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ABSTRACT  

Alzheimer’s disease (AD) is one of the major causes of dementia worldwide. AD is 

characterized clinically by progressive cognitive decline, and pathologically by the presence of 

extracellular senile plaques composed primarily of amyloid-β peptide (Aβ) and intracellular 

neurofibrillary tangles made up mainly of hyper phosphorylated tau.AD is a progressive disease 

and may takes more than twenty years to develop prominent clinical symptoms such as memory 

loss. It is important to unfold early molecular mechanisms that contribute to development of the 

disease.Aberrant accumulation of amyloid-β (Aβ) in brain is the major trigger for pathogenesis 

in AD. It is hence essential to understand how Aβ attains such toxic levels in the brain 

parenchyma. Aging is one of the major risk factors of AD. DNA damage plays an important role 

both in aging and AD. We studied the effect of both toxic and sub lethal dose of DNA damage 

on neurons. Treating differentiated SH-SY5Y cells with a toxic dose of Camptothecin(CPT) 

induced ROS, mitochondrial dysfunction and apoptosis. Increased expression of BID which is a 

BH3-only pro-apoptotic protein was observed under similar treatment. Down regulation of BID 

provided transient protection from toxic dose of CPT in neurons.  

Next we shifted our focus to study the stress response in neuron induced by sub lethal dose of 

DNA damaging agent CPT and Doxorubicin (Dox) without inducing cell death.We detected that 

a very subtle and tolerable amount of DNA damage, related to aging, increased intraneuronal 

Aβ1-42 production both in cultured neuron and in the cortex of rodent brain.Strikingly, we also 

observed elevated levels of mitochondrial fusion and of its major driver protein, MFN2. 

Hyperfusion of mitochondria may be seen as an adaptive stress response resulting from the 

induction of ER stress since we detected upregulated phosphorylation of both PERK, an 
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important arm of unfolded protein response and an ER-stress marker, and its substrate eukaryotic 

initiation factor 2 α (eIF2α), together constituting a signaling responsible for protective 

mitochondrial remodeling. This adaptive remodeling of mitochondria resulted in an increase in 

mitochondrial oxygen consumption rate and ATP production. At later time points this elongated 

structure of mitochondria shifts towards fission. Mitochondrial fission is observed in AD brain 

but the phenomenon that is leading to this shift is not well studied in the disease model. Reports 

suggest that eIF2α phosphorylation can increase BACE1 activity, the rate limiting enzyme in Aβ 

production. In our model, we show that inhibiting PERK, decreased Aβ1-42 level while direct 

BACE1 inhibition, reduced the mitochondrial fusion.Moreover, we found increased MFN2 

expression in younger 5xFAD transgenic mice when Aβ plaques and neurodegeneration were 

absent. Down regulation of MFN2 decreased CPT induced increase in Aβ1-42in neuron. Thus, this 

study indicates that mild DNA damage leads to increased Aβ1-42 production via ER stress and 

may also direct mitochondrial elongation as an initial adaptive/protective response. We propose 

that age-related subtle genomic DNA damage may trigger enhanced intraneuronal Aβ1-

42 production in an apparently healthy neuron way before the appearance of clinical symptoms in 

AD. 

Mitochondrial genome can bear signatures for AD. Mutation in mitochondrial genome can 

compromise its function and also can be considered as biomarker for early diagnosis of the 

disease. In the next part of our work we have analysed point mutations in mtDNA from AD 

patient’s whole blood. We identified SNPs which are common and unique to all the samples. The 

nature and distribution of mutations were also studied. To our surprise the mutations were not 

due to oxidation, but it was due to replication error. The SNPs were dispersed in coding region 

not in D loop of mtDNA. Defective replication of mtDNA could be a result of ineffective 

replication carried by POLG. Further work in this direction will help to understand the reason of 

developing these mutations in AD patients’ whole blood. 

Altogether this work explores an unconventional role of mitochondria in AD. The connection of 

mitochondria in subtle DNA damage associated stress response and increase in Aβ1-42 production 

in neuronsis a novel finding and may lead to better understanding of the pathogenesis of AD. 
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ABBREVIATIONS 

 

AD    Alzheimer’s disease 

APP    Amyloid precursor protein 

APOE    Apolipoprotein E 
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BSA    Bovine serum albumin 
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EtBr    Ethidium bromide 
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h/hr    Hours  
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µM    Micromolar 
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MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide 

NF-κB Nuclear factor kappa B 

NFT Neurofibrillary tangle      

NGF Nerve Growth Factor  

NO Nitic oxide 

·O2    Singlet oxygen 

O
2˙-

    Super oxide anion 

OH·    Hydroxyl radical 

OCR    Oxygen Consumption Rate 

p53    Tumour protein p53 

PARP    Poly (ADP-ribose) polymerase 
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PBMC    Peripheral blood mononuclear cell 

PBS    Phosphate buffer saline 

PCR    Polymerase chain reaction 

PD    Parkinson’s disease 

PenStrep   Penicillin Streptomycin 
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PS    Phosphatidylserine 

PSEN    Presenilin 

qRT-PCR   Quantitative Real Time-PCR 

RA    All-trans-retinoic acid 

RBC    Red Blood Cells 

RNA    Ribonucleic acid 

ROS    Reactive oxygen species 

SD    Standard Deviation 

SDS    Sodium dodecyl sulfate 
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INTRODUCTION OF THESIS 

Alzheimer's disease (AD) is one of the most devastating age-related neurodegenerative diseases 

(Pinho et al., 2014). Although dementia is described in ancient history as “loss of ability to 

think” it is only early in the twentieth century that AD has come into light.  In 1907 Alois 

Alzheimer carefully explained the symptoms of a 51-year-old patient, Auguste Deter, at the state 

asylum in Frankfurt Germany. Auguste Deter was a dementia patient with abnormal mental 

behaviour and it was recognized that this was not due to natural aging process. When Auguste 

Deter died, her brain was examined microscopically. Alzheimer used the newly discovered silver 

staining technique to look at her brain and observed the appearance of  neuritic plaques, tau 

tangles, and amyloid angiopathy that were to turn into one of the major signature of the disease 

till date and the disease was named after him (Bondi et al., 2017). According to his observation  

significant atrophy (cell death and brain shrinkage) has been found in grey matter due to an build 

up of undesirable protein aggregates in the brain (Gurwitz, 1997). 

It is anticipated that the no of people affected by dementia in the world are more than 47 million. 

The expenditure of these diseases was likely to exceed $1 trillion annually as of 2018 (Murray et 

al., 2011). Among all other dementia AD is the most common. Although getting pure AD cases 

are less than half. The majority of the cases are to be mixed dementias (Murray et al., 2011). The 

other most frequent causes of dementia are vascular dementia, Lewy body dementia and 

dementia associated with Parkinson’s disease etc. Each of these cases holds for between 5 and 

10% of cases. Vascular dementia and Lewy body dementia are most often connected with mixed 

pathology, including concomitant AD (Barker et al., 2002). 
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AD shows two major molecular hallmarks: the intracellular fibrillar tangles composed of hyper-

phosphorylated Tau and the extracellular neuritic plaques, mainly composed of amyloid-β 

peptide (Aβ) (Castellani et al., 2010). 

It has been more than hundred years since its discovery and many hypotheses tried to enlighten 

AD pathology.  The most popular among all these are the “amyloid hypothesis” and the 

“mitochondrial cascade hypothesis”. This two are very well accepted and most cited (Hardy and 

Selkoe, 2002; Swerdlow and Khan, 2004; Swerdlow et al., 2010; 2014). The “amyloid 

hypothesis” states that the buildup of Aβ in the brain is the primary reason in AD pathogenesis. 

Therefore, factors such as faulty processing of APP, elevated Aβ production and partial 

clearance of Aβ are of major significance for disease development. This is supported by the 

incidences of familiar AD, FAD which is very rare in occurrences 1% of the total AD cases.  

Here mutations in genes such as APP, PSEN-1 and PSEN-2 lead to enhanced Aβ production and 

result in early disease onset (Theuns et al., 2000; Bekris et al., 2010).  

On the other hand the “mitochondrial cascade hypothesis” features that genetic factors (both in 

the nuclear and mitochondrial DNA) decide the effectiveness of the mitochondrial oxidative 

phosphorylation. Mitochondrial electron transport chain control the rate of production of ROS. 

Due to aging the efficiency of mitochondrial activities decline gradually. It leads to simultaneous 

increase in the level of ROS. Increased oxidative stress can trigger the production of Aβ 

(Swerdlow and Khan, 2004; Swerdlow et al., 2010; 2014).The occurrence of Sporadic, late-onset 

AD can be well described by this hypothesis. These two hypotheses mention about diverse 

underlying reasons but interestingly both converge in predicting an overwhelmed Aβ production 

and its intracellular accumulation. Thus, it is presently established that an increase in the levels 
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of Aβ 42 over the years or even decades is associated with AD progression, both in familiar and 

sporadic cases. 

Over last thirty years, knowledge of the biology underlying Alzheimer’s disease has improved 

enormously.  But the conversion of this knowledge from bench to bed side have not seen much 

success. Current drugs improve symptoms, but do not have profound disease-modifying effects. 

In recent years, several approaches aimed at pausing disease progression have reached to clinical 

trials. Among these, strategies targeting the production and clearance of the amyloid-β peptide a 

cardinal feature of Alzheimer’s disease that is thought to be important in disease pathogenesis 

are the most advanced. Approaches aimed at modulating the abnormal aggregation of tau 

filaments (another key feature of the disease), and those targeting metabolic dysfunction, are also 

being evaluated in the clinic (Citron, 2010). Already more than 400 trials in people of potential 

treatments for AD have been conducted. Unfortunately no drugs have been brought to the 

market. One of the major concerns for this failure for some main source of researchers are   the 

animal models that are used in the initial stages of drug development. The main challenge behind 

not identifying cure for AD is that the disease starts way before the symptoms appear. So in last 

decade, researchers sought to identify the early sequence of events for the betterment of disease 

intervention. However, there is a growing need for new and more appropriate model for the 

disease which will look less artificial and closer to actual disease scenario. 
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REVIEW OF LITERATURE 

1. Alzheimer’s disease 

1.1. Historical Perspective 

The 37
th

 Meeting of South-West German Psychiatrists was held in Tübingen on November 3, 

1906. At the meeting, Alois Alzheimer, a clinical psychiatrist and neuroanatomist (Figure 1A), 

who was a lecturer (Privatdozent) at the Munich University Hospital and a coworker of Emil 

Kraepelin, reported on an unusual case study involving a “peculiar severe disease process of the 

cerebral cortex”. He described a 50-year-old woman Auguste D (Figure 1B), who was under his 

care. She was observed and under treatment from her admission for paranoia, progressive sleep 

and memory disturbance, aggression, and confusion, until her death 5 years later (Bondi et al., 

2017). 

Alzheimer‟s description of her symptoms is almost certainly the first neuropsychological 

characterization of the disease: “Her memory is seriously impaired. If objects are shown to her, 

she names them correctly, but almost immediately afterwards she has forgotten everything. 

When reading a test, she skips from line to line or reads by spelling the words individually, or by 

making them meaningless through her pronunciation. In writing she repeats separate syllables 

many times, omits others and quickly breaks down completely. In speaking, she uses gap-fills 

and a few paraphrased expressions (“milk-pourer” instead of cup); sometimes it is obvious she 

cannot go on. Plainly, she does not understand certain questions. She does not remember the use 

of some objects.”(Bondi et al., 2017) 

His report noted distinctive plaques and neurofibrillary tangles in the brain histology. Alzheimer 

himself did not claim to have discovered “Alzheimer‟s disease,” although his mentor Emil 
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Kraepelin at the Munich Medical School rightly credited him with doing so by coining the term 

in his own Handbook of Psychiatry. By 1911, the medical community was using Alzheimer‟s 

depictions of the disease to diagnose patients both in Europe and the United States. It raised little 

interest in the meeting despite an enthusiastic response from Kraepelin. It was him who included 

“Alzheimer‟s disease” in the 8th edition of his text Psychiatrie in 1910. Alzheimer published 

three more cases in 1909. He also mentioned about a “plaque-only” variant in 1911, which after  

re-examination of the original specimens in 1998 proved to be a different stage of the same 

process. At the age of 51, Alzheimer died in 1915, soon after he gained the chair of psychiatry in 

Breslau, and long before his name became a household word. 

  

Figure 1. A) The original portrait of Dr. Alois Alzheimer (Photo courtesy: Prof. Manual 

Graeber)(Bratisl Lek Listy 2006; 107(9-10): 343-345). B) his patient Mrs. Auguste Deter. (Photo 

courtesy: http://alz.org). 

 

http://alz.org/
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1.2. Symptoms: 

Alzheimer‟s disease is a neurodegenerative disorder in which neuronal degeneration occurs way 

before the clinical symptoms appear. The symptoms of AD deteriorate over time. The rate at 

which the disease progresses is not similar in all patients. On average, a person diagnosed with 

AD survive for four to eight years, but some patients may survive longer sometimes as long as 

20 years, depending on other factors. Progression of AD is very slow. Changes in the brain starts 

years before any symptoms of the disease appear. This time period, which can last for years, is 

referred to as preclinical Alzheimer's disease. 

There are three stages in the disease: mild , moderate and severe Alzheimer's disease.  

1.3. Early-stage Alzheimer's (mild) 

In the early stage a patient may function independently and still be part of social activities. 

Amidst their daily activities the patient may feel memory lapses. They may forget familiar words 

or the location of everyday objects. 

Symptoms are not very apparent at this stage, but an expert would be able to recognize  the 

disease using certain diagnostic tools. 

Common difficulties include: 

 Memorising the right word or name. 

 Remembering names of new people. 

 Difficulty in performing tasks in social or work places. 
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 Losing or misplacing valuable possessions. 

  Increased difficulty with planning or organizing. 

 

1.4. Middle-stage Alzheimer's (moderate) 

This is the longest stage of AD. It can stay for many years. At this stage the dementia symptoms 

are more prominent. The person may baffle words, loose temper, and act in surprising ways. As 

neuronal damage has already been in progress in the brain it stats reflecting in their action. 

Symptoms, may vary from person to person, include: 

 Being forgetful of events or personal history. 

 Feeling moody or withdrawn, especially in socially or mentally challenging situations. 

 Being unable to recall information about themselves like their address or telephone 

number, and the high school or college they attended. 

 Experiencing confusion about where they are or what day it is. 

 Requiring help choosing proper clothing for the season or the occasion. 

 Having trouble controlling their bladder and bowels. 

 Experiencing changes in sleep patterns, such as sleeping during the day and becoming 

restless at night. 

 Showing an increased tendency to wander and become lost. 
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 Demonstrating personality and behavioral changes, including suspiciousness and 

delusions or compulsive, repetitive behavior like hand-wringing or tissue shredding. 

In the middle stage, the person living with Alzheimer‟s can still participate in daily activities 

with assistance. As the need for more intensive care increases, there might be a need for an adult 

day care center to give some respite to the care givers. 

1.5. Late-stage Alzheimer's (severe) 

In this stage of the disease, symptoms of dementia become severe. Patients lose the ability to 

communicate, to do a conversation. They eventually start losing power over movement. In this 

stage significant personality changes observed. This stage demands for extensive care. 

At this stage, individuals may: 

 Need continuous assistance with every day personal care. 

 Experience changes in physical abilities, including walking, sitting and, eventually, 

swallowing. 

 Having trouble communicating. 

 Become susceptible to infections, especially pneumonia. 

In this stage the patient can benefit in proper way of communicating like listening to relaxing 

music or receiving encouragement through gentle touch. During this stage hospice can be of 

great benefit to the patient and their families. 
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2. Incidence and prevalence of Alzheimer’s disease 

AD is considered as the fourth major cause of disability and death for the elderly only after 

cardiovascular and cerebrovascular diseases and cancer. The World Alzheimer Report 2016 

states that, the no of people suffering with AD worldwide are about 46.8 million. Aging is the 

strongest risk factor for AD. The rate at which world population is ageing will further add 

complexity to this crisis and lead to a sharp rise in the number of AD. Every 6.3 years the 

numbers of dementia affected patients are doubling. The statistics are like from 3.9 per 1000 for 

ages 60–90 to 104.8 per 1000 above age 90 (DeTure and Dickson, 2019). Every 20 years the 

numbers of AD patients double. Following this trend within 2030 the AD population will reach 

74.7 million and within 2050 it will reach 131.5 million (DeTure and Dickson, 2019). The 

prevalence of the disease is anticipated as 10% for population over 65 years and 40% for 

individuals over 80 years. In India, the scenario reveals that 3.7 million people are suffering with 

dementia according to Dementia India report of World Alzheimer‟s Report 2010).  

The prevalence of AD also shows that it has a sex bias. Normally more women are having AD 

than men due to their high longevity. The women comprises two third of the total AD affected 

population. Some other factors like biological and genetic variations and education or 

occupational choices may be reason for this variation (Alzheimer‟s disease facts and figure 

2015). In USA out of 5.3 million affected individuals, 3.2 million are women. Apart from this, 

there are racial and ethnic influences on AD prevalence in USA. It has been found that, African-

Americans and Hispanics are more prone to developing AD and other dementias compared to 

that of older whites (Alzheimer‟s disease facts and figure 2015).  
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3. Etiology: 

3.1. Dominantly inherited familial AD (FAD) is very uncommon familial forms of AD as it 

holds for less than 1% of the incidences It can be caused by mutations in genes responsible for 

Aβ synthesis. The genes are amyloid precursor protein (APP), presenilin 1 (PSEN1) or PSEN2 

genes. The average age of onset for FAD is 46.2 years but it can be present in cases as early as 

age 20 (Ryman et al., 2014). 

3.2. Early onset Alzheimer’s disease (EOAD) shows up before the age of 65.These are a little 

more common than FAD cases. The number of EOAD cases are less than 5% of the 

pathologically diagnosed AD cases (DeTure and Dickson, 2019). At the beginning Alzheimer‟s 

disease (AD) originally meant about early-onset (EOAD). It did not include older patients with 

“senile dementia.” The first patient reported with AD, Auguste Deter (1850–1906), had the onset 

of symptoms in her late 40‟s. She was diagnosed with dementia at age 51. Her symptoms were 

memory loss, confusion, language impairment, and unpredictable, agitated, aggressive, and 

paranoid behavior. On autopsy, she had evidence of deposition of proteins in brain now 

recognized as the characteristic neuropathological markers of AD named as extracellular 

amyloid plaques and intracellular neurofibrillary tangles (NFTs). EOAD normally has an unusual 

appearance and an aggressive course (Mendez, 2017). It is observed that most Down‟s syndrome 

patients also develop Alzheimer type pathology by age 40 and for some the clinical symptoms 

appear after 50. Partial or full chromosome 21 trisomy is seen in Down‟s syndrome. Interestingly 

APP resides on that part of chromosome 21 (Kang et al., 1987), causing an over expression of 

the gene and hence AD like dementia. Dementia is seen in majority of Down syndrome by age 

65 (Ballard et al., 2016).  
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3.3. More common late onset AD (LOAD) is the second type of AD. Most of the AD patients 

in different populations are found to be affected with this type of AD. While EOAD has a very 

direct correlation with specific gene mutations, LOAD is associated with different risk factors. 

Apolipoprotein E gene (APOE) has some special contribution in developing LOAD (Lane et al., 

2018). Age, Family history, and APOE4 genotype serve as the greatest risks of developing this 

disease (Ballard et al., 2016). Person who has a single copy of the APOE4 polymorphism shares 

odds ratio of 3 compared to non-carriers whereas individuals homozygous for APOE4 share an 

odds ratio of 12 (Lane et al., 2018). Furthermore, APOE4 allele confers risk for other dementia 

related disease including vascular dementia, Lewy body dementia, Down‟s syndrome and 

traumatic brain injury (Verghese et al., 2011). Other important risk factors for LOAD are 

TREM2, ADAM10 and PLD3 (Karch and Goate, 2015; Jansen et al., 2019). Knowing the role of 

these and newly recognized risk factors should offer new insight into mechanisms that drive 

Alzheimer‟s pathogenesis. 

4. Current hypothesis about AD and anti-AD drug development 

AD is a intricate disease that involves many factors. Several hypotheses have tried to explain AD 

including amyloid β (Aβ), Tau, cholinergic neuron damage and oxidative stress, inflammation, 

etc. Thus lot of efforts given to make anti-AD drugs based on these hypotheses. 

4.1. Aβ cascade hypothesis 

The pathology of Alzheimer‟s disease (AD) is characterized by primarily extracellular plaques 

and intracellular neurofibrillary tangles. Plaques are composed mainly of the amyloid-β peptide 

(Aβ), whereas tangles are composed mainly of the cytoskeletal protein, tau. The relationship 

between these lesions and the disease process has long been debated. However, the currently 
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dominant theory of AD etiology and pathogenesis is the amyloid cascade hypothesis (Hardy and 

Allsop, 1991; Selkoe, 1996; Hardy, 1997), which states that overproduction of Aβ, or failure to 

clear this peptide, leads to AD primarily through amyloid deposition, which produces 

neurofibrillary tangles; these lesions then are associated with cell death, which is reflected in 

memory  impairment, the hallmark of this dementia. The amyloid cascade hypothesis has gained 

strength through the observation that AD-causing mutations identified in amyloid-β precursor 

protein (APP) and the presenilin (Levy-Lahad et al., 1995; Sherrington et al., 1995) genes alter 

APP metabolism such that more of the insoluble Aβ peptide (Aβ42/43) is produced. Recently, 

several important observations have indicated that the amyloid cascade hypothesis needs to be 

recast. 

An implicit assumption of the cascade hypothesis is that the formation of neuritic amyloid 

plaques initiates neurodegeneration. Historically, there have been two criticisms of this view: 

first, that the degree of dementia does not correlate with the number of plaques (Terry, 1996), 

and second, that neurofibrillary tangle formation seems to predate plaque formation (Braak et al., 

1996). In addition, transgenic mice that over express APP develop little if any neurodegeneration 

(Irizarry et al., 1997), even with extensive amyloid deposition, and they also show behavioral 

changes before the onset of this deposition (Hsiao et al., 1996; Borchelt et al., 1997; Holcomb et 

al., 1998). 

These arguments that the formation of neuritic plaques is not the crucial pathogenic process in 

AD have been countered by several possible explanations. First, a lack of correlation between 

amyloid burden and degree of dementia may not take into account the possibility that plaques are 

dynamic structures that can be broken down (Cruz et al., 1997). Second, it is possible that 

transgenic rodent brains simply do not replicate the neurofibrillary changes typical of human 
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AD. Nonetheless, it is quite accepted that Aβ plaques may not be central to the disease process. It 

may rather correspond to the finishing line of a pathological event and they are simply acting as 

the „clearing stations‟ of accumulated peptide (Kuo et al., 1996). This theory is supported by 

results obtained in the primate brain that Amyloid fibrils can trigger neuronal death. It can also 

induce abnormal tau phosphorylation which is likely a first step in the formation of tangles. 

Notably, this neurodegeneration may occur even in absence of neuritic plaques. According to 

these results the sensitivity to Aβ injections may be species specific as similar Aβ injections in 

rat brains did not produce significant neurodegeneration and tau hyperphosphorylation. This 

species difference could clarify the lack of neurodegeneration in AD transgenic mice model 

where APP is over expressed and amyloid accumulation is extensive. 

4.2. Therapies targeting Aβ 

During the past twenty years Aβ peptides have dominated AD drug research as it is considered as 

a potential therapeutic target for AD (Cummings et al., 2016). The major target in anti-Aβ 

therapy is to reduce Aβ load by targeting its processing enzymes that are β- and γ-secretase. But 

the major hurdle is the safety issues. Directly targeting γ-secretase leaves undesirable side effect. 

Because physiological substrates of this enzyme eg. the Notch signaling protein (Sastre et al., 

2001; Tarassishin et al., 2004; Olry et al., 2005; van Es et al., 2005) is essential in normal 

biological process. The same reason is also valid for targeting β-secretase. Another important 

factor is that in sporadic AD, the most of the AD patients have not over-produced amyloid 

precursor protein. Besides, Aβ isoforms could have some beneficial role. It can function as 

endogenous positive regulator for neurotransmitter release at hippocampal synapses (Abramov et 

al., 2009). Thus, inhibiting Aβ production may encounter many challenges.  Thus the alternative 

choice is Aβ clearance by immunotherapy. The first active AD vaccine (AN1792) developed by 
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ELAN showed some beneficial effects such as less cognitive decline. But the reason it was 

suspended was its serious side effect like meningoencephalitis (Bayer et al., 2005; Gilman et al., 

2005; Holmes et al., 2008). The passive immunotherapy did not perform much better than active 

immunotherapy. Several antibodies targeting Aβ have failed in clinical trials, including 

bapineuzumab (Pfizer/Johnson & Johnson) (Salloway et al., 2009; Laskowitz and Kolls, 2010), 

Crenezumab (Genentech) (Salloway et al., 2009; Ultsch et al., 2016), solanezumab (Eli Lilly) 

(Bouter et al., 2015; Gandy and Sano, 2015; The Lancet, 2017) and ponezumab (Johnson & 

Johnson /Pfizer) (La Porte et al., 2012; Burstein et al., 2013; Landen et al., 2013). Passive 

immunotherapy could overcome some drawbacks of active immunotherapy, still some inevitable 

side effects will persist (Carlson et al., 2016).The small molecule Aβ binder scyllo-inositol 

(Salloway et al., 2011) and tramiprosate (Greenberg et al., 2006; Gervais et al., 2007; Aisen et 

al., 2011) also failed in clinical trials. These failures even throw more uncertainties on the Aβ 

hypothesis (Karran et al., 2011). Actually, the approach of targeting only a single functional 

subregion of Aβ to some extent account for these failures (Nie et al., 2011; Sevigny et al., 2017). 

Furthermore, immunotherapy may trigger some immune response. However, every cloud has a 

silver lining. A phase Ib trial of aducanumab (Biogen) showed a positive correlation between 

brain Aβ levels and disease exacerbation as measured by Clinical Dementia Rating (Patel, 2015; 

Sevigny et al., 2016). Even the failed phase III EXPEDITION3 trial of solanezumab (Eli Lilly) 

still demonstrated better performance in Clinical Dementia Rating Sum of Boxes and beneficial 

impacts on MiniMental State Examination and Activities of Daily Living. Thus, despite all sorts 

of problems, immunotherapy may still be the better approach to modify the extent of 

neurodegeneration in AD currently. 
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5. Generation of Aβ 

Aβ is generated by endoproteolysis of the parental amyloid precursor protein (APP).There is 

sequential cleavage of APP by groups of enzymes or enzyme complexes termed α-, β- and γ-

secretases (Fig. 2). ADAM9, ADAM10 and ADAM17 are the three enzymes identified with α-

secretase activity.These three enzymes belong to the ADAM family (a disintegrin- and 

metalloproteinase-family enzyme). Several groups identified β-site APP-cleaving enzyme 1 

(BACE1), which is a type I integral membrane protein belonging to the pepsin family of aspartyl 

proteases, as the β-secretase (Hussain et al., 1999; Sinha et al., 1999; Vassar et al., 1999). The γ-

secretase has been identified as a complex of enzymes composed of presenilin 1 or 2 (PS1 and 

PS2), nicastrin, anterior pharynx defective and presenilin enhancer 2.  

 

  

 

 

 

 

Figure 2. APP proteolysis. (Photo courtesy La Ferla et al 2007) 

The cleavage and processing of APP can be divided into a non-amyloidogenic pathway and an 

amyloidogenic pathway. In the prevalent non-amyloidogenic pathway, APP is cleaved by the α-

secretase at a position 83 amino acids from the carboxy (C) terminus, producing a large amino 
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(N)-terminal ectodomain (sAPPα) which is secreted into the extracellular medium (Kojro and 

Fahrenholz, 2005). The resulting 83-amino-acid C-terminal fragment (C83) is retained in the 

membrane and subsequently cleaved by the γ-secretase, producing a short fragment termed p3 

(Haass et al., 1993). Importantly, cleavage by the α-secretase occurs within the Aβ region, 

thereby precluding formation of Aβ. 

The amyloidogenic pathway is an alternative cleavage pathway for APP which leads to Aβ 

generation. The initial proteolysis is mediated by the β-secretase at a position located 99 amino 

acids from the C terminus. This cut results in the release of sAPPβ into the extracellular space, 

and leaves the 99-amino-acid C-terminal stub (known as C99) within the membrane, with the 

newly generated N terminus corresponding to the first amino acid of Aβ. Subsequent cleavage of 

this fragment (between residues 38 and 43) by the γ-secretase liberates an intact Aβ peptide. 

Most of the full-length Aβ peptide produced is 40 residues in length (Aβ40), whereas a small 

proportion (approximately 10%) is the 42 residue variant (Aβ42). The Aβ42 variant is more 

hydrophobic and more prone to fibril formation than Aβ40 (Jarrett et al., 1993), and it is this 

longer form that is also the predominant isoform found in cerebral plaques. 

6. Intracellular Aβ and related controversies  

There were many published reports in support of accumulation of intracellular Aβ in a range of 

animal species. But the acceptance of this idea has been slow and controversial. The reasons 

were mainly technical. One major reason was regarding the antibody cross reactivity. It is likely 

that antibodies specific for Aβ may also cross react with full-length APP or its other derivatives.  

Later antibodies have been designed against the C terminal region of Aβ recognizing the 

neoepitope generated by proteolysis, have helped to deal with this criticism. To further 
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strengthen the presence of Aβ in cells, multiple antibodies, specific to N- and C-terminal 

neoepitopes, must be used .Another issue targets the pretreatment steps in immune histochemical 

protocols: few groups have mentioned that a heating protocol (microwave antigen retrieval or 

hydrated autoclaving) markedly enhances intraneuronal Aβ immunoreactivity. Often used formic 

acid exposure, a common pretreatment step in Aβ immunostaining, is not ideal for visualization 

of intracellular Aβ (D'Andrea et al., 2003; Ohyagi et al., 2007). 

Recent studies propose that the buildup of intracellular Aβ is an early event in the pathogenesis 

of AD. In patients with mild cognitive impairment (MCI), intraneuronal Aβ immunoreactivity 

has been reported in brain regions that are more prone to the development of early AD 

pathology, such as the hippocampus and the entorhinal cortex. Similarly, it has been shown that 

the accumulation of intracellular Aβ precedes extracellular plaque formation in patients with 

Down syndrome. These results suggest that the accumulation of intraneuronal Aβ is an early 

event in the progression of AD, preceding the formation of extracellular Aβ deposits. Indeed, it 

has been demonstrated that intraneuronal Aβ levels decrease as extra cellular plaques 

accumulate. These conclusions are also consistent with results from transgenic mouse models, in 

which intracellular Aβ accumulation appears as an early event in the progression of the 

neuropathological phenotype, preceding the accumulation of extracellular Aβ plaques (Chui et 

al., 1999; Li et al., 1999; Kuo et al., 2001; Lord et al., 2006; Knobloch et al., 2007). In a well-

utilized model of AD, the 3xTg-AD mouse (which overexpresses APPSwe, and tauP301L, as 

well as carrying a PS1M146V knock-in mutation), intraneuronal Aβ levels decrease as 

extracellular plaques start to build up, consistent with studies of the brains of patients with Down 

syndrome . The notion of whether Aβ accumulates intraneuronally no longer seems in dispute, as 
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a large number of studies from diverse laboratories have firmly documented its existence in the 

human brain.  

7. Intracellular sites of Aβ production  

Large no of reports so far have cleared the doubt that Aβ accumulates intracellularly. But there is 

a key question that still remains is that how the intracellular Aβ builds up inside the cell? Is it 

because a portion of the generated Aβ is not secreted and as a result remains intracellular, or 

Alternatively, the secreted pool of Aβ is taken back up by the cell. All these questions will be 

answered if   it is known how and where Aβ is cleaved and released from its parent protein, APP 

(Fig. 3). APP resides to the plasma membrane (Kinoshita et al., 2003) and it has roles in cell 

adhesion (Breen et al., 1991) and cell movement. Beside plasma membrane APP is also localized 

to the trans- Golgi network (Xu et al., 1995), endoplasmic reticulum (ER), and endosomal, 

lysosomal (Kinoshita et al., 2003) and mitochondrial membranes. It can be possible that the 

liberation of Aβ could happen wherever APP and the β- and γ-secretases are localized, like in 

several cellular compartments. However, under normal condition the majority of Aβ is secreted, 

suggesting that Aβ is predominantly produced at the plasma membrane, it can be part of the 

secretory pathway, so that it is rapidly excluded from the cell. 
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Figure 3. Sites of cellular Aβ production.(La Ferla et al 2007) 

8. Reuptake of extracellular Aβ 

In addition to Aβ being produced intracellularly, chances are there that the extracellular pool of 

secreted Aβ, could be taken up back by cells and contribute to the intracellular pools. Aβ can 

interact to various biomoiety, including lipids, proteins and proteoglycans. There are reports 
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identifying number of putative Aβ transporters through which extracellular Aβ can enter inside 

the cell (Nagele et al., 2002; Deane et al., 2003; Bu et al., 2006). Recent work showed that, in 

mice with a compromised blood–brain barrier, can accumulate fluorescently labelled Aβ which 

is injected into the tail vein, intracellularly in pyramidal neurons in the cerebral cortex (Clifford 

et al., 2007). This finding provides direct proof that neurons can accept extracellular Aβ.  This 

study also indicates that the peripheral Aβ may contribute to brain Aβ load.  There are various 

receptors that can bind Aβ like the α7 nicotinic acetylcholine receptor (α7nAChR) with high 

affinity (Wang et al., 2000). As a consequence of this binding the receptor is internalized 

accumulating Aβ intracellularly. Other such receptor is apolipoprotein E (APOE) receptors, 

members of the low-density lipoprotein receptor (LDLR) family, it can modulate Aβ production 

and Aβ cellular uptake (Bu et al., 2006). Another example is, LRP, it can also bind to Aβ 

directly, or through ligands such as APOE. Upon binding it undergoes rapid endocytosis, 

facilitating cellular uptake of Aβ (Bu et al., 2006). 

Scavenger receptor for advanced glycation end products (RAGE) can also internalize Aβ, in 

neurons and microglia (Yan et al., 1996; Sasaki et al., 2001). This binding initiates a cascade of 

events in neurons.  As a result there is increase in oxidative stress and NF-κB activation. This 

leads to enhanced microglial response. As a downstream effect, it has been observed that 

RAGE–Aβ complexes are internalized and co-localize with the lysosomal pathway in astrocytes 

in the brain of AD patients (Yan et al., 1996). Intracellular Aβ could have different roles in 

different cell types. Internalization of  Aβ in glial cells may be part of the regulatory system that 

try  to check rising extracellular Aβ levels by taking up for  degrading them. In neurons, the 

effects of intracellular Aβ are different. Neuronal Aβ uptake can be mediated through NMDA 

(Nmethyl- d-aspartate) receptors (Snyder et al., 2005). Blocking this NMDA receptor–Aβ 
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interaction prevents pathogenicity. This is  consistent with the  fact that NMDA antagonist 

memantine act protective against Aβ-mediated cognitive decline in AD (Reisberg et al., 2003) 

and mouse models (Minkeviciene et al., 2004). This further establishes the importance of the 

intracellular pool of Aβ for cognitive impairment in AD. 

9. Pathological role of intracellular Aβ 

Recent reports showing the effects of intracellular Aβ in vivo will be majorly discussed in this 

section (Fig. 4). Within neurons, Aβ42 is localized to MVBs, which are late endosomes formed 

from the early endosome system. Immunogold electron microscopy reveals that Aβ42 is 

localized to the outer membrane of the MVBs in brains of patients with AD.  This accumulation 

of non-fibrillar Aβ within neuronal MVBs has also shown in APPxPS1 transgenic mice (Langui 

et al., 2004). Aβ-containing MVBs were most often located in the perinuclear region. Some 

reports suggest that Aβ accumulation within MVBs is pathological. It can direct to disrupt MVB 

sorting via inhibition of the ubiquitin–proteasome system (Almeida et al., 2006).  

 

 

 

 

 

 

Figure 4. Pathological effect if intra neuronal Aβ. (LaFerla et al 2007) 
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Aβ can directly inhibit the proteasome located within the cytosol (Gregori et al., 1995), 

indicating that intracellular Aβ within the MVBs is linked to cytosolic proteasome inhibition. 

Similar inhibition of the proteasome by Aβ has been observed in the 3xTg-AD mice (Tseng et 

al., 2008). Oligomeric Aβ accumulation within neuronal cell bodies has pathological 

consequences, as proteasome impairment led to the buildup of tau protein. Furthermore, it was 

shown that proteasome inhibition, both in vivo and in vitro, directed to increased Aβ levels. This 

suggests that the degradation of Aβ could potentially occur within proteasome. All these findings 

indirectly prove the existence of Aβ within the cytosolic compartment. In AD transgenic mice it 

was shown that accumulation of Aβ could be inside mitochondria (Manczak et al., 2006)(108). 

All subunits of the γ-secretase are present in mitochondria (Hansson et al., 2004). This 

progressive accumulation of Aβ in mitochondria is linked with decreased enzymatic activity of 

respiratory chain complexes III and IV, leading to reduced rate of oxygen consumption 

(Caspersen et al., 2005). These observations help to explain the multitude of mitochondrial 

dysfunction stated in AD and mouse models of the disease (Keil et al., 2006). 

There is also evidence that intra neuronal Aβ could have role in synaptic dysfunction and 

underling cognitive deficits.  In AD transgenic mouse model like the 3xTg-AD intraneuronal 

accumulation of Aβ start developing at 4 months of age, which is when cognitive deficits are 

first detected (Billings et al., 2005). These mice have no plaque formation, little somatodendritic 

tau and no hyperphosphorylated tau species,and inrerestingly the removal of intraneuronal Aβ 

with immunotherapy restores cognition to control non-transgenic levels (Billings et al., 2005). 

Furthermore profound deficit in LTP was found, which is a form of synaptic transmission 

thought to underlie memory (Morris et al., 1986). Similar finding was observed in hippocampal 

slice cultures treated with Aβ oligomers. Evidence for intracellular Aβ having harmful roles in 
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animal models is convincing, but further support in human AD tissue will be necessary to cement 

intracellular Aβ as a central element of AD pathology, particularly with regards to oligomeric 

forms of Aβ. 

10. Tau hypothesis   

Beside Aβ another important hallmark of AD is neurofibrillary tangles. This are composed of 

tau. Tau is a microtubule associated protein enriched in axons. It mainly works as scaffolding 

proteins. In pathological conditions, tau aggregation will damage axons of neurons and thus may 

lead to neurodegeneration. To stop neuronal death in AD the focus has been shifted from Aβ to 

tau as drugs targeting Aβ have been failed numerously. New drugs have been designed to 

explore the therapeutic potential of targeting tau, as tau pathology is more closely linked to the 

neurodegeneration in AD (Brier et al., 2016). 

Tau undergoes many post translational modifications, like phosphorylation, arginine 

monomethylation, lysine acetylation, lysine mono and di methylation, lysine ubiquitylation etc 

(Morris et al., 2015). Under diseased conditions, there is increasing tau hyperphosphorylation 

eventually causing tau aggregation. This will decrease its affinity for microtubules and will 

change neuronal plasticity. New strategies have developed to block tau aggregation. Drugs are 

designed to stabilize microtubules, manipulate kinases and phosphatases that direct tau 

modifications. Unfortunately, most of these efforts have failed in clinical trials.  Drugs that are 

designed to block Tau aggregation like TRx0237 failed to show beneficial effect in phase III 

trials (Gauthier et al., 2016). Tau-targeted active vaccines (ACI35 and AADvac-1) and passive 

vaccines (RG6100 and ABBv-8E12) are currently in phase I and II clinical trials (Li and Gotz, 

2017; Novak et al., 2017). Unfortunately immunoglobulin (IVIG), the only passive vaccine in 
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phase III clinical trials have been unsuccessful to fulfill the primary requirements in patients with 

mild-to moderate AD (Li and Gotz, 2017). Other tau-targeting strategies for AD, including 

stabilizing microtubules and manipulating kinases and phosphatases, have just been tested in 

preclinical studies. In general, there is still a huge lacking in understanding of AD that comes in 

the way of drug designing.   

11. Inflammation hypothesis 

Reactive gliosis and neuroinflammation are important signatures of AD. Emerging genetic and 

transcriptomic studies have pointed towards the contribution of microglia-related pathways to 

AD risk and pathogenesis (Guerreiro et al., 2013; Zhang et al., 2013; Colonna and Wang, 2016). 

Complement system, microglia, TREM2 have roles for synaptic pruning in very early stage of 

the disease (Paolicelli et al., 2011; Hong et al., 2016).  As the disease progresses reactive 

microglia and astrocytes encircle amyloid plaques and secrete many pro-inflammatory cytokines 

to communicate the damage to the surrounding. These actions are considered as an early 

response in AD evolution. However, non-steroid anti-inflammatory drugs (NSAIDs) did not 

posses enough improvements in clinic. One of the major reason is that the relationship between 

innate immunity and AD pathogenesis is  not linear .In brain the immune response can be either 

toxic or beneficial depending on the context (Chen et al., 2017; H et al., 2017). The recent 

advancement in the understanding of the role of microglia dysfunction in pruning, regulating 

plasticity, and neurogenesis are making new possibilities for AD therapeutic research (McGeer 

and McGeer, 2015; Jevtic et al., 2017). Targeting microglial dysfunctions and thereby 

maintaining homeostasis may yield novel paradigms for AD therapies. 
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12. Cholinergic and oxidative stress hypothesis 

Acetylcholine (ACh) is a significant neurotransmitter used by cholinergic neuron and implicated 

in critical physiological functions, such as  learning, memory, stress response, attention, sleep 

awake cycle, and sensory information (Hasselmo et al., 1992; Fine et al., 1997; Sarter and Bruno, 

1997). Damage to cholinergic neurons is an important pathological change associated with 

cognitive impairment in AD. Thus, cholinergic hypothesis which is the oldest hypothesis was 

firstly tested with cholinesterase inhibitors in AD treatment.  Tacrine, a cholinesterase inhibitor, 

was the first anti-AD drug accessible in clinic (Summers et al., 1981; Brinkman and Gershon, 

1983; Summers et al., 1986). Later it was withdrawn in 2012 for the severe side effects. 

Although this strategy only provides symptomatic relief treatment with minimal benefits, at 

present it is the most available clinical treatment giving desperate AD patients a shine of hope.  

Some studies have explored role of other neurotransmitter dysfunction like Dopamine and 5-

hydroxytryptamine, but nothing compared to acetylcholine in AD.  

Oxidative stress is thought to have a crucial role in the progression of AD. The brain utilizes 

more oxygen than other tissues which makes it more vulnerable to oxidative stress. AD is highly 

associated with cellular oxidative stress, as a result of increase in protein oxidation, protein 

nitration and lipid peroxidation. Aβ can also stimulate oxidative stress (Mohmmad Abdul et al., 

2006; Butterfield et al., 2007; Sultana and Butterfield, 2008; Cheignon et al., 2018). Thus, it was 

assumed that anti-oxidant therapy would confer protection against oxidative stress and Aβ 

toxicity. But in reality oxidative stress is only a single aspect of AD. So this strategy was 

challenged for its effectiveness to stop the progression of AD. Hence it is proposed as a part of 

combination therapy (Teixeira et al., 2013; Persson et al., 2014). 
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13. Glucose hypometabolism 

Glucose hypometabolism is linked with cognitive decline and it is the early pathological event in 

the prodromal phase of AD. Early therapeutic interference before the irreversible neuronal death 

has turn out to be a consensus in AD treatment. Thus, mitigation of glucose hypometabolism was 

emerged as a striking strategy of AD treatment. However, most of these therapeutic strategies are 

targeting mitochondria and bioenergetics, which have been successful at the preclinical stage but 

failed in clinical trials (Caldwell et al., 2015; Daulatzai, 2017). Brain imaging to monitor glucose 

metabolism such as 18FDG-PET (Positron emision tomography with 2- deoxy-2-fluorine-18-

fluoro-D-glucose) is a important indicator for diagnosis of neurodegenerative diseases associated 

with dementia, including AD (Nasrallah and Dubroff, 2013). Till date, there‟re no effective 

drugs or treatments for changing the course of AD. Keeping in mind about these difficulties, 

deeper understandings about these hypotheses are necessary, and meanwhile there is a need for a 

rethinking and developing new hypothesis about AD. 

14. Role of Mitochondria in neurodegeneration 

Mitochondria are organelles present in all cells of the body (erythrocytes excluded), ranging 

from a few hundred to many thousands, depending on cell type. Maternally inherited, they are 

the centre for many “housekeeping” functions of the cell, which includes the biosynthesis of 

amino acids, the beta-oxidation of fatty acids etc. Another important function is apoptosis. 

However, the most important function that sets this organelle apart is the production of 

adenosine triphosphate (ATP), via the collective efforts of the tricarboxylic acid cycle and the 

oxidative phosphorylation system (OxPhos). The respiratory chain is a set of biochemically 

connected multi-subunit complexes (complexes I, II, III, and IV), and two electron carriers 
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(ubiquinone/coenzyme Q and cytochrome c). It utilizes the energy stored in food to generate a 

proton gradient across the mitochondrial inner membrane, while at the same time transferring 

electrons to oxygen, producing water. The energy of the proton gradient drives ATP synthesis 

via ATP synthase (complex V) which is then distributed throughout the cell.  

15. Mitochondrial dynamics and AD 

Mitochondria are always on the move. They fuse and split, branch and fragment, swell and 

extend, stay in clusters and as individual units. Interestingly, they roam around the cell, from the 

cell body outwards (anterograde movement) and in the opposite direction (retrograde 

movement). When not moving, they periodically attach themselves on - and then uncouple from 

other organelles, such as the ER, endocytic vesicles, and the plasma membrane. In short, 

mitochondria are dynamic organelles that move from the cell body to regions of the cell to 

deliver ATP and other metabolites to fulfill the requirements, and then return. This is observed 

most markedly in highly elongated cells such as neurons.  

In these cells mitochondria are enriched at pre synaptic terminals at the ends of axons and at 

postsynaptic terminals at the ends of dendrites, the regions where the bio energetic demand is 

predominantly high. This constant movement helps the cell redirect and recycle mitochondria in 

an competent manner. Dysfunctional mitochondria are ultimately discarded via autophagy 

(“mitophagy”) or via extrusion of “mitochondria-derived vesicles” (Braschi et al., 2010). The 

inability of mitochondria to perform these functions would be anticipated to disrupt cellular 

physiology and viability. For these reasons, there is growing interest for the concept that defects 

in mitochondrial dynamics might play a key role in the pathogenesis of neurodegenerative 

disorders.  Supporting this idea Alzheimer‟s disease, displays features of aberrant axonal 
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trafficking of cargo (Stokin et al., 2005), especially of altered mitochondrial trafficking (Wang et 

al., 2009) and dynamics (Wang et al., 2009) in the short neurons of cortex and hippocampus. 

16. Mitochondrial-ER communication in AD 

Apart from connections to cytoskeletal elements, mitochondria interact with different organelles 

mainly peroxisomes, lysosomes, Golgi, and ER. Among these, the most exciting is the 

connection between mitochondria and ER. These two orgenelles are associated, both 

biochemically and physically (Csordas et al., 2006). This connection is via mitochondria-

associated ER membranes (ER-MAM, or MAM). MAM is mainly located in the perinuclear 

region of cells (Area-Gomez et al., 2009). MAM is enriched in more than 75 proteins, including 

those involved in calcium homeostasis (e.g. inositol-1,4,5-triphosphate [IP3] receptors [IP3Rs] 

and ryanodine receptors), in lipid metabolism (e.g. phosphatidylethenolamine N-

methyltransferase), in intermediate metabolism (e.g. glucose-6-phosphatase), in cholesterol 

metabolism (e.g. acylcoenzyme A:cholesterol acyltransferase 1 [ACAT1]), in the transfer of 

lipids between the ER and mitochondria (e.g. fatty acid transfer proteins 1 and 4), and in ER 

stress (e.g. glucose-regulated proteins 75 and 78) (Hayashi et al., 2009). Contacts between the 

two organelles are maintained by MAM-associated proteins, such as phosphofurin acidic cluster 

sorting protein-2 (Simmen et al., 2005) and mitofusin-2 (MFN2), which is also required for 

mitochondrial fusion (de Brito and Scorrano, 2008). Interestingly, fission-1 (FIS1), a protein 

required for mitochondrial fission, has recently also been localized to the MAM (Iwasawa et al., 

2011).  

A role for MAM is reported in pathogenesis of familial AD. Some under estimated features of 

AD include altered lipid, cholesterol, and glucose metabolism (Schon and Area-Gomez, 2010), 
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aberrant calcium homeostasis (Supnet and Bezprozvanny, 2010), ER stress and the unfolded 

protein response (Hoozemans et al., 2005),  aberrant mitochondrial dynamics (e.g. fragmented 

and perinuclear mitochondria, associated with, for example, altered levels (Wang et al., 2009) or 

posttranslational modifications (Cho et al., 2009) of the mitochondrial fission protein DRP1), 

and defects in energy metabolism (Ferreira et al., 2010). But it is still not clear that to what 

degree these phenomena are causally linked. There are few recent reports suggesting that 

presenilin-1 and -2, and γ-secretase activity itself, are highly enriched in the MAM (Area-Gomez 

et al., 2009).The most interesting part is that, the above mentioned functions that are perturbed in 

AD are in fact the very functions associated with MAM. The generation of the plaques might 

also be explained by altered MAM function. ACAT1, which is required to convert intracellular 

cholesterol to cholesteryl esters that are deposited in lipid droplets, is apparently a modulator of 

APP processing and amyloid-β production (Puglielli et al., 2001) is located in MAM. Thus, 

pathogenic mutations in the presenilins could alter ER-mitochondrial communication (Zampese 

et al., 2011), leading to the features of the disease  

17. Mitochondrial dysfunction in Alzheimer's disease  

A increasing number of studies are reporting impaired mitochondrial functions including 

electron transfer, ATP synthesis, mitochondrial transcription, translation, increased expression of 

voltage-dependent anion channel (VDAC), increased oxidative stress in AD patients and in AD 

transgenic mouse models (Crouch et al., 2008; Yao et al., 2009; Calkins et al., 2011). It is 

reported that both monomeric and oligomeric Aβs could bind with Drp1 in AD patients 

(Manczak et al., 2011). Impaired mitochondrial dynamics and aberrant morphology is seen in 

mouse model of FAD. These defects appear even before the buildup of Aβ deposits and 

cognitive deficits (Trushina et al., 2012). The link between mitochondrial dysfunction and the 
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progression of AD is not transparent. On one hand mitochondrial dysfunction can be a 

consequence of Aβ accumulation and its interaction with intra-mitochondrial targets. It is 

observed that overexpression of Aβ resulted impairment of mitochondrial respiration, changed 

morphology and dynamics (Kish et al., 1999; Cardoso et al., 2004; Calkins and Reddy, 2011). 

On the other hand mitochondrial dysfunction can activate to induce imbalanced Aβ levels. Some 

studies in cell models reported that inhibition of mitochondrial complex I and complex III with 

rotenone and antimycin lead to ROS-dependent elevated levels of Aβ (Leuner et al., 2012). Few 

other studies showed that inhibition of ATP production increased levels of BACE-1 and 

thatenhanced ROS induced Aβ production (Busciglio et al., 2002; Esposito et al., 2006; Ma et 

al., 2011). Therefore, it is possible that the mitochondrial changes in AD are a result of a 

cumulative effect where mitochondrial dysfunction and Aβ accumulation influence each other in 

a deadly vicious cycle. 

18. Aβ import into mitochondria 

It is important to understand how Aβ reaches mitochondria, and subsequently interact with 

protein targets. Such a process would require Aβ to be produced either inside the mitochondria or 

in the close proximity. APP has an ER signal peptide followed by a cryptic mitochondrial 

targeting signal, and an internal domain enriched in acidic amino acids. It is reported that the 

acidic domain in APP can make stable complexes with the translocase of the outer and inner 

mitochondrial membrane TOM and TIM respectively. It causes it to accumulate in the 

mitochondrial translocation system (Anandatheerthavarada et al., 2003; Pavlov et al., 2011). It 

has been anticipated that the C-terminal transmembrane sequence of APP becomes inserted into 

the mitochondrial outer membrane. Further, APP accumulated within translocation channels is 

cleaved by Omi protease located in the mitochondrial inter membrane space (IMS), whereas the 



Chapter 2: REVIEW OF LITERATURE 
 

31 
 

APP C-terminal part outside of mitochondria is cleaved by α/β-secretases. That would generate 

an APP fragment immobilized in the outermembrane that would be further processed by γ-

secretase, found to partially localize in mitochondria, resulting in the production of Aβ peptides 

in the IMS. Another possibility is that Aβ could be transported from the outside of the cell 

through endocytosis and vesicular transport and released close to the mitochondria. Indeed, it has 

been shown that extracellular Aβ can be taken up by neuroblastoma cells and localized to the 

mitochondria (Hansson Petersen et al., 2008). Moreover, it has been demonstrated that the 

receptor for advanced glycation end products (RAGE) is involved in the transport of Aβ from the 

cell surface to the intracellular space (Takuma et al., 2009). Alternatively, it has been proposed 

that Aβ can be directly translocated from MAM to the mitochondria through the contact points 

between these organelles (Area-Gomez et al., 2009). 

19. Aβ degradation in mitochondria 

To ensure a correct sorting and targeting most of the mitochondrial proteins contain a targeting 

sequence, designated presequence. This presequence is used for recognition by the translocation 

machinery and is removed by the mitochondrial processing peptidase (MPP) when the protein 

reaches its correct destination. The free presequence peptides have amphipathic characteristics 

and have been shown to affect mitochondrial membrane integrity, uncouple oxidative 

phosphorylation and inhibit enzyme activity (e.g. MPP). Presequence protease (PreP), localized 

in the mitochondrial matrix, is responsible for the degradation of the presequences completing 

the last step of the protein import process (Falkevall et al., 2006). Notably, hPreP can also 

degrade Aβ .In isolated mitochondria, it was found that hPreP is the only protease in the 

mitochondria responsible for the degradation of Aβ (Falkevall et al., 2006). 
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Considering the role of hPreP in degradation of mitochondria-localized Aβ peptides, this 

protease is marked as an important regulator of Aβ concentration within the mitochondria. Thus 

inhibition of hPreP activity can potentially influence Aβ accumulation (Falkevall et al., 2006).  

Studies from AD patients revealed a significantly lower hPreP activity in AD temporal lobe 

compared to the control samples. Interestingly, when the activity was measured in mitochondria 

isolated from the cerebellum (an area not affected in AD) no differences in hPreP activity 

between AD brains and controls were observed. Similar experiments performed using 

mitochondria from brains of AD transgenic mice models overexpressing APP or APP and 

ABAD (ABAD overexpression further exacerbates the mitochondrial dysfunction observed in 

AD models) showed again lower hPreP activity compared to the aged matched non-transgenic 

mice. Furthermore, the proteolytic activity of hPreP decreased in an age dependent manner 

showing lower activity in twelve-month-old transgenic mice compared to five-month old mice 

(Alikhani et al., 2011). These results are of great significance as from the functional aspect, a 

decrease in hPreP activity in AD brain mitochondria can be a cause for the accumulation not 

only of Aβ but also, potentially, of free presequence peptides  toxic for mitochondrial function 

(Teixeira and Glaser, 2013). The potential toxic effect  due to build up  of presequence peptide in 

the mitochondria when hPreP activity is reduced might add to mitochondrial dysfunction but the 

specific relevance of this accumulation remains to be determined. 
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AIMS AND OBJECTIVES OF THE THESIS 

Alzheimer’s disease is progressive in nature. It takes more than 20 years to manifest noticeable 

symptoms such as impairment of memory, learning and other cognitive functions.  Although 

extracellular Aβ plaques act as one of the important pathological hallmark of the disease but 

slow accumulation of intracellular Aβ occurs much early. This early accumulation of 

intracellular Aβ plays an important role in shaping the disease.  There are plenty of drugs that 

have targeted to clear extracellular Aβ plaques but have not shown much success. One of the 

main reasons could be that plaque formation occurs at a very late stage of the disease when 

significant neurodegeneration has already been taken place. Hence it is important to identify 

early molecular players that regulate neurodegeneration at the early stage of the disease. 

Role of mitochondria is significant in most of the neurodegenerative diseases including AD. 

Mitochondrial dysfunction has long been implicated in progression of AD.  Mitochondrial 

dysfunction acts as an initial trigger for Aβ production and Aβ itself further accelerates 

mitochondrial dysfunction. Thus, a vicious cycle is initiated that originates from mitochondrial 

dysfunction. Aging is the greatest risk factor of AD. DNA damage is a stress that an individual 

experiences during their life span which increases exponentially with aging. It also holds an 

important aspect in the scenario of AD. The affected part of CNS shows increased sign of DNA 

damage. There is at least 2-fold increase in DNA breaks in cortex of AD patients, underscoring 

the contribution of accumulated genome damage. Hippocampal DNA from late stage AD was 

shown to have a 2-fold acrolein/guanosine DNA adducts compared to that from unaffected brain. 

Aβ seems to elicit DNA damage directly. In addition to the stimulation of ROS production, Aβ42 

was shown to have DNA nicking activities similar to nucleases. Although the increase of 

intracellular Aβ occurs way earlier the real manifestation of the disease such as cognitive 
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impairment, but it is still not clear how does the equilibrium of APP processing shifts towards 

amyloidosis in a healthy aging neuron. So in this study the major focus is to identify key factors 

that play major roles behind abnormal intra-neuronal Aβ production inside an otherwise healthy 

neuron. 

The aims and objectives of this work are as follows: 

Chapter I and II 

The major goal is to investigate whether subtle DNA damage can induce increased Aβ1-42 

production in neurons both in vitro and in vivo. In particular, the following issues are to be 

addressed: 

i)  To find out a subtle dose of DNA damaging agent which is non lethal for neurons. 

ii) To study the effect of lethal dose of DNA damaging agent on neuronal health and role of 

mitochondria in it. 

iii) To determine whether subtle (non lethal) DNA damage can induce Aβ1-42 production in 

neurons both in vitro and in vivo. If so - 

iv) To find out the mechanism (involvement of ER stress) that links subtle DNA damage and 

increased Aβ1-42 production. 

v)  To study the involvement of mitochondria in DNA damage induced increase of Aβ1-42. 
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Chapter III 

i)   To measure plasma Aβ1-42 levels in age matched controls vs. AD patients  

ii)  To find out mutations in mitochondrial DNA obtained from AD patients whole blood. 

iii) To analyse the nature of mutations and its correlation with AD. 
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MATERIALS AND METHODS 

1. Materials 

Camptothecin (CPT), Doxorubicin (Dox) Methylthiazolyldiphenyl-tetrazolium bromide (MTT), 

Insulin, progesterone, putrescine, selenium, transferrin, poly-D-lysine, Tetramethylrhodamine 

methyl ester perchlorate (TMRM), and DCFDA probe were purchased from Sigma (St. Louis, 

MO, USA). (3,5-Difluorophenylacetyl)-L-alanyl-L-2-phenylglycine tert-butyl ester (DAPT) was 

purchased from TCI chemicals (Portland, USA). Fetal bovine serum, Horse serum, Goat serum, 

Dulbecco’s modified Eagle’s Medium (DMEM), DMEM-F12, Neurobasal medium, Penicillin-

streptomycin solution, Lipofectamine 2000, Alexa Fluor was purchased from Gibco (Thermo 

fischer scientific, Walthan, MA, USA). Anti- pH2AX, Anti-PERK, Anti-phospho-PERK, anti-

eIF2α, anti-phospho-eIF2α, XBP1, IRE1α, ATF4 and CHOP antibodies were purchased from 

Cell Signalling Technology (Denver, MA, USA). Anti-Aβ1-42, Anti-MFN2 antibody was 

procured from Abcam (Cambridge, UK). CHL-1 antibody was purchased from R&D systems. 

Phospho-IRE1α antibody, Alexa Fluor 488, Alexa Fluor 568 and all the culture media were 

purchased from Invitrogen (Life technologies, Grand Island, NY, USA). HRP conjugated 

secondary mouse and rabbit antibodies were from Santa Cruz biotechnology (USA). Fluorophore 

conjugated pH2AX antibody suitable for flow cytometry was from BD biosciences (USA). 

Mitotracker Red CMXRos, MitoSOX Red were from molecular probes (Thermo fischer 

scientific). β-Secretase inhibitor IV  and PERK inhibitor (GSK2656157) from Cayman chemical 

(USA). siAPP and siBACE1 were from ambion (Life technologies, Grand Island, NY, USA). 

Cell culture dishes, plates and flasks were purchased from BD Falcon, Corning and Nunc. Aβ 

(1–42) was purchased from American Peptide. ECL reagent and PVDF membrane were 

purchased from GE Healthcare. The PCR kits were purchased from Takara. Trypsin and BSA 



Chapter 4: MATERIALS AND METHODOLOGY 

37 
 

was purchased from SRL. SH-SY5Y cell line was purchased from ATCC, MFN2 Knock out 

mouse embryonic fibroblast cell line and normal Mouse embryonic fibroblast (MEF) cell line 

were a kind gift from Dr. Suvendra Nath Bhattacharya, IICB, Kolkata, India. PC12 cell were 

obtained from Dr. Lloyd A. Greene, Columbia University, New York, USA. 5xFAD AD 

transgenic mice were purchased from the Jackson laboratory, USA. Male Sprague-Dawley rats 

were procured from IICB animal house. 

2. Primary cortical neuron culture 

The primary cortical neuron culture was done following the method which has been described 

earlier (Park et al., 1998; Troy et al., 2000) In brief the neocortex part of E16-18 of rat were 

dissected out in serum free medium (DMEM/F12 [1:1]) supplemented with 6 mg/ml D-glucose, 

100 μg/ml transferrin, 25 μg/ml insulin, 20 nM progesterone, 60 μM putrescine, 30 nM 

selenium) and triturated single cell suspension was seeded on previously poly-D lysin coated 

plates. The neurons were treated after 5d of plating. 

3. Pheochromocytoma-12 (PC-12 cell) maintenance and differentiation 

Rat pheochromocytoma cells (PC12) cells were cultured as described previously (Greene and 

Tischler, 1976). Cells were maintained in DMEM  medium supplemented with 10% heat 

inactivated horse serum (HS) and 5% heat inactivated fetal bovine serum (FBS), and neuronally 

differentiated  by NGF (10-100 ng/ml) in DMEM supplemented with 1% HS for 5-7 days. 

Experiments were performed after 5 days.  

4. Human neuroblastoma (SH-SY5Y) maintenance and differentiation 

Human neuroblastoma (SH-SY5Y) cells grown in DMEM supplemented with 10% FBS and 

penicillin/streptomycin. Differentiation was induced by 10 μM all-trans-retinoic acid (RA) on 
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day 1 after plating and continued for 8 days. The medium was replaced with a fresh medium 

containing RA every 48hr in DMEM supplemented with 10% FBS and penicillin/streptomycin 

(Schneider et al., 2011). 

5. Cell viability assay by MTT  

Cell viability was determined using quantitative colorimetric assay using MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), showing the mitochondrial activity of 

living cells, as described in the literature (Biswas et al., 2020). Cultured PC12 and SH-SY5Y 

cells were seeded in 96-well plates and were allowed to grow to 70-80% confluency after 

differentiation and treated with different doses of CPT for 24 h. After treatment, the media was 

removed and MTT (0.5 mg/ml) in PBS was added to each well, followed by incubation for 4 h at 

37°C. Finally, the MTT solution was removed and dye crystal formazan was solubilized in 100 

µl dimethyl sulphoxide (DMSO). The absorbance was measured at 550 nm. Data were calculated 

as  

 

 

 

6. Cell viability assay by nuclear count 

The intact nuclear counting method was also performed to check the cell viability as described 

by Sanphui et al. (Sanphui and Biswas, 2013) with slight modifications. Briefly, a detergent 

containing the buffer was added to the cells which can dissolve only the cell membrane, leaving 

the nuclear membrane intact. The intact nuclei were then counted on a hemocytometer and the 

number of live cells having intact nuclei was expressed as a percentage of the total cell 

population. 

(Absorbance of control – Absorbance of sample) 

Absorbance of control  

% of cell viability = × 100 
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7. Camptothecin (CPT) infusion in animals 

Male Sprague-Dawley rats were anaesthetized by injecting sodium pentobarbital and placed on a 

stereotaxic frame, and then a volume of 5 µl of desired dose of CPT in DMSO was infused in the 

right cerebral cortex at stereotaxic coordinates from bregma (AP, 4.1 mm; L, 2.5 mm; DV, 1.3 

mm) according to the rat brain atlas. The opposite side was considered as vehicle control 

infusion site which was infused with DMSO. After 2 days of injection, animals were sacrificed. 

8. Preparation of cells from rat brain cortex for FACS analysis 

The protocol was used as described by Brewer et al. (Brewer, 1997) with few modifications. 

Neocortex region was taken from rat brain after sacrifice. The cortex was minced with razor 

blades on ice cold glass plate and placed in a 1.5 ml eppendorf tube and weighed on a fine 

balance. Neurobasal medium (10 times of volume of the weight of the sample) was added and 

the tube was kept on ice. The minced tissue was incubated with 0.05% collaginase containing 

fresh neurobasal medium for 30 min at 4˚C. Cell pellet was collected by centrifuging at 425×g 

for two min at 4ºC and the pellet was resuspended in ice-cold neurobasal medium replacing the 

previous collaginase containing medium. To dissociate tissue, samples were triturated 10 times 

with fire-polished Pasteur pipette. To remove large debris and cell clusters from the cell 

suspension, the supernatant were filtered through pre-wetted 70 μm cell strainers on ice. Small 

cellular debris was removed by density centrifugation through a three density step gradient of 

percoll, 1ml of each solution (high density solution: 3.426 ml neurobasal medium + 824.5 μl 

percoll + 97.8 μl of 1M NaCl), (medium density solution: 3.600 ml neurobasal medium + 650.5 

μl percoll  +76.5 μl of 1M NaCl),   (low density solution: 3.770 ml neurobasal medium + 480.3 μl 

percoll + 59.5 μl of 1M NaCl), was carefully layered in a 15 ml falcon tube with the highest 

density solution on the bottom. The filtered cell suspension was applied to the top of this 



Chapter 4: MATERIALS AND METHODOLOGY 

40 
 

gradient and centrifuged at 430×g for 3 min. The cloudy top layer (~2ml) containing debris was 

discarded. Cells in the remaining layers were pelleted by centrifugation at 550×g for 5 min. The 

upper layer was removed and again centrifuged to see visible pellet. To fix the cell ice cold 

100% ethanol was added to each tube, gently vortexed, kept on ice for 15 min with occasional 

inversion.  To remove the ethanol, cells were pelleted by centrifugation at 425×g for 2 min and 

then processed for FACS. Cells were incubated with primary antibody conjugated with 

secondary fluorophore and incubated in room temperature for 30 min. After washing in wash 

buffer (PBST) the cells were suspended in staining buffer. Staining buffer was prepared from 

0.05℅ FBS and 0.09 sodium azide. Samples were then placed in FACS tube and analysed in 

Flowcytometry (Brewer, 1997).   

9. Immunocytochemistry 

Cortical neurons and neuronally differentiated  SH-SY5Y cells plated on  Poly-D -lysine coated 

cover slips were fixed with 4% paraformaldehyde for 10 min. Cells were then washed thrice with 

PBS for 5 min each, then blocked in 3% goat serum in PBS containing 0.3% Triton-X 100 

(PBST) for 2 h at room temperature. The cells were immunolabelled with primary antibody in a 

blocking solution overnight at 4˚C. The next day cells were washed thrice for 10 min each in 

PBST, followed by incubation with the appropriate secondary antibody for 2 h at room 

temperature in blocking solution. Again cells were washed thrice each for 10 min in PBST. 

Nuclei were stained with Hoechst 33342 (Molecular Probes, Invitrogen, MA, USA) at a 

concentration of 2 µg/ml in PBS for 30 min at room temperature. The pictures were taken under 

a confocal microscope (Leica).  The corrected total cell fluorescence (CTCF) was determined by 

considering the integrated density of staining, area of the cell and the background fluorescence of 
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different experimental conditions. CTCF = Integrated density – (area of selected cell × mean 

fluorescence of background readings) (Akhter et al., 2014).  

10. Immunohistochemistry 

20 µM cryosections of the brain from CPT-infused or PBS-infused rats and wild-type or 

transgenic mice were immunostained as described previously (Biswas et al., 2007). In brief, the 

sections were blocked with 5% goat serum in PBS containing 0.3% Triton-X 100 for 1 h at room 

temperature. Brain slices were incubated in primary antibody in a blocking solution overnight at 

4°C. Sections were washed thrice with PBS and incubated with a fluorescence-tagged secondary 

antibody for 2 h at room temperature. Following three washes with PBS and Hoechst staining, 

the sections were mounted and observed under fluorescence or confocal microscopes. 

11. Preparation of cell lysate:  

After the treatment, cells were washed with PBS and collected by means of scraping in PBS and 

harvested the cells by centrifugation at 1200 rpm at 4⁰ C for 5 min. Cells were lysed by lysis 

buffer (10 mMTris (pH.4), 150 mM NaCl, 1% Triton X-100, 0.5% NP-40, 1mM EDTA, 1mM 

EGTA, 20mM NaF, 0.2mM Orthovanadate, Protease Inhibitors) and incubated for 10 min in ice. 

The lysed cells were centrifuged at 14000 rpm at 4⁰ C for 15 min. Supernatant was collected and 

proteins were estimated by Bradford method. 

12. Immunoblotting 

Cortical neurons, neuronally differentiated PC12 and SH-SY5Y cells were lysed and proteins 

were analysed by western blotting as described previously (Biswas et al., 2007; Akhter et al., 

2014). For each condition 50 μg of protein were resolved in SDS-PAGE and then transferred to 

PVDF membrane. HRP-conjugated secondary antibodies against the primary antibodies were 
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used. Detection was carried out by Clarity Max western ECL substrate (BIO-RAD) detection 

reagent, according to the manufacturer’s protocol. Imaging of all Western blots was performed 

using a ChemiDoc MP imaging system (BIO-RAD). 

13. Transfection 

SH-SY5Y cells were plated in 24 wells plate on coverslips and primed for two days in the 

presence of RA. Transfection was done on second day of priming in sera and antibiotic free 

growth medium using lipofectamine 2000. Annealed validated siRNA against APP, BACE1 and 

MFN2 purchased from ambion were used for the downregulation. 6 h post transfection the sera 

free medium was replaced with priming medium. Cells were maintained for 48 h before 

treatment. On the 5
th

 day, treatment was done and cells were harvested for further experiments 

(Sanphui and Biswas, 2013) 

14. Transfected cell counting:  

For survival assay, PC12 cells were transfected with 0.5 μg of either pSIREN-Bid-shRNA-

ZsGreen (shBid) or pSIREN-Rand-shRNA-ZsGreen (shRand). The sequence of pSIREN-Bid-

shRNA was 

Top strand: 

5'GATCCGCCGCTCCTTCTATCATGGATTCAAGAGATCCATGATAGAAGGAGCGGTTT

TTTG 3' 

Bottom strand: 

5'AATTCAAAAAACCGCTCCTTCTATCATGGATCTCTTGAATCCATGATAGAAGGAGC

GGCG3' 

Differentiated PC12 cells were transfected on the 2
nd

 day of differentiation with shRand, shBid 

with lipofectamine 2000. After 48 h of transfection, the cells were exposed to CPT and the 
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number of transfected cells (green) was counted (0 h). The numbers of viable transfected cells 

were again counted after 24 h of treatment. Control and CPT-treated transfected cells of same 

field were counted under a fluorescence microscope (Leica, Wetzlar, Germany) at 0 h and after 

24 h of treatment. 

15. ELISA of Aβ1-42 

This assay employs the quantitative sandwich enzyme immunoassay technique. A monoclonal 

antibody specific for human Aβ has been pre-coated onto a microplate. Standard, control and 

samples are pipetted into the wells and any Aβ1-42 present is bound by the immobilized antibody. 

After washing away any unbound substances, an enzyme-linked polyclonal antibody specific for 

Aβ1-42 is added to the wells. Following a wash to remove any unbound antibody-enzyme reagent, 

a substrate solution is added to the wells. The enzyme reaction yields a blue product that turns 

yellow when the stop solution is added. The intensity of the color measured, is in proportion to 

the amount of Aβ1-42 bound in the initial step. Secretary level of Aβ1-42 was measured from the 

spent medium of cultured SH-SY5Y cells and primary cortical neurons using Human/Rat β-

amyloid 1-42 ELISA kit from Wako, USA (cat no. 290-62601) and R&D systems (Cat no. 

DAB142) following the manufacturer’s protocol. 

16. sAPPβ ELISA 

Similarly, sAPPβ was quantified using ELISA kit from mybiosource, San Diego, USA (cat no. 

MBS018909) following manufacturer’s protocol. 

17. BACE1 activity 

The activity of the enzyme was measured using the β-secretase activity assay kit from 

Calbiochem (cat no. 565785) following manufacturer’s protocol.  
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18. Study of mitochondrial membrane potential 

To measure mitochondrial membrane potential, cells were incubated with 25 nM of TMRM (to 

measure mitochondrial membrane potential) for 20 min at 37˚C in dark. At first cells were 

trypsinized and suspended in HBSS containing 1% BSA or DPBS. Then the TMRM dye was 

added in the same solvent and incubated. After the incubation, cells were pelleted down in 3000 

rpm for 5 min and washed thrice in the same solvent. TMRM fluorescence intensity was 

analyzed using flow cytometer.   

19. Study of mitochondrial health by MitoTracker® staining 

The cell-permeant MitoTracker® probes contain a mildly thiol-reactive chloromethyl moiety for 

labeling mitochondria. To label mitochondria, cells are simply incubated with MitoTracker® 

probes, which passively diffuse across the plasma membrane and accumulate in active 

mitochondria. Once their mitochondria are labeled, the cells can be treated with an aldehyde-

based fixative for samples that need fixation to allow further processing of the sample. Although 

conventional fluorescent stains for mitochondria, such as tetramethylrosamine and rhodamine 

123, are readily sequestered by functioning mitochondria, these stains are easily washed out of 

cells once the mitochondria experience a loss in membrane potential. This characteristic limits 

the use of such conventional stains in experiments that require cells to be treated with aldehyde 

fixatives or with other agents that affect the energetic state of the mitochondria (Wu et al., 2014).  

20. Imaging and analysis of mitochondrial size 

Cells were seeded on cover slips for immunofluorescence and stained with mitotracker red as 

described earlier in the method. Fixed cells were imaged under confocal microscope (Leica TCS 

SP8) using a 63X oil objective. LAS X software is used for exporting the images. The size of 

mitochondria was measured using Image J software. 
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21. Measurement of intracellular reactive oxygen species (ROS) 

Intracellular ROS was measured by flow cytometry using H2DCFDA described previously 

(Manna et al., 2015). H2DCFDA is a ROS-sensitive compound, which readily diffuses into cells 

and is hydrolyzed by esterase to form H2DCF within cells, which is then oxidized by hydrogen 

peroxide or low-molecular-weight peroxides to produce the fluorescent compound 2′, 

7′dichlorofluorescein (DCF). Viable cells were plated for each condition (control and different 

doses of CPT for both PC12 and SH-SY5Y cells). Cellular ROS was measured by incubating the 

cells with H2DCFDA (1μM) for 30 min, followed by washing three times in PBS (5 min 

incubation each) followed by flow cytometry using a BD FACSCalibur (Becton Dickinson, 

Franklin Lakes, NJ) flow cytometer equipped with FlowJo software.  

22. Measurement of mitochondrial ROS 

Mitochondrial ROS was measured by flow cytometry using MitoSOX Red reagent as described 

previously with slight modification (Robinson et al., 2006; Kauffman et al., 2016; Sundqvist et 

al., 2017). MitoSOX Red reagents permeate live cells where it selectively targets mitochondria. 

It is rapidly oxidized by ROS. MitoSOX Red has an excitation/ emission maxima of 

approximately 510/ 580 nm. Viable cells were plated for each condition. After treatment, cells 

were incubated with MitoSOX (3μM) for 30 min, then 3X PBS wash followed by flow 

cytometry using a BD FACSCalibur (Becton Dickinson, Franklin Lakes, NJ) flow cytometer 

equipped with FlowJo software.  

23. Extracellular flux (XF) analysis 

Oxygen consumption rate (OCR) was measured as described previously (Qian and Van Houten, 

2010). Cells were seeded in XF24 cell culture plates at 1×10
4
 cells/well and incubated in 5% 

CO2 at 37˚C. Prior to the analysis, cells were washed and growth medium was replaced with 
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bicarbonate-free modified RPMI 1640 medium, the ‘assay medium’ (Molecular Devices, 

Sunnyvale, CA). Cells were then incubated for another 60 min in a 37˚C incubator without CO2. 

Oxygen consumption rate were then performed simultaneously using a Seahorse XF24 

Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA). 

23.1. Assessment of mitochondrial bioenergetics 

To measure mitochondrial function in control and CPT treated differentiated SH-SY5Y cells, a 

Seahorse Bioscience XF-24 extracellular flux analyzer (Seahorse Bioscience) was used in 

combination with the Seahorse Bioscience XF Cell Mito Stress Test assay kit to assess the real-

time measurement of oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) according to the manufacturer’s instructions. In this assay, subsequent additions of the 

ATP synthase inhibitor oligomycin (1 μM), the mitochondrial uncoupler carbonylcyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP) (1 μM), and the complex I inhibitor rotenone (1 

μM) into the assay medium provided insight into different aspects of mitochondrial function. To 

compare experimental groups, the data were expressed as the rate of oxygen consumption in 

pmol/min or the rate of extracellular acidification in mpH/min, normalized to cell protein in 

individual wells (Brand and Nicholls, 2011). 

23.2. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

SH-SY5Y cells were plated at a density of 30,000 cells/per well (XF24 cell culture microplate, 

Seahorse Biosciences). 150 μl of the cells were allowed to sit for 2 hr in a laminar hood at room 

temperature in a non-CO2 environment for uniform seeding and to rule out the edge effect. After 

2 h, an additional 100 μl of the media (DMEM with 20% FBS) was added per well. The cells 

were allowed to grow till confluency for 24 h following which differentiation was induced using 

DMEM with 10% FBS and 10 μM RA. The cells were differentiated for 5 d with or without 
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treatment with CPT. On Day 6, the Mitostress assay was performed. The cells were washed with 

XF Assay media (with 20 mM glucose, 1 mM sodium pyruvate, and 1 mM glutamate, without 

sodium bicarbonate) and a final volume of 525 μl of the assay media was added to each well and 

the cells were incubated for 1 h at 37°C in a non-CO2 incubator. The cartridge was allowed to 

hydrate in XF fluid one day before the experiment. 2.5 mM of oligomycin, FCCP and Rotenone, 

and Antimycin A was dissolved in DMSO and 1 μM of oligomycin, 1μM of FCCP, Rotenone, 

and Antimycin A was freshly prepared in 3 ml of the XF Assay media. 75 μl of oligomycin was 

added to Port A, FCCP in Port B, Rotenone and Antimycin in Port C. Port D was left blank. The 

cartridge was allowed to calibrate in the Seahorse machine for 20 min following which the cell 

plate was allowed to run for the assay. The assay was normalized with protein. The analysis was 

done using the XFe 2.0.0 software. 

23.3. Calculations 

Port A: Oligomycin 

Stock concentration= 2.5mM 

Working concentration= 1μM (range 1-3 μM) 

Total working volume= 3ml 

Volume to be added= (2.5mM x 3ml x 8)/1μM 

Port B: FCCP 

Stock concentration= 2.5mM 

Working concentration= 1μM (range 1-5 μM) 

Total working volume= 3ml 

Volume to be added= (2.5mM x 3ml x 9)/2μM 

Port C: Antimycin A and Rotenone 
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Stock concentration= 2.5mM (each) 

Working concentration= 1μM (range 1-2 μM) [each] 

Total working volume= 3ml 

Volume to be added= (2.5mM x 3ml x 10)/1μM [each] 

23.4. Different parameters were calculated by the following formulas 

a. Non-mitochondrial oxygen consumption = Minimum rate measurement after Rotenone/ 

Antimycin A injection 

b. Basal respiration = (Last rate measurement before the first injection) - (Non-mitochondrial 

respiration rate) 

c. Maximal respiration = (Maximum rate measurement after FCCP injection) – (Non-

mitochondrial respiration) 

d. H+ (proton leak) = (Minimum rate measurement after Oligomycin injection) – (Non-

mitochondrial respiration) 

e. ATP production = (Last rate measurement before Oligomycin injection) – (Minimum rate 

measurement after Oligomycin injection). 

24. Plasmid isolation 

After transformation, cells were plated on the Luria agar medium. The cells successfully 

transformed formed colonies on the plate. From those colonies, a single colony was taken and 

inoculated in 30 ml Luria broth. After overnight incubation, plasmids were isolated from the 

broth using a Hi-pure plasmid midi-preparation kit (Invitrogen) following manufacture’s 

instruction. 10 ml equilibrium buffer was applied to the hi-pure midi column. The solution was 

allowed to drain by gravity flow. The cells were collected from the overnight LB culture by 

centrifuging at 4000×g for 10 min. The entire medium was discarded. The cell pellet was 
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homogeneously resuspended by adding 4 ml of resuspension buffer with RNaseA. Then 4ml 

lysis buffer was added to the suspension and was mixed gently by inverting (without vortexing). 

Then the mixture was incubated at RT for 5 min. A 4 ml precipitation buffer was added to the 

mixture followed by immediate inversion of the tube until the mixture was homogeneous. Then 

it was centrifuged at >12000×g for 10 minutes at RT. Then the supernatant was loaded on the 

equilibrated column with a pipette. The solution was allowed to go through the column to drain 

by gravity flow. Then the column was washed twice with a 10 ml wash buffer. The flow-through 

was discarded. Then 15 ml tube was placed under the column and a 5ml elution buffer was added 

to the column and was collected in a 15ml tube, it contains purified DNA. Then 3.5ml of 

isopropanol was added to elute and the solution was centrifuged at >12000×g for 30 minutes at 

40˚C. Then the pellet was collected and 3ml 70% ethanol was added and it was again centrifuged 

at >12000×g for 5 min at 40˚C. The supernatant was discarded. The pellet was air-dried for 

10min. Then to that pellet 100 to 200μl of TE buffer was added and plasmid DNA was re-

dissolved. It was kept at -20˚C (Sanphui and Biswas, 2013). 

25. PBMC and plasma isolation from whole blood 

Using an equal volume (1:1) of blood and Ficoll (Histopaque-1077) PBMC were immediately 

isolated from fresh whole blood by density gradient centrifugation according to the method of 

Boyun (Boyum et al., 2002). In brief, 5 ml of blood was layered carefully over an equal volume 

of Histopaque-1077 and subjected to centrifugation for 30 min at 400×g. PBMC were isolated 

from the buffy layer formed at the plasma– Histopaque-1077 interface. The clear upper layer was 

collected as plasma. The collected pellet was re-suspended in PBS (50 mM, pH 7.4). The method 

was repeated twice or thrice to remove the extraneous platelets. The viable cell number was 

counted using the trypan blue staining technique. 
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26. DNA isolation from whole blood 

DNA was isolated from whole blood using Nucleo Spin Blood, Mini kit for DNA from Machery-

Nagel using manufacturer’s protocol. 

27. Mitochondrial DNA Sequencing (Mutation Detection) using Illumina platform 

27.1. Qualitative/Quantitative analysis of the Received DNA  

The quality and quantity of the received DNA samples were checked on NanoDrop followed by 

0.8% agarose gel electrophoresis.  

27.2. Illumina NextSeq PE library preparation  

The mitochondrial DNA sequencing libraries were prepared from the QC passed DNA samples 

using Illumina TruSeq PCR free sample Prep kit. Briefly, the human mitochondrial genome was 

amplified using three sets of overlapping primers followed by amplicon pooling, fragmentation, 

end repair, A-tailing and adapter ligation.  

27.3. Quantity and quality check (QC) of library on Agilent 4200 Tape Station  

The libraries were analyzed on 4200 Tape Station system (Agilent Technologies) using high 

sensitivity D1000 Screen tape as per manufacturer instructions.  

27.4. Cluster Generation and Sequencing  

After obtaining the Qubit concentration for the libraries and the mean peak sizes from Agilent 

Tape Station profile, the PE illumina libraries will be loaded onto NextSeq 500 for cluster 

generation and sequencing. Paired-End sequencing allows the template fragments to be 

sequenced in both the forward and reverse directions on NextSeq 500. The kit reagents will be 

used in binding of samples to complementary adapter oligos on paired-end flow cell. The 

adapters were designed to allow selective cleavage of the forward strands after re-synthesis of 
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the reverse strand during sequencing. The copied reverse strand will then use to sequence from 

the opposite end of the fragment. 

28. Statistics 

All experimental results are reported as mean ± S.E.M. Student’s t-test was performed as 

unpaired, two-tailed sets of arrays to evaluate the significance of difference between the means 

and are presented as p-values. One way ANOVA was performed for experiments containing 

more than two groups.  

 



Chapter 5 



Part I 

5.1. DNA damage and its effect  

on Neuronal health 
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1. Background of the study 

DNA damage is a stress that individuals experience during their life span which increases 

exponentially with aging. DNA damage is implicated in many diseases and holds an important 

aspect in AD as the affected part of CNS also shows an increased sign of DNA damage (Hegde 

et al., 2011). It was hypothesized around 30 years ago that increased DNA damage may be 

associated with AD due to the observation of specific chromatin structure alteration in AD 

patients (Bradley-Whitman et al., 2014). Subsequently it has been found that there is at least 2-

folds increase in DNA breaks in cortices of AD patients, underscoring the contribution of 

accumulated genome damage (de Brito and Scorrano, 2008). Hippocampal DNA from late stage 

AD brain was shown to have a 2-folds acrolein/ guanosine DNA adducts as compared to that of 

an unaffected brain (Cotman and Su, 1996; Bradley-Whitman et al., 2014). 

Both nuclear and mitochondrial genomes are vulnerable to oxidative damage by reactive oxygen 

species (ROS) generated during cellular respiration or after exposure to various exogenous 

agents (Dawson et al., 1993; Lindahl, 1993; Mitra et al., 2002). High level of ROS-induced 

genome damage occurs in cells (e.g., neurons in brain) with high respiration rate. Furthermore, 

the long life span of post-mitotic, differentiated neurons and lack of replication-coupled repair 

compared to cycling cells promote accumulation of unrepaired DNA damage over time 

(Hanawalt, 2008). It is thus not surprising that persistent oxidative genome damage has been 

implicated in several neurodegenerative diseases including AD (Lyras et al., 1997; Dorszewska 

et al., 2007). 

Brain is particularly vulnerable to impairment in DNA repair (McKinnon, 2017), which is likely 

attributable to the high levels of metabolism and transcription activities in neurons of the central 

nervous system (CNS) (Hegde et al., 2012; Canugovi et al., 2013; Suberbielle et al., 2013). In 
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addition to ROS as a source of DSBs in neurons, recent literature reveals an essential association 

of transcription with DSB (Marnef et al., 2017). Stimulation or performance of variety of 

physiological tasks generate DSBs in neurons (Crowe et al., 2006; Suberbielle et al., 2013; 

Madabhushi et al., 2015). DSBs occur in the promoters of several early response genes and 

contribute to their transcription; early response genes function in learning and memory (Wang, 

1985; West and Greenberg, 2011) suggesting an association of DSB accumulation with cognitive 

decline, a major defect in patients with AD. Consistent with these observations, the number of 

DSB was increased in transgenic mice with hAPP (human APP mutant) (Suberbielle et al., 

2013).  

It has been reported that DSBs and DDR activation occur in non-dividing cells like primary 

neurons treated with camptothecin (CPT) (Sordet et al., 2009). CPT is a topoisomerase-I (TOP1) 

inhibitor which binds with TOP1/DNA complex resulting in DNA strand breaks (Hsiang et al., 

1985). TOP1 is necessary to remove DNA supercoiling during transcription. It relaxes 

supercoiling by forming transient TOP1 cleavage complexes (TOP1cc), which are TOP1-linked 

DNA single-strand breaks. CPT traps the transient TOP1cc and forms DNA double strand breaks 

(Pommier, 2006). This types of DNA DSBs are termed as replication independent DSBs and 

may induce DNA damage induced repair response in neurons via recruiting the repair machinery 

to the damage site. DSBs rapidly activate ATM, which phosphorylates checkpoint kinase 2 

(CHK2), mediator of DNA damage checkpoint 1 (MDC1), p53 binding protein 1 (53BP1) and 

H2AX at damaged sites (Bakkenist and Kastan, 2004). 

In this chapter the major objective is to determine the doses of CPT that induces DNA damage 

but does not lead to neuron death. In our study CPT which is a very wide spread and potent DNA 
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damage causing agent is used at different doses to induce DNA damage and the consequence of 

treatment has been studied.  

2. Results 

2.1. Camptothecin does not induce cell death in neurons at low doses 

Camptothecin (CPT) is an S-phase-specific anticancer agent originally isolated from the Chinese 

Camptotheca acuminata tree. It inhibits the activity of the enzyme DNA topoisomerase-I (topo-

I). Irreversible DNA double-strand breaks are formed during the time of replication in the 

presence of this agent, suggesting that CPT should not be harmful to non dividing cells, such as 

neurons (Morris and Geller, 1996). Unexpectedly, CPT causes significant, cell death of neurons 

in vitro. Aphidicolin, an inhibitor of DNA polymerase a, did not prevent CPT-induced neuronal 

death, while death was prevented by actinomycin D and cycloheximide and anisomycin, 

inhibitors of RNA and protein synthesis, respectively (Morris and Geller, 1996). The major 

function of topo-I is to relax DNA supercoiling produced by the torsional stress generated during 

DNA replication and transcription (Wang, 1985). Neurons have a much higher rate of 

transcription compared to other cells and inhibiting these step turns out to be detrimental for its 

survival. It has also been shown that 10 µM CPT induces massive cell death in primary neurons 

after 24 h (Morris and Geller, 1996). First, a dose response study is performed to find a window 

of doses of CPT that do not induce neuron death after 24 h in neuronally differentiated PC12 and 

SH-SY5Y cells (Fig. 1A, 1B).It was important to identify the range of dose of CPT which is non 

lethal, as it was already known that 10 µM concentration of CPT is toxic. We found that 

induction of death occurred starting from the doses of 100 nM and 500 nM in PC12 cells and 

SH-SY5Y respectively after 24 h of CPT treatment. In both the cell lines, cell viability was not 

compromised up to 50 nM dose of CPT. Next, we checked the effect of these non-lethal doses of 
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CPT in primary cortical neurons as well (Fig. 1C) and we observed no induction of significant 

death up to 50 nM CPT after 24 h. This result helps to select a dose of CPT which is upto 50nM 

for all the models used in our work (PC12 cells, SH-SY5Ycells, Primary cortical neurons) that 

does not induce cell death after 24 h of treatment. 

 

Figure 1. (A-C) Neuronally differentiated,  PC12 cells (A) SH-SY5Y cells (B) and primary 

cortical neurons (C) were treated with CPT (5 nM – 10 µM) for 24 h. Cell viability was checked 

by MTT assay. Data represented as mean ± SEM (*p< 0.05; **p<0.01; n = 3). 

 

2.2. Sign of genomic DNA damage is prevalent both in vivo and in vitro after treatment 

with very low dose of CPT 

It is already known that CPT can cause DNA double strand breaks and DNA damage response 

(DDR) activation with the formation of nuclear DDR foci containing γH2AX (phosphorylated 

form of H2AX) in primary neurons (Sordet et al., 2009). γH2AX is an established marker for 

DNA damage. A single γH2AX focus reflects hundreds to thousands of γH2AX proteins that are 

concentrated around at least one DSB although there was no induction of cell death after 24 hrs 

of incubation with CPT in the selected range of doses but interestingly there was increased 
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pH2AX expression from 5 nM concentration itself. The immunocytochemistry analysis showed 

increased number of pH2AX foci in the nucleus when a dose as low as 5 nM CPT is 

administered and the number of foci increased with increasing doses (Fig 2A-B). 

 

Figure 2. (A) SH-SY5Y cells were treated with CPT for 24 h, and then subjected to 

immunocytochemical staining with DNA damage marker pH2AX antibody followed by nuclear 

staining with Hoechst. Note the pH2AX positive foci (green dots) in nuclei having DNA double 

strand breaks. (B)Number of cells positive for pH2AX foci were counted from random fields of 

three independent experiments and represented as percentage of cells showing pH2AX positive 

foci. Data represented as mean ± SEM (*p< 0.05). (C) Induction of DNA damage in rat brain 

cortex after infusion with 100 nM CPT for 48 h. The Q4 quadrant is presenting cells which are 

positive for pH2AX and Q1 showing cells positive for cleaved caspase 3(D) Quantitative 
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representation of the flow cytometric analysis of cells showing pH2AX positive foci. Data 

represented as mean ± SEM (*p< 0.05, n=3). 

Increased expression of pH2AX was also found in rat brain cortex when CPT was infused 

stereotaxically for 48 hrs. Ten fold of in vitro dose of CPT was chosen for in vivo studies in rat. 

The single cell suspension prepared from the infused area of rat brain cortex, it was fixed and 

stained with antibody against pH2AX and flow cytometry analysis was done. Increased intensity 

of pH2AX indicated its increased expression compared to untreated control (Fig 2C-D). 

2.3. DNA damage and its correlation with oxidative stress 

Oxidative stress and DDR are very much linked together. But how does DNA double strand 

break lead to increased ROS production is not well studied. Ouchi et al (2012) provided an 

interesting link between these two events. In that study it was proposed that increased pH2AX is 

at least partly responsible for increased ROS production due to induction of DNA damage. We 

also checked the level of oxidative stress in our model. We measured level of total cellular and 

mitochondrial ROS in differentiated SHSY5Y and PC12 cells after treatment with different 

concentrations of CPT for 24 h. DCFDA study was considered for determination of reactive 

oxygen species which mainly determines the level of super oxide and peroxide, and hydroxyl 

radical. Increase in total cellular ROS was observed from 50 nM CPT onwards (Fig 3A-B). 

Mitochondria are the centre of ROS production. To know the contribution of mitochondria in 

inducing oxidative stress mitosox assay was performed which specifically identifies 

mitochondrial ROS. Similar increase was also found in total mitochondrial ROS production from 

50 nM CPT treated condition for 24 hrs (Fig 3C). But it was observed that concentration below 

50 nM CPT was unable to produce ROS in neurons. 
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Figure 3. (A)Quantification of DCF fluorescence obtained from flow cytometry for the 

measurement of total cellular ROS in differentiated PC12 cells (A) and SH-SY5Y cells (B) under 

different concentrations of CPT treatment for 24 h. (C) Quantification of Mitosox fluorescence 

intensity obtained from flow cytometry representing mitochondrial ROS in PC12 cells after CPT 

treatment for 24 h. Data represented as mean ± SEM (*p< 0.05; n = 5). 

 

2.4. Higher dose of CPT is detrimental to neurons 

From our previous experiments we obtained a window of dose of CPT (5nM-50nM) that is not 

compromising neurons viability but there is evidence of DDR under similar condition as there 

was increased pH2AX expression. The consequence of this early stress response will be 

discussed in details later. But before moving into that we were interested to see how a toxic dose 

of CPT (1-10uM) is affecting neuronal health? At first we looked into the morphology of neuron 

when treated with 1uM dose of CPT for 24 hrs. The bright field images of control vs. treated 

cells showed that neuronal health was very much affected with CPT treatment as the neuritic 

connections between neighboring cells were lost and the shape of neurons turned into round and 

stressed (Fig 4A).The immunocytochemistry staining with MAP2 also showed similar results. 

MAP2 is a microtubule associated protein that resides in dendritic extensions therefore a very 
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useful marker of neuronal perykarya and overall morphology. The result suggested significant 

dendritic loss when cells were treated with toxic doses of CPT for 24 h (Fig 4B). 

 

 

Figure 4. (A) Bright field images of differentiated SH-SY5Y cells treated with and without 

10uM CPT for 24 hrs. (B) Differentiated SH-SY5Y cells were treated with and without 10uM 

CPT for 24 hrs, then subjected to immunocytochemical staining with neuronal marker MAP2 

antibody followed by nuclear staining with Hoechst. (C) Images of DCF fluorescence under 

fluorescence microscope for the measurement of total cellular ROS in differentiated SH-SY5Y 

cells upon treatment with and without CPT for 24 hr. (D) Images of mitochondrial morphology 

after staining with mitotracker red in differentiated SH-SY5Y cells upon treatment with or 

without CPT for 24 h. (E) JC1 staining of differentiated SH-SY5Y cells treated with or without 

CPT for 24 hrs. 

 

From our previous experiments we got indication that higher doses of CPT like 100nM onwards 

could potentially increase level of oxidative stress in neuron. To check it further we measured the 
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level of total cellular ROS in 10uM CPT treated neuron after 24 h. As predicted there was 

increased level of  cellular ROS as detected from live cell imaging of a fluorescent adduct DCF 

under fluorescence microscope with excitation / emission at 485 nm / 535 nm (Fig 4C). 

Indication of increased oxidative stress provided a strong hint towards changes in mitochondrial 

metabolism as mitochondria is a well reservoir of ROS and majority of ROS is produced in 

mitochondria from its oxidative phosphorylation chain reaction (Starkov, 2008). So there is 

higher possibility of damage in mitochondrial infrastructure.  Maintenance of a healthy 

mitochondrial dynamics is very crucial to protect and preserve mitochondrial function. A healthy 

filamentous network reflecting balanced mitochondrial fission and fusion is observed under 

normal condition. But under condition of severe stress this filamentous structure loses its 

integrity as a result of loss in mitochondrial membrane potential. Depolarization of 

mitochondrial membrane potential is a very prominent marker of a cell undergoing apoptotic 

death pathway. Here in our next experiment we checked mitochondrial network by staining 

neuron with mitotracker red. This dye is membrane potential sensitive dye which accumulates 

inside live mitochondria and stains it beautifully. We also checked mitochondrial membrane 

potential using JC1 dye. JC-1 dye is more specific for mitochondrial versus plasma membrane 

potential and more consistent in its response to depolarization. Mitochondrial depolarization is 

indicated by a decrease in the red/green fluorescence intensity ratio. The potential-sensitive color 

shift is due to concentration-dependent formation of red fluorescent J-aggregates (details is 

mentioned in methods section). From the two above experiments it was seen that both 

mitochondrial fine ultra structure and membrane potential is disturbed when treated with toxic 

dose of CPT for 24 h (Fig 4 D-E). This result is a clear indication that the cell is preparing itself 

to undergo death when treated with toxic doses of CPT. 
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2.5. Toxic dose of CPT can induce apoptosis and role of pro apoptotic protein BID in it 

From our earlier experiments we found that toxic dose of CPT (1,10uM) can lead to increased 

oxidative stress and depolarization of mitochondrial membrane potential in neurons. These 

results give stronger indication that cells may be preparing themselves for death pathway like 

apoptosis under that condition.  

Figure 5. (A) Images of differentiated SH-SY5Y cells treated with or without CPT for 24 hrs 

and subjected to staining with pH2AX and DAPI. (B) Number of cells positive for pH2AX foci 

were counted from random fields of three independent experiments and represented as 

percentage of cells showing pH2AX positive foci. Data represented as mean ± SEM (*p< 0.05). 

(C) Images of differentiated SH-SY5Y cells treated with or without CPT for 24 hrs and subjected 

to staining with cleaved caspase3 and DAPI.(D) The CTCF (calculated total cell fluorescence) 

values of 15 cells from random fields were calculated using image J and data are represented as 

mean ± SEM (*p< 0.05). (E) Images of differentiated SH-SY5Y cells treated with or without 

CPT for 24 hrs and subjected to staining with BID and DAPI.(F) The CTCF (calculated total cell 

fluorescence) values of 15 cells from random fields were calculated using image J and data are 

represented as mean ± SEM (*p< 0.05).(G) Differentiated PC12 cells were transfected with 

shBID, shRand respectively,48hrs post transfection treated with or without 10uM CPT for 20hrs 
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and  transfected cells were  counted under microscope just before and after 24 hrs of CPT 

treatment. Nucleus was stained with DAPI. (H) Quantification of no. of viable transfected cells 

with or without treatment of CPT from three independent experiments. Data represented as mean 

± SEM (*p< 0.05). 

 

We also observed increased level of pH2AX from treatment with very low dose of CPT without 

compromising neuronal viability. H2AX is primarily associated with DDR but it has also role in 

apoptosis (Lu et al., 2006). Phosphorylation of H2AX is critically needed for DNA degradation 

triggered by Caspase-activated DNAses (CAD). H2AX phosphorylation is also necessary for 

DNA ladder formation in apoptosis (Lu et al., 2006). Taken together it can be said that pH2AX is 

not only a very important sign for DDR but also can act as an important marker for apoptosis. So 

next we checked level of pH2AX in differentiated SH-SY5Y cells treated with 10uM dose of 

CPT for 24 hrs. The level of pH2AX was increased significantly under that condition (Fig 5A-

B). To further confirm apoptosis level of cleaved caspase 3 was also checked under that similar 

condition. Cleaved Caspase 3 is a very classical marker for apoptosis (Crowley and Waterhouse, 

2016). Increased cleaved Caspase 3 (Fig 5C-D) along with increased pH2AX together confirmed 

that neurons undergo apoptosis in response to toxic dose of CPT. 

Next we were eager to see contribution of a one of the BH3-only proteins, BID in apoptosis 

induced by CPT. It is already well studied that BH3-only pro apoptotic proteins relay the death 

signals to the proapoptotic molecules BAX and BAK that act as an irreversible step to apoptotic 

death. Activated BH3-only proteins such as caspase-truncated BID (tBID) either directly or 

indirectly activate BAX and BAK, which are required for the release of cytochrome c and the 

downstream apoptotic program. Under non apoptotic condition BID is predominantly 
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cytoplasmic but when extrinsic death signal is there BID is cleaved by caspase 8 in an 

unstructured loop, exposing a new amino terminal glycine residue, which becomes 

myristoylated, facilitating its translocation to the mitochondria. We wanted to see the status of its 

expression when toxic dose of CPT was given to neurons. There was increase in the total level of 

BID (Fig 5E-F). To further validate contribution of BID in this death pathway we did a knock 

down experiment to suppress its expression by introduction of a shRNA against BID. Down 

regulation of BID provided significant protection against treatment with toxic dose of CPT for 24 

hrs but not for longer period of time (Fig 5G). This result suggested that it plays an essential role 

at initial period of time but that role is not sufficient to suppress death for longer period. 

3. Discussion 

Aging is a complex process that has been linked to accumulation of DNA damage and which is 

one of the greatest risk factor for AD. Oxidative DNA damage is an early phenomenon of AD 

brain. AD transgenic mice shows elevated level of oxidative stress in some part of their brain at 

very early stages of their life before there is any sign of behavioral changes and significant 

neuronal loss. mtDNA is particularly sensitive to oxidative damage, accumulation  of this kind of 

damage in the mitochondrial DNA (mtDNA) can result in base substitutions and deletions 

leading to the erroneous transcription of genes encoding important subunits of the electron 

transport chain, with subsequent mitochondrial dysfunction. Mitochondrial dysfunction is a very 

prominent feature of many neurodegenerative disorders including AD. Apart from other 

deleterious aspects of Aβ  like induction of oxidative stress which indirectly may cause oxidative 

DNA damage, Aβ has DNA nicking activity that means it can directly chew up DNA. These data 

support the fact that Aβ can cause direct DNA damage (Coppede and Migliore, 2009). 
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Here in our study we introduced DNA damage using CPT in a dose dependent manner in 

neuronal cells and traced the consequences. We observed that although induction of death 

appeared after a certain concentration of CPT but evidence of DNA double strand break 

appeared at a very low dose (as low as 10nM). Elevated level of oxidative stress also observed as 

a result of CPT treatment but there was a window of dose of CPT which did not induce increased 

ROS production. We termed the dose of CPT toxic that has potential to compromise cell viability 

as reflected from both biochemical and microscopic study. And the death was mediated by 

mitochondrial dysfunction followed by apoptosis. Mitochondria as a center of ROS production 

was highly affected by this kind of threat. Both the morphology and its membrane potential were 

lost. Loss of mitochondrial membrane potential is also needed to execute apoptosis. It helps to 

release cytochrome c from inter membrane space to cytosol which is a very crucial step of 

intrinsic pathway of apoptosis. Released cytochrome c can activate Apaf-1 protein which 

activates caspases further (Youle and Strasser, 2008). The multidomain proapoptotic proteins 

BAX and BAK mediate permeabilization of the mitochondrial outer membrane (MOM), which 

leads into loss of mitochondrial membrane potential and subsequent cytochrome c release. Few 

BH3-only proteins have a very important role in activation of BAX and BAK. 

BAX and BAK control the mitochondrial gateway to apoptosis. There are controversies 

regarding how BAX and BAK could be activated. Two non-mutually exclusive models have 

been proposed (Desagher et al., 1999; Galonek and Hardwick, 2006). The direct activation 

model proposes that the “activator” subgroup of BH3s, including truncated BID (tBID) and BIM 

can directly cause the conformational changes of BAX and BAK (Desagher et al., 1999; Wei et 

al., 2000; Cheng et al., 2001; Wei et al., 2001; Kuwana et al., 2002; Letai et al., 2002; Kuwana et 

al., 2005; Kim et al., 2006; Gavathiotis et al., 2008; Lovell et al., 2008). The indirect model 
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states that activation of BAX and BAK happens by default as long as all the anti-apoptotic BCL-

2proteins are neutralized by BH3s (Willis et al., 2007). 

Next in our study we were interested to see the contribution of BH3-only protein BID in the CPT 

induced death pathway. There is one more interesting reason for choosing BID over other BH3-

only proteins. Distinct from its apoptotic function BID has a role in maintaining genomic 

integrity. BID can act as an ATM effector in proliferating cell and play some pro survival role 

apart from its canonical apoptotic activity. In our case we silenced BID and focused to see the 

effect of CPT treatment on neuronal cell line. The cell viability increased to some extent but was 

not much impressive. It gives indication that contribution of BID in this death pathway may be 

dispensable. But level of total BID was increased upon DNA damage. This observation is 

interesting and gives some hints of its involvement in some of its non canonical activity which 

may be an area for future exploration. 

 

 

 

 

 

 

 

 



Part II 

5.2. Subtle genomic DNA damage and its 

effect on intraneuronal production of 

Amyloid-β (1-42) 
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1. Background of the study 

Emerging evidence suggests that, in addition to the well-known extracellular amyloid plaque in 

the brain parenchyma, Aβ peptides can be accumulated intraneuronally (Gouras et al., 2000). It 

has also been established that this initial accumulation of Aβ is one of the earliest pathological 

events, which can trigger the cascade leading to synaptic dysfunction and neurodegeneration 

(Wirths et al., 2004). 

 In late nineteenth century reports from (Masters et al., 1985; Grundke-Iqbal et al., 1989) 

indicated that the presence of Aβ initially increased inside neurons before occurring in the 

extracellular space.  After that other studies were confirming the fact that neurons in AD-

vulnerable regions accumulate Aβ42 and this accumulation precedes neurofibrillary tangle 

formation and extracellular Aβ deposition (Gouras et al., 2000) There are also studies showing 

increased Aβ42 levels and an elevated Aβ42/Aβ40 ratio in CA1 pyramidal neurons of AD 

hippocampus, from sporadic as well as from familial AD cases, whereas Aβ40 levels remained 

unchanged (Aoki et al., 2008). 

Amyloid precursor protein (APP) is present in plasma membrane and it is important for cell 

adhesion and cell movement (LaFerla et al., 2007). Dimerization of APP with itself or with APP-

like proteins (APLPs) through their ectodomains has been shown to promote trans-cellular  

adhesion. APP is also present in the trans Golgi network, endoplasmic reticulum (ER), and 

endosomal, lysosomal and mitochondrial membranes. APP is expressed ubiquitously and Aβ is a 

normal catabolic product of APP metabolism in neurons (Haass et al., 1992). The synthesis of 

Aβ could potentially occur wherever APP and the APP processing enzyme, β- and γ-secretases 

are localized, and it is likely that this occurs in several cellular compartments (LaFerla et al., 

2007). β-secretase resides in cholesterol-rich domains and may only be active when sequestered 
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into endosomes (Rajendran et al., 2006). It has also been shown that presenilin-1 and presenilin-

2 of γ-secretase complex are located at the interface between mitochondria and the ER (Area-

Gomez et al., 2012). The ER-mitochondria interface, commonly known as mitochondria 

associated membrane (MAM) plays an essential role in Ca
2+

 signaling, lipid metabolism, 

mitochondrial morphology, apoptosis etc. The communication between these two organelles has 

been shown to be dysfunctional in AD (De Strooper and Scorrano, 2012). Mitochondrial 

dysfunction has already been implicated in AD. Impaired balance of mitochondrial fusion and 

fission plays an important role in synaptic dysfunction and its loss in AD (Wang et al., 2009). 

Mitochondrial fusion boosts mitochondrial bioenergenetics, increases ATP production, help in 

the exchange of mtDNA and inhibit autophagy of mitochondria during stress conditions 

(Rambold et al., 2011) . Increased fusion of mitochondria could be a result of early ER stress 

response that actually precedes mitochondrial fission (Lebeau et al., 2018). Stress induced 

mitochondrial hyper fusion (SIMH) is a dynamic remodeling of mitochondrial morphology that 

suppresses pathologic mitochondrial fragmentation and promotes mitochondrial function. UV 

irradiation, thapsigargin, actinomycin D, cyclohexamide treatment can induce SIMH. It is 

considered as an adaptive stress response of a cell before committing cell death (Tondera et al., 

2009). 

Mitofusin 1 (MFN1) and mitofusin 2 (MFN2), integral proteins of the mitochondrial outer 

membrane, are required for fusion of adjacent mitochondria (Koshiba et al., 2004; Filadi et al., 

2018). Although both MFN1 and MFN2 are required for mitochondrial fusion, MFN2 is 

predominantly expressed in the brain and they have a certain degree of redundancy (Eura et al., 

2003). MFN2 is a very important player in maintenance of mitochondrial dynamics. Moreover, it 

is also involved in MAM formation. Accumulating evidences also suggest a role of MFN2 in 
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AD. Its level is decreased in frontal cortex and hippocampus in post-mortem AD patients (Wang 

et al., 2009; Manczak et al., 2011). Its level decreases with age in AD mice as well (Wu et al., 

2014; Zhang et al., 2016). It has also been demonstrated that decreased MFN2 levels leads to 

increased coupling of ER and mitochondria that affects Aβ production (Filadi et al., 2018).  

The correlation between DNA damage and AD has already been discussed in the previous 

chapter.DNA damage which is a crucial marker of aging very much present in AD vulnerable 

regions of brain. The effect of chronic DNA damage on neuronal health is discussed in detail in 

the previous chapter. But what could be the consequences of subtle DNA damage which is not 

leading to immediate cell death is the main objective of this chapter. Here, in this study we have 

investigated whether subtle DNA damage leads to an increased Aβ synthesis in neurons or not. 

Interestingly, we found signs of ER stress and elongated mitochondrial morphology as a 

consequence of adaptive stress response induced by mild DNA damage. ER stress resulted in 

increased activity of β-secretase and subsequent Aβ production. 

2. Results 

2.1. Mild DNA damage can increase level of Aβ1-42 in neuron  

Aging is considered as one of the major risk factors for AD, and there are direct link between 

DNA damage and aging. From our previous experiments (discussed in chapter one) we have 

already obtained a window of dose of CPT which does not kill neuron immediately. We have 

considered that range of dose of CPT as non lethal. But interestingly concentration as low as 

5nM CPT treatment could induce DNA damage in neuron. Next to know the consequences of 

this damage we were curious to find out whether it can induce Aβ production in neurons as a  



Chapter 5.2: RESULT & DISCUSSION 
 

69 
 

 

Figure 1. (A) Immunocytochemical staining with Aβ1-42 antibody (white), followed by nuclei 

staining with DAPI (blue) in differentiated SH-SY5Y cells after 24 h of 10 nM CPT treatment. 

(B) The CTCF (calculated total cell fluorescence) values of 25 cells from random fields were 
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calculated using image J software and data are represented as mean ± SEM (*p< 0.05). Anti-Aβ1-

42 antibody which is reactive with Aβ1-42 and does not cross-react with Aβ1-40, full-length APP, 

sAPP beta or sAPP alpha is used for the staining. (C) Sandwich ELISA of Aβ1-42 in the spent 

media of differentiated SH-SY5Y cells after 5 nM and 10 nM CPT treatment for 24 h. (D) 

Immunocytochemical staining with Aβ1-42 antibody (white), β3-Tubulin antibody (green), 

followed by nuclei staining with DAPI (blue) in primary cortical neurons after 24 h of 10 nM 

CPT treatment. (E) Quantification of fluorescence intensity of (D). The CTCF values of 25 cells 

from random fields were calculated using image J software and data is represented as mean ± 

SEM (*p< 0.05). (F) Sandwich ELISA of Aβ1-42 in the spent media of cultured primary cortical 

neurons after 5 nM and 10 nM CPT treatment for 24 h. Data represented as  mean ± SEM (*p< 

0.05; n = 3). (G) Immunohistochemical staining with Aβ1-42 antibody (white) followed by nuclei 

staining with DAPI (blue) of sections obtained from rat brain cortex infused with 100 nM CPT 

for 48 h. (H) Quantification of fluorescence intensity of Aβ1-42 using Image J software. Each 

group contained three numbers of animals. Intensity of 25 images from each group were 

calculated and data represented as mean ± SEM (*p< 0.05) n=25.  

 

stress response or not. Using transgenic AD mice and human AD patients’ vulnerable brain 

regions, several studies have shown that early accumulation of Aβ peptides inside neurons is one 

of the earliest pathological events leading to synaptic dysfunction and neurodegeneration 

(Gouras et al., 2000; Bayer and Wirths, 2010). We checked the level of intracellular Aβ in 

differentiated SH-SY5Y cells treated with 10 nM concentration of CPT for 24 h by 

immunostaining of Aβ1-42 using confocal microscope. It was observed that there was increased 

Aβ1-42 immunoreactivity in neurons as compared to untreated control cells (Fig. 1A). The level of 

Aβ1-42 was also checked in the spent media of SH-SY5Y cells by sandwich ELISA against Aβ1-

42. The secretary level of Aβ1-42 was also increased significantly in CPT-treated cells as compared 

to control cells (Fig. 1B). To further strengthen our finding we measured level of Aβ1-42 in 

primary cortical neuron. Increased levels of Aβ1-42 were also found in primary cortical neurons 
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when treated with 10 nM dose of CPT (Fig. 1C-E). Next we studied the consequence of CPT 

treatment in vivo. Ten times dose of CPT used in cell was stereotaxically infused in rat brain 

cortex and after 48 hrs of incubation the animal was sacrificed and Aβ1-42 level was measured. 

Moreover, immunohistochemistry analysis of rat brains infused with CPT showed that there was 

deposition of Aβ1-42 in the cortex (Fig. 1F-G).   

2.2. Down regulation of APP and its processing enzymes prevented CPT induced increment 

of Aβ1-42 

We observed increase level of both intracellular and extracellular level of Aβ under treatment 

with mild dose of CPT. It was important to check the specificity of the antibody used for the 

detection of Aβ1-42 in the experiment. We performed a control experiment to check the 

specificity of the antibody used against Aβ. siRNA mediated knock down  of APP and BACE1  

separately  in  differentiated SH-SY5Y cells was performed before treatment with CPT. Down 

regulation of APP and its processing enzymes decreased the intensity of Aβ staining increased 

with CPT treatment (Fig. 2A-B). Similar finding was observed when the activity of γ secretase 

was inhibited. DAPT was used for this purpose. DAPT is a commercially available Notch 

inhibitor also known for γ secretase inhibition. Pretreatment with DAPT (250nM) for 2 h in 

differentiated SH-SY5Y cells diminished the increment of Aβ observed after CPT treatment.  

The secretary level of Aβ was also reduced to far extent after down regulation of APP, BACE1 

and treatment with DAPT (Fig. 2C). The spare medium of the above described experimental 

conditions was taken to measure extracellular level of Aβ and as expected similar findings were 

observed. 
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Figure 2. (A) Differentiated SHSY5Y cells were transfected with siAPP,siBACE1 

respectively,48hrs post transfection treated with 10nM CPT for 20hrs and cells were 

immunostained with antibody against Aβ1-42  (red)  before 20 hrs CPT treatment 2hrs 

pretreatment with 250nM DAPT was done in differentiated SHSY5Y cells and immunostaining 

for Aβ1-42  was done. Nucleus was stained with DAPI. Necessary  set of experimental control  

were kept.(B) The CTCF (calculated total cell fluorescence) values of 25 cells from random 

fields were calculated using image J software and data are represented as mean ± SEM (*p< 

0.05).(C) The spare media of the above  mentioned cells were collected for Aβ1-42 sandwich 

ELISA study. Data represented as mean ± SEM (*p< 0.05; n = 3). 

 

2.3. Subtle DNA damage induces ER stress that leads to Aβ production by increasing 

BACE1 activity  

Next, we addressed how Aβ1-42 is generated in response to subtle DNA damage. Besides plasma 

membrane, APP has also been reported to be present in intracellular organelles including ER. 
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Accumulating evidences from transgenic mice and human patients suggest that Aβ1-42 can also 

be generated and accumulated intraneuronally (LaFerla et al., 2007). It is also known that γ-

secretase complex along with APP is enriched at the interface between mitochondria and the ER 

(De Strooper and Scorrano, 2012). To check whether subtle doses of CPT can induce ER stress 

in neurons, a very prominent marker of ER stress PERK, which is an important factor of the 

unfolded protein response (UPR), was investigated. ER stress activates PERK which 

subsequently phosphorylates the eukaryotic translation initiation factor 2-alpha (eIF2α) resulting 

in global transient suppression of translation and transcription of cyto-protective factors (Bravo 

et al., 2011). Interestingly, we found increased phosphorylation of PERK in response to 10 nM 

CPT treatment for 2h (Fig. 3A, 3B). The phosphorylation levels of eIF2α were also increased 

under similar conditions (Fig. 3C, 3D). PERK-eIF2α-ATF4 pathway was checked in depth to see 

the extent of UPR in our model. We noticed marked increase of all the downstream effecter 

proteins (ATF4, CHOP, PeIF2α)  after 2hr CPT treatment and a sharp decrease after 24 hrs (Fig. 

3D-F). We also got increased level of P-IRE-1α, and its direct downstream molecular player P-

XBP1 under similar time points which further strengthen the evidence of UPR in our model 

(Fig.3I,J). To further confirm the contribution of PERK in increased Aβ load, PI, an established 

inhibitor of PERK at a concentration of 10 µM was co-treated with 10 nM CPT for 24 h and the 

level of extracellular Aβ1-42 was measured in the spent media of neurons (Fig. 3K). It was 

observed that PI reduced the level of Aβ1-42 which was otherwise raised by 10 nM CPT after 24 

h. These results suggest that the PERK arm of UPR contributes towards the increased Aβ1-42 

production in response to mild DNA damage. 
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Figure 3. (A) Differentiated SH-SY5Y cells were treated with CPT for 2 h. Control and the 

treated cells were harvested and the lysates were subjected to western blot analysis using p-

PERK and t-PERK antibodies. (B) Bar diagram shows the levels of p-PERK normalized with t-

PERK derived from densitometric analysis of the blot using the Image J software. Values are 

expressed as Mean±SEM from three independent experiments;*p<0.05. C) Differentiated SH-

SY5Y cells were treated with CPT for 2 h. Control and the treated cells were harvested and the 

lysates were subjected to western blot analysis using p-eIF2α and t- eIF2α antibodies.  (D) Bar 

diagram shows the levels of p-eIF2α normalized with t-eIF2α derived from densitometric 
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analysis of the blot using the Image J software. Data represented as mean ± SEM (*p< 0.05; n = 

3). (E) Differentiated SH-SY5Y cells were treated with CPT for different time points. Control 

and treated cells were harvested and the lysates were subjected to western blot analysis using p-

eIF2α, t- eIF2α, ATF4, CHOP, XBP1, pIRE1α, tIRE1α antibodies. (F-J) Bar diagram shows 

normalized value derived from densitometric analysis of the  above mentioned blots using the 

Image J software. Data represented as mean ± SEM (*p< 0.05; n = 3) (K) Quantitation of Aβ1-42 

in the spent media from differentiated SH-SY5Y cells after 24 h of treatment with 10 nM CPT in 

presence or absence of 10 µM PERK inhibitor (PI) were performed by ELISA. Bar diagram 

represents Aβ1-42 level in pg/ml in control and the CPT-treated samples. Data represented as 

mean ± SEM (*p< 0.05; n = 3). 

 

2.4. BACE1 Activity is increased under mild dose of CPT treatment 

It has been reported that energy deprivation leads to phosphorylation of eIF2α, which increases 

the translation of BACE1 and elevates Aβ production in neurons (O'Connor et al., 2008). 

BACE1 is the rate limiting enzyme for Aβ1-42 production. It gives an indication that under stress 

conditions, BACE1 could be a target of eIF2α. Hence, we checked the levels of BACE1 activity 

in response to 5 nM, 10nM and 25nM CPT treatments. We found that there was significant 

increase in the activity of BACE1 at all the low doses of CPT in differentiated SH-SY5Y cells 

(Fig. 4A). Moreover, there was a significant increase in BACE1 activity in the tissue lysate of 

100 nM CPT infused rat brain cortex (Fig.4B).To further validate BACE1 activity in our model 

we have checked other substrates of BACE1 like CHL1 and sAPPβ level after 10nM CPT 

treatment in differentiated SH-SY5Y. There was increased level of CHL1 post 4hr CPT 

treatment and it persisted for 24 h (Fig. 4C-D). Increased level of secretory sAPPβ was observed 

after 24 hrs CPT treatment in differentiated SH-SY5Y cells (Fig.4E). These results suggest that 

mild DNA damage induced an ER stress leading to an increase in Aβ1-42 production by 

enhancing BACE1 activity via the PERK arm of UPR.  
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Figure 4. (A) Differentiated SH-SY5Y cells were treated with different doses of CPT as 

indicated for 24 h. BACE1 activity was measured from whole cell lysate using the manufacturer 

protocol of BACE1 activity measurement kit.  (B) Rat brain cortex was infused with 100 nM 

CPT. After 48 h animal was sacrificed and the activity of BACE1 measured in the infused brain 

tissue lysate using the above mentioned kit. Data represented as mean ± SEM (*p< 0.05; n = 3). 

(C) ELISA study of secretory sAPPBeta in the spent media of differentiated SH-SY5Y after 

10nM CPT treatment for 24 hrs. Data represented as mean ± SEM (*p< 0.05; n = 3). (D) 

Western blot of CHL1 after treatment with CPT for different time points in differentiated SH-

SY5Y cells. E) Bar diagram shows densitometric analysis of the blot using the Image J software. 

Data represented as mean ± SEM (*p< 0.05; n = 3). 
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2.5. Mitochondrial elongation occurs as an adaptive stress response due to subtle DNA 

damage  

ER and mitochondria are no more considered as discreet intracellular organelles. Recent research 

has revealed an interesting aspect of these organelles that they form physical ER–mitochondrial 

contacts.  These contacts are important for the exchange of metabolites, including lipids and 

Ca
2+

, between the two organelle that are involved in the regulation of many important biologic 

functions such as lipid homeostasis, mitochondrial metabolism, and the regulation of apoptotic 

signaling. Thus, ER–mitochondrial contacts are an important way for inter organellar 

communication, coordinating important cellular function. A consequence of such interaction is 

that function of mitochondria is sensitive to pathologic insults that induce ER stress defined as 

unfolded protein response. Depending on the extent and intensity of stress, the stress signaling 

can result in prosurvival or proapoptotic adaptations in mitochondrial function. It has been 

reported that early ER stress leads to mitochondrial fusion which increases metabolic 

performance to cope with the stress (Bravo et al., 2011). This adaptive stress response also 

protects mitochondria from fission and autophagosomal degradation (Bravo et al., 2011; 

Rambold et al., 2011). Since mild DNA damage led to ER stress in our model, we checked 

whether it causes mitochondrial fusion as well. We found elongated mitochondrial morphology 

under subtle induction of DNA damage which we describe as stress induced mitochondrial 

elongation (SIME) (Fig. 5A). Mitochondrial membrane potential was also increased as reflected 

by increased TMRM intensity under similar conditions (Fig. 5B). Next we focused on the 

respiration of mitochondria by measuring the basal respiration and total ATP production in 

differentiated SH-SY5Y cells treated with 10 nM CPT for 24 h. By using Seahorse XFe24 

analyzer we found an increase in the basal respiration and ATP  
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Figure 5. (A) Differentiated SH-SY5Y cells were treated with different doses of CPT as 

indicated for 24 h. Mitochondria were stained with mitotracker red and imaged under a confocal 

microscope. Note the elongated mitochondrial structures in zoomed insets. (B) Differentiated 

SH-SY5Y cells were treated with different doses of CPT as indicated for 24 h. Quantitative 

analysis of mitochondrial membrane potential was performed after staining with TMRM 

followed by flow cytometry. Data represented as mean ± SEM (*p< 0.05; n = 3). (C) and (D) 

Differentiated SH-SY5Y cells were treated with different doses of CPT for 24 h. Bioenergetic 



Chapter 5.2: RESULT & DISCUSSION 
 

79 
 

flux was assessed using the Seahorse XF24 analyzer and OCR were measured. Bar diagram 

represents changes in basal respiration and ATP production. Data represented as mean ± SEM 

(*p< 0.05; n = 3). (E) Differentiated SH-SY5Y cells were treated with indicated doses (5-25nM) 

of CPT for 48 h. Mitotracker red staining of mitochondria was done and pictures were taken 

under a confocal microscope. (F) Sizes of mitochondria were determined by using image J 

software. Data represented as mean ± SEM (*p< 0.05; n=20 cells from three independent 

experiments).  

 

production in response to mild DNA damage (Fig. 5C, 5D).  These results suggest that 

mitochondrial fusion could be an adaptive stress response of a cell to promote mitochondrial 

metabolism as reflected by increased respiration and ATP production (Tondera et al., 2009; 

Eisner et al., 2018; Lebeau et al., 2018).  

We also assessed the fate of mitochondria when neuronal cells were exposed to mild DNA 

damage for a prolonged period. We observed mitochondrial fragmentation when neurons were 

treated with 10 nM and 25 nM CPT for 48 h (Fig. 5E, 5F). It is well known that mitochondrial 

fragmentation can lead to apoptosis (Young et al., 2010). Since AD is a progressive disease, it 

may be correlated with the scenario observed in the disease condition, that mitochondrial 

elongation occurs at the early stages of the disease as an adaptive stress response to mild DNA 

damage, later followed by mitochondrial fragmentation resulting in neurodegeneration. 

 

 

2.6. Doxorubicin (Dox) act similarly like CPT in differentiated SH-SY5Y cells at low doses 

and can induce increased Aβ production 

 After studying the effect of mild doses of CPT on Aβ production we extended our study to one 

other very commonly used DNA damaging agent Doxorubicin. Dox inhibits topoisomerase II 
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which relaxes supercoils in DNA for transcription. This drug induces DNA double strand break 

in cultured neuron as it accumulates in the nucleus and causes synaptic damage and 

compromised neuronal survival. At first we performed a cell viability assay to find out a range of 

dose of Dox that will not kill neuron. The result of cell viability assay with Dox in differentiated 

SHSY5Y revealed there was no significant cell death upto 1µM for 24 h (Fig6A). We treated 

cells with nanomolar dose of Dox (10nM and 100nM) for 24 hrs and checked level of pH2AX 

(Fig6 B-E). We observed increased pH2AX positive foci in nucleus and increased level of 

pH2AX in cell lysate of both 10nM and 100nM Dox treated differentiated SH-SY5Y. There was 

induction of DNA damage but that was devoid of any increment of apoptosis as there was no 

change in cleaved PARP1 expression (Fig 6F). Next we checked intra neuronal Aβ level by 

immunocytochemistry with antibody against Aβ. Interestingly we found there was increase Aβ 

staining in 10nM and 100nM DOX treated sample for 24 hr compared to untreated control (Fig6 

G-H). There is also increase in secretory level of Aβ after treatment with 100nM Dox for 48 hrs. 

These findings co-related with our finding observed with CPT and strengthen our point that mild 

DNA damage can induce increased level of Aβ as a very early and adaptive stress response. 

Hyper fusion of mitochondria (Fig6 J-K) was also observed as part of adaptive stress response   

after Dox treatment along with increased pPERK and peIF2α (Fig6 L-N). These findings 

altogether suggest that increased intra neuronal Aβ is a byproduct of a cell which is under mild 

DNA damage and associated early ER stress. 
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Figure 6. (A) Neuronally differentiated, SH-SY5Y cells were treated with Dox  (100 nM – 10 

µM) for 24 h. Cell viability was checked by MTT assay. Data represented as mean ± SEM (*p< 

0.05; n = 3). (B-C) SH-SY5Y cells were treated with DOx for 24 h, and then subjected to 

immunocytochemical staining with DNA damage marker pH2AX antibody followed by nuclear 

staining with Hoechst. Number of cells positive for pH2AX foci were counted from random 

fields of three independent experiments and represented as percentage of cells showing pH2AX 

positive foci. Data represented as mean ± SEM (*p< 0.05). (D-E) Expression of pH2AX protein 

level was studied by western blot. Bar diagram shows the levels of p-H2AXnormalized with β-

Actin derived from densitometric analysis of the blot using the Image J software. Values are 

expressed as Mean±SEM from three independent experiments;*p<0.05. (F) Expression of 

cleaved PARP-1 protein level was studied by western blot. (G) Immunocytochemical staining 

with Aβ1-42 antibody (red), followed by nuclei staining with DAPI (blue) in differentiated SH-

SY5Y cells after 24 h of 10 nM and 100nM Dox treatment. (H) The CTCF (calculated total cell 

fluorescence) values of 25 cells from random fields were calculated using image J software and 

data are represented as mean ± SEM (*p< 0.05).  (I) Sandwich ELISA of Aβ1-42 in the spent 

media of differentiated SH-SY5Y cells after 100 nM Dox treatment for 48 h.(J) Differentiated 

SH-SY5Y cells were treated with indicated doses of Dox for 24 h. Mitotracker red staining of 

mitochondria was done and pictures were taken under a confocal microscope. (K) Sizes of 

mitochondria were determined by using image J software. Data represented as mean ± SEM (*p< 

0.05; n=15 cells from three independent experiments). (L) Markers of ER stress p-PERK 

normalised with t-PERK and peIF2α normalised with teIF2α were studied by western blot.(M-

N)Densitometry of the same. Data represented as mean ± SEM (*p< 0.05; n = 3). 

 

2.7. MFN2 plays an essential role for mitochondrial fusion in response to mild DNA 

damage 

 MFN2 is largely predominant in the brain whereas presence of MFN1 is marginal and it seems 

to have a critical role in mitochondrial fusion and dynamics in the brain. Both MFN1- and 

MFN2- lacking cells portray an abnormal mitochondrial morphology, showcasing clear 
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fragmentation of the network. However, the morphological changes appeared due to their 

individual deficiency were characteristically different (Filadi et al., 2018). Interestingly, the over 

expression of MFN1 in MFN2-KO, or of MFN2 in MFN1-KO cells, is able to promote 

mitochondrial fusion, pointing towards certain grade of redundancy in their action. But there are 

reports that  over expression of either MFN1 or MFN2 in a wt cell may  induce mitochondrial 

aggregation and collapse in the perinuclear region .MFN2 down-regulation has been reported in 

AD post-mortem brains which might affect the Aβ production (Filadi et al., 2018). Since we 

found an increased mitochondrial fusion in response to mild DNA damage, next we determined 

the level of MFN2 in neurons. The dose of CPT that elevates Aβ1-42 levels, also increased the 

expression of MFN2 in neurons. Immunocytochemical study reveals that there was an increased 

expression of MFN2 in differentiated SH-SY5Y cells when treated  
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Figure 7. (A) Immunocytochemistry of MFN2 in differentiated SH-SY5Y cells after treatment 

with 10 nM CPT for 24 h. Blue represents DAPI and green represents MFN2. (B) CTCF values 

were calculated and data represented as mean ± SEM (*p< 0.05; n = 25 cells from random fields 

of three independent experiments). (C) Differentiated SH-SY5Y cells were treated with different 

doses of CPT for 24 h. Control and the treated cells were harvested and the lysates were 

subjected to western blot analysis using MFN2 and β-actin antibodies. (D) Bar diagram shows 

the levels of MFN2 normalized with β-actin derived from densitometric analysis of the blot using 

the Image J software. Data represented as mean ± SD (*p< 0.05; n = 2). (E) Differentiated 

SHSY5Y cells were transfected with siMFN2, 48hrs post transfection treated with 10nM CPT 

for 20hrs and cells were immunostained with antibody against Aβ1-42 (red). Nucleus was stained 

with DAPI. Necessary  set of experimental control  were kept.(F) The CTCF (calculated total 

cell fluorescence) values of 25 cells from random fields were calculated using image J software 

and data are represented as mean ± SEM (*p< 0.05). .(G) Sandwich ELISA of Aβ1-42 in the spent 

media of differentiated SHSY5Y cells  transfected with siMFN2 for 48 hrs and treated with 10 

nM CPT post transfection for 20 h. Necessary  set of experimental control  were used. Data 

represented as  mean ± SEM (*p< 0.05; n = 3).(H) Mitotracker red staining of mitochondria in 

MEF and MFN2KO MEF cell line after 24 hrs of CPT treatment. (I) Western blot analysis of 

MFN2 using tissue lysates from different ages of wild-type and 5XFAD transgenic mice. Note 

the increased expression of MFN2 is observed in early months of transgenic AD mice compared 

to age matched control. (J) Bar diagram shows the levels of MFN2 normalized with β-actin 

derived from densitometric analysis of the blot using the Image J software. Data represented as 

mean ± SEM (*p< 0.05; n=3). 

 

 

with 10 nM CPT for 24 h (Fig. 7A, 7B). There was also a dose dependent increase in MFN2 

levels in response to the sub-lethal doses of CPT as observed by western blot analysis (Fig. 7C, 

7D). To further validate the essential role of MFN2 in SIME, we treated MFN2 knock-out MEF 

cells with 10 nM CPT and analyzed mitochondrial fusion. Interestingly, no mitochondrial 

elongation was observed in MFN2 knock-out MEF cells in response to CPT treatment which 
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proves the essential role of MFN2 in SIME (Fig. 7E). To further validate the essential role of 

MFN2 in Aβ production, we down regulated  MFN2 in differentiated SHSY5Y and treated 

transfected cells with 10 nM CPT. Immunocytochemistry and ELISA result revealed knocking 

down of MFN2 reduced level of Aβ which was increased due to CPT treatment(Fig 7F,7G,7H).  

We then compared the levels of MFN2 at different ages in 5XFAD transgenic mice (2, 4, 7 

months) with age-matched wild-type controls and observed that prior to the development of AD 

pathology, that is in the early age groups (2 months and 4 months), MFN2 levels were 

significantly increased as compared to age-matched controls (Fig. 7I, 7J). This finding probably 

suggests that MFN2 is increased as an adaptive stress response leading to hyperfusion of 

mitochondria at the early stages of AD and later it decreases as fragmentation of mitochondria 

increases.  

2.8. ER stress induced PERK and BACE1 are required for DNA damage induced 

mitochondrial elongation  

Stress-induced changes in the translation initiation machinery and  a subsequent  shift  to  

selective  translation  of  stress-response  transcripts  is  a  widely  known  phenomenon. In the 

previous experiment it is shown that there is increased BACE1 activity under the induction of 

subtle DNA damage. It is already known that BACE1 can be post transcriptionally regulated by 

peIF2α which is a substrate of pPERK and an ER stress kinase. We also observed fused 

mitochondrial structure in similar condition.  Finally, we addressed one interesting aspect that is 

whether ER stress-induced PERK activation and BACE1 have any contribution to the increased 

elongation of mitochondria. To clear that doubt we inhibited PERK and BACE1 by treating 

differentiated SH-SY5Y cells with PERK and BACE1 inhibitors respectively in presence of 10 

nM CPT and checked the effect on mitochondrial elongation. The result showed that there was 



Chapter 5.2: RESULT & DISCUSSION 
 

87 
 

significant reduction of mitochondrial fusion with inhibition of PERK as well as of BACE1 (Fig. 

8A, 8B). siRNA mediated downregulation of BACE1 also provided similar result on  

 

Figure 8. (A) Differentiated SH-SY5Y cells were treated with 10nM CPT in presence or absence 

of 10 µM PI and 5 µM BI for 24 h. Mitochondria were stained with mitotracker red and imaged 

under a confocal microscope. (B) Quantification of mitochondrial size by using image J 

software. Data represented as mean ± SEM; *: control vs. CPT; $: CPT vs. CPT+PI; #: CPT vs. 

CPT+BI (p<0.05 was considered as significant, n= 25 cells from three independent experiments). 

(C) Differentiated SH-SY5Y cells were transfected with siBACE. 48 hr post transfection treated 
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with 10nM CPT for 8 hrs and staining with Mitotracker red was done to see mitochondrial ultra 

structure.(D)Sizes of mitochondria were determined by using image J software. Data represented 

as mean ± SEM (*p< 0.05; n=15 cells from three independent experiments).   

(E)Immunocytochemical staining with MFN2 antibody (green), followed by nuclei staining with 

DAPI (blue) in differentiated SH-SY5Y cells after 24 h of 10 nM CPT treatment in presence or 

absence of 10 µM PI and 5 µM BI. (F) Quantification of fluorescence intensity of MFN2 using 

Image J software. CTCF values were calculated and data represented as mean ± SEM (*p< 0.05; 

n = 25 cells from random fields of three independent experiments). (G) Schematic representation 

of the possible mechanism leading to increase in Aβ under mild DNA damage.  

mitochondrial ultra structure (Fig. 8C,8D) as observed by treatment with  commercially available 

BACE1 inhibitor. This finding strongly indicates towards contribution of Aβ on increased 

mitochondrial fusion under subtle DNA damage. Moreover, inhibition of PERK and BACE1 also 

blocked the increase in MFN2 levels in response to 10 nM CPT treatment (Fig. 8E, 8F). 

Collectively, these results suggest that mild DNA damage induced ER stress triggers an early 

protective stress response such as increased mitochondrial fusion by activating PERK and 

BACE1. However, Aβ1-42 is also produced parallelly following BACE1 activation and may 

eventually accumulate and lead to neurodegeneration (Fig. 8G). 

 

2.9. Inhibition of translation elongation induces mitochondrial hyperfusion independent of 

BACE1 interference 

Various stress responses leading to protein synthesis inhibition can induce hyperfusion of 

mitochondria, a process called stress-induced mitochondrial hyperfusion (SIMH). Tondera et al 

(Tondera et al., 2009) has shown that the ribosomal inhibitor cycloheximide (CHX), a compound 

can potently activate SIMH by promoting mitochondrial fusion. When differentiated SH-SY5Y 

cells were treated with CHX (50µg/mL) for 6hrs and mitochondrial morphology was observed 
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under confocal microscope super fused interconnected morphology is observed as expected. 

Next we wanted to know whether PERK arm of the UPR and one of its target BACE1 has any 

contribution in this stress responsive adaptive phenomenon. We treated differentiated SH-SY5Y 

cells with inhibitors of PERK and BACE1 respectively in presence of 50µg/mL CHX and 

checked the effect on mitochondrial elongation (Fig.9). But these two inhibitors have no effect 

on CHX induced mitochondrial hyperfusion. These results indicate a presence of an insult 

specific different mechanism narrowing down to mitochondrial fusion as part of an early 

adaptive stress response. 

 

Figure 9. (A) Differentiated SH-SY5Y cells were treated with 50 ug/ml CHX  for 6 hrs in 

presence or absence of 10 µM PI and 5 µM BI. Mitochondria were stained with mitotracker red 

and imaged under a confocal microscope. 

 

3. Discussion 

A major concern in case of sporadic AD is how does intracellular level of Aβ increases at the 

toxic levels in the brain parenchyma. In this work it is observed that mild DNA damage leads to 

ER stress which activates BACE1 and thereby Aβ production. We hypothesized that age related 

DNA damage that cannot be repaired efficiently as age progresses, might lead to an elevated 

production of Aβ. We introduced mild DNA damage by using sub-lethal doses of CPT in 
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cultured neurons and in vivo by injecting CPT in the cortex. The doses we used induced DNA 

damage without any induction of oxidative stress or death in neurons. However, the mild DNA 

damage led to increase in Aβ1-42 levels in neurons in vitro and in vivo. Next we investigated the 

mechanism behind DNA damage-induced enhanced Aβ synthesis. We observed activation of 

PERK and its substrate eIF2α, recognized as an arm of UPR, which in turn is induced by ER 

stress in response to the mild DNA damage. We also found increased BACE1 activity in 

response to mild DNA damage since BACE1 is already recognized as the downstream target of 

eIF2α. The BACE1 mRNA 5׳-untranslated region (5׳UTR) is unique in the sense that it   acts  as  

a  translational repressor. It is  long,   GC-rich, contains  extensive secondary  structure,  and  

possess  3  upstream  open  reading frames (uORFs), similar with many 5׳UTRs of transcripts 

that are translationally controlled by cellular stress (O'Connor et al., 2008).  

Recently, Lebeau et al. have reported that PERK arm of UPR protects mitochondria by dynamic 

remodeling of mitochondrial morphology and promoting stress induced mitochondrial 

hyperfusion (Lebeau et al., 2018). We observed that the subtle DNA damage led to 

mitochondrial elongation and boosted basal respiration and ATP production. However, 

prolonged application of the mild DNA damage led to mitochondrial fragmentation. Importantly, 

we found MFN2, an outer mitochondrial GTPase protein, play an essential role in the 

mitochondrial hyperfusion and displayed increased levels in 5xFAD mice at early stages. 

Moreover, we found that both PERK activity and BACE1 activity are required for mild DNA 

damage induced mitochondrial elongation.  

Altogether, it apparently seems that the increased Aβ synthesis comes as a by-product of this 

adaptive stress response, seen as mitochondrial elongation, triggered by mild DNA damage. 

Subtle DNA damage is a prominent feature of an aging cell. Brain cells are much more 
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susceptible to oxidative damage to its DNA, proteins and lipids as brain consumes higher oxygen 

than any other organ (Pan et al., 2014). Aging and AD both share many common features 

including DNA damage (Hegde et al., 2011). Accumulating evidences convincingly indicate to 

the intraneuronal accumulation of Aβ in AD brains at early stages (Pan et al., 2014). It  is an 

established fact that Aβ is mainly synthesized intracellularly (Rajendran and Annaert, 2012) and 

its release is regulated by synaptic activity (Long and Holtzman, 2019). Since APP and its 

processing enzymes, BACE1 and γ-secretase, are also present in many intracellular organelles 

such as endosomes, ER and mitochondria, Aβ can be synthesized at the organelle level (LaFerla 

et al., 2007). UPR arm of ER stress is reported to be activated in response to mild stress such as 

energy deprivation which in turn can activate BACE1 followed by Aβ production (O'Connor et 

al., 2008). Consistently, our work demonstrate that a mild DNA damage trigger ER stress, 

thereby BACE1 activation and Aβ production. 

Mitochondrial dysfunction is an integral part of AD. It has been extensively reported in models 

of AD and AD patients’ brain cells. However, it has been suggested that mitochondrial 

dysfunction is an epiphenomenon of a dysfunctional neuron, and it occurs at a later stage in the 

disease (Morais and De Strooper, 2010). Mitochondria do not work in isolation, but associate 

with other sub-cellular organelles including ER via mitochondria-associated ER membranes 

(MAM). Interestingly, it has been shown that components of γ-secretase, presenilin-1, presenilin-

2 and γ-secretase activity itself are highly enriched in MAM (Area-Gomez et al., 2009).  

Therefore, changes in the function of MAM could have a role behind the production of Aβ. 

MFN2 is also enriched in MAM which is required for mitochondrial fusion (de Brito and 

Scorrano, 2008). Importantly, we found that mitochondrial elongation takes place due to ER 

stress in response to mild DNA damage and Aβ is apparently produced as a consequence. The 
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fusion of mitochondrial network promotes a resistance of mitochondria towards autophagosomal 

degradation (Eisner et al., 2018). It helps in buffering the damage caused to mitochondria by 

exchanging mtDNA and also helps to meet the energy demand of a cell by promoting ATP 

production (Gomes et al., 2011; Wang et al., 2013). DNA double strand break activates DNA 

repair pathway in neurons which is very much energy demanding (Pan et al., 2014). So, to meet 

the energy demand of DNA double strand break, elongation of mitochondria could be one of the 

consequences as it boosts oxidative phosphorylation resulting in enhanced ATP production. 

Increase of intracellular Aβ may be seen as a consequence of adaptive stress response as it can 

bind and scavenge intracellular ROS via binding to heavy metals (Pan et al., 2014). In this study 

we observed that increase of intracellular Aβ occurred initially without any increase in ROS. We 

also observed fusion of mitochondria at the early time periods following the stress that may help 

delay the process/progress of death. But after a certain point, this fusion shifts towards 

mitochondrial fragmentation which may accompany an increased ROS production (Wang et al., 

2014). Fragmented mitochondrial morphology is prominent in the affected regions of brain 

which is an important feature of a dying neuron (Wang et al., 2009). AD is associated with 

mitochondrial fragmentation that is observed in the late stages of the disease but what precedes 

this detrimental mitochondrial morphology is not clearly known. To understand the correlation 

of this transition of mitochondrial morphology in the disease progression, we checked MFN2 

levels in 5XFAD mice and notably, we found increased levels of MFN2 in the early months of 

transgenic AD mice brains prior to the appearance of plaques as compared to the wild type mice 

(Oakley et al., 2006). It suggests that before the appearance of Aβ plaques, there could be an 

adaptive stress response manifested by elongation of mitochondria at the early stages of the 

disease. The switch from fusion to fission and its exact mechanism is not clear and demands 
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further research. Altogether this study draws attention to a comparatively novel mitochondrial 

phenomenon that is stress-induced mitochondrial elongation in the scenario of AD. Unveiling 

this remodeling event could be beneficial to revisit the disease from a mitochondrial-ER 

perspective presenting new molecular players appearing early in AD progression.  

Plenty of literature has already depicted the association of Aβ production and oxidative stress 

(Tamagno et al., 2008). Jin et al. reported that oxidative stress induced by DNA damaging 

agents, Etoposide and Camptothecin increased the γ secretase activity in CHO-C99 cell line (Jin 

et al., 2008). But the selected doses were 100 µM for Etoposide and 25 µM for CPT much higher 

than the dose range 5 nM – 25 nM we used to induce the mild DNA damage. DNA damaging 

agents at higher doses induce oxidative stress and apoptosis. In that study, increment of ROS or 

RNS coincided with the increase of γ-secretase activity. Other studies have also shown an 

association of oxidative stress and BACE1 activity (Tamagno et al., 2002). Oxidative stress may 

also be the cause of increased Aβ production. Oxidative stress inducing agent may increase APP 

expression and therefore enhance intracellular and secreted Aβ levels in neuronal and non 

neuronal cells (Frederikse et al., 1996; Misonou et al., 2000; Cheng and Trombetta, 2004; Patil et 

al., 2006; Murray et al., 2007). However, oxidative stress-and associated apoptosis is a chronic 

condition that occurs at the late stages in a progressive disease like AD. In our study we only 

induced mild DNA damage to mimic the early stages of AD which did not cause oxidative stress 

or apoptosis.  

AD being a progressive neurodegenerative disease gets plenty of time before it shows its full 

fledged pathology. Despite significant advances in understanding the disease pathology, disease 

modifying drugs are yet to be achieved.  Drugs targeting the amyloid pathology mainly targeted 

its processing enzymes to block its synthesis or its clearance by immunization (Long and 
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Holtzman, 2019) and have failed in clinical trials till date. We have investigated how Aβ1-42 level 

increases in response to a subtle DNA damage in relation to aging of an apparently healthy brain. 

We demonstrated for the first time that mild DNA damage leads to ER stress and an adaptive 

mitochondrial response where an enhanced Aβ1-42 production almost projects as a consequence. 

However, subsequent failure of this adaptive response alongside progressive Aβ1-42 accumulation 

contributes towards the detrimental pathological signatures in the later stages of AD. Thus, this 

novel work could be the first of many more investigations in understanding age-related sporadic 

AD where ER-mitochondrial interplay holds an unparalleled significance especially at the early 

disease stages. 

 

 



Part III 

5.2. Analysis of mtDNA point mutation in 

AD patients’ blood mitochondria 
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1. Background of the study  

The acceptable diagnostic markers of AD are senile plaques and neurofibrillary tangles. It takes a 

period of many years to develop these lesions before any measurable cognitive impairment. 

Thus, there is an absolute need for biomarker-based tests that allow an early diagnosis of the 

disease. Such tests should improve the monitoring of the disease progression, enable early 

therapeutic intervention (before irreversible neurodegeneration has taken place), and serve for 

the evaluation of new AD therapy. Some progress had been made in this direction to identify 

individuals at risk for progression to AD. 

CSF levels of Aβ1-42, total tau, and phosphorylated-tau proteins serve as a biomarker signature 

for AD. It helps to predict conversion from MCI to AD (Hansson et al., 2007; Lewczuk et al., 

2008; Mattsson et al., 2009; Shaw et al., 2009; Hansson et al., 2010). Indirectly, these results 

support the idea that Aβ blood levels could also have diagnostic significance. The relationship 

among brain, CSF, and plasma Aβ levels in context of AD is complex and not clearly 

understood. 

The practical advantages of a blood test over a CSF test are clear and do not need much 

explanation. However, until now attempts to quantify Aβ level in blood have  given opposing 

and discouraging results, mostly for a variety of technical reasons that surely compromise but, do 

not invalidate the working hypothesis (Zetterberg, 2008; Okereke et al., 2009; Cedazo-Minguez 

and Winblad, 2010). Undeniably, it is well established that Aβ blood levels are elevated before 

the onset of dementia in dominant-inherited early AD and Downs syndrome (Scheuner et al., 

1996; Schupf et al., 2007). Levels of Aβ  have also been found to be enhanced in healthy elderly 

people before late-onset AD. It is also increased in people with high risk of developing AD, such 

as women with MCI and first-degree relatives of patients with late-onset AD (Pesini et al., 2012). 
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Furthermore, it has been recently shown that higher plasma levels of Aβ1-42 in healthy people 

are associated with increased risk of developing AD in the follow-up period (Pesini et al., 2012). 

Interestingly, several studies suggest that conversion to AD is followed by a significant decline 

in plasma Aβ peptide levels after the onset of dementia and with progression of symptoms 

(Pesini et al., 2012). The consensus arising from these papers is congruent with studies in an AD 

mouse model (tg 2576), which have shown highly significant decreases in plasma Aβ1-40 and 

Aβ1-42 linked to the marked accumulation of Aβ in the brain that begins in these animals at 6–9 

months of age (Trifunovic et al., 2005). 

Somatic (non-inherited) mtDNA mutations and mitochondrial dysfunction are one of the 

important drivers of neurodegenerative diseases such as Alzheimer’s disease (AD) where aging 

plays an important role (Hoekstra et al., 2016). Several studies have revealed that accumulation 

of   mtDNA mutation may precede the appearance of actual clinical symptoms. Mitochondria are 

the power house for cells. These organelles possess a small, independently replicated genome 

(mtDNA) which encodes two rRNA genes, 13 protein coding genes that are essential 

components of the electron transport chain (ETC), and a full complement of 22 tRNAs used in 

translation of the ETC peptides (Kennedy et al., 2013). The escape of electrons from the ETC 

can lead to the formation of reactive oxygen species. Electrons in the initial steps of ETC can be 

transferred directly to molecular oxygen (O2) to generate superoxide anion O2 •. This superoxide 

anion is converted to hydrogen peroxide (H2O2) by mitochondrial superoxide dismutase. The 

hydrogen peroxide is converted to hydroxyl radical OH• by electron transfer from reduced 

transition metals. The resulting ROS (O2 •, H2O2, and OH•) can mutagenize the mtDNA. mtDNA 

is very much vulnerable to ROS mediated damage as it is devoid of  protective histones , lack a 

proper DNA repair machinery, also very proximal to ETC. A damage mtDNA fails to truly 
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transmit  the encoded information during mtDNA replication. It leads to the production of 

dysfunctional ETC proteins, leading to the release of more free electrons and ROS. This 

phenomenon produces a vicious cycle (Harman, 1956; 1972). Thus, mutations in mtDNA can 

lead to mitochondrial dysfunction associated with decreased ATP production and a defective 

oxidative phosphorylation. Defects in OXPHOS leading to increase mitochondrial reactive 

oxygen species (ROS) production can in turn activate the mitochondrial permeability transition 

pore (mtPTP) and induce apoptosis (Coskun et al., 2004). 

There are plenty of reports suggesting that mtDNA mutations are involved in the aging process. 

ETC activity decreases with age (Short et al., 2005; Greaves et al., 2011)[6,7 plosgen-5,6], and 

this decline is coincident with deletions in their mtDNA (Hsieh et al., 1994; Lezza et al., 1994; 

Cao et al., 2001; Kraytsberg et al., 2006). Large, kilobase-sized deletions in mtDNA become 

more widespread with age in a variety of tissues, including brain. These large deletions have 

been shown to raise in frequency in a number of neurodegenerative conditions, including 

Alzheimer’s disease (Mecocci et al., 1993; Corral-Debrinski et al., 1994). DNA damage, largely 

in the form of 8-hydroxy-29-deoxyguanosine (8-oxo-dG) which is a marker of oxidative damage 

(Kasai and Nishimura, 1984; de la Asuncion et al., 1996), increases with age in both nuclear and 

mitochondrial DNA (Fraga et al., 1990; Mecocci et al., 1993; de la Asuncion et al., 1996; Barja 

and Herrero, 2000). Although the role of mtDNA deletions in aging is well recognized, the 

function of point mutations remains elusive (Vermulst et al., 2007; Edgar et al., 2009). 

Point mutations and deletions of mtDNA gather in a variety of tissues throughout aging in 

humans, monkeys, and rodents. The creation of mtDNA mutator mice have provided the first 

direct substantiation that accelerating the mtDNA mutation rate can contribute in premature 

aging (Trifunovic et al., 2004; Edgar et al., 2009). The mtDNA-mutator mice were engineered in 
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such a way so that it portrays a defect in the proofreading function of the catalytic subunit of 

mitochondrial DNA polymerase (POLGA). This kind of changes in POLGA leads to the 

progressive, random buildup of mtDNA mutations during the time of mitochondrial biogenesis.  

The premature aging phenotypes included greying of the hair, weight reduction, cardiomyopathy, 

osteoporosis, progressive hearing loss, and decreased fertility (Trifunovic et al., 2004). Increased 

levels of somatic mtDNA mutations induced apoptosis resulted in the loss of critical, 

irreplaceable cells leading to premature aging phenotypes. Surprisingly, this change was devoid 

of increased ROS production or oxidative stress in mtDNA mutator mice (Trifunovic et al., 

2005; Niu et al., 2007; Edgar et al., 2009). 

Mitochondrial dysfunction is a prominent feature of AD pathology not only in brain but also in  

white blood cells (Manczak et al., 2004; Ankarcrona et al., 2010; Lunnon et al., 2012; Lunnon et 

al., 2013), and forms the basis of the mitochondrial cascade hypothesis  even though the 

mechanism(s) mediating this phenomena are yet to be fully understood. Proposed by Swerdlow 

and group, this hypothesis states that a persons genetic code will determine their basal 

mitochondrial function. As aging progress, this function will decline due to a combination of 

genetic and environmental factors, determining an individual's time of disease onset (Devall et 

al., 2014). Mitochondrial-encoded ETC gene expression has been shown to be altered in both 

early and late stages of AD, with decreased expression of complex I and increased expression of 

complexes III and IV (Devall et al., 2014). Increased expression of mitochondrial-encoded ETC 

complex genes has also been associated with aging, with increased expression of complexes I, 

III, IV and V in 12- and 18-month mice compared with 2-month mice, which was accompanied 

by increased oxidative damage (Manczak et al., 2005). However, decreased expression of these 
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genes was seen in older, 24-month-old mice, suggesting an initial compensatory up-regulation of 

proteins in the ETC, which failed as aging continued (Devall et al., 2014). 

In this study we have examined point mutation across the mitochondrial genome isolated from 

AD patient’s whole blood and wanted to study the association between this changes in the 

genome and AD. Further studies on this may help to identify any blood based novel biomarker 

focusing on the link between mtDNA mutagenesis and AD pathology. 

2. Results 

2.1. Plasma Aβ (1-42) level is increased in AD patient  

Amyloid-β deposition in brain is a critical characteristic feature of Alzheimer’s disease (AD), 

and it was recently introduced as a diagnostic measure. At present, well-known biomarkers of 

AD are amyloid-β1–42 levels in the cerebrospinal fluid (CSF) and amyloid positron emission 

tomography (PET) imaging (Wang et al., 2017). Although these methods have been used widely 

in the clinic but there is a huge need for simple and inexpensive blood based biomarkers 

considering their minimal invasiveness (Wang et al., 2017). A number of reports have suggested 

that there is a correlation between plasma Aβ1-42 and AD progression.  Plasma Aβ1-42  can be used 

to  predict  the progression from normal to impaired cognition (S.L. Risacher et al. Alzheimer’s 

& Dementia, Diagnosis, Assessment & Disease Monitoring 11 (2019)510-519) (Graff-Radford et 

al., 2007; Abdullah et al., 2009; Lambert et al., 2009; Koyama et al., 2012; Chouraki et al., 2015; 

Janelidze et al., 2016; Fandos et al., 2017; Ovod et al., 2017; Fan et al., 2018; Hanon et al., 2018; 

Nabers et al., 2018). Higher plasma Aβ levels are related with AD and conversion to AD (Ait-

ghezala et al., 2008; Lopez et al., 2008; Luis et al., 2009; Pesini et al., 2012; Ruiz et al., 2013; 

Ovod et al., 2017; Wang et al., 2017). In our study plasma Aβ (1-42) level was measured from 

five healthy age matched individual and seven AD patient by ELISA (Fig1). The result revealed 
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that there was twofold increase in Aβ (1-42) level as compared to control group in the plasma. 

The human subjects were selected within the age range of 65-75 years. There was no sex bias 

while selecting the subjects. The mini mental state examination (MMSE) was done  among all 

the subjects. 

 

 

 

 

 

 

 

 

 

Figure 1. Sandwich ELISA of Aβ1-42 in the plasma of age matched healthy controls vs AD 

patients. Data represented as mean ± SEM (*p< 0.05; n = 5). 

 

2.2. SNP identification from mitochondrial genome in AD patient 

Defects in mitochondrial oxidative phosphorylation have frequently been associated with AD, 

and both inherited and somatic mtDNA mutations have been reported in certain AD cases. To 

determine whether mtDNA mutations contribute to the etiology of AD, we have investigated the 

sequence of the mtDNA from AD patient’s whole blood for possible disease-causing mutations. 

SNP identification was carried out using Mitomatic. Mit-o-matic is a tool designed to provide 

clinically relevant information for understanding and annotating mtDNA variations. It includes 

information about the corresponding mutation, gene, associated phenotype and population 
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frequency. Mitomatic internally refers to Mitomap and mtDB database to classify the variants. 

The variants are classified into Phenotype associated variants (if the variants reported in 

Mitomap and if they are associated with any disease), Novel variants (if the variants are not 

reported in the Mitomap) and Mapped Variants (if the variants are reported in Mitomap and they 

are not associated with any disease).We analysed the types of variants in the mtDNA derived 

from AD patient’s blood and found that the no of mutations associated with  phenotype 

associated variants among all the AD subjects  ranged from  2-4 whereas the number of 

mutations associated with  mapped variants ranged  from 35-45 (Table 1).The genes related to 

the phenotype associated variants were mostly common among all the subjects. The names of the 

genes were MT-OH (origin of heavy strand synthesis), MT-ND3 (NADH dehydrogenase 

subunit3), MT-CYB (Cytochrome b), MT-ND1 (NADH dehydrogenase subunit 1), MT-ND2 

(NADH dehydrogenase subunit2), MT-ND5 (NADH dehydrogenase subunit5), MT-TT 

(mitochondrialy encodedtRNA threonine), MT-TL2 (mitochondrialy encodedtRNA leucine2). 

Majority of the genes associated with these mutations codes for proteins in OXPHOS chain 

mainly different subunits of NADH dehydrogenase and cytochrome B. Interestingly there was 

only one novel variant observed among all the subjects. The gene associated with this novel 

mutation was MT-RNR2. It was important to recognise the diseases with which the mutations 

were associated and the names of the diseases are mentioned in (Table 3).The altered allele along 

with the reference allele in all the phenotype associated variants are also mentioned in (Table 

3).The phenotype associated variants were further provided with population frequencies (Table 

2) using different databases by Mitomatic.  
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Table 1: Sample wise classification of variants 

 

 

 

 

 

 

Table 2: Population frequencies of different variants 

Sample Variant Pop Freq 

AD1 195 18.104 

  10398 37.537 

  15043 19.351 

AD6 150 9.702 

  10398 37.537 

  15043 19.351 

AD7 195 18.104 

  4216 9.921 

  4917 4.89 

  15928 4.92 

AD8 10398 37.537 

  12477 0.547 

  15043 19.351 

AD9 11467 12.703 

  12308 12.64 

  12372 13.579 

  13708 6.767 

AD10 10398 37.537 

  15043 19.351 

 

 

 

Sample 

Phenotype 

associated 

variants 

Mapped Variants 
Novel 

variants 

Total 

Variants 

AD1 3 45 1 49 

AD6 3 36 1 40 

AD7 3 39 1 44 

AD8 3 37 1 41 

AD9 4 35 1 40 

AD10 2 36 1 41 
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Table3: Distribution of phenotype associated variants and the disease associated with it 

Sample Variant 
Ref 

Allele 

Alt 

Allele 
Gene Disease 

AD1 195 T C 
MT-

OHR 
BD-associated 

 
10398 A G 

MT-

ND3 

PD protective factor / longevity / altered cell pH 

/ metabolic syndrome / breast cancer risk 

 
15043 G A 

MT-

CYB 
MDD-associated 

AD6 150 C T 
MT-

OHR 

Longevity / Cervical Carcinoma / HPV 

infection risk 

 
10398 A G 

MT-

ND3 

PD protective factor / longevity / altered cell pH 

/ metabolic syndrome / breast cancer risk 

 
15043 G A 

MT-

CYB 
MDD-associated 

AD7 195 T C 
MT-

OHR 
BD-associated 

 
4216 T C 

MT-

ND1 
LHON / Insulin Resistance 

 
4917 A G 

MT-

ND2 
LHON / Insulin Resistance / AMD / NRTI-PN 

 
15928 G A MT-TT 

Multiple Sclerosis / idiopathic repeat 

miscarriage / AD protection 

AD8 10398 A G 
MT-

ND3 

PD protective factor / longevity / altered cell pH 

/ metabolic syndrome / breast cancer risk 

 
12477 T C 

MT-

ND5 
possible HCM susceptibility 

 
15043 G A 

MT-

CYB 
MDD-associated 

AD9 11467 A G 
MT-

ND4 
Altered brain pH 

 
12308 A G MT-TL2 

CPEO / Stroke / CM / Breast & Renal & 

Prostate Cancer Risk / Altered brain pH 

 
12372 G A 

MT-

ND5 
Altered brain pH 

 
13708 G A 

MT-

ND5 

LHON / Increased MS risk / higher freq in PD-

ADS 

AD10 10398 A G 
MT-

ND3 

PD protective factor / longevity / altered cell pH 

/ metabolic syndrome / breast cancer risk 

 
15043 G A 

MT-

CYB 
MDD-associated 
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The variants have been categorized as D loop variants (if they fall between 1-576 base positions 

or 16024 – 16569 base positions) or Coding region variants. The variants are further classified 

into- Mutations due to Oxidative damage (G->T/C->A ) or Replication error mutations (T->C/ 

A->G,G->A/C->T).Interestingly most of the disease associated mutations were due to replication 

error and not oxidation mutations(table4). Majority of the mutations were in coding region and 

very few were in D loop as mentioned in Table4.The gene associated with D loop mutation was 

common in three subjects AD-1,AD-6 and AD-7 and it was MT-OHR. 

Table 4: Sample wise differentiation of variants according to their nature and position 

SAMPLE 

Ref 

Allele 

Alt 

Allele 

Replication/Oxidation- 

Mutations D-Loop 

AD1 T C Mutation-Replication Dloop 

  A G Mutation-Replication Coding Region 

  G A Mutation-Replication Coding Region 

AD6 C T Mutation-Replication Dloop 

  A G Mutation-Replication Coding Region 

  G A Mutation-Replication Coding Region 

AD7 T C Mutation-Replication Dloop 

  T C Mutation-Replication Coding Region 

  A G Mutation-Replication Coding Region 

  G A Mutation-Replication Coding Region 

AD8 A G Mutation-Replication Coding Region 

  T C Mutation-Replication Coding Region 

  G A Mutation-Replication Coding Region 

AD9 A G Mutation-Replication Coding Region 

  A G Mutation-Replication Coding Region 

  G A Mutation-Replication Coding Region 

  G A Mutation-Replication Coding Region 

AD10 A G Mutation-Replication Coding Region 

  G A Mutation-Replication Coding Region 
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2.3. Analysis of variants in different AD samples. 

The common and unique variants among the samples have been studied well and represented in a 

venn diagram (Fig5). The below table is a representative list of variants which are present in all 

the samples (Table5). Looking into each mutations carefully it was interesting to note that most 

of the mutations including the disease associated mutations were dispersed in the coding region 

of the mtDNA not in the D loop (Fig2).The nature of mutation was not G→T/C→A mutations or 

trans version instead, we observed T→C/A→G and G→A/C→T transitions as the most common 

mutation subtypes in all samples (Fig3). Gene wise variant frequency were also analysed (Fig4) 

and the genes associated with higher frequency of mutation in all the samples were MT-CYB, 

MT-OHR,MT-HV1. 

Table 5: List of variants common to all samples 

AD1|AD6|AD7|AD8|AD9|AD10 

3105 A C 

73 A G 

263 A G 

309 C T 

310 T C 

750 A G 

1438 A G 

4769 A G 

7028 C T 



Chapter 5.3: RESULT & DISCUSSION 
 

106 
 

8860 A G 

11719 G A 

14766 C T 

15326 A G 

 

 

 

Figure 2: Dispersion of mutations in the mtDNA across all AD samples.  

 

 

 

 

 

 

Figure 3: Type of mutations in all AD samples 
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Figure 4: Specific gene wise frequency of mutation across all the samples 
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Figure 5: Venn Diagram showing the distribution of variants across the samples 

 

3. Discussion 

A number of studies state the importance of identification of blood based biomarkers in AD. 

Mutations in mitochondrial DNA (mtDNA), either inherited or somatic accumulation, can lead to 

mitochondrial dysfunction and act as a trigger for cell death and disease. (Hayashi et al., 1991; 

Mashima et al., 1995). Here in this study we have focused on mtDNA derived from AD patient’s 

blood and wanted to see the changes in terms of SNPs. All the samples had increased Aβ1-42 in 
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the plasma. Previous studies investigating the contributions of mtDNA mutations in AD have 

failed to consistently identify associations between AD and mutations (Lin et al., 2002; Coskun 

et al., 2004).   

Hoekstra et al have mentioned the possible reasons behind those inconsistencies in mtDNA 

studies. There could be three main causes: i) the consideration of only late stage AD samples, ii)  

not examining the whole region in mtDNA; and iii) the use of PCR amplification techniques that 

result in higher error rates due to mis incorporation events by DNA polymerase (Hoekstra et al., 

2016). In their study they have used a very sophisticated duplex sequencing to analyse point 

mutations in whole mtDNA purified from the hippocampus and parietal lobe of AD, early stage 

AD, and healthy control patients. Their study of mutations in mtDNA were in neurons derived 

hippocampal synaptosmes. Here in our studies we wanted to see whether the changes they have 

got in neuronal mtDNA are further translated in mtDNA derived from PBMC. Changes due to 

oxidative damage to mitochondrial genome has been reported to be increased in several stages of 

AD (Wang et al., 2005; Wang et al., 2006; Lovell et al., 2011). The most prominent changes in 

DNA produced by oxidative damage is 8-hydroxy-2’-deoxyguanosine.This change when copied 

past during replication or repair, yields G→T/C→A transversions. Surprisingly, in their study 

they found no significant increase in transversion. Instead, they observed T→C/A→G and 

G→A/C→T transitions as the most common mutation subtypes in all samples. Similarly in our 

studies we observed increased transition mutation in all AD samples which definitely indicates 

about a pattern in change that is similar both in brain and blood. In their study the occurrence of 

mutations were dispersed throughout the genome, with a ~3–4-fold elevation in the mutation 

load in the regulator D-loop) (positions: 1–576; 16,024–16,569) compared to the coding regions 

(positions: 577–16,023). In contrary to their work in our case the no of variants were more in 
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coding region vs D loop. D loop region is the regulatory region of mtDNA is a non-coding 

region, and acts as a promoter for both the heavy and light strands of the mtDNA, and contains 

essential transcription and replication elements. Mutations in the coding region will directly 

affect the expression of the protein that it encodes whereas mutations in the D loop region will 

have an indirect affect on the genes that coding region encodes. In our study the genes that 

contained highest frequency of mutation in all the samples were MT-OHR,MT-CYB,MT-HV1. 

Mutations within the OHR may dysregulate mtDNA replication. Mutation in HV1 or hyper 

variable region is under D loop of mtDNA. MT-CYB gene encodes mitochondrial cytochrome 

B. Mutation in this gene can cause dysfunction in complex III. Mutation frequency for MT-ND2 

and MT-ND5 were also high.ND2 and ND5 encodes different sub units of NADH 

dehydrogenase. Mutations in all these genes indicates towards a defective oxidative 

phosphorylation which is altered in the case of AD and other neurodegenerative diseases. Some 

disease associated mutations were also noticed in all the subjects.  Some mutation (variant195) in 

MT-OHR was associated with Bipolar disorder (BD associated) and variant 150 was associated 

with Longevity / Cervical Carcinoma / HPV infection risk. Mutation in MT-CYB (variant 

15043) was associated with MDD or Major depressive disorder. All this mutations indicates 

towards the other risk factor that may come along AD. 

Oxidative stress is common in AD and in other neurodegenerative diseases. It has been 

considered by some groups to be a major driving force behind the onset and progression of the 

disease. Although elevated oxidative damage to mtDNA is a prominent feature of AD we did not 

notice an increase in G→T/C→A mutations, a classical signature of oxidative damage to DNA. 

Instead, we note an increase in transitions. This type of mutation primarily result from nucleotide 

deamination or  misincorporation of nucleotide  by DNA polymerase γ during mtDNA 
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replication (Duncan and Miller, 1980; Zheng et al., 2006). Interestingly, deficiencies in 

replication fidelity, impaired clearance of defective mitochondria, are very well reported in AD. 

Increased mtDNA mutation load could be cause or consequence of this well documented 

phenomenon observed in AD. All this results indicates towards an extensive study of mtDNA 

mutations in larger cohort of patients along with healthy individuals (both aged and young). It 

will be interesting to further look into the status of proteins where the mutations observed. All 

the mutations were due to replication error except one in our study so there may be defective 

replication or defective repair in progress during disease pathogenesis. Thus, checking the 

expression and activity of DNA pol γ may provide important information about 

miscommunication between nucleus and mitochondria in AD pathogenesis. 
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CONCLUSION 

Aging is the most common risk factor to AD. DNA damage is a stress which increases 

exponentially as aging progress. Neuronal response to DNA damage is studied in the first 

chapter. Interestingly there is a difference in the way neuronal cell lines response to different 

doses of CPT concentrations. Dose as low as 5nM CPT can induce DNA damage without 

compromising viability of SH-SY5Y cells. Induction of oxidative stress starts from 50nM 

concentration of CPT. The same dose of CPT that induced total cellular ROS also induced 

elevated mitochondrial ROS in neurons. The induction of significant amount of cell death started 

from 100nM concentration. CPT in micro molar range like 10µM induced 50 percent cell death 

in 24 h.  Hence the pathway leading to cell death was studied further. Higher dose of CPT like 

10µM CPT treatment affected mitochondrial health. As a consequence of increased ROS there 

was depolarization of mitochondrial membrane potential. Mitochondrial morphology shifted 

towards fragmentation as observed by mitotracker staining. Inter neuronal connections were lost 

due to treatment with higher doses of CPT as evident from bright field images and MAP2 

staining. There was increased expression of apoptotic marker like cleaved caspase 3 along with 

pH2AX in cells after treatment with 10 µM CPT. There was increased expression of pro-

apoptotic protein BID after similar treatment. Knocking down of BID provided some protection 

that lasted for 24 h but did not sustain beyond that. This result provided some hint towards the 

fact that there might have some role of BID in executing death but that role is dispensable. In 

agreement to our hypothesis high dose of DNA damaging agent proved to be detrimental to 

neuron.  Apoptosis and mitochondrial dysfunction played a central role in it. To our surprise we 

observed a window of dose of CPT that induced DNA damage without increasing oxidative 

stress. We considered this window as non lethal as cell viability remains intact in these 
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treatments.  DNA damage is very much prevalent both in case of AD as well as aging. But 

massive amount of DNA damage and sub lethal amount of DNA damage will not have the same 

consequences. In order to solve the mysteries of AD it is important to identify the trigger that is 

leading to disease progression. In our understanding DNA damage could be a potential trigger as 

it is both part of aging as well as AD. In the first chapter the consequence of lethal dose of CPT 

has been explored. This study also revealed a window of dose which could have some important 

stress responsive features relevant to AD which is our subject for the next chapter.  

Progression of AD is slow and it takes even more than 20 years to develop its full fledged 

pathology. Extracellular plaque formation is one of the pathological events and one of the 

important hallmarks of AD. But intracellular increase of Aβ is comparatively a very early event 

and according to many reports it is more dangerous than extracellular plaque. Intracellular Aβ 

sequesters inside endosome, ER, mitochondria and it could interact with its target proteins which 

could lead to toxicity and eventual cell death. Disease modifying drugs targeting Aβ processing 

enzymes and Aβ clearance have not been able to show much effectiveness in clinical trials. So it 

is important to understand the early phase of the disease which may reveal new drug targets. In 

the second chapter the consequence of mild DNA damage in neurons have been studied. 

Interestingly in response to this mild dose of DNA damaging agent we observed an increase in 

intra-neuronal Aβ both in vivo and in vitro. The next obvious interest was to understand the 

mechanism. We discovered induction of early ER stress and unfolded protein response as a 

bridging gap between mild DNA damage and increased Aβ synthesis. In our study we have 

checked PERK-eIF2α-ATF4 pathway. The markers of UPR pathway increased sharply after 2h 

and decreased after 24 h whereas increase of Aβ persisted. We also observed increased BACE1 

activity which is the rate limiting enzyme for Aβ synthesis. It is known from others study that 
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BACE1 can be post transcriptionally regulated by peIF2α. In our study inhibition of PERK 

decreased CPT induced increment of Aβ which further strengthen the contribution of ER stress 

in our model.  ER–mitochondrial contacts have great impact on Aβ synthesis. Depending on the 

extent and intensity of stress, the stress signaling can result in prosurvival or proapoptotic 

adaptations in mitochondrial function. It has been reported that early ER stress leads to 

mitochondrial fusion which increases metabolic performance to cope with the stress. This 

adaptive stress response also protects mitochondria from fission and autophagosomal 

degradation. We found elongated mitochondrial morphology under subtle induction of DNA 

damage which we describe as stress induced mitochondrial elongation (SIME). There was 

overall boost in mitochondrial bioenergetics. However, prolonged application of the mild DNA 

damage led to mitochondrial fragmentation. Importantly, we found MFN2, an outer 

mitochondrial GTPase protein, play an essential role in the mitochondrial hyperfusion and 

displayed increased levels in 5xFAD mice at early stages. Moreover, we found that both PERK 

activity and BACE1 activity are required for mild DNA damage induced mitochondrial 

elongation. Altogether, it apparently seems that the increased Aβ synthesis comes as a by-

product of this adaptive stress response, seen as mitochondrial elongation, triggered by mild 

DNA damage. AD is associated with mitochondrial fragmentation that is observed in the late 

stages of the disease but what precedes this detrimental mitochondrial morphology is not clearly 

known. To understand the correlation of this transition of mitochondrial morphology in the 

disease progression, we checked MFN2 levels in 5XFAD mice and notably, we found increased 

levels of MFN2 in the early months of transgenic AD mice brains prior to the appearance of 

plaques as compared to the wild type mice. It suggests that before the appearance of Aβ plaques, 

there could be an adaptive stress response manifested by elongation of mitochondria at the early 
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stages of the disease. The switch from fusion to fission and its exact mechanism is not clear and 

demands further research. Altogether this study draws attention to a comparatively novel 

mitochondrial phenomenon that is stress-induced mitochondrial elongation in the scenario of 

AD. Unveiling this remodeling event could be beneficial to revisit the disease from a 

mitochondrial-ER perspective presenting new molecular players appearing early in AD 

progression.  

In the past three decades more than 400 trials in people of potential treatments for AD have been 

made but almost no drugs have been brought to the clinic. Most of the drugs mainly targeted Aβ 

machineries and receptors that are affected in disease condition. The main reasons behind this 

failure for most of the drugs may be their approach to deal with the disease. The transgenic 

animal models developed so far do not properly mimic the actual human scenario.  Drugs 

targeting Aβ plaque clearance from late stage AD brain does not improve cognitive condition in 

AD. It could not stop neurodegeneration to great extent. Over the past years the understanding of 

the disease has evolved. AD is no longer considered as a disease limited only to brain. According 

to some groups AD is explained as a disease of metabolic and vascular disorders. This 

perspective increases the importance of identifying blood based biomarkers that will help to 

catch the disease in its early phase. Mitochondria play an important role in AD progression. In 

the last chapter we focused on mutations in mitochondrial DNA from AD patients PBMC. The 

samples were sorted based on plasma Aβ42 level. Increased plasma level of Aβ is associated with 

the progression of AD. We identified SNPs which are common and unique to all the samples. 

We also identified genes with highest mutation frequency. The nature and distribution of 

mutations were also studied. To our surprise the mutations were not due to oxidation but the 

reason was due to replication error. Mitochondria are extremely vulnerable to oxidative stress. 



Chapter 6: CONCLUSION 
 

116 
 

Oxidative stress is very prevalent in AD. As the mutations were not due to oxidative damage it 

indicates that oxidative stress could appear in later phase of the disease as a consequence of 

defective oxidative phosphorylation. Mitochondrial DNA replication is carried out by proteins 

which are encoded by nucleus. The SNPs are dispersed in coding region not in D loop of 

mtDNA. Defective replication may result in mutations that will give rise to dysfunctional protein 

formation in mitochondria. Eventually it will contribute to mitochondrial dysfunction. This 

finding also provides hints towards nuclear and mitochondrial miscommunication. Further 

investigation in this direction will help to understand the reason behind developing these 

mutations. Although this study is preliminary but it revealed pretty interesting findings. These 

experiments should be validated on larger sample size as it holds great promise to identify 

potential early molecular players in AD.  Further work in this direction has all the potential to 

identify new blood based biomarkers of AD. 
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ORIGINAL ARTICLE

Smokeless tobacco induces toxicity and apoptosis in neuronal cells:
a mechanistic evaluation

Sushobhan Biswasa , Hrishita Dasb, Ujjal Dasa , Aaveri Senguptaa, Rakhi Dey Sharmac,
Subhas Chandra Biswasb and Sanjit Deya

aDepartment of Physiology, University of Calcutta, Kolkata, India; bCell Biology and Physiology Division, CSIR-Indian Institute of
Chemical Biology, Kolkata, India; cBelda College, Belda, India

ABSTRACT
Smokeless tobacco (SLT) or chewing tobacco has been a highly addictive practice in India across
ages, posing major threat to the systemic health and possibly neurodegeneration. Earlier studies
showed components of SLT could be harmful to neuronal health. However, mechanism of SLT in
neurodegeneration remained unexplored. This study investigated the detrimental role of SLT on
differentiated neuronal cell lines, PC12 and SH-SY5Y by using graded doses of water soluble
lyophilised SLT. Reduced cell viability, compromised mitochondrial structure and functions were
observed when neuronal cell lines were treated with SLT (6mg/mL) for 24 h. There was reduction
of oxidative phosphorylation and aerobic glycolysis as determined by diminution of ATP produc-
tion (2.5X) and basal respiration (1.9X). Mitochondrial membrane potential was dropped by 3.5
times. Bid, a pro-apoptotic Bcl-2 family protein, has imperative role in regulating mitochondrial
outer membrane permeabilization and subsequent cytochrome c release leading to apoptosis.
This article for the first time indicated the involvement of Bid in SLT mediated neurotoxicity and
possibly neurodegeneration. SLT treatment enhanced expression of cleaved-Bid in time depend-
ent manner. The involvement of Bid was further confirmed by using Bid specific shRNA which
reversed the effects of SLT and conferred significant protection from apoptosis up to 72h. Thus,
our results clearly indicated that SLT induced neuronal cell death occurred via production of
ROS, alteration of mitochondrial morphology, membrane potential and oxidative phosphoryl-
ation, inactivation of survival pathway and activation of apoptotic markers mediated by Bid.
Therefore, Bid could be a potential future therapeutic target for SLT induced neurodegeneration.
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Introduction

Smokeless tobacco (SLT) is a highly popular form of
addiction amongst Indians across ages. SLT is the form
of tobacco which is consumed not in burnt form and is
known as “chewing tobacco” or “spit tobacco.” It has
caused a huge disease burden worldwide. The SLT or
chewing tobacco contains a myriad of components;
many of them have potential health effects. SLT medi-
ated oral cancer, gastrointestinal cancer and a number
of other cardiovascular diseases are well recognised
[1,2]. According to the survey report of Ministry of
Health and Family Welfare (MoHFW), Government of
India, one in four adults and one in ten school students
(13–15 years) in India use SLT and are at grave risk due
to the addiction. The frequency of oral cancer is increas-
ing in South-East Asian countries especially among the
younger age group [3]. Nearly 80% of global SLT users

live in the South-East Asia region using different vari-
eties of SLT products [World Health organisation
(WHO)] [4]. India bears the highest burden of oral can-
cer globally, due to high prevalence of SLT use and an
estimated 368127 deaths (217076 women and 151051
men) directly attributable to SLT use in 2010 [4]. In our
previous study, we have described SLT mediated sys-
temic stress on human chewers by modulating systemic
toxicity, inflammatory and apoptotic development, cell
cycle arrest, metabolic disorder and alteration of RBC
morphology. We also have discussed the nature of
modulation of the metabolic pattern, escalation of the
risk of systemic inflammation and advancement of cor-
onary artery disease, cardiovascular disease and dyslipi-
demia in SLT-users [5].

Chewing tobacco is associated with betel leaves,
areca nut, lime and catechu along with some deadly
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chemicals like polycyclic aromatic hydrocarbons, nitrate,
nitrite, nicotine, acrolein, tobacco-specific nitrosamines
(TSNAs) and chemicals such as crotonaldehyde, sub-
stantial amounts of formaldehyde, acetaldehyde, etc
[5,6]. It is available commonly in Indian market as
“gutkha” and it comprises of a vast number of com-
pounds, of which many are toxicants and carcinogens
that are also found in cigarette smoke causing a surplus
of health complaints [7]. SLT mediated physiological
insults have already been acknowledged [5,8,9] and are
well-known to cause cell death and apoptosis in numer-
ous cultured cell lines including oral keratinocytes and
macrophages [10,11]. However, neuronal insult medi-
ated by SLT is not well supported with proven mechan-
ism. There is no report of SLT affecting overall neuronal
health, but it has the potential to affect neuronal sys-
tem both directly and indirectly. Some SLT components
can damage the neurons which may pose a direct
threat to the brain [12]. SLT consumption elevates the
reactive oxygen species (ROS) and thereby causes
enhanced oxidative stress [5]. These disturbed oxidative
and metabolic situations are critical reasons for pushing
cells to neurodegeneration. Nicotine is one of the prin-
cipal components of SLT and it is absorbed in substan-
tial quantities from chewing tobacco. Interestingly, the
time course of blood nicotine concentration after typ-
ical doses of chewing tobacco is much higher than
tobacco present in cigarette [13]. Modification and dis-
ruption of nicotinic cholinergic mechanisms contribute
in dysfunctions like addiction, dementia with Lewy
bodies, epilepsy, autism, schizophrenia, Parkinson’s dis-
ease (PD) and Alzheimer’s disease (AD) [14,15].

Mitochondria are the seat of energy metabolism and
critical regulators of cellular function and cell death.
Although the brain represents only 2% of the body
weight, it receives 15% of cardiac output and accounts
for 20% of total body oxygen consumption. Thus,
energy metabolism is largely driven by neuronal
demand to maintain ion gradients across the plasma
membranes, critical for the generation of action poten-
tials. This intense energy requirement is continuous;
even brief periods of oxygen or glucose deprivation
results in neuronal death [16]. Thus, mitochondria hold
strategic position to either promote the healthy life of
the cell or to terminate it [17,18]. Mitochondria are
essential for neuronal function because the limited
glycolytic capacity of neurons makes them highly
dependent on aerobic oxidative phosphorylation
(OXPHOS) for their energy needs [16–18]. Mitochondria
with structural and functional damage do not produce
sufficient ATP; promote pro-apoptotic factors and
ROS. These are early signals of mitochondrial disorders

leading to neurodegenerative disorders. Mitochondrial
dysfunctions are thus responsible for many neurodege-
nerative diseases culminating in AD, PD, Huntington’s
disease (HD) and amyotrophic lateral sclerosis
(ALS) [16–18].

In the present study, we described SLT promoted
the neuronal cell death compromising mitochondrial
state and apoptosis in neurons. The dose and time kin-
etics studies of SLT established that it has the potential
to induce neuronal cell death. Time kinetics study of
different key apoptotic markers confirmed the SLT
mediated neuronal death in a time dependent fashion.
In this article, our results demonstrated that SLT dimin-
ished oxidative phosphorylation (OXPHOS) and ATP
production in differentiated SH-SY5Y cells and interest-
ingly 24 h exposure of SLT results in the activation of
mitochondria-dependent apoptosis. Neuronal death fol-
lowed the activation of p53 guided stress activated pro-
tein kinase/Jun amino-terminal kinase (SAPK/JNK)
pathways and modulation of other molecules of apop-
tosis. The survival pathway like PI3K/p-AKT also got
compromised under that condition. Bid is an abundant
pro-apoptotic protein of the Bcl-2 family that is mainly
cleaved by caspase-8 into truncated Bid (tBid), upon
cleavage it migrates into mitochondria to induce
release of cytochrome c. It has major implications
because it resides at the crossroads of both intrinsic
and extrinsic pathway of apoptosis which in turn can
amplify the signal of damage. Our study showed an
increased expression of tBid with increased doses of
SLT and shRNA mediated down regulation of tBid pro-
vided significant protection from SLT mediated death.
Thus, present work will remain as first attempt to
explore detailed molecular mechanisms conferring SLT
mediated neuronal cell death.

Materials and methods

Chemicals

Human recombinant NGF, Trichloroacetic acid (TCA),
Thiobarbituric acid (TBA), 5, 50 -dithio-bis (2-nitro ben-
zoic acid) (DTNB) were purchased from Sigma Aldrich
(St. Louis, MO, USA). Antibodies against cleaved cas-
pase-9, �7, �3, cleaved PARP, pAKT, Total AKT, pGSK3b
were purchased from Cell Signalling Technology
(Danvers, MA, USA), Bax, Bcl-2, p53, GAPDH were
obtained from Santa Cruz (Santa Cruz, CA, USA), Bid,
tBid, pH2AX antibodies were purchased from Abcam
(Cambridge, UK). Annexin-APC-PI and JC-1 dye were
purchased from Becton Dickinson-Biosciences (San
Jose, CA, USA). All cell culture reagents were purchased
from Gibco (Waltham, MA, US) and all other reagents
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used for this study were of highest quality grade. HRP-
conjugated secondary antibodies were from Santa Cruz
Biotechnologies (Dallas, Texas, USA).

Preparation of aqueous extract of smokeless
tobacco (SLT)

Aqueous extract of SLT (gutkha) was prepared as
described by Mitchell et al. [19], with certain modifica-
tions. Briefly, 100mL PBS buffer was added to 20 gm of
commercially available smokeless tobacco (brand name
Shikhar pan masala, one of the top selling brands in
India), and the mixture was incubated for 24 h at 37 �C.
It was then filtered through a 70mm cell strainer and
the pH was adjusted to 7.0 using HCl in sterile condi-
tion. The filtrate was lyophilised to powdered form.
Fresh stocks of SLT were prepared from that lyophilised
powder in sterile PBS as per experimental requirement
and subsequently filtered through 0.22 mm membrane
filter before treatment.

Cell culture

Rat pheochromocytoma (PC12) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) comple-
mented with 10% heat-inactivated horse serum (HS)
and 5% heat-inactivated foetal bovine serum (FBS) and
penicillin/streptomycin. Neuronal differentiation was
induced by nerve growth factor (NGF) (100 ng/mL) in
medium containing 1% HS and penicillin/streptomycin
for 5 days before the treatment, as previously described
[20,21]. Human neuroblastoma (SH-SY5Y) cells were
grown in DMEM supplemented with 10% FBS and peni-
cillin/streptomycin. Differentiation was induced by
10 lM all-trans-retinoic acid (RA) on day 1 after plating
and continued for 8 days. Medium was replaced with
fresh medium containing RA every 48 h in DMEM sup-
plemented with 10% FBS and penicillin/strepto-
mycin [22].

Cell viability assay by MTT

Cell viability was determined by the quantitative colori-
metric assay using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), showing the mitochon-
drial activity of living cells, as described in the literature
[23]. Cultured PC12 and SH-SY5Y cells were seeded in
96-well plates and was allowed to grow to 70–80% con-
fluence after differentiation and treated with different
doses of SLT (0–10mg/mL) for 24 h. After treatment, the
media was removed and MTT (0.5mg/mL) in PBS was
added to each well followed by incubation for 4 h at

37 �C. Finally, the MTT solution was removed and dye
crystal formazan were solubilised in 100 ml dimethyl
sulphoxide (DMSO). The absorbance was measured at
595 nm. Data were calculated as

% of cell viability

¼ Absorbance of control –Absorbance of sampleð Þ
Absorbance of control

� 100

Cell viability assay by nuclear count

The intact nuclear counting method was also per-
formed to check the cell viability as described by
Sanphui et al. [21] with slight modifications. Briefly, a
detergent containing the buffer was added to the cells
which can dissolve only the cell membrane, leaving the
nuclear membrane intact. The intact nuclei were then
counted on a haemocytometer and the number of live
cells having intact nuclei was expressed as percentage
of the total cell population.

Measurement of intracellular reactive oxygen
species (ROS)

Intracellular ROS was measured by flow cytometry
using H2DCFDA as described previously [24]. H2DCFDA
is a ROS-sensitive compound, which readily diffuses
into cells and is hydrolysed by esterase to form H2DCF
within cells, which is then oxidised by hydrogen perox-
ide or low-molecular-weight peroxides to produce the
fluorescent compound 20, 70dichlorofluorescein (DCF).
Viable cells were plated for each condition (control and
different doses of SLT for both PC12 and SH-SY5Y cells).
Cellular ROS was measured by incubating the cells with
H2DCFDA (1 lM) for 30min, followed by washing three
times in PBS (5min incubation each) followed by flow
cytometry using a BD FACSCalibur (Becton Dickinson,
Franklin Lakes, NJ) flow cytometer equipped with
FlowJo software.

Measurement of mitochondrial ROS

Mitochondrial ROS was measured by flowcytometry
using MitoSOX Red reagent as described previously
with slight modification [25–27]. MitoSOX Red reagents
permeate live cells where it selectively targets mito-
chondria. It is rapidly oxidised by the ROS. MitoSOX Red
has excitation/emission maxima of approximately 510/
580 nm. Viable cells were plated for each condition and
after treatment, cells were incubated with MitoSOX
(3 lM) for 30min; then 3X PBS wash followed by flow
cytometry using a BD FACSCalibur (Becton Dickinson,
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Franklin Lakes, NJ) flow cytometer equipped with
FlowJo software.

Determination of lipid peroxidation (LPO)

The level of TBARS in the cell lysate was estimated
using standard protocol [5] as the indicator of lipid per-
oxidation. Briefly, the cell lysate was mixed with 15%
TCA, 0.375% TBA and 5N HCl followed by incubation at
95 �C for 15min. The mixture was cooled, centrifuged
and the absorbance of supernatant was measured at
535 nm against appropriate blank.

Determination of reduced glutathione
(GSH) content

Cell lysate was treated with 0.1mL of 25% TCA and the
precipitate was pelleted down by centrifugation at
3,900� g for 10min. Free endogenous sulfydryl group
was assayed in a total 3mL volume mixture (2mL of
0.5mM DTNB prepared in 0.2M phosphate buffer (pH
8.0), with 1mL of the supernatant). The GSH reacted
with DTNB and formed a yellow complex with DTNB.
The absorbance was read at 412 nm [5].

Determination of Cu/Zn- superoxide dismutase
(SOD1) activity

SOD1 activity was determined using modified pyrogallol
auto-oxidation method [5]. In brief, cell lysate was added
to 62.5mM tris-cacodylic acid buffer followed by 4mM
pyrogallol. The auto-oxidation of pyrogallol was moni-
tored at 420nm, followed by the estimation of the
absorbance of the test samples at specific time intervals.

Preparation of cell homogenate

Cell homogenate was prepared as described previously
[5] with some modification. Cultured PC12 and SH-SY5Y
cells (8� 106) were suspended in 100 lL hypotonic buf-
fer (1.5mM MgCl2, 10mM KCl, 1mM dithiothreitol,
10mM HEPES, pH � 7.9) containing protease inhibitor
cocktail and sonicated. The suspension containing the
ruptured cells was centrifuged at 13,000� g for 10min
at 4 �C. The supernatant (cell homogenate) was then
used for western blot analysis.

Western blot analysis

Cells were lysed and proteins were analysed by western
blot technique, as described previously [5,28].
Concentration of proteins was determined using the
protocol of Lowry et al. [29]. Briefly 50mg of protein of

each condition was resolved using sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-PAGE).
Proteins were transferred onto PVDF membrane
(Millipore, Massachusetts, USA). The membrane was
blocked for 2 h at 37 �C with 5% bovine serum albumin
(BSA) solution. This was followed by incubating the
membrane with primary antibodies (1:1000) for over-
night at 4 �C, followed by incubation with HRP or alka-
line -conjugated secondary antibodies (1:2500) for 2 h.
After washing, detection was done by Amersham ECL
western blot detection reagent, according to the manu-
facturer’s protocol for HRP-conjugated proteins and for
alkaline- conjugated proteins, the membrane was
developed using a NBT-BCIP chromogenic detection
system. Bands were detected on ChemiDoc
XRSþ system (BIORAD). For each result, three independ-
ent set of western blot experiments (triplicates) were
performed for different subjects. The current result is
the representative of three western blot data.

Analysis of protein expression by flow cytometry

Cells were fixed in 4% para formaldehyde in PBS (pH
7.4) for 20min at room temperature then permeabilized
in 0.1% Triton X-100 in PBS with 0.1% FBS for 5min.
After washing twice in PBS with 3% FBS, the permeabi-
lized cells were incubated with primary antibody at 4 �C
overnight and washed twice in PBS. The cells were then
incubated with FITC or Alexa Fluor 647-conjugated goat
anti-rabbit/anti-mouse IgG as a secondary antibody for
30min on ice and washed twice in PBS. The stained
cells were acquired and analysed using a BD FACSAria
III flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA) and data were analysed with Flow Jo soft-
ware [30].

Immunofluorescence

Cells were fixed with 4% paraformaldehyde (PFA) for
10min and then blocked with 3% goat serum in PBS
containing 0.1% Triton-X 100 for 2 h. The cells were
then immunolabelled with appropriate antibodies (at a
ratio of 1:100 each in the blocking solution), followed
by three times washing in PBST (5 min each), then incu-
bated with Alexa Fluor 488-labeled anti-mouse and
anti-rabbit antibodies (at a ratio of 1:500 each in the
blocking solution) and the nucleus was stained with
Hoechst. The slides were washed, covered with mount-
ing solution (Thermo Fisher Scientific), and visualised
using the Leica confocal microscope (Leica TCS SP8)
and Leica fluorescence microscope [20].
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Determination of mitochondrial membrane
potential (MMP) by JC-1 staining

Mitochondrial membrane potential (Dwm) was meas-
ured using JC-1 (5,50,6,60-tetrachloro-1,10,3,30-tetraethyl-
benzimidazolcarbocyanine iodide) as described
previously [31]. In brief, cells were incubated with JC-1
(2.5 lg/mL) for 15min at room temperature followed by
washing and flow cytometry was done using BD
FACSCalibur (Becton Dickinson, Franklin Lakes, NJ). The
fluorescence of 10,000 cells was measured utilising a
flow cytometer at emission of 525 and 590 nm.

Detection of apoptosis using annexin V-APC/PI

Cells were suspended in 500 lL binding buffer.
Subsequently, 5 lL of Annexin V-APC and 5 lL of PI
were added followed by mixing at room temperature in
the dark for 15min. Within 1 h, the percentage of live,
early apoptotic, late apoptotic and necrotic cells were
detected by BD FACSCalibur (Becton Dickinson, Franklin
Lakes, NJ) [30].

Assessment of mitochondrial bioenergetics

To measure mitochondrial function in control and SLT
(6mg/mL) treated differentiated SH-SY5Y cells, a Seahorse
Bioscience XF-24 extracellular flux analyser (Seahorse
Bioscience) was used in combination with the Seahorse
Bioscience XF Cell Mito Stress Test assay kit to assess the
real-time measurement of oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR). In this
assay, subsequent additions of the ATP synthase inhibitor
oligomycin (1lM), the mitochondrial uncoupler carbonyl-
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
(1lM) and the complex I inhibitor rotenone (1lM) into
the assay medium provided insight into different aspects
of mitochondrial function. To compare between experi-
mental groups, the data was expressed as the rate of oxy-
gen consumption in pmol/min or the rate of extracellular
acidification in mpH/min, normalised to cell protein in
individual wells [32].

Preparation of shRNA and transfection

Bid-specific shRNA was prepared in the pSIREN vector
by using the BD knockout RNAi system, according to
the manufacturer’s instructions (BD Biosciences, San
Jose, CA, USA). DNA was prepared with Plasmid Maxi
kit (Qiagen, Waltham, MA, USA). For the survival assay,
neuronal cells were transfected with 0.5 lg of either
pSIREN-Bid-shRNA-ZsGreen (shBid) or pSIREN-Rand-
shRNA-ZsGreen (shRand). Transfections were done in

500 lL of serum-free medium per well of a 24-well plate
using lipofectamine 2000. Six hours later, lipofectamine
containing medium was replaced by a fresh complete
medium. Neuronal PC12 cells were transfected on the
third day of differentiation [21]. The sequence of Bid was:

Top strand:
50GATCCGCCGCTCCTTCTATCATGGATTCAAGAGATCCAT-
GATAGAAGGAGCGGTTTTTTG-30

Bottom strand:
50AATTCAAAAAACCGCTCCTTCTATCATGGATCTCTTGAA-
TCCATGATAGAAGGAGCGGCG30

Statistical analysis

Densitometry analyses of the western blots were done
using ImageJ software and the data were represented
as mean± SEM. Results were expressed as mean± stan-
dard errors of mean (SEM) of data obtained from at
least three replicate experiments. Statistical significance
and differences among groups were assessed with one-
way analysis of variance using OriginPro 8.0 software
(San Diego, CA, USA). p< 0.05 value was considered as
significant.

Results

Loss of cell viability upon SLT treatment on
differentiated neuronal cell lines

Various forms of chewing tobacco can cause cytotox-
icity in a variety of mammalian cell lines such as human
lung epithelial cells (A549), human liver epithelial cells
(HepG2) and mouse squamous epithelial cells (HCC7) as
well as primary cell, human peripheral blood mono-
nuclear cells (PBMC) [33]. To check the cell viability on
different neuronal cell lines; MTT assay and nuclear
count assay were performed. MTT assay was done on
both differentiated rat PC12 and human SH-SY5Y cells
in presence of different doses of SLT (0–10mg/mL) after
24 h (Figure 1(A,B)) incubation. A dose dependent loss
of cell viability was observed upon SLT treatment.
Nuclear count assay was also performed on differenti-
ated PC12 cells with spectrum of SLT doses (0–8 mg/
mL) after 24 h treatment (Figure 1(C)). Both MTT and
nuclear count assays indicated an IC50 at a dose of
6mg/mL. This IC50 dose was considered for further time
dependent experiments. Bright field images of differen-
tiated PC12 cells after 24 h SLT treatment (Figure 1(D))
showed changes in morphology as compared to control
cells (Figure 1(D.i)). In the untreated cells, the normal
cellular health and neuronal morphology was present.
On the other hand, increasing doses of SLT treated
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cells showed retraction of neuronal processes
(Figure 1(D.ii)) and cell death observed in higher doses
of SLT (Figure 1(D.iii-iv)).

Enhancement of intracellular ROS level

To address the massive changes in cytotoxicity and
morphology after SLT treatment, a number of ROS param-
eters were observed. SLT treatment developed significant
quantity of cellular stress essentially manifested as intra-
cellular ROS. SLT induced intracellular ROS was measured
after 24h treatment. Flow cytometry analysis of differenti-
ated PC12 and SH-SY5Y cells showed that treatment of
SLT produced higher level of intracellular ROS measured
by H2DCFDA method. In PC12 cells, 1.26, 1.59, 2.10 and
4.27 fold increased DCF fluorescence was observed with
0.5, 1, 2 and 6mg/mL SLT doses respectively as compared
to untreated control cells (Figure 2(A–B)). In SH-SY5Y cells,

significantly increased levels of DCF fluorescence (1.40,
1.36, 2.48 and 2.71 fold enhanced fluorescence intensity)
were observed with increased SLT doses of 2, 4, 6 and
10mg/mL respectively as compared to control cells
(Figure 2(E–F)).

ROS detection using a fluorescent agent MitoSOX

ROS that are produced by mitochondria are described
as mitochondrial ROS (mtROS). Mitochondria are one of
the major contributors for total cellular oxidative stress
as generation of mitochondrial ROS mainly takes place
at the electron transport chain (ETC) located on the
inner mitochondrial membrane during the process of
oxidative phosphorylation. Leakage of electrons at com-
plex I and complex III from ETC leads to partial reduc-
tion of oxygen to form superoxide. Thus, mitochondria
might be a major contributor for oxidative stress

Figure 1. Induction of cytotoxicity in differentiated neuronal cells by SLT: Cultured PC12 and SH-SY5Y cells were differentiated in
the presence of nerve growth factor (NGF) and retinoic acid (RA) for 5 and 7 days respectively. Cells were incubated in the
absence and presence of different doses of SLT (0–10mg/mL) for 24 h and cell viability was determined by MTT assay and
nuclear count method. Data were represented as mean ± SEM [�p< 0.05 was considered as significant in SLT treated conditions
vs control (SLT-untreated cell), where n¼ 5]. Cell viability was checked by MTT assay in differentiated (A) PC12 cells, (B) SH-SY5Y
cells, (C) Cell viability was checked in differentiated PC12 cells after 24 h incubation by nuclear count method, (D) Bright field
images of PC12 cells after 24 h incubation ± SLT treatment: (i) Control; (ii) 2mg/mL; (iii) 6mg/mL; (iv) 10mg/mL. In control cells
[D(i)], normal cellular health and neuronal morphology was present whereas increasing doses of SLT treated cells showed retrac-
tion of neuronal processes [D(ii)] and cell death observed in higher doses of SLT treatment [D(iii-iv)]. Magnification: 100X.

6 S. BISWAS ET AL.



Figure 2. Dose dependent ROS generation and oxidative stress in differentiated PC12 and SH-SY5Y cells by SLT after 24 h incuba-
tion: (A) Representative histogram showing DCF fluorescence in PC12 cells treated with SLT, (B) Quantitative analysis of relative
fluorescence intensity of DCF in the cells treated with SLT [�p< 0.05 was considered as significant in SLT treated conditions com-
pared to control (SLT- untreated cell), where n¼ 3], (C) Representative histogram showing MitoSOX fluorescence in SLT treated
differentiated PC12 cells, (D) Quantitative analysis of relative fluorescence intensity of Mito-SOX to measure the mitochondrial
ROS production in the PC12 cells treated with SLT, (E) Representative histogram showing DCF fluorescence in SLT treated SH-
SY5Y cells,(F) Quantitative analysis of relative fluorescence intensity of DCF in the cells treated with SLT vs control (SLT-untreated
cell), where n¼ 3, p< 0.05 was considered as significant. Statistical comparison: � control vs. SLT treatment. (G) Lipid peroxida-
tion level in neuronal cells. The amount of TBARS in mmoles/mg of protein was measured and the relative expression level was
plotted along the Y-axis and different experimental groups were taken along the X-axis. (H) The reduced glutathione content in
neuronal cells. The amount of GSH in nmoles/mg of protein was measured and the relative expression level was plotted along
the Y-axis and different experimental groups were taken along the X-axis. (I) SOD1 activity in neuronal cells was measured as
Unit/mg of protein and the relative expression level was plotted along the Y-axis. Different experimental groups were taken
along the X-axis. Data were represented as mean ± SEM where n¼ 3. p< 0.05 was considered as significant. Statistical compari-
son: � control vs. SLT (24 h).
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generation when SLT can induce ROS. In order to meas-
ure the mitochondrial ROS levels, MitosoxTM was used
in flow cytometric determination after 24 h of SLT treat-
ment in differentiated PC12 cells. 1, 2 and 6mg/mL SLT
treated cells produced significantly higher (p< 0.05)
level of Mitosox fluorescence intensity (1.6, 2.13 and
3.74 fold respectively) with respect to untreated control
(Figure 2(C–D)).

SLT treatment enhanced the TBARS formation and
compromised the antioxidant status

ROS overload also initiated the development of lipid
peroxidation (a key marker of oxidative stress) in cell
membranes and caused destruction of cellular integrity
as well as cell death. SLT treated group showed higher
level of malondialdehyde (MDA) formation which aug-
mented significantly higher amount of TBARS as com-
pared to control group. The relative expression of
TBARS was found 1.70 ± 0.11 and 1.51 ± 0.73 for differ-
entiated PC12 and SH-SY5Y cells respectively. 24 h SLT
treatment reduced the antioxidant level too. The level
of GSH content and SOD1 activity was lowered after
SLT treatment. Relative expression of GSH content
(0.6 ± 0.02 and 0.68 ± 0.02) and SOD activity (0.71 ± 0.05
and 0.82 ± 0.08) was significantly lowered as compared
to the untreated control in differentiated PC12 and SH-
SY5Y cells respectively after 24 h of SLT treatment
(Figure 2(G–I)). The GSH, TBARS and SOD1 are essen-
tially cytosolic components indicating the ROS status.
However, SOD1 is also present in inter-membrane space
of the mitochondria [34,35].

Induction of double strand DNA breakage in SLT
treated differentiated neuronal cells

In our previous study, we found SLT induced DNA dam-
age in human PBMC [5]. In order to assess whether SLT
can induce DNA double strand breaks (DSBs), phos-
phorylation of the histone H2A variant, H2AX, at Serine
139 was analysed. Interestingly, signs of DNA DSBs
were visualised by immunostaining for phospho-serine
139 histone 2AX (pH2AX) (Figure 3(A)). Increased
expression of pH2AX protein was observed by immuno-
blot analysis in differentiated SH-SY5Y cells with
increased time point. Cells harvested after 16 h and 24 h
treatment showed significantly higher expression (1.84
and 5.59 fold respectively) (Figure 3(A, C)). Fluorescence
image indicated that 18 h SLT treated PC12 cells had
more pH2AX foci than control cells. In control cells,
pH2AX signals were hardly visible as foci at standard
exposure compared to SLT treated cells, where pH2AX

foci are larger and more in number than those seen in
the control (Figure 3(F–G)).

Loss of mitochondrial health and structure

Previous reports suggested that compounds which can
induce ROS are also responsible for mitochondrial frag-
mentation and neuronal cell death during neurodege-
nerative diseases [36]. Impaired mitochondrial dynamics
can cause various neurodegenerative disorders.
Therefore, the next objective was to determine any
morphological and functional change of mitochondria
after ROS generation. To study the mitochondrial mor-
phological dynamics, mitochondria was stained with
mitotracker red and observed under confocal micro-
scope. Mitochondrial health and morphology was
studied after 18 h of SLT treatment in differentiated SH-
SY5Y cells. Confocal laser microscopy revealed that the
mitochondria of control cells had normal filamentous
structure throughout the cell including the neuronal
extensions, whereas in SLT treated cell mitochondria
lost normal morphology. Mitochondrial fragmentation
followed in a dose dependent manner (Figure 4(A)). In
6mg/mL SLT treated group, small punctate morph-
ology (a marker for damaged mitochondria) were prom-
inent and they were present mainly in the cell body but
their numbers were less in the extensions as compared
to the control group. In 10mg/mL SLT treated group,
there was a tendency of peri-nuclear localisation of
mitochondria. These results suggested that SLT treat-
ment leads to dramatic mitochondrial fragmentation in
differentiated neuronal cell line (Figure 4(A)).

Loss of mitochondrial transmembrane potential
after SLT treatment

Change in mitochondrial integrity and function may
play a prime role in the apoptosis cascade. In differenti-
ated PC12 cells, to examine the involvement of mito-
chondria in SLT-induced apoptosis, alterations in the
MMP were monitored with the fluorescent probe JC-1
by flow cytometry. JC-1 is a cationic dye that exhibits
potential-dependent accumulation in mitochondria,
indicated by a fluorescence emission shift from green
to red, which can thus be used as an indicator of mito-
chondrial potential. As demonstrated in Figure 4(B),
exposure of differentiated PC12 cells to 6mg/mL SLT
for 18 h can cause a substantial loss in mitochondrial
membrane potential, in accordance with a decrease in
JC-1 red-green fluorescence intensity ratio. In control
group, 96.24% cells having high Dwm (P4 quadrant) and
3.66% cells having low Dwm (P5 quadrant). SLT
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treatment for 18 h increased the cell population in P5
quadrant (low Dwm) to 14.92%. This result indicated
that SLT substantially reduced (3.82 fold) the mitochon-
drial membrane potential in neuronal PC12 cells as
compared to the control cells (Figure 4(C)).

SLT treatment decreases oxidative
phosphorylation in differentiated SH-SY5Y cells

To determine whether SLT treatment influences cellular
metabolism, the assessment of the bioenergetic profiles

of SH-SY5Y cells treated with 24 h SLT (6mg/mL) was
done. Extracellular flux analysis allowed determination
of O2 consumption and extracellular acidification in
adherent cells [37,38]. OCR, an indicator of OXPHOS
and ECAR, an indicator of aerobic glycolysis, were ana-
lysed. As shown in Figure 4(D,E), SLT inhibited OXPHOS
when compared to control (vehicle), as indicated by
decreased basal OCR (0.51X) (Figure 4(F)). Furthermore,
the amount of basal OCR related to ATP production,
calculated as the difference between basal and oligo-
mycin-induced OCR, (Figure 4(H)) was inhibited (0.40X)

Figure 3. Induction of DNA damage after SLT treatment in differentiated neuronal cells: (A) Expression of different DNA damage
markers, like p53 and pH2AX levels were determined in a dose dependant manner in differentiated SH-SY5Y cells, (B-C)
Quantitative analysis of immunblot showing increased expression of p53 from 8 h SLT treatment, pH2AX expression was increased
in a dose dependent manner and highest pH2AX expression was found in 24 h SLT treated group. (D) Expression of p53 was
measured in control and 24 h SLT treated group in differentiated PC12 cells, (E) Densitometric analysis of immunblot showing sig-
nificantly increased expression of p53 after 24 h SLT treatment. (F) pH2AX foci formation was observed as a marker of double
strand DNA break in differentiated PC12 cells after 18 h SLT (6mg/mL) treatment. Magnified images clearly depict the presence
of pH2AX foci in the nucleus, whereas in control cells foci are nearly absent, scale bar: 50 mm; magnification: 400X. (G) Number
of foci was quantified and represented as number of foci per nucleus. After counting �200 cells, control group showed
(0.248 ± 0.028) foci/nucleus, whereas SLT treated group showed (2.697 ± 0.43) foci/nucleus, Data are mean ± SEM. � p< 0.05 con-
sidered as significant between control and different treatment groups, (n¼ 3).
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Figure 4. SLT induced loss of mitochondrial health and reduction of mitochondrial membrane potential: (A) Mitochondrial health
was studied in differentiated SH-SY5Y cells after treatment with increasing doses of SLT (0, 2, 6 and 10mg/mL) for 18 h and
stained with the mitochondrion selective stain mitotracker red. Confocal laser microscopy revealed that the mitochondria of con-
trol cells had normal filamentous structure whereas upon SLT treatment mitochondria lose its normal morphology and mitochon-
drial fragmentation observed in a dose dependent manner, scale bar: 10 mm. (B) MMP decreased upon 18 h of SLT treatment
with respect to untreated control cells. In control group, 96.24% cells having high Dwm (P4 quadrant) and 3.66% cells having
low Dwm (P5 quadrant). SLT treatment for 18 h increased the cell population in P5 quadrant (low Dwm) to 14.92%. This result
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by SLT treatment as well as the maximal respiratory
capacity (0.23X), calculated as the difference between
the FCCP-stimulated OCR and the OCR after the inhib-
ition with rotenone (Figure 4(G)). We next defined
mitochondrial function by sequentially adding pharma-
cological inhibitors of the respiratory chain (Figure 4(D,
E)). After measurement of basal OCR, oligomycin (1 lM)
was injected into all samples to inhibit the ATP syn-
thase (complex V). In both experimental groups, a sub-
stantial decrease in OCR occurred to approximately the
same extent, indicating that the mitochondrial oxygen
consumption used for ATP synthesis is not changed
during SLT treatment. The remaining OCR, after oligo-
mycin treatment, can be ascribed to both proton leaks
across the mitochondrial membrane and utilisation of
the mitochondrial membrane potential for ion or sub-
strate transport [32]. Next, to determine the maximal
OCR that the cells can sustain, the proton ionophore
(uncoupler) FCCP (1 lM) was injected. FCCP addition
resulted in stimulation of OCR, which is due to the
increase in permeability of the mitochondrial inner
membrane to protons, resulting in an OCR uncon-
strained by the mitochondrial membrane potential. The
OCR after addition of FCCP is then an estimate of the
potential maximal respiratory capacity. Interestingly,
the maximal respiratory capacity in the SLT treated cells
was not significantly reduced as compared to control
cells. Last, rotenone (1 lM) was injected to inhibit elec-
tron flux through complex I, which causes a dramatic
suppression of the OCR. The remaining OCR is attribut-
able to O2 consumption because of the formation of
mitochondrial ROS and non-mitochondrial O2 consump-
tion and is significantly reduced by SLT treatment
(Figure 4(F–I)).

Release of cytochrome c

Mitochondrial cytochrome c release is a consequence
of decreased MMP and pore formation due to apoptotic
stimuli. The release of cytochrome c from mitochondria
is a crucial event in the death pathway due to apoptotic

downstream signalling. Various apoptosis-inducing
mediators, including UVB light and hydrogen peroxide
are capable of provoking cytochrome c discharge from
mitochondria [39]. SLT treatment may regulate apop-
tosis by regulating the inner mitochondrial membrane
potential and initiating the release of pro-apoptotic
proteins such as cytochrome c. To check the cyto-
chrome c level, differentiated SH-SY5Y cells were
treated with different doses of SLT (control, 2, 6 and
10mg/mL) for 18 h and immuno stained with cyto-
chrome c and observed under confocal laser micro-
scope. Confocal microscopy revealed mitochondrial
distribution of cytochrome c in control group and SLT
(2, 6 and 10mg/mL) treatment showed diffuse cytosolic
pattern of cytochrome c staining; indicating that cyto-
chrome c was released from mitochondria to cytosol.
We routinely found increased intensity of green fluores-
cence of cytochrome c in 6 and 10mg/mL doses
compared to 2mg/mL SLT and control group
(Figure 5(A–B)).

SLT exposure induced the activation of p53 and
apoptosis initiated by BCl-2 family proteins

In differentiated SH-SY5Y cells, the level of p53 was sig-
nificantly increased after 8 h onwards SLT treatment
(Figure 3(A)). Densitometric analysis explained SH-SY5Y
cells harvested after 8, 16 and 24 h expressed 2.02, 2.28
and 2.54 fold increased p53 expression respectively as
compared to the control (Figure 3(B)). In differentiated
PC12 cells, p53 expression was also increased signifi-
cantly (2.33 fold) with respect to the control group
(Figure 3(D–E)). SLT treatment in differentiated neuronal
cell was shown to induce p53 activation and is known
to transduce the signals to SAPK/JNK. Phosphorylation
status of stress-activated SAPK/JNK (p-SAPK/JNK) was
investigated. 6mg/mL SLT enhanced (2.65 fold) the
expression of pJNK after 24 h (Figure 6(H–I)). BH3-only
proteins of the Bcl-2 family are vital controllers of mito-
chondrial injury during apoptosis [39, 40]. Whether
these proteins regulate mitochondrial morphological

Figure 4. (Continued)
indicated that SLT substantially reduced the mitochondrial membrane potential in differentiated PC12 cells. (C) Loss of mitochon-
drial membrane potential was quantified. Data showed loss of Dwm (%) was significantly higher in SLT (6mg/mL) treated group
as compared to untreated control group. Data are mean ± SEM. � p< 0.05 considered as significant between control and SLT
treated groups, (n¼ 3). (D-E) To check the bioenergetic function after 24 h SLT (6mg/mL) treatment OCR and ECAR was meas-
ured in differentiated SH-SY5Y cells. (F) basal respiration, (G) maximal respiration, (H) ATP production and (I) proton leak were
measured by the injection of oligomycin (1lM), FCCP (1lM) and rotenone (1 lM) at indicated times. n¼ 3 for each experiment.
Data were normalised to number of cells. Data are mean ± SEM. � p< 0.05 considered as significant between control and SLT
treated group.
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dynamics under the pathological condition remains
unclear [41]. SLT treatment confirmed the inhibitory
effects of anti-apoptotic proteins, Bcl-2 on mitochon-
drial fragmentation during apoptosis (Figure 6(A, C)).
The level of Bcl-2 decreased in time dependent manner
with respect to the control group in differentiated PC12
cells. Densitometry analysis showed cells harvested
after 4, 8, 16 and 24 h SLT treatment showed 0.81, 0.54,

0.58 and 0.21 fold decreased Bcl-2 expression respect-
ively (Figure 6(C)). The expression of other pro-apop-
totic family member Bax increased in time dependent
fashion in differentiated PC12 cells (Figure 6(A, B)).
Densitometry analysis showed cells harvested after 4, 8,
16 and 24 h SLT treatment have 1.02, 1.55, 1.57 and
1.89 fold increased Bax expression respectively as com-
pared to the control cells (Figure 6(B)). Together, the

Figure 5. SLT mediated release of cytochrome c from mitochondria: (A) Differentiated SH-SY5Y cells were treated with different
doses of SLT (0, 2, 6 and 10mg/mL) for 18 h and stained with mitotracker red to observe mitochondrial health and immuno
stained with cytochrome c antibody. The nucleus was stained with DAPI. Confocal microscope images showed a decrease in the
level of mitochondrial health in the cells exposed to SLT as compared to control images and elevated cytochrome c release to
the cytosol from mitochondria which is a marker of apoptosis. Scale bar: 10 mm; magnification: 600X. (B) Magnified images of
mitotracker red and cytochrome c stained cells of untreated control and 6mg/mL SLT treated differentiated SH-SY5Y cells.
Magnified images revealed a mitochondrial distribution of cytochrome c in control group and SLT (6mg/mL) treatment showed a
diffuse pattern of cytochrome c staining indicated that cytochrome c was released from mitochondria to cytosol.
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Figure 6. SLT induced apoptosis in differentiated PC12 cells: (A) Representative immunblot of pro- and anti-apoptotic proteins.
Expression of pro-apoptotic protein, Bax was increased and expression of anti-apoptotic protein, Bcl-2, was decreased in a time
dependant manner upon SLT treatment (6mg/mL) in PC12 cells, (B-C) Densitometric analysis of immunblots, values were repre-
sented as mean ± SEM (n¼ 3). � p< 0.05 was considered as significant. Statistical comparison was done between control vs. SLT
treated groups. (D-F) SLT induced activation of mitochondria dependant caspase in time dependant manner. Expression of
cleaved caspase –9, –7, –3 were measured by flowcytometry. Levels of cleaved caspases were increased significantly with respect
to untreated control. (G) Time kinetics of SLT induced caspase mediated activation of PARP (0 h, 4 h, 8 h, 16 h, 24 h). (H-I)
Representative immunblot and densitometric values of pJNK in control and 24 h SLT treated group, values were represented as
mean ± SEM (n¼ 3). � p< 0.05 was considered as significant. Statistical comparison was done between control vs. SLT treated
group. (J) SLT induced externalisation of phosphatidylserine (PS): PS externalisation was measured by flow cytometry using
Annexin-V/APC and PI in differentiated PC12 cells after 18 h treatment. Percent distribution of early apoptotic, late apoptotic and
necrotic cells had been presented in all four quadrants using Annexin-V-PI binding.

FREE RADICAL RESEARCH 13



results suggested that Bcl-2 family proteins regulated
mitochondrial morphological dynamics during apop-
tosis after SLT treatment.

SLT induced mitochondria dependent
caspase cascade

Release of mitochondrial cytochrome c initiate caspase
activation through an interaction with the adapter mol-
ecule Apaf-1 subsequently promoting recruitment and
activation of caspase 9. Thus the cell death got initiated
with the help of different executioner caspases such as
caspase 3, 6 and 7. We analysed the induction of cas-
pase cascade, like cleaved caspase–9, �7, �3 by flow
cytometry. SLT increased the expression of different
executioner caspases like cleaved caspase-9, cleaved
caspase-7 and cleaved caspase-3 and also the cleavage
of PARP, a substrate of active caspase 3 in differentiated
PC12 cells, which indicated that SLT can execute apop-
tosis in the neuronal cell lines (Figure 6(D–G)).

SLT treatment induced apoptosis but not necrosis
in neurons

SLT induced apoptosis and necrosis of neuronal PC12
cells was analysed by flow cytometry using Annexin-V/
APC and PI. In control group, 88.42% cells were viable,
4.73% cells were in the early stages of apoptosis and
5.72% cells were in the late stages of apoptosis. After
18 h of SLT treatment, the viable cell population
decreased to 70.12% with the concomitant increase in
late apoptotic cells (23.57%). However, early apoptotic
population (4.81%) did not increase significantly with
respect to control. The difference of necrotic cell popu-
lation (positive for both Annexin V/APC and PI) in the
SLT treated group (1.49%) was insignificant with respect
to control (1.12%) cell population. These results indi-
cated that SLT cause apoptosis to differentiated neur-
onal cells without causing necrosis (Figure 6(J)).

SLT induced the expression of tBid

Mitochondrial dysfunction in differentiated neuronal
cell may be initiated via either death receptor (extrinsic)
or intracellular stress (intrinsic) pathways. As we have
found increased cytochrome c release in the cytosol
upon SLT treatment, we wanted to check the status of
truncated Bid (tBid), that helped in this dislocation of
cytochrome c from mitochondria to cytosol under this
stress. Death receptor-mediated mitochondrial dysfunc-
tion occurred by caspase-8 cleavage of the BH3-only
Bcl-2 family protein Bid to generate an active smaller

carboxyl-terminal fragment referred to as tBid [42]. tBid
links both the extrinsic and intrinsic pathway of apop-
tosis. We found treatment of SLT resulted in Bid cleav-
age and subsequent increased formation of tBid in time
dependent manner. Quantitative analysis of immunblot
data showed differentiated PC12 cells harvested after 8,
16 and 24 h SLT treatment expressed significantly
increased (p< 0.05) tBid level (2.28, 2.54 and 4.59 fold
respectively) as compared to the control (Figure
7(A–B)). tBid expression was also analysed by flow
cytometry after 24 h SLT treatment. Significantly higher
tBid expression was found with respect to control
group (Figure 7(C)). A shRNA against Bid was intro-
duced in neuron to down regulate the expression of
Bid and effect of SLT was monitored under that condi-
tion. Bid down regulation was done to neuronal PC12
cells on the third day of differentiation by lipofectamine
mediated transfection. The transfected cells appeared
green as GFP was co-expressed along with the shRNA
in the same plasmid. The number of viable transfected
cells were counted under fluorescence microscope
before and after SLT treatment (0 h, 24 h, 48 h, 72 h) in
different conditions (Figure 7(D)). Bid down regulation
showed significant protection against cell death up to
72 h (Figure 7(D)) against SLT mediated apoptosis.
Caspase-8 inhibitor decreased the level of cleaved cas-
pase-3 expression induced by SLT. This result also con-
ferred validation to the contribution of tBid in our study
as caspase-8 was the major factor which cleaved Bid to
its active form tBid (Figure 7(E–F)).

SLT induced loss of neural network

Loss of synapse integrity and function has received con-
siderable attention as a putative starting point for cell
loss and is considered as a significantly early feature in
many neurodegenerative disorders [43]. However, how
the loss of synapse integrity/function leads to cell death
is unclear. We studied the effect of SLT on the morph-
ology of whole neurons using MAP2 as a dendritic/
soma marker. SLT reduced the neuronal network after
24 h of treatment with 6mg/mL dose. For this experi-
ment, differentiated SH-SY5Y cells were immunostained
with MAP2 antibody and observed under confocal
microscope. Results showed that the degree of neur-
onal networking in control group was much higher.
Whereas, there were significant reduction in the net-
working between adjacent neurons in the SLT treated
neurons (Figure 8). Taken together, these results sug-
gested that SLT treatment reduced the survival of neur-
onal cells disrupting the normal neuronal network.
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Figure 7. Role of Bid in SLT mediated cell death mechanism in differentiated PC12 cells: (A) Representative immunblot of pro-
apoptotic protein tBid. Expression of tBid was increased in a time dependant manner upon SLT treatment (6mg/mL) in differenti-
ated PC12 cells, (B) Densitometry of the immunblots, (n¼ 3). � p< 0.05 was considered as significant as compared to the
untreated control group. Statistical comparison was done between control vs. SLT treated groups. (C) Expression of tBid was
checked by flowcytometry after 24 h SLT treatment in differentiated PC12 cells, SLT treated group showed significantly increased
expression with respect to untreated control group, (n¼ 3). � p< 0.05 was considered as significant as compared to the
untreated control group. Statistical comparison was done between control vs. 24 h SLT treated group. (D) Expression of Bid was
down regulated by shRNA and the effect of SLT was observed. The numbers of viable transfected cells were counted under fluor-
escence microscope before and after SLT treatment (0 h, 24 h, 48 h, 72 h) in different conditions. Down regulation of Bid enhances
the cell survival. Bid down regulation showed protection against cell death up to 72 h. Values are represented as mean ± SEM
(n¼ 3). (E) Representative immunblot showed decreased expression of cleaved caspase-3 after treating with caspase-8 inhibitor
(Z-IETD-FMK; 10 mM), confirming SLT mediated neuronal cell death via Bid mediated pathway. (F) Densitometric analysis of
immunblots, (n¼ 3). � control vs SLT (24 h); $SLT (24 h) vs SLTþ Caspase8(i), p< 0.05 was considered as significant.
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Down regulation of PI3K/AKT pathway

The serine/threonine kinase AKT (also known as protein
kinase B or PKB) was a major focus of attention because
of its critical role in regulating diverse cellular functions
including metabolism, growth, proliferation and

survival. We checked the level of AKT as a marker of sur-
vival. SLT treatment dramatically reduced the level of
AKT phosphorylation (Ser 473) with 6mg/mL dose.
Western blot analysis showed that pAKT level decreased
significantly after 8 h treatment with respect to control
group (Figure 9(A–B)).

Figure 8. SLT as an inducer of neurodegeneration: Effect of SLT on the morphology of whole neurons was studied using MAP2 as
a dendritic/soma marker. SLT reduced the neuronal network after 24 h of treatment with 6mg/mL dose. Differentiated SH-SY5Y cells
were immunostained with MAP2 antibody and observed under confocal microscope. Scale bar: 10 mm; magnification: 600X.

Figure 9. SLT induced down regulation of AKT/GSK 3b pathway: SLT significantly decreased the phosphorylated form of AKT and
GSK3b compared to the control group in SH-SY5Y cell line. (A) Representative immune blot of pAKT, Total AKT and pGSK3b in
differentiated SH-SY5Y cells treated with 6mg/mL SLT for 0, 4, 8, 16 and 24 h. (B) Densitometric analysis of immunblots showed
decreased expression of pAKT and pGSK3b with respect to control (SLT-untreated cell). Values were represented as mean ± SEM
(n¼ 3). p< 0.05 was considered as significant. Statistical comparison was done between control vs. SLT treated groups. �: pAKT;
$: Total AKT; c: pGSK3b; NS: Non significant.
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Discussion

In the present study, our aim was to deduce whether
SLT has any causative effect on neurodegeneration and
to decipher the molecular mechanism by in vitro cell
culture model. Differentiated PC12 and SH-SY5Y cells
were chosen in this study as a model of neuronal cells.
A number of our experimental observations suggested
that after 24 h incubation, SLT mediated neuronal cell
death in a dose dependent manner. This led us to
investigate the subsequent mechanisms involved in
the process.

Previously, we found that PBMC of human SLT-users
had issues of oxidative stress insult as a part of systemic
stress [5]. In the present study, we found that SLT
induced changes in cellular morphology, cytotoxicity
and generation of intracellular and mitochondrial ROS.
Oxidative stress was the result of a redox imbalance
between the generation of ROS and the compensatory
response from the endogenous antioxidant network.
TSNA induced toxicity may cause the production of

ROS, the latter can cause the generation of LPO. LPO
has been reported to be directly proportional to oxida-
tive stress, in which the efficacy of defense mechanism
is weakened and elevated LPO level is also an indicator
of membrane damage [5]. Differentiated PC12 and SH-
SY5Y cells showed significantly higher (p< 0.05) level of
TBARS formation (1.65X and 1.51X respectively) and sig-
nificantly lower (p< 0.05) level of GSH content (0.59X
and 0.66X respectively) and SOD1 activity (0.68X and
0.78X respectively) with respect to control. The results
demonstrated that SLT caused oxidative damage and
had a detrimental effect to endogenous antioxidant
system in neuronal cells. Our finding that SLT treatment
led to pH2AX foci but not in untreated controls sup-
ported the idea that an extended replication arrest
have occurred due to DNA DSBs. Immunoblot analysis
also showed increased expression of pH2AXlevel after
SLT treatment in differentiated SH-SY5Y cells confirming
SLT-induced DSB formation. The damage later led to
the activation of a redox-regulated transcription factor,
p53, and leading to the regulation of distinct

Figure 10. Schematic illustration showing possible mechanism of smokeless tobacco mediated neuronal death.
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downstream pathways controlling apoptosis [24]. p53 is
a major sensor of DNA damage linking to apoptosis.
Several reports suggested that p53-mediated apoptosis
was also regulated by mitochondria-dependent mech-
anism [44].

One possible explanation was that SLT induced ROS
exerted a toxic effect on mitochondria. This eventually
decreased the MMP, mitochondrial activity with O2,
thus affecting mitochondrial electron transport, the
driving mechanism of ATP production, and thereby
reducing the level of ATP synthesis [45]. Collectively, we
showed that a decline in mitochondrial function played
a key role in the chain of events that led to neuronal
cell death after exposure to SLT by depleting mitochon-
drial membrane potential, ATP production and oxida-
tive phosphorylation as well as glycolysis. Mitochondrial
fragmentation is an elemental morphological affair that
contributes to mitochondrial injury during apoptosis
[46]. After SLT treatment, we found progression of
apoptotic events as mitochondria collapsed from a fila-
mentous network to punctuated fragments. With exces-
sively high dose of SLT (10mg/mL); perinuclear
localisation of mitochondria was observed which might
have occurred as a protective mechanism or manifest-
ation of stress response. Importantly, the morphological
change seems to contribute to mitochondrial damage
and consequential release of apoptotic factors includ-
ing cytochrome c [47,48]. Confocal microscopic images
revealed the diffused cytochrome c staining pattern
after SLT treatment. The release of cytochrome c from
mitochondria to cytosol is an early event in the apop-
totic process, preceding morphological signs of apop-
tosis. During the time of the mitochondrial cytochrome
c efflux, the effector caspases, including pro-caspase-3,
became activated and PARP was cleaved. This is accord-
ing to the notion that cytochrome c may be required
for caspase activation during induction of apoptosis
[39]. The findings of elevated levels of cleaved cas-
pase–9, �7, �3 and cleaved PARP established the final
apoptotic fate of the neuronal cells in SLT treated con-
ditions. Vital regulators of mitochondrial integrity dur-
ing apoptosis include Bcl-2 family proteins [40],
particularly Bax and Bak, are essential to the permeabil-
ization of mitochondrial outer membrane [40,49].
Current findings also revealed that SLT markedly col-
lapsed the mitochondrial health and transmembrane
potential. SLT induced loss of Dwm, cleavage of Bid,
phosphatidylserine externalisation, activation of apop-
tosis associated protein and caspase cascade were
reported. tBid was then translocated to the mitochon-
dria, where it activated Bax and induced the release of
cytochrome c from the mitochondria, suggesting that

SLT acts upstream of mitochondrial outer membrane
permeabilization (MOMP), a central event in apoptosis
[49]. Thus, the result of Annexin-V-APC/PI showed that
SLT significantly augmented the apoptosis phenomena,
suggesting its involvement in neuronal cell death. Our
results showed that SLT induced the expression of pro-
apoptotic protein, tBid, Bax, and decreased the expres-
sion of anti-apoptotic protein, Bcl-2. In response to
apoptotic stimulation, Bid interacts with the Bcl-2 family
protein, Bax, leading to the insertion of Bax into organ-
elle membranes, primarily the outer mitochondrial
membrane, mediating a prime role in apoptosis [50].

Increased ROS activated SAPK/JNK pathway resulting
in the commencement of apoptosis in a variety of cells
by regulating the activities of pre-existing cellular Bcl-2
family proteins. In the present study, it was evident that
SLT-induced increase in intracellular ROS led to the acti-
vation of SAPK/JNK. There are several evidences sug-
gesting that dendritic morphological alterations are an
early event of neurodegeneration. In particular, punctu-
ated appearance and loss of neuronal network had
been reported in various neurodegeneration models.
Our present MAP2 immunocytochemical study is the
first demonstration showing the loss of smooth den-
drites after SLT treatment. Further, PI3K/Akt which is
one of the major upstream regulators of Nrf2 signalling
pathway, [51] was also modulated with the treatment
of SLT, implying the correlation between cell survival
and activation of Nrf2 as PI3K/Akt signalling plays an
essential role in the regulation of cell fate.

To identify some key targets which came into play a
principal role in SLT mediated apoptosis, we targeted
Bid, a BH3-only pro-apoptotic protein linking the two
pathways of apoptosis: intrinsic and extrinsic. It was
observed that Bid down regulation by shRNA provided
significant protection from neuronal death up to 72 h
against SLT mediated apoptosis. This provided indica-
tion that Bid had a potential role under SLT mediated
threat of neuronal cell death. Interestingly inhibiting
the effect of caspase-8, the level of cleaved caspase-3
was also decreased, an important late marker of apop-
tosis. Caspase-8 has a very crucial role in Bid activation.
This result further provided confirmation about the role
of Bid in SLT mediated apoptotic pathway (Figure 10).

Conclusion

Our results indicated that SLT quite convincingly
affected neuronal death via production of ROS, alter-
ation of MMP, disrupting the normal neuronal network,
mitochondrial morphology, leakage of cytochrome c,
activation of caspase-cascade, apoptotic proteins by
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inducing the p53/SAPK/JNK/Bax pathway and inactiva-
tion of the pAKT signalling pathway (Figure 10).
Excitingly, this is conceivably the first report of SLT
mediated differentiated neuronal cell loss and a potent
therapeutic target for treatment of neurodegeneration.
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b-amyloid (Ab) aggregates involved in Alzheimer’s disease (AD) are resis-

tant to proteases but could be destabilized by small peptides designed to

target specific hydrophobic regions of Ab that take part in aggregate

assembly. Since thrombin and AD are intricately connected, and elastase

modulates thrombin activity, elastase-digested thrombin peptides were veri-

fied for intervention in the Ab–aggregation pathway. Intact or elastase-di-

gested thrombin destabilized Ab fibril, as demonstrated by thioflavin T

assay. Peptides were synthesized employing thrombin as a template, of

which, a hexapeptide (T3) showed maximum destabilization at 1 µM.

ExPASy peptide cutter software coupled with mass spectrometric analysis

confirmed the generation of T3 peptide from elastase-digested thrombin.

TEM micrographs revealed that 30-day incubation of preformed Ab fibrils

or monomers with T3 resulted in destabilization or inhibition, respectively,

leading mostly to particles of 1.74 � 0.17 nm, which roughly corresponded

to Ab monomer. Surface plasmon resonance employing CM5 chip coupled

with Ab40 mouse monoclonal antibody showed a drop in response when

T3 was incubated with Ab fibrils between 2 and 8 h. 3-[4,5-dimethylthia-

zol-2-yl]-2,5-diphenyltetrazolium bromide and confocal microscopy demon-

strated the ability of T3 to rescue neuroblastoma cells from Ab oligomer-

induced cytotoxic damage. Although no [Ab-T3] adduct could be detected

by mass spectrometry, an initial interaction appeared to facilitate the pro-

cess of destabilization/inhibition of aggregation. T3 was comparable to

standard b-sheet breaker peptides, LPFFD and KLVFF in terms of Ab
aggregate destabilization. High hydrophobicity values coupled with recog-

nition and breaking elements make T3 a potential candidate for future

therapeutic applications.
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AD, Alzheimer’s disease; AFM, atomic force microscope; APP, amyloid precursor protein; Ab, amyloid beta; BBB, blood–brain barrier; CASTp,

Computed Atlas of Surface Topography of proteins; DAPI, 4’,6-diamidino-2-phenylindole; DIC, differential interference contrast; DMSO,
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Introduction

Alzheimer’s disease (AD), an intractable neurodegener-

ative dementia, has been attributed to the aggregation

of amyloid beta (Ab) peptides of variable lengths,

which arise primarily owing to b- and c-secretase
induced proteolytic processing of amyloid precursor

protein (APP) [1,2]. Of the peptides generated, Ab40 is

the most abundant isoform and accounts for roughly

80–90% of Ab species, whereas Ab42 constitutes only

a meagre 5–10% in the brain [3]. Nonetheless, only the

Ab42 variant is considered to be the more infectious

counterpart and prone to form neurotoxic assemblies;

consequently, they have been the predominant compo-

nent of extracellular senile plaques [4]. These peptides

aggregate to form particles of varying sizes such as sol-

uble oligomers, protofibrils and fibrils, which eventu-

ally phase out of solution and are deposited as hard

insoluble plaques [5]. ‘Soluble’ usually refers to any

form of Ab that is soluble in aqueous buffers and

despite high-speed centrifugation remains in solution

and does not form precipitates [6]. The aggregation

pathway is dynamic, and it is believed that toxic sol-

uble oligomers account for the observed neurotoxic

effects [5,7]. Soluble oligomers are primarily catego-

rized into fibrillar and prefibrillar oligomers [8]. The

size of the oligomers and their neurotoxicity are

directly correlated, and the toxicity has shown to be

exacerbated when the oligomers are less than 30 kDa

[9]. Nevertheless, oligomers exhibiting molecular

weights ranging from 90 to 110 kDa could also induce

neurotoxicity [10]. So far, no direct correlation between

cognition and oligomer-induced fibril formation has

been observed [11]. Recent observations indicated that

the fibrils function as a reservoir of oligomers; whether

they sequester these toxic species or shed them on per-

turbation remains elusive [12,13]. Protofibrils are

mostly regarded as intermediate species between oligo-

mers and fibrils, yet some old texts also referred to

protofibrils as soluble oligomers [14], most likely as

there is no distinct demarcation between the large-sized

prefibrillar oligomers and protofibrils. Even though oli-

gomers have been considered to be the central compo-

nent of neuronal toxicity, AD neuroinflammation has

partly been attributed to the fact that Ab fibril binds

complement factor C1 and can potentially activate the

classical complement pathway in an antibody indepen-

dent fashion [15]. Given the dynamic nature of Ab
aggregation, it is speculated that neurotoxicity may be

mediated by multimeric Ab species as the precise com-

position of these intermediates is far from clear. These

factors coupled to several hitherto unknown competing

pathways complicate the progress of the disease.

A body of evidence has redirected attention to the

link between cerebrovascular dysfunction and cognitive

decline as longstanding vascular dysfunction of the

brain could lead to cognitive decline and neurodegen-

erative changes in AD models [16]. AD can be distin-

guished by a prothrombotic state, wherein obstructed

cerebral blood flow could be responsible for neuroin-

flammation [17]. In this context, thrombin, an inflam-

matory mediator, has shown to be responsible for

cerebrovascular inflammation in AD models [18]. Con-

ventionally, thrombin is associated with the polymer-

ization of fibrinogen to form fibrin clot and activation

of factor V in human blood coagulation cascade [19].

The multifunctional role of thrombin is attributed

owing to its characteristic tertiary structure comprising

of light A- and heavy B-chains with two extended exo-

sites I and II for increased substrate binding [20,21].

Thrombin B-chain has been reported to undergo lim-

ited proteolysis near the c-cleavage site by elastase

resulting in diminished fibrinogen clotting. Limited

digestion of thrombin by elastase could regulate

thrombin function and is therefore speculated to be

associated with important physiologic consequences

[22]. As thrombin and AD are intricately connected

[18], regulation of thrombin by elastase could in turn

influence the Ab aggregate levels.

Under normal physiological conditions, brain-

derived prothrombin is ≥ 1% of the prothrombin pre-

sent in the liver [23]. In AD, marked amplification of

thrombin concentrations as well as increased thrombin

mRNA expression, indicating its local synthesis in

brain endothelial cells has been reported [24]. Throm-

bin mostly exerts its influence on neurons and glial

cells via activation of its G protein-coupled protease-

activated receptor PAR-1 and PAR-4 [24–26]; the role

of the PAR-3 is not well established [25]. Most of the

deleterious effects of thrombin have been well docu-

mented and range from oxidative stress to aggravating

apoptosis [27–30]. Altered proteolytic processing of

APP resulting in a 28 kDa intermediate fragment con-

taining Ab sequence by thrombin has also been

reported [31]. Thrombin is implicated in the activation

or release of various pro-inflammatory molecules

including matrix metalloproteinase (MMP)-9 in the

cerebral microvasculature in AD [32–34]. The presence

of both thrombin and MMP-9 has shown to synergisti-

cally evoke an intense neurotoxic insult and cell death

in human fetal neuronal culture as well as in mouse

models of intracerebral haemorrhage [35].

Apart from the toxic effects, a handful of reports on

neuroprotective efficacies of thrombin on primary hip-

pocampal neurons as well as cultured astrocytes has

also been described [36–39]. Thrombin has shown to
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be linked to nonamyloidogenic proteolytic processing

of APP, wherein proteolysis of secreted PN-2/APP

resulting in disruption near the C terminus of APP

was reported. Further, thrombin receptor-mediated

secretion of protease nexin (PN)-2/APP or APP695

with concomitant reduction of Ab production in cul-

tured glioblastoma cells was revealed [36]. APP695 up-

regulates neprilysin expression in SH-SY5Y cells [40],

which in turn degrades N-terminal hydrophobic resi-

dues of Ab [41]. Most of the protective effects were

observed at low concentrations (1–5 nM) of thrombin

applied [36] or in the presence of broad range (10 pM–
1 µM) of thrombin concentrations [37]. It, therefore,

appears that there is no unanimity in the concentration

range over which thrombin exerts its protective effect.

Most of the observations on thrombin’s protective

ability were receptor-mediated [36–39] and required its

proteolytic activity, which is in agreement to the

known mechanism of thrombin-induced proteolytic

activation of its receptor [37,38].

These observations point to the two-faceted mecha-

nism of the effect of thrombin on neurons; at high

concentrations, it is deleterious, whereas at low con-

centrations it exerts a protective effect. So far, the

direct impact of thrombin in destabilizing Ab fibrils or

preventing Ab oligomers-induced cytotoxicity has not

been demonstrated. Since thrombin exerts neuropro-

tective effects in AD brains, it was investigated

whether thrombin could directly influence the Ab
aggregation pathway. In this manuscript, it has been

demonstrated that thrombin, elastase-digested throm-

bin peptides and a synthetic peptide designed employ-

ing thrombin as a template physically target Ab fibrils

at 1 µM in vitro and also preclude oligomer-induced

toxicity in neuroblastoma cultures. This finding reem-

phasizes the possibility of considering these small

aggregation-occluding peptides for future therapeutic

applications.

Results

Thrombin destabilizes Ab aggregate in a

concentration-dependent manner

It is already reported that thrombin exerts a protective

effect on neurons at low concentrations, while at high

concentrations it is deleterious [28,36–39]. To validate

this report in vitro, ThT assay for assessment of Ab40
fibril status (10 µM) in the presence of different con-

centrations of thrombin (0–20 µM) was performed. The

proportional dependency of aggregate destabilization

was observed between 0.5 and 4.0 µM of thrombin.

Considering the fluorescence intensity of control fibril

as 100% aggregation, the corresponding aggregation

of fibrils decreased from 59.9 � 2.5 to 24.2 � 5.7%

(Fig. 1A). However, upon increasing the concentration

beyond this range (6–20 µM), the aggregation increased

from 40.3 � 4.1 to 88.6 � 4.8%, indicating reduced

destabilization (Fig. 1A). Thrombin did not exhibit

any background fluorescence and was comparable to

ThT blank, and the results have been presented after

baseline corrections. Under physiological conditions,

the activity of thrombin is regulated by elastase [22].

Elastase-digested thrombin peptides (0–5 µM) were

therefore incubated with Ab40 aggregate (10 µM), and

fluorescence intensity was measured as mentioned. It

was observed that between 0.02 and 1.0 µM of throm-

bin-derived peptides, there was no significant depen-

dency in destabilization of aggregation, whereas

beyond 0.5 µM a sharp decline in fibrillar aggregates

with residual fibril fluorescence of 15.5 � 2.5% for

5 µM of digested thrombin was observed (Fig. 1B).

Application of higher concentrations of elastase-di-

gested thrombin (> 5 µM) yielded inconsistent ThT sig-

nals, possibly arising from self-aggregation of the

thrombin peptide fragments. As elastase or thrombin

alone did not show any background ThT signal, the

observed dissociation of aggregates therefore origi-

nated primarily from destabilization by thrombin frag-

ments.

Small peptides have been designed using

thrombin as a template

It has previously been reported that small peptides

derived from Russell’s viper venom (RVV)-V poten-

tially destabilized Ab aggregate [42]. Although RVV-V

and thrombin exhibit functional similarity, sequence

wise they have limited homology. ClustalW sequence

alignment performed between the RVV-V a-subunit of
Daboia siamensis (PDB ID # 3S9A, accession no.

P18965) and a-subunit of human thrombin (PDB ID #

4I7Y:H, accession no. P00734) exhibited a score of

only 31.14%. However, it was speculated that residues

162–167 of thrombin could impede Ab aggregation.

This was deduced from the fact that residues 162–167
of thrombin corresponded to 141–147 of RVV-V

(Fig. 2A); the latter showed homology to the sticky

region ‘QKLVFFAE’ of Ab42 [42]. This information

coupled to the previous initial observation that prote-

olytically digested thrombin could destabilize Ab fibril-

lar aggregates (Fig. 1B) encouraged the synthesis of

small peptides using the ‘SVLQVVNLPI’ (158–167)
sequence of thrombin as a template. The designed pep-

tides were designated as follows: T1, T2, T3, T4, T5

and T6; details of their sequence and molecular
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weights have been outlined in Table 1. ClustalW

sequence alignment performed between the Ab42 pep-

tide and thrombin (a-subunit) indicated that these pro-

teins do not exhibit significant sequence homology, in

particular residues 162–167 of thrombin. However,

when EMBOSS Water was used to determine the local

alignment between T1–T6 and Ab42, only T3, T4 and

T6 showed sequence similarity with the C terminus

residues 31–36, 32–36 and 34–36 of Ab42, respectively
(Fig 2B). These regions represent the highly hydropho-

bic regions of Ab, which are known to have a high

propensity for b-sheet formation.

Elastase is known to regulate thrombin activity by

limited proteolysis. Thus, when ExPASy was exploited

to predict the cleavage site on thrombin and to envis-

age the possible peptides, generation of T3- and/or T4-

like peptides were predicted (Fig. 2C). The physical

existence of T3 peptide only was confirmed from mass

spectrometric analysis of the peptide pool generated

from thrombin–elastase incubate (T3+H+, calculated

655.85 Da; observed 656.146 Da) (Fig. 2D). That the

aforementioned peptide was derived from 162 to 167

stretch of thrombin has been confirmed from the fol-

lowing analysis. First, no other amino acid stretch of

thrombin generating a peptide could match this molec-

ular weight. Second, application of ExPasy software

using human neutrophil elastase both as proteolytic

enzyme and substrate did not predict the generation of

a peptide of the said molecular weight. Third, no

stretch of amino acid sequence of elastase as peptide

could generate a peptide of similar molecular weight

after autodigestion. Fourth, a solution of elastase as

low as 0.14 pM, as applied here, was allowed to

autodigest under optimal conditions. Mass spectromet-

ric analysis did not identify any peptide over noise

because of their low abundances (Fig. 2D). Thus, the

peptide of 656.146 Da was derived from 162 to 167

stretch of thrombin and not from elastase.

In vitro destabilization/inhibition of Ab
aggregates using synthetic peptides

Destabilization of preformed Ab40 amyloid aggregate

(10 µM) incubated with the synthetic peptides T1–T6
(0.5–25 µM) for 24 h at 37° C was followed by ThT

assay. T3 peptide at 5 µM exhibited maximum aggre-

gate destabilization, accounting for 30.03 � 6.8%

(P = 0.0091) of residual Ab40 fibril fluorescence. How-

ever, with increasing concentrations (10 and 25 µM) of

T3, the % aggregation increased to 56.3 � 5.5 and

60.2 � 7.3%, respectively (Fig. 3A). The remaining

peptides T1, T2, T4, T5 and T6 at 5 µM showed

69.6 � 4.0, 69.7 � 2.8, 78.2 � 3.0, 85.8 � 2.4 and

51.7 � 5.9% of residual aggregate fluorescence, respec-

tively. These peptides also showed reduced destabiliza-

tion at 10 and 25 µM as compared to 5 µM (Fig. 3A).

The inconsistency of aggregate destabilization at

higher concentrations (10 and 25 µM) of synthetic pep-

tides could have been due to the self-aggregation prop-

erty of the peptides at that range. However, ThT assay

of synthetic peptides (without amyloid aggregate) as

controls did not show an increase in fluorescence

intensity possibly owing to lack of b-sheet structure

(data not shown).

Fig. 1. Fibril destabilization assay of Ab40 aggregate using ThT dye. Fluorescence intensity (ex: 450 nm; em 485 nm) of Ab40 fibrils as

control was considered as 100%. (A) Destabilization of preformed Ab40 fibrillar aggregate (10 µM) incubated with thrombin (0–20 µM). At

4 µM, disaggregation was maximum (75.8 � 5.7%). (B) Destabilization of preformed Ab40 fibrillar aggregate (10 µM) incubated with

elastase-digested thrombin (0.02–5.0 µM). Maximum destabilization (84.5 � 2.5%) was observed with 5.0 µM digested thrombin. All

incubations were done at 37 °C for 24 h. The error bars represent mean � SD for three independent experiments. Buffer baseline

correction was incorporated for each reading.
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Fig. 2. Bioinformatic Analysis. (A) Multiple sequence alignment of RVV-V a-subunit of Daboia siamensis (PDB ID # 3S9A, accession no.

P18965) with a-subunit of human thrombin (PDB ID # 4I7Y:H, accession no. P00734). The FASTA format sequence of the two polypeptides

was aligned using ClustalW, in which Gonnet was used as default alignment matrix. The default parameter for gap open and gap extension

penalty was 10 and 0.1, respectively. The stretch of thrombin (underlined in red) that roughly corresponds to RVV-V (underlined in blue),

which shows high homology to the ‘sticky region’ of Ab42, has been indicated. (B) Local alignment employing Pairwise Sequence

Alignment (EMBOSS Water) between T1–T6 and Ab was performed. T3, T4 and T6 (underlined in red) exhibited maximum similarity to the

C terminus of Ab42 peptide. (C) Potential cleavage sites on thrombin by elastase have been mapped by ExPASy peptide cutter. The

sequence (162–167) in red on the truncated stretch of thrombin (121–180) represents T3. (D) The physical existence of T3 peptide by

MALDI-TOF analysis of thrombin after digestion with elastase. The T3 peak (656.146) is indicated.
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The time course of Ab40 aggregation for 15 D in

the presence and absence of T3 peptide could not be

followed by ThT assay as it was associated with cer-

tain limitations. The primary shortfall was a result of

increase in heterogeneity of Ab40 species with time

owing to its uncontrolled aggregation. As a result, ali-

quots of aggregates containing varying populations of

Ab40 species showed differential ThT binding, thereby

resulting in irreproducible data. Therefore, Rayleigh

scattering was employed wherein a consolidated idea

about the physical status of the aggregates was

obtained. The basic principle of Rayleigh scattering

relies on the fact that intensity is directly proportional

to the size of the macromolecules [43]. Rayleigh scat-

tering analysis of Ab40 (10 µM) peptide during 15 D

incubation under experimental conditions showed

increase in scattering intensity from 1324.5 � 152.8 to

1702.2 � 62.4 arbitrary unit (AU) (Fig. 3B), indicating

the formation of larger aggregates from small mono-

meric entities. The scattering intensity of T3 (1 lM)

peptide alone slightly increased from 3.6 � 5.2 to

14.8 � 3.7 AU during the course of incubation

(Fig. 3B). This increase was possibly owing to self-ag-

gregation property of the peptide. The scattering inten-

sity of Ab40 (10 µM) decreased from 1236.0 � 94.0 to

949.8 � 65.7 AU over time when incubated with T3

(1 lM) peptide for 15 D at 37° C, indicating destabi-

lization of larger aggregates to smaller forms. The

scattering intensity of 15 D incubate of Ab40 (10 µM)

and T3 decreased about 44.2 � 1.8% as compared to

15 D incubate of Ab40 (10 µM) showing a significant

difference (P < 0.05). The presence of smaller

degraded entities such as monomers, and smaller

aggregates such as dimers, trimers, tetramers possibly

contributed to the remaining observed scattering inten-

sity.

Time Course of preformed Ab40 fibrillar

aggregates in presence of T3

TEM was employed to get a better resolution of the

preformed Ab40 fibrils (10 lM) in the presence of T3

(1 µM) over a period of 30 D. Fibrils of Ab40 formed

for 7 D exhibited irregular but highly interconnected

fibrils when incubated additionally for 24 h under mild

shaking at 37 °C (Fig. 4A). The density of the fibrillar

network increased over a period of 48–96 h and 7 D

with varying lengths and thickness (4B-D and I). The

images of the self-aggregating Ab40 (5 µM) peptide

after 15 and 30 D reflected extremely dense structure

and the fibrillar facade appeared to get shadowed pos-

sibly owing to overlapping of the networks, thereby

giving it a highly compact arrangement (Fig. 4J,K).

However, in the presence of T3 (1 µM), the fibrils in

the network did not progress uncontrolled but rather

got destabilized into protofibrils or smaller fibrils over

Table 1. The molecular weight, sequence and hydrophobicity

values of thrombin-derived synthetic peptides (T1–T6) and standard

b-sheet breakers (B1–B2).

Peptide Sequence

Molecular Weight

(Da)

Hydrophobicity

Values

T1 SVLQ 445.50 3.7

T2 VLQ 358.45 4.5

T3 VVNLPI 653.85 11.6

T4 VNLPI 554.70 7.4

T5 NLPI 455.56 3.2

T6 LPI 341.46 6.7

B1 LPFFD 637.73 4.3

B2 KLVFF 650.00 9.7

Fig. 3. Destabilization of Ab40 aggregate in the presence of synthetic peptides. (A) ThT assay for assessment of destabilization of Ab40

aggregate (10 µM) in the presence of synthetic peptides T1–T6 (0.5, 1.0, 5.0, 10.0, 25.0 µM). Fluorescence intensity (ex: 450 nm; em

485 nm) of Ab40 fibrils/aggregate as control was considered as 100%. Buffer baseline correction was incorporated for each reading. The

error bars represent mean � SD for three independent sets. (B) Time course of destabilization of Ab40 (10 µM) fibrillar aggregate up to 15 D

in the presence of T3 (1 lM) peptide at 37⁰C using Rayleigh scattering analysis. The Ab40 aggregate, Ab40 aggregate+ T3 and T3 have

been indicated in the figure. The error bars represent mean � SD for three independent sets.
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24 and 48 h (Fig. 4E and 4), which were reduced fur-

ther by 72 h (Fig. 4G). The image at 96 h reflects very

thin protofibrils in the presence of T3 (1 µM) (Fig. 4H)

and it remained somewhat alike even until 7 D with

the appearance of very short and slightly thick

protofibrils (Fig. 4L). Interestingly, when the incubates

were imaged on 15 D and 30 D in the presence of T3

(1 µM), the fibrillar and protofibrillar integrity was

totally lost and very small particles of about

1.74 � 0.17 nm became apparent (Fig. 4M,N), while

oligomers or shorter protofibrils were not evident. This

size roughly corresponded to the hydrodynamic size of

the typical Ab monomer [44]; nonetheless, existence of

oligomers or smaller intermediates could not be ruled

out from the images.

Time course of Ab40 monomers in the presence

of T3

Destabilization of Ab40 fibrils in the presence of T3

(Fig. 4) encouraged further evaluation of the fate of

Ab40 monomers incubated in the presence of T3.

TEM images of 109 diluted freshly prepared Ab40
(5 µM) at 0 h indicated very small populated species of

roughly 2.07 � 0.28 nm (Fig. 5A). The presence of

loosely bound dimers or trimers could not be excluded

in the preparation as Ab being an aggregate prone

molecule; it has a natural tendency to form multimeric

states even under storage conditions. It is believed that

there remains equilibrium between different molecular

states of Ab peptide. Therefore, it was expected that

sparse particles of small to moderate sizes might

accompany the monomeric state which cannot disturb

the equilibrium. Freshly prepared Ab was devoid of

any fibrillar or protofibrillar species. Ab40 (0.1 µM),

diluted from 100 µM stock which was incubated up to

7 D at 37 °C under mild shaking, revealed distinct fib-

rillar network (Fig. 5B–D and H,I) as before. The fib-

rils formed were of varied lengths and thickness and

appeared highly interconnected. When the images of

the samples were captured at 15 D and 30 D, dense

aggregated overlay of highly interconnected fibrils with

compact appearances were indicative (Fig. 5J,K). The

thickness and length of a single fibril could not be

determined owing to the dense nature of the aggre-

gates. Post 24 h, incubation of Ab40 in the presence of

T3 did not show much change in morphology as com-

pared to control and fibrils were apparent (Fig. 5 E).

However, between 48 and 72 h, the fibrils were mostly

degraded into smaller entities (Fig. 5F,G). Further

incubation with T3 indicated the presence of small

fragments of remaining fibrils at 96 h (Fig. 5L) and 7

D (Fig. 5M). By 15 D, the incubates reflected a

bead-like appearance of monomers or loosely associ-

ated monomers, while 30 D images reflected complete

absence of protofibrils and fibrils and monomer-like

particles were apparent. The presence of dimers, tri-

mers or higher order structures could not be excluded;

nonetheless, it appeared that the 30 D population con-

sisted mostly of Ab monomers in the presence of T3.

Attempt to Identify [T3-Ab] adduct

Ab42 aggregate that was incubated for 30 D with

small synthetic peptides termed as ligands was sub-

jected to 3 kDa cut-off filter membrane. The filtration

separated Ab42 monomer (4514 Da) and higher mers

from the ligands based on the differences of their

molecular weights. The upper and lower compartments

after centrifugations were analysed by MALDI-TOF/

MS. As a blank set, T3 peptide (653.85 Da) was

passed through the said filter membrane under cen-

trifugal force. After repeated washing, the upper frac-

tion appeared to be free from T3 as it could not be

detected by MS analysis. The following experimental

sets were prepared for passing through the filtration

membrane: the aggregate in the absence of any ligand

(as untreated sample) or in the presence of T3 (as trea-

ted sample), B2 (a standard b-sheet breaker as positive
control, described later) and T1 (incapable of destabi-

lizing aggregates as negative control). The mass spec-

trum of the upper fractions before and after filtration

and the lower fractions were scanned between 4 and

20 kDa to encompass monomeric–tetrameric states of

Ab42 along with (Ab42-ligand) adduct, if any

(Fig. 6A-L). In all sets, monomeric Ab (4512–
4514 Da) was detected as a distinct entity in the upper

fractions before and after centrifugation, while the

dimeric Ab (9028 Da) in trace amount could be identi-

fied in some of the samples. These mass patterns do

not exclude the possibility of the presence of oligomers

and higher mers of Ab in the samples as they are read-

ily dissociated into monomers under the specific condi-

tions of MALDI mass analysis. As expected, no Ab42
could be detected in the lower fraction of any set. It is

noteworthy that no adduct corresponding to Mw of

[Ab42–T3], [Ab42–B2] or [Ab42–T1] could be detected

in the respective sets (Fig. 6D,E,G,H,J,K). However,

the presence of T3 could be detected in the upper frac-

tion of Ab42–T3 incubate after repeated washing when

free T3 was supposed to be removed (Fig. 6E, Inset).

The intensity of the peak appeared low as compared

to that of Ab monomer. The intensity of the peaks in

MALDI-TOF/MS analysis should not be considered

as quantitative estimation of the compounds because

of inherent limitations of the system like low volatility
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of the compounds, volatilization without charge/s,

poor dissociation from the matrix and uneven distribu-

tion of the compounds along laser beam. This sug-

gested that [Ab42–T3] adduct existed that was stable

under centrifugal force but remained unstable under

the conditions of MS analysis. In the upper fractions

of B2 and T1, the free peptides could not be detected.

It was expected for T1 as the peptide apparently did

not interact with the aggregate. Although B2 had

shown interaction, unlike T3, the association between

B2 and Ab aggregate/monomer could be weak or B2

may remain undetected for reasons similar to low-in-

tensity peaks of T3. Under similar experimental condi-

tions, earlier a stoichiometric adduct of [proteinase K–
cholesterol] was detected in our laboratory [45]. Alter-

ation of the conditions of mass analysis within limits

A B C D

E F G

I J K

L M N

H

Fig. 4. Qualitative assessment of destabilization of Ab40 fibrils in the presence of T3 as depicted by TEM. The Ab fibrils were formed under

mild shaking at 37° C for 7D. Each image captured represents 10 ll of 109 diluted samples from stock incubate of Ab40 fibrils (10 lM)

with or without T3 (1 µM) at 37° C. A–D and I–K indicate control Ab40 fibrils between 24–96 h and 7–30 D, respectively, propagating

unabated with dense fibrillar network of varying lengths and diameters. E–H and L–N correspond, respectively, to 24–96 h and 7–30 D fibrils

in the presence of T3. The fibrils degrade into smaller particles of diverse lengths and diameters. The scale bars and scan sizes have been

adjusted depending on the particle size and are mentioned separately for each image captured (underlined and numbered in white). Each

image is a representative from three independent experiments, each containing 15 fields of view.
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and use of Ab40 aggregates yielded similar results.

Thus, a weak association between Ab42 and T3 was

indicated.

Microscopic evidence of Ab 1-42 aggregate

formation and its destabilization by thrombin or

thrombin-derived peptides

As Ab42 is the primary component of extracellular

senile plaques [3], it was imperative to underline the

efficacy of thrombin and its derived/synthetic peptides

against Ab42 aggregates, the more infectious counter-

part of Ab peptide as well. The morphological features

of Ab42 aggregates and its destabilization by thrombin

and thrombin-derived peptides were followed by TEM

and atomic force microscope (AFM) imaging. TEM

images of freshly prepared Ab42 (10 µM) as supplied

showed the presence of small oligomers as well

(Fig. 7A). This could be possible as monomeric Ab
peptide being an aggregate prone molecule has a

A B C D

H I J K

L M N K

E F G

Fig. 5. Fate of Ab40 peptide in the presence of T3 as illustrated by TEM. A–D and H–K indicate control 109 diluted Ab40 (5 µM) under mild

shaking at 37⁰C between 0–72 h and 96 h–30 D, respectively. E–G and L–O correspond to 0–72 h and 96 h–30 D Ab40 peptide in the

presence of T3 under similar conditions. The scale bars and the scan sizes have been adjusted depending on the particle size and

mentioned separately for each image captured (underlined and numbered in white). Each image is a representative from three independent

experiments, each containing 15 fields of view.
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natural tendency to form multimeric states under any

storage conditions. In contrast, dense network of

Ab42 (10 µM) fibrils, approximately 61–81 nm in

diameter of variable heights, was prominent when

Ab42 was incubated for 7 D under mild shaking at

37 °C (Fig 7B). Upon incubation of prefibrillized

Ab42 with thrombin (5 µM) or T3 (1 µM) for 24 h at

37 °C, the long fibrils degraded into smaller fragments

(Fig. 7C,D). Digested thrombin peptide mixture

(5 µM) was incubated with Ab42 aggregate (10 µM) for

24 h at 37 °C and thereafter analysed in TEM. The

resultant incubate showed distribution of small oligo-

meric and short protofibrillar entities all over the field

(Fig. 7E). The same samples were analysed in AFM,

Fig. 6. MALDI-TOF/MS analysis of the interaction of Ab42 aggregate with the peptides. Ab42 aggregate (10 µM) was incubated for 30 D at

37° C with 1 µM of different peptide ligands followed by filtration through 3-kDa filter membrane. The analyses have been represented as

follows: A–C, in absence of any ligand; D-F, in the presence of T3 peptide as test sample; G-I, in the presence of peptide B2 as positive

control and J–L, in the presence of T1 peptide as negative control. Descriptions of the vertical panels have been mentioned at the top.

(Inset E). Mass data of the same sample between 500 and 1000 Da. T3 peak is indicated.
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and the result supported the morphological analysis

obtained from TEM. AFM analysis showed the

appearance of freshly prepared Ab42 as small spherical

particles varying between 17 and 27 nm in diameter

and heights ranging from 2 to 4 nm (Fig. 7F) and

aggregates as elongated fibrils of 61–81 nm in diameter

(Fig. 7G). This distinct fibril of Ab42 was destabilized

by thrombin, T3 and mixture of peptides generated

from thrombin after digestion with elastase (Fig. 7H–
J) into smaller oligomeric species. Figure 7J shows the

presence of oligomers as well as short protofibrils,

indicating that the reaction was still ongoing.

Comparison of T3-induced disaggregation to

standard b-sheet breakers

The results demonstrated so far indicated that T3

destabilized Ab aggregates as well as inhibited their

formation efficiently. These findings prompted to

explore their potency with respect to the already

reported b-sheet breakers such as B1 (LPFFD) [46]

and B2 (KLVFF) [47] (Table 1). These b-sheet break-
ers have molecular weights similar to that of T3

(Table 1). ThT assay was employed to assess the fibril-

lar Ab40 aggregate (10 µM) destabilization potencies of

T3, LPFFD and KLVFF each at 1 µM after 24-h incu-

bation at 37° C. T3 accounted for destabilization with

residual aggregate fluorescence of 38.76 � 2.80%. B1

and B2 exhibited residual fluorescence of 57.03 � 2.97

and 82.31 � 2.30%, respectively. Fibrillar Ab40 aggre-

gate at 0 h was considered as 100% and after 24-h

Ab40 aggregate intensity increased to 166.75 � 6.73%

(Fig 8A).

AFM images of the state of Ab42 fibrils (10 µM)

were assessed in the presence of these b-sheet breakers
and T3, each at 1 µM after 24-h incubation at 37° C.

Control Ab42 fibrils have already been depicted in

Fig. 7G. Fibrils incubated with T3, B1 and B2 have

shown destabilization as reflected in Fig. 8B. T3

degraded the fibrils into smaller particles ranging

mostly between 14 and 30 nm diameters and heights

up to 2 nm. Some larger particles up to 50 nm diame-

ters and height up to 3 nm were also apparent; how-

ever, no protofibrils or fibrils were observed. Upon

treatment with B1 and B2, particles of 11–30 nm

diameters and heights up to 1.5 nm, and 10–45 nm

diameters and heights up to 3.0 nm, respectively, were

observed. However, B1-treated fibrils exhibited some

short protofibril-like fragments as well. These protofib-

rils were more apparent in B2-treated samples. These

results indicated that T3 was comparable to B1 and

could possibly be better than B2 in in vitro destabiliza-

tion of Ab40/42 fibrils.

Physical evidence of T3-Ab aggregate interaction

The results presented so far indicated that T3 could

potentially influence the Ab aggregation pathway

in vitro. These findings were further substantiated by

surface plasmon resonance (SPR) studies, wherein the

consequences of T3-Ab fibrillar aggregate interaction

and fate of the bound Ab fibrils were predicted. Fibril-

lar aggregates of Ab40 injected at 2 µL�min�1 for

32 min over CM5 chip coupled with monoclonal Ab40
antibody showed 283.13 � 94.13 response units (RU)

(n = 8) on the sensogram after which the sensogram

was regenerated. When Ab40 aggregate was injected

afresh and incubated along with T3 (1 µM) between 2

and 8 h on the chip, decrease in response between

28.45 � 2.53 to 89.63 � 6.2% (n = 4) was recorded. A

representative set of the overlay of the primary data has

been illustrated (Fig. 9A), and the point of aggregate

injection to the point of T3 incubation initiation has

been separately enlarged for clarity (Fig 9B). The senso-

gram depicting endpoint postdestabilization from the

overlay has been separately enlarged and indicated by

circles (black) for clarity (Fig 10A). This decrease in

response is directly proportional to Ab40 aggregate

destabilization. The lines parallel to x-axis, which repre-

sent the different incubation periods (Fig. 10A), show

varied trends. A likely explanation is that Ab40 aggre-

gate incubated with T3 is destabilized to form smaller

entities that undergo possible changes in dielectric

properties owing to changed interaction with not only

the antibody, alike fragmented aggregates or T3, but

also with the buffer in the system. In addition to struc-

tural changes, molecular rearrangements could also

influence the bulk RU values. The various stages at

which these changes occur are not clear and not within

the purview of this study. However, after the buffer

flow was initiated, any loose bindings were removed

and the actual RU was recorded, which provided a

direct evidence of aggregate destabilization. These RU

changes after destabilization have been consistent and

therefore reliable. The remaining bound aggregate on

the chip after destabilization between 2 and 8 h has

been indicated (Fig. 10B). The extent of aggregate

bound for each set of incubation was variable; for

example, in one set of data 4-h sample showed higher

RU or aggregate binding versus 6 or 8 h (Fig. 9B).

Nonetheless, per cent destabilization of the Ab40 aggre-

gates postincubation remained largely consistent. Vari-

ation in the extent of aggregate binding on the chip

could be explained owing to the heterogeneous nature

of the Ab40 aggregates. To further extend the speci-

ficity of T3 aided destabilization of Ab40 aggregate,

another synthetic peptide EDG, which had no relevance
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to thrombin, was synthesized. The low hydrophobicity

(hydrophobicity index: �7.4) and acidic/hydrophilic

nature of EDG made it a suitable nonspecific candidate

with respect to T3, which is neutral and highly

hydrophobic (11.3) in nature [48]. EDG (1 µM) when

incubated between 2 and 8 h with Ab40 aggregates

bound to the CM5 chip as before, only 21.00 � 1.6 to

21.4 � 1.13%, respectively (n = 4), reduction in

response was reflected irrespective of the incubation

period (Fig. 10B). This depletion of response was con-

sidered as a threshold value, wherein no specific dissoci-

ation could be predicted. This finding is consistent to

the previous report from this laboratory, wherein EDG

could not destabilize Ab40 aggregate in AFM studies

[49]. The binding of the antibody to the CM5 chip was

verified by buffer wash, wherein loosely bound antibod-

ies were washed out and stable response noted. Further-

more, neither buffer (Fig. 10C) nor EDG (Fig. 10A)

could displace the aggregates from the chip. Repeated

regeneration cycles too did not largely affect aggregate-

T3 binding. This indicated that the Ab40 antibody-ag-

gregate binding was specific and stable at pH 7.5.

Ab42-induced cytotoxicity was reduced by

thrombin-derived peptides

In spite of a few limitations, 3-[4,5-dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide (MTT) assay has been

a ‘Gold Standard’ for the measurement of cytotoxicity

for long time owing to its simplicity and miniaturization

[50]. In this study, MTT assay was employed to deter-

mine the effect of Ab oligomer on the viability of SH-

SY5Y human neuroblastoma cells and the efficacy of the

peptides towards inhibition of Ab42 oligomer-induced

cytotoxicity. The reduction in absorbance is directly pro-

portional to reduction in NADH concentration in Ab42
oligomer-treated cells. Ab42 oligomer (10 µM) was incu-

bated with peptide mixture (2–80 µM) generated from

thrombin digested with elastase. The incubation mixture

was further diluted with 100 µL medium and then

applied to cells and incubated for an additional 48 h.

Thus, the final concentrations of Ab42 oligomer and

digested peptide were 5 µM and 1–40 µM, respectively.

Corresponding control sets with 100 µL medium in

100 µL PBS containing 0.0025% SDS with or without

peptides mixtures were also applied to cells and incu-

bated for 48 h. Fig. 11A shows inhibition of Ab42 oligo-

mer (5 µM) induced cytotoxicity by the peptide mixture

(1–40 µM), where the cells showed 27.2 � 17.72% viabil-

ity as compared to untreated cells (negative control)

where the cell viability was 100%. The cell viability

increased from 27.2 � 17.72 to 95.22 � 4.7% upon

incubation of Ab42 oligomer (5 µM) with increasing con-

centrations of peptide mixture (Fig. 11A). The digested

thrombin (40 µM) showed 85.6 � 5.9% cell viability as

compared to negative control (Fig 11A). The absorbance

(595 nm) of the cells treated with digested thrombin (1–
8 µM) was close to negative control, where the absor-

bance was 0.09 � 0.025 (Fig 11B). For higher concen-

trations of digested thrombin (10–40 µM), the

absorbance gradually decreased to 0.061 � 0.02; how-

ever, the applied concentration of digested thrombin (1–
40 µM) did not show significant difference from negative

control (P > 0.05) (Fig 11B). The Ab42 aggregate (5 µM)

incubated with synthetic peptides T3, T2 and T5 showed

significant difference in cell viability as compared to

A
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Fig. 7. Change in morphology of Ab42 fibril as observed in TEM (A–E) and topographic AFM images (F-J). (A) Ab42 as supplied (10 µM); (B)

Ab42 (10 µM) fibrillar form obtained after incubation of respective monomers for 7 D at 37 °C; (C-E) Preformed Ab42 fibril (10 µM) after

incubation for 24 h in the presence of thrombin (5 µM), T3 (1 µM) and protease digested thrombin (5 µM), respectively. The magnification and

resolution have been uniformly maintained. Similar results were obtained with Ab40 fibrils (result not shown). (F) Ab42 monomer (10 µM);

(G) Rod-like image of fibrils detected after 7 D of ageing of Ab42 peptides; (H-J) Preformed Ab42 fibril (10 µM) after 24 h of incubation at

37° C with thrombin (5 µM), T3 (1 µM) and protease digested thrombin (5 µM), respectively. The scan size was 2 µm for all the images.
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aggregate-treated cells. T3, T2 and T5, each at 1 µM,

increased the cell viability up to 85.76 � 4.1,

72.07 � 9.08 and 70.62 � 4.5%, respectively, as

compared to Ab42-treated cells, where the cell viability

was meagrely 52.57 � 3.6% (Fig. 11C). Reduction of

cell viability by the peptides at the concentration applied

was 0–10% as compared to untreated cells. This

illustrates the nontoxic character of the peptides. SDS

too did not exert any cytotoxic effect at the applied

concentration.

Microscopic evaluation of SH-SY5Y cellular

morphology upon co-incubation with T3 and

Ab42 oligomers

Immunocytochemical (ICC) analysis of SH-SY5Y cells

treated with Ab42 oligomers in presence of T3 and T1

after incubation (48 h at 37 °C) was carried out to

provide an understanding of the overall cell health and

morphology. Control untreated cells after 48-h

reflected faint red fluorescence all across the cell body

Fig. 8. Comparison of b-sheet breakers to T3 in terms of Ab fibril destabilization. (A) ThT assay of Ab40 fibrillar aggregates (10 µM) in the

presence of T3, B1 and B2 each at 1 µM. Fluorescence intensity of Ab40 aggregate at 0 h was variable by � 0.53 % and was considered as

100% of aggregate denoted as ‘C’. Ab40 fibril fluorescence intensity at 24 h has been indicated (Agg 24h). Nonparametric Mann–Whitney U

test was employed. Asterisks denote statistically significant differences between control (C, 0 h), Agg 24h and aggregate-treated samples:

Agg 24h + T3 (T3), Agg 24h + B1 (B1), Agg 24h + B2 (B2) (*P < 0.05). The error bars represent mean � SD for four independent

experiments. (B) AFM (topographic) images of Ab42 (10 µM) fibrils in the presence of T3, B1 and B2 each at 1 µM after 24-h incubation at

37° C. The scan sizes were fixed at 1 µm for all images (n = 3).
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and neuritic processes possibly owing to the binding of

the antibody to a certain extent to endogenous Ab
monomers (Fig. 12). The differential interference con-

trast (DIC) (Fig. 12) and merged DIC (Fig. 13A)

images of control untreated cells reflected a polar mor-

phology with robust protruding neurites. On treatment

with Ab42 oligomers, the red fluorescence appeared as

large intense patches across the cell body as well out-

side the cells, possibly owing to an increase in their

size upon 48 h of incubation resulting in scattered dis-

tribution of the oligomers (Fig 12). DIC (Fig. 12) and

merged DIC image (Fig. 13A) of the oligomer-treated

cells indicated lack of any neuritic process or promi-

nent cell body, indicated by white arrows (Fig. 12).

Upon treatment of SH-SY5Y cells with T1 and T3

separately in the absence of the oligomers, the cells

appeared more like the control untreated cells

(Fig. 12), indicating that neither T1 nor T3 exerted

any toxic effect on the cells and nor did T1 or T3 non-

specifically interact with the oligomer-specific

antibody. When T1 and T3 were administered along

with Ab42 oligomers, after 48-h reduction in red fluo-

rescence was evident compared to Ab-treated condi-

tion (Fig 12). However, the DIC (Fig. 12) and merged

DIC (Fig. 13A) images of T1-Ab42 oligomer-treated

cells indicated shrunken morphology with no visible

neurites (white arrows, Fig. 12). In contrast when T3

was administered in presence of Ab42 oligomers, the

DIC (Fig. 12) and merged DIC (Fig. 13A) images

reflected more prominent dendritic processes and the

cell body appeared more polar and spindle-like (yellow

arrows, Figs 12, 13A). The reduction of red fluores-

cence represented the reduction of oligomers in Ab oli-

gomer+ T1- and Ab oligomer+ T3-treated conditions

compared to only Ab oligomer-treated condition (Figs

12, 13A). These were also reflected in quantitative

analysis of fluorescence intensity, which is directly pro-

portional to that of Ab oligomers, obtained from

immunostaining study. The fluorescence of Ab oligo-

mer-treated cells exhibited maximum intensity of

Fig. 9. Assessment of physical interaction

between T3 and Ab40 aggregate by SPR.

(A) Sensogram depicting aggregate binding

and the endpoint of incubation (2–8 h) for a

group of data at 25° C. The aggregates

injected have been represented by a typical

sensogram, wherein aggregates were

bound to the antibody on a CM5 chip.

Thereafter, T3 (1 µM) was injected and

incubated with the aggregate. The coloured

lines parallel to the x-axis represent the

different incubation periods during which

there was no buffer flow, whereas those

parallel to y-axis indicate the spikes at the

end point of incubation. (B) An enlarged

version of the same sensogram showing

the binding of Ab40 aggregates by

corresponding increase in RU and the point

of initiation of the incubations with 1 µM

each of T3 and EGD (indicated by arrows).

The aggregates injected and the

corresponding duration of incubations of the

aggregate with T3 and EDG have been

indexed at the top right panel for both the

images.
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301.18 � 59.91%, whereas the other treated groups

showed intensity between 64.46 � 14.61 and

139.06 � 48.29% (*P < 0.05). The control untreated

cells were considered as 100% (Fig. 13B). Further,

quantitative estimation of the intact neurites in the

DIC images indicated that T3-treated cells retained

60.79 � 3.81% (*P < 0.05) of intact neurites, whereas

T1 treatment reduced the intact neurites to

26.48 � 1.64% (*P < 0.05) as compared to control

untreated cells where intact neurites was considered as

100% (Fig. 13C). Neurites retained in the presence of

Ab42 oligomers were only 26.10 � 4.43% (*P < 0.05)

(Fig. 13C). Although the T1-treated cells expressed les-

ser fluorescence intensity as compared to T3-treated

cells (Fig. 13B), quantitative estimation of the intact

neurites from the DIC images reflected that the overall

cell morphology was protected from the cytotoxic

effects of Ab in the presence of T3 as the neuronal

processes were more prominent compared to Ab42 oli-

gomer+ T1 or only oligomer-treated conditions

(Fig. 13C). It therefore appeared that in the presence

of Ab42 oligomers, T3 could alleviate the cytotoxicity,

as the cell morphology appeared more control-like in

contrast to T1.

Discussion

Thrombin has traditionally been associated with the

blood coagulation cascade with a pivotal role in con-

verting soluble fibrinogen into insoluble strands of

Fig. 10. Destabilization of Ab40 aggregate

by T3 as evidenced on CM5 chip by SPR

(A) Sensogram depicting the endpoint of

the incubations (enlarged portion from

Fig. 9A). Coloured spikes parallel to y-axis

indicate the termination of reactions, and

the black circles indicate the endpoints

which correspond to the drop in RU values.

The duration of incubations of the

aggregate with T3 and EDG, represented by

lines parallel to the x-axis, has been

depicted in different colours (indexed at the

top right of the panel). (B) Time course of

destabilization of Ab40 fibrillar aggregate

between 2 and 8 h in presence of 1 lM

each of T3 and EDG at 25° C. The graph

represents effective response observed,

which indicates % remaining bound

aggregate. Nonparametric Mann–Whitney U

test was employed. Asterisks denote

statistically significant differences between

0 h (no treatment) and 2–8 h of Ab40

fibrillar aggregate-T3 (red) and Ab40 fibrillar

aggregate-EDG (dark brown) treatment;

**P < 0.05, *P < 0.1. At 0 h, in the

presence of either EDG or T3, aggregates

remaining bound to the chip were

considered as 100 % where the extent of

variation of bound aggregate was � 31.10

%. The error bars represent mean � SD for

4 groups of experiments. (Inset) % Ab

aggregate bound after buffer was allowed

to incubate with the aggregate between 0

and 8 h. Stability of the aggregate binding

was 98 � 2 %. (C) Buffer baseline wherein

the red and blue arrows indicate aggregate

bound and aggregate remaining 24 h after

buffer incubation respectively. The time

scale has been split to fit the entire

sensogram.
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fibrin [51]. In addition, multiple roles of thrombin such

as chemotactic properties (in inflammation and vascu-

lar injury) and mitogenic effects (in stimulating growth

of mammalian cells, fibroblasts and macrophage-like

tumour cell lines) have been described [51]. The link

between thrombin and AD has long been established,

with evidence mostly skewed to its toxic insults result-

ing in neuronal degeneration. Although few records on

thrombin’s protective ability at low concentrations

emerged intermittently, most of the focus revolved

around its receptor-mediated effects which principally

require its proteolytic activity [36–38]. So far, there has

been no consensus on the concentration range at

which thrombin exerts its neuroprotective ability. ThT

assay revealed that thrombin, elastase-digested throm-

bin and thrombin-derived peptide T3 were effective

between 1 and 5 µM in the disassembly of Ab aggre-

gates. However, at concentrations higher or lower than

this resulted in a gradual increase in ThT signal,

thereby indicating that thrombin and its peptides

exerted a biphasic effect on aggregate disassembly,

roughly reiterating previous findings. Thrombin, elas-

tase-digested thrombin and T3 physically vary in their

size and composition and, therefore, might require dif-

ferent concentrations for optimal activity. In the

in vitro ThT experiment (Fig 1A), a biphasic reaction

was observed possibly owing to limited hydrophobic

sites of thrombin to efficiently destabilize the fibrillar

aggregates at very low thrombin concentrations,

whereas with the increase in concentrations, these

hydrophobic sites were available for the destabilization

process. Considering that thrombin has a narrow

specificity, the possibility of its autodigestion at higher

concentrations is almost negligible. Therefore, ineffec-

tive destabilization by thrombin at higher concentra-

tions could have originated from improper or

nonspecific interaction between thrombin and Ab fib-

rils. Thrombin, a fairly large molecule (34 kDa), is

expected to have a number of low-affinity binding sites

for Ab fibrils. Improper attachment of the fibrils to

thrombin might render steric hindrance to the interac-

tion sites required for dissociation.

In vivo situations are guided by various cues from

molecular signalling and targeted delivery and thus

much lower concentrations of thrombin and elastase

could result in desired efficacies. In vitro experimental

Fig. 11. MTT assay for the assessment of prevention of Ab42

oligomer (5 µM) induced cytotoxicity on SH-SY5Y cells by digested

thrombin and synthetic peptides derived from thrombin. (A) Effect

of elastase-digested thrombin (1–40 µM) and Ab42 oligomer (5 µM)

containing thrombin digested peptides (1–40 µM) on cell viability.

The viability of untreated cells (negative control) was considered as

100%. Error bar represents mean � SD of three independent

experiments (n = 3). (B) MTT assay showing effect of digested

thrombin (0–40 µM) on SH-SY5Y cells, where absorbance at

595 nm was plotted against concentration of digested thrombin.

The graph shows mean � SD values of three independent

experiments (n = 3). (C) Analysis of cell viability after treatment of

cells with Ab42 oligomer pretreated with thrombin-derived

peptides (1 µM). ‘Control’ represents untreated cells and its viability

was considered as 100%. ‘Agg’ refers to oligomer-treated cells in

the absence of any peptide. Nonparametric Mann–Whitney U test

was employed. Asterisks denote statistically significant differences

between control untreated cells and Ab42 oligomer without and

with synthetic peptides (T1, T2, T4, T5 and T6) treatment; **

P < 0.05. There was an insignificant difference (P > 0.05) in cell

viability between untreated cells and cells treated with the

oligomers in the presence of T3. The error bars represent

mean � SD for three independent experiments (n = 3).
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conditions, on the other hand, are distinct from that

of an in vivo set up wherein to compare shorter time

scales, relatively higher sample concentrations are

required to achieve the observed efficacies. The present

findings reinstate the biphasic behaviour of thrombin

where an optimum intermediate concentration was

found to be most effective in a way that indicates the

protective ability of thrombin, albeit at a concentra-

tion range different from those previously observed

employing AD models. Nevertheless, reported in vitro

results indicated that the protective range of thrombin

lies between 10 pM and 1 µM [38]. T3 at optimal con-

centrations of 1 lM proved to be efficient in the

in vitro destabilization/inhibition process as well as in

preventing the cytotoxic effects of Ab oligomers;

nonetheless, it still remains speculative if T3 would

function at this concentration in a physiological

milieu. An important consideration in these observa-

tions is that previous findings have shown protective

ability of thrombin that was mostly receptor mediated

[36–38], whereas in this manuscript the direct ability of

thrombin/thrombin peptides/T3 to destabilize Ab
aggregates was indicative. It is known that elastase

regulates thrombin activity by limited proteolysis.

ExPasy and MALDI results (Fig. 2C,D) indicated that

elastase-digested thrombin produced T3 peptide. Here,

it has been shown that elastase acts at 0.14 pM, which

is much lower than 221 pM, the physiological concen-

tration of elastase [52]. However, it is still speculative

if optimal concentration of T3-like peptide is generated

by elastase in vivo.

The experiments reported here have been performed

employing bovine thrombin. The highlighted stretch of

human thrombin ‘VVNLPI’ differs from bovine

thrombin by one amino acid, wherein isoleucine (hy-

drophobic index – 4.5) is replaced by leucine (hy-

drophobic index – 3.8) (Fig. 2 A). The hydrophobic

index for this stretch (VVNLPI) of human thrombin is

11.6 versus 10.9 for the bovine counterpart (VVNLPL)

[48]. Thus, the human counterpart should be theoreti-

cally slightly more efficient in hydrophobic interac-

tions. Thrombin is a large molecule and specificity of

elastase being broad, and thrombin is expected to pro-

duce a large number of peptides during its degrada-

tion. As the residues 141–147 of RVV-V, which

showed homology to the sticky region of Ab42, also

showed similarity to 162–167 of thrombin (Fig. 2A),

peptides T1–T6 were synthesized from this region of

thrombin, of which T3 exhibited maximum propensity

towards disaggregation. This selection was based on

probability and does not exclude the possibility of

other peptides generated from thrombin to interact

with Ab aggregates.

Although both thrombin and T3 destabilized aggre-

gates, the peptide T3 has several advantages over

thrombin in exerting its potency. The size of thrombin

(34 kDa) and T3 (653.85 Da) varies widely, and thus,

the probability of kinetic collision of T3 with Ab
aggregates is much higher. Moreover, in AD patients,

the blood–brain barrier (BBB) is compromised and

demonstrates increased leakage of cerebral circulating

components in early stages of the disease [53]. Thus,

under diseased conditions of perforated neurovascular

unit, T3 is expected to diffuse relatively easily across

BBB as compared to thrombin. Furthermore, T3 being

a small molecule, the interactive hydrophobic residues

should be easily accessible as compared to the whole

thrombin molecule. Unlike T3, even if the hydropho-

bic amino acid stretch of thrombin is present on the

surface, it cannot guarantee a favourable interaction

with Ab aggregate because of steric hindrances and

unfavourable interactions of various side chains of

thrombin with the aggregate. Hydrophobicity coupled

with recognition patterns is suggested to be the key

determinants in the interaction between b-sheet
breaker peptides and Ab peptide [54]. T3 displayed a

more pronounced impairment of the aggregation cas-

cade, despite the fact that Pro, a well-known b-sheet
breaker [55], is a common residue between T3, T4 and

T6. The hydrophobicity indices of all the peptides were

calculated [48], and it was observed that T3 had

expressed the highest hydrophobicity of 11.6 (Table 1).

The presence of recurrent Val in T3 possibly provides

a better steric zippering as Val and Ile have a strong

conformational preference, followed by Pro, which

then possibly puts a constraint by inducing a possible

cis/trans interconversion resulting in destabilization of

the Ab aggregate [55].

Most of the b-sheet breakers or hydrophobic pep-

tide inhibitors of Ab aggregate such as KLVFF

Fig. 12. Qualitative representation of the impact of Ab42 oligomers on SH-SY5Y cells post-treatment with T1 and T3. Control and treated

(Ab42 oligomer, T1 and Ab42 oligomer + T1, T3 and Ab42 oligomer + T3) SH-SY5Y cells were immunostained with primary antibody against

Ab42 oligomer followed by Alexa Fluor 546-labelled goat anti-rabbit IgG resulting in red fluorescence. The blue fluorescence was owing to

nuclei stained with DAPI. The white arrows indicate degenerating neurons, while yellow arrows indicate intact neurites, respectively.

Images have been magnified and adjusted separately for clarity (n = 2). Representative DIC images show the health of neurons in different

treated conditions. The scale bar indicated is 10 µm throughout, and magnification has been maintained at 639.
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(Table 1) [47], KLVFF-K6 (hydrophobicity index,

�13.7; molecular weight, 1420 Da) [56], FAEDVG-K6

(�22; 1410 Da) [57], LPFFD (4.3; 637.73 Da) [46],

CTNIF (5.6; 596.71 Da) [42] and Ac-KQKLLLFLEE-

NH2 or LF peptide (�1.2; 1301 Da) [58] exhibit

hydrophobicity indices far below that of T3 (Table 1).

It also appears that the molecular weight of T3 is

either comparable to or lesser than these peptides.

Among these peptides, LPFFD, T3, KLVFF-K6 and

FAEDVG-K6 possess recognition elements as well as

disruption domains. KLVFF-K6 appeared to increase

the rate of aggregation by altering the aggregate mor-

phology and thereby reduced toxicity [56]. Although

the authors suggest that fibrils are formed, yet the

overall toxicity is reduced in the presence of KLVFF-

K6. However, independent findings argue that even

fibrils might induce neuroinflammation [15]. In this

manuscript, ThT and AFM results indicated that T3

is comparable to LPFFD and suggested that it might

be even better than KLVFF (Fig. 8). T3 also suffices

the fundamental requirements (molecular weight,

hydrophobicity and ionic character) for crossing the

leaky BBB. The main feature of T3 that makes it a

better alternative to most of the other reported b-sheet
breakers is the fact that it is derived from thrombin,

which is a natural protein of the human blood coagu-

lation pathway, and if applied clinically, T3 should be

recognized as a self rather than a foreign peptide. As

elastase regulates thrombin activity, it could be tempt-

ing to speculate that T3 might be produced in vivo;

nevertheless, this aspect is still subject to further con-

firmation.

Fig. 13. Qualitative representation and quantitative estimation of the health of SH-SY5Y cells in the presence of Ab42 oligomer and T3.(A)

Merged DIC images enlarged from Fig. 12 to provide a better picture of the morphology of the neurons and the corresponding neurites in

treated and untreated conditions. The yellow arrows indicate intact neurites. Images have been magnified and adjusted separately for clarity

(n = 2). (B) Estimation of fluorescence intensity of Ab42 oligomers in control and treated cells. The fluorescence intensity of oligomers was

considered as 100%, where the intensity varied by � 16.73% (C) % intact neurites in different experimental groups. Untreated cells having

intact neurites were considered as 100%, where intact neurites varied by � 5.08%. Ctrl stands for control and AbO represents Ab42

oligomers. Nonparametric Mann–Whitney U test was employed. Asterisks denote the statistical difference between control untreated cells

and Ab42 oligomer treatment in the presence or absence of T1 and T3, *P < 0.05. The error bars represent mean � standard error of mean

for three independent groups.
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Attempts were made to evaluate the association–dis-
sociation dynamics of interaction between T3 and

aggregates or oligomers by SPR. A competition assay

was set, wherein to 5 µM of Ab40 oligomers, 0.01–
1 µM of T3 was added and immediately injected to the

CM5 bound Ab40 antibody to follow the binding pat-

tern. While drop in RU was observed in the presence

of T3, the extent of inhibition was inconsistent possi-

bly owing to the differential binding ability of the oli-

gomers by the Ab40 antibody. In order to substantiate

this finding, another CM5 chip bound to Ab42 oligo-

mer-specific antibody was employed. Ab42 oligomers

incubated in the presence of T3 up to 15-min exhibited

drop in RU indicating interaction between T3 and oli-

gomer (results not shown). However, the extent of oli-

gomer binding on the chip was inconsistent after a

designated period because of the unstable character of

the Ab42 oligomer antibody, and thus, all experiments

were performed within the specific time period when

the antibody remained stable. As a result, the parame-

ters related to the interaction between Ab42 oligomer

and T3 were accepted with confidence. The reduction

in RU after binding of T3 with the aggregate observed

in SPR experiments could be attributed to either desta-

bilization of the aggregate from the antibody or

increased dissociation rate of the aggregate from the

antibody. The latter process, however, appeared to be

remote because the binding of T3 should not theoreti-

cally affect the antibody binding site. It was observed

that the destabilization of fibrillar aggregate was faster

on the CM5 chip than in solution as evident from

TEM analysis. It could be possible that on a CM5

chip bound to an antibody, the Ab aggregate does not

have the same degree of freedom and is physically in

close proximity to T3 as compared to in a solution.

When Ab aggregate was incubated with T3 on the

chip, there was no buffer flow and the interacting part-

ners were in close proximity. It was therefore possible

that the destabilization process observed in SPR was

faster than that observed in solution state conditions.

Under normal conditions of SPR experiments, the

ligand and the analyte are stable molecules and do not

undergo decomposition, modification and chemical

reactions. The ligand–analyte reactions are purely

physical. In the experiments designed here, the Ab
aggregate (ligand) after binding with T3 (analyte)

became unstable and got destabilized. Thus, the associ-

ation rate constant (Ka) and dissociation rate constant

(Kd) values could not be attributed to this type of

interaction. Moreover, T3 being a small molecule the

bulk refractive index difference or any change of

response could not be detected in the SPR

experiments, and hence, the kinetics of association/dis-

sociation could not be followed with accuracy.

T3 has shown to prevent the toxic influence of Ab oli-

gomers. The oligomers are considered to be more toxic,

and hence, the nature of possible interaction between T3

and the oligomers was predicted. As Ab oligomers are

reactive intermediate species in the aggregation pathway

and its molecularity is difficult to control, there is no

consensus concerning its structure [59]. However, it has

been suggested that these oligomers have structured

topology quite similar to that of mature fibrils [60,61].

The Ab42 pentamer (PDB ID-2BEG), therefore, served

as a model for soluble low molecular weight oligomers in

the current docking studies. Force field optimized 2BEG

molecule was subjected to CASPTp analysis, and the

probable binding pocket has been indicated (Fig. 14A).

The amino acid residues lining the pocket identified

include A21, E22, D23, L34 and V36 (Fig. 14B). It is

known that A21 forms a part of the hydrophobic core
17LVFFA21 [61], while D23 along with K28 takes part in

salt bridge formation to stabilize the 24VGSN27 turn,

thereby facilitating interpeptide interaction [62]. It is

speculated that early events in oligomerization require

expulsion of water molecules followed by the formation

of salt bridge and an intact VGSN turn [63]. Identifica-

tion of A21 and D23 along the Computed Atlas of Sur-

face Topography of proteins (CASTp) pocket indicated

that the pocket contained a part of the hydrophobic

core. Docking between 2BEG and T3 (blue) revealed

that T3 bound the CASTp pocket (Fig 14G) with affinity

energy of �4.6 kcal�mol�1, whereas T1 (green) and T2

(brown) bound at sites distinct from the CASTp pocket

(Fig 14C, 14) with affinity energies of �3.9 and

�3.7 kcal�mol�1, respectively. A 2D interactive plot

between 2BEG and T3 indicated H-bonding with K28

and charge interactions with E22 and D23 (Fig. 14H),

while T1 and T2 showed only H-bonding with F19 (Fig

14D, 14). D23-K28 and E22-K28 are known to form salt

bridge to stabilize VGSN turn [62,64]. Other weak inter-

actions have been indicated (Fig. 14D, 14, H). This pos-

sibly explains why T3 scores better at destabilization

than T1 or T2.

These results indicated that T3 could be considered

as a valuable therapeutic peptide in AD, provided the

dilemma of its suitability in mouse models is verified.

The most formidable task yet remains to assess

whether T3 could actually transgress the BBB in the

early stages of the disease conditions when the barrier

is considered to be relatively permeable. If the possibil-

ity of T3 being produced in vivo is substantiated, a

totally different therapeutic strategy could be envis-

aged.
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Materials and methods

Materials

Fine chemicals and other materials were procured as fol-

lows: thrombin from bovine plasma (protein 40–60%),

BSA, lysozyme, CM-Sephadex C-50, SDS, DMSO, glycine,

hexafluoroisopropanol, phenyl sepharose 4B, thioflavin T

(ThT), TFA, Triton X-100, trypan blue, sinapinic acid,

Amicon Ultra centrifugal filter units (MWCO 3 kDa) and

dialysis tubing cellulose membrane (25 mm diameter; cut-

off range 12 kDa) from Sigma, St. Louis, MO, USA; pre-

stained protein Mw ladder for SDS/PAGE (PageRuler, 10–
170 kDa) from Fermentas, Waltham, MA, USA; Dul-

becco’s modified Eagle medium (DMEM), Ham’s modifica-

tion of F-12, PBS (pH 7.2), heat inactivated FBS, MTT, L-

glutamine, penicillin/streptomycin, gentamycin, fungizone

and trypsin solution from GibcoTM, Invitrogen, Paisley,

UK; mica sheets (ASTM grade ruby mica, size

20 9 20 mm, 0.27–0.33 mm thickness) from Mica Fab

Chennai, India, and highly oriented pyrolytic graphite

(HOPG) sheets (Brand Grade ZYHTM, 12 9 12 9 12 mm

thickness), from SPI Supplies, West Chester, Pennsylvania,

PA, USA, used in AFM; carbon-coated copper grids

(GSCu300C) used in TEM from ProSciTech, Thuringowa

Central, Australia; Ab40 and Ab42 (≥ 95% purity demon-

strated by mass spectrometry and RP-HPLC) from Ameri-

can Peptide Company (Sunnyvale, CA, USA); Ab40 mouse

monoclonal antibody from Santa Cruz, USA, and Ab42
antibody [mOC64] – conformation specific (ab201060) from

Abcam, Cambridge, UK; C18 zip tip from Millipore,

Burlington, MA, USA; trypsin gold, Promega, Madison,

WI, USA; HPLC grade solvents, Tris/HCl and glacial

acetic acid from SRL, Mumbai, India; Alexa Fluor 546-la-

belled goat anti-rabbit IgG from Life Technologies, Invitro-

gen, Waltham, MA, USA, and gold antifade reagent with

4’,6-diamidino-2-phenylindole (DAPI) was from Molecular

Probes, Eugene, OR, USA.

Elastase

Human neutrophil elastase (≥ 50 units per mg protein;

Sigma) was supplied by the local vendor in ice gel packs.

The content was dissolved in digestion buffer to make a

stock solution of 1 mg�mL�1. Aliquots of 25 µL were

transferred to Eppendorf tubes for storage at �80° C. They

underwent only one freeze–thaw cycle. From time to time,

relative residual activities of elastase were measured using

azocasein assay. Though the assay is semi-quantitative,

recovery of activities of the enzyme during storage was

comparable to that of the original stock. The stock solution

was diluted, if required, by the same buffer. The units of

enzyme mentioned in this study were calculated from the

product brochure assuming that during storage no inactiva-

tion of the enzyme occurred.

Preparation of soluble aggregates of proteins

Ab40/42 peptide (3.0 mg�mL�1) was dissolved in 100%

HFIP (1,1,1,3,3,3 hexafluoro-2-propanol), sonicated in a

water bath for 10 min, put into aliquots in polypropylene

micro-centrifuge tubes and kept at 25° C until it became a

clear solution. The solution was then dried under vacuum

and stored at �20° C. Prior to use, the thin film of HFIP-

treated Ab40/42 peptides was dissolved in DMSO and

diluted to 100 µM in 10 mM Na-phosphate, pH 7.5 contain-

ing 100 mM NaCl and incubated at 37° C with mild shak-

ing for 7 days to form the fibrils [42]. Ab40/42-soluble
oligomers were prepared for slight modification as

described after [65]. In short, 1 mM of lyophilized Ab40/42
was prepared in HFIP, which was subsequently removed

by evaporation in a Speed Vac (Eppendorf, Hamburg, Ger-

many). It was thereafter resuspended in 5 mM anhydrous

DMSO and stored at �80 °C. Prior to use, the stock was

diluted to a final concentration of 400 lM in PBS in which

SDS was added to a final concentration of 0.2%. The resul-

tant solution was incubated at 37 °C for 18–24 h. The

preparation was further diluted with PBS to a final concen-

tration of 100 lM and thereafter incubated for 18–24 h at

37 °C before use [66]. Care was taken to ensure that Ab
peptide under any molecular state (monomeric, oligomeric,

protofibrillar or fibrillar) did not adhere to the glass surface

or precipitate. For this, the absorbance of the aliquots at

220 nm (for peptide bonds) was followed over days under

storage or experimental conditions. No change in absor-

bance values of any statistical significance was observed.

Digestion of thrombin by elastase

Thrombin (100 µM, 35 µL from 290 µM stock) was prote-

olytically digested with elastase (0.14 pM, 0.02 U) in 100 µL
10 mM Na-phosphate, 7.5 or PBS for 24 h at 37 °C. The
absence of intact thrombin peaks was confirmed by SDS/

PAGE and MALDI-TOF analysis (results not shown).

Fig. 14. Molecular docking between Ab pentamer (2BEG) and T1–T3 peptides. (A) CASTp extension was employed to identify the pocket of

2BEG molecule in PyMOL software. (B) Dissected view of the CASTp pocket indicating the amino acid residues (A21, E22, D23, L34 and

V36) lining the pocket visualized by PyMOL software. (C), (E) and (G): Docked 3D complexes of T1 (green), T2 and T3 (blue), respectively,

visualized by SCHR€ODINGER software. (D), (F) and (H): 2D interactive plot representing the residues of 2BEG involved in the interaction with

T1–T3, respectively, as visualized by 2D plots in SCHR€ODINGER software. Green and blue dotted lines represent H-bonding with amino acid

main chain and side chain, respectively. Magenta dotted line implies charge interaction. The colour bar (D) represents the interaction types

(2D interaction plot generated from SCHR€ODINGER Software).
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Further, the residual proteolytic activity of thrombin could

not be detected from clotting time of fibrinogen. It was also

ensured that the residual proteolytic activity of thrombin–
elastase incubate was beyond detection by azocasein assay

as no proteolytic activity of any statistical significance could

be observed [67]. In addition, blank elastase and thrombin

solutions after incubation under the defined conditions were

unable to destabilize preformed Ab aggregates.

MALDI-TOF/TOF

The peptide samples were desalted using C18 zip-tip car-

tridge (Millipore) and extracted in 50% acetonitrile/0.1%

TFA. The samples were deposited on MALDI target plate

using a-cyano-4-hydroxycinnamic acid or sinapinic acid as

seed layer matrix. Mass analysis was performed using a

4800 MALDI-TOF/TOFTM instrument (Applied Biosys-

tems, Foster City, CA, USA) operated in reflectron mode.

All reported mass-to-charge ratios (m/z) are the average

peak of the protonated molecule [M+ H] +.

Fibrillogenesis assay using ThT

Fibrillar Ab40 aggregation was followed using ThT that

forms highly fluorescent complexes with amyloid and amy-

loid-like fibrils after interacting with the b-sheet regions of

proteins (ex: 450 nm; em: 480–600 nm) [68]. Ab40 aggre-

gate (10 µM, 28 µL from 346 µM stock) without or with

proteins/peptides (0–20 µM from 100 µM stock) in 10 mM

Na-phosphate pH 7.5 up to a final volume of 980 µL was

allowed to incubate for 24 h at 37 °C. Each of these

980 µL samples represents one incubate, and accordingly,

for each protein/peptide, replicates of 3 were employed. To

these incubated samples (treated or control), ThT 0.1 µM

(20 µL from 5 µM stock) was added up to 1 mL. Fluores-

cence intensity was measured by fixing emission maximum

at 485 nm with a slit width of 10/10 nm. A Hitachi F-7000

spectrofluorimeter, Ibaraki, Japan, was used, and each

reading represented the average of three values after sub-

tracting the contribution from the background.

Rayleigh scattering

The time course of aggregation of Ab40 peptide (10 µM)

and inhibition of aggregate by synthetic peptide T3 (1 µM)

was followed by Rayleigh scattering analysis in spectrofluo-

rimeter (Hitachi F-7000). Ab40 aggregate (10 µM) was incu-

bated in the presence and absence of synthetic peptides in

1 mL 10 mM Na-phosphate, pH 7.5, at 37° C, and the scat-

tering intensity was followed from 0 to 15 D at regular

intervals. The scattering intensity of the buffer and the self-

aggregation properties of the synthetic peptides were also

checked during the time course to correct the background

signal from the self-aggregating peptides in a solution

containing mixture of Ab40 aggregate and peptides. The

excitation and emission wavelength of the spectrofluorime-

ter was set at 350 nm. The slit width and PMT voltage

were set at 1/1 nm and 700 V, respectively. For a single

measurement, scattering was followed for 300 sec and the

lowest intensity observed was noted.

Transmission electron microscope

The physical state of the peptide samples was analysed

using TEM. In brief, 0.5 µM Ab40 monomers (from 5 µM

stock) or 1.0 or 0.1 µM fibrillar aggregates (stock incubate

of 10 or 100 µM) were placed on carbon-coated 300-mesh

grid for 10–15 min at 25 °C and the unbound substrate

was carefully removed by a blotting paper and washed with

milli-Q filtered water. Staining of the adhered particles was

carried out by adding 5 µL of 2% uranyl acetate on the

grid for 30–40 s, and the excess reagent was removed as

stated. The grid was washed as discussed before and

allowed to dry under vacuum. The sample was then viewed

under TEM (Model-FEI TECNAI G2 Spirit BioTwin,

Eindhoven, Netherlands housed at CSIR-IICB or Jeol JEM

2100, Freising, Germany, housed at CRNN, University of

Calcutta). The images were acquired employing Mega View

III imaging systems or GATAN DM (Digital Micrograph).

Atomic force microscope

The morphological states of the samples were studied

employing Pico plus 5500 AFM (Agilent Technologies,

Santa Clara, CA, USA) using the method as described [42].

Briefly, 10 µL of the Ab40/42 fibrillar aggregate or oligo-

mer, treated or as such, was deposited onto freshly cleaved

HOPG or mica sheet. After solvent evaporation, followed

by a brief wash with milli-Q water (0.22 µm micron syringe

filtered) and drying, the protein structures were character-

ized by Acoustic Alternative Current (AAC, Tapping)

mode. All AFM experiments were performed in air at

ambient conditions (20–25 °C, atmospheric pressure, 50–
60% humidity) with a piezo scanner maximum range of

9 µm. Microfabricated silicon cantilevers (NanosensorsTM,

Neuchatel, Switzerland) of 225 µm in length with a nomi-

nal spring force constant of 21–98 N�m�1 were used. The

cantilever oscillation frequency was tuned into resonance

frequency. The cantilever resonance frequency was 150–
300 kHz. The images (512 by 512 pixels) were captured

with a scan size between 0.5 and 5 µm at a rate of 0.5 lines

per second. Image analysis was done using PICOVIEW 1.20.2

software (Keysight Technologies, Santa Rosa, CA, USA).

Surface plasmon resonance

A BIAcore 3000 instrument operated using BIAcore 3000

control system and BIAevaluation version 4.1 software was
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used to perform SPR experiments [69]. The method was fol-

lowed after Ref. [49] with minor modifications. A CM-5

chip was employed to which Ab40 mouse monoclonal anti-

body was covalently bound with a response recorded as

3300 RU. Samples were injected at a flow rate of 5 µL
�min�1 for 2 min and then regenerated using a brief pulse

(30 µL �min�1, 30 s) of 20–40 mM NaOH depending on the

strength of binding between the antibody and the aggregate.

The stability of the antibody under the regeneration condi-

tions was tested by evaluating the binding capacity of the

antibody epitope to the Ab aggregate after each regenera-

tion cycle, thereby ensuring a recapitulated response. Ab40
fibrillar aggregates (10 µM) were then injected at 2 µL
�min�1 for 32 min to ensure a significant increase in

response, followed by incubation with T3 (1 µM) after

which the sensogram was regenerated, and a fresh cycle

of aggregate injection and incubation was performed. The

incubation lengths varied between 2 and 8 h on the chip

at 25 °C. During the incubation period, there was no

buffer flow in the system, and after that, the buffer flow

was resumed at 30 µL�min�1 for 10–15 min and the final

RU noted. Likewise, Ab42 oligomer-specific antibody was

covalently coupled to another CM5 chip, blocked and

thereafter washed with 10 mM HEPES, pH 7.5, contain-

ing 0.1 M NaCl and 0.05% Tween-20 and regeneration

conditions were standardized as mentioned. The response

of the antibody recorded was 3400 RU. Ab42 oligomers

(2.5–10 µM) were injected at 5 µL �min�1 for 3 min and

the respective response noted. Ab42 oligomers (2.5 µM)

were then injected as mentioned, followed with an imme-

diate incubation with T3 (1 µM) between 0 and 15 min

on the chip at 25 °C. The decrease in the response each

time was directly proportional to the degree of aggre-

gate/oligomer destabilization. T3 replaced with a buffer

during the incubation showed no change in response.

The resultant binding was obtained after corrections from

nonspecific interaction in the reference channel between

the analyte and the carboxymethylated dextran matrix. It

is to be noted that had Ab aggregate been bound to the

chip, each incubation with T3 (2–8 h) would have

resulted in destabilization of the fibrillar aggregate, and

the baseline values would have differed, thereby leading

to difficulty in data interpretation. Likewise, T3 was not

bound to the chip as it did not show any response owing

to its low molecular weight. Thus, Ab antibody was

immobilized on the CM5 chip to ensure proper baseline

corrections each time after regeneration of the bound

samples.

Cell culture

Human neuroblastoma cell line (SH-SY5Y) was maintained

in a medium containing DMEM/Ham’s modification of F-

12 (1 : 1 v/v) supplemented with 10% FBS, 2 mM L-glu-

tamine, 1% penicillin/streptomycin, 1% gentamycin and

0.2% fungizone. 106 cells per mL was seeded and main-

tained in 75-cm2 flasks at 37 °C in a humidified 5% CO2

incubator. Subcultures of cells were carried out from a

1 : 4 split of 80–90% confluent monolayer using 0.25%

trypsin–EDTA solution.

MTT assay

Cells were harvested from flasks and plated in 96-well

polystyrene plates (Corning Inc., Corning, NY, USA) with

approximately 104 cells/200 µL of medium per well. The

plates were incubated at 37 °C for 24 h to allow the cells

to adhere. Ab42 (10 µM), pre-incubated with or without

thrombin digested peptides and synthetic peptide for 24 h,

was diluted with fresh medium (in a total volume of

200 µL) and added to individual wells. The effect of

thrombin digested with elastase (1–40 µM) and synthetic

peptides (1 µM) on cell viability was also assessed. The

same volume of medium and medium containing 0.01%

SDS was added to cultures to serve as controls. The

microtiter plates were incubated for an additional 48 h at

37 °C. 10 µL of 5 mg�mL MTT was added to each well

and incubated for 4 h at 37 °C [70]. Thereafter, the med-

ium was aspirated from each well and replaced by 100 µL
DMSO. The plates were agitated at room temperature for

10 min to dissolve the formazan crystals. Absorbance at

595 nm was recorded by means of a multiwell assay plate

reader (BioTek-Epoch; BioTek Instruments, Inc., Vinooski,

VT, USA). Averages from three replicate wells were used

for each sample and control (n = 3). Untreated cells with

MTT reagent were considered as the negative control,

while untreated cells without MTT were considered as

blank and subtracted from all samples including negative

control. Absorbance of the negative control (corrected) is

proportional to the total [NADH] in healthy cells. Cell

viability was calculated by dividing the absorbance of

wells containing samples by the absorbance of treated cells

by the absorbance of negative control that represents the

% of the decrease in [NADH]. The absorbance of the neg-

ative control (corrected) was considered as 100% viability

of cells.

Confocal microscopy

SH-SY5Y cells were grown on a coverslip in a 24-well plate

for 48 h at 37 °C. After 48 h, the media of SH-SY5Y cells

were replaced with media containing freshly prepared Ab42
oligomers (5 µM), T3 (1 µM), T1 (1 µM) and Ab42 oligo-

mers (5 µM) along with T3 (1 µM) and T1 (1 µM) in sepa-

rate wells in replicates (n = 2). Cells containing no test

sample served as control. The control set and Ab42 oligo-

mers with or without test samples were co-incubated in the

presence of the cells for 48 h at 37 °C. Thereafter, SH-

SY5Y cells were fixed with 4% paraformaldehyde for

10 min and subsequently washed thrice with PBS for 5 min
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each. The cells were then blocked in 3% goat serum in PBS

containing 0.3% Triton X-100 (blocking solution) for 2 h

at 25 °C. The cells were immunolabelled with oligomer-

specific Ab42 antibody (1 : 350 dilutions) in a blocking

solution overnight at 4 °C. The following day, the cells

were washed in PBS and then incubated with Alexa Fluor

546-labelled goat anti-rabbit IgG (1 : 1000 dilutions).

Nuclei were counterstained with DAPI present in the gold

antifade mounting reagent. High-resolution images were

taken using Leica TCS SP8 microscope, software LAS X,

Wetziar, Germany. The objective was set at 639 (oil

immersion NA 1.4).

Bioinformatics tools

Multiple alignments of FASTA format sequences of

proteins and peptides were done using ClustalW, in

which Gonnet was used as a default alignment

matrix. EMBOSS Water was used to decipher the local

alignment of two sequences. ExPasy peptide cutter tool

was used to predict the potential cleavage site on thrombin

by elastase.

Molecular docking

NMR structure of Ab42 pentamer with ID 2BEG was

downloaded from RCSB protein data bank [71]. 2BEG was

energy-minimized employing OPLS force field in SCHR€ODIN-

GER software [72,73]. The binding energy of the macro-

molecule coordinate was evaluated by a three-dimensional

grid box of size 114 9 62 9 68 (num.grid points in xyz),

and grid centre was designated at dimensions �1.746,

0.223, �8.956 (xyz coordinates). CASTp extension in

PyMOL software, an online resource for identifying pock-

ets and voids in a protein structure, was employed to iden-

tify the plausible binding pocket on 2BEG molecule [74].

The 2D structures of the peptides T1–T3 were drawn, and

ligand preparation was done using SCHR€ODINGER software

[72]. SCHR€ODINGER and AutoDock/Vina (4.2) were employed

to explore the probable binding site of each of the peptides

T1–T3 separately on 2BEG molecule, and the interactive

residues were determined by 2D plots [72,75]. Chimera and

Discovery Studio Visualizer were employed for visualiza-

tion of the binding pattern between 2BEG Ab 1-42 fibrils

and the respective T1-T3 peptides separately [76,77]. The

docking run was performed at least 25 times, and the low-

est binding energies were considered as the most stable con-

former and represented.

Statistical analysis

The statistical analysis was performed using GRAPHPAD

PRISM (version 6.07, GraphPad Software, San Diego, CA,

USA) or ORIGINPRO8 (version 8, OriginLab Corporation,

Northampton, MA, USA). Differences between more than

two groups were determined with Kruskal–Wallis test.

When there were significant (P < 0.05) differences among

groups, then the differences between the two groups were

determined by nonparametric Mann–Whitney U test. All

results were expressed as mean � standard deviation (SD),

unless otherwise stated.
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Abstract
Neuronal loss in selective areas of brain underlies the
pathology of Alzheimer’s disease (AD). Recent evidences
place oligomeric b-amyloid (Ab) central to the disease.
However, mechanism of neuron death in response to Ab
remains elusive. Activation of the c-Jun N-terminal kinase
(JNK) pathway and induction of the AP-1 transcription factor c-
Jun are reported in AD. However, targets of JNK/c-Jun in Ab-
induced neuron death are mostly unknown. Our study shows
that pro-apoptotic proteins, Bim (Bcl-2 interacting mediator of
cell death) and Puma (p53 up-regulated modulator of apop-
tosis) are targets of c-Jun in Ab-treated neurons. We demon-
strate that the JNK/c-Jun pathway is activated, in cultures of
cortical neurons following treatment with oligomeric Ab and in
AD transgenic mice, and that inhibition of this pathway by

selective inhibitor blocks induction of Puma by Ab. We also
find that both JNK and p53 pathways co-operatively regulate
Puma expression in Ab-treated neurons. Moreover, we iden-
tified a novel AP1-binding site on rat puma gene which is
necessary for direct binding of c-Jun with Puma promoter.
Finally, we find that knocking down of c-Jun by siRNA provides
significant protection from Ab toxicity and that induction of Bim
and Puma by Ab in neurons requires c-Jun. Taken together,
our results suggest that both Bim and Puma are target of c-Jun
and elucidate the intricate regulation of Puma expression by
JNK/c-Jun and p53 pathways in neurons upon Ab toxicity.
Keywords: Alzheimer’s disease, AP1, c-Jun, JNK, Puma, b-
amyloid.
J. Neurochem. (2015) 134, 1091–1103.
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Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder that eventually leads to cognitive decline and
improper functioning of the nervous system. Massive neuron
death in selective areas of brain along with b-amyloid (Ab)
plaques and neurofibrillary tangles consisting of hyper-
phosphorylated tau proteins are the major hallmarks of the
disease (Hardy 1997; Selkoe 2001). A wealth of data implies
that oligomeric Ab1–42 plays a central role in disease
pathology (Tanzi and Bertram 2005; Walsh and Selkoe
2007; Mucke and Selkoe 2012). However, the mechanisms
by which neuron death occur in response to oligomeric Ab1–
42 are still incompletely understood.
Bcl-2 homology domain 3 (BH3)-only proteins of Bcl-2

family have an important role in AD-related neurodegener-
ation (Biswas et al. 2007b; Fossati et al. 2012; Akhter et al.
2014). Activation of BH3-only proteins [e.g. Bcl-2 interact-
ing mediator of cell death (Bim), Bid, p53 up-regulated
modulator of apoptosis (Puma)] are required for neutraliza-
tion of pro-survival proteins (e.g. Bcl-2, Bcl-xL) and

activation of multidomain pro-apoptotic proteins (e.g.
BAX, BAK) of Bcl-2 family during apoptosis (Wei et al.
2001; Youle and Strasser 2008; Ren et al. 2010). Recently, it
has been shown that inhibition of BAX protects neurons
from oligomeric Ab toxicity (Kudo et al. 2012). Bim has
been shown to be elevated in AD brain and play an essential
role in neuron death in response to oligomeric Ab (Biswas
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et al. 2007b). We have recently shown that Bim and Puma
cooperate in neuron death evoked by oligomeric Ab (Akhter
et al. 2014). These results suggest that Bim and Puma may
be regulated differently. Previous reports showed that
simultaneous activation of multiple transcription factors
[e.g. c-Jun, c-Myb, forkhead boxclass O3a (FoxO3a)] is
required for transcriptional activation of Bim in response to
apoptotic stimuli (Biswas et al. 2007a). Puma can be
regulated by both a p53-dependent and p53-independent
manner in different death paradigms (Yu and Zhang 2008).
We have shown that Puma is regulated by transcription factor
FoxO3a in Ab-treated neurons (Akhter et al. 2014). This is
consistent with the findings that FoxO3a regulates Puma in
lymphoid cells upon cytokine withdrawal (You et al. 2006).
Importantly, it has been shown that other transcription factors
can cooperate with FoxO3a to trigger the expression of Puma
(Ghosh et al. 2012; Zhao et al. 2012). Zhao et al. (2012)
have recently reported that the FoxO3a and JNK/c-Jun
pathway cooperatively trigger Puma expression in ovarian
cancer cells in response to chemotherapeutic agents. How-
ever, whether similar cooperativity exist for maximal induc-
tion of Puma in Ab-induced neuron death is not known.
JNK/c-Jun pathway plays a vital role in signal transduction

in several models of neurodegeneration including excitotox-
icity (Yang et al. 1997; Centeno et al. 2007; Vaslin et al.
2011), ischemic stroke (Kuan et al. 2003; Kuan and Burke
2005; Dong et al. 2009) and Parkinson’s disease (Peng and
Andersen 2003; Kuan and Burke 2005; Borsello and Forloni
2007). Emerging reports suggest that the JNK/c-Jun cascade
is also activated in neurons of the AD brain (Marcus et al.
1998; Thakur et al. 2007) and exerts its influence in aberrant
processes of AD pathophysiology such as tau hyperphosph-
orylation (Ploia et al. 2011) and neuron death in AD models
(Morishima et al. 2001; Troy et al. 2001; Okazawa and
Estus 2002). The c-Jun N-terminal kinase (JNK)-induced c-
Jun signaling plays a major role in the regulation of several
pro-apoptotic genes including Bim and Puma in several cell
death paradigms (Harris and Johnson 2001; Whitfield et al.
2001; Besirli et al. 2005; Zhao et al. 2012).
We have recently shown that Puma plays an essential role in

Ab-induced neuron death (Akhter et al. 2014). Although our
study revealed that both p53 and FoxO3a regulates Puma
induction in response to Ab, other transcriptional regulators
may be required for maximal induction of Puma. In this study,
we found that Puma is up-regulated by the activation of JNK/c-
Jun pathway in response to oligomeric Ab. JNK mediated
phosphorylation of c-Jun at serine 63 residue is enhanced
in vivo in response to Ab and c-Jun is required for Ab-induced
neuron death. Moreover, for the first time we report that c-Jun
elicits induction of Puma by binding to a novel activator
protein 1 (AP1) site on Puma promoter in response to Ab.
Furthermore, we found that c-Jun also contributes to Bim
induction by Ab. Thus, the present study establishes the
potential role of JNK/c-Jun cascade in eliciting the induction

of Bim and Puma, and neurodegeneration upon Ab treatment
and signifies these molecules as potential therapeutic targets
for ameliorating neuron death in AD.

Materials and methods

Materials

Ab1–42 was purchased from American Peptide (Sunnyvale, CA,
USA). Insulin, progesterone, putrescine, selenium, transferrin, nerve
growth factor (NGF), and poly-D-lysine were purchased from Sigma
(St. Louis, MO, USA). Anti-Puma, anti-c-Jun antibodies were from
Cell Signaling Technology (Denver, MA, USA). Protein Aagarose
and horseradish peroxidase conjugated secondary antibodies were
from Santa Cruz Biotechnology, Santa Cruz, CA, USA. SP600125
and pifithrin a was from Calbiochem (EMD Chemicals, Inc. San
Diego, CA, USA). Lipofectamine 2000, Alexa Fluor 488, Alexa
Fluor 568, culture media and serum were purchased from Invitrogen
(Life Technologies, Grand Island, NY, USA). Brain tissues of
AbPPswe-PS1de9 mice and control littermates were kindly gifted
by Dr Anant B Patel (CSIR-CCMB, Hyderabad).

Animals experiments

All animal experiments were carried out in accordance with the
guidelines formulated by the Committee for the Purpose of Control
and Supervision of Experiments on Animals (Animal Welfare
Divisions, Ministry of Environment and Forests, Govt. of India), with
approval from the Animal Ethics Committee of Indian Institute of
ChemicalBiology (IICB-AEC).Adult Sprague–Dawley rats, procured
from the random bred colony of the institutional animal house, were
maintained under good husbandry conditions supported by diurnal
cycles of 12 h light and 12 h darkness with lights on at 06:00 h daily.

Cell culture

Cortical neurons from neocortex of rat brain were cultured as
described previously (Park et al. 1998; Troy et al. 2000). Briefly,
neurons were isolated from neocortex of E18 day embryos. The
cells were plated on poly-D-lysine-coated culture plates and
maintained in Dulbecco’s modified Eagle’s medium/F12 medium
supplemented with insulin (25 lg/mL), glucose (6 mg/mL), trans-
ferrin (100 lg/mL), progesterone (20 ng/mL), putrescine (60 lg/
mL), and selenium (30 ng/mL). Cultured neurons were subjected to
treatment after 6 days. Primary hippocampal neurons were cultured
from E18 rat hippocampus. The cells were plated on poly-D-lysine-
coated plates and cultured in neurobasal medium supplemented with
B27 for 24 days before the treatment. Rat pheochromocytoma
(PC12) cells were cultured as described previously (Greene and
Tischler 1976) in RPMI medium supplemented with 10% heat-
inactivated horse serum and 5% heat-inactivated fetal bovine serum.
Neuronal differentiation was induced by NGF (50 ng/mL) in
medium containing 1% horse serum for 6 days before the treatment,
as previously described (Biswas et al. 2007a).

Preparation of amyloid

Solution of oligomeric Ab1–42 from lyophilized, HPLC-purified
Ab1–42 was prepared as described previously (Barghorn et al.
2005). First, 100% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was
used to reconstitute Ab1–42 (1 mM), and then HFIP was removed by
evaporation in a Speed Vac (Eppendorf, Hamburg, Germany). The
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obtained pellet was then resuspended to 5 lM in anhydrous
dimethylsulfoxide. This stock was diluted with phosphate-buffered
saline (PBS) to a final concentration of 400 lM and sodium dodecyl
sulfate was added to a final concentration of 0.2%. The resulting
solution was then incubated at 37°C for 18–24 h. The preparation
was again incubated at 37°C for 18–24 h after further dilution with
PBS to a final concentration of 100 lM. The nature of the Ab1–42
oligomers of the preparation was then checked by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (See Figure S1).

PCR

Total RNA of each sample is isolated from cultured cortical neurons
by using TRI reagent (Sigma). The primers used for PCR amplifica-
tion of rat Puma were 50-GCGGAGACAAGAAGAGCAAC-30 and
50-CAAGGCTGGCAGTCCAGTAT-30. The primers for a-Tubulin
were 50-ATGAGGCCATCTATGACATC-30 and 50-TCCACAA
ACTGGATGGTAC-30, and 18Swere 50-GCTTAATTTGACTCAA-
CACGGGA-30 and 50-AGCTATCAATCTGTCAATCCTGTC-30.
Equal amounts of cDNA template were used for each PCR analysis
of Puma or a-Tubulin/18S. Primers were used at 0.2 lM concentra-
tion. For semi-quantitative PCR, products were analyzed on a 1.5%
agarose gel and visualized by staining with ethidium bromide.
Quantitative PCR (qRT-PCR) were performed using One Step SYBR
Ex Taq qRT-Takara by using Applied Biosystem 7500 Fast Real-
Time PCR System (Applied Biosystems Inc., Foster City, CA, USA)
following the manufacturer’s specifications.

Western blotting

Cortical neurons were lysed and proteins were analyzed by western
blotting as described previously (Biswas and Greene 2002). For each
condition, 50 lg of protein was resolved in 12% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and then transferred to
polyvinylidene difluoride membrane (Hybond; GE Healthcare,
Buckinghamshire, UK). Horseradish peroxidase-conjugated second-
ary antibodies against the primary antibodieswere used.Detectionwas
done by Amersham-enhanced chemiluminescence western blotting
detection reagent, according to the manufacturer’s protocol (GE
Healthcare). Bands were detected on an X-ray film (Kodak, Windsor,
CO, USA) or Geldoc (4000 Pro; Carestream, Rochester, NY, USA).

Immunocytochemical staining

Cortical neurons were immunostained as described previously
(Biswas et al. 2005, 2007a). Briefly, the cells were fixed with 4%
PFA for 10 min, and then were washed with PBS thrice for 5 min
each. The cells were then blocked in 3%goat serum in PBS containing
0.1% Triton-X 100 for 2 h at 25�C. The cells were incubated with
anti-Puma antibody in a blocking solution overnight at 4°C. Alexa
Fluor 546 was used as secondary antibody and the nuclei were stained
with Hoechst. The intensities of staining for control or treated cells
were quantified separately by NIH-ImageJ software (NIH, Bethesda,
MD, USA). The corrected total cell fluorescence (CTCF) was
determined by considering the integrated density of staining, area of
the cell, and the background fluorescence for the different experi-
mental conditions. CTCF = Integrated density � (area of selected
cell 9 mean fluorescence of background readings).

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were done by using
ChIP assay kit from Millipore (Billerica, MA, USA) following

manufacturer’s protocol with few exceptions. 5–8 9 106 cortical
neurons were used after treatment with or without Ab. Rabbit
polyclonal anti-c-Jun antibody was used to immunoprecipitate the
protein–DNA complexes. The primers used for PCR amplification
of the rat Puma promoter were 50-GTGTATTGGGGCTGA-
GAGGA-30 and 50-ACATGGGGGCACACTTAGAC-30. PCR
products were analyzed on a 1.5% agarose gel and visualized by
staining with ethidium bromide. Association of c-Jun with the Puma
gene was also quantified by qRT-PCR.

Transfection

Plasmid Maxi kit (Qiagen, Valencia, CA, USA) was used to isolate
DNA. For the survival assay, cortical neurons were transfected with
0.5 lg of either pSIREN-c-Jun-shRNA-dsRed (shc-Jun) or pSI-
REN-Luc-shRNA-dsRed (shLuc). For the reporter assay, cells were
co-transfected with 0.3 lg of Puma-luc reporter, 0.1 lg of renilla
vector, and 0.3 lg of either shc-Jun, or shRand. Transfections were
done in 500 lL of serum-free medium per well of a 24-well plate
using lipofectamine 2000. Six hours later, lipofectamine-containing
medium was replaced by a fresh complete medium. Transfection
was performed on the third day of culture. For endogenous c-Jun
down-regulation, naive PC12 cells were transfected with either 1 lg
of shc-Jun or shLuc. Transfections were done in 1 mL of serum-free
medium per well of a 12-well plate using lipofectamine 2000. 24 h
post-transfection cells were differentiated in the presence of NGF.
After 5 days of priming, cells were treated with either Ab (5 lM) or
left as untreated control.

Puma promoter reporter construct

Aportion of the Puma gene that contains 0.87 kb ofDNAextending 50

from exon 1 was amplified from rat genomic DNA by PCR using TA-
cloning kit (Invitrogen, Life Technologies) according to manufac-
turer’s protocol. The region considered was�559 to +318(relative to
the predicted transcription start site in the highly homologous rat Puma
gene). The primers for the amplification were 50-GAGCTC-
GGTGTGTCCTGTGTCTTCCA-30 and 50-AAGCTTCTCCACT-
CCTGCTTCAGCTT-30 (SacI and HindIII linker sequences are
underlined). The amplified products were digested with SacI and
HindIII, gel purified and subcloned into pGL3 (Promega, Madison,
WI, USA). The Puma promoter luciferase construct is driven by the rat
proximal Puma promoter containing the AP1 site.

Luciferase assay

Cortical neurons were transfected with the appropriate luciferase
constructs as mentioned above. Forty-eight hours after transfection,
the cells were treated with or without Ab1–42 for 24 h. The cells
were lysed in passive lysis buffer (Promega). Dual luciferase assay
was done according to the manufacturer’s protocol using a
Luminometer (Perkin Elmer, Waltham, MA, USA). Relative
luciferase activities were obtained by normalizing the firefly
luciferase activity against renilla luciferase activity.

Site directed mutagenesis

The mutated Puma promoter reporter was generated by incorporat-
ing mutations into the AP1-binding site by PCR-based site directed
mutagenesis using Pfu Turbo DNA polymerase (Quickchange Site-
Directed Mutagenesis Kit; Agilent Technologies, Santa Clara, CA,
USA) according to the manufacturer’s protocol and were verified by
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sequencing. The primers used for generating mutations (underlined)
were: 50-CTGTTGTGCTTCAGCGCATTATTGCTGCATTGTGGG
TG-30 and 50-CACCCACAATGCAGCAATAATGCGCTGAAGC-
ACAACAG-30.

Sholl analysis

Neural networks of hippocampal neurons were analyzed by Sholl
analysis using NIH-ImageJ software as previously reported by Cuesto
et al. (2011) excepting fewmodifications as mentioned below. In brief,
transfected hippocampal neurons either with shc-Jun or shLuc were
imaged at low-magnification under a fluorescence microscope. Sholl
analysiswas performed on single neurons imaged at 0 and 72 h ofAb1–
42 treatment using NIH-ImageJ software (Sholl analysis plugin).
Several concentric circleswere drawn from a point of the cell bodywith
gradually increasing radius of 40 lmin length. The number of branches
that intersect the successive concentric circle were counted.

Survival assay

Primary cortical neurons (4 DIV) and hippocampal neurons (21 DIV)
were transfected with shLuc or shc-Jun as mentioned above. After
48 h of transfection, the neurons were exposed to Ab1–42 and the
number of transfected neurons (green) was counted (0 h). The number
of surviving transfected neurons were also counted after 24, 48 and
72 h of treatment. Control and Ab-treated-transfected neurons were
imaged under a fluorescence microscope (Leica, Wetzlar, Germany).

Immunohistochemistry of brain slices

Cryosections of the brain cortices from the wild-type or transgenic
mice (two 12-month-old and one 14-month-old) were immuno-
stained as described previously (Barghorn et al. 2005) with few
modifications as mentioned below. In precise, sections were blocked
with 5% goat serum in PBS containing 0.3% Triton-X 100 for 1 h at
25�C, incubated in first primary antibody (anti-phospho-c-jun
antibody) in blocking solution (5% goat serum in PBS containing
0.3% Triton-X 100) overnight at 4°C, washed with PBS three times
and then incubated with a fluorescence-tagged secondary antibody
(Alexa fluor 488) for 1.5 h at 25�C. Next, the sections were again
blocked with 5% rabbit serum in PBS containing 0.3% Triton-X 100
for 1 h at 25�C, incubated in second primary antibody (anti-PUMA
antibody) in a blocking solution (5% rabbit serum in PBS containing
0.3% Triton-X 100) for 1.5 h at 25�C, washed with PBS and then
incubated with a fluorescence-tagged secondary antibody (Alexa
fluor 546) for 1.5 h at 25�C. After three times of PBS wash and
Hoechst staining for the nuclei, the sections were mounted and seen
under fluorescence microscope.

Statistics

All experimental results are reported as mean � SEM. Student’s t-test
was performed as unpaired, two-tailed sets of arrays to evaluate the
significance of difference between the means and are presented as p-
values.

Results

Activation of JNK/c-Jun pathway is required for PUMA

induction by Ab
Diverse lines of evidence suggest that Ab oligomers have a
central role in the pathogenesis of AD, but the underlying

mechanism remains uncertain (Gilbert 2013; Lesne et al.
2013). Cortical neurons are severely affected in AD brains
and undergo death after exposure to oligomeric Ab in vitro
(Barghorn et al. 2005; Biswas et al. 2007b; Troy et al.
2011; Sanphui and Biswas 2013; Akhter et al. 2014).
Several signal transduction pathways are seen to be activated
upon exposure to the toxic species of Ab1–42 both in vivo and
in cultured neuronal cells. The induction of JNK pathway
and its downstream activator c-Jun is one of the important
attributes of neuronal death in AD (Morishima et al. 2001;
Okazawa and Estus 2002; Savage et al. 2002; Okuno et al.
2004; Tare et al. 2011; Ambacher et al. 2012; Akhter and
Biswas 2013; Sclip et al. 2014). Recently we have reported
that BH3-only protein Puma is up-regulated and plays a
necessary role in neuron death evoked by oligomericAb1–42
(Akhter et al. 2014). In this study, we found that induction of
Puma both at mRNA as well as protein levels in primary
cultured rat cortical neurons in response to oligomericAb1–42
was significantly reduced by a specific JNK inhibitor
SP600125 (Fig. 1a–d). The JNK downstream transcription
factor c-Jun that undergoes phosphorylation at serine 63
upon activation is critical for its pro-apoptotic activity. We
checked and confirmed that the phosphorylation of c-Jun is
enhanced in response to Ab1–42 which is blocked in presence
of JNK inhibitor SP600125 (Fig. 1e and f). We also found
that phosphorylation of c-Jun and not the level of c-Jun was
elevated by Ab1–42 in a time-dependent manner (Fig. 1g and
h). Moreover, phospho-c-Jun was mainly localized in the
nuclei upon Ab treatment (Fig. 1i). Taken together, these
results suggest that JNK/c-Jun pathway is activated and the
activity of JNK is required for Puma induction in cortical
neurons in response to Ab1–42.
It is already known that Puma is regulated both by p53

dependant as well as independent pathways (Jeffers et al.
2003; Yu and Zhang 2008). We have shown in our previous
study that Puma is regulated by p53 in Ab-treated neurons
(Akhter et al. 2014). To see the relative contribution of both
JNK and p53 pathways on Puma expression in response to
Ab1–42, we checked Puma levels in presence of respective
inhibitors against JNK and p53 alone or in combination. We
found that inhibition of both JNK and p53 pathways
completely blocked Puma induction upon Ab treatment
indicating a functional co-operation of both the pathways in
regulation of Puma expression (Fig. 2a and b).

Phospho-c-Jun is induced in neurons in vivo in AD
transgenic mice

The increased level of phospho-c-Jun is evident in AD brain
and strongly associated with AD-related pathologies like
neurofibrillary tangles and granulovacuolar degeneration
(Savage et al. 2002; Thakur et al. 2007). We examined the
brain sections of AbPPswe-PS1de9 (Swedish mutation in
amyloid precursor protein and PS1 mutation) transgenic mice
for phospho-c-Jun expression. The brains of transgenic or
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control littermate mice were cryosectioned and stained with
Congo red to confirm deposition of Ab plaques (Akhter et al.
2014) and then used for co-immunostaining with c-Jun and
NeuN antibodies. Nuclei were stained by Hoechst dye. Our
results showed that the levels of phospho-c-Jun expression

were much higher in transgenic mice compared to control
littermates (Fig. 3). These findings indicate that c-Jun is also
activated in neurons in vivo in AD transgenic mice. In our
previous study we have shown that the level of Puma is
elevated in AD transgenic mice brain compared to wild type

(a)

(e)

(f)

(h)

(g)

(i)

(b)

(c)

(d)

Fig. 1 JNK-c-Jun pathway regulates p53 up-regulated modulator of
apoptosis (Puma) in cortical neurons upon b-amyloid (Ab) toxicity. (a)
Rat cortical neurons (7 DIV) were treated with oligomeric Ab (1.5 lM) in

presence or absence of JNK inhibitor SP600125 (10 lM) for 8 h and
total RNA were isolated, reverse transcribed and analyzed by semi-
quantitative PCR for Puma transcripts. a-tubulin was used as loading

control. (b) Graphical representation of changes in Puma transcript
levels upon Ab (1.5 lM) treatment with or without SP600125 on primary
cultured rat cortical neurons for 8 h analyzed by Real Time PCR. 18S
was used as loading control. Data is presented as fold increase relative

to untreated control and represents mean � SEM of three independent
experiments.*p < 0.05. (c) Primary cultures of rat cortical neurons were
treated with SP600125 (10 lM) for 8 h with or without Ab (1.5 lM) and

the proteins were analyzed by western blotting using enhanced
chemiluminescence for the expression of Puma and actin (loading
control). (d) Graphical representation of densitometric analysis of fold

change of Puma level in the western blots. Data represent
mean � SEM of three experiments. *p < 0.03. (e) Cultured cortical
neurons were treated with SP600125 (10 lM) for 8 h with or without Ab

(1.5 lM) and the expression of phospho-c-Jun and total c-Jun were
analyzed by western blotting. Actin was used as loading control. (f)
Graphical representation of densitometric analysis of fold change of

phospho-c-Jun level in the indicated conditions. Data represent
means � SE of three experiments. *p < 0.05. (g) Cortical neurons
were subjected to Ab (1.5 lM) for the indicated times and total tissue

lysates were analyzed by western blot for phospho-c-Jun and total c-
Jun levels. Representative immunoblots are showing phospho-c-Jun
and total c-Jun protein levels at indicated time points. Actin was used
as loading control. (h) Graphical representation of fold increase of

phospho-c-Jun protein level after Ab treatment at different time points
expressed relative to untreated control. Data represents mean � SEM
of three experiments. *p < 0.05. (i) Ab exposure causes nuclear

accumulation of phospho-c-Jun in cortical neurons. Neurons (6 DIV)
were treated with Ab for 16 h, then fixed and immunostained with
phospho-c-Jun antibody. Nuclei were stained with Hoechst. Localiza-

tion was visualized by using fluorescence microscopy. Images were
taken under 963 objective.
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mice brain (Akhter et al. 2014). Thus, it is possible that the
elevated level of Puma in AD transgenic brain is due to its
transcriptional activation by c-Jun.

c-Jun knockdown prevents cortical and hippocampal neuron

death upon Ab treatment

Next, to substantiate further the essentiality of c-Jun in AD
associated neurodegeneration, we employed shRNA medi-
ated knockdown strategy to assess the role of c-Jun in Ab1–42
mediated neuron death. Cultured cortical neurons were
transfected with previously described shRNA constructs
against c-Jun gene (shc-Jun) (Biswas et al. 2007a) along
with a control shRNA constructs (shLuc), maintained for
48 h, then subjected to Ab treatment (1.5 lM) for 72 h.
Down-regulation of c-Jun by shRNA provided significant
protection of neurons from death caused by Ab1–42. A
convincing number of shc-Jun expressing neurons subsisted
with intact neurites even after 72 h of Ab exposure compared
to shRand expressing neurons (Fig. 4a and b). A similar
experiment with primary hippocampal neurons revealed that
c-Jun is also required for the death of these neurons in
response to Ab treatment (Fig. 4c and d). shc-Jun expressing
hippocampal neurons retained all processes even after 72 h
of Ab exposure (Fig. 4c). We have also quantitatively

determined the retention of neural networks by shc-Jun in
Ab-treated cells using Sholl analysis (Fig. 4e). Single
hippocampal neuron transfected with shc-Jun or shLuc was
analyzed by NIH-ImageJ as described in experimental
procedures. The analyses showed that shc-Jun-transfected
neurons preserved most of the neurites even after 72 h of Ab
treatment compared to shLuc (control)-transfected cells
where diminution of neural networks is evident. Taken
together, these results suggest that c-Jun is required for
neuron death and degeneration evoked by Ab toxicity.

c-Jun regulates Puma expression upon Ab toxicity

c-Jun has been found to play an important pro-apoptotic role
in several models of neurodegeneration that culminate into
induction of BH3-only proteins for further downstream
functioning leading to cell death (Besirli et al. 2005;
Cazanave et al. 2009). To study the correlation between c-
Jun and Puma expression, we transfected cortical neurons
with shc-Jun (or shLuc as control) and then immunostained
with Puma antibody in both control and Ab-treated condi-
tions. We found that shc-Jun expressing cells had less intense
staining of Puma compared to shLuc expressing cells upon
Ab treatment (Fig. 5a). A quantitative analysis showed that
significant percentage of shc-Jun-transfected neurons had
low staining of Puma after 8 h of Ab exposure compared to
shLuc-transfected neurons (Fig. 5b and c). We have also
validated the down-regulation of Puma by shc-Jun by
western blotting. PC12 cells were transfected with shc-Jun
or shLuc, then primed and checked the level of c-Jun and
Puma. In this condition, about 70% cells were transfected
and c-Jun was markedly down-regulated by shc-Jun (Fig. 5d
and e). We found that the endogenous Puma level was
significantly reduced in shc-Jun-transfected cells compared
to sh-Luc-transfected cells (Fig. 5f and g). Taken together,
these results reveal that Puma is a target of c-Jun in Ab-
treated neurons.

c-Jun contributes to Bim induction by Ab as well

We have previously shown that Bim, a close relative of Puma
is also induced in neurons in response to Ab1–42 (Biswas
et al. 2007b; Sanphui and Biswas 2013) and it cooperates
with Puma in Ab-induced neuron death (Akhter et al. 2014).
Bim has been shown to be a target of c-Jun in a well
established neuron death model evoked by NGF deprivation
(Harris and Johnson 2001; Whitfield et al. 2001; Besirli
et al. 2005; Biswas et al. 2007a). Since, it is not known
whether c-Jun contributes to Bim induction in Ab-treated
neurons, we determined the Bim level in neuronal cells after
down-regulation of c-Jun by shRNA as described above. As
checked by western blotting, down-regulation of c-Jun in
PC12 cells blocked induction of Bim by Ab (Fig. 6a). We
also transfected neuronal PC12 cells (Fig. 6b) or cortical
neurons (Fig. 6d) with shc-Jun or shLuc and then immuno-
stained with Bim antibody in both control and Ab-treated

Fig. 2 Both JNK and p53 pathways co-operate to induce p53 up-
regulated modulator of apoptosis (Puma) in response to b-amyloid

(Ab). (a) Neuronal PC12 cells were treated with SP600125 (10 lM)
and pifithrin alpha (50 lM) for 8 h with or without Ab and the proteins
were analyzed by western immunoblotting using enhanced chemilum-
iniscence for the expression of Puma and actin (loading control). (b)

Graphical representation of densitometric analysis of fold change of
Puma level in the indicated conditions. Data represents mean � SEM
of three experiments. *p < 0.05.
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conditions. We found that shc-Jun expressing cells had less
intense staining of Bim compared to shLuc expressing cells
upon Ab treatment (Fig. 6b and d). A quantitative analysis
showed that significant percentage of shc-Jun-transfected
neurons had low staining of Bim after overnight Ab exposure
compared to sh-Luc-transfected neurons (Fig. 6c). Collec-
tively these results suggest that c-Jun contributes to Bim
induction in response to Ab.

c-Jun directly activates Puma gene in response to Ab
If Puma is a direct target of c-Jun, there must be putative-
binding sites for c-Jun in the Puma gene. Cazanave et al.
(2009), reported a putative AP1 site (50-TGAGTCA-30) in the
human Puma promoter which is occupied by c-Jun in
palmitate-treated cancer cells. We examined the rat Puma
gene and found that this consensus sequence is not conserved
in Rat. However, we found a novel AP1-binding site (50-
TGTGACT-30) on promoter of rat Puma gene that diverge
from the 7-bp AP1 consensus-binding sequence 50-TGA(G/
C)TCA-30 which is conserved in human Puma gene.
Likewise, identical AP1-binding site as we have found was
reported in RAP promoter (Wang et al., 2004). We were
interested to see whether c-Jun directly binds with Puma
gene and is required for its activation during Ab-induced
neuron death. We constructed a luciferase reporter driven by
a segment of rat Puma gene that contains the novel AP1-
binding site (Fig. 7a). Cultured cortical neurons were co-
transfected with the luciferase reporter and shRand or shc-
Jun and exposed to Ab. Puma promoter-driven luciferase
activity was elevated several fold upon Ab1–42 treatment for
24 h when neurons were co-transfected with the Puma

reporter construct containing the novel AP1-binding site and
shRand as scrambled shRNA (Fig. 7b). In contrast, this
enhanced luciferase activity in response to Ab1–42 is
diminished when neurons were co-transfected with shc-Jun
(Fig. 7b). Thus our result suggests that c-Jun is necessary for
activation of Puma promoter in response to Ab. To
strengthen this finding, we introduced mutations in the
AP1-binding site in the Puma reporter construct (50-
CATTATT-30). The mutations abrogated the Puma pro-
moter-driven luciferase activity induced by Ab (Fig. 7c).
Thus, our result validates the dependence of Puma induction
on c-Jun in Ab toxicity.
Next, we performed ChIP assay to see whether c-Jun

directly binds with Puma gene in response to Ab. Results
showed that in contrast to negligible binding in control cells,
significant amount of c-Jun was bound to the endogenous
Puma gene after 8 h of Ab1–42 exposure. An inconsequential
antibody (b-actin) was used as a negative control which did
not precipitate Puma DNA (Fig. 7d and e). No product was
obtained from PCR of c-Jun immunoprecipitate with a-
tubulin specific primers. Collectively, our results suggest that
JNK pathway triggers Puma induction in response to Ab via
transcription factor c-Jun.

Discussion

A wealth of recent data implicates the oligomeric form of Ab
as the actual toxic species for synapse dysfunction and
neuron death in AD. Although most of the drugs targeted to
Ab metabolism have failed in clinical trials, a number of
questions have been raised on design of clinical studies and

Fig. 3 Phospho-c-Jun is elevated and co-stained with p53 up-regu-
lated modulator of apoptosis (Puma) in Alzheimer’s disease (AD)

transgenic mice brain. The brain sections of AbPPswe-PS1de9
transgenic mice were co-immunostained with phospho-c-Jun and
PUMA antibodies following the protocol described in experimental

procedure. Hoechst was used to stain nuclei. Representative images

from four sections from three transgenic animals and two wild type
animals with similar results are shown here. Images were taken for

each case using inverted fluorescence microscope at 963 objective
and camera set to the same exposure. Arrows indicate cells co stained
for phospho-c-Jun and PUMA.
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interpretation of outcomes. Since exposure of cultured
neurons or animals to oligomeric Ab and Ab overproducing
transgenic mice manifest neurodegeneration and AD-like
pathology, targeting Ab is still considered to be very useful
therapeutic strategies (Huang and Mucke 2012). However,
reducing Ab load by various drugs did not improve the
conditions, even had deleterious effects on patients in various
clinical trials. Hence, it is necessary to counter the toxicity of
Ab and its downstream apoptotic pathway which eventually

leads to progressive loss of synapses and neurons. Therefore,
it is essential to explore the molecular mechanism and targets
of Ab toxicity.
Pro-apoptotic BH3-only members of Bcl-2 family emerge

as potential regulators of neuron death in AD (Biswas et al.
2007b; Sanphui and Biswas 2013; Akhter et al. 2014). It has
been shown that Bim is elevated in neurons of AD patients
and is necessary for neuron death induced by Ab toxicity
(Biswas et al. 2007b). We have recently shown that Puma is

(a) (b)

(d) (e)(c)

Fig. 4 Down-regulation of c-Jun by shRNA protects neurons from
death evoked by b-amyloid (Ab). (a) Primary cultured rat cortical
neurons (4 DIV) were transfected with pSIREN-shc-Jun-DsRed (shc-

Jun) or pSIREN-shLuc-DsRed (shLuc) as scrambled shRNA and
maintained for 48 h and then subjected to Ab (1.5 lM) for 72 h.
Representative images of shc-Jun and sh-Luc-transfected neurons are

shown. Images were taken under 920 objective. (b) Numbers of
surviving transfected (red) cells were counted under fluorescence
microscope just before Ab treatment and after 24, 48 and 72 h of the

same treatment, and percentage of viable cells are represented
graphically. Data are from three independent experiments, each with
comparable results, and are shown as mean � SEM, performed in
triplicates. The asterisks denote statistically significant differences from

control (shLuc): *p < 0.05. (c) Primary cultured rat hippocampal
neurons (21 DIV) were transfected with shc-Jun or control shLuc and
maintained for 48 h and then subjected to Ab (1.5 lM) for 72 h.

Representative images of shc-Jun and sh-Luc-transfected hippocam-
pal neurons are shown. Representative images of shc-Jun and sh-Luc-
transfected neurons are shown. Images were taken under 920

objective. (d) Numbers of surviving transfected (red) cells were
counted under fluorescence microscope just before Ab treatment
and after 24, 48 and 72 h of the same treatment and percentage of

viable cells are represented graphically. Data are from three indepen-
dent experiments, each with comparable results, and are shown as
mean � SEM performed in triplicates. The asterisks denote statisti-

cally significant differences from control (shLuc): *p < 0.05. (e) c-Jun
knockdown prevents neuronal degeneration. Sholl analysis of single
imaged hippocampal neurons by using ImageJ was done as described
under experimental methods. Data represent mean � SEM of six

different neurons from three independent cultures for each class.
Asterisks denote statistically significant differences from shLuc (con-
trol); p < 0.03.
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induced in response to Ab toxicity in vitro and in vivo and is
required for neuron death evoked by Ab. Most importantly,
we have shown cooperative role of Bim and Puma in Ab-
induced neuron death (Akhter et al. 2014). Next we were
very interested to see how Bim and Puma are regulated in
Ab-treated neurons. We have found one common pathway,
PI3K/AKT/FoxO that regulates both of these BH3-only

proteins (Sanphui and Biswas 2013; Akhter et al. 2014). We
were also interested to find whether another important death
signaling pathway, JNK/c-Jun could regulate both of them.
Bim has already been shown to be regulated by JNK/c-Jun in
NGF-deprived neurons (Whitfield et al. 2001; Biswas et al.
2007a). In this study, we investigated whether both Bim and
Puma are regulated by JNK/c-Jun in Ab-treated neurons and

(a) (b)

(c)

(f)

(g)

(d)
(e)

Fig. 5 Knockdown of c-Jun by shRNA downregulates endogenous p53
up-regulated modulator of apoptosis (Puma) in neuronal cells subjected

to b-amyloid (Ab) treatment. (a) Cortical neurons were transfected with
shc-Jun or shLuc and maintained for 48 h and then treated with Ab
(1.5 lM) for 8 h, after which they were immunostained with antibodies

against Puma. Arrows indicate transfected cells (red) either with shcJun
or shLuc and their corresponding Puma staining (green) and nuclei
staining (blue). Images were taken under 940 objective. (b) Percentage

of stained cells pertains to the proportions of transfected cells (red) that
show Puma staining either greater than that of control neurons (high),
or equal to or less than that of non-treated neurons (low). Data

represents mean � SEM of three experiments. Number of cells
evaluated per culture are 60 (approx). The asterisks denote statistically
significant differences between low staining cells and high staining
cells: *p < 0.03. (c) Graphical representation of corrected total cell

fluorescence of Puma in neurons transfected with shLuc or shc-Jun
and exposed to Ab. Difference in intensity of Puma staining is

quantified by NIH imageJ. Data represent mean � SEM of sixty
different cells from three independent experiments. *p < 0.01. (d) PC12

cells were transfected with shc-Jun or shLuc, primed as described in
experimental procedure and then the down-regulation of endogenous
c-Jun was analyzed by western blotting with anti-c-Jun antibody. Actin

was used as loading control. (e) Graphical representation of densito-
metric analysis of fold change of c-Jun level upon transfection with shc-
Jun or shLuc in presence or absence of Ab (5 lM). Data represents

mean � SEM of three independent experiments.*p < 0.05. (f) PC12
cells were transfected with shc-Jun or shLuc, primed and then the
down-regulation of endogenous Puma was analyzed by western

blotting with anti-Puma antibody. (g) Graphical representation of
densitometric analysis of fold change of Puma level upon transfection
with shc-Jun or shLuc followed by with or without treatment of Ab
(5 lM). Data represent mean � SEM of three independent experi-

ments: *p < 0.05.
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found that c-Jun regulates expression of both Bim and Puma
by Ab. In addition, we found that both JNK and p53 pathway
co-operate in regulating Puma expression upon Ab exposure.
A number of studies implicate JNK/c-Jun in variety of

neuronal death paradigms including AD. It has been shown
that c-Jun can promote apoptosis in sympathetic neurons
following NGF withdrawal, and in cortical neurons in
response to arsenite toxicity and DNA damage (Namgung
and Xia 2000; Palmada et al. 2002; Besirli and Johnson
2003). Down-regulation of c-Jun activity by a dominant-
negative construct, the neutralizing antibody, conditional
deletion of the gene or by a mutant construct that lacks
activation phosphorylation sites prevent sympathetic neuro-
nal apoptosis after NGF deprivation (Estus et al. 1994; Ham
et al. 1995; Palmada et al. 2002; Besirli et al. 2005).
Specific inhibitor of JNK and dominant-interfering mutant
of JNK both could block arsenite-induced apoptosis in
primary CNS neurons (Namgung and Xia 2000). A selective
inhibitor of JNK also blocked neuronal apoptosis in rat brain
after transient focal cerebral ischemia (Okuno et al. 2004)

and mice having mutant c-Jun are resistant to kainate-
induced neuronal apoptosis (Behrens et al. 1999). Increased
expression of c-Jun and conspicuous presence of phospho-c-
Jun has also been reported in entorhinal cortex and within
hippocampal regions in postmortem brain samples of AD
patients (Anderson et al. 1996; Marcus et al. 1998; Thakur
et al. 2007). It has also been shown that JNK activity is
elevated in cortex and plays an important role in AD
pathogenesis such as amyloid deposition, tau hyperphosph-
orylation and synaptic dysfunction in AD mouse models
(Savage et al. 2002; Pearson et al. 2006; Ploia et al. 2011;
Sclip et al. 2014). Our data corroborate well with these
previous reports. We found higher level of phospho-c-Jun in
the neuronal nuclei of AD transgenic mice compared to wild-
types and down-regulation of c-Jun by siRNA prevents death
of cortical and hippocampal neurons in response to oligo-
meric Ab.
Accumulating evidences indicate that Puma could be a

direct target of JNK/c-Jun pathway. Loss of function mutant
of c-Jun expression attenuated Puma induction in neurons

(a)

(c)
(d)

(b)

Fig. 6 c-Jun is necessary for Bim induction by b-amyloid (Ab). (a)
PC12 cells were transfected with shRand or shc-Jun and differentiated

as described in experimental procedure. Cells were treated with or
without Ab for overnight and total protein were analyzed by western
blotting for Bim expression. Actin was used as loading control. A

representative blot of two independent experiments is shown here. (b)
Neuronally differentiated PC12 cells were transfected with shRand-
ZsGreen or shc-Jun-ZsGreen. 48 h post transfection cells were treated
with or without Ab for overnight and bim expression was analyzed by

immunocytochemistry. Arrows indicate trasfected cells. Similar result
was found in another independent experiment. (c) Cortical neurons
(4 DIV) were transfected with shc-Jun-DsRed or shLuc-DsRed and

maintained for 48 h and then treated with Ab (1.5 lM) for overnight,
after which they were immunostained with antibodies against Bim.

Arrows indicate transfected cells (red) either with shc-Jun or shLuc and
their corresponding Bim staining (green) and nuclei staining (blue).
Images were taken under 963 objective. Similar result was found in

another independent experiment. (d) Neuronally differentiated PC12
cells were transfected, exposed to Ab and immunostained as in (b).
The percentage of transfected cells with high (more or equal than the
vast majority of cells) or low (less than vast majority of cells) Bim

immunoreactivity levels are shown. Data represented as mean � SD
of two experiments in duplicates. Asterisks denote statistically signif-
icant differences between indicated classes,*p < 0.01.

© 2015 International Society for Neurochemistry, J. Neurochem. (2015) 134, 1091--1103

1100 R. Akhter et al.



after trophic factor deprivation (Besirli et al. 2005). Cazan-
ave et al. (2009) reported that c-Jun directly transactivate
Puma in palmitate-induced hepatic lipoapoptosis. Recently, it
has been shown that JNK/c-Jun and Akt/FoxO3a signaling
pathways converge to regulate Puma expression in cerebellar
granule neurons following potassium withdrawal (Ambacher
et al. 2012) and in ovarian carcinoma cells in response to a
chemotherapeutic agent (Zhao et al. 2012). We have recently
shown that Akt/FoxO3a regulate Puma induction in neurons
in response to oligomeric Ab (Akhter et al. 2014). We have
also shown that p53 contributes to Puma induction in Ab-
treated neurons but the effect is modest (Akhter et al. 2014
and this study). Moreover, we (Akhter et al. 2014) and
others (Ambacher et al. 2012; Zhao et al. 2012) have shown

that down-regulation of FoxO3a could not completely inhibit
Puma expression. Zhao et al. (2012) have shown that both
JNK activity and activation of its target transcription factor,
c-Jun are required for full activation of Puma. Results
presented here confirm that JNK/c-Jun pathway directly
regulates Puma expression in Ab–treated neurons because
knocking down of c-Jun by siRNA blocks endogenous Puma
expression and Puma promoter activity in neuronal cells in
response to Ab. Most importantly, the finding of a novel
AP1-binding site on Puma promoter provide further mech-
anistic insight in the c-Jun-induced Puma induction. Thus,
our results suggest that p53, Akt/FoxO3a and Jnk/c-Jun
pathways cooperatively trigger Puma expression in Ab-
evoked neuron death.

(a)

(c)
(d)

(e)

(b)

Fig. 7 shc-Jun blocks induction of p53 up-regulated modulator of
apoptosis (Puma) promoter activity in response to b-amyloid (Ab) (a)
Schematic representation of Puma-luc reporter consisting of a novel

activator protein 1 (AP1)-binding site in the rat Puma promoter. (b)
Cortical neurons were co-transfected with 0.3 lg of Puma-luc reporter
containing the AP1 site of the rat Puma gene and 0.1 lg of Renilla

luciferase expression construct pRL-CMV with either shRand (control)
or shc-Jun. The cultures were maintained for 48 h and then subjected
to overnight Ab treatment, after which luciferase activity was assayed
and represented as fold change of relative luciferase activity. Data

represent mean � SEM of four experiments. *p < 0.05 (c) Cortical
neurons were co-transfected with 0.3 lg of either wild type Puma-luc
reporter or AP1-mutated construct and 0.1 lg of pRL-CMV. The

cultures were maintained for 48 h and then subjected to overnight Ab
treatment, after which luciferase activity was assayed and represented
as fold change of relative luciferase activity. Data represents

mean � SEM of four experiments. *p < 0.05. (d) Primary cultures of
rat cortical neurons were treated with or without Ab for 8 h. An equal

number of cells were processed for ChIP assay using anti-c-Jun
antibody for immunoprecipitation. The immunoprecipitated materials
were subjected to PCR using primers against the portion of Puma

promoter that flanks AP1-binding site. PCR products were verified by
agarose gel electrophoresis. Templates were DNA from cells before
ChIP (input) or DNA from immunoprecipitated (IP) materials. PCR

assays were conducted after ChIP using samples from cells that were
either left untreated (control) or treated with Ab. b-actin is used as
negative control antibody. (e) Graphical representation of c-Jun
association with the Puma gene. Quantitative PCR was performed

using materials derived from cultured cortical neurons treated as in (d).
Association of c-Jun with Puma at AP1site (Puma-c-Jun association
level) in the presence or absence of Ab was determined by quantitative

PCR after ChIP, using samples from cells that were either left untreated
(control) or treated with Ab. Numbers on the y axis represent the levels
of c-Jun association with the Puma promoter region after normalizing to

Ct values from input samples. Data shown are mean � SEM
*p < 0.05.
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Taken together, the present study highlights the vital role
of the JNK/c-Jun pathway in mediating neuronal cell death in
AD and identifies the pro-apoptotic genes, Bim and Puma as
transcriptional targets of c-Jun in Ab-treated neurons. Along
with our previous reports (Sanphui and Biswas 2013; Akhter
et al. 2014), we propose that Akt/FoxO3a, JNK/c-Jun, and
p53 pathways are activated independently, converge and
trigger expression of pro-apoptotic BH3-only genes Bim and
Puma that act cooperatively to induce death of neurons in
response to Ab.
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