTNB / 8 M Guanidine HCl in 0.2 M Tris-Cl, pH 

8.0 and the final absorbance was measured at 412 nm.  

2.3.6 Measurement of reactive oxygen species 

Cells were grown on glass coverslips were treated appropriately and incubated with 2.5 µM 

CellROX deep red reagent for 30 min at standard conditions. After the incubation period, media 

was discarded and cells were washed twice with PBS and fixed with 3% paraformaldehyde in PBS; 

to visualize the nuclei, cells were stained with DAPI (1:10000). The emitted far red fluorescence 

from CellROX was imaged using a LSM710 Zeiss confocal microscope (Zeiss, Germany) and the 

mean fluorescence intensity was measured using Image J software (NIH, version 1.49v) 

2.3.7 Lysotracker red staining  

SH-SY5Y cells grown on glass coverslips were treated as described above and were incubated 

with Lysotracker red reagent (250 nM) for 30 min at 37°C. After the incubation, the cells were 

washed twice with PBS and fixed with 3% paraformaldehyde in PBS. The coverslips were then 

used for double labelling for other protein/s as mentioned in figure legends, counterstained for 

nuclear marker DAPI and examined using confocal microscope. For imaging, Zen 2011 software 
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(Zeiss, Germany) was used; an imaging profile was optimized using control samples for baseline 

exposure time and intensity. This profile was then applied in random microscopic fields for all 

experimental conditions. Co-localization module in Zen software was used and an observer 

blinded to experimental conditions evaluated the co-localization of Lysotracker and LAMP2 in a 

minimum of 150 cells/condition.   

2.3.8 DQ-BSA staining 

Cells were incubated with 10 µg/ml DQ-BSA Red reagent for 4 hr at 37°C. After the incubation 

period, the cells were washed 3 times with PBS prior being subjected to the specified treatments 

in figure legends. At the termination of experiments, cells were washed with PBS and fixed with 

3% paraformaldehyde in PBS and counterstained for nuclei using DAPI. The cells were imaged 

using confocal microscope using similar imaging conditions for all samples and the red 

fluorescence intensity was analyzed by Image J software.  

2.3.9 Quantitative PCR 

Total RNA from SH-SY5Y cells was extracted using Purelink RNA mini kit (Invitrogen). 1 µg of 

extracted RNA was linearly amplified and converted to cDNA using Superscript VILO cDNA 

synthesis kit (Invitrogen) according to manufacturer’s instructions. Quantitative PCR was 

performed using 500 ng of cDNA with SYBR green (Molecular Probes) as the fluorescent reporter. 

GAPDH was used as housekeeping gene to normalize the values.  

The primer sequences used were as follows: p62-F: 5’-AAGCCGGGTGGGAATGTTG-3’; p62-

R: 5’-GCTTGGCCCTTCGGATTCT-3’; GAPDH-F: 5’-CTGACTTCAACAGCGACACC-3’; 

GAPDH-R: 5’-TGCTGTAGCCAAATTCGTTGT-3’. 
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2.3.10 Antibodies: 

The following antibodies at specified dilutions were used in this study: LC3 (1:2500, Sigma) 

cleaved Caspase-3 (1:1000), cleaved Caspase-9 (1:1000), PARP-1 (1:1000), ATG7 (1:1000), 

ATG5 (1:1000), ubiquitin (1:1000), and rabbit IgG HRP-conjugated secondary antibody were 

obtained from Cell signaling Technologies, USA; Trx1 (1:1000), TrxR1 (1:1000), SQSTM1 (p62, 

1:1000) and β-actin (1:4000) were obtained from Santa Cruz Biotechnologies, USA; Proteasome 

20S (1:1000) and GAPDH (1:5000) were purchased from abcam, USA and LAMP2 (0.5 µg/ml) 

was purchased from Developmental Studies Hybridoma Bank, University of Iowa, USA. All Alexa 

flour labelled secondary antibodies used for immunocytochemistry were purchased from 

Molecular Probes, USA. 

2.3.11 Western blot analysis 

Cells were scrapped and collected by centrifugation at 4000 rpm for 5 min. The cell pellets were 

washed once with ice cold PBS and lysed in NP-40 lysis buffer (50 mM Tris HCl pH 8, 150 mM 

NaCl, 5 mM EDTA, 1% NP-40) with protease and phosphatase inhibitors by sonicating (3 x 5 sec) 

on ice and centrifuged at 10,000g for 15 min at 4°C to obtain the supernatant. Protein concentration 

in the cell extracts was measured using Pierce BCA Protein Assay Kit.   

Western blotting was done according to routine protocols (Mahmood and Yang, 2012). Equal 

amount of proteins was resolved in SDS-PAGE and transferred to PVDF membrane. After 

blocking for 1 hr with 5% non-fat milk in Tris-buffered saline containing 0.2% Tween 20 (TBS-

T), membrane was probed with primary antibodies overnight at 4°C, and HRP-conjugated 

secondary antibody for 1 hr at room temperature. Proteins were detected using ECL prime 

detection reagent (GE Healthcare Life Sciences). To assess equal loading, membranes were striped 

in 0.2 N NaOH for 15 min at room temperature and re-probed with β-actin or GAPDH antibody. 
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Densitometry measurements were done using AlphaEaseFC (version 6.0.0, Alpha Innotech) or 

Image J software. 

2.3.12 Redox western blot 

The redox status of Trx was assessed as described previously (Bersani et al., 2002). Briefly, cells 

were collected by scrapping, washed with PBS and lysed in TEU buffer (8 M Urea in 50 mM Tris–

HCl, pH 8.2, 1 mM EDTA) containing 30 mM iodoacetic acid (IAA) and incubated for 30 min at 

37°C. To remove the excess IAA, the proteins were precipitated with ice cold Acetone: 1 N HCl 

(98:2, v/v), washed two more times with ice cold Acetone: 1 N HCl and centrifuged at 13,000 x g 

for 10 min at 4°C. The pellet was dissolved in TEU buffer containing 3.5 mM DTT and incubated 

at 37°C for 30 min to reduce the disulfides and the newly reduced thiols were amidomethylated 

with 10 mM iodoacetamide (IAM) at 37°C for 15 min.  Equal amount of proteins was subjected 

to native Urea PAGE on 8% gels and transferred to PVDF membrane followed by detection of 

bands using standard western blot protocol. 

2.3.13 Immunocytochemistry 

Cells were cultured on coverslips and after appropriate treatments, were washed in PBS and fixed 

with 3% paraformaldehyde in PBS. After permeabilization of cells with 0.3% Triton-X-100, 

coverslips were incubated with appropriate primary antibodies overnight at 4°C followed by PBS 

washes three times and incubated with secondary antibody for 1 hr at room temperature. After 

washing with PBS twice, nuclei were counterstained with DAPI and the coverslips were mounted 

on glass slides. Immunofluorescence images were acquired by confocal microscope.  

2.3.14 Electron microscopy 

Cells were pelleted after trypsinization, rinsed with PBS and fixed with 3% glutaraldehyde in 0.1 

M phosphate buffer followed by 1% osmium tetroxide. Samples were embedded in Epon-812 and 
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stained with uranyl acetate and lead citrate and imaged using Phillips CM-10 electron microscope 

(Philips Electronics, Eindhoven, The Netherlands) (Luft, 1961) 

2.3.15 Statistical analysis 

All values were expressed as mean ± S.E.M. The statistical analysis was carried out by one-way 

analysis of variance (ANOVA) to compare multiple groups followed by Tukey’s post-hoc test 

while two tailed unpaired student t-test was used for comparing two groups. For multiple 

comparisons where TrxR1 knockdown cells were used, data were analyzed by two-way ANOVA 

followed by Tukey’s post-hoc test. p values less than 0.05 were considered as significant. 
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2.4 Results  

2.4.1 Neuronal serum starvation induces an early induction of autophagy and apoptosis  

Serum deprivation (SD) is a widely used stimuli for induction of autophagy (Bao et al., 2009) and 

apoptosis(Joza et al., 2001), providing a useful tool to identify underlying mechanisms governing 

the interplay between these two processes. In the present study, SH-SY5Y neuronal cells were 

starved in serum free DMEM-high glucose medium for 6, 24 and 48 hr. We observed a significant 

time dependent cell death starting as early as 6 hr after induction of SD, which was further 

enhanced up to 48 hr (Fig. 2.1A).  We next confirmed a time dependent increase in caspase-3 and 

9 cleaved products with cleaved PARP-1 protein levels indicating that SD induces apoptosis 

through classical caspase dependent pathway (Fig. 2.1B). We next assessed the progression of 

autophagy in this model. During the progression of autophagy, the cytosolic form of microtubule 

associated protein LC3 (LC3-I) is lipidated to form LC3-phosphatidyl-ethanolamine conjugate 

(LC3-II). LC3-II is localized on autophagosome and autolysosomal membranes, and is used as an 

important marker of autophagy induction(Son et al., 2012). An increase in LC3-II protein levels 

was observed at early hours of starvation (6 hr); however, the levels were returned to near normal 

level at the later time point (48 hr) (Fig. 2.1C-D) indicating that autophagy is an early event in 

cellular response to SD. Autophagy progression was further confirmed with time dependent 

increase in ATG12-ATG5 conjugate formation, and ATG7 levels and a decrease in p62 levels 

(Fig. 2.1C-D).  Induction of autophagy and apoptosis was further confirmed using transmission 

electron microscopy (TEM) in starving SH-SY5Y cells at 6 and 24 hr.  Autophagosomes (AP), as 

markers of autophagy were identified by a double-layer membrane vesicle which is reduced to one 

layer after fusion with primary lysosomes (LY) and formation of autolysosomes (AL) (Fig. 2.1E). 

At 6 and 24 hr of SD, we found marked accumulation of autophagosome and lysosomes confirming 
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an ongoing autophagy process. Apoptotic cells were identified by nuclear condensation only at 

later time points (24 hr) (Fig. 2.1 E4 and E5).   

Figure 2.1. Serum deprivation (SD) results in activation of autophagy and apoptosis in SH-

SY5Y cells. 
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Figure 2.1. Serum deprivation (SD) results in activation of autophagy and apoptosis in SH-

SY5Y cells. (A) SH-SY5Y cells were nutritionally stressed by depriving fetal bovine serum (FBS, 

10%) for the indicated time periods and cell viability was assessed using Cell Counting Kit-8 

assay. Values are expressed as mean ± S.E.M., n ≥ 6; ****p<0.001. SH-SY5Y cells were harvested 

after indicated time durations of SD for western blot analysis of apoptotic (B) and autophagic 

markers (C). Densitometric analysis of autophagy related proteins are summarized as bar graphs 

in D. Values are expressed as mean ± S.E.M., n≥3; *p<0.05, **p<0.01 Vs FBS control (0 hr). (E) 

Ultrastructural changes in normal and serum deprived cells using electron microscopy; 

Representative electron microscopy images of SH-SY5Y cells in normal growth condition (E1), 

serum deprived for 6 hr (E2) and 24 hr (E3) are shown here. E4 shows the fragmented apoptotic 

nuclei after 24 hr serum deprivation.  Higher magnification images of the inserts in E1, E2 and E3 

are shown as E1”, E2” and E3”. TEM image of condensed nuclei after 24 hr serum deprivation is 

shown in E5. 
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2.4.2 Serum deprivation induces Thioredoxin reductase 1 upregulation 

Thioredoxin (Trx) and thioredoxin reductase (TrxR) are well recognized molecules that are 

induced during cellular adaptive response to stressful conditions (Eftekharpour et al., 2000; Andoh 

et al., 2002) and in tissue samples in ND (Lovell et al., 2000). We therefore examined the levels 

of Trx related proteins in our model (Fig. 2.2A). Western blotting showed a non-significant 

increase in Trx1 protein level at 6, 24 and 48 hr after SD (Fig. 2.2A and B); however, a significant 

increase in TrxR1 protein level (2 fold) was observed at 6 hr which was maintained throughout the 

experimental duration (Fig. 2.2A and C). Insulin reductase activity was used to investigate the 

correlation of TrxR protein levels and its enzymatic activity. We observed that the increase in TrxR 

protein level at 6 hr was associated with a significant increase in TrxR enzymatic activity. 

However, TrxR enzymatic activity returned to basal levels in 24 and 48 hrs SD samples, despite 

the elevated levels of TrxR protein (Fig. 2.2C). This may indicate the importance of TrxR 

enzymatic activity during the early time points of starvation-induced oxidative stress in these cells. 

Our data suggest that the ongoing oxidative stress in these conditions may lead to inactivation of 

TrxR activity which coincides with autophagy exit and promotion of apoptosis.   

2.4.3 Pharmacological inhibition of TrxR enhanced cell death in serum-deprived SH-SY5Y cells  

To investigate the involvement of TrxR in cell survival, we employed Auranofin (Au), a well-

characterized inhibitor of TrxR (Marzano et al., 2007). Au has been studied extensively to induce 

cell death in cancer cells where increased Trx levels has been linked to resistance to 

chemotherapeutic treatments (Lu et al., 2007). An effective dose of Au (0.5uM) was chosen to 

decrease the TrxR activity by 50% under SD conditions (IC50) (Fig. 2.2D). This was associated 

with significant cell death in these cells (Fig. 2.2E).  Interestingly, this dose of Au caused a 

significant increase in TrxR enzymatic activity in normal condition (Fig. 2.2D) but did not cause 
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any significant changes in cell viability (Fig. 2.2E).  We and others have previously shown that 

TrxR activity and protein levels is upregulated after addition of electrophiles (Eftekharpour et al., 

2000; Hintze et al., 2003), indicating that TrxR is regulated by antioxidant response element 

(Brigelius-Flohe et al., 2012).  

To investigate the underlying mechanism of enhanced cell death after pharmacological inhibition 

of TrxR, we used western blotting for apoptosis markers. Our data indicated that administration of 

Au further exacerbated the expression of apoptotic markers in a dose dependent fashion (Fig. 

2.2F). Au treatment at 0.25 and 0.5uM increased PARP cleavage and activation of caspases 3 and 

9 in comparison with their untreated timed match controls. This confirms that loss of TrxR activity 

during nutritional stress further aggravates cell death. Our observations confirm previous reports 

that Trx system, in particular TrxR, plays an essential role in survival of cells during stressful 

conditions (Cox et al., 2008). 

Figure 2.2. Pharmacological inhibition of Thioredoxin Reductase enhances apoptosis in 

serum deprived (SD) SH-SY5Y cells.  
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Figure 2.2. Pharmacological inhibition of Thioredoxin Reductase enhances apoptosis in 

serum deprived (SD) SH-SY5Y cells. (A) SH-Y5Y cells were subjected to increasing durations 

of serum deprivation and assessed for the levels of Thioredoxin 1 and Thioredoxin reductase 1 by 

western blotting. Quantification of Trx1 protein levels is shown as bar graph (B) and TrxR1 protein 

and TrxR activity are shown as line graph (C).  TrxR activity was measured by Insulin reduction 

assay (described in materials and methods section).  Values are expressed as mean ± S.E.M., n≥6 

for protein and n=3 for TrxR activity; **p<0.01, ***p<0.001 Vs FBS control. (D) SH-SY5Y cells 

were incubated with auranofin (0.5µM) in complete growth condition (10% FBS media) or serum 

free media for 24 hr and thioredoxin reductase activity in whole cell lysate was estimated by Insulin 

reduction assay. Values are expressed as mean ± S.E.M. n=3; **p<0.01 and ***p<0.001. (E) Cell 

viability was assessed using WST-1 assay in SH-SY5Y cells exposed to indicated concentrations 

of auranofin in complete growth medium (10% FBS) or serum free medium (SD) for 24 hr. Values 

are expressed as mean ± S.E.M., n=9; #### p<0.0001 Vs 10% FBS Control, **** p<0.0001 Vs 

SD Control. (F) Representative western blots showing markers of apoptosis in lysates extracted 

from SH-SY5Y cells incubated with indicated concentrations of auranofin during different 

durations of SD.  
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2.4.4 Pharmacological inhibition of TrxR enhances oxidative stress and protein ubiquitination  

The involvement of Trx system in maintaining the redox balance has been attributed to the direct 

interaction of Trx with peroxides or as a substrate for peroxiredoxin-mediated ROS scavenging 

(Hanschmann et al., 2013). Trx is oxidized in these reactions and therefore the availability of TrxR 

activity is essential for maintaining Trx in its active form. We therefore examined the effect of 

TrxR inhibition on ROS levels and Trx oxidation.  CellRox is a cell permeable reagent that is 

oxidized by ROS and produces a strong fluorescence detectable microscopically. We observed 

that SD enhances the endogenous ROS levels in SH-SY5Y cells, this was significantly intensified 

after addition of Au to these cells (Suppl. Fig. 2.1A). Increased levels of ROS has been linked to 

increased protein ubiquitination after SD (Cernotta et al., 2011). Therefore, ubiquitinated proteins 

were assessed by western blotting, using an antibody that detects all ubiquitinated proteins; 

although we did not detect any significant changes in SD-treated cells after 6hr of SD, a prominent 

rise in the level of ubiquitinated proteins was detected after inhibition of TrxR using Au (Suppl. 

Fig. 2.1B) suggesting a failure in cellular proteolytic mechanisms as a consequence of aggravated 

oxidative stress. 

2.4.5 TrxR inhibition blocks autophagy by impairing autophagic clearance of aggresomes 

Recent reports have indicated that pharmacological inhibition of TrxR induces cell death in cancer 

cells by triggering  autophagy (Shao et al., 2015) leading to accumulation of autophagosomes and 

cell death (Lin et al., 2015), however the underlying mechanisms have not been adequately 

investigated. We therefore examined whether autophagy is interrupted in this model. Using 

western blotting for autophagy markers, a significant increase in LC3-II levels (3.6-fold change) 

was observed at 6 hr of SD in SH-SY5Y cells. Although addition of Au (0.5µM) to SD-treated 

cells caused an increase in LC3-II levels when compared to control cells (2.02-fold change), this 
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increase was significantly lower than SD alone; this indicates that TrxR inhibition decreases the 

autophagy rate at early time point. By 24 hr after SD/ SD+Au treatment, the increase in LC3-II 

levels of Au-treated cells was not significantly different when compared to SD-treated cells (Fig. 

2.3A, C and D). Additionally, no significant change observed in ATG12-ATG5 conjugate levels 

in comparison with their relevant SD controls.  

Evidence of autophagy interruption in Au-treated cells is also shown in Figure 2.3A. A reliable 

marker of autophagy progress is the disappearance of p62 in normal autophagy. p62, also known 

as ubiquitin binding protein p62 or sequestosome-1, is an adaptor protein involved in selective 

degradation of ubiquitinated autophagy substrates. Accumulation of p62 is a well-recognised 

marker for autophagy interruption and has been well studied in context to ND, where accumulation 

of protein aggregates is prominent (Lippai and Low, 2014a). Immunocytochemical analysis 

revealed that Au-treatment enhances p62 protein accumulation as early as 3 hr after induction of 

stress, which was further intensified at 6 hr. This was associated with accumulation of enlarged 

autophagosomes in Au-treated cells (Fig. 2.3B) at 6 hr. The increase in p62 protein levels was also 

confirmed using western blotting at 6 and 24 hr after stress. The SD-treated cells displayed a 

notable decrease in p62 protein levels indicating a normal autophagy progression, whereas addition 

of Au to the SD-treated cells resulted in a significant increase in p62 levels at 6 (p<0.001) and 24 

hr (p<0.01) when compared to their time matched SD-treated cells (Fig. 3C, D). The increase in 

p62 levels can be resulted from two processes: 1) in situ synthesis in response to activation of 

antioxidant response element (Haga et al., 2014), and 2) autophagy 

interruption/inhibition(Korolchuk et al., 2009). We therefore used real time PCR which revealed 

a significant increase of p62 mRNA levels (Fig. 2.3E) in SD+Au treated cells, indicating that 

increased transcription of p62 is partly responsible for p62 accumulation. The contribution of 
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autophagy inhibition was assessed using western blotting for LC3-II levels in cultures of SH-SY5Y 

cells subjected to SD with or without Au in the presence or absence of bafilomycin A1 (Baf A1), 

an inhibitor of autophagy maturation. Following the standard protocols (Rubinsztein et al., 2009), 

LC3-II levels were normalized to actin and then were compared in the presence and absence of 

BafA1. In SD-treated cells, LC3-II levels were significantly increased with BafA1 treatment, 

indicating a normal autophagy flux.  However, addition of BafA1 in SD+Au-treated cells, did not 

cause any significant increase in LC3-II levels indicating an interruption of autophagy flux after 

inhibition of TrxR activity (Suppl. Fig. 2.2).  To ensure that Baf A1 has efficiently blocked the 

lysosomal function in these experiments, a high dose of Baf A1 (100nM) was added during the 

last 4 hr of the experiment and the LC3-II levels were quantified. Similar results to the Baf A1 

low-dose experiments were observed after administration of 100nM Baf A1 (Fig. 2.4A and B).  

Evidence of autophagy flux inhibition was further shown by accumulation of autophagosomes in 

Au-treated cells using TEM (Suppl. Fig. 2.3). These results confirms the previous report on TrxR 

role in modulation of autophagy (Lin et al., 2015). 

To demarcate the exact stages of autophagy that are affected by TrxR inhibition, we employed two 

approaches: administration of chemical inhibitors of autophagy and genetic knockdown of 

autophagy related protein 7 (ATG7). Application of 3-Methyl adenine (3-MA, 5mM), Chloroquine 

(CQ, 20µM) and Bafilomycin A1 (BafA1, 10nM) enhanced the SD-mediated cell death at 24 hr, 

suggestive of the protective effect of autophagy during starvation. Inhibition of TrxR by Au, 

significantly (p<0.0001) sensitized the serum starved cells to the cytotoxic effects of the above-

mentioned autophagy inhibitors as shown by enhanced cell death (Fig. 2.4C), indicating that TrxR 

inhibition promotes apoptosis through interruption of autophagy. Likewise, other autophagy 

inhibitors such as Spautin-1 and LY294002 (PI3 kinase inhibitor) also enhanced cytotoxicity of 
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Au under SD condition, further supporting the above findings (data not shown). A similar effect 

was observed in autophagy compromised cells where addition of Au significantly (p<0.05) 

increased cell death at 6 hr in ATG7 knockdown cells in comparison to normal cells (Fig. 2.4D).  

These results suggest that inhibition of TrxR could be inhibiting the progression of protective 

autophagy at multiple steps. 
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Figure 2.3. Pharmacological inhibition of Thioredoxin Reductase inhibits serum deprivation 

(SD) induced autophagy in SH-Y5Y cells.  
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Figure 2.3. Pharmacological inhibition of Thioredoxin Reductase inhibits serum deprivation 

(SD) induced autophagy in SH-Y5Y cells. (A) Immunofluorescence images showing the effect 

of auranofin (Au) on SD induced autophagy. SH-SY5Y cells were deprived of serum for either 3 

or 6 hr and incubated with or without Au (0.5µM) and the cells were labeled for lysosomes with 

lysotracker red reagent (red) and stained for LC3 (green) and p62 (white); nuclei were stained with 

DAPI (blue). (B) Ultrastructural changes in normal and serum deprived SH-SY5Y cells treated 

with or without Au (0.5µM) analysed by electron microscopy. Arrow heads identify 

Autophagosomes (blue) and lysosomes (red). (C) Au inhibits autophagy. Representative western 

blot showing autophagy related protein levels in SH-SY5Y cell lysates subjected to SD in the 

presence or absence of Au. (D) Quantification of LC3-II and p62 protein expressions are shown 

as bar graphs. Values are expressed as mean ± S.E.M., n≥6; *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 Vs FBS control. (E) Au upregulates p62 mRNA levels in serum deprived SH-SY5Y 

cells. Total RNAs were prepared from cells that were subjected to 6 hr of SD in the presence or 

absence of Au and p62 mRNA levels were quantified using qPCR.  Values are expressed as mean 

± S.E.M., n=3; ****p<0.0001 Vs FBS control. 
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Figure 2.4. Inhibition of Thioredoxin Reductase affects autophagy flux in serum deprived 

(SD) SH-SY5Y cells. 
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Figure 2.4. Inhibition of Thioredoxin Reductase affects autophagy flux in serum deprived 

(SD) SH-SY5Y cells. Au decreases autophagy flux. (A) Representative western blot showing LC3 

and p62 protein levels in lysates extracted from SH-SY5Y cells subjected to serum deprivation for 

6 hr in the presence or absence of Au (0.5µM) or Baf A1 (100 nM) or both; Baf A1 was added 

during the last 4 hr of SD. Quantification of LC3-II and p62 protein expressions are shown as bar 

graph. Values are expressed as mean ± S.E.M., n≥3; *p<0.05, **p<0.01. (B) Immunofluorescence 

images of LC3 (green) in SH-SY5Y cells subjected to SD for 6 hr in the presence or absence of 

Au (0.5µM) with or without Baf A1 (10nM). (C) SH-SY5Y cells were subjected to SD for 24 hr 

with or without auranofin (0.5µM) in the presence or absence of the following autophagy 

inhibitors: 3-methyladenine (3-MA, 5mM), Chloroquine (CQ, 20µM) and Bafilomycin (Baf A1, 

10nM) and assessed for cell viability using WST-1 assay. Values are expressed as mean ± S.E.M., 

n=3; ****p<0.0001. (D) ATG7 was downregulated using adenovirus mediated shRNA delivery. 

Cell survival in scramble or ATG7 knockdown cells subjected to SD in the presence or absence of 

auranofin (0.5µM) for 6 hr was measured using cell Counting Kit-8 assay. Values are expressed 

as mean ± S.E.M., n≥4; *p<0.05, ****p<0.0001.  
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2.4.6 Defective lysosomal activity underlies autophagy interruption during TrxR deficiency 

To investigate whether protein degradation systems are affected after TrxR inhibition, we focused 

on the lysosome machinery and ubiquitin proteasome system. Intracellular proteins destined for 

degradation are tagged by ubiquitination for recycling by the proteasome system, but long-lived 

proteins and autophagy-destined old organelles are additionally tagged and chaperoned by p62 to 

autophagosomes. These will eventually fuse with lysosomes to form active autolysosomes and 

recycle the p62-labelled cargo (Lippai and Low, 2014a). Any interruption of lysosomal function 

will result in accumulation of ubiquitinated proteins and consequently cell death (Gu et al., 2005).  

To confirm if TrxR deficiency impairs lysosomal activity, we measured the protein degradation 

capacity of lysosomes. DQ-BSA is a compound that is taken up by lysosomes through endocytosis 

and produces a bright red fluorescent signal after degradation in acidic environment of lysosomes. 

With 6 hr of SD, a significant increase (p<0.0001) in red fluorescence was observed indicating a 

rise in lysosome-mediated degradation of DQ-BSA. Addition of Au to the serum starved cultures 

caused a significant reduction (p<0.0001 vs SD) in DQ-BSA fluorescence indicating an impaired 

lysosomal degradative capacity (Fig. 2.5A).  

To further confirm changes in lysosomal activity, we used Lysotracker, a fluorescent stain that 

labels acidic active lysosomes in live cells (Zhou et al., 2013). A prominent increase in number of 

lysotracker-positive vesicles was observed after 6 hr in SD conditions (Fig. 2.5B). This reflects 

the normal increase in lysosomal activity during serum deprivation, and is in agreement with 

previous reports (Zhou et al., 2013). On the contrary, addition of Au during SD caused a substantial 

decrease in lysotracker-positive lysosomes. To ensure the Lysotracker signal specificity to 

lysosomes, we assessed LAMP2-Lysotracker colocalization by using the co-localization probe in 
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Zen software. This approach has been previously used to examine proper acidification of 

lysosomes and autolysosomes (Lee et al., 2010). A significant decrease in lysosomal acidification 

was detected by a decrease in colocalization co-efficiency (p<0.0001) in serum starved cells 

treated with Au, indicating a diminished acidification of LAMP2-positive vesicles (Fig. 2.5C). 

This was visualized further using the Profile probe in Zen software (Fig. 2.5C”). The signal 

intensity for Lysotracker staining shows a prominent increase in lysosomal number and 

Lysotracker signal in SD-treated cells (Fig. 2.5C2”) in comparison to the normal controls (Fig. 

2.5C1”). The Au-treated cells contained enlarged LAMP2-positive clusters and did not show any 

detectable Lysotracker signal confirming that Au-mediated inhibition of TrxR is associated with a 

defective lysosome acidification (Fig. 2.5C3”).   
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Figure 2.5. Thioredoxin reductase deficiency causes defective lysosomal activity.  
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Figure 2.5. Thioredoxin reductase deficiency causes defective lysosomal activity. (A) SH-

SY5Y cells were loaded with DQ-BSA Red (10µg/ml) and the cells were subjected to SD for 6 hr 

in the presence or absence of Auranofin (Au, 0.5µM). Representative images showing degradation 

of DQ-BSA (as red fluorescence) and quantification of DQ-BSA fluorescence normalized to per 

cell are shown. Values are expressed as mean ± S.E.M. n≥60 cells. ****p<0.0001.  (B) Active 

(acidic) lysosome/autolysosomes were labelled using Lysotracker. SH-SY5Y cells were treated as 

described and the cells were incubated with the Lysotracker for 30min before termination of 

experiment. Cells were then washed and fixed with PFA as described in Materials and Method. 

Anti-LAMP2 antibody was used for identification of autophagosomes and lysosomes.  

Representing confocal microscopy images are depicted here. (C1-C3) Confocal images of SH-

SY5Y cells showing immunolabelled LAMP2 (Red) and Lysotracker (blue) were used for 

quantification of signal intensity using profile analysis tool in Zen 2011 software (Zeiss). (C1”-

C3”) depicting the signal intensity along the red arrow in their respective microscopic field. 

Colocalization of LAMP2-Lysotracker was also assessed using the Colocalization analysis tool in 

Zen 2011 software. We observed that Au-treated cells displayed a significantly lower 

colocalization co-efficient than their SD counterparts. (0.379±0.012 in SD vs. 0.303 ±0.013 in Au-

treated, p<0.0001).   
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2.4.7 Enhancement of cell reducing capacity prevents Au-mediated impairment of autophagy 

and ubiquitin proteasome system and improves cell survival under serum deprived conditions  

To investigate whether alleviating oxidative stress by antioxidant treatment can translate into better 

proteolysis, we examined the efficiency of NAC (2.5mM) in reverting the diminished proteolytic 

activity during TrxR inhibition. Evidence of improved autophagy was observed after co-incubation 

of Au treatment with NAC. This approach significantly reduced the accumulation of p62 (Fig. 

2.6A) and poly-ubiquitinated proteins (Fig. 2.6B) in Au treated starving SH-SY5Y cells. To 

address the possibility whether accumulation of poly-ubiquitinated proteins after Au-treatment is 

due to inhibition of proteasome system, the level of proteasome 20s subunits was assessed using 

western blotting. Serum deprivation alone caused a modest increase in proteasome 20s levels 

indicating the activation of Ubiquitin Proteasome System (UPS) during oxidative stress. However, 

addition of auranofin significantly reduced the levels of proteasome 20s when compared to SD 

alone indicating an inhibition of UPS system under TrxR deficient state which was prevented with 

the addition of NAC (Fig. 2.6C). Of note, we observed that our anti-proteasome 20s antibody 

detected a high molecular weight band (~80kDa) in 24hr-Au treated cells that may suggest a 

proteasome 20s dimer/oligomer formation or a defective proteasome processing under oxidative 

stress conditions. NAC treatment completely dissolved this high molecular weight band. The 

protective roles of NAC on cell viability has been related to increased glutathione and decrease 

ROS levels (You et al., 2015) in Au-toxicity.  Similarly, we observed a significant increase in cell 

viability (Fig. 2.6D and E) in Au-treated cells which was co-treated with NAC. These results 

further reiterate that loss of TrxR impairs the cellular redox balance and affects protein aggresome 

clearance, eventually leading to cell death.  
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Figure 2.6. N-Acetyl-L-Cysteine (NAC) prevents the proteolytic dysfunction after TrxR 

deficiency and promotes cell survival in starving SH-SY5Y cells. 
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Figure 2.6. N-Acetyl-L-Cysteine (NAC) prevents the proteolytic dysfunction after TrxR 

deficiency and promotes cell survival in starving SH-SY5Y cells (A) SH-SY5Y cells were 

subjected to 6 hr of SD with or without auranofin or in combination with NAC and the cell lysates 

were subjected to western blot analysis. Densitometric analysis of p62 normalized to β-actin is 

shown. Values are expressed as mean ± S.E.M., n=3; ****p<0.0001.  (B) Representative western 

blot and densitometric analysis showing poly-ubiquitinated proteins in cell extracts from SH-

SY5Y cells were subjected to serum free conditions alone or in combination with auranofin and/or 

NAC or both for 6 hr. Values are expressed as mean ± S.E.M., n=3; **p<0.01. (C) SH-SY5Y cells 

were incubated with indicated treatments for either 6 or 24 hr. Western blot and densitometric 

analysis for proteasome 20s subunits are shown. Values are expressed as mean ± S.E.M., n ≥ 3; 

*p<0.05.  (D) Cell viability was measured after 24 hr of respective treatments using Cell-counting 

kit-8 assay. Values are expressed as mean ± S.E.M., n ≥ 10; ****p<0.0001.  (E) Phase contrast 

micrographs of SH-SY5Y cells exposed to serum free media in the presence of absence of 

auranofin (Au, 0.5µM) for 6 and 24 hr is shown. Note the recovery effect with the addiction of 

NAC (2.5mM).   



83 
 

2.4.8 Gene knockdown of TrxR1 mimics Au-mediated effects after serum deprivation 

To confirm the involvement of TrxR in regulation of autophagy, we opted to generate a stable 

knock-down of cytosolic TrxR1 in SH-SY5Y cells. A commercially available lentiviral delivery 

of short hairpin RNA for TrxR1 was used in this study. The knockdown efficiency was assessed 

by western blotting (Fig. 2.7A), and measurement of TrxR enzymatic activity by insulin reduction 

assay (Holmgren, 1979a) (Fig. 2.7B). A 78% decrease in TrxR activity and TrxR1 protein (70% 

decrease) was observed in comparison with scramble (SCR) shRNA treated cells. TrxR1 

knockdown (TRKD) cells displayed a significant decrease in cell viability at 24 hr in our SD model 

(p<0.0001) (Fig. 2.7C), which was further exacerbated after inhibition of autophagy by 3-MA 

(5mM). This confirmed our findings that inhibition of autophagy aggravates cell death in the 

absence of TrxR1. Cell viability in TRKD cells was further decreased with increasing duration of 

SD at 48 and 72 hr (data not shown).  

TRKD cells demonstrated a pronounced activation of apoptosis as evidenced by 2.8 fold increase 

in cleaved caspase-3 levels and 1.65 fold increase in cleaved PARP levels in comparison to SCR 

cells; similarly at 24 hr, a 2.1 fold increase in cleaved caspase-3 and 1.8 fold increase in cleaved 

PARP was detected (Fig. 2.7D). This further supports our observations with pharmacological 

inhibition of TrxR using Au. Overall, TrxR1 deficiency in these experiments resulted in higher 

sensitivity to oxidative stress induced cell death evidenced by a significant increase in caspase-3 

cleaved fragments in TRKD cells when compared to SCR cells as early as 3 hr after induction of 

SD (Suppl. Fig. 2.4).  

To investigate the effect of downregulated TrxR1 levels in autophagy process, selected markers of 

autophagy were measured using western blotting. Despite a higher basal level of LC3-I in 

knockdown cells, we did not detect any significant difference in LC3-II levels. TRKD cells also 
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contained higher levels of p62 protein (1.6-fold) than their control counterparts, which is partially 

related to increased p62 gene expression (Fig 2.7D-G). When the cells were grown under serum 

free media (SD) for 6 hr, a significant increase in LC3-II/LC3-I ratio was observed in SCR 

(p<0.05) but not in TRKD cells, indicating a defective autophagy under TrxR1 deficiency, 

confirming our findings in Au-mediated TrxR inhibition.  However, we did not see any apparent 

difference in clearance of p62 protein between TRKD and SCR cells as confirmed by western 

blotting (6 and 24 hr) and immunostaining at 3 and 6 hr after SD (Fig. 2.7D-F).  

Under SD conditions in our study, cells were exposed to a serum-free DMEM medium which 

contains normal glucose levels but is devoid of essential growth factors and selenium. These 

experiments showed that SD in this medium is associated with induction of autophagy and 

apoptosis, we then asked whether minimizing/inhibition of protective autophagy will affect 

apoptosis. This will show if inhibition of TrxR1 will sufficiently induce apoptosis under minimal 

stress conditions. We therefore used a chemically defined medium consisting of DMEM 

supplemented with 1% ITS (Insulin-transferrin-selenium) that minimizes autophagy induction. In 

a sharp contrast to the SD model in DMEM media (Fig. 2.7D, Lanes 3 and 4), the ITS-treated SCR 

cells displayed no indication of intrinsic apoptosis at 6 hr in SCR (Fig 2.7D, Lane 5) and evidence 

of apoptosis progression was delayed to late time points (24 hr) (Fig 2.7D, Lane 11).  The TRKD 

cells were prominently more sensitive to SD treatment in ITS-media as evidenced by high levels 

of Caspase-3 and PARP-1 at 6 and 24 hr after induction of SD when compared to the SCR cells 

(Fig. 2.7D, Lane 6 and 12). These experiments showed that decreased levels of TrxR1 in TRKD 

cells interrupts autophagy induction and enhances their sensitivity to apoptosis.  

  



85 
 

Figure 2.7. Gene knockdown of Thioredoxin reductase 1 (TrxR1) enhances apoptosis and 

inhibits autophagy during nutritional stress in SH-SY5Y cells. 
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Figure 2.7. Gene knockdown of Thioredoxin reductase 1 (TrxR1) enhances apoptosis and 

inhibits autophagy during nutritional stress in SH-SY5Y cells. (A) Representative western blot 

showing TrxR1 protein expression in SH-SY5Y cells transfected with scramble or TrxR1 shRNA. 

(B) Thioredoxin reductase activity measured by insulin reduction assay. Values are expressed as 

mean ± S.E.M., n=8; ***p<0.001. (C) TrxR1 knockdown and scramble control cells were 

subjected to 24 hr of serum deprivation (SD) in the presence or absence of autophagy inhibitor, 3-

Methyladenine (3MA, 5mM) and the cell viability was measured using Cell counting kit-8. Values 

are expressed as mean ± S.E.M., n≥4; *p<0.05, ****p<0.0001. (D) TrxR1 knockdown interrupts 

autophagy and enhances apoptosis in serum deprived SH-SY5Y cells. Representative western blot 

showing apoptotic and autophagic markers in scramble and TrxR1 knockdown cells incubated 

with complete growth medium or serum free media or 1% ITS media for indicated durations. Note 

the increase in cleaved PARP and caspase 3 fragments at an early period of starvation (6 hr). 

Quantification of autophagic markers are shown as bar graphs (E). Values are expressed as mean 

± S.E.M., n=3; *p<0.05, **p<0.001. (F) Representative immunofluorescence images of scramble 

and TrxR1 knockdown cells subjected to 3 or 6 hr serum deprivation (SD) and stained for 

autophagic markers. Note the accumulation of p62 (green) proteins in TrxR1 knockdown cells in 

comparison to scramble cells. DAPI was used to stain the nuclei (blue).  (G) TrxR1 knockdown 

upregulates p62 mRNA levels in serum deprived SH-SY5Y cells. Total RNAs were prepared from 

Scramble or TrxR1 knockdown cells that were subjected to 6 hr of SD and p62 mRNA levels were 

quantified using qPCR.  Values are expressed as mean ± S.E.M., n=3; *p<0.05, ***p<0.001. 
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2.4.9 TrxR1 downregulation blocks autophagy flux 

Similar to the results obtained with Au-treatment, addition of BafA1 significantly increased the 

level of LC3-II/LC3-I ratio in both SCR and TRKD cells in normal and SD conditions in 

comparison to their untreated controls (p<0.0001). Autophagy flux was assessed using the LC3-

II/LC3-I ratio in the presence and absence of BafA1 (Rubinsztein et al., 2009). As expected, 

addition of BafA1 to SCR cells after SD led to a significant increase in LC3-II/LC3-I ratio in 

comparison to BafA1 treated FBS control, indicating a normal autophagy flux (p<0.0001). On the 

contrary, the increase in LC3-II/LC3-I ratio in TRKD cells subjected to SD + BafA1 was not 

significantly different from Baf A1 treated control. Additionally, p62 accumulation was 

significantly increased in TRKD cells upon inhibition of autophagosome maturation by BafA1 

during SD, confirming an impairment of autophagy flux and protein degradation in TrxR1 

deficient cells (Fig 2.8A and B). Accumulation of autophagosomes was observed using TEM 

micrographs at 6 and 24 hr after SD in TRKD, but not in SCR cells (Suppl. Fig. 2.5).  
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Figure 2.8. Downregulation of Thioredoxin reductase 1 (TrxR1) impairs autophagy flux. 

 

Figure 2.8. Downregulation of Thioredoxin reductase 1 (TrxR1) impairs autophagy flux. (A) 

Immunofluorescence of LC3 (green) in scramble and TrxR1 knockdown SH-SY5Y cells subjected 

to serum deprivation (SD) for 6 hr with or without Baf A1 10nM. (B) Representative western blot 

showing LC3 and p62 protein levels in lysates extracted from scramble and TrxR1 knockdown 

SH-SY5Y cells subjected to normal or serum free condition for 6 hr in the presence or absence of 

Baf A1 (10 nM). Quantification of LC3-II and p62 protein expressions are shown as bar graphs. 

Values are expressed as mean ± S.E.M., n=3; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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2.4.10 Aggravation of oxidative stress, protein ubiquitination and lysosomal deficiency after 

downregulation of TrxR1 in SH-SY5Y cells  

Enhanced basal level of oxidative stress in TRKD cells was evident by a significant increase in 

CellRox staining in comparison with the SCR cells (Fig. 2.9A). TRKD also displayed higher levels 

of protein ubiquitination at 6 and 24 hr after SD (Fig. 2.9B). These findings directly support our 

results with pharmacological inhibition of TrxR by Au.   

Trx1 reducing capacity is mainly dependent on the availability of TrxR (Mustacich and Powis, 

2000), although a recent report indicated that glutathione and glutaredoxin may be alternative 

reducing system for Trx (Du et al., 2012).  To examine whether inhibition/ downregulation of TrxR 

will affect Trx levels or its oxidative status, we used conventional and redox western blotting. A 

marked upregulation of Trx1 protein was observed in TRKD cells which was further increased 

with SD (Fig. 2.9C), indicating a compensatory Trx synthesis by these cells. This prompted us to 

use redox western blotting for analysing redox status of Trx1 in these cells. Iodoacetic 

acid/Iodoacetamide method was employed to separate the reduced and oxidized Trx1 using Urea 

PAGE (Bersani et al., 2002; Du et al., 2012). We found enhanced oxidation of Trx1 as evidenced 

by increased levels of semi-oxidized and fully oxidized Trx1 in TRKD cells. Minimal levels of 

Trx1 oxidation was observed in SCR cells only after SD (Fig. 2.9D). The effect of TrxR1 

downregulation on lysosomes was assessed by DQ-BSA lysosomal protein degradation assay. On 

subjecting to 6 hr of SD, SCR cells showed a significant increase in DQ-BSA degradation 

(p<0.0001), whereas TRKD cells did not show any change in comparison to FBS control; this 

suggests that TrxR1 deficiency decreases lysosomal proteolytic activity (Fig. 2.9E) as confirmed 

by our pharmacological inhibition of TrxR.  
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Figure 2.9. Downregulation of Thioredoxin reductase 1 (TrxR1) increase oxidative stress, 

accumulation of polyubiquitinated proteins and lysosomal dysfunction in serum starved 

(SD) SH-SY5Y cells.  
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Figure 2.9. Downregulation of Thioredoxin reductase 1 (TrxR1) increase oxidative stress, 

accumulation of polyubiquitinated proteins and lysosomal dysfunction in serum starved (SD) 

SH-SY5Y cells. (A) Scramble and TrxR1 knockdown cells were exposed to 6 hr of serum 

deprivation (SD) and stained with CellROX deep red reagent (red); DAPI was used to identify 

nuclei (blue).  Representative western blot showing increased polyubiquinated proteins (B) and 

thioredoxin 1 (C) levels in scramble and TrxR1 knockdown SH-SY5Y cells subjected to SD. (D) 

TrxR1 downregulation increases oxidized thioredoxin 1 levels. Scramble and TrxR1 knockdown 

cells were exposed to 6 and 24 hr of SD and then assessed for Trx redox status using Iodoacetic 

acid (IAA) and Iodoacetamide (IAM) method by Urea PAGE. Cells treated with Dithiothreitol 

(DTT, 5mM) or Hydrogen Peroxide (H2O2, 0.5mM) for 30 minutes were used as controls. (E) 

Scramble and TrxR1 knockdown cells were subjected to 6 hr of SD after DQ-BSA loading and the 

mean fluorescence intensity/cell was quantified. Values are expressed as mean ± S.E.M. n≥60 

cells. ****p<0.0001. 
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2.4.11 The impact of oxidative stress severity on autophagy-apoptosis interplay in nutritionally 

stressed SH-SY5Y cells 

Our cumulative results from pharmacological inhibition and genetic downregulation of TrxR, a 

major cellular antioxidant system, suggested that exacerbation of oxidative stress may play a key 

role in transition of autophagy to apoptosis. We therefore aimed to assess whether the severity of 

oxidative stress can affect the autophagy and apoptosis progression. For these experiments we 

exposed the SH-SY5Y cells to an increasing gradient (25-200µM) of tertiary butyl hydroperoxide 

(tBHP) in serum free media.  Addition of tBHP caused a significant increase in ROS generation in 

starving SH-SY5Y cells, which was significantly reduced by NAC treatment confirming the 

induction of oxidative stress (Fig. 2.10A). Cells were harvested at 6 hr and markers of autophagy 

and apoptosis were assessed by western blotting. A dose response increase in both LC3II and p62 

protein levels were detected in response to increasing concentrations of tBHP indicating 

accumulation of aggregated proteins and an interrupted autophagic process.  We also observed an 

enhanced expression of apoptotic markers including cleaved PARP-1, and cleaved caspase 3 (Fig. 

2.10B).  These results confirm our hypothesis that increased severity of oxidative stress interrupts 

autophagy and are in agreement with our findings in Au-treated and TRKD cells.   
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Figure 2.10. Increasing oxidative stress levels using tBHP affects autophagy-apoptosis 

conversion. 
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Figure 2.10. Increasing oxidative stress levels using tBHP affects autophagy-apoptosis 

conversion. A) SH-SY5Y cells were exposed to SD as well as SD+100M tBHP and were 

processed for detection of ROS levels using CellROX Deep Red at 6hr.  To confirm the protective 

effect of NAC under oxidative stress conditions, SD and tBHP treated cultures were co-incubated 

with 2.5mM NAC. Cultured were fixed and processed for ROS quantification as described in 

material and method section. Representative confocal micrographs shown here were taken using a 

63x objective lens. Values are expressed as mean ± S.E.M. n≥200 cells. ****p<0.0001. B) 

Expression of autophagic and apoptotic markers were assessed in cultures exposed to SD with 

without increasing concentrations of tBHP.  Quantification of LC3-II normalized to GAPDH, 

LC3-II/LC3-I ratio and p62 is depicted here. Values are expressed as mean ± S.E.M., n=5; 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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2.5 Discussion 

Oxidative stress is a well-known inducer of autophagy, but tight regulation of ROS is essential for 

its efficient progression. Aggravated oxidative stress enhances autophagy to clear damaged 

proteins; however, these increased stress levels also affect several regulatory proteins. A balanced 

cellular redox state is central for proper progression of autophagy and is maintained by fine tuning 

of oxidized and reduced forms of GSH and Trx. These thiols can donate protons to reduce the 

cysteine groups in oxidized proteins and modify their function.  Despite the advances in redox 

biology, so far ATG4 is the only proposed target for Trx system whose activity is regulated by Trx 

system.  Other potential redox sensitive proteins in the process of autophagy are proposed to 

contain cysteine groups in their key molecular domains, however these remain to be identified. In 

this study we aimed to identify the role of Trx system in regulation of autophagy progression. We 

used serum deprivation, a widely used model of in vitro oxidative stress (Pandey et al., 2003; 

Pirkmajer and Chibalin, 2011).  Upon SD, cells undergo autophagy which is later replaced by 

apoptosis.  This model provides an excellent model to study the underlying molecular systems 

involved in autophagy-apoptosis interplay. We observed that SD induces ROS levels during the 

early hours leading to autophagy that was replaced with aopotosis. To investigate the role of Trx 

system in this process, we used Au-treatment for acute inhibition of TrxR or used shRNA for its 

stable downregulation. These approaches enhanced oxidative stress as shown by elevated level of 

ROS and Trx oxidation and blocked autophagy flux that was accompanied by lysosomal 

dysfunction. Although glutathione and glutaredoxin systems can potentially contribute to Trx1 

reduction to compensate for TrxR deficiency in these experiments as suggested previously (Du et 

al., 2012), our results imply that such system was not effective in these conditions. 
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2.5.1 Severity of oxidative stress determines cellular autophagic response 

In this study, we showed that serum deprivation increases autophagy and lysosomal activity, 

however further elevation of oxidative stress led to diminished autophagic process in TrxR 

deficient state, as well as in response to increasing concentration of peroxides. This was supported 

by significant decrease in autophagy and proteasome marker levels and impaired clearance of 

damaged proteins. 

Our results clearly show the impact of oxidative stress severity in regulation of autophagy and 

apoptosis.  Our findings are in agreement with a recent report (Shao et al., 2015) that showed 

inhibition of TrxR using b5, a curcumin-derived compound resulted in apoptotic cell death that 

was attenuated by NAC treatment. They suggest that TrxR inhibition in a normal growth medium, 

induces oxidative stress that results in induction of autophagy at 48hr. This is in agreement with 

our findings that spontaneous inactivation of TrxR at 24 and 48hr, as observed under SD-mediated 

oxidative stress, is associated with a late induction of autophagy in this model as shown by a 

significant increase of Atg-7 and ATG5-12 conjugate at 48 hr (Fig. 2.1). We further proved that 

pharmacologic inhibition or genetic downregulation of TrxR in existing oxidative stress conditions 

(SD) exacerbated oxidative stress and cell death that was due to inhibition of autophagy.  This 

indicates that severity of oxidative stress is a determining factor in autophagy progress; while low 

oxidative stress is required for promotion of normal autophagy, excessive oxidative stress inhibits 

the early protective autophagy. 

2.5.2 Delineating the role of thiol antioxidants in autophagy-lysosome system 

Considering the complex network of antioxidant systems and their overlapping and often 

compensatory behavior for maintaining the redox homeostasis of the cell, we recognize that the 

current experimental setting may not be able to exactly delineate the underlying role of antioxidant 
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systems in autophagy-lysosomal processes. GSH, as the most abundant cellular thiol molecule, 

has recently been shown to play a modulatory role in autophagy. Desideri et al. elegantly showed 

that a decreased GSH level after starvation is mediated by GSH oxidation and efflux through 

ABCC1 (ATP-binding cassette, subfamily C1) (Desideri et al., 2012). This ensures that an 

oxidized environment for autophagy progress is maintained. Our study further supports their 

findings as SD resulted in production of ROS which induced autophagy and a counter induction 

of TrxR as a redox defence mechanism.  However, inactivation of TrxR under prolonged state of 

SD resulted in excessive oxidative stress which interrupted autophagy. Similarly, excessive 

aggravation of oxidative stress was shown to be detrimental for autophagy; as pharmacologic 

inhibition and downregulation of TrxR promoted apoptosis. We further showed that improving the 

reducing capacity of the cell using NAC treatment improved cell viability and reduced protein 

aggregation. Despite common findings, other fundamental differences exists between the two 

studies: Hela and HepG2 cells used in Desideri et al. study express high levels of ABCC1 which 

is essential for GSH efflux  (Uhlen et al., 2015), but SH-SY5Y cells are amongst the cells with the 

lowest ABCC1 levels(Uhlen et al., 2015), and therefore maintaining an autophagy inducing redox 

balance in these cells may be regulated differently than Hela and HepG2 cells. Overall, although 

our study and the report by Desideri et al have looked at different thiol systems, both studies 

indicate the importance of a balanced redox state for autophagy progression.  

In this study, we have identified lysosome deficiency as an outcome of aggravated oxidative stress 

and a cause of cell death after TrxR deficiency, however, it must be noted that perturbation of 

cellular redox balance will have a global effect on cellular signaling systems and organelles such 

as endoplasmic reticulum, Golgi and mitochondria. While these organelles are equipped with their 

own antioxidant regulating systems, a change in redox balance in one cellular compartment can 
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affect the health of others. In fact the protective effect of Trx system in prevention of endoplasmic 

reticulum stress has been previously shown in diabetes(Oslowski et al., 2012). In this disease a 

natural inhibitor of Trx system, thioredoxin inhibiting protein (Txnip), is upregulated which can 

directly bind to the cytoplasmic Trx as well as its mitochondrial counterpart.  Therefore, Txnip 

interaction with Trx impedes its redox regulatory role in mitochondria and cytoplasm.  Similarly, 

a previous record (Bai et al., 2007) showed that cytoplasmic Trx can have protective effect for 

both mitochondrial and endoplasmic reticulum compartment in a model of Parkinson disease(Bai 

et al., 2007). Our study showed that Trx1 is oxidized after TrxR deficiency which can in turn affect 

the other cellular components. The effect of TrxR inhibition on mitochondria and endoplasmic 

reticulum in our model remains to be examined. 

2.5.3 Application of our findings to human diseases 

The concept of autophagy to apoptosis conversion is an underlying mechanism in many diseases 

and conditions.  In vitro models of oxygen and glucose deprivation, growth factor withdrawal and 

nutritional deprivation converge on induction of oxidative stress which leads to initiation of 

autophagy.  Prolonged stressful condition or exacerbation of oxidative stress can interrupt 

autophagy and promote cell death often in an apoptotic fashion. Therefore, our findings that 

inhibition of TrxR under stress condition results in lysosomal deficits, accumulation of damaged 

proteins in autophagosomes and cell death can be applicable to many diseases including, stroke, 

spinal cord injury, neurodegenerative diseases and diabetes.  Interestingly, down regulation of Trx 

and TrxR protein has been shown in human post-mortem Parkinson disease brains (Arodin et al., 

2014) and in substantia nigra of a mouse model of this disease (Liu et al., 2013). This indicates the 

potential implication of our findings for neurodegenerative diseases. 
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The involvement of oxidative stress in conditions such as neurodegenerative diseases has inspired 

the use of antioxidants as a therapeutic approach during the last few decades, yet these approaches 

have generally failed in clinical trials.  Our findings suggest that improving lysosomal-mediated 

autophagy can be an alternative therapeutic practice. Enhancement of autophagy using 

pharmacological reagents such as Rapamycin has been shown to improve functional recovery in 

models of neurotrauma (Sekiguchi et al., 2012; Zhou et al., 2015).   

In summary, our study identifies a novel redox based mechanism in the regulation of autophagy; 

as most of the earlier reports emphasize the involvement of antioxidants on the induction of 

autophagy, our study shows that defects in oxidative stress-mediated lysosomal autophagy can 

also affect autophagosome-autolysosome maturation by redox dependent processes. Future 

experiments will focus on the role of redox balance on lysosome-autophagosome interactions and 

may provide additional information on redox sensitive processes in autophagy-apoptosis interplay. 

This can have potential therapeutic application in the field of neurodegenerative diseases. 
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2.6 Supplementary Materials 

2.6.1 Supplementary Figures 

Supplemental Figure 2.1. Inhibition of thioredoxin reductase causes increased oxidative 

stress and accumulation of poly-ubiquitinated proteins.  

 

 

Supplemental Figure 2.1. Inhibition of thioredoxin reductase causes increased oxidative 

stress and accumulation of poly-ubiquitinated proteins. (A) Representative 

immunofluorescence images showing increased reactive oxygen species levels (CellROX, red) in 

SH-SY5Y cells treated with auranofin (Au, 0.5µM) during 6 hr of SD. Nuclei were stained with 

DAPI (blue). Quantification of ROS fluorescence intensity is shown as bar graph. Values are 

expressed as mean ± S.E.M., n≥100 cells; ****p<0.0001.  (B) Representative western blot 

showing polyubiquinated proteins in lysates extracted from SH-SY5Y cells subjected to 6 hr SD 

with or without auranofin. 

  

A B
Control                          SD                        SD + Au
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Supplemental Figure 2.2. Inhibition of Thioredoxin Reductase impairs autophagy flux in 

serum deprived (SD) SH-Y5Y cells. 

 

Supplemental Figure 2.2. Inhibition of Thioredoxin Reductase impairs autophagy flux in 

serum deprived (SD) SH-Y5Y cells. SH-SY5Y cells were serum deprived for 6 hr in the presence 

or absence of Au (0.5µM) or Baf A1 (10 nM) or both. Quantification of LC3-II normalized to actin 

and LC3-II/LC3-I ratio is shown here. Values are expressed as mean ± S.E.M., n=5; *p<0.05, 

**p<0.01.  
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Supplemental Figure 2.3. Electron micrographs depicting SH-SY5Y neuronal cells in SD 

and after inhibition of TrxR by Auranofin. 
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Supplemental Figure 2.3. Electron micrographs depicting SH-SY5Y neuronal cells in SD and 

after inhibition of TrxR by Auranofin. SH-SY5Y were treated as described (Control, SD, 

SD+Au) and cells were harvested for TEM. (A) Low magnification (4600x) of neuronal cells at 6 

hr after SD, and (B) after SD+Au (6 hr). Evidence of early cell death is shown (*) as early as 6 hr 

after Au treatment. (A”) and (B”) are higher magnification (19000x) of selected areas in A and B.  

Accumulation of autophagosomes (AP) is observed at this early time point after inhibition of TrxR. 

(C) Cells deprived of serum (SD) for 24 hr display evidence of autophagy progress as shown by 

formation of Autophagosomes (AP), autolysosomes (AL) and primary lysosomes (LY). (D) 

Enlarged autophagosomes, and scarcity of lysosomes are observed at 24 hr after Au-treatment. 

Higher magnification (19000x) of autolysosome and autophagosome is shown in C” and D”. Scale 

bar is shown in C and D (500nm) for comparative purposes. 
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Supplemental Figure 2.4. Genetic knockdown of Thioredoxin Reductase 1 sensitizes SH-

SY5Y cells to serum deprived (SD) induced apoptosis.  

 

Supplemental Figure 2.4. Genetic knockdown of Thioredoxin Reductase 1 sensitizes SH-

SY5Y cells to serum deprived (SD) induced apoptosis.  SH-SY5Y cells transfected with 

scramble or TrxR1 shRNA were exposed to serum deprivation for 3 hr and the cell lysates were 

subjected to western blot analysis. Representative blot showing cleaved caspase-3 and the 

corresponding quantification are shown here. Values are expressed as mean ± S.E.M., n=2; 

**p<0.01.  
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Supplemental Figure 2.5. Electron micrographs depicting control (SCR-shRNA) and TRKD 

SH-SY5Y neuronal cells under SD conditions. 
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Supplemental Figure 2.5. Electron micrographs depicting control (SCR-shRNA) and TRKD 

SH-SY5Y neuronal cells under SD conditions. (A) Control SCR-cells in normal growth 

medium, (B) in SD (6 hr), and (C) after 24 hr. Insets depict enlarged area of cells undergoing 

autophagy. (B”) Autophagophore formation is indicated by (*) and lysosomes and 

autophagosomes are seen throughout this cell. (C”) SCR-cells at 24 hr after SD, many normal 

autolysosomes are seen indicating increased autophagy in these cells. (D) TRKD cells in normal 

growth medium (in comparison to SCR-cells) displayed increased levels of autophagy evidenced 

by the presence of autophagosomes and autolysosomes. (E) and (F), TRKD cells at 6 and 24 hr 

after SD. Insets (E” and F”) show accumulation of autophagosomes. (Scale bar=2m). 
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Chapter 3 

 

Differential redox sensitivity of cathepsin B and L holds the key to 

autophagy-apoptosis interplay after Thioredoxin reductase 

inhibition in nutritionally stressed SH-SY5Y cells 

Contents of this chapter has been included in the following published article:  

 

Pandian Nagakannan and Eftekhar Eftekharpour. Differential redox sensitivity of cathepsin B 

and L holds the key to autophagy-apoptosis interplay after Thioredoxin reductase inhibition in 

nutritionally stressed SH-SY5Y cells. Free Radical Biology and Medicine 2017;108:819-831.  

 

Author Contributions: My contributions in this work includes conceptualization, experimental 

design, collection and interpretation of data. I prepared the manuscript under the guidance of my 

supervisor. 
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3.1 Abstract: 

Reactive oxygen species (ROS) are essential for induction of protective autophagy, however 

unexpected rise in cellular ROS levels overpowers the cellular defense and therefore promotes the 

programmed apoptotic cell death. We recently reported that inhibition of thioredoxin reductase 

(TrxR) in starving SH-SY5Y cells interrupted autophagy flux by induction of lysosomal deficiency 

and promoted apoptosis. (Free Radic Biol Med. 2016: 101:53-70). Here, we aimed to elucidate the 

underlying mechanisms during autophagy-apoptosis interplay and focused on regulation of 

cathepsin B (CTSB) and L (CTSL), the pro-apoptotic and pro-autophagy cathepsins respectively.   

Inhibition of TrxR by Auranofin, caused lysosomal membrane permeabilization (LMP) that was 

associated with a significant upregulation of CTSB activity, despite no significant changes in 

CTSB protein level. Conversely, a significant rise in CTSL protein levels was observed without 

any apparent change in CTSL activity. Using thiol-trapping techniques to examine the differential 

sensitivity of cathepsins to oxidative stress, we discovered that Auranofin-mediated oxidative 

stress interferes with CTSL processing and thereby interrupts its pro-autophagy function. No 

evidence of CTSB susceptibility to oxidative stress was observed. Our data suggest that cellular 

fate in these conditions is mediated by two concurrent systems: while oxidative stress prevents the 

protective autophagy by inhibition of CTSL processing, concomitantly, apoptosis is induced by 

increasing lysosomal membrane permeability and leakage of CTSB into cytoplasm. Inhibition of 

CTSB in these conditions inhibited apoptosis and increased cell viability. To our knowledge this 

is the first report uncovering the impact of redox environment on autophagy-apoptosis interplay in 

neuronal cells.   

  

https://www.ncbi.nlm.nih.gov/pubmed/27693380
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3.2 Introduction: 

Redox signaling is mediated by interaction of reactive oxygen species (ROS) with cellular 

signaling machinery resulting in transient oxidation of these molecules and initiation of 

appropriate cellular signaling pathways. These temporarily oxidized proteins must be quickly 

reduced by cellular antioxidant thiols such as glutathione and thioredoxin to ensure their 

availability for further participation in cellular vital activities. Depletion of reducing equivalents 

will result in disruption of an ever-expanding list of cellular processes that may lead to cell death 

(Navarro-Yepes et al., 2014).  Protective lysosomal-mediated autophagy is a major cellular process 

in normal and pathologic conditions. This process is essential for the turnover of long lived or 

damaged cellular proteins and organelles and ensures recycling of cellular macromolecules(Feng 

et al., 2014). The importance of ROS for normal autophagy has been shown previously as 

administration of antioxidant molecules perturbs this process (Underwood et al., 2010). An 

extensive review of the redox sensitivity of autophagy in neuronal cells has been recently 

published(Hensley and Harris-White, 2015). We also showed that perturbation of redox state of 

the cells affects autophagy rate and promotes apoptosis (Nagakannan et al., 2016), however the 

molecular mechanisms regulating the conversion of autophagy to apoptosis remains elusive. 

Understanding these mechanisms expands our knowledge in redox regulating systems and may 

lead to identification of novel therapeutic approaches for many diseases that are associated with 

altered lysosomal activity including neurodegenerative diseases. 

The essential role of lysosomes in successful execution of autophagy is well documented.  These 

organelles pack a variety of different hydrolytic enzymes including proteases, glycosidases and 

lipases (Turk et al., 2012). Disruption of lysosomal membrane integrity and spillage of these 

enzymes into cytoplasm will result in cell death; a process, known as lysosomal membrane 
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permeabilization (LMP) (Serrano-Puebla and Boya, 2016). The extent of LMP determines the cell 

death mode, as partial LMP in mild oxidative stress has been linked to activation of apoptosis 

while unregulated/severe LMP initiates necrotic cell death(Hampton and Orrenius, 1997). 

Cathepsins are a major group of lysosomal proteases that are synthesized as zymogens or pre-

procathepsins, containing an N-terminal signal that is removed as zymogen enters the endoplasmic 

reticulum and forms the procathepsin isoform. Procathepsin is further processed in the 

endoplasmic reticulum lumen and is transferred into the lysosomes/endosomes. The acidic 

environment of lysosomes activate the mature cathepsin by removing the propeptide sequence 

(Turk et al., 2012). Cathepsins have a general papain-related structure and are involved in a variety 

of cellular functions including intracellular signaling pathways that modulate many cellular 

functions from proliferation to differentiation and cell death.  Eleven different types of cathepsins 

have been identified that are responsible for protein degradation.  Their abundance in number may 

suggest their functional redundancy, however these enzymes show restricted tissue localization or 

specialized function (Turk et al., 2001). The impact of cathepsins in the outcome of LMP has been 

shown by the moderate cell protective effect of cathepsin inhibitors under stressful conditions 

(Oberle et al., 2010). These inhibitors have made it possible to identify specific roles for members 

of cathepsin family as executioners of cell death. Amongst these enzymes, cathepsin B (CTSB) is 

mainly recognized as a pro-apoptotic enzyme and its involvement in activation of apoptosis 

through activation of Bid (de Castro et al., 2016)or trypsin (Sendler et al., 2016) has been 

described. Additionally CTSB has been shown to negatively regulate lysosomal function as its 

absence increases autophagy and lysosomal activity (Man and Kanneganti, 2016).  Cathepsin L 

(CTSL) is known for its role in promotion of autophagy (Kaasik et al., 2005; Pucer et al., 2010; 

Sun et al., 2013; Wei et al., 2013). These enzymes play vital function in normal cell physiology, 
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and inhibition of these enzymes in intact cells causes lysosomal dysfunction and apoptotic cell 

death (Jung et al., 2015). 

 A recent report from our laboratory showed that oxidative stress after inhibition of thioredoxin 

reductase (TrxR) is responsible for autophagy-apoptosis conversion in a model of serum 

deprivation (SD)  in SH-SY5Y cells (Nagakannan et al., 2016). We further showed that 

enhancement of cellular reducing capacity using N-acetylcysteine prevented autophagy disruption 

and improved cell viability.  In this study, we aimed to further investigate the response of 

lysosomal cathepsins to oxidative stress.  We hypothesized that interruption of autophagy and 

promotion of apoptosis may be mediated through differential regulation of CTSL and CTSB. 

Although activation of different cathepsins has been linked to autophagy and apoptosis in different 

models, the potential impact of oxidative stress in cathepsin processing and its contribution to this 

cross talk has not been previously shown.    
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3.3 Materials and Methods 

3.3.1 Reagents 

Auranofin was purchased from Tocris Bioscience, UK; Pepstatin A was from Cayman chemical, 

USA; N-Acetyl-L-cysteine (NAC), CA-074 methyl ester (CA-074-me) and Acridine orange were 

obtained from Sigma Aldrich, USA; Cathepsin L Inhibitor II (Z-FY-CHO) was from Calbiochem, 

USA; N-ethylmaleimide (NEM), 4-Acetamido-4'-Maleimidylstilbene-2,2'-Disulfonic Acid 

(AMS) and Halt Protease and phosphatase inhibitor cocktail were from Thermo Scientific, USA; 

human Cystatin C was purchased from Cedarlane, Canada. Cell Counting Kit-8 (CCK-8) was from 

Dojindo Molecular Technologies, Japan. Cathepsin B activity assay kit (ab65300) and cathepsin 

L activity assay kit (ab65306) were purchased from abcam, USA. 

3.3.2 Cell culture, treatments and cell viability assay 

Human neuroblastoma cell line SH-SY5Y was kindly provided by Dr. Jun-Feng Wang, University 

of Manitoba. The cells were cultured at 37°C and 5% CO2 in a humidified incubator in DMEM 

(Dulbecco’s modified Eagle’s medium) containing 4.5 g/L glucose supplemented with 4mM 

glutamine, 1mM Sodium Pyruvate and 10% heat inactivated Fetal Bovine Serum.   

On reaching 70-80% confluency, the cells were washed and incubated with SD (serum 

deprivation) medium for the specified time durations. To inhibit TrxR, Auranofin (Au) at a 

concentration of 0.5 µM was added to cultures based on our previous report (Nagakannan et al., 

2016). This concentration induced ~70% cell death after 24 hr. In experiments where specific 

cathepsins were inhibited, the cells were pretreated overnight with following inhibitors: CA-074-

me (15 µM), Z-FY-CHO (10 µM) or pepstatin A (50 µM) and then were treated with Au.  Cystatin 

C (1.25 µM) was co-treated with Au.  NAC was prepared as 0.5 M stock in DMEM and was added 

during Au addition at a final concentration of 2.5 mM to prevent ROS generation. We previously 
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showed the efficacy of this dose of NAC on ROS levels and efficient cell protection in this model 

(Nagakannan et al., 2016). 

To determine cell viability, Cell Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies, 

Japan) reagent was added in the culture medium (10% final concentration) at the end of treatment 

period. After incubation at 37°C for 4 hr, absorbance was measured at 450 nm using Synergy H1 

Hybrid Reader (BioTeK Instruments, USA). Absorbance at 650 nm was used for background 

correction and the percentage of cell viability relative to control is presented.  

3.3.3 Acridine orange staining 

After appropriate treatments, cells were incubated with medium containing 2µg/ml Acridine 

orange for 15 min at 37°C (Kondratskyi et al., 2014). After the incubation period, the cells were 

washed twice with PBS and the cells were imaged under LSM710 Zeiss confocal microscope 

(Zeiss, Germany).  The green fluorescence intensity was analyzed by Image J software (NIH, 

version 1.49v). An imaging protocol was optimized for the control samples and then applied for 

all the samples to ensure consistency in imaging parameters for all the samples. 

3.3.4 Subcellular fractionation 

Cells were collected by scrapping and centrifuged at 2000g to pellet the cells and washed twice 

with PBS. The following protocol was used as shown previously (Huang et al., 2012). The cells 

were lysed in subcellular fractionation buffer (250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 

mM MgCl2, 1 mM EDTA, 1 mM EGTA, pH 7.4) containing protease and phosphatase inhibitors 

by passing through a 25 G needle 10-15 times using a 1 ml syringe and incubated on ice for 20 

min. Nuclei were pelleted by centrifugation at 1000 x g for 10 min at 4°C and the pellet was re-

suspended in RIPA lysis buffer (50mM Tris HCl pH 8, 150 mM NaCl, 1 mM EGTA, 1% NP-40, 

0.1% SDS, 0.5% sodium deoxycholate,5% glycerol and protease and phosphatase inhibitors) and 
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used as nuclear fraction. Supernatant was centrifuged at 10,000g for 10 min to pellet out 

mitochondria and the supernatant was transferred to fresh tubes. The supernatant was further spun 

at 21,000g for 2 hr and the supernatant was collected and labeled as cytosolic fraction. The 

resultant pellet was re-suspended in RIPA lysis buffer and designated as lysosomal enriched 

fraction.  

3.3.5 Western blot analysis 

Western blotting was performed using our laboratory routine procedure (Nagakannan et al., 2016). 

Briefly, following treatments, cells were collected by scrapping in their culture medium and 

washed once with ice cold PBS. The cell pellets were lysed in NP-40 lysis buffer (50mM Tris HCl 

pH 8, 150 mM NaCl, 5mM EDTA, 1% NP-40) containing protease and phosphatase inhibitors by 

sonication (3 x 5 sec) on ice. Cell extracts were collected by centrifugation at 10,000g for 15 min 

at 4°C and the protein concentration was determined using Pierce BCA Protein Assay Kit.   

Equal amount of proteins was resolved on SDS-PAGE and transferred to PVDF membrane. After 

blocking with 5% non-fat milk, the membranes were probed with the following primary antibodies 

against: LC3 (1:2500, #L7543) from Sigma; cleaved caspase-3 (1:000, #9664), PARP-1 (1:1000, 

#9542), cathepsin B (1:1000, #31718), Nrf2 (1:1000, #12721) and ubiquitin (1:1000, #3936) from 

Cell signaling Technologies, USA; SQSTM1 (p62, 1:1000, #sc-28359), Prx2 (1:1000, #sc-

515428), Lamin B1 (1:1000, #sc-377000) and cytochrome C (1:1000, #sc-13156) from Santa Cruz 

Biotechnologies, USA; cathepsin L (0.25µg/ml, AF952) and cystatin C (1µg/ml, #AF1196) from 

R & D systems, USA; LAMP-1 (0.5µg/ml, #H4A3) and LAMP2 (0.5 µg/ml, H4B4) from 

Developmental Studies Hybridoma Bank, University of Iowa, USA. After overnight incubation 

with primary antibodies, the membranes were then probed with appropriate HRP-conjugated 

secondary antibodies followed by detection using Clarity™ and Clarity Max™ Western ECL 
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Blotting Substrates (Bio-Rad Laboratories, USA). The membranes were striped using 0.2N NaOH 

for 15 min at room temperature and probed with GAPDH-HRP (1:5000, #ab185059, abcam, USA) 

or β-Actin-HRP (1:5000, #sc-47778, Santa Cruz Biotechnologies, USA) antibodies to confirm 

equal protein loading. Band densities of target proteins were measured using AlphaEaseFC 

(version 6.0.0, Alpha Innotech) and were normalized to GAPDH or β-Actin. The values are 

expressed as mean ± S.E.M of fold change. 

3.3.6 Determination of oxidative modification of cathepsins 

This method was used as has been described previously (Schwertassek et al., 2014). After 

appropriate treatments, cells were washed once with ice cold PBS containing 10 mM NEM (N-

ethylmaleimide) to block free thiols and scrapped in 10% TCA and incubated on ice for 10 min. 

Proteins precipitates were pelleted by centrifugation at 16,000g for 15 min and the pellet was 

washed with 100% ice cold acetone. The dried pellet was dissolved in lysis buffer (50 mM Tris, 

pH 6.8, 1% SDS) containing 40 mM NEM by sonication and incubated at room temperature for 

10 min. Equal amount of proteins were subjected to non-reducing SDS-PAGE and transferred to 

PVDF membrane followed by detection of bands using cathepsin L antibody (R & D systems, 

USA). 

Additionally, AMS thiol trapping method was employed to confirm the results (Jakob et al., 1999). 

Cells were washed with ice cold PBS and incubated with ice cold 10% trichloroacetic acid (TCA) 

at 4°C for 20 min to denature the proteins. Protein precipitates were collected by scrapping and 

centrifuged at 16,000g for 2 min followed by washing with 100% Acetone. The protein pellet was 

solubilized by sonication in derivatization buffer (100mM Tris-HCl, pH 8.0, 1% SDS) containing 

15mM AMS (4-acetamide-40-maleimidylstilbene-2,20-disulphonic acid). After incubation at 

room temperature for 1 hr, samples were mixed with non-reducing loading buffer and subjected to 
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non-reducing SDS-PAGE and western blotting using antibody against cathepsin L (1:500, #sc-

6498) or cathepsin B (1:500, #sc-13985, Santa Cruz Biotechnologies, USA). 

3.3.7 Immunocytochemistry 

Cells were cultured on glass coverslips and treated appropriately. Subsequently, the cells were 

washed with PBS, paraformaldehyde fixed, permeabilized with 0.3% Triton-X-100 and incubated 

with primary antibody overnight at 4°C or for 4 hr at room temperature. Following PBS washes, 

the coverslips were incubated with Alexa flour conjugated secondary antibodies (Molecular 

Probes, USA) for 1 hr at room temperature. Finally, the coverslips were washed with PBS, 

counterstained for nuclear marker (DAPI) and mounted on to glass slides. The cells were imaged 

using confocal microscope.  

3.3.8 Biochemical assessments 

Enzymatic activities of cathepsin B and L were measured by fluorometric method using 

commercially available kits (abcam) according to the manufacturer's instructions. To measure the 

reduced glutathione levels at the specified time points, cells were incubated with 50 µM 

monochlorobimane (MCB) in the dark for 30 min at 37°C. Then the cells were scraped, washed 

once with PBS and lysed in NP-40 lysis buffer (50mM Tris HCl pH 8, 150 mM NaCl, 5mM EDTA, 

1% NP-40). The cell lysates obtained after centrifuging at 12,500g for 15 min at 4°C were 

transferred to a black walled 96-well plate (Baxter et al., 2015). The GSH-MCB fluorescence was 

measured with excitation and emission wavelengths of 380 and 480nm, respectively, using 

Synergy H1 Hybrid Reader (BioTeK Instruments, USA) and were normalized to protein content, 

which was measured using Pierce BCA protein assay kit. 
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3.3.9 Quantitative Real Time PCR (RT-qPCR) analysis 

Quantitative real time PCR was performed as described previously (Nagakannan et al., 2016). 

Purelink RNA mini kit and Superscript Master Mix were from Invitrogen, SYBR green was from 

Molecular Probes. List of primer sequences used in this study is provided in Table 3.1. 

Table 3.1: List of primer sequences used in this study 

CTSB-F 5’- CTC TATG AAT CCC ATG TAG GGT GC-3’ 

(Pucer et al., 2010) 

CTSB-R 5’-CCT GTT TGT AGGTCG GGC TG-3’ 

CTSL-F 5’-TCA GGA ATA CAG GGA AGG GAA A-3’ 

(Pucer et al., 2010) 

CTSL-R 5’-TCC TGGGCT TAC GGT TTT GA-3’ 

Nrf2-F 5′-GAGAGCCCAGTCTTCATTGC-3′, 

(Reichard et al., 2007) 

Nrf2-R 5′-TGCTCAATGTCCTGTTGCAT-3′ 

p62-F 5’-AAGC CGGGTGGGAATGTTG-3’; 

(Nagakannan et al., 2016) 

P62-R 5’-GCTTGGCCCTTCGGATTCT-3’ 

GAPDH 5’-CTGACTTCAACAGCGACACC-3’ 

(Nagakannan et al., 2016) 

GAPDH 5’-TGCTGTAGCCAAAT-TCGTTGT-3’ 

 

3.3.10 Statistical analysis 

Data are represented as mean ± S.E.M. Statistical differences between the groups were evaluated 

by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test (version 6.07, 

GraphPad Prism, La Jolla, California, USA). p values < 0.05 were considered as significant.  
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3.4 Results: 

3.4.1 Lysosomal deficiency after TrxR inhibition is associated with lysosomal membrane 

permeabilization in serum deprived SH-SY5Y cells 

Recently we reported that oxidative stress after inhibition of TrxR by Au during SD in SH-SY5Y 

cells caused autophagy dysfunction accompanied by lysosomal deficiency, which led to 

impairment in protein degradation and cell death. To examine the underlying mechanism/s 

involved in lysosomal dysfunction, we first tested whether lysosomal deficiency was associated 

with any changes in lysosomal-associated membrane proteins: LAMP-1 and LAMP-2. Our results 

indicated that LAMP-1 was not affected significantly between controls and treatments, however 

administration of Au significantly increased the LAMP-2 protein (p<0.05) after 24 hr SD (1.64-

fold) (Fig. 3.1A). This indicates that inhibition of TrxR during energy shortage in SD leads to 

enlargement of lysosomes. This is in agreement with our recent immunocytochemical 

demonstration of larger lysosomes in Au-treated cells (Nagakannan et al., 2016). An earlier report 

(Ono et al., 2003) suggests that enlarged lysosomes are more susceptible to LMP, which results in 

releasing their contents into cytosol thereby leading to cell death. To investigate whether lysosomal 

deficiency after TrxR inhibition in our model was associated with LMP induction, we used acridine 

orange staining (Erdal et al., 2005) that detects the acidic lysosomes and endosomes. Acridine 

orange emits red fluorescence in acidic pH, but in neutral and slightly basic pH such as those found 

in cytosol, it is green (Erdal et al., 2005).  Any damage to lysosomal integrity will cause the release 

of acridine orange into the cytosol which can be detected by an increase in green fluorescence and 

indication of LMP (Turk et al., 2012). In Fig. 3.1B, acidic lysosomes in control cells are shown in 

red. A prominent increase in number and lysosomal size is observed after SD, indicating a normal 

enhanced autophagy.  However, the acidophilic lysosomes were visibly decreased in Au-treated 



119 
 

cells confirming the lysosomal deficiency as we reported previously. Additionally, Au-treated cells 

showed a robust increase in green fluorescence staining suggestive of LMP induction after TrxR 

inhibition. To further confirm loss of lysosomal integrity and LMP induction after TrxR inhibition, 

we used cathepsin B (CTSB) immunostaining. No evidence of lysosomal destabilization was found 

after 6 hr of SD, whereas addition of Au caused a general increase in CTSB protein and CTSB 

leakage into the cytoplasm around the lysosomes (marked by LAMP2 staining) (Fig. 3.1C). 
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Figure 3.1. Inhibition of TrxR by auranofin causes lysosomal membrane permeabilization 

(LMP) in SH-SY5Y cells during serum deprivation (SD).  
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Figure 3.1. Inhibition of TrxR by auranofin causes lysosomal membrane permeabilization 

(LMP) in SH-SY5Y cells during serum deprivation (SD). (A) Representative western blots 

showing LAMP1 and LAMP2 levels in lysates extracted from SH-SY5Y cells subjected to 

different durations of SD in the presence or absence of auranofin. Densitometric analysis of 

proteins normalized to β-actin is shown. Values represent mean ± S.E.M., n=4; *p<0.05. (B) SH-

SY5Y cells were subjected to 6 hr of SD in the presence or absence of auranofin, stained with 2 

µg/ml acridine orange for 15 min and imaged under confocal microscope. (C) SH-SY5Y cells 

were treated with complete FBS medium (control) or serum free medium (SD) for 6 hr or in the 

presence of auranofin (SD+Au), fixed with paraformaldehyde and stained for lysosomes (LAMP2, 

green) and cathepsin B (red). DAPI was used to mark the nuclei (blue). Higher magnification 

images of the inserts are shown in the lower panel. Arrows indicate cathepsin B signal. Note the 

diffused cathepsin B signal (outside the lysosomes) only in auranofin treated SH-SY5Y cells 

subjected to SD. 
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3.4.2 Auranofin causes differential regulation of Cathepsin B and L protein and activity in 

nutritionally stressed SH-SY5Y cells  

To determine the effect of TrxR inhibition on lysosomal proteases, we examined the changes in 

protein and enzymatic activity of CTSB, and CTSL; the pro-apoptotic and pro-autophagy enzymes 

(Schwertassek et al., 2014; de Castro et al., 2016; Li et al., 2016a), respectively. Western blotting 

was used to detect the active form of CTSB (24 and 27kDa) in this study.  Our results showed that 

the level of CTSB protein was not significantly upregulated after SD or Au treatment (Fig. 3.2A 

and B) during the early (6 hr) or late (24 hr) time points.  However, using the commercially 

available enzymatic activity assay kits, we observed that Au-treatment robustly increased the 

enzymatic activity of CTSB; 5 and 3.3-fold increase in CTSB activity (Fig. 3.2C) at both 6 and 24 

hr, respectively. This suggests that increased CTSB activity is independent of new protein 

synthesis.  We therefore examined the changes in CTSB gene expression using RT-qPCR.  Our 

results (Fig. 3.2D) confirmed that the changes in CTSB activity is not associated with new mRNA 

expression.  

To investigate whether the level of endogenous cystatin C (CysC), a general inhibitor of CTSB 

and CTSL was affected after TrxR inhibition, we used western blotting. On subjecting SH-SY5Y 

cells to SD, CysC protein was significantly elevated (p<0.05) (Fig 3.2C), perhaps explaining the 

lack of activation of CTSB during this period. The increase in CysC levels was completely 

inhibited in Au+SD treated cells (p<0.05), that coincided with the significant upregulation of 

CTSB activity (Fig. 3.2C). This clearly indicates that under SD conditions, upregulation of CysC 

inhibits cathepsin activation, however excessive oxidative stress condition after inhibition of TrxR 

overpowers the CysC machinery and therefore unleashes the pro-apoptotic CTSB activation.    
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In our recent work (Nagakannan et al., 2016) we showed that elevated oxidative stress is a major 

player after TrxR inhibition in this model, we therefore asked whether cellular reducing capacity 

may play a role in regulation of Cathepsin: CysC cross talk. N-Acetyl-L- cysteine (NAC) is a 

precursor of cysteine, the rate limiting amino acid for GSH synthesis. Administration of NAC 

moderately increased Cystatin C levels (Fig. 3.2A and B) which correlated well with the decrease 

in cathepsin activity by NAC (Fig. 3.2C) confirming that upregulation of cellular reducing capacity 

can prevent activation of CTSB-mediated apoptosis.  This also implies that induction of oxidative 

stress unleashes the CTSB activity and apoptotic cell death.  

To examine the fate of CTSL, the pro-autophagy member of lysosomal enzymes, western blotting 

and specific enzymatic activity was performed. Interestingly, here we observed a different profile 

than CTSB in our experimental model; during the early time points of SD (6 hr) the levels of 

mature CTSL protein (27kDa) remained unchanged in comparison with those of control 

conditions, but was significantly increased (p<0.05) in SD+Au treated samples (Fig. 3.2A and B). 

Interestingly there was no significant increase in CTSL activity in these conditions. In contrast, 

CTSL mature form was moderately elevated at 24 hr SD treated cells, but not in SD+Au group 

(Fig. 3.2A and B). However, a modest but statistically significant rise in CTSL activity (1.2-fold) 

was observed by 24 hr of SD, which was further enhanced after Au-treatment (1.4-fold) (Fig. 

3.2C). Similar to the CTSL protein levels, we observed an increasing trend (not significant) for 

CTSL mRNA during the early hours of SD (Fig. 3.2D). This may suggest the pro-autophagy role 

of CTSL. Similar to CTSB, NAC co-treatment in Au-treated cells significantly abrogated the 

increase in CTSL protein levels (p<0.01 [6 hr], p<0.05 [24 hr] vs SD+Au) and enzymatic activity 

at 24 hr (p<0.05) indicating the regulatory role of redox environment on cathepsins.  
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Figure 3.2. Auranofin causes differential regulation of Cathepsin B and L in serum deprived 

SH-SY5Y cells.  
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Figure 3.2. Auranofin causes differential regulation of Cathepsin B and L in serum deprived 

SH-SY5Y cells. SH-SY5Y cells were subjected to serum deprivation for 6 and 24 hr in the 

presence or absence of auranofin with or without NAC. The lysates were analysed for cathepsin B 

and L and cystatin C protein levels by western blotting (A and B) and the activities were measured 

by fluorometric method using commercially available kits (C). Control cell lysates incubated with 

cathepsin B inhibitor and recombinant human cathepsin L (positive control) with or without 

cathepsin L inhibitor were used as assay controls. All values are represented as mean ± S.E.M. 

n=6-10 for protein and n=2-4 for activity. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (D) 

SH-SY5Y cells were pretreated with CA-074-me overnight and were treated with auranofin in 

serum free media for 6 hr; NAC was added along with auranofin. Total RNAs were extracted and 

mRNA levels of CTSL and CTSB were quantified using RT-PCR. Bars indicate mean ± S.E.M., 

n=4; *p<0.05, **p<0.01. 
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3.4.3 CTSL and CTSB show differential redox sensitivity to auranofin induced oxidative stress 

To explain the lack of CTSL enzymatic activity despite the elevated levels of its mature form at 6 

hr, we postulated that Au-mediated oxidative stress in our model was responsible for oxidative 

inactivation of CTSL protein. We used a thiol trapping method that is used for identification of 

redox sensitive proteins [21]. In this method, after entrapping free thiols using NEM, oxidized 

proteins move slower in a non-reducing gel and therefore the oxidized and reduced protein can be 

separated. To establish the method, we added H2O2 and DTT (dithiothreitol) to induce protein 

oxidation and reduction, respectively.   As shown in Fig. 3.3A, control cells (lanes 1 and 2) and 

DTT-treated samples display a prominent band at 25kDa (mature form) and additional heavier 

bands at ~35-48 kDa representing the intermediate and pro-CTSL. Addition of H2O2 (for 10 min) 

(lane 4) caused a dramatic increase in signal intensity of the pro-CTSL band and decreased the 

mature form. This confirmed that pro-cathepsin L processing is sensitive to oxidation and 

reduction.  Subjecting the cells to 6 hr of FBS-medium (lane 5), starvation (lane 6) and Au (lanes 

7-8), also caused a similar effect as observed with H2O2, however addition of NAC to Au treated 

cells (lane 9) prevented this effect, confirming the role of oxidative stress in CTSL processing. 

This was additionally confirmed using a different anti-CTSL antibody and using another thiol 

trapping method. In this method, AMS is used for thiol trapping, as shown previously (Jakob et 

al., 1999). Similar to NEM method, we observed that H2O2 treatment resulted in increased protein 

oxidation of pro-CTSL (~48kDa) (Fig.  3.3B, lane 4). Similarly, a prominent accumulation of 

oxidized pro-CTSL was observed with increasing level of stress (Fig. 3.3B, lanes 6-8). 

Incidentally, an additional heavy band (~75kDa) was detected in Au-treated samples that may 

represent dimers or over-oxidized CTSL. Our experiments also showed that increased levels of 

pro-CTSL correlated with decreased levels of intermediate and mature CTSL. Administration of 
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NAC rescued protein oxidation as is attested by robust decrease in pro-CTSL levels and increase 

in intermediate and mature CTSL (Fig 3.3B, lane 9). The additional heavy band (~75kDa) was 

also resolved after NAC treatment. Using this technique for examining the impact of oxidative 

stress on CTSB, we did not observe any substantial change in oxidation of pro-CTSB (Fig. 3.3C). 

These data suggest that CTSL and CTSB are differentially affected/regulated by redox status of 

the cell.   
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Figure 3.3. CTSL and CTSB are differentially regulated by the redox status of the cell.  
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Figure 3.3. CTSL and CTSB are differentially regulated by the redox status of the cell. SH-

SY5Y cells were exposed to serum free conditions with or without auranofin or NAC or both for 

6 hr. The free thiols were blocked by treating the cell lysates with NEM to prevent any structural 

modification during processing and the samples were run on non-reducing SDS-PAGE.  Cells 

treated with Dithiothreitol (DTT, 5mM) or Hydrogen Peroxide (H2O2, 0.5mM) for 10 minutes in 

serum free media were used as controls (A). SH-SY5Y cells were subjected to serum deprivation 

with or without auranofin or NAC or both for 6 hr. Then the redox status of cathepsin L (B) and 

cathepsin B (C) were assessed using AMS method by non-reducing SDS-PAGE. Cells treated with 

Dithiothreitol (DTT, 5mM) or Hydrogen Peroxide (H2O2, 0.5mM) for 30 minutes were used as 

controls.  
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3.4.4 Cathepsin B mediates the activation of apoptosis after TrxR inhibition in starving SH-

SY5Y cells 

To examine the contribution of cathepsins to cell death induction in this model, we aimed to test 

the neuroprotective ability of cathepsin inhibitors in this model. Our SD model resulted in a 

significant loss in cell viability (36%), which was further augmented by the addition of Au (70%, 

p<0.0001). Specific inhibitors of CTSB, CTSL and CTSD (cathepsin D) were used as described 

in material and methods. Overnight pre-treatment of SH-SY5Y cells with CTSB inhibitor (CA-

074-me) significantly (p<0.0001) protected the cells from the cytotoxic effect of Au, however 

CTSL inhibitor (Z-FY-CHO) and CTSD inhibitor (Pepstatin A) failed to show any improvement 

in cell viability (Fig. 3.4A). The role of CTSB in induction of apoptosis was assessed using 

immunoblotting for apoptotic markers in our model. As we showed previously, inhibition of TrxR 

in starving- SH-SY5Y cells induced PARP-1 and Caspase-3 cleavage (Nagakannan et al., 2016); 

in these experiments overnight pre-treatment of cells with CTSB inhibitor (CA-074-me) abrogated 

the increase in these apoptotic markers levels (Fig. 3.4B). Similarly, rescue effect of NAC in 

prevention of apoptosis further confirmed the involvement of ROS after TrxR inhibition. The 

protective role of CA-074-me was also reflected in the level of cathepsins message level; as CA-

074-me treated cells showed significantly lower CTSB and higher CTSL mRNA levels (Fig. 

3.2D). The involvement of cathepsins in cell death and protective role of CysC was additionally 

confirmed by administration of recombinant CysC in Au-treated cells. This resulted in a significant 

increase (p<0.001) in cell viability in Au-treated starving SH-SY5Y cells, supporting the notion 

that failure of CTSB: CysC ratio might be another cause for autophagy dysfunction and enhanced 

apoptosis under TrxR inhibition. These results are in agreement with a recent report that showed 

the protective capacity of a Cystatin protein against Au-treatment (Oh et al., 2017). 
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Figure 3.4. Cathepsin B mediates the autophagy to apoptosis switch after TrxR inhibition in 

starving SH-SY5Y cells.  
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Figure 3.4. Cathepsin B mediates the autophagy to apoptosis switch after TrxR inhibition in 

starving SH-SY5Y cells. (A) Cells were pretreated with CA-074-me (15 µM), Z-FY-CHO (10 

µM) or Pepstatin A (50 µM) overnight and were treated with auranofin in serum free media for 24 

hr except for Cystatin C (1.25 µM), which was co-incubated with auranofin. After 24 hr, cell 

viability was determined by CCK-8 assay. Values represent mean ± S.E.M., n=6-12; ***p<0.001, 

****p<0.0001. SH-SY5Y cells were pretreated with CA-074-me overnight and were treated with 

auranofin in serum free medium; NAC was treated along with auranofin for 6hr and the cell lysates 

were analysed for apoptosis (B) and autophagy (C) markers by western blotting. (D) Densitometric 

analysis of proteins normalized to GAPDH is shown. (E) mRNA levels of p62 were quantified 

using RT-PCR is shown. Bars indicate mean ± S.E.M., n=4-6; **p<0.01, ****p<0.0001. 
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3.4.5 Cathepsin B inhibition prevents accumulation of ubiquitinated proteins and improves 

lysosomal acidification 

Protein homeostasis, or proteostasis, is the sum of multiple systems that control biosynthesis, 

folding and degradation. Autophagy, protein ubiquitination and proteasome activity regulate the 

protein turnover. We have previously shown that Au-treatment results in accumulation of 

ubiquitinated proteins, decreased proteasome activity and autophagy failure. These were 

successfully prevented when cells were co-treated with NAC (Nagakannan et al., 2016), as these 

cells displayed a significant increase in LC3-II/LC3-I ratio, decrease in p62 and ubiquitinated 

protein levels. This indicate an active involvement of oxidative stress in autophagy and Ubiquitin 

Proteasome System failure (Fig. 3.4C and D). Protective effect of CTSB inhibitor on proteostasis 

was evident by a robust decrease in protein ubiquitination (p<0.0001) indicating improved protein 

clearance in these cells (Fig. 3.4C).  Our recent report showed that Au causes both transcriptional 

induction and accumulation of p62 protein that was mediated by lysosomal deficiency 

(Nagakannan et al., 2016). To examine whether inhibition of CTSB can affect markers of 

autophagy, the classic approach is to measure p62 and LC3-II levels, however since both p62 and 

LC3-II must be degraded in lysosome, application of CTSB inhibitor will be detrimental to the 

lysosomal turnover of these proteins (Mizushima and Yoshimori, 2007).  Therefore, the protein 

levels of p62 and LC3-II cannot be used to determine any changes in autophagy when lysosomal 

proteases are involved. However, we detected a significant decrease in p62 transcription in CTSB 

inhibitor and in NAC treated groups (Fig. 3.4E). The levels of p62 protein is a reflection of 

oxidative stress severity and is regulated by Nrf2 level (Jain et al., 2010). Therefore, our results 

suggest that CA-074-me treatment is associated with decreased levels of oxidative stress. 

Additionally, using acridine orange staining we observed that lysosomal acidification was 
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substantially improved in CTSB inhibitor treated cells (Fig. 3.5A), suggesting better lysosomal 

function. Although these results may not confirm whether lysosomal deficiency were improved 

after inhibition of CTSB, lower p62 transcription, proper lysosomal acidification and improved 

protein ubiquitination are clear signs of cellular recovery.  

3.4.6 Cathepsin B inhibition prevents LMP induced by Auranofin  

Recent findings suggest that upon induction of LMP, CTSB is translocated into cytosol and can 

further cause lysosomal membrane damage and exacerbate LMP through multiple mechanisms 

(Hristov et al., 2014; Gorojod et al., 2015). To test whether inhibition of CTSB using CA-074-me 

can diminish the severity of LMP after Au-mediated TrxR inhibition, we checked the lysosomal 

integrity with acridine orange staining and cell fractionation.  We observed that specific inhibition 

of CTSB resulted in a significant reduction (p<0.0001) in acridine orange green fluorescence when 

compared to SD+Au group, suggestive of CTSB involvement in the exacerbated LMP by Au (Fig. 

3.5A). This was further confirmed with western blotting for CTSB in cytosolic fractions, where 

Au increased the leakage of this lysosomal protease into the cytosol. Application of CA-074-me 

markedly reduced the level of CTSB in comparison to SD+Au treated cells providing evidence 

that CTSB is involved in LMP induction after TrxR inhibition (Fig. 3.5B). Since LMP and CTSB 

have been reported to be responsible for cytochrome C release and execution of mitochondrial 

apoptotic pathways (de Castro et al., 2016), we checked whether CA-074-me may affect 

cytochrome C release into the cytosol. Our western blotting showed that Au+SD treatment caused 

a drastic spillage of cytochrome C into the cytosol which was prevented by CA-074me confirming 

the involvement of CTSB in LMP aggravation and induction of apoptosis (Fig. 3.5B). These results 

are in agreement with another report showing the involvement of LMP and CTSB-mediated 

apoptosis after oxidative stress in glial cells (Gorojod et al., 2015). The importance of oxidative 
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stress in LMP and cytochrome C translocation into cytosol was additionally confirmed by 

protective role of NAC. 

Figure 3.5. Cathepsin B inhibition prevents LMP induced by auranofin. 
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Figure 3.5. Cathepsin B inhibition prevents LMP induced by auranofin. (A) SH-SY5Y cells 

were pretreated with CA-074-me overnight and were treated with auranofin (whereas NAC was 

treated along with auranofin) for 6 hr in serum free media and the cells were stained with 2 µg/ml 

acridine orange for 15 min and imaged under confocal microscope. The mean green fluorescence 

intensity/cell was measured, and the values are represented as mean ± S.E.M., n ≥100 cells; 

****p<0.0001. (B) Western blot analysis of cathepsin B and cytochrome C in cytosolic fraction 

isolated from SH-SY5Y cells treated with auranofin in serum free media for 6 hr. CA-074-me was 

treated for overnight prior to auranofin treatment and NAC was co-incubated with auranofin. To 

control fraction purity, β-actin and LAMP1 were used as cytosolic and lysosomal markers, 

respectively; Lysosome-enriched fraction (Lyso) was used as positive control for LAMP1. 
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3.4.7 Potential contribution of other antioxidants in this model 

Au is a well-characterized inhibitor of TrxR enzyme and has been shown to promote cell death 

through induction of oxidative stress.  TrxR is a member of a wide group of antioxidant proteins 

such as Thioredoxin, -glutamylcysteine synthase and NADPH-quinone reductase that regulate 

the cellular defence system in response to xenobiotics. The transcription of these proteins is 

regulated by binding of nuclear factor erythroid 2–related factor 2 (Nrf2) to a major regulatory 

sequence known as the antioxidant response element (ARE) (Gorrini et al., 2013b). To investigate 

whether the excessive cell death after Au-treatment was due to a disabled cellular antioxidant 

machinery in this model, we first examined the level of Nrf2 protein.  Under normal conditions 

low levels of Nrf2 is maintained in the cytosol through binding to Keap1 (Kelch-like ECH-

associated protein 1) promoting its ubiquitination and degradation by the proteasome 

system(Bryan et al., 2013). This maintains a short half-life for Nrf2 protein and a low/basal level 

of antioxidant protein expression (Reddy, 2008). Accordingly, we detected very low levels of Nrf2 

protein in normal and SD conditions (Fig. 3.6A-C). However, addition of Au significantly 

increased the protein and mRNA levels of Nrf2. Induction of oxidative stress can interfere with 

the Nrf2-Keap1 interaction by  formation of Keap1-p62 complex (Ichimura et al., 2013) that results 

in Nrf2 stabilization in cytosol followed by its translocation to nucleus and induction of ARE-

mediated upregulation of antioxidant systems. Using subcellular fractionation, we observed that 

Au-treated cells contained significantly upregulated Nrf2 levels in cytosol as well as nucleus 

indicating that effects of Au on cell viability is not due to failure of Keap1/Nrf2/ARE pathway. 

Inhibition of CTSB significantly inhibited the accumulation and translocation of Nrf2; similarly, 

administration of NAC in Au-treated cells completely prevented the changes in Nrf2 levels and 

subcellular localization (Fig. 3.6D).  Peroxiredoxins (Prxs), are a large family of proteins that are 
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increasingly involved in redox signaling. Prx2 is a major H2O2 scavenger that uses Trx as it 

substrate and has been recently shown to be induced by Nrf2 (Matte et al., 2015). We therefore 

examined any changes in Prx2 protein levels in our system, however total Prx2 protein levels were 

not differentially affected in this model (Fig. 3.6A-C). We also used redox western to detect the 

levels of oxidized/reduced Prx2 proteins, but there were no substantial changes in protein oxidation 

for Prx2 (data not shown).  We then asked whether Au-treatment may result in oxidation of 

antioxidant thiols; using redox western blotting we recently showed that TrxR deficiency was 

associated with robust oxidation of Trx(Nagakannan et al., 2016). Here we employed the 

monochlorobimane assay to examine the overall levels of GSH.  Our studies showed that while 

GSH was modestly increased after SD, administration of Au lowered GSH level (Fig. 3.6E). The 

GSH levels were further increased after administration of CA-074-me. These data cumulatively 

indicate that Au-treatment results in inactivation/depletion of Trx and GSH resulting in induction 

of oxidative stress mediated cell death.  
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Figure 3.6. Inhibition of TrxR induces Nrf2 activation and causes its nuclear translocation.  
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Figure 3.6. Inhibition of TrxR induces Nrf2 activation and causes its nuclear translocation. 

(A) SH-SY5Y cells were pre-treated with CA-074-me overnight and were treated with auranofin 

in serum free media for 6hr, while NAC was added along with auranofin and the cell lysates were 

subjected to western blot analysis for Nrf2 and Prx2. Densitometric analysis of proteins normalized 

to β-actin is shown (B). mRNA levels of Nrf2 quantified using RT-PCR is shown in panel C. All 

values are represented as mean ± S.E.M., n=4. *p<0.05, ***p<0.001, ****p<0.0001. (D) Cytosolic 

and nuclear fractions from SH-SY5Y cells subjected to above mentioned conditions for 6hr were 

subjected to SDS-PAGE to determine translocation of Nrf2 to nucleus. Lamin B1 and GAPDH 

were used as nuclear and cytosolic markers, respectively. (E) SH-SY5Y cells were subjected to 

indicated conditions and GSH levels were measured using monochlorobimane method. Bars 

indicate fold change in GSH-MCB fluorescence normalized to protein, mean ± S.E.M., n=2-4; 

**p<0.01, ***p<0.001, ****p<0.0001. 
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3.5 Discussion 

We recently reported that inhibition of TrxR using its specific inhibitor Au or RNA editing 

technology resulted in interruption of protein homeostasis that was associated with increased 

protein ubiquitination, decreased proteasomal activity and deficient lysosome-mediated autophagy 

leading to apoptosis(Nagakannan et al., 2016). In the present study we aimed to discover the cause 

for lysosomal deficiency that signaled conversion of autophagy to apoptosis in this model. 

Previous reports have shown that SD is associated with significant changes in CTSL and CTSB 

activity in PC12 cells (Isahara et al., 1999). Authors showed that CTSB activity was significantly 

decreased while CTSL activity was increased. The pro-appototic effects of CTSB and pro-

autophagy effects of CTSL has been well identified (Kaasik et al., 2005; Dennemarker et al., 2010; 

Wei et al., 2013). 

 In this study, we hypothesized that lysosomal deficiency and interruption of autophagy and 

induction of apoptosis might be mediated through differential CTSL and CTSB regulation. Our 

results confirmed previous reports that activation of CTSB plays a major role in induction of 

apoptosis (de Castro et al., 2016) and inhibition of CTSB activation prevented cell death that was 

associated with improved protein degradation. Additionally, we showed that CTSL 

activation/processing is inhibited in this model. Administration of NAC to enhance the cellular 

reducing capacity rescued CTSL processing. Here we discuss potential mechanisms that can be 

responsible for differential CTSB and CTSL activation.    

3.5.1 Differential redox sensitivity of CTSL and CTSB in oxidative stress conditions 

The intensified ROS levels after inhibition of TrxR has been well documented. The redox western 

blotting suggested that conversion of CTSL precursor protein to its mature form is affected by 

oxidizing ROS in this model, but CTSB was not impacted. The observed differential redox 
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sensitivity and activation paradigm in CTSL and CTSB prompted us to examine the structure of 

CTSL and CTSB. Using the Universal Protein Resource (UniPort)(2017), we scanned the structure 

of human CTSB (P07858) and human CTSL1 (P07711).  Both enzymes contain a signal peptide, 

activation peptide (propeptide), and a light and heavy chain.  A similar number of thiol groups 

(cysteine and methionine residues) are present in these molecules (CTSL 22/333, CTSB 21/339), 

nevertheless upon examination of propeptides (activation peptides) we noted a disproportional 

distribution of methionine residues in CTSL (8/96) and CTSB (2/69). The CTSB propeptide 

contains one cysteine residue, while this section of CTSL does not contain any cysteines. The 

importance of methionine in redox regulation of protein activity is an emerging field in cell 

biology(Kim et al., 2014a).  Our data suggests that higher methionine content in CTSL propeptide 

may be responsible for redox sensitivity of its processing.  However, it must be emphasized that it 

is not known whether these residues can be accessible to oxidizing ROS.  Nonetheless, these data 

provide a strong rationale for further examination of methionine role in cathepsin biochemistry. 

To our knowledge, this is the first report addressing the underlying mechanism of cathepsin 

processing under oxidative stress conditions. Our data support a previous report that showed 

differential sensitivity of CTSB and CTSL activity to protein hydroperoxides (Headlam et al., 

2006). This group showed that CTSL is significantly more sensitive to protein hydroperoxides 

than CTSB. Although we did not examine the underlying peroxides that may be involved in the 

observed molecular events, previous reports have shown that inhibition of TrxR by auranofin is 

associated with increased levels of H2O2 originating from mitochondria that can mediate protein 

oxidation/peroxidation.  This results in membrane damage in mitochondria (Munro et al., 2016) and 

lysosomes and therefore can cause cell death.  
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3.5.2 Differential response of CTSL and CTSB after TrxR inhibition can be regulated by 

Cystatin C 

In this study we observed that exposing the SH-SY5Y neuroblastoma cells to SD does not induce 

LMP. Induction of SD resulted in increased levels of CysC, a general cathepsin inhibitor including 

CTSL and CTSB.  Upregulation of CysC has been directly linked to induction of oxidative stress 

in this model (Nishio et al., 2000). In our study, the upregulated levels of CysC effectively 

prevented any significant changes in the CTSB and CTSL protein levels and activity during the 

induction of autophagy in SD. This is in agreement with previous report that links upregulated 

CysC levels to induction of autophagy (Tizon et al., 2010). Authors in this report showed that pro-

autophagy effect of CysC was not caused by inhibition of CTSB activity. In our study, the elevation 

in CysC levels was prevented after Au administration, which was associated with significant 

upregulation of CTSB enzymatic activity without any changes in the mature CTSB protein level.  

Contrary to CTSB, the CTSL protein was significantly upregulated after TrxR inhibition (6hr), 

however CTSL enzymatic activity remained unchanged.  

The differential effect of CysC on CTSB and CTSL activity may be also explained by its 

differential affinity for CTSB and CTSL;  The inhibitor constant (Ki) of CysC for CTSB 

(Ki=0.27nM) is several times more than CTSL (Ki<0.005nM) indicating that CysC is a much more 

effective inhibitor for CTSL than CTSB (Turk et al., 2012). This is reflected in our experiments 

when decreased levels of CysC after TrxR inhibition quickly resulted in increased CTSB activity, 

but its inhibitory effect remained for CTSL, as despite increased levels of CTSL protein, its 

enzymatic activity remained unchanged.  Interestingly further decrease of CysC at 24 hr samples 

were correlated with the maximum CTSL enzymatic activity. These results suggest that early 

protective autophagy (6hr) in this model is mediated through CysC upregulation, however 
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preventing the rise in CysC (by TrxR inhibition) leads to activation of CTSB and execution of 

apoptosis. Our experiments also show that TrxR inhibition prevents CysC upregulation, suggesting 

a potential inhibitory role for oxidative stress that is mediated by inhibition of CysC.  TrxR 

deficiency results in Trx oxidation as we showed previously, however the potential interaction of 

Trx system and CysC remains to be investigated. 

3.5.3 Differential effect of cellular pH on CTSB and CTSL activation may be responsible for 

conversion of autophagy and apoptosis 

 In the present study we observed that inhibition of TrxR is associated with a sharp increase in 

CTSB activity, although CTSB protein and message levels were not altered.  Activation of CTSB 

is mediated by its autocatalytic activity by removal of a propeptide sequence in CTSB precursor 

molecule. The activated CTSB then acts as a catalyzer for activation of more enzyme. This process 

is especially active in acidic environment of lysosomes (pH~4.0), however it can also occur in 

normal cytosolic pH=6.5 (Turk et al., 2012). This explains the significant increase in CTSB 

activity after induction of LMP and the leakage of CTSB into the cytoplasm (pH~7) without the 

need for new protein synthesis.  

Similar to CTSB, CTSL activation is also mediated by removal of its propeptide from the mature 

cathepsin in acidic environment of the lysosomes (Turk et al., 2012). In contrast to CTSB, increase 

in pH (from 4-6.5) has been shown to negatively affect the 3D conformation of CTSL propeptide 

which prevents its activation. Our acridine-orange staining results at 6 hr, confirm that Au-treated 

cells displayed an elevated level of pH that led to CTSB activation and inactivation of CTSL.  Our 

results suggest that changes in lysosomal pH after TrxR inhibition during the early time points 

may negatively affect CTSL activation. 
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3.5.4 CTSB as the master regulator of apoptosis after TrxR inhibition in starving SH-SY5Y cells  

Our cumulative results from the present study and the previous report indicate that TrxR inhibition 

in SD-treated cells results in induction of protective Nrf2/ARE signaling pathway, however lack 

of Trx reducing capacity and depletion of reduced glutathione after Au-treatment leads to 

disruption of protein degradation systems including protein ubiquitination, proteasome activity 

and lysosomal deficiency. CTSB leakage is the downstream event that results in induction of other 

mechanisms including activation of inflammasome through NLRP3-mediated activation of 

caspase 11 (Schotte et al., 1998) and 1 (Franchi et al., 2009) resulting in apoptotic cells in glial 

cells (Terada et al., 2010). Prevention of LMP induction in this study using pre-incubation of cells 

with CA-074-me prevented CTSB leakage and produced a healthy cellular redox environment as 

shown by increased level of reduced glutathione and improved protein clearance identified by 

decreased protein ubiquitination.  The Acridine orange staining also showed preserved lysosomal 

acidification.  These data clearly indicate that preventing lysosomal deficiency by inhibition of 

ectopic CTSB activation can be used as a therapeutic approach for diseases such as 

neurodegenerative diseases. 

In conclusion, we aimed to identify the redox-dependent molecular systems involved in 

autophagy-apoptosis interplay after inhibition of TrxR in a model of serum deprivation in human 

neuroblastoma cells. We found that TrxR-deficiency enhances CTSB activity that ensures 

activation of apoptotic exit in this model.  Additionally, we identified novel mechanism by which 

CTSL, the pro-autophagy cathepsin, is inhibited and therefore guarantees full execution of 

apoptosis under these conditions.  We provide evidence that oxidative stress plays an important 

part in completion of this scenario. To our knowledge this is the first report indicating the impact 

of redox balance in CTSB: CTSL cross talk in the context of autophagy-apoptosis conversion.  
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Chapter 4  

 

Cathepsin B is an executioner of cell death in ferroptosis 

Portions of this chapter has been included in the following published article:  

  

Pandian Nagakannan, Md. Imamul Islam, Soheila Karimi-Abdolrezaee, Eftekhar Eftekharpour. 

Inhibition of VDAC1 protects ggainst glutamate-induced oxytosis and mitochondrial 

fragmentation in hippocampal HT22 cells. Cellular and Molecular Neurobiology 2019;39(1):73-

85. © Springer Nature 
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4.1 Preface 

As shown in the previous chapters, failure of antioxidant system induces aggravated 

oxidative stress and cell death. Similar to thioredoxin system, glutathione is an endogenous 

thiol antioxidant. In fact, GSH is the most abundant low molecular weight antioxidant in 

the body and several intracellular processes are dependent on GSH (Wu et al., 2004). 

Depletion of GSH or inactivation of GSH dependent antioxidant processes are known 

triggers of cell death. GSH has been shown to either get oxidized or depleted during the 

progression of apoptosis and necrosis (Canals et al., 2001; Higuchi, 2004; Circu and Aw, 

2012).  

Recently, failure of GSH system was shown to be involved in a caspase independent mode 

of regulated cell death, known as “Ferroptosis” (Dixon et al., 2012). Though oxidative 

stress has been shown to participate in execution of ferroptosis through iron mediated lipid 

peroxidation, the identification of underlying mechanism/s remain the subject of active 

research. Recent literatures indicate an active involvement of lysosomes in ferroptosis (Gao 

et al., 2016; Torii et al., 2016), however the status of lysosomal cathepsins still remains to 

be examined. 

While the previous two chapters of this thesis have identified that lysosomal damage due 

to failure of antioxidant causes interruption of pro-survival autophagy and promote 

apoptosis, this chapter investigates the role of oxidative stress on lysosomes and lysosomal 

cathepsins in the execution of ferroptotic cell death.  
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4.2 Abstract 

Ferroptosis is a necrotic form of cell death caused by inactivation of the glutathione system 

and uncontrolled iron-mediated lipid peroxidation. Increasing evidence implicates 

ferroptosis in a wide range of diseases from neurotrauma to cancer, highlighting the 

importance of identifying an executioner system that can be exploited for clinical 

applications. In this study, using pharmacological and genetic models of ferroptosis, we 

observed that lysosomal membrane permeabilization and cytoplasmic leakage of cathepsin 

B unleashes structural and functional changes in mitochondria and promotes a not 

previously reported cleavage of histone H3. Inhibition of cathepsin-B robustly rescued 

cellular membrane integrity and chromatin degradation. We show that these protective 

effects are independent of glutathione peroxidase-4 but are mediated by preventing 

lysosomal membrane damage. This was further confirmed when primary fibroblasts 

derived from cathepsin B knockout mice remained unaffected in response to ferroptosis 

inducers. Our work identifies new aspects, yet-unrecognized ferroptosis mechanisms and 

identifies cathepsin B as an executioner of ferroptotic cell death. 
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4.3 Introduction 

Ferroptosis is a non-apoptotic form of cell death that was originally reported in 2012 (Dixon et al., 

2012). Several lines of evidence indicate the involvement of autophagy in the execution of 

ferroptotic cell death (Gao et al., 2016). Autophagy is a naturally occurring and highly regulated 

process responsible for recycling of damaged proteins and organelles providing metabolic 

substrates for energy synthesis during stressful conditions. Macroautophagy (hereafter, autophagy) 

is the most well-studied type of autophagy, during which the autophagic cargo is packaged in a 

double-membrane vacuole known as the “autophagosome”. Fusion of autophagosome and 

lysosome is the last step leading to digestion of the cargo (Feng et al., 2014). In microphagy and 

chaperone mediated autophagy (CMA), lysosomes receive their cargo directly or indirectly 

through an adaptor chaperone protein system, respectively (Kaushik et al., 2011). The involvement 

of lysosomes as the executioner of ferroptosis has been suggested by a series of reports (Kubota et 

al., 2010; Torii et al., 2016; Wu et al., 2019; Yang et al., 2019a). In ferroptosis, as the name implies, 

iron is one of the main contributors of cell death (Dixon et al., 2012). Ferritin, an intracellular 

protein that sequesters iron, is responsible for its controlled release. Evidence of ferritin 

degradation by lysosomes, a process known as ferritinophagy, has been reported during ferroptosis 

(Hou et al., 2016). Free intracellular iron (Fe2+) can initiate the Fenton reaction and generate 

hydrogen peroxide (H2O2), which is quickly converted to the highly reactive hydroxyl radical. 

These hydroxyl radicals initiates a chain reaction by extracting electrons from the abundant cellular 

membrane phospholipids and formation of lipid hydroperoxides (Gaschler and Stockwell, 2017), 

which can be scavenged by glutathione (GSH) and glutathione peroxidase 4 (GPX4) (Conrad et 

al., 2018; Conrad and Pratt, 2019); however, GPX4 level has been found to be decreased in 

ferroptosis and this has been mediated by CMA, further implicating lysosomes (Wu et al., 2019). 
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The involvement of autophagic cell death in ferroptosis is documented by the protective effect of 

lysosomal blockers including Bafilomycin A1 (Baf-A1), chloroquine and acid neutralizing agent 

ammonium chloride (Kubota et al., 2010; Hirata et al., 2011; Gao et al., 2016; Torii et al., 2016). 

Lysosomes, as described originally by Christian de Duve more than five decades ago, are suicidal 

organelles full of many lytic enzymes including lysosomal cathepsins. These enzymes are affected 

by oxidative stress and  are involved in the execution of other conventional types of cell death such 

as apoptosis, autophagy and necrosis (Appelqvist et al., 2013). We (Pandian and Eftekharpour, 

2017) and others (Gao et al., 2018) have proposed the involvement of cathepsins in execution of 

ferroptotic cell death; however, the underlying mechanism/s and the status of cathepsins in 

ferroptosis have remained unclear. 

Ferroptosis and oxytosis are seemingly identical twins and are associated with decreased levels of 

GSH and excessive oxidative stress resulting in a caspase-independent cell death (Lewerenz et al., 

2018). Although depletion of glutathione antioxidant defense system and the involvement of 

lysosome mediated free iron imbalance have been recognized as the underlying mechanism of cell 

death, the main molecular culprits in execution of ferroptotic cell death remain controversial (Feng 

and Stockwell, 2018). Using pharmacological inhibitors, gene editing technology and conditional 

knockout cellular models we now provide comprehensive evidence that while ferroptosis is 

mediated by lysosomal membrane permeabilization (LMP), cathepsin B (CTSB) but not L (CTSL) 

or D (CTSD) is the executioner of cell death. Considering the implication of ferroptosis in cancer 

and neurodegenerative diseases, our findings may have potential therapeutic applications. 
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4.4 Materials and Methods 

4.4.1 Reagents and antibodies 

(Z)-4-hydroxy Tamoxifen (#14854), Bafilomycin A1 (#11038), Deferoxamine mesylate (#14595), 

DPPH (2,2-Diphenyl-1-Picrylhydrazyl) (#14805), FCCP (2-[2-[4-(trifluoromethoxy) phenyl] 

hydrazinylidene]-propanedinitrile) (#15218), Ferrostatin-1 (#17729), LY294002 (#70920), 

Pepstatin-A (#9000469) were from Cayman Chemical. Erastin (# 5449) was from Tocris 

Bioscience. 1,1,3,3-Tetramethoxypropane (#108383), Butylated hydroxytoluene (#W218405), 

CA074-methyl ester (#C5857), L-Buthionine-sulfoximine (#B2515), L-Glutamic acid 

monosodium salt hydrate (#G1626), Monochlorobimane (#69899), Trolox ((±)-6-Hydroxy-

2,5,7,8-tetramethylchromane-2-carboxylic acid) (#238813) were from Sigma-Aldrich. 

Cathepsin L substrate (Z-Phe-Arg-7-amido-4-methylcoumarin, Hydrochloride) (#03-32-1501) 

and Cathepsin B Substrate III, Fluorogenic (Z-Arg-Arg-AMC, 2HCl) (# 219392) were from 

Calbiochem®.  2-Thiobarbituric acid (#1081800025) was from EMD Millipore. CA074 (#A1926) 

was from ApexBio. Trichloroacetic acid was from Fisher Scientific. TMRM 

(Tetramethylrhodamine methyl ester, perchlorate) (#70017) was from Biotium Inc. CellROX™ 

Deep Red Reagent (#C10422), LysoTracker™ Red DND-99 (#L7528), ATP Determination Kit 

(#A22066) and Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B Kit (#P36239) were from 

Invitrogen™. Clarity™ Western ECL Substrate (# 1705061) and Clarity Max™ Western ECL 

Substrate (#1705062) were from BIO-RAD. Dulbecco's Modified Eagle Medium (DMEM) 

(#11960-051), Fetal Bovine Serum (#12483-020) and Penicillin-Streptomycin-Neomycin (PSN) 

Antibiotic Mixture (#15640-055) were from Gibco™.  Halt™ Protease and Phosphatase Inhibitor 

Single-Use Cocktail (# 78442) was from Thermo Scientific™. Recombinant Human Cathepsin B, 

CF (#953-CY) and Recombinant Human Cathepsin L, CF (#952-CY) proteins were from R & D 
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Systems. Cell Counting Kit (# CK04) was from Dojindo Molecular Technologies. Pierce™ BCA 

Protein Assay Kit (# 23225) was from Thermo Scientific. μ-Slide 8 well (#80826) was from 

ibiTreat, Ibidi. Vivaspin™ 500 MWCO 5000 (#VS0112) was from Sartorius™. Glass cover slips 

(#72196-12) was from Electron Microscopy Sciences.  

The following antibodies were used in this study: AIF (1:1000, #sc-13116), Cathepsin D (1:1000, 

#sc-377299), Cytochrome C (1:1000, #sc-13156), LAMP-1 (1:1000, #sc-19992), γ-GCSc (1:1000, 

#sc-390811), γ-GCSm (1:1000, #sc-55586), GAPDH (1:5000, #sc-166574) and β-Actin (1:5000, 

#sc-47778) from Santa Cruz Biotechnology, USA; Cathepsin B (1:1000, #31718), COX IV 

(1:1000, #4844) and Ubiquitin (1:1000, #3936) from Cell Signaling Technologies, USA; GPX4 

(1:2000, #ab125066) and Histone H3 (1:4000, #ab1791) from abcam, USA; Cathepsin L (1:1500, 

#AF1515) from R & D Systems, USA; LC3B (1:2500, #L7543) from Sigma-Aldrich, USA. 

4.4.2 Cell culture 

HT22 (gift from Dr. David Schubert, Salk Institute, San Diego, USA), NIH3T3 (gift from Dr. 

Afshin Raouf, University of Manitoba, Canada), primary mouse embryonic fibroblasts [Wild-type 

(WT) and Ctsb-/-] (generously provided by Dr. Thomas Reinheckel, University of Freiburg, 

Germany), and 4-hydroxy-tamoxifen-inducible gpx4-/- (Pfa1 cells (Seiler et al., 2008), from Dr. 

Marcus Conrad, Helmholtz Zentrum Munchen, Germany) were used in this study. Cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L glucose, 10 % heat 

inactivated fetal bovine serum, 2 mM glutamine, 1 mM sodium pyruvate and 1 % PSN (penicillin, 

streptomycin and neomycin) and maintained in a humidified incubator under 5 % CO2 at 37 °C. 

4.4.3 Treatments and determination of cell viability 

HT22 cells were seeded at a density of 8000 cells/well in 96 well plates. After overnight culturing, 

cells were treated with glutamate or erastin in 100 µl of complete growth media. In experiments 
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where specific inhibitors were used, cells were pretreated with CA074-me (15 µM), Z-FY-CHO 

(10 µM) or Pepstatin-A (Pep-A, 50 µM) for 3 hr and then exposed to glutamate or erastin, whereas 

CA074 (15 µM), ferrostatin-1 (Fer-1, 2 µM) and deferoxamine (DFO, 50 µM) were concomitantly 

added along with the ferroptosis inducer.  

In case of WT and Ctsb-/- MEFs, cells were seeded at a density of 2500 cells/well in 96 well plates 

and were treated at 70% confluency with erastin alone or in combination with Fer-1. 

To induce gpx4 deletion, Pfa1 cells (1000 cells/well) were seeded in 96 well plates and were treated 

with 1 µM 4-hydroxy-tamoxifen (Tamox) 24 hr after plating. All the inhibitors were added to the 

cultures at 24 hr after induction of knockout. To determine cell survival, 10 µl of Cell Counting 

Kit-8 reagent was added to culture medium and incubated for 4 hr at 37°C. Absorbance at 450 nm 

was measured using Synergy H1 Hybrid Reader (BioTeK Instruments, USA) and the absorbance 

at 650 nm was used for background correction. The relative cell viability as percentage of control 

is presented.  

4.4.4 Subcellular fractionation 

Subcellular fractionation was performed as described previously (Nagakannan and Eftekharpour, 

2017b). Briefly, the cells were scraped in culture media, collected by centrifugation at 2000 x g 

and washed twice with ice-cold PBS. The cells were suspended in ice-cold fractionation buffer [20 

mM HEPES (pH 7.4), 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA] 

with added protease and phosphatase inhibitors and passed through a 25 G needle 20 times to 

homogenize the cell suspension. The subcellular fractions were obtained by sequential 

centrifugation of homogenates at 1000 x g (10 min, to pellet out nuclei), 10,000 x g (10 min, to 

collect mitochondria) and 21,000 x g (2 hr, to collect lysosomes). The supernatant (cytosol) was 

further concentrated using VivaspinTM protein concentrating columns with a molecular weight cut-
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off of 5 kDa. The pelleted mitochondrial and lysosomal fractions were washed once with 

fractionation buffer and suspended in RIPA lysis buffer [50 mM Tris HCl (pH 8), 150 mM NaCl, 

1 mM EGTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 5% glycerol] with protease and 

phosphatase inhibitors and were lysed by sonication (2 x 10 s). Modifications to this protocol, if 

any, are described in the respective method sections.  

4.4.5 Western blot analysis 

Western blotting was performed following our routine protocol with minor modifications 

(Nagakannan et al., 2016). Briefly, cells were scraped in culture media, washed twice with ice-

cold PBS and collected by centrifugation at 2000 x g. The pelleted cells were lysed in ice-cold NP-

40 lysis buffer [1% NP-40 in buffer composed of 50 mM Tris HCl (pH 8), 150 mM NaCl, 5 mM 

EDTA] with added protease and phosphatase inhibitors. Following sonication (3 x 5 s) on ice, the 

lysates were centrifuged at 10,000 x g for 15 mins at 4 °C and the clear supernatant was collected 

and placed on ice. The protein content in whole cell extracts and subcellular fractions (as described 

above) was quantified using Pierce BCA Protein Assay Kit. The samples were resolved on SDS-

PAGE at constant voltage and transferred to PVDF membranes using the Trans-Blot® Turbo™ 

Transfer Buffer and System. The membranes were blocked with 5 % non-fat dry milk in Tris-

buffered saline containing 0.2 % Tween 20 (TBST) for 1 hr at room temperature and incubated 

with primary antibodies in 1% non-fat dry milk in TBST overnight at 4°C. The membranes were 

then probed with appropriate HRP - conjugated secondary antibodies and the target proteins were 

visualized using Clarity™ and Clarity Max™ ECL Western blotting Substrates (Bio-Rad 

Laboratories). Densitometric measurements of the target proteins were done using AlphaEaseFC 

(version 6.0.0, Alpha Innotech, USA) or Image J software (version 1.51j8, NIH) and were 

normalized to appropriate loading controls.  
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4.4.6 Chemical cross‑linking 

The oligomeric status of VDAC1 was detected using a membrane permeable cross-linker based 

approach as described previously (Keinan et al., 2010). Briefly, HT22 cells were harvested after 

appropriate treatments, washed with PBS and resuspended in PBS (pH 7.4) containing 0.5 mM 

EGS (ethylene glycol bis(succinimidyl succinate)) and incubated at 30 °C for 20 min. The excess 

of EGS was quenched by adding appropriate volumes of 1.5 M Tris HCl, pH 7.8 to a final 

concentration of 20 mM and incubated for further 5 min. The samples were centrifuged at 

10,000×g for 5 min and the pellets were lysed in NP-40 lysis buffer by sonication on ice. Samples 

(50 µg) were diluted in sample loading buffer and subjected to SDS-PAGE and western blotting 

using anti-VDAC1 antibody.  

4.4.7 In-vitro free radical scavenging assay 

The intrinsic antioxidant potential of protease inhibitors was examined using 2,2-diphenyl-1-

picrylhydrazyl (DPPH) method (Blois, 1958; Dixon et al., 2012). A final concentration of 50 M 

of test compounds in DMSO was incubated with 1 ml of DPPH (50 µM) solution in methanol. The 

samples were vortex mixed and incubated at room temperature for 30 min. Then, 100 µl of each 

sample was transferred to clear bottom 96-well plate and the absorbance at 517 nm was measured 

on a microplate reader. The results were normalized to DMSO control and the relative fold change 

is reported. 

4.4.8 Determination of ATP content 

Cells were treated as indicated, harvested and lysed in NP-40 buffer by sonication and the ATP 

content in the cell lysates was quantified by bioluminescence method using ATP determination kit 

following the manufacturer’s protocol. 

 



156 
 

4.4.9 Lipid peroxidation assay 

The degree of lipid peroxidation was determined by measuring the amount of malondialdehyde 

(MDA) in the samples (Williamson et al., 2003). Lysosomal or mitochondrial fractions [lysed in 

50 mM Tris HCl (pH 8), 150 mM NaCl, 1 mM EGTA, 1% NP-40, 0.1% SDS, 3% glycerol] or cell 

lysates were transferred to microcentrifuge tubes containing 5 µl of 0.5 M butylated 

hydroxytoluene. Then, 200 µl of MDA detection reagent [1:1:1 mixture of 0.375 % thiobarbituric 

acid:15 % trichloroacetic acid:0.25 N hydrochloric acid] was added and heated at 95 °C for 1 hr. 

The reaction mixture was centrifuged at 10,000 x g for 5 min and the supernatants were transferred 

to black walled 96-well plate. The fluorescence intensity at excitation/emission wavelengths of 

532/558 nm was measured on a microplate reader. The MDA concentration was determined from 

a standard curve plotted using 1,1,3,3-Tetramethoxy propane and were normalized to protein 

content. 

4.4.10 Determination of cellular glutathione 

To determine the intracellular levels of reduced glutathione (GSH), cells were incubated with the 

cell permeable dye monochlorobimane (MCB, 50 µM) in the dark at 37 °C for 30 min (Baxter et 

al., 2015). Cells were scraped in the culture media and collected by centrifugation at 2000 x g and 

the cell pellets were washed twice with PBS. Then, the cells were lysed in NP-40 lysis buffer and 

centrifuged at 12,500 x g for 15 min at 4°C and the supernatants were transferred to a black walled 

96-well plate. The fluorescence emitted by GSH bound MCB was measured at excitation/emission 

wavelengths of 380/480 nm using a microplate reader and the results were normalized to protein 

content in the lysates.  
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4.4.11 Detection of reactive oxygen species  

Cells were seeded on glass coverslips and treated as indicated. At the termination of study, cells 

were incubated with CellROXTM Deep Red reagent (5 µM) in phenol red free media for 30 min at 

37 °C. Following PBS washes, the cells were fixed with 3% paraformaldehyde in PBS and stained 

with DAPI (1:10,000) to label nuclei. Images were visualized on a confocal microscope at 

excitation/emission wavelengths of 633/697 nm. 

4.4.12 Assessment of mitochondrial membrane potential (ΔΨm) 

Cells were seeded on a μ-slide 8-well chamber (Ibidi GmbH, Germany) and were treated as 

indicated. To examine the response of mitochondrial membrane potential in these conditions, cells 

were treated with a 100 nM final concentration of TMRM (Tetramethylrhodamine methyl ester) 

in phenol red free medium for 30 min at 37 °C (Voronina et al., 2004). Then, the medium was 

replaced with fresh medium and the images were acquired immediately at excitation/emission 

wavelengths of 514/610 nm using a confocal microscope.  

4.4.13 Lysotracker staining 

Cells were grown on glass coverslips and were subjected to the indicated treatments. Cell were 

treated with LysotrackerTM Red DND-99 solution at a final concentration of 100 nM in phenol red 

free media for 30 min at 37 °C. Subsequently, cells were washed twice with PBS, fixed with 3% 

paraformaldehyde in PBS and were stained with DAPI. The images were acquired using a confocal 

microscope.  
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4.4.14 Autophagy assessment 

To monitor the rate of autophagic flux, Pfa1 cells were treated as indicated and bafilomycin A1 

(25 nM) was added to the cells 4 hr prior to sample harvesting. At the termination of experiment, 

cell lysates were subjected to regular western blotting to determine LC3-II levels.  

Alternatively, Pfa1 cells were seeded onto glass coverslips and subjected to respective treatments. 

Cells were transduced with PremoTM Autophagy Tandem Sensor (2 µl/10,000 cells) during the last 

16 hr of the treatment. Then, the cells were imaged using a confocal microscope to visualize GFP 

and RFP punctas. The number of GFP+RFP (autophagosomes) and RFP alone (autolysosomes) 

punctas per cell were counted and the percentage of each is presented. 

4.4.15 Immunostaining 

Cells were seeded onto glass coverslips and at the termination of experiments, cells were washed 

with PBS, fixed with 3% paraformaldehyde in PBS, permeabilized with 0.3% Triton X-100 and 

incubated with appropriate primary antibodies overnight at 4 °C. The following day, the coverslips 

were washed with PBS and incubated with respective Alexa flour conjugated secondary antibodies 

for 1 hr at room temperature. Following washes with PBS, nuclei were stained with DAPI and the 

coverslips were mounted onto glass slides.  

4.4.16 Image analysis 

All the images (unless otherwise specified) were acquired using LSM710 Zeiss confocal 

microscope (Zeiss, Germany). Image J software was used to quantify the mean fluorescence 

intensity per cell where appropriate. To determine the nuclear translocation of apoptosis inducing 

factor (AIF1), mean fluorescence intensity in the nucleus and cytosol (whole cell intensity – 

nuclear intensity) were measured using Image J software (version 1.51j8, NIH) and the ratio of 

nuclear to cytosolic AIF1 was shown after correction for background. For lysosomal area analysis, 
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the lysotracker stained single channel images were converted to 8-bit images and the particle size 

was determined using the “Analyze Particles” option in Image J software. The following 

parameters were set to filter the particles for analysis: Threshold = Auto (Triangle method); Size 

= 0.1 – 1.5 µm2, Circularity = 0.05-1.00.  

4.4.17 Measurement of cathepsin B and L activity  

Cathepsin B and L activities were measured by fluorometric method as described previously 

(Zhang et al., 2003) with minor modifications. After the treatments, cells were washed twice with 

PBS and were lysed in NP-40 buffer or subjected to subcellular fractionation in the absence of 

protease and phosphatase inhibitors. All the substrates and inhibitors were diluted in reaction 

buffer (25 mM MES, 5 mM DTT, pH 5.0) and were pre-warmed at 37 °C. To measure cathepsin 

B activity, samples were diluted in 50 µL reaction buffer in a black walled 96-well plate and 50 µl 

of 100 µM Z-Arg-Arg-AMC was added to each well to start the reaction. To measure cathepsin L 

activity, 10 µl of 100 µM CA074 was added to each sample diluted in 40 µl reaction buffer and 

50 µl of 200 µM Z-Phe-Arg-AMC was added. Upon cleavage of the substrates by the respective 

cathepsins, the release of free AMC was monitored at excitation/emission wavelengths of 360/480 

nm for 1 hr using a microplate reader. Results are expressed as relative fluorescence units (RFU) 

or fold change relative to control.  

4.4.18 In-vitro nuclear histone cleavage assay 

The nuclei were isolated from control HT22 cells following the protocol described previously 

(Islam et al., 2019). Briefly, cells were washed twice with PBS and re-suspended in TM buffer (10 

mM Tris-HCl, pH 7.4, 2 mM MgCl2) supplemented with 0.5 % Triton X-100 (v/v) and incubated 

on ice for 10 min. The cells were mechanically sheared by intermittent vortexing and the intact 

nuclei were pelleted by centrifugation at 1000 x g for 2 min. To remove traces of Triton X-100, 
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the nuclear pellet was washed twice with TM buffer. For histone cleavage assay, isolated nuclei 

were incubated in a reaction buffer [20 mM HEPES-KOH (pH 7.4), 20 mM NaCl, 1.5 mM MgCl2, 

0.1 mM EDTA, 0.1 mM EGTA, 5 mM DTT] with either recombinant cathepsins alone or in 

combination with their respective inhibitors at 37°C. After indicated incubation periods, the 

reaction mixtures were subjected to SDS-PAGE and western blotting using anti-histone H3 

antibody.  

4.4.19 Data analysis and presentation 

All the results are expressed as mean ± S.E.M. Statistical differences among multiple experimental 

groups were compared by one-way analysis of variance (ANOVA) followed by Tukey's or 

Dunnett's post-hoc test using GraphPad Prism Software (version 6.07, California, USA). To 

determine statistical differences between two groups, two tailed unpaired t-test were used. 

Differences in means were considered statistically significant at p values less than 0.05. Figures 

were constructed using Photoshop CS5.1 (Adobe Systems, San Jose, CA). 
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4.5 Results 

4.5.1 Lipid peroxidation of lysosomal and mitochondrial membranes in ferroptosis 

Inhibition of the cystine/glutamate antiporter system xc
- with glutamate, erastin or sulfasalazine 

blocks cystine uptake into cells thereby leading to depletion of intracellular GSH. This in turn 

leads to inactivation of GPX4, thereby causing uncontrolled lipid peroxidation and ultimately 

ferroptotic cell death (Yang and Stockwell, 2016). A dose response study was performed to 

determine the effective concentration of glutamate and erastin for induction of 70-80% cell death 

in HT22 cells. Cell viability was measured using CCK-8 after 12 hr administration of glutamate 

and erastin.  A dose of 4-5 mM glutamate or 500 nM erastin were chosen for further cell viability 

assessments (Suppl. Fig. 4.1, A and B). This is in agreement with previous reports for this model 

(Kang et al., 2014; Neitemeier et al., 2017).  

Apart from the general notion that lipid peroxidation takes place in the plasma membrane, which 

is suspected to be the reason for loss of membrane integrity, the possibility of lipid peroxidation 

in other intracellular organelles is still a matter of debate (Feng and Stockwell, 2018), although 

lipid peroxidation of mitochondrial membranes has been recently reported in ferroptosis (Yuan et 

al., 2016; Fang et al., 2019). To assess the status of lysosomes and to validate previous reports 

during ferroptosis, glutamate treated HT22 cells were subjected to subcellular fractionation and 

the extent of lipid peroxidation was assessed by measuring malondialdehyde (MDA) content in 

mitochondrial and lysosomal fractions. After 12 hr of glutamate treatment, MDA content was 

markedly increased in lysosomal (~2–fold, Fig. 4.1, A and B) and mitochondrial fractions (~1.5–

fold, Fig. 4.1, C and D). This increase in lipid peroxidation of organelle fractions was completely 

prevented by the ferroptosis inhibitor Fer-1 and the iron chelator DFO (Fig. 4.1, B and D). 

Lysosomes and mitochondria are known to be the storage compartments for intracellular iron 
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(Kurz et al., 2011) and in conditions including ferroptosis, the iron stored in these organelles is 

mobilized and may trigger lipid peroxidation (Dixon et al., 2012). The observation that iron 

chelation using DFO totally abolished the increase in MDA content in the fractions, indicates the 

active involvement of iron in the lipid peroxidation of lysosomal and mitochondrial fractions in 

ferroptosis.  

4.5.2 Lysosomal and mitochondrial membrane permeabilization in ferroptosis 

Membrane lipid peroxidation is known to alter membrane fluidity, lipid-lipid interactions, ionic 

gradients, membrane thickness and permeability (Gaschler and Stockwell, 2017). To test whether 

increased lipid peroxidation during ferroptosis affects the membrane integrity of lysosomes, we 

exposed HT22 cells to glutamate and performed subcellular fractionation at 6 and 10 hrs. In 

response to glutamate treatment, we observed a time dependent increase in the levels of lysosomal 

proteases, CTSB and CTSL, in the cytosol suggesting the induction of lysosomal membrane 

permeabilization (LMP) during ferroptosis (Fig. 4.1 E). Furthermore, using a fluorescence-based 

activity assay, we observed a time dependent increase in CTSB and CTSL activities in whole cell 

lysates harvested at corresponding time points indicating a correlation between cathepsin protein 

levels and their activities (Fig. 4.1 F). As shown previously (Sanderson et al., 2015), a time 

dependent increase of mitochondrial proteins such as apoptosis inducing factor (AIF) and 

cytochrome C (cyto C), were also observed in cytosol indicating mitochondrial membrane 

permeability (MMP) after glutamate treatment (Fig. 4.1 E). Despite cytosolic translocation of cyto 

C, minimal or no activation of caspases has been reported in cells undergoing ferroptosis (Yagoda 

et al., 2007; Fukui et al., 2009). Accordingly, we did not observe any significant activation of 

caspase-3 in response to glutamate in HT22 cells (Suppl. Fig. 4.1 C).  
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4.5.3 Glutamate and erastin induce VDAC1 oligomerization in HT22 cells 

To further evaluate the status of mitochondrial integrity during ferroptosis, we assessed the status 

of voltage-dependent anion-selective channel 1 (VDAC1), a major component of the outer 

mitochondrial membrane which undergoes oligomerization in response to excessive oxidative 

stress leading to the formation of a transition pore in the outer mitochondrial membrane resulting 

in the release of cyto C and AIF (Shoshan-Barmatz et al., 2013). HT22 cells were treated with 

glutamate or erastin for increasing time durations (8, 12 and 16 hr) and the protein expression 

levels of VDAC1 was assessed by western blotting. Using our routine reducing SDS-PAGE 

western blotting, a time dependent increase in the expression of VDAC1 protein levels was 

observed (Suppl. Fig. 4.2 A-D). Interestingly, under non-reducing conditions, the intensity of 35 

kDa VDAC1 band (known as VDAC1 monomer) was not notably increased; however, a second 

band was detected using anti-VDAC1 antibody, which was more pronounced with increasing 

exposure time of the cells to glutamate and erastin (Suppl. Fig. 4.2 A and B). Using cross-linking 

agents like BMOE (bis(maleimido)ethane) or EGS (ethylene glycol bis(succinimidyl succinate)) 

earlier studies have shown the appearance of this faster migrating monomeric form of VDAC1 

band upon induction of an apoptotic stimuli (Keinan et al., 2013). This band is proposed to be the 

result of an intra-molecular bond formation between a single cysteine in the N-terminal region and 

another amino group, possibly a lysine residue (Geula et al., 2012). However, in this experiment 

shown in Suppl. Fig. 4.2 A and D, no such cross-linkers were utilized. Cysteine groups in VDACs 

have been shown to be the target for oxidation by ROS and therefore it is possible that faster 

migrating anti-VDAC1 antibody reactive band is a result of intra-molecular disulfide bond 

formation. Although the contribution of this intra-molecular disulfide bond in either pore-

conductance or apoptotic induction remains unclear (De Pinto et al., 2016).  
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To seek further insights into the effect of oxidative stress induced by glutamate and erastin on 

oligomeric status of VDAC1, we performed cross-linking experiments using EGS to capture the 

oligomeric states of VDAC1 by western blotting. As shown in Suppl. Fig. 4.2 E, glutamate induced 

a time dependent induction in VDAC1 oligomerization evident by the higher molecular weight 

bands corresponding to the dimeric, trimeric and multimeric states of VDAC1. Similar results were 

obtained with erastin treatment (Suppl. Fig. 4.2 F). The intra-molecular cross-linked monomeric 

VDAC1 band (indicated by asterisk) with altered electrophoretic migration was also detected in 

glutamate and erastin treated HT22 cells (Suppl. Fig. 4.2 E and F).  

To rule out potential cell type specific effects in induction of LMP and MMP during ferroptosis, 

we performed similar subcellular fractionation experiments with NIH3T3 cells, where exposure to 

erastin (3 µM) for 8 hr increased the levels of lysosomal proteases and mitochondrial proteins in 

the cytosolic fraction (Fig. 4.1 G), demonstrating that LMP and MMP may not be cell specific 

effects but of general relevance for ferroptosis. This was associated with a corresponding increase 

in lipid peroxidation of associated organelle membranes as shown by increased MDA content in 

mitochondrial and lysosomal fractions in NIH3T3 cells exposed to erastin (Suppl. Fig. 4.3 A). 

4.5.4 Cathepsins are induced in response to glutamate treatment in HT22 cells 

We have previously shown a differential expression and activation pattern for CTSL and CTSB 

(Nagakannan and Eftekharpour, 2017b) under oxidative stress; while CTSB activity can be 

increased robustly without detectable changes in its protein levels, increased CTSL activity always 

correlated with a rise in its protein levels. To examine whether such differential expression pattern 

of lysosomal proteases exists during ferroptosis, HT22 cells were exposed to glutamate for 

increasing times and the protein expression of major cathepsins in the cell lysates were assessed 

by western blotting. As shown in Fig 4.1 H and I, glutamate caused a moderate rise in pro-CTSB 
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and mature-CTSB levels; however, the level of pro-CTSL was significantly elevated indicating a 

significant increase in its synthesis. This was further corroborated by upregulated levels of 

intermediate forms of CTSL; however, no significant change in the level of mature-CTSL was 

observed. An augmented level of intermediate CTSL was also noted in cytosolic fraction, while 

the mature form was not altered (Fig. 4.1 E). Previous studies have identified and characterized 

the intermediate (truncated) form of CTSL as the cytosolic variant resulting from an alternative 

translation mechanism (Reiser et al., 2010). The higher protein level for the intermediate form was 

correlated well with an increase in enzymatic activity indicating that indeed it is the intermediate 

CTSL that is active in ferroptosis. We also assessed the status of CTSD, another major lysosomal 

protease in the cell lysates. Although a non-significant moderate decrease in the pro form of CTSD 

was observed, no active fragments were detected (Suppl. Fig. 4.3 B).  
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Figure 4.1. Lysosomal and mitochondrial membrane permeabilization in ferroptosis induced 

by system xc
- inhibition.  
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Figure 4.1. Lysosomal and mitochondrial membrane permeabilization in ferroptosis induced 

by system xc
- inhibition. HT22 cells were cultured in the presence or absence of glutamate (4 

mM) with or without Fer-1 (2 µM) or DFO (50 µM) for 12 hr and were subjected to subcellular 

fractionation. (A and C) The purity of different subcellular fractions was validated by western 

blotting against specific markers for each cellular compartment: lysosomes (LAMP-1), 

mitochondria (COX-IV) and cytosol (GAPDH / β-Actin). The amount of malondialdehyde (MDA) 

in lysosomal (B) and mitochondrial (D) fractions were determined as a measure of extent of lipid 

peroxidation. The bars in graphs indicate mean ± S.E.M. of averages from n =2-4 independent 

experiments, *p < 0.05 and **p < 0.01 by one-way ANOVA followed by Tukey’s post-hoc test. 

(E) Western blot analysis of cytosolic fractions from vehicle or glutamate (4 mM)-treated HT22 

cells isolated at indicated time points are shown. (F) Protease activities of cathepsins B and L were 

measured using fluorogenic substrates in cell lysates obtained from HT22 cells cultured in the 

presence or absence of glutamate (4 mM). The bars represent mean ± S.E.M. of averages from n 

=3 independent experiments, *p < 0.05 and **p < 0.01 by unpaired two-tailed t-test. (G) NIH3T3 

cells were treated with vehicle or erastin (3 µM) for 8 hr and the isolated cytosolic fractions were 

analyzed by western blotting using indicated antibodies. (H) HT22 cells were treated with 

glutamate (4 mM) for indicated time points and the cell lysates were subjected to western blotting. 

(I) Densitometric analysis of proteins normalized to β-Actin are shown as fold change of control 

(Ctl). The bars in graphs indicate mean ± S.E.M. of averages from n=3-4 independent experiments, 

*p < 0.05 by one-way ANOVA followed by Dunnett's post-hoc test. 
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4.5.5 Cathepsin B mediates ferroptotic cell death 

Cathepsins B, L and D are known to play important roles in other forms of regulated cell death 

such as apoptosis, autophagy and necrosis (Mrschtik and Ryan, 2015; Wang et al., 2018a). Based 

on the results described in the foregoing, we used pharmacological inhibitors to block the different 

cathepsins to establish a role of individual cathepsins in ferroptosis. CA074-me is an irreversible 

specific small molecule inhibitor with cell permeating properties that can inhibit CTSB. 

Pretreatment of HT22 cells with CA074-me offered significant (~85%) protection against 

glutamate induced cell death, while inhibitors targeting other cathepsin isoforms such as CTSL 

(Z-FY-CHO) or CTSD (Pepstatin-A, Pep-A) failed to protect from glutamate induced cell death. 

As expected, treatment with anti-ferroptotic agents, Fer-1 and DFO, completely suppressed 

glutamate induced cell death (Fig. 4.2 A). HT22 cells exposed to glutamate for 12 hr exhibited a 

rounded and shrunken morphology. Conversely, cells pretreated with CA074-me exhibited a 

moderately normal morphology that was comparable with Fer-1 and DFO treated cells exposed to 

glutamate (Suppl. Fig. 4.3 C). Secretion of CTSB into the extracellular space, especially during 

inflammatory responses, has been reported to induce apoptotic cell death (Rodriguez-Franco et al., 

2012; Hook et al., 2015). To distinguish the roles of intracellular and extracellular CTSB in 

ferroptosis, we compared the efficacy of CA074 and CA074-me against glutamate induced 

cytotoxicity. The extracellular inhibitor of CTSB, CA074, failed to protect cells against glutamate 

induced cell death confirming that intracellular CTSB mediates ferroptotic cell death (Fig. 4.2 A). 

Validating these results, CA074-me showed significant improvement in cell survival in HT22 cells 

exposed to erastin, while the CTSL inhibitor Z-FY-CHO failed to do so (Suppl. Fig. 4.3 D). 

Cognate anti-ferroptotic compounds like Fer-1 and liproxstatin-1 are known to possess radical-

trapping ability and are suggested to protect against ferroptosis by inhibiting lipid autoxidation 
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(Zilka et al., 2017). We therefore performed DPPH radical scavenging assay to test whether 

cathepsin inhibitors have any antioxidant activity and specifically to exclude the potential radical-

trapping capability of CA074-me. In this assay, a decrease in absorbance of DPPH solution by the 

test compound indicates its trapping activity. Trolox was used as a positive control that showed a 

robust radical trapping activity by decreasing the DPPH absorbance. Similarly, Fer-1 and DFO 

displayed potent antioxidant capacity; however, none of the tested cathepsin inhibitors decreased 

the DPPH absorbance indicating that specific ferroptosis inhibitory effect of CTSB inhibitor is 

related to its biologic activity and not its direct role as a free radical scavenger (Suppl. Fig. 4.3 E).  

To further characterize the potential differential effect of classical ferroptosis inhibitors Fer-1 and 

DFO with that of CTSB inhibitor, we examined the effect of these compounds on lysosomal 

enzymes CTSB and CTSL isoforms. Similar to our previous report (Nagakannan and 

Eftekharpour, 2017b), HT22 cells treated with glutamate displayed significant rise in CTSB 

activity that was not associated with increased CTSB protein level. As expected, treatment with 

CA074-me completely inhibited the increased CTSB activity, but these CA074-me treated cells 

displayed significantly higher levels of mature-CTSB protein when compared to control and 

glutamate treated cells, indicating that CA074-me inhibits the activity of mature form of CTSB, 

and not its maturation (Fig. 4.2 B-D). Interestingly, Fer-1 significantly inhibited the increase in 

CTSB activity in response to glutamate, whereas DFO did not (Fig. 4.2 D). However, both Fer-1 

and DFO did not have any significant effect on maturation of CTSB protein (Fig. 4.2 B and C). 

Inhibition of CTSB resulted in an increase in CTSL enzymatic activity in CA074-me pre-treated 

cells in response to glutamate. This correlated with a significant increase in intermediate form of 

CTSL protein when compared to glutamate treated cells. Interestingly, CA074-me treatment did 

not have any effect on glutamate induced upregulation of pro-CTSL protein. Anti-ferroptotic 
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agents Fer-1 and DFO exhibited a similar effect as CA074-me in terms of CTSL activity. In 

glutamate treated cells, addition of Fer-1 and DFO significantly decreased the pro-CTSL protein 

but did not affect the increase in intermediate CTSL protein (Fig. 4.2 B-D).  

Using subcellular fractionation, we determined the effect of CTSB inhibitor and other classic anti-

ferroptotic agents on lysosomal and mitochondrial membrane integrity in glutamate induced 

ferroptosis. We used the cytoplasmic level of AIF1 also known as apoptosis inducing 

mitochondrial factor (AIFM1), and cytochrome C (cyto C) as indicators of mitochondrial 

membrane damage.  CA074-me, Fer-1 and DFO markedly decreased the cytosolic levels of AIF 

and cyto C indicating preservation of mitochondrial membrane integrity (Fig. 4.2 E). Although the 

role of AIF1 in apoptosis has been shown before, this protein is not involved in execution of 

ferroptosis (Doll et al., 2019).  In accordance with reports from our lab and others showing that 

CTSB can exacerbate LMP once translocated to cytoplasm (Jacobson et al., 2013; Katsnelson et 

al., 2016; Nagakannan and Eftekharpour, 2017b), in the present study, inhibition of intracellular 

CTSB with CA074-me also strongly decreased the levels of CTSB and pro-CTSL in the cytosol 

confirming better lysosomal membrane integrity and abrogation of LMP. In case of both Fer-1 and 

DFO treated cells, dramatically lower cytosolic levels of CTSB and L were detected, indicating 

that lipid peroxidation and iron mobilization are upstream of LMP. Interestingly, the intermediate 

form of CTSL was not affected by CA074-me pretreatment, while Fer-1 and DFO markedly 

decreased this isoform when compared to the cytosolic fraction from glutamate treated cells (Fig. 

4.2 E). Since intermediate CTSL is the cytosolic variant of CTSL, it is possible that upregulation 

of intermediate CTSL was a stress response to induction of oxidative stress and inhibition of lipid 

peroxidation (Fer-1), and chelation of iron (DFO) were able to inhibit its upregulation, while 

CA074-me did not.  
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The involvement of autophagy in induction of ferroptosis was previously reported (Gao et al., 

2016). In accordance, we detected a significant increase in LC3-II/LC3-I ratio and LMAP1 protein 

level, confirming upregulated autophagy, lysosomal enlargement and increased lysosomal 

synthesis in response to autophagy induction. The LC3-II/LC3-I ratio and LAMP1 levels were 

significantly reduced by Fer-1 and DFO when compared to glutamate treated cells (Suppl. Fig. 4.4 

A and B). On the contrary, the protective effect offered by inhibition of CTSB by CA074-me did 

not have any major effect on LC3-II/LC3-I ratio and LAMP1 levels. Inhibition of lysosomal 

proteases is shown to increase autophagosomes and therefore one would expect to see an increase 

in the levels of LC3-II after inhibition of CTSB; however, we did not observe an additional 

increase in LC3-II levels after inhibition of CTSB in glutamate treated cells.  

Increased oxidative stress and lipid peroxidation, as observed in ferroptosis, is known to induce 

increased protein damage, which in turn are tagged with ubiquitin for protein degradation (Jung et 

al., 2014). Ubiquitination acts as a signal to recruit protein degradation machineries such as 

ubiquitin proteasome system (UPS) or autophagy to clear oxidized proteins and organelles (Cohen-

Kaplan et al., 2016). In these experiments we also detected a significant increase in poly-

ubiquitinated protein levels in glutamate-treated cells, as detected by western blotting. This was 

significantly lower in Fer-1 and DFO treated cells, indicating the involvement of oxidative protein 

damage in ferroptosis. Cells pretreated with CA074-me showed a notable (p=0.089) decrease in 

poly-ubiquitinated proteins in comparison with glutamate treated cells, proposing a role for CTSB 

in protein damage during ferroptosis (Suppl. Fig. 4.4 A and B). Inhibition of both UPS and 

autophagy systems have been shown to protect against glutamate toxicity in HT22 cells, 

suggesting that degradation of pro-survival proteins or essential organelles may be involved in 

ferroptosis (van Leyen et al., 2005; Kubota et al., 2010; Yang et al., 2019a). Lower levels of protein 
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ubiquitination in CA074-me also suggests a general decrease in protein oxidation. This is in 

agreement with a previous report suggesting the regulation of glutamate induced oxidative toxicity 

by lysosomal ROS generation in HT22 cells (Kubota et al., 2010).  

Figure 4.2. Cathepsin B mediates glutamate induced ferroptosis in HT22 cells.  
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Figure 4.2. Cathepsin B mediates glutamate induced ferroptosis in HT22 cells. (A) HT22 cells 

were pretreated for 3 hr with CA074-me (15 µM), Z-FY-CHO (10 µM) or Pepstatin A (50 µM) 

and were treated with glutamate (4 mM) for 12 hr except for CA074 (15 µM), Fer-1 (2 µM) or 

DFO (50 µM), which were added simultaneously along with glutamate. Cell viability was 

determined by CCK-8 assay. The bars in graphs indicate mean ± S.E.M. of averages from n=3-6 

independent experiments. ****p<0.0001 by one-way ANOVA followed by Tukey’s post-hoc test. 

(B) HT22 cells were treated as indicated for 12 hr and the cell lysates were subjected to western 

blotting to assess the expression of cathepsins B and L. Densitometric analysis of proteins 

normalized to β-Actin are shown as fold change in C. The bars in graphs indicate mean ± S.E.M. 

of averages from n=3-4 independent experiments. *p < 0.05, **p < 0.01 and ***p<0.001 by one-

way ANOVA followed by Tukey’s post-hoc test (D) The effect of treatments on the protease 

activities of cathepsins B and L were determined by fluorometric method in cell lysates. The bars 

in graphs indicate mean ± S.E.M. of averages from n=4 independent experiments. *p < 0.05, **p 

< 0.01, ***p<0.001 and ****p<0.0001 by one-way ANOVA followed by Tukey’s post-hoc test. 

(E) HT22 cells were subjected to indicated treatment conditions for 12 hr and the cytosolic 

fractions were analyzed by western blotting to determine the effect of inhibitors on glutamate 

induced lysosomal and mitochondrial membrane permeabilization. 
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4.5.6 Inhibition of cathepsin B decreases lipid peroxidation and improves mitochondrial 

functions 

Since lipid peroxidation (LPO) is a major driving force in ferroptosis, we sought to examine the 

role of CTSB in regulation of lipid peroxidation during ferroptosis. Inhibition of CTSB 

significantly ameliorated the increase in MDA content induced by glutamate in HT22 whole cell 

lysates (Fig. 4.3 A) as well as mitochondrial and lysosomal fractions (Fig. 4.3 B and C). The 

efficacy of CA074-me in inhibiting LPO by ferroptotic induction was comparable with Fer-1 or 

DFO, showing that inhibition of CTSB was sufficient to inhibit intracellular organelle lipid 

peroxidation (Fig. 4.3 A-C).  

The mitochondrial membrane damage induced by glutamate in HT22 cells was associated with a 

strong depletion of ATP content and a significant decrease in mitochondrial membrane potential 

(ΔΨm), as measured by TMRM staining, demonstrating mitochondrial dysfunction (Fig. 4.3 D-F). 

Both inhibition of CTSB by CA074-me and lipid peroxidation by Fer-1 and DFO improved the 

ATP content and ΔΨm in cells exposed to glutamate, implying preserved mitochondrial structural 

integrity in these conditions (Fig. 4.3 D-F). We used FCCP, a mitochondrial uncoupler, as a 

positive control and observed a rapid decrease in ΔΨm within 15 min of treatment (Fig. 4.3 D and 

E). To further assess the effect of CA074-me and standard anti-ferroptotic agents on mitochondrial 

structural integrity, the oligomeric status of VDAC1 was assessed by chemical-crosslinking using 

EGS. Inhibition of CTSB or treatment with anti-ferroptotic agents Fer-1 and DFO markedly 

abrogated the induction of VDAC1 oligomerization and intra-molecular cross-link formation 

(Suppl. Fig. 4.4 C). Previous reports have shown that VDAC1 oligomerization can be inhibited by 

pro-survival Bcl-2 proteins (Shimizu et al., 2000; Arbel et al., 2012). Accordingly, administration 

of glutamate resulted in a corresponding decrease in Bcl-2 protein but was prevented prominently 
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after inhibition of CTSB or application of ferroptosis inducers Fer-1 and DFO (Suppl. Fig. 4.4 D). 

These data further confirm the impact of lysosomal membrane permeabilization on mitochondrial 

damage in ferroptosis. 

Further to evaluate the significance of mitochondrial damage in ferroptosis, we tested the effect of  

inhibition of VDAC1 oligomerization in glutamate and erastin induced cell death using a 

previously reported VDAC1 inhibitor, DIDS (4,4′-Diisothiocyanatostilbene-2,2′- disulfonate) 

(Head et al., 2015; Ben-Hail and Shoshan-Barmatz, 2016). A dose dependent improvement in cell 

survival was observed with DIDS treatment in the presence of glutamate and erastin indicating the 

potential involvement of VDAC1 in the mediation of cell death after system xc
- inhibition (Suppl. 

Fig. 4.5 A). Inhibition of VDAC1 has been shown to be detrimental under normal conditions as 

VDAC1 is involved in several cellular homeostatic functions such as transport of ions and ATP 

(Shoshan-Barmatz and Mizrachi, 2012; Pamenter et al., 2013). In agreement with previous reports, 

at higher concentration of 300µM, DIDS alone showed a significant decrease in cell survival under 

normal conditions. The efficacy of DIDS was confirmed by VDAC1 cross-linking assay. As shown 

in Suppl. Fig. 4.5 C, DIDS effectively abrogated the induction of VDAC1 oligomerization as 

evident by the absence of the trimeric and multimeric higher molecular weight bands and a 

significant decrease in dimeric and intra-molecular cross-linked bands in cells treated with 

glutamate-DIDS combination. These results were further confirmed with another inhibitor of 

VDAC1, Itraconazole (Head et al., 2015), which conferred significant protection against glutamate 

induced cell death (Suppl. Fig. 4.5 D). Taken together these results indicate that oxidative stress 

induced mitochondrial membrane damage is a feature of ferroptosis and preserving mitochondrial 

integrity can prevent ferroptotic cell death.   
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Figure 4.3. Inhibition of cathepsin B mitigates lipid peroxidation and mitochondrial 

dysfunction in ferroptosis.  
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Figure 4.3. Inhibition of cathepsin B mitigates lipid peroxidation and mitochondrial 

dysfunction in ferroptosis. HT22 cells were treated with glutamate (4 mM) alone or in 

combination with Fer-1 (2 µM) or DFO (50 µM), except for CA074-me (15 µM), which was 

pretreated for 3 hr before addition of glutamate. After 12 hr, the extent of lipid peroxidation was 

determined by measuring the MDA content in whole cell lysates (A), isolated lysosomal (B) and 

mitochondrial (C) fractions. The bars in graphs indicate mean ± S.E.M. of averages from n =3 

independent experiments. *p < 0.05, **p < 0.01, ***p<0.001 and ****p<0.0001 by one-way 

ANOVA followed by Tukey’s post-hoc test. (D) To determine the effect of inhibitors on 

glutamate-induced disruption of mitochondrial membrane potential, HT22 cells were pretreated 

with CA074-me for 3 hr and then treated with glutamate (2 mM) for 12 hr, except for Fer-1 and 

DFO which were added along with glutamate. Cells were then stained with TMRM and the live 

images were visualized using confocal microscope. Cells incubated with the mitochondrial 

uncoupler FCCP (for 15 min) served as positive control. The images shown here are representative 

of three independent experiments. The mean fluorescence intensity per cell in n≥200 

cells/condition, except for DFO + glutamate (n=77) and FCCP (n=105), were quantified. The 

distribution of values is presented as dot plot (E) and lines indicate mean ± S.E.M. ****p<0.0001 

by one-way ANOVA followed by Tukey’s post-hoc test. (F) HT22 cells were subjected to 

indicated treatment conditions for 12 hr and the ATP content in cell extracts was measured. The 

bars in graphs indicate mean ± S.E.M. of averages from n=5-6 independent experiments. **p < 

0.01 and ***p<0.001 by one-way ANOVA followed by Tukey’s post-hoc test. 
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4.5.7 CTSB is essential for ferroptosis induction 

To validate our above findings and to ascertain the role of CTSB in ferroptosis, we used primary 

MEF cells generated from mice lacking CTSB (Fig. 4.4 A). First, we exposed WT and Ctsb-/- MEF 

cells to erastin for 12 hr before the cell survival rates were assessed by the CCK8 assay. Affirming 

the above findings with pharmacological inhibitors, Ctsb-/- cells demonstrated significant 

resistance towards erastin induced ferroptotic cell death (Fig. 4.4 B). The mitochondrial response 

of these cells in erastin-mediated ferroptosis was determined by assessment of ATP content. WT 

MEFs showed a significantly lower ATP content in response to ferroptosis induction whereas, 

Ctsb-/- MEFs showed higher resistance to erastin induced ATP depletion (Fig. 4.4 C). Erastin 

mediated ferroptosis in WT MEFs was effectively prevented with Fer-1 (Fig. 4.4 B and C).  

Similar to the HT22 cells, the WT MEF cells showed a near significant (p=0.055) increase in LC3-

II/LC3-I ratio and an upregulation of lysosomal LAMP1 protein when treated with erastin. 

Administration of Fer-1 effectively reversed these changes in these cells. Interestingly, genetic 

deletion of CTSB prevented the increase in LAMP1 protein but did not affect the LC3-II/LC3-I 

ratio in response to erastin (Suppl. Fig. 4.6 A and B). WT MEFs exposed to erastin displayed a 

significant increase in mature-CTSB levels, which was prevented by Fer-1 treatment. Similarly, 

Fer-1 also abrogated the increase in pro-CTSL protein expression in response to erastin in WT 

MEFs. Ctsb-/- cells showed a comparatively low basal pro-CTSL expression, which was unaffected 

by erastin. A sharp increase in the intermediate CTSL level was observed in Ctsb-/- cells in response 

to erastin; this was two-fold higher than WT MEFs exposed to erastin. Nonetheless, there was no 

significant change in mature-CTSL levels observed in either cell types after erastin treatment 

(Suppl. Fig. 4.6 A and B). These observations are in accordance with a previous report suggesting 

mutual compensation between lysosomal proteases CTSB and CTSL. Authors reported that in-
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vivo single gene deletion of either of these cathepsins do not develop lysosomal or autophagosomal 

accumulations in neurons, while neurons of double knockout (Ctsb-/-/Ctsl-/-) mice display 

excessive autophagosomes (Stahl et al., 2007). The cell-specific role of these cathepsins remains 

to be further characterized. For instance, in macrophages, prolonged inhibition or knockout of 

CTSB has been shown to result in accumulation of enlarged lysosomes indicating the involvement 

of this enzyme in regulation of autophagic flux (Tizon et al., 2010). 

Erastin induces ferroptosis through depletion of GSH, which in turn is due to inhibition of the 

cystine–glutamate antiporter system xc
- (Dixon et al., 2012). Experimental approaches that limit 

GSH depletion have been shown to render cells resistant to ferroptosis (Hao et al., 2017). We 

therefore decided to measure the GSH content in MEF cells in response to erastin. As shown in 

Fig. 4.4 D, similar to WT MEFs, deletion of cathepsin B (Ctsb-/-) in MEFs did not prevent erastin-

induced GSH depletion comparable to what was reported for Fer-1 (Zilka et al., 2017). To further 

examine the role of GSH in these cells, WT and Ctsb-/- MEF cells were exposed to the GSH 

synthesis inhibitor L-buthionine sulfoximine (BSO). Administration of BSO induced a dose 

dependent cell death in WT MEFs after 48 hr, whereas Ctsb-/- demonstrated higher resistance to 

cytotoxicity by BSO (Fig. 4.4 E). GSH depletion by BSO is a well-established model of ferroptosis 

and hence these results further confirm the key role of CTSB in this mode of cell death.  

Although our KO studies conclude that GSH level is not the major player in prevention of 

ferroptotic cell death in MEF cells, one cannot rule out the potential effect of pharmacological 

inhibition of CTSB on GSH synthesis. We therefore used our model of glutamate toxicity in HT22 

cells to test the effect of CA074-me on GSH levels. As expected, GSH levels were significantly 

depleted after glutamate treatment, which was not prevented by Fer-1 and DFO. Interestingly, cells 

pretreated with CA074-me before glutamate administration contained a significantly higher GSH 
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content when compared to glutamate alone treated cells (Suppl. Fig. 4.7 A). This was not a direct 

effect of CA074-me treatment, as basal GSH level (pre-glutamate exposure) in these cells (no 

glutamate) was not increased (0.964 ± 0.019-fold Vs Control). We therefore hypothesized that 

inhibition of CTSB with CA074-me might be increasing the GSH content by preserving the 

intracellular GSH synthesis machinery. To test this hypothesis, we performed western blotting to 

detect the catalytic and modifier subunits of γ-glutamylcysteine synthetase (γ-GCS), γ-GCSc and 

γ-GCSm, respectively, in cells subjected to various treatments. The de novo synthesis of GSH 

involves two sequential ATP dependent enzymatic reactions catalyzed by γ-GCS, the rate-limiting 

step, and GSH synthetase, respectively (Circu and Aw, 2012). Glutamate treatment caused a 

moderate decrease in both γ-GCSc and γ-GCSm protein levels, indicating impaired GSH synthesis 

machinery. However, pretreatment with CA074-me induced a significant upregulation in γ-GCSm 

levels and moderate increase of γ-GCSc when compared to glutamate treated cells indicating that 

the increase in GSH content after CTSB inhibition by CA074-me in glutamate treated cells could 

be due to the preservation of GSH synthesis machinery (Suppl. Fig. 4.7 B). Although, Fer-1 and 

DFO did not increase the GSH content, both inhibitors attenuated the glutamate induced decrease 

in γ-GCSc and γ-GCSm protein levels (Suppl. Fig. 4.7 A and B). However, no significant change 

was observed in γ-GCSc and γ-GCSm levels in response to erastin in both WT and Ctsb-/- MEF 

cells (Suppl. Fig. 4.7 C and D). 

GSH has numerous functions in the cells, of which most of them are related to its role in 

scavenging ROS and as a substrate for GSH dependent enzymes (Patlevic et al., 2016). GPX4 is 

one of the key GSH dependent enzymes reducing phospholipid hydroperoxides to nontoxic lipid 

alcohols in the presence of GSH. Inactivation of GPX4 either by direct inhibition of its enzymatic 

activity using inhibitors like RSL3 or by depletion of GSH are known triggers of ferroptosis, as 
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both these approaches leads to accumulation of potentially toxic lipid peroxidation products 

resulting in ferroptosis (Friedmann Angeli et al., 2014; Conrad et al., 2016). A recent study 

suggested that prevention of GPX4 degradation through inhibition of CMA can inhibit ferroptosis 

(Wu et al., 2019). Considering the crucial role of lysosomes in CMA, we hypothesized that 

protective effect of CA074-me could be mediated by inhibition of CMA activity thereby 

preventing GPX4 degradation and eventually leading to prevention of ferroptosis. However, we 

observed that GPX4 protein degradation in response to glutamate was further augmented after 

pretreatment with CTSB inhibitor. The protection offered by DFO and Fer-1 in these studies was 

also independent of GPX4, as none of these treatments prevented GPX4 degradation (Fig. 4.4 F). 

Likewise, both WT and Ctsb-/- MEF cells showed a similar decrease in GPX4 levels in response 

to erastin (Suppl. Fig. 4.7 C and D). Overall, these results suggest that the resistance to ferroptosis 

observed after inhibition of CTSB activity or ablation of CTSB protein is not dependent on GPX4. 

To ascertain these findings on GPX4 dependency and to get further mechanistic insights, we 

decided to evaluate the effect of CTSB inhibitor on GPX4 ablation induced ferroptosis.  
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Figure 4.4. Cathepsin B knockout confers resistance to ferroptosis in mouse embryonic 

fibroblasts.  
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Figure 4.4. Cathepsin B knockout confers resistance to ferroptosis in mouse embryonic 

fibroblasts. (A) Representative western blots showing knockout of Cathepsin B (Ctsb-/-) in 

primary mouse embryonic fibroblasts. (B) Ctsb-/- MEFs were resistant to erastin induced 

ferroptosis compared to WT. Fer-1 (2 µM) rescued the WT MEFs from erastin induced ferroptosis. 

Cell viability was assessed 12 hr after treatment with erastin by CCK8 assay. Data represents mean 

± S.E.M. of averages from n =7 independent experiments. (C) WT and Ctsb-/- MEF cells were 

treated with erastin (5 µM) alone or in combination with Fer-1 (2 µM) for 12 hr and the ATP 

content in cell extracts was measured. The bars in graphs indicate mean ± S.E.M. of averages from 

n=3 independent experiments. **p < 0.01 and ***p<0.001 by one-way ANOVA followed by 

Tukey’s post-hoc test. (D) Glutathione (GSH) content was determined by fluorometric method 

after 12 hr of indicated treatments. The bars in graphs indicate mean ± S.E.M. of averages from 

n=3 independent experiments. ****p<0.0001 by one-way ANOVA followed by Tukey’s post-hoc 

test. (E) Ctsb-/- MEFs were resistant to BSO induced ferroptosis compared to WT. Cell death 

triggered by BSO was rescued by concomitant administration of Fer-1 (2 µM). Cell viability was 

assessed 48 hr after treatment with BSO by CCK8 assay. Data shown represent mean ± S.E.M. of 

n=5 independent experiments. (F) HT22 cells were pretreated with CA074-me (15 µM) and then 

exposed to glutamate for 12 hr, while Fer-1 (2 µM) and DFO (50 µM) were added as concomitant 

treatments along with glutamate. The cell lysates were subjected to western blot analysis for GPX4 

protein expression. Densitometric analysis of GPX4 normalized to β-Actin is shown as fold change 

and the bars indicate mean ± S.E.M. of averages from n=4 independent experiments. *p < 0.05 

and ***p<0.001 by one-way ANOVA followed by Tukey’s post-hoc test.  
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4.5.8 GPX4 ablation induces activation of autophagy and lysosomal enlargement 

To further examine a potential relationship between GPX4 and lysosomal cathepsins in ferroptosis, 

we employed the classical model of Pfa1 cells (Seiler et al., 2008), in which addition of Tamox 

induces a time dependent deletion of GPX4 thereby activating ferroptosis (Fig. 4.5 A). This was 

accompanied by a concomitant increase in LC3-II/LC3-I ratio indicating an induction of 

autophagy (Fig. 4.5 A and B), which could be due to increased lipid peroxidation products as a 

result of genetic gpx4 deletion. While, a minimal level of ROS is required for induction of 

autophagy, excessive ROS can however, impair maturation of autophagy (Underwood et al., 2010; 

Nagakannan et al., 2016). To monitor the status of autophagic flux after GPX4 depletion, we 

transduced Pfa1 cells with baculovirus expressing LC3 fused with acid-sensitive green fluorescent 

protein (GFP) and acid-insensitive red fluorescent protein (RFP) (PremoTM Autophagy Tandem 

Sensor). Using this technique autophagosomes are identified by yellow (GFP+RFP colocalization) 

and autolysosomes by red, indicating the fusion of autophagosomes with lysosomes (Kimura et 

al., 2007; Sandilands et al., 2011). Deletion of GPX4 induced a significant decrease in yellow 

punctas and a corresponding increase in red punctas indicating the increased maturation of 

autophagosomes to autophagolysosomes. Addition of Baf-A1 that blocks autophagosome-

lysosome fusion by decreasing lysosomal acidity completely inhibited the conversion of yellow to 

red punctas (Suppl. Fig. 4.8 A and B). These findings were further confirmed by western blotting, 

where the turnover of LC3-II was monitored using Baf-A1 to block the maturation of 

autophagosome. Deletion of GPX4 in Pfa1 cells induced a four-fold increase in LC3-II protein 

level, which was further enhanced to 12-fold with addition of Baf-A1 and was comparatively 

higher than the LC3-II level in control cells treated with Baf-A1. Treatment with Fer-1, however, 

decreased the accumulation of LC3-II protein levels in both control and GPX4 deleted cells either 
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in the presence or absence of Baf-A1 (Suppl. Fig. 4.8 C and D). These results collectively support 

the previous reports (Gao et al., 2016; Wu et al., 2019; Yang et al., 2019a) regarding active 

autophagic processes during ferroptosis and suggests that induction of lipid peroxidation is 

upstream of autophagy activation.  

Next, we assessed the status of lysosomes in GPX4 ablated cells by western blotting and 

immunocytochemistry. Deletion of GPX4 induced a time dependent increase in LAMP-1 protein 

levels (Fig. 4.5 C and D) indicating lysosomal enlargement, which was confirmed by lysosomal 

immunostaining (Fig. 4.5 E). As shown in Fig. 4.5 E and F, at 48 hr post GPX4 deletion, LAMP-

1 positive vesicles were significantly increased and displayed an enlarged morphology. To further 

assess lysosomal acidity and size, we stained the cells with LysoTracker, an indicator of active 

lysosomes. Knockout of GPX4 in Pfa1 cells induced a significant increase in lysotracker 

fluorescence indicating increased lysosomal acidity (Fig. 4.5 E and G). Area distribution analysis 

of lysotracker stained vesicles revealed a change in lysosomal size when compared to control cells. 

We categorized the lysosomes according to their size into three groups: small (0-0.499 µm2), 

medium (0.5-0.799 µm2) and large (0.8-1.5 µm2). We observed that after GPX4 deletion the 

population of small lysosomes decreased, while the number of medium and large lysosomes 

increased robustly, confirming an increase in enlarged lysosomes (Fig. 4.5 E and H). The normal 

size range of lysosomes is reported to be 0.1–1.2 µm2 (Cai et al., 2017), however as a result of 

fusion with other membranous structures or activation of autophagy (either macro-autophagy or 

CMA), the size can increase to 0.5–1.5 µm2. Accumulation of undigested cargo can also lead to 

enlarged dysfunctional lysosomes (Walkley and Vanier, 2009; Xu and Ren, 2015). Since, we saw 

an increase in lysosomal acidity with a corresponding autophagy induction after GPX4 deletion, it 

is unlikely that the enlargement in lysosomal size is because of lysosomal dysfunction caused by 
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accumulation of undigested cargo. A comparable lysosomal phenotype has been described earlier 

in Chediak–Higashi syndrome, where enlarged lysosomes were found to be still functional and 

were able to fuse with autophagosomes and degrade cargo at normal rate (Holland et al., 2014).  

Figure 4.5. GPX4 disruption induces autophagy and lysosomal enlargement.  
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Figure 4.5. GPX4 disruption induces autophagy and lysosomal enlargement. Representative 

western blots show Tamox (1 µM) induced deletion of GPX4 in Pfa1 cells and the time dependent 

changes in LC3-I to LC3-II conversion (A) and LAMP-1 (C) protein levels. Densitometric 

quantification of LC3-I/LC3-II (B) and LAMP-1 (D) are shown. The bars represent mean ± S.E.M. 

of averages from n=4 independent experiments, *p < 0.05 and **p < 0.01 by unpaired two-tailed 

t-test. (E) 48 hr post induction of GPX4 knockout, Pfa1 cells were stained for with LysoTracker 

red dye or immunostained with antibody against LAMP-1. The mean fluorescence intensity per 

cell was quantified (LAMP-1, n≥40 and LysoTracker, n≥70 cells/condition) and the distribution 

of values are represented as dot plot (F and G); lines indicate mean ± S.E.M. ****p < 0.0001 by 

unpaired two-tailed t-test. Similar results were obtained from experiments performed 

independently three times. (H) Size distribution of lysotracker stained vesicles (in E) is shown. 

The lysosomes were categorized according to their size into three groups: small (0-0.499 µm2), 

medium (0.5-0.799 µm2) and large (0.8-1.5 µm2). Pfa1 cells induced for GPX4 deletion (Tamox, 

1 µM) showed an increase in percentage of enlarged lysosomes.  
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4.5.9 Lysosomal membrane permeabilization after GPX4 ablation  

We next investigated the impact of GPX4 deletion on lysosomal proteases. A time dependent 

increase in the pro form of CTSB and a corresponding significant increase in mature-CTSB was 

observed after induction of GPX4 deletion in Pfa1 cells. Similarly, both the pro and intermediate 

forms of CTSL were found to be increased in a time dependent manner, with their expression 

peaking after 72 hr of induction of GPX4 depletion. Upregulation of mature-CTSL was observed 

throughout the Tamox-induced ablation of GPX4 (Fig. 4.6 A and B). These results were further 

confirmed with specific fluorometric enzymatic assays for cathepsins. We detected a significant 

increase for both CTSB and CTSL enzymatic activities in Tamox-treated Pfa1 cells compared to 

their time matched controls (Fig. 4.6 C). This was correlated with their protein levels. In case of 

CTSD, no significant changes were observed in the pro-form until 48 hr after induction of GPX4 

knockout however, a moderate, but a significant decrease in pro-CTSD was observed at 72 hr. 

Nonetheless, no mature forms of CTSD were detected (Suppl. Fig. 4.8 E and F). These results 

indicate a delayed activation of CTSD, especially at the very last stage of ferroptosis.  

Since our results with HT22 cells showed the involvement of LMP in ferroptosis, we next set out 

to assess the fate of lysosomal membrane integrity after GPX4 deletion. Subcellular fractionation 

of Tamox-treated Pfa1 cells showed a significant increase in mature-CTSB protein in the cytosolic 

fraction and a corresponding decrease in lysosomal fraction in response to GPX4 deletion. A 

similar increase in pro, intermediate and mature forms of CTSL was also observed in the cytosolic 

fraction; however, contrary to our expectation, a similar increase in pro and mature-CTSL was 

observed in lysosomes (Fig. 4.6 D and E). Enzymatic activity assays corroborated the protein 

levels with proportionate enzymatic activity. CTSB activity was found to be four-fold higher in 

the cytoplasm of GPX4 ablated cells when compared to their untreated counterpart. However, we 
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could not detect any CTSL enzymatic activity in control cell cytoplasm and only a moderate 

increase was observed in the cytoplasm of GPX4 deleted cells (Fig. 4.6 F). It is noteworthy that 

the intermediate form of CTSL was observed only in the cytosolic fraction of GPX4 deleted cells 

and not control cells (Fig. 4.6 D). Comparing the CTSL enzymatic activity in the cytosol and 

protein isoforms, it is possible that only the cytosolic/intermediate form of CTSL is active during 

GPX4 deletion-induced ferroptosis. The observation that only CTSB, but not CTSL was found to 

be decreased in lysosomal fraction, suggests a possibility of partial or selective LMP in ferroptosis.  
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Figure 4.6. GPX4 ablation causes lysosomal membrane permeabilization.  
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Figure 4.6. GPX4 ablation causes lysosomal membrane permeabilization. (A) Pfa1 cells were 

harvested at indicated time points after induction of GPX4 disruption with Tamox (1 µM). The 

cell lysates were subjected to western blot analysis to determine the expression pattern of 

cathepsins. Densitometric analysis of proteins normalized to β-Actin are shown as fold change (B). 

The bars in graphs indicate mean ± S.E.M. of averages from n=3-4 independent experiments. *p 

< 0.05 and **p < 0.01 by unpaired two-tailed t-test. (C) Enzymatic activities of cathepsins B and 

L were determined using fluorogenic substrates in Pfa1 cell lysates collected at indicated time 

points after induction of GPX4 knockout. The bars in graphs indicate mean ± S.E.M. of averages 

from n=3-5 independent experiments. (D) GPX4 was disrupted in Pfa1 cells with Tamox (1 µM) 

and were subjected to subcellular fractionation after 60 hr of knockout induction. The isolated 

fractions were analyzed by western blotting to determine the intracellular localization of cathepsin 

B (upper panel) and cathepsin L (lower panel). Densitometric quantifications of cathepsins 

normalized to either cytosolic (GAPDH) or lysosomal (LAMP-1) loading control are shown as bar 

graphs (E). The bars indicate mean ± S.E.M. of averages from n=3 independent experiments. *p 

< 0.05 and ***p<0.001 by unpaired two-tailed t-test. (F) Enzymatic activities of cathepsins in 

cytosolic fractions were determined by fluorometric method. The bars in graphs indicate mean ± 

S.E.M. of averages from n=2 independent experiments. **p < 0.01 by unpaired two-tailed t-test. 
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4.5.10 Inhibition of CTSB abrogates GPX4 depletion induced ferroptosis 

To evaluate the contribution of different lysosomal proteases in GPX4 knockout induced 

ferroptotic cell death, we used CA074-me, Z-FY-CHO and Pep-A, specific pharmacological 

inhibitors of CTSB, CTSL and CTSD, respectively. Initially, we screened the efficacy of all the 

inhibitors with varying durations of pre or concomitant treatment strategies (data not shown). 

Based on these data, the inhibitors were added 24 hr after the induction of GPX4 deletion. As 

shown in Fig. 4.7 A, cell death induction after GPX4 ablation was prevented by CA074-me in a 

dose dependent manner. As shown in Fig. 4.7 B, CA074-me (15µM) showed a marked protection 

against GPX4 depletion induced changes in cellular morphology. Inhibition of CTSL using Z-FY-

CHO (10 and 20 µM) or CTSD with Pep-A (50 µM) did not show any significant improvement in 

cell viability when compared to Tamox treated cells, whereas lipid peroxidation inhibitor Fer-1 

(0.2 µM) displayed a complete protection (Fig. 4.7 A and B).  

A previous report has shown that GPX4 deletion by Tamox leads to translocation of AIF1 to 

nucleus from the mitochondrial compartment shown by a significant increase in 

nuclear/cytoplasmic ratio of AIF staining (Seiler et al., 2008).  To examine the role of CTSB 

involvement in GPX4 ablation-induced ferroptosis, at the end of experiments we assessed the 

translocation of AIF to nucleus in Pfa1 cells. Protection mediated by CA074-me in these studies 

was associated with inhibition of AIF translocation to nucleus. Likewise, Fer-1 completely blocked 

the nuclear translocation of AIF (Fig. 4.7 C and D). However, a recent report has negated the 

involvement of AIF1 in ferroptosis (Doll et al., 2019). CSTB inhibition in GPX4-dpeleted cells 

also diminished the extent of lipid peroxidation by ~ 2 folds as measured by MDA content in Pfa1 

cells lysates. This effect was comparable with Fer-1 treatment (Fig. 4.7 E).  
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Collectively, these results indicate a pivotal role for CTSB in induction of MMP and oxidative 

stress during ferroptosis. The protection offered by CA074-me against GPX4 deletion induced 

ferroptosis was independent of GSH content, as CA074-me did not cause any significant increase 

in GSH content both in normal and GPX4 ablated cells (Suppl. Fig. 4.8 G).  

4.5.11 Status of thioredoxin system in ferroptosis 

Thioredoxin (Trx) and its reducing enzyme thioredoxin reductase (TrxR) play a major role in 

maintaining the redox balance of the cells (Holmgren and Lu, 2010). Trx system can also reduce 

lipid peroxidation indirectly through their redox based control of phospholipid hydroperoxidase 

peroxiredoxins (Baskin-Bey et al., 2005; Zuo et al., 2018). To assess the status of Trx system 

during ferroptosis, we assessed the protein expression of Trx1 and TrxR1 in HT22 cells exposed 

to glutamate and GPX4 disrupted cells (Pfa1). A time dependent decrease in the expression of 

Trx1 protein, but not TrxR1 was observed in response to glutamate treatment (Suppl. Fig. 4.9 A 

and B). Similarly, GPX4 disrupted cells showed a significant reduction in Trx1 protein levels, but 

not TrxR1 (Suppl. Fig. 4.9 C and D). These results indicate a failure of Trx system during 

ferroptosis. Next, we assessed the impact of CA074-me treatment on Trx system in ferroptotic 

cells. CA074-me showed non-significant improvement in thioredoxin (Trx) and thioredoxin 

reductase (TrxR) protein levels further confirming that the protection offered by CA074-me in 

ferroptosis was independent of Trx system induction (Suppl. Fig. 4.9 C and D).  
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Figure 4.7. Inhibition of cathepsin B rescues GPX4 deletion-induced ferroptosis.  
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Figure 4.7. Inhibition of cathepsin B rescues GPX4 deletion-induced ferroptosis. (A) Pfa1 

cells were cultured in the presence of Tamox (1 µM) to disrupt GPX4 and the inhibitors were 

added 24 hr after knockout induction. Cells grown in normal culture conditions were used to 

determine the toxicity of inhibitors. Cell viability was assessed 60 hr after knockout induction by 

CCK8 assay. The bars in graphs indicate mean ± S.E.M. of averages from n=4-5 independent 

experiments. $ indicates p<0.0001 when compared to DMSO treated control; # and * indicate 

p<0.001 and p<0.0001, respectively, when compared to Tamox alone treated group. Statistical 

significance was determined by one-way ANOVA followed by Tukey’s post-hoc test. (B) CA074-

me (15 µM) and Fer-1 (0.2 µM) rescued Pfa1 cells from GPX4 deletion induced ferroptotic cell 

death. (C) Nuclear translocation of AIF was assessed by immunostaining after 48 hr of induction 

of GPX4 knockout. The mean fluorescence intensity of AIF in nuclear and cytoplasmic 

compartments were measured in n≥40 cells/condition and the nuclear / cytoplasmic ratio is 

presented as dot plot (D) and the lines indicate mean ± S.E.M. ****p<0.0001 by one-way ANOVA 

followed by Tukey’s post-hoc test. Similar results were obtained from experiments performed 

independently three times. (E) Cells were treated as described in Figure 7A and MDA content in 

cell lysates were determined by fluorometric method. The bars in graphs indicate mean ± S.E.M. 

of averages from n=4 independent experiments. **p < 0.01 and ****p<0.0001 by one-way 

ANOVA followed by Tukey’s post-hoc test. 
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4.5.12 Blocking cathepsin B activity and lipid peroxidation inhibits autophagy and lysosomal 

acidity in GPX4 depleted cells 

Since CTSB is a major protease in lysosomes, we aimed to determine the effect of loss of CTSB 

activity on activation of lysosomal autophagy in GPX4 knockout induced ferroptosis. Contrary to 

our findings with HT22 and MEF cells, blockade of CTSB inhibited the autophagic induction in 

ferroptotic cells as evidenced by a significant decrease in LC3-II/LC3-I ratio in GPX4 knockout 

cells treated with CA074-me when compared to vehicle treated control cells. CA074-me did not 

prevent the upregulation of LAMP1 after gpx4 deletion. Treatment with Fer-1 elicited a similar 

effect as CTSB inhibitor in terms of LC3-II/LC3-I ratio and LAMP-1 protein levels (Fig. 4.8 A 

and B). Fer-1 rescued cells displayed diminished CTSB but enhanced CTSL enzymatic activity. 

Inhibition of CTSB with CA074-me further enhanced CTSL activity in gpx4 deleted cells, while 

completely inhibiting CTSB activity as expected (Fig. 4.8 C). These observations further support 

the idea that lipid peroxidation acts upstream of autophagy and CTSB activation in ferroptosis and 

confirmed our findings in HT22 cells. Using lysotracker staining, the effect of CA074-me and Fer-

1 on ferroptosis induced increased lysosomal acidity was assessed. Both CA074-me and Fer-1 

significantly abolished the multifold increase in lysotracker intensity as a result of GPX4 deletion 

in Pfa1 cells (Fig. 4.8 D and E), which could be due to reduced autophagy induction by these 

inhibitors. As positive controls, Baf-A1 treated cells, either with or without gpx4 deletion, showed 

a significant decrease in lysotracker intensity. However, neither CA074-me nor Fer-1 showed any 

significant effects on lysosomal acidity in control cells (Fig. 4.8 D and E).  
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Figure 4.8. CA074-me and Fer-1 inhibits autophagy induction and lysosomal activity in 

ferroptosis. 
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Figure 4.8. CA074-me and Fer-1 inhibits autophagy induction and lysosomal activity in 

ferroptosis. (A) GPX4 knockout was induced in Pfa1 cells by addition of Tamox (1 µM) and the 

inhibitors were added 24 hr after knockout induction. The cells were harvested at 60 hr and the 

cell lysates were subjected to western blot analysis for autophagic markers. Densitometric 

quantifications of proteins normalized to GAPDH are shown (B). Bars indicate mean ± S.E.M. of 

averages from n=4 independent experiments. *p < 0.05, **p < 0.01 and ***p<0.001 by one-way 

ANOVA followed by Tukey’s post-hoc test. (C) Protease activities of cathepsins B and L in cell 

lysates were determined by using fluorogenic substrates. The bars in graphs indicate mean ± 

S.E.M. of averages from n=3 independent experiments. *p < 0.05, **p < 0.01 and ****p<0.0001 

by one-way ANOVA followed by Tukey’s post-hoc test. (D) Pfa1 cells were treated as indicated 

and stained with LysoTracker dye (red) 48 hr after induction of GPX4 knockout. Counter stained 

with DAPI to mark nuclei (blue). The mean fluorescence intensity per cell in n≥70 cells/condition 

were quantified, and the distribution of values is presented as dot plot (E). Similar results were 

obtained from two experiments performed independently. ****p<0.0001 by one-way ANOVA 

followed by Tukey’s post-hoc test. 
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4.5.13 Histone H3 is cleaved by Cathepsin B in ferroptosis  

While DNA fragmentation and chromatic condensation are hallmarks of apoptosis, we observed 

that nuclear structure and its contents are largely unaffected during ferroptosis. This is similar to a 

previous report in ferroptotic nuclei in kidney (Friedmann Angeli et al., 2014). Interestingly, we 

observed that that Histone H3, a core component of chromatin, was cleaved in glutamate treated 

HT22 neuronal cell line. Several proteases including lysosomal cathepsins are known to digest 

Histone molecules during cellular differentiation, senescence and death (Yi and Kim, 2018). Since, 

potent activation of lysosomal proteases is observed during ferroptosis in this study, we attempted 

to identify the specific protease/s involved in Histone H3 cleavage during ferroptosis. A faster 

migrating anti-H3 antibody reactive band was detected only in lysates obtained from HT22 cells 

exposed to glutamate, but not in control cells. Blocking of CTSB activity with CA074-me 

remarkably inhibited the glutamate induced proteolytic cleavage of H3, whereas CTSL (Z-FY-

CHO) and CTSD (Pep-A) inhibitors failed to do so, implying that CTSB is the mediator of H3 

cleavage in ferroptosis (Fig. 4.9 A). We noted that inhibition of autophagy during the initiation 

and maturation stages using LY294002 and Baf-A1, respectively inhibited the H3 cleavage in 

response to glutamate induced ferroptosis suggesting an active role of lysosomal autophagy in this 

process. In addition, administration of Fer-1 in glutamate treated cells prevented the cleavage of 

H3 fragment confirming that H3 cleavage is a ferroptotic process (Fig. 4.9 A).  

The involvement of H3 cleavage in ferroptosis was further confirmed in Pfa1 cells, as the cleaved 

product of H3 was detected only after GPX4 deletion. It is currently unknown whether H3 cleavage 

is a cell specific event or a general phenomenon in ferroptosis. CA074-me and Fer-1 treatment 

prevented the H3 cleavage in GPX4 deprived cells suggesting the involvement of CTSB in 
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cleavage of H3 during GPX4 dependent ferroptosis and is downstream of lipid peroxidation (Fig. 

4.9 B). 

To further validate the above results, we subjected the whole cell lysates obtained from WT and 

CTSB-/- MEFs grown in the presence or absence of erastin to western blot analysis. We detected 

the cleaved H3 fragment only in WT cells exposed to erastin, but not in CTSB-/- cells upholding 

our above results. H3 cleavage was completely prevented in WT cells cultured in the presence of 

Fer-1 and erastin indicating that lipid peroxidation is a trigger for proteolytic cleavage of H3 (Fig. 

4.9 C).  

To this end, we have shown that CTSB inhibition prevents ferroptotic cell death and cleavage of 

H3. However, it is not clear whether CTSB causes direct H3 cleavage or facilitates the 

translocation of other proteases to nucleus that mediate H3 damage in ferroptotic cells. Histone 

H3 is known to be a substrate of several lysosomal proteases (Yi and Kim, 2018). However, 

amongst the inhibitors we tested in this study, only CA074-me was able to prevent the ferroptosis 

induced H3 cleavage (Fig. 4.9 A). To further validate CTSB as a H3 protease in ferroptosis, we 

used an in-vitro histone H3 cleavage assay using isolated nuclei. The assay was performed at pH 

7.4 to mimic the cytosolic pH. We observed a higher efficiency in H3 cleavage for CTSL than 

CTSB, as rh-CTSL (50 ng) caused a severe digestion of H3 that was detectable as early as 30 min. 

In sharp contrast, similar concentration of rh-CTSB-mediated cleaved products of H3 were not 

observed until 2 hrs of incubation. As described previously (Duncan et al., 2008), the cleavage of 

H3 by rh-CTSB was distinctly different when compared to rh-CTSL (Fig. 4.9 D). To determine 

the potency of CTSB in cleaving H3, we incubated the isolated nuclei with increasing 

concentrations of rh-CTSB for 2 hrs. In contrast to rh-CTSL, even fourfold higher concentrations 

of rh-CTSB was unable to completely digest H3 indicating a specific, distinct and controlled 
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pattern of cleavage of H3 by CTSB. The in vitro cleavage of H3 was prevented with inhibitors of 

their respective cathepsins (Fig. 4.9 E). 

Figure 4.9. Cathepsin B cleaves Histone H3 during ferroptosis.  
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Figure 4.9. Cathepsin B cleaves Histone H3 during ferroptosis. (A) HT22 cells were pretreated 

for 3 hr with either CA074-me (15 µM), Z-FY-CHO (10 µM) or Pepstatin A (50 µM) prior to 

exposure to glutamate (4 mM, 12hr). For other groups, Fer-1 (2 µM), Baf-A1 (0.4 µM) or 

LY294002 (25 µM) were added along with glutamate. The cell lysates were subjected to western 

blot analysis for Histone H3. Arrow indicates cleaved histone H3. (B) GPX4 was disrupted in Pfa1 

cells by Tamox (1 µM) treatment and the inhibitors were added 24 hr post knockout induction. 

The cells were harvested at 60 hr after knockout induction and the status of Histone H3 in cell 

lysates was assessed by western blotting. Arrow indicates cleaved histone H3. (C) WT and CTSB-

/- MEF cells were exposed to erastin (5 µM) alone or in combination with Fer-1 (2 µM) for 12 hr 

and the cell lysates were analysed by western blotting. LE=Long Exposure; Arrow indicates 

cleaved histone H3. (D and E) Isolated HT22 cell nuclei were incubated with specified 

concentrations of rh-Cat B or rh-Cat L with or without CA074 (10 µM) or Z-FY-CHO (10 µM) 

for indicated time durations. The stability of histone H3 was assessed by western blotting. Arrow 

and asterisk indicate rh-Cat B and rh-Cat L cleaved histone H3 fragments, respectively. 
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4.6 Discussion 

4.6.1 Lipid peroxidation of lysosomal membrane initiates ferroptotic cell death  

Our study confirmed the widely accepted role of lipid peroxidation as an important player in 

completion of ferroptotic cell death; however, the specific cellular compartment of lipid 

peroxidation and its consequences are controversially debated (Feng and Stockwell, 2018). 

Previously, the involvement of STAT3 in suppression of ferroptosis by inhibition of ACSL4 has 

been identified as a therapeutic target in cancer treatment (Brown et al., 2017). STAT3 is an 

important signaling system in regulation of many vital activities including cell proliferation, 

inflammation, apoptosis as well as immune system, and therefore inhibition or activation of this 

system can cause widespread effects (Johnston and Grandis, 2011; Hillmer et al., 2016). 

In this study we have further uncovered the cellular and molecular mechanisms in ferroptosis and 

show that lipid peroxidation of lysosomal membrane in ferroptosis triggers the release of catalytic 

CTSB, which further damages mitochondrial membrane and promotes cell death. Specific 

inhibition or genetic deletion of this cysteine protease robustly prevented ferroptotic cell death. 

Using HT22 immortalized neurons, primary cultures mouse embryonic fibroblasts and NIH3T3 

mouse fibroblasts and the standard cellular model of GPX4 deletion in Pfa1 cells, we show that 

the involvement of CTSB in execution of ferroptotic cell death is not a cell specific phenomenon. 

The protective role of CTSB in cell protection and aggressiveness of cancer cells has been 

previously shown (Reinheckel et al., 2012). Additionally, the increasing evidence in implication 

of glutamate toxicity/oxytosis or ferroptosis in neurodegenerative diseases (Cong et al., 2019; 

Derry et al., 2019) and neurotrauma (Guan et al., 2019; Yao et al., 2019), demonstrate the 

suitability of CTSB for therapeutic purposes in these diseases. In our study the protection offered 

by CA074-me resulted in better lysosomal and mitochondrial membrane integrity, as shown by 
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decreased membrane damage and cytoplasmic leakage of lysosomal enzymes and mitochondrial 

proteins resulting in better energy preservation in mitochondria. The requirement of mitochondria 

for induction of ferroptosis is debated, as few reports had shown an increase in ΔΨm with 

ferroptosis induction (Gao et al., 2019), while others have noticed a decline (Neitemeier et al., 

2017). In the present study, we observed that inhibition of CTSB activity attenuates the decrease 

in ΔΨm mediated by ferroptosis. Furthermore, inhibition of CTSB was able to inhibit the 

translocation of AIF from mitochondria to cytosol /nucleus. These results imply that LMP precedes 

and mediates structural damage in mitochondria, either through CTSB leakage or excessive ROS 

generation after lysosomal damage. 

Mitochondrial membrane damage is a distinguishing feature of ferroptosis in comparison with 

other forms of regulated cell death (Dixon et al., 2012). Accordingly, we observed that 

mitochondrial damage in glutamate toxicity is associated with VDAC1 oligomerization and 

formation of mitochondrial outer membrane pore leading to release of cytochrome C and AIF into 

the cytoplasm in HT22 cells. Administration of DIDS, an inhibitor of VDAC1, can prevent 

VDAC1 oligomerization. Using non-reducing gel electrophoresis and chemical cross-linking, we 

provide evidence of oxidation of VDAC1 in this process as evident by the appearance of a shorter 

VDAC1-positive band (~30 kDa) representing intramolecular oxidized form. Application of 

CA074-me prevented formation of this oxidized form, indicating decreased oxidative stress and 

prevention of mitochondrial membrane damage. Although previous reports have shown that 

VDAC1 is not a direct target of erastin toxicity unlike VDAC2/3 (Xie et al., 2016), its 

oligomerization can be considered as a marker of mitochondrial membrane damage in ferroptosis.  

A seemingly contradictory cell protective role for VDAC1 has been shown in cancer cells; under 

hypoxic condition, a microfusion of lysosome with mitochondria generates a truncated form of 
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VDAC1 (VDAC1-C ~25 kDa) by legumain, an endosomal asparaginyl endopeptidase (AEP) 

(Brahimi-Horn et al., 2015b; Brahimi-Horn et al., 2015a). Formation of this truncated form 

enhances cell survival for cancer cells in hypoxic conditions (Mazure, 2016). This truncated 

isoform VDAC1-C has structural properties that are different from the 30 kDa oxidized form of 

VDAC1 in our experiments. These different isoforms of VDAC1 may imply differential roles for 

VDAC1 in different conditions. 

Similar to previous report from our lab (Nagakannan and Eftekharpour, 2017b), under the 

oxidative stress conditions, we observed an apparent increase in the intermediate form of CTSL 

which is known as the cytosolic form of this potent protease. Interestingly, inhibition of CTSL or 

aspartate protease CTSD did not provide any protection. It has been shown that lack of CTSL in 

glioblastoma cells increases cellular sensitivity to apoptosis. This is mediated by upregulation of 

p53 and caspases transcription (Kenig et al., 2011). Inhibition of cysteine uptake and induction of 

ferroptosis is also attributed to p53 mediated cell death (Jiang et al., 2015). Whether this implies a 

potential protective function for CTSL under oxidative stress conditions remains to be further 

examined. 

4.6.2 Inhibition of ferroptosis by CTSB inhibitor is independent of glutathione and GPX4 levels 

Cellular redox status is a determining factor in ferroptosis or oxytosis. Amongst the different 

cellular antioxidants only GSH system is well examined as GPX4 has been considered the main 

antioxidant protein capable of scavenging lipid hydroperoxides (Yang et al., 2014). In our study 

we provide evidence that despite significant loss of GSH and GPX4 after exposure to ferroptosis 

inducers, prevention of CTSB activation was sufficient to robustly prevent cell death. These data 

show that lysosomal damage and lipid peroxidation is downstream of GSH and GPX4 and its 

inhibition provides an alternative protection mechanism. The protection offered by CA074-me 
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against ferroptotic inducers was found to be independent of GSH and GPX4 system. Except in 

glutamate induced ferroptotic model, inhibition or knockout of CTSB did not affect the GSH levels 

in response to other ferroptosis inducers. Moreover, ctsb-/- cells were found to be resistant to GSH 

depletion (BSO) induced ferroptotic cell death further confirming GSH-independency.  

The importance of cellular redox status in execution of ferroptosis has been recently further 

confirmed with the identification of ferroptosis suppressor protein-1 (FSP-1). This protein is an 

alternative electron donor system for scavenging lipid peroxide radicals by coenzyme Q (Bersuker 

et al., 2019; Doll et al., 2019). FSP-1 maintains the reduced form of coenzyme Q by providing 

reducing equivalents from NADPH.  

4.6.3 Contribution of histone modification to induction of ferroptosis 

A novel event in nuclear protein damage in ferroptotic cells as demonstrated by cleavage of histone 

H3 was uncovered in this study. Application of CA074-me in these studies prevented H3 cleavage, 

suggesting that CTSB can be the protease responsible for this event. To further validate our 

findings, we performed in-vitro histone H3 cleavage assay. Based on our fractionation results, it 

is evident that CTSB is significantly increased in the cytoplasm and hence we performed this assay 

at pH7.4, representing the pH of cytosol, which is relatively basic when compared to the pH of 

lysosomes. CTSL was able to digest H3 relatively faster compared to CTSB. In fact, while CTSL 

showed ~90% digestion of H3 in in-vitro nuclei preparation, CTSB showed a relatively less 

efficiency and exhibited a distinct cleavage pattern when compared to CTSL.  

Histones are an integral part of chromatin and are divided into five major classes, histones H1, 

H2A, H2B, H3, and H4 (Kamakaka and Biggins, 2005). They are mainly involved in gene 

regulation which is in turn modulated by wide variety of post-translational modifications of histone 

proteins including acetylation, methylation, phosphorylation, ubiquitination, sumoylation and 
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ADP ribosylation (Kouzarides, 2007). Cleavage of histones, especially H3 has been reported in 

many cellular processes such as during cell cycle, senescence, mouse embryonic stem cell 

differentiation, infections, osteoclastogenesis, spermatogenesis, and sporulation (Mandal et al., 

2012).  

H3 cleavage at various amino acid sites has been shown to play a key role in gene activation. For 

example, matrix metalloproteinase-9 was shown to be necessary for clipping H3 tail near 

transcription start sites to induce its activation during osteoclast differentiation (Kim et al., 2016). 

Recently it was reported that under stress conditions that causes DNA damage, Cathepsin L-type 

protease JMJD5 (a Jumonji C domain-containing protein) mediates the proteolytic cleavage of H3 

suggesting a possible role for H3 cleavage in gene regulation (Shen et al., 2017). CTSL was also 

shown to cleave H3 during mouse embryonic stem cell differentiation and oncogene induced 

cellular senescence (Duncan et al., 2008; Duarte et al., 2014; Vossaert et al., 2014). Similarly, 

another lysosomal cathepsin CTSD caused proteolytic cleavage of H3 at its amino terminal during 

mammary gland involution (Khalkhali-Ellis et al., 2014). These literature evidences indicate the 

active involvement of lysosomal cathepsins in regulation of histone modifications, however there 

is no previous report showing CTSB as a histone protease in any cell death model. Notably, in this 

model of ferroptotic cell death CTSB induced cleavage of H3 is in a different fashion than CTSL; 

however, the implication and the biological significance of CTSB mediated H3 cleavage is yet to 

be known and requires further exploration. 

In conclusion, we have shown that lysosomal membrane permeabilization and cytoplasmic 

spillage of CTSB is a major cause of cell death in ferroptosis. Inhibition of CTSB in different 

cellular models of ferroptosis effectively prevented cell death and this was independent of changes 

in the GSH/GPX4 axis.  
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4.7 Supplementary Materials 

4.7.1 Supplementary Figures 

Supplementary Figure 4.1. Effect of ferroptosis induction on caspase-3 activation in HT22 

cells. 

 

Supplementary Figure 4.1. Effect of ferroptosis induction on caspase-3 activation in HT22 

cells. Cytotoxicity of (A) glutamate or (B) erastin in HT22 cells is shown (12 hr treatment). Values 

are expressed as mean ± S.E.M. of averages from n=4 (glutamate) and n=3 (erastin) independent 

experiments. (C) HT22 cells were incubated with glutamate (5 mM) or TNF-α (20 ng/ml) and 

IFN-γ (20ng/ml) for the indicated time durations and the cell extracts were prepared for western 

blotting of caspase-3 and β-actin. Although HT22 cells are derived from mouse hippocampus, 

these cells lack ionotropic receptors. Hence, glutamate at mM concentrations inhibits of cysteine 

transporter xc
- leading to the depletion of GSH resulting in the induction of ferroptosis. TNF-

α/IFN-γ treatment was used as a positive control for induction of caspase activation.   
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Supplementary Figure 4.2. Glutamate and erastin induce VDAC1 oligomerization. 

 

Supplementary Figure 4.2. Glutamate and erastin induce VDAC1 oligomerization. HT22 

cells were incubated with (A) 4 mM glutamate or (B) 500 nM erastin for the indicated time periods 

and the cell lysates were subjected to SDS-PAGE under reducing and non-reducing conditions and 

assessed for the expression of VDAC1 protein. Representative western blots are shown in A and 

B with corresponding densitometric analysis of VDAC1 (in reducing SDS-PAGE) normalized to 

β-actin shown in C and D. Values are expressed as mean ± S.E.M. of averages form n=3 

independent experiments, *p<0.05, **p<0.01 and ****p<0.0001. Arrows indicate the faster 
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migrating monomeric form of VDAC1 band with possible oxidative modification. (E and F) HT22 

cells were treated with (E) 4mM glutamate or (F) 500nM erastin for indicated time periods and 

the cells were harvested and incubated at 30°C for 20 min in the presence or absence of EGS to 

cross-link the proteins and subjected to western blotting to assess the oligomeric status of VDAC1. 

Note the multifold increase in dimer, trimer and multimeric forms of VDAC1 in glutamate and 

erastin treated samples when compared to untreated cells. Asterisk indicates the intra-molecular 

cross-linked bands. Representative blots are shown here; similar results were observed in two 

independent experiment   
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Supplementary Figure 4.3. Cathepsin B inhibitor mitigates ferroptosis in HT22 cells 

 

Supplementary Figure 4.3. Cathepsin B inhibitor mitigates ferroptosis in HT22 cells. (A) 

NIH3T3 cells were treated with erastin (3 µM) for 8 hr and were subjected to subcellular 

fractionation. The MDA content in isolated lysosomal and mitochondrial fractions were 

determined by fluorometric method. The bars in graphs indicate mean ± S.E.M. of averages from 

n=2 independent experiments, *p < 0.05 by unpaired two-tailed t-test. (B) HT22 cells were 

exposed to glutamate (4 mM) for indicated time durations and the cell lysates were assessed for 

cathepsin D (Cat D) by western blotting. Densitometric quantification of Pro-Cat D normalized 

for β-Actin is shown. The bars in graphs indicate mean ± S.E.M. of averages from n=3 independent 
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experiments. (C) Glutamate (4 mM, 12 hr) caused shrinkage and rounding-off of HT22 cells; 

inhibition of cathepsin B with CA074-me preserved the morphology, an effect comparable with 

Fer-1 and DFO treated HT22 cells exposed to glutamate. (D) HT22 cells were pretreated for 3 hr 

with CA074-me (15 µM) or Z-FY-CHO (10 µM) prior to exposure to erastin (0.5 µM) for 12 hr 

except for Fer-1 (2 µM) or DFO (50 µM), which were added simultaneously along with erastin. 

Cell viability was determined by CCK-8 assay. The bars in graphs indicate mean ± S.E.M. of 

averages from n=3 independent experiments. ***p<0.001 and ****p<0.0001 by one-way 

ANOVA followed by Tukey’s post-hoc test. (E) Intrinsic antioxidant activity of the inhibitors was 

examined using stable DPPH free radical scavenging assay. All the compounds were tested at a 

final concentration of 50 µM. Bars indicate mean ± S.E.M. of n=3 replicates. Similar results were 

obtained from four independent experiments. ****p<0.0001 by one-way ANOVA followed by 

Dunnett’s post-hoc test. 
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Supplementary Figure 4.4. Effect of CA074-me and standard ferroptosis inhibitors on 

glutamate induced changes in autophagy markers, Bcl-2 and mitochondrial transition pore 

formation in HT22 cells  
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Supplementary Figure 4.4. Effect of CA074-me and standard ferroptosis inhibitors on 

glutamate induced changes in autophagy markers, Bcl-2 and mitochondrial transition pore 

formation in HT22 cells (A) HT22 cells were pretreated for 3 hr with CA074-me (15 µM) prior 

to exposure to glutamate (4 mM) for 12 hr except for Fer-1 (2 µM) or DFO (50 µM), which were 

added simultaneously along with glutamate. The samples were harvested at the termination of 

experiment and the cell lysates were subjected to western blot analysis. (B) Densitometric 

quantifications of proteins normalized to β-Actin are shown. The bars in graphs indicate mean ± 

S.E.M. of averages from n=3-5 independent experiments. *p < 0.05, **p < 0.01 and ***p<0.001 

by one-way ANOVA followed by Tukey’s post-hoc test. (C) HT22 cells were subjected to 

indicated treatment conditions for 12 hr and the cells were processed for chemical cross-linking 

with EGS and subjected to SDS-PAGE. Arrow indicates VDAC1 dimer and asterisk indicates 

intra-molecular cross-linked VDAC1 band. (D) Representative western blot and densitometric 

quantification of Bcl-2 in lysates obtained from HT22 cells subjected to specified treatment 

conditions are shown. Bars indicate mean ± S.E.M. of averages from n=4 independent 

experiments. *p < 0.05 and **p < 0.01 by one-way ANOVA followed by Tukey’s post-hoc test. 
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Supplementary Figure 4.5. Inhibition of VDAC1 abrogates glutamate induced cell death in 

HT22 cells. 
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Supplementary Figure 4.5. Inhibition of VDAC1 abrogates glutamate induced cell death in 

HT22 cells. (A) HT22 cells were treated with either glutamate (4mM) or erastin (500nM) in the 

presence or absence of increasing concentrations of DIDS (50, 100, 200 and 300µM, indicated by 

black triangle) for 12 hr and cell survival was assessed using CCK-8 assay kit. Values are 

expressed as mean ± S.E.M. of averages from n=3-4 independent experiments, #p<0.01 and 

####p<0.0001 vs. untreated control; **p<0.01 and ****p<0.0001 vs glutamate or erastin alone. 

(B) Bright field images showing the morphological changes (cell shrinkage) and cell loss induced 

by glutamate (for 12 hr) in HT22 cells; addition of DIDS (250µM) markedly ameliorated the 

effects of glutamate and preserved the normal morphology of cells. (C) HT22 cells were treated 

with glutamate alone or in combination with DIDS (250µM) for 12 hr and the cells were processed 

for chemical cross-linking with EGS. DIDS treatment prominently decreased the levels of VDAC1 

oligomers and intra-molecular cross-linked band (indicated by asterisk). (D) The effect of 

Itraconazole treatment on glutamate induced cytotoxicity is shown. Values are expressed as mean 

± S.E.M. of averages from n=3 independent experiments, *p<0.01, **p<0.01 and ****p<0.0001.  
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Supplementary Figure 4.6. Effect of Cathepsin B deletion on ferroptosis induced autophagy 

in mouse embryonic fibroblasts 

 

Supplementary Figure 4.6. Effect of Cathepsin B deletion on ferroptosis induced autophagy 

in mouse embryonic fibroblasts (A) WT and Ctsb-/- MEF cells were treated with erastin (5 µM) 

alone or in combination with Fer-1 (2 µM) for 12 hr and the cell lysates were subjected to western 

blotting for autophagic markers and cathepsins. Densitometric quantifications of proteins 

normalized to β-Actin are shown (B). The bars in graphs indicate mean ± S.E.M. of averages from 

n=3 independent experiments. *p < 0.05, **p < 0.01 and ***p<0.001 by one-way ANOVA 

followed by Tukey’s post-hoc test. 
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Supplementary Figure 4.7. Effect of cathepsin B inhibition / deletion on the status of 

glutathione synthesis machinery in ferroptosis. 
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Supplementary Figure 4.7. Effect of cathepsin B inhibition / deletion on the status of 

glutathione synthesis machinery in ferroptosis. (A) HT22 cells were pretreated for 3 hr with 

CA074-me (15 µM) prior to exposure to glutamate (4 mM) for 12 hr except for Fer-1 (2 µM) or 

DFO (50 µM), which were added simultaneously along with glutamate. The Glutathione (GSH) 

content was determine by monochlorobimane method and the results are presented as bar graphs. 

Data represents mean ± S.E.M. of averages from n=3 independent experiments. ****p<0.0001 by 

one-way ANOVA followed by Tukey’s post-hoc test. (B) Western blot analysis of HT22 cell 

lysates for γ-GCSc and γ-GCSm are shown. The bars indicate mean ± S.E.M. of averages from 

n=3-4 independent experiments. *p < 0.05 and ***p < 0.001 by one-way ANOVA followed by 

Tukey’s post-hoc test. (C) WT and Ctsb-/- cells were treated with erastin (5 µM, 12 hr) and the cell 

lysates were subjected to western blotting. Densitometric quantifications of proteins normalized 

to loading controls are shown (D). The bars indicate mean ± S.E.M. of averages from n=3 (γ-GCSc 

and γ-GCSm) and n=4 (GPX4) independent experiments. 
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Supplementary Figure 4.8. GPX4 disruption induces autophagy flux. 
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Supplementary Figure 4.8. GPX4 disruption induces autophagy flux. (A) Pfa1 cells induced 

for GPX4 deletion were transduced with PremoTM Autophagy Tandem Sensor during the last 16 

hr of the treatment. 48 hr after GPX4 knockout induction, the cells were imaged on a confocal 

microscope. The number of GFP + RFP positive (autophagosomes) and RFP alone 

(autolysosomes) punctas per cell were counted and the percentage of each is presented. 

Bafilomycin A1 (Baf A1, 25 nM) was added to the cells 4 hr prior to imaging. Mean ± S.E.M. of 

percentages of punctas is shown (B). ***p<0.001 by ANOVA followed by Tukey’s post-hoc test. 

Similar results were obtained from three independent experiments. (C) Pfa1 cells were treated as 

indicated and bafilomycin A1 (Baf A1, 25 nM) was added to the cells 4 hr prior to sample 

harvesting. The cells were harvested 48 hr after GPX4 knockout induction and the cell lysates were 

subjected to western blotting. Densitometric quantifications of LC3-II normalized to GAPDH is 

shown (D). The bars indicate mean ± S.E.M. of averages from n=4 independent experiments. *p 

< 0.05, and **p<0.01 by one-way ANOVA followed by Tukey’s post-hoc test. (E) Pfa1 cells were 

harvested at indicated time points after induction of GPX4 disruption with Tamox (1 µM). The 

cell lysates were subjected to western blotting for Cathepsin D (Cat D). Densitometric analysis of 

Pro-Cat D normalized to β-Actin is shown as fold change (F). The bars indicate mean ± S.E.M. of 

averages from n=4 independent experiments. **p < 0.01 by unpaired two-tailed t-test. (G) CA074-

me inhibits GPX4 deletion induced ferroptosis in a GSH independent manner. GPX4 was 

disrupted in Pfa1 cells by Tamox (1 µM) treatment and the inhibitors were added 24 hr post 

knockout induction. Glutathione (GSH) content in cell lysates were determined by fluorometric 

method 48 hr after GPX4 knockout induction. BSO (10 µM, 24 hr) was used as positive control to 

deplete GSH in Pfa1 cells. The bars indicate mean ± S.E.M. of averages from n=2-4 independent 

experiments. **p < 0.01 by one-way ANOVA followed by Tukey’s post-hoc test. 
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Supplementary Figure 4.9. Status of Trx and TrxR in ferroptotic cells. 

 

Supplementary Figure 4.9. Status of Trx and TrxR in ferroptotic cells. (A) HT22 cells were 

exposed to glutamate (4 mM) for indicated time durations and the cell extracts were assessed for 

Trx1 and TrxR1 by western blotting. (B) Densitometric quantification of proteins normalized for 

β-Actin is shown. The bars in graphs indicate mean ± S.E.M. of averages from n=4 independent 

experiments. (C) GPX4 was depleted in Pfa1 cells by Tamox (1 µM) treatment and the inhibitors 

were added 24 hr post knockout induction. The cells were harvested at 60 hr after knockout 

induction and the cell extracts were assessed for the status of Trx1 and TrxR1 by western blotting. 

(D) The bars indicate mean ± S.E.M. of averages from n=3 independent experiments. **p < 0.01 

by one-way ANOVA followed by Tukey’s post-hoc test. 
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Chapter 5 

 

General Discussion 
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5.1 General overview of findings 

The overall aim of this thesis was to identify and explore the molecular mechanism/s that 

contribute to lysosomal dysfunction in oxidative stress induced cell death mechanisms. This thesis 

demonstrates that inactivation of antioxidant systems as shown by inhibition of Trx system or 

depletion of glutathione leads to release of lysosomal enzymes resulting in initiation of programed 

cell death. Specifically, CTSB was identified as an executioner in mediating both apoptotic and 

non-apoptotic cell death mechanisms in response to aggravated oxidative stress. 

5.2 Aggravated oxidative stress impairs autophagy and induces apoptosis  

In normal autophagy, a basal level of reactive oxygen species (ROS) is required; however, 

excessive accumulation of ROS can impair autophagy and cause apoptosis through oxidation of 

key signaling molecules (Marino et al., 2014). Lysosomes are integral part of the autophagic 

process and plays a key role in the autophagic turnover of the cargo, any damage to the lysosomes 

and its components can impact the autophagic process and induce cell death (Boya and Kroemer, 

2008). Thioredoxin (Trx) is an antioxidant protein with a unique ability to rescue the oxidized 

proteins and rejuvenate their functions (Spector et al., 1988b; Fernando et al., 1992). Trx is found 

in all cells and is upregulated under stress conditions such as ischemia, indicating its potential 

protective effects. The protective role of Trx is mediated through its ability to donate electrons to 

its substrates but becomes oxidized in this process and is no longer functional. The oxidized Trx 

is reduced by Trx Reductase (TrxR).  Therefore, Trx and TrxR play a central role in management 

of oxidative stress and inhibition of either Trx or TrxR leads to accumulation of ROS (Holmgren 

and Lu, 2010).  

To explore the possible involvement of Trx system in autophagy to apoptosis transition, I used the 

classical model of serum starvation to induce autophagy. Although autophagy is induced during 
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the early hours of starvation, extended period of nutrient deprivation results in apoptotic cell death 

(Maiuri et al., 2007a). Interestingly, an early increase in TrxR enzymatic activity was observed, 

which was inactivated at later time points of starvation despite upregulated proteins levels. It is 

possible that TrxR was inactivated due to oxidation or non-availability of its electron donor 

NADPH, since serum starvation can cause a decrease in NADPH/NADP+ ratio (Tian et al., 1998). 

This observation led us to hypothesize that inactivation of Trx system might be acting as a trigger 

to induce apoptosis due to severe oxidative damage to cellular macromolecules and organelles.    

To explore the impact of aggravated oxidative stress due to dysfunctional antioxidant defense 

system on the autophagic process, I employed both pharmacological inhibition (using auranofin, 

Au) and genetic downregulation of TrxR. Redox western blot analysis confirmed that Trx was 

oxidized and dysfunctional after TrxR deficiency. My results indicate that loss of TrxR activity 

led to blockade of autophagic flux and proteasome system accompanied by enhanced apoptosis. 

These changes could be significantly prevented when a cysteine-based antioxidant like NAC was 

added along with the Au confirming the role of oxidative stress in the transition from autophagy 

to apoptosis. Both impaired and excessive autophagy can cause cell death (Bialik et al., 2018). 

Since in my study, I found that inhibition or downregulation of TrxR led to decrease in autophagic 

progression and accumulation of autophagic cargo proteins, it is obvious of the former scenario. 

Autophagy can delay apoptosis by sustaining the energy supply to aid cellular repair and survival. 

For instance, several studies have shown that autophagy can delay the activation of apoptosis by 

supporting the DNA repair system such as PARP-1 and inhibition of autophagy impaired DNA 

repair and enhanced cell death (Abedin et al., 2007; Yoon et al., 2012; Hayes et al., 2017). In 

accordance with these reports, in the current study I observed that genetic or pharmacological 

interruption of autophagy enhanced apoptotic cell death in nutritionally deprived cells. 
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Remarkably, deficiency of TrxR further augmented the induction of cell death in starving cells 

where autophagy was disrupted. On further exploration of the underlying mechanisms, I identified 

that loss of TrxR activity caused impairment in lysosomal functions in terms of proteolytic ability 

(decreased DQ BSA degradation) and lysosomal acidity (decreased lysotracker staining). Using a 

stable oxidant tBHP, I demonstrated the impact of increasing oxidative stress on autophagy to 

apoptosis transition, where severe accumulation of autophagic cargo (p62) was associated with 

multifold activation of caspase 3. Taken together, these observations from chapter 2 clearly 

demonstrate that excessive oxidative stress impairs the pro-survival autophagic process with a 

possible impairment of lysosomal degradative functions leading to apoptotic cell death. 

5.3 Oxidative stress differentially modulates the lysosomal cysteine cathepsins  

Oxidative stress can affect the cellular homeostasis in several ways. Accumulation of ROS can 

oxidatively modify the cellular macromolecules, especially proteins, affecting their structural 

and/or functional integrity. The oxidative inactivation of essential proteins may lead to defective 

or blockade of the essential intracellular processes. In addition, severely oxidized proteins can also 

form aggregates and impair the cellular functions (Dahl et al., 2015). In either scenario, the cells 

experience an overload of oxidative stress leading to cell death. For instance, oxidative inactivation 

of several mitochondrial proteins was shown to cause mitochondrial dysfunction and signals cell 

death and organ damage (Moon et al., 2008). Notably, oxidative inactivation of ATP synthase was 

shown to cause severe energy depletion (Comelli et al., 1998). Similarly, ROS induced misfolding 

and aggregation of SOD1 is a well-known hallmark of amyotrophic lateral sclerosis (ALS) (Rakhit 

et al., 2002). 

The key protein in autophagosome biogenesis ATG4 is well documented to be redox sensitive and 

Trx plays a crucial role in its redox control (Perez-Perez et al., 2014; Perez-Perez et al., 2016). 
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However, since I observed an impairment in the proteolytic ability of lysosomes (Chapter 2), I 

hypothesized that lysosomal deficiency and enhanced apoptosis in response to inhibition of TrxR 

could be due to oxidative inactivation of redox sensitive lysosomal hydrolytic enzymes. Moreover, 

intra-lysosomal pH plays a key role in facilitating the lysosomal proteolysis of the autophagic 

cargo since most of the lysosomal enzymes require an acidic pH to be active (Mindell, 2012). In 

the current study (Chapter 3), using acridine orange staining I observed that inhibition of TrxR 

caused a marked decrease in acidic lysosomes, which was associated with a corresponding increase 

in the cytosolic accumulation of the fluorogenic dye. The decrease in lysosomal acidity can result 

from either actual decrease in intra-lysosomal pH due to dysfunctional lysosomal acidification 

mechanisms including proton-pump V-type ATPase or loss of lysosomal membrane integrity 

(Porter et al., 2013; Colacurcio and Nixon, 2016; Song et al., 2017). Although I did not check the 

status of lysosomal acidification mechanisms, immunostaining for lysosomal membrane marker 

LAMP2 and lysosomal enzyme cathepsin B showed leakage of lysosomal contents into the 

cytosol. These observations strongly suggested that lysosomal membrane permeabilization (LMP) 

is the possible cause for the impairment of lysosomal functions under oxidative stress conditions. 

However, on investigating the status of lysosomal cathepsins, a differential activation pattern of 

two cysteine cathepsins – cathepsin B (CTSB) and cathepsin L (CTSL) was detected. Despite no 

significant increase in the protein content, a dramatic multifold increase in the enzymatic activity 

of CTSB was observed. In contrast, CTSL showed a delayed increase in activity in spite of 

significantly upregulated protein levels. On further exploration, a redox dependent inactivation of 

CTSL was discovered. Using thiol trapping technique, I demonstrated that maturation of CTSL 

was blocked by uncontrolled ROS accumulation due to the inhibition of TrxR. This led to the 

inactivation of CTSL during the early hours of starvation, where autophagy is predominantly 
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induced and requires CTSL in its active state as previous reports have shown the pro-autophagic 

functions of CTSL (Sun et al., 2013; Wei et al., 2013). In contrast, no such oxidative modification 

of CTSB was observed.   

CTSB and CTSL belong to the class of cysteine proteases, which contains cysteine–histidine–

asparagine at their active site. Both the enzymes are synthesized as inactive precursors (or 

zymogens) containing regulatory prodomain/propeptide and catalytic mature domain. The 

propeptide hinders the substrates from accessing the active site in the mature domain to prevent 

unwanted protein degradation. This propeptide is removed by either auto-cleavage (auto-

activation) or by other proteases (Coulombe et al., 1996; Verma et al., 2016). Similar to the 

observations in this study, ROS induced oxidative inactivation of another cysteine cathepsin has 

been reported earlier. H2O2 was shown to inhibit the processing of pro-cathepsin K and inactivate 

the mature enzyme. However, this inactivation was attributed to the reversible oxidation of Cys25 

(sulfenic acid formation) at the active site of cathepsin K (Godat et al., 2008). Though CTSB and 

CTSL contain similar number of cysteine groups in their structure, surprisingly CTSL does not 

contain any cysteine residue in its propeptide. However, the number of methionine residues is 

more abundant in CTSL (8/96) propeptide when compared to CTSB (2/69) (Chapter 3). Thiol 

amino acids such as cysteine and methionine are highly susceptible to oxidative modifications 

(Hoshi and Heinemann, 2001a). Since the processing of pro-CTSL was blocked under oxidative 

stress condition, it seems logical that oxidative modification of methionine could have contributed 

to the inactivation of CTSL. Importantly, Trx system plays a key role in maintaining the reduced 

state of methionine by redox recycling of methionine sulfoxide reductase enzyme, which reduces 

the oxidized methionine (methionine sulfoxide) to reduced methionine (Reeg and Grune, 2015). 

Another important factor governing the activity of CTSL is the pH of the cytosolic compartment. 
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Though earlier reports suggested that mature CTSL is unstable and inactivated under neutral or 

alkaline pH due to irreversible denaturation of the proteins (Turk et al., 1993; Turk et al., 1999), 

recent reports have shown the presence of active variants of CTSL in cellular compartments with 

neutral and basic pH like cytosol and nucleus (Reiser et al., 2010; Tamhane et al., 2016). In 

accordance with these reports, in the present study, I observed a delayed upregulation of 

intermediate CTSL protein which corresponded with an increase in the enzymatic activity at 24 

hr. Since mature CTSL protein level remained unchanged, the observed increase in the activity 

must be due to the intermediate CTSL. Previous reports have identified this intermediate CTSL as 

a cytosolic variant of CTSL which is devoid of lysosomal targeting sequence and is produced by 

alternative translation of CTSL mRNA (Sever et al., 2007). Taken together, it can be concluded 

that inhibition of TrxR interrupted the auto-activation of CTSL and inhibition of mature CTSL 

activity. 

5.4 Cathepsin B mediates the apoptotic induction under uncontrolled oxidative stress 

Under excessive oxidative stress, the lysosomal membrane integrity is weakened leading to the 

release of lysosomal contents into the cytosol, which can cause cytosolic acidification and 

proteolytic damage of cytosolic components resulting in cell death (Brunk et al., 1997; Boya and 

Kroemer, 2008). The major trigger for the induction of apoptosis is the lysosomal proteases such 

as cathepsins B, D and L. These proteases are known to cause proteolytic cleavage of several pro-

survival factors like Bcl-2, Bcl-xl and Mcl-2 thereby enhancing the actions of pro-apoptotic 

proteins like Bax, Bad and Bak leading to mitochondrial damage and apoptosis (Droga-Mazovec 

et al., 2008; Brunelle and Letai, 2009). While screening for the cathepsin/s involved in cell death 

following serum starvation, I identified CTSB as the cell death inducer under TrxR deficiency 

induced aggravated oxidative stress condition (Chapter 3). In addition to causing mitochondrial 
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membrane damage and promoting cyto C release, CTSB has been shown to initiate the activation 

of caspase cascade indirectly through proteolytically degrading XIAP, the endogenous inhibitor of 

both initiator (caspase-9) and executioner (caspase-3/7) proteases (Guicciardi et al., 2000; Droga-

Mazovec et al., 2008; Joy et al., 2010). In accordance with these previous reports, inhibition of 

CTSB using the chemical inhibitor CA074-me prevented the release of cyto C into the cytosol, 

activation of caspase-3 and subsequent cleavage of PARP-1. Importantly, CA074-me treatment 

also reduced the amount of cytosolic CTSB protein indicating preservation of lysosomal integrity. 

This is in agreement with previous reports showing that CTSB can cause further lysosomal 

permeabilization (Jacobson et al., 2013; Katsnelson et al., 2016).  

Since CTSB is involved in the intra-lysosomal proteolysis, it was expected that inhibition of CTSB 

would lead to accumulation of proteins. In line, I noted that p62 protein levels were not reduced 

despite a significant decrease in LC3-II/LC3-I ratio following CA074-me treatment. In contrast, a 

decrease in the amount of poly-ubiquitinated proteins after CTSB inhibition was observed. This 

could be due to reduced oxidative stress as LMP and cathepsins can induce oxidative stress, which 

in turn can cause protein aggregation and accumulation of poly-ubiquitinated proteins (Ghosh et 

al., 2011; Manohar et al., 2019). In conclusion, this study demonstrates that CTSB mediates the 

autophagy to apoptosis transition due to excessive oxidative stress, which causes LMP resulting 

in interruption of autophagic process triggering apoptosis.  

5.5 Role of lysosomal membrane damage in ferroptosis 

Complementary studies in another model of a recently described cell death mechanism known as 

ferroptosis further highlights the importance of this thesis identifying CTSB as a major executioner 

of cell death. Ferroptosis is not a typical apoptotic cell death mechanism and is not prevented by 

inhibition of caspase pathway indicating a non-caspase dependent cell death mechanism (van 
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Leyen et al., 2005; Yang and Stockwell, 2008; Fukui et al., 2009; Dixon et al., 2012). In ferroptosis, 

inhibition of a cysteine transporter (system xc
-) by erastin or glutamate causes depletion of GSH 

leading to the inactivation of several GSH dependent cellular processes (Dixon et al., 2012; Fujii 

et al., 2019). One of the important and crucial antioxidant enzymes affected due to GSH depletion 

is phospholipid hydroperoxidase GPX4, which reduces hydroperoxides in phospholipid and 

cholesterol molecules in the cellular membranes (Brigelius-Flohe, 1999; Imai and Nakagawa, 

2003).  Due to failure of GSH/GPX4 system, lipid molecules in both plasma and intra-cellular 

membranes undergo excessive lipid peroxidation leading to loss of membrane integrity and cell 

death (Fujii et al., 2019). Scavenging lipid hydroperoxides and increasing the intracellular GSH 

content has shown to inhibit ferroptotic cell death. In addition, since iron plays a crucial role in 

lipid peroxidation through Fenton reaction, iron chelators were also shown to be effective anti-

ferroptotic agents (Hao et al., 2017; Conrad et al., 2018; Shah et al., 2018).  

Previous reports have shown that lysosomal membrane lipids can be modified by several factors 

including cholesterol oxidation, degradation of sphingolipids and hydrolysis of phospholipids by 

phospholipases and can cause LMP and subsequently apoptosis or necrosis (Fong et al., 1973; Li 

et al., 1998; Wang et al., 2006; Ullio et al., 2012; Zhao et al., 2012). Remarkably, lysosomal 

membranes can also be permeabilized by the oxidative metabolites of polyunsaturated fatty acids 

(PUFA) and cholesterol, 4-HNE and oxysterols, respectively (Hughes et al., 1994; Hwang et al., 

2008; Chen et al., 2016). Moreover, due to the degradation of several iron-containing 

macromolecules like ferritin and metallothioneins in the lysosomal compartment, lysosomes 

contain high amount of labile iron and hence are highly susceptible to iron mediated lipid 

peroxidation (Hahn et al., 2001; Terman and Kurz, 2013). Although several studies including my 

previous findings in Chapter 2 have shown that increasing oxidative stress can cause LMP and 
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result in various types of cell death like apoptosis, necrosis and pyroptosis, not much information 

is available on the status of lysosomal membrane integrity and the status of lysosomal protease in 

ferroptosis. In the current study (Chapter 4), I found that depletion of GSH was sufficient to induce 

lipid peroxidation of lysosomal membranes and translocation of lysosomal proteases CTSB and 

CTSL to cytosol indicating LMP. This observation was further confirmed by using tamoxifen 

inducible GPX4 deletion system, where both CTSB and CTSL were increased in cytosolic 

compartment and were found to be active. Addition of lipid radical scavenger ferrostatin and iron 

chelator deferoxamine markedly decreased lysosomal membrane lipid peroxidation, LMP and 

ferroptotic cell death. Although I did not investigate the effect of Trx depletion/inhibition on 

lysosomal lipid peroxidation, Trx was found to be depleted in ferroptotic cells in a time dependent 

manner in response to inhibition of cysteine import. This could be because of the non-availability 

of cysteine for Trx synthesis or possible degradation by certain proteases. However, recent reports 

have shown that Trx dependent peroxidase, peroxiredoxin 6 to play an important regulatory role 

in ferroptosis due to their lipid peroxidase functions (Zuo et al., 2018; Lu et al., 2019). This can be 

well correlated with the observation in chapter 3, where inactivation of Trx system caused severe 

LMP and cell death.  

5.6 Cathepsin B acts as an executioner in ferroptotic cell death 

On examining the status of cathepsins in ferroptosis, a time dependent induction of both CTSB 

and CTSL was noted. In contrast to the observations in chapter 3, where I noticed an impairment 

in CTSL enzymatic activity no such phenomenon was observed under ferroptotic conditions. This 

could be due to the differential induction of CTSL variants under diverse conditions. I observed 

upregulation of mature CTSL at the early time points and intermediate CTSL at later time points 

in response to TrxR inhibition in chapter 3. Whereas, under ferroptotic conditions such as erastin 
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induced GSH depletion or GPX4 deletion, a significant induction of intermediate CTSL variant 

was observed in a time dependent manner.  

Though previous works have established an essential role for lysosomes in the progression of 

ferroptosis (Kubota et al., 2010; Torii et al., 2016; Villalpando-Rodriguez et al., 2019), the identity 

of the specific executionary protease/s remained elusive. Using small molecule inhibitor screening 

targeting different cathepsins, I identified CTSB as an executioner in ferroptotic cell death. 

Pharmacologic and genetic inhibition of CTSB was sufficient to preserve mitochondrial integrity 

and function as evidenced by decreased cyto C and AIF content in cytosol, improved ATP content 

and mitochondrial membrane potential. VDAC1 is known to form a major part of mitochondrial 

permeability transition pore (mPTP) complex along with adenine nucleotide translocator (ANT) 

and cyclophilin D facilitating the release of mitochondrial contents into cytosol (Shoshan-Barmatz 

and Mizrachi, 2012; Shoshan-Barmatz et al., 2013). Accordingly, inhibition of VDAC1 

oligomerization using small molecule inhibitor can prevent the formation of mPTP and ferroptotic 

cell death (Nagakannan et al., 2019). In the present study, inhibition of CTSB was able to abrogate 

the formation of mPTP as shown by VDAC1 oligomerization assay. One of the endogenous 

inhibitors of VDAC1 oligomerization is Bcl-2, which is well characterized for its anti-apoptotic 

functions (Shimizu et al., 2000; Arbel et al., 2012). Additionally, a non-canonical role for Bcl-2 in 

ferroptosis has been suggested recently (Gascon et al., 2016; Lewerenz et al., 2018). I noticed a 

corresponding decrease in Bcl-2 protein levels with increase in VDAC1 oligomerization indicating 

that Bcl-2 degradation could be one of the triggers for mitochondrial damage in ferroptosis. 

Interestingly, inhibition of CTSB prevented the decrease in Bcl-2 and consistently inhibited 

VDAC1 oligomerization. Bcl-2 has been shown to be proteolytically degraded by number of 

lysosomal cathepsins. However, CTSB was unable to cleave Bcl-2 in an in-vitro system (Droga-
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Mazovec et al., 2008). Based on these observations, it appears that CA074-me preserved Bcl-2 

level by an indirect pathway. Once released into the cytosolic compartment, cyto C is known to 

initiate the caspase cascade and apoptosis. However, caspase activation has been shown to be very 

minimal in ferroptosis and moreover, inhibition of caspases was not able to inhibit ferroptotic cell 

death (Fukui et al., 2009; Dixon et al., 2012). In accordance with these previous observations, no 

significant induction of caspase-3 was observed in response to ferroptotic stimuli in the current 

study. Similarly, AIF was previously shown to mediate cell death after GPX4 ablation (Seiler et 

al., 2008), however recent studies have revealed that AIF does not participate in ferroptotic 

execution (Doll et al., 2019). Hence, the reduction in cytosolic cyto C and AIF after CTSB 

inhibition should be seen as a marker of better mitochondrial integrity and not as prevention of 

apoptotic pathway in ferroptotic model. 

Importantly, similar to the observation in chapter 3, CA074-me treatment was able to improve 

lysosomal membrane integrity. A second line of evidence using primary fibroblasts derived from 

cathepsin B knockout (Ctsb-/-) mice confirmed these above findings, where Ctsb-/- MEFs were 

found to be resistant to ferroptotic inducers such as erastin and BSO. In the same way, CTSB 

inhibition was able to promote cell survival and improve mitochondrial integrity in GPX4 deletion 

system affirming the executioner role of CTSB in ferroptosis. 

5.7 Role of cathepsin B in degradation of autophagic cargo during ferroptotic cell death 

Although autophagy is critical in maintaining cellular homeostasis thereby promoting cell survival, 

it can also promote cell death through excessive degradation of protective intracellular proteins.  

For example, during the late oogenesis of Drosophila melanogaster, autophagy degrades the anti-

apoptotic protein dBruce thereby activating caspases resulting in nurse cell apoptosis (Nezis et al., 

2010). Likewise, selective degradation of catalase by autophagy was shown to promote non-
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apoptotic programmed cell death (Yu et al., 2006). In case of ferroptosis, autophagic degradation 

of ferritin, leads to excessive accumulation of intracellular labile iron facilitating lipid 

peroxidation. Since, autophagosomes/autolysosomes and lysosomes are the sites of ferritin 

degradation, these structures can act as a major controlling factor in generation of intracellular 

ROS due to increased intra-lysosomal iron content (Sakaida et al., 1990; Kubota et al., 2010; 

Quiles Del Rey and Mancias, 2019). Ferritin is selectively sequestered by the autophagic receptor 

NCOA4 and degraded through a process termed ferritinophagy. Genetic disruption of autophagic 

process has been demonstrated to prevent ferritin degradation and inhibit ferroptosis (Hou et al., 

2016). Even though I have not examined the expression of ferritin after CTSB inhibition in the 

current study, it is possible that ferritinophagy is reduced as CTSB inhibition was efficient in 

reducing the extent of lipid peroxidation in both GSH depletion and GPX4 deletion induced 

ferroptotic models indicating reduced mobilization of intracellular iron. Lipid peroxidation can 

also be reduced if GSH content or GPX4 expression is increased. Moreover, recently chaperone 

mediated autophagy was shown to degrade GPX4 during ferroptosis (Wu et al., 2019). Although, 

an increase in GSH content in CA074-me treated cells was observed, this was not associated with 

any increase in GPX4 levels. In fact, GPX4 expression was further downregulated in cells where 

CTSB was inhibited. Furthermore, studies with Ctsb-/- MEFs and GPX4 knockout cells confirmed 

that the resistance towards ferroptotic cell death in CTSB deficient cells was independent of GSH. 

It is worth noting that CA074-me treatment induced a similar increase in GSH content after TrxR 

inactivation (Chapter 3), which is possibly due to the preservation of intracellular GSH synthesis 

machinery as observed in ferroptosis experiments.  
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5.8 Selective LMP in ferroptosis 

Earlier reports have suggested that enlarged lysosomes are more susceptible to LMP (Ono et al., 

2003), however, enlarged lysosomes were found to be active and functional in some cases as 

observed in Chediak–Higashi Syndrome (Holland et al., 2014). Loss of lysotracker staining is 

indicative of severe LMP as observed in chapter 2 and 3, nonetheless a previous report showed 

that lysotracker staining was maintained despite LMP that caused cell death by apoptosis 

indicating selective release of lysosomal enzymes into the cytosol (Bidere et al., 2003). In the 

present study, although LMP was evident after GPX4 deletion, interestingly, GPX4 deletion in 

Pfa1 cells caused enlargement of lysosomes which were still be labelled with lysotracker indicating 

maintained lysosome-cytosol pH gradient. These observations indicate GPX4 deletion causes 

ferroptotic cell death mediated by selective release of cathepsins, mainly cathepsin B. 

5.9 Cathepsin B is a histone H3 protease 

Histone proteins are involved in gene regulation and can be modulated through several post-

translational modifications (Kouzarides, 2007). Similarly, cellular processes including senescence, 

embryonic stem cell differentiation and spermatogenesis have been reported to involve the 

proteolytic cleavage of histone, especially histone H3 (Mandal et al., 2012; Vossaert et al., 2014; 

Yi and Kim, 2018). Previously Duncan et al., had demonstrated that CTSL can cleave H3 protease 

during mouse embryonic stem cell differentiation. In the same study, CTSB was shown to cleave 

H3 in a differential pattern in an in-vitro setup (Duncan et al., 2008). However, no physiological 

or pathological relevance has been established yet for CTSB mediated H3 cleavage. In the current 

study, using multiple experimental approaches I have demonstrated that CTSB is a specific H3 

protease in ferroptosis. Importantly, unlike CTSL, H3 is cleaved in a precise manner by CTSB, 

though the significance of this specific pattern of H3 cleavage is yet to be identified. However, in 
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the light of recent developments in the identification of several epigenetic changes during 

ferroptosis, the discovery of CTSB as a specific H3 protease in ferroptosis may advance the 

understanding of gene regulation in ferroptotic cell death. Notably, KDM3B, a histone H3 lysine 

9 demethylase was shown to protect against erastin induced ferroptosis (Wang et al., 2020). 

However, these findings need to be validated in disease conditions where ferroptosis has been 

found to play a key regulatory role in the development and progression of the pathology.  

Furthermore, although CTSL has been suggested to act as a pro-autophagic factor, CTSL can also 

induce cell death once translocated into the cytosolic compartment. For instance, CTSL has been 

shown to promote necrotic cell death by cleaving DNA topoisomerase I (Pacheco et al., 2005). 

Similarly, LMP followed by cytosolic translocation of CTSL was shown to mediate resveratrol 

induced apoptosis in cervical cancer cells (Hsu et al., 2009). Correlating our observations in this 

thesis with previous reports suggesting CTSL as a potent inducer of cell death suggests that 

preserved protease activity of CTSL inside the lysosomal compartment is the key to promote 

autophagy whereas, leakage of lysosomal cathepsins including CTSL into the cytosol is 

detrimental to cell survival based on the cytosolic substrates digested. In this regard, as observed 

in this thesis and elsewhere (Sever et al., 2007), intermediate CTSL (cytosolic variant) is active in 

the cytosolic compartment. However, the role of intermediate CTSL in autophagy and cell death 

mechanisms is yet to be determined. 

5.10 Study limitations 

One of the limitations of the study was the assessment of autophagic process. Since, the study was 

focused on the cell death mechanisms, only crucial steps of autophagy were assessed. However, 

the impact of inactivation of Trx system on autophagosome-lysosomal fusion was not thoroughly 

assessed. Oxidative stress can impact the transcription and translation of several proteins in 
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autophagy pathway (Fang et al., 2017; Kosztelnik et al., 2019). Hence, the impact of oxidative 

stress on the factors involved in autophagosome-lysosome fusion like Rubicon, UVRAG, SNARE 

complex and others needs to be investigated. 

The role of mitochondrial damage is well characterized in apoptotic cell death. However, the role 

of mitochondria and its components in ferroptosis is still debated as both caspase-dependent and 

independent mediators of cell death from mitochondria (cyto C and AIF) are shown to have no 

significant contribution in the execution of ferroptotic cell death. However, few studies including 

the data presented in this thesis have demonstrated that preserving the mitochondrial membrane 

integrity could protect against ferroptosis (Krainz et al., 2016; Neitemeier et al., 2017; Nagakannan 

et al., 2019). This could be possibly due to preservation of ATP content or reduction in 

mitochondrial ROS generation, which could affect other organelles. Since the present study was 

focused on lysosomes and its effect on cell death mechanisms, the role of mitochondria on 

lysosomes was not assessed. Future studies investigating the crosstalk between mitochondria and 

other organelles especially lysosomes will further the understanding of executioner mechanisms 

in ferroptosis.  

Another limitation of the study is about the assessment of lipid peroxidation in subcellular 

fractions. The extent of lipid peroxidation in the lysosomal and mitochondrial membranes was 

analyzed by measuring malondialdehyde (MDA) content in the respective organelle fractions. 

MDA is a stable end-product formed by peroxidation of PUFAs. Numerous reports have 

demonstrated that oxidative stress can increase MDA content in subcellular fractions like plasma 

membrane, mitochondria, nucleus, microsomes and cytosol (Reddy et al., 1999; Kula et al., 2002; 

Green et al., 2006; Yuan et al., 2016; Fang et al., 2019). However, since MDA is a water-soluble 

small molecule, it is possible that it can be released into the cytosolic fraction overtime, therefore 
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measurement of MDA content in membrane fractions can sometimes be misleading. Nevertheless, 

the findings presented in this thesis were complemented with the measurement of MDA content 

in whole cell lysates to account for any false positive interpretations. Hence, to get a clear 

understanding of membrane damage in ferroptosis, mass spectrometry-based analysis of lipids in 

subcellular organelles can be conducted in future.  

An important limitation drawing caution to interpretation of these results is the sole employment 

of cell lines and primary MEF cells and lack of confirmation in primary cultures or animal models. 

CTSB has shown both damaging and protective effects in different models. The damaging effects 

of CTSB refer to its cell death execution in several in-vivo models of tissue injury like traumatic 

brain injury (Luo et al., 2010), experimental stroke (Zuo et al., 2018) and hepatic ischemia (Baskin-

Bey et al., 2005). The contribution of oxidative stress and the involvement of CTSB in these studies 

support our findings. Few studies have shown some neuroprotective effects for CTSB; for instance, 

modulation of Receptor Protein Tyrosine Phosphatase σ was demonstrated to promote axonal 

outgrowth after spinal cord injury by enhancing the secretion of CTSB. The secreted CSTB was 

shown to degrade chondroitin sulfate proteoglycan (CSPG), an extracellular component that 

inhibits axon regeneration (Tran et al., 2018). These reports indicate possible differential function/s 

for intracellular and extracellular CTSB in cell survival. Further studies using relevant animal 

models may shed more light on the differential effects of intracellular vs extracellular CTSB in 

normal and disease conditions. 

5.11 Future directions 

The findings presented in this thesis highlights the importance of cellular redox homeostasis and 

its impact on autophagy-lysosomal system. Any insult to the lysosomes either structural or 

functional can affect the autophagic process and can lead to cellular stress. Many studies have 
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noted that complete lysis of lysosomes leads to massive release of its contents into the cytosol 

resulting in unregulated cell death by necrosis. Contrariwise, the selective or partial damage to 

lysosomes may release only certain lysosomal contents especially proteases and activate certain 

specific modes of controlled cell death pathways (Boya and Kroemer, 2008). However, the 

mechanisms or mediators that regulate selective LMP has not been recognized. The identification 

of such pathways and mediators will help in better understanding of lysosomal dependent cell 

death mechanisms and pave the way for development of novel therapeutic approaches.  

Contrary to the previous notion that nucleus is largely unaffected in ferroptosis, my thesis had 

identified that histone H3, a core component of nuclear chromatin being proteolytically digested 

by cathepsin B in ferroptosis. Interestingly, this proteolytic digestion was found to be highly 

controlled and precise. Since histones are involved in various gene regulatory functions, 

identification of the site of cleavage and sequencing of the cleaved histone portion would aid in 

finding novel gene regulatory mechanisms that decide susceptibility to ferroptosis. 

Finally, iron plays an important role in the induction and progression of various types of cell death. 

Since lysosomes are rich in iron due to continuous degradation of iron-binding proteins, a time 

dependent kinetics of mobilization of iron during ferroptosis and the impact of cathepsin B 

inhibition/knockout might be helpful to better understand the role of cathepsin B in cell death 

mechanisms.  

5.12 Conclusions 

In conclusion, the findings presented in this thesis aid in better understanding of the role of 

lysosomes and lysosomal cathepsins in oxidative stress induced cell death mechanisms. While 

autophagy has been widely considered as a pro-survival process, it can also promote cell death. As 

shown in Fig. 5.1, the work presented here provide novel evidence that lysosomal damage and 
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spillage of cathepsin B is the key to execution of both apoptotic and non-apoptotic cell death 

mechanisms under oxidative stress conditions. Oxidative stress can also differentially regulate 

lysosomal proteases facilitating diverse cell death mechanisms. Especially, the recent 

identification of novel cell death mechanism ferroptosis and its contribution to several pathologies 

have increased the necessity to elucidate the molecular players involved. The identification of 

cathepsin B as a ferroptotic executioner advances the understanding of ferroptosis. Furthermore, 

the study has discovered cathepsin B as a histone H3 protease during ferroptosis that was not 

previously recognized in any physiological or pathological settings. These findings can have 

implications in several disease conditions including neurodegenerative diseases, traumatic injuries 

and cancers where oxidative stress mediated macromolecule damage is a key factor in occurrence 

and development of pathologies. 
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Figure 5.1. Graphical summary of research findings. 
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Chapter 6 
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