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Abstract 

Converging evidence indicates that SOD1 aggregation is a common feature of 

mutant SOD1 (mSOD1)-linked FALS, and seems to be directly related to the 

gain-of-function toxic property. However, the mechanisms of protein aggregation are not 

fully understood. To study the contribution of modification on cysteine residues in SOD1 

aggregation, we systematically examined the redox state of SOD1 cysteine residues in the 

G37R transgenic mouse at different stages of ALS and under oxidative stress induced by 

H2O2. Our data showed that under normal circumstances, cysteine 111 in SOD1 is free. 

Under oxidative stress, it is prone to oxidative modification by providing the thiolate 

anion (S-). With the progression of ALS, increased levels of oxidative insults facilitated 

the oxidation of thiol groups of cysteine residues. Human mutant SOD1 could generate 

an upper shifted band in SDS-PAGE, which turned out to be a Cys111-peroxidized SOD1 

species. We also found that at different stages of ALS, accumulated oxidative stress 

facilitated the aggregates formation, which were not mediated by disulfide bond. The 

oxidative modification of cysteine 111 may promote the formation of disulfide 

bond-independent SOD1 aggregates. 

In addition, we investigated the correlation between nitrosative stress and 

S-nitrosylation of protein disulfide isomerase (PDI) in the mechanism of aggregates 

formation. Our data showed that up-regulated inducible nitric oxide synthase (iNOS) 

generated high levels of nitric oxide (NO), which induced S-nitrosylation of PDI with the 

progression of ALS in the spinal cords of mSOD1 transgenic mice. This correlation was 

confirmed by treating SH-SY5Y cells with NO donor SNOC to trigger the formation of 
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S-nitrosylated PDI (SNO-PDI). When mSOD1 was overexpressed in SH-SY5Y cells, 

iNOS expression was up-regulated, NO generation was increased consequently. 

Furthermore, both SNO-PDI and mSOD1 aggregates were detected in these cells. 

Blocking NO generation with NOS inhibitor N-nitro-L-arginine (NNA) attenuated the 

S-nitrosylation of PDI; the formation of mSOD1 aggregates was inhibited as well. We 

conclude that NO-mediated S-nitrosylation of PDI is highly linked to the accumulation of 

mSOD1 aggregates in ALS.  

To study the nitrosative stress-induced protein aggregation in cerebral ischemia, we 

systematically examined the iNOS expression, and consequently NO generation in 

cultured astrocytes following oxygen glucose deprivation (OGD)/reperfusion. Our data 

showed that the up-regulation of iNOS expression was highly associated with 

NO-mediated S-nitrosylation of PDI, and this S-nitrosylation of PDI was correlated with 

the formation of ubiquinated-protein aggregates, seeing as the levels of SNO-PDI were 

parallel to the aggregates formation. Furthermore, pharmacological inhibition of NO 

generation with iNOS specific inhibitor 1400W significantly inhibited S-nitrosylation of 

PDI; the formation of ubiquitinated-protein aggregates was surpressed by 1400W as well 

in cultured astrocytes following OGD/reperfusion. Interestingly, these aggregates were 

co-localized with SOD1. We conclude that S-nitrosylation of PDI can contribute to the 

SOD1-linked protein ubiquitination and aggregation in cerebral ischemia.  
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Chapter 1.  Introduction 

1.1 Amyotrophic lateral sclerosis (ALS) 

ALS is a rapidly progressive and fatal neurodegenerative disease that mainly affects 

pyramidal upper motor neurons in the motor cortex and lower motor neurons in the 

brainstem and spinal cord. This leads to a loss of control of voluntary muscle movement 

and increased muscular paralysis; and this progressive failure of neuromuscular system 

usually culminates in death from respiratory failure. Most of the ALS cases are sporadic 

(SALS). Only 5-10% are familial (FALS), with a Mendelian pattern of inheritance. 

Approximately 2.16 per 100,000 individuals have ALS in Western nations [1]. There are 

a few clusters of increased incidence, such as in the Kii peninsula and Guam. The clinical 

features of ALS are reflected by the name of the disease, “Amyotrophic” denotes the 

atrophy of muscle fibres and loss of muscle mass; “Lateral” refers to the lateral and 

anterior corticospinal tracts that run down both sides of the spinal cord; and “Sclerosis” 

refers to the hardening of the nerve tracts and the scar tissue that remains following nerve 

degeneration. The pathogenesis of the disease is not fully understood. Until very recently, 

it was widely accepted that ALS resulted from a complex interaction of endogenous 

factors (mostly genetic predisposition and age) and exogenous factors (lifestyle/diet and 

environmental exposures). Now, the most plausible mechanisms are thought to be genetic 

factors, oxidative stress, protein aggregation, endoplasmic reticulum (ER) stress, 

mitochondrial dysfunction, non-cell autonomous effects, excitotoxity, as well as 

impairments in axonal transport and RNA processing. 
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1.1.1 Clinical Features 

The hallmark of clinical manifestations of ALS is the combination of upper and 

lower motor neuron signs and symptoms. There are four main presentations of ALS, 

which include: (1) limb-onset ALS with a combination of upper and lower motor neuron 

(UMN and LMN) signs in the limbs; (2) bulbar-onset ALS, manifesting with speech and 

swallowing difficulties, and developing limb features later in the course of the disease; (3) 

the primary lateral sclerosis (PLS), which is a pure UMN syndrome, with no LMN 

features; and (4) progressive muscular atrophy (PMA), which presents with pure LMN 

involvement, in the absence of UMN and bulbar features. About 70% percent of patients 

have the limb-onset, spinal form of the disease. Specifically, the presentations of UMN 

disturbance involving the limbs include spasticity, weakness, and brisk deep tendon 

reflexes, while the LMN limb disturbances include fasciculations, wasting, and weakness. 

Normally, the first symptoms of the limb-onset form of ALS form are focal muscle 

weakness in either the upper limbs (cervical-onset) or lower limbs (lumbar-onset). The 

muscle atrophy in hands, forearms, shoulders or proximal thigh or distal foot can be 

identified in early body examinations. The onset is usually asymmetrical, though the 

other limbs will progressively be involved, and symptoms will develop into spasticity 

affecting both the gait and dexterity of the individual. Mostly, the spinal ALS patients 

will progress to bulbar symptoms and respiratory failure within 3-5 years. About 25% of 

patients have bulbar onset, which is more common in women and older individuals [2,3]. 

Specifically, bulbar UMN dysfunction leads to spastic dysarthria, characterized by slow, 

laboured, and distorted speech, often with a nasal quality, and emotional liability, 

characterized by uncontrolled laughing or crying [4]. The jaw jerk and gag reflexes can 
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be pathologically brisk. Bulbar LMN dysfunction results in tongue wasting, weakness, 

and fasciculations, accompanied by flaccid dysarthria and dysphagia. The lower part of 

face becomes weakened and patients have difficulties in closing the lips, and this also 

contributes to excessive drooling. Mostly, these patients will develop limb-weakening 

symptoms by 1-2 years after the initial onset and die from respiratory failure with 2-3 

years. The progress of bulbar-onset form is slightly quicker than the spinal-onset form. 

About 5% of patients have initial trunk or respiratory involvement, subsequent spreading 

to involve other regions [5,6].  

ALS was traditionally considered to be a pure motor disorder. This concept is now 

obsolete. It is now considered to be a multisystem neurodegenerative disease. Evidence 

has suggested that the sensory and spino-cerebellar pathways are involved, as well as 

neuronal groups within the substantia nigra and the hippocampal dentate granule layers. 

In addition, pathological findings suggeste that sympathetic and parasympathetic 

neurones, Onuf’s nucleus, peripheral sensory nerves and oculomotor nuclei are also 

involved [7]. However, for the majority of patients, the motor neuron systems tend to be 

affected earliest and most severely. Cognitive dysfunction, including subtle subclinical 

cognitive defects and frontal lobe dysfunction, can be identified in up to half of ALS 

patients with detailed neuropsychological testing [8,9].  

1.1.2 Pathogenic mechanisms 

    ALS is a heterogeneous disease, in which a variety of relatively distinct initiating 

factors are linked to the clinical manifestations. A major breakthrough in ALS research 

came in 1993, with the discovery that approximately 10-20% of the FALS were caused 
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by the mutations in SOD1 gene. Up until recently, over 150 mutations spreading 

throughout the gene have been identified, and the disease-linked mutant SOD1 proteins 

promote motor neurons degeneration through a toxic gain of function. The first SOD1 

rodent model was created in 1994; these mice develop hindlimb paralysis and motor 

neuronal degeneration, so they provide invaluable tools for studying the molecular 

mechanisms of ALS. Taken together, ALS is a multifactorial disease, and some or 

perhaps all, of the initiating factors will trigger a common cascade of downstream 

processes, finally resulting in neuronal dysfunction.  

1.1.2.a Genetic factors 

Approximately 90-95% of ALS cases are sporadic, while 5-10% of ALS cases are 

familial and usually of autosomal dominant inheritance [10]. Intensive genetic 

approaches to FALS have successfully identified diverse ALS-causing genes (Table 1).  

Mutations to these genes are applicable not only to the minority of cases that carry FALS, 

but also to SALS. The involvement of genetic factors in pathogenesis of SALS implies 

that genetic contribution is particularly important to the mechanisms of ALS. Of the 

known genes, mutations in SOD1 (encodes for superoxide dismutase-1) [11], TARDBP  

[12,13,14,15] (encodes for TAR DNA binding protein), FUS [16] (encoding fusion in 

sarcoma), ANG [17] (encodes angiogenin, ribonuclease, RNase A family) and OPTN [18] 

(encodes optineurin) cause a typical clinical ALS phenotype. Mutations in SOD1 

uniformly cause toxicity in cells not by loss but rather by gain of function. TDP43 and 

FUS are both multifunctional proteins with striking structural and functional similarities. 

They contain RNA/DNA-binding motifs, and their potential actions include 
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transcriptional regulation, mRNA processing and micro RNA biogenesis. Mutations in 

SOD1 account for 20% of FALS and 5% of apparently sporadic ALS, whereas mutations 

in TARDBP (5%), FUS (5%), and ANG are less common [19]. Most recently, an 

expansion of the GGGGCC hexanucleotide repeat in the non-coding of C9ORF72 was 

reported to account for nearly 50% of FALS cases in Finland, more than one-third of 

FALS in other European populations. This lesion is also the strongest genetic risk factor 

in SALS [20,21]. All these gene mutations described so far have provided important clues 

about the underlying molecular mechanisms in the disease.     
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Table 1.1 Genetic causes of FALS 
 
 

Genetic subtype  Chromosomal   Gene                      Onset/         Phenotype 

locus                                 Inheritance 

ALS1 21q22 Superoxide dismutase 1 (SOD1) Adult/AD Variable 

ALS2 2q33 Alsin (ALS2) Juvenile/AR 
Predominant UMN, slow 

progression 

ALS3 18q21 Unknown Adult/AD Typical 

ALS4 9q34 Senataxin (SETX) Juvenile/AD 
LMN predominant, slow 

progression 

ALS5 15q15–q21 Spatacsin (SPG11) Juvenile/AR 

Variable phenotype, 

spasticity, with distal 

amyotrophy 

ALS6 16p11.2 Fused in sarcoma (FUS) Adult/AD Typical, juvenile variant 

ALS7 20ptel–p13 Unknown Adult/AD Typical 

ALS8 20q13.3 

Vesicle-associated membrane 

protein-associated protein B 

(VAPB) 

Adult/AD 
LMN predominant with 

tremor and dysautonomia

ALS9 14q11.2 Angiogenin (ANG) Adult/AD Typical 

ALS10 1p36.2 
TAR DNA-binding protein 

(TARDBP) 
Adult/AD Typical 

ALS11 6q21 
Polyphosphoinositide 

phosphatase (FIG4) 
Adult/AD 

ALS or PLS syndrome, 

apparent sporadic 

occurrence 

ALS12 10p13 Optineurin (OPTN) 
Adult/AD 

and AR 

FALS symmetric slow 

progression (AD) 

Typical, more rapidly 

progressive than the 

dominant form (AR) 

ALS–dementia–PD 17q21 
Microtubule-associated protein 

tau (MAPT) 
Adult/AD 

Typical, associated with 

dememtia and Pakinson’s 

symptoms 

ALS–FTD 9p13.3 
σ Non-opioid receptor 1 

(SIGMAR1) 

Adult/AD 

Juvenile/AR 

Typical, associated with 

fronto-temporal 

dememtia 

ALS–FTD 9q21–q22 
Chromosome 9 open reading 

frame 72 (C9ORF72) 
Adult/AD 

Typical, associated with 

fronto-temporal 
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1.1.2.b Oxidative stress 

Oxidative stress plays a primary role in the pathogenesis of ALS, especially in 20% 

FALS caused by mutations in SOD1 gene. The SOD1 gene encodes a major antioxidant 

protein called superoxide dismutase (SOD1), an enzyme that neutralizes supercharged 

oxygen molecules [22]. All of these ALS-causing SOD1 mutations act in a dominant 

fashion; only one copy of the mutant gene is sufficient to cause ALS [23]. The most 

frequent mutation in United States is A4V (http://alsod1.iop.kcl.ac.uk/). The most studied 

ALS transgenic mouse model is G93A. Furthermore, many disease-associated mutations 

do not affect its dismutase enzymatic activity, and SOD1-knockout mice do not develop 

ALS. Mutant SOD1 (mSOD1) is still capable of causing motor neuron degeneration even 

under an enzymatically inactive state due to depletion of copper loading [24]. mSOD1 

may cause oxidative stress by a mechanism beyond its catalytic activity. Research shows 

that mSOD1 can directly increase oxidative stress by binding Ras-related C3 botulinum 

toxin substrate 1 (Rac1), and locking Rac1 into its active state in the NOX complex, 

resulting in prolongation of reactive oxygen species (ROS) generation [25]. Oxidative 

stress is one of the most plausible mechanisms that induce the neurotoxicity, either 

through primary stress within motor neurons or through secondary toxicity from 

surrounding glial cells. Oxidative stress causes molecular damage that can seriously alter 

the cell membranes and other structures such as proteins, lipids, lipoproteins, and DNA. 

Elevated levels of oxidative insults to proteins [26], lipids [27], and DNA [28] have been 

investigated in post-mortem tissue from SOD1-associated FALS and SALS cases. In 

addition, elevation of markers for free radical damage was observed in the biosamples 

from ALS patients, such as cerebrospinal fluid (CSF), serum and urine. RNA species 
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were also exposed to oxidative damage in ALS patients and mSOD1 transgenic mouse 

models [29]. Interestingly, the SOD1 protein itself is particularly susceptible to oxidative 

posttranslational modification [30]. Oxidative stress arises from an imbalance between 

the productions of ROS and a biological system’s ability to detoxify the reactive 

intermediates. The accumulation of oxidative stress during aging may be an initial factor 

that erodes the ability to cope with toxic insults. The presence of disease-causing 

mutations turns this imbalance into a vicious circle of cellular injury that culminates in 

neuronal death and neurodegeneration in later life [31]. In this vicious circle, oxidative 

stress interacts with, and potentially exacerbates, other pathophysiological processes. All 

these processes act together and trigger a devastating cascade that contributes to motor 

neuron degeneration, including protein aggregation, ER stress, excitotoxicity, 

mitochondrial impairment and alteration in signaling from astrocytes and microglia [32]. 

The effect of alleviating oxidative stress can potentially ameliorate multiple facets of 

pathobiology in motor neuron degeneration, the converse is also true. Overexpression of 

nuclear factor-erythroid 2 p45-related factor 2 (NRF-2) in mSOD1 transgenic mouse 

astrocytes delays disease onset and increases life span, mostly likely by preventing 

oxidative stress generated from astrocytes [33]. NRF-2 is a transcription factor that binds 

and upregulates the antioxidant response element (ARE) gene, thus improving 

antioxidant status [34]. Mitochondrial dysfunction in activated astrocytes triggers 

oxidative stress. Incubation of mSOD1 astrocytes with the mitochondrial-specific 

antioxidants ubiquinone and carboxy-proxyl nitroxide reduces superoxide levels and 

protects motor neurons from cell death in vitro [35]. Edaravone, a free radical scavenger 

used to treat cerebral ischemia, inhibits SOD1 misfolding/aggregation, and reduces lipid 
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peroxides and hydroxyl radicals in mSOD1 mice, thereby linking SOD1 aggregation and 

oxidative stress [36]. 

1.1.2.c Protein misfolding and aggregation 

The accumulation of misfolded protein and protein aggregates is a pathological 

hallmark of many neurodegenerative diseases, including ALS [37]. The compact or 

skein-like ubiquitinated inclusions are TDP-43 positive, and they are unique features in 

both SALS and the syndrome seen in patients with TDP-43 mutations [12]. Furthermore, 

the TDP-43 mutant rodent model develops clinical syndromes similar to human ALS; 

these models presents a typical accumulation of ubiquinated aggregates in specific 

neuronal populations in cortical and anterior horn cells [38]. In addition to TDP-43, in 

patients with FUS-related FALS, the cytoplasmic inclusions containing the mutant FUS 

protein have also been identified [39]. In SOD1-associated FALS, the neurofilament-rich 

hyaline conglomerate inclusions are observed in motor neurons [40]. The mutations in 

SOD1 can affect the protein dimer structure, leading to a “misfolded” conformation. 

Under pathological conditions, these misfolded proteins can develop into aggregates, 

which in turn trigger a toxic cascade that leads to neuronal degeneration. Using a specific 

antibody against misfolded SOD1 to treat mSOD1 mice can extend survival by 6 days, 

suggesting that neutralization of misfolded SOD1 can delay disease progression [41]. 

However, overexpression of chromagranin A (ChgA), a glycoprotein that interacts with 

mutant SOD1, accelerates disease onset in mSOD1 mice and increases misfolded SOD1 

level, indicating that ChgA stabilizes misfolded SOD1 and increases its neurotoxicity 

[42]. Interestingly, cytoplasmic protein aggregates can translocate from one cultured cell 
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to another, and be secreted into the cell medium [43]. Even the spinal cord homogenates 

derived from mSOD1 mouse can seed further aggregates formation in a prion-like 

fashion [44]. If this finding could be proved in vivo, it could provide explanation to the 

rapid progression and prion-like clinical spread of ALS. The recent identification of 

aberrant wild-type SOD1 conformation under oxidative stress in both SALS and FALS 

patients suggests a possible common mechanism between SALS and SOD1-associated 

FALS. In the mouse model with wild-type SOD1 overexpression, the additional 

expression of mSOD1 accelerates aggregates formation and disease onset, and shortens 

survival [45].  

1.1.2.d ER stress 

ER consists of a complex reticular membranous net work, which mediates protein 

synthesis, protein secretory, posttranslational processing, and newly synthesized 

membrane folding [46]. It also contains large stores of calcium [47], which plays a 

critical role in cellular signaling and ER mitochondria calcium cycle (ERMCC). This is 

crucial to maintaining the coupling of energy metabolism in mitochondria and protein 

processing in the ER [48]. In ALS, ER stress can be triggered by accumulation of 

misfolded mSOD1 [49]. A localization of mSOD1 and a deposit of amorphous or 

granular material in the ER lumen in post-mortem lumbar spinal cord of ALS patients, 

indicate an accumulation of misfolded mSOD1 in ER stress [50]. Furthermore, mSOD1 

was found to be co-localized with different ER marker such as ER tracker [51], 

glucose-related protein 78 (Grp 78) [52] and calnexin [53], suggesting a retention of 

cytosolic mSOD1 in the ER. Protein-disulfide isomerase (PDI), one of the ER-resident 
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chaperones, is activated and co-localized with mSOD1 inclusion in mSOD1 mice and in 

SALS patients [54]. The decreased ER calcium content in hypoglossal motor neurons of 

mSOD1 mice indicated the involvement of ER calcium in ALS [55]. Thapsigargin, which 

disturbs the ER calcium homestasis, leads to an increased die-back in motor neurons 

compared to cortical and striatal neurons [56]. Protein misfolding can elicit the ER stress 

response pathway, which activates the unfolding protein response (UPR) system, 

including recognization the aberrant proteins by ER-resident chaperones that correct 

protein folding [57]. The most common ER-resident chaperones include Grp78, Grp58, 

PDI, calnexin and calreticulin. Grp78 is up-regulated in spinal cord tissue of SALS 

patients [58]. PDI, the UPR marker, is increased in the spinal cord of mSOD1 rodent and 

post-mortem spinal cord samples of ALS patients [59]. Knockdown of PDI in Neuro2a 

cells expressing mSOD1 leads to an increase of inclusion-positive cells, while 

overexpression of PDI in NSC-34 cells expressing mSOD1 results in a decreased 

inclusion formation and SDS-insoluble mSOD1 amount [60]. The upregulation of Grp78 

and PDI enhances their ability to bind to misfolded protein and assist their folding. 

However, due to prolonged ER stress, the UPR is perturbed and become insufficient to 

deal with the stress conditions, and then apoptotic cell death will be initiated. 

Arimoclomol, a new drug in phase III trial for ALS, can delay disease progression by 

stimulating the UPR pathway through the activation of heat shock factor protein 1 (HSF1) 

[61]. Inhibiting the UPR pathway by crossing mSOD1 mice with pancreatic ER kinase 

haploinsufficency (PERK+/-) mice dramatically accelerates mSOD1 aggregates formation, 

and reduces disease duration by appoximately 18% [62].  

1.1.2.e Mitochondrial dysfunction 
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The morphological abnormalities, including mitochondrial swelling and vacuolation, 

are found in both ALS patients and rodent models of ALS [63,64]. Aggregated, swollen, 

vacuolated, or fragmented mitochondria are also observed in primary motor neurons and 

NSC-34 cells (a murine motor neuronal cell line) [65]. Abnormal mitochondrial 

morphology is tightly associated with mitochondrial dysfunction. Mitochondrial 

membrane potential maintenance is reliant on the activity of the four complexes of the 

electron transport chain. The reduced activity of complexes of the electron transport chain, 

especially complex I and IV, has been observed in tissues obtained from ALS patients and 

animal models. This is associated with consistent abnormality in mitochondrial 

respiratory function [66,67]. A decreased activity of complex I in mitochondrial fractions 

and the mitochondrial depolarization have also been observed in neuroblastoma cells 

overexpressing mSOD1 [68]. Impaired ATP synthesis [69] and reduced mitochondrial 

Ca2+ buffering [70] in cells expressing mSOD1 also indicate the involvement of 

mitochondrial dysfunction in the pathogenesis of ALS. ATP generation is decreased and 

intracellular Ca2+ homeostasis is impaired in neuronal cells of mSOD1 mice as well as in 

cell lines expressing mSOD1. The Ca2+ buffering capacity is significantly decreased in 

mitochondrial fractions from mSOD1 mice, making motor neurons susceptible to Ca2+ 

overload. The increased oxidative and/or nitrosative stress also causes damages to 

mitochondrial proteins, lipids, and DNA [71]. The nonspecific accumulation of mSOD1 

aggregates at the mitochondrial surface and in the intermembrane space might 

compromise the function of mSOD1 [72,73]. Overexpression of glutaredoxin 2 (GRX2), 

a thiol-disulphide oxireductase in mitochondrial, reduces the mitochondrial mSOD1 

aggregation and fragmentation [74]. The aberrant association between mSOD1 and 
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mitochondrial proteins also lead to impaired electron transport chain functioning, 

shortage of ATP, increased ROS formation and Ca2+ dysregulation. For example, mSOD1 

binds to voltage-dependent anion channel 1 (VDAC1), a multifunctional mitochondrial 

protein in the transport of ions and small molecules including Ca2+, ATP/ADP and NADH 

[75]. The binding of mSOD1 to VDAC1 reduces VDAC1-mediated ADP transport, which 

will limit ATP synthesis. VDAC1 interacts with pro- and anti-apoptotic proteins of the 

Bcl-2 family [76]. VDAC1 also plays a part in the physical link between mitochondria 

and the ER Ca2+-release channel inositol 1,4,5-trsphosphate receptor (IP3R) [77]. 

Abnormal interaction between VDAC1 and mSOD1 causes the ER-mitochondrial 

uncoupling, disrupts ER-mitochondria calcium exchange, and limits the ATP generation.  

Genetic disruption of the VDAC1 gene in mSOD1 mice accelerates disease onset and 

reduces lifes pan of mice [75,78]. The mitochondrial abnormalities in motor neurons are 

through cell-autonomous and non-cell autonomous mechanisms. Co-culturing astrocytes 

expressing mSOD1 with motor neurons reduces mitochondrial membrane potential and 

increases intramitochondrial Ca2+ [79]. Similarly, astrocytes from mSOD1 rats have 

mitochondrial defects that can influence motor neuron survival. Muscle mitochondria 

from mSOD1 mice are vacuolated, lose inner membrane potential, and release more Ca2+ 

[80]. Olesoxime, a compound that can potentially stabilize mitochondrial structures by 

binding to components of mitochondrial permeability transition pores, has shown some 

positive effects in mSOD1 mice; it is currently in a phase III clinical trial for ALS [81].  

1.1.2.f Non-cell autonomous effect and neuroinflammation 

Various non-neuronal cell types contribute to motor neuron survival and disease 
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course in ALS, including microglia, astrocytes, Schwann cells, T lymphocytes and 

skeletal muscles cells. Chimeric mouse models provide us with a good demonstration of 

non-cell autonomous death mechanisms in ALS [82]. The presence of mSOD1 in 

non-neuronal cells induces ALS-type pathology in wild-type motor neurons; in contrast, 

the presence of wild-type non-neuronal cells ameliorates the mutant phenotype and 

extends motor neuron survival. In the presence of mSOD1-expressing glia, both 

wild-type and mSOD1 neurons develop signs of neurodegeneration [83]. Widespread 

microglial activation in the brains of living ALS patients has recently been identified, and 

this activation correlates well with the severity of upper motor neuron damage [84]. 

Activated microglia release a huge number of pro-inflammatory cytokines, ROS, 

chemokines, mitogenic factors, neurotoxic molecules, which can lead to further neuronal 

dysfunction and cell death [85]. However, recent study demonstrates that removal of 

myeloid precursor cells, which are responsible for microglia proliferation in microgliosis, 

does not affect motor neuron degeneration [86]. This result indicates that the detrimental 

role of microglia is highly associated with mSOD1 expression in microglia. Microglia 

expressing mSOD1 release higher levels of tumor necrosis factor-α (TNF-α) and 

Interleukin-6 (Il-6) when stimulated with lipopolysaccharide (LPS) compared to 

wild-type microglia [87]. Co-culturing mSOD1-expressing microglia with motor neurons 

reduces survival rates of the motor neurons [88]. If mSOD1 expression in 

microglia/macrophages is selectively reduced by using the Cre-Lox system, the disease 

progression in several mSOD1 mice is sharply slowed down [89,90]. Similarly, replacing 

mutant microglia/macrophage with wild-type microglia/macrophage via bone marrow 

transplantation slows disease progression in mSOD1 mice [91]. Extracellular mSOD1 
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released from damaged neurons can activate microglia in vitro through CD14 [92]. 

Activation of astrocytes is also common in ALS patients and almost all animal models of 

ALS. When wild-type motor neurons are co-cultured with mSOD1-expressing astrocytes, 

neuronal cell death occurs [35,79]. Astrocytes expressing mSOD1 secrete mediators that 

lower the expression of GluR2 glutamate receptor subunit, and this leads to more Ca2+ 

permeable AMPA receptor in motor neurons. Without mSOD1-expression in astrocytes, 

motor neurons don’t have the same effect [93]. Astrocytes expressing mSOD1 also 

release factors into the culture media to induce motor neuron apoptosis, one of toxic 

factors is neurotrophic growth factor (NGF) [94,95]. Furthermore, mSOD1 expressing in 

astrocytes triggers mitochondrial dysfunction and oxidative stress in neighbouring motor 

neurons. Attempts to alter oxidative stress levels in astrocytes through the ARE/NRF-2 

pathway have successfully protected neighbouring neurons in vitro, and extended the 

survival of mSOD1 mice [33]. Glial cell is becoming an interesting therapeutic target in 

order to delay disease progression. Astrocytes replacement, bone marrow transplants, and 

transplantation of healthy glial precursor cells can prolong the survival time in mSOD1 

mice [96,97,98]. mSOD1 expression in skeletal muscles leads to pathological alterations 

and induces pre-symptomatic sign of ALS. Skeletal-muscle-restricted expression of 

mSOD1 causes motor neuron degeneration suggests that mSOD1 toxicity is transmissible 

between muscles and neurons [99]. Injection of mechanogrowth factor (MGF) cDNA in 

mSOD1 mice muscles can improve motor neuron survival [100]. 

1.1.2.g Excitotoxicity 

Glutamate is the main excitatory neurotransmitter in the CNS. Glutamate exerts its 
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effect by binding to ionotropic N-methyl-D-aspartate (NMDA) receptors and 

α-amino-3-hydroxy-5-methyl-4-isoxazolepproprionic acid (AMPA) receptors on the 

postsynaptic membrane [101]. The levels of glutamate are elevated in CSF from ALS 

patients [102]. Glutamate released from spinal cord nerve terminals is increased, and this 

is highly correlated with the increased glutamate-containing vesicles at the presynaptic 

membrane [103]. Excitatory amino acid transporter 2 (EAAT2), the glutamate reuptake 

transporter is downregulated in mSOD1 mice as ALS progresses [104].  

Transplantation-based astrocyte replacement is neuroprotective in mSOD1 mice, seeing 

as EAAT2 level increases and mSOD1 mice survival extends [96]. Furthermore, motor 

neurons are especially susceptible to AMPA-mediated excitotoxicity; these features 

include low expression of calcium-buffering proteins and GluR2, a subunit of the AMPA 

receptor complex responsible for the calcium permeability. The alteration of 

electrophysiological properties is implicated in ALS pathology. Postnatal day 4 motor 

neurons and interneurons of mSOD1 mice are intrinsically hyper-excitable, which 

coincides with early motor defects in mouse pups [105]. Riluzole, an antagonist of 

glutamate neurotransmission, is the only FDA-approved drug for ALS treatment [106]. It 

can prolong median survival of ALS patients by 2-3 months. However, other 

antiglutamate agents, including lamotigine, gabapentin, topriamate, verapamil, and 

nimodipine, has not been effective. One possible explanation is that riluzole has multiple 

potential neuroprotective effects, including activation of G-protein-dependent signal 

transduction cascades, inhibition of tyrosine phosphorylation, and inhibition of neuronal 

sodium channels [107]. Recent study using methionine sulfoxamine to inhibit the 

glutamate synthetase in mSOD1 mice shows a reduction of glutamate level by 30% and 
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an extension of survival by 8% compared with the control group [108].  

1.1.2.h Axonal transport defects 

Defects in anterograde and retrograde axonal transport are observed in both mSOD1 

mice and ALS patients [109,110]. Accumulations of neurofilaments (NF) indicate the 

defects in anterograde transport. The build up of synaptic vesicles in motor neurons 

expressing mSOD1 points to the defects in retrograde transport [103]. Furthermore, 

mSOD1 expression inhibits fast retrograde transport mediated by the dynein/dynactin 

complex, and promotes retrograde transport of stress/cell-death pathway proteins such as 

p75NTR, caspase 8, and Jun N-terminal Kinase (JNK). However, mSOD1 suppresses 

retrograde transport of prosurvival proteins such as phosphorylated tyrosine kinase 

receptor (Trk) and extracellular signal-regulated kinase 1/2 (ERK1/2) [111]. Misfolded 

wild-type SOD1 can inhibit fast kinesin-based anterograde transport via a p38-dependent 

pathway. This finding, combined with the identification of misfolded SOD1 in SALS 

patients, suggests that axonal transport inhibition could be a unifying mechanism in ALS 

[45]. Evidence demonstrates that the pathological changes in motor axons and nerve 

terminals appear to precede motor neuron degeneration and clinical symptoms, 

supporting the concept that ALS is a dying-back axonapathy [112,113]. The defects in 

anterograde axonal transport and mitochondrial dysfunction may work together to cause 

energy depletion specifically in the distal axon [110]. The accumulation of insoluble 

complexes results in insufficient maintenance of the distal axon, which inhibits retrograde 

axonal transport and confers selective damage to motor neurons, possibly by preventing 

the delivery of target-derived neurotrophic factors back to the cell body. 
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1.1.2.i Dysregulated RNA processing 

The identification RNA binding protein TDP-43 in cytoplasmic aggregates of ALS 

and the mutations in the TARDBP and FUS gene in ALS suggest a role of RNA 

processing in ALS [13,114] [115]. Fibroblast cell lines derived from patients with 

TARDBP-associated ALS exhibit the loss of TDP-43 nuclear expression and widespread 

changes in RNA splicing. Overexpressing TDP-43 in mice leads to a dramatic disruption 

of gene expression, including those in the chromatin assembly pathway, indicating the 

involvement of TDP-43 in transcriptional regulation [116]. Similarly, silencing TDP-43 

expression with antisense oligonucleotides in adult mouse striatum alters the expression 

levels of 601 mRNA transcripts and changes the splicing patterns of 965 mRNA 

transcripts [117]. The increased level of oxidized mRNA disrupts the protein translation 

and contributes to motor neuron injury. mSOD1 can modulate the stability of mRNA 

encoding the neurofilament light chain [118,119]. The identification of the biomarker of 

RNA oxidation within motor neurons in human ALS and mSOD1 mice also confirms the 

dysregulated RNA processing in ALS [118,120,121]. The unexpected roles of microRNA 

(miRNAs or miR) have been uncovered. miRNAs repress translation or promote mRNA 

degredation by bind to complementary sequences on target mRNA transcripts and its 

target sites locate in the three untranslated regions (3’UTR) of the mRNA [122]. Both 

TDP43 and FUS proteins could interact specifically with the Drosha protein, which 

catalyzes the initial cleavage and plays a crucial role in miRNA bioegenesis [123]. 

miR206, expressed uniquely in skeletal muscles, delays ALS progression and promotes 

regeneration of neuromuscular synapses in mSOD1 mice. Loss of miR-206 accelerates 

disease progression and muscle atrophy, and leads to kyphosis, paralysis and death [124].  



                                               19 

1.1.3 Animal models of ALS 

A large number of animal models have a progressive motor phenotype that is 

reminiscent of what occurs in ALS patients to some extent, so they are of great value to 

delineate potential pathogenic mechanisms. SOD1 models are the most widely used 

animal models of ALS. The identification of other causative genes, such as TARDBP, 

FUS, and VAPB, also leads to the creation of various mouse models with these gene 

expression [125]. Other models in various species such as rat, dog, zebrafish, drosophila 

and Caenorhabditis elegans (C. elegans) were also developed. These animal models all 

have different advantages for experimental manipulation [126].   

1.1.3.a SOD1 mutant transgenic mouse models 

Up to date, there are 12 different human SOD1 mutations expressed in the mouse, 

incuding 9 missense and 3 terminally truncated variants [127]. SOD1G93A 

(B6SJL-Tg(SOD1-G93A)1Gur/J) became the most widely used mouse strain. The 

overexpressed human SOD1G93A is 20-fold higher than the normal mRNA levels of 

mouse endogenous SOD1 [128]. Pathologically, peripheral denervation occurs as early as 

25 days [129] and neuromuscular junctions degenerate around 47 days [130]. Proximal 

axonal loss is evident by 80 days and correlates with motor impairment. The severe 50% 

dropout of lower motor neurons is prominent around 100 days [131]. SOD1G37R 

transgenic mice exhibited the earliest detectable locomotor deficits at eight months in 

terms; this results in a margin of 3-4 months to evaluate the experimental therapies [132]. 

Transgenic mice with low-level expression of human and murine mutation equivalents, 

SOD1G85R mice are characterized by late disease onset, aggressive disease progression 
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and short disease duration. SOD1G86R mice harbour a point mutated gene in mouse 

endogenously, and develop fatal motor neuron degeneration in early life. A series of ALS 

transgenic mouse models expressing C-terminally truncated versions have been 

developed, including SOD1L126X and SOD1G127X. These mouse models of ALS are 

characterized by late onset and rapidly progress to death [133].. However, a spontaneous 

SOD1 mouse mutant exists, and this mice expressing active endogenous SOD1E77K are 

phenotypically normal at one year [134]. One speculation is that multicopy SOD1 

transgenes might be one prerequisite for disease in mice. The other speculation is that 

murine SOD1 lacks Cys111 which may be an important mediator of toxicity [135,136]. 

Therefore only the severe destabilizing mutation SOD1G86R is disease-related.  

1.1.3.b SOD1 wild-type transgenic mouse models 

Down syndrome (DS), which is characterized by triplication of at least 200-300 

genes on the distal long arm of chromosome 21, has increased gene dosage of wild-type 

SOD1 (SOD1WT). Transgenic mice overexpressing human SOD1WT were created as a 

model of DS. Axonal loss, vacuolar pathology and motor neuron degeneration have been 

observed in the spinal cords of aged SOD1WT mice. These mice experience impaired 

regeneration after peripheral nerve injury [137] and prolonged subclinical motor neuron 

degeneration, termed a mutlti-system axonopathy [138].  

1.1.4 Vulnerability of motor neurons in ALS 

The motor neurons have cell body diameters between 30-80 micrometres; the axons 

of motor neurons can be more than a metre in length. These important properties have 



                                               21 

implications for high reliance on intracellular cytoskeleton and axonal transport, high 

metabolic demands, and efficient regulation of mRNA distribution. The high energy 

demands for proper neuronal function and axonal transport highly rely on highly 

functional mitochondria, which predisposes the cells to oxidative damage and calcium 

overload [139]. The motor neurons of sporadic ALS patients express various proportions 

of GluR2 mRNA lacking A-to-I conversion at the Q/R site. Under normal conditions, the 

majority of neurons express only Q/R site-edited GluR2. If A-to-I conversions at at the 

Q/R site are incomplete in pathological conditions, neurons became easily excitable due 

to an increase in Ca2+ influx through AMPA receptors [140]. Motor neurons express 

lower levels of cytosolic calcium-binding proteins (CaBP) compared to other neuronal 

populations [141,142]. These features make motor neurons more vulnerable to 

excitotoxicity and dysregulation of intracellular calcium homeostasis. Motor neurons also 

have a reduced capacity for heat shock response and chaperone activity, and increased 

sensitivity to ER stress [143]. The identification of the fast fatigue-resistant motor 

neurons in the spinal cord, which are differ from the vulnerable spinal cord motor 

neurons, provides a strategy of boosting intrinsic neuroprotective defense mechanisms. 

For example, the surviving motor neurons exhibit upregulation of specific genes that 

promote cell survival [144].  

1.1.5 Emerging targets in ALS therapeutics  

The studies over the past five years have tested potential targets that would 

hopefully translate into meaningful therapeutics for ALS patients. 

1.1.5.a Anti-glutamatergic agents 
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The EAAT glutamate transporter on astrocytes acts to inactivate the buildup of 

excitotoxic levels of synaptic glutamate. Ceftriaxone, a β-lactam antibiotic, can stimulate 

EAAT expression and increase astrocyte-mediated glutamate transport [145]. A 

double-blind (DB), randomized, placebo-controlled phase III trial investigating 

intravenous ceftriaxone in ALS patients is underway across the USA and Canada. 

1.1.5.b Drugs targeting protein misfolding and accumulation 

Heat shock proteins (HSPs) act as molecular chaperones that aid in restoring normal 

structure and function of damaged proteins, or degrading abnormal proteins. 

Arimoclomol, an oral compound, can enhance the expression of HSPA4 and HSP90AA1, 

which encode HSP70 and HSP90 proteins, respectively [146]. Arimoclomol is effective 

in mSOD1 mice by extending survival 22% [147], and it is now being investigated in an 

adaptive, DB, randomized, placebo-controlled phase II/III trial. Vaccination with mSOD1 

protein and passive immunization with antibodies against SOD1 can extend lifespans of 

mSOD1 mice in preclinical studies. 

1.1.5.c RNA targets 

Using antisense oligonucleotide and small inhibitory RNA molecules to neutralize  

the mutant mRNA slowed disease progression and increased survival in mSOD1 mice 

[148,149,150]. A phase I human trial in the USA using intrathecally administered 

antisense SOD1 oligonucleotides to SOD1- associated FALS patients is underway.    

1.1.5.d Mitochondrial targets 
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A newer agent targeting mitochondrial function is olesoxime (previously 

TRO19622); it can modulate the mitochondrial permeability and reduce mitochondrial 

cytochrome C release after neuronal apoptosis is induced. The benefit of olesoxime has 

been identified in mSOD1 mice [81]. It is now in a phase II/III trial as an add-on therapy 

to riluzole. Dexpramipexole has neuroprotective effects, seeing it can inhibit oxidative 

stress and improve mitochondrial function [151]. Dexpramipexole is currently in a large, 

international, phase III study.  

1.1.5.e Neurotrophic factors 

Brain-derived neurotrophic factor (BDNF) improved survival and retarded loss of 

pulmonary function in ALS patients in a phase I through phase II study. BDNF did not 

show a significant effect on survival in the phase III trial, but post hoc analyses showed 

significant benefit in a certain subset of ALS patients [152]. Vascular endothelial growth 

factor (VEGF) can delay disease progression and increase survival in two mSOD1 rodent 

models of ALS [153,154]. A human study of intracerebroventricularly administered 

VEGF is in progress in a phase I/II trial. 

1.1.5.f Stem-cell therapy 

Although the ethical impediment is the first concern of stem cell trials, stem cell 

implantation therapy can benefit ALS patients through an independent effect of 

cytoprotection. Stem cells can differentiate directly into non-neuronal cells and protect 

motor neurons by releasing specific growth factors or expressing enzymes or transporters 

to detoxify the local environment. A Spanish study of a phase I/II clinical trial, in which 
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mesenchymal stem cells were injected into the thoracic spinal cord of nine ALS patients, 

found no serious adverse effects [155]. Another non-randomized study of ten ALS 

patients transplanted autologous CD133+ bone marrow stem cells into the frontal motor 

cortex. This procedure turned out to be safe and well-tolerated. A survival benefit was 

also confirmed [156]. Autologous bone marrow stem cells were transplanted into the 

rostral cervical cord of 13 patients with bulbar ALS, and no adverse effects were 

observed and nine patients showed notable improvement [157].  

1.1.5.g Muscle-directed therapies 

Respiratory failure, the lethal complication of ALS, results from progressive 

weakness of the diaphragm. Diaphragm pacing with laparoscopically placed electrodes is 

safe and it can slow respiratory decline in ALS patients. ACE-031 is a promising 

investigational drug that inhibits GDF-8 and other factors. In a phase Ib trial, this drug is 

well tolerated, and it can increases lean muscle mass and volume [158]. CK-2017357 is 

another similar investigational drug that selectively activates fast skeletal muscle troponin 

complex by increasing the calcium sensitivity. A randomized, DB, placebo-controlled, 

phase II clinical trial showed that this drug was well-tolerated, and there was a 

dose-dependent improvement in fatigue, strength, and pulmonary function. Reticulon 4 is 

a protein found in skeletal and neurons. Reticulon 4 expression in the skeletal muscles 

and neurons of ALS patients is concordant with disease severity [159], and genetic 

removal of reticulon 4  extends mSOD1 mice survival [160]. GSK1223249 is a 

humanized monoclonal antibody against reticulon 4; its safety and pharmacodynamics is 

currently being investigated in an international phase I trial.  
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1.2 Copper/zinc superoxide dismutase (SOD1) 

1.2.1 Function of SOD1 

The function of SOD1 is to catalyze the dismutation of superoxide radical (O2-) to 

dioxygen (O2) and hydrogen peroxide (H2O2). SOD1, the most important antioxidant 

enzyme, acts as a scavenger of superoxide through a two-step reaction involving 

reduction and reoxidation of the copper ion at its active site [161].  

Cu2+, Zn2+ -SOD1 + O2-     Cu1+, Zn2+ -SOD1 + O2 

Cu1+, Zn2+-SOD1 + O2- +2H+    Cu2+, Zn2+ -SOD1 +H2O2 [162]  

1.2.2 Structure of SOD1 

The human SOD1 gene is located on the chromosome 21q22.11, and codes for the 

monomeric SOD1 polypeptide, which has 153 amino acids, with molecular weight 16 

kDa. The human SOD1 is a 32 kDa homodimeric metalloenzyme. It is composed of two 

identical subunits. A copper and zinc ion are embedded in each unit. Each of the two 

subunits consists of a main β-barrel, which is composed of eight antiparallel β-strands 

arranged in a “Greek-key motif”. This Greek-key motif and the hydrophobic dimer 

interface are essential for the structural stability of SOD1. Each of the subunits contains 

active sites; a copper-binding site (binding residues: His46, His48, His63 and His120) 

and a zinc-binding site (binding residues: His63, His71, His80 and Asp83). The copper 

ion is the more solvent exposed metal and it is the catalytic site where the 

substrate/product/reaction intermediate is likely to bind during the enzymatic reaction. 

The binding of zinc is not essential for the catalytic reaction. However, the binding of 

zinc confers high protein stability to SOD1. For the optimally fast catalysis, the substrate 
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of superoxide is electrostatically guided through a channel from the protein surface to the 

active site. Tthis channel is formed by two external loops. The first loop, also known as 

the zinc loop, tethers the dimer interface with the zinc active site and contains a disulfide 

bond that aids structural stability. The second loop, also known as electrostatic loop, 

contains charged residues that contribute to guiding the negatively charged superoxide 

substrate toward the copper catalytic site. Four posttranslational events are required for 

obtaining the mature, correctly folded and enzymatically active form of SOD1; they are 

copper and zinc binding, disulfide bond formation, and dimerization [163,164,165].  

    Human SOD1 has four cysteine residues: Cys 6, Cys 57, Cys 111 and Cys 146. Cys 

57 and Cys 146 are conserved, forming the intramolecular disulfide bond [166]. Disulfide 

bond formation stabilizes protein structure through lowering entropy of the unfolded 

polypeptide chain. Cys 6 and Cys 111 are free, existing in a thiol group state (-SH). Cys 6 

is buried within the interior of the β-barrel, and it is solute-inaccessible in the native, 

folded conformation. Cys 111 is on the surface, near the dimer interface, and it is 

solute-acessible and reactive. Cysteine residues in the active sites of the protein build up 

intracellular antioxidant defenses through the thiol functional group [167]. 

1.2.3 Genetic variants of SOD1 in ALS 

In 1993, Rosen first reported that mutations in SOD1 are involved in ALS using 

classical linkage analysis [11]. Approximately 12-23% FALS cases are caused by 

mutations in SOD1 gene [168]. SOD1 exonic mutations have occasionally been described 

in SALS patients. SOD1 mutations account for 1-2% SALS cases [169]. More than 150 

mutations of SOD1 have been identified in 68 of the 153 codons, spreading over all five 
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exons [170]. 

1.2.4 SOD1 gene expression in ALS 

The results of studies of SOD1 expression in ALS is conflicting [171,172,173]. The 

latest study demonstrated that SOD1 mRNA level is increased in the brain stem and 

spinal cord, which are typically affected in ALS, but not in other areas that are not 

associated with motor neuron degeneration [174]. Increased SOD1 mRNA level has also 

been detected in lymphocytes from SALS patients compared to healthy people. However, 

the SOD1 protein expression in SALS patients and healthy people detected by western 

blot showed similar level in both lymphocytes and affected nervous areas [175]. 

Histopathological analysis showed an increased protein level in the spinal cords of SALS 

patients compared to healthy people. These contradictory results indicate that mutant 

SOD1 protein is misfolded or becomes aggregates, which would probably precipitate the 

insoluble fraction and become undetectabl. Normally, the soluble supernatant fraction is 

applied to western blot. Several studies have demonstrated the presence of proteinaceous 

inclusions bodies containing SOD1 in motor neurons of SALS patients. [45,176,177]. 

The insoluble mSOD1 aggregation is a pathological hallmark of SOD1-associated FALS 

[178]. In mSOD1 mice, the insoluble SOD1 aggregates accumulation occurs before the 

onset of paralysis and increases as the mice develop ALS-like symptoms [179]. A shared 

pathological trait is suggested in both familial and sporadic cases.  

1.2.5 Mutant SOD1 in ALS-a toxic gain of function  

The rodent models expressing active as well as inactive forms of mSOD1 develop 
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comparable disease pathologies similar to that of human patients [180,181,182]. 

Furthermore, SOD1 gene knock-out mice do not develop motor neuron degeneration 

[183]. Knock-out mouse endogenous SOD1 in mice expressing dismutase inactive 

hSOD1G85R does not affect disease progression [184]. Increasing wild-type hSOD1 

expression, accompanied by chronic elevation of dismutase activity [133], either has no 

effect on disease course [184]. Taken together, these experiments suggest that the toxicity 

of mSOD1 is not mediated by the loss of dismutase activity, but rather by a toxic gain of 

function. Not only motor neurons are affected by mSOD1; studies also indicate that 

mSOD1 expressing in neighboring glial cells is involved in motor neurons degeneration. 

1.2.6 Subcellular distribution of mSOD1  

By using live-cell imaging of EGFP-fused SOD1, SOD1 is found to be distributed 

evenly in the cytosol. By using digitonin in the presence of ATP to wash out soluble 

sytosolic protein, the mild membrane perforation unveiled vesicular or punctuate 

locations of SOD1 in mitochondria, lysosomes, ER, and trans-Golgi network [185]. 

mSOD1 interacts with several “ accompanying proteins” such as VDAC1 and Bcl-2 , 

resulting in abnormal subcellular localization. 

1.2.6.a mSOD1 in mitochondria 

Distinct from wild-type SOD1, mSOD1 induces morphological change and 

subsequently impairs mitochondrial function. mSOD1 in mitochondria affects their role 

as calcium buffers and disrupts the calcium homeostasis [186]. Blocking Ca2+ entry into 

mitochondria protects cultured motor neurons against glutamate-induced neuronal injury 
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[187]. misfolded mSOD1 damages mitochondria by its deposition onto the cytoplasmic 

side of the outer membrane of spinal cord mitochondria [188]. The involvement of 

mitochondrial-mediated apoptosis in mSOD1-associted ALS has been uncovered 

[189,190]. mSOD1 disrupts the axonal transport of mitochondria along microtubules and 

mitochondrial dynamics in ALS [191]. Destabilization of mSOD1 is associated with its 

increased binding to the intermembrane space (IMS) and elevated ROS production in the 

IMS [192,193]. This IMS-targeted mSOD1 causes neuronal toxicity, neurite 

mitochondrial fragmentation and impaired mitochondrial dynamics [194].   

1.2.6.b mSOD1 in ER 

Several studies have demonstrated the precisely localization of mSOD1 in ER by 

using immunoelectron microscopy [195,196]. The ER localization of SOD1 was 

confirmed by sucrose density-gradient ultracentrifugation and floating ultracentrifugation 

using an iodixanol cushion and high-salt wash [185]. SOD1 was co-localized with 

Derlin-1 in ER by immunocytochemistry. Derlin-1, is an ERAD-linked protein. It takes 

part in the endoplasmic-reticulum-associated protein degradation (ERAD) pathway, 

which targets aberrant proteins in the ER for ubiquitination and degradation. mSOD1 

interacts with Derlin-1 and leads to ER-stress-induced apoptosis signal-regulating kinase 

1 (ASK1) activation, apoptosis and disease progression [197]. Study shows that 

immunoglobulin heavy chain binding protein/glucose-regulated protein 78 (Bip/Grp78), 

an ER resident chaperone, co-localized with mSOD1 and induced ER stress [198]. The 

interaction between mSOD1 and Bip/Grp78 led to the entry of mSOD1 into ER [195].  

1.2.6.c mSOD1 in Golgi apparatus and secretory pathway 



                                               30 

In ALS patients, the fragmented Golgi apparatus are observed in the motor neurons. 

Early studies showed that wild-type SOD1 can be secreted from thymus-derived 

epithelial and fibroblast cells as well as cultured astrocytes [199]. Both wild-type SOD1 

and mSOD1 secretions involved brefeldin-A sensitive transport, indicating an ER-Golgi 

transduction pathway [200]. The presence of mSOD1 in the ER-Golgi system was also 

confirmed by immunoisolating the organelle. Both in vivo and in vitro studies showed 

that mSOD1 interacted with neurosecretory proteins, such as ChgA and ChgB, and this 

interaction promoted the secretion of mSOD1 [196]. 

1.2.7 Extracellular mSOD1 in the non-cell-autonomous pathology 

mSOD1 expression in glial cell greatly affects the survival of motor neurons and 

ALS disease progression. Molecules that secreted by mSOD1-expressing astrocytes are 

toxic only to motor neurons [201,202,203]. Furthermore, mSOD1-expressing microglia 

produces higher levels of toxic mediators, such as superoxide and nitrite, but lower level 

of growth factors, such as insulin-like growth factor 1 (IGF-1) [204]. Externally applied 

recombinant mSOD1 into the culture media led to microglia activation and motor neuron 

degeneration. This toxicity of extracellular mSOD1 was mediated by CD14 on the 

microglia [196]. Misfolded SOD1 was detectable in the CSF from FALS patients 

[205,206].  

1.2.8 SOD1 aggregation-a toxic property 

The misfolding and aggregation of SOD1 species is related to the toxicity of 

mSOD1. Several studies have demonstrated that eight FALS-linked SOD1 mutants (in 
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transgenic mouse models) and 13 FALS-linked SOD1 mutants (in cell culture models) 

exhibit great potential to form aggregates [181,207,208,209]. SOD1 mutations alter 

SOD1’s solubility and make it more prone to aggregates. Normally, the mSOD1 

aggregates have two destinies: one is to be helped by protein chaperones and the other is 

to be degraded by ubiquitin-proteasome proteins. The presence of Hsp70, Hsp40, Hsp27 

and αβ-crystallin and increased interaction between mSOD1 and Hsp70 indicate the 

sequestration of housekeeping Hsp proteins into mSOD1 aggregates, which reduces the 

available amount of Hsp proteins to fulfill their cytoprotective functions. Neutralizing the 

toxicity of mSOD1 aggregates by over-expressing Hsp70 can significantly reduce 

aggregates formation and prolong the survival of primary motor neurons derived from 

mSOD1 mice [210]. Similarly, overexpression of Hsp40 and Hsp27 in cell lines or 

cultured primary motor neurons can also decrease aggregates formation and apoptosis. 

mSOD1 aggregates are intensely immunoreactive with ubiquitin antibodies, and mSOD1 

is selectively ubiquitinated by dorfin, the RING finger-type E3 ubiquitin ligase [211]. 

Overexpression of dorfin in neuronal cells neutralizes the toxic effects of mSOD1 and 

reduces the level of mSOD1 aggregates. These mSOD1 aggregates inhibit the 

ubiquitin-proteasome protein degradation system, by sticking in the proteasome and 

leading to the proteasome dysfunction [212]. The characteristic of mSOD1 aggregates 

include insolubility and bulkiness, which leads to obstruction the essential components in 

axonal transport, including neurotrophic factors [213]. For example, the 

intracerebroventricular delivery of VEGF is significantly reduced in the mSOD1 rat 

model [214]. The high molecular-weight SDS-resistant mSOD1 aggregates are highly 

related to the spinal cord mitochondria in mSOD1 mice [215]. These aggregates can 



                                               32 

interact with Bcl-2, an anti-apoptotic protein. This interaction converts Bcl-2 into a 

pro-apoptotic protein. [216]. Reserch also demonstrates that increased aggregation 

propensity of SOD1 is associated with decreased survival of ALS patients [217,218]. 

1.2.9 Formation of SOD1 aggregates 

The identification of Bunina and Lewy body-like hyhaline inclusions in motor 

neurons of FALS and SALS patients highly indicates the involvement of SOD1 in the  

protein aggregates formation, and these protein aggregates are strongly immunoreactive 

to SOD1 [219]. It is important to recognize the role of intracellular regulation of SOD1 

stability in the molecular mechanism of FALS pathology. The factors, including improper 

metallation of the protein, genetic mutations, and loss of disulfide bound and 

posttranslational modification, drive SOD1 to acquire propensity to misfold, and favor 

the reduced SOD1 monomers to convert into oligomeric and aggregated species with 

toxic properties.  

1.2.9.a SOD1 mutations facilitate loss of metals 

Holo-form of SOD1 is very stable with its melting temperature, Tm, around 90℃; 

however, removing a copper ion or zinc ion from holo-SOD1 decreases Tm to ~70℃ or 

60℃, respectively. Studies demonstrate that the deficiency of the copper-bond drives 

SOD1 molecule to form aggregates through oxidation of the histidine residues into 

2-oxohistidine [220]. Mutations of SOD1 promote the aggregates formation by 

facilitating the removal of metals from SOD1 and by increasing the reduction of SOD1’s 

intra-molecular disulfide bond. ALS mutations result in enhanced aggregates formation at 
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pH 5; this effect is most pronounced with metal-binding-region mutants. H80R mutant is 

nearly devoid of metals, forming aggregates in high yield with a longer lag time at pH 5. 

G85R and D125H, the metal-binding region mutants, also generate a significantly greater 

yield of aggregates at pH 5 than wild-type SOD1 [221]. Other mutations, such as H46R 

and S134N, lead to demetallation-induced conformational changes in SOD1 proteins and 

create a new protein-protein interaction site [222]. Mutations, like A4V and I113T, result 

in alteration of the subunit orientation in solution [223]. Demetallation-mediated 

monomerization is considered a step leading to formation of misfolded intermediates in 

the aggregation pathway [224].  

1.2.9.b SOD1 mutations facilitate partial unfolding or monomerization of apo-SOD1 

Most of the mutant apo-SOD1s are significantly destabilized [225]. Only a few 

types of mutations, such as H46R and D124V, have increased stability. These mutations 

are incidentally associated with relatively milder symptoms [226,227]. Many 

ALS-associated SOD1 mutations are indicated to provoke dramatic destabilization and 

conformational changes. The instability of apo mSOD1, especially in the metal-deficient 

state, is considered to be a “common denominator” for the increased propensity of 

mSOD1 aggregates. Apo-SOD1 bearing these mutations undergoes partial unfolding 

while the corresponding protein without these mutations remains stably folded [228]. 

While apo-SOD1 is predominantly dimeric, mutations may facilitate the unfolding of 

apo-SOD1 and result in dimer dissociation, and the consequently monomerization of apo 

SOD1 is an obligatory step in SOD1 aggregation. Nonetheless the unfolded SOD1 was 

detected by a specific antibody, raised against 4-20, 57-72, and 131-153 of an SOD1 
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amino acid sequence. This antibody also detected the SOD1-positive inclusions in motor 

neurons of the spinal cord from 29 SALS and 8 FALS patients [176]. 

1.2.9.c SOD1 mutations increase the susceptibility to disulfide reduction 

Study has demonstrated that treatment with Tris (2-carboxyethyl) phosphine (TCEP) 

to SOD1, a hydrosoluble reagent to protect sulfhydryls or cleave disulfide bridges, leads 

to loss of the disulfide bond and converts SOD1 to a form capable of forming aggregates. 

The C146R mutation, forms aggregates in the absence of TCEP [228]. Furthermore, 

many mSOD1s have a greater tendency to form aggregates when incubating with TCEP 

compared with wild-type SOD1. Similarly, many mSOD1s, such as A4V, G93A and 

G85R, have an increased susceptibility of the Cys57-146 disulfide bond to reduction 

[229]. Several studies have demonstrated that reduction of the disulfide bond resulted in 

apo SOD1 to dissociate into monomers. Mutations, such as A4V and G93A, have been 

described as destabilizing both zinc-containing and metal-free SOD1 whose 

intramolecular disulfide bond is reduced [230]. Taken together, these results indicate that 

cleavage of the disulfide bridges can trigger aggregates formation from metalated SOD1. 

The disulfide-reduced monomer is considered to be the common aggregation-prone, 

neurotoxic intermediator of mSOD1 [231]. 

1.2.9.d SOD1 can form aggregates with or without intermolecular disulfide bonds 

The formation of disulfide bond is mediated by oxidation of the thiol groups of 

cysteine residues. There is an intra-molecular disulfide bond between Cys57 and 146 in 

the natively folded holo-SOD1. Previous studies have established that detergent-insoluble 
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mSOD1 aggregates accumulated in spinal cords of mSOD1 mice are extensively 

cross-linked by disulfide bonds, because they are detectable in SDS-PAGE without use of 

reducing agents [136,232,233]. Studies found that disulfide bond formation between 

mSOD1 proteins could either trigger oligomerization or facilitate the bonding force to 

stabilize aggregates structures [234,235]. One study states that the formation of 

disulfide-linked multimers does not need the involvement of the non-conserved cysteine 

residues, Cys6 and 111, while the conserved cyteine residues (Cys57 and 146) take a part 

in the multimerization of apo SOD1 upon oxidative stress [236]. However, recent studies 

indicate that an aberrant intermolecular disulfide bond between Cys 6 and 111 of mSOD1 

is crucial for the formation of high molecular weight aggregates in cells [235]. Among 

the identified mutations of SOD1, mutations of cysteine residues at either position 6 or 

146, such as C6F, C6G, and C146R, still causes FALS. In addition, all of the truncated 

SOD1 proteins which have cysteine residues at position 6, 57, and 111 but lack Cys146 

are still associated with FALS [233]. The role of cysteine residues in modulating the 

mSOD1 aggregates is likely to involve other mechanisms rather than disulfide 

cross-linking. When the FALS-associated SOD1 cysteine mutant (C6F, C6G, and C146R) 

were expressed in cell lines, the mSOD1 aggregates were detected, indicating that loss of 

any single cysteine residue does not block aggregates formation [162,168,237]. In vitro 

study further confirmed aggregates formation per se does not depend on the formation of 

intermolecular disulfide bonds. SOD1 proteins, containing or lacking free cysteines, form 

amyloid-like aggregates in the high presence of TCEP [228]. Previously, the oligomeric 

form of mSOD1 was thought to be a noxious mSOD1 species because inhibition of the 

formation of disulfide-linked oligomers results in decreased mitochondrial mSOD1 
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aggregates. However, introducing the C111S does not decrease the mSOD1 

mitochondrial localization [238]. These results suggeste that the disulfide bone formation 

involving Cys111 is not needed to elicit mitochondrial defects [72]. The mSOD1 lacking 

the native intramolecular disulfide bond is the major component of the insoluble SOD1 

aggregates [239]. The reduction of the conserved intramolecular disulfide in most of the 

mSOD1 molecules constituting inclusions indicates the involvment of posttranslational 

modification of SOD1 polypeptides in the formation of pathological aggregates. 

1.2.10 Oxidative stress in SOD1 aggregates formation 

Aggregation process is strongly sensitive to the redox conditions of the environment, 

and oxidative stress produces a shift in the cellular environment [240]. Oxidative stress is 

indicated further to augment the SOD1 aggregates formation in cell culture model. High 

molecular weight (HMW) complexes and insoluble SOD1 species become more evident 

when the neuronal cells expressing mSOD1 are exposed to increasing concentration of 

H2O2 [241]. Actually, H2O2 is a product as well as a substrate of SOD1. When bovine 

SOD1 is incubated with H2O2, it will lead to oxidation of His118 to 2-oxohistidines and 

inactivation of the enzyme [242]. When H2O2 is too excessive, it will result in oxidation 

of almost all cysteine and histidine residues, fragmentation and aggregation of SOD1 

[243,244]. When SOD1 is co-incubated with bicarbonate and H2O2, it will induce 

bicarbonate radical anion formation, resulting in SOD1 oligomerization [245]. The 

discrete aggregates containing mSOD1 are detectable when C. elegans is challenged with 

paraquat, a hebicide used to generate oxidative stress [246]. The SOD1 aggregates are 

much more specific to the spinal cord, because the accumulation of mSOD1 aggregates in 



                                               37 

the spinal cord is identified in both mSOD1 mice and FALS patients [247]. This mSOD1 

aggregates is detectable only in spinal cord of symptomatic animal, but not in brain or 

liver [233]. Spinal cord exhibits higher oxidative stress relative to other tissues [248].  

SOD1 is delivered to the nerve terminus at a slow rate about 0.5~2 mm/day [249]. 

Because the axon of the motor neuron is about a metre long, it will take one or two years 

for the SOD1 protein to reach the nerve terminus. During this process, there will be an 

increased chance of oxidative insult to SOD1, especially to the mSOD1, possibly 

facilitating the oxidation of thiol groups of the cysteine residues [250]. Reversible 

oxidation of the thiol group of cysteine to disulfide (-S-S-) or sufenic acid (-SOH) is 

accomplished by thiol compounds, such as DTT, 2-ME, glutathione, or thioredoxin. The 

extensive oxidation to sulfinic acid (-SO2H) or sulfonic acid (-SO3H) is not reduced by 

these thiols under physiological conditions [251]. Take peroxiredoxin (Prx) for example, 

the thiol group of one cysteine residue of Prx is oxidized to sulfinic acid (-SO2H) by 

incubating with an excess of H2O2 [252]. The thiol group of Cys146 in SOD1 can be 

irreversibly oxidized to sulfonic acid (-SO3H); this oxidative modification was found in 

the brains of patients with Alzheimers’ disease and Pakinsons' disease. Oxidation at 

Cys146 affected the stability of SOD1 protein, which is associated with the 

SOD1-immunoreactive senile plaques and neurofibrillary tangles in patients with 

Alzheimers’ disease [253]. Taken together, the oxidative modification at cysteine residues 

plays an important role in the physiological SOD1 aggregate formation. 

1.2.11 Oxidative modification of Cys111 in SOD1 aggregates 

An intermolecular disulfide bond between Cys57 and Cys146 contributes to the high 
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stability of SOD1 protein. This disulfide bond is highly conserved in various organisms, 

including yeast, plants, flies, fishes and mammals [254]. However, the other two 

cysteines, Cys6 and Cys111, are free, not conserved. Yeast, fungi, and plants don’t have 

free cysteines. In these organisms position 6 is Ala and position 111 is Ser. More evolved 

organisms, such as flies, fishes, and mammals, including the Japanese monkey, only have 

one free cysteine at position 6. Human, great apes (chimpanzee and orangutan) are the 

only species that have two free cysteine residues, Cys6 and Cys111 [255]. Free cysteines 

are highly reactive, and the reactivity of free cysteine is highly dependent on its 

molecular location. In the crystal structures of human SOD1, Cys6 is packed tightly 

within the interior of β-barrel, and Cys111 is located in the Greek-key loop near the dimer 

interface. Study shows that Cys111 is modified with persulfide (-S-SH-) in human SOD1 

isolated from erythrocytes [256]. Cys111 is also heavily glutathionylated in human tissue 

[257], and this modified enzyme constitutes nearly 50% of the pool of SOD1 in freshly 

drawn erythrocytes. Glutathionylation of Cys111 induces structural rearrangements and 

modulates stability of both wild-type SOD1 and mSOD1 [258]. Moreover, glutaredoxin2, 

which specifically reduces protein-glutathione mixed disulfides to protein thiols, strongly 

prevents the  mSOD1 aggregates formation and improves cell viability in cultured cells 

[259]. Cys111 can also bind to other ligands such as glutathione, thioredoxins, or other 

molecules. mSOD1 has higher affinity for copper than wild-type SOD1, which is strictly 

mediated by Cys111 [260]. C111S dramatically attenuates this affinity and increase 

protein stability. When the cells expressing combined mSOD1 (the C111S mutation with 

the A4V, G93A, and C146R FALS mutations), the SOD1 aggregates formation is 

significantly reduced. This finding indicates that Cys111 should be a potentially crucial 
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residue in promoting aggregates formation [234]. Furthermore, Cys111 was found to be 

selectively oxidized to sulfinic acid (-SO2H) and sulfonic acid (-SO3H), even under air 

oxidation. By using the specific antibody, raised against a synthesized peptide containing 

Cys111- SO3H, the presence of oxidized SOD1 was detectable in the spinal cords of 

mSOD1 mice [261]. Cys111 of mSOD1 is labile to be oxidized by endogenous agents, 

including H2O2 and nitrosoglutathione, which is the first step for the substantial protein 

monomerization.  

1.2.12 Oxidative modification of wild-type SOD1 in aggregates formation 

Prevailing evidence indicates that mutation-mediated conformational changes lead 

to SOD1 misfolding and subsequent aggregation [262]. Since the FALS and SALS are 

clinically and neuropathologically similar, this similarity implies that the pathogenesis of 

ALS must converge on a common pathogenic pathway and/or some similar toxic factors. 

Wild-type SOD1 is proposed as the common link between SALS and FALS, seeing as 

the SOD1 is specifically modifiable with a chemical agent, the modified SOD1 was 

found in both FALS and SALS [263]. The aberrant covalent modifications or defects in 

the normal posttranslational modifications of wild-type SOD1 can induce conformational 

changes which is similar to the structural features of SOD1-associated FALS [264]. In 

vitro studies have shown that exposure to mildly oxidizing reagents, such as H2O2, copper 

chloride, ascorbic acid, peroxynitrite and oxidized glutathione SOD1, will trigger both 

the wild-type SOD1 and mSOD1 to form aggregates [265,266]. High concentrations of 

these oxidizing reagents can cause copper and zinc ions loss and disulfide bond reduction, 

which results in inactive SOD1 monomers [224]. These monomers are the basic 
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structural units that form aberrant aggregates. Motor neurons from spinal cord-derived 

cell culture were selectively vulnerable to oxidized wild-type SOD1, reminiscent of the 

selective vulnerability of motor neurons to mSOD1 proteins [267]. Wild-type SOD1 

acquired toxic properties through oxidation and that the aberrantly modified wild-type 

SOD1 and mSOD1 may share similar structural features. One specific antibody raised 

against a peptide epitope that is normally buried in the native homodimer interface of 

SOD1, can recognize monomeric or misfolded forms of SOD1. This antibody can detect 

wild-type SOD1 when it is oxidized in vitro by copper chloride and ascorbic acid. It can 

also detect mSOD1 in the spinal cords of several different mSOD1 mice [268]. Another 

monoclonal antibody C4F6, raised against the apo-SOD1 G93A antigen, recognized 

multiple FALS-linked mSOD1 and the oxidized wild-type SOD1 [269]. Specifically, the  

thiol group of Cys111 encoding in exon 4 is fully and irreversibly oxidized to sulfonic 

acid (-SO3H). Both Cys111 oxidation and G93A mutagenesis induce the formation of a 

conformational epitope. Oxidized wild-type SOD1 shares the same neurotoxic 

mechanism with FALS-linked mSOD1, it is believed that conformational abnormalities 

and posttranslational modifications in wild-type SOD1 contribute to SALS pathogenesis. 

It is plausible that oxidized SOD1, especially Cys111 oxidative modification, leads to the 

aberrant toxic protein species. 

1.3 Protein disulfide isomerase (PDI) 

PDI is the first folding catalyst ever reported, which is located in the ER in high 

concentration with a classic KDEL-ER retrieval motif [270]. PDI is able to catalyze 

disulfide bond formation, breakage, and rearrangement in all nonnative protein and 

peptide substrates [271]. The mechanism of how it escapes the ER is unclear, but more 
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recent studies indicate that it is a marker for the release of intracellular contents from 

damaged cells [272]. Its role in disulfide bond formation is the most important cellular 

function [273]. Disulfide bonds are the covalent linkages formed between the thiol 

groups of cysteine residues, and normally they function to stabilize protein structures. 

Disulfide bond formation is one of the important rate-limiting steps in protein folding. 

Seeing as a protein can have none, some, or all of its cysteine residues in disulfide state, 

this gives 10 different intramolecular thiol/disulfide redox states for a protein with four 

cysteine residues, such as SOD1. During the process of protein folding, there are two 

distinct pathways, one is cycle of reduction-oxidation, and the other is direct 

isomerization. PDI is able to catalyze both of these two pathways, and furthermore, 

independent of its catalytic function, it exhibits chaperone activity by inhibition the 

aggregation of unfolded/misfolded protein [274].  

1.3.1 Structure of PDI 

Human PDI has 491 amino acids in its mature form. It is a 57-kDa protein that 

mainly resides in the ER of eukaryotic cells. It has four distinct domains; a, b, b’, and a’, 

plus the acidic C-terminal extension c and the 19-amino-acid interdomain linker x 

(between the b’ and a’ domains) [275]. The catalytic domain a and a’share 36.8% of the 

same identity with each other and each contains a Cys-Gly-His-Cys (CGHC) active-site 

sequence, which is responsible for the oxido-reductase activity. The non-catalytic domain 

b and b’ have only 19.3% of the same identity and b’ domain provides the principle 

binding site of PDI [276]. The ability of b’ domain to bind substrates explains its 

essential role in the efficient isomerization reaction. The b′ domain is also required for 
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the reported chaperone functions of PDI [277]. The cationic c domain is not essential for 

the catalytic activity and ends with a C-terminal ER-retention signal. It stabilizes the 

functional conformation of PDI under extreme condition. The catalytic domains of PDI 

and thioredoxin share a high degree of sequence homology. PDI is considered to be the 

Trx family of proteins, which is characterized by the ability to catalyst the thiol-disulfide 

exchange reactions in the ER, also known as the PDI family. Proteins of this family share 

a common motif in their active sites (Cys-X-X-Cys, CXXC, where X refers to any amino 

acid) [278]. The N-terminal cysteine residue in this motif has high reactivity at 

physiological PH, partially due to its location on the surface of the protein. For example, 

ERp57, another ER housekeep enzyme, has the active-site residues WCGHC, which are 

the same as those of PDI [279]. Each family member has distinct substrate specificities 

[280]. ERp57 is involved in the oxidative folding of glycoproteins [281,282], while PDI 

is associated with both glycosylated and nonglycosylated proteins [283]. The PDI family 

proteins have redox properties, ranging from strongly reducing to strong oxidizing. 

Therefore, they are equipped to perform specialized roles in a variety of cellular 

processes.  

1.3.2 Function of PDI 

PDI is essential for the cell survival with its important cellular functions. Efficiently 

knockdown PDI expression is highly linked to cytotoxic effects [284]. The fully 

knockout cells and animals of PDI are not reported, indicating that such knockout is not 

viable. The knockout of ERp57 in mice is also non-viable [285]. Knockout either of the 

PDI family members AGR2/Hag2 [286] or ERdj5 [287] increases the ER stress and 
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produces specific defects in mucin production and salivary gland function. The important 

function of PDI is required for a number of proteins that fold in the ER. There are three 

basic reactions that are involved in the intra- or intermolecular disulfide-bond formations: 

oxidation, reduction and isomerization. PDI can catalyze all these reactions [288]. For 

example, in eukaryotic cells, only the reduced PDI interacts with its oxidase ER 

oxidoreductin 1 (Ero1) [289] or peroxiredoxin4 [290]. Hence, it is elusive how PDI 

distinguishes its substrates or selectively binds to the same substrate at different stages in 

the protein-folding pathway [291]. In addition to its function to modulate the 

thiol/disulfide exchanges, PDI also has molecular chaperone activity. This chaperone 

activity requires full-length PDI, which temporarily binds with unfolded protein or 

peptide substrates or folding intermediates through hydrophobic interactions [292]. For 

example, reduced PDI exposes smaller hydrophobic area and suppresses the aggregation 

of GAPDH folding intermediates [293]. This redox-regulated chaperone can unfold the 

cholera toxin A1 subunit as well [294]. Therefore, PDI is characterized as the 

redox-regulated chaperone in the ER, and it plays a critical part in protecting against 

neurodegenration induced by oxidative stess and/or protein misfolding [295].  

1.3.3 Subcellular distribution of PDI 

Beside ER-residence, PDI also has non-ER locations, including in the nucleus, 

extracellular matrix and on the cell surface. Take the location of cell surface for example, 

PDI mediates the adhesion, secretion and aggregation of platelet [296], particicipates in 

the activation of HIV virus fusion [297], and facilitates infection of Hela cells with 

mouse polyoma virus [298] and dengue virus [299]. In addition, both PDI and ERp57 
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interact with misfolded prion protein on the cell surface, which is crucial for prion 

accumulation and cell-to-cell transmission. PDI also leaks into the cytoplasma triggered 

by ER stress. The location of other cellular compartment indicates the wide range of 

biological functions of PDI. 

1.3.4 PDI in the neurodegenerative diseases 

PDI plays a critical role in the pathogenesis of neurodegenerative diseases, which 

are highly associated with accumulation of misfolded proteins within neurons, cellular 

toxicity, dysfunction, and cell death. PDI surpresses the synphilin-1 aggregation in 

neuroblastoma cells [300]. PDI also inhibits the α-synuclein aggregation in the cell free 

in vitro system [301]. Accumulation and aggregation of α-synuclein in neuronal cells are 

characteristic features of many neurodegenerative diseases known as synucleinopathies 

[302]. PDI is co-localized with torsinA in the ubiquintin-positive inclusions in the 

transgenic mouse model of dystonia [303]. PDI is also found in the inclusions and 

neurofibrillary tangles in the brain tissues from patients with Alzheimer’s disease (AD) 

[304]. The hypoxia-ischemia injury in neuronal cells [305] and cardiomyocyte cells [306] 

is attenuated by PDI up-regulation. Taken together, with the enzymatic and chaperone 

activities, PDI could protect against protein misfolding and protein aggregation. 

1.3.5 ER stress and the UPR in ALS 

ER is the cellular organelle for newly synthesized secretory and membrane proteins. 

The lumen of ER contains molecular chaperones, quality control factors and folding 

enzymes that assist in the protein folding and trafficking [307]. However, it is estimated 
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that about 30% newly synthesized proteins are rapidly degraded, partially due to 

improper protein folding. This fast buildup of misfolded protein overwhelms the 

secretory ability of the ER, resulting in misfolded protein accumulation [308]. The 

situation will become worse if the ER environment is perturbed, including alterations in 

calcium levels, redox state, and failure to posttranslationally modify secretory proteins. 

Physiologically, ER stress is triggered by the mutated protein synthesis, the absence of 

cofactors, and a drastic increase in the amount of otherwise normal cargo proteins during 

cell differentiation [309]. In response to ER stress, the cell activates signaling cascades 

that attempt to cope with the altered conditions and restore the favourable folding 

environment. This molecular transduction system is known as UPR, which monitors the 

protein-folding capacity and the cell signal of the ER. It also help to prevent 

accumulation of unproductive and potentially toxic protein products [310]. The basic 

responses include transcriptional induction of chaperone genes to promote protein folding 

and activation the ERAD pathway to retro-translocate the misfolded proteins from the ER 

for protesome-dependent degradation [311]. Recently, ER stress and UPR are implicated 

in a variety of diseases associated with the accumulation of aggregated proteins, such as, 

diabetes, tumour development, autoimmune disorders, viral infection, and 

neurodegenerative diseases, including ALS [231]. UPR is activated both in mSOD1 mice 

and human SALS patients [58]. UPR activation in motor neurons from mSOD1 mice 

occurs as early as postnatal day 5, long before ALS-symptom-onset. This finding 

indicates that ER stress occurs specifically in the motor neurons, and it occurs prior to the 

activation of other disease-associated mechanisms [143]. The mSOD1 interacts with 

Derilin-1, causing dysregulation of ERAD and leading to ER stress-induced ASK1 
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activation, apoptosis, and disease progression [197]. In addition, genetic ablation of 

ASK1, an ER-stress-activated transcription factor X-box-binding protein-1, significantly 

inhibits UPR activation and slows disease progression in mSOD1 mice [312]. Genetic 

ablation of Xbp1, an important modulator of the UPR, increases autophagy in motor 

neurons and delays disease onset and prolongs the survival of mSOD1 mice [313]. 

Treatment with salubrinal in mSOD1 mice, a small molecule inhibitor of ER stress, 

significantly delays disease progression [143]. ER stress is one of possible mechanisms 

of mSOD1-mediated toxicity. The presence of the up-regulation of Bip/Grp78 in mSOD1 

over-expressing COS7 cells indicates that UPR is activated [51]. Caspase 12, another 

ER-associated molecule, is up-regulated and cleaved during the disease progression in 

mSOD1 mice [314]. Furthermore, the activation of ER-associated transcription factors is 

also observed in end-stage mSOD1 mice [53]. The UPR sensors, such as 

inositol-requiring kinase-1 (IRE1), pancreatic ER kinase (PERK) and activating 

transcriotion factor 6 (ATF6), exhibited increased expression in the spinal cords from 

SALS patients [58]. Crossed G85R mSOD1/PERK+/- mice have an accelerated disease 

onset and shortened disease duration and lifespan, probably due to the loss-of-function 

mutation of PERK mediated by PERK+/- [62]. Overexpression mSOD1 in neuro2a 

neuroblastoma cells induces ER stress, including phosphorylation of PERK, elf2α, and 

JNK, nuclear translocation of ATF6, XBP1 mRNA splicing, and caspase 12 activation. 

Treating the cell expressing mSOD1 with salubrinal suppresses the mSOD1-mediated 

aggregation process and cell death [315]. Mutation in the vesicle-associated membrane 

protein/synaptobrevin-associated protein B (VAPB) is implicated in late-onset ALS. 

VAPB is associated with intracellular membranes, such as ER lumens. VAPB mutation 
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disrupts the UPR and resulting in accumulation of misfolded proteins in the ER [316]. 

1.3.6 PDI in ALS 

The expression of PDI is up-regulated in the spinal cord of mSOD1 mice at the 

pre-symptomatic, symptomatic, and end stages of ALS disease [54,58,192,317]. PDI 

expression is up-regulated in the spinal cords and cerebrospinal fluid (CSF) in SALS 

patients, compared to non-neurological controls [58]. PDI co-localizes with inclusions in 

motor neurons of mSOD1 mice and human ALS patients. PDI also collocates with VAPB 

inclusions in a Drosophila melanogaster model [318]. The up-regulation of PDI and 

recruiting of PDI to aggregated protein indicate that PDI protects against forming the 

mutant protein aggregates in ALS. Bacitracin, the broad disulphide isomerase inhibitor, 

dramatically increases the inclusions formation in NSC-34 cells expressing mSOD1 

Overexpression of PDI in neuroblastoma cells suppresses the levels of insoluble mSOD1 

and decreases inclusion formation and apoptotic cell death [54]. Interestingly, a small 

molecule that shares the same active site as PDI efficiently inhibits mSOD1 aggregation 

and inclusion formation [60]. Not only the expression, but the subcellular redistribution 

of PDI is also indicated in ALS. Varieties of integral ER membrane proteins, which 

belong to the reticulon family, can modulate PDI distribution [319]. Overexpression of 

reticulon leads to an alteration of PDI localization, from the normal ER evenly residence 

to a less homogenous punctuated pattern. Genetic ablation of the reticulon-4A, B protein 

leads to disease progress acceleration, probably by preventing the reticulon-mediated PDI 

redistribution [320]. However, the up-regulation of PDI expression can not provide a 

beneficial effect in ALS progression. In Parkinson’s disease (PD) and AD, the 
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posttranslational modification of PDI by NO-mediated S-nitrosylation of the cysteine 

residues at the critical active site leads to inhibition of the enzymatic activity of PDI. 

1.3.7 NO-mediated nitrosative stress in ALS   

Nitric oxide (NO) plays an important role in the pathogenesis of ALS. NO is a 

gaseous free radical and has multiple effects. At a low or moderate level, NO plays a vital 

role in normal signal transduction; at a high level it can induce energy depletion-induced 

necrosis, apoptosis, and ER stress [321]. NO is derived from the terminal nitrogen atom 

of L-arginine through the catalytic activity of NO synthase (NOS), including two 

constitutive forms-neuronal NOS (nNOS) and endothelial NOS (eNOS), and the third 

subtype-inducible NOS (iNOS), which is induced by inflammatory stimuli. In the CNS, 

iNOS is induced mainly in microglia and astrocytes under pathological conditions [322]. 

Once iNOS expression is induced, it generates moderate to high levels of NO chronically, 

without any requirements for further activation [323]. In ALS, one characteristic 

pathological feature is the activation of microglia and astrocytes, which is associated with 

NO generation. In the spinal cords of mSOD1 mice, the nNOS-positive motor neuron 

depleted while iNOS-positive activated glial cells increased. This is correlated with 

up-regulation of NO generation [324]. Furthermore, the increased levels of NO in the 

spinal cords of mSOD1 mice are believed to be produced by iNOS located in astrocytes, 

which are activated by pro-inflammatory cytokines or oxidative stress through NF-κb, 

JAK/STAT, and HIF-1 [325]. Reactive astrocytes are immunostaining-positive with 

iNOS antibody in the spinal cords of mSOD1 mice [326] and ALS patients [327]. Study 

indicates that iNOS mRNA, protein, and enzyme activity are up-regulated in the spinal 
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cords and brainstem of mSOD1 mice [328]. The up-regulation of iNOS in the spinal 

cords of mSOD1 mice has been observed by several other studies [329,330]. 

Pharmacological inhibition of iNOS with 1400W, a highly selective inhibitor of iNOS, 

leads to delayed disease onset and extended survival of mSOD1 mice [331]. Genetic 

deletion of iNOS gene significantly extends the life span of mSOD1 mice [326]. High 

levels of iNOS expression in glia results in excessive NO generation, which can induce 

neuronal depolarization, glutamate release, and neuronal death by inhibiting the 

mitochondrial cytochrome oxidase [332]. Additionally, NO can exert its neurotoxic by 

reacting with cysteine thiols of target proteins to form S-nitrosothiols. This modification 

is termed “S-nitrosylation”. S-nitrosylation is a covalent reaction that transferring NO to 

the thiol groups of cysteine residues of proteins. S-nitrosylation affects many cellular 

processes by altering both protein-to-protein interactions and protein function. 

NO-mediated S-nitrosylation of many proteins has been linked to neuronal death in many 

neurodegenerative diseases; those proteins include matrix metallopeptidase 9 (MMP-9), 

parkin, and glyceraldehyde 3-phosphate dehydrogenas (GAPDH) [333,334]. Cerebral 

ischemia promotes S-nitrosylation of MMP-9, stimulating its activity and resulting in the 

formation of stable sulfinic or sulfonic acid derivatives [335]. S-nitrosylation of parkin 

suppresses its E3-ubiquitin-ligase activity, inhibits its protective function, and promotes 

the cytotoxicity [336]. Study demonstrated that in PD and AD, NO-mediated 

S-nitrosylation of PDI plays a key role in the disease pathogenesis [300]. S-nitrosylation 

of PDI inhibits its function, which leads to the increase of polyubiquitinated proteins and 

accumulation of misfolded proteins.  

1.3.8 S-nitrosylation of PDI in ALS 
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The NO-mediated nitrosative stress can induce ER stress, which induces UPR to 

upregulate the ER-resident chaperones to ameliorate the accumulation of 

misfolded/unfolded proteins. The molecular mechanism of NO-induced ER stress is yet 

to be determined. Also yet to be determined is how NO-mediated ER stress promotes 

accumulation of misfolded proteins in the neurodegeneration process. S-nitrosylation of 

PDI may provide some of the answers to those issues. In PD, excessive generation of NO 

can lead to S-nitrosylation of PDI, inhibiting its isomerase and chaperone function in 

protein refolding, resulting in defective protein folding and accumulation of misfolded 

and polyubiquitinated proteins, such as synphilin [300]. The molecular basis of 

S-nitrosylation of PDI may also apply to the pathophysiology of ALS. In ALS, mSOD1 

inclusions and misfolded mSOD1 aggregates are highly associated with the disease. 

Furthermore, high molecular weight mSOD1 complexes have been identified within the 

ER. Inhibition of PDI activity by using bacitracin promotes the formation of mSOD1 

aggregates in neuronal cells. PDI co-localizes with intracellular aggregates of mSOD1. 

ER stress and UPR have also been observed in both mSOD1 mice and ALS patients. The 

up-regulation of iNOS results in increased generation of NO in ALS. Interestingly, 

S-nitrosothiol levels were found to be abnormal in the spinal cords of mSOD1 mice. 

Combining the evidence together, it is rational to propose that S-nitrosylation of PDI is 

involved in mSOD1 aggregation in ALS. Under normal circumstance, PDI provides the 

first line of defense to correct protein misfolding, and mSOD1 could be the protein 

substrates of PDI [306]. However, under conditions of severe nitrosative stress triggered 

by excessive NO, PDI is S-nitrosylated, and this posttranslational modification of PDI 

affects its activity to correct mSOD1 misfolding in ER. Lastly, the misfolded mSOD1 



                                               51 

accumulates in the ER and triggers ER stress and neurodegeneration.  

1.4 Cerebral ischemia 

    Ischemic stroke is the second most common cause of death after ischemic heart 

disease. Ischemic stroke is a major cause of disability worldwide. The brain only 

accounts for 2% of the whole body weight in humans. Meanwhile, the human brain 

consumes up to 25% of all oxygen for the body, indicating that it requires a large and 

continuous supply of oxygen and glucose to maintain normal function and viability. In 

the animal model of ischemia, the concentration of brain glucose, glycogen, adenosine 

triphosphate (ATP) and phosphocreatine decrease immediately after the onset of ischemia, 

and nearly completely deplete within 10-12 minutes of ischemia [337]. It is well-accepted 

that the depletion of tissue energy reserves is rapidly followed by acidosis, 

glutamate-mediated excitotoxicity, free radical production, oxidative stress [338]. The 

biosynthesis of NO is a key factor in the pathophysiological response of brain ischemia 

[339]. Furthermore, the generation of NO can trigger a cascade of free radical reactions, 

resulting in modifications of cerebral plasticity and increasing blood-brain barrier (BBB) 

permeability, which may contribute to the progression of brain ischemia [340,341].  

1.4.1 The involvement of iNOS in cerebral ischemia 

After experimental cerebral ischemia, all three isoforms of NOS are up-regulated. 

Their patterns of expression differ both temporally and spatially. In a rat ischemic model, 

the nNOS-positive neurons increased as early as 15 min, and expression lasted for 24 h. 

The eNOS expression in cerebral vessels of the ischemic core peaked at 24 h [342], and 

NO generated from this source has a neuroprotective effect, by increasing the blood flow 
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in the penumbra area during the early stages of brain ischemia [343]. The iNOS 

expression is induced in glia cells in both experimental cerebral ischemia and human 

stroke [344,345], and this induction occurs later than nNOS and eNOS. The activity of 

iNOS following the transient ischemia increased gradually over time, and reached 

maximal levels after 24 h in stratum and 48 h in the cortex. The induction of iNOS 

mRNA expression is also associated with the duration of ischemia [346,347]. iNOS 

immunoreactivity is located in polymorphonuclear neutrophils, in astrocytes and in 

microglia. iNOS is expressed in vitro models of brain ischemia. However, the 

mechanisms of iNOS expression after brain ischemia are not fully elucidated. 

Pro-inflammatory cytokines are known to induce the iNOS expression. The levels of 

interleukin-1β (IL-1β) and TNFα increase significantly within a few hours of ischemia 

[348], and these cytokines trigger transcriptional activation of the iNOS gene [349]. 

Exogenously injecting IL-1β into the cerebral ventricles directly induces iNOS 

expression along the injection tract. Hypoxia-inducible factor-1α (HIF-1α), containing a 

hypoxia response element in the gene promoter activates the iNOS gene following 

ischemia [350]. Studies show that NO produced by de novo iNOS expression contributes 

to the brain ischemic damage [351]. Selective iNOS inhibitors, such as aminoguanidine 

or 1400W, are able to reduce the infarct volume by 30-40%, which is associated with the 

improved neurological deficits produced by the infarct [352,353]. Antisense 

oligodeoxyncleotide to iNOS also has protective effects against brain-ischemia-induced 

injury [354]. The iNOS knockout animals show a significant reduction in infarct volume 

(-30%) and have better neurological outcome than wild-type littermates [355,356]. Many 

drugs or compounds that elicit neuroprotection against hypoxia/ischemia-induced 
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oxidative brain injury are shown to have the effect of inhibiting iNOS expression 

[357,358,359,360].  

1.4.2 The involvement of NO in cerebral ischemia 

NO and its further oxidation products are generally implicated in brain ischemia 

pathology. NO generated during ischemia can strengthen the lipid peroxidant activity, 

cause lesions of the cellular barrier, and further result in necrosis or apoptosis of neurons. 

In addition, it can reduce the vasoconstrictor response to arterial hypocapnia, damage the 

vascular endothelial cells, enhance the BBB permeability, suppress protein synthesis, and 

damage DNA structure [361]. NO is involved in the neurotoxicity of glutamate, 

abnormality of mitochondrial energy metabolism and impairment of antioxidant status in 

rat primary cultured neurons [321]. This may relate to the mechanisms of 

neurodegeneration and enhancement of apoptosis mediated by nitrosative stress [362]. 

For example, NO/NOS signaling system can trigger amyloid-β (Aβ) production through 

the beta-site APP-cleaving enzyme 1 (BACE1) pathway during and after acute focal 

brain ischemia in aged rats, and Aβ stimulates ROS generation and mitochondria activity 

alteration, leading to apoptosis [363]. Over the last decade, more and more studies have 

demonstrated that NO can bind to the heme of soluble guanylate cyclase (sGC) and 

convert guanosine triphosphate to cyclic guanosine monophosphate (cGMP). This effect 

of NO is mediated through a chemical modification of cysteine residues, named 

S-nitrosylation, which plays pervasive roles in modulating protein functions. For example, 

in a rat model of brain ischemic injury, brain ischemia facilitates the S-nitrosylation of 

PTEN (phosphatase and tensin homolog deleted on chromosome 10). AMT, a specific 
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inhibitor of iNOS, suppresses S-nitosylation of PTEN, indicating that endogenously 

generated NO is linked to S-nitrosylation of PTEN in transient global ischemia [364]. In 

cultured endothelial cells (ECs), acute hypoxia transiently up-regulates the NO 

generation through eNOS activation. By using biotin-switch assay coupled with 

2-dimentional electrophoresis (2-DE), 11 proteins are found to have increased 

S-nitrosylation under hypoxia, including PDI [365]. 

1.4.3 The involvement of PDI in ischemic injury 

Ischemic stress plays a key role in the pathogenesis of heart disease, stroke, diabetes, 

and cancer [366,367]. PDI is identified as a hypoxic-induced protein in both in vitro and 

in vivo models. PDI’s mRNA level and protein level are enhanced in endothelial cells 

from human aortic and pulmonary artery [368,369]. Chronic hypoxic exposure induces 

the up-regulation of endothelial PDI, which protects cells against apoptosis and increases 

the cellular migration, adhesion, and tubular formation, and helps to improve coronary 

blood flow and protects the myocardium against infarction [370]. Up-regulation of PDI 

specifically in endothelial cells enhanced their ability to tolerate hypoxia [371]. In 

patients with myocardial infarction, PDI was up-regulated in the viable peri-infract 

myocardial region with presence of heart failure, which significantly decreased the 

cardiomyocyte apoptotic rate and biventricular dilatation [372]. In the mice model of 

ischemic injury in vivo, adenoviral-mediated PDI overexpression prevents adverse 

cardiac remodeling and cardiomyocyte apotosis. This protective action of PDI is believed 

to be due to its ability to relieve unfolded protein accumulation and its function to active 

the SOD activity [306]. Induction of PDI expression in HL1 cells (the cardiomyocyte cell 
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line) confers protection from hypoxic-induced apoptosis. This anti-apoptotic effect of 

PDI is mediated by its action of increasing SOD2 activity by 80 %. SOD1 is considered 

to be a target of the anti-apoptotic action of PDI [372]. To fight against oxidative and 

nitrosative stress, several stress proteins are up-regulated to exert adaptive 

neuroprotection, including PDI. Overexpressing PDI in neurons protects cells against 

hypoxic/ischemic-induced cell death [373]. Overexpression of PDI in neuroblastoma 

SK-N-MC cells results in attenuation of the cell viability loss induced by hypoxia [374]. 

In an in vitro model of gerbils, PDI is up-regulated in response to transient forebrain 

ischemia in astrocytes and CA1 pyramidal cells [375]. It is believed that multiple causes 

of ER stress occur in neurons following cerebral ischemia/reperfusion, including 

depletion of ER Ca2+, protein aggregation, decreased protein degradation, and 

accumulation of lipid peroxidation products in ER and Golgi structures [376]. Ischemic 

stress can drastically alter the workload of the ER and trigger UPR to adjust the folding 

capacity of the ER. The UPR is involved in the transcriptional activation of ER 

stress-related genes, including oxidoreductases, ubiquitin, and the PDI family. PDI 

facilitates the appropriate protein folding and prevent the protein misfolding during stress. 

It is plausible that PDI dysfunction will lead to accumulation of unfolded/misfolded 

protein. In the liver of diabetic rodents, the redox state of PDI is altered, shifting to its 

most reduced form. This affected PDI’s functional ability, resulting in accumulation of 

misfolded protein in the ER lumen [377]. In the mice model of diabetes induced by 

streptozotocin, the redox state of PDI changes dramatically, and the oxidized PDI portion 

is markedly reduced by 60% [306]. In cultured ECs cells, S-nitrosylation of PDI is 

increased under acute hypoxia, with increased NO generation through eNOS activation 
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[365]. S-nitrosylation of PDI is involved in protein misfolding and aggregation in several 

neurodegenerative diseases. It is reasonable to hypothesis that NO-mediated 

S-nitrosylation of PDI is involved in cerebral ischemia, and it is associated with protein 

aggregates formation in hypoxic/ischemic brain injury. 

1.4.4 The involvement of protein aggregation in cerebral ischemia 

Ischemic/reperfusion caused accumulation of ubiquitin-conjugated protein 

aggregates and aggregate-associated organelles following forebrain ischemia [378,379]. 

Protein aggregation in the subcellular fractions is likely to cause multiple organelle 

failure and delayed neuronal death after cerebral ischemia through several mechanisms 

[380]. This protein aggregation is virtually an irreversible process, which is associated 

with the irreversible aggregation of translational components. This translational complex 

components include chaperones and protein folding enzymes, such as heat-shock cognate 

protein 70 (HSC70) and co-chaperone Hdj1 [381,382]. The proteasomes are 

disassembled and aggregated after an episode of brain ischemia, which leads to 

proteasomes dysfunction. The ubiquitinated-proteins are too numerous to be degraded 

and are trapped into the aggregates after brain ischemia [7]. These ubiquitinated-protein 

aggregates and stress granules converge in CA1 neurons after reperfusion may contribute 

to sustained translation arrest and vulnerability of CA1 pyramidal neurons [383]. In the 

cell cultured model of stroke, the formation of ubiquitinated-protein aggregates was 

accompanied by decreased proteasome activity. Blocking the Na+-K+-Cl- cotransporter 

isoform 1 (NKCC1) activity attenuates the aggregates formation and preserves 

proteasome function following OGD/reperfusion [384]. When cell are stressed, some 
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newly synthesized protein will folded and some already synthesized protein will unfolded, 

thus forming two types of denatured protein without normal spacious structures [385]. To 

protect the cells against death and maintain their function, the denatured or aggregated 

proteins should be rescued or eliminated. Chaperones and ubiquitin proteasome system 

are involved in these processes, and the proteasome is trapped by protein aggregation and 

results in its dysfunction [386,387]. Further study also demonstrates that proteasome is 

inactivated, resulting from protein aggregation after brain ischemia [7]. Chaperones assist 

protein folding under both physiological and stress conditions [388], and assemble or 

disassemble protein complexes to suppress protein aggregation [389,390]. For example, 

overexpressing the chaperone Hsp70 in hippocampal CA1 neurons reduces the protein 

aggregation formation, and increases neuronal survival [391]. Ischemic preconditioning 

can prevent protein aggregation after cerebral ischemia [392]. This beneficial effect is 

mediated by the induction of chaperone Hsp70 expression in CA1 neurons [393].  
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Chapter 2.  Hypotheses and Aims 

2.1 Hypotheses 

The overall hypothesis of this thesis was that oxidative/nitrosative stress-induced 

posttranslational modifications of proteins contribute to the protein aggregates formation. 

Specifically, it was hypothesized that: (1) Oxidative modification of Cys111 promotes the 

formation of disulfide bond-independent mSOD1 aggregates; (2) S-nitrosylated 

modification of PDI contributes to the mSOD1 aggregates formation in ALS; and (3) 

NO-mediated S-nitrosylation of PDI is associated with SOD1-linked ubiquitination and 

aggregation in cultured astrocytes following OGD/reperfusion.  

 

2.2 Rationales and Specific Aims: 

Rationale and Specific aim 1:  The SOD1 aggregation and oxidative stress are 

associated with the pathogenesis of ALS. Oxidative stress is believed to further augment 

the SOD1 aggregates formation, and HMW complexes and insoluble SOD1 species 

become more evident when the cultured neuronal cells expressing mSOD1 are exposed to 

increasing concentration of H2O2. Given the biochemical characteristics of SOD1, when 

SOD1 is travelling along the spinal cord, the most affected tissue in ALS, the chance of 

oxidative insults to SOD1 increases dramatically, especially to the mSOD1. Cys111 

locates in the Greek-key loop near the dimer interface, facilitating the oxidative 

modification of thiol groups of the cysteine residues. Various studies have demonstrated 

that Cys111 would be a potentially crucial residue in provoking SOD1 aggregates 

formation. Furthermore, using specific antibody against Cys111-SO3H, the presence of 

Cys111-peroxidized-SOD1 was detectable in the spinal cords of mSOD1 mice. The 
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project was designed to: 

 

Determine the redox state of SOD1 cysteine residues in the G37R transgenic mice during 

the progression of ALS and under oxidative stress induced by H2O2 (Chapter 3). 

 

Determine the formation of HMW complexes of SOD1 and the oxidative modification of 

Cys111 during the progression of ALS (Chapter 3). 

 

Establish the correlation between oxidative modification of Cys111 and the formation of 

mSOD1 aggregates in ALS (Chapter 3).  

 

Rationale and Specific Aim 2: 

    The involvement of oxidative/nitrosative stress is implicated in the pathophysiology 

of ALS. One of the free radicals, NO, increases due to the up-regulation of iNOS 

expression, and NO can exert its neurotoxic effects by S-nitrosylation of proteins. 

S-nitrosylation of PDI was identified in PD, resulting in functional inhibition and 

aggregates accumulation. In ALS, PDI expression is up-regulated in the spinal cords of 

mSOD1 mice, as well as in the spinal cords and CSF of SALS patients. PDI co-localizes 

with mSOD1-positive inclusions in ALS. Up-regulation of PDI expression does not 

improve disease progression. It’s probably due to NO-mediated S-nitrosylation of PDI, 

which compromises the protective effect of PDI defending against protein misfolding. 

Since mSOD1 interacts with PDI, dysfunction of PDI due to S-nitrosylation will 

promotes the accumulation of the misfolded mSOD1 in the ER, trigger ER stress and 
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neurodegeneration. The project was designed to: 

 

Determine the changes in iNOS expression and the NO generation during the progression 

of ALS (Chapter 4).  

 

Determine the level of S-nitrosylated PDI during the progression of ALS (Chapter 4). 

 

Establish the correlation between S-nitrosylation of PDI and the formation of mSOD1 

aggregates in ALS (Chapter 4). 

 

Rationale and Specific aim 3:  

NO produced by de novo iNOS expression is believed to contribute to the cerebral 

ischemic damage. The role of NO in the mechanism of neurotoxicity after ischemic 

injury is not full understood. Neurotoxicity of NO can be mediated through 

S-nitrosylation, which plays a pervasive role by modulating protein activity and cellular 

function. PDI is identified as a hypoxic-induced protein. Chronic hypoxic exposure 

induces the up-regulation of PDI, which enhances the ability of cells to tolerate hypoxia. 

The protective action of PDI is partially based on its ability to relieve unfolded/misfolded 

protein accumulation and its function to enhance the SOD activity. However, the 

accumulation of ubiquitin-conjugated protein aggregates is implicated in cerebral 

ischemia, and protein aggregation in the subcellular fractions is likely to cause multiple 

organelle failure and delayed neuronal death through several mechanisms. One of the 

mechanisms is assumed to be the S-nitrosylation of PDI. The excessive NO generation in 
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cerebral ischemia may promote the S-nitrosylation of PDI. Dysfunction of PDI due to 

S-nitrosylation may be associated with protein misfolding and aggregation. The project 

was designed to: 

 

Determine the changes of iNOS expression and the NO generation in cultured astrocytes 

following OGD/reperfusion (Chapter 5). 

 

Determine the changes of S-nitrosylation of PDI in cultured astrocytes following 

OGD/reperfusion (Chapter 5). 

 

Establish the correlation between S-nitrosylation of PDI and the formation SOD1-linked 

ubiquitinated-protein aggregates in cerebral ischemia (Chapter 5). 
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Chapter 3.   Oxidative modification of cysteine 111 promotes disulfide 

bond-independent aggregation of SOD1 

3.1 Introduction  

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease 

characterized by selective loss of motor neurons in the spinal cord, brain stem, and motor 

cortex leading to muscle weakness, atrophy and progressive paralysis [394,395,396]. 

Approximately 5-10% of ALS cases are inherited (autosomal dominant), and 90-95% of 

all cases are sporadic ALS [396]. About 20~25% of the familial cases are caused by 

mutations in the gene encoding copper-zinc superoxide (SOD1) [396,397]. To date, more 

than 150 mutations spanning all five exons of the SOD1 gene have been reported in 

familial ALS (www.alsod.org). Strong evidence shows that the mutant SOD1 enzymes 

cause motor neuron degeneration by a gain of toxic properties, rather than a loss of its 

superoxide dismutation function. Transgenic mice expressing mutant SOD1G93A or 

SOD1G37R developed the motor neuron disease despite an elevation in SOD1 activity 

levels [397,398]. In addition, SOD1 knockout mice did not show any ALS symptoms 

[183]. However the nature of the gain-of-function toxicities in mutant SOD1 proteins is 

not clear.  

Oxidative stress and aggregation of SOD1 are hallmark features of SOD1-linked 

ALS [184,399], and oxidation of SOD1 could lead to a toxic gain-of-function [264]. 

Studies show that mildly oxidizing reagents, including hydrogen peroxide [242,400], 

copper chloride, ascorbic acid [220,224], peroxynitrite [265] and oxidized glutathione 

SOD1 [266] are able to trigger aggregation of both wild-type SOD1 and mutant SOD1. In 
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fact, the main product of SOD1 catalytic reaction, hydrogen peroxide, has been shown to 

be a potent aggregation reagent for the SOD1 protein [242,400]. Wild-type SOD1 has 

been shown to exhibit aggregation after oxidation, and the oxidized wild-type SOD1 

gains properties like FALS mutant SOD1s [267]. However, when compared with their 

wild-type counterpart, most mutant SOD1s are more susceptible to oxidation-induced 

aggregation [401]. These findings suggest that oxidized SOD1 may be a causing factor in 

triggering SOD1 aggregation and acquiring a toxic gain-of-function. 

How does oxidative modification contribute to SOD1 aggregation? Previous studies 

suggested that disulfide bond formation between cysteine residues of SOD1 initiate the 

SOD1 aggregation [402,403,404]. However, other studies have shown that high 

molecular weight SOD1 complexes are present in cell and mouse models under 

completely reducing condition, which suggests that disulfide bonds may not be the only 

structures that mediate the formation of SOD1 aggregates [45,261,405,406]. Karch and 

colleagues also pointed out that the mechanism of SOD1 aggregation did not appear to 

require extensive intermolecular disulfide linkages between cysteine residues [406]. In 

the present study, we systematically examined the redox state of SOD1 cysteine residues 

by detecting their reactivity with MalPEG in the G37R transgenic mouse model at 

different stages of the disease, and under oxidative stress which can be reconstituted by 

inducing the H2O2 to the tissue lysates. Here we show that with the progression of the 

disease, increased levels of oxidative insult facilitated the oxidation of thiol groups of 

cysteine residues. We also detected the formation of SOD1 multimer at different stages of 

the disease. We also show that the formation of aggregates was not mediated by disulfide 

bonds. Under physiological conditions, cysteine 111 was free, but was prone to oxidative 



                                               64 

modification by providing thiolate anion (S-). This oxidative modification of cysteine 111 

may promote disulfide bond-independent aggregation of SOD1.  

3.2 Materials and Methods 

3.2.1 Construction of Expression Vectors 

Entire wild-type human SOD1 gene was cloned by RT-PCR from total RNA 

extracted from wild-type human SOD1 transgenic mouse, and subcloned into pcDNA3.1 

between the BamHI/XhoI sites (pcDNA3.1-hSOD1). Mutations were introduced into 

pcDNA3-hSOD1 with a QuickChange site directed mutagenesis kit (Stratagene, La Jolla, 

CA). Primers pairs for each mutant were as follows: G93A: forward 

5’-CTGCTGACAAAGATGCTGTGGCCGATGTGTC-3’; reverse 

5’-GACACATCGGCCACAGCATCTTTGTCAGCAG-3’; G37R: forward 

5’-GTGGGGAAGCATTAAAAGACTGACTGAAGGCC-3’;  reverse 

5’-GGCCTTCAGTCAGTCTTTTAATGCTTCCCCAC-3’; C6S: forward 

5’-CGAAGGCCGTGTCCGTGCTGAAGGGC-3’; reverse 

5’-GCCCTTCAGCACGGACACGGCCTTCG-3’; C57S: forward  

5’-GATAATACAGCAGGCTCTACCAGTGCAGGTCC-3’; reverse 

5’-GGACCTGCACTGGTAGAGCCTGCTGTATTATC-3’; C111S: forward  

5’-CTCAGGAGACCATTCCATCATTGGCCGCAC-3’; reverse 

5’-GTGCGGCCAATGATGGAATGGTCTCCTGAG-3’; C146S: forward 

5’-GGAAGTCGTTTGGCTTCTGGTGTAATTGGGATCG-3’; reverse 

5’-CGATCCCAATTACACCAGAAGCCAAACGACTTCC-3’. Multiple mutants were 

introduced by repeatedly applying the mutagenesis kit to produce the required mutations. 
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All the plasmid constructions were verified by automated sequencing.  

3.2.2 Cell Culture, Transfection, and Antibodies 

PC12 cells, a line derived from a pheochromocytoma of the rat adrenal medulla, 

were maintained in Dulbecco’s modified Eagle’s/F-12 medium supplemented with 10% 

horse serum, 5% fetal calf serum, 4 mM L-glutamine, 5 units/ml penicillin, and 50 μg/ml 

streptomycin, at 37 °C in an atmosphere of 5% CO2 in air. The adherent HEK293 cell 

line was maintained routinely in DMEM (Sigma-Aldrich, St. Louis, MO) supplemented 

with 10% fetal calf serum and 1% (v/v) penicillin/ streptomycin solution (Penicillin 1,000 

IU, Streptomycin 10,000 mg/mL, Invitrogen Corp., Carlsbad, CA) at 37°C in a 

humidified incubator with a 5% CO2 atmosphere. Transfections for transcient expression 

of each vector (1.5 μg of DNA/3 × 105 cells) were performed using Lipofectamine 2000 

reagent (Invitrogen) according to the manufacturer’s instructions. After a 4h incubation 

period with transfection reagents, cells were shifted with normal growth medium and 

cultured for 48 h. Primary antibodies were as follows: rabbit polyclonal anti-SOD1 

antibody (Santa Cruz Biotechnology), mouse monoclonal anti-β-actin antibody (Sigma), 

and the specific rabbit polyclonal antibody against Cys111-peroxidized SOD1 

(anti-C111ox-SOD1) [261]. Secondary antibodies used for regular immunoblots were 

anti-rabbit or anti-mouse IgG conjugated with horseradish peroxidase (Amersham 

Pharmacia Biotech). Cells were scraped off the plate in culture medium, collected by 

centrifugation, washed in PBS, and resuspended in 60 μl of PBS containing a protease 

inhibitor mixture (Sigma). Cell suspension was subjected to three freeze/thaw cycles in 

liquid nitrogen and centrifuged at 20000 × g for 10 min at 4 °C and supernatants were 
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collected for analysis. 

3.2.3 Transgenic Mice 

B6.Cg-Transgenic (SOD1*G37R) 42Dpr/J mutant SOD1 transgenic mice and 

wild-type mice were obtained from the Jackson Laboratory. Mice were genotyped by 

PCR with the following sense and antisense primers: 

5’-CATCAGCCCTAATCCATCTGA-3’, 5’-CGCGACTAACAATCAAAGTGA-3’. 

Disease course was monitored by a temporal profile of body weight and hindlimb 

extension reflex once a week using both male and female mice. Briefly, mice were 

suspended by the tail and the extent of hindlimb extension was evaluated as follows: a 

score of 3 corresponds to normal extension, 2 corresponds to the extension of only one 

hindlimb and 1 corresponds to absence of hindlimb extension reflex. Disease onset was 

determined as the time when mice reached their peak body weight before the 

denervation-induced muscle atrophy and weight loss. End-stage was defined as the time 

at which the mouse could not right itself within 30 s when placed on its side. An endpoint 

was frequently used for SOD1 mutant mice and was consistent with the requirements of 

the Animal Care and Use Committee of the University of Manitoba. Five-month-old mice 

were pre-symptomatic, disease-onset occurred when mice were 10 months old, and 

12-month-old mice were considered symptomatic mice. The use and maintenance of the 

mice described here were performed in accordance with the Guide of Care and Use of 

Experimental Animals of the Canadian Council on Animal Care. Mice tissues were 

collected and homogenized in 10 volumes of lysis buffer consisting of 1% (w/v) Triton 

X-100, 50 mM Tris-HCl, Ph 7.4, 300 mM NaCl, 5 mM EDTA, 0.02% (w/v) sodium azide, 
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10 mM iodoacetamide, 1 mM PMSF and 2 μg/ml leupeptin. Homogenates were 

centrifuged at 20000 × g for 30 min at 4 °C and supernatants were collected for analysis. 

Protein concentration was measured by the BCA method as described by the 

manufacturer (Pierce). 

3.2.4 Detection of Accessible SOD1 Cysteines in Tissue and Cell Lysates 

Soluble tissue lysates containing a total of 10 μg protein from transgenic mice at 

different stages of ALS were modified with MalPEG (mono-methyl polyethylene glycol 

5′000 2-maleimidoethyl ether, Sigma) as previously described [240]. MalPEG 

modification is a sensitive method of detecting sulfhydryl group oxidation in specific 

proteins in a Western blot format. Once MalPEG forms a covalent bond with protein, the 

MalPEG-protein conjugate can be detected as a band shift by Western analysis. Equal 

volume samples were incubated for 20 minutes in the presence of variable amounts of 

H2O2 at 25 °C. Then 3 mM MalPEG was added to the above solution for 1 h at 25 °C. 

The same modification with MalPEG was also applied to cell lysates. The addition of 

MalPEG to accessible cysteines increases the subunit mass of SOD1 by 5 

kDa/modification. The reaction was competitively terminated by 5% β-mercaptoethanol 

and ran on 15% SDS-PAGE. SOD1 reacting with MalPEG was quantified as MalPEG 

SOD1 immunoreactivity per total SOD1 immunoreactivity. 

3.2.5 Chemical Cross-linking 

The chemical cross-linking was performed as previously published [407]. Briefly, 

the supernatants of cell lysates (protein concentration adjusted to 2 μg/μl with lysis buffer 
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were incubated with disuccinimidyl glutarate (DSG, Pierce, 1mM final concentration) for 

1 h at room temperature. DSG is a water-insoluble homobifunctional 

N-hydroxysuccinimide ester (NHS-ester) crosslinker often used for conjugating ligands 

to cell-surface receptors. It is the simplest and most commonly used reactive group for 

crosslinking and labeling protein and peptides. DSG can react with primary amines on the 

N-termini of peptides and the ε-aime of lysine residues, forming a stable, covalent amide 

bond and releasing the NHS groups. The reaction was stopped by adding Tris (pH 7.5, 50 

mM final concentration). The reaction mixtures were boiled with 6 × SDS-PAGE loading 

buffer, resolved by 15% SDS-PAGE followed by Western blotting. 

3.2.6 Western Blotting Analysis  

Supernatants containing a total of 10 μg protein were loaded on 15% sodium 

dodecyl sulphate polyacrylamide gel (SDS-PAGE) for electrophoresis and then 

transferred to the PVDF membrane. Membranes were blocked with 5% (w/v) milk in 

TBS-T buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween-20) for 1h and 

incubated with antibodies against SOD1 for 2 h at room temperature. Blots were washed 

three times in TBS buffer and then incubated with the appropriate secondary antibodies 

for 1h at room temperature. Peroxidase activity was visualized with the Enhanced 

Chemiluminescent Substrate (PerkinElmer USA) according to the manufacturer’s 

instructions. Chemiluminescent signals were captured on autoradiography and were used 

to assess protein content. 

3.2.7 Statistical analysis   
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Signals on films were quantified using Quantity One Analysis Software (Bio-Rad). 

The results were expressed as means ± SE. Statistical significance of differences among 

means (more than 2) were determined by analysis of variance (one-way ANOVA) with 

post hoc comparison of more than 2 means by the Bonferroni method using SPSS13.0 

software. Student’s t-tests were also carried out for statistical analysis of the difference 

between 2 means. Specifically, the intensity of MalPEG modified SOD1 from 10 month 

old mice were compared with 5 month old mice. Values of P < 0.05 were considered 

significant. 

3.3 Results 

3.3.1 Cysteine 111 residue of SOD1 existed in sulfhydryl state (-SH) under normal 

circumstance. 

MalPEG, an alkylating agent linked with 5 kDa PEG, easily reacts with sulfhydryl 

groups of cysteine residues and causes a 5 kDa increase in molecular weight per one 

modification on SDS-PAGE. The oxidized sulfur atom of cysteine residues cannot be 

modified by MalPEG. To study the human SOD1 cysteine residues reactivity with 

MalPEG, we mutated human SOD1 in each of its four cysteine residues and tested the 

accessibility of these mutations to MalPEG modification. In human SOD1, Cys57 and 

Cys146 form disulfide bond, but Cys6 and Cys111 are free. Serine was chosen as a 

substitute for cysteine as a conservative mutation. When plasmids carried various human 

SOD1 genes were transfected into PC12 cells, the human SOD1 protein were expressed 

in the cells. Since the PC12 is a cell line derived from a pheochromocytoma of the rat 

adrenal medulla, we could detect two SOD1 species, the human SOD1 (the upper band) 
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and the rat endogenous SOD1 (the lower band). Seeing as the rat endogenous SOD1 has 

serine at position 111, the control group without any transfections showed no migration 

(Fig. 3-1). In this way, human SOD1, the upper band, could be separated from the rat 

endogenous SOD1 in PC12 cells. After transfection, cells were lysed and the supernatants 

were modified by MalPEG. This was followed by reducing SDS-PAGE and Western 

blotting. When Cys111 was mutated to serine, it became unmodifiable by MalPEG, while 

the other cysteine-residue-mutated SOD1s behaved just like wild-type SOD1, which 

could be dramatically modified by MalPEG (Fig. 3-1). This result indicates that Cys111 

is a primary site of MalPEG modification. Although Cys6 is also a free cysteine, Cys6 

was less reactive to MalPEG, probably because Cys6 exists in a β-sheet and is buried 

within the SOD1 molecule. 

3.3.2 Human mutant SOD1 cysteine residues exhibited decreased accessibility to 

MalPEG modification accompanied with appearance of an additional upper band 

under increased oxidative stress.  

To determine the reactivity of cysteine residues in human mutant SOD1 from G37R 

transgenic mice with MalPEG under oxidative stress induced by H2O2, we treated the 

lysates of G37R transgenic mice spinal cord with variable amounts of H2O2 for 20 

minutes. As shown in Fig. 3-2a, the labeling of MalPEG was decreased with the 

increased concentration of H2O2. In addition, human mutant SOD1 generated an 

additional upper band when incubated with H2O2. It was strongly suggested that this 

upper shift band in reducing SDS-PAGE was a Cys111-peroxidized SOD1 subunit, 

containing sulfinic acid (-SO2H) or sulfonic acid (-SO3H) [261]. To confirm this, the 
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G37R extracts were treated with H2O2 and immuno-detected by an anti-C111ox-SOD1 

antibody, which specifically recognizes oxidized SOD1 [261]. As expected, the upper 

band increased in abundance with the increase of the concentration of H2O2 (Fig. 3-2b). 

The extraction process could cause the secondary air oxidation during sample preparation, 

and thus the Cys111-peroxidized SOD1 band appeared before H2O2 treatment. The 

antibody also detected a 25 kDa band, which was thought to be non-specific because it 

was also detected in non-transgenic mice (Fig. 3-3b). These results indicated that the 

sulfhydryl group (-SH) of Cys111 in human SOD1 was oxidized, and thus less accessible 

to MalPEG modification under oxidative stress. 

 

3.3.3 Mutant SOD1 was oxidized and the accessibility to MalPEG modification was 

decreased with the progression of the disease. 

We compared the redox state of SOD1 cysteine residues in transgenic mouse at 

different stages of the disease by using MalPEG modification. At the onset stage (10 m) 

of the disease in the G37R mice,  SOD1 (MP) 2, which reveals SOD1 modified with 

two MalPEG molecules, was significantly reduced (Fig. 3-3a). The percentage of 

MalPEG modified-SOD1 in total human SOD1 was reduced as compared to the 

pre-symptomatic stage (5 m). The reduction was statistically significant (Fig. 3-3a). By 

contrast, in wild-type SOD1 transgenic mice, neither the intensity of the MalPEG 

modified-band nor the percentage of MalPEG-modified SOD1 in total human SOD1 (Fig. 

3-3a) showed a significant change between these two stages.  

3.3.4 Cys111-peroxidized SOD1 was increased with the progression of the disease. 
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Next, we examined the involvement of Cys111-peroxidized SOD1 in the G37R 

mouse model of ALS. To prevent secondary oxidation of thiol group during sample 

preparation, the spinal cords were homogenized in lysate buffer containing iodoacetamide 

(IA). As shown in Fig. 3-3b, although the Cys111-peroxidized SOD1 was not detected in 

young G37R transgenic mice spinal cord (2 m), the level of Cys111-peroxidized SOD1 

increased with the progression of the disease, and peaked at the end stage of the disease 

(13 m). 

3.3.5 Oxidative stress induced by H2O2 promoted the formation of disulfide 

bond-independent SOD1 multimers both in wild-type and G37R transgenic mice, 

which increased with disease progression 

Oxidative stress can be reconstituted by introducing H2O2 to the tissue lysates. The 

spinal cord lysates of WT SOD1 transgenic and G37R transgenic mice were incubated 

with H2O2, and then subjected to reducing SDS-PAGE and Western-blotting. SOD1 

bands in the high molecular weight (HMW) region increased with the increased 

concentration of H2O2 from 0 to 1 mM, in both wild-type and mutant SOD1. However, 

the increase of HMW in G37R mutant was significantly higher than in wild-type SOD1 

(Fig. 3-4a). Seeing as all the samples were treated with the reductant β-ME before being 

loaded onto the gel, these HMW bands were thought to be irreversibly cross-linked 

SOD1 multimers instead of inter-molecular disulfide bond-dependent multimers. Next, 

we examined the formation of SOD1 multimers at different disease stages of ALS. The 

formation of SOD1 multimer was increased in G37R transgenic mice as the disease 

progressed, while wild-type SOD1 did not show any multimer formation (Fig. 3-4b). The 
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multimer bands are still present on SDS-PAGE gels under completely reducing 

conditions, suggesting that the increase in the abundance of SOD1 multimers was not a 

consequence of disulfide cross-linking. 

3.3.6 C111S mutation inhibited the formation of aggregation in mutant SOD1. 

Given the critical role of oxidative modification of sulfhydryl group (SH) of cysteine 

111 in SOD1 aggregation, we hypothesized that mutation in C111S would prevent SOD1 

from forming HMW complexes. We transfected HEK293 cells with pcDNA3 plasmids 

coding for wild-type SOD1 and various SOD1 mutants, harvested cells 48 h after 

transfection, and incubated the fresh lysates with an amino-reactive bi-functional 

cross-linker, DSG. Only a single band corresponding to monomeric SOD1 was observed 

in the absence of DSG for both wild-type and mutant SOD1s. In the presence of DSG, 

species corresponding to both monomeric and dimeric SOD1 were detected in all SOD1s 

tested, indicating that SOD1 molecules were covalently cross-linked to stabilize the 

dimeric state. However, although DSG-treated G37R and G93A mutants formed HMW 

complexes, C111S and wild-type SOD1 did not form an appreciable fraction of HMW 

complexes. In addition, the fraction of HMW complexes was significantly reduced in 

cells transfected with G93A/C111S combined mutation (Fig. 3-5), which indicated that 

C111S mutation inhibited the ability of G93A mutant SOD1 to form aggregates and that 

cysteine 111 was required for the formation of aggregation. 

3.4 Discussion  

It is well-established that SOD1 aggregation is a common property of mutant SOD1 

linked to fALS. What is not understood, however, are the mechanisms by which this 
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aggregation occurs. Our results demonstrate that oxidative modification of cysteine 111 is 

required for the formation of SOD1 aggregates.  

Human SOD1 has four cysteine residues — cysteine 6, cysteine 57, cysteine 111 

and cysteine 146. An intramolecular bond between cysteine 57 and cysteine 146 is found 

in the natively folded SOD1 holoenzyme. This intramolecular disulfide bond is conserved, 

and contributes to the highly stability of SOD1. In addition, the formation of this 

intramolecular disulfide bond make cysteine 57 and cysteine 146 lose their integrity. 

Compared to cysteine 57 and cysteine 146, cysteine 6 and cysteine 111 are intact and not 

conserved [402]. Mouse and rat SOD1 possess only three cysteine residues in total 

(equivalent to position 6, 57 and 146 in the human SOD1) and the codon 111 encodes a 

serine. In human SOD1, cysteine 111 is located in the Greek key loop near the dimer 

interface and is highly reactive. Reversible oxidation of cysteine to disulfide (-S-S-) or 

sulfenic acid (-SOH) is readily accomplished by thiols, such as DTT, 2-ME or 

glutathione, while oxidation to sulfinic acid (-SO2H) or sulfonic acid (-SO3H) is not 

reduced by these thiols under physiological conditions [403]. Our results show that 

mouse endogenous SOD1 from non-transgenic mice (data not shown) and rat endogenous 

SOD1 cannot be modified with MalPEG. Under normal circumstances cysteine 111 of 

WT human SOD1 exists in sulfhydryl state, while other cysteine residues exists in a 

disulfide (-S-S-) state. C111S mutation therefore leads to inaccessibility of MalPEG 

modification (Fig. 1). The SOD (MP) 1 indicates that one cysteine residue of human 

SOD1 is modified by MalPEG. This happens because human SOD1 expressed in PC12 

cells has the full capacity to form intramolecular disulfide bonds, while intermolecular 

disulfide bonds can not be imitated. Therefore, the SOD (MP) 2, which likely represents 
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SOD1 dimer that has an intermolecular disulfide bond between SOD1 molecules, can not 

be detected as shown in Fig. 3-1. This result indicates that the sulfhydryl group (-SH) of 

cysteine 111 in human SOD1 is the main source for alkylation: the sulfhydryl group (-SH) 

of cysteine 111 in human SOD1 can provide thiolate anion (S-) for the oxidative 

modification. Our in vitro study also reveals that, under oxidative stress, cysteine residues 

in mutant SOD1 exhibit decreased accessibility to modification by MalPEG (Fig. 3-2a) 

because of an increased level of Cys111-peroxidized SOD1 (Fig. 3-2b). Since MalPEG is 

a sensitive way of detecting protein sulfhydryl group (-SH), the decreased accessibility to 

MalPEG modification suggests that, under oxidative stress, the sulfhydryl group (-SH) of 

cysteine residues is reversiblely oxidized to thiolate anion (S-). Using the specific 

anti-C111ox-SOD1 antibody, we demonstrate that, under oxidative stress the thiolate 

anion (S-) is further oxidized to irreversible sulfinic acid (-SO2H) or sulfonic acid 

(-SO3H). Importantly, similar oxidative modifications of SOD1 exist in the progression 

of ALS. Cysteine residues of G37R mutant SOD1 is less accessible to MalPEG 

modification as the disease progresses (Fig. 3-3a). When exposed to H2O2, the G37R 

mutant SOD1 can be oxidized to sulfinic acid (-SO2H) and sulfonic acid (-SO3H) (Fig. 

3-3b) as detected by the specific anti-C111ox-SOD1 antibody [261]. In addition, the 

oxidative modification of cysteine 111 is increased with the progression of the disease, 

along with the accumulated oxidative stress. Our results thus provide direct evidence that, 

of all the cysteines, cysteine 111 is the most sensitive to oxidative stress. Interestingly, 

oxidized SOD1 (Cys111-peroxidized SOD1) and mutant SOD1 are conformationally 

similar, and oxidized SOD1 is present in SALS spinal cord tissues. Both G93A mutation 

and cysteine 111 sufonic acid moiety (-SO3H) can induce the formation of the 
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conformational epitope, which could be detected in SALS spinal cord tissues [45]. 

Oxidative stress induced by H2O2 has been shown to promote the formation of non-native 

oligomers and decrease detergent solubility of mutant SOD1s [408]. The discrete 

aggregates containing mutant SOD1 in a C. elegans model is also present when 

challenged with an oxidative stress inducer [409]. These results are consistent with our 

findings that the SOD1 multimer formation is increased under the H2O2-induced 

oxidative stress both in wild-type and G37R transgenic mice (Fig. 4a). The amount of 

multimers in G37R mutant SOD1 is much higher than in wild-type SOD1, This suggests 

that it is much easier to form aggregates under oxidative stress in mutant SOD1 than in 

wild-type SOD1. It also suggests that wild-type SOD1 can be induced to form aggregates 

under oxidative insults (Fig. 4a). In the G37R SOD1 transgenic mice, the levels of this 

multimers start to increase from the onset of ALS symptoms, while there are no 

detectable SOD1 multimers in the wild-type SOD1 transgenic mice in any disease stages 

(Fig. 3-4b).  

Previous studies indicate that the formation of disulfide bond mediated by cysteine 

residues can initiate oligomerization or provide the major bonding force to stabilized 

aggregate structures [234,236]. These observations support the idea that adventitious 

oxidation of thiols to disulfide leads to SOD1 multimerization and aggregation of the 

mutant protein [234]. However, recent studies suggest that the role of cysteine residues in 

SOD1 in modulating the SOD1 aggregation likely involves mechanisms other than 

disulfide crossing linking [237,239]. Our results show that the high molecular weight 

multimers induced by oxidative stress are not mediated by disulfide bond (Fig. 3-4). 

These multimers are SDS-resistant complexes and remain intact after being boiled in 
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Laemelli's sample buffer (typically containing 0.1–2.0% SDS and 5% β-mercaptoethanol). 

Other studies have also identified high molecular weight structures in denaturing 

SDS-PAGE in tissues from G93A mutant transgenic mice [410,411]. The SOD1 

SDS-resistant complexes seen in SDS-PAGE generally range in size from dimers up to 

small oligomers (Fig. 3-4). A recent study has suggested that these SOD1-containing 

oligomers may be held together with covalent bonds and contain covalently modified 

SOD1 proteins [263]. Our results also suggest that the SOD1 SDS-resistant complexes 

could be a posttranslationally modified SOD1 species that is covalently linked by 

mechanisms other than disulfide linkages. Recently, Fujiwara et al reported that cysteine 

111 is a primary target for oxidative modification and that oxidatively modified SOD1 

accumulates in pathologic structures in G93A mutant SOD1 transgenic mice [261].  

Our data supports the idea that oxidative modification of cysteine 111 promotes the 

formation of the disulfide bond-independent aggregation of SOD1. When cysteine 111 is 

mutated to serine, the mutant SOD1 fails to aggregate and behaves like wild-type SOD1. 

When C111S mutation is combined with G93A FALS mutations, the formation of HMW 

complexes decreases dramatically compared to the single G93A mutation (Fig. 3-5). 

Similar reductions in SOD1 aggregates are reported when C111S mutation is combined 

with A4V or C146R [403].  Studies also suggest that cysteine residues mediate the 

mutant SOD1 accumulation in the mitochondrial fraction; cysteine 111 is a key mediator 

of injury to mitochondria [240]. It has been reported that mutant SOD1 can accumulate in 

an aggregated state in the mitochondria of motor neurons in the spinal cord of mutant 

transgenic mice [412]. Since mitochondria is implicated in the production of oxidative 
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stress and is a target of ROS [413], it is tempting to speculate that mitochondria are the 

primary site for SOD1 oxidation.  

It is interesting that the mouse SOD1, lacking of cysteine 111, is able to develop an 

ALS-like disease marked by hind-limb paralysis when the G86R mutant (corresponding 

to the G85R mutant of human SOD1) is overexpressed in mice [414]. This may be due to 

different protein species as mouse and human SOD1 proteins differ in sequence at 27 

positions. The conformational change of mouse SOD1 due to exogenous genetic 

modification can trigger the instability of the protein. However, the spontaneous SOD1 

mouse mutant is not disease-related, seeing as the mice expressing active endogenous 

SOD1E77K are phenotypically normal at one year. The G86R mutant is a severe 

destabilizing mutation that affects the conformational structure of SOD1. It is possible 

that that cysteine 111 may not mediate all aspects of toxicity of mutant SOD1. 
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Fig. 3.1 MalPEG modification is cysteine 111 specific 
PC12 cells were transfected with pcDNA3 plasmids coding for wild-type SOD1 or the 
indicated mutant SOD1s. Cell lysate from PC12 cells without any transfections was used 
as control. After 48 h of culture, the cell lysates were collected and equal volumes of 
lysates were subjected to reducing SDS-PAGE and Western blotting with an anti-SOD1 
antibody. Transient transfection elicited high expression levels of human SOD1s. All the 
human SOD1s could be modified by MalPEG, except the C111S mutation. The 
percentage of MalPEG-modified-SOD1 was estimated by quantifying the 
immunoreactivity of SOD1 (MP) per human SOD1 maintaining unmodified. Three 
independent experiments were performed. Bonferroni's Multiple Comparison Post-Test 
isolated C111S groups that differed from the other groups (＊p< 0.001). 
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Fig. 3.2 Oxidation by H2O2 decreased the MalPEG modification and increased Cys 
111-peroxidation in G37R spinal cord extract (n = 3). 
(a) Increased oxidative stress induced by H2O2 decreased the MalPEG modification in 
G37R spinal cord extract. Equal volumes of lysates with a total of 10 μg protein from 
spinal cords of G37R transgenic mice and non-transgenic mice were incubated with 
variable concentrations of H2O2 as indicated for 20 minutes, and then exposed to 3mM 
MalPEG for 1h. The percentage of MalPEG-modified-SOD1 was estimated by 
quantifying the immunoreactivity of SOD1 (MP) per total human SOD1. Bonferroni's 
Multiple Comparison Post-Test isolated pairs of treatments that significantly differed 
from each other (p<0.05). The arrowheads with broken lines indicate the additional upper 
band. (b) Cys111-peroxidized SOD1 is increased in abundance with the enhanced 
exposure to H2O2. By using anti-C111ox-SOD1, the G37R mutant SOD1 transgenic mice 
spinal cord extracts were detected. Equal volume lysates with 10 μg of total protein from 
spinal cords of G37R transgenic mice were incubated with variable concentrations of 
H2O2 for 20 minutes. Quantification of the Cys111-peroxidized SOD1 levels normalized 
to 25 kD band, which was used as a loading control. Three independent experiments were 
performed and data representing these experiments were analyzed in triplicate. 
Bonferroni's Multiple Comparison Post-Test isolated pairs of treatments that significantly 
differed from each other (p<0.001). 
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Fig. 3.3 MalPEG modification of G37R transgenic mice spinal cord decreased, but 
reciprocally the Cys111-peroxidation increased dependent with ALS progress (n = 
3). 
(a) MalPEG modification of G37R transgenic mice spinal cord is lower than that of 
wild-type SOD1 transgenic mice. The MalPEG modification of G37R transgenic mice 
decreased, which is dependent on ALS progression. Soluble tissue lysates were obtained 
from spinal cords of G37R and wild-type SOD1 transgenic mice at different stages of 
ALS (m = age in months). Lysates were incubated with 3mM MalPEG for 1 h and 
subjected to reducing SDS-PAGE (10 μg/lane) followed by Western blotting with an 
anti-SOD1 antibody. Levels of MalPEG-modified-SOD1 decreased in the spinal cords of 
G37R SOD1 transgenic mice whose disease had already progressed, while there were no 
significant changes of MalPEG modified-SOD1 in the wild-type SOD1 transgenic mice 
at different stages. The percentage of MalPEG-modified-SOD1 was estimated by 
quantifying the immunoreactivity of SOD1 (MP) per total human SOD1. Results shown 
of mean ratio ± SD, ☆ p< 0.05.  (b) The Cys111-peroxidation was increased in 
abundance with the progression of the disease. The spinal cord extracts of the G37R 
mutant SOD1 transgenic mice at different stages were applied to Western blot by using 
the anti-C111ox-SOD1. The spinal cord extractions from non-transgenic (Non-Tg) mice 
were used as control. Equal volumes of lysates with a total of 10 μg protein from spinal 
cords of G37R transgenic mice were applied to 15% SDS/PAGE. Quantification of the 
Cys111-peroxidized SOD1 levels normalized to 25 kD band. Five independent 
experiments were performed and data representing these experiments were analyzed in 
triplicate. Bonferroni's Multiple Comparison Post-Test isolated pairs of different stages 
that significantly differed from each other. 
 

 

                Spinal  Cord 

G37R     WT 
+ MalPEG 

SOD1(MP)2 

SOD1(MP)1 

                    
hSOD1 

                  
mSOD1 
- MalPEG 

                  
mSOD1 

β-actin  

                     
hSOD1 

5 m  10m5 m  10m  

(a) 

☆



                                               83 

 

 

 

 

 

 

 

 

 

17 

26 

34 

Non-Tg     G37R 

Age (m)  12    2   10   13 

human SOD1 

25kDa 

Cys111-peroxidized SOD1 

(b) 

＊

＊

＊

＊

☆

＊ p<0.0001, ☆p<0.05 
  one-way  ANOVA 



                                               84 

Fig. 3.4 Oxidation by H2O2 increased SOD1 multimers in G37R transgenic mice 
spinal cord extract, and the SOD1 multimers was increased dependent with ALS 
progress (n = 3).  
(a) H2O2-induced SOD1 multimer formation was increased in G37R transgenic mice. 
After stimulation 20-min with 0-1 mM H2O2, tissue lysates with a total of 10 μg protein 
were boiled for 5 minutes in Laemmli sample buffer (with 5% β-ME) before being loaded 
on 15% SDS-PAGE. After electrophoresis, the protein bands were detected with Western 
blotting analysis. Band intensity value of SOD1 dimer and multimer were normalized 
with SOD1 monomer. Bonferroni's Multiple Comparison Post-Test isolated pairs of 
treatments that significantly differed from each other.  (b) The formation of SOD1 
multimers was increased with the progression of the disease. Soluble tissue lysates were 
obtained from spinal cords of G37R and wild-type SOD1 transgenic mice at different 
stages. Lysates (10 μg/lane) were boiled for 5 minutes in Laemmli sample buffer (with 
5% β-ME) and then 15% SDS-PAGE and Western blotting with an anti-SOD1 antibody 
followed. Levels of SOD1 multimers were increased in the spinal cords of G37R mutant 
SOD1 transgenic mice as ALS progressed while there were no appearances of SOD1 
multimers in the wild-type SOD1 transgenic mice at different stages. SOD1 dimer and 
multimer intensities were normalized with SOD1 monomer. Three independent 
experiments were performed and data representing these experiments were analyzed in 
triplicate. Bonferroni's Multiple Comparison Post-Test isolated pairs of different stages 
that significantly differed from each other.  
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Fig. 3-5 G93A/C111S combined mutation form less HMW complexes compared with 
G93A mutation. Fresh HEK293 cell lysates containing wild-type or various mutants 
were incubated with the cross-linker DSG for 60 min before the reaction was quenched 
with Tris. The reaction mixtures were resolved in 15% SDS-PAGE and blotted with an 
anti-SOD1 antibody. After cross-linking, wild-type SOD1 migrated as both monomer and 
dimer; so did C111S mutant. G93A and G37R mutants showed formation of HMW 
complexes in addition to monomeric and dimeric forms. G93A/C111S-combined 
mutation significantly decreased the formation of HMW complexes. As the control in 
SDS-PAGE, all human SOD1s ran as monomers in the absence of DSG. Quantification 
of HMW complexes levels normalized to SOD1 monomer without DSG treatment 
represented the total SOD1 expression in transfected cells. Five independent experiments 
were performed. Bonferroni's Multiple Comparison Post-Test isolated pairs of different 
stages that significantly differed from each other.  
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Chapter 4.  S-Nitrosylated Protein Disulphide Isomerase Links Mutant SOD1 

aggregates in Amyotrophic Lateral Sclerosis 

4.1 Introduction 

Mutations in the Cu, Zn-superoxide dismutase (SOD1) gene have been identified as 

a possible cause of a subset of familial amyotrophic lateral sclerosis (FALS) [11,415], an 

adult-onset neurodegenerative disease characterized by degeneration of motor neurons in 

the spinal cord, brainstem, and motor cortex. Aggregates of misfolded mutant SOD1 are 

commonly associated with this disease, as seen at post-mortem examination. SOD1 is an 

intracellular homodimeric metalloprotein that forms a stable intra-subunit disulfide bond. 

Several factors are involved to drive SOD1 to acquire the propensity to misfold, and 

favor the disulfide-reduced SOD1 monomers to convert into oligomeric and aggregated 

species with toxic properties [165,224,416]. These factors include improper metallation 

of the protein, genetic mutations, and loss of disulfide bound and posttranslational 

modification. There are four cysteine residues in SOD1, located at amino acids 6, 57, 111, 

and 146. The formation of disulfide bonds is mediated by oxidation of the thiol groups of 

cysteine residues. Previous studies have established that detergent-insoluble mutant 

SOD1 aggregates accumulated in the spinal cords of mutant SOD1 transgenic mice are 

extensively cross-linked by disulfide bonds [136,232,233]. In vitro cell culture models 

also demonstrated that disulfide bond formation between mutant SOD1 proteins could 

either trigger oligomerization or facilitate the bonding force to stabilize aggregates’ 

structures [234,235]. Furthermore, in both cell culture and mouse models, the mutant 

SOD1 lacking the native intramolecular disulfide bond is the major component of the 

insoluble SOD1 aggregates [239]. Indeed, the disulfide-reduced subunits of SOD1 are 
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susceptible to disulfide-linked multimerization upon oxidative stress, indicating that the 

regulation of disulfide-bond formation can affect the formation of SOD1 aggregates. 

Although wild-type SOD1 is found predominantly in the cytoplasm, the 

accumulation of mutant SOD1 aggregates is observed at the mitochondrial surface and in 

the intermembrane space (IMS) of mitochondria. Studies demonstrate that this 

IMS-targeted mutant SOD1 causes neurite mitochondrial fragmentation, impaired 

mitochondrial dynamics, and neuronal toxicity [194]. This aberrant deposition of mutant 

SOD1 in mitochondria contributes to ALS pathogenesis [72,73]. Overexpression of 

glutaredoxin 2 (GRX2), a thiol-disulphide oxidoreductase located in mitochondria, 

reduces the mitochondrial fragmentation and mutant SOD1 aggregation, and protects its 

metabolic activity [74]. Furthermore, mutant SOD1 forms monomers or insoluble high 

molecular weight multimers within the endoplasmic reticulum (ER) [53]. Studies have 

shown that protein disulfide isomerase (PDI) was associated with mutant SOD1 

inclusions in mutant SOD1 transgenic mice and in a motor neuronal cell line, seeing as 

pharmacologicall inhibition of PDI enzymatic activity increased the present of mutant 

SOD1 inclusions [54].  

PDI is an enzyme critical for proper protein folding in the ER. PDI can introduce 

disulfide bonds into proteins (oxidation), break disulfide bonds (reduction), and catalyze 

thiol/disulfide exchange (isomerisation), thus facilitating disulfide bond formation, 

reaction rearrangements, and structural stability [417]. In many neurodegenerative 

disorders and cerebral ischemia, the accumulation of protein aggregates results in ER 

dysfunction [418,419], but up-regulation of PDI represents an adaptive response, which 

may offer neuroprotection by promoting protein refolding [373,420]. Uehara and 
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colleagues [421] demonstrate that in Parkinson’s disease and related disorders, nitric 

oxide (NO)-mediated S-nitrosylation of PDI inhibits PDI function, leads to dysregulated 

protein folding within the ER, and consequently results in ER stress and neuronal cell 

death. S-nitrosylation is an important biological reaction of NO that involves the covalent 

addition of NO to thiol groups of cysteine residues of proteins to form S-nitrosothiols 

(RSNOs). This selective posttranslational modification can affect many cellular processes 

and regulate protein function, stability, localization, and protein-protein interactions. 

[333].  

Seeing as nitrosative stress is linked with excessive glutamate receptor activation, 

excitotoxicity, and oxidative stress; NO is believed to play a key pathogenic role in 

neurodegenerative disorders [422,423]. These processes are key events in 

neurodegenerative diseases including ALS [424]. Increased levels of NO is linked to the 

toxicity of mutant SOD1 in neuroblastoma cells [425]. In the vicious cycle of ALS 

pathogenesis, inflammatory response is a pathological hallmark of ALS [426], which is 

characterized by the accumulation of huge numbers of activated astrocytes and microglia 

cells [427,428]. Additionally, ALS-linked mutant SOD1 expression in glia cells 

contributes to the motor neuronal death and affects disease progression of ALS. 

Accumulating evidence has indicated that the perturbation of the crosstalk between glial 

cells and neurons is associated with motor neuron degeneration [94,429,430]. Also, the 

mechanism of inflammatory-activated glia killing neurons is mediated by high levels of 

inducible NO synthase (iNOS) expression in glia [431,432]. The resulting high levels of 

NO can induce various damaging consequences, including S-nitrosylation of PDI. In the 

current study, we examined whether or not iNOS expression was correlated with 
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NO-mediated S-nitrosylation of PDI. We further detected an association between 

S-nitrosylation of PDI and accumulation of mutant SOD1 aggregates in ALS. We report 

here that an age-dependent expression of iNOS and formation of S-nitrosylated PDI 

(SNO-PDI) in vivo were detected in the spinal cords of mutant SOD1 transgenic mice. In 

vitro, we also found a dosage-dependent formation of SNO-PDI in SH-SY5Y cells with 

the treatment of NO donor S-nitrosocysteine (SNOC). Mutant SOD1G93A expression in 

SH-SY5Y cells promotes iNOS expression and consequently NO generation, which leads 

to S-nitrosylation of PDI as well. Blocking NO generation with NOS inhibitor 

N-nitro-l-arginine (NNA) significantly attenuates formation of SNO-PDI and mutant 

SOD1 aggregates in an in vitro ALS cell model. Our elucidation of an NO-mediated 

pathway to dysfunction of PDI by S-nitrosylation provides a mechanistic link between 

free radical production and abnormal protein accumulation in ALS. 

4.2 Materials and methods 

4.2.1 Transgenic Mice 

The mutant SOD1 transgenic mice (B6.Cg-Tg(SOD1-G93A)1Gur/J and 

B6.Cg-Tg(SOD1-G37R)42Dpr/J) and the wild-type SOD1 transgenic mice 

(B6.Cg-Tg(SOD1)2Gur/J) were obtained from the Jackson Laboratory. Inbred male mice 

between 1 and 13 months of age were used for this experiment. Mice were genotyped by 

PCR with the following sense and antisense primers: 5’-CATCAGCCCTAATCCATC-3’, 

5’-CGCGACTAACAATCAAAG-3’. During the past decade, the field of ALS research 

was largely built on the use of this transgenic mouse model. By 

multifolded-overexpression of the mutant gene, the transgenic mouse develops motor 
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deficits and ultimately dies from respiratory failure. Since the measurement of disease 

progression varied widely between laboratories, guidelines for preclinical animal research 

in ALS/MND were developed to improve the methodology of animal research [433]. 

Disease onset was determined as the time when mice reached their peak body weight 

before the denervation-induced muscle atrophy and weight loss [434]. Studies have 

established a high degree of correlation between the age at which Rotarod performance 

declines and the initial loss of body weight [435]. Indeed, peak body weight before 

weight loss is the earliest observable measure that defines the disease onset initiating 

before any observable motor performance decline, including grip strength, Rotarod 

performance, and cage activity [436,437]. End-stage was defined as the time at which a 

mouse could not right itself within 30 s when placed on its side. This is an endpoint 

frequently used for mutant SOD1 transgenic mice and one that was consistent with the 

requirements of the Animal Care and Use Committee of the University of Manitoba. 

One-month-old G93A mutant transgenic mice were considered pre-symptomatic; disease 

onset occurred when these mice were 3 months old, and disease end-stage occurred when 

these mice were 6 months old. Five-month-old G37R mutant transgenic mice were 

pre-symptomatic; disease-onset occurred when these mice were 10 months old, and 

disease end-stage occurred when these mice were 13 months old. The use and 

maintenance of the mice described here were performed in accordance with the Guide of 

Care and Use of Experimental Animals of the Canadian Council on Animal Care. Mice 

tissues were collected and homogenized in 10 volumes of lysis buffer consisting of 1% 

(w/v) Triton X-100, 50 mM Tris-HCl, Ph 7.4, 300 mM NaCl, 5 mM EDTA, 0.02% (w/v) 

sodium azide, 10 mM iodoacetamide, 1mM PMSF and 2 μg/ml leupeptin. Homogenates 
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were centrifuged at 20000 × g for 30 min at 4°C. Supernatants are collected for analysis. 

Protein concentration was measured by the BCA method as described by the 

manufacturer (Pierce). 

4.2.2 Plasmids, Cell Culture and Transfection 

G93A and WT SOD1 constructs tagged with EGFP were constructed in the same manner 

as those previously reported [438]. Briefly, the SOD1WT template for PCR amplification 

uses the following primers: 5'-GCGCGCGTCGACAAGCATGGC-3’ (forward), 

5'-GCGCGCGTCGACGCTTGGGCGATCCCAAT-3' (reverse). Primers were designed to 

introduce a SalI site to allow subcloning into pEGFP-N1 (Clontech, Palo Alto, CA) and 

to remove the SOD1 translation stop codon. Additional mutant SOD1G93A plasmid was 

generated via site-directed mutagenesis of the SOD1WT template using the Quik Change 

kit (Stratagene, La Jolla, CA), with the use of the following primers: G93A: 

5’-CTGCTGACAAAGATGCTGTGGCCGATGTGTC-3’ (forward) and 

5’-GACACATCGGCCACAGCATCTTTGTCAGCAG-3’ (reverse). All the plasmid 

constructions were verified by automated sequencing. SH-SY5Y human neuroblastoma 

cells were maintained in Dulbecco’s modified Eagle’s/F-12 (1:1) medium, supplemented 

with 10% fetal calf serum, 2 mM L-glutamine, 100 IU/ml penicillin, and 100 μg/ml 

streptomycin, at 37°C in an atmosphere of 5% CO2 in air. 80% confluent cells were 

transfected with the indicated plasmids using Lipofectamine (Invitrogen) following the 

manufacturer’s instructions. Cells were analyzed 48h after transfection.  

 

4.2.3 Inclusion quantification and Subcellular fractionation 
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SH-SY5Y cells were transiently transfected with the indicated plasmids carrying 

various SOD1s tagged with EGFP. Aggregate-positive cells were counted as a percentage 

of total EGFP-positive cell transfectants. If an EGFP-positive cell had one or many 

aggregates, the aggregates score was one. Harvested cells were lysed in 50 mM Tris-HCl, 

pH 7.5, containing 150 mM NaCl, 0.1% sodium dodecyl sulphate, 1% triton X-100, and 

1% protease inhibitors. Lysates were centrifuged at 1,000 × g for 10 min. The cleared 

lysates were centrifuged at 25,000 for 50 min to obtain the supernatant and pellet 

fractions. Protein from the resulting supernatants (soluble fraction) and the pellets 

(insoluble fraction) after 15 s sonication in RIPA buffer without sodium deoxycholate 

were analyzed by Western blot. 

4.2.4 Measurement of NO - level.  

Spinal cord lysates (30 mL) were collected and incubated with an equal volume of 

Griess reagent for 20 min at room temperature (RT) [439]. The concentration of nitrite 

(NO2), which is formed by the spontaneous oxidation of NO under physiological 

condition, was determined by measuring the absorbance at 540 nm. The value was 

normalized to the protein concentration of lysates. The NO formed by the cells was 

determined by the Griess reaction with a minor change. Briefly, 40 μl cell culture fluid, 

10 μl NADPH and 40 μl basal solution (0.03 M PBS, 1.25 mM glucose-6-phosphate, 400 

U/L glucose-6-phosphate dehydrogenase, 200 U/L nitrate reductase) were incubated in a 

96-well microtiter plate for 45 min at RT. Next, 50 μl Griess reagent was added, and the 

solutions were incubated for 20 min at RT. Finally, the absorbance of the samples was 

measured at 540 nm. NO2 concentrations were calculated from a standard curve of 
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Sodium nitrite (NaNO2). 

4.2.5 Biotin-switch assay for detection of S-nitrosylated PDI 

Briefly, mouse spinal cord tissue extracts and cell lysates were prepared in HENC 

buffers (250 mM Hepes pH 7.5, 1 mM EDTA, 0.1 mM neocuproine, 0.4% CHAPS). 

Typically 1 mg of cell lysates and up to 2 mg of tissue extracts was used. The blocking 

buffer (2.5% SDS, 20 mM methyl methane thiosulphonate [MMTS] in HEN buffer) were 

mixed with the samples and incubated for 30 min at 50°C to block free thiol groups.  

After removing excess MMTS by acetone precipitation, nitrosothiols were reduced to 

thiols with 1 mM ascorbate. The newly formed thiols were then linked with the 

sulfhydryl-specific biotinylating reagent N-[6-(biotinamido)hexyl]-3’-(2’-pyridyldithio) 

propionamide (Biotin-HPDP). The biotinylated proteins were pulled down with 

Streptavidin-agarose beads. Western blot analysis was performed to detect the amount of 

PDI remaining in the samples [60].    

4.2.6 Preparation of S-Nitrosocysteine (SNOC) and N-nitro-L-arginine (NNA) 

SNOC is a NO donor that can spontaneously decompose to generate NO. SNOC 

decays quickly within a half-life in the range of 2-3 minutes. A 100 mM stock of SNOC 

was produced immediately before each use from a mixture of 100 mM L-cysteine and 

100 mM NaNO2 by acidification with 5% (v/v) with 10 N HCl. The solution turned from 

clear to rose-coloured after completion of the reaction. It was applied within minutes of 

its synthesis. After synthesis, stocks of SNOC were left at room temperature for several 

days to degrade fully to “old SNOC” for use as a control. NNA is an irreversible inhibitor 
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of constitutive nitric oxide synthase (nNOS) and a reversible inhibitor of inducible nitric 

oxide synthase (iNOS). A 5 mM stock NNA was prepared by dissolving 1.096 g NNA in 

1 L warmed saline and infused through a 0.22-μm syringe tip filter. NNA (100 μM) was 

added to plates 1h before the transfection.  

4.2.7 Immunoblotting 

Protein samples (20 μg) were loaded on 12% sodium dodecyl sulphate 

polyacrylamide gel (SDS-PAGE) for electrophoresis and then transferred to the PVDF 

membrane. Membranes were blocked with 5% (w/v) milk in TBS-T buffer (10 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween-20) for 1 h and incubated with primary 

antibodies for 16 h at 4°C. The primary antibodies are as follows: SOD1 (1:2000, Santa 

Cruz Biotechnology), iNOS (1:1000, Santa Cruz Biotechnology), PDI (1:1000, 

Cedarlane). β-actin was used as a loading control (1:2000, Santa Cruz Biotechnology). 

Blots were washed three times in TBS-T buffer then probed with HRP-conjugated goat 

anti-rabbit or goat anti-mouse antibodies at 1: 2500 for 1 h at RT, and then developed 

using chemiluminescence (ECL) reagents (PerkinElmer). Quantification of band 

intensities was performed by densitometric analysis using quantity one (Bio-Rad). 

4.2.8 Statistics 

All data were tested using one-way analysis of variance (ANOVA) with Tukey’s 

post hoc test. A p value of 0.05 or less was judged to be significant and results were 

expressed as mean ± standard error of the mean (SEM). 
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4.3 Results 

4.3.1 iNOS protein levels were up-regulated in the spinal cords of mutant SOD1 

transgenic mice and increased with disease progression. 

Spinal cord extracts from non-transgenic mice, wild-type SOD1 transgenic mice and 

mutant SOD1 transgenic mice (G93A and G37R) were analyzed by Western blotting and 

probed with iNOS antibodies. A band of immunoreactivity at 130 kDa was detected and it 

was consistent with the molecular weight of full-length iNOS protein [440,441]. Both 

G93A and G37R mutant SOD1 transgenic mice had greater levels of iNOS expression in 

the spinal cords compared with the non-transgenic mice and wild-type SOD1 transgenic 

mice (Fig.4-1 A). In non-transgenic and wild-type SOD1 transgenic mice, iNOS levels 

varied to some extent in different individual mice, probably due to individual variability 

between the mice. However, statistic analysis of data of three independent experiments 

using 6 mice in each group showed no significant difference in iNOS expression in the 

spinal cords of both non-transgenic mice and wild-type SOD1 transgenic mice (Fig.4-1 

A). Furthermore, the iNOS levels in mutant transgenic mice were increased during 

disease progression. The levels of iNOS expression in G93A and G37R mutant SOD1 

transgenic mice at disease end-stage reached an optical density of almost 3 and 2 folds 

respectively, compared with the average density from mice at the pre-symptomatic stage 

(Fig.4-1 C&D). However, there were no significant changes in iNOS expression levels in 

both non-transgenic mice and wild-type SOD1 transgenic mice in the course of 

development (Fig.4-1 B).  
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4.3.2 NO concentrations were increased in the spinal cords of mutant SOD1 

transgenic mice and the NO production was up-regulated during disease 

progression  

In order to measure the tissue concentrations of NO (measured nitrite concentration 

by Griess reagent), spinal cord extracts were prepared as described in the materials and 

methods section. The concentration of NO was significantly increased in mutant SOD1 

transgenic mice (both G93A and G37R), as compared with the wild-type SOD1 

transgenic mice and non-transgenic mice (Fig.4-2 A). Both non-transgenic mice and 

wild-type SOD1 transgenic mice did not produce significant alterations in the levels of 

NO in the course of development (Fig.2 B). Furthermore, with the progression of disease, 

the NO production was increased in the spinal cord tissues of mutant SOD1 transgenic 

mice, and reached a peak at disease end-stage (Fig.4-2 C&D). This up-regulation of NO 

levels as the disease progresses was statistically significant. This change correlated well 

with the increase in iNOS expression during disease progression. Compared with the 

wild-type SOD1 transgenic mice and non-transgenic mice, the mutant SOD1 transgenic 

mice had a higher net amount of NO production, which was probably due to the enhanced 

inflammation and gliosis with a concomitant increase in iNOS expression and 

iNOS-derived NO generation in the absence of nNOS due to motor neuron death. 

4.3.3 PDI was increased and S-nitrosylated in the spinal cords of mutant transgenic 

mice, and up-regulation and S-nitrosylation of PDI developed as disease progresses 
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Quantitative Western blot analysis was employed to detect the PDI expression in the 

spinal cords of the mice model of ALS. PDI expression was nearly equivalent in the 

spinal cords of non-transgenic mice and wild-type SOD1 transgenic mice. However, in 

both G93A and G37R mutant SOD1 transgenic mice, PDI levels were significantly 

up-regulated, compared with the non-transgenic and wild-type SOD1 transgenic mice 

(Fig.4-3 B). PDI expression increased gradually with disease progression, and peaked at 

disease end-stage in mutant SOD1 transgenic mice, but the non-transgenic and wild-type 

SOD1 transgenic mice did not have variable expression of PDI in the course of 

development (Fig.4-3 C). The PDI expression levels in the spinal cords of G93A mutant 

SOD1 transgenic mice was nearly 3-fold greater at the end-stage of ALS than that at the 

pre-symptomatic stage (Fig.4-3 D). Similarly, PDI in the spinal cords of G37R mutant 

SOD1 transgenic mice at end-stage revealed a significant increase compared to that at the 

pre-symptomatic stage (Fig.4-3 E).  

We investigated whether or not aberrant generation of NO through activation of 

iNOS mediated S-nitrosylation of PDI in mutant SOD1 transgenic mice ocurred. Using a 

biotin-switch assay, we detected that S-nitrosylation of PDI occurred in ALS (Fig.4-3 B). 

The specificity of the biotinylation reaction was confirmed by almost no detection of 

S-nitrosylated PDI in the samples without treatment of ascorbate. Ascorbate is required to 

enhance the chemical decomposition of nitrosothiol groups required for reaction with the 

biotinylating reagent biotin-HPDP [442]. In addition, there was no detection of 

S-nitrosylated PDI in the absence of biotin-HPDP (Fig.4-3 A). Despite up-regulation of 

total PDI in mutant SOD1 transgenic mice, S-nitrosylated PDI levels were abundant in 

spinal cord tissue from end-stage G93A (Fig.4-3 D) and G37R (Fig.4-3 E) mutant SOD1 
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transgenic mice. However, SNO-PDI was virtually undetectable in the pre-symptomatic 

stage. This trend of SNO-PDI level consisted with the change of iNOS expression and 

NO level during the disease progression. In addition, barely any SNO-PDI was found in 

non-transgenic mice and wild-type SOD1 transgenic mice. To rule out the possibility that 

the detectable SNO-PDI in mutant SOD1 transgenic mice was not due to the 

up-regulation of total PDI expression, we deliberately increased total protein loading to 

enhance total PDI level in wild-type SOD1 mice group (Fig.3 A). However, we could not 

detect the presence of SNO-PDI in this group. Furthermore, in the mutant SOD1 

transgenic mice group, with less manipulated total PDI levels due to less total protein 

loading, had detectable SNO-PDI. These data demonstrate that NO-mediated 

S-nitrosylation of PDI is a common feature of the mutant SOD1-linked transgenic mice 

[23], which is the most widely accepted mouse model of ALS.  

4.3.4 Mutant SOD1 induced up-regulation of iNOS expression and NO generation. 

To investigate whether or not mutant SOD1 expression would affect iNOS 

expression and NO generation, the human neuroblastoma SH-SY5Y cells were 

transiently transfected with vectors encoding either SOD1wt or mutant SOD1G93A tagged 

with EGFP. Control cells were not transfected with plasmids (Fig.4-4 A). Forty-eight 

hours after transfection, cells were harvested to determine the iNOS expression and NO 

production. Immunoblotting of cell lysates indicated that iNOS expression was 

unchanged in cells transfected with SOD1wt, as compared with the control cells. In 

contrast, mutant SOD1G93A expression in cells resulted in a significant increase in iNOS 

expression compared to both control cells and cells expressing SOD1wt (Fig.4-4 B). 
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Furthermore, cells expressing mutant SOD1G93A had much higher NO generation than 

control cells and cells with SOD1wt expression (Fig.4-4 C). This result indicates that 

mutant SOD1 expression in cells triggers nitrosative stress, which results in increased 

iNOS expression and iNOS-derived NO generation. 

4.3.5 Exposure of SH-SY5Y cells to SNOC triggered the SNO-PDI formation. 

Expression of mutant SOD1G93A in SH-SY5Y cells induced the SNO-PDI formation, 

which was blocked by the NOS inhibitor NNA 

To investigate whether exogenously generated NO can induce S-nitrosylation of PDI, 

NO donor SNOC was used as a reagent to transfer NO+ to cysteine thiols (Cys-SH) of the 

PDI’s redox modulator sites. SH-SY5Y cells were exposed to freshly-prepared SNOC in 

various concentrations and decayed (old) SNOC and then subjected to the biotin-switch 

assay. Exposing the cells to SNOC resulted in SNO-PDI formation. Further increase in 

NO release from SNOC led to a marked increase in abundance of SNO-PDI. SNOC 

behaved in a dose-dependent manner (Fig.5-5 A). However, the control cells subjected to 

old SNOC didn’t exhibit S-nitrosylation of PDI. Using the same conditions, we found 

that mutant SOD1G93A expression induced SNO-PDI formation. Formation of 

S-nitrosylated PDI was observed only in cells expressing mutant SOD1G93A, not in the 

control cells or cells with SOD1wt expression; this reaction was suppressed by the NOS 

inhibitor NNA, which dramatically reduced the SNO-PDI formation. SNOC reinforced 

the SNO-PDI formation, as SNOC exposure promoted the SNO-PDI levels in mutant 

SOD1G93Aexpressing cells (Fig.5-5 B). This result suggests that mutant SOD1G93A 

induces S-nitrosylation of PDI probably results from up-regulation of iNOS expression 
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and NO generation, which can be manipulated by introducing NO donors or NOS 

inhibitors.      

4.3.6 SNOC promoted and NNA suppressed the mutant SOD1 aggregates formation 

in transfected SH-SY5Y cells 

To assess the effects of SNOC on mutant SOD1 aggregates, transfected SH-SY5Y 

cells were exposed to SNOC. The cells expressing SOD1wt and the control cells showed a 

widespread fluorescence in the cytoplasm, whereas in the cells transfected with mutant 

SOD1G93A, large and prominent cytoplasmic protein inclusions were observed (Fig.6-6 A). 

The proportion of cells containing inclusions was quantified. In the presence of SNOC, 

the mutant SOD1G93A formed inclusions with increased frequency (Fig.6-6 B). The effect 

of SNOC was also monitored using a different assay for protein aggregation: detergent 

insolubility that is usually used for aggregated proteins including mutant SOD1G93A. 

Mutant SOD1G93A was consistently found to be enriched in the pellet fraction, whereas 

SOD1wt was found in the soluble fraction (Fig.6-6 A). When the transfected cells were 

exposed to SNOC, there was a statistically significant increase in the amount of insoluble 

SOD1G93A in the pellet (Fig.6-6 C). These results indicate that SNOC induces further 

formation of inclusion or aggregates of SOD1G93A in the cells, which probably operate 

through the mechanism of S-nitrosylation of PDI. To further elucidate the importance of 

iNOS activation in SNO-PDI-related SOD1 aggregates formation, NNA was added to the 

medium on the day of transfection. NNA treatment inhibited the formation of SOD1G93A 

inclusions in transfected cells (Fig.6 B). Furthermore, the level of insoluble SOD1G93A in 

the pellet was reduced after NNA treatment, which inhibited NO generation (Fig.6-6 C).  
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4.4 Discussion 

There are three subtypes of NOS in the nervous system. The two constitutive forms 

of NOS-neuronal (nNOS) and endothelial (eNOS)-are mainly sources of NO production. 

The third subtype-iNOS-as its name indicates, is induced by acute inflammatory stimuli. 

iNOS is induced mainly by reactive astrocytes and microglia cells in various 

neurodegenerative diseases. Once iNOS is expressed, it will produce neurotoxic amounts 

of NO chronically, without any requirement for further activation [322]. In ALS, 

increased tissue levels of NO in the lumbar spinal cord of mutant ALS transgenic mice 

are mainly produced by iNOS located in astrocytes, seeing as nNOS-positive motor 

neurons are depleted while iNOS-positive activated glial cells are increased in ALS mice 

[324]. Furthermore, pharmacological inhibition of iNOS shows the significant effects of 

delaying disease-onset and extending survival in ALS mice [328]. The findings of our 

study demonstrate that iNOS protein expression is up-regulated in the spinal cords of 

both G93A and G37R SOD1 mutant transgenic mice compared with non-transgenic mice 

and wild-type SOD1 transgenic mice. In addition, the level of iNOS increased during the 

progression of disease, and it reached a peak at the end-stage of ALS. These observations 

demonstrate that iNOS is involved in the causal mechanisms of motor neuron 

degeneration in ALS mice. The role of iNOS in the pathogenesis of ALS is less clear 

(than nNOS), probably because study on its effect is very controversial. For example, 

iNOS-knockout mice are protected against neuronal injury in several models of 

neurodegenerative diseases, including Alzheimer’s disease [443] and Parkinson’s disease 

[444]. In ALS, the G93A-high-mutant SOD1 mouse, iNOS gene deletion has a 

significantly prolonged survival [326]. However, a recent study of three different strains 
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of iNOS-knockout showed no effect of iNOS on the infarct size after transient focal brain 

ischemia [445]. This may suggest that iNOS is more likely to be toxic to chronic 

neurodegeneration, rather than to acute neuronal injury [321]. We focused on iNOS 

because earlier studies on ALS mice [326,446,447] and human patients [327] have 

indicated that this isoform of NOS could be vital in ALS, and its role in the 

neuropathology of ALS has been under-appreciated. The importance of iNOS comes 

from its properties that are different from eNOS and nNOS. Homodimeric iNOS is 

catalytically active when expressed and it is active for extended periods with a maximum 

of 10-fold greater than other NOS isoforms, generating a very high output of NO [325]. 

We also studied the concentrations of NO in the spinal cord extracts in mutant SOD1 

transgenic mice (both G93A and G37R), wild-type SOD1 transgenic mice, and 

non-transgenic mice. As predicted, compared with the wild-type SOD1 transgenic mice 

and non-transgenic mice, the mutant SOD1 transgenic mice had a higher net amount of 

NO production, which was probably due to the increase in inflammation and gliosis with 

a concomitant up-regulation of iNOS expression. Furthermore, NO concentration was 

significantly increased in the spinal cord extracts of mutant SOD1 transgenic mice at 

end-stage of ALS. The up-regulation of NO level during disease progression presumably 

resulted from activation of astrocytes and microglia, which induced iNOS up-regulation 

in the spinal cords of mutant SOD1 transgenic mice. The unaltered NO levels in both 

non-transgenic mice and wild-type SOD1 transgenic mice indicated that the constitutive 

level of NO was probably due to nNOS residued in motor neurons. Our results imply an 

interesting connection between robust iNOS expression and excessive NO generation in 

mutant transgenic mice at end-stage of ALS. Up-regulation of iNOS may account for the 
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large amount of NO generation at disease end-stage.NO mediates cellular signaling 

pathways that regulate broad aspects of physiological processes. NO has been implicated 

in neurotransmission, synaptic plasticity, and neuromodulation in the central nervous 

system (CNS) [448]. Excessive generation of NO and its derivatives has also been 

implicated in the pathogenesis of neurodegenerative disorders [449]. For example, high 

levels of NO induce neuronal death by causing inhibition of mitochondrial cytochrome 

oxidase in neurons [450]. The inhibition of neuronal respiration leads to deplolarization 

and glutamate release, followed by excitotoxicity via the NMDA receptor [451,452]. 

Normally, NO mediates the physiological and pathophysiological effects via stimulation 

of guanylate cyclase to form cyclic guanosine – 3’,5’-monophosphate (cGMP) or through 

S-nitrosylation of regulatory protein thiol groups [453]. S-nitrosylation involves the 

covalent addition of a NO group to a critical cysteine thiol/sulfhydryl to form an 

S-nitrosothiol derivative. This S-nitrosylated modification can influence the function of a 

broad spectrum of proteins as well as the protein-protein interaction [454]. Our studies 

have found that PDI is S-nitrosylated in spinal cord tissues of end-stage mutant SOD1 

transgenic mice (both G93A and G37R). However, the S-nitrosylated PDI was virtually 

undetectable in our pre-symptomatic-stage mice. In addition, in non-transgenic mice and 

wild-type SOD1 transgenic mice, there was no S-nitrosylation of PDI. This finding 

suggests that S-nitrosylation of PDI probably inactivates the normal properties of PDI 

and it may contribute to the pathogenesis of ALS. Consistent with this result, we also 

found that PDI expression levels at the end stage of disease were significantly 

up-regulated in spinal cords of both G93A and G37R SOD1 mutant transgenic mice as 

compared with the non-transgenic and wild-type transgenic mice. Similarly, a previous 
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study confirmed significant up-regulation of PDI expression at disease end stage in both 

G93A mutant mice and rats as compared to that of the non-transgenic controls [54]. 

However, there are some varieties of PDI expression at different disease stages in mutant 

transgenic rats relative to the corresponding non-transgenic rat. Ferri and colleagues 

found that PDI expression was up-regulated at the presymptomatic stage (8 weeks), but at 

16 weeks and end stage, PDI levels were not significantly higher in the spinal cords of 

G93A mutant transgenic rats as compared to non-transgenic rats [455]. Another study 

showed that PDI levels in cerebrospinal fluid (CSF) of G93A mutant transgenic rats were 

most prominently elevated at the disease onset stage when compared with non-transgenic 

rats [58]. All these studies set the age-matched non-transgenic mice or rats as control. To 

examine the change of PDI expression during disease progression, absolute PDI levels 

were quantified as a ratio relative to the corresponding β-actin anounts at each stage. We 

found that the PDI level increased gradually with the progression of disease and peaked 

at disease end-stage in both G93A and G37R mutant transgenic mice. Even though the 

up-regulation of PDI represents an adaptive response to provide potential neuroprotection 

[373,374,418,420], NO-mediated S-nitrosylation of PDI probably affects its normal 

function and promotes aggregate formation. The formation of SOD1 aggregates in ALS 

was probably through destabilizing mutant SOD1 with reactive reduced cysteine residues 

[455]. Cysteine residues are crucial for SOD1 stability, and a non-physiological 

intermolecular disulfide bond between cysteine 6 and 111 in mutant SOD1 was found to 

be associated with mutant SOD1 aggregates’ formation [456]. PDI may get involved in 

rearranging the cysteine residues of SOD1, and S-nitrosylation of PDI towards the end 

stage of ALS may facilitate the formation of non-physiological disulfide bonds and 
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promote SOD1 aggregates formation. This could be a possible explanation to the finding 

that cysteine-reduced SOD1 levels increased with disease progression and reach the peak 

at end stage in G93A mutant transgenic rats [455]. Furthermore, .an association of PDI 

and mutant SOD1 aggregates was identified, seeing as high levels of PDI that recruit to 

abnormal inclusions were observed in both G93A transgenic mice and ALS patients 

[54,58]. In addition, PDI was found to be co-lococalized with SOD1 in neuronal 

cytoplasmic inclusions (NCIs) [457]. Given the chaperone activity of PDI, it is possible 

that PDI may interact with insoluble mutant SOD1 to form abnormal inclusions, this may 

partially explain the findings of other studies that PDI levels were not most prominently 

up-regulated at the disease end stage in mutant transgenic rat when compared to 

non-transgenic mice [58,455]. A greater portion of PDI may be associated with mutant 

SOD1 in abnormal inclusion at end stage of ALS, and then it cannot be detected in the 

soluble fraction of tissue lysates.    

PDI is a ubiquitous, highly conserved redox enzyme from the thioredoxin 

superfamily, and it is mainly located in the ER [458]. During protein folding in the ER, 

PDI facilitates proper protein folding and helps to maintain the structural stability of the 

mature protein [417]. As a consequence, PDI is considered a molecular chaperone 

capable of stabilizing the correct folding of substrate proteins. It also facilitates 

ER-associated degradation of misfolded proteins [459]. Through interacting with the ER 

transmembrane protein Derlin-1, PDI is involved in retro-translocation of misfolded 

cholera toxin from the ER to the cytoplasm. [460]. As we know, aberrant protein folding 

and further protein aggregates are associated with various neurodegenerative diseases, 

including ALS. The accumulation of misfolded protein in the ER results in ER stress that 
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triggers the protective unfolded protein’s response (UPR). The UPR entails the induction 

of chaperone molecules, the degradation of misfolded proteins, and inhibition of protein 

translation [461]. Prolonged ER stress can nonetheless lead to activation of apoptosis 

[462]. Studies involving pancreatic β cells, macrophages [463], and cerebellar granule 

cells [464] have demonstrated that NO can induce ER stress. However the molecular 

basis is not clear. Furthermore, although the involvement of NO in neurodegeneration has 

been widely accepted, the chemical relationship between nitrosative stress and formation 

of protein aggregates has remained obscure. Our findings indicate that S-nitrosylation of 

PDI may hold some of the answers to these questions. Studies have shown that 

excitotoxic activation of nNOS leads to excessive NO generation, which causes 

S-nitrosylation of the active-site thiols of PDI, inhibiting its isomerase and chaperone 

activities [421]. In this regard, NO blocks the protein’s protective effect via 

S-nitrosylation of PDI, which leads to accumulation of misfolded and polyubiquitinated 

proteins, resulting in prolonged UPR activation, and thus persistent ER stress, which 

induces apoptosis. Our study showed that, when SH-SY5Y cells were expressing mutant 

SOD1G93A, iNOS expression was significantly increased in compared with cells 

expressing SOD1wt. This finding was relatively inconsistent with the previous study that 

had showed expressing SOD1wt or mutant SOD1G93A in NSC-34 cells did not alter iNOS 

expression, which remained at a constitutive level. This variation may be due to the 

controlled SOD1wt or mutant SOD1G93A expression in NSC-34 cells. In that study, the cell 

clones expressing low and similar amounts of various SOD1 proteins upon induction. 

The induced human SOD1 expression was lower than murine endogenous SOD1 

expression; this low expression of human expression may not be extensive enough to 
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trigger the possible correlation between mutant SOD1 expression and iNOS expression. 

Furthermore, the increased iNOS level in mitochondria has been observed in G93A 

mutant transgenic mice and the deletion of iNOS gene significantly extended the survival 

of mice. However, the activity of iNOS is more crucial to its biological role in ALS 

pathogenesis. The effect of mutant SOD1 in alteration of iNOS activity was further 

investigated. We found that cells expressing mutant SOD1G93A had much higher NO 

generation, and this increased NO generation could be reversed by the use of NNA 

(non-selective inhibitor of NOS) (data not shown). Consequently, ALS-linked SOD1 is 

highly associated with up-regulated iNOS expression and increased iNOS-derived NO 

generation. However, another enzyme responsible for NO production, nNOS, was found 

to be down-regulated in SH-SY5Y cells with mutant SOD1G93A expression in a study 

[465]. The down-regulation of nNOS-derived NO production was also evidenced. It has 

been suggested that NO released from nNOS activity keeps iNOS inhibited under normal 

conditions. However, under pathophysiological conditions, down-regulation of nNOS is a 

necessary condition to promote the iNOS expression and the release of large amounts of 

NO [466]. For example, in a rat model of inflammatory bowel disease (IBD), nNOS 

downregulation could induce iNOS overexpression [467]. Our results could be in 

agreement with the hypothesis that downregulation of nNOS is associated with 

upregulation of iNOS in SH-SY5Y cells expressing mutant SOD1G93A. However, the 

nNOS expression and the mechanism for the association between iNOS and nNOS will 

certainly deserve further investigation. We introduced the physiological NO donor, 

SNOC to provoke S-nitrosylation of PDI. The does-dependent manner of SNOC-induced 

S-nitrosylation of PDI confirmed that PDI was S-nitrosylated by NO-related species. The 
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role of PDI in protecting against mutant protein aggregation in ALS is supported by 

various studies. For example, when mutant SOD1 expressing NSC-34 cells were treated 

with bactracin, an inhibitor of PDI, the formation of SOD1 inclusions was increased [54]. 

Another example was siRNA-mediated knockdown of PDI resulted in increased 

formation of mutant SOD1 inclusion in neuroblastoma cells [60]. However, the PDI 

up-regulation in ALS was not enough to protect against mutant SOD1 aggregate 

formation, since S-nitrosylation of PDI may affect its enzymatic activity and promote the 

aggregates formation. We found that NO-mediated S-nitrosylation of PDI was probably 

involved in the formation of mutant SOD1 aggregates, seeing as NO donor SNOC 

induced S-nitrosylation of PDI in a dose-dependent manner. Furthermore, the inclusions 

in mutant SOD1G93A expressing cells were enhanced by SNOC. Our studies also showed 

that, with the use of NOS inhibitor NNA to suppress S-nitrosylation of PDI, the SOD1 

inclusions were inibited, and the level of insoluble mutant SOD1 in the pellet fraction 

was decreased as well. This finding indicates that in the cell model of ALS, manipulating 

the NO levels by using an NO donor or NOS inhibitor, affects the formation of 

S-nitrosylated PDI. S-nitrosylation of PDI may highly correlate with mutant SOD1 

aggregates formation. Since S-nitrosylation of PDI could inhibit its chaperone activity in 

rearrangement of protein folding, allow the misfolded proteins to accumulate, and finally 

contribute to neuronal cell death. In addition, the subcellular redistribution of PDI has 

recently been implicated in the pathogenesis of ALS. Studies have demonstrated that the 

reticulon family of proteins can modulate PDI distribution. They found that reticulon 

overexpression causes a change of PDI localization, from a normal ER distribution to a 

less homogenous punctuate pattern [320]. In ALS mice, knocking down the expression of 
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the reticulon-4A, B proteins accelerate disease processes, possibly resulting from the 

prevention of reticulon-mediated PDI redistribution [320]. Furthermore, co-localized 

inclusions of PDI with mutant SOD1, and TAR DNA-binding protein 43kDa (TDP-43) 

have been found in ALS patients [457]. Under cellular stress, PDI may leave the ER and 

then accumulate with SOD1 or TDP-43 in the cytosol. PDI also accumulates in the 

swollen neuritis, the disturbance of axon transport was probably due to the loss of PDI 

function [457]. Another ALS-related protein, fused in sarcoma (FUS), is found to be 

associated with PDI. Mutant FUS inclusions in human ALS lumbar spinal cords are 

co-localized with PDI. Since FUS contains cysteine residues, similar to mutant SOD1 and 

mutant TDP-43, it may physically interact with PDI, and the chaperone function of PDI 

may have a protective role in refolding misfolded FUS protein. Overall, these findings 

indicate that posttranslational modifications and subcellular redistribution of PDI are 

involved in regulation of PDI’s function in ALS, with potential implications for disease 

pathogenesis.  

In summary, the current study examined the propensity of S-nitrosylated PDI 

contributing to the accumulation of mutant SOD1 aggregates in ALS. Since excessive 

production of NO derived from iNOS up-regulation is thought to be a contributing factor 

in ALS, our elucidation of an NO-mediated pathway to dysfunction of PDI by 

S-nitrosylation provides a mechanism link between the production of free radicals and 

aberrant protein accumulation in ALS. The outcome of this study shall open up new 

therapeutic approaches to prevent aberrant protein misfolding by targeted-prevention of 

nitrosylation of specific proteins such as PDI in the future. Moreover, enhancing the 

action of PDI may represent a novel strategy for the treatment of ALS. 
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Fig. 4.1 iNOS protein levels in the spinal cords of non-transgenic and SOD1 
transgenic mice  
A. Full-length iNOS protein is more enriched in the spinal cords of mutant SOD1 
transgenic mice (both G93A and G37R) than in the age-matched non-transgenic mice and 
wild-type SOD1 transgenic mice (6 m). The densitometry of the iNOS-immunoreactive 
band increases significantly in mutant SOD1 transgenic mice. B. iNOS expression does 
not change during the lifetime of non-transgenic mice and wild-type SOD1 transgenic 
mice. C, D. iNOS expression in the spinal cords of G93A and G37R mutant transgenic 
mice is increased with the disease progression and reaches a peak at disease end-stage. 
Values represent the mean±S.E of 5 independent experiments; *, p<0.05; **, p<0.01 by 
one-way ANOVA with Tukey’s post hoc test. 
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Fig. 4.2 The changes of NO levels in the spinal cords of non-transgenic and SOD1 
transgenic mice  
 
A. NO concentration increases significantly in the spinal cords of mutant SOD1 
transgenic mice (both G93A and G37R) compared to that of the age-matched 
non-transgenic mice and wild-type SOD1 transgenic mice (6 m). B. NO production 
remains unchanged during the lifetime of non-transgenic mice and wild-type SOD1 
transgenic mice. C, D. NO generation in the spinal cords of G93A and G37R mutant 
SOD1 transgenic mice increases significantly at disease end-stage, compared to the 
pre-symptomatic and onset stages. Given are the mean±S.E from 5 independent 
measurements; *, p<0.05; **, p<0.01; ***, p<0.001 by one-way ANOVA with Tukey’s 
post hoc test. 
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Fig. 4.3 Total PDI and SNO-PDI levels in the spinal cords of non-transgenic and 
SOD1 transgenic mice  
 
A. Without ascorbate or biotin-HPDP treatment, there is no SNO-PDI. B. PDI is 
up-regulated and S-nitrosylated in the spinal cords of mutant SOD1 transgenic mice (both 
G93A and G37R). C. There are no change of PDI expression and no S-nitrosylation of 
PDI during the lifetime of non-transgenic mice and wild-type SOD1 transgenic mice. D, 
E. PDI is increased and becoming S-nitrosylated with disease progression in both G93A 
and G37R SOD1 mutant transgenic mice. SNO-PDI level is much higher at disease 
end-stage than pre-symptomatic and onset stages, and this difference is significant in 
densitometric quantitation. Data is presented as mean±S.E.; *, p<0.05 by one-way 
ANOVA with Tukey’s post hoc test. 
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Fig. 4.4 The iNOS expression and NO generation in SH-SY5Y cells expressing 
SOD1wt or mutant SOD1G93A.  
 
A. Cells transfected with SOD1wt or SOD1G93A have equivalent hSOD1-EGFP expression, 
compared with control cells without transfection.B. SH-SY5Y cells expressing SOD1G93A 
have increased iNOS expression compared with control cells and cells expressing 
SOD1wt. C. NO production from cells with SOD1G93A expression is much higher than that 
from control cells or cells expressing SOD1wt. Data is presented as mean±S.E.; *, p<0.05 
by one-way ANOVA with Tukey’s post hoc test. 
 
 

 

 

 

 

 

 

 
 
 



                                               118 

Fig. 4.5 Exogenous NO donor and mutant SOD1G93A expression induce 
S-nitrosylation of PDI in SH-SY5Y cells.  

A. Old SNOC has no effect on the SNO-PDI formation; the freshly prepared SNOC 
induces S-nitrosylation of PDI. The level of SNO-PDI is up-regulated with the increased 
concentration of SNOC. SNOC induces S-nitrosylation of PDI in a strongly and 
statistically significant dose-dependent manner, with the maximum effect seen in the 
concentration of 400 μM. B. SH-SY5Y cells expression SOD1G93A have SNO-PDI 
formation, not in cells expressing SOD1wt. Exposing the cells with SOD1G93A expression 
to SNOC (200 μM) promotes the SNO-PDI formation; NNA (100 μM) suppresses the 
SNO-PDI formation. Data is presented as mean±S.E.; *, p<0.05 by one-way ANOVA 
with Tukey’s post hoc test. 
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Fig. 4.6 The effect of SNOC and NNA on the SOD1 aggregates formation in 
transfected SH-SY5Y cells.  

A. SH-SY5Y cells expressing SOD1G93A have strong inclusion formation in the 
cytoplasma. EGFP-hSOD1 is clearly detectable in the pellet fraction of SH-SY5Y cells 
expressing SOD1G93A. B. Exposing SOD1G93A transfected cells to SNOC leads to a 
statistically significant increase in inclusion formation compared with the transfected 
cells without SNOC treatment; NNA treatment suppress inclusion formation in SOD1G93A 
transfected cells. C. SNOC exposure increases EGFP-hSOD1 expression in pellet 
fractions of SOD1G93A transfected cells; NNA treatment decreases EGFP-hSOD1 level in 
the insoluble pellet fraction of transfected cells. Data is presented as mean±S.E.; *, 
p<0.05 by one-way ANOVA with Tukey’s post hoc test. 
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Chapter 5.  SOD1-linked ubiquitination and aggregation in astrocytes following 

OGD/reperfusion: a role of NO-mediated S-nitrosylation of protein disulfide 

isomerase in hypoxic/ischemic injury 

5.1 Introduction 

Brain ischemia/reperfusion injury is a major public health problem. It causes 

excitotoxicity, inflammation, cell death, and compensatory neurogenesis [468,469]. 

Neurons are more susceptible to hypoxic stress than astrocytes. They have fewer 

antioxidant mechanisms than astrocytes and rely mainly on the metabolic support from 

surrounding astrocytes [469,470,471]. It is proposed that brain ischemia/reperfusion 

injury is a consequence of the failure of astrocytes to support the essential needs of 

neurons. Dysfunction of astrocytes may lead to increasing neuronal death [469]. Any 

pathophysiological events that affect the function of astrocytes will compromise their 

neuronal supportive role. One detrimental event after ischemia/reperfusion injury is the 

dramatic increase in damaging free radicals; including nitric oxide (NO), superoxide, and 

peroxynitrite, both in astrocytes and neurons [472]. Expressions and activities of nitric 

oxide synthases (NOS) are enhanced in the experimental mouse model of cerebral 

ischemia/reperfusion injury. NO and its further oxidative products are generally 

implicated in the pathology of brain ischemia/reperfusion injury. There are three isoforms 

of mammalian NOS: neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial 

NOS (eNOS). Although experimental brain ischemia/reperfusion injury leads to the 

up-regulation of all three NOS isoforms, their expression patterns differ both temporally 

and spatially. The induction of iNOS expression occurs much later than nNOS and eNOS, 

suggesting that iNOS contributes to relatively late injury [344]. iNOS-deficient mice 
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exhibit a significant reduction in infarct volume and attendant behavioural change after 

48 h of hypoxic/ischemic injury [473,474]. Studies show that astrocytes are the cells 

mainly responsible for iNOS expression after ischemia/reperfusion injury [475]. Once 

iNOS is expressed following transient hypoxic/ischemic, it will promote the production 

of neurotoxic amounts of NO consecutively [346,476], with maximal levels after 24 h in 

the striatum and 48 h in the cortex, without any requirement for further activation [322].  

Ischemia/reperfusion injury may impair chaperone function and 

ubiquitin-proteasomal degradation and lead to protein aggregation [477]. Studies show 

that ubiquitinated-protein aggregates can be visualized in cultured astrocytes after 

gluocose deprivation [391]. Ischemia/reperfusion injury disrupts proper peptide folding in 

the endoplasmic reticulum (ER) and triggers ER stress and an unfolded protein response 

(UPR) [478]. Formation of these ubiquitinated-protein aggregates is one of the 

consequences of functional disturbance within the ER. Proper maturation and folding of 

native proteins rely on the activity of the ER chaperones and enzymes. Dysfunction of 

ER chaperone proteins can lead to protein misfolding and further aggregation, which will 

be recognized and ubiquitinated by the ubiquitin system through a series of ATP 

dependent reactions [479]. Protein disulfide isomerase (PDI), an ER chaperone, is critical 

for proper protein folding in the ER. PDI is responsible for facilitating disulfide bond 

formation, rearrangement reactions, and structural stability [417]. Cooper-zinc superoxide 

dismutase (SOD1) is an intracellular homodimeric metalloprotein, which is stabilized by 

an intrasubunit disulfide bond between cysteine 57 and cysteine 146. Mutations in SOD1 

protein promote the formation of disulfide-reduced monomers, which are prone to 

forming aggregates. Hence, modulation of disulfide bond formation may be important in 
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SOD1-linked aggregate formation. PDI was found to be associated with SOD1 in cellular 

and animal models of familial amyotrophic lateral sclerosis (FALS), a neurodegenerative 

disease affecting motor neurons. Furthermore, a biochemical interaction between PDI and 

SOD1 is implicated in the pathogenesis of FALS [54]. In many neurodegenerative 

disorders and cerebral ischemia, upregulation of PDI expression represents an adaptive 

response promoting protein refolding and may offer neuronal cell protection [373,420]. 

Recently, Uehara and colleagues [421] demonstrated that in Parkinson’s disease and 

related neurodegenerative disorders, the NO-mediated S-nitrosylation of PDI inhibits PDI 

function, which leads to dysregulated protein folding, and consequently results in ER 

stress that promotes neuronal cell death. S-nitrosylation is an important biological 

reaction of NO and involves the covalent addition of NO to a cysteine thiol group of the 

protein to form S-nitrosothiols (RSNOs). This modification can affect many cellular 

processes and alter both protein function and protein-protein interactions [333]. 

In this study, we examined if the iNOS expression was correlated with NO-induced 

S-nitrosylation of PDI in cultured astrocytes following oxygen glucose deprivation 

(OGD)/reperfusion treatment. We also detected whether or not S-nitrosylation of PDI was 

associated with accumulation of ubiquitinated-protein aggregates. We report here that the 

OGD/reperfusion treatment of cultured astrocytes led to an increase in NO production 

that was accompanied by augmented iNOS protein expression. The expression of both 

PDI and SOD1 were adaptively up-regulated in response to ischemia/reperfusion injury 

and an interaction between these two proteins was identified in cultured astrocytes by 

using co-immunoprecipitation. Although total PDI expression was increased following 

OGD/reperfusion treatment, PDI was found to be S-nitrosylated by 
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ischemia/reperfusion-induced nitrosative stress. The formation of S-nitrosylated PDI 

(SNO-PDI) was detected in cultured astrocytes following OGD/reperfusion treatment, 

and the SNO-PDI level had a parallel relationship to the formation of 

ubiquitinated-protein aggregates. These aggregates were found to be co-localized with 

SOD1 protein, which was indicated to be an ubiquitinated protein in astrocytes under 

ischemia/reperfusion stress. Blocking NO generation with iNOS inhibitor 1400W 

significantly attenuated the formation of SNO-PDI and ubiquitinated-protein aggregates 

in cultured astrocytes following OGD/reperfusion treatment. We report here that, in 

cultured astrocytes, the up-regulation of iNOS after OGD/reperfusion promoted the 

NO-mediated S-nitrosylation of PDI. This modification of PDI may affect the chaperone 

activity of PDI and result in the formation of SOD1-linked ubiquitinated-protein 

aggregates in cultured astrocytes. 

 

5.2 Materials and methods 

5.2.1 Primary astrocyte culture 

Primary astrocytes were taken from cerebral cortices of neonatal Wistar rats as 

described previously [480]. Cortices were harvested, while the meninges and blood 

vessels were removed. Tissues were digested in 0.25% Trypsin containing 0.1 EDTA at 

37°C for 15 min, and passed through a nylon sieve (80 μm pore size). The cells were 

seeded in Dulbecco's modified Eagle's medium (DMEM) supplemented with 

heat-inactivated 10% fetal calf serum, 50 μg/ml penicillin, and 100 μg/ml streptomycin. 

Cultured cells were grown at 37°C in a humidified atmosphere with 5% CO2. After 10 
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days, the microglia and oligodendrocyte progenitors were depleted through shaking. The 

remaining astrocytes were then detached by trypsinization and re-plated at a density of 

approximately 1 × 105 cells/ml for future experiments. The purity of astrocytes (>90%) 

was identified through immunohistochemical analysis with anti-glial fibrillary acidic 

protein (GFAP).  

5.2.2 OGD/reperfusion and 1400W treatment 

On the third day of subculture, astrocytes were subjected to OGD with Earl’s 

Balanced Salt Solution (EBSS) medium (in mg/L: 6800 NaCl, 400 KCl, 264 CaCl2·2H2O, 

200 MgCl2·7H2O, 2200 NaHCO3, 140 NaH2PO4·H2O, pH 7.2) and incubated in a 

hypoxic incubator filled with 1.5% O2 and 5% CO2 at the same time for 8 h. The oxygen 

level in the OGD solution decreased to about 2-3% after 60 min in the hypoxic incubator 

[481]. Then the cells were provided with a normal amount of oxygen and maintenance 

medium without glutamate to mimic in vivo reperfusion for up to 24 h. Normoxic control 

cells were incubated in 37°C with 5% CO2 and atmospheric air in a buffer almost 

identical to EBSS except containing 5.5 mM glucose. iNOS inhibitor 1400W was 

prepared as concentrated stock solutions according to the manufacturer’s instructions. 

The final concentrations of 1400W in media applied to astrocytes were as follows: 1, 10, 

and 50 μM. 1400W was added to culture medium 30 min prior to OGD exposure, and 

astrocytes were maintained in EBSS and maintenance medium during the treatment.  

5.2.3 Measurement of NO level  

The concentration of NO in the culture media was determined by the Griess reaction 
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with minor change [439]. Briefly, 40 μl cell culture fluid, 10 μl NADPH, and 40 μl basal 

solution (0.03 M PBS, 1.25 mM glucose-6-phosphate, 400 U/L glucose-6-phosphate 

dehydrogenase, 200 U/L nitrate reductase) were incubated in a 96-well microtiter plate 

for 45 min at room temperature (RT). Next 50 μl Griess reagent was added and the 

solution was incubated for 20 min in the dark at RT. Finally, the absorbance of the 

samples was measured at 540 nm. NO2 concentrations were calculated from a standard 

curve of Sodium nitrite (NaNO2). 

5.2.4 Western blot and immunoprecipitation 

Protein concentrations of cell lysates were determined by using the bicinchoninic 

acid (BCA) method (Pierce, Rockford). Samples (20 μg) were loaded on 12% sodium 

dodecyl sulphate polyacrylamide gel (SDS-PAGE) for electrophoresis and then 

transferred to the PVDF membrane. Membranes were blocked with 5% (w/v) milk in 

TBS-T buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween-20) for 1 h and 

then incubated with primary antibodies for 16 h at 4°C; SOD1 (1:2000, Santa Cruz 

Biotechnology), iNOS (1:1000, Santa Cruz Biotechnology), PDI (1:1000, Cedarlane). 

β-actin was used as a internal control (1:2000, Santa Cruz Biotechnology). Blots were 

washed in TBS-T buffer three times, probed with HRP-conjugated goat anti-rabbit or 

goat anti-mouse antibodies at 1: 2500 for 1 h at RT, and then developed using 

chemiluminescence (ECL) reagents (PerkinElmer). Quantification of band intensities was 

performed by densitometric analysis using quantity one (Bio-Rad). Whole cell lysates 

(200 μl) were incubated with 50 μl of protein A-Sepharose CL-4B (Amersham 

Biosciences) for 30 min at 4°C with gentle rotation to remove IgG from the sample. The 
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beads were briefly spun down and precleared cell lysates transferred to fresh tubes. 30 μl 

of 50% (w/v) protein A-Sepharose CL-4B in Tris buffer (50 mm Tris-HCl, pH 7.5, 0.02% 

(w/v) NaN3) and anti-SOD1 or -PDI (1:750) antibodies were incubated with 100 μl 

precleared cell lysates on a rotating wheel overnight at 4 °C. 20 μg of total protein was 

incubated with the sepharose-antibody to capture the antibody-binding protein complexes. 

After centrifugation at 15,800 × g for 1 min to remove the supernatant, the precipitate 

was washed three times in Tris buffer for 10 min each. Both the supernatant and the 

immunoprecipitate was mixed with a 2% (w/v) SDS sample loading buffer and used for 

SDS-PAGE and immunoblot following the methods described above.. 

5.2.5 Biotin-switch assay for detection of SNO-PDI 

The cell lysates were prepared in HENC buffers (250 mM Hepes pH 7.5, 1 mM 

EDTA, 0.1 mM neocuproine, 0.4% CHAPS). Typically 1 mg of cell lysate was used.  

The Blocking buffer (2.5% SDS, 20 mM methyl methane thiosulphonate [MMTS] in 

HEN buffer) was mixed with the samples and incubated for 30 min at 50°C to block any 

free thiol groups. After removing excess MMTS by acetone precipitation, nitrosothiols 

were reduced to thiols with 1 mM ascorbate. The newly formed thiols were then linked 

with the sulphhydryl-specific biotinylating reagent 

N-[6-(biotinamido)hexyl]-3’-(2’-pyridyldithio) propionamide (Biotin-HPDP). The 

biotinylated proteins were pulled down with Streptavidin-agarose beads. Western blot 

analysis was then performed to detect the amount of PDI remaining in the samples [60].     

5.2.6 Subcellular fractionation 
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Both the pellet and cytosolic fraction were prepared as described by Chen et al [384]. 

Briefly, cell lysates of cultured astrocytes were sonicated for 30 sec at 4°C in ice-cold 

lysis buffer (pH 7.6) containing (mM): 15 Tris-HCl, 1 dithiothreitol, 250 sucrose, 1 

MgCl2, 2.5 EDTA, 1 EGTA, 250 Na3VO4, 25 NaF, 2 sodium pyrophosphate, 0.5 

phenylmethylsulfonyl fluoride (PMSF), plus 1 μg/mL pepstatin A, 5 μg/mL leupeptin, 

and 2.5 μg/mL aproptonin. Protein content in lysates was determined by BCA assay. 

Equal amounts of total cell lysate protein in each sample (0.5 mg) were centrifuged at 

13,000 g in 4°C for 10 min. The pellet fractions were sonicated three times and washed 

for 1 h at 4°C with 2% Triton X-100 and 150 mM KCl in the ice-cold lysis buffer. After 

being centrifuged at 13,000 g in 4°C for 10 min, the pellet fraction containing the 

detergent/salt-insoluble aggregates was sonicated and re-dissolved in the lysis buffer for 

Western-blotting assay. 

5.2.7 Double-immunofluorescence staining of ubiquitin and SOD1 

Astrocytes on coverslips were fixed with 4% paraformaldehyde in PBS for 20 min. After 

being rinsed three times, cells were incubated with the blocking buffer (5% goat serum, 

0.3% Triton X-100, and 1% bovine serum albumin in PBS) for 1 h, the coverslips were 

incubated with primary antibodies against ubiquitin (1:500) and SOD1 (1:1000) 

overnight at 4°C. After rinsing, coverslips were incubated with Alexa Fluor 488 

anti-mouse IgG or 594 anti-rabbit IgG for 1 h at 37°C. Then hoeschest 33342 was added 

in order to stain the nuclei and the coverslips were mounted on the slides. The slides were 

imaged by an observer blind to treatments on a Zeiss Axiovert upright fluorescent 

microscope with identical exposure settings and identical post-acquisition processing for 
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each image. 

Astrocytes on coverslips were fixed with 4% paraformaldehyde in PBS for 20 min. 

After being rinsed for three times, cells were incubated with the blocking buffer (5% goat 

serum, 0.3% Triton X-100, and 1% bovine serum albumin in PBS) for 1 h, the coverslips 

were incubated with primary antibodies against ubiquitin (1:500) and SOD1 (1:1000) 

overnight at 4°C. After rinsing, coverslips were incubated with Alexa Fluor 488 

anti-mouse IgG or 594 anti-rabbit IgG for 1 h at 37°C. Then hoeschest 33342 was added 

to stain nuclei and the coverslips were mounted on the slides. The slides were imaged by 

an observer blind to treatments on a Zeiss Axiovert upright fluorescent microscope with 

identical exposure settings and identical post-acquisition processing for each image. 

5.2.8 Statistics 

Quantification of band intensities was performed by densitometric analysis using 

Quantity One® 1-D analysis software (Bio-Rad). The statistical calculations and 

graphing were performed using GraphPad Prism® software, version 5. All data was 

tested using one-way analysis of variance (ANOVA) with Tukey’s post hoc test. A p 

value of 0.05 or less was judged to be significant. Results were expressed as mean ± 

SEM. 

5.3 Results 

5.3.1 OGD/reperfusion induces NO formation and iNOS protein expression 

The cortical astrocyte culture was subjected to OGD for 8 h and then exposed to 

reperfusion for either 16 h or 24 h. The concentration of NO in the culture media and the 
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protein expression of iNOS were then determined. NO generation was slightly increased 

after OGD treatment. The increase of NO was exaggerated by the reperfusion treatment. 

NO concentration reached a maximal level at the latest time studied (OGD 8 

h/reperfusion 24 h). A similar result was observed in the iNOS protein assay. Under 

normal circumstances, the iNOS expression was too low to be detected. After OGD 

treatment, the iNOS expression was up-regulated. Furthermore, the reperfusion treatment 

led to a dramatic increase of iNOS expression in reactive astrocytes compared with the 

control cells that were not treated. When iNOS protein expression was quantified, 

exposure to OGD/reperfusion induced a remarkable increase in the iNOS protein level, 

especially in astrocytes following OGD 8 h/reperfusion 24 h. These cells exhibited a 

significant increase of iNOS expression, about 2.5-fold as compared with the control (Fig. 

5-1). 

5.3.2 PDI and SOD1 are up-regulated after OGD/reperfusion treatment, and they 

were binding to each other 

We investigated the changes in PDI and SOD1 expression levels following 

OGD/reperfusion treatment in cultured astrocytes. Cell lysates from astrocytes under 

various treatments were analyzed by immunoblot. Western blot analysis using anti-PDI 

monoclonal antibody treatment revealed an enhancement of PDI expression after OGD 8 

h, which had reached a maximum by 24 h of reperfusion. A similar pattern was also 

observed in SOD1 expression. Immunoblot analyses confirmed an increased expression 

of SOD1 in cultured astrocytes when they were exposed to OGD for 8 h. In addition, 

reperfusion significantly induced appreciable SOD1 expression in these cells, yielding a 
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3-fold higher abundance of SOD1 protein in OGD 8 h/reperfusion 24 h group when 

compared with the control group. These results demonstrate that the elevation of PDI and 

SOD1 expression correlate well with the induction of iNOS in activated astrocytes 

following OGD/reperfusion treatment. We then used immunoprecipitation to examine the 

interaction between PDI and SOD1. Cell lysates from astrocytes under various treatments 

were subjected to immunoprecipitation using the anti-SOD1 antibody or anti-PDI 

antibodies. Western blot analysis of immunoprecipitated proteins revealed that PDI was 

co-precipitated by anti-SOD1 antibody and SOD1 was co-precipitated by the anti-PDI 

antibody. This result suggested a physical interaction between PDI and SOD1. Fainter 

PDI bands were observed in the OGD/reperfusion group after immunoprecipitation using 

the anti-SOD1 antibody. The up-regulated PDI after OGD/reperfusion treatment seemed 

not to bind any more SOD1 in the immunoprecipitation studies. The reverse experiment 

was also performed; the cell lysates were immunoprecipitated with anti-PDI antibody, 

followed by western blot with anti-SOD1 antibody. The SOD1 bands were observed, 

which were also more abundant in the control group (Fig. 5-2). 

5.3.3 PDI is S-nitrosylated in astrocytes following OGD/reperfusion; this 

S-nitrosylation of PDI is blocked by iNOS inhibitor 1400W 

We investigated whether or not aberrant generation of NO through activation of 

iNOS mediated S-nitrosylation of PDI resulted in reactive astrocytes following 

OGD/reperfusion. Using a biotin-switch assay, we identified that PDI was S-nitrosylated 

in cultured astrocytes after hypoxic/ischemic stress. The specificity of the biotinylation 

reaction was confirmed by no detection of SNO-PDI in the samples without treatment of 



                                               131 

ascorbate. Ascorbate is required to enhance the chemical decomposition of nitrosothiol 

groups required for reacting with the biotinylating reagent biotin-HPDP [442]. In addition, 

no detection of SNO-PDI in the absence of biotin-HPDP also confirmed the specificity of 

the final streptavidin precipitation step of the assay. Despite the fact that total PDI levels 

were increased in astrocytes under OGD/reperfusion treatment, abundant SNO-PDI levels 

were detected in astrocytes following OGD 8 h/reperfusion 24 h treatment. However 

SNO-PDI was virtually undetectable in the control group and the OGD 8 h group. This 

trend of SNO-PDI level was consistent with the change of iNOS expression and NO level 

during the OGD/reperfusion process. To rule out the possibility that the detectable 

SNO-PDI in the OGD/reperfusion group was not due to the up-regulation of total PDI 

expression after OGD/reperfusion treatment, we deliberately increased total protein 

loading to enhance total PDI level in the control group. However, we could not detect the 

presence of SNO-PDI in the control group. Furthermore, in the OGD 8 h/reperfusion 24 h 

group, with manipulated less total PDI level due to less total protein loading had tectable 

SNO-PDI. This data demonstrates that NO-mediated S-nitrosylation of PDI is a 

characteristic feature of astrocytes in response to hypoxia/ischemic stress. To determine 

whether or not iNOS plays a role in the promotion of S-nirosylated PDI formation, we 

pre-treated primary astrocytes cultures with the iNOS inhibitor 1400W for 30 min 

followed by OGD/reperfusion. As expected, 1400W pre-treatment strongly inhibited 

iNOS activity as demonstrated by dose-dependent suppression of NO production in 

reactive astrocytes. However the iNOS protein levels were not affected by 1400W. 

Immunoblot analysis of cell lysates revealed that NO-mediated formation of SNO-PDI 

following OGD/reperfusion treatment in astrocytes was significantly blocked by iNOS 
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inhibition, with the blockade behaving in a dose-dependent manner. These results suggest 

that iNOS signaling is involved in the SNO-PDI formation in astrocytes following 

OGD/reperfusion (Fig. 5-3).   

5.3.4 OGD/reperfusion triggers formation of detergent/salt-insoluble 

ubiquitinated-protein aggregates, which is blocked by iNOS inhibitor 1400W 

Protein aggregates have low solubility in a detergent/salt solution. We examined the 

formation of detergent/salt-insoluble ubiquitinated-protein aggregates in astrocytes under 

normoxic control conditions and after exposure to OGD/reperfusion. Under normal 

control conditions, the pellet fraction of astrocytes showed no or hardly any detectable 

ubiquitinated-protein aggregates. In contrast, during OGD/reperfusion treatment, there 

was a time-dependent accumulation of ubiquitinated-proteins in the pellets. The 

ubiquitinated-protein-smears ranged between 37 and 250 kDa as detected by a 

monoclonal anti-ubiquitin antibody. Since these proteins were detergent/salt-insoluble, 

they were considered to be protein aggregates. OGD led to a slight increase in 

ubiquitinated-protein aggregate formation. However, the difference between the OGD 8 h 

group and the control group did not reach statistical significance. The level of 

ubiquitinated-protein aggregates was further developed and reached approximately 6-fold 

at 16 h reperfusion; it remained significantly elevated at 24 h reperfusion, at which point 

it was about 8-fold as compared to the OGD 8 h group. These results suggest that 

OGD/reperfusion results in a progressive formation of ubiquitinated-protein aggregates. 

These aggregates may link to the formation of SNO-PDI in astrocytes. Since inhibiting 

the activity of iNOS through inhibitor 1400W led to the suppression of S-nitrosylation of 
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PDI, we hypothesized that while S-nitrosylation of PDI was blocked by 1400W, the 

formation of ubiquitinated-protein aggregates might be subsequently inhibited. We 

examined the changes of ubiquitinated-protein aggregate levels in astrocytes following 

OGD 8 h/reperfusion 24 h treatment when S-nitrosylation of PDI was inhibited by 

1400W. In the presence of various concentrations of 1400W, the levels of 

ubiquitinated-protein aggregates were significantly decreased in a dose-dependent 

manner. This change of ubiquitinated-protein aggregates with the use of 1400W 

correlated well with the change of SNO-PDI formation (Fig. 5-4). 

5.3.5 OGD/reperfusion induces re-distribution of ubiquitinated-protein, and 

co-localization of ubiquitin with SOD1 protein 

Seeing as the monoclonal anti-ubiquitin antibody can recognize both free and conjugated 

ubiquitin, it was used to monitor both ubiquitin redistribution and formation. The 

normoxic control astrocytes showed even and diffuse immunoreactivity of ubiquitin with 

nuclear staining. In astrocytes subjected to OGD 8 h/reperfusion 16 h treatment, the 

diffuse distribution of free ubiquitin was absent; instead, the ubiquitin immunoreactivity 

changed into loss of nuclear staining and the appearance of aggregates throughout the 

cytoplasm. This punctuated ubiquitin in the peri-nuclear regions were considered to be 

the conjugated ubiquitin. With the use of 1400W to inhibit the S-nitrosylation of PDI, the 

punctuated staining of ubiquitin in the cytoplasm was less abundant when compared to 

those cells without 1400W treatment. To investigate whether this ubiquitin was 

conjugated to SOD1 protein, we examined localization of SOD1 under normal conditions 

and under conditions of OGD/reperfusion. Under normal conditions, SOD1 was 
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distributed in the nucleus and throughout the cytosol. However, following OGD 8 

h/reperfusion 16 h, the SOD1 immunoreactivity was clustered near nuclei in addition to 

the nuclear distribution. Small SOD1-positive aggregates were seen in the cytoplasm of 

astrocytes following OGD 8 h/reperfusion 16 h. To further examine the ubiquitination of 

SOD1, we performed double immunostaining with anti-SOD1 and anti-ubiquitin 

antibodies. After OGD 8 h/reperfusion 16 h treatment, the cultured astrocytes were 

immunostained with anti-SOD1 and anti-ubiquitin antibodies. As a result, SOD1 

aggregates induced by OGD 8 h/reperfusion 16 h were clearly co-localized with ubiquitin, 

suggesting the ubiquitination of the SOD1 protein (Fig. 5-5).  

 

5.4 Discussion 

Brain ischemia/reperfusion injury encompasses all cell types in the CNS, including 

neurons and astrocytes. Astrocytes are believed to play a fundamental role in the 

pathogenesis of neuronal death. The failure of astrocytes in supporting the essential needs 

of neurons constitutes a great threat for neuronal survival. The multifaceted and complex 

role of astrocytes in response to injury includes enhancing neuronal survival/regeneration 

and contributing to further injury [482,483]. Glial cells, including astrocytes, generate 

excessive amounts of NO as a result of the activation of iNOS, and NO can induce 

neuronal apoptosis in ischemia/reperfusion injury. However, the cellular and molecular 

mechanisms of neuronal death induced by excessive NO have not yet been clearly 

defined. Brain hypoxic/ischemic injury is associated with an obvious inflammatory 

reaction that results in the expression and release of several cytokines [484]. These 

important mediators activate the expression of iNOS in different cell types, including 
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glial cells in the CNS [485,486,487]. Interleukin-1β (IL-1β) and tumour necrosis factor 

(TNFα), which are significantly increased within a few hours of ischemia. IL-1β and 

TNFα trigger transcriptional activation of the iNOS gene and then up-regulate iNOS 

expression [349,488]. Oxidative stress induced by ischemia might itself trigger the 

induction of iNOS. Moreover, the iNOS promoter contains a hypoxia response element, 

seeing as a specific pathway with regards to the hypoxia-inducible factor-1α (HIF-1α) 

pathway can be activated at the onset of ischemia [350]. Consequently, the NO 

generation persists. It is believed that NO produced by de novo expression of iNOS 

contributes to brain damage caused by hypoxic ischemia [489]. In the present study, we 

examined whether or not iNOS expression was enhanced in response to OGD/reperfusion 

in astrocytes. Consistent with previous research, OGD/reperfusion markedly elevated 

iNOS protein levels in cultured astrocytes. Our study first demonstrates that PDI is 

S-nitrosylated in cultured astrocytes following ischemia/reperfusion injury, and that this 

is highly associated with extensive generation of NO, which is induced by up-regulated 

iNOS expression. This finding suggests that S-nitrosylation of PDI probably inactivates 

the normal properties of PDI, and it may contribute to the pathogenesis of 

ischemia/reperfusion injury.  

PDI is a ubiquitous, highly conserved redox enzyme from the thioredoxin 

superfamily, located mainly in the ER [458]. During protein folding in the ER, PDI 

facilitates proper protein folding and helps to maintain the structural stability of the 

mature protein [417]. As a consequence, PDI is considered to be a molecular chaperone 

capable of stabilizing the correct folding of substrate proteins. It also facilitates the 

ER-associated degradation of misfolded proteins [459]. PDI is involved in the 
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retro-translocation of misfolded cholera toxin from the ER to the cytoplasm by 

interacting with the ER transmembrane protein Derlin-1 [460]. In this study, we found 

that PDI expression was up-regulated in astrocytes following OGD/reperfusion. This 

result was consistent with previous studies that have indicated the up-regulation of PDI in 

astrocytes in response to hypoxia or transient forebrain ischemia in astrocytes [374]. 

Study of ischemic cardiomyopathy indicates that PDI is up-regulated in the viable 

peri-infarct myocardial region after infarction. This up-regulation of PDI led to a 

significant decrease in the rate of cardiomyocyte apoptosis [372]. All of this evidence put 

together indicates that the up-regulation of PDI in ischemia/reperfusion injury represents 

an adaptive response that promotes correct protein folding and offers potential protection 

to cells. However, detrimental generation of NO derived from iNOS induces 

S-nitrosylation of PDI; this posttranslational modification of PDI may attenuate its 

protective effects in ischemia/reperfusion injury.  

As we know, ischemia-reperfusion causes accumulation of high-molecular weight 

ubiquitinated-proteins following forebrain ischemia [378]. These ubiquitinated-protein 

aggregates are visualized in cultured astrocytes following glucose deprivation/recovery 

[391]. They are clustered with co-translational chaperones, protein folding enzymes [381], 

subcellular structures [379], proteasomes [490], and stress granules [383]. These changes 

may contribute to ischemic dysfunction of astrocytes and lead to neuronal damage. The 

accumulation of misfolded protein in the ER results in ER stress that triggers the 

protective UPR. The UPR entails the induction of chaperone molecules, the degradation 

of misfolded proteins, and inhibition of protein translation [461]. Prolonged ER stress can 

nonetheless still lead to activation of apoptosis [462]. Studies done on pancreatic β cells, 
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macrophages [463], and cerebellar granule cells [464] have demonstrated that NO can 

also induce ER stress. However, the molecular basis of this remains unknown. 

Furthermore, although the involvement of NO in the pathology of brain 

ischemia/reperfusion injury has been widely accepted, the chemical relationship between 

nitrosative stress and formation of ubiquitinated-protein aggregates has remained obscure. 

Our findings indicate that S-nitrosylation of PDI may hold some of the answers to these 

questions. Studies have shown that in Parkinson’s disease, excitotoxic activation of 

nNOS leads to excessive NO generation, which causes S-nitrosylation of the active-site 

thiols of PDI and inhibits its corresponding isomerase and chaperone activities [421]. In 

this regard, NO blocks the protein’s protective effects via S-nitrosylation of PDI. 

S-nitrosylation of PDI leads to the accumulation of misfolded and polyubiquitinated 

proteins, and results in prolonged UPR activation. NO-mediated S-nitrosylation of PDI 

thus participates in persistent ER stress and the induction of apoptosis [421]..  

We further demonstrated that NO-mediated S-nitrosylation of PDI may take part in 

the formation of ubiquitinated-protein aggregates in cultured astrocytes following 

OGD/reperfusion, seeing as the aggregate’s formation was blocked by the iNOS inhibitor 

1400W, which could efficiently inhibit the S-nitrosylation of PDI. When cultured 

astrocytes were subjected to OGD/reperfusion, the cells formed smear 

detergent/salt-insoluble ubiquitinated-protein aggregates. Furthermore, diffuse free 

ubiquitin staining changed into punctuated staining within peri-nuclear regions. This 

conjugated ubiquitin with reduced cytosolic and nuclear free ubiquitin distribution was 

considered to be ubiquitinated-protein aggregates. The formation of these aggregates 

correlated well with the level of S-nitrosylation of PDI. With the use of 1400W to inhibit 
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the activity of iNOS, the generation of NO was consequently decreased, which 

subsequently led to down-regulation of SNO-PDI levels. With the inhibition of 

S-nitrosylation of PDI, the formation of ubiquitinated-protein aggregates was decreased, 

seeing as the detergent/salt-insoluble smear of ubiquitin in the pellet fraction was 

significantly reduced through the use of 1400W. This finding clearly demonstrates that 

blocking NO generation reduces the accumulation of ubiquitinated-protein aggregates. 

This blockade effect of 1400W may, result from reducing NO-mediated S-nitrosylation of 

PDI.             

Free radicals contribute to neuronal death following hypoxic/ischemic brain injury. 

Not surprisingly, several studies have demonstrated that antioxidant treatment improves 

neuroprotection and recovery after brain injury [491,492,493]. SOD1 is an enzyme that 

detoxifies free radicals under normal physiologic conditions. SOD1 converts the 

superoxide anion into hydrogen peroxide, which is subsequently detoxified to water by 

glutathione peroxidase (GPX) or catalase [494]. Reperfusion following cerebral ischemia 

leads to an overproduction of free radicals and the consumption of endogenous 

antioxidants. Neurons are particularly vulnerable to free radical damage partially due to 

their relatively low levels of endogenous antioxidants. Studies have shown that 

non-neuronal cells may participate in free radical scavenging during ischemia/reperfusion 

[495]. One facet of reactive astrocytes in brain ischemia/reperfusion injury is the chronic 

secretion of antioxidants for neuronal protection and survival. SOD1 is one of the 

beneficial antioxidants produced by astrocytes. Prior studies using transgenic animal 

models have clearly established a beneficial role of SOD1 in adult ischemia/reperfusion 

injury [496]. Rodents overexpressing SOD1 have a much better outcome followign head 
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injury [497]. In our study, the expression of SOD1 was up-regulated in cultured 

astrocytes following OGD/reperfusion. The increased expression of SOD1 may represent 

a protective response to ischemic stress that enhances the antioxidant ability. However, 

studies have shown that SOD1 overexpression offers no protection under OGD 

conditions in a hippocampal culture model of excitotoxic injury [498]. Our results 

regarding the  S-nitrosylation of PDI in cultured astrocytes following OGD/reperfusion 

provides an explanation to this finding. First, SOD1 was shown to be one of the PDI 

molecular targets [306] in ischemic cardiomyopathy. Second, a physical interaction 

between SOD1 and PDI has been indicated in cultured cells in FALS [54]. PDI bound to 

both wild-type and mutant SOD1, and co-localized with intracellular aggregates of 

mutant SOD1. Inhibition of the activity of PDI with the use of bacitracin increases 

aggregate production [54]. In patients with amyotrophic lateral sclerosis (ALS), PDI was 

found to be co-localized with SOD1 in neuronal cytoplasmic inclusions (NCIs) [457]. In 

the present study, PDI and SOD1 were found to bind to one another in astrocyte cultures. 

Although PDI was up-regulated after OGD/reperfusion treatment, increased total PDI did 

not bind more SOD1. Instead, less PDI-SOD1 binding was detected after 

OGD/reperfusion treatment in immunoprecipitation. The possibility is, despite the 

induction of PDI after ischemia/reperfusion injury, the SNO-PDI could not bind to SOD1 

as efficiently as normal PDI. In addition, SOD1 was ubiquitinated to form aggregates, 

and the insoluble SOD1 aggregates could not be detected in the soluble cell lysates used 

in the experiment. Some proportion of PDI was associated with SOD1 aggregates in the 

insoluble fraction of the cell lysates. We may envisage that PDI normally binds to SOD1 

to form a disulfide-linked dimer. However, if PDI was S-nitrosylated, it could not bind to 
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SOD1 as efficiently; and the disulfide-reduced SOD1 would more easily form aggregates. 

The diffuse distribution of SOD1 within the cytosol and nucleus under normal conditions 

changed into punctuated peri-nuclear and nuclear distribution following treatment with 

OGD 8 h/reperfusion 16 h. This result suggests abnormal folding of SOD1 in the 

cytoplasm had occurred. The ubiquitin-proteasome system (UPS) is the major 

intracellular proteolytic mechanism that controls the degradation of misfolded/abnormal 

proteins [499]. The co-localization of SOD1 and ubiquitin indicates that the misfolded 

SOD1 is ubiquitinated for further degradation. .  

In this study, we have successfully demonstrated for the first time that 

OGD/reperfusion treatment in cultured astrocytes leads to an excess amount of NO 

generation by iNOS up-regulation in response to stress induced by ischemia/reperfusion. 

This leads to the formation of ubiquitinated-protein aggregates, probably through the 

process of S-nitrosylation of PDI. Our elucidation of an NO-mediated pathway that 

causes dysfunction of PDI by S-nitrosylation provides a mechanistic link between free 

radical production and abnormal protein aggregation in brain 

ischemia/reperfusion-induced injury. NO-based therapeutic strategies may help to prevent 

aberrant protein misfolding by targeting disruption or prevention of nitrosylation of 

specific proteins such as PDI. These therapeutic strategies may help to improve the 

protective astrocytic activities in the future, thus enhancing neuronal survival, and 

improving the outcomes following brain ischemia/reperfusion injury. 
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Fig. 5.1 Effect of OGD/reperfusion treatment on NO production and iNOS protein 
production.  
 
A. The changes of NO levels in cultured astrocytes following OGD/reperfusion as 
determined by Griess reagent. Following reperfusion, NO production increased gradually 
and reached a peak under the treatment of OGD 8h/reperfusion 24h. This increase was 
significant in comparison to all other groups. B. iNOS protein levels in cultured 
astrocytes following OGD/reperfusion as determined by Western blotting. Full-length 
iNOS protein (~130kDa) was more enriched in the OGD/reperfusion groups compared to 
the control group. OGD/reperfusion significantly induced greater levels of iNOS than in 
normal conditions. Five independent experiments were performed and data were 
analyzed in triplicate. Values were presented as mean±S.E.; *, p<0.05; **, p<0.01; ***, 
p<0.001 by one-way ANOVA with Tukey’s post hoc test.  
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Fig. 5.2 Expressions of PDI and SOD1 protein and their correlations in cultured 
astrocytes following OGD/reperfusion  
A. PDI expression in cultured astrocytes demonstrated an increasing trend in the process 
of reperfusion and peaked at OGD 8h/reperfusion 24h. B. SOD1 expression in cultured 
astrocytes was increased gradually during the process of OGD/reperfusion and reached a 
peak at OGD 8h/reperfusion 24h. C. The anti-SOD1 antibody co-precipitated PDI, and 
the anti-PDI antibody co-precipitated SOD1 in cultured astrocytes. Three separate 
immunoprecipitations were performed, and data in triplicate were analyzed. Data were 
presented as mean±S.E.; *, p<0.05; **, p<0.01; ***, p<0.001 by one-way ANOVA with 
Tukey’s post hoc test.  
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Fig. 5.3 S-nitrosylation of PDI in cultured astrocytes following OGD/reperfusion  
A. In the presence of both ascorbate and biotin-HPDP, astrocytes following OGD 
8h/reperfusion 24h treatment have detectable SNO-PDI, indicating the specificity of 
biotin-switch assay. B. PDI was S-nitrosylated in cultured astrocytes following 
OGD/reperfusion. Densitometric quantitation showed significant differences of SNO-PDI 
levels between the control group and the OGD/reperfusion groups. C. 1400W 
significantly inhibited NO production; the iNOS protein expression remained unalteredin 
cultured astrocytes following OGD 8h/reperfusion 24h. C. The cultured astrocytes were 
pretreated with various concentrations of iNOS inhibitor 1400W, which suppressed the 
S-nitroslylated PDI formation under OGD 8h/reperfusion 24h. The level of SNO-PDI 
was reduced with the increased concentration of 1400W (1, 10, and 50 μM). Moreover, 
1400W suppressed S-nitrosylation of PDI, with the maximum effect seen at the 
concentration of 50 μM. Three independent experiments were performed in triplicate. 
Data were presented as mean±S.E.; *, p<0.05; **, p<0.01; ***, p<0.001 by one-way 
ANOVA with Tukey’s post hoc test. 
 

 

     



                                               144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                               145 

Fig. 5.4 The formation of detergent/salt-insoluble ubiquitinated-protein aggregates 
following OGD/reperfusion, and the inhibition effect of 1400W.  
A. Protein smears ranging from 37 to 250 kDa were considered to be ubiquinated 
proteins. Increased levels of detergent/salt-insoluble ubiquitinated-protein aggregates 
were observed in pellet fractions under OGD/reperfusion. This change was more 
pronounced in OGD 8h/reperfusion 24h group. 1400W inhibited the formation of  
ubiquitinated-protein aggregates in the insoluble pellet fraction, with the maximum effect 
seen at the concentration of 50 μM. B. The ubiquitinated-protein aggregates were 
quantified using average intensity of protein smear, using β-actin as an internal control. 
Data from three independent experiments were presented as mean±S.E.; *, p<0.05; **, 
p<0.01; ***, p<0.001 by one-way ANOVA with Tukey’s post hoc test. 
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Fig. 5.5 The distribution of ubiquitin-conjugated proteins and localization of 
ubiquitin and SOD1 in cultured astrocytes following OGD/reperfusion by using 
immunostaining.  
A. In normoxic control astrocytes, the ubiquitin immunoreactivity was diffuse and evenly 
distributed in cytoplasm and nucleus. Following OGD 8h/reperfusion 16h, the diffuse 
distribution of free ubiquitin lost nuclear staining and changed into clustered 
immunoreactivity near nucleus. 1400W attenuated the punctuated ubiquitin perinuclear 
distribution B. Co-localization of ubiquitin and SOD1 by using double-immunostaining. 
Ubiquitinated-protein aggregates were identified following OGD 8h/reperfusion 16h. 
Diffused SOD1 immunoreactivity changed into punctuated perinuclear-nuclear 
localization. Scale bar is 100 μm. Green, ubiquitin immunosignals; red, SOD1 
immunosignals; blue, nucleus staining with hoechst 33342. 
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Chapter 6.  Discussion and Significance 

The purpose of this thesis is to improve the understanding of how oxidative stress 

and nitrosative stress works as mechanisms of protein posttranslational modification, and 

to correlate this posttranslational modification with protein aggregates formation. This 

study contributes to determining the pathogenesis of aggregate-linked neurodegeneration 

in CNS disorders, such as ALS and cerebral ischemia. Further direction includes finding 

the therapeutic approaches to inhibit the protein aggregation by targeting the 

posttranslational modification. This study was divided into three distinct sets of 

experiments; the results were discussed separately. Although these three experiments are 

distinct, they are connected with each other and make up a whole picture. We will 

summarize the correlation of three components of this work. The strengths and 

limitations will also be identified. Finally, future work will be discussed. 

6.1 Oxidative modification of SOD1 in protein aggregate formation in ALS 

Oxidative stress is caused by the overwhelming generation of ROS and RNS, which 

shift the balance between oxidant generation and defense mechanisms against 

pro-oxidative conditions. Physiologically, in CNS diseases, the activation of glia cells and 

neuroinflammation is associated with ROS and RNS generation. More and more evidence 

supports the idea that oxidative stress is involved in neurodegenerative diseases. 

Oxidative overload in the neuronal micro-environment causes oxidation of lipids [500], 

proteins [501] and DNA [502] and generates many byproducts such as peroxides, 

alcohols, aldehydes, ketones, and cholesterol oxide [503]. ROS mediates oxidation of 

protein side-chains, which results in the introduction of hydroxyl groups or in the 
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generation of protein based carbonyls [504]. Carbonyl groups are introduced in proteins 

by oxidizing amino acid residue side-chain hydroxyls into ketone or aldehyde derivatives 

[505]. Carbonyl groups can also be introduced in proteins by direct oxidation of lysine, 

arginine, proline and threonine residues, or from the cleavage of peptide bonds by the 

α-amidation pathway or by the oxidation of glutamyl residues [506]. Measurement of 

protein carbonylation is thought to be a good estimate for the extent of oxidative damage 

of proteins associated with various conditions of oxidative stress [507,508,509].  

A common pathological hallmark of multiple neurodegenerative diseases is the 

aberrant intracellular and extracellular deposition of self-aggregating misfolded proteins 

that form highly-ordered insoluble fibrils. Although the pathogenicity of protein 

aggregates remains uncertain [510], a causative link between the formation of protein 

aggregates and neurodegeneration has been established, which may occur as a result of 

the toxic action of substances produced during early phases. Soluble oligomers and 

protofibrillar derivatives of misfolded proteins may play a pathogenic role [511,512]. 

These abnormal protein aggregates can be produced by several events, including 

glycation/glycoxidation, modification of proteins by lipid peroxidation products, 

halogenations of amino acid residues, faulty posttranslational modifications, and 

oxidation and/or nitration of amino acid residues by ROS or RNS. However, the exact 

mechanisms of abnormal aggregates formation are not fully understood. Genetic and 

environmental factors (especially oxidative stress) contribute to these mechanisms. [513]. 

Aberrant proteins are the result of inherited or acquired amino acid substitution or 

damage. Aberrant proteins cannot fold correctly under oxidative modification; they 

become trapped in misfolded conformations. Growing evidence supports the hypothesis 
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that oxidative stress, combined with protein aggregation, triggers a cascade of events 

leading to cell death in multiple neurodegenerative diseases. Proteins modified by 

oxidative reactive species tend to form aggregates. Highly oxidized and cross-linked 

proteins may act as endogenous inhibitors of proteasomal activity. Since the proteasome 

represents the major proteolytic machinery for the removal of oxidized and misfolded 

protein [514], inhibition of the proteasome or decreasing proteasomal activity will result 

in an accumulation of abnormal proteins [515]. Therefore, timely removal of oxidatively 

damaged proteins is of critical importance to maintain normal cellular homeostasis and 

viability. If homeostasis is not restored, cells ultimately undergo apoptotic or necrotic cell 

death. To prevent cytotoxicity induced by oxidized proteins, normal 

proteasome-dependent degradation is essential for cells to cope with oxidative stress 

[516]. In a vicious cycle, proteasomal dysfunction can lead to decreased degradation of 

misfolded proteins; this results in the accumulation of oxidized proteins and subsequent 

protein aggregation. Protein aggregates can then feedback to further inhibit proteasome 

activities, stimulate ROS/RNS formation, and lead to cytotoxicity and human pathologies. 

Such phenomena have been implicated in many oxidative stress-associated disorders, 

including neurodegenerative diseases [517,518].  

A broad specturm of proteins reportedly go through oxidative modification. This 

modification leads to abnormal and damaged proteins and protein aggregation. As an 

example, SOD1 converts reactive oxygen to harmless water with its antioxidant activity. 

However, mutant SOD1 in ALS functions to gain a toxic property, not a loss of its 

enzymatic activity. One toxic property is the abnormal accumulation of mSOD1 

aggregates. The accumulation of these abnormal protein aggregates leads to progressive 
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loss of motor neurons in an age-dependent manner. In Chapter 3 of this thesis, we 

focused on the oxidative modification of the cysteine residues of SOD1 in mechanism of 

mSOD1 aggregates formation. There are four cysteine residues in SOD1; they are Cys6, 

Cys57, Cys111 and Cys146. Only Cys111 exists in thiol state (-SH), and this is the main 

source for alkylation, providing thiolate anion (-SH) for oxidative modification. The 

presence of Cys111-peroxidized SOD1 in the spinal cord of G37R mutant SOD1 

transgenic mice indicated that under genetic mutation and environmental oxidative stress, 

the thiol group (-SH) of Cys111 is oxidized to sulfonic acid (-SO3H), detected by the 

specific anti-C111ox-SOD1 antibody. In vitro study also demonstrated that oxidative 

modification of Cys111 of mSOD1 could be induced by H2O2 in a dose-dependent 

manner. Interestingly, this oxidized SOD1 (Cys111-peroxidized SOD1) and mSOD1 are 

conformationally similar, seeing as both G93A mutation and Cys111 sulfonic acid moiety 

(-SO3H) could induce the formation of conformational epitope. Furthermore, this 

oxidized SOD1 is detectable in the spinal cords of SALS patients [45], and correlates 

well with the formation of high molecular weight protein aggregates with the progression 

of ALS. The unique characteristic of this high molecular weight protein aggregates is its 

presence after being boiled in Laemelli’s sample buffer (typically containing 0.1-2.0% 

SDS and 5% β-mercaptoethanol). Under this extremely reducing condition, all the 

disulfide-bonds are brokendown, which indicates that the formation of this HMW protein 

aggregate does not rely on disulfide bond, but is mediated by covalently-linked oxidative 

modified SOD1 species. This result is consistent with another study which indicated that 

SOD1-containing oligomers may be partially held together by covalent bonds and 

contains covalently modified SOD1 species [177]. Furthermore, the involvement of 
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Cys111 of in aggregate formation was confirmed by the DSG cross-linking experiment. 

When Cys111 is mutated to serine, combined with G93A mutations, the formation of 

cross-linked HMW complexes decreases significantly compared to the single G93A 

mutation. However, when G86R mutant is overexpressed in mice, mice developed an 

ALS-like disease marked by hind-limb paralysis. Since mice lack cysteine in position 111, 

this mouse model indicates that Cys111 may not mediate all toxicity aspects of mSOD1 

and may indicates that aberrant mSOD1 aggregation are partially mediated by the 

oxidative modification of Cys111. 

6.2 S-nitrosylated modification of PDI in protein aggregates formation in ALS 

Excessive generation of ROS/RNS, including superoxide anion (O2
-) and nitric 

oxide (NO) contributes to neuronal cell injury and death in neurodegenerative diseases. 

NO participates in various cellular signaling pathways to regulate broad aspects of brain 

function, such as synaptic plasticity, normal developments, and neuronal cell death [519]. 

Over the past decade and a half, evidence has suggested that these effects are largely 

achieved by a reaction of NO termed S-nitrosylation. S-nitrosylation is a covalent 

reaction transferring a NO group to a reactive cysteine thiol (RSH), forming a 

S-nitrosothiol derivative (R-SNO) on target proteins. This modification is broadly 

identified in mammalian, plant, and microbial proteins; this modification is analogous to 

phosphorylation in regulating the biological activity of many proteins [520]. Interestingly, 

S-nitrosylation can mediate either protective or neurodestructive effects depending on the 

substrate proteins it is targeting. NO mediates neuroprotective effects through 

S-nitrosylation of NMDA receptors and caspases [521]. However, NO exerts neurotoxic 
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effects through forming S-nitrosylation or peroxynitrite of MMP-9 and GAPDH [522]. In 

addition, recent studies indicate that the excessive generation of NO-related species may 

play a key role in the process of protein misfolding and aggregation. Aberrant oxidative 

and nitrosative stress are implicated in chaperone and proteasomal dysfunction, leading to 

accumulation of aberrant protein aggregates. However, the exact molecular and 

pathogenic mechanisms underlying NO contributing to the aggregate formation is still 

unclear. S-nitrosylation of PDI regulates its isomerase and chaperone activities, 

contributing to protein misfolding and neurotoxicity in models of PD. Our studies in 

Chapter 4 also indicate that NO-mediated dysfunction of PDI by S-nitrosylation is 

involved in the abnormal accumulation of mSOD1 protein aggregates in ALS.  

The accumulation of protein aggregates is an adaptive response to pathological 

stresses; these misfolded or otherwise abnormal proteins are produced even in healthy 

cells. However, under normal conditions, cells have mechanisms in quality control, 

including (1) molecular chaperones that help protein fold properly and reduce toxic 

aggregation, (2) the ubiquitin-proteasome system (UPS) that degrades misfolded proteins, 

(3) the unfolded protein response (UPR) that up-regulates the ER-resident chaperones to 

ameliorate the accumulation of unfolded or misfolded proteins, and (4) 

autophagy/lysosomal degradation that is responsible for the removal of large protein 

complexes [523,524]. Under pathological conditions, dysfunction of molecular chaperone 

or proteasome activities can lead to deposition and accumulation of aberrant protein 

aggregates. Several mutations in molecular chaperones or UPS-associated proteins are 

indicated in neurodegeneration. In PD, the ubiquitin E3 ligase parkin takes part in 

ubiquitin-proteasome-dependent degradation of misfolded proteins. However, several 



                                               153 

mutations in parkin have been associated with Lewy body formation [525]. Aberrant 

accumulation of these proteins tightly links to the poor prognosis for the survival of 

dopaminergic neuron in PD. Just like the effects of mutations on parkin in familial PD, 

nitrosative and oxidative stress act as a potential causal factor for protein misfolding in 

sporadic PD in the absence of a genetic mutation. Actually, S-nitrosylation of parkin and 

further oxidation of parkin change its E3 ligase activity, thus inducing disruption of UPS 

function [526]. PDI was also S-nitrosylated modified in PD. PDI, located in the ER, 

facilitates proper protein folding by breaking disulfide bonds (reduction), introducing 

disulfide bonds into proteins (oxidation), and catalyzing thiol/disulfide exchange 

(isomerization). It functions to facilitate disulfide bond formation, rearrange the reaction, 

and maintain the structural stability of the mature protein. Furthermore, PDI is capable of 

stabilizing the correct folding of substrate proteins with its molecular chaperone activity. 

In several neurodegenerative diseases and in ischemic injuries, the PDI expression is 

up-regulated, which represents an adaptive response that promotes protein refolding. 

However, PD transgenic mouse studies have shown that excessive generation of NO can 

cause S-nitrosylation of the active-site thiols of PDI, suppressing its isomerase and 

chaperone activities. Consequently, S-nitrosylation of PDI partially takes a part in the 

accumulation of misfolded and polyubiquitinated proteins, which trigger prolonged UPR 

activation and persistent ER stress. Further studies also demonstrate that PDI is 

S-nitrosylated modified in the brains of sporadic AD and PD patients. These studies 

suggests that PDI gets S-nitrosylated under severe ER stress and that it is due to the 

posttranslational modification of PDI that turns its potential neuroprotective function into 

a neurodestructive role.  
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In Chapter 4 of this thesis, PDI was also found to be S-nitrosylated in the spinal 

cords of two strains of mSOD1 transgenic ALS mice, and S-nitrosylation of PDI 

inhibited PDI’s isomerase and chaperone activities and compromised its up-regulation, 

which offered some degree of neuronal protection. Furthermore, S-nitrosylated 

modification of PDI is highly associated with high levels of iNOS expression and 

subsequently high levels of NO generation. This correlation was confirmed by the finding 

that NO-mediated S-nitrosylation of PDI was attenuated by the NOS inhibitor NNA 

treatment. Furthermore, S-nitrosylated modification of PDI is highly linked to the 

formation of mSOD1 aggregates. mSOD1 expression in SH-SY5Y cells promoted iNOS 

expression and NO generation, which triggered S-nitrosylation of PDI. Inhibiting 

S-nitrosylation of PDI with NOS inhibitor NNA attenuated mSOD1 aggregation. These 

results of S-nitrosylated modification of PDI in ALS are consistent with the previous 

work focusing on other neurodegenerative diseases. These results provide a mechanistic 

link between free radical production and abnormal protein accumulation. In addition, 

these finding have important implications for new therapeutic approaches targeting 

aberrant S-nitrosylated modification. These results also indicate that elucidation of this 

aberrant S-nitrosylated modification will help us attain a better understanding of the 

molecular mechanisms involved NO-mediated neurodegeneration. S-nitrosylated 

modification of PDI may become a target for future treatment of neurodegenerative 

diseases.  

6.3 S-nitrosylated modification of PDI in ubiquitinated-protein aggregates 

formation in cerebral ischemia 
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Emerging evidence suggests that cerebral ischemia can lead to protein misfolding 

and aggregation, resulting in overproduction of protein aggregate-associated organelles 

[527]. Protein aggregation was identified as an important factor resulting in 

ischemia-induced neuron death in 2000 by Hu et al. These combined results indicate that 

protein aggregation is one cause of neuron death. Moreover, evidence from studies on 

protein chemistry, molecular, and cellular biology indicates that certain proteins are 

susceptible to unfolding and forming aggregates. These studies also show that soluble 

oligomeric assemblies of misfolded proteins may cause cell injury or death. Protein 

aggregation was first identified in AD. Protein aggregation exists in more than 20 

degenerative conditions affecting either the CNS or a variety of peripheral tissues. PD, 

Huntington’s disease, Creutzfeldt-Jakob disease, cystic fibrosis, and Gaucher’s disease 

are all included in these degenerative conditions [528]. Normally, the protein aggregates 

formation is triggered by various stresses; some of the newly synthesized proteins 

misfold and some of the already synthesized proteins unfold. Thus, the denatured proteins 

lose their normal threedimensional structures. If this situation gets worse, it will expose 

the sticky hydrophobic subunits interiorly buried in the denatured proteins. The denatured 

proteins will tend to stick to one another to form cyto-toxic protein aggregates. The 

deposition of these protein aggregates is normally located in the cytosol or cellular 

membrane; mitochondrial and ER are also included. Thus, the subcellular normal 

activities are interfered with, leading to cell death. During cerebral ischemia, the ischemic 

stress can induce the conformational changes in proteins. Then the proteins lose their 

three dimensional conformation, expose hydrophobic residue, and turn into denatured 

proteins that stick to one another, precipitate, and form protein aggregates. To maintain 
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cellular function and integrity, the cells will initate a series of mechanisms to eliminate or 

rescue the denatured and aggregated proteins. If the protein is badly damaged it will 

undergo degradation to block its cyto-toxic effects. The most common proteolytic 

machinery in the cell is ubiquitin-proteasomal system (UPS). 

The presence of free radicals and the resulting oxidative stress and nitrosative stress 

have a multitude of modifying and destroying effects to various molecules and to proteins, 

which lead sooner or later to cellular dysfunction and diseases. To keep cells undamaged 

and functional, cells develop a large arsenal of defending and repairing mechanisms, 

including an anti-oxidative redox-system that detoxifies oxidants and the UPS, which 

degrades damaged, misfolded and mutant proteins. The central part of UPS is the 

proteasome itself. The second part is the ubiquitin machinery, which contains three 

different groups of enzymes that are required for ubiquitin binding and elongation to tag 

proteins for degradation. Impairments of the protein degradation pathways have been 

implicated in many human diseases, including cerebral ischemia. Proteasome activity is 

decreased after transient cerebral ischemia, which leads to accumulation of protein 

aggregates, containing proteasome. Proteasome activity reduction is an important 

pathological phenomenon that is associated with proteins aggregation and neuronal death 

in neurons injured by transient ischemia.  

Besides UPS, chaperones rescue the abnormal proteins in cells. Chaperones are a 

functionally related group of proteins that control both initial protein folding and 

subsequent maintenance of proteins in the cell. The assistance of molecular chaperones is 

required in the process of folding in vivo [390]. Once the protein is already synthesized, 
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chaperones also play a role in a posttranslational quality control system and thus are 

required to maintain the proper conformation of proteins under the challenge of stress. 

Many factors are involved in protein unfolding and misfolding of proteins. The cells 

depend on chaperones to control and counteract the aggregation process by refolding the 

liberated polypeptides or their proteolysis. In this way, chaperones help to assemble and 

disassemble protein complexes and suppress protein aggregation.  

Protein folding in the ER starts with cotranslational/translocationally modifications 

and continues with posttranslational modifications until the native protein structures are 

reached [273]. The ER harbours factors that assist proteins in their folding. These factors 

support the attachment or formation of protective and stabilizing covalent modifications. 

The formation of disulfide bonds is a key step in the maturation of the majority of the 

proteins that traffic through the ER. The conditions of the ER favour the protein-assisted 

formation of disulfide bonds. PDI, the ER chaperone, catalyzes these reactions by acting 

as electron acceptors in the oxidation reaction or electron donors for the converse 

reduction reaction. PDI can also isomerize disulfide bonds, helping proteins to obtain 

native disulfides by rearranging nonnative linkages. PDI contains CXXC motifs in 

thioredoxin domains and acts as both an oxidoreductase and a chaperone. PDI contains 

two catalytically active thioredoxin-like domains (TLD), termed a and a' which are 

divided by inactive TLD, termed b and b'. The crystal structure of yeast PDI shows that 

the four TLD form a twisted "U" shape [278]. The catalytically active domains are 

located at the top of the U across from each other. The two non-catalytic domains are 

localized to the inside surface of the U in an area enriched in hydrophobic residues. The 

hydrophobic surface is considered to take a part in binding misfolded structures and 
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positioning the substrate for the catalytic domains to act upon the substrate. PDI, with the 

catalytic CXXC motifs, acts to accelerate the formation and rearrangement of disulfide 

bonds. PDI also acts as a molecular chaperone that facilitates the fidelity of the protein 

folding reaction by suppressing nonproductive aggregate formation. PDI interacts with 

the substrate proteins to promote correct protein folding.  

In Chapter 5 of this thesis, the ER chaperone PDI was shown to be modified by 

S-nitrosylation in cultured astrocytes after OGD/reperfusion, which is associated with the 

up-regulation of iNOS expression and NO generation. NO-mediated S-nitrosylation of 

PDI is highly associated with the formation of ubiquitinated-protein aggregates. This 

result indicates that the nitrosative stress mediated by NO triggers the abnormal protein 

folding in the ER, and that the accumulation of misfolded proteins in the ER initiates the 

ER stress and subsequently the protective UPR, which entails the induction of chaperone 

molecules. The up-regulation of PDI in response to cerebral ischemic injury represents an 

adaptive reaction of the UPR. However, if the nitrosative stress is too severe, it will cause 

the postranslational modification of the chaperones. For example, S-nitrosylation of PDI 

leads to the inhibition of the catalytic and chaperone activitities. Once the chaperones 

lose their functions, it will not help to refold the misfolded proteins in the ER, which will 

progress to protein aggregates. These protein aggregates are governed by a regulatory 

protein in a process named “ubiquitination”, which is a posttranslational modification that 

promotes the recognization of substrates by the proteasome degradation machinery [529]. 

The ubiquitin (Ub) molecule is an 8-kDa protein that covalently attaches itself to specific 

substrates through the action of Ub ligases, tagging the protein for destruction by 

proteasomes. This process is crucial for the maintenance of cellular homeostasis [530]. In 
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response to protein misfolding, cells attempt to refold the protein or promote its 

ubiquitination for proteasomal degradation. Failure in the adjustment of misfolded 

proteins can lead to their accumulation in aggregates, which are rich in Ub. Such 

ubiquitin-positive protein aggregates are a hallmark of many degenerative diseases. The 

aggregates in cultured astrocytes after OGD/reperfusion in this study are also 

ubiquitin-positive, with a punctuated pattern in the peri-nuclear regions. The relationship 

of S-nitrosylation of PDI and ubiquitinated-protein aggregates was confirmed by the 

using of the iNOS inhibitor 1400W. Once the activity of iNOS was inhibited by 1400W, 

the NO generaton was consequently decreased, which led to down-regulation of the PDI 

S-nitrosylation level. Meanwhile, the formation of ubiquitinated-protein aggregates was 

reduced as well. We believe that the protective effect of 1400W on aggregates formation 

partially resulted from reducing NO-mediated S-nitrosylation of PDI. Furthermore, the 

ubiquitinated-protein aggregates were co-localized with SOD1, which is a PDI molecular 

target in ischemic cardiomyopathy. PDI, with its catalytic function, helps to correct 

disulfide linking of SOD1. Once PDI was modified by S-nitrosylation, its activity in 

promoting correct disulfide linking of SOD1 was compromised, SOD1 probably went 

through misfolding and aggregation, and finally was identified by UPS for degradation. 

We demonstrate for the first time that PDI is S-nitrosylated in cultured astrocytes 

following OGD/reperfusion, and the formation of ubiquitinated-protein aggregates is 

partially induced by NO-mediated S-nitrosylation of PDI. Preventing protein aggregation 

will be a new target of research in the field of brain ischemia. The NO-based therapeutic 

strategies may help to prevent aberrant protein misfolding and aggregation by targeted 

disruption of nitrosylation of some specific proteins, such as PDI.  
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6.4 Limitations and strengths 

6.4.1 Limitations 

One limitation of studies presented in this thesis is the use of the biotin-switch 

method to detect the S-nitrosylated proteins [531]. S-nitrosylation of protein-the covalent 

adduction of a nitroso group to a cysteine thiol side chain, is an important 

posttranslational modification that has profound effects on protein function. To date, over 

200 different proteins have been identified as being by S-nitrosylation. In addition, 

aberrant S-nitrosylation is implicated in several disease states, including tumour initiation 

and growth, neurodegenerative diseases, cerebral ischemia, and malignant hyperthermia 

[532]. There are some technical difficulties in detecting the endogenously S-nitrosylated 

proteins. The S-NO bond is highly labile and redox sensitive, thus it is lost easily or 

gained artificially during sample preparation. Furthermore, the detectable levels of 

endogenously S-nitrosylated protein in cells are so low that overlap the limits of detection 

of currently available assays [533]. The biotin-switch techqiue (BST) introduced by 

Jaffrey et al [534] has proven to be a sensitive and specific method of measuring low 

levels of endogenous protein S-nitrosylation. The BST consists of three principal steps (1) 

“blocking” free cysteine thiols by S-methylthiolation with MMTS (a reactive 

thiosulfonate); (2) converting of S-NOs to thiols (S-H) via transnitrosation with ascorbate; 

and (3) in situ “labeling” by S-biotinylation of the nascent thiols with biotin-HPDP, a 

reactive mixed disulfide of biotin. The degree of biotinylation (and thus S-nitrosylation) 

is determined by either anti-biotin immunoblotting or streptavidin pull-down followed by 

immunoblotting for the protein(s) of interest. Despite its widespread use, the validity of 
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this technique has been challenged by some groups. Each step contains potential sources 

of error; for example, incomplete blocking of free thiols by MMTS can initiate false 

positives [535]. In addition, the ascorbic-dependent false-positive signals are generated in 

the presence of indirect sunlight but not when the samples are shielded from sunlight 

[536,537]. Performing the assay in the dark can avoid this problem. Another concern is 

that if BST is sensitive enough to distinguish between S-nitrosylated proteins and 

S-oxidized or S-glutathionylated proteins [537]. However, several studies have confirmed 

that BST preferentially detects S-nitrosylated proteins as opposed to S-oxidized or 

S-glutathionylated proteins [535,538]. During the sample preparation, extra attention 

should be paid to several steps. First, it is imperative to keep each sample containing 

equivalent protein inputs, seeing as the protein samples are subjected to multiple acetone 

precipitation steps and washes. To avoid this problem, we performed SDS-PAGE on the 

biotinylated material before avidin pulldown. The blocking step is a technical challenge, 

because some protein thiols can be resistant to complete blocking. When protein thiols 

are resistant to complete blocking, the result will be a high level of SNO-independent 

biotinylation. To avoid this problem, we applied a reverse strategy to omit the degree of 

blocking, which can attenuate a true SNO signal. Other strategies include lengthening the 

blocking reaction to improve efficiency and increasing ascorbic acid concentrations to 

improve the sensitivity of the assay. Like phosphorylation, S-nitrosylation is a rapidly 

reversible and precisely targeted posttranslational modification. Unlike phosphorylation, 

S-nitrosylation is a redox-sensitive and labile protein modification. Therefore, the 

detection of endogenous S-nitrosylation is technically more challenging than detecting 

stable protein modifications just like phosphorylation. Although BST is the most reliable 
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methods for detecting S-nitrosylation nowadays, technical advances that facilitate the 

detection and quantification of protein S-nitrosylation are required in the future to help us 

fully understand the role of S-nitrosylation in physical and pathological conditions. Based 

on these requirements, high sequence coverage and a sensitive mass spectrometric 

technique are needed in the detection and localization of posttranslational modifications, 

such as oxidative modification and S-nitrosylation. 

More advanced mass spectrometric techniques and affinity chromatography methods 

(immobilized metal affinity chromatography and modification site-specific antibodies) 

have enlarged our knowledge on the modified proteins, as well as types of modification. 

Furthermore, using quantitative mass spectrometry, we can figure out the physiological 

relevance of a posttranslational modification by identifying the quantitative changes of 

the modified protein under physical or pathological conditions [539]. Taken together, 

with advancements in mass spectrometry and new methods of isolating and enriching 

posttranslationally modified proteins, we can analyze posttranslationally modified 

proteins as well as the site and type of modification. The physiological and 

pathophysiological relevance of these posttranslational modifications will be studied in 

the future.   

6.4.2 Strengths 

The major strength of this study was the analysis of the effects of oxidative 

stress/nitrosative stress in process of protein posttranslational modification. I extended 

the research from the neurodegenerative disease ALS to cerebral ischemia, established 
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the association between free radical generation and protein aggregation, and confirmed 

the function of protein posttranslational modification in this process. 

In the case of SOD1, we found that the formation of disulfide-bond independent 

mSOD1 aggregates is mediated by Cys111 posttranslational oxidative modification. We 

tried to figure out the role of Cys111 oxidative modification on protein aggregation by 

mSOD1. Modification of amino acid residues, especially the oxidative modification 

induced by oxidative stress, can be a crucial factor that enhances the misfolding of 

mSOD1. SOD1-positive inclusion bodies are present in the spinal cords of FALS and 

mSOD1 transgenic mice. This finding indicates that mSOD1 is conformationally 

misfolded and subject to aggregation. This abnormal protein accumulation in neurons 

impairs multiple cellular functions and leads to neuronal toxicity. Cys111 is located on 

the edge of the dimer interface of each subunit. The oxidative modification of Cys111 

interrupts the conformational dimer contact at the interface stereochemically and induces 

the dissociation of SOD1. Molecular dynamics simulation of SOD1 implies that Cys111 

is critical for the residue interaction network in the protein. Modification of Cys111 is 

likely to affect the dimer interface through the network and may disrupt their coupled 

motions. Supporting that, in this study, we found that oxidative modification of Cys111 is 

involved in the aggregation process of mSOD1. Further studies will be required to clarify 

the detailed mechanism of oxidative modification of Cys111 mediating neurotoxicity in 

ALS.    

In the case of PDI, it is associated with condition of ER. ER in young and healthy 

cells can cope with newly imported or damaged proteins generated after mildstress. 
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However, if the stress is too severe, a number of misfolded protein sensors will induce a 

range of protective genes, including folding chaperones as well as genes coding for 

antioxidants. In this study, we found that the expression of SOD1 and PDI protein was 

up-regulated under oxidative/nitrosative stress. Especially, PDI can be inactivated by 

S-nitrosylated modification mediated by NO in diseased conditions, such as ALS and 

ischemic/hypoxic injury. This will lead to inhibition of reduction and/or redistribution of 

protein disulfides and aggravation of ER stress. This was the first study to investigate the 

effects of excessive generation of NO via iNOS up-regulation in mechanism of protein 

aggregation in ALS and cerebral ischemia. NO is free diffusible, it can migrate to ER and 

trigger S-nitrosylated modification of proteins, such as PDI. We found S-nitrosylation of 

PDI can be the intermediary agent in the pathway of NO-triggered protein aggregation. 

PDI is supposed to provide neuroprotection against the severe ER stress; but 

NO-mediated S-nitrosylation of PDI makes it lose its isomerize and chaperone activity, 

which is highly associated with the formation of protein aggregates in pathological 

conditions.  

6.5 Conclusions 

In summary, oxidative/nitrosative stress induces posttranslational modifications of 

proteins, which contributes to the formation of protein aggregates. Excessive production 

of ROS and RNS is involved in multiple diseased conditions, such as ALS and cerebral 

ischemia. Here we decribed a molecular mechanism involving oxidative modification of 

SOD1 and S-nitrosylation of PDI that links free radicals production and abnormal protein 

aggregation to neuronal cell injury. These findings have important implications for new 
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therapeutic approaches targeting aberrant posttranslational modification pathways 

induced by oxidative stress/nitrosative stress.  

6.6 Future directions 

Within the ER, PDI functions to catalyze the proper folding and assembly of 

proteins. Accumulation of misfolded proteins is a hallmark of multiple neurodegenerative 

diseases, such as ALS. It is also implicated as a causative factor in a variety of 

neurodegenerative conditions, such as cerebral ischemia. The present study has 

demonstrated that PDI is S-nitrosylated by excessive NO in the pathological conditions. 

An extension of the project is to test the hypothesis that S-nitrosylation of PDI is partially 

associated with protein misfolding and aggregation, and this is due to the loss of the 

isomerase and the chaperone-like activities of PDI. To determine whether S-nitrosylation 

affects PDI function, we will perform assays to detect PDI enzymatic activity.  

Futhermore, we will investigate the effect of S-nitrosylated PDI on neuronal death 

after ER stress and proteasome inhibition (resulting in the accumulation of 

polyubiquitinated proteins that cannot be degraded by the proteasome) induced by 

overexpressing of mSOD1 and ischemic/hypoxic injury. We will use SH-SY5Y cells and 

cultured astrocytes, because they can resist the direct NO-induced damage under 

conditions of formation of S-nitrosylated PDI. Using MAP2 staining to assess injury or 

retraction of neuronal processes, and Ub staining to evaluate the accumulation of 

ubiquitinated-proteins, we will examine if NO impairs the protective role of PDI through 

S-nitrosylation. We will study this effect along protein aggregates formation and 

neurotoxicity-associated cell death.   
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NO, as an important free radical, has received a great deal of attention in the past 

several decades. Particularly, the reaction of NO with protein cysteine residues that 

results in S-nitrosylation is believed to be critical for cellular physiological and 

pathological functions. A number of proteins have been identified as targets for 

S-nitrosylation. S-nitrosylation is thought to regulate protein activity and function. 

Previously, it has been hard to established whether or not S-nitrosylation of these proteins 

is associated with endogenous NO activity under normal conditions or diseased 

conditions. This difficulty is due to the technical limitations in detecting S-nitrosylation. 

To date, the biotin switch method is the most popular method used to detect and isolate 

S-nitrosylated proteins from tissue or cell extracts. The biotin-switch assay method 

involves three chemical transformation steps that selectively convert unstable 

S-nitrosothiols (SNO) to stable biotin conjugates. Recently, some important 

improvements have been made to this technique to facilitate the better identification of 

S-nitrosylation of proteins. Microarray-based assay is the most important improvement 

[540]. We will apply this method to address the limitations of the original biotin switch 

method, which is biased toward the identification of abundant proteins. We will use an 

anti-biotin antibody and fluorescently labeled secondary antibody to label and analyze 

S-nitrosylated proteins on microarrays. The advantages of this method include relative 

quantification of SNO-reactivity across a proteome and assessment the effects of multiple 

S-nitrosylation reagents and cofactors.  
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