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ABSTRACT 

 

Neurodegenerative disorder (NDD) continues to traumatize an aging proportion of the 

human population, especially in the industrialized world. Aging has long been 

recognized as a compound process of damage accretion that ultimately leads to notice 

able disruption of multiple cellular and molecular proceedings, which ultimately are 

translated into various chronic ailments such as Parkinson's disease (PD), Alzheimer's 

disease (AD), Multiple Sclerosis (MS) and many more. Parkinson's disease (PD) is a 

chronic neurodegenerative condition which has the second largest incidence rate 

among all other neurodegenerative disorders after AD. Currently, there is no cure and 

researchers continue to probe the therapeutic prospect of PD. Out of several factors 

contributing to PD prognosis, the role of p38 MAPK and PI3K/AKT signalling 

module in PD brains is crucial because impaired balance between the pro-apoptotic 

and anti-apoptotic pathways trigger unwanted phenotypes such as microglia 

activation, neuroinflammation, oxidative stress, and apoptosis. These factors continue 

challenging the brain homeostasis in initial stages thereby essentially assisting the 

dopaminergic (DA) neurons towards progressive degeneration in PD. Owing to the 

limitations of sample availability of PD patients, the current research scenario is 

focused on cellular models of PD which are an excellent source of large drug 

screening and easy to maintain. Prior to in vitro study, we have done in silico analysis 

of two major proteins including, Parkin and DJ-1, which are reportedly involved in 

neuronal damage. Consequently, we have targeted these proteins with selected 

biomolecules in order to regulate their altered expression in the cells. Further, to 

validate our results we have performed in vitro experiment as well, where we used 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induced PD model in SHSY5Y 

neuroblastoma cell lines to study of signalling mechanism and screening of 

biomolecules in an attempt to reverse disease symptoms in PD. 
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CHAPTER I 

INTRODUCTION AND REVIEW OF LITERATURE 

 

1.1 INTRODUCTION 

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

characterized by dopamine depletion in the striatum. PD is mainly characterized by 

bradykinesia, tremor, rigidity, and weakening of postural reflexes (Massano et al., 

2012). The dramatic loss of neuromelanin containing dopaminergic neurons is 

convoyed by the presence of Lewy bodies in the remaining neurons. The hallmark of 

PD includes fibrillar cytoplasmic inclusions consisting of aggregated and abnormally 

accumulated proteins, the most prominent being α-synuclein, neurofilaments, 

ubiquitin, and ubiquitinated proteins (Gundersen V. 2010). Additionally, at least 13 

loci and nine genes have been proposed to be linked with PD, but only six genes are 

widely accepted to be associated with Mendelian forms of the disease (Exner et al., 

2012). Mutations in these genes potentially lead to autosomal dominant (α -synuclein 

and LRRK2), or autosomal recessive PD (Parkin, PINK1, DJ1, and ATP13A2) and 

shown in (Table 1.1) respectively. Recent epidemiological studies have shown that 

less than 10% of PD cases are of familial origin with the majority being sporadic 

(Pirkevi et al., 2009). The sporadic form of PD is caused by mutated DJ1 and Parkin 

which shows reduced nuclear localization and translocation to mitochondria. These 

are ubiquitously expressed in a number of pathways associated with PD pathogenesis 

and have ubiquitin E3-ligase activity which also reduces α-synuclein aggregation 

(Cookson et al., 2012). Although mutations associated with Parkin and DJ-1lead to 

the onset of familial PD, the exact mechanism behind the pathogenesis are still 

unknown (Klein et al., 2012). Multiple lines of evidence from molecular and cellular 

to epidemiological studies suggest that innate and environmental factors such as 

aging, genetics, MPTP, 6-hydroxydopamine (6-OHDA) metals, mitochondrial 

dysfunction induced by environmental toxins, such as mitochondrial complex I 

inhibitors rotenone, traumatic brain injury, and shortage of trophic factors that can 

play a role in PD neuropathology (Gao et al., 2010, Giuliani et al., 2012 & Low and 

Aebischer, 2012). In addition, lifestyle factors viz. cigarette smoking and coffee 

consumption, with a gender bias, can also influence the onset of PD. Notably; the 
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neurotoxin 6-hydroxydopamine (6-OHDA) is extensively used to mimic the PD 

associated neurodegeneration in both in vivo and in vitro experimental models. On the 

treatment front, the use of levodopa, dopamine agonists, herbal medicines, health 

supplement foods, and acupuncture are on the rise all over the world among patients 

afflicted with PD, however, without much benefit (Tapia-González et al., 2011, 

Giuliani et al., 2012 & Kawamata et al., 2011). 

In the last 15 years, the procedure of deep brain stimulation (DBS) has emerged as a 

touchstone to mitigate the adverse neuropathological symptoms witnessed in advanced 

forms of the disease. The procedure is mainly designated for PD victims who are 

dopamine-responsive but with disabling motor complications such as motor 

fluctuation, dyskinesia, or unendurable side-effects of anti-PD suppositories. It is well 

known that motor fluctuations like wearing-off and peak-dose dyskinesia are motor 

anomalies observed few years after patients are started on medical treatment. When 

these complications breach the edge of severity, despite maximal fine-tuning of 

pharmacological agents, DBS has been shown to be effective and safe with benefits 

lasting for no less than 10 years. In fact, bilateral sub thalamic nucleus DBS has arisen 

as a treatment of choice and proven to have an unquestionable influence on motor 

symptoms, countenancing the minimization of drug treatment and its side effects 

(Mylène et al., 2013). Numerous other reports have demonstrated the effectiveness of 

neurosurgery, specifically on motor symptoms and on health related quality of life. 

However, a vital concern has been that most of those studies have testified no 

significant perfection in social adaptation after sub thalamic nucleus DBS in some 

patients. Furthermore, the lack of post-operative improvement in the psychosocial 

dimension of health-related quality of life and its link to coping strategies is still 

unclear and there are contentious reports surrounding the use of DBS in the early stage 

of PD and most medication centers will offer this modality typically to infirm with 

disruptive motor complications obstinate to drug treatment (Chan et al., 2014). 

Therefore, it is of urgency to examine novel mechanisms that can be used as a 

benchmark therapy of choice in patients bloated with Parkinson’s in future. 

It is well documented that oxidative stress (OS), impaired ROS/NO balance, microglia 

activation, and chronic inflammation are striking pathological features observed in PD 

brains. These factors altogether have detrimental effects on the integrity of 

dopaminergic (DA) neurons thus potentially leading to neuronal apoptosis and 
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subsequent neurodegeneration. Not surprisingly, these critical neuro determinants are 

under the control of an array of proteins and signalling networks, and accruing genetic 

studies in recent years have advocated prominently on the role of improper 

phosphorylation events, dysfunctional kinases, and aberrantly functioning kinases 

associated signalling events as few of many responsible determinants involved in a 

convoluted network defining PD progression and pathogenesis. One such mechanism 

contributing to microglia response and neuroinflammation in both inherited and 

sporadic forms involve the protein named LRRK2 (leucine-rich repeat kinase 2). 

LRRK2 can effectively moderate the neuroinflammatory ambiance in traumatized 

neurons in response to a panel of pathological stimuli. LRRK2 is a large multi-domain 

protein belonging to the cohort of mammalian ROCO (Ras of complex) proteins. It 

can be functionally characterized by the presence of an enzymatic core, comprising of 

ROC/GTPase, COR (C-terminus of ROC) and serine threonine kinase domains. In 

addition, there are multiple protein-protein interaction domains including ankyrin and 

leucine-rich repeat motifs at the N-terminus, and WD40 repeats at the C-terminus. 

LRRK2 mutations can induce microglias through hyperpolymerization and 

hyperphosphorylation of cytoskeleton and vesicle components thereby directing these 

cells towards a pro-inflammatory ambiance, which in turn can result in aggravated 

inflammation and subsequent neurodegeneration. The profound investigation into the 

innumerable functionalities of misregulated signalling cascades involving kinases such 

as p38 mitogen-activated protein (MAP) kinase, protein kinase B (AKT) kinase, and 

C-Jun N- terminal kinase (JNK), extracellular signal-regulated kinases (ERK), 

PI3K/AKT shall unravel novel mechanism for drug targeting in future.  

In that regard, identification of microglia-specific kinase substrates, GTPase downstream 

effectors, and interactors shall reveal acute therapeutic hot spots and outline credible 

prototypes for attenuation of the cardinal symptoms and motor complications in this 

group of disorders (Wang et al., 2012, Russo et al., 2014). Numerous intracellular 

signalling cascades that congregate on MAPK exist in all eukaryotic cells and play critical 

roles in various cellular activities. The p38 MAPK as also can be designated as stress-

activated protein kinases (SAPKs), are especially triggered by a range of cytotoxic stress 

stimuli and cytokines. In response, p38 potentially drive crucial cellular activities such as 
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proliferation, differentiation, survival, and stress-induced apoptosis. In the central nervous 

system (CNS), p38 MAPK is central towards the maintenance of synaptic plasticity, and 

as a result, anomalies’ resulting from the deviant functioning of p38 MAPK pathway in 

neurons has observed in brain diseases like AD, PD, and ALS. Consistent activation of 

JNK or p38 MAPK is critical towards facilitating neuronal apoptosis in AD, PD, and 

ALS brains (Takeda et al., 2002, Kim et al., 2010 & Sônia et al., 2012). On contrary, 

PI3K/AKT pathway modulates cellular activities like neuronal cell proliferation, 

migration, and plasticity. The cytoprotective phenotype of PI3K/AKT provides an 

important signalling for neuroprotection, however, it prerequisites that the pathway is 

optimally activated in PD brains; this could possibly antagonize the detrimental effects of 

the p38 MAPK activation in degenerating DA neurons and thus can assist in establishing 

a neuro-protective setting in insulted brains. In general, activation of ERK or p42/p44 

MAP kinase and the PI3K/AKT pathway encourage cell survival (cytoprotective 

pathways), whereas SAPK's, c-Jun N-terminal kinases (JNK's) and the P38 MAPK, 

moderate cell mortality (Yasuko et al., 2012, Morrison et al., 2000). Nevertheless, several 

plausible cyto-dynamics involving P38 MAPK- PI3K/AKT and their subtle contribution 

towards progressive neurodegenerative remains an area of active curiosity for research in 

PD. Moreover, active biomolecules targeting the impaired P38-PI3K/AKT balance could 

significantly contribute to neuroprotection in PD challenged brains. 

Table 1.1: Mode of inheritance and genes postion on different chromosome in the case of 

Parkinson’s disease 

S.No Locus Gene Location 
Mode of 

Inheritance 
Reference 

1. PARK-1 α -Synuclein 4q21 
Autosomal 

dominant 

(Polymeropoulos 

et al., 1996) 

2. PARK-2/8 Parkin 6q25 
Autosomal 

recessive 

(Matsuminen et 

al., 1997) 

3. PARK-3 Unknown 2p13 
Autosomal 

dominant 

(DeStefano et al., 

2001) 

4. PARK-4 Unknown 4p15 
Autosomal 

dominant 

(Farrer et al., 

1999) 

5. PARK-5 Ubiquitin 4p14 
Autosomal 

dominant 

(Leroy et al., 

1998) 

6. PARK7 DJ-1 1p36 
Autosomal 

recessive 

(Van Duijn et al., 

2001) 
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Under the ambit of this chapter we have made an attempt to explore the role of 

oxidative stress, UPS, signalling and mitochondrial dysfunction respectively in 

neurodegenerative conditions. This interaction shall than be crucial in embellishing 

the development of potential neurotherapeutics. Further, implementation of several 

biomolecules and chaperones for targeting NDDs induced by oxidative stress, UPS 

and mitochondrial dysfunction has also been elaborated. 

 

1.2.  ROLE OF OXIDATIVE STRESS IN NEURODEGENERATION 

Oxidative stress (OS) condition in the brain results from imbalance between ROS and 

the body’s detoxification mechanism, which results in accumulation of ROS and 

subsequent neuronal damage. Hence, the outcome of oxidative stress on neuronal cells 

depends upon the ability of the cell to maintain oxidative homeostasis. High stress 

levels can cause ATP depletion, necrosis and prevent apoptotic cell death (Beal M.F, 

2005). Any disproportion in the usual redox state can result in toxicity via the activation 

of peroxides and free radicals which in turn damages lipids, proteins and cellular DNA. 

A mammalian cell as a consequence of mitochondrial aerobic respiration generates 

superoxide radical. Superoxide is sequentially reduced to hydroxyl radicals and 

hydrogen peroxide that cause severe traumatic injury to the DNA thus leading to 

mutations, which might be causative factors leading to severe neurodegeneration 

(Halliwell B, 1994). Reactive oxygen species (ROS) also plays a discrete role in cell 

signalling, by a mechanism known as redox signalling. In order to sustain proper 

cellular homeostasis, a balance must be reached between ROS production and 

consumption. Therefore, it is obvious that free radicals need to either be reduced and 

detoxified by converting them into metabolically non-destructive molecules or be 

neutralized right after their generation. Any aberration in the cellular antioxidant 

defence system, which protects the neurons from free radical assaults, therefore can 

lead to neurodegenerative conditions and aging (Yu B.P, 1994). 

Brain is the most metabolically active organ of the body that including the spinal cord 
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comprises the central nervous system (CNS), which even in resting condition 

consumes an estimated 20-22% of the total oxygen uptake. In addition, during active 

state the brain oxygen demand considerably rises in order to establish normal 

physiological homeostasis. Blockage or oxygen deprivation can lead to severe and 

irreversible injuries to the neurons. Oxygen consumption in the brain of oxygen 

results in production of free radicals and higher oxygen levels in brain leads to even 

higher concentration of reactive oxygen/nitrogen species. However, in spite of the 

fact that brain has higher necessity for oxygen, it is relatively deficient in the enzymes 

capable of metabolizing a number of these toxic oxygen-based reactants to harmless 

residues. In contrast, CNS is highly enriched with polyunsaturated fatty acids and 

toxic oxygen derivatives oxidize these polyunsaturated fatty acids (Jaiswal et al., 

2006, Perry et al., 2002). 

This then makes the neurons more vulnerable to oxidation related damages and the role 

of the cellular detoxification machinery in these conditions is vital. Oxidative stress has 

major impact on several NDDs such as Alzheimer’s disease (AD), Parkinson’s disease 

(PD), Amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD). 

1.2.1.  Parkinson’s disease 

Oxidative process can modulate pathogenesis in PD. It is the most common 

neurodegenerative disorder and is clinically demarcated by bradykinesia, progressive 

rigidity and tremor. Like all other neurodegenerative disorders determinants such as 

environmental factors, mitochondrial dysfunction, oxidative damage, and genetic 

predisposition together play a crucial role in both sporadic as well as familial PD (Jenner 

et al., 2003). Neurotoxic compounds, such as N-methyl-4-phenyl-1, 2, 3, 6-

tetrahydroyridine or its active derivative, MPPT and 6-hydroxydopamine (6-OHDA) can 

provoke oxidative stress, impair mitochondrial respiration and energy metabolism which 

in turn leads to neurodegeneration. Postmortem tissues from PD patients have revealed a 

significant insight into the failure of complex I in the substantia nigra. Complex I is 

involved in the mitochondrial electron-transport chain, and 30–40% decrease in activity 
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may be the central prognosis of sporadic PD (Dawson et al., 2003). The decreased activity 

of complex I could be the result of self-inflected oxidative damage, underproduction of 

certain complex 1 subunits, and may be due to complex 1 disassembly (Keeney et al., 2006). 

Immunocytochemical confirmation of protein glycation and nitration in substantia nigra 

region of human PD brain revealed oxidative damage to DNA and protein resulting from 

persistent oxidative trauma (Floor et al., 1998).  

 

1.3.  UPS AND E3 LIGASES IN NEURODEGENERATION 

Dysfunction of the ubiquitin proteasome system is one of the major events that lead to 

the progression of neuronal loss. An in vivo report suggests that oxidative stress is 

caused directly by neuronal proteasome dysfunction in the mammalian brain (Jaiswal et 

al., 2012, Dasuri et al., 2012 & Elkharaz et al., 2013). The UPS plays a vital role in 

regulated degradation of cellular proteins under diverse physiological conditions. 

Aggregation of misfolded proteins has been attributed in the progression of various 

neurodegenerative diseases, such as AD, PD and HD. Ubiquitin E3 ligases are key 

regulators involved in mediating the proteasomal degradation of misfolded proteinsin the 

endoplasmic reticulum (ER), as a result protecting neurons against oxidative stress, 

mitochondrial dysfunction and ER stress (Mei et al., 2010). Furthermore, Ubiquitin 

proteasome system can critically modulate the level of proteins in cells, and robustly 

control cellular mechanisms. Aberration in UPS function in susceptible neurons results 

in protein aggregation, increased, oxidative stress, ER stress, and ultimately neuronal 

death. Conversely, neurons depend on the proper functioning of E3 ligases and UPS to 

maintain neuronal homeostasis and also highlights (Table 1.2) the prospective role E3 

ligases in neurodegeneration (Jara et al., 2013). 
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Table 1.2: E3 ligases in the brain and their functional prospect in neurodegeneration 

E3 LIGASE SUBSTRATES FUCNTIONAL SIGNFICANCE REFERENCES 

Keap1 Nrf2 

Involved in degradation of Nrf2. disruption of 

protein degradation systems and sustained 

activation of the Keap1-Nrf2 system occur in 

the AD brain. 

(Tanji et al., 2014)  

PARK2 AIMP2 

Parkin is an E3 ubiquitin ligase that has been 

shown to be a key regulator of the autophagy 

pathway. Although, mutations in Parkin results 

into Parkinson’s Disease. 

(Segura-Aguilar et al., 

2014, Imam et al., 

2014)  

HECW1 
DVL1, p53, and 

mutant SOD1  

NEDL1 is another name of HECW1. It mainly 

interacts with p53 and the Wnt signaling 

protein DVL1, and may play a critical role in 

p53-mediated cell death in neurons. 

(Li et al., 2008) 

HUWE1 
TopBP1, N-Myc, 

C-Myc, p53, Mcl-1  

HUWE1 regulates neuronal differentiation by 

destabilizing N-Myc, and also modulates p53-

dependent and independent tumor suppression 

via ARF. It is also known as Mule. HUWE1 is 

a HECT domain E3 ubiquitin ligase which 

involves in degradation of Mcl-1 and thus 

regulates DNA damage-induced apoptosis. 

(Zhong et al., 2005) 

MGRN1   

Involved in melanocortin signaling. Losses of 

mahogunin function leads to neurodegeneration 

and loss of pigmentation, and also have 

mechanism of action in prion disease. 

(Pérez-Oliva et al., 

2009) 

MYCBP2 TSC2, Fbxo45 

MYCBP2 associates with Fbxo45 to play a 

crucial role in neuronal development. MycBP2 

is an E3 ubiquitin ligase also known as PAM. 

MycBP2 also modulates the mTOR pathway 

through ubiquitination of TSC2. 

(Han et al., 2008) 

UHRF2 PCNP 

UHRF2 ubiquitinates PCNP and has been 

shown to play a role in degradation of nuclear 

aggregates containing polyglutamine repeats 

mediated neureodegeneration.UHRF2 is also 

known as NIRF. UHRF2 is a nuclear protein 

that may regulate cell cycle progression 

through association with Chk2.  

(Mori et al., 2004) 

ZNRF1   

Highly expressed in neuronal cells. ZNRF1 is 

found in synaptic vesicle helpful in neuronal 

transmissions and plasticity. It also contains a 

RING finger motif, which expression is 

upregulated in the Schwann cells 

mediaated nerve injury. 

(Araki et al., 2003, 

Saitoh et al., 2010) 

NEDD4   

Highly expressed in the early mouse embryonic 

central nervous system. It downregulates both 

neuronal voltage-gated Na+ channels and 

epithelial Na+ channels in response to 

increased intracellular Na+ concentrations. 

(Goulet et al., 1998) 



Chapter I 

 9

E3 LIGASE SUBSTRATES FUCNTIONAL SIGNFICANCE REFERENCES 

NEDD4L Smad2 

It also highly expressed in the early mouse 

embryonic central nervous system. NEDD4L 

negatively regulates TGF-β signaling by 

targeting Smad2 for degradation. 

(Gao et al., 2009) 

HECTD2   

HECTD2 is a likely E3 ubiquitin ligase and 

may act as a vulnerable gene for 

neurodegeneration especially in prion disease. 

(Lloyd et al., 2009) 

PJA2   
Expressed in neuronal synapses. The exact role 

and substrates of PJA2 are unclear. 
(Yu et al., 2002) 

RNF19 SOD1 

RNF19 is also known as Dorfin. Accumulation 

of mutant SOD1 results into ALS disease. 

RNF19 ubiquitinates mutant SOD1 protein, 

causing less neurotoxicity in brain. 

(Sone et al., 2010) 

HECTD1   
HECTD1 is required for normal development 

of the mesenchyme and neural tube closure. 
(Zohn et al., 2007) 

MULAN mnd2 

Involved in degradation of mnd2. mnd2 causes 

neuromuscular disorder due to  loss of 

Omi/HtrA2's protease activity.  

(Cilenti et al., 2014) 

HACE1 NRF2 

HACE1 plays a crucial in the NRF2 mediated 

antioxidative stress response pathway and also 

involed in HD pathogenesis.  
(Rotblat et al., 2014) 

CUL4 TSC2 

It promotes proteasomal degradation of TSC2. 

As a result, Tnfaip8 l1/Oxi-β competes with 

TSC2 to bind FBXW5, increasing TSC2 

stability through preventing its ubiquitination in 

PD progression. 

(Ha et al., 2014) 

TRIM13   

Involved in regulation of ER stress induced cell 

death. However, the expression of TRIM13 

sensitizes cells to ER stress induced neuronal 

cell death.  

(Tomar et al., 2013) 

MGRN1   

Over expression of MGRN1 protects against 

cell death mediated by ER and oxidative stress 

and also interacts with Cytosolic Hsp70. Lack 

of MGRN1 functionalities are the hall mark of 

age dependent spongiform disease in the brain. 

(Chhangani et al., 

2013) 

NEDD4-1 FOXM1B 

Upregulated in cultured neurons in response to 

various neurotoxins, including, hydrogen 

superoxide, and zinc via transcriptional 

activation likely mediated by the reactive 

oxygen species. A level of the insulin-like 

growth factor receptor (IGF-1Rβ) is also 

maintained due to upregulation of NEDD4-1.  

(Kwak et al., 2012) 

APC/C   

Involved in cell cycle progression in 

proliferating cells, plays a significant role in 

post-mitotic neurons. APC/C-activating 

cofactor, Cdh1, is also helpful for the function 

of APC/C in neuronal survival. 

(Almeida A, 2012) 
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1.4.  ROLE OF MITOCHONDRIAL DYSFUNCTION IN NEURODEGENERATIVE 

DISORDERS 

Mitochondria is an important organelle which is also known as the power house of cells 

and predominantly required for determining many cellular functions ranging from 

metabolic to catabolic activities. Mitochondria perform numerous crucial functions 

within the cell, which include cellular ATP production, Ca
2+

 buffering, regulation of 

apoptotic process and involvement in the synthesis of key metabolites. Nevertheless, it 

also acts as a primary source of endogenous reactive oxygen species (ROS) under 

oxidative stress. Additionally, In order to maintain the normal brain function, the 

immense amount of energy (ATP) is required. Among all the essential tissues of the 

body, including, brain, heart and skeletal muscle, brain is the most energy-dependent 

tissue. The main source of energy which is predominantly required for the normal 

functioning of the brain is mainly produced by normal activity of mitochondrial cells. 

In mitochondria, ATP production is mainly associated with an ETS where, the passage 

of electrons through diverse electron carriers is coupled with the transport of protons 

from the mitochondrial matrix into the inner-membrane space, and thereafter these 

protons re-enter into the mitochondrial matrix by dint of ATP synthase for the 

generation of ATP (Su et al., 2010, Onyango et al., 2010).  

However, mitochondrial metabolism is also accountable for the ROS production in 

cells when unpaired electrons leave the ETS and react with molecular oxygen and thus 

generate superoxide. This superoxide further interacts with lipids, DNA and proteins 

and plays a crucial role in numerous signaling processes, which is associated with the 

disease phenomenon of both aging and NDDs. Moreover, ROS can also react with 

nitric oxide (NO) to produce reactive nitrogen species (RNS) (Patel et al., 1999). 

Furthermore, apart from altered energy and increased ROS production, mitochondrial 

dysfunction is also responsible for altered Ca
2+

 buffering, apoptosis and senescence that 

may lead to the progressive decline of post mitotic cells and consequently, results into 

aging and NDDs (Seo et al., 2010). There are numerous NDDs identified so far, which 
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have been reported to be associated with stress and mitochondrial dysfunctioning, 

which include AD, PD, HD and ALS have also been depicted in (Figure 1.1).  

 

1.4.1.  Mitochondrial dysfunction and Parkinson’s disease  

Further, we have discussed the role of mitochondrial dysfunction in pathogenesis in PD. 

There are various factors but its cause remained mysterious, although numerous evidences 

support that mitochondrial dysfunctions and oxidative stress to be associated with the 

disease pathophysiology. For instance, mitochondrial DNA damage in dopaminergic 

neurons has been reported as one of the causing factors of striatal dysfunctions in a PD 

mouse model (Pickrell et al., 2011). However, Glucocerebrosidase 1 (GBA1) gene 

mutations are identified as another causative factor responsible for perturbing normal 

mitochondrial function by increasing ROS production and by decreasing oxygen 

consumption, adenosine triphosphate (ATP) production and membrane potential. GBA1 

mutations are also accountable for agglomerating dysfunctional and fragmented 

mitochondria (Migdalska-Richards et al., 2016). Furthermore, quinine oxidation products 

responsible for ROS production have also been evidenced to be associated with 

mitochondrial dysfunction and dopamine cytotoxicity (Jana et al., 2011). Similarly, the 

selective loss of alpha-ketoglutarate dehydrogenase complex (KGDHC) and 

mitochondrial complex I in the nigral neurons is another reason of PD pathogenesis. 

Such selective loss causes mitochondrial respiratory system failure and lead to cause 

oxidative damage in neurons. These abnormalities can trigger apoptotic cell death as 

well (Gibson et al., 2011). Further, the pesticide rotenone which is known to inhibit 

mitochondrial complex I in PD is also responsible for microtubule (MT) destabilization 

that contributes to the blockage of mitochondrial voltage-dependent anions channels 

(VDACs) by tubulin and thus leads to PD (Cabeza-Arvelaiz et al., 2012). Upcoming 

research identified hepatic mitochondrial dysfunctions in a rodent model of PD that 

arise as a result of nigrostriatal degeneration and interference in CNS-liver interaction 

due to thyroid hormone (Vairetti et al., 2012). Likewise, deficiency in Phosphatase and 

tensin homolog (PTEN) induced putative kinase 1 causes Ca
2+

accumulation in 

mitochondria that lead to both ROS production and intrinsic cell death in PD. 
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Figure 1.1: Molecular mechanism involved in mitochondrial dysfunction mediated 

pathophysiology of neurodegenerative disorders. PDHC, pyruvate 

dehydrogenase complex; KGDHC, ketoglutarate dehydrogenase complex; 

PGC1α, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; 

PSN-1 & PSN-2, Presenilin-1 & Presenilin-2; VDAC1, voltage dependent 

anion channel 1; GBA1, glucocerebrosidase 1; GAPDH, glyceraldehyde-3-

phosphate dehydrogenase; PINK1, PTEN-induced putative kinase 1; TIM23, 

translocase of the inner membrane 23; SDH, succinate dehydrogenase; 3-NP, 3-

Nitropropionic Acid; SOD1, superoxide dismutase; OPTN, optineurin; 

SIGMAR1, sigma-1 receptor (Sig-1R); BNIP3L, pro-apoptotic mitochondrial 

proteins; CSF, cerebrospinal fluid. 
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It has revealed that mutations in PTEN-induced putative kinase 1 (PINK1) lead to a 

recessive form of PD. Since, PINK1 is responsible for mitochondrial quality control 

and its partial knock-down provokes numerous mitochondrial dysfunctions, including 

reduced membrane potential, decreased cellular ATP levels and enhanced susceptibility 

against mitochondrial toxins (Thomas et al., 2009). Apart from PINK1, mutations in 

numerous other PD associated genes have also been reported to be involved in impaired 

mitochondrial dynamics. Such genes include DJ-1, α-Synuclein, parkin and LRRK2, 

which caused several defects in mitochondrial dynamics, such as altered fission/fusion, 

biogenesis, trafficking in retrograde and anterograde directions and impaired 

mitophagy process (Van Laar et al., 2013). Impairment in the function and expression 

of PGC-1α, a key regulator of mitochondrial biogenesis is also responsible for PD 

(Pacelli et al., 2011). Further, mitochondrial transcription termination factor 2 and 4 

(MTERF2 and MTERF4) has been identified in 1-methyl-4-phenylpyridinium (MPP+)-

induced PD brain that is responsible for mitochondrial dysfunction (Han et al., 2016, 

Ye et al., 2015). Recently, SUMOylation, an epigenetic modification has also been 

found to be involved in mitochondrial dysfunction associated with PD progression 

(Guerra de Souza et al., 2016). Numerous studies have reported that the brain of PD 

patients manifests similar cellular and functional changes with signs of reduced 

mitochondrial function, increased oxidative stress, reduced glucose uptake and 

augmented peroxidation of cellular membranes (Dias et al., 2013).  

 

1.4.2.  Biomolecules mediated therapy for altered mitochondrial dynamics 

Since, there is not a single cause responsible for such alterations but diverse factors are 

conducing to such abnormalities. Therefore, it is decisive to implicate different 

biomolecules in multiple conditions in order to regain the normal function against 

altered mitochondrial dynamics. For this reason, these days, several biomolecules are 

being utilized for targeting defective mitochondria and its associated disease 

phenomenon in NDDs. For instance, vitamin Co-Q10 supplementation is used during 

the treatment of obesity, oxidative stress and the inflammatory process in NDDs. Co-

Q10 served as an antioxidant by acting as a cofactor and activator of mitochondrial 
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uncoupling proteins, responsible for the reduction in ROS production, endothelial 

dysfunction and hypertension (Tangvarasittichai et al., 2015, Alam et al., 2014). 

Similarly, numerous other vitamins with antioxidant properties have also been 

developed to treat NDDs induced by oxidative stress and mitochondrial dysfunctions. 

These vitamins are α-lipoic acid, vitamin E, vitamin C, N-acetylcysteine (NAC) and 

inducers of the heme oxygenase, which are responsible for reduced ROS production 

(Sivitz et al., 2010). Further, treatment with antiepileptic drug, Levetiracetam has been 

found to be associated with ameliorating numerous aspects of mitochondrial 

dysfunction such as alterations of fission-fusion balance in a cell model for aging and 

early/late-onset AD (Stockburger et al., 2015). Likewise, another biomolecule Icariin 

has also benefitted against mitochondrial fragmentation associated with Aβ1-42 

accumulation in 3×Tg-AD neurons (Chen et al., 2015). Similarly, Salicylic acid has 

currently reported to provide neuroprotection against mitochondrial dysfunction, 

oxidative stress and apoptosis in PD brain due to its antioxidant and anti-inflammatory 

effects on neuronal cell (Thrash-Williams et al., 2016). Further, potential protective 

effect of Succinobucol against mitochondrial metabolic impairment and oxidative 

stress induced by 3-NP has been reported in HD brain (Colle et al., 2016). Another 

biomolecule, N-acetyl-l-tryptophan (L-NAT) has been presently reported as an 

inhibitor of mitochondrial cytochrome c release and thereby acting as a possible 

neuroprotective agent for ALS (Sirianni et al., 2015). Similarly, many other 

biomolecules have been identified and implicated so far to target altered mitochondrial 

dynamics in the PD which have been outlined in (Table 1.3). These biomolecules act 

by binding to their specific targets and reduce the severity of neurological outcomes 

associated with altered mitochondrial dynamics. 

Moreover, potential protective mechanisms of numerous chaperones against altered 

mitochondrial dynamics in PD have been summarized in (Table 1.4) 
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Table 1.3: list of biomolecules, mitigating the effect of mitochondrial dysfunctions in Parkinson’s disease 

BIOMOLECULES FUNCTION RELATED TO MITOCHONDRIA 

PD CAUSED DUE TO 

MITOCHONDRIAL 

DYSFUNCTION 

REFERENCES 

Asiatic acid (AA) Protects against glutamate toxicity, rotenone-induced mitochondrial 

dysfunction and oxidative stress-mediated apoptosis in differentiated 

SH-SYS5Y cells 

PD (Nataraj et al., 2016) 

Ghrelin Protects dopaminergic neurons against rotenone via 

reinstating mitochondrial dysfunction and 

inhibiting mitochondrial dependent apoptosis 

PD (Bayliss et al., 2013) 

Ursodeoxycholic acid 

(UDCA) 

Exerts a beneficial effect on mitochondrial dysfunction and neuronal 

dysfunction in vivo 

PD (Mortiboys et al., 2015) 

Curcumin In order to protect against apoptosis induced by mutation of α-synuclein 

it stabilizes mitochondrial membrane potential and helps in opening of 

mito-KATP channel 

PD (Chen et al., 2015) 

Crocin Protects PC12 cells against MPP (+)-induced injury through inhibition 

of ER stress and mitochondrial dysfunction 

PD (Zhang et al., 2015) 

Allicin Inhibits ROS production, reduces lipid peroxidation linked to 

suppressed mitochondrial dysfunction and promotes 

the mitochondrial Ca
2+

 buffering capacity 

PD (Liu et al., 2015) 

5-(methylamino)methyl)-8-

hydroxyquinoline 

Protects against mitochondrial-induced oxidative damage and neuronal 

death 

PD (Mena et al., 2015) 

Nesfatin-1 Attenuates rotenone-induced mitochondrial membrane potential 

collapse, ROS production and the subsequent caspase-3 activation and 

restore the function of mitochondrial respiratory chain complex I 

PD (Tan et al., 2015) 

Folic acid Alleviates the behavioral defects, oxidative stress, and 

represses mitochondrial dysfunction as well 

PD (Srivastav et al., 2015) 
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BIOMOLECULES FUNCTION RELATED TO MITOCHONDRIA 

PD CAUSED DUE TO 

MITOCHONDRIAL 

DYSFUNCTION 

REFERENCES 

Resveratrol Protects dopaminergic cells against MPTP-induced apoptotic death and 

motor dysfunction by improving mitochondrial dysfunction and 

oxidative stress. Further, it is also having a potential protective effect 

against mitochondrial metabolic impairment and oxidative stress 

induced by 3-NP. Lowered mRNA levels of COX-2 and TNF-α mRNA 

in the substntia nigra and also attenuated oxidative stress, lipid 

peroxidation and protein carbonyl in case of PD. 

PD  (Khan et al., 2010) 

Silibinin Protects dopaminergic cells against MPTP-induced apoptotic death and 

motor dysfunction by improving mitochondrial membrane disruption 

and oxidative stress 

PD (Lee et al., 2015) 

Myricitrin Alleviates MPP⁺-induced mitochondrial dysfunction and increases cell 

viability in a DJ-1-dependent manner in SN4741 cells 

PD (Cai et al., 2015) 

Naringenin Inhibited LPS induced NOS and COX2 expression and suppressed the 

production of NO in microglial cells. It also inhibited LPS/IFN-ϒ 

induced p38 and STAT-1 phosphorylation. 

PD (Chao et al., 2010) 

Quercetin Inhibited LPS induced TNF-α and IL-1α gene expression in glial cells, 

reduced level of inflammation induced neuronal death and play 

significant role in clearance of β amyloid induced apoptosis, iNOS 

expression, NO and peroxynitrite production by increasingthe level of 

glutathione. It played major role in free radicals scavanging, Ser/Thr and 

Tyr  phosphate activity and clearance of lipid raft accumulation. 

Quercetin Inhibited LPS induced IKK, NF-κβ and AP-1 activation and 

also inhibited STAT-1 

PD (Mercer et al., 2005) 

Melatonin Shows Neuroprotective effect against mitochondrial dysfunction 

induced by oxidative stress 

PD (Srinivasan et al., 2013) 
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Table 1.4: List of chaperones, mitigating the effect of mitochondrial dysfunctions in 

Parkinson’s disease 

CHAPERONES 

MOLECULAR MECHANISMS 

ASSOCIATED WITH 

MITOCHONDRIA 

PRINCIPLE 

PHENOTYPES 
REFERENCES 

HSP70 

Hsp70 overexpression protect neuronal 

cells against proteolytic and 

mitochondrial stress in a manner which 

is similar to that brought about by 

parkin overexpression 

PD 
(Zhang et al., 

2016) 

HSP70 and 

HSP90 

Both HSP70 and mitochondrial HSP90 

mitigate the toxic effect of α-synuclein 

associated with mitochondrial 

dysfunction. Further, mitochondrial 

HSP70 is also known to play a crucial 

role in the mitochondrial import 

complex and in mitochondrial 

biogenesis 

PD 

(Leak et al., 

2014, Butler et 

al., 2012) 

Mortalin 

Mitochondrial chaperone mortalin 

maintains mitochondrial homeostasis 

through mitochondrial protein quality 

control 

PD 
(Burbull et al., 

2010) 

 

1.5. SIGNALLING CASCADES IN PARKINSON’S DISEASE 

In this chapter we have focused solely on the viable contributions made by the p38 

MAPK and PI3K pathways towards maintaining neuronal dynamics in PD brains. At 

a later stage we have enumerated a group of probable neurotherapeutics molecules, 

which can offer neuroprotection by mechanisms involving the likely targeting of the 

cell survival (PI3K/AKT) and death pathways (p38 MAPK), and actually can 

attenuate or prevent neurodegenerative symptoms associated with PD brains in future. 

 

1.5.1. MAP KINASE pathway: At a glance 

P38 MAPK (mitogen-activated protein kinase) signalling cascade provides a 

mechanism for cells to respond to a catalogue of external mitogens (signals) and 

respond accordingly by mediating a wide range of cellular effects. In fact, the 

diversity and specificity in cellular responses as depicted by the cascade is facilitated 

via a simple linear architecture, which comprises of sequentially operating core of 
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three evolutionarily conserved protein kinases namely; MAPK, MAPK kinase 

(MAPKK), and MAPKK kinase (MAPKKK). MAPKKKs are serine/threonine 

kinases, which are activated via phosphorylation and/or because of their interaction 

with a small GTP-binding protein of the Ras/Rho family in response to extracellular 

stimulus. MAPKKK activation results in phosphorylation and activation of MAPKKs, 

which consequently stimulate MAPK activity through dual phosphorylation of 

threonine and tyrosine residues positioned in the activation loop of kinase subdomain 

VIII (Cuadrado et al., 2010). The activated MAPKs now phosphorylates target 

substrates specifically on serine or threonine residues followed by a proline. 

MAPKKs such as MEK3 and MEK6 are activated by a wide range of MAPKKKs 

(MEKK1 to 3, MLK2/3, ASK1, Tpl2, TAK1, and TAO1/2), which themselves 

become activated in response to oxidative stress, UV irradiation, hypoxia, ischemia, 

and cytokines, including interleukin-1 (IL-1) and tumor necrosis factor alpha (TNF-α) 

(Zarubin et al., 2005). 

At present, five different MAP kinases (MAPks) have been characterized and 

investigated namely; extracellular signal-regulated kinases (ERKs) 1 and 2 (ERK1/2), 

c-Jun amino-terminal kinases or stress-activated protein kinases (JNKs/SAPKs) 1, 2, 

and 3, p38 isoforms α, β, γ, and δ, ERKs 3 and 4, and ERK5. The kinase p38α (p38) 

was initially isolated as a 38-kDa protein which was observed to be rapidly 

phosphorylated at tyrosine motifs in response to LPS stimulation. Later, p38 was 

cloned and studied as a molecule capable of binding puridinyl imidazole derivatives; 

these derivatives inhibits the biosynthesis of inflammatory mediators like interleukin-

1 (IL-1) and tumor-necrosis factor (TNF) in LPS activated monocytes. p38 (also 

known as CSBP, mHOG1, RK, and SAPK2) kinases are more responsive towards 

stress stimuli such as osmotic shock, ionizing radiation, and cytokine stimulation and 

four different variants of p38 arising out of alternative splicing are known viz. p38α, 

p38β, p38γ (ERK6, SAPK3), and p38δ (SAPK4). Among these, p38 and p38β are 

ubiquitously expressed in tissues whereas p38γ and p38δ shows variegated expression 

in a tissue specific manner (Roux et al., 2004). Each of the p38 variants comprises of 

a Thr-Gly-Tyr (TGY) dual phosphorylation motif and sequence comparison 

performed earlier suggests that each p38 isoform shares approximately 60% identity with 
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other members of the p38 group but only 40-45% with other MAP kinase family 

members. The activity of p38 is controlled and coordinated in vitro by three different 

kinases: MKK3, MKK4, and MKK6. In vivo, MKK3 and MKK6 are necessary for tumor 

necrosis factor-stimulated p38 MAPK activation whereas, ultraviolet radiation-mediated 

p38 MAPK activation requires MKK3, MKK4, and MKK6 (Brancho et al., 2003). 

Emerging proofs advocate a role for the p38MAPK and MKP-1 in the maintenance 

and demise of dopaminergic neurons. Mitogen-activated protein kinase phosphatase-1 

(MKP-1) is a negative regulator of p38 activity and other MAPKs such as ERK, and 

c-Jun NH (2) -terminal kinase (JNK). MKP-1 was found to be expressed in DA 

neurons cultured from E14 rat ventral mesencephalon (VM) and it was reported that 

DA neurons when transfected to overexpress MKP-1, triggered a substantial increase 

in neurite length and branching with maximum upsurge observed in primary branches 

(Collins et al., 2013). In addition, DA neurons displaying over-expressed MKP-1 

patterns are subjected to neuroprotection against the effects of PD inducing 

neurotoxin 6-OHDA. MKP-1 can also promote the growth and elaboration of 

dopaminergic neuronal processes suggesting that MKP-1 is actively involved in DA 

neuronal maintenance and therefore deviant MKP-1 expression is a hallmark of 

damaged DA neurons in PD (Korbecki et al., 2013). Therefore formulating strategies 

aimed at augmenting MKP-1 expression in order to appropriate p38 activity may be 

advantageous in shielding dopaminergic neurons from PD induced damage 

(Comalada et al., 2012). 

 

1.5.2.  PI3K/AKT/mTOR pathway 

The PI3K-PKB/Akt pathway is highly conserved, tightly controlled and a multistep 

signalling cascade. Since its discovery in the 1980s, lipid kinase termed 

phosphoinositide 3-kinases (PI3Ks) has been proven time and time again to facilitate 

crucial cellular dynamics viz. survival, proliferation and differentiation. PI3Ks 

critically operate downstream of receptor tyrosine kinases (RTKs) and G protein 

coupled receptors (GPCRs) and are responsible for propagating a wide array of 

signals arising out from numerous growth factors and cytokines into intracellular 

communications by generating phospholipids, which in turn activate the 
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serine/threonine kinase AKT and several other effector pathways (Liu et al., 2009). 

PI3Ks can be divided into three classes based on their structural physiognomies and 

substrate specificity; of these, the most commonly investigated are the class I 

enzymes that are activated directly by cell surface receptors. Class I PI3Ks can further 

be segmented into class IAs that are activated by RTKs, GPCRs and oncogenes like 

the small G protein Ras, and class IBs, that are entirely moderated by GPCRs. 

Activated receptors can directly trigger class 1A PI3Ks bound via their regulatory 

subunit or adapter molecules like the insulin receptor substrate (IRS) proteins. Once 

activated, class I PI3Ks generate the phospholipid PI(3, 4, 5)P3 that serves as a 

secondary messenger, driving multiple effector pathways influencing key cellular 

processes. PI3K cascade is negatively regulated by the tumour suppressor PTEN 

(phosphatase and tensin homolog deleted from chromosome 10) and the cellular 

levels of PI(3,4,5)P3 is closely regulated by the antagonizing PTEN levels. In fact, 

PTEN down regulates PI3K activity via its intrinsic lipid phosphatase activity that 

diminishes the cellular pool of PIP3 by converting PI (3,4,5)P3 back to PI(4,5)P2. 

Therefore, loss of function of PTEN will result in uncontrolled PI3K signalling 

thereby leading to baffling disorders like cancer and neurodegeneration (Hemmings et 

al., 2012). AKT is a serine/threonine kinase which is expressed as three isoforms, 

AKT1, AKT2 and AKT3, which are encoded by three PKB genes namely α (PKBα), 

β (PKBβ), and γ (PKBγ). All the three isoforms can be characterized based upon a 

parallel architecture comprising of an N-terminal PH domain, a central 

serine/threonine catalytic domain, and a small C-terminal regulatory domain. Initial 

AKT activation is facilitated by translocation to the plasma membrane mediated by 

docking of the PH domain to the membranous phospholipid PI(3,4,5)P3, resulting a 

change in AKT conformational and subsequently divulging the two critical amino 

acid residues for phosphorylation. Phosphorylation at both the exposed sites, T308 by 

PDK1 and S473 by PDK2, are a prerequisite in order for the AKT to achieve full 

activation status. Once AKT is activated by phosphorylation at T308 and S473, it then 

facilitates the phosphorylation of targets viz. GSK3 (glycogen synthase kinase 3) and 

FOXOs (the forkhead family of transcription factors). A variety of PDKs are currently 

known to operate in the process, including ILK (integrin-linked kinase), PKCbII, 

DNA-PK (DNA-dependent protein kinase), and ATM (ataxia telangiectasia mutated), 
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while AKT itself has PDK functionality. However, it is strongly believed that 

mTORC2 (the mTOR/rictor complex) is the chief source of PDK2 activity under most 

circumstances (LoPiccolo et al., 2008). mTOR belongs to a group of Ser/Thr protein 

kinases group of more distantly related enzymes (related to class I,II and III PI3Ks) 

and occasionally referred to class IV PI3Ks and includes members like ATM, ATR 

(ataxia telangiectasia and Rad3 related), DNA-PK and SMG-1 (SMG1 homolog, 

phosphatidylinositol 3-kinase-related kinase). PI3K/AKT pathway upstream of 

mTOR, moderates mTOR activity. mTOR is made up of two distinct complexes 

namely mTORC1 and mTORC2. The mTORC1 subunit is responsible for mTOR 

catalytic activity and harbours other components such as Raptor (regulatory 

associated protein of mTOR), PRAS40 (proline-rich AKT substrate 40 kDa) and the 

protein mLST8/GbL. Likewise, mTORC2 comprises of mTOR, Rictor (rapamycin 

insensitive companion of mTOR), mSIN1 (mammalian stress-activated protein kinase 

interacting protein 1) and mLST8/GbL. AKT is capable of activating mTOR by 

phosphorylating both PRAS40 and TSC2 (tuberous sclerosis complex) thereby 

offsetting the inhibitory effects on mTORC1. PKB/Akt binds to PIP3 at the plasma 

membrane in that way allowing PDK1 to access and phosphorylate the exposed T308 

site in the “activation loop,” thus leading to partial activation of the PKB/Akt 

component. This amendment is however adequate to stimulate mTORC1 by directly 

phosphorylation and inactivation of PRAS40 and TSC2 as mentioned above 

(Bartholomeusz et al., 2012). Second phosphorylation of Akt at S473 in the carboxy-

terminal hydrophobic motif, either by mTOR or by DNA-PK; result in full activation 

of PKB/Akt. mTOR can also operate as PDK2 and phosphorylate AKT when it is 

bound to Rictor in the mTORC2 subunit. mTOR is pivotal to cell growth and 

proliferation as it monitors variables like monitoring nutrient availability, cellular 

energy levels, oxygen levels, and mitogenic signals. Well characterized effector 

targets of mTORC1 includes 4E-BP1 (4E-binding protein), ribosomal protein S6 

kinase and S6K1 (p70S6 kinase) which, in turn, phosphorylates the ribosomal protein 

S6 (S6/RPS6) (Wong et al., 2010). mTOR also regulate autophagy, the failure to 

which leads to deficiency in elimination of abnormal and toxic protein aggregates 

which subsequently trigger catastrophic cellular stress, failure and ultimately death. 

Autophagy is also modulated by starvation, growth factors, and cellular stressors and 
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has long been proven to play a critical role in PD neuropathology. Yet, the cross-talk 

between PI3K/AKT/mTOR and autophagy is compound and comprehensive 

examination of tissue from patients suffering from PD and of animal and cellular 

models shall provide further valuable (Heras-Sandoval et al., 2014). 

 

1.5.3. p38 MAPK mediates microglial response and neuroinflammation 

Microglial cells arise from mesodermal/mesenchymal progenitors and are the resident 

macrophages in the CNS. Once matured, these cells are disseminated into all regions 

of the CNS, spread through the brain parenchyma, and attain a specific ramified 

morphological appearance known as "resting microglia" In the normal brain, 

microglia however have highly motile procedures by which they patrol their territorial 

domains. Additionally, these cells can communicate with macroglial cells and neurons 

and with other cells of the immune system, the interaction mediated by a wide range 

of cell signalling mechanisms. Microglial cells display characteristic receptors as 

labelled for brain-specific communication such as neurotransmitter receptors and 

immune cell-specific such as for cytokines. Interestingly, microglial cells are the most 

vulnerable sensors of brain homeostasis and upon any detection of anomaly such as 

traces of brain lesions; nervous system dysfunction or external insults (trauma, 

toxicants). These cells surpass a multi-staged activation prototype to transform from 

“resting microglia” to “activated microglia”. The activated microglial cells have the 

enormous capacity to secrete a repertoire of molecules which can either act damaging 

or advantageous to the neighbouring population. Activated microglial cells migrate to 

the site of injury where it proliferates further and phagocytize damaged cells and 

cellular compartments (Kettenmann et al., 2011, Cicchetti et al., 2014). 

 

1.5.4.  Microglial activation and neuroinflammation in PD pathology 

Human Brain and immune system are convolutedly involved in a crosstalk so as to 

maintain tissue homeostasis. A panel of evidences obtained from human and animal 

research have advocated the principle that neuroinflammation significantly 

contributes to the neuronal loss in PD. Available reports highlight the centrality of 

non-cell-autonomous pathological mechanisms in PD, which in most cases are 
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regulated by the activation of glial and peripheral immune population. 

Neuroinflammation in PD is a chronic mechanism that can be connected with 

alteration of glial cells, including astrocytes and microglia. Microglia activation in PD 

brains acutely involves a panel of microglial-derived neurotoxic factors such as 

reactive oxygen species (ROS), inducible nitric oxide synthase (iNOS), elevated pro-

inflammatory cytokine levels, and upregulated inflammatory-associated factors such 

as cyclooxygenase-2, which altogether cooperate to stabilise microglial response in 

PD brains (Figure 1.2). Therefore, and it is not surprising that prolonged use of anti-

inflammatory drugs can indeed reduce the risk for the disease. The neuronal response 

to microglia activation triggers unwanted trauma viz. oxidative stress (OS), 

neuroinflammation, cytokine-receptor-mediated apoptosis, which eventually 

contribute to DA neuronal mortality and subsequent disease progression. 

Interestingly, recent reports on transgenic mice related model mice were supportive of 

the idea that neuroinflammation in PD can be ambiguous, that is protective in the 

initial stages of degeneration but becomes severely damaging as the disease progress 

(Hunot et al., 2003, Hirsch et al., 2009 & Kazunari et al., 2012). 

 

Figure 1.2:  P38 MAPK interactions involved in Parkinson’s disease neuropathology and 

associated neurodegeneration. Neurotoxins viz. Rotenone, Maneb, Paraquat 

and MPTP evokes numerous detrimental phenotypes in degenerating neurons and 

P38 MAPK is responsible for microglia activation, induction of oxidative stress, 

apoptosis, neuroinflammation and neurodegeneration as triggered by these 

toxins. 
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1.5.5.  p38 MAPK mediates oxidative stress in diseased neurons 

Neural cells suffer severe functional or sensory loss in neurodegenerative disorders 

and as discussed in previous sections, microglia-derived inflammatory neurotoxins 

play a major role in disease pathogenesis. Although, oxygen is the basis for life, 

defective metabolism and excess ROS production contributes to severe trauma and in 

contribution with several other environmental or genetic factors, oxidative stress 

ultimately leads to ROS accumulation in neural cells. Nevertheless, the human body’s 

innate antioxidant defence plays a decisive role in prevention of any loss due to ROS 

but imbalance in defence mechanism of antioxidants, overproduction or incorporation 

of free radicals from environment to living system can lead to serious penalty and 

calamitous neurodegeneration. Moreover, a spectrum of environmental prompts, ER-

stress, mitochondrial dysfunction, DNA injury, accretion of damaged misfolded 

proteins due to defective proteasome function, neuro-inflammation, tissue damage 

and subsequent neural cell apoptosis also subject the brain to severe insults. These 

factors affect glial function thereby aiding to hasten the cadence of the disease. 

Understanding the connections between oxidative stress, free radical formation, 

neuro-inflammation, and neurotoxicity is critical to deciphering novel disease 

mechanisms and the development of model neurotherapeutics to antagonize disease 

progression (Uttara et al., 2009, Reynolds et al., 2007 & Jha et al., 2012). Oxidative 

stress in DA neurons can trigger the p38 MAPK pathway thus leading to activation of 

both mitochondrial and extra mitochondrial apoptotic pathways PD culture models. 

These results suggest that oxidative stress and p38 MAPK pathways operate to 

balance the pro and anti-apoptotic phenotypes of DA neurons (Choi et al., 2004). 

Paraquat (PQ) elicits a dose-dependent increase in ROS which results in death of SH-

SY5Y neuroblastoma cells. This observation can be closely associated with the activation 

of ASK1 and the stress kinases p38 and JNK SH-SY5Y cells. It was recently reported 

that chemical inhibition of either p38 or JNK can confer resistance from L-DOPA-

induced apoptosis. Moreover, direct knockdown of ASK1 protects from L-DOPA-

induced neuronal cell death. Furthermore, suppression of the 6-OHDA-generated ROS by 

treating the cells with N-acetyl-L-cysteine effectively constrains the 6-OHDA-triggered 

activation of ASK1, p38 and JNK, and thereby protects the cells from apoptosis. It must 
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be noted here that ROS mediated caspase-1 activation and mature IL-1β release are 

strictly reliant on the p38 MAPK levels in 6-OHDA model systems. These studies clearly 

show the path from ROS generation to initiation of p38/JNK signalling via activation of 

ASK1 and subsequent apoptosis in investigated PD systems (Liedhegner et al., 2011, 

Ouyang et al., 2006). Rotenone can also meritoriously generate ROS, the concentration 

levels of which can be directly correlated with the activity of P38 MAPK in the microglia 

populace (Gao et al., 2013, Oh et al., 2011). These studies clearly show the path from 

ROS generation to initiation of p38/JNK signalling via activation of ASK1 and 

subsequent apoptosis in investigated PD systems. 

ATF6α is an ER-membrane-bound transcription factor in mammalian cells that is 

activated as a consequence of protein misfolding in the ER. ATF6α functions as a critical 

regulator of ER quality control. MPTP, a dopaminergic neurotoxin well known to 

generate OS, activates ATF6α and increases the level of ER chaperones and ER-

associated degradation (ERAD) component in DA neurons. This induced oxidative stress 

not only stimulates phosphorylation of p38 MAPK but also augments the interaction 

between phosphorylated p38MAPK and ATF6α, leading to an increment in the 

transcriptional activity of ATF6α. This mechanism provides a credible link between 

oxidative stress and ER stress by underscoring the reputation of ATF6α in the protection 

of the DA neurons from MPTP induced neurotoxicity that occurs via OS-induced 

activation of ATF6α and p38MAPK-mediated enrichment of ATF6α transcriptional 

activity (Egawa et al., 2011).. Mutations in PINK1 (phosphatase and tensin homolog 

(PTEN)-induced putative kinase 1) gene is causative behind autosomal recessive PD. 

Recent studies investigated the impact of PINK1 on HO-1 (heme oxygenase-1) activation 

in SH-SY5Y cell lines following H2O2 or 1-methyl-4-phenylpyridinium [MPP (+)] 

treatment. It was suggested that the H2O2 induced HO-1 induction was dependent on Akt 

and ERK phosphorylation, moreover, in cells expressing PINK1 G309D mutant and 

knockdown of tumour necrosis factor receptor-associated protein-1(TRAP1), the 

phosphorylation of ERK and Akt was inhibited but not p38 MAPK phosphorylation. 

These results identified a novel mechanism involving p38 MAPK by which the defect in 

PINK1 inhibits the oxidative stress -induced HO-1 production. Above all, aberrant HO-1 

production following oxidative stress has tens the DA neurodegeneration and directs the 
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brain to a traumatic state in PD patients with PINK1 defect (Chien et al., 2011). Finally, 

uncharacteristic expression of matrix metalloproteinases (MMPs) play their part in PD 

prognosis and contributing factors such as ROS, PI3K, NF-κB, and AP-1 are commonly 

involved in 6-OHDA- and MPP (+)-induced MMP-9 gene expression during PD. SK-N-

BE(2)C human neuroblastoma and Cath.a mouse DA cell lines when treated with 6-

OHDA and MPP(+), resulted in an induction of MMP-9 expression, where the role p38 

MAPK was found to be only differential (Kim et al., 2004). 

1.5.6.  PI3K/AKT/mTOR pathway mediates neuroprotection in PD 

Accumulating evidences strongly suggest on PI3K/Akt and mTOR to being 

neuroprotectiveand hence malfunctioned in PD brains; this is actually of relevance to 

longevity and may present strategic targets for therapeutic improvement (Elstner et al., 

2011). Recent research statistics strongly advise that the vulnerability of DA neuron could 

arise from elevated metabolic stress levels, resulting from numerous perturbed cascades 

designated for the control of energy metabolism and cell survival in response to growth 

factors, oxidative stress, and nutrient deprivation (PI3K/AKT, mTOR, eIF4/p70S6K and 

Hif-1α). Altogether, these factors operate in a convoluted network thereby adding to 

archetypal phenotypes observed in PD patients. One of the cardinal symptom observed in 

diseased brains is neuro-inflammation and PTEN induced putative kinase 1 (PINK1), an 

autosomal recessive familial PD gene, regulates the inflammatory ambience during 

traumatic states. Dearth in PINK1 levels expedites neuro-inflammation in PD brains 

through diminished AKT activation and enhanced IκB degradation in response to traumatic 

brain injury (Kim et al., 2013). In-fact, mutations in PINK1 genes have provided a credible 

basis to a certain extent to meticulously monitor and comprehend the otherwise complex 

etiology of PD. PINK1 mutations were found to be severely damaging in C2-ceramide 

(neurotoxin) challenged brains thereby suggesting on the neuroprotective role of PINK1 in 

preventing mitochondrial dysfunction and reinforcing the anti-apoptotic and neuronal 

survival pathways such as Bcl-2 and PI3K/AKT (Sánchez-Mora et al., 2012). PINK1 and 

PARKIN are responsible for mitochondrial damage limitation during active durations of 

stress and cooperate together in autophagy following mitochondrial injury. Examination of 

primary mouse cells acquired from PINK1-knockout mice directed that PARKIN induction 

and lysosomal translocation proceeded autonomous of PINK1. Moreover, suppression of 
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the PI3K/AKT-mTOR pathway by therapeutic proxies can vary PARKIN expression 

accordingly. These results altogether validates that PARKIN and PINK1 are co-regulated 

during starvation and suggest a likely role of PI3K/AKT-mTOR in response to trophic 

signals and starvation stress (Klinkenberg et al., 2012).  

PI3K/AKT pathway can also play a key role in IGF-mediated cell survival and 

prevention of apoptosis in MPP+ induced human neuroblastoma SH-EP1 cells. This 

defensive activity of AKT is principally reliant on the BIO mediated inactivation of 

GSK-3β, the result of which could imitate the protective influence of IGF-1 in SH-

EP1 cells. Interestingly, the IGF-1 potentiated PI3K/AKT activity was found to 

further down regulate the JNK related apoptotic activity and this negative regulation 

was reported to be facilitated via AKT-dependent GSK-3β inactivation (Figure 1.3).  

 

Figure 1.3: Neuroprotective cross-talk involving the cytoprotective PI3K/AKT pathway. 

AKT when by optimally activated by phosphorylation at serine and threonine 

residues, thereafter, it can interact with a spectrum of molecules to erect an anti-

inflammatory (DJ-1 and HIF-1α) and anti-apoptotic (Bcl-2) ambience in 

vulnerable neurons. In addition, phosphorylated AKT can also promote 

autophagy via PINK-1 and Parkin. IRS-1 activation takes place via IGF-1/AKT 

cascade and other AKT targets including p85β and SPRED 1 are known to be 

down regulated by miR-126 in PD neurons. Activation (green arrows); 

prevention or suppression (red arrows). 
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Moreover, these results acknowledges that IGF-1 protects SH-EP1 cells from MPP+-

induced apoptotic cell mortality via the cytoprotective PI3K/AKT/GSK-3β pathway 

involving GSK-3β inactivation (Chong et al., 2014, Bao et al., 2014 & Wang et al., 

2010). Most recently, it was studied in DA neuronal cell systems that upregulation of 

miR-126 impaired IGF-1 signalling and increased the susceptibility of such systems 

to 6-OHDA, possibly by stamping down factors involved in  IGF-1/PI3K signalling, 

including its downstream targets p85β, IRS-1, and SPRED1. Micro RNAs 

(miRs/miRNAs) act as post transcriptional regulators of gene expression and therefore 

it is unsurprising that they could be critically modulating pathogenesis in PD. 

Notably, blocking miR-126 activity increased IGF-1 trophism and thereby combating 

the cataclysmic events of 6-OHDA. This result strongly ascertain the criticality IGF-

1/ PI3K cascade in DA neuron maintenance and also suggests that higher expression 

patterns of miR-126 might be contribute towards DA neurodegeneration aided by 

downregulation of IGF-1/PI3K/AKT signalling (Kim et al., 2014). 

 

1.5.7. Neuroprotective molecules of relevance in p38 and PI3K/AKT mediated 

PD prognosis 

Neurotherapeutics research in recent times have probed a spectrum of protective 

biomolecules which can either activate the PI3K/AKT cascade, while others assist in 

limiting the activation of p38 MAPK in neurons; (Table 5) below provides a list of 

neuro-protective therapeutic modalities that summon either the misfiring p38 MAPK 

and/or PI3K/AKT cascades in some form or the other, en route to providing a resilient 

neuroprotective shield against the hastened degeneration of neurons in PD.



Chapter I 

 29

Table 1.5:  Neuroprotective Biomolecules offering neuroprotection in neurotoxin challenged Parkinson’s model systems presumably via p38 MAPK 

and/or PI3K/AKT cascade. 

Biomolecules Nature 
PD Model 

systems 
neurotoxin 

Proteins  

involved 
Mode of action References 

Guanine based purines anti-apoptotic SH-SY5Y 6-OHDA AKT, p38, JNK, and 

Bcl-2 

Triggers an early upsurge in the 

phosphorylation of AKT and subsequent 

activation of the cytoprotective 

PI3K/AKT/PKB pathway; prevents the 

6-OHDA intermediated activation of 

p38 and JNK and cause an upsurge in 

the expression level of the anti-apoptotic 

Bcl-2 protein. 

(Giuliani et al., 2012) 

Human albumin anti-oxidant 

and anti-

apoptotic 

PC12 6-OHDA JNK, c-Jun, ERK, and 

p38 MAPK 

Attenuates 6-OHDA-inflicted ROS 

generation and apoptosis; inhibits 6-

OHDA-induced activation of JNK, c-

Jun, ERK, and p38 MAPK signalling. 

(Zhang et al., 2012) 

Peroxiredoxin (PRX-2) anti-oxidant 

and anti-

apoptotic 

MN9D DA 

neurons 

6-OHDA ASK1, c-Jun , p38 Inhibits 6-OHDA-induced ASK1 

activation by regulating the redox 

properties of the endogenous ASK1 

inhibitor Trx; display significant anti-

apoptotic properties via suppression of 

ASK1-dependent activation of the c-Jun 

N-terminal kinase/c-Jun and p38 pro-

mortality cascades; lastly, PRX2 over 

expression preserves Trx in a reduced 

state by blocking the cysteine thiol-

disulfide interchange, thus preventing 

the dissociation of thioredoxin from 

ASK1. 

(Hu et al., 2011, 

Schreiber et al., 2011) 

NOSH-ASA (NO- and 

H2S-releasing hybrid of 

aspirin) 

anti-

inflammatory 

IFNγ-stimulated 

human astroglia 

and U373 cells, 

SH-SY5Y 

 TNFα, IL-6 , P38 

MAPK and NFκB 

Results in reduced TNFα and IL-6 

levels along with a concomitant 

deactivation of P38 MAPK and NFκB 

proteins. 

(Zhang et al., 2012) 
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Biomolecules Nature 
PD Model 

systems 
neurotoxin 

Proteins  

involved 
Mode of action References 

Bu-7 anti-apototic PC12 Rotenone JNK,p38,p53,caspase-

3,Bax,Bcl-2 

Protects the cells from rotenone 

triggered apoptosis and subsequent 

death; limits the rotenone induced 

potential reduction in mitochondria of 

the treated cells, prevents the rotenone 

induced activation of JNK, p38, p53, 

cleaved caspase-3 and decreases the 

Bax/Bcl-2  ratio. 

(Lee et al., 2013) 

3,4-

Dihydroxybenzalacetone 

(DBL) 

anti-oxidant, 

anti-

inflammatory, 

and anti-

tumorigenic 

SH-SY5Y 6-OHDA Akt, ERK, p38 

MAPK, PI3K 

Induce stress-associated kinases such as 

AKT, ERK, and p38 MAPK, and PI3K 

or AKT inhibitors, but not ERK, p38, or 

JNK inhibitors; activates the 

Nrf2/glutathione cascade via 

PI3K/AKT, and facilitates survival of 

SH-SY5Y cells. 

(Li et al., 2011) 

Tetrahydroxystilbene 

glucoside (TSG) 

anti-apoptotic PC12 and mice MPTP DAT, AKT, GSK3β, 

Bcl-2, BAD, caspase-

3 and caspae-9 

Protects DA neurodegeneration by 

averting MPTP-induced reduction of SN 

tyrosine hydroxylase (TH)-positive cells 

and striatal dopaminergic transporter 

(DAT) protein expression; increase in 

striatal AKT and GSK3β phosphorylation, 

up-regulation of the Bcl-2/BAD ratio, and 

inhibition of caspase-9 and caspase-3 

activity; offers neuroprotective effects 

against MPP-prompted damage and 

apoptosis in PC12 cells, presumably 

through PI3K/AKT. Activation. 

(Gunjima et al., 2013) 

Tyrosol [2-(4-

hydroxyphenyl) ethanol] 

anti-apoptotic CATH.a MPP(+) PI3K, AKT, SOD-1, 

SOD-2 and DJ-1 

Is neuroprotective against (MPP(+))-

induced CATH.a neuronal death in a 

dose dependant manner by its ability to 

activate the PI3K/Akt signalling 

cascade; Tyrosol also upregulate SOD-

1, SOD-2 and DJ-1. 

(Zhang et al., 2013) 
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Biomolecules Nature 
PD Model 

systems 
neurotoxin 

Proteins  

involved 
Mode of action References 

Oxicam non-steroidal 

anti-inflammatory drugs 

(NSAIDs) 

anti-

inflammtory 

SH-SY5Y and 

mice 

MPTP PI3K, AKT, and 

COX 

Offers protection via the PI3K/AKT 

cascade independentally of 

cyclooxygenase (COX) inhibition. 

(Dewapriya et al., 

2013) 

Tocotrienols (T3s) anti-oxidant SH-SY5Y MPP(+) ER β and PI3K/AKT γT3 and δT3 treatments triggers the 

PI3K/Akt signalling module and this 

could perhaps be under the control of 

estrogen receptor (ER) β; ER β being an 

upstream regulator of PI3K/AKT; T3s 

and, especially, γT3/δT3 in conjunction 

with the activation of ERβ/PI3K/AKT 

cascade, display not only antioxidant 

activity but also offers a receptor signal-

mediated neuroprotection. 

(Tasaki et al., 2012) 

Danshensu (beta-3,4-

dihydroxyphenyl-lactic 

acid) 

ROS scavenger 

and anti-

oxidant 

PC12 and Zebra 

fish DA neurons 

6-OHDA PI3K/AKT, Nrf-2, 

and HO-1 

Induces AKT phosphorylation, and the 

induced cytoprotective effects are 

reversed by PI3K, AKT and HO-1 

inhibitors; enhances HO-1 expression in 

order to suppress 6-OHDA-induced 

oxidative stress via PI3K/AKT/Nrf2 

cascade. 

(Nakaso et al., 2014) 

Puerarin anti-oxidant Mice MPTP PI3K/AKT, GSH, and 

GDNF 

Puerarin administration enhances 

glutathione (GSH) activity, glial cell 

line-derived neurotrophic factor 

(GDNF) expression and activates the 

PI3K/AKT pathway; dampens MPTP-

reduced lysosome-associated membrane 

protein type 2A (Lamp 2A) expression. 

(Chong et al., 2012) 

Eucommia ulmoides 

Oliv. Bark. (EUE) 

anti-oxidant SH-SY5Y 6-OHDA JNK, PI3K/AKT, 

GSK-3β, and NF-κB 

EUE reduces 6-OHDA-induced ROS 

formation, mitochondrial dysfunction, 

cell death and cytotoxicity; mitigates 

oxidative stress through induction of 

JNK, PI3K/AKT, GSK-3β, and NF-κB 

cascades. 

(Kwon et al., 2014) 
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Biomolecules Nature 
PD Model 

systems 
neurotoxin 

Proteins  

involved 
Mode of action References 

Rotigotine anti-oxidant, 

anti-apototic 

primary 

dopaminergic 

cultures 

glutamate D3 receptor, AKT, 

and GSK-3-β 

The molecule most likely stimulates the 

dopamine D3 receptor; abates the 

production and accumulation of 

superoxide radicals; consistent exposure 

to Rotigotine promotes Akt 

phosporylation, and results in 

deactivation of the pro-apoptotic 

component GSK-3-β. 

(Oster et al., 2014) 

Squamosamide 

derivative FLZ 

 Rats 6-OHDA PI3K/AKT, α-Syn, 

and TH 

FLZ protects TH activity and DA 

neurons by diminishing α-synuclein (α-

Syn) expression and the cooperation 

between α-Syn and TH, FLZ 

neuroprotection involves the PI3K/AKT 

cascade and blocking the cascade 

attenuates α-Syn expression and 

subsequently the protection offered by 

FLZ is lost. 

(Bao et al., 2014) 
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Environmental exposures to toxic mediators lead to neurodegenerative sickness that has 

common pathophysiology and clinical findings with PD. It is conjectured that decisive 

factors like microglia activation, neuroinflammation, oxidative stress due to ROS 

accumulation, NO activity, and neuronal apoptosis resulting from all these modes are at 

the base of DA neuronal toxicity and subsequent damage in Parkinson’s brains. However, 

the precise identity and functional prototypes of molecular intermediates leading to 

neuronal mortality still remains to be deciphered. Recent studies have highlighted the 

fundamental role of p38 MAPK in controlling all of the above detrimental consequences, 

and thereby in the process upset DA neuronal homeostasis, which ultimately progresses 

to an advanced diseased state and incurable neurodegeneration. Using cell systems like 

SH-SY5Y, several factors like inducible NO synthase, ATF6α (oxidative stress), IL-1β, 

and TNF-α (neuroinflammation), and Bax and ASK1 (apoptosis) were found to be 

relevant in DA neuronal death. Unprecedented observations that these factors operate in 

unison with the p38 MAPK cascade strongly advocates the cyto-destructive nature of the 

cascade in degenerating neurons. Conversely, normal functioning of the PI3K/AKT 

pathway ensures that the neuroprotective defence is active in order to negate the 

destructive aftermath of p38 MAPK activation in degenerating neurons. In the process, 

the activated AKT interacts with several mediators like JNK, FoxO, and GSK3β etc. 

thereby to render neuroprotection by limiting apoptosis, preventing microglia activation 

and neuroinflammation, preventing ROS accumulation and by keeping oxidative stress 

levels under check. However, the pathway is misregulated in PD brains and eventually it 

fails to render its protective veneer in traumatised brains. It is thereby necessary to 

identify modalities which can repair the misbalanced p38/PI3K interactome in order to 

limit poor prognosis in PD patients. 

 

1.6.  METHODS TO STUDY PARKINSON’S DISEASE 

There are three methods through which the etiology of PD can be studied. Each of 

these can be employed based on their availability and purpose of study. These 

methods include: 

(i) In silico study 

(ii)  Cell culture model 

(iii) Animal models 
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Currently there is no cure and researchers continue to probe the therapeutic prospect 

in In silico study, cell cultures and animal models of PD. Owing to the limitations of 

sample availability of PD patients and scarcity of animals, the current research 

scenario has shifted focus on cellular models of PD which are an excellent source of 

large drug screening and are easy to maintain.  

Firstly, we have done In silico studied, which will be discussed in Chapter II and III and 

uses cell culture model to study the toxicity effects of a neurotoxin; MPTP in SH-SY5Y 

neuroblastoma cell line. Moreover, the neuroprotective effect of biomolecules against 

MPTP induced toxicity has been studied which will be discussed in Chapter V. 

 

1.7.  AIMS AND OBJECTIVES OF PRESENT STUDY 

1.7 1.  Aim: To investigate the protective role of biomolecules in Parkinson’s 

disease 

 

1.7 2 Objectives 

To fulfill the aim of the present work, following objectives were outlined: 

1. To investigate the protective role of biomolecules, induced E3 ligase activity of 

DJ-1 and Parkin, which can have possible clinical relevance in PD pathogenesis. 

2. To identify the mechanistic approach of biomolecules targeting the impaired 

p38-PI3K/AKT balance could significantly contribute to neuroprotection in PD. 

3. To establish the therapeutic action of biomolecules prevents MPTP-Induced 

neurotoxicity in dopaminergic SH-SY5Y cell line in PD. 

 

1.8  PLAN OF WORK 

The present work is divided into different sections to achieve the following 

objectives 

I. Molecular docking study of neuroprotective plant-derived biomolecules in 

Parkinson’s disease 
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a. Retrieval of Ubiquitin E3 Ligase (Parkin and DJ-1) their functional 

elucidation  

b. Phylogenetic relationship and Physico-chemical properties.  

c. Homology modelling, visualization and quality assessment of 3D structure 

of Ubiquitin E3 Ligase Parkin and DJ-1. 

d. Active site prediction of Ubiquitin E3 Ligase Parkin and DJ-1. 

e. Assessing the drug-likeliness of given compounds. 

f. Ligand optimization and Molecular docking study of Ubiquitin E3 Ligase 

Parkin and DJ-1. 

II. Study the effect of biomolecules in ameliorating toxicity in SH-SY5Y cells 

a. Study the dose-dependent and time-dependent effect of toxin; MPTP on 

neuronal SH-SY5Y cells line 

b. Study the effect of MPTP on cell viability 

c.  Check the dose-dependent and time-dependent efficacy of biomolecules 

against MPTP toxicity 

d. Assess the effect of biomolecules on cell viability 

III. Check the expression of protective proteins in response to MPTP 

administration and after treatment with biomolecules 

The experimental procedures and methods employed in studying the objectives 

mentioned above have been discussed in the succeeding chapter.  
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CHAPTER II  

MATERIALS AND METHODS 

2.1.  INTRODUCTION 

This chapter describes the tools and techniques used in screening of both Parkin and 

DJ-1(Ubiquitin E3 ligase) inducing biomolecules and in studying their interaction. 

Also, the experimental procedures employed in sub-culturing SH-SY5Y cell line, 

administering MPTPand treating cells with biomolecules have been described. All the 

experiments which have been carried out along with the tools and reagents used are 

discussed in this chapter. 

 

2.2.  IN SILICO TECHNIQUES 

2.2.1. Data Mining  

Comprehensive data mining on both Parkin and DJ-1(Ubiquitin E3 ligase) in neuronal 

damage was done with the keywords Parkin and DJ-1 in the NCBI database. Also, 

extensive literature survey was carried out. The filter criteria were set to both Parkin 

and DJ-1modulators in the neuronal damage under stress condition accordingly, list of 

14 potential compounds were prepared. Out of 14 potential compounds, finally four 

compounds were filtered and selected for this study. 

 

2.2.2. Retrieval of Ubiquitin E3 Ligase related proteins and their function 

recognition 

The amino acid sequence of Ubiquitin E3 Ligase related Proteins Parkin and DJ-1with 

accession numbers 4I1H_A and 4ZGG_A respectively were retrieved from NCBI 

database and were used for homology search using Basic Local Alignment Search 

Tool. Protein functional elucidation was done using Interproscan server 

(http://www.ebi.ac.uk/interpro/search/sequence-search/). 

 

2.2.3. Phylogenetic relationship and Physico-chemical properties 

For multiple sequence analysis Muscle Software (http://www.ebi.ac.uk/ 

Tools/msa/muscle/) was used and phylogenetic tree was constructed using Muscle 
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Software based on NJ (Neighbor joining) plot without distance correction. ProtParam 

(http://web.expasy.org/protparam/) was used to predict physicochemical properties. 

The parameters computed by ProtParam included the molecular weight, theoretical PI, 

aliphatic index and grand average of hydropathicity (GRAVY). 

 

2.2.4.  Homology modelling, visualization and quality assessment of 3D structure 

of Ubiquitin E3 Ligase Parkin and DJ-1 

Homology modeling was used to determine the 3D structure of Parkin and DJ-1 

isoforms. A BLASTP search with default parameters was performed against the 

Brookhaven Protein Data Bank (PDB) to find suitable templates for homology 

modeling. Templates with PDB ID: 4I1H and 4ZGG were retrieved for Parkin and 

DJ-1 proteins from Protein Data Bank (PDB). The Protein Structure Prediction Server 

Swiss model (Arnold K et al., 2006) (http://swissmodel.expasy.org/) was used for 

homology model construction.  

 

2.2.5. Active site prediction 

Castp Server (http://www.sts.bioe.uic.edu/castp/) was used to predict the active sites of 

protein. Castp could also be used to measure area, circumference of mouth openings of 

each binding site in solvent and molecular accessible surface. PDB file of protein was 

upload in the server and it showed the ligand binding sites present in protein and the site 

with maximum surface area and maximum surface volume was selected and all the amino 

acid residues involved in binding with ligands were retrieved. 

 

2.2.6.  Ligand optimization 

Reported ligand molecules along with their physical and chemical properties were 

retrieved from PubChem Compound Database (http://www.pubchem. 

ncbi.nlm.nih.gov/). Pubchem is a composite database that is backed up by three 

primary databases, i.e. PCsubstance, PCcompund, PCBioAssay. Pubchem provides 

biological activity, chemical information of small molecules. PCsubstance contains 

information about the substances; PCcompound contains information about chemical 

compounds, and PCBioAssay provides information about Bioassays. Four compounds 
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(Naringenin, Quercetin, Resveratrol and Sesamol) were selected. SDF files of Ligands 

were converted in PDB file with the help of Open Babel tool that could be used for 

docking study. Visualization of molecular structure of compounds was done using 

Pymol viewer. 

 

2.2.7. Lipinski filter analysis of screened drugs 

An online tool Lipinski Filter (http://www.scfbio-iitd.res.in/software/drugdesign/ 

lipinski.jsp) was used to retrieve the information about drug likeness of drugs with the 

help of Lipinski Rule of five. Lipinski rule (or Lipinski rule of five) helps to 

differentiate drug and non-drug like molecules. It is used to identify the possibility of 

success or failure due to drug likeness for molecules fulfilling with two or more of the 

following rules: (a) Molecular Mass should be less than 500 Dalton, (b) High 

Lipophilicity (expressed as logP less than 5), (c) Less than 5 hydrogen bond donors, 

(d) Less than 10 hydrogen bond acceptors, and (e) Molar refractivity should be 

between 40 -130.  

 

2.2.8. ADMET Analysis 

The toxicity profiling of compounds was carried out through the online tool Swiss 

ADME (www.swissadme.ch/index.php). The Swiss ADME tool assessed the ligand 

on various parameters such as lipophilicity (logP), hydrophilic nature (logS) and BBB 

permeability.Additionally, two other parameters; Ghose filter and Veber rules were 

employed for drug-likeliness screening. The qualifying parameters of Ghose filter are 

(a) molecular weight 160-480 (b) number of atoms 20-70 (c) molar refractivity 40-

130 and (d) polar surface area <140 (Ghose et al. 1999). The Veber rules are (a) 

rotatable bond count <=10 and (b) polar surface area <=140. 

 

2.2.9. Preparation of Protein and ligand molecules 

Preparation of protein involves the addition of polar hydrogen atoms, addition of 

charge and removal of any miscellaneous structures from the protein molecule by 

Autodock 4.2.1 whereas; ligand preparation involves the addition of charge.  
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2.2.10. Ligand optimization and Molecular docking 

Prepared and optimized structures of ligands and proteins were ultimately used for 

molecular docking using Autodock 4.2.1 for predicting the possible protein–ligand 

interactions and the results that include the understanding of the association that 

involves H-bonding and hydrophobic interactions were analyzed using 

LIGPLOT1.4.5, a program to generate schematic diagrams of protein-ligand 

interactions. 

 

2.3.  IN VITRO TECHNIQUES 

2.3.1. Chemicals, Reagents, Drugs and Antibodies 

High-purity Naringenin (NGEN), Quercetin (QUR), Resveratrol (RES), DMSO and 

Penicillin-streptomycin were obtained from Sigma Aldrich (Bangalore, India). 

Primary antibodies were purchased from Santa Cruz biotech (Santa Cruz, CA) and 

cell signalling (Danvers, MA). For secondary antibody, HRP conjugated anti-rabbit 

and anti-mouse polyclonal immunoglobulin was purchased from DAKO (Glostrup, 

Denmark). All other chemicals used were purchased from Merck, Sigma Aldrich and 

Thermo Fisher Scientific of highest grade and purity. 

 

2.3.2. Cell line 

The SH-SY5Y is a triple cloned cell line of the parent cell line SK-N-SH. It is of 

human origin and was sub cloned from a four year old female patient suffering from 

neuroblastoma (Biedler et al., 1978). The cell line is adrenergic and has also been 

shown to possess moderate levels of dopamine beta hydroxylase activity (Ross and 

Biedler, 1985) and thus has served as an excellent in vitro model to study PD 

associated phenomenon. The SH-SY5Y cell line was received from NBRC Manesar, 

Haryana (INDIA). 

 

2.3.3. Maintenance of the cell lines  

The neuroblastoma cell line SH-SY5Y with an early passage of P4 were grown in 

Dulbecco’s Modified Eagle’s Medium/F12 (1:1) growth medium (Gibco; Thermo 

Fisher Scientific, USA) containing L-Glutamate, 10% heat-inactivated fetal bovine 
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serum, 1mM sodium pyruvate (1:100 dilution) (Sigma-Aldrich; USA), 1X non-

essential amino acids (1:100 dilution) (Sigma-Aldrich; USA), sodium bicarbonate 

(1:50 dilution) (Sigma-Aldrich; USA) and penicillin-streptomycin (Sigma-Aldrich; 

USA) in T-25 flasks which were pre-coated in a humidified CO2 incubator with 5% 

CO2 and 95% air at 37
0
C. The neuroblastoma cells were regularly monitored under 

microscope for their healthy morphology, growth and confluence. 

 

2.3.4. Sub culturing and differentiation of cell lines 

The 60-80% confluent cultures were used for sub-culturing; before trypsinization, 

removed complete growth media and washed the cells with 1xDPBS. Next the cells 

were incubated with 3ml of 0.05% trypsin-EDTA (for 75cm
2
 flask) (0.05%; Gibco; 

Thermo Fisher Scientific, USA) for 5 minutes at 37
0
C. The trypsin reaction was 

stopped by adding growth medium and triturating cells with pipette. Further the cells 

were washed twice by centrifugation at 1500 rpm for 5 minutes (10ml 1xDPBS each 

time). The pellet obtained at the bottom was delicately handled and supernatant 

removed carefully. The pellet was dissolved in residual medium. The cells were 

seeded (1x10
6
 cells/mL) in fresh culture media and incubate at 37

0
C in 5% CO2 

incubator. Within 3-4 days, cells were found to 60-80% confluent and were used for 

further experiments. Furthermore, cell density was calculated by using 10µL of this 

solution mixed with 10µL trypan blue solution (0.4%; Sigma-Aldrich; USA) and 

counting viable cells in 4 different squares of the hemocytometer. Finally, based on 

calculated cell density, cells were seeded in new T-25 flasks containing fresh medium 

and incubated in humidified CO2 incubator with 5% CO2 and 95% air at 37
0
C till they 

reached 60-80% confluence and were used for further experimentation. 

 

2.3.5. MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 

The present study uses MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 

(Sigma-Aldrich; USA) to mimic PD symptom in the SH-SY5Y neuroblastoma cell 

lines. MPTP is a pesticide, a broad spectrum pesticide which has been linked to the 

sporadic form of PD (Langston et al., 1983). It is highly lipophilic, can cross the 

blood brain barrier and can directly enter cells without the aid of transporters. It 
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impairs mitochondrial respiration by blocking complex I activity and thus augmenting 

ROS generation. Further, it has also been involved in impairing proteasomal 

dynamics in the etiology of PD (Przedborski et al., 2003).  

 

2.3.6. MPTP Exposure 

The cells were sub-cultured in 24 well plates as described above and labeled each 

well. Next, stock solutions of MPTP (100% purity) in DMSO (0.5 mg/ml; Sigma-

Aldrich; USA) were prepared for 1mM and 1µM concentration respectively. The final 

concentration of DMSO wherever used in present study was always less than 0.1% to 

rule out any toxicity linked to DMSO. MPTP treatment was given to cells with each 

well containing different concentration in an increasing order ranging from 300 nM, 

600 nM, 900 nM, 20 µM, 40 µM and 80 µM. The cells were incubated at 37
0
C in a 

CO2 incubator with 5% CO2 and 95% air. Next, the cells were observed and 

photographed under microscope for changes in morphology and confluency at regular 

intervals of 6 hours, 12 hours and 24 hours and compared with control and SHAM. 

The experiment was done to determine dose-dependent and time-dependent effect of 

MPTP on SH-SY5Y cells and was carried out in triplicates. 

 

2.3.7. Biomolecules treatment 

After determining the LD50 concentration of MPTP and the time of incubation 

required, biomolecules were applied in an increasing dose concentration to control 

and MPTP treated cells. A stock solution of Naringenin, Quercetin and Resveratrol 

was prepared in a stock solution of 1mM in 0.1% DMSO. Naringenin and Quercetin 

were applied at final concentration of 10µM, 20µM, 40µM and 80µM. Further, 

Resveratrol was applied at final concentration of 15µM, 30µM, 60µM and 120µM. 

The cells were incubated at 37
0
C in a CO2 incubator with 5% CO2 and 95% air. 

Further, the cells were observed and photographed under microscope for changes in 

morphology and confluence at regular intervals of 6 hours, 14 hours and 24 hours and 

compared with control and SHAM. The triplicate experimental observations were 

used to determine the dose-dependent and time-dependent effect of Naringenin, 

Quercetin and Resveratrol in MPTP induced toxicity in SH-SY5Y cells. 
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2.3.8. Trypan blue exclusion test 

Cell viability assay was done by using trypan blue exclusion test. The SH-SY5Y was 

seeded at a density of 2.0x10
5
 cells/well in 24 well plates and incubated overnight at 

37
0
C in a CO2 incubator with 5% CO2 and 95% air. MPTP treatment was next given 

to cells for (06-24) hours. The biomolecules Naringenin, Quercetin (10-80µM) and 

Resveratrol (15-120µM) were added to MPTP treated cells and incubated for 24 

hours. Viable cells were counted after MPTP administration and post-biomolecules 

treatment according to the given protocol. The cell suspension (10µL) and 10µL of 

trypan blue solution (0.4%; Sigma-Aldrich; USA) was mixed and loaded on the 

chamber underneath glass cover slip on the hemocytometer. The solution was taken 

up by capillary action and a clean cover slip was carefully placed. The live cells were 

counted as unstained and dead as blue stained cells in four different squares of 

hemocytometer using a cell counter under the inverted microscope. Finally, cell 

viability for each ml was calculated by using the formula: % Cell viability= (number 

of live cells/total number of cells) x100. Similarly, cell viability was determined for 

each concentration of MPTP and biomolecules at defined time periods in the triplicate 

experimental sets. 

 

2.3.9.  Preparation of cellular protein extract  

Cellular protein extracts was prepared by washing SH-SY5Y cells in ice cold PBS 

and scraping into ice cold lysis buffer (50mM Tris-HCl, pH 7.4, 150 mM NaCl, 100 

µg/ml PMSF, 0.02% NaN2, 1 µg/ml aprotinin, 1% Triton X-100) containing the 

protease inhibitor cocktail (Sigma-Aldrich; USA). Lysates were incubated on ice for 

20 minutes before centrifugation at 14,000 rpm for 15 minutes at 4°C to remove 

nuclei and cellular debris. Lysates were analysed for protein concentration using the 

Dot-blot method and boiled in sample buffer for SDS-PAGE. 

 

2.3.10. SDS-PAGE and Western blotting 

After preparation of cellular protein extract, each protein sample (30 µg) in Lamelli 

buffer was heated for 10 minutes at 95
o
C, separated on 10% SDS-PAGE gel and 

finally, electro-blotted (BioRad; USA) onto a PVDF membrane (GE Healthcare, 
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Piscataway, NJ). Membrane were blocked in 5% (w/v) nonfat dry milk and incubated 

for 3 hours at room temperature with primary antibody (1:500–1,000 dilution; Santa 

Cruz; USA) followed by three times washing in 1X TBST buffer. After washing, 

membranes were incubated in goat anti-mouse IgG or goat anti-rabbit IgG HRP-

conjugated secondary antibody (1:2,000 dilutions; Santa Cruz; USA) for one hour. 

The autoradiography signals were visualized using ECL advance Western blotting 

detection kit (RPN2135) on an X-ray film (Thermo Fisher Scientific; USA) after 

washing the membrane three times. 

 

2.3.11. Ponceau s stain for Western blots 

Ponceau S stain was performed to check whether protein was transfer properly on PVDF 

membrane and were equal in all the lanes. This is a rapid and reversible staining method 

for locating protein bands on Western blots. Membrane was incubated with Ponceau S for 

3-5 minutes, washed with TBST until stain was removed completely and background was 

clear before blocking the membrane in 5% milk. 

 

2.3.12. Statistical analysis 

All the data are expressed as mean + SEM. The statistical measurement was done 

using one way ANOVA followed by Tukey’s multiple comparison test. The statistical 

significant values were considered for p<0.05. 

After adopting in silico tools and techniques outlined in this chapter, we have further 

performed drug screening for targeting both Parkin and DJ-1 (Ubiquitin E3 Ligase) to 

explore their therapeutic potential in neuronal damage under stress condition which 

has been discussed in the succeeding chapter. 
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CHAPTER III:  

MOLECULAR DOCKING STUDY OF NEUROPROTECTIVE 

PLANT-DERIVED BIOMOLECULES IN  

PARKINSON’S DISEASE 

 

3.1.  OBJECTIVE  

This chapter discusses the motor neurodegenerative disorder which states with second 

largest occurrence rate among all the neurodegenerative diseases. Despite intense 

research, the etiology of PD is still unclear. There are various causative factors, for 

instance; a mutation in Parkin is mainly found to be associated with PD pathogenesis. 

Since, Parkin possesses both ubiquitin E3 ligase and chaperone like activity and their 

altered expression causes advancement of PD therefore; in this chapter we have 

addressed the therapeutic role of biomolecules in targeting the altered expression of 

E3 ligase.  

 

3.2.  INTRODUCTION 

PD is characterized by progressive loss of dopaminergic neurons in the substantia nigra, 

leading to the loss of motor skills (Soto, 2003, Hardy et al., 2006, Manoharan et al., 2016 

& Angeline et al., 2013). Several risk factors, for instance, genetic polymorphisms, aging 

and dietary supplements have been reportedly involved in the development and prognosis 

of PD. Other causative factors that might influence disease outcomes include 

accumulation of reactive oxygen species (ROS), selective loss of neurons, loss of 

mitochondrial membrane potential and ATP depletion that are also known to be 

associated with the PD pathogenesis (Dias et al., 2013). However, ubiquitin proteasome 

system (UPS), which is responsible for the recognition and degradation of damaged 

proteins, is found to be impaired in case of PD (Leroy et al., 1998). Parkin is a well-

known component of UPS which is having pivotal role in the protein homeostasis. 

Conversely, under stress condition the normal functioning of Parkin is altered or down 

regulated and thereby leading to the prognosis of PD (Arduino et al., 2010). Furthermore, 

the connection between the UPS and neurodegeneration has been supported by the 

recognition of disease-causing mutations in genes coding for numerous UPS proteins in 

PD (Ciechanover et al., 2015). 
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Importantly, the impaired function of Parkin can be ameliorated by using different 

biomolecules such as, Naringenin, Quercetin, Resveratrol and Sesamol. These 

biomolecules are having antioxidant profile which would be a strong basis for 

showing neuroprotection within the brain (Barry et al., 1996). These biomolecules are 

natural compounds which are found in many fruits and vegetables and having much 

stronger antioxidative and neuroprotective activities (Santos et al., 2009). The 

neuroprotective properties of Naringenin Inhibited LPS induced NOS and COX2 

expression and suppressed the production of NO in microglial cells. It also inhibited 

LPS/IFN-ϒ induced p38 and STAT-1 phosphorylation (Kannappan et al., 2010). 

However, Quercetin, improved behavioral function, suppressed oxidative stress, brain 

swelling, and cellular injury both in vitro and in vivo (Bavithra S et al., 2012). 

Although, Sesamol and Naringenin reversed both the rotenone/MPTP+-induced 

toxicity in PD rat model (Angeline et al., 2013).Similarly, Resveratrol (3, 5, 4 -

trihydroxystilbene) is a naturally-occurring polyphenol found in peanuts, skin and 

seeds of grapes (Chen et al., 2002). It plays a pivotal role in cell proliferation and 

apoptosis by acting on a variety of signalling mechanisms such as, Protein kinase B 

(Akt), Mitogen-activated protein kinase (MAPK), and many othersignaling cascades 

(Soleas et al., 1997). Most-recent reports suggest that resveratrol can induce the Heme 

Oxygenase-1 (HO-1) expression in dopaminergic neuron and thus can prevent the 

dopaminergic cell death through autophagic flux (Lin et al., 2014). Additionally, 

resveratrol can also display neuroprotective effects against rotenone-induced 

neurotoxicity in dopaminergic SH-SY5Y cells by modulating HO-1 dependent 

autophagy (Tsu-Kung et al., 2014).Therapeutic interferences in neurodegenerative 

conditions using biomolecules are a seemingly new prospect. Therefore, a mature 

understanding of the mechanism impacting biomolecules mediated therapeutics could 

contribute towards fostering neuroprotective strategies. Here, we have focused our 

study towards impaired Parkin activity by using various in silico approaches including 

molecular docking analysis. Further, these biomolecules such as Naringenin, 

Quercetin, Resveratrol and Sesamol were selected and screened via ADMET analysis 

followed by molecular docking of the screened molecules towards their clinical 

aspects in PD. Finally, in this chapter, we have discussed the active site of Parkin 

protein for a potential target of these biomolecules by molecular docking that may 

further provide their probable clinical relevance in PD biology. 
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3.3.  EXPERIMENTAL AND RESULTS  

3.3.1. Retrieval of Ubiquitin E3 Ligase Parkin and their functional elucidation 

Based on functional domain sequence of well characterized gene/protein, homology 

search was done using Basic Local Alignment Search Tool (BLAST). We have 

successfully hunted 5 isoforms of Parkin on the basis of families and domains 

identified from Interproscan results (Table 3.1). Interproscan study revealed that all 

homologues proteins for Parkin were belonging to E3 ubiquitin ligase RBR family 

(IPR031127), E3 ubiquitin-protein ligase Parkin family (IPR003977) and IBR domain 

(IPR002867) (Figure 3.1). 

 

Figure 3.1: Interproscan result for Parkin 

Table 3.1: Hunted Parkin related proteins 

S.No. Accession Protein Score Identity E Value 

1 AGH62057.1 PARK2 splice variant 686 100% 0 

2 BAA25751.1 Parkin 680 99% 0 

3 ABN46990.1 Parkin 2 679 99% 0 

4 4K95_A 
Chain A, Crystal Structure 

Of Parkin 
624 90% 0 

5 Q9JK66.1 
E3 ubiquitin-protein ligase 

Parkin 
623 89% 0 
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3.3.2. Phylogenetic relationship and Physico-chemical properties 

For multiple sequence analysis, Muscle software was used and found that amino acid 

residues were conserved in most of the isoforms of the Ubiquitin E3 ligase Parkin. 

Phylogenetic study of Parkin hunted proteins revealed that Parkinand PARK2 splice 

variant were different from others (Figure-3.2 (a & b)).  

 

Figure 3.2:  (a) Multiple Sequence Alignment of all Parkin isoforms and (b) Tree 

generation for Parkin using NJ Plot without distance correction 
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However, another Chain A, Crystal Structure of Parkin and E3 ubiquitin-protein 

ligase Parkin were in same cluster as share more homology while Parkin 2 was in 

another cluster. ProtParam showed that Mol. wt. of Parkin 2was 36393.5 Daltons and 

an isoelectric point was 7.06 which indicate that Parkin had slightly positive charged 

respectively. The GRAVY index of -0.372 for Parkinis indicative of hydrophilic 

(Table 3.2). 

Table 3.2: Physico-chemical properties of Parkin 

Properties Parkin 

Molecular Formula C1568H2420N458O468S38 

Molecular Weight (Daltons) 36393.5 

Theoretical PI 7.06 

Aliphatic Index 60.28 

Grand Average of Hydropathicity (GRAVY) -0.372 

 

3.3.3.  Homology modeling 3D structure Visualization and quality assessment of 

retrieved proteins 

Prediction of 3D structure of proteins provides us precise functional information of 

how proteins interact and localize in their stable conformation. Homology modelling 

is one of the most common structure prediction tools in proteomics and genomics. 

The best matching template was selected for the target protein on the basis of 

sequence homology using PDB Advance Blast. Template is experimentally 

determined 3D structure of protein that share sequence similarity with target 

sequence. Template showed sequence identity of 100% for Parkin isoforms. 3D 

structure of Parkinwas generated using Swiss Model Server. The Z-score is indicative 

of overall model quality and is used to check whether the input structure is within the 

range of scores typically found for native proteins of similar size. SWISS MODEL 

has provided Z score of the template and query model. Z score of Parkin has been 

shown in (Table 3.3), suggesting a high-quality structure for docking studies. 
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Table 3.3: Swiss Model server result showing template structure used in homology 

modelling, Sequence Identity and quality score of the model generated 

Gene Name 
Modeled residue 

range 

Based on 

template 

Sequence 

Identity 

QMEAN Z-

Score 

Parkin 1-325 4I1H 100% -0.81 

 

3D structure of Parkin (PDB ID 4I1H) was retrieved from Protein Data Bank (PDB). 

Even though there were no steric clashes in the structure generated, these were 

assessed for geometric and energy aspects (Figure-3.3 (a)). 

 
Figure 3.3: (a) Demonstrates 3D structure of Parkin, (b) ligand binding site in Parkin. 

 

Initial screening of the molecules was done on the basis of ADMET parameters 

(Figure 3.4). ADMET analysis revealed that out of fourteen biomolecules four 

molecules (Naringenin, Quercetin, Resveratrol and Sesamol) could act like a drug as 

they meet the criteria of all three parameters such as Lipinski Rule of five, Ghosh and 

Verbe. However, the most important property required of a compound intends to be a 

neuroprotective agent is BBB permeability. These all four biomolecules qualified all 

above mentioned parameters and scored well on bioavailability, pharmacokinetics and 

could cross the BBB. We have validated of these finding through in vitro study in 

chapter 5. 
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Lipophilicity
Water 

Solubility

Mol. 

Weight

H-bond 

Acceptors

H-bond 

Donors

Molar 

Refractivity

GI 

Absorption

BBB 

Permeability
XLogP Lipinski Ghose Veber

Bioavailability 

Score
Log S (EOSL)

Curcumin 368 6 2 102 High No 3.2 Yes Yes Yes 0.55 -3.94

Valproic acid 144 2 1 42 High No 2.75 Yes No Yes 0.56 -2.14

Vitamin B12 1355 20 9 351 Low No -3.85 No No No 0.17 -4.11

Telmisartan 514 4 1 157 Low No -3.85 No No Yes 0.56 -7.5

Deferoxamine 560 9 6 142 Low No -3.85 No No No 0.17 -0.14

Dabigatran 471 6 4 134 Low No -3.85 Yes No No 0.55 -3.62

SB 203580 377 4 1 105 High No -3.85 Yes No Yes 0.55 -4.56

Naringenin 272 5 3 71 High Yes -3.85 Yes Yes Yes 0.55 -3.49

Quercetin 302 7 5 78 High Yes -3.85 Yes Yes Yes 0.55 -3.16

Sesamol 138 3 1 44 High Yes -3.85 Yes No Yes 0.55 -1.92

Mimosine 198 5 3 48 High No -3.85 Yes No Yes 0.55 1.56

Vitamin D 384 1 1 125 Low No -3.85 Yes No Yes 0.55 -6.84

Orexin-B 2936 40 41 736 Low No -3.85 No No No 0.17 -1.78

Resveratrol 228 3 3 67 High Yes -3.85 Yes Yes Yes 0.55 -3.62

Compounds

Physicochemical Properties Pharmacokinetics Drug-likeness

 

Figure 3.4: Drug Likeness and ADMET analysis 

3.3.4. Active site prediction and molecular docking analysis of Parkin with 

identified molecules 

CastP server was used to predict the ligand binding site. This server calculates the 

possible active sites from the 3D atomic coordinates of the proteins. For Parkin, residues 

involved in ligand binding site, site volume and volume of protein for thirty active sites 

were predicted. Among the thirty binding sites obtained from CastP for Parkin, site 30 

was highly conserved within the active site of the protein (Figure-3.3(b)). The Predicted 

site 30 consisted 1059 Cubic angstroms site volume out of the 3741 Cubic Angstroms of 

protein volume. The residues in site 30 are TYR
143
, THR

231
, ASN

232
, SER

233
, ARG

234
, 

ASN
235
, ILE

236
, THR

237
, ARG

256
, GLN

400
, ARG

402
, TRP

403
, GLU

404
, ALA

405
, ALA

406
, 

SER
407
, LYS

408
, GLU

409
, THR

410
, LYS

412
, LYS

413
, THR

414
, LYS

416
, LYS

427
, GLY

429
, 

GLY
430
, MET

432
, TRP

447
, ASN

448
, ASP

464
,  VAL

465
 and also illustrated in (Table 3.5). 

 

3.3.5. Molecular docking pattern of biomolecules with Parkin 

Molecular docking pattern of Parkin with screened molecules (Naringenin, Quercetin, 

Resveratrol and Sesamol) have been identified and depicted in (Figure 3.5).  

 

3.3.5. 1. Parkin interaction with Naringenin 

Free energy of binding with Naringenin was -7.12 kcal/mol and Est. Binding 

Constant, Kb was found to be 6.08 µM (Figure-3.5 (a)) Intermolecular Energy was 

found to be -8.31 kcal/mol. VdW + Hbond + desolv Energy and Electrostatic Energy 
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was -8.19 kcal/mol and -0.12 kcal/mol. Total Internal Energy and Torsional Free 

Energy was found to be 9.71 kcal/mol and 1.19 kcal/mol.  

 

3.3.5.2. Parkin interaction with Resveratrol 

Free energy of binding with Resveratrol was -6.69 kcal/mol and Est. Binding 

Constant, Kb was found to be 12.43 µM (Figure-3.5 (b)) Intermolecular Energy was 

found to be -8.48 kcal/mol. VdW + Hbond + desolv Energy and Electrostatic Energy 

was -8.47 kcal/mol and -0.02 kcal/mol. Total Internal Energy and Torsional Free 

Energy was found to be 17.26 kcal/mol and 1.79 kcal/mol.  

 

3.3.5.3. Parkin interaction with Quercetin 

Free energy of binding with Quercetin was -7.60 kcal/mol and Est. Binding Constant, 

Kb was found to be 2.67 µM. (Figure-3.5 (c)) Intermolecular Energy was found to be 

-9.39 kcal/mol. VdW + Hbond + desolv Energy and Electrostatic Energy was -9.15 

kcal/mol and -0.25 kcal/mol. Total Internal Energy and Torsional Free Energy was 

found to be 9.67 kcal/mol and 1.19 kcal/mol.  

 

3.3.5.4. Parkin interaction with Sesamol 

Free energy of binding with Sesamol was -4.99 kcal/mol and Est. Binding Constant, 

Kb was found to be 221.78 µM (Figure-3.5 (d)) Intermolecular Energy was found to 

be -5.28 kcal/mol. VdW + Hbond + desolv Energy and Electrostatic Energy was -5.17 

kcal/mol and -0.11 kcal/mol. Total Internal Energy and Torsional Free Energy was 

found to be 0.34 kcal/mol and 0.30 kcal/mol.  

On the basis of docking analysis, interacting compounds with minimum binding 

constant and highest negative free energy of binding are most effective. Docking 

calculation of Parkin has been presented in (Table 3.4). 
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Table 3.4: Docking calculation of compounds with Parkin 

Compound 

Name 

Est. Free 

Energy of 

Binding 

Est. 

Binding 

Constant 

Est. 

Intermolecular 

Energy 

vdW+Hbond+desolv 

Energy 

Electrostatic 

Energy 

Est. 

Internal 

Energy 

Torsional 

Free 

Energy 

Naringenin 
-7.12 

(kcal/mol) 
6.08 µM 

-8.31 

(kcal/mol) 
-8.19 (kcal/mol) 

-0.12 

(kcal/mol) 

+9.71 

(kcal/mol) 

+1.19 

(kcal/mol) 

Quercetin 
-7.60 

(kcal/mol) 
2.67 µM 

-9.39 

(kcal/mol) 
-9.15 (kcal/mol) 

-0.25 

(kcal/mol) 

+9.67 

(kcal/mol) 

+1.79 

(kcal/mol) 

Resveratrol 
-6.69 

(kcal/mol) 
12.43 µM 

-8.48 

(kcal/mol) 
-8.47 (kcal/mol) 

-0.02 

(kcal/mol) 

+17.26 

(kcal/mol) 

+1.79 

(kcal/mol) 

Sesamol 
-4.99 

(kcal/mol) 

221.78 

µM 

-5.28 

(kcal/mol) 
-5.17 (kcal/mol) 

-0.11 

(kcal/mol) 

+0.34 

(kcal/mol) 

+0.30 

(kcal/mol) 

 

 

Figure 3.5:  Docking study of Parkin protein with selected compounds, (a) Parkin 

interaction with Naringenin, (b) Parkin interaction with Resveratrol, (c) 

Parkin interaction with Quercetin, and (d) Parkin interaction with 

Sesamol. 
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3.3.6. Binding site of Parkin with selected compounds along with its known 

Stimulatory Active Site  

Binding site residues of Parkin interacting with Naringenin, Quercetin, Resveratrol 

and Sesamol were found to be the same as the residues involved in their respective 

catalytic sites. Interacting residues of Parkin with Naringenin, Quercetin, Resveratrol 

and Sesamol along with their identified catalytic sites have been show in (Table 3.5) 

and their 2D and 3D pattern of interaction is presented in (Figure 3.6). Interacting 

residues of Parkin with its activator were TYR143, THR231, ASN232, SER233, 

ARG234, ASN235, ILE236, THR237, ARG256, GLN400, ARG402, TRP403, 

GLU404, ALA405, ALA406, SER407, LYS408, GLU409, THR410, LYS412, 

LYS413, THR414, LYS416, LYS427, GLY429, GLY430, MET432, TRP447, 

ASN448, ASP464 and VAL465. Interacting residues in case of Naringenin (Figure-

3.6 (a & e)) were ARG234, ASN235, ILE236, THR237, GLN400, ARG402, 

TRP403, GLU404, ALA405, ALA406, SER407 and LYS408. Interacting residues in 

case of Quercetin (Figure-3.6 (b & f)) were ARG234, ASN235, ILE236, THR237, 

GLN400, ARG402, TRP403, ALA405, ALA406 and SER407. Interacting residues in 

case of Resveratrol (Figure-3.6 (c & g)) were ARG234, ASN235 ILE236, THR237, 

GLN400, SER407, LYS408 and THR410. Furthermore, Interacting residues in case 

of Sesamol (Figure-3.6 (d & h)) were GLU409, THR410, LYS412, LYS413 and 

THR414. 

Table 3.5: Parkin known binding site and selected compounds interacting residues 

Compound Interacting residues 

Predicated catalytic 

Site 

TYR
143
, THR

231
, ASN

232
, SER

233
, ARG

234
, ASN

235
, ILE

236
, THR

237
, 

ARG
256
, GLN

400
, ARG

402
, TRP

403
, GLU

404
, ALA

405
, ALA

406
, SER

407
, 

LYS
408
, GLU

409
, THR

410
, LYS

412
, LYS

413
, THR

414
, LYS

416
, LYS

427
, 

GLY
429
, GLY

430
, MET

432
, TRP

447
, ASN

448
, ASP

464
 and VAL

465
. 

Naringenin 
ARG

234
, ASN

235
, ILE

236
, THR

237
, GLN

400
, ARG

402
, TRP

403
, GLU

404
, 

ALA
405
, ALA

406
, SER

407
 and LYS

408
. 

Quercetin 
ARG

234
, ASN

235
, ILE

236
, THR

237
, GLN

400
, ARG

402
, TRP

403
, ALA

405
, 

ALA
406
 and SER

407
. 

Resveratrol ARG
234
, ASN

235
 ILE

236
, THR

237
, GLN

400
, SER

407
, LYS

408
 and THR

410
. 

Sesamol GLU
409
, THR

410
, LYS

412
, LYS

413
 and THR

414
. 
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Figure 3.6: Binding site of Parkin with selected compounds along with its known 

stimulatory active site. (a) Three-dimensional (3D) presentation of Parkin 

and Naringenin with their interacting residues, (b) Quercetin with their 

interacting residues, (c) Resveratrol with their interacting residues, (d) 

Sesamol with their interacting residues, (e) Two dimensional (2D) 

representation of Parkin and Naringenin with their interacting residues, (f) 

Quercetin with their interacting residues, (g) Resveratrol with their 

interacting residues, and (h) Sesamol with their interacting residues 
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3.4. DISCUSSION 

This research introduced the novel potential of biomolecules, which could be applied 

for therapeutic intervention in PD progression. Mutations in PD associated genes such 

as Parkin potentially lead to autosomal recessive PD (Gupta et al., 2015). Moreover, 

this gene displays characteristic ubiquitin E3 ligase activity. Parkin is ubiquitously 

expressed in a number of pathways associated with PD pathogenesis and has ubiquitin 

E3-ligase activity which also reduces α-synuclein aggregation (Dharani et al., 

2016).Thus, it seems imperative to design therapeutic strategies aimed at elevating the 

level of Parkin to improve neuronal survival in PD. Further, various studies have 

advocated that several compounds of plant origin possess neuroprotective properties, 

however, their mode of action have not been clearly defined. Initially, we screened the 

compounds for ADMET and pharmacokinetics analysis. Most drugs fail on poor 

solubility which we have identified and selected through literature survey. Admet 

analysis of all the selected compounds (Naringenin, Quercetin Sesamol and 

Resveratrol) revealed that these compounds could act like a drug and have drug like 

property as these compounds meet the criteria of Admet parameters. It is evident that 

in vivo bioavailability of an orally administered drug is largely dependent on its 

aqueous solubility and dissolution in GI fluids (Khadka et al. 2014). More the water 

solubility and GI permeability, better the bioavailability. Similarly, lipophilicity of a 

drug affects various physiological properties such as the rate of metabolism, transport 

across cell membrane and interaction with binding sites of receptor. Further, drugs 

intended for CNS should have logP value less than four (Chico et al. 2009; Wager et 

al. 2010). All these four compounds (Naringenin, Quercetin Sesamol and Resveratrol) 

showed logP values of -3.85. However, the most important property required of a 

compound to be a protective agent is the ability to cross Blood brain barrier (BBB). 

As expected, most compounds failed the BBB permeability parameter. But four 

biomolecules namely, (Naringenin, Quercetin Sesamol and Resveratrol) could cross 

the BBB and combined with their high GI absorption, least violations of drug likeness 

and good bioavailability score, were the best candidates for targeting neuronal 

damage in our study. Further, based on docking study analysis, the present study 

provide scientific evidence that given four biomolecules namely (Naringenin, 

Quercetin Sesamol and Resveratrol)  are interacting at the reported binding site of 
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Parkin. Further, Binding Constant, Kb of Naringenin, Quercetin, Resveratrol and 

Sesamol for Parkin were found to be 6.08 µM, 2.67 µM, 12.43 µM and 221.78 µM 

respectively, suggesting that all the selected compounds were effective as Ubiquitin 

E3 Ligase activators. Investigation of active binding sites within Parkin protein gives 

a better idea for a valuable drug target site and drug interaction with highest affinity. 

Recently, researchers reported about the different binding energy of L-Dopa with 

various targets. These targets molecules were α –synuclein, MAO-B, COMT, UCHL-

1, α-Synuclein, Apo site, Dopamine D3 Receptor, Glycogen Synthase Kinase-3β, 

Parkin, and Tyrosine 3-Hydroxylase with binding energy -4.44, -4.4, -5.22, -4.24, -

7.3, -5.8, -5.8, -5.3 and -6.9 kcal/mol respectively (Nagappan et al. 2015 & 

Thangarajan et al. 2016). While, in our study we have reported the energy value of 

Quercetin with Parkin is (-7.60 kcal/mol), which is highest negative free energy value 

compare with L-Dopa targeting Parkin (-5.8 kcal/mol). So on this background, 

Quercetin is showing good interaction with Parkin as compared to L-Dopa and hence 

could be used as a potential drug for treating PD. Additionally, in this study the most 

effective compound was found to be Quercetin is having minimum binding Constant, 

Kb and highest negative free energy of binding with maximum interacting surface area 

with reported highly conserved active site within Parkin protein in course of docking 

studies (Engels et al., 2017). Hence, this chapter is showing for the first-time 

neuroprotective effect of Quercetin with Parkin in PD pathogenesis. 

The next chapter discusses the other Ubiquitin E3 ligase DJ-1can be one of the 

potential target for all shortlisted biomolecules solve the “targeted therapy crisis” 

problem in PD. 
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CHAPTER IV 

AN IN SILICO STUDY OF NARINGENIN MEDIATED 

NEUROPROTECTION IN PARKINSON’S DISEASE 

4.1.  OBJECTIVE  

This chapter discusses the dietary biomolecule of Naringenin with broad spectrum of 

activities which protects neurons from various neurotoxic insults and improves 

cognition and motor function in neurodegenerative diseases. DJ-1 has both, Ubiquitin 

E3 ligase as well as chaperonic activity and loss of ubiquitin E3 Ligase activity of DJ-

1 has been found to be associated with familial PD. Naringenin induced E3 ligase 

activity of DJ-1 which can have possible clinical relevance in PD.  

 

4.2.  INTRODUCTION 

PD is the second most common neurodegenerative disorder characterized by dopamine 

depletion in the striatum (Massano et al., 2012). The dramatic loss of neuromelanin 

containing dopaminergic neurons is convoyed by the presence of Lewy bodies in the 

remaining neurons. The hallmark of PD includes fibrillar cytoplasmic inclusions 

consisting of aggregated and abnormally accumulated proteins, the most prominent being 

α-synuclein, neurofilaments, ubiquitin, and ubiquitinated proteins (Gundersen, 2010). 

Additionally, at least 13 loci and nine genes have been proposed to be linked with PD, but 

only six genes are widely accepted to be associated with Mendelian forms of the disease 

(Exner et al., 2012). Mutations in these genes potentially lead to autosomal dominant (α -

synuclein and LRRK2), or autosomal recessive PD (Parkin, PINK1, DJ1, and ATP13A2) 

respectively. Recent epidemiological studies have shown that less than 10% of PD cases 

are of familial origin with the majority being sporadic (Pirkevi et al., 2009). The sporadic 

form of PD is caused by mutated DJ1 which shows reduced nuclear localization and 

translocation to mitochondria (Cookson et al., 2012). DJ-1 is ubiquitously expressed in a 

number of pathways associated with PD pathogenesis and has ubiquitin E3-ligase activity 

which also reduces α-synuclein aggregation (Saurabh et al., 2009). Although mutations 

associated with DJ-1 lead to onset of familial PD, the exact mechanism behind the 

pathogenesis are still unknown (Christine et al., 2012). Further, various studies have 
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advocated that several compounds of plant origin possess neuroprotective properties, 

however, their mode of action have not been clearly defined (Saikat et al., 2010). In this 

study, we have initially screened four biomolecules namely Naringenin, Quercetin, 

Resveratrol and Sesamol based on Lipinski’s rule of five. These biomolecules are found 

in fruits and vegetables and have various beneficial effects such as antioxidative, 

activation of survival genes and signalling pathways, chelation of transition metal, 

regulating mitochondrial function and modulating neuro inflammation. Further, these 

biomolecules interact with significant neuronal signalling cascades that lead to inhibition 

of apoptosis enhanced by the neurotoxic species and promote neuronal endurance and 

differentiation (Jeremy, 2007). They selectively target a number of protein kinase and 

lipid kinase signalling cascades, importantly, the PI3K/Akt and MAP kinase pathways 

which modulate pro-survival transcription factors and gene expression (Jha et al., 2015). 

Interestingly, Naringenin treatment prominently suppressed oxidative stressors, improved 

levels of enzymatic antioxidants and neurotransmitter significantly (Lobo et al., 2010). In 

this study, biomolecules which exhibit neuroprotective activities were subjected to 

docking simulations using AutoDock 4.2.1. The Preliminary investigation revealed 

Naringenin as the best potential biomolecule among all given four biomolecules based on 

minimum inhibition constant, Ki and highest negative free energy of binding with 

maximum interacting surface area with the active site of DJ-1 in a course of docking 

study. Based on in silico experimentation, Naringenin is a seemingly new prospect for 

therapeutic intervention in PD. Therefore, a comprehensive understanding of the 

molecular mechanism associated with Naringenin mediated therapeutics could contribute 

towards clinical significance in PD biology. 

 

4.3.  EXPERIMENTAL AND RESULTS  

4.3.1. Retrieval of Ubiquitin E3 Ligase DJ-1Proteins and their functional 

elucidation 

Based on functional domain sequence of well characterized gene/protein, homology 

search was done using Basic Local Alignment Search Tool (BLAST). We have 

successfully hunted 5 isoforms of protein DJ-1 (Table 4.1) on the basis of families 

and domains identified from Interproscan results. Interproscan study revealed that all 
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homologues proteins for DJ-1, all homologous proteins were belonging to DJ-1 

family (IPR006287), glutamine amido transferase-like domain (IPR029062) and DJ-

1/PfpI domain (IPR002818) respectively (Figure-4.1). 

 

Figure 4.1: Interproscan result for DJ-1 

Table 4.1: Hunted DJ-1 related proteins 

S.No. Accession Protein Score Identity E Value 

1 NP_009193.2 protein DJ-1 368 98% 5.00e-127 

2 3BWE_A 
Chain A, Crystal Structure Of 

Aggregated Form Of DJ-1 
365 100% 6.00e-126 

3 4OQ4_A 
Chain A, Crystal Structure Of 

E18a Human DJ-1 
361 97% 2.00e-124 

4 1J42_A 
Chain A, Crystal Structure Of 

Human DJ-1 
363 97% 2.00e-125 

5 ADQ32403.1 
Parkinson disease (autosomal 

recessive, early onset) 7 
364 97% 1.00e-125 
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4.3.2. Phylogenetic relationship and Physico-chemical properties 

For multiple sequence analysis, Muscle software was used and found that amino acid 

residues were conserved in most of the isoforms of the Ubiquitin E3 ligase DJ-1. 

Phylogenetic study of DJ-1 hunted proteins revealed that Parkinson disease 

(autosomal recessive, early onset) 7 and protein DJ-1 were differing from others 

(Figure-4.2(a & b)). However, another Chain A (Crystal Structure of Aggregated 

Form of DJ-1 Chain A) and Chain A (Crystal Structure of E18a Human DJ-1) were in 

same cluster as share more homology while Crystal Structure of Human DJ-1 was in 

another cluster. ProtParam showed that Mol. wt. of DJ-1 was 19848.7 Daltons and an 

isoelectric point of DJ-1 was 6.37 which indicate that DJ-1 was negatively charged 

respectively. Furthermore, GRAVY index of -0.47 for DJ-1 is indicative of 

hydrophilic (Table 4.2). 

 

Figure 4.2: (a) Multiple Sequence Alignment of all DJ-1 isoforms and (b) Tree 

generation for DJ-1 using NJ Plot without distance correction 
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Table 4.2: Physico-chemical properties of DJ-1 

Properties DJ-1 

Molecular Formula C874H1448N242O268S8 

Molecular Weight (Daltons) 19848.7 

Theoretical PI 6.37 

Aliphatic Index 99.11 

Grand Average of Hydropathicity (GRAVY) -0.047 

 

4.3.3.  Homology modelling, 3D structure Visualization and quality assessment 

of retrieved proteins 

Prediction of 3D structure of proteins provides us precise functional information of 

how proteins interact and localize in their stable conformation. Homology modelling 

is a structural prediction tools in proteomics and genomics. The best matching 

template was selected for the target protein on the basis of sequence homology using 

PDB Advance Blast. Template is experimentally determined 3D structure of protein 

that share sequence similarity with target sequence. Template showed sequence 

identity of 100% for DJ-1 isoforms. 3D structure of DJ-1 was generated using Swiss 

Model Server. The Z-score is indicative of overall model quality and is used to check 

whether the input structure is within the range of scores typically found for native 

proteins of similar size. SWISS MODEL has provided Z score of the template and 

query model. Further, Z score for DJ-1 has been shown in (Table 4.3), suggesting a 

good structure. 

Table 4.3: Swiss Model server result showing template structure used in homology 

modelling, Sequence Identity and quality score of the model generated. 

Gene Name 
Modeled residue 

range 

Based on 

template 

Sequence 

Identity 

QMEAN Z-

Score 

DJ-1 2-185 4ZGG 100% -0.42 

 

3D structure of DJ-1(PDB ID 4ZGG) was retrieved from Protein Data Bank (PDB). 

Even though there were no steric clashes in the structure generated, these were 

assessed for geometric and energy aspects (Figure-4.3 (a)).  
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Figure 4.3: (a) Demonstrates 3D structure of DJ-1, (b) ligand binding site in DJ-1. 
 

4.3.4. Physico-chemical Properties and Lipinski Filter Analysis retrieved of ligands 

Table 4.4: Physico-chemical Properties of ligands 

Characteristics Naringenin Quercetin Resveratrol Sesamol 

Molecular weight 272.25 g/mol 302.23 g/mol 228.24 g/mol 138.12 g/mol 

Molecular Formula C15H12O5 C15H10O7 C14H12O3 C7H6O3 

Molecular 

Structure 

 

 

 
 

IUPAC Name 

5,7-dihydroxy-2-(4-

hydroxyphenyl)-2,3-

dihydrochromen-4-

one 

2-(3,4-

dihydroxyphenyl)-

3,5,7-

trihydroxychromen-4-

one 

5-[(E)-2-(4-

hydroxyphenyl) 

ethenyl]benzene-1,3-

diol 

1,3-benzodioxol-5-ol 

xLogP 2.4 1.5 3.1 1.2 

Hydrogen Bond 

Donor 
3 5 3 1 

Hydrogen Bond 

Acceptor 
5 7 3 3 

Rotatable Bond 

Count 
1 1 2 0 

Topological Polar 

Surface Area 
87A

2
 127A

2
 60.7A

2
 38.7A

2
 

Heavy Atom Count 20 22 17 10 

Complexity 363 488 246 126 

Covalently Bonded 

Unit Count 
1 1 1 1 



Chapter IV 

 63

Initial screening of the molecules was done on the basis of Lipinski’s rule of five 

(Figure 4.4). Lipinski filter analysis revealed that all these molecules (Naringenin, 

Quercetin, Resveratrol and Sesamol) could act like a drug as they meet the criteria of 

Lipinski Rule of five. 

 

Figure 4.4: Drug Likeness prediction using Lipinski Filter Analysis 

4.3.5. Active site prediction and molecular docking analysis of DJ-1 with 

identified molecules 

CastP server was used to predict the ligand binding site. This server calculates the 

possible active sites from the 3D atomic coordinates of the proteins.For DJ-1, residues 

involved in ligand binding site, site volume and volume of protein for thirty three 

active sites were predicted (Figure 4.3 (b)). Among the thirty three binding sites 

obtained from CastP for DJ-1, site thirty three was highly conserved within the active 

site of the protein. The Predicted site thirty three consisted 435.6 Cubic angstroms site 

volume out of the 1723 Cubic Angstroms of protein volume. The residues in site 33 

are PRO
109

, THR
110

, LEU
112

, LEU
113

, ALA
114

, GLU
116

, VAL
123

, THR
125

, PRO
127

, 

ALA
129

, LYS
130

, LYS
132

, ASN
135

, GLY
137

, HIS
138

, TYR
139

, TYR
141

, GLU
143

 ARG
156

 

and also shown in (Table 4.6). 
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4.3.6. Molecular docking pattern of biomolecules with DJ-1  

Molecular docking pattern of DJ-1 with screened molecules (Naringenin, Quercetin, 

Resveratrol and Sesamol) have been identified and depicted in (Figure 4.5).  

 

4.3.6.1. DJ-1 interaction with Naringenin 

Free energy of binding with Naringenin was -4.19 kcal/mol and Est. Binding 

Constant, Kb was found to be 851.70 µM. (Figure-4.5 (a)) Intermolecular Energy was 

found to be -5.38 kcal/mol. VdW + Hbond + desolv Energy and Electrostatic Energy 

was -5.25 kcal/mol and -0.13 kcal/mol. Total Internal Energy and Torsional Free 

Energy was found to be 9.69 kcal/mol and 1.19 kcal/mol.  

 

4.3.6.2. DJ-1 interaction with Resveratrol 

Free energy of binding with Resveratrol was -3.24 kcal/mol and Est. Binding 

Constant, Kb was found to be 4.25 mM. (Figure-4.5 (b))Intermolecular Energy was 

found to be -5.03 kcal/mol. VdW + Hbond + desolv Energy and Electrostatic Energy 

was -4.91 kcal/mol and -0.12 kcal/mol. Total Internal Energy and Torsional Free 

Energy was found to be 17.09 kcal/mol and 1.79 kcal/mol. 

 

4.3.6.3. DJ-1 interaction with Quercetin 

Free energy of binding with Quercetin was -3.97 kcal/mol and Est. Binding Constant, 

Kb was found to be 1.24 mM. (Figure-4.5 (c)) Intermolecular Energy was found to be 

-5.76 kcal/mol. VdW + Hbond + desolv Energy and Electrostatic Energy was -5.54 

kcal/mol and -0.22 kcal/mol. Total Internal Energy and Torsional Free Energy was 

found to be 9.44 kcal/mol and 1.79 kcal/mol.  

 

4.3.6. 4. DJ-1 interaction with Sesamol 

Free energy of binding with Sesamol was -3.08 kcal/mol and Est. Binding Constant, 

Kb was found to be 5.51 mM. (Figure-4.5 (d))Intermolecular Energy was found to be 

-3.38 kcal/mol. VdW + Hbond + desolv Energy and Electrostatic Energy was -3.12 

kcal/mol and -0.26 kcal/mol. Total Internal Energy and Torsional Free Energy was 

found to be 0.32 kcal/mol and 0.30 kcal/mol.  
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On the basis of docking analysis, interacting compounds with minimum binding 

constant and highest negative free energy of binding are most effective. Docking 

calculation of DJ-1 has been presented in (Table 4.5). 

 

Figure 4.5: Docking study of DJ-1 protein with selected compounds, (a) DJ-1 interaction 

with Naringenin, (b) DJ-1 interaction with Resveratrol, (c) DJ-1 interaction 

with Quercetin, and (d) DJ-1interaction with Sesamol. 
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Table 4.5: Docking calculation of compounds with DJ-1 

Compound 

Name 

Est. Free 

Energy of 

Binding 

Est. 

Binding 

Constant 

Est. Inter 

molecular 

Energy 

vdW+Hbond+ 

desolv Energy 

Electrostatic 

Energy 

Est. 

Internal 

Energy 

Torsional  

Free 

Energy 

Naringenin 
-4.19  

(kcal/mol) 
851.70 µM 

-5.38  

(kcal/mol) 

-5.25  

(kcal/mol) 

-0.13  

(kcal/mol) 

+9.69  

(kcal/mol) 

+1.19  

(kcal/mol) 

Quercetin 
-3.97  

(kcal/mol) 
1.24 mM 

-5.76  

(kcal/mol) 

-5.54  

(kcal/mol) 

-0.22  

(kcal/mol) 

+9.44  

(kcal/mol) 

+1.79  

(kcal/mol) 

Resveratrol 
-3.24  

(kcal/mol) 
4.25 mM 

-5.03  

(kcal/mol) 

-4.91  

(kcal/mol) 

-0.12  

(kcal/mol) 

+17.09  

(kcal/mol) 

+1.79  

(kcal/mol) 

Sesamol 
-3.08  

(kcal/mol) 
5.51 mM 

-3.38  

(kcal/mol) 

-3.12  

(kcal/mol) 

-0.26  

(kcal/mol) 

+0.32  

(kcal/mol) 

+0.30  

(kcal/mol) 

 

4.3.7. Binding site of DJ-1 with selected compounds along with its Known 

Stimulatory Active Site 

Binding site residues of DJ-1 interacting with Naringenin, Quercetin, Resveratrol and 

Sesamolwere found to be the same as the residues involved in their respective 

catalytic sites. Interacting residues of DJ-1 with Naringenin, Quercetin, Resveratrol 

and Sesamolalong with their identified catalytic sites have been show in (Table 4.6) 

and their 2D and 3D pattern of interaction is presented in (Figure 4.6). Interacting 

residues of DJ-1 with its activator were PRO
109

, THR
110

, LEU
112

, LEU
113

, ALA
114

, 

GLU
116

, VAL
123

, THR
125

, PRO
127

, ALA
129

, LYS
130

, LYS
132

, ASN
135

, GLY
137

, HIS
138

, 

TYR
139

, TYR
141

, GLU
143

 and ARG
156

. Interacting residues in case of Naringenin 

(Figure-4.6 (a & e)) were THR110, LEU113, ALA114, GLU116, LYS132 and 

ASN135. Interacting residues in case of Quercetin (Figure-4.6 (b & f)) were 

LEU113, ALA114, LYS132, ASN135 and HIS138. Interacting residues in case of 

Resveratrol (Figure-4.6 (c & g)) were LEU
113

, GLU
116

 and ASN
135

. Furthermore, 

Interacting residues in case of Sesamol (Figure-4.6 (d & h)) were PRO127, LYS130, 

TYR141, GLU143 and ARG156. 
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Figure 4.6: Binding site of DJ-1 with selected compounds along with its known 

stimulatory active site. (a) Three-dimensional (3D) presentation of DJ-1 and 

Naringenin with their interacting residues, (b) Quercetin with their 

interacting residues, (c) Resveratrol with their interacting residues, (d) 

Sesamol with their interacting residues, (e) Two dimensional (2D) 

representation of DJ-1 and Naringenin with their interacting residues, (f) 

Quercetin with their interacting residues, (g) Resveratrol with their 

interacting residues, and (h) Sesamol with their interacting residues. 
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Table 4.6: DJ-1 known binding site and selected compounds interacting residues 

Compound Interacting residues 

Predicated catalytic 

Site 

PRO
109
, THR

110
, LEU

112
, LEU

113
, ALA

114
, GLU

116
, VAL

123
, THR

125
, 

PRO
127
, ALA

129
, LYS

130
, LYS

132
, ASN

135
, GLY

137
, HIS

138
, TYR

139
, 

TYR
141
, GLU

143
 and ARG

156
. 

Naringenin THR
110
, LEU

113
, ALA

114
, GLU

116
, LYS

132
 and ASN

135
. 

Quercetin LEU
113
, ALA

114
, LYS

132
, ASN

135
 and HIS

138
. 

Resveratrol LEU
113
, GLU

116
 and ASN

135
. 

Sesamol PRO
127
, LYS

130
, TYR

141
, GLU

143
 and ARG

156
. 

 

4.4.  DISCUSSION 

Despite the knowledge of various factors which contribute in the occurrence and 

progression of PD, the exact cause and cure remains elusive. Mutations in PD 

associated genes potentially lead to autosomal dominant (α -synuclein and LRRK2), 

or autosomal recessive PD (Parkin, PINK1, DJ1, and ATP13A2) respectively (Wang 

et al., 2010). Moreover, these genes display characteristic ubiquitin E3 ligase activity. 

DJ-1 is ubiquitously expressed in a number of pathways associated with PD 

pathogenesis and has ubiquitin E3-ligase activity which also reduces α-synuclein 

aggregation (Mizunoet et al., 2006). Thus, it seems imperative to design therapeutic 

strategies aimed at elevating the level of DJ-1 to improve neuronal survival in PD. 

Further, various studies have advocated that several compounds of plant origin 

possess neuroprotective properties, however, their mode of action have not been 

clearly defined (Kumar et al., 2012). Initially, we screened the compounds for 

Lipinski’s rule of five. Most drugs fail on poor solubility which we have identified 

and selected through literature survey. Lipinski’s analysis of all the selected 

compounds (Naringenin, Quercetin Sesamol and Resveratrol) revealed that these 

compounds could act like a drug and have drug like property as these compounds 

meet the criteria of Lipinski’s rule of five parameters. (Khadka et al. 2014). All these 

four compounds (Naringenin, Quercetin Sesamol and Resveratrol) showed Molecular 

mass less than 500kda and xlogP values of less than 5. However, the most important 

property required of a compound to be a protective agent is the ability to cross Blood 

brain barrier (BBB). As expected, most compounds failed the BBB permeability 
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parameter. But four biomolecules namely, (Naringenin, Quercetin Sesamol and 

Resveratrol) could cross the BBB on these parameter and the best candidates for 

targeting neuronal damage in our study. Furthe, based on docking study analysis, the 

present study provide scientific evidence that given four biomolecules namely 

Naringenin, Quercetin, Resveratrol and Sesamol are interacting at the reported 

binding site of DJ-1.Further, binding Constant, Kb of Naringenin, Quercetin, 

Resveratrol and Sesamol for DJ-1 was found to be 851.70 µM, 1.24 mM, 4.25 mM 

and 5.51 mM respectively, suggesting that all the selected compounds might be 

effective as activators of E3 ligase activity of DJ-1. Furthermore, investigation of 

binding sites within DJ-1 gives a better idea for a valuable drug target site with 

highest binding and interaction affinity. Based on in vivo experimentation, the most 

effective compound in modulating E3 ligase activity of DJ-1 was found to be 

Naringenin having minimum binding Constant Kb and highest negative free energy of 

binding with maximum interacting surface area in a course of docking studies (Azam 

et al., 2012, Gupta et al., 2015 & Dharani et al., 2016). 

The in silico results obtained and discussed in the previous two chapters have shown 

very promising potential of ubiquitin E3 Ligase Parkin and DJ-1 activating 

biomolecules in pathogensis of PD.  

This encouraged us to undertake in vitro studies to confirm the findings of virtual 

screening. Therefore, in an attempt to study the efficacy of biomolecules in alleviating 

neurotoxin induced toxicity, we have carried out in vitro experiments in the SH-SY5Y 

neuroblastoma cell line in the succeeding chapter. 
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CHAPTER V  

BIOMOLECULES PREVENTS MPTP-INDUCED 

NEUROTOXICITY IN DOPAMINERGIC SH-SY5Y  

CELL LINE IN PARKINSON’S DISEASE 

5.1.  OBJECTIVE  

The previous chapters discussed very promising neuroprotective potential of 

biomolecules and altered expression of E3 ligase such as Parkin and DJ-1 in PD. 

Currently there is no cure and researchers continue to probe the therapeutic prospect 

in in silico study, cell cultures and animal models of PD. Owing to the limitations of 

sample availability of PD patients and scarcity of animals, the current research 

scenario has shifted focus on cellular models of PD which are an excellent source of 

large drug screening and are easy to maintain. Firstly, we have done In silico studied, 

which have been discussed in Chapter II and III and used cell culture model to study 

the toxic effects of a neurotoxin; MPTP in SH-SY5Y neuroblastoma cell line. Thus, 

in an attempt to verify the in silico screening results, we carried out various studies to 

check the efficacy of E3 ligase such as Parkin and DJ-1 inducing biomolecule in 

ameliorating neuronal cell death in SH-SY5Y cell line. Also, changes in cell viability 

subsequent to the effect of toxin and upon biomolecules treatment have been assessed. 

Moreover, the expression level of various protective protein markers subsequent to 

MPTP administration and after biomolecules treatment has been described in this 

chapter. 

 

5.2 DOSE-DEPENDENT AND TIME-DEPENDENT TOXICITY ASSAY OF MPTP 

A stock of MPTP in DMSO was prepared and from this various gradients of MPTP 

were prepared in increasing concentration of 300nM, 600nM, 900nM, 20µM, 40µM 

and 80µM. The effect of each of these doses on SH-SY5Y cells was studied in a time 

period of 6 hours, 12 hours and 24 hours. The results obtained were evaluated through 

changes in cell morphology, cell viability assay, protein profiling or western blot and 

finally, statistical calculations and are summarised in succeeding sections.  
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5.2.1.  MPTP exerts dose-dependent and time-dependent toxicity in SH-SY5Y cells  

The results obtained in present study clearly show that MPTP induces toxicity in SH-

SY5Y cells in a dose-dependent and time-dependent manner. The change in cell 

morphology upon MPTP administration in comparison to control cells is clearly 

evident in (Figure-5.1 (h)). 

 

Figure 5.1:  MPTP changes cell morphology (g-i) compared to both control (a-c) and 

SHAM (d-f) 

5.2.2. MPTP exerts mild toxicity at 300nM-900nM 

The SH-SY5Y neuroblastoma cells exhibited nearly normal morphology when 

compared with control and SHAM (DMSO) post 300nM-900nM MPTP 

administration after 6-12 hours. Most of the cells were alive at these concentrations 

even after 24 hours. The viability was only slightly decreased at 900nM in 

comparison to 300nM concentration (Figure-5.2 (a-i)) 

 

5.2.3.  MPTP exerts moderate toxicity at 900nM-20µM 

The 900nM concentration of MPTP exerted some toxicity after 6 hours. Further, 

although cells were mostly alive, toxicity at this concentration was visibly apparent 

after 12 hours. After 24 hours, the confluence of cells was markedly decreased 
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though; the morphology of cells was somewhat retained (Figure-5.2 (h-i)). However, 

the toxicity of 20µM MPTP on neuroblastoma cells was very apparent after 6 hours as 

cell morphology was visibly distorted. As expected, the morphology degraded after 

12 hours and clumps of morphologically abnormal cells were seen after 24 hours of 

treatment (Figure-5.2 (k-l)). 

 

Figure 5.2:  MPTP exerts mild toxicity at 300nM-900nM (a-i upper panel). Further, the 

moderate toxicity was observed at 900nM-20µM (g-l) and MPTP induced 

heavy toxicity at 40µM (m-o) 
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5.2.4.  LD50 concentration of MPTP is 40µM 

The 40µM concentration of MPTP exhibited heavy toxicity on SH-SY5Y cells which was 

clearly evident after 6 hours of administration in the form of almost complete distortion of 

neuronal cell morphology. Further, cell morphology was lost after 12 hours and about 

50% cells were dead post 24 hours of 40µM dose administration. Thus, after repeating the 

experiment in triplicates thrice, 40µM concentration of MPTP was taken as the LD50 

value in SH-SY5Y cells. Furthermore, the MPTP toxicity was extremely high at 40µM-

80µM concentration and immediate deformation of neuronal cells with cell death was 

visible. Moreover, the morphology and viability was completely lost at 12 hours and cells 

were floating after 24 hours (Figure-5.2 (m-o)). 

 

5.2.5.  Effect of MPTP Dose on Cell Viability 

To determine the effect of MPTP on cell viability, the trypan blue exclusion test was 

performed in all the above mentioned sets of experiments. Accordingly, the number of 

live (unstained) and dead (stained) cells were counted in a hemocytometer and percent 

cell viability determined in triplicate set of experiments. The results in the form of 

statistically calculated values were plotted on a graph. The cell viability was found to 

decrease with increasing concentration of MPTP, further validating the dose-

dependent effect of rotenone toxicity on SH-SY5Y cells (Graph 5.1). 

 

Graph 5.1: Dose-dependent effect of MPTP toxicity on SH-SY5Y cells. As the dose of 

MPTP was increased, cell viability attenuated significantly as concluded 

from trypan blue exclusion test (n=3) 
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Next, we checked the neuroprotective potential of biomolecules (Naringenin, 

Quercetin and Resveratrol) which have been described in both the Chapter III and 

Chapter IV as these molecules alleviate MPTP induced altered expression of E3 ligase 

such as Parkin and DJ-1 in PD and to check its efficacy on cell viability and on the 

expression level of various protective protein markers subsequent to MPTP 

administration. The results are summarized in the next section. 

 

5.3.  BIOMOLECULES REVERSE MPTP-INDUCED TOXICITY IN SH-SY5Y 

CELL LINE 

5.3.1  Dose-dependent effect of Naringenin on MPTP -induced toxicity in SH-

SY5Y Cells 

The concentration gradient of Naringenin was prepared in increasing order of 10µM, 

20µM, 40µM and 80µM respectively. Next, the LD50 value of MPTP which was 

determined as 40µM in preceding experiment was administered to SH-SY5Y cells for 

24 hours. The cell death incurred upon MPTP administration at 40µM was determined 

through trypan blue cell viability assay and observed morphological deformations. 

Next, the varying concentrations of Naringenin were used to study its protective effect 

on MPTP induced toxicity on SH-SY5Y cells in period of 24 hours. The results 

obtained are summarized below. 

 

5.3.1.1. Naringenin protects against MPTP-induced toxicity at 20µM concentration 

Naringenin restored almost 50% cells which were non-viable post MPTP induced 

toxicity in SH-SY5Y cells. The rounded morphology of MPTP -treated cells was 

transformed into well defined neurite-like structures upon 20µM Naringenin treatment 

(Figure-5.3 (g-i)). Further, the cell viability was greatly enhanced. Therefore, the 

present study observed well marked protective effect of 20µM Naringenin against 

MPTP induced toxicity in SH-SY5Y cells. 

 

5.3.1.2 Naringenin reverses MPTP -induced toxicity at 40µM concentration 

The concentration of Naringenin at which there was almost complete reversal of 

MPTP - induced toxicity was found to be 40µM. The neuronal morphology was very 
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well defined and long neurites could be seen after treatment with this dose (Figure-

5.3 (j-l)). Moreover, these results are corroborated with cell viability assays. Thus, 

Naringenin rescued neuronal cells from MPTP toxicity at 40µM. 

 

Figure 5.3:  Naringenin is protective at 40µM (j-l) and revived more than 50% cells at 

this dose 
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5.3.1.3. Effect of dose of Naringenin on cell viability 

The protective effect of Naringenin on cell viability in MPTP induced toxicity was 

determined through trypan blue exclusion test. Post 24 hours of MPTP administration, 

cells were treated with Naringenin for 24 hours. Next, the trypan blue test was 

performed for each experimental and control group. Accordingly, the number of live 

(unstained) and dead (stained) cells were counted in a hemocytometer and percent cell 

viability determined in triplicate set of experiments. The results in the form of 

statistically calculated values were plotted on a graph (Graph 5.2). To summarise, 

Naringenin treatment increased cell viability in a dose-dependent manner in MPTP 

induced toxicity in SH-SY5Y cells. 

Further, we wanted to check the effect of Quercetin and Resveratrol on MPTP 

induced toxicity in SH-SY5Y cells. For this purpose we performed same set of 

experiments and the results obtained are summarized in the succeeding section. 

 

Graph 5.2: Naringenin increased cell viability in a dose-dependent manner against 

MPTP toxicity. At 40µM Naringenin reversed cell toxicity and greatly 

enhanced cell viability (n=3) 
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5.3.2.  Dose-dependent effect of Quercetin in MPTP-induced toxicity  

The concentration gradient of Quercetin was prepared in increasing order of 10µM, 

20µM, 40 µM and 80µM respectively. Next, 40µM MPTP was administered to SH-

SY5Y cells for 24 hours. The cell death incurred upon MPTP administration was 

determined through trypan blue cell viability assay. Next, the effect of varying 

concentrations of Quercetin on MPTP induced toxicity at 40µM was studied and 

obtained results are summarized below. 

 

5.3.2.1. Quercetin does not attenuate MPTP induced toxicity at 10µM concentration 

MPTP treated cells were incubated with 10µM Quercetin for 6-24 hours. The effect of 

Quercetin was observed after 12 hours and 24 hours. However, Quercetin had no 

effect on MPTP induced toxicity at 40 µM in SH-SY5Y cells at 10µM concentration 

(Figure-5.4 (d-f)). The morphology of cells as well as the cell viability assessed 

through trypan blue test and remained unchanged on treatment with 10µM Quercetin 

(Graph 5.3).  

 

5.3.2.2. Quercetin reverses MPTP-induced toxicity at 20µM concentration  

The dose of Quercetin was further increased to study its effect in MPTP induced 

toxicity. Accordingly, 20µM Quercetin was used to treat MPTP administered cells. 

After 24 hours it was observed that these dose of Quercetin it reversed MPTP induced 

toxicity in SH-SY5Y cell line (Figure-5.4 (g-i)). Moreover, a very few viable cells 

were observed in the total population of MPTP induced dead cells. Further, the cell 

viability was found to be increased at 20µM Quercetin concentration. Interestingly, on 

further increasing the dose of Quercetin to 40-80µM, improved cell viability as 

compared to the preceding dose was observed (Figure-5.4 (j-o)). 
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Figure 5.4:  Quercetin is protective at 20µM (g-i) and revived more than 50% cells at 

this dose 

5.3.2.3. Effect of dose of Quercetin on cell viability 

The protective effect of Quercetin on cell viability in MPTP induced toxicity was 

determined through trypan blue exclusion test. MPTP treated cells were incubated 

with varying concentration of Quercetin. Next, the trypan blue test was performed for 

each experimental and control group. Further, the number of live (unstained) and dead 

(stained) cells were counted in a hemocytometer and percent cell viability determined 

in triplicate set of experiments. The results in the form of statistically calculated 
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values were plotted on a graph (Graph 5.3). To summarize, Quercetin treatment also 

exhibited significant increase in cell viability in MPTP toxicity at 20µM induced 

toxicity in SH-SY5Y cells. 

 

Graph 5.3: Quercetin increased cell viability in a dose-dependent manner against MPTP 

toxicity. At 20µM Quercetin reversed cell toxicity. Cell viability as a measure 

of Quercetin doses showing significant results; (n=3) 

5.3.3. Dose-dependent effect of Resveratrol in MPTP-induced toxicity 

The concentration gradient of Resveratrol was prepared in increasing order of 15µM, 

30µM, 60 µM and 120µM respectively. Next, 40µM MPTP was administered to SH-

SY5Y cells for 24 hours. The cell death incurred upon MPTP administration was 

determined through trypan blue cell viability assay. Next, the effect of varying 

concentrations of Resveratrol on MPTP induced toxicity at 40µM was studied and 

obtained results are summarized below. 

 

5.3.3.1. Resveratrol does not attenuate MPTP induced toxicity at 15-30µM 

concentration 

MPTP treated cells were incubated with 15-30µM Resveratrol for 6-24 hours. The 

effect of Resveratrol was observed after 12 hours and 24 hours. However, Resveratrol 

had no effect on MPTP induced toxicity at 40Μm in SH-SY5Y cells at 15-30µM 

concentration (Figure-5.5 (d-i)). The morphology of cells as well as the cell viability 

assessed through trypan blue test and remained unchanged on treatment with  

15-30µM Resveratrol (Graph 5.4).  
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5.3.3.2. Resveratrol reverses MPTP-induced toxicity at 60 µM concentration 

The dose of Resveratrol was further increased to study its effect in MPTP induced 

toxicity. Accordingly, 60µM Resveratrol was used to treat MPTP administered cells. 

After 24 hours it was observed that these dose of Resveratrol it reversed MPTP 

induced toxicity in SH-SY5Y cell line (Figure-5.5 (j-l)). Moreover, viable cells were 

observed in the total population of MPTP induced dead cells. Interestingly, increasing 

the dose of Resveratrol to from 60 µM to 120µM, improved cell viability as compared 

to the preceding dose was observed (Figure-5.5 (m-o)). 

 

Figure 5.5: Resveratrol is protective at 60µM (j-l) and revived more than 50% cells at 

this dose 
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5.3.3.3. Effect of dose of Resveratrol on cell viability 

The protective effect of Resveratrol on cell viability in MPTP induced toxicity was 

determined through trypan blue exclusion test. MPTP treated cells were incubated 

with varying concentration of Resveratrol. Next, the trypan blue test was performed 

for each experimental and control group. Further, the number of live (unstained) and 

dead (stained) cells were counted in a hemocytometer and percent cell viability 

determined in triplicate set of experiments. The results in the form of statistically 

calculated values were plotted on a graph (Graph 5.4). To summarize, Resveratrol 

treatment also exhibited significant increase in cell viability in MPTP toxicity at 60 

µM induced in SH-SY5Y cells. 

 

Graph 5.4: Resveratrol increased cell viability in a dose-dependent manner against 

MPTP toxicity. At 60µM Resveratrol reversed cell toxicity. Cell viability as 

a measure of Resveratrol doses showing significant results (n=3) 
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5.4  WESTERN BLOT FOR VARIOUS PROTECTIVE PROTEIN AND PD 

RELATED MARKERS 

5.4.1. MPTP reduced the expression of Parkin and DJ-1 in SH-SY5Y cell line 

Both Parkin and DJ-1 are Ubiquitin E3 ligase and which losses in its activity have 

been linked to increase in various substrates which can have detrimental effect on 

cells. MPTP treatment led to attenuate the level of both Parkin and DJ-1, when 

compared to control neuroblastoma cells. Loss in both the Parkin and DJ-1 activity is 

the indication of neuronal cell death observed in MPTP treated cells compared to 

control cells, where the levels of both Parkin and DJ-1are high.  

 

5.4.1.1. Naringenin and Quercetin restored both Parkin and DJ-1 activity 

Naringenin and Quercetin treatment restored the levels of Parkin and DJ-1 which 

were downregulated in response to MPTP exposure (Figure-5.6). The restored in 

levels of these markers may be mediating significant acceleration in cell viability 

upon Naringenin and Quercetin treatment in SH-SY5Y cells.  

 

5.4.1.2. MPTP induced upregulation of p38 MAPK in SH-SY5Y cell line 

The fundamental role of p38 MAPK in controlling all of the above detrimental 

consequences, and thereby in the process upset DA neuronal homeostasis, which 

ultimately progresses to an advanced diseased state and incurable neurodegeneration. 

Upon MPTP induction, these markers get activated and trigger downstream signalling 

and lead to the neuronal dysfunction. However, upon MPTP treatment increased level 

of p38 MAPK may be contributed to accumulation of toxic protein, which ultimately 

leads to hamper neuronal network and cause neuronal dysfunction. 

 

5.4.1.3.  Naringenin, Quercetin and Resveratrol restored p38 MAPK in SH-SY5Y 

cell line 

Naringenin, Quercetin and Resveratrol treatment reduced the levels of p38 MAPK 

which was upregulated in response to MPTP exposure (Figure-5.6). The decrease in 
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levels of these markers may be mediating significant acceleration in cell viability 

upon these biomolecules treatment in SH-SY5Y cells. Such observation can underline 

the efficacy of Resveratrol in protecting neuronal cells against MPTP induced 

toxicity.  

 

Figure 5.6:  Protein expression of Parkin, DJ-1 and P38 subsequent to MPTP 

administration and on biomolecules treatment in SH-SY5Y cell line 

5.5.  DISCUSSION 

The previous chapters discussed about the potential role of both Parkin and DJ-1 

ubiquitin E3 ligase, regulating stress induced neuronal cell death in PD. Out of the 

four compounds shortlisted in chapter III and chapter IV, the protective potential role 

of Naringenin, Quercetin and Resveratrol in alleviating MPTP mediated cell death 

was evaluated in the present chapter. MPTP was the neurotoxic contaminant 

responsible for the effect of Parkinsonism. MPTP is highly lipophilic and it readily 

crosses the blood brain barrier. The MPTP, which is widely used in mimicking PD 

like symptom, was used to induce toxicity in SH-SY5Y cell line. The toxicity assay 

shows dose-dependent and time-dependent effect of MPTP in inducing neuronal cell 

death in SH-SY5Y cells and cell viability significantly decreased with increasing dose 

of MPTP. Moreover, the LD50 value of MPTP was determined at 40µM concentration 

in present study. Further, treatment with Naringenin rescued cells against MPTP 

induced toxicity at 40µM dose and exhibited dose-dependent and time-dependent 

protection in increasing cell viability. The protein expression level of both Parkin and 

DJ-1 ubiquitin E3 ligase subsequent to MPTP administration and on Naringenin 

treatment was checked through western blotting. The results show that Naringenin 



Chapter V 

 84

restored the level of both Parkin and DJ-1, which were attenuated on MPTP treatment 

in SH-SY5Y cell line. Likewise, Quercetin administration rescued cells against MPTP 

induced toxicity at 20µM dose in SH-SY5Y cells and exhibited dose-dependent and 

time-dependent protection in increasing cell viability. Further, the protein expression 

level of both Parkin and DJ-1 to MPTP administration and on Quercetin treatment in 

the SH-SY5Y cell line was checked through western blotting. The results demonstrate 

that Quercetin restored the level of both Parkin and DJ-1 which were downregulated 

on MPTP treatment. Furthermore, Naringenin, Quercetin and Resveratrol treatment 

restored the levels of p38 MAPK which was upregulated in response to MPTP 

exposure. The decrease in levels of these markers may be mediating significant 

acceleration in cell viability upon these biomolecules treatment in SH-SY5Y cells. 

Such observation can underline the efficacy of Resveratrol in protecting neuronal 

cells against MPTP induced toxicity. Therefore, it can be advocated from the given 

results that Naringenin, Quercetin and Resveratrol may be rescuing neuronal cells 

against MPTP induced toxicity through altered the expression of E3 ligase such as 

Parkin, DJ-1 and p38 MAPK in PD. The detailed mechanism of such promising 

interaction can be validated through further studies. 
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CHAPTER VI  

SUMMARY, DISCUSSION AND FUTURE PERSPECTIVE 

 

Neurodegenerative disorders are characterized by gradual and progressive loss of 

neurons that leads to deficient nervous system output. These disorders can affect daily 

activities like abstract thinking, movements, emotional feelings, cognition, memory 

and other abilities (Soto, 2003). Worldwide, approximately 2% of the populations are 

victims of such detrimental outcomes (Hardy and Orr, 2006). Most common 

neurodegenerative diseases include AD, PD, HD, ALS and MS several risk factors for 

instance, genetic polymorphisms aging, dietary supplements that play their parts in 

modulating development and prognosis of these disorders. Other causative factors that 

might influence disease outcomes includes gender, poor education, endocrine 

conditions, oxidative stress, inflammation, stroke, hypertension, diabetes, smoking, 

head trauma, depression, infection, tumors, vitamin deficiencies, immune and 

metabolic conditions, and chemical exposure. In addition to this mitochondrial 

dysfunction can also regulate pathogenesis in several neurodegenerative challenges 

such as PD and HD. These disorders are characterized by the accumulation of reactive 

oxygen species (ROS), selective loss of neurons, loss of mitochondrial membrane 

potential, and ATP depletion. Altogether, these factors al modulate aberrant brain 

functioning and subsequently neurodegeneration (Kieper et al., 2010). 

PD is the second most prevalent neurodegenerative disease worldwide and is 

currently incurable. PD is characterized by the progressive loss of a subset of 

midbrain dopaminergic neurones in the substantia nigra leading to loss of motor skill 

(Angeline et al., 2013). Disease causing mechanisms of PD are poorly understood and 

can be attributed in part to the growing number of genetic defects that might define 

PD pathological outcomes. PD pathology is also characterized by progressive 

polymerization and development of altered conformation of soluble native neuronal 

protein, resulting in intracellular aggregation. Alpha-synuclein has been identified as 

the major constituent of Lewy bodies in sporadic PD. Lewy bodies are the alpha 

synuclein – immunoreactive inclusions made up of a number of neurofilament 

proteins together with proteins responsible for proteolysis (Davie, 2008). Ubiquitin 
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Proteosome System (UPS) maintains the intracellular proteolysis and viability of cells 

by removing the unwanted proteins that are no longer required by the cell. The link 

between UPS and neurodegeneration has been worked out by the discovery of 

mutation in genes coding for many ubiquitin-proteosome pathway proteins in PD. 

Identification of Parkin and DJ-1 gene revealed the first evidence of a direct role of 

UPS in neurodegeneration. Parkin encodes the E3 ubiquitin ligase with the 

characteristic two RING finger domain separated by an IBR (in-between ring) domain 

(Mata et al., 2004). Normal functional levels Parkin are observed in healthy neurons 

and any deviation in normal operation leads to aberrant Parkin levels thus contributing 

towards PD progression (Smidt, 2011). Further, DJ-1 is a ubiquitous redox-responsive 

cytoprotective protein with diverse functions. It may act as a sensor for oxidative 

stress, and it apparently protects neurons against oxidative stress and cell death 

(Kumaran et al., 2009). Loss-of-function and mutations in DJ1 can cause early-onset 

of PD. This leads to the characteristic selective neurodegeneration of nigrostriatal 

dopaminergic neurons, which accounts for PD symptoms. 

The etiology of PD still remains mysterious, whereas various investigations have 

revealed that its pathogenesis involves a multifactorial cascade of deleterious factors. 

Most insights into PD pathogenesis arise from the wide range of research that was 

performed using experimental models of PD, especially those produced by 

neurotoxins (Bove et al., 2005). The four most popular PD neurotoxins are namely 6-

OHDA, MPTP, rotenone, and paraquat. Each neurotoxin has its own mechanism of 

action to induce the disease. Among the various neurotoxins, MPTP is convenient for 

mimic the symptom like PD. MPTP is an insecticide that has the potential to cause 

PD. MPTP toxicity is also caused by mitochondrial complex I inhibition, depletion of 

cellular and oxidative damage. These processes cause loss of midbrain dopaminergic 

neurons, leading to depletion of dopamine in the brain. Being a lipophilic molecule, it 

can easily penetrate all types of membranes and can induce neurodegeneration. 

(Lapointe et al., 2004). It can also cause selective dopaminergic cell degeneration in 

vitro. Recent discoveries about Parkinson's disease, its diagnosis and treatments have 

opened up many paths for finding novel therapeutic targets to treat PD (Savitt et al., 

2006). The main goal for future treatment of Parkinson's disease is the discovery and 
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development of neuroprotective drugs to lessen or rather to halt the disease 

progression (Chen and Le, 2006). It is important to consider the relationship between 

disease progression and the beneficial and pharmacological properties of the drug 

during the development of neuroprotective drugs for the treatment of Parkinson's 

disease. Levodopa a well known medication for PD was a great advancement in the 

treatment of PD, by itself it was not very effective in the PD patients, and as well it 

did not reduce the symptoms of the disease (Olanow and Koller, 1998). Wide range of 

research in the field of neuroprotection induced an interest in using natural 

compounds to treat the disease and offer neuroprotection to the patients. Biomolecules 

are known to have antioxidant, anti inflammatory and free radical scavenging activity 

(Meng et al., 2010). The use of biomolecules have shown betterments in cognition 

function by protecting susceptible neurons from neurodegeneration, maintenance of 

motor control, reduction in motor complications. 

In the present work, we first aimed to explore for both the Parkin and DJ-1 modulating 

compounds in neuronal damage under stress condition. For this, we carried out 

extensive literature survey with the keywords Parkin and DJ-1 associated regulatory 

biomolecules and PD. Further we prepared a list of fourteen compounds on the basis of 

extensive literature survey. Next, we employed various in silico tools and techniques for 

screening of these compounds on drug-likeliness parameters. The compounds were 

assessed using three parameters namely; Lipinski filter, Ghose and Veber rules and 

those which passed these filters were then analyzed for pharmacokinetic properties. 

Based on various pharmacokinetic parameters such as aqueous solubility, lipophilicity, 

GI permeability, bioavailability and BBB permeability scores, the final candidates 

amongst fourteen compounds were obtained. These compounds which passed all the 

filters and showed good pharmacokinetics included Naringenin, Quercetin, Sesamol 

and Resveratrol. Next, we performed structural analysis of target proteins Parkin and 

DJ-1 for adding therapeutics potential of these screened compounds. Naringenin, 

Quercetin, Sesamol and Resveratrol depicted crucial role in regulating both the Parkin 

and DJ-1 levels based on interaction energies of molecular docking study. These results 

led to speculations that these compounds may have strong potential to ameliorate the 

function of both Parkin and DJ-1 as impaired expression of these proteins lead to 
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neuronal damage under deprived stress. Further, the protective action of these 

compounds in ameliorating neuronal damage may be mediated through the Parkin and 

DJ-1.  

Finally, we tested the protective potential of three of these shortlisted biomolecules; 

Naringenin Quercetin and Resveratrol in SH-SY5Y neuroblastoma cell line. The 

neurotoxin MPTP which is widely used to mimic PD symptom was used to induce 

toxicity in the given cell line. Firstly, we tested the dose-dependent and time-

dependent effect of MPTP toxicity on cell viability and determined the LD50 value of 

MPTP which was found to be 40µM in 24 hour time period in the given study. 

Moreover, we also found that MPTP exerts toxicity in a dose dependent manner and 

cell viability decreases significantly and markedly with increasing dose. Next, we 

studied the dose-dependent and time-dependent efficacy of Naringenin against MPTP 

induced toxicity in SH-SY5Y cell line. Accordingly, our study outlined protective 

role of Naringenin at a dose of 40µM, where reversal of MPTP induced toxicity in 

SH-SY5Y cells was observed. Similarly we studied the dose-dependent and time-

dependent efficacy of Quercetin against MPTP induced toxicity in SH-SY5Y cell line. 

Accordingly, our study outlined protective role of Quercetin at a dose of 20µM and at 

this particular dose reversal of MPTP induced toxicity in neuroblastoma cell line was 

noticed. Accordingly, 60µM Resveratrol was used to treat MPTP administered cells. 

After 24 hours it was observed that these doses of Resveratrol had also restored 

MPTP induced toxicity in SH-SY5Y cell line. Further, Naringenin Quercetin and 

Resveratrol exhibited dose dependent efficacy to a greater extent and cell viability 

was significantly enhanced with increasing dose of these biomolecules.  

Further, the levels of these protective markers were checked subsequent to MPTP 

administration and on treatment with biomolecules in SH-SY5Y cells. Our results 

showed that Naringenin and Quercetin restored the level of Parkin and DJ-1 to some 

extent thus showing protective role in neuronaL damage under neurotoxin. 

Furthermore, Naringenin, Quercetin and Resveratrol treatment restored the levels of 

p38 MAPK which was upregulated in response to MPTP exposure. To summarize, 

Naringenin, Quercetin and Resveratrol may be rescuing neuronal cells against MPTP 

induced toxicity through altered the expression of Parkin, DJ-1 and p38 MAPK in PD. 
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These observations have opened up a new avenue of therapeutics for further 

exploration through in vivo PD models in neuronal damage. The biomolecules, 

Naringenin, Quercetin and Resveratrol with various beneficial properties are found to 

be potential neuroprotective agents against the underlying pathology associated with 

PD. The present study can be extended to check the expression of different HSPs and 

proteins involved in PD at mRNA level.  
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APPENDIX I 

REAGENTS AND BUFFERS 

 

1X Phosphate-buffered saline (PBS; pH-7.4) 

NaCl 8g 

KCl 0.2g 

Na2HpO4 1.44g 

KH2PO4 0.24g 

ddH2O Adjust the volume to one litre and stored at room Tm 

1X Phosphate-buffered saline (PBS; pH-7.2) 

NaCl 8g 

KCl 0.2g 

Na2HpO4 1.44g 

KH2PO4 0.2g 

ddH2O Adjust the volume to one litre and stored at room Tm 

Laemmli sample buffer (SB; pH-6.8) 

SDS 1.6g 

Glycerol 8mL 

β-ME 4mL 

Bromophenol blue 0.0016g 

ddH2O Adjust the volume to one litre and stored at at 4ºC/-20ºC 

1X Phosphate-buffered saline (PBS; pH-7.2) 

NaCl 8g 

KCl 0.2g 

Na2HpO4 1.44g 

KH2PO4 0.2g 

ddH2O Adjust the volume to one litre and stored at room Tm 

Acrylamide mix 

Acrylamide 29g 

Bis Acrylamide 1g 

ddH2O Adjust the volume to 100mL and stored at 4ºC 

10% Ammonium persulfate (APS)) 

APS 0.1g 

ddH2O Adjust the volume to 1mL and stored at -20ºC 
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  1 M Tris Cl (pH- 6.8) 

Trizma 12.114g 

ddH2O Adjust the volume to 100mL and stored at 4ºC 

1.5 M Tris Cl (pH- 8.8) 

Trizma 18.17g 

ddH2O Adjust the volume to 100mL and stored at 4ºC 

 10% SDS 

SDS 10g 

ddH2O Adjust the volume to 100mL and stored at room Tm 

Tris Glycine (pH-8.3) 

Trizma 3.02g 

Glycine 18.768g 

SDS 1g 

ddH2O Adjust the volume to one litre and stored at room Tm 

10% resolving  gel (pH-6.8) 

ddH2O 2.1mL 

30% Acrylamide mix 0.5mL 

1 M Tris (pH-6.8) 0.38mL 

10% SDS 0.03mL 

10% APS 0.035mL 

TEMED 0.004mL 

5% stacking gel (pH-6.8) 

ddH2O 2.1mL 

30% Acrylamide mix 0.5mL 

1 M Tris (pH-6.8) 0.38mL 

10% SDS 0.03mL 

10% APS 0.035mL 

TEMED 0.004mL 
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APPENDIX II 

LIST OF CHEMICALS AND ANTIBODIES  

S.No. Name of Antibodies Company 

1. β-Actin Santacruz 

2. PARKIN Santacruz 

4. DJ-1  Santacruz 

5. P38  Santacruz 

6. Fluorescent Secondary Antibodies (Anti- rabbit IGg) R&D System 

7. Fluorescent Secondary Antibodies (Anti- mouse IGg) R&D System 

 

S.No. Common Name Chemical Formula Company 

1. Acrylamide   CH2=CHCONH2 Sigma-Aldrich 

2. Acetic acid glacial CH3COOH Sigma-Aldrich 

3. Ammonium persulfate (APS) (NH4)2S2O8 Sigma-Aldrich 

4. Quercetin C15H10O7 2H2O Sigma-Aldrich 

5. Bis Acrylamide  (H2C=CHCONH)2CH2 Sigma-Aldrich 

6. Bovine serum albumin (BSA)  - Sigma-Aldrich 

7. Bromophenol blue  C19H10Br4O5S Sigma-Aldrich 

8. Resveratrol C14H12O3 Sigma-Aldrich 

9. Dimethyl sulfoxide (DMSO) (CH3)2SO Sigma-Aldrich 

10. 
Dulbecco's Modified Eagle Medium 

(DMEM) 
- Invitrogen 

11. Ethanol CH3CH2OH Sigma-Aldrich 

12. 
Ethylene glycol-bis(2-aminoethylether) 

-N,N,N′,N′-tetraacetic acid 
[CH2OCH2CH2N(CH2CO2H)2]2 Sigma-Aldrich 

13. 
Ethylene Diamine tetraacetic acid 

disodium salt dehydrate (EDTA) 
C10H14N2Na2O8 2H2O Sigma-Aldrich 

14. Formaldehyde solution   HCHO Sigma-Aldrich 

15. GBX developer/replenisher  - Sigma-Aldrich 

16. GBX fixer/replenisher  - Sigma-Aldrich 

17. Glycerol C3H8O3 Sigma-Aldrich 

18. Glycine NH2CH2COOH Sigma-Aldrich 



Appendices 

 

S.No. Common Name Chemical Formula Company 

19. Coomassie Brilliant Blue (CBB) C45H44N3NaO7S2 Sigma-Aldrich 

20. Hydrochloric acid  HCl Sigma-Aldrich 

21. Lithium carbonate Li2CO3 Sigma-Aldrich 

22. Methanol  CH3OH Sigma-Aldrich 

23. 
N,N,N′,N′-Tetramethylethylenediamine 

(TEMED) 
(CH3)2NCH2CH2N(CH3)2 Sigma-Aldrich 

24. Naringenin C15H12O5 Sigma-Aldrich 

25 Penicillin streptomycin  - Sigma-Aldrich 

26. Phenylmethylsulfonyl fluoride (PMSF) C7H7FO2S Sigma-Aldrich 

27. Ponceau S  C22H12N4Na4O13S4 Sigma-Aldrich 

28 Potassium chloride KCl Sigma-Aldrich 

29. Potassium phosphate monobasic  KH2PO4 Sigma-Aldrich 

30. Protease inhibitor  - Roche  

31. Skimmed milk  - Sigma-Aldrich 

32. Sodium chloride  NaCl Sigma-Aldrich 

33. Sodium dodecyl sulfate (SDS) CH3(CH2)11OSO3Na Sigma-Aldrich 

34. Sodium orthovanadate  Na3VO4 Sigma-Aldrich 

35. Sodium phosphate dibasic Na2HPO4 Sigma-Aldrich 

36. 
Sodium phosphate monobasic 

monohydrate 
NaH2PO4 H2O Sigma-Aldrich 

37. 
Sodium pyrophosphate tetrabasic 

decahydrate  
Na4P2O7 10H2O Sigma-Aldrich 

38. Triton-X 100 - Sigma-Aldrich 

39. Trizma NH2C(CH2OH)3 Sigma-Aldrich 

40. Tween-20 - Sigma-Aldrich 

41. β-Mercaptoethanol (β-ME) HSCH2CH2OH Sigma-Aldrich 

42. MPTP 
1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine 
Sigma-Aldrich 
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APPENDIX III 

LIST OF INSTRUMENTS 

S.No. Name of instruments Company 

1. CO2 incubator  Thermo fisher scientific 

2. Chest freezer Blue Star CHF150B 

3. Autoradiography Hypercassette Amersham Biosciences RPN11642 

4. Inverted laboratory microscope Magnus 

5. Gel Rocking Shaker Tarsons 4080. Rockymax 

6. Minispin Microcentrifuge Eppendorf Centrifuge Z606235- 

7. Refrigerator Blue Star 

8. SDS PAGE and Western Blot unit 
BioRad Mini-PROTEAN Tetra Cell, Mini 

Trans-Blot Module, and PowerPac Basic Power 

9. Water bath JULABO 

10. Biological Safety Cabinet Esco Labculture® Class II Type A2 
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ABSTRACT 

Objective: The objective of this study was to explore the therapeutic role of biomolecules in targeting the altered expression of Parkin in PD 

pathogenesis. 

Methods: We employed various in silico tools such as drug-likeness parameters, namely, Lipinski filter analysis, Muscle tool for phylogenetic 

analysis, Castp Server for active site prediction, molecular docking studies using AutoDock 4.2.1 and LIGPLOT1.4.5 were carried out.  

Results: Our results show that neuroprotective activity of Quercetin to be most effective and can provide their possible clinical relevance in PD. 

Further, initial screenings of the molecules were done based on Lipinski’s rule of five. CastP server used to predict the ligand binding site suggests 

that this protein can be utilized as a potential drug target. Finally, we have found Quercetin to be most effective amongst four biomolecules in 

modulating Parkin based on minimum inhibition constant, Ki and highest negative free energy of binding with the maximum interacting surface 

area in a course of docking studies.  

Conclusion: This research could provide a potential therapeutic window for the treatment of PD. 

Keywords: Parkinson's disease, Ubiquitin E3 ligase, Parkin, Molecular docking, Biomolecules 
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INTRODUCTION 

PD is characterized by progressive loss of dopaminergic neurons in 

the substantia nigra, leading to the loss of motor skills [1-4]. Several 

risk factors, for instance, genetic polymorphisms, aging and dietary 

supplements have been reportedly involved in the development and 

prognosis of PD. Other causative factors that might influence disease 

outcomes include accumulation of reactive oxygen species (ROS), 

selective loss of neurons, loss of mitochondrial membrane potential 

and ATP depletion that are also known to be associated with the PD 

pathogenesis [5]. However, ubiquitin proteasome system (UPS), 

which is responsible for the recognition and degradation of damaged 

proteins, is found to be impaired in case of PD [6]. Parkin is a well-

known component of UPS which is having a pivotal role in the 

protein homeostasis. Conversely, under stress condition, the normal 

functioning of Parkin is altered or down regulated and thereby 

leading to the prognosis of PD [7]. Furthermore, the connection 

between the UPS and neurodegeneration has been supported by the 

recognition of disease-causing mutations in genes coding for 

numerous UPS proteins in PD [8]. 

Importantly, the impaired function of Parkin can be ameliorated by 

using different biomolecules such as, Naringenin, Quercetin, 

Resveratrol and Sesamol. These biomolecules are having an 

antioxidant profile which would be a strong basis for showing 

neuroprotection within the brain [9]. These biomolecules are 

natural compounds which are found in many fruits and vegetables 

and having much stronger antioxidative and neuroprotective 

activities [10]. The neuroprotective properties of Naringenin 

Inhibited LPS induced NOS and COX2 expression and suppressed the 

production of NO in microglial cells. It also inhibited LPS/IFN-ϒ 

induced p38 and STAT-1 phosphorylation [11]. However, Quercetin, 

improved behavioural function, suppressed oxidative stress, brain 

swelling, and cellular injury both in vitro and in vivo [12]. Although, 

Sesamol and Naringenin reversed both the rotenone/MPTP+-

induced toxicity in PD rat model [4]. Similarly, Resveratrol (3, 5, 4-

trihydroxystilbene) is a naturally-occurring polyphenol found in 

peanuts, skin and seeds of grapes [13]. It plays a pivotal role in cell 

proliferation and apoptosis by acting on a variety of signalling 

mechanisms such as, Protein kinase B (Akt), Mitogen-activated 

protein kinase (MAPK), and many other signaling cascades [14]. 

Most recent reports suggest that resveratrol can induce the Heme 

Oxygenase-1 (HO-1) expression in dopaminergic neuron and thus 

can prevent the dopaminergic cell death through autophagic flux. 

Additionally, resveratrol can also display neuroprotective effects 

against rotenone-induced neurotoxicity in dopaminergic SH-SY5Y 

cells by modulating HO-1 dependent autophagy [15]. 

Therapeutic interferences in neurodegenerative conditions using 

biomolecules are a seemingly new prospect. Therefore, a mature 

understanding of the mechanism impacting biomolecules mediated 

therapeutics could contribute towards fostering neuroprotective 

strategies. Here, we have focused our study towards impaired 

Parkin activity by using various in silico approaches including 

molecular docking analysis. Further, these biomolecules such as 

Naringenin, Quercetin, Resveratrol and Sesamol were selected and 

screened via lipinski filter analysis followed by molecular docking of 

the screened molecules towards their clinical aspects in PD. Finally, 

in this paper, we have reported the active site of Parkin protein for a 

potential target of these biomolecules by molecular docking that 

may further provide their probable clinical relevance in PD biology. 

MATERIALS AND METHODS 

Retrieval of ubiquitin E3 ligase Parkin and their function 

recognition 

The amino acid sequence of Ubiquitin E3 Ligase Parkin with 

accession numbers 4I1H_A was retrieved from NCBI database 

and was used for homology search using Basic Local Alignment 

Search Tool. Protein functional elucidation was done using 

Interproscan server (http://www.ebi.ac.uk/interpro/search/ 

sequence-search/) [16]. 

Phylogenetic relationship and physicochemical properties 

For multiple sequence analysis Muscle Software (http:// 

www.ebi.ac.uk/Tools/msa/muscle/) was used and a phylogenetic 

tree was constructed using Muscle Software based on NJ (Neighbor 
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joining) plot without distance correction [17]. ProtParam 

(http://web.expasy.org/protparam/) was used to predict 

physicochemical properties. The parameters computed by 

ProtParam included the molecular weight, theoretical PI, aliphatic 

index and grand average of hydropathicity (GRAVY). 

Homology modelling, visualization and quality assessment of 

3D structure of Ubiquitin E3 Ligase Parkin 

Homology modeling was used to determine the 3D structure of 

Parkin isoforms. A BLASTP search with default parameters was 

performed against the Brookhaven Protein Data Bank (PDB) to find 

suitable templates for homology modeling. Templates with PDB ID: 

4I1H was retrieved for Parkin proteins from Protein Data Bank 

(PDB). The Protein Structure Prediction Server Swiss model 

(http://swissmodel.expasy.org/) was used for homology model 

construction. Once the 3D structure of proteins was generated, 

structural evaluation and stereochemical analysis were performed 

using RAMPAGE (http://www.mordred.bioc.cam.ac.uk/~rapper/ 

rampage. php) [18]. Errat server (http://nihserver.mbi.ucla.edu/ 

ERRATv2/) was used to find the accuracy of the structure and 

visualization of determined structures was performed using Pymol 

viewer. 

Ligand optimization 

Reported ligand molecules (Naringenin, Quercetin, Resveratrol and 

Sesamol) along with their physical and chemical properties were 

retrieved from PubChem Compound Database (http:// 

www.pubchem.ncbi.nlm.nih.gov/). SDF files of Ligands were 

converted in PDB file with the help of Open Babel tool that could be 

used for docking study. Visualization of Molecular Structure of 

compounds was done using Pymol viewer. 

Lipinski filter analysis of screened drugs 

An online tool Lipinski Filter (http://www.scfbio-iitd.res.in/ 

software/drug design/lipinski. jsp) was used to retrieve the 

information about drug likeness of drugs with the help of Lipinski 

Rule of five [19]. Lipinski rule (or Lipinski rule of five) helps to 

differentiate drug and non-drug like molecules. It is used to identify 

the possibility of success or failure due to drug likeness for 

molecules fulfilling with two or more of the following rules: (a) 

Molecular Mass should be less than 500 Dalton, (b) High 

Lipophilicity (expressed as log P less than 5), (c) Less than 5 

hydrogen bond donors, (d) Less than 10 hydrogen bond acceptors, 

and (e) Molar refractivity should be between 40-130. 

Active site prediction 

Castp Server (http://www.sts.bioe.uic.edu/castp/) was used to 

predict the active sites of the protein. It could also be used to 

measure area, the circumference of mouth openings of each binding 

site in a solvent and molecular accessible surface [20]. PDB file of 

protein was upload in the server and it showed the ligand binding 

sites present in protein and the site with maximum surface area and 

maximum surface volume was selected and all the amino acid 

residues involved in binding with ligands were retrieved. 

Preparation of protein and ligand molecules 

Preparation of protein involves the addition of polar hydrogen 

atoms, the addition of charge and removal of any miscellaneous 

structures from the protein molecule by Autodock 4.2.1 whereas; 

ligand preparation involves the addition of charge.  

Molecular docking analysis 

Prepared and optimized structures of ligands and proteins were 

ultimately used for molecular docking using Autodock 4.2.1 for 

predicting the possible protein–ligand interactions and the results 

that include the understanding of the association that involves H-

bonding and hydrophobic interactions were analyzed using 

LIGPLOT1.4.5, a program to generate schematic diagrams of protein-

ligand interactions [21]. 

RESULTS  

Retrieval of ubiquitin E3 Ligase Parkin and their functional 

elucidation 

Based on functional domain sequence of well-characterized 

gene/protein, a homology search was done using Basic Local 

Alignment Search Tool (BLAST). We have successfully hunted 5 

isoforms of Parkin (table 1) on the basis of families and domains 

identified from Interproscan results. Interproscan study revealed 

that all homologues proteins for Parkin were belonging to E3 

ubiquitin ligase RBR family (IPR031127), E3 ubiquitin-protein ligase 

Parkin family (IPR003977) and IBR domain (IPR002867) (fig. 1). 
 

 

Fig. 1: Interproscan result for Parkin 

 

Table 1: Hunted parkin related proteins 

S. No. Accession Protein Score Identity E Value 

1 AGH62057.1 PARK2 splice variant  686 100% 0 

2 BAA25751.1 Parkin 680 99% 0 

3 ABN46990.1 Parkin 2  679 99% 0 

4 4K95_A Chain A, Crystal Structure Of Parkin 624 90% 0 

5 Q9JK66.1 E3 ubiquitin-protein ligase Parkin 623 89% 0 
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Phylogenetic relationship and physicochemical properties 

For multiple sequence analysis, Muscle software was used and found 

that amino acid residues were conserved in most of the isoforms of 

the Ubiquitin E3 ligase Parkin. A phylogenetic study of Parkin 

hunted proteins revealed that Parkin and PARK2 splice variant were 

different from others (fig. 2 (a and b).  

However, another Chain A, Crystal Structure of Parkin and E3 
ubiquitin-protein ligase Parkin were in the same cluster as share 
more homology while Parkin 2 was in another cluster. ProtParam 
showed that Mol. wt. of Parkin was 36393.5 Daltons and an 
isoelectric point was 7.06 which indicate that Parkin had slightly 
positive charged respectively. The GRAVY index of-0.372 for Parkin 
is indicative of hydrophilic (table 2). 

 

 

Fig. 2: (a) Multiple sequence alignment of all Parkin isoforms and (b) tree generation for parkin using NJ plot without distance correction 

 

Table 2: Physico-chemical properties of parkin 

Properties Parkin 

Molecular Formula C1568H2420N458O468S38 

Molecular Weight (Daltons) 36393.5 

Theoretical PI 7.06 

Aliphatic Index 60.28 

Grand Average of Hydropathicity (GRAVY) -0.372 

 

Homology modeling 3D structure visualization and quality 

assessment of retrieved proteins 

Prediction of 3D structure of proteins provides us precise functional 

information of how proteins interact and localize in their stable 

conformation. Homology modelling is one of the most common 

structure prediction tools in proteomics and genomics. The best 

matching template was selected for the target protein on the basis of 

sequence homology using PDB Advance Blast. The template is 

experimentally determined 3D structure of a protein that share 

sequence similarity with the target sequence. Template showed a 

sequence identity of 100% for Parkin isoforms. 3D structure of 

Parkin was generated using Swiss Model Server. The Z-score is 

indicative of overall model quality and is used to check whether the 
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input structure is within the range of scores typically found for 

native proteins of similar size. SWISS MODEL has provided Z score 

of the template and query model. Z score of Parkin has been shown 

in (table 3), suggesting a high-quality structure for docking studies.

 

Table 3: Swiss model server result showing template structure used in homology modelling, sequence Identity and quality score of the 

model generated 

Gene name Modeled residue range Based on template Sequence identity Q mean Z-score 

Parkin 1-325 4I1H 100% -0.81 

 

3D structure of Parkin was generated. Even though there were no 

steric clashes in the structure generated, these were assessed for 

geometric and energy aspects (fig. 3(a)). Ramachandran plot was 

used to check the reliability of predicted 3D structure of Ubiquitin 

E3 Ligase Proteins Parkin. RAMPAGE checks the stereo chemical 

quality of a protein structure by analyzing residue-by-residue 

geometry and overall structure geometry.  

Further, Ramachandran plots were obtained for Parkin for 

quality assessment (fig. 3(b)). RAMPAGE displayed 97% of 

residues in the most favoured regions, 3% residues in 

additionally allowed and no residues in disallowed regions in the 

case of Parkin protein. Errat server was used to find the 

accuracy of the model. The result of Errat showed 93.262% 

accurate structure for Parkin proteins. 

 

 

Fig. 3: 3D structure, Ramachandran plot and active site of parkin models 

 

Initial screening of the molecules was done on the basis of Lipinski’s 

rule of five (fig. 4). Lipinski filter analysis revealed that all these 

molecules (Naringenin, Quercetin, Resveratrol and Sesamol) could 

act like a drug as they meet the criteria of Lipinski Rule of five. 

 

 

Fig. 4: Drug likeness prediction using lipinski filter analysis 
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Active site prediction and molecular docking analysis of Parkin 

with identified molecules 

CastP server was used to predict the ligand binding site. This 
server calculates the possible active sites from the 3D atomic 
coordinates of the proteins. For Parkin, residues involved in ligand 
binding site, site volume and volume of protein for thirty active 
sites were predicted. Among the thirty binding sites obtained from 
CastP for Parkin, site 30 was highly conserved within the active 
site of the protein (fig. 3(c)).  

The Predicted site 30 consisted 1058.8 Cubic angstroms site volume 

out of the 3741 Cubic Angstroms of protein volume. The residues in 

site 30 are illustrated in (table 5). 

Molecular docking pattern of Parkin with screened molecules 
(Naringenin, Quercetin, Resveratrol and Sesamol) have been 
identified and depicted in (fig. 5). On the basis of docking analysis, 
interacting compounds with minimum binding constant and highest 
negative free energy of binding are most effective. Docking 
calculation of Parkin has been presented in (table 4). 

 

Table 4: Docking calculation of compounds with parkin 

Compound 

name 

Est. free 

energy of 

binding 

Est. 

binding 

constant 

Est. 

intermolecular 

energy 

vdW+Hbond+desolv 

Energy 

Electrostatic 

energy 

Est. internal 

energy 

Torsional free 

energy 

Naringenin -7.12 

(kcal/mol) 

6.08 µM -8.31 

(kcal/mol) 

-8.19 (kcal/mol) -0.12 

(kcal/mol) 

+9.71 (kcal/mol) +1.19 

(kcal/mol) 

Quercetin -7.60 

(kcal/mol) 

2.67 µM -9.39 

(kcal/mol) 

-9.15 (kcal/mol) -0.25 

(kcal/mol) 

+9.67 (kcal/mol) +1.79 

(kcal/mol) 

Resveratrol -6.69 

(kcal/mol) 

12.43 µM -8.48 

(kcal/mol) 

-8.47 (kcal/mol) -0.02 

(kcal/mol) 

+17.26 

(kcal/mol) 

+1.79 

(kcal/mol) 

Sesamol -4.99 

(kcal/mol) 

221.78 

µM 

-5.28 

(kcal/mol) 

-5.17 (kcal/mol) -0.11 

(kcal/mol) 

+0.34 (kcal/mol) +0.30 

(kcal/mol) 

 

 

Fig. 5: Docking study of parkin protein with selected compounds 

 

Table 5: Parkin known binding site and selected compounds interacting residues 

Compound Interacting residues 

Reported 

catalytic Site 

TYR143, THR231, ASN232, SER233, ARG234, ASN235, ILE236, THR237, ARG256, GLN400, ARG402, TRP403, GLU404, ALA405, ALA406, SER407, LYS408, 

GLU409, THR410, LYS412, LYS413, THR414, LYS416, LYS427, GLY429, GLY430, MET432, TRP447, ASN448, ASP464 and VAL465. 

Naringenin ARG234, ASN235, ILE236, THR237, GLN400, ARG402, TRP403, GLU404, ALA405, ALA406, SER407 and LYS408. 

Quercetin ARG234, ASN235, ILE236, THR237, GLN400, ARG402, TRP403, ALA405, ALA406 and SER407. 

Resveratrol ARG234, ASN235 ILE236, THR237, GLN400, SER407, LYS408 and THR410. 

Sesamol GLU409, THR410, LYS412, LYS413 and THR414. 
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Fig. 6: Binding site of Parkin with selected compounds along with its reported catalytic site 

 

Binding site residues of Parkin interacting with Naringenin, 

Quercetin, Resveratrol and Sesamol were found to be the same as 

the residues involved in their respective catalytic sites. Interacting 

residues of Parkin with Naringenin, Quercetin, Resveratrol and 

Sesamol along with their identified catalytic sites have been shown 

in (table 5) and their 2D and 3D pattern of interaction is presented 

in (fig. 6). 

DISCUSSION 

This research introduced the novel potential of biomolecules, which 

could be applied for therapeutic intervention in PD progression. 

Mutations in PD associated genes such as Parkin potentially lead to 

autosomal recessive PD 22]. Moreover, this gene displays 

characteristic ubiquitin E3 ligase activity. Parkin is ubiquitously 

expressed in a number of pathways associated with PD pathogenesis 

and has ubiquitin E3-ligase activity which also reduces α-synuclein 

aggregation 23]. Thus, it seems imperative to design therapeutic 

strategies aimed at elevating the level of Parkin to improve neuronal 

survival in PD. Further, various studies have advocated that several 

compounds of plant origin possess neuroprotective properties, 

however, their mode of action has not been clearly defined. Based on 

docking study analysis, the present study provides scientific 

evidence that given four biomolecules namely Naringenin, 

Quercetin, Resveratrol and Sesamol are interacting at the reported 

binding site of Parkin. Further, Binding Constant, Kb of Naringenin, 

Quercetin, Resveratrol and Sesamol for Parkin were found to be 6.08 

µM, 2.67 µM, 12.43 µM and 221.78 µM respectively, suggesting that 

all the selected compounds were effective as Ubiquitin E3 Ligase 

activators. Investigation of active binding sites within Parkin protein 

gives a better idea for a valuable drug target site and drug interaction 

with the highest affinity. In this study the most effective compound 

was found to be Quercetin is having minimum binding Constant, Kb 

and highest negative free energy of binding with a maximum 

interacting surface area with reported highly conserved active site 

within Parkin protein in course of docking studies [24-27].  

Hence, this manuscript is showing for the first-time neuroprotective 

effect of Quercetin with Parkin in PD pathogenesis. 

CONCLUSION 

The future of neurodegenerative therapies depends on the 

researchers’ ability to adjust actions of circumstances and have a 

clear projection relating to the aberrant mechanisms that ultimately 

decides the fate of neurons and henceforth degeneration. Despite, 

tremendous advancements in the field of neurotherapeutics, still the 

future of such therapies hangs on morbid conjecture and fragile 

hopes the biomolecules present us an interesting avenue to exploit 

in PD. Interrupting critical interactions of the biomolecules can solve 

the “targeted therapy crisis” problem in neurodegeneration. In 

conclusion, we have found Parkin protein for a potential target of 

Quercetin by molecular docking studies, which will be useful for the 

design of novel and highly efficient drug for the treatment of PD 

therapeutics. 
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ABSTRACT

Objective: Naringenin is a dietary biomolecule with broad spectrum of activities which protects neurons from various neurotoxic insults and improves 
cognition and motor function in neurodegenerative diseases. DJ-1 has both, ubiquitin E3 ligase as well as chaperonic activity, and loss of ubiquitin E3 
ligase activity of DJ-1 has been found to be associated with familial Parkinson’s disease (PD). Naringenin induced E3 ligase activity of DJ-1 which can 
have possible clinical relevance in PD.

Methods: Various in silico parameters such as phylogenetic analysis, homology modeling, active site prediction, and molecular docking studies using 
AutoDock 4.2.1 and LIGPLOT1.4.5 were carried out.

Results: Three-dimensional structure of DJ-1 was generated and Ramachandran plot was obtained for quality assessment. RAMPAGE displayed 
99.5% of residues in the most favored regions. 0% residues in additionally allowed and 0.5% disallowed regions of DJ-1 protein. Further, initial 
screenings of the molecules were done based on Lipinski’s rule of five. CastP server used to predict the ligand binding site suggests that this protein 
can be utilized as a potential drug target. Finally, we have found naringenin to be most effective among four biomolecules in modulating DJ-1 based on 
minimum inhibition constant, Ki, and highest negative free energy of binding with maximum interacting surface area in the course of docking studies.

Conclusion: Our study suggests that based on different in silico parameters and molecular docking studies, naringenin can provide a new avenue for 
PD therapeutics.

Keywords: Parkinson’s disease, Ubiquitin E3 ligase, DJ-1, Molecular docking, Naringenin.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative 
disorder characterized by dopamine depletion in the striatum. PD 
is characterized by bradykinesia, tremor, rigidity, and weakening of 
postural reflexes [1]. The dramatic loss of neuromelanin containing 
dopaminergic neurons is convoyed by the presence of Lewy bodies in the 
remaining neurons. The hallmark of PD includes fibrillar cytoplasmic 
inclusions comprising aggregated and abnormally accumulated 
proteins, the most prominent being α-synuclein, neurofilaments, 
ubiquitin, and ubiquitinated proteins [2]. In addition, at least 13 loci 
and nine genes have been proposed to be linked with PD, but only six 
genes are widely accepted to be associated with Mendelian forms of 
the disease [3]. Mutations in these genes potentially lead to autosomal 
dominant (α-synuclein and LRRK2) or autosomal recessive PD (Parkin, 
PINK1, DJ1, and ATP13A2). Recent epidemiological studies have 
shown that <10% of PD cases are of familial origin with the majority 
being sporadic [4]. The sporadic form of PD is caused by mutated 
DJ1 which shows reduced nuclear localization and translocation 
to mitochondria [5]. DJ-1 is ubiquitously expressed in a number of 
pathways associated with PD pathogenesis and has ubiquitin E3 ligase 
activity which also reduces α-synuclein aggregation [6]. Although 
mutations associated with DJ-1 lead to onset of familial PD, the exact 
mechanism behind the pathogenesis is still unknown [7]. Furthermore, 
various studies have advocated that several compounds of plant origin 
possess neuroprotective properties, however, their mode of action has 
not been clearly defined [8]. In this study, we have initially screened 
four biomolecules, namely, naringenin, quercetin, resveratrol, and 
sesamol based on Lipinski’s rule of five. These biomolecules are found 
in fruits and vegetables and have various beneficial effects such as 
antioxidative, activation of survival genes and signaling pathways, 

chelation of transition metal, regulating mitochondrial function, and 
modulating neuroinflammation. Further, these biomolecules interact 
with significant neuronal signaling cascades that lead to inhibition of 
apoptosis enhanced by the neurotoxic species and promote neuronal 
endurance and differentiation [9]. They selectively target a number 
of protein kinase and lipid kinase signaling cascades, importantly, 
the PI3K/Akt and MAP kinase pathways which modulate prosurvival 
transcription factors and gene expression [10]. Interestingly, naringenin 
treatment prominently suppressed oxidative stressors, improved levels 
of enzymatic antioxidants, and neurotransmitter significantly [11]. 
In this study, biomolecules which exhibit neuroprotective activities 
were subjected to docking simulations using AutoDock 4.2.1. The 
preliminary investigation revealed naringenin as the best potential 
biomolecule among all given four biomolecules based on minimum 
inhibition constant, Ki, and highest negative free energy of binding with 
maximum interacting surface area with the active site of DJ-1 in a course 
of docking study. Based on in silico experimentation, naringenin is a 
seemingly new prospect for therapeutic intervention in PD. Therefore, a 
comprehensive understanding of the molecular mechanism associated 
with naringenin-mediated therapeutics could contribute toward 
clinical significance in PD biology.

METHODS

Retrieval of ubiquitin E3 ligase proteins DJ-1 and their function 
recognition
The amino acid sequence of ubiquitin E3 ligase DJ-1 with accession 
numbers 4ZGG_A was retrieved from NCBI database and used for 
homology search using basic local alignment search tool (BLAST). 
Protein functional elucidation was done using Interproscan server 
(http://www.ebi.ac.uk/interpro/search/sequence-search/) [12].

© 2017 The Authors. Published by Innovare Academic Sciences Pvt Ltd. This is an open access article under the CC BY license (http://creativecommons. 
org/licenses/by/4. 0/) DOI: http://dx.doi.org/10.22159/ajpcr.2017.v10i8.18709
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Phylogenetic relationship and physicochemical properties
For multiple sequence analysis, Muscle software (http://www.ebi.ac.uk/
Tools/msa/muscle/) was used and phylogenetic tree was constructed 
using muscle software based on neighbor joining plot without distance 
correction. ProtParam (http://web.expasy.org/protparam/) was used 
to predict physicochemical properties [13]. The parameters computed 
by ProtParam included the molecular weight, theoretical PI, aliphatic 
index, and grand average of hydropathicity (GRAVY).

Homology modeling, visualization, and quality assessment of 
three-dimensional (3D) structure of ubiquitin E3 ligase DJ-1
Homology modeling was used to determine the 3D structure of DJ-1 
isoforms. A BLASTP search with default parameters was performed 
against the Brookhaven Protein Data Bank (PDB) to find suitable templates 
for homology modeling. Templates with PDB ID 4ZGG were retrieved for 
DJ-1 proteins from PDB. The protein structure prediction server Swiss-
model (http://swissmodel.expasy.org/) was used for homology model 
construction [14]. Once the 3D structure of proteins was generated, 
structural evaluation and stereochemical analysis were performed using 
RAMPAGE (http://www.mordred.bioc.cam.ac.uk/~rapper/rampage.
php). Errat server (http://nihserver.mbi.ucla.edu/ERRATv2/) was used 
to find the accuracy of the structure and visualization of determined 
structures was performed using PyMOL viewer.

Ligand optimization
Reported ligand molecules (naringenin, quercetin, resveratrol, and 
sesamol) along with their physical and chemical properties were 
retrieved from PubChem compound database (http://www.pubchem.
ncbi.nlm.nih.gov/). SDF files of ligands were converted in PDB file 
with the help of Open Babel tool that could be used for docking study. 
Visualization of the molecular structure of compounds was done using 
PyMOL viewer.

Lipinski’s filter analysis of screened drugs
An online tool Lipinski’s filter (http://www.scfbio-iitd.res.in/software/
drugdesign/lipinski.jsp) was used to retrieve the information about 
druglikeness of drugs with the help of Lipinski’s rule of five. Lipinski’s 
rule (or Lipinski’s rule of five) helps to differentiate drug and non-drug-
like molecules [15]. It is used to identify the possibility of success or 
failure due to druglikeness for molecules fulfilling with two or more 
of the following rules: (a) Molecular mass should be <500 Da, (b) high 
lipophilicity (expressed as logP <5), (c) <5 hydrogen bond donors, 
(d) <10 hydrogen bond acceptors, and (e) molar refractivity should be 
between 40 and 130.

Active site prediction
CastP server (http://www.sts.bioe.uic.edu/castp/) was used to predict 
the active sites of protein [16]. CastP could also be used to measure 
area, circumference of mouth openings of each binding site insolvent, 
and molecular accessible surface. PDB file of protein was upload in the 
server and it showed the ligand binding sites present in protein and 
the site with maximum surface area and maximum surface volume 
was selected and all the amino acid residues involved in binding with 
ligands were retrieved.

Preparation of protein and ligand molecules
Preparation of protein involves the addition of polar hydrogen atoms, 
addition of charge, and removal of any miscellaneous structures from 
the protein molecule by Autodock 4.2.1, whereas ligand preparation 
involves the addition of charge.

Molecular docking analysis
Prepared and optimized structures of ligands and proteins were 
ultimately used for molecular docking using Autodock 4.2.1 for 
predicting the possible protein–ligand interactions and the results that 
include the understanding of the association that involves H-bonding 
and hydrophobic interactions were analyzed using LIGPLOT1.4.5, a 
program to generate schematic diagrams of protein–ligand interactions.

RESULTS

Retrieval of ubiquitin E3 ligase DJ-1 proteins and their functional 
elucidation
Based on functional domain sequence of well-characterized 
gene/protein, homology search was performed using BLAST. We 
have successfully hunted 5 isoforms of protein DJ-1 (Table 1) on the 
basis of families and domains identified from Interproscan results. 
Interproscan study revealed that all homologues proteins for DJ-1, 
all homologous proteins were belonging to DJ-1 family (IPR006287), 
glutamine amidotransferase-like domain (IPR029062), and DJ-1/PfpI 
domain (IPR002818), respectively (Fig. 1).

Phylogenetic relationship and physicochemical properties
For multiple sequence analysis, Muscle software was used and found 
that amino acid residues were conserved in most of the isoforms of the 
ubiquitin E3 ligase DJ-1. Phylogenetic study of DJ-1 hunted proteins 
revealed that PD (autosomal recessive, early-onset) 7 and protein DJ-1 
were differing from others (Fig. 2a and b). However, another Chain 
A (crystal structure of aggregated form of DJ-1 Chain A) and Chain A 
(crystal structure of E18a human DJ-1) were in same cluster as share 
more homology while crystal structure of human DJ-1 was in another 
cluster. ProtParam showed that molecular weight of DJ-1 was 19848.7 
Da and an isoelectric point of DJ-1 was 6.37 which indicate that DJ-1 was 
negatively charged, respectively. Furthermore, GRAVY index of -0.47 for 
DJ-1 is indicative of hydrophilic (Table 2).

Homology modeling, 3D structure visualization, and quality 
assessment of retrieved proteins
Prediction of 3D structure of proteins provides us precise functional 
information of how proteins interact and localize in their stable 

Table 1: Hunted DJ-1-related proteins

S.No. Accession Protein Score Identity (%) E value
1 NP_009193.2 Protein DJ-1 368 98 5.00e-127
2 3BWE_A Chain A, crystal structure of aggregated form of DJ-1 365 100 6.00e-126
3 4OQ4_A Chain A, crystal structure of E18a human DJ-1 361 97 2.00e-124
4 1J42_A Chain A, crystal structure of human DJ-1 363 97 2.00e-125
5 ADQ32403.1 Parkinson disease (autosomal recessive, early-onset) 7 364 97 1.00e-125

Fig. 1: Interproscan result for DJ-1
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conformation. Homology or comparative modeling is one of the most 
common structure prediction methods in structural genomics and 
proteomics. The best matching template was selected for the target 
protein on the basis of sequence homology using PDB advance blast. 
Template is experimentally determined 3D structure of protein that 
shares sequence similarity with target sequence. Template showed 
sequence identity of 100% for DJ-1 isoforms. 3D structure of DJ-1 
was generated using Swiss-model server. The Z-score is indicative of 
overall model quality and is used to check whether the input structure 
is within the range of scores typically found for native proteins of 
similar size. Z-score of the template and query model was obtained by 
Swiss-model. Z-score for DJ-1 has been shown in Table 3, suggesting a 
good structure.

3D structure of DJ-1 was generated. Even though there were no steric 
clashes in the structure generated, these were assessed for geometric 
and energy aspects (Fig. 3a). Ramachandran plot was used to check 
the reliability of predicted 3D structure of ubiquitin E3 ligase proteins 
DJ-1. RAMPAGE checks the stereochemical quality of a protein structure 
by analyzing residue-by-residue geometry and overall structure 
geometry. Ramachandran plots were obtained for DJ-1 for quality 
assessment (Fig. 3b). RAMPAGE displayed 99.5% of residues in the 
most favored regions, 0% residues in additionally allowed, and 0.5% 
disallowed regions of DJ-1 protein. Errat server was used to find the 
accuracy of the model. Result of Errat showed 98.844% of accurate 
structure for DJ-1 proteins.

Physicochemical properties and Lipinski’s filter analysis retrieved 
of ligands
Initial screening of the molecules was done on the basis of Lipinski’s 
rule of five (Fig. 5). Lipinski’s filter analysis revealed that all these 
molecules (naringenin, quercetin, resveratrol, and sesamol) could act 
as a drug as they meet the criteria of Lipinski’s rule of five.

Active site prediction and molecular docking analysis of DJ-1 with 
identified molecules
CastP server was used to predict the ligand binding site. This server 
calculates the possible active sites from the 3D atomic coordinates 
of the proteins. For DJ-1, residues involved in ligand binding site, 
site volume, and volume of protein for 33 active sites were predicted 
(Fig. 3c). Among the 33 binding sites obtained from CastP for DJ-1, 
site 33 was highly conserved within the active site of the protein. The 
predicted site 33 comprised 435.6 Å3 site volume out of the 1723.5 Å3 of 
protein volume. The residues in site 33 are shown in Table 6.

Molecular docking pattern of DJ-1 with screened molecules (naringenin, 
quercetin, resveratrol, and sesamol) has been identified and depicted 
in Fig. 5. On the basis of docking analysis, interacting compounds with 
minimum binding constant and highest negative free energy of binding 

are most effective. Docking calculation of DJ-1 has been presented in 
Table 5.

Binding site residues of DJ-1 interacting with naringenin, quercetin, 
resveratrol, and sesamol were found to be the same as the residues 
involved in their respective catalytic sites. Interacting residues of 
DJ-1 with naringenin, quercetin, resveratrol, and sesamol along 

Table 2: Physicochemical properties of DJ-1

Properties DJ-1
Molecular formula C874H1448N242O268S8
Molecular weight (Da) 19848.7
Theoretical PI 6.37
Aliphatic index 99.11
GRAVY −0.047
GRAVY: Grand average of hydropathicity

Table 3: Swiss-model server result showing template structure 
used in homology modeling, sequence identity, and quality 

score of the model generated

Gene 
name

Modeled 
residue range

Based on 
template

Sequence 
identity (%)

QMEAN 
Z-score

DJ-1 2-185 4ZGG 100 −0.42

Fig. 3: Three-dimensional (3D) structure, Ramachandran plot, 
and active site of DJ-1 models. (a) Demonstrates 3D structure 

of DJ-1, (b) Ramachandran plot was obtained for quality 
assessment, and (c) ligand binding site in DJ-1

c

ba

Fig. 4: Druglikeness prediction using Lipinski’s filter analysis AQ3

Fig. 2: (a) Multiple sequence alignment of all DJ-1 isoforms and 
(b) tree generation for DJ-1 using neighbor joining plot without 

distance correction

b

a
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with their identified catalytic sites have been shown in Table 6 and 
their two-dimensional and 3D pattern of interaction is presented 
in Fig. 6.

DISCUSSION

Despite the knowledge of various factors which contribute in the 
occurrence and progression of PD, the exact cause and cure remains 
elusive. Mutations in PD-associated genes potentially lead to autosomal 
dominant (α-synuclein and LRRK2), or autosomal recessive PD 
(Parkin, PINK1, DJ1, and ATP13A2), respectively [17]. Moreover, 
these genes display characteristic ubiquitin E3 ligase activity. DJ-1 is 
ubiquitously expressed in a number of pathways associated with PD 
pathogenesis and has ubiquitin E3 ligase activity which also reduces 
α-synuclein aggregation [18]. Thus, it seems imperative to design 
therapeutic strategies aimed at elevating the level of DJ-1 to improve 
neuronal survival in PD. Further, various studies have advocated that 
several compounds of plant origin possess neuroprotective properties, 
however, their mode of action have not been clearly defined [19]. 
Based on docking study analysis, the present study provides scientific 
evidence that given four biomolecules, namely, naringenin, quercetin, 
resveratrol, and sesamol are interacting at the reported binding 
site of DJ-1. Further, binding constant, Kb of naringenin, quercetin, 
resveratrol, and sesamol for DJ-1 was found to be 851.70 µM, 1.24 mM, 
4.25 mM, and 5.51 mM, respectively, suggesting that all the selected 
compounds might be effective as activators of E3 ligase activity of DJ-1. 
Furthermore, investigation of binding sites within DJ-1 gives a better 
idea for a valuable drug target site with highest binding and interaction 
affinity. Based on in vivo experimentation, the most effective compound 
in modulating E3 ligase activity of DJ-1 was found to be naringenin 

Fig. 5: Docking study of DJ-1 protein with selected compounds. 
(a) DJ-1 interaction with naringenin, (b) DJ-1 interaction with 
resveratrol, (c) DJ-1 interaction with quercetin, and (d) DJ-1 

interaction with sesamol

dc

ba

Table 5: Docking calculation of compounds with DJ-1

Compound 
name

Estimated 
free energy of 
binding (kcal/mol)

Estimated 
binding 
constant 

Estimated 
intermolecular 
energy (kcal/mol)

vdW+Hbond+desolv 
energy (kcal/mol)

Electrostatic 
energy  
(kcal/mol)

Estimated 
internal 
energy  
(kcal/mol)

Torsional 
free energy  
(kcal/mol)

Naringenin −4.19 851.70 µM −5.38 −5.25 −0.13 +9.69 +1.19
Quercetin −3.97 1.24 mM −5.76 −5.54 −0.22 +9.44 +1.79
Resveratrol −3.24 4.25 mM −5.03 −4.91 −0.12 +17.09 +1.79
Sesamol −3.08 5.51 mM −3.38 −3.12 −0.26 +0.32 +0.30

Table 4: Physicochemical properties of ligands

Characteristics Naringenin Quercetin Resveratrol Sesamol
Molecular 
weight (g/mol)

272.25278 302.2357 228.24328 138.12074

Molecular 
formula

C15H12O5 C15H10O7 C14H12O3 C7H6O3

Molecular 
structure

    
IUPAC name 5,7-dihydroxy-2-(4-hydroxyphenyl) 

-2,3-dihydrochromen-4-one
2-(3,4-dihydroxyphenyl)-3,5,7 
-trihydroxychromen-4-one

5-[(E)-2-(4-hydroxyphenyl) ethenyl] 
benzene-1,3-diol

1,3-benzodioxol-5-ol

xLogP 2.4 1.5 3.1 1.2
Hydrogen bond 
donor

3 5 3 1

Hydrogen bond 
acceptor

5 7 3 3

Rotatable bond 
count

1 1 2 0

Topological 
polar surface 
area (A2)

87 127 60.7 38.7

Heavy atom 
count

20 22 17 10

Complexity 363 488 246 126
Covalently 
bonded unit 
count

1 1 1 1

AQ4
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Fig. 6: Binding site of DJ-1 with selected compounds along with 
its known stimulatory active site. (a) Three-dimensional (3D) 

presentation of DJ-1 and naringenin with their interacting 
residues, (b) 3D representation of DJ-1 and quercetin with 

their interacting residues, (c) 3D representation of DJ-1 and 
resveratrol with their interacting residues, (d) 3D representation 

of DJ-1 and sesamol with their interacting residues, (e) two-
dimensional (2D) representation of DJ-1 and naringenin with 
their interacting residues, (f) 2D representation of DJ-1 and 

resveratrol with their interacting residues, (g) 2D representation 
of DJ-1 and resveratrol with their interacting residues, and 

(h) 2D representation of DJ-1 and sesamol with their interacting 
residues

d h

c g

b f

a e

having minimum binding constant Kb and highest negative free energy 
of binding with maximum interacting surface area in a course of 
docking studies [20-25].

CONCLUSION

In this study, the sequence and structure analysis of ubiquitin E3 ligase 
protein DJ-1 were done by various computational tools and softwares. 
Molecular docking study advocated naringenin to be the most effective 
compound in elevating E3 ligase action of DJ-1 based on highest 
negative free energy of binding, minimum inhibition constant Ki, and 
maximum interacting surface area among the given four biomolecules. 
Such biomolecules can be effectively used to validate in vitro and in vivo 
prosurvival outcomes in PD models as well as in clinical scenario. 
Knowledge gained from this study can be used in broad screening of 
neuroprotective biomolecules and can be further implemented in 
designing effective therapeutics for PD.
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p38 MAPK and PI3K/AKT Signalling Cascades in Parkinson’s Disease 
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Parkinson's disease (PD) is a chronic neurodegenerative condition which has the second largest incidence rate 
among all other neurodegenerative disorders barring Alzheimer's disease (AD). Currently there is no cure and 
researchers continue to probe the therapeutic prospect in cell cultures and animal models of PD. Out of the 
several factors contributing to PD prognosis, the role of p38 MAPK (Mitogen activated protein-kinase) and 
PI3K/AKT signalling module in PD brains is crucial because the impaired balance between the pro- apoptotic 
and anti-apoptotic pathways trigger unwanted phenotypes such as microglia activation, neuroinflammation, 
oxidative stress and apoptosis. These factors continue challenging the brain homeostasis in initial stages thereby 
essentially assisting the dopaminergic (DA) neurons towards progressive degeneration in PD. Neurotherapeutics 
against PD shall then be targeted against the misregulated accomplices of the p38 and PI3K/AKT cascades. In 
this review, we have outlined many such established mechanisms involving the p38 MAPK and PI3K/AKT 
pathways which can offer therapeutic windows for the rectification of aberrant DA neuronal dynamics in PD 
brains. 

Key words: Parkinson’s disease (PD), p38MAPK, PI3K/AKT, neuroinflammation, oxidative stress (OS), 
apoptosis, neurotherapeutics 
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eurodegenerative disorders (NDs) continue to 
traumatize an aging proportion of the human 

population especially in the industrialized world. 
Aging has long been recognized as a compound 
process of damage accretion that ultimately leads to 
noticeable disruption of multiple cellular and 
molecular proceedings, which ultimately are 

translated into various chronic ailments such as 
Alzheimer's disease (AD), multiple sclerosis (MS), 
Parkinson's disease (PD), atherosclerosis and many 
more (1-3). Although, several NDs have a 
pharmacological treatment, which as in the case of 
AD, PD, epilepsy  and MS slow down the course of 
the disease, and are restricted to damage limitation, 

N
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but are not equipped enough to annul the effects or 
for that reason heal the infirm. Sadly though, the 
future of such ambitious modalities currently hangs 
on morbid conjecture and fragile hopes and thus the 
current focus of the research bevy is to primarily 
delve unprecedented mechanisms that shall in 
future restrain the cardinal effects in NDs and  
also presumably act as custodians of permanent 
cure (4, 5). 

PD is a chronic, neurodegenerative state and 
the second most commonly observed brain disorder 
(the most common being AD) which impacts nearly 
1% of the global population aged 65 and older. 
Incidentally, PD appears to be less prevalent among 
Asian population as compared to the Western world 
and it is unclear whether this is in a way allied to 
the extensive use of traditional medicine in the 
Eastern half of the planet (6). Nevertheless, the use 
of complementary and alternative medicine (CAM) 
has been reported to be as high as 76% in countries 
like Korea. PD is typically characterized by the 
progressive loss of muscle control, impaired 
balance, slowness, akinesia, bradykinesia, tremors, 
postural instability, and decline in striatal dopamine 
levels of the central nervous system (CNS), and 
rigidity observed due to the significant loss of 
dopaminergic (DA) neurons in the substantia nigra 
(SN) in the midbrain (7). Interestingly, only 10% of 
all PD cases are caused by genetic mutations, and 
animal models previously used to comprehend 
these mutations revealed a significant insight into 
the loss-of-function status of �-synuclein and 
LRRK2 particularly in autosomal dominant PD and 
PINK1/Parkin and DJ-1 in autosomal recessive 
cases. These findings remain crucial since they 
represent possible therapeutic targets, however, in 
the face of such advances, the precise etiology of 
PD still remains uncertain. Multiple lines of 
evidence from molecular and cellular to 
epidemiological studies suggest that innate and 
environmental factors such as aging, genetics, 1-
methy l- 4- pheny l -1, 2, 3, 6- tetrahydropyridine 

(MPTP), 6-hydroxydopamine (6-OHDA) metals, 
mitochondrial dysfunction induced by 
environmental toxins, such as mitochondrial 
complex I inhibitors rotenone, traumatic brain 
injury, and shortage of trophic factors that can play 
a role in PD neuropathology (8-10). In addition, 
lifestyle factors viz. cigarette smoking and coffee 
consumption, with a gender bias can also influence 
the onset of PD. Notably; the neurotoxin 6-
hydroxydopamine (6-OHDA) is extensively used to 
mimic the PD associated neurodegeneration in both 
in vivo and in vitro experimental models. On the 
treatment front, the use of levodopa, dopamine 
agonists, herbal medicines, health supplement 
foods, and acupuncture are on the rise all over the 
world among patients afflicted with PD, however, 
without much benefit (9, 11, 12). 

In the last 15 years, the procedure of deep 
brain stimulation (DBS) has emerged as touchstone 
to mitigate the adverse neuropathlogical symptoms 
witnessed in advanced forms of the disease. The 
procedure is mainly designated for PD victims who 
are dopamine-responsive but with disabling motor 
complications such as motor fluctuation, 
dyskinesia, or unendurable side-effects of anti-PD 
suppositories. It is well known that motor 
fluctuations like wearing-off and peak-dose 
dyskinesia are motor anomalies observed few years 
after patients are started on medical treatment. 
When these complications breach the edge of 
severity, despite maximal fine-tuning of 
pharmacological agents, DBS has been shown to be 
effective and safe with benefits lasting for no less 
than 10 years. In fact, bilateral sub thalamic nucleus 
DBS has arisen as a treatment of choice and proven 
to have an unquestionable influence on motor 
symptoms, countenancing the minimization of drug 
treatment and its side effects. Numerous other 
reports have demonstrated the effectiveness of 
neurosurgery, specifically on motor symptoms and 
on health related quality of life. However, a vital 
concern has been that most of those studies have 
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testified no significant perfection in social 
adaptation after subthalamic nucleus deep brain 
stimulation in some patients. Furthermore, the lack 
of post-operative improvement in the psychosocial 
dimension of health-related quality of life and its 
link to coping strategies is still unclear and there are 
contentious reports surrounding the use of DBS in 
the early stage of PD and most medication centers 
will offer this modality typically to infirm with 
disruptive motor complications obstinate to drug 
treatment (13, 14). Therefore, it is of urgency to 
examine novel mechanisms that can be used as a 
benchmark therapy of choice in patients bloated 
with Parkinson’s in future. 

It is well documented that oxidative stress 
(OS), impaired ROS/NO balance, microglia 
activation, and chronic inflammation are striking 
pathological features observed in PD brains� These 
factors altogether have detrimental effects on the 
integrity of dopaminergic (DA) neurons, thus, may 
potentially lead to neuronal apoptosis and 
subsequent neurodegeneration. Not surprisingly, 
these critical neuro determinants are under the 
control of an array of proteins and signalling 
networks, and accruing genetic studies in recent 
years have advocated prominently on the role of 
improper phosphorylation events, dysfunctional 
kinases, and aberrantly functioning kinases 
associated signalling events as few of many 
responsible determinants involved in a convoluted 
network defining PD progression and pathogenesis. 
One such mechanism contributing to microglia 
response and neuroinflammation in both inherited 
and sporadic forms involve the protein named 
LRRK2 (leucine-rich repeat kinase 2). LRRK2 can 
effectively moderate the neuroinflammatory 
ambience in traumatized neurons in response to a 
panel of pathological stimuli. LRRK2 is a large 
multi-domain protein belonging to the cohort of 
mammalian ROCO (Ras of complex) proteins. It 
can be functionally characterized by the presence of 

an enzymatic core, comprising of ROC/GTPase, 
COR (C-terminus of ROC) and serine threonine 
kinase domains. In addition, there are multiple 
protein-protein interaction domains including 
ankyrin and leucine-rich repeat motifs at the N-
terminus, and WD40 repeats at the C-terminus. 
LRRK2 mutations can induce microglias through 
hyperpolymerization and hyperphosphorylation of 
cytoskeleton and vesicle components, thereby, 
directing these cells towards a pro-inflammatory 
ambience, which in turn can result in aggravated 
inflammation and subsequent neurodegeneration. 
Profound investigation into the innumerable 
functionalities of misregulated signalling cascades 
involving kinases such as p38 mitogen-activated 
protein (MAP) kinase, protein kinase B (AKT) 
kinase, and C-Jun N-terminal kinase (JNK), 
extracellular signal-regulated kinases (ERK), 
PI3K/AKT shall unravel novel mechanism for drug 
targeting in future. In that regard, the identification 
of microglia-specific kinase substrates, GTPase 
downstream effectors, and interactors shall reveal 
acute therapeutic hot spots and outline credible 
prototypes for the attenuation of the cardinal 
symptoms and motor complications in this group of 
disorders (8, 15, 16). 

Numerous intracellular signalling cascades 
that congregate on MAPK exist in all eukaryotic 
cells and play critical roles in various cellular 
activities. The p38 MAPK as also can be designated 
as stress-activated protein kinase (SAPK), is 
especially triggered by a range of cytotoxic stress 
stimuli and cytokines. In response, p38 potentially 
drive crucial cellular activities such as proliferation, 
differentiation, survival, and stress-induced 
apoptosis. In the central nervous system (CNS), p38
MAPK is central towards the maintenance of 
synaptic plasticity, and as a result, anomalies’ 
resulting from the deviant functioning of p38 
MAPK pathway in neurons has been observed in 
brain diseases like AD, PD and amyotrophic lateral 
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sclerosis (ALS). Consistent activation of JNK or 
p38 MAPK is critical towards facilitating neuronal 
apoptosis in AD, PD and ALS brains (17-19). 

On contrary, PI3K/AKT pathway modulates 
cellular activities like neuronal cell proliferation, 
migration and plasticity. The cytoprotective 
phenotype of PI3K/AKT provides an important 
signalling for neuroprotection, however, it 
prerequisites that the pathway is optimally activated 
in PD brains; this could possibly antagonize the 
detrimental effects of the p38 MAPK activation in 
degenerating DA neurons and thus, can assist in 
establishing a neuro-protective setting in insulted 
brains. In general, the activation of ERK or p42/p44 
MAP kinase and the PI3K/AKT pathway encourage 
cell survival (cytoprotective pathways), whereas 
SAPK's, c-Jun N-terminal kinases (JNK's) and the 
p38 MAPK, moderate cell mortality (20, 21). 
Nevertheless, several plausible cyto-dynamics 
involving P38 MAPK- PI3K/AKT and their subtle 
contribution towards progressive neurodegenerative 
remains an area of active curiosity for research in 
PD. Moreover, active biomolecules targeting  
the impaired p38-PI3K/AKT balance could 
significantly contribute to neuroprotection in PD 
challenged brains. 

In this review, we will focus solely on the 
viable contributions made by the p38 MAPK and 
PI3K pathways towards maintaining neuronal 
dynamics in PD brains. At a later stage we have 
enumerated a group of probable neurotherapeutics 
molecules, which can offer neuroprotection by 
mechanisms involving the likely targeting of the 
cell survival (PI3K/AKT) and death pathways (p38 
MAPK), and actually can attenuate or prevent 
neurodegenerative symptoms associated with PD 
brains in future. 
MAP Kinase pathway: At a glance 
p38 MAPK  

p38 MAPK (mitogen-activated protein kinase) 
signalling cascade provides a mechanism for cells 
to respond to a catalogue of external mitogens 

(signals) and respond accordingly by mediating a 
wide range of cellular effects. In fact, the diversity 
and specificity in cellular responses as depicted by 
the cascade is facilitated via a simple linear 
architecture, which comprises of sequentially 
operating core of three evolutionarily conserved 
protein kinases namely; MAPK, MAPK kinase 
(MAPKK), and MAPKK kinase (MAPKKK). 
MAPKKKs are serine/threonine kinases, which are 
activated via phosphorylation and/or because of 
their interaction with a small GTP-binding protein 
of the Ras/Rho family in response to extracellular 
stimulus. MAPKKK activation results in 
phosphorylation and activation of MAPKKs, which 
consequently stimulate MAPK activity through dual 
phosphorylation of threonine and tyrosine residues 
positioned in the activation loop of kinase 
subdomain VIII (22). The activated MAPKs now 
phosphorylates target substrates specifically on 
serine or threonine residues followed by a proline. 
MAPKKs such as MEK3 and MEK6 are activated 
by a wide range of MAPKKKs (MEKK1 to 3, 
MLK2/3, ASK1, Tpl2, TAK1, and TAO1/2), which 
themselves become activated in response to 
oxidative stress, UV irradiation, hypoxia, ischemia, 
and cytokines, including interleukin-1 (IL-1) and 
tumor necrosis factor alpha (TNF-�) (23). 

At present, five different MAP kinases 
(MAPks) have been characterized and investigated 
namely; extracellular signal-regulated kinases 
(ERKs) 1 and 2 (ERK1/2), c-Jun amino-terminal 
kinases or stress-activated protein kinases 
(JNKs/SAPKs) 1, 2, and 3, p38 isoforms �, �, �, 
and �, ERKs 3 and 4, and ERK5. The kinase p38�
(p38) was initially isolated as a 38-kDa protein 
which was observed to be rapidly phosphorylated at 
tyrosine motifs in response to LPS stimulation. 
Later, p38 was cloned and studied as a molecule 
capable of binding puridinyl imidazole derivatives; 
these derivatives inhibit the biosynthesis of 
inflammatory mediators like interleukin-1 (IL-1) 
and tumor-necrosis factor (TNF) in LPS activated 
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monocytes. p38 (also known as CSBP, mHOG1, 
RK, and SAPK2) kinases are more responsive 
towards stress stimuli such as osmotic shock, 
ionizing radiation, and cytokine stimulation and 
four different variants of p38 arising out of 
alternative splicing are known viz. p38�, p38�, 
p38� (ERK6, SAPK3), and p38� (SAPK4). Among 
these, p38 and p38� are ubiquitously expressed in 
tissues, whereas, p38� and p38� show variegated 
expression in a tissue specific manner (24). 

Each of the p38 variants comprises of a Thr-
Gly-Tyr (TGY) dual phosphorylation motif and 
sequence comparison performed earlier suggests 
that each p38 isoform shares approximately 60% 
identity with other members of the p38 group but 
only 40-45% with other MAP kinase family 
members. The activity of p38 is controlled and 
coordinated in vitro by three different kinases: 
MKK3, MKK4, and MKK6. In vivo, MKK3 and 
MKK6 are necessary for tumor necrosis factor-
stimulated p38 MAPK activation whereas, 
ultraviolet radiation-mediated p38 MAPK 
activation requires MKK3, MKK4, and MKK6 
(25).  

p38 isoforms can also be stimulated by 
GPCRs and by Rho family GTPases; Rac and 
Cdc42. It is interesting to mention here that 
MAPKs catalyse the phosphorylation and activation 
of several protein kinases, termed MAPK-activated 
protein kinases (MKs), which represent an 
additional enzymatic step in the MAPK catalytic 
signaling cascade. MEK3 and MEK6 do not 
participate in the activation of ERK1/2 or JNK and 
display a high degree of specificity for p38. In 
addition, MEK4 (MKK4/Sek1) JNK kinase show 
limited MAPKK activity toward p38. MEK6 is 
capable of activating all the p38 isoforms, whereas, 
MEK3 is discerning and preferentially 
phosphorylates the p38� and p38� isoforms. p38 
isoforms are activated as a result of MEK3/6-
catalyzed phosphorylation of Thr-Gly-Tyr (TGY) 

motif in the p38 activation loop. The differential 
specificity in p38 activation results from the 
formation of functional complexes between 
MEK3/6 and different p38 isoforms and the 
selective recognition of the activation loop of p38
isoforms by MEK3/6. The length of the 
phosphorylated TGY motif and the activation loop 
is different in other MAPKs namely ERK2 and 
JNK, which likely contributes to the p38 substrate 
specificity. P38 substrates include cPLA2, 
MNK1/2, MK2/3, HuR, Bax, and Tau in the 
cytoplasm and ATF1/2/6, MEF2, Elk-1, 
GADD153, Ets1, p53, and MSK1/2 in the nucleus 
(26). 

Emerging proofs advocate a role for the p38 
MAPK and MKP-1 in the maintenance and demise 
of dopaminergic neurons. Mitogen-activated protein 
kinase phosphatase-1 (MKP-1) is a negative 
regulator of p38 activity and other MAPKs such as 
ERK, and c-Jun NH (2) -terminal kinase (JNK). 
MKP-1 was found to be expressed in DA neurons 
cultured from E14 rat ventral mesencephalon (VM) 
and it was reported that DA neurons when 
transfected to overexpress MKP-1, triggered a 
substantial increase in neurite length and branching 
with maximum upsurge observed in primary 
branches (27). In addition, DA neurons displaying 
over-expressed MKP-1 patterns are subjected to 
neuroprotection against the effects of PD inducing 
neurotoxin 6-OHDA. MKP-1 can also promote the 
growth and elaboration of dopaminergic neuronal 
processes suggesting that MKP-1 is actively 
involved in DA neuronal maintenance and therefore 
deviant MKP-1 expression is a hallmark of 
damaged DA neurons in PD (28). Therefore, 
formulating strategies aimed at augmenting MKP-1 
expression to appropriate p38 activity may be 
advantageous in shielding dopaminergic neurons 
from PD induced damage (29). 
PI3K/AKT/mTOR pathway

The   PI3K-   PKB/  Akt   pathway   is   highly 
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conserved, tightly controlled and a multistep 
signalling cascade. Since its discovery in the 1980s, 
lipid kinase termed phosphoinositide 3-kinases 
(PI3Ks) has been proven time and time again to 
facilitate crucial cellular dynamics viz. survival, 
proliferation and differentiation. PI3Ks critically 
operate downstream of receptor tyrosine kinases 
(RTKs) and G protein coupled receptors (GPCRs) 
and are responsible for propagating a wide array of 
signals arising out from numerous growth factors 
and cytokines into intracellular communications by 
generating phospholipids, which in turn activate the 
serine/threonine kinase AKT and several other 
effector pathways (30).  

PI3Ks can be divided into three classes based 
on their structural physiognomies and substrate 
specificity; of these, the most commonly 
investigated are the class I enzymes that are 
activated directly by cell surface receptors. Class I 
PI3Ks can further be segmented into class IAs that 
are activated by RTKs, GPCRs and oncogenes like 
the small G protein Ras, and class IBs, that are 
entirely moderated by GPCRs. Activated receptors 
can directly trigger class 1A PI3Ks bound via their 
regulatory subunit or adapter molecules like the 
insulin receptor substrate (IRS) proteins. Once 
activated, class I PI3Ks generate the phospholipid 
PI(3, 4, 5)P3 that serves as a secondary messenger, 
driving multiple effector pathways influencing key 
cellular processes. PI3K cascade is negatively 
regulated by the tumour suppressor PTEN 
(phosphatase and tensin homolog deleted from 
chromosome 10) and the cellular levels of 
PI(3,4,5)P3 is closely regulated by the antagonizing 
PTEN levels. In fact, PTEN down regulates PI3K 
activity via its intrinsic lipid phosphatase activity 
that diminishes the cellular pool of PIP3 by 
converting PI(3,4,5)P3 back to PI(4,5)P2. Therefore, 
loss of function of PTEN will result in uncontrolled 
PI3K signalling thereby leading to baffling 
disorders like cancer and neurodegeneration (31). 

AKT  is  a serine/  threonine   kinase  which  is 

expressed as three isoforms, AKT1, AKT2 and 
AKT3, which are encoded by three PKB genes 
namely � (PKB�), � (PKB�), and � (PKB�). All the 
three isoforms can be characterized based upon a 
parallel architecture comprising of an N-terminal 
PH domain, a central serine/threonine catalytic 
domain, and a small C-terminal regulatory domain. 
Initial AKT activation is facilitated by translocation 
to the plasma membrane mediated by docking of 
the PH domain to the membranous phospholipid 
PI(3,4,5)P3, resulting a change in AKT confor-
mational and subsequently divulging the two 
critical amino acid residues for phosphorylation. 
Phosphorylation at both the exposed sites, T308 by 
PDK1 and S473 by PDK2, are a prerequisite in 
order for the AKT to achieve full activation status. 
Once AKT is activated by phosphorylation at T308 
and S473, it then facilitates the phosphorylation of 
targets viz. GSK3 (glycogen synthase kinase 3) and 
FOXOs (the forkhead family of transcription 
factors). A variety of PDKs are currently known to 
operate in the process, including ILK (integrin-
linked kinase), PKCbII, DNA-PK (DNA-dependent 
protein kinase), and ATM (ataxia telangiectasia 
mutated), while AKT itself has PDK functionality. 
However, it is strongly believed that mTORC2 (the 
mTOR/rictor complex) is the chief source of PDK2 
activity under most circumstances (32). 

mTOR belongs to a group of Ser/Thr protein 
kinases group of more distantly related enzymes 
(related to class I,II and III PI3Ks) and occasionally 
referred to class IV PI3Ks and includes members 
like ATM, ATR (ataxia telangiectasia and Rad3 
related), DNA-PK and SMG-1 (SMG1 homolog, 
phosphatidylinositol 3-`kinase-related kinase). 
PI3K/AKT pathway upstream of mTOR, moderates 
mTOR activity. mTOR is made up of two distinct 
complexes namely mTORC1 and mTORC2. The 
mTORC1 subunit is responsible for mTOR 
catalytic activity and harbours other components 
such as Raptor (regulatory associated protein of 
mTOR), PRAS40 (proline- rich AKT substrate 40 
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kDa) and the protein mLST8/GbL. Likewise, 
mTORC2 comprises of mTOR, Rictor (rapamycin 
insensitive companion of mTOR), mSIN1 
(mammalian stress- activated protein kinase 
interacting protein 1) and mLST8/GbL. AKT is 
capable of activating mTOR by phosphorylating 
both PRAS40 and TSC2 (tuberous sclerosis 
complex) thereby offsetting the inhibitory effects 
on mTORC1. PKB/Akt binds to PIP3 at the plasma 
membrane in that way allowing PDK1 to access 
and phosphorylate the exposed T308 site in the 
“activation loop,” thus leading to the partial 
activation of the PKB/Akt component. This 
amendment is however adequate to stimulate 
mTORC1 by directly phosphorylation and 
inactivation of PRAS40 and TSC2 as mentioned 
above (33). Second phosphorylation of Akt at S473 
in the carboxy-terminal hydrophobic motif, either 
by mTOR or by DNA-PK; result in full activation 
of PKB/Akt. mTOR can also operate as PDK2 and 
phosphorylate AKT when it is bound to Rictor in 
the mTORC2 subunit. mTOR is pivotal to cell 
growth and proliferation as it monitors variables 
like monitoring nutrient availability, cellular energy 
levels, oxygen levels, and mitogenic signals. Well-
characterized effector targets of mTORC1 includes 
4E-BP1 (4E-binding protein), ribosomal protein S6 
kinase and S6K1 (p70S6 kinase) which, in turn, 
phosphorylates the ribosomal protein S6 (S6/ 
RPS6) (34). 

mTOR also regulates autophagy, the failure to 
which leads to deficiency in the elimination of 
abnormal and toxic protein aggregates which 
subsequently trigger catastrophic cellular stress, 
failure and ultimately death. Autophagy is also 
modulated by starvation, growth factors, and 
cellular stressors and has long been proven to play a 
critical role in PD neuropathology. Yet, the cross-
talk between PI3K/AKT/mTOR and autophagy is 
compound and the comprehensive examination of 
tissue from patients suffering from PD and of 

animal and cellular models shall provide further 
valuable insght (35). 
p38 MAPK mediates microglial response and 
neuroinflammation. 

Microglial cells arise from mesodermal 
/mesenchymal progenitors and are the resident 
macrophages in the CNS. Once matured, these cells 
are disseminated into all regions of the CNS, spread 
through the brain parenchyma, and attain a specific 
ramified morphological appearance known as 
"resting microglia". In the normal brain, microglia 
however have highly motile procedures by which 
they patrol their territorial domains. Additionally, 
these cells can communicate with macroglial cells 
and neurons and with other cells of the immune 
system, the interaction mediated by a wide range of 
cell signalling mechanisms. Microglial cells display 
characteristic receptors as labelled for brain-specific 
communication such as neurotransmitter receptors 
and immune cell-specific such as for cytokines. 
Interestingly, microglial cells are the most 
vulnerable sensors of brain homeostasis and upon 
any detection of anomaly such as traces of brain 
lesions; nervous system dysfunction or external 
insults (trauma, toxicants), these cells surpass a 
multi-staged activation prototype to transform from 
“resting microglia” to “activated microglia”. The 
activated microglial cells have the enormous 
capacity to secrete a repertoire of molecules which 
can either act damaging or advantageous to the 
neighbouring population. Activated microglial cells 
migrate to the site of injury where they proliferate 
further and phagocytize damaged cells and cellular 
compartments (36, 37). 
Microglial activation and neuroinflammation in 
PD pathology

Human brain and immune system are 
convolutedly involved in a crosstalk so as to 
maintain tissue homeostasis. A panel of evidences 
obtained from human and animal research have 
advocated the principle that neuroinflammation 
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Fig. 1. p38 MAPK interactions involved in Parkinson’s disease neuropathology and associated neurodegeneration. Neurotoxins viz. rotenone, maneb, paraquat and MPTP evokes numerous detrimental phenotypes in degenerating neurons and p38 MAPK is responsible for microglia activation, induction of oxidative stress, apoptosis, neuroinflammation and neurodegeneration as triggered by these toxins. 

significantly contributes to the neuronal loss in PD. 
Available reports highlight the centrality of non-
cell-autonomous pathological mechanisms in PD, 
which in most cases are regulated by the activation 
of glial and peripheral immune population. 
Neuroinflammation in PD is a chronic mechanism 
that can be connected with the alteration of glial 
cells, including astrocytes and microglia. Microglia 
activation in PD brains acutely involves a panel of 
microglial-derived neurotoxic factors such as 
reactive oxygen species (ROS), inducible nitric 
oxide synthase (iNOS), elevated pro-inflammatory 
cytokine levels, and upregulated inflammatory-
associated factors such as cyclooxygenase-2, which 
altogether cooperate to stabilize microglial response 
in PD brains (Figure 1). Therefore, and it is not 
surprising that the prolonged use of anti-
inflammatory drugs can indeed reduce the risk for 
the disease. The neuronal response to microglia 
activation triggers unwanted trauma viz. oxidative 
stress (OS), neuroinflammation, cytokine-receptor-
mediated apoptosis, which eventually contribute to 
DA neuronal mortality and subsequent disease 
progression. Interestingly, recent reports on 

transgenic mice related model mice were supportive 
of the idea that neuroinflammation in PD can be 
ambiguous, that is protective in the initial stages of 
degeneration but becomes severely damaging as the 
disease progresses (7, 38-40).  

In vivo evidences of neuroinflammation in PD 
reported the upregulation of inflammatory genes in 
the periphery and in the CNS, the intrusion of 
peripheral immune cells into the CNS, and the 
transformed composition and phenotype of 
peripheral immune cells. Notably, activated 
microglial cells are at the heart of the neuro-
inflammatory program and the hypothesis has 
constantly been supported by reports highlighting 
the neuropathology of PD brains. Initial 
breakthrough study by McGeer et al. first reported 
about the increased microglia status in the 
substantia nigra parts compacta (SNpc) region of 
post mortem PD brains, following which, several 
other novel post- mortem studies underlined the 
significant signs of inflammation and oxidative 
stress, including increased microglial activation and 
lipid peroxidation in PD afflicted brains. The 
midbrain region, which  includes  the  SNpc  houses
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the highest proportion of microglial cells, the 
resident immune cells of the brain, as compared to 
the other regions of the brain and this could be 
decisive towards the heightened sensitivity of this 
region to inflammatory stimuli.  

Further, microglias respond to a panel of 
signals which include bacterial and viral products, 
�-synuclein, complement, antibodies, cytokines, 
and neuronal death which can occur as a result of 
response to cytokines such as TNF�, ligation of 
death receptors such as Fas, and toxicity of reactive 
oxygen species. Phagocytosis may also trigger 
microglial activation through loss of inhibitory 
CD200-CD200R signalling cascade. In response to 
these wide range of stimuli, microglia further 
secrete cytokines, ROS, prostanoids that have 
immune modulatory properties, and chemokines 
which are responsible for the deployment of 
peripheral immune cells. Similar to all other cells 
with antigen-presenting features such as B 
lymphocytes, macrophages, monocytes, dendritic 
cells, activated microglia cells also harbors major 
histocompability class II (MHC-II) molecules on its 
surface, which are responsible for presenting 
endocytozed or lysosomal peptides to CD4 T 
lymphocytes for toxicity clearance. Microglial 
activation is therefore a major driving force behind 
dopaminergic neurodegeneration in PD animal 
models generated using neurotoxins such as 
rotenone, MPTP and paraquat. Nonetheless, 
continued microglial activation and 
neuroinflammation in post-mortem samples and 
animal models have since been long- established in 
living PD patients enduring PET scans with the 
ligand PK11195. Therefore, reducing or preventing 
the sustained microglial activation might restrict 
inflammation and may protect the brain from 
neurodegenerative insults in PD patients (41-44). 
p38 MAPK and associated components together 
mediate microglial response in PD  

It  is  well-known  for  quite  some   time  that 

microglial response is central to DA neuron 
degeneration and recent studies have proposed that 
p38 MAPK cascade has a critical impact on 
microglial activation and response. P38 MAPK 
together with CD200-CD200R signalling can 
moderate microglial dynamics in PD brains. 
CD200-CD200R holds the microglia cells in a 
quiescent state and PD associated 
neurodegeneration may well be concomitantly 
associated with disruption of CD200-CD200R and 
p38 MAPK signalling axis. This dual signalling 
axis when operating normally can promote 
microglia silencing in the SN, which could indeed 
prevent disease onset and progression. Additionally, 
p38 MAPK can also activate NADPH oxidase and 
intercede microglial response. Endogenous 
molecule(s) like prothrombin kringle-2 (pKr-2) is a 
domain of human prothrombin distinct from 
thrombin that has the ability to activate cultured rat 
brain microglia in vitro. Alternatively, prothrombin 
can trigger NO release and enhance mRNA 
expression levels of inducible NO synthase, IL-1�, 
and TNF-� in rat brain microglia. PKr-2 can imitate 
the effects of prothrombin in promoting NO 
synthesis and in the upregulation of various 
inflammatory mediators as mentioned above. 
Interestingly, both prothrombin and pKr-2 can 
trigger the same signalling cascades in particular 
involving p38 MAPK and other kinases such as 
extracellular signal- regulated kinase½ and c-Jun N-
terminal kinase and NF-�B in an analogous manner. 
Increased NO levels in response to either of these 
molecules can be diminished by inhibitors such as 
PD98059 (extracellular signal regulated kinase 
pathway), SB203580 (p38 MAPK), N-
acetylcysteine (NF-�B), Go6976, bisindoly-
lmaleimide, and Ro31-8220 (all three against 
protein kinase C), and D609 and U73122 (both 
against phospholipase C). Further, pKr-2 can also 
facilitate the apoptosis of DA neurons in the SN by 
activating microglial cells via diverse mechanisms 
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involving MAPKs (45-47). Neurotoxins such as 
maneb and paraquat can similarly activate the 
microglial cells, escalate the nitrite content, and 
upgrade the expression levels of IL-1�, p38 MAPK, 
NF- kB and TK, thereby contributing to DA 
neurodegeneration. NO can modulate PD pathology 
by contributing to an increase in maneb and 
paraquat-induced lipid peroxidation in mouse 
striatum and molecules such as TK, NF-kB and p38 
MAPK are well-acknowledged to modulate  
iNOS expression. Notably, caffeine can offer 
neuroprotection by diminishing nitric oxide (NO) 
production, neuro-inflammation and microglial 
activation in DA neurons (48, 49). These 
observations altogether propose that the expression 
prototype of p38 MAPK and inflammatory 
mediators are central towards microglial 
maintenance, inflammation and eventually DA 
neuron degeneration.  

The environmental toxin rotenone, a 
mitochondrial complex I inhibitor can directly 
activate microglial cells through the p38 MAPK 
pathway and initiate DA neuronal damage in SNpc, 
which ultimately results in parkinsonism, but  
the exact mechanisms behind the selective 
degeneration of nigral DA neurons are not yet fully 
understood. It was observed that rotenone 
administration in SNpc of Lewis rats significantly 
downgraded the motor activity and resulted in loss 
of THase immunereactivity. Moreover, the 
degeneration of nigral DA neurons was escorted by 
an increase in p38 (MAPK), P-p38(MAPK), p53, 
and Bax expression levels. The neurotoxin 
exhibited similar effects in cultured PC12 cells and 
resulted in the upregulation of p38 (MAPK), P-
p38(MAPK), p53 and Bax levels, thereby drawing 
some kind of parallelism between the activation 
prototypes in vitro and in vivo. Once activated, Bax 
is exported into the mitochondrial membrane where 
it oligomerizes and triggers the mitochondrial 
apoptotic signalling and the aforesaid observation 
strongly indicates that p38 (MAPK)/p53-associated 

stimulation of Bax can indeed contribute to 
rotenone's neurotoxicity in PD models (50). Lastly, 
6-OHDA treatment of MN9D dopaminergic 
neuronal cells also results in translocation and 
oligomerization of Bax onto the mitochondria as is 
the case with the earlier rotenone models. 
Altogether, these findings suggest that there exist 
an independent amplification loop of Bax 
translocation and oligomerization mediated by 
caspase and p38 MAPK during ROS- mediated DA 
neurodegeneration (51). An exhaustive 
investigation is therefore obligatory so as to 
establish a tangible role of p38 MAPK and 
auxiliary components in moderating the microglial 
integrity and activation program and subsequent 
neurodegeneration in PD brains. 
p38 MAPK mediates oxidative stress in diseased 
neurons

Neural cells suffer severe functional or 
sensory loss in neurodegenerative disorders and as 
discussed in previous sections, microglia- derived 
inflammatory neurotoxins play a major role in 
disease pathogenesis. Although, oxygen is the basis 
for life, defective metabolism and excess ROS 
production contributes to severe trauma and in 
contribution with several other environmental or 
genetic factors, oxidative stress ultimately leads to 
ROS accumulation in neural cells. Nevertheless, the 
human body’s innate antioxidant defence plays a 
decisive role in the prevention of any loss due to 
ROS but imbalance in defence mechanism of 
antioxidants, the overproduction or incorporation of 
free radicals from environment to living system can 
lead to serious penalty and calamitous 
neurodegeneration. Moreover, a spectrum of 
environmental prompts, ER-stress, mitochondrial 
dysfunction, DNA injury, the accretion of the 
damaged misfolded proteins due to defective 
proteasome function, neuroinflammation, tissue 
damage and subsequent neural cell apoptosis also 
subject the brain to severe insults. These factors 
affect glial function thereby aiding to hasten the 
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cadence of the disease. Understanding the 
connections between oxidative stress, free radical 
formation, neuro-inflammation, and neurotoxicity is 
critical to deciphering novel disease mechanisms 
and the development of model neurotherapeutics to 
antagonize disease progression (52- 54). Oxidative 
stress in DA neurons can trigger the p38 MAPK 
pathway thus leading to the activation of both 
mitochondrial and extra mitochondrial apoptotic 
pathways PD culture models. These results suggest 
that oxidative stress and p38 MAPK pathways 
operate to balance the pro and anti- apoptotic 
phenotypes of DA neurons (55). 

Paraquat (PQ) elicits a dose-dependent 
increase in ROS which results in death of SH-
SY5Y neuroblastoma cells. This observation can be 
closely associated with the activation of ASK1 and 
the stress kinases p38 and JNK SH-SY5Y cells. It 
has recently reported that the chemical inhibition of 
either p38 or JNK can confer resistance from L-
DOPA-induced apoptosis. Moreover, direct 
knockdown of ASK1 protects from L-DOPA- 
induced neuronal cell death. Furthermore, the 
suppression of the 6-OHDA- generated ROS by 
treating the cells with N-acetyl-L-cysteine 
effectively constrains the 6-OHDA- triggered 
activation of ASK1, p38 and JNK, and thereby 
protects the cells from apoptosis. It must be noted 
here that ROS mediated caspase-1 activation and 
mature IL-1� release are strictly reliant on the p38 
MAPK levels in 6-OHDA model systems. These 
studies clearly show the path from ROS generation 
to the initiation of p38/JNK signalling via 
activation of ASK1 and subsequent apoptosis in 
investigated PD systems (56-57). Rotenone can also 
meritoriously generate ROS, the concentration 
levels of which can be directly correlated with the 
activity of p38 MAPK in the microglia populace (8, 
51). These studies clearly show the path from ROS 
generation to initiation of p38/JNK signalling via 
the activation of ASK1 and subsequent apoptosis in 

investigated PD systems. 
ATF6� is an ER-membrane-bound transcrip-

tion factor in mammalian cells that is activated as a 
consequence of protein misfolding in the ER. 
ATF6� functions as a critical regulator of ER 
quality control. 1-Methyl-4-phenyl-1, 2, 3, 6-
tetrahydropyridine (MPTP), a dopaminergic 
neurotoxin well-known to generate OS, activates 
ATF6� and increases the level of ER chaperones 
and ER-associated degradation (ERAD) component 
in DA neurons. This induced oxidative stress not 
only stimulates phosphorylation of p38 MAPK  
but also augments the interaction between 
phosphorylated p38MAPK and ATF6�, leading to 
an increment in the transcriptional activity of 
ATF6�. This mechanism provides a credible link 
between oxidative stress and ER stress by 
underscoring the reputation of ATF6� in the 
protection of the DA neurons from MPTP induced 
neurotoxicity that occurs via OS-induced activation 
of ATF6� and p38MAPK- mediated enrichment of 
ATF6� transcriptional activity (59). Mutations in 
PINK1 (phosphatase and tensin homolog (PTEN)-
induced putative kinase 1) gene is causative behind 
autosomal recessive PD. Recent studies have 
investigated the impact of PINK1 on HO-1 (heme 
oxygenase-1) activation in SH-SY5Y cell lines 
following H2O2 or 1-methyl-4-phenylpyridinium 
[MPP (+)] treatment. It was suggested that the H2O2 induced HO-1 induction was dependent on Akt and 
ERK phosphorylation. Moreover, in cells 
expressing PINK1 G309D mutant and the 
knockdown of tumour necrosis factor receptor- 
associated protein-1(TRAP1), the phosphorylation 
of ERK and Akt was inhibited but not p38 MAPK 
phosphorylation. These results identified a novel 
mechanism involving p38 MAPK by which the 
defect in PINK1 inhibits the oxidative stress- 
induced HO-1 production. Above all, aberrant HO-
1 production following oxidative stress hastens the 
DA neurodegeneration and directs the brain to a 
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traumatic state in PD patients with PINK1 defect 
(60). Finally, the uncharacteristic expression of 
matrix metalloproteinases (MMPs) play their part in 
PD prognosis and contributing factors such as ROS, 
PI3K, NF-�B, and AP-1 are commonly involved in 
6-OHDA- and MPP (+)- induced MMP-9 gene 
expression during PD. SK-N-BE(2)C human 
neuroblastoma and Cath.a mouse DA cell lines 
when treated with 6-OHDA and MPP(+), resulted 
in an induction of MMP-9 expression, where  
the role of p38 MAPK was found to be only 
differential (61). 
PI3K/AKT/mTOR pathway mediates neuroprot-
ection in PD 

Accumulating evidences strongly suggest on 
PI3K/Akt and mTOR to being neuroprotective and 
hence malfunctioned in PD brains; this is actually 
of relevance to longevity and may present strategic 
targets for therapeutic improvement (62). Recent 
research statistics strongly advise that the 
vulnerability of DA neuron could arise from 
elevated metabolic stress levels, resulting from 
numerous perturbed cascades designated for the 
control of energy metabolism and cell survival in 
response to growth factors, oxidative stress, and 
nutrient deprivation (PI3K/AKT, mTOR, 
eIF4/p70S6K and Hif-1�). Altogether, these factors 
operate in a convoluted network thereby adding to 
archetypal phenotypes observed in PD patients. 
One of the cardinal symptom observed in diseased 
brains is neuroinflammation and PTEN induced 
putative kinase 1 (PINK1), an autosomal recessive 
familial PD gene, regulates the inflammatory 
ambience during traumatic states. Dearth in PINK1 
levels expedites neuro-inflammation in PD brains 
through diminished AKT activation and enhanced 
I�B degradation in response to traumatic brain 
injury (63). In fact, mutations in PINK1 genes have 
provided a credible basis to a certain extent to 
meticulously monitor and comprehend the 
otherwise complex etiology of PD. PINK1 
mutations were found to be severely damaging in 

C2-ceramide (neurotoxin) challenged brains 
thereby suggesting on the neuroprotective role of 
PINK1 in preventing mitochondrial dysfunction and 
reinforcing the anti- apoptotic and neuronal survival 
pathways such as Bcl-2 and PI3K/AKT (64). 
PINK1 and PARKIN are responsible for 
mitochondrial damage limitation during the active 
durations of stress and cooperate together in 
autophagy following mitochondrial injury. 
Examination of primary mouse cells acquired from 
PINK1- knockout mice directed that PARKIN 
induction and lysosomal translocation proceeded 
autonomous of PINK1. Moreover, suppression of 
the PI3K/AKT-mTOR pathway by therapeutic 
proxies can vary PARKIN expression accordingly. 
These results altogether validate that PARKIN  
and PINK1 are co-regulated during starvation  
and suggest a likely role of PI3K/AKT-mTOR 
 in response to trophic signals and starvation  
stress (65). 

PI3K/AKT pathway can also play a key role in 
IGF-mediated cell survival and prevention of 
apoptosis in MPP+ induced human neuroblastoma 
SH-EP1 cells. This defensive activity of AKT is 
principally reliant on the BIO mediated inactivation 
of GSK-3�, the result of which could imitate the 
protective influence of IGF-1 in SH-EP1 cells. 
Interestingly, the IGF-1 potentiated PI3K/AKT 
activity was found to further down regulate the JNK 
related apoptotic activity and this negative 
regulation was reported to be facilitated via AKT-
dependent GSK-3� inactivation (Figure 2). 
Moreover, these results acknowledge that IGF-1 
protects SH-EP1 cells from MPP+-induced 
apoptotic cell mortality via the cytoprotective 
PI3K/AKT/GSK-3� pathway involving GSK-3�
inactivation (66-68). Most recently, it hes been 
studied in DA neuronal cell systems that 
upregulation of miR-126 impaired IGF-1 signalling 
and increased the susceptibility of such systems to 
6-OHDA, possibly by stamping down factors 
involved in  IGF-1/PI3K   signalling,  including   its  
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Fig. 2. Neuroprotective cross-talk involving the cytoprotective PI3K/AKT pathway. AKT when optimally activated by phosphorylation at serine and threonine residues, can interact with a spectrum of molecules to erect an anti- inflammatory (DJ-1 and HIF-1�) and anti- apoptotic (Bcl-2) ambience in vulnerable neurons. In addition, phosphorylated AKT can also promote autophagy via PINK-1 and Parkin. IRS-1 activation takes place via IGF-1/AKT cascade and other AKT targets including p85� and SPRED 1 are known to be downregulated by miR-126 in PD neurons. Activation (green arrows); prevention or suppression (red arrows). 
downstream targets p85�, IRS-1, and SPRED1. 
MicroRNAs (miRs/miRNAs) act as posttranscrip-
tional regulators of gene expression and therefore, it 
is unsurprising that they could be critically 
modulating pathogenesis in PD. Notably, blocking 
miR-126 activity increased IGF-1 trophism and 
thereby combating the cataclysmic events of 6- 
OHDA. This result strongly ascertain the criticality 
IGF-1/ PI3K cascade in DA neuron maintenance 
and also suggests that the higher expression 
patterns of miR-126 may contribute towards DA 
neurodegeneration aided by downregulation of 
IGF-1/PI3K/AKT signalling (69). 

Glial cell line-derived neurotrophic factor 
(GDNF) is necessary for DA neuronal maintenance 
and development. GDNF is normally found to be 
neuroprotective in animal models of PD, where 
selective DA neurodegeneration is a characteristic 
feature (70). GDNF can have potent 
neuroprotective effects in nigrostriatal DA neurons 
that are degraded in PD. H2O2 or l-3, 4-

dihydroxyphenylalanine (l-DOPA) when used to 
injure DA neurons, prompts the release of soluble 
factors that signal the ventral midbrain astrocytes to 
upregulate GDNF concentration. Notably, PI3K 
pathway is central towards this mechanism of 
striatal GDNF up-regulation as triggered by H2O2. Conversely, diffusible factors released in the 
presence of l-DOPA- trigger GDNF expression via 
activation of the MAPK pathway (71). Another 
study attempted to decipher whether cadherin has a 
profound impact on PI3K/AKT activation in DA 
neurons mediated by the protective effects of 
GDNF. Cadherins are calcium-dependent adhesion 
proteins, and N-cadherins are expressed in DA 
neurons. Interestingly, the results of the 
investigation suggested that N-cadherin was indeed 
involved in PI3K/AKT activation in DA neurons 
triggered by GDNF (72). Aging mice which lacks 
DJ-1 and the GDNF-receptor Ret expression in the 
DA system exhibits loss of substantia nigra (SN) 
cell bodies, but not axons, compared to mice 
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compromised only in Ret. This survival 
requirement for DJ-1 is specific for the most 
vulnerable GIRK2-positive populace in the SN 
which projects entirely to the striatum. Study on 
Drosophila genetics further revealed about the 
constitutively active Ret and associated Ras/ERK, 
but not PI3K/AKT, signalling, which interact 
genetically with DJ-1. A better understanding of the 
molecular connections between trophic signalling, 
cellular stress and aging could uncover new targets 
for drug development in PD (73). 
Neuroprotective molecules  of  relevance  in  p38 

and PI3K/AKT mediated PD prognosis 
Neurotherapeutics research in recent times 

have probed a spectrum of protective biomolecules 
which can either activate the PI3K/AKT cascade, 
while others assist in limiting the activation of  
p38 MAPK in neurons; Table 1 provides a list  
of neuro- protective therapeutic modalities that  
sum on either the misfiring p38 MAPK and/ 
or PI3K/AKT cascades in some form or the other, 
en route to providing a resilient neuroprotec- 
tive shield against the hastened degeneration of 
neurons in PD.  

Table 1. Neuroprotective Biomolecules offering neuroprotection in neurotoxin challenged Parkinson’s model systems presumably via p38 MAPK and/or PI3K/AKT cascade. Biomole-cules Nature PD Model  systems Neurotoxin Proteins involved Mode of action Refer-ences 

Guanine based  purines 
anti-apoptotic SH-SY5Y  6-OHDA  AKT, p38, JNK, and Bcl-2 

Triggers an early upsurge in the phosphorylation of Akt and subsequent activation of the cytoprotective PI3K/AKT/PKB pathway; prevents the 6-OHDA intermediated activation of p38 and JNK and cause an upsurge in the expression level of the anti-apoptotic Bcl-2 protein.  

(9) 

Human albumin 
anti-oxidant and anti-apoptotic PC12 6-OHDA  JNK, c-Jun, ERK, and p38 MAPK 

Attenuates 6-OHDA-inflicted ROS generation and apoptosis; inhibits 6-OHDA-induced activation of JNK, c-Jun, ERK, and p38 MAPK signalling. 
(74) 

Peroxiredoxin (PRX-2)  
anti-oxidant and anti-apoptotic 

MN9D DA neurons 6-OHDA ASK1, c-Jun , p38  

Inhibits 6-OHDA-induced ASK1 activation by regulating the redox properties of the endogenous ASK1 inhibitor Trx; display significant anti-apoptotic properties via suppression of ASK1-dependent activation of the c-Jun N-terminal kinase/c-Jun and p38 pro-mortality cascades; lastly, PRX2 over expression preserves Trx in a reduced state by blocking the cysteine thiol-disulfide interchange, thus preventing the dissociation of thioredoxin from ASK1. 

(75, 76) 

NOSH-ASA (NO- and H2S-releasing hybrid of aspirin) 
anti-inflamma-tory  

IFN�-stimulated human astroglia and U373 cells, SH-SY5Y    
  TNF�, IL-6 , P38 MAPK and NF�B  

Results in reduced TNF� and IL-6 levels along with a concomitant deactivation of P38 MAPK and NF�B proteins. 
(77) 



Kinase Signalling in Parkinsonism 

81   Int J Mol Cell Med Spring 2015; Vol 4 No 2 

Bu-7  anti-apototic PC12 Rotenone JNK,p38,p53,caspase-3,Bax,Bcl-2 

Protects the cells from rotenone triggered apoptosis and subsequent death; limits the rotenone induced potential reduction in mitochondria of the treated cells, prevents the rotenone induced activation of JNK, p38, p53, cleaved caspase-3 and decreases the Bax/Bcl-2 ratio. 

(78) 

3,4-Dihydroxybenzalacetone (DBL)  

anti-oxidant, anti-inflam-matory, and anti-tumori-genic  
SH-SY5Y 6-OHDA Akt, ERK, p38 MAPK, PI3K  

Induce stress-associated kinases such as Akt, ERK, and p38 MAPK, and PI3K or Akt inhibitors, but not ERK, p38, or JNK inhibitors; activates the Nrf2/glutathione cascade via PI3K/Akt, and facilitates survival of SH-SY5Y cells.  

(79) 

Tetrahydroxystilbene glucoside (TSG) 
anti-apoptotic PC12 and mice MPTP 

DAT, AKT, GSK3�, Bcl-2, BAD, caspase-3 and caspae-9 

Protects DA neurodegeneration by averting MPTP-induced reduction of SN tyrosine hydroxylase (TH)-positive cells and striatal dopaminergic transporter (DAT) protein expression; increase in striatal Akt and GSK3�phosphorylation, up-regulation of the Bcl-2/BAD ratio, and inhibition of caspase-9 and caspase-3 activity; offers neuroprotective effects against MPP-prompted damage and apoptosis in PC12 cells, presumably through PI3K/Akt. Activation. 

(80) 

Tyrosol [2-(4-ydroxy-phenyl) ethanol]  
anti-apoptotic CATH.a  MPP(+) 

PI3K, AKT, SOD-1, SOD-2 and DJ-1 

Is neuroprotective against (MPP(+))-induced CATH.a neuronal death in a dose dependant manner by its ability to activate the PI3K/Akt signalling cascade; Tyrosol also upregulate SOD-1, SOD-2 and DJ-1. 
(81) 

Oxicam non-stero-idal anti-inflamma-tory drugs (NSAIDs)  
anti-inflammtory SH-SY5Y and mice MPTP PI3K, AKT, and COX 

Offers protection via the PI3K/Akt cascade independentally of cyclooxygenase (COX) inhibition. (82) 

Tocotrien-ols (T3s)  anti-oxidant  SH-SY5Y  MPP(+)  ER � and PI3K/AKT 

�T3 and �T3 treatments triggers the PI3K/Akt signalling module and this could perhaps be under the con-trol of estrogen receptor (ER) �; ER 
� being an upstream regulator of PI3K/Akt; T3s and, especially, 
�T3/�T3 in conjunction with the ac-tivation of ER�/PI3K/Akt cascade, display not only antioxidant activity but also offers a receptor signal-mediated neuroprotection. 

(83) 
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Danshensu (beta-3,4-dihydroxyphenyl-lactic acid) 

ROS scavenger and anti-oxidant 
 PC12 and Zebra fish DA neurons 6-OHDA PI3K/AKT, Nrf-2, and HO-1 

Induces Akt phosphorylation, and the induced cytoprotective effects are reversed by PI3K, Akt and HO-1 inhibitors; enhances HO-1 expression in order to suppress 6-OHDA-induced oxidative stress via PI3K/Akt/Nrf2 cascade.
(84) 

Puerarin anti-oxidant  Mice MPTP PI3K/AKT, GSH, and GDNF 

Puerarin administration enhances glutathione (GSH) activity, glial cell line-derived neurotrophic factor (GDNF) expression and activates the PI3K/Akt pathway; dampens MPTP-reduced lysosome-associated membrane protein type 2A (Lamp 2A) expression. 

(85) 

Eucommia ulmoides Oliv. Bark. (EUE) 
anti-oxidant  SH-SY5Y  6-OHDA 

JNK, PI3K/Akt, GSK-3�, and NF-�B 

EUE reduces 6-OHDA-induced ROS formation, mitochondrial dysfunction, cell death and cytotoxicity; mitigates oxidative stress through induction of JNK, PI3K/Akt, GSK-3�, and NF-�B cascades.
(86) 

Rotigotine anti-oxidant, anti-apototic 
primary dopaminergic cultures glutamate D3 receptor, AKT, and GSK-3-�

The molecule most likely stimulates the dopamine D3 receptor; abates the production and accumulation of superoxide radicals; consistent exposure to Rotigotine promotes Akt phosporylation, and results in deactivation of the pro-apoptotic component GSK-3-�. 

(87) 

Squamos-amide derivative FLZ 
  Rats 6-OHDA PI3K/AKT, 

�-Syn, and TH 

FLZ protects TH activity and DA neurons by diminishing �-synuclein (�-Syn) expression and the cooperation between �-Syn and TH, FLZ neuroprotection involves the PI3K/AKT cascade and blocking the cascade attenuates �-Syn expression and subsequently the protection offered by FLZ is lost. 

(67) 

In conclusion environmental exposures to 
toxic mediators lead to neurodegenerative sickness 
that has common pathophysiology and clinical 
findings with PD. It is conjectured that decisive 
factors like microglia activation, neuroinflam-
mation, oxidative stress due to ROS accumulation, 
NO activity, and neuronal apoptosis resulting from 
all these modes are at the base of DA neuronal 
toxicity and subsequent damage in Parkinson’s 
brains. However, the precise identity and functional 
prototypes of molecular intermediates leading to 
neuronal mortality still remains to be deciphered. 
Recent studies have highlighted the fundamental 

role of p38 MAPK in controlling all of the above 
detrimental consequences, and thereby in the 
process upset DA neuronal homeostasis, which 
ultimately progresses to an advanced diseased state 
and incurable neurodegeneration. Using cell 
systems like SH-SY5Y and PC12, several factors 
like inducible NO synthase, ATF6� (oxidative 
stress), IL-1�, and TNF-� (neuro-inflammation), 
and Bax and ASK1 (apoptosis) were found to be 
relevant in DA neuronal death. Unprecedented 
observations that these factors operate in unison 
with the p38 MAPK cascade strongly advocate the 
cyto-destructive nature of the cascade in 
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degenerating neurons. Conversely, the normal 
functioning of the PI3K/AKT pathway ensures that 
the neuroprotective defence is active in order to 
negate the destructive aftermath of p38 MAPK 
activation in degenerating neurons. In the process, 
the activated AKT interacts with several mediators 
like JNK, FoxO, GSK3�, etc., thereby to render 
neuroprotection by limiting apoptosis, preventing 
microglia activation and neuroinflammation, 
preventing ROS accumulation and by keeping 
oxidative stress levels under check. However, the 
pathway is misregulated in PD brains and 
eventually it fails to render its protective veneer in 
traumatized brains. It is thereby necessary to 
identify modalities which can repair the 
misbalanced p38/PI3K interactome in order to limit 
poor prognosis in PD patients.
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Abstract. The communication between neurons at synaptic junctions is an intriguing process that monitors the transmission

of various electro-chemical signals in the central nervous system. Albeit any aberration in the mechanisms associated with

transmission of these signals leads to loss of synaptic contacts in both the neocortex and hippocampus thereby causing

insidious cognitive decline and memory dysfunction. Compelling evidence suggests that soluble amyloid-b (Ab) and hyper-

phosphorylated tau serve as toxins in the dysfunction of synaptic plasticity and aberrant neurotransmitter (NT) release at

synapses consequently causing a cognitive decline in Alzheimer’s disease (AD). Further, an imbalance between excitatory

and inhibitory neurotransmission systems induced by impaired redox signaling and altered mitochondrial integrity is also

amenable for such abnormalities. Defective NT release at the synaptic junction causes several detrimental effects associated

with altered activity of synaptic proteins, transcription factors, Ca2+ homeostasis, and other molecules critical for neuronal

plasticity. These detrimental effects further disrupt the normal homeostasis of neuronal cells and thereby causing synaptic

loss. Moreover, the precise mechanistic role played by impaired NTs and neuromodulators (NMs) and altered redox signaling

in synaptic dysfunction remains mysterious, and their possible interlink still needs to be investigated. Therefore, this review

elucidates the intricate role played by both defective NTs/NMs and altered redox signaling in synaptopathy. Further, the

involvement of numerous pharmacological approaches to compensate neurotransmission imbalance has also been discussed,

which may be considered as a potential therapeutic approach in synaptopathy associated with AD.
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INTRODUCTION

To maintain brain homeostasis, synapses and

their associated neurotransmitters (NTs) play the

role where synapses are specialized structures that

form a network to transmit electrochemical signals
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or information from one neuron to another. The

signal transmission involves a complex process

of NT release and uptake at synaptic junctions

[1] where dysregulation of the synaptic junction

in response to numerous insults and aberrant NT

releases or its receptors lead to synaptopathy asso-

ciated with Alzheimer’s disease (AD) [2]. It has

been demonstrated that soluble amyloid plaques

and hyperphosphorylated tau served as toxins in

disrupting synaptic plasticity and NT release at

synapses, thereby causing a cognitive decline in AD

[3, 4]. In addition, free radicals, oxidative stress,

andmitochondrial dysfunctions have also contributed

significantly toward synaptic loss [5]. Redox signal-

inghas also been shown to alter the signaling cascades

associated with the pathophysiology of synaptic loss

and thus cause vulnerability to neuronal cells in

AD [6]. Since the exact mechanisms associated with

synaptic dysfunction induced by impaired NTs and

altered redox signaling remain enigmatic, their plau-

sible association is under investigation. In this regard,

the present review underlines the involvement of both

defective NTs and altered redox signaling in the eti-

ology of synaptic loss associated with AD, and also

demonstrates the involvement of numerous biologi-

cal compounds and recent therapeutic strategies for

targeting synaptic loss induced by defective NTs and

neuromodulators (NMs).

SYNAPTOPATHY IN ALZHEIMER’S

DISEASE: CORRELATION BETWEEN

SYMPTOMS AND SYNAPTIC FAILURE

Synapses are an alliance of specialized struc-

tures that allow a neuron to pass a chemical or

an electrical signal to another neuron. This electro-

chemical transmission is a complex interplay among

NT release at presynaptic terminals and its detection

at receptors of postsynaptic terminals of a neuron

[7, 8]. While any dysregulation in synaptic transmis-

sion leads to a number of chronic brain disorders,

including addiction, depression, anxiety, and demen-

tia like AD and Parkinson’s disease [9]. There is

numerous evidence depicting the promising role

of synaptic plasticity in memory formation and its

stabilization. Recent methodological advancements

have uncovered the mystery behind synaptopathy

and its consequent dysregulation in neural circuitry

[10]. For instance, amyloid-b (Ab) and tau pro-

teins were reported to function normally at synaptic

junctions while their overburden caused neuronal

toxicity and thus synaptic loss in the case of AD

[11]. Hyperphosphorylated and aggregated forms

of tau are leading agents for synaptic dysfunc-

tion, behavioral impairment, and neuronal death

in neurodegenerative disorders (NDDs) [12]. It is

reported to directly interact with postsynaptic sig-

naling complexes to regulate synaptic transmission

[13]. On the other hand, major kinases such as

glycogen synthase-3b (GSK3b), cyclic adenosine

monophosphate response element-binding protein

(CREB), extracellular receptor kinase (ERK), and

mitogen-activated protein kinase (MAPK) are found

to induce synaptic dysfunction through their dynamic

association with stress-mediated abnormal hyper-

phosphorylated or accumulated forms of tau in the

ADbrain [5]. Recently, abnormal acetylation at K281

and K274 of tau protein has been reported to promote

synaptic loss in the AD brain viz. reduction of AMPA

receptors trafficking, damaged actin dynamics, and

diminished postsynaptic KIdney/BRAin (KIBRA)

signaling pathways [14]. Additionally, several groups

demonstrated the pathogenic role of soluble Ab in

dendritic spine injury in cultured neurons, while

its monomeric and fibrillar forms remained inert

to synaptic loss [15]. The available evidence sug-

gests that abnormally acetylated and phosphorylated

forms of tau, aggregated forms of Ab, and impaired

synaptic plasticity are the key components involved

in the synaptopathy of AD [16]. Unlike Ab and

tau, various other factors have also been identi-

fied to cause synaptic dysfunction in AD (Table 1).

These factors significantly affect neurotransmission

and correlate with the disease symptoms including

cognitive decline and dementia in AD.

THE PERTINENT ROLE OF AMYLOIDb

IN SYNAPTIC BIOLOGY OF

ALZHEIMER’S DISEASE

Ab is a prevalent toxic protein deposited as

senile plaques and is likely to be involved in the

impairment of synaptic plasticity in both sporadic

and familiar forms of AD [35]. One and fore-

most among the numerous proposed mechanisms

associated with Ab-mediated synaptic dysfunction

is toxicity due to its self-aggregation and inter-

action with various other membranous proteins at

synaptic junctions [36]. Importantly, Ab is found

to moderately terminate mGluR-dependent synaptic

long-term depression (LTD), thereby signifying its

role in modulating synaptic plasticity [37]. Growing
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Table 1

Causative factors and associated mechanisms of synaptic dysfunction in AD

SN Causative Factors Associated Mechanisms (Synaptic Dysfunctions) Disease Involved References

1 Factors associated with

oxidative stress and

mitochondrial dysfunction

Causes apoptotic cell death and elevation of caspase-3 activity

associated with enhanced level of long-term depression

(LTD), which further leads to synaptic loss

[17]

2 Ca2+ dyshomeostasis Affects calcineurin (CaN) activity that causes alteration in

N-methyl-D-aspartate (NMDA) receptor activity and

impairment of long-term potentiation (LTP), leading to

synaptic loss

[18]

3 Cholesterol and lipid

depletion

Induces formation of protein aggregates that leads to the

impairment of both NMDA and

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA) receptors, which further affects glutamate

transmission, alters the LTP and synaptic loss

[19]

4 Factors associated with

inhibition of protein

phosphatases

Increases cytoskeletal protein phosphorylation which further

induces Ca2+ dyshomeostasis and glutamate excitotoxicity,

thereby leading to loss of synaptic activity in the brain

[20]

5 STEP61 Increased activity of STEP61 causes inactivation of ERK1/2

signaling and alteration in NMDA receptor

[21]

6 MAPK phosphatases Inactivate Mitogen-activated protein kinases (MAPK) and

cause neuronal excitability and synaptic dysfunction

[22]

7 Dyshomeostasis of Fe2+,

Cu2+, Zn2+ and other

metal ions

Causes alteration in glutamate activity and modulates various

ionotropic, metabotropic, and postsynaptic receptors such as

NMDA and AMPA receptors

[23]

8 Factors associated with

microglial dysfunction

Induces the release of proinflammatory cytokines such as

IL-1b, TNFa, and TNFR1, thus causes apoptosis. Moreover,

it also causes alteration in the AMPA receptors at the synapse
Alzheimer’s disease

[24]

9 GABAergic and

Glutamatergic

excitotoxicity

Causes alteration in Ca2+ homeostasis, involved in the

modulation of various receptors such as NMDA and AMPA,

and also responsible for the production of free radicals

thereby leading to apoptosis of neuronal cells

[4, 25]

10 Glutamate transporter 1

(GLT1)

Dysfunction of GLT1 causes excessive glutamate release and

impairment of NMDA and AMPA receptors

[26]

11 Mutations in AbPP/PS1 Causes alteration in stathmin signaling, 14-3-3-mediated

signaling, CREB signaling, and protein kinase A (PKA)

mediated signaling pathways. Further, it also alters the

activity of both NMDA receptor and glutamate release

[27]

12 Ab Alters acetylcholine, NMDA, and AMPA receptor activity. It

also affects Wnt signaling pathway and causes alteration in

glutamate, norepinephrine, and GABA release that further

leads to the accumulation of tau at postsynaptic terminals

[28–30]

13 Tau Mislocalization of hyperphosphorylated tau in dendritic spines

causes both the disruption of glutamate receptor and

Ab-related synaptic excitotoxicity

[31]

14 GirK Channels Ab interferes with GirK channels, curtailing LTP and

increasing LTD, thereby mediating synaptic dysfunction

[32]

15 IGF-1 depletion Causes defects in both LTP and LTD and augments

incorporation of glutamate receptors through the activation of

PI3K/Akt signaling

[33]

16 ApoE4 Affects PKA, calcineurin, BDNF, and CREB mediated

signaling pathways thereby leading to synaptic loss

[34]

evidence suggests that Ab oligomers also interact

with various NTs/NMs to inhibit synaptic trans-

mission by dysregulation of these receptors. For

instance, glutamatergic, GABAergic, and serotonin-

ergic receptors were observed with compromised

expression at neuronal synaptic junctions [38, 39].

Similarly, Ab oligomers interacted with a dozen

receptors to trigger the distribution of critical synaptic

proteins and induce hyperactivity in ionotropic and

metabotropic glutamate receptors [40]. Likewise,

there is evidence indicating the interaction of Ab

oligomers with glutamatergic receptors to either

facilitate or inhibit the uptake of glutamate and thus

cause Ab-mediated synaptic loss [26]. Moreover,

glutamatergic receptors (AMPA and NMDA) are

found to regulate Ab-mediated synaptic dysfunction



A
U

T
H

O
R

 C
O

P
Y

1020 S.K. Jha et al. / StressInduced Synaptic Dysfunction and Neurotransmitter Release in Alzheimer’s Disease

via aberrant redox signaling and cytoplasmic Ca2+

overload, which triggers downstream pathways

including protein phosphatase 2A (PP2A) and Ca2+

dependent protein phosphatase calcineurin/PP2B

[39]. Additionally, NMDA receptors insults are also

found to promote the amyloidogenic processing

of amyloid-b protein precursor (AbPP) to induce

oligomericAbproduction and trigger synaptic failure

and memory loss [41]. Multiple studies also revealed

that Ab causes neuroinflammation via activation of

microglial cells and alters the level of ERK, CaMII,

and pCREB to impair long-term potentiation (LTP)

and LTD. Such alterations trigger a negative feed-

back mechanism to deplete the regulation of GSK3b

and consequent abnormal Ab and oligomeric tau pro-

duction at synapses leading to synaptic dysfunction

andmemory impairment [42–44]. Besides, numerous

studies on hippocampal neurons explored the effects

of Ab and human amylin on LTP with the expression

of amylin receptors, while its blockade led to LTP

enhancement in transgenic mice to trigger Ab burden

in brain [45]. In this way, multi-disciplinary research

has been carried out extensively that identified poten-

tial receptors involved in synaptic loss, which could

be potential targets for therapeutic intervention.

TAU PROTEIN AS A CULPRIT OF

SYNAPTOPATHY IN ALZHEIMER’S

DISEASE

Tau protein is another significant pathological hall-

mark of AD in its hyperphosphorylated form as

neurofibrillary tangles (NFTs) and is associated with

cognitive decline, memory impairment, synaptic dys-

function, and neuronal loss [46]. Nevertheless, tau

phosphorylation is also known for synaptic plastic-

ity during the early stages of neuronal development,

but it declines with the aging brain [47]. However,

NFTs are reported in varying degrees in the brain

before the onset and throughout the progression of

AD, but it was not proportionate with the neuronal

death. Even the neuronal death exceeded the amount

of NFTs indicating that it is not a prominent cause

for neuronal death [48]. Furthermore, researchers

revealed that it is not the number of NFTs that are

responsible for dementia, but it is the aggregated

form of tau at synaptic junctions that causes synap-

tic dysfunction and is vulnerable to neurons [46].

Recent evidence showed that tau-mediated mem-

ory impairment is partly associated with decreased

RNA translation, due to very close association of

ribosomes with tau proteins in AD with respect to

control brains [49]. Another study identified that

impaired synthesis of postsynaptic density protein-95

(PSD-95) contributes toward the decline of synap-

tic plasticity that is crucial for learning and memory

[50]. Similarly, earlier studies on human fetal cere-

bral cortical neurons reported the association of an

aberrant rise in Ca2+ levels with tau hyperphospho-

rylation leading to microtubular degeneration in AD

[51]. Further, chronic exposure of inorganic Arsenic

compounds (iAs) and its metabolites facilitated tau

hyperphosphorylation and increased AbPP expres-

sion. Besides, it also causes altered NT synthesis,

increased glutamate receptors activation, and reduced

glutamate transporters expression, thereby affecting

synaptic transmission [52]. A study demonstrated

the increase in accumulation of phosphorylated tau

that triggered synaptic loss, neurite retraction, Ca2+

dyshomeostasis, and altered NT release (reduced

acetylcholine (ACh) levels) in tau oligomer treated

neurons [53]. Tau phosphorylation is also modulated

by Bcl2 Associated Athanogene-2 (BAG2) expres-

sion, since it controls a functional intracellular switch

between the p38-dependent functions of nicotine on

tau phosphorylation levels via the a7 nicotinic recep-

tor [54]. Furthermore, glucocorticoid (GC, stress

hormones) mediated synaptic loss has been evident

in AD models via tau hyperphosphorylation, mis-

sorting, andmislocation [55, 56]. Recently, abnormal

acetylation of K274 and K281 sites on tau has been

reported to stimulate disruption of synaptic plastic-

ity and memory by reducing postsynaptic KIBRA (a

memory-associated protein) in transgenic mice [14].

Interestingly, another variant of human tau A152T

(hTau-A152T) is found to increase the risk for synap-

tic loss by increasing hyperphosphorylated forms of

tau protein and by promoting network hyperexcitabil-

ity that triggered age dependent neuronal loss at

synapses in AD [57]. Apart from Ab and tau, oxida-

tive stress and mitochondrial dysfunction also play

a key role in synaptic dysfunction.

HOW OXIDATIVE STRESS LINKED

MITOCHONDRIAL DYSFUNCTION

IS A CAUSE FOR SYNAPTIC LOSS

Mitochondria possess an extensive role in ATP

production, reactive oxygen species (ROS) gener-

ation, Ca2+ homeostasis, and apoptotic signaling;

while being a great source of intracellular ROS,

they are mainly vulnerable to oxidative stress [17].
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Nowadays, oxidative stress and subsequent damage

to mitochondrial integrity has been widely impli-

cated in various NDDs including AD, Parkinson’s

disease, Huntington’s disease, multiple sclerosis, and

amyotrophic lateral sclerosis [58]. Since neurons

are energy dependent on mitochondrial activities for

its critical functioning, including axonal/dendritic

transport, synaptic transmission, and ion pumps and

channels, oxidative stress-mediated mitochondrial

damage is the predetermining factor for causing

synaptic loss in neurons [59, 60]. Moreover, it has

been observed that under extreme conditions of

oxidative stress, mitochondrial damage takes place

primarily at complex IV (cytochrome oxidase) of

the electron transport system [61]. This damage ulti-

mately leads to synaptic loss in association with

oxidative alteration of the mitochondrial membrane

phospholipid; cardiolipin [62]. Synapse maintenance

is a prerequisite for proper communication and

therefore, synapses are densely packed with mito-

chondria in order to fulfill their high-energy demands

and Ca2+ buffering requirements for synaptic trans-

mission [63]. Moreover, synaptic mitochondria are

responsible for clearing Ca2+ either directly or by

providing ATP to Na+/Ca2+ exchangers to maintain

Ca2+ homeostasis in order to govern normal synap-

tic function [64]. Defective mitochondrial buffering

mediated Ca2+ overburden causes severe brain tissue

injury in response to glutamate excitotoxicity [65].

Likewise, elevated ROS accumulation causes vulner-

ability to cells in response to compromised shock

regulatory proteins and leads to the formation of the

mitochondrial permeability transition pore (mPTP).

The prolonged opening of mPTP can cause both

necrosis and apoptosis via cytochrome C release and

consequent activation of caspases [66]. Furthermore,

oxidative stress was shown to also contribute signifi-

cantly toward neuronal damage in the substantia nigra

via dopamine-mediated quinone formation [67].

Nevertheless, deficits in axonal transport of mito-

chondria from soma to distal synapses are prevalent

in NDDs. Moreover, some genetic factors have been

identified that regulate mitochondrial transport; for

instance, PTEN-induced putative kinase 1 (PINK1)

is found to interact with Miro and Milton’s protein

to govern mitochondrial trafficking and distribu-

tion [68]. In another study, perturbed mitochondrial

fusion/fission proteins are found to affect den-

dritic mitochondrial populations thereby affecting

synaptic plasticity [69]. Likewise, many compounds

and elements have been identified so far, which

are responsible for oxidative stress/mitochondrial

dysfunction mediated synaptic loss in AD (Table 2).

The investigations suggest that synaptic dysfunction

is presumably one of the initial events in the majority

of NDDs associated with mitochondrial abnormali-

ties or irregular mitochondrial distribution in neurons

causing clinical symptoms such as motor dysfunc-

tion, cognitive decline, and memory loss.

FREE RADICALS, REACTIVE OXYGEN

SPECIES, AND CELLSIGNALING

IN SYNAPTIC DYSFUNCTION

Free radicals are highly reactive chemical species

having one or more unpaired electrons, and are

generated in the complex I and complex III of mito-

chondria. The iron-sulfide centers and semiquinone

or cytochrome b are believed to be likely candidates

for its generation in mitochondrial complex I and III,

respectively [81, 82]. The altered ROS homeostasis

activates various signaling pathways underlying cell

inflammation; for instance, ROS and other reactive

species regulate the expression of numerous inflam-

matory mediators including interleukin-1b (IL-1b),

interleukin-6 (IL-6), interleukin-8 (IL-8), tumor

necrosis factor-a (TNF-a), inducible nitric oxide syn-

thase (iNOS), lipoxygenase (LOX), cycloxygenase-2

(COX-2), and cell adhesion molecules (VCAM-1,

ICAM-1, P&E-selectin) [83–85]. Additionally, ROS

has been identified as key modulators of signal trans-

duction cascades pertaining to synaptic plasticity and

memory functionswithout the help ofGTPases, phos-

phatases, protein kinases, Ca2+- dependent enzymes,

and other transcription/translation factors [86, 87].

For instance, ROS sensitive calcineurin (PP2B) is

believed to suppress LTP by inhibiting LTP-inducing

kinases CaMKII and PKC. Moreover, ROS exhibits

two-fold roles in LTP; one is stimulation and other

is inhibition. For example, in rodent hippocampus,

superoxide scavenging blocked high frequency stim-

ulated LTP (HFS-LTP), while superoxide dismutase

(SOD) mediated H2O2 burden caused LTP inhibition

[88]. NMDA receptor is another candidate, which is

directly attacked by ROS to affect synaptic plasticity

and long-term memory formation. Another reactive

species, nitric oxide (NO) plays a dual role in neu-

robiology by provoking both neuroprotection and

neurodegeneration. For instance, NO boosts synap-

tic plasticity by evoking dendritic Ca2+ release via

ryanodine receptor (RyR) while its aberrant produc-

tion triggers synaptic loss via enhanced activation

of soluble guanylyl cyclase (sGC)/protein kinase G
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Table 2

Key compounds and elements involved in oxidative stress/mitochondrial dysfunction mediated synaptopathy

SN Compounds and Elements Mechanisms associated with Synaptic Loss Disease Involved References

1 Methotrexate (MTX) MTX treatment increases the levels of phosphorylated tau,

AbPP, and b-secretase thereby causing oxidative stress

mediated synaptic loss

[70]

2 Okadaic acid (OKA) It induces neurodegeneration by provoking tau

hyperphosphorylation, GSK3b overstimulation, oxidative

stress, neuroinflammation, altered neurotransmission, and

neurotoxicity. Moreover, it also acts as a selective inhibitor of

protein phosphatase, PP1 and PP2A

[71]

3 Acrolein Acrolein is a peroxidation product of arachidonic acid (AA)

that augments tau phosphorylation at the site recognized by

PHF-1 thereby causing oxidative stress in primary neuronal

cultures

[72]

4 Cocaine Peritoneal injection of cocaine promotes Alzheimer-like

hyperphosphorylation of tau and neurofilaments thereby

causing oxidative stress in rat brain. Further, it also increases

the levels of dopamine, as does nicotine

[73]

5 Lipopolysaccharide Lipopolysaccharide treatment causes both synaptic alteration

and learning-memory deficit by inducing paired

immunoglobulin-like receptor B (PirB) expression

[74]

6 Rotenone Rotenone treatment causes inhibition of complex I of the

electron transport chain (ETC), thus induces cell death of

cholinergic neurons
Alzheimer’s disease

[75]

7 Paraquat Paraquat exposure causes increased oxidative damage

specifically in mitochondria of cerebral cortex and manifests

mitochondrial dysfunction, thus leads to synaptic loss

[76]

8 1-methyl-4-phenylpyridinium

(MPP(+))

Treatment with MPP (+) causes generation of ROS from

inhibition of complex I of the mitochondrial respiratory chain

and inactivation of aconitase. Further, it also causes

ROS-mediated oxidative damage and apoptosis, thereafter

lead to synaptic loss

[77]

9 Copper (Cu2+) Chronic exposure of Cu2+ causes altered spatial memory with

selective loss of synaptic proteins pre-synaptic protein

synapsin 1 and post PSD-95 through the mechanisms

including activation of PKR/eIF2a signaling pathway

[78]

10 Iron (Fe2+) Fe2+ is responsible for triggering synaptic loss and apoptotic

cell death by affecting mitochondrial dynamics

[79]

11 Aluminum (Al3+) Al3+ exposure decreased the levels of NTs and

acetylcholinesterase activity in the brain. Further, it promotes

cross-linking of toxic Ab thereby causing both oxidative

stress and synaptic dysfunction

[80]

(PKG) pathway and RhoA/Rho kinase (ROCK) sig-

naling pathway [89, 90]. Furthermore, ROS also

directly modulates voltage-dependent Ca2+ channels

and thus altering synaptic transmission. Additionally,

the proteinRanBP9 is found to elicit ROSproduction,

mitochondrial dysfunction, and Ca2+ dysregulation

in AD models [91]. Accumulating evidence sug-

gests that synaptic loss is also caused by altered

insulin signaling pathway. This signaling is trig-

gered via an insulin receptor substrate (IRS) that

further interacts with numerous other receptor tyro-

sine kinases including IGF1/2, tropomyosin-related

kinase receptor B (TrkB), and ErbB. The phospho-

rylation of IRS1 on tyrosine residues thereafter leads

to the activation of downstream signaling including,

Akt, mTOR, and GSK3. Furthermore, the phospho-

rylation of IRS1 on multiple serine (Ser) residues

inhibits IRS1 activity leading to insulin resistance

(IR), which further contributes to both Ab accumula-

tion and tau phosphorylation associatedwith synaptic

loss (Fig. 1). Most importantly, IR is also account-

able for altered insulin degrading enzyme (IDE) and

neprilysin (NEP) activity, which is induced by accu-

mulatedAb inAD [92, 93]. Similarly, ROS-mediated

microglial activation induced by toxic Ab is another

cause for both neuroinflammation and synaptic dys-

function in AD. Because, Ab activated microglia is

responsible for synaptic loss by releasing numerous

neurotoxic mediators including cytokines, inter-

leukin, and TNF-a that propagate an inflammatory
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Fig. 1. Schematic illustration showing the different signaling axis that is involved in Ab-induced synaptic dysfunction and its associated

factors. ROS, reactive oxygen species; NFTs, neurofibrillary tangles; IDE, insulin-degrading enzyme; NEP, neprilysin; NOS, nitric oxide

synthase; NO, nitric oxide; GC, guanylyl cyclase; cGMP, cyclic guanosine monophosphate; AC, adenylate cyclase; cAMP, cyclic adeno-

sine monophosphate; PKA, protein kinase A; CREB, cyclic adenosine monophosphate response element-binding protein; UPS, ubiquitin

proteasome system.

cycle [94]. Furthermore, CREB acts as a central con-

verging point of diverse signaling cascades that are

involved in synaptic strengthening and memory for-

mation and is also reported to be altered by Ab

accumulation [95]. Further research is required to

determine other important targets of ROS signaling to

investigate their significance in synaptic transmission

and neuronal homeostasis.

NEUROTRANSMITTERS/

NEUROMODULATORS: A KEY

MEDIATOR OF CELLULAR

HOMEOSTASIS OR SYNAPTOPATHY?

NTs are a diverse group of endogenous compounds

that act as chemical messengers to transmit the

electrical/chemical information throughout the body.

Nerve impulses rely on synapses for the release of

NTs from presynaptic axons and its detection at post-

synaptic terminals [8]. These NTs normally maintain

cellular homeostasis via regulation of interdependent

elements/chemicals through a number of physio-

logical processes, while its depletion may affect

different processes like concentration, mood, sleep,

weight, and various others leading to altered cellular

homeostasis [96]. For instance, NTs like glutamate,

aspartate, GABA, and ACh have been implicated in

synaptic dysfunction associated with the progression

of AD [4]. The mechanisms underlying synaptic dys-

function are linked to the alteration of their receptors

that lead to the pathogenic events in the progression

of NDDs. The mechanisms associated with NT/NM-

mediated synaptic dysfunction in AD are discussed

here.

Acetylcholine

ACh release is responsible for the regulation of

memory storage and cognition in cortex and sub-

cortical circuits [97]. ACh interacts with two types
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of receptors; G protein coupled muscarinic acetyl

cholinergic receptors (mAChR) and ionotropic nico-

tinic acetyl cholinergic receptors (nAChR) and trig-

gers distinct responses to different modulators [98].

The a7 nAChR receptors are found to regulate intra-

cellular Ca2+ and NT release at synaptic junctions.

nAChR are also evident for synaptic plasticity by

stimulating the upregulation of LTP in the hippocam-

pus [99]. In fact, the progressive loss of cholinergic

signaling is among themajor breakdownmechanisms

associated with the etiology of AD. For instance,

dysfunctional nAChR/mAChR in the cortex resulted

in cognitive decline in AD. However, this failure of

cholinergic transmission is not merely a loss of ACh

containing neurons but also marked by attenuated

acetylcholine esterase and choline acetyl transferase

activity [100]. Further, SNPs associated with nAChR

genes (a3, a4, a7, and b2) have been reported

to cause the pathogenesis of AD [101]. Besides,

nAChRs are found to trigger synaptopathy due to

its up- and downregulation at different sites in AD

brain. For instance, chronic Ab exposure enhanced

the levels of a7-nAChR in the hippocampus, cortex,

and amygdala both in vivo and in vitro while marked

reduction in a4b2-nAChR is observed in the cortical

regions of AD patients [102, 103]. Additionally, the

interaction betweenAb anda7-nAChR has also been

documented in postmortem AD brains [104].

Dopamine (DA)

DA is a major NT in the central nervous system

(CNS) and is characterized as an importantmodulator

of synaptic plasticity. Failure of the DA transmis-

sion system results in apathy, a negative prognostic

indicator of normal aging as well as AD. The

occurrences of apathy and motor dysfunctions were

predictive of rapid cognitive loss and shorter lifespan

in AD patients [105]. Various studies have identified

a reduced level of DA at the site of Ab plaques and

NFTs in nigrostriatal regions of AD brain, depict-

ing its prominent role in pathogenesis and impaired

cognition [106]. In a study of the 3xTg AD model,

Ab-induced impaired dopaminergic neurotransmis-

sion resulted in conversion of LTP into LTD, which

led to poor memory and neuroplastic insults in the

basolateral amygdaloid nucleus-insular cortex path-

way [107]. Moreover, Ab favored LTD upon low

frequency stimulation while restricted LTP after high

frequency stimulation. It has also been observed that

expression of dopaminergic receptors D1 and D2 is

significantly reduced in the prefrontal cortex and hip-

pocampus region ofADpatients, while stimulation of

dopaminergic transmission improved cognitive func-

tion in various animal models of AD. Recently, DA

has been shown to possess anti-amyloidogenic and

antioxidant effects in mice [108]. Interestingly, the

administration of dopaminergic drugs exhibited bet-

ter cortical plasticity and memory functions in AD

patients.

Gammaamino butyric acid (GABA)

GABA is the principal inhibitory NT in the CNS,

which is synthesized by decarboxylation of glutamate

with the help of glutamic acid decarboxylase enzyme.

Synthesized GABA is transported into vesicles by

vesicular GABA transporter at presynaptic terminals

of neurons [109]. There are three distinct receptor

subfamilies of GABA namely GABAA, GABAB,

and GABAC receptors that contribute toward their

inhibitory effects, whereGABAA andGABAC recep-

tors are ligand-gated chloride (Cl–) channels, while

GABAB receptors are G-protein coupled recep-

tors [110]. The alteration in the balance between

inhibitory GABA and excitatory glutamate NTs were

found to be one of the pathological factors con-

tributing toward synaptic dysfunction. Ab fibrils

were found to cause perforations in the cell mem-

brane leading to enhanced Ca2+ influx mediated

over-excitation and consequent epileptic seizures in

the hippocampus and cortex. The increased seizures

in turn cause alterations in GABAergic sprouting

and synaptic inhibition as a protective mechanism

to overcome the hyper-excitation of neurons [38].

Immunohistochemical study of GABAergic recep-

tors revealed that a2, b1, and g1 subunits of

GABAA receptors get upregulated whereas the lev-

els of a1 and g2 subunits get downregulated in

AD brains, indicating a functional remodeling of

GABAergic neurotransmission in the cortex of AD

patients [111]. Furthermore, elevated inhibitory func-

tion of GABAergic synapses induced by glutamate

mediated NMDA receptor activation affects the pro-

cesses required for LTP in dentate gyrus. Therefore,

crosstalk between GABAA receptors and postsynap-

tic glutamate NMDA receptors are evident in AD

pathology [112].

Glutamate

Glutamate is one of the important excitatory NTs

that play a crucial role in neural activation with the

help of its receptors localized on neuronal mem-
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brane. A wide variety of glutamatergic receptors,

namely NMDA and AMPA receptors, have been

implicated in synaptopathy while normally they are

known to regulate synaptic plasticity, neurotrans-

mission, learning, and memory [113]. Numerous

studies reported that glutamatergic neurons get lost

in response to Ab accumulation selectively at some

synapses in the pathogenesis of AD. These Ab

oligomers also upregulate the extracellular concen-

tration of glutamate in hippocampus of AD brain

[39] and directly impact AMPA and NMDA recep-

tors through various subunits including GluR2 and

GluN2B. Moreover, Ab is found to bind with

GluR2 subunit via clathrin mediated activation of

calcineurin and dynamin [114] and further down-

regulate AMPA-mediated signal transmission and

synaptic plasticity via nuclear translocation of Jacob

protein and induction of accompanying CREB shut-

off signaling [115]. Furthermore, oligomeric Ab

exposure upregulates GluN2B containing NMDA

and extrasynaptic NMDA receptors and disturbs

signal transmission [116]. Another study reported

an increase in STriatal-Enriched protein tyrosine

Phosphatase (STEP) activity upon Ab and tau expo-

sure leading to GluN2B containing NMDA receptor

endocytosis via dephosphorylation of Src kinases

Fyn and GluN2B at tyrosine (Y1472) [117]. The

increase in STEP activity further disrupts synap-

tic plasticity and affects cognitive functions in AD.

It has also been revealed that Ab1-42 oligomers

form clusters at synaptic junctions and trigger

subsequent decreases in the mGlu5 receptor’s mobil-

ity and distribution leading to intracellular Ca2+

release. The disrupted Ca2+ homeostasis triggers

mitochondrial dysfunction mediated ATP loss and

ROS generation, ultimately causing LTD via GSK3b

and calcineurin over-stimulation [5]. Furthermore,

Ab-induced reduction in LTP specifically involves

caspase 3 activation and subsequent Akt cleavage in

AD patients [118].

Histamine (HA)

HA is a NT that directs crucial physiological

functions such as sleep cycle, synaptic plasticity,

cognition, and movement. The hypothalamic tubero-

mammillary nucleus (TMN) is the site in the adult

mammalian brainwhere somas ofHAproducing neu-

rons are located and extends throughout the CNS

[119]. The action of HA is mediated by the acti-

vation of four G coupled protein receptors, namely

H1R, H2R, H3R, and H4R, which are widespread in

the brain. Specifically, H1 receptors were reported

to be reduced in the frontal and temporal regions

of AD brain. The key association between HA and

AD can be ascertained from the fact that the level

of HA is markedly elevated in different regions of

CNS in AD patients [120]. HA is also found to

regulate neuroinflammation along with TNF-a and

IL-1b in hippocampal neurons, which is responsi-

ble for poor cognition and impaired cerebrovascular

functions in AD. Moreover, an association between

microglial activation and APOE has been reported

in AD patients, where HA levels were found to

correlate with APOE; for instance, patients carry-

ing the APOE-4 alleles had lowest HA levels in the

brain [121]. Furthermore, it has been identified that

HA-containing neurons in the TMN get reduced in

association with accumulated NFTs while its level

was found to be upregulated in cerebrospinal fluid

and serum of AD patients [122].

Norepinephrine

Norepinephrine is a catecholamine, synthesized

through a cascade of enzymatic reactions where

dopamine is converted into norepinephrine through

the action of dopamine b-hydroxylase. Nore-

pinephrine either can act on target receptors (a1, a2,

and b) or can be re-uptaken into presynaptic neurons

via Na/K-dependent norepinephrine transporters.

The primary function of noradrenergic transmis-

sion includes regulation of spatial working memory,

neuroinflammation, and cellular metabolism [123].

Moreover, norepinephrine also regulates neuroin-

flammation through adrenergic receptors present in

astrocytes and glial cells where any aberration in

adrenergic signaling leads to the progression of

AD [124]. A recent study evidenced the admin-

istration of a selective neurotoxin DSP-4 against

noradrenergic neurons that caused enrichment of Ab

deposition, altered spatial memory, and impaired

receptor binding sites of a1, a2, and b and upreg-

ulation of hyperphosphorylated tau in a transgenic

mice model of AD. Furthermore, several studies

have also reported impaired LTP and cognition

in norepinephrine-compromised hybrid AD mice

models [125]. A few reports have linked polymor-

phisms in the dopamine b-hydroxylase gene leading

to reduced norepinephrine production in selective

Caucasian populations with AD [126]. In another

experiment, the endogenousa2A receptors are shown

to contribute in the cascade forADprogression [127].

Likewise, Ab activates b2 receptors to trigger the
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hyperphosphorylation of tau via protein kinase-A

and c-Jun N-terminal kinase (PKA-JNK) signaling

in AbPP/PS1 mice model [128].

Serotonin

Serotonin is a biogenic monoamine, which regu-

lates important physiological functions in CNS such

as mood, pain, anger, aggression, sleep, and appetite

[129], and it serves as bothNTaswell asNM[130]. In

general, serotonin regulates crucial mechanisms like

learning and memory both in healthy as well as in

aged individuals. This is the reason that neurological

disorders such as AD are marked by aberrant sero-

tonergic signaling and altered 5-hydroxytryptamine

(5-HT)metabolism in the CNS [131]. A specific class

of receptors called the 5-HT receptors orchestrates

the activity of serotonin. Though a number of 5HTRs

(5HT2AR, 5HT2CR, 5HT4R etc.) are involved in

AbPP processing, 5HT4R has gained attention by

reinstating a neuroprotective environment by induc-

ing non-amyloidogenic AbPP cleavage mediated

release of soluble AbPPa [132, 133]. The investiga-

tions reported reduced levels of serotonergic neurons

and 5HT metabolites in the raphe nuclei of AD post-

mortem brains [134, 135]. Likewise, Ab plaques

in the projection site of serotonergic neurons trig-

gered 5HT neuronal apoptosis accompanied by loss

of neuronal cell bodies in an AbPP transgenic mice

model [136]. Additionally, a link between tau phos-

phorylation and 5HTRs have further strengthened the

notion that 5HTRs are closely associatedwithADvia

Fyn mediated ERK1/2 activation [137]. Moreover,

tau hyperphosphorylation in the raphe nuclei is also

evident to induce 5HT-mediated neuronal cell death

in AD brain [138]. The altered NTs/NMs and their

associated factors in the etiology of AD have been

depicted in Fig. 2.

OTHER NEUROTRANSMIT

TERS/NEUROMODULATORS

Additionally, various other NTs/NMs such as

Reelin, Interleukin-33 (IL-33), Purinergic receptors,

and TRP channels are identified that contribute sig-

nificantly in the synaptopathy of AD. For instance,

disruption in the activity of Reelin causes aber-

rant hyperphosphorylation of tau by altering the

signaling cascades associated with GSK3b activity

[139]. Another NT, interleukin-33 (IL-33), is found

to regulate inflammation in neuronal cell since IL-33

depletion released IL-1b and TNF-a that contributed

well in neuroinflammatory synaptic loss in AD brain

[140]. Likewise, dysfunction of purinergic recep-

tors also causes neuroinflammation, ATP release,

and alteration in Ca2+ influx and thus induces LTD

at synaptic junctions [141]. There are several TRP

channels (TRPC, TRPV, TRPM, TRPP, TRPML,

and TRPA) that are involved in the alteration of

Ca2+ influx, modulation of the PSD95 pathway, and

GSK3b phosphorylation mediated synaptic plastic-

ity [142, 143]. Herein, the potential mechanisms of

synaptopathy associated with NTs/NMs have been

described in (Table 3).

CORRECTION MECHANISMS

TO TARGET PERTURBED NEUROTRANS

MITTERS/NEUROMODULATORS

IN SYNAPTOPATHY

Presently, treatment against defective NT/NM-

mediated synaptopathy in AD has become a demand-

ing task for neurobiologists since there is not a single

factor responsible for such abnormalities but a mas-

sive numbers of factors associated with widely

dispersed signaling cascades. Nevertheless, defective

NT release at the synaptic junction causes sev-

eral detrimental effects, which are associated with

the altered activity of synaptic proteins, transcrip-

tion factors, Ca2+ homeostasis, and other molecules

critical for neuronal plasticity [168]. These detrimen-

tal effects further disrupt the neuronal homeostasis

and thereby cause the synaptic insults. In order to

overcome such complications, numerous therapeutic

strategies are currently being devised that allevi-

ate the toxicity associated with defective NTs/NMs.

For instance, numerous biological compound-based

therapies have been designed to overcome the prob-

lems associated with these defective NTs/NMs in

AD. Moreover, current therapeutic approaches have

also been discussed here that can slow down the

pathophysiology behind defective NT/NM-mediated

synaptic dysfunction.

Biological compoundmediated therapy

for altered neurotransmitters/neuromodulators

in synaptopathy

The reduction in cholinergic neurotransmission

in AD has led to the development of numerous

compounds as the first-line of treatment for the patho-

logical phenomenon of this disease. The clinical
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Fig. 2. Molecular mechanisms associated with defective neurotransmitters/neuromodulators (NTs/NMs) in Alzheimer’s disease and their

associated factors. GABA, g-Aminobutyric acid; L-DOPA, L-3,4-dihydroxyphenylalanine P2X7, purinoceptor 7, P2Y, purinoceptor;

DSP-4, neurotoxin; NMDAR, N-methyl-D-aspartate receptor; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-

tor; H3R, histamine receptor, nAChR, nicotinic acetylcholine receptor; 5HTR, 5-hydroxytryptamine (serotonin receptor); D2R, dopamine

receptor D2; AbPP, amyloid-b protein precursor; ATP, adenosine triphosphate; ADP, adenosine diphosphate; ROS, reactive oxygen species;

VLDLR, very-low-density-lipoprotein receptor; TRP, transient receptor potential.
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Table 3

List of neurotransmitters/neuromodulators and their mechanism associated with synaptopathy in AD

Neurotransmitters/

Neuromodulators

Involved causative

factors/receptors

Involved mechanisms in synaptopathy Principle phenotype References

Acetylcholine

(ACh)

Ab, tau, cholesterol

depletion, metal ion

dyshomeostasis, and

oxidative stress

Abnormalities in AChR causes

downregulation of both MAPK-CREB

and PI3K-Akt signaling cascade and

also causes alteration in the level of

glutamate that affects synaptic

plasticity

[144, 145]

Glutamate Factors associated with

inhibition of protein

phosphatases, Ab, tau,

cholesterol depletion, metal

ion dyshomeostasis, IGF-1

depletion, altered level of

dopamine, and elevated

level of glucose

Glutamate toxicity causes alteration in

the level of intracellular Na+, K+, and

Ca2+. It also causes impairment in

NMDA, AMPA, and mGlu receptor

and ultimately impairs LTP and LTD

thus induces synaptic loss associated

cognitive decline

[39, 114, 146–149]

Gamma Amino

Butyric Acid

(GABA)

KNCQ Channels, AbPP, Ab,

mitochondrial dysfunction,

lipid depletion, and altered

level of dopamine

GABAergic dysfunction causes

alteration in Ca2+ channels and block

m-opioid receptors thus impairs

synaptic plasticity

[38, 150–153]

Noradrenaline/

Norepinephrine

Microglia dysfunction,

involvement of complement

system, usage of DSP-4

and reserpine, and

knockout of DbH enzyme

Norepinephrine dysfunction causes

alteration in PKA-JNK pathway,

microglia activation, and impairs LTP

and LTD, thereby leading to synaptic

loss associated with cognitive decline

[123, 154, 155]

Serotonin Ab and tau Dysfunction of serotonin impairs

cholinergic receptors, diminishes

arachidonic acid (AA) uptake and

causes axonal dysfunction thereby

leading to the degeneration of raphe

monoamine neurons and triggers

synaptic loss associated with memory

loss

Alzheimer’sDisease

[138, 156, 157]

Histamine (HA) Impact of GABAergic and

glutamatergic receptors and

dysregulation of mast cells

HA dysfunction impairs cholinergic and

NMDA receptors, leading to synaptic

dysfunction

[158]

Reelin APOER2, VLDLR, DAB1

dysfunction, and Ab

Depletion of Reelin causes alteration of

signaling pathways that regulates

GSK3b activity and enhances the level

of hyperphosphorylated tau thereby

leading to dysfunction of synapses

[159–161]

Purinoceptors Loss of P2X7 and P2Y2,

microglia activation, and

Ab

Loss of P2X7 and P2Y2 receptors causes

neuroinflammation via activation of

microglia and dysfunction of Rac1

protein which thereafter causes

dysregulation of Ab phagocytosis that

ultimately leads to synaptic loss

[162–164]

Interleukin-33

(IL-33)

Microglia activation, Ab,

increased level of IL-1b

and TNF-a

IL-33 is proinflammatory in CNS and

activates inflammatory cells thereby

leading to the disruption of synapses

[140, 165]

TRP Channels Factors associated with

oxidative stress and

mitochondrial dysfunction,

Ab, mutated PSEN1 and

AbPP

TRP channels disrupt Ca2+ homeostasis

and alters various signaling cascade

leading to synaptic loss

[166]

Dopamine (DA) Ab, Ca2+, degeneration of

cholinergic neurons, and

inactivation of p38-MAPK

pathways

DA dysfunction causes alteration in

glutamatergic and cholinergic

transmission, impairs physiological

cell metabolism, activates various

enzymatic pathways, leading to

apoptosis and synaptic loss

[106, 167]
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Table 4

List of potent biological compounds involved in alleviating the neurotoxic effect of alteredneurotransmitters/neuromodulators in synaptopathy

SN Biological compounds Associated protective mechanisms against synaptic loss Principle phenotype References

1 Anthocyanine (ANT) It regulates ion pump activity and cholinergic

neurotransmission. Further, it also enhances memory and

act as an anxiolytic compound

[174]

2 Oridonin (Ori) Augments the expression of PSD-95 and synaptophysin and

also promotes mitochondrial dynamics in the synaptosomes

of AD mice thereby leading to attenuate synaptic loss and

cognitive deficits. Moreover, it also activates the

BDNF/TrkB/CREB signaling pathway in the hippocampus

of AD mice

[175]

3 Asiaticoside It prevents spatial learning and memory decline by

scavenging free radicals, decreasing the level of Ab,

upregulating the activity of antioxidant enzymes,

ameliorating dysfunction in synaptic plasticity and

reversing abnormal changes in ACh level and AChE activity

[176]

4 Cotinine The beneficial effects of cotinine are accompanied by an

increase in the expression of the active form of PKB and the

PSD-95 in the hippocampi and frontal cortices of Tg6799

mice. This PSD95 plays a crucial role in promoting brain

plasticity by modulating NMDA receptor signaling.

Additionally, it also increases 5-HT levels in the rat brains

thereby stimulating the serotonergic activity in AD brain

[177]

5 Piracetam It is a derivative of the neurotransmitter GABA and modulates

neurotransmission in a range of transmitter systems

(including cholinergic and glutamatergic), thus improves

neuroplasticity. It also significantly restores impaired

synaptic function by attenuating numerous mitochondrial

dysfunctions such as, mitochondrial membrane potential

and ATP production, induced by Ab in PC12 cells

[178]

6 Naringin It improves long-term learning and memory ability by both

enhancing the autophosphorylation of CaMKII and

increasing the phosphorylation of the AMPA receptor at

a CaMKII-dependent site

Alzheimer’s disease

[179]

7 7, 8-dihydroxyflavone

(7,8-DHF)

Inhibits the loss of hippocampal synapses, restores synapse

number and synaptic plasticity, and prevents memory

deficits induced by impaired BDNF/TrkB signaling

pathway in the hippocampus of AD mice

[180]

8 Memantine A non-competitive NMDA receptor antagonist attenuates

cognitive impairment and synaptic dysfunction by restoring

protein phosphatase-2A activity via decreasing its

demethylation at Leu309 selectively in adeno-associated

virus vector-1-I1PP2A rats. Further, it also alleviates

glutamate mediated cell excitotoxicity by excessive

stimulation of NMDA receptors in astrocytes and neurons

[181]

9 Propofol Acts as a GABAA receptor agonist which reduces Ab

generation and accelerates Ab degradation. Further, it

ameliorates cognitive function and attenuates caspase-3,

caspase-9 activation in AD mice model

[112]

10 Metformin It alleviates the increase of total tau, phospho-tau and

activated JNK. Further, it also attenuates the reduction of

synaptophysin, a synaptic protein in the db/db mouse

hippocampus

[182]

11 Cannabidiol (CBD) It shows neuroprotection by normalizing the caspase 3

activity, the main integral transmembrane protein of

synaptic vesicles (synaptophysin) and mitochondrial fission

protein DNM1L expression levels in rats with brain iron

overload. CBD treatment has also been reported to improve

dopamine neurotransmission in in a mouse model of

tauopathy

[79, 183]

(Continued)
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Table 4

(Continued)

SN Biological compounds Associated protective mechanisms against synaptic loss Principle phenotype References

12 Dizocilpine (MK801) MK801 alleviates glutamate mediated cell excitotoxicity by

excessive stimulation of NMDA receptors in astrocytes

and neurons

[184]

13 UBP141 UBP141, an astroglial NMDA receptors antagonist plays

a potential therapeutic role against synapses loss

[185]

14 Levetiracetam Chronic levetiracetam administration reduces glutamate

excitotoxicity and enhances the levels of inhibitory

neurotransmission thereby attenuating cognitive

abnormalities in AD

[186]

15 Muscimol Selective GABAA receptor agonist provides protection

against Ab-induced neurotoxicity in hippocampal, retinal

and cortical neurons in rodents

[187]

16 Etazolate (EHT-0202) The GABAA receptor modulator protects neurons against

Ab-induced toxicity thereby displaying

anti-inflammation effect after traumatic brain injury and

improves cognition in mice models

[188]

17 Pentobarbital Stimulation of GABA receptors by pentobarbital restores

neuronal maturation and neurogenesis in apolipoprotein

E4 (APOE4) knocking mice. APOE4 is known as

a genetic risk factor for early onset AD perhaps by

accelerating Ab plaque formation, or by impairing

neuron repair

[112]

18 Flumazenil or picrotoxin Chronic systemic treatment with GABAA antagonists

restores memory loss in AD

[189]

19 EVP-6124 EVP-6124, a selective agonist of the a7 nAChR, exerts an

excitatory effect on the postsynaptic neuron thereby

leading to LTP and memory formation

[190]

20 D-serine acid oxidase Treatment with D-serine acid oxidase attenuates

NMDA-induced excitotoxicity

[191]

21 5,7-dicholorokynurenic

acid

The physiological glycine site antagonist kynurenic acid

protects against NMDA-induced excitotoxicity

[191]

22 Methyl-4-

carboxyphenylglycine

(MCPG)

MCPG, a non-selective group I/II mGluR antagonist,

prevents the reduction induced by Ab in miniature

excitatory post-synaptic cells

[192]

23 2-methyl-6-

(phenylethynyl)-

pyridine

An mGluR5 antagonist rescues LTP facilitation in murine

hippocampal slices induced by oligomers of Ab extracted

from AD brains

[192]

24 SIB1757 An mGluR5 antagonist prevents LTD facilitation in rat

hippocampal slices induced by oligomers of Ab extracted

from AD brains

[193]

25 Melatonin It shows neuroprotection against Ab induced neurotoxicity,

mediated by activation of GABA receptors and the

resulting hyper-polarization of the neurons

[194]

26 6,7-dinitroquinoxaline-

2,3-dione

An AMPA receptor and kainate receptor antagonist

attenuates excitotoxic cell death induced by Ab retinal

cell cultures

[192]

advantages of these compounds include significant

improvements in NT release, improvement in altered

synaptic plasticity, and attenuation of memory loss

and cognitive failure. Several compounds have been

identified so far to target altered NT/NM activ-

ity in AD. Curcumin, a major active component

of turmeric, has been found to regulate the levels

of dopamine, norepinephrine, serotonin, and glu-

tamate in the brain and thus significantly reduce

behavioral symptoms of AD. Moreover, it also acts

as an inhibitor of mono-amine oxidase (MAO)-

A and MAO-B enzyme, which is also crucial for

depleting dopamine and serotonin [169]. Similarly,

galantamine, an acetylcholinesterase inhibitor and

an allosteric regulator of nAChR, has been reported

in the treatment of severe dementia associated with

AD. Additionally, it also influences diverse other

NT systems, possibly modulating the activity of

dopamine, serotonin, glutamate, and GABA in cer-

tain nerve tracts [170]. Further, numerous other

chemical compounds, including donepezil (E2020),

rivastigmine, and tacrine have been introduced for
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the inhibition of acetylcholinesterase activity in AD

[171]. Currently, nicotine has also been reported

to reduce Ab toxicity through the activation of a7

nicotinic acetylcholine receptor/phosphatidylinositol

3-kinase (a7nAChR/PI3K) signaling pathway and

its cross-talk with the Wnt signaling pathway

[172]. In a study, the effects of natural cannabi-

noids (Sativex®) have been reported to improve

dopamine neurotransmission [173]. Similarly, many

other biological compounds have been identified and

implicated so far to target altered NT activity in

the AD brain, which have been outlined in Table 4.

These compounds bind to NTs and their specific

receptors thereby reducing the severity of disease

atmosphere.

Recent therapeutic strategies for targeting

perturbed neurotransmitters/neuromodulators

in synaptopathy

Although the significant role of distinct chem-

ical compounds has been explored extensively to

target altered NTs/NMs in synaptopathy, there are

numerous other new therapeutic strategies that have

been identified so far to target such alterations.

For instance, the neuroprotective effect of Nanodi-

amond against memory deficits has currently been

reported, where it showed a protective role by mod-

ulating NF-kB and STAT3 signaling cascade, the

effectsmediated by the regulation ofNMDARs [195].

Further, treatment using vitamin D3 has shown a

Fig. 3. Pictorial representation showing the involvement of different therapeutic approaches against synaptic loss associated with impaired

neurotransmitters/neuromodulators (NTs/NMs). Fbx2, F-Box Protein 2; IGF-1, insulin-like growth factor 1; brain-derived neurotrophic

factor; NF-kB, Nuclear factor-kB; STAT3, signal transducer and activator of transcription 3; Hsp90, heat shock protein 90; Hsp27, heat

shock protein 27.
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protective role against synaptic loss via significantly

increasing the levels of ACh in neurons [196]. Treat-

ment with zinc ion (Zn2+) showed enhanced levels

of NT release in aluminum (Al3+)-treated animals,

thereby showing their protective role against synap-

tic injury, since Al3+ exposure decreases the level

of NTs and acetylcholinesterase activity in brain

and leads to the neuronal dysfunction [197]. Sim-

ilarly, elevated levels of magnesium ion (Mg2+)

also exert substantial synaptoprotective effects in AD

brainswhere it controls the synaptic density/plasticity

bt preventing the onset of impaired NMDA recep-

tor signaling pathway [198]. Interestingly, insulin

is being implicated nowadays to attenuate the cog-

nitive dysfunctions through its regulatory effect on

the expression of NMDA receptors and on the

associated insulin signaling cascade in AD [199].

Another therapeutics strategy to ameliorate Ab-

mediated synaptic loss is using Substance P, which

is a member of the tachykinin family, distributed

widely in the CNS and acts as a NT/NM as well

as neurotrophic factor. Further, Substance P is able

to provoke non-amyloidogenic AbPP processing,

thereby curtailing the feasibility of Ab peptides

production in the brain [200]. Additionally, several

studies have highlighted the role of the ubiquitin-

proteasome system as a therapeutic approach to

target synaptic loss induced by altered release of

NTs at synapses. The ubiquitin-proteasome system

is found to modulate NTs/NMs, synaptic proteins,

transcription factors, and other molecules critical

for neuronal plasticity. For instance, altered NMDA

receptors are retro-translocated and degraded by a F-

box protein called Fbx2, advocating that SCF-type

ligases targets NMDA receptors for ubiquitination

[201]. Another protein Nedd4-1, known as a HECT

E3 ubiquitin ligase, has also found to target Ab-

induced reductions in surface AMPARs, dendritic

spine density, and synaptic strength [202]. Likewise,

heat shock protein (HSP)-based therapeutic approach

has also been currently addressed in numerous stud-

ies. For example, HSP90 is being used nowadays

to modulate NT release at the presynaptic terminals

independently by mediating the continuous cycling

of synaptic AMPA receptors [203]. Moreover, the

hypothetical representation of numerous pharmaco-

logical approaches to compensate neurotransmission

imbalance has been depicted in Fig. 3. Neverthe-

less, several other suitable approaches still need to

be devised in the near future for effective treatment

against synaptic dysfunctions mediated by altered

NTs/NMs.

CONCLUSION

In this review, we have discussed the pertinent role

of synaptic plasticity in memory formation, its sta-

bilization, and associated abnormalities due to Ab

accumulation and tau phosphorylation. For instance,

increased levels of toxic Ab and tau oligomers at

synaptic junctions are responsible for neuronal toxi-

city, which is associated with synaptic loss in AD.

Similarly, involvement of oxidative stress, activa-

tion of redox signaling, and subsequent damage to

mitochondrial integrity in synaptic alteration has

also been elucidated. Additionally, the altered activ-

ity of various NTs/NMs including glutamatergic,

GABAergic, and acetylcholinergic receptors with

respect to Ab accumulation and tau phosphory-

lation has also been extensively reviewed, since

NTs/NMs in their normal form play a crucial role

in maintaining neuronal homeostasis in the brain.

However, any alterations in their proper function-

ing cause several neurotoxic effects associated with

altered activity of synaptic proteins, transcription fac-

tors, Ca2+ homeostasis, and other molecules critical

for neuronal plasticity. These factors under the dis-

eased state disrupt normal homeostasis of neurons,

thereby causing synaptic loss. Furthermore, in order

to target the malfunctioning NTs/NMs or reverse

their associated chronic effects, numerous biological

compound-mediated therapeutic strategies have been

discussed to obviate the disease symptoms of AD.

Additionally, recent therapeutic strategies for target-

ing synaptic loss induced by defective NTs/NMs

have been addressed. Finally, this review accentuates

the savvy of altered redox signaling and impaired

neurotransmission in synaptic dysfunction during

synaptopathy that could unveil mechanism-based

therapeutics and ameliorated inferential strategies.
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Font I, Sáez-Valero J (2016)Reelin inAlzheimer’s disease,

increased levels but impaired signaling:Whenmore is less.

J Alzheimers Dis 52, 403-416.

[162] Sanz JM, Chiozzi P, Ferrari D, Colaianna M, Idzko M,

Falzoni S, FellinR, TrabaceL,DiVirgilio F (2009)Activa-

tion of microglia by amyloid beta requires P2X7 receptor

expression. J Immunol 182, 4378-4385.

[163] Parvathenani LK,TertyshnikovaS,GrecoCR,Roberts SB,

Robertson B, Posmantur R (2003) P2X7 mediates super-

oxide production in primary microglia and is up-regulated

in a transgenicmousemodel ofAlzheimer’s disease. J Biol

Chem 278, 13309-13317.

[164] Erb L, Cao C, Ajit D, Weisman GA (2015) P2Y receptors

in Alzheimer’s disease. Biol Cell 107, 1-21.

[165] Fu AK, Hung KW, Yuen MY, Zhou X, Mak DS, Chan

IC, Cheung TH, Zhang B, Fu WY, Liew FY, Ip NY

(2016) IL-33 ameliorates Alzheimer’s disease-like pathol-

ogy and cognitive decline. ProcNatl Acad Sci U S A 113,

E2705-E2713.

[166] YamamotoS,WajimaT,HaraY,NishidaM,MoriY (2007)

Transient receptor potential channels in Alzheimer’s

disease. Biochim Biophys Acta 1772, 958-967.

[167] Martorana A, Mori F, Esposito Z, Kusayanagi H,
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Mounting evidence suggests a link betweenmetabolic syndrome (MetS) such as diabetes, obesity, non-alcoholic

fatty liver disease in the progression of Alzheimer's disease (AD), Parkinson's disease (PD) and other neurode-

generative diseases (NDDs). For instance, accumulated Aβ oligomer is enhancing neuronal Ca2+ release and

neural NO where increased NO level in the brain through post translational modification is modulating the

level of insulin production. It has been further confirmed that irrespective of origin; brain insulin resistance

triggers a cascade of the neurodegeneration phenomenon which can be aggravated by free reactive oxygen

species burden, ER stress, metabolic dysfunction, neuorinflammation, reduced cell survival and altered lipid

metabolism. Moreover, several studies confirmed that MetS and diabetic sharing common mechanisms in

the progression of AD and NDDs where mitochondrial dynamics playing a critical role. Any mutation in mito-

chondrial DNA, exposure of environmental toxin, high-calorie intake, homeostasis imbalance, glucolipotoxicity

is causative factors for mitochondrial dysfunction. These cumulative pleiotropic burdens in mitochondria leads

to insulin resistance, increased ROS production; enhanced stress-related enzymes that is directly linked MetS

and diabetes in neurodegeneration. Since, the linkup mechanism between mitochondrial dysfunction and

disease phenomenon of both MetS and NDDs is quite intriguing, therefore, it is pertinent for the researchers to

identify and implement the therapeutic interventions for targeting MetS and NDDs. Herein, we elucidated the

pertinent role of MetS induced mitochondrial dysfunction in neurons and their consequences in NDDs. Further,

therapeutic potential of well-known biomolecules and chaperones to target altered mitochondria has been

comprehensively documented. This article is part of a Special Issue entitled: Oxidative Stress and Mitochondrial

Quality in Diabetes/Obesity and Critical Illness Spectrum of Diseases - edited by P. Hemachandra Reddy.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

For themaintenance of energymetabolism and cellular homeostasis
mitochondria is an important organelle which is also known as the
power house of cells and predominantly required for determining
many cellular functions ranging from metabolic to catabolic activities.
Mitochondria performs numerous crucial functions within the cell,
which include cellular ATP production, Ca2+ buffering, regulation of
apoptotic process and involvement in the synthesis of key metabolites.

Nevertheless, it also acts as a primary source of endogenous reactive
oxygen species (ROS) under oxidative stress. Additionally, mitochon-
dria provides most of the ATP for the metabolic and cellular reaction
within the cell, which is mainly coupled with electron transport system
(ETS) [1,2]. However, research in the past few decades has recognized
various factors, such as mutations in mitochondrial DNA and environ-
mental toxins causing homeostatic imbalances, consequently leading
to the damage of normal mitochondrial dynamics. Such alterations
include altered mitophagy, decelerated ATP production, disturbed
Ca2+ homeostasis, reduced mitochondrial membrane potential and
compromisedmitochondrial respiration [3]. Since, the potentialmecha-
nistic role played by altered mitochondria and their associated risk fac-
tors inMetS and NDDs remain unsettled, and their possible interlinking
is still needed to be investigated. This review extensively covers the
involvement of mitochondrial dysfunction in both MetS and neuronal
dysfunction. Further, implementation of several biomolecules and
chaperones for targeting MetS and NDDs induced by mitochondrial
dysfunction has also been elaborated.
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2. Metabolic syndrome and mitochondrial dysfunction: A complex

interplay

Metabolic syndrome (MetS) is a cluster of aberrations of metabolic
origin that augments the risk for cardiovascular disease, stroke,morbid-
ity andmortality from type-2 diabetes (T2D) [4]. Characteristic features
of these complex pathological aberrations include lipid accumulation,
impaired glucosemetabolismandhypertension [5]. Furthermore, obesi-
ty is also one of the most critical factors that have been linked with
metabolic disturbances to facilitate tissue stress and dysfunction [6].
The obese individuals are having a greater risk for prolonged diseases
and usually manifest clinical features of MetS including hypertension,
insulin resistance (IR), hyperglycemia and systemic markers of chronic
low-grade inflammation [7]. The central pathophysiological mecha-
nism behind MetS is IR, which is closely related to mitochondrial
dysfunctioning. However, mitochondrial dysfunction is a complicated
process, but it is known to be triggered by genetic factors from both
mitochondrial and nuclear genome. Additionally, mitochondrial DNA
polymorphisms are also associated with the components of MetS [8].
Further, environmental risk factors, for instance, life style (food intake
and physical activity), various chemicals and drugs, glucolipotoxicity,
and homeostatic imbalances are also responsible for MetS associated
with mitochondrial dysfunctioning and IR as well (Fig. 1) [3]. Recently,

it has been reported that serum levels of many mitochondrial toxins,
for instance, persistent organic pollutants (POPs) are associated with
MetS. However, further investigation to reveal its precise mechanism
is still unclear [9]. Likewise, deficiency of Co-enzyme Q10 (Co-Q10),
an important element of the mitochondrial electron transport chain
has been reported in a couple of clinical outcomes, including hyperten-
sion, heart failure, obesity, which all together leads to MetS [10].
Increasing evidence suggests that an altered or excessive glucocorticoid
secretion and oxidative stress strongly lead to IR associated with MetS
[11]. Furthermore, oxidative stress is also a key player in the progression
of MetS, which is caused due to the loss of redox homeostasis which
leads to pro-inflammatory and profibrotic pathways. These events
enhance the destructions in insulin signaling, diminished endothelial-
mediated vaso-relaxation and associated renal and cardiovascular
risks [12]. Similarly, acute hypoxia in the body is accumulating extracel-
lular and cytosolic irons that damage the cardiovascular tissue which is
also a reason of redox homeostatic imbalance that leads to hypertension
and progression of metabolic dysregulation [13].

Since, regulation of cellular energy depends on complex signaling
networks that act in response to fuel availability and metabolic
demands. Any imbalance in the cellular energy network also paves the
way for metabolic diseases, including obesity and MetS [14]. Currently,
chronic sympathetic nerve activation has been reported to promote

Fig. 1. Schematic illustration showing the association of mitochondrial dysfunction with clinical symptoms of metabolic syndrome as well as its associated factors.
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MetS and raised levels of plasma hormone, including glucocorti-
coids, noradrenaline, leptin, insulin and angiotensin-II (Ang-II). This
sympatho-excitatory response is primarily triggered by the activation
of the paraventricular nucleus (PVN) of the hypothalamus which
leads to increase in circulating Ang-II levels and further, activates
Angiotensin 1 (AT1) receptors in the circumventricular organs
(CVOs), mainly in the subfornical organ (SFO). Activation of AT1 recep-
tors thereafter induces an intracellular increase in reactive oxygen
species (ROS) that leads to the pathogenesis of MetS [15]. Mutation is
another causative factor for MetS progression, for example, inactivation
or deficiency of Ataxia telangiectasia mutated (ATM), a cardinal multi-
functional serine/threonine protein kinase due to mutation lead to the
pathological hallmark for DNA damage, mitochondrial dysfunction,
oxidative stress and neurodegeneration [16]. Furthermore, high-
fructose/sucrose and high-fat diets have also been reported to induce
MetS in vitro, through a HepG2 cells' model [17]. Similarly, cells of
immune system such as activated leukocytes and dysfunctional meta-
bolic tissues have been found to be associated with the clinical symp-
toms of obesity and MetS related chronic diseases. Conversely, it is
also reported that obesity and MetS is involved in numerous immune
related processes, including alterations in leukocyte activity, disruption
of lymphoid tissue integrity and the coordination of innate and adaptive
immune responses which, all together lead to cause chronic disease
progression, altered vaccine efficacy and impaired immunity [18].
Moreover, in various studies, it has been reported that any alteration
in the normal functioning of endothelial cells (ECs) due to metabolic
imbalances, hyperglycemia, oxidative stress and environmental stimuli
caused endothelial inflammation, compromised vascular tone, boosted
permeability, advanced cell proliferation and finally cell death. These
promising features lead to aggravate cardio metabolic risk factors
responsible for MetS and also involved in pathologies like ischemia
[19]. In a similar fashion, substantial evidence shows the role of oxida-
tive stress and mitochondrial dysfunction not only in MetS but also in
the neurodegenerative disorders (NDDs) associated with aging.

3. Intervening role of stress and mitochondrial dysfunction in

neurodegenerative disorders

In order tomaintain the normal brain function, the immense amount
of energy (ATP) is required. Among all the essential tissues of the body,
including, brain, heart and skeletal muscle, brain is the most energy-
dependent tissue. The main source of energy which is predominantly
required for the normal functioning of the brain is mainly produced by
normal activity of mitochondrial cells. In mitochondria, ATP production
is mainly associated with an ETS where, the passage of electrons
through diverse electron carriers is coupled with the transport of pro-
tons from the mitochondrial matrix into the inner-membrane space,
and thereafter these protons re-enter into the mitochondrial matrix
by dint of ATP synthase for the generation of ATP [1,2]. However, mito-
chondrialmetabolism is also accountable for the ROS production in cells
when unpaired electrons leave the ETS and reactwithmolecular oxygen
and thus generate superoxide. This superoxide further interacts with
lipids, DNA and proteins and plays a crucial role in numerous signaling
processes, which is associated with the disease phenomenon of both
aging and NDDs [20]. Moreover, ROS can also react with nitric oxide
(NO) to produce reactive nitrogen species (RNS) [21]. Furthermore,
apart from altered energy and increased ROS production,mitochondrial
dysfunction is also responsible for altered Ca2+ buffering, apoptosis
and senescence that may lead to the progressive decline of post mitotic
cells and consequently, results into aging and NDDs [22]. There are
numerous NDDs identified so far, that have been reported to be associ-
ated with stress and mitochondrial dysfunctioning, which include
Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's
disease (HD) and Amyotrophic Lateral Sclerosis (ALS), and their under-
lying mechanism is depicted in Fig. 2.

3.1. Alzheimer's disease

AD is an irreversible, progressive brain disorder that is primarily
characterized by the presence of extracellular Aβ accumulations as senile
plaques and intracellular tau-containing neurofibrillary tangles (NFTs) in
the brain, which contribute to the progressive neuronal loss and cogni-
tive decline. A growing body of evidence has reported that mutations
in Aβprecursor protein (AβPP), presenilin 1 and2 are themain causative
factor for the early-onset of familial form of AD [23,24]. However,
any damage to both the structure and components of mitochondria,
increased oxidative stress anddiverse other stresses are also accountable
for AD pathophysiology. For instance, deficiency in various key enzymes
of the tricarboxylic acid cycle (TCA) that are involved in oxidative
metabolism, such as pyruvate dehydrogenase complex (PDHC) and
α-ketoglutarate dehydrogenase complex (KGDHC) and enzymes
involved in the rate-limiting step of the TCA cycle are accountable for
reducing molecular oxygen and are responsible for consistent defect in
mitochondrial components in AD brain [25]. Likewise, impairment in
the functional expression of Peroxisome proliferator-activated receptor
gamma co-activator 1-alpha (PGC-1α), a master regulator of mitochon-
drial biogenesis is also involved in AD progression [26]. Furthermore,
mitochondrial axonal transport is profoundly affected by mutations in
Presenilin 1, most likely by affecting phosphorylation of kinesin light
chain through effects on GSK3β [27]. Moreover, accumulation of Aβ in
the protein import channels ofmitochondria has currently been reported
in AD brains that are responsible for mitochondrial dysfunction that
potentiate neuronal and synaptic stress thereby increasing the severity
of disease [28]. Altered cytochrome oxidase activity is another cause of
AD, which is associated with altered mitochondrial dynamics [29]. Fur-
ther, altered Ca2+ homeostasis, another causative factor for AD is also re-
ported in AD cybrids made from mtDNA of AD subject [30]. It has been
reported that sporadic mtDNA rearrangement and other sporadic muta-
tion in themtDNA control region is considerably raised in AD brains [31].
Moreover, oxidative stress and mitochondrial dysfunction involved in
early onset of AD have been confirmed by using in vivo electron para-
magnetic resonance (EPR) imaging where methoxycarbamyl-proxyl
(MCP) is used as a redox-sensitive probe [32]. Mutations in presenilin
(PS1 or PS2) gene have also been reported to cause mitochondrial
dysfunction in the familial form of AD. Since, PS mutants cause altered
intracellular Ca2+ homeostasis by increasing the gating of inositol tris-
phosphate (IP3) receptor (IP3R) Ca

2+ release channel on the endoplas-
mic reticulum thereby leading to cause excessive Ca2+ release into the
cytoplasm. This excessive Ca2+ release or altered Ca2+ signaling to con-
tribute to the mitochondrial dysfunction and neuronal death [33]. Simi-
larly, glutamate-induced calcium signaling is also accountable for
altered mitochondrial dynamics and their associated neuronal death
[34]. Recently, white matter degeneration in aging brain has found to
be associated with mitochondrial dysfunction, underlying the greatest
risk of AD. Moreover, it also causes reduced mitochondrial respiration
and increased mitochondrial H2O2 productions [35]. In the same way,
accumulation of discriminant metabolites such as acylcarnitines has
also reported to involve in impaired mitochondrial function [36]. Addi-
tionally, toxic Aβ associated with over-expressed voltage-dependent
anion channel 1 (VDAC1) has also involved in altered mitochondrial
function and apoptosis induction [37]. Growing evidence suggests that
AD neurons are having a considerably lower percentage of normal mito-
chondria with significant changes in their size depicting that a likely
change in mitochondrial dynamics is involved in disease progression,
while normal neurons contain a significantly higher percentage of the
mitochondria with broken cristae [1]. These all findings suggest the
involvement of mitochondrial dynamics in AD pathogenesis.

3.2. Parkinson's disease

Parkinson's disease (PD) is one of themost commonprogressive dis-
orders of the nervous system characterized by rigidity, resting tremor,
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postural instability and bradykinesia [38]. Its cause remained mysteri-
ous, although numerous evidences support mitochondrial dysfunctions
and oxidative stress to be associated with the disease pathophysiology.
For instance, mitochondrial DNA damage in dopaminergic neurons has
been reported as one of the causing factors of striatal dysfunctions in
a PD mouse model [39]. However, Glucocerebrosidase 1 (GBA1) gene
mutations are identified as another causative factor responsible for
perturbing normal mitochondrial function by increasing ROS produc-
tion and by decreasing oxygen consumption, adenosine triphosphate

(ATP) production and membrane potential. GBA1 mutations are also
accountable for agglomerating dysfunctional and fragmented mito-
chondria [40]. Furthermore, quinine oxidation products responsible
for ROS production have also been evidenced to be associated with
mitochondrial dysfunction and dopamine cytotoxicity [41]. Similarly,
the selective loss of alpha-ketoglutarate dehydrogenase complex
(KGDHC) and mitochondrial complex I in the nigral neurons is another
reason of PD pathogenesis. Such selective loss causes mitochondrial re-
spiratory system failure and lead to cause oxidative damage in neurons.

Fig. 2. Molecular mechanism involved in mitochondrial dysfunction mediated pathophysiology of neurodegenerative disorders. PDHC, pyruvate dehydrogenase complex; KGDHC,

ketoglutarate dehydrogenase complex; PGC1α, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PSN-1 & PSN-2, Presenilin-1 & Presenilin-2; VDAC1, voltage

dependent anion channel 1; GBA1, glucocerebrosidase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PINK1, PTEN-induced putative kinase 1; TIM23, translocase of

the inner membrane 23; SDH, succinate dehydrogenase; 3-NP, 3-Nitropropionic Acid; SOD1, superoxide dismutase; OPTN, optineurin; SIGMAR1, sigma-1 receptor (Sig-1R); BNIP3L,

pro-apoptotic mitochondrial proteins; CSF, cerebrospinal fluid.
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These abnormalities can trigger apoptotic cell death as well [42]. Fur-
ther, the pesticide rotenone which is known to inhibit mitochondrial
complex I in PD is also responsible for microtubule (MT) destabilization
that contributes to the blockage of mitochondrial voltage-dependent
anions channels (VDACs) by tubulin and thus leads to PD [43]. Upcom-
ing research identified hepatic mitochondrial dysfunctions in a rodent
model of PD that arise as a result of nigrostriatal degeneration and inter-
ference in CNS-liver interaction due to thyroid hormone [44]. Likewise,
deficiency in Phosphatase and tensin homolog (PTEN) induced putative
kinase 1 causes Ca2+ accumulation in mitochondria that lead to both
ROS production and intrinsic cell death in PD. It has revealed that muta-
tions in PTEN-induced putative kinase 1 (PINK1) lead to a recessive
form of PD. Since, PINK1 is responsible formitochondrial quality control
and its partial knock-down provokes numerousmitochondrial dysfunc-
tions, including reduced membrane potential, decreased cellular ATP
levels and enhanced susceptibility against mitochondrial toxins [45].
Apart from PINK1, mutations in numerous other PD associated genes
have also been reported to be involved in impaired mitochondrial
dynamics. Such genes include DJ-1, α-Synuclein, parkin and LRRK2,
which caused several defects inmitochondrial dynamics, such as altered
fission/fusion, biogenesis, trafficking in retrograde and anterograde
directions and impaired mitophagy process [46]. Impairment in the
function and expression of PGC-1α, a key regulator of mitochondrial
biogenesis is also responsible for PD [47]. Further, mitochondrial tran-
scription termination factor 2 and 4 (MTERF2 and MTERF4) has been
identified in 1-methyl-4-phenylpyridinium (MPP+)-induced PD brain
that is responsible for mitochondrial dysfunction [48,49]. Recently,
SUMOylation, an epigenetic modification has also been found to be in-
volved in mitochondrial dysfunction associated with PD progression
[50]. Numerous studies have reported that the brain of PD patients
manifests similar cellular and functional changes with signs of reduced
mitochondrial function, increased oxidative stress, reduced glucose
uptake and augmented peroxidation of cellular membranes [51].

3.3. Huntington's disease

Huntington's disease is a genetic neurodegenerative disorder mani-
fested by emotional imbalance, cognitive decline and loss of movement
co-ordination caused due to an autosomal dominant mutation in
huntingtin gene (Htt), which is accountable for CAG repeat expansion
thereby causing the synthesis of polyglutamine tract [52]. The CAG
repeat expansion is mainly caused due to mitochondrial dysfunctions,
oxidative and metabolic stress and altered ion-channels. Several evi-
dence reports that any alteration in mitochondrial activity propels the
pathogenesis of HD; for instance, mtDNA damage and deletion have
been reported in HD brains [53]. Significant defects in the enzymes as-
sociated with mitochondrial respiratory chain and glucose metabolism,
including pyruvate dehydrogenase complex (PDHC), aconitase and suc-
cinate dehydrogenase (SDH) have been reported in HD patients [54].
Furthermore, SDH inhibitions by malonate and 3-nitropropionic acid
have also reported to cause excessive mitochondrial fission and neuro-
nal death associated with clinical and pathological features of HD [55].
Recently, an altered activity of PGC1α protein due to mHtt has been
observed that resulted in an overall reduction of acetyl-CoA and ATP
synthesis, thus contribute to impaired cholesterol metabolism associat-
ed with HD [56]. Further, mutant Htt agglomerates associated with mi-
tochondria that directly affectmitochondrial trafficking in axon, calcium
handling andmitochondrialmembrane potential aswell. It is also found
to be associated with mitochondrial fragmentation along with reduced
ATP levels thatmediates neuronal dysfunction and leads tomotility def-
icit [57]. mHtt is also reported to cause altered Ca2+ homeostasis asso-
ciated with mitochondrial dysfunction [58]. Exclusively, mHtt directly
inhibitsmitochondrial protein import complex TIM23 in vitro, signifying
that deficient protein import is an early event in HD [59]. Moreover,
altered mitophagy process has also been reported in the presence of
mHtt. Since, mitophagy is accountable for maintaining the healthy

population of functional mitochondria by eliminating defective mito-
chondria with the help of lysosomal machinery. This process is mainly
triggered by glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
that gets inactivated by mHtt and thus losses its selective association
with damaged mitochondria. Further, abnormal interaction of mito-
chondrial GAPDH with mHtt impeded GAPDH-mediated mitophagy,
contributing to accumulation of damaged mitochondria and increased
cell death [60]. Recent studies have reported that mHtt also curtails
the maturation of SREBP and up regulates the expression of LXR and
LXR-targeted genes (ABCG1, ABCG4, SREBP, ApoE and HMGCoA reduc-
tase) which further lowers both the synthesis and transport of choles-
terol from astrocytes to neurons via ApoE [56]. Similarly, impaired
Rhes/mTORC1 activity underlies numerous metabolic phenotypes
including; mitochondrial dysfunction, striatal atrophy, aberrant choles-
terol homeostasis and impaired dopamine signaling have also been
reported in HD [61]. Furthermore, increased levels of protein carbonyls,
malondialdehyde (C3H4O2) and nitrite (NO2−) along with reduced
Mn-superoxide dismutase (Mn-SOD) and catalase activity is involved
in impaired mitochondrial dynamics associated with altered cyto-
chrome C levels and reduced mRNA expression of respiratory chain
complexes in HD brain [62]. In addition, caspase-3 and −9 activity
coupled with altered expression of apoptotic proteins such as Bim, AIF,
Bad and Bax has also been reported to be involved in cognitive impair-
ment leading to HD [63].

3.4. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a chronic motor neurodegen-
erative disorder, manifested by a substantial collapse of the large pyra-
midal neurons in themotor cortex, spinal cord and brain stem resulting
in fasciculation, gradual muscle weakness, speech deficit and paralysis
that eventually leads to neuronal death [64]. However, the precise
mechanism for ALS is still unknown, but numerous mechanisms have
been identified that is associated with motor neuronal death in ALS.
These include mitochondrial dysfunction, metabolic dysfunction,
protein aggregation, astrocyte- and microglial toxicity, glutamate-
mediated excitotoxicity, oxidative stress and transition-metal-induced
toxicity. Mitochondrial defects associated with decreased complex IV
activity in the spinal cord and motor neurons have been reported
in ALS pathology. Such defects have also been observed in peripheral
tissues from ALS brains [65]. In mutant SOD1 transgenic mice of ALS,
the aberrancy in mitochondrial functions have been observed, which
is associated with respiratory deficits of mitochondrial subunits [66].
Most importantly, increased levels of mitochondrial base deletion
(common 5- kb deletion) have also been observed in the skeletal mus-
cle andmotor cortex of ALS patients [67]. The presence ofmitochondrial
morphological abnormalities in animal models of ALS and ALS patients
has also been reported by several lines of studies. Previous studies
revealed the appearance of heavy mitochondrial conglomerates in
neurons of the lumbar spinal cord, and the occurrence of mitochondria
agglomerates in the subsarcolemmal region of muscles of ALS patients.
Moreover, in ALS mutant SOD1 transgenic mice, dilated and vacuolated
mitochondria with unorganized cristae has been observed in the motor
neurons lacking any apoptotic features. This in turn suggests that exces-
sive mitochondrial fission is responsible for selective susceptibility of
motoneuronal mitochondria to SOD1 mutation [68–70]. Further, mito-
chondrial dependent cell apoptosis has been reported due to accumula-
tion of mutant SOD1 inside the intermembrane space and deposition of
misfolded SOD1 onto the outer mitochondrial membrane, leading to
cluster the transport across mitochondrial membranes. Substantial
in vivo and in vitro evidence has also demonstrated that localization
of mutant SOD1 in mitochondrial intermembrane space inevitably con-
tributes to impairedmitochondrial functions [71]. Currently, ALS associ-
ated optineurin (OPTN) mutants (Q398X and E478G) have been found
to be associated with severe mitochondrial dysfunction and neuronal
injury due to increased oxidative stress and reduced antioxidase activity
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in SH-SY5Y cells [72]. Similarly, mutations in OPTN have also been
reported to associate with the altered mitophagy process in ALS.
Mitophagy is responsible for degradation of damaged mitochondria by
autophagosomes thereby leading to maintain the normal functioning
of mitochondria [73]. Another cause of mitochondrial dysfunctioning
in ALS is the administration of 3-nitropropionic acid (3-NP). Systemic
administration of 3-NP is sufficient to change neurotrophin levels
in the brain, leading to damage striatal neurons [74]. Recently, missense
mutation in SIGMAR1 (c.304G N C), which encodes sigma-1 receptor
(Sig-1R) has been reported in familial ALS where, mutant Sig-
1R(E102Q) protein has found to be linked with reduced mitochondrial
ATP production, altered proteasome activity coupledwithmitochondri-
al injury and aggravating ER stress-induced neuronal death in neuro2A
cells [75]. Likewise, impairment in the expression levels of fused in
sarcoma (FUS) protein has been observed to cause ALS in gain-of-
function/loss-of-function manners. Overexpression of FUS protein pro-
vokes death in primary cortical neurons and motor neuronal NSC34
cells via the mitochondrial apoptotic pathway which is independent of
transactive response DNA-binding protein-43 [76]. Recently, sALS-CSF
induced overexpression of the pro-apoptotic mitochondrial protein
BNIP3L has also been reported to be associated with induced neurotox-
icity, elevated ROS and lowered mitochondrial membrane potential,
which collectively contribute to the pathogenesis of ALS [77].

4. How metabolic syndrome is a causative agent for neuronal

dysfunction?

Metabolic syndrome, an alliance of medical disorders that greatly
increase the risk for developingmetabolic and neurodegenerative disor-
ders, has reached epidemic levels in various areas of today's world. In
spite of this alarming situation, previous studies have uncovered the
root mechanisms of MetS associated with neuronal dysfunction are
still limited, therefore, exploring the associated mechanisms behind
such an aberrancy has become essentially needed nowadays. A growing
body of evidence reported that multiple targets and signaling pathways
are involved in metabolic abnormalities/syndromes associated with
neurodegeneration (Fig. 3). Meanwhile, recent studies have indicated
that MetS is linked with an increased risk of type-2 diabetes (T2D)
and cardiovascular disease, which have been found to be associated
with AD [78]. It is also ascertained that insulin resistance (IR) is one
of the possible reasons for linkup between AD andMetS, since it modu-
lates Aβ aggregation, i.e. the primary constituent of senile plaques.
Moreover, insulin also inhibits the activity of glycogen synthase
kinase-3β (GSK-3β) and thus tau phosphorylation thereby inhibiting
the formation of neurofibrillary tangles (NFTs) in AD [79]. It has been
proposed that Ca2+ dysregulation is another factor for metabolic alter-
ations of glucose and insulin that establishes the association between

Fig. 3. Interlink between metabolic syndrome and pathophysiology of neurodegenerative disorders. AD, Alzheimer's disease; PD, Parkinson's disease; HD, Huntington's disease; ALS,

Amyotrophic lateral sclerosis; RAS, Ranin-angiotensin system; ACE, angiotensin converting enzyme; APOE, apolipoprotein E; NO, nitric oxide; SREBP-2, sterol regulatory element

binding protein −2; IL, interlukin; TNF-α, tumor necrosis factor-α; PAI-1, plasminogen activator inhibitor-1 ; GIP, gastric inhibitory peptide; PP, pancreatic polypeptide ; SOD1,

superoxide dismutase 1; FUS, fused in sarcoma; TARDBP, transactive response DNA binding protein; ROS, reactive oxygen species.
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T2D and AD [80]. Further, elevated glucose as evidenced in MetS/T2D
and Aβ peptide coordinately enhanced neuronal Ca2+ and nitric oxide
(NO) in an NMDA receptor-dependent manner in AD brain. Thus, ele-
vated NO level in AD causes S-nitrosylation of dynamin-related protein
1 (Drp1) and insulin-degrading enzyme (IDE), thus inhibits insulin and
Aβ catabolism and hyperactivating mitochondrial fission machinery.
These alterations subsequently result into compromised mitochondrial
dynamics and elevated oligomeric Aβ that lead to synaptic loss and dys-
functional synaptic plasticity in cortical and hippocampal neurons [81].
Interestingly, both T2D and AD exhibit similar defects in mitochondria
that impair their ability to modulate oxidation in the neuronal cell.
Compelling evidence has reported about the involvement of mammali-
an target of rapamycin (mTOR) signaling axis in cellular senescence and
age-related NDDs. Indeed, this signaling is a downstream signal of insu-
lin signaling and regulating insulin signaling by a negative feedback
mechanism that shows a valid linkup between MetS and pathogenesis
of NDDs. mTOR modulates cell growth and cellular metabolism in
response to growth factors, nutrients and cellular energy conditions.
However, Loss of mTOR signaling in the brain disrupts multiple down-
stream signaling associated with glucose metabolism (insulin signal-
ing), energy production, mitochondrial dynamics/function, cell growth
and mitophagy/autophagy. These all crucial events thereafter lead to
the pathogenesis of NDDs [82,83]. Further, plasma triglycerides and
HDL cholesterol is found to be another possible reason for the associa-
tion between AD and MetS. Since, HDL cholesterol act as a focal trans-
porter of cholesterol in the neuronal cell, and it has been evidenced
that any drop in the HDL cholesterol level causes impairment of choles-
terol release in neurons thereby leading to the formation of NFTs and
senile plaques [84]. Moreover, it is also reported that a low plasma
HDL concentration and a high plasma triglyceride concentration cause
vascular changes in the brains of AD patients [85]. Not only that,
currently, the renin angiotensin system (RAS) which is crucial for fluid
and blood pressure regulation has found to be associated with both
MetS and AD. At one hand, genetic alterations of the RAS affect cardio-
vascular and metabolic phenotypes causing hypertension and cerebro-
vascular diseases while at another hand sustained activation of RAS
augments age-related organ injury and results in cognitive impairment
and dementia. Similarly, the higher levels of angiotensin-converting
enzyme (ACE) confer increased risk of diseases such as congestive
heart failure, diabetic nephropathy and AD [86].

A growing number of studies have been completed to confirm that
the components of MetS also act as a risk factor for PD etiology. For
instance, hyperglycemia exacerbates PD pathogenesis in aging brain
via neuronal cell damage. It is also reported that hyperglycemia induced
cell death is sustained through oxidative stress and mitochondrial
superoxide generation [87]. Some evidence shows that the PD associat-
ed genes are also found to be associated with alter the insulin level
through ATP-sensitive potassium ion channels (KATP channels) and
extracellular kinases signaling to boost glucose level [88]. Like hypergly-
cemia, hyperhomocysteinemia is a risk factor for endothelial dysfunc-
tion has currently been reported in both AD and PD. Many studies
have been carried out and revealed that high homocysteine associated
with endothelial dysfunction is responsible for hydrogen peroxide re-
lease that caused cellular oxidative stress and inflammations mediated
in vitro cell injury [89]. Further, it has been established that activated
microglia is an important key mediator of proinflammatory and neuro-
toxic factors involved in advancement of PD. These proinflammatory
and neurotoxic factors include cytokines such as, interleukin-6 (IL-6)
and interleukin-1β (IL-1β), tumor-necrosis factor-α (TNF-α) and reac-
tive oxygen species (ROS) [90]. Moreover, evidence indicates that both
ER stress and inflammation coordinate the etiology of PD [91]. Many
studies have shown that metabolic stress also causes dopamine-
releasing neurons to prematurely die along with the cell death, leading
to neuronal toxicity and subsequent onset of Parkinson's symptoms
[92]. Further, a growing number of studies revealed that MetS like
obesity in middle age individuals also augment the risk of PD and

decrease life expectancy [93]. Additionally, adiposity and body mass
index along with other risk factors also lead in the advancement of PD
[94]. On the contrary, it has been reported that high-fat diet can also
lower the risk for advancing PD via decreasing HSP27 phosphorylation,
affecting glucose transport and degradation of IκBα in the nigrostriatal
system. Moreover, increasing inflammatory molecules, mitochondrial
dysfunction, oxidative stress and lipid metabolism has all been shown
to occur due to high-fat feeding. Most importantly, hypertension as
a component of MetS is less frequent in PD, suggesting the need for
exploring the possible link between PD and hypertension [93]. Further-
more, abnormalities in cholesterol homeostasis or lipid metabolism
have also been associated with the neurodegenerative process of
PD, and such abnormalities are occurred due to metabolic imbalances,
injuries, therapeutics and autoimmune diseases [95].

An additional research which focuses on the extremely important
aberrancy associated with lipid metabolism or altered cholesterol
metabolism has been reported to cause neuronal dysfunction and
degeneration in HD. This alteration has been attributed to the pertinent
action of mHtt on sterol regulatory element binding proteins that cause
a reduction to the level of active sterol regulatory element response
protein-2 (SREBP-2) and such depletion are pathogenic to the brain
[96]. Moreover, insulin resistance (IR) appears to act as a metabolic
stressor, which is critical for advancement in disease progression. An
association between HD and reduced insulin secretion has also been
suggested by the R6/2 transgenic mouse model characterized by CAG
repeats and this pattern of IR such as catabolic state results in weight
loss and in lowering body mass index in case of HD patients. Further,
this state of IR is manifested by abnormal lipid metabolism, elevated
concentrations of circulating free fatty acids and high blood-glucose
levels in peripheral tissues and contribute to an increased risk for devel-
oping T2D [97]. Currently, the polymorphic variants of apolipoprotein E
(APOE) have also been found to be associated with pathophysiology of
several NDDs including, AD, PD, HD, vascular dementia, cerebrovascular
diseases and lewy body dementia. Since, APOE is a multifunctional
protein of a lipoprotein transport system often involved in metabolism
of dietary lipids, therefore, any metabolic imbalances due to improper
nutrient and fluid supply are accountable for etiology for such abnor-
malities [98]. Some evidence shows that, glucose intolerance, growth
hormone deficiency, IR, hyperlipidemia, reduced body mass index
(BMI), both hypometabolism and hypermetabolism are signs of the
progressive dysregulated metabolic homeostasis in ALS [99]. Further,
altered expression of ALS associated genes, including, C9 or f72, SOD1,
FUS and TARDBP in humans and mice are often coupled with metabolic
imbalances [100]. It is reported that familial mouse model of ALS goes
through a progressive state of acidosis that is linked to severalmetabolic
abnormalities. For instance, the acidosis process causes changes in gly-
cogen, glucose and α-glucosidase activity in the spinal cord of ALS
patients and is responsible for lipolysis [101]. Further, the altered
levels of IL-6, IL-8, TNF-α, lipocalin-2, plasminogen activator inhibitor-
1 (PAI-1), ghrelin, gastric inhibitory peptide (GIP) and pancreatic poly-
peptide (PP) that is associatedwithmetabolic syndrome, have also been
reported in the plasma of ALS patients [102]. It is also revealed that pro-
teins which are responsible for disturbing carbohydratemetabolism are
associated with altered glucose homeostasis, that link HD and ALS to
T2D. Moreover, numerous other stresses apart from oxidative and ER
stress like mitochondrial dysfunctions and microRNAs (miRNA29a/b
and miRNA-9) interconnect these NDDs with T2D [103].

5. Therapeutics approaches for targetingmitochondrial dysfunction

Nowadays, treatment against mitochondrial mediated neuronal
dysfunctions and metabolic syndromes emerges as a challenging mis-
sion for the neurobiologists. Till date, numerous factors associated
with multiple targets and signaling pathways of altered mitochondrial
dynamics have been reported, which include deficient mitochondrial
enzymes, certain chemicals and drugs, genetic factors (mitochondrial
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DNA polymorphisms) and environmental risk factors. Thus, altered
mitochondrial dynamics subsequently, causes compromised mitochon-
drial respiration, limited ATP production, disturbed Ca2+ homeostasis
and altered mitophagy [104]. In order to overcome such challenges
numerous therapeutic strategies are currently being devised to slow
down or alleviate the toxicity associated with defective mitochondrial
activity. For instance, numerous biomolecules based therapy has been
designed to overcome the problem associated with metabolic syn-
dromes and associated neurodegenerative disorders. Similarly, molecu-
lar chaperones are also being implicated these days to reverse the
disease pathology associated with altered mitochondrial dynamics.
Moreover, various other therapeutic approaches have also been formu-
lated recently to slow down the pathophysiology behind defective
mitochondria mediated neuronal dysfunction and metabolic syndrome
that have been discussed here.

5.1. Biomolecules mediated therapy for altered mitochondrial dynamics

Since, there is not a single cause responsible for such alterations but
diverse factors are conducing to such abnormalities. Therefore, it is
decisive to implicate different biomolecules in multiple conditions in
order to regain the normal function against altered mitochondrial
dynamics. For this reason, these days, several biomolecules are being
utilized for targeting defective mitochondria and its associated disease
phenomenon in NDDs and MetS. For instance, vitamin Co-Q10 supple-
mentation is used during the treatment of obesity, oxidative stress
(T2DM) and the inflammatory process in MetS. Co-Q10 served as an
antioxidant by acting as a cofactor and activator of mitochondrial
uncoupling proteins, responsible for the reduction in ROS production,
endothelial dysfunction and hypertension [105,106]. Similarly, numer-
ous other vitamins with antioxidant properties have also been devel-
oped to treat MetS induced by oxidative stress and mitochondrial
dysfunctions. These vitamins are α-lipoic acid, vitamin E, vitamin C,
N-acetylcysteine (NAC) and inducers of the heme oxygenase, which
are responsible for reduced ROS production [107]. Further, treatment
with antiepileptic drug, Levetiracetam has been found to be associated
with ameliorating numerous aspects of mitochondrial dysfunction
such as alterations of fission-fusion balance in a cell model for aging
and early/late-onset AD [108]. Likewise, another biomolecule Icariin
has also benefitted against mitochondrial fragmentation associated
with Aβ1–42 accumulation in 3 × Tg-AD neurons [109]. Similarly,
Salicylic acid has currently reported to provide neuroprotection against
mitochondrial dysfunction, oxidative stress and apoptosis in PD brain
due to its antioxidant and anti-inflammatory effects on neuronal cell
[110]. Further, potential protective effect of Succinobucol against mito-
chondrial metabolic impairment and oxidative stress induced by 3-NP
has been reported in HD brain [111]. Another biomolecule, N-acetyl-l-
tryptophan (L-NAT) has been presently reported as an inhibitor ofmito-
chondrial cytochrome c release and thereby acting as a possible neuro-
protective agent for ALS [112]. Similarly, many other biomolecules have
been identified and implicated so far to target altered mitochondrial
dynamics in the brain which have been outlined in Table 1. These
biomolecules act by binding to their specific targets and reduce the
severity of neurological outcomes associated with altered mitochondrial
dynamics.

5.2. Chaperones mediated therapy for altered mitochondrial dynamics

It is another worthwhile proposal besides using distinct biomole-
cules to target mitochondrial dysfunction. For this purpose, nowadays
different chaperones are identified and implicated against such alter-
ations. For instance, HSP60 along with HSP10 has been reported to
provide protection against intracellular Aβ aggregation through the
maintenance of mitochondrial oxidative phosphorylation and function-
ality of TCA enzymes. Notably, both alone and combined effect of HSPs
such as HSP90, HSP70, HSP60 and HSP10 has also been studied and

found to be associated with reduced ROS production, preserved ATP
production, reduced cytochromeC release and lowered caspase-9 activ-
ity, which all together contribute towards protection against Aβ
induced neuronal dysfunction in AD. Further, HSP60 also neutralizes
the toxic effect of Aβ associated with altered complex IV activity and
thereby maintaining the integrity of ETS [169]. Moreover, HSPs have
also been reported to protect against increased oxidative stress and ap-
optosis caused bymitochondrial dysfunction in PD. For instance, in PC12
cell lines of PD, α-synuclein at nanomolar concentration is associated
with increased HSP70 expression that curtails α-synuclein accumula-
tion and toxicity. Since, inducible expression of mutant α-synuclein in
PC12 cell lines can result in greater sensitivity to proteasomal alteration,
leading to altered mitochondrial dynamics and neuronal cell death
[170]. Interestingly, mitochondrial HSP70 is also known to play a crucial
role in the mitochondrial import complex and in the mitochondrial
biogenesis, which is induced in response to stimuli such as glucose
deprivation and oxidative injury [171]. Similarly, mitochondrial HSP90
has also been reported to mitigate α-synuclein toxicity associated
withmitochondrial dysfunction. Since, serum levels of HSP90 are raised
in the brain of PD patients, and HSP90 is also found in Lewy bodies in
this case. However, serum levels of HSP90 have been spotted to be
decreased in AD patients and also reported to be downregulated in
the temporal lobe of AD brain [171]. Recently, the mitochondrial chap-
erone protein, tumor necrosis factor receptor associated protein-1
(TRAP1) has also been found to be associated with reduce α-synuclein
toxicity [172]. Another important chaperone, HSP27 has been currently
reported to target mitochondrial pathway leading to inhibition of apo-
ptosis. HSP27 inhibits apoptosis through blocking the entry of tBID
into themitochondria and curtails secondmitochondria-derived activa-
tor of caspase (SMAC) and cytochrome C release from mitochondria
[170]. Likewise, HSP40/Hdj-1, HSP70/Hsc70 and HSP27 have also been
suggested to reduce poly(Q)-mediated cell death either by binding to
cytochrome C and thus inhibiting the mitochondrial death pathway or
by protecting against ROS [173]. Moreover, HSP40/Hdj-1 has also been
proposed to have a protective role against obesity, IR and maintenance
of pancreatic β-cell functions by stopping the accumulation of β-cell
peptide (human amylin) [174]. Further, overexpression of the molecu-
lar chaperone regulator-1 (BAG-1) has also been identified to protect
against poly(Q) induced cell death in HD. Interestingly, overexpression
of BAG1 also improves the effects of HSP70 by reducing the accumula-
tion of mHtt in cultured cells and consequently, leads to recuperate
neurite outgrowth in Htt-transfected PC12 cells [175]. In case of ALS,
Macrophage migration inhibitory factor (MIF) as a chaperone has
been found to prevent the accumulation of misfolded SOD1 thereby
leading to protect against altered mitochondrial dynamics. On the
contrary, other chaperones such as HSP70/Hsc70, cyclophilin-A,
aB-crystallin and glutathione peroxidase have no effect in blocking
SOD1misplacing onto themitochondrial outermembranewhich conse-
quently, leads to damaged mitochondrial integrity [176]. Recently,
reduced expression of HSP60 has exhibited the protective role against
mitochondrial damage in ALS because interaction between mitochon-
drial chaperonin, HSP60 and FUS protein causes its translocation to
mitochondria and leads to cell damage [177]. Further, it has been re-
ported that small HSPs, including the HSP27, HSP25 and α-crystallin
family also impart neuroprotective and cardioprotective effect against
secondary complications of T2D [178]. Nevertheless, more research is
required to explore the potential therapeutic role of chaperones against
altered mitochondrial dynamics in both NDDs and MetS.

Moreover, potential protective mechanisms of numerous chaper-
ones against altered mitochondrial dynamics in both NDDs and MetS
have been summarized in Table 2.

5.3. Emerging therapies for altered mitochondrial dynamics

However, the crucial role of biomolecules and chaperones has been
addressed extensively for altered mitochondrial dynamics but there
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Table 1

List of biomolecules, mitigating the effect of mitochondrial dysfunctions in both metabolic syndrome and neurodegenerative disorders.

Biomolecules Function related to mitochondria NDDS caused due

to mitochondrial

dysfunction

References

Peroxiredoxin 5 Prevents Aβ oligomer-induced neuronal cell death by inhibiting ERK-Drp1-mediated mitochondrial fragmentation AD [113]

Methazolamide (MTZ) Protects against Aβ-mediated mitochondrial dysfunction and caspase activation in a model of acute

amyloid-mediated toxicity. Moreover, it is proved to be neuroprotective in HD and stroke models

AD and HD [114]

Melatonin Improves the ultrastructure of mitochondria in the neurons of the CA1 region and prevents the decrease in the

mitochondria-occupied portion of the neuronal volume in AD

AD [115]

Mori Fructus (ME) Decreases mitochondria depolarization, Cyt c release from mitochondria and caspase-3 activation induced by Aβ

(25-35) toxicity in the mouse hippocampus

AD [116]

Erythropoietin (EPO) Alleviates the Aβ-induced mitochondrial dysfunction and apoptosis in brain AD [117]

Linagliptin Attenuates Aβ-induced mitochondrial dysfunction and intracellular ROS production, mediated by the activation

of 5' AMP-activated protein kinase (AMPK)-Sirt1 signaling

AD [118]

Estrogen Improves the Aβ-induced defects in mitochondria, mediated by mitochondrial signaling cascade involving ERβ,

AKAP and Drp1

AD [119]

Donepezil Alleviates Aβ-induced mitochondrial dysfunction and reduces mitochondrial Aβ agglomeration in both in vivo

and in vitro, mediated through AMPK/PGC-1α signaling

AD [120]

Gracilins Act as antioxidants through mitochondrial targeting and through the induction of Nrf2 translocation AD [121]

Orientin (Ori) Attenuates mitochondrial dysfunction induced by Aβ and subsequently inhibits the mitochondrial apoptotic pathway AD [122]

Di-O-demethylcurcumin Protects SK-N-SH cells against mitochondrial and ER-mediated apoptotic cell death induced by Aβ25-35 AD [123]

Naringin Restores cognitive deficits in ICV-STZ rat coupled with alleviation of mitochondrial dysfunction directed

oxido-nitrosative stress and cytokine release. Further, it also attenuates mitochondrial dysfunction induced by

3-NP through the modulation of Nrf2 signaling pathway in PC12 cells

AD and HD [124,125]

Paeoniflorin Attenuates Aβ25-35-induced neurotoxicity in PC12 cells through preventing mitochondrial dysfunction AD [126]

Xanthoceraside Ameliorates learning and memory impairment, promote the function of mitochondria, reduce ROS production

and inhibit oxidative stress

AD [127]

l-3-n-Butylphthalide Attenuates Aβ induced neurotoxicity in neuroblastoma SH-SY5Y cells by regulating mitochondrion-mediated

apoptosis and MAPK signaling

AD [128]

Hesperidin Alleviates cognitive impairment, mitochondrial dysfunction and oxidative stress in a mouse model of AD AD [129]

Nicotinamide and

3-aminobenzamide

Reduces lipid peroxidation, ROS generation and protein oxidation. Moreover, it also ameliorates the

mitochondrial reduction capacity against Aβ

AD [130]

Lycopene Involves in attenuation of mitochondrial-oxidative damage, memory retention, reduced neuro-inflammation and

restoration of BDNF level in Aβ1-42 treated rats

AD [131]

Geniposide Exerts protective effects on mitochondrial dysfunction in APP/PS1 mice through increasing the mitochondrial

membrane potential, suppressing the mitochondrial oxidative damage and activity of cytochrome c oxidase

AD [132]

Resveratrol (RSV) Reduces the Aβ burden and contributing to the modulation of autophagy and an increase of mitochondrial

biogenesis in mouse brain mediated through increased activation of Sirtuin 1 (Sirt1) and AMP-activated protein

kinase (AMPK) pathways. It also protects against diet-induced obesity, improves insulin resistance, induces

genes for oxidative phosphorylation, and activates PGC-1α

AD, ALS and MetS [133,134]

Thiazolidinediones Activates PPAR-γ to reduce insulin resistance (IR) in T2D AD and T2D [133]

Dimebon An antihistamine drug, inhibit mitochondrial permeability transition pore and rescue neuronal mitochondria

from mutant proteins such as Aβ, mHtt and other mitochondrial toxic insults

AD and HD [133]

Quercetin Ameliorates mitochondrial dysfunction by restoration of mitochondrial membrane potential and maintain ATP

levels in the mitochondria

AD [135]

Bajijiasu Enhances antioxidant capacity, energy metabolism and prevent free radical damage. Moreover, it also inhibits

neuronal apoptosis

AD [136]

Taurine Attenuates Aβ-induced mitochondrial dysfunction by activating of SIRT1 in SK-N-SH cells AD [137]

SS31 A small molecule antioxidant peptide attenuates Aβ elevation, mitochondrial/synaptic deterioration and

cognitive deficit in SAMP8 mice

AD [138]

STX A novel membrane estrogen receptor ligand, attenuates mitochondrial dysfunction, cell death, dendritic

simplification and synaptic loss induced by Aβ

AD [139]

MitoQ Reduces oxidative stress, free radicals and Ca (2+)-burden in mitochondria that causes decreased ATP

production. Further, altered Mitochondrial dynamic and trafficking are also targeted by MitoQ

AD and MetS [140,141]

Oryzanols, Tocopherols

and Tocotrienols

Elevates ATP production and respiratory rates as well as PGC1α protein levels in PC12APPsw cells, thereby

ameliorating the altered mitochondrial function

AD [142]

Astragaloside IV Augments the viability of neuronal cells, reduces apoptosis and the generation of intracellular ROS. Moreover,

it also reduces mitochondrial superoxide in the presence of Aβ1-42

AD [143]

Asiatic acid (AA) Protects against glutamate toxicity, rotenone-induced mitochondrial dysfunction and oxidative stress-mediated

apoptosis in differentiated SH-SYS5Y cells

PD [144]

Ghrelin Protects dopaminergic neurons against rotenone via reinstating mitochondrial dysfunction and inhibiting

mitochondrial dependent apoptosis

PD [145]

Ursodeoxycholic

acid (UDCA)

Exerts a beneficial effect on mitochondrial dysfunction and neuronal dysfunction in vivo PD [146]

Curcumin In order to protect against apoptosis induced by mutation of α-synuclein it stabilizes mitochondrial membrane

potential and helps in opening of mito-KATP channel

PD [147]

Crocin Protects PC12 cells against MPP (+)-induced injury through inhibition of ER stress and mitochondrial dysfunction PD [148]

Allicin Inhibits ROS production, reduces lipid peroxidation linked to suppressed mitochondrial dysfunction and

promotes the mitochondrial Ca2+ buffering capacity

PD [149]

5-((methylamino)methyl)-

8-hydroxyquinoline

Protects against mitochondrial-induced oxidative damage and neuronal death PD [150]

Nesfatin-1 Attenuates rotenone-induced mitochondrial membrane potential collapse, ROS production and the subsequent

caspase-3 activation and restore the function of mitochondrial respiratory chain complex I

PD [151]

Folic acid Alleviates the behavioral defects, oxidative stress, and represses mitochondrial dysfunction as well PD [152]

Lutein Protects dopaminergic cells against MPTP-induced apoptotic death and motor dysfunction by improving

mitochondrial dysfunction and oxidative stress. Further, it is also having a potential protective effect against

mitochondrial metabolic impairment and oxidative stress induced by 3-NP

PD and HD [153,154]

(continued on next page)
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are numerous other emerging therapeutic strategies that have been
identified currently to target such alterations. For instance, a neuropro-
tective effect of Lithium has been reported via modulation of mitochon-
drial dysfunction, which is likely achieved by impeding GSK-3 and
inositol-145 triphosphate (IP3) in AD [183]. Similarly, Acupuncture
combined with moxibustion has benefited the hippocampal neurons
in AD rats presumably via the regulation of altered mitochondrial
dynamics (imbalance between fission and fusion proteins) and im-
provement in themitochondrial damage in the hippocampus [184]. Fur-
ther, GAPDH-siRNA treatment has also benefited against Aβ induced
mitochondrial dysfunction in AD [185]. Not only that, Cocaine- and
amphetamine-regulated transcript (Exogenous CART treatment) in
APP/PS1mice has obstructed depolarization of themitochondrialmem-
brane and provoke mitochondrial complex, I and II activities, thereby
leading to an increase in ATP levels. Further, CART treatment also

reduces ROS and 4-HNE level that mitigate oxidative DNA damage
in AD brain [186]. In case of PD, MicroRNA-7 (miR-7) has been found
to elicit a protective role in cellular models of PD. Moreover, miR-7
overexpression inhibits mitochondrial depolarization, mitochondrial
fragmentation, cytochrome C release, ROS production and release of
mitochondrial Ca2+ in response to MPP+ in SH-SY5Y cells. Similarly
knockdown of VDAC1 also led to a decrease in intracellular ROS produc-
tion and subsequent cellular protection against MPP+. Thus, the
protective effect of miR-7 is partly influenced through provoking mito-
chondrial function by targeting VDAC1 expression [187]. Further, a
Parkin-AMPK alliance has recently been reported to be involved in neu-
roprotection against mitochondrial dysfunction. Since, Parkin along
with energy sensor AMP-activated protein kinase (AMPK) critically
involved in all stages of themitochondrial life cycle (i.e., frombiogenesis
to its exit from the cell via mitophagy), advocating that these two

Table 1 (continued)

Biomolecules Function related to mitochondria NDDS caused due

to mitochondrial

dysfunction

References

Silibinin Protects dopaminergic cells against MPTP-induced apoptotic death and motor dysfunction by improving

mitochondrial membrane disruption and oxidative stress

PD [155]

Myricitrin Alleviates MPP⁺-induced mitochondrial dysfunction and increases cell viability in a DJ-1-dependent manner in

SN4741 cells

PD [156]

Amitriptyline (AMI) Promotes mitochondrial integrity and functionality and also responsible for reducing mHtt aggregation and

potentiation of the BDNF-TrkB signaling system

HD [157]

Agomelatine and Vanillin Both show potential protective effect against mitochondrial metabolic impairment and oxidative stress induced

by 3-NP

HD [158]

Trichostatin A or

sodium butyrate

HDAC inhibitors, reduces striatal atrophy and motor deficits, involve in amelioration of mitochondrial physiology HD [159]

Escitalopram Shows potential neuroprotection against behavioural, mitochondrial and oxidative dysfunction induced by 3-NP HD [160]

Paliperidone Attenuates quinolinic acid (QA)-induced mitochondrial dysfunction HD [161]

Rosiglitazone Synergizes the neuroprotective effects of valproic acid against QA-induced neurotoxicity by targeting PPARγ and

HDAC signaling cascade

HD [162]

Vinpocetine, Nicorandil

and Tetrabenazine

Treatment with these drugs reduced brain striatum oxidative and nitrosative stress, acetylcholinesterase activity,

inflammation and mitochondrial dysfunctions induced by 3-NP

HD [163]

Caffeine Shows neuroprotective effect against QA induced mitochondrial dysfunction and oxidative stress HD [164]

N-acetylcysteine (NAC) Reduces both excitotoxicity and oxidative stress through its actions on glutamate reuptake and antioxidant capacity.

Moreover, it also slows the onset of motor deficits in the R6/1 model of HD by improving mitochondrial dysfunction

HD [165]

Melatonin Shows Neuroprotective effect against mitochondrial dysfunction induced by oxidative stress PD, AD and HD [166]

Dichloroacetate Inhibits pyruvate dehydrogenase kinase 4 activity to improve mitochondrial dysfunction and ameliorating

muscle denervation

ALS [167]

Riluzole Reduces glutamate-induced excitotoxicity to improve mitochondrial dysfunction, oxidative stress and protein

aggregation

ALS [168]

Table 2

List of chaperones, mitigating the effect of mitochondrial dysfunctions in both metabolic syndrome and neurodegenerative disorders.

Chaperones Molecular mechanisms associated with mitochondria Principle phenotypes References

HSP60 and HSP10 Provides protection against intracellular Aβ aggregation through the maintenance of mitochondrial

oxidative phosphorylation and functionality of TCA enzymes

AD [169]

HSP70 Hsp70 overexpression protect neuronal cells against proteolytic and mitochondrial stress in a manner

which is similar to that brought about by parkin overexpression

PD [179]

HSP70 and HSP90 Both HSP70 and mitochondrial HSP90 mitigate the toxic effect of α-synuclein associated with mitochondrial

dysfunction. Further, mitochondrial HSP70 is also known to play a crucial role in the mitochondrial import

complex and in mitochondrial biogenesis

PD [170,171]

Mortalin Mitochondrial chaperone mortalin maintains mitochondrial homeostasis through mitochondrial protein

quality control

PD [180]

TRAP1 TRAP1 mitigates the toxic effect of α-synuclein associated with mitochondrial dysfunction. Moreover, it

also works downstream of Pink1 and in parallel with parkin in Drosophila, and that increasing its

function, which lead to improve mitochondrial dysfunction

PD [172,181]

HSP40/Hdj-1, HSP70/Hsc70

and HSP27

Reduces poly(Q)-mediated cell death either by binding to cytochrome-c and thus inhibiting the

mitochondrial death pathway or by protecting against ROS

HD [173]

HSP40/Hdj-1 It shows protective role against obesity, IR and maintenance of pancreatic β-cell function by stopping the

agglomeration of β-cell peptide

obesity and insulin

resistance (MetS)

[174]

F(0)F(1)-ATP synthase alpha

(HSP60 family member)

Suppresses Htt poly(Q) aggregation and toxicity in transfected SH-SY5Y cell HD [182]

BAG-1 Protects against poly(Q) induced cell death in HD. Interestingly, overexpression of BAG1 also improves

the effects of HSP70 by reducing accumulation of mHtt in cultured cells and consequently lead to

improve neurite outgrowth in Htt-transfected PC12 cells

HD [175]

MIF Protects against altered mitochondrial dynamics by preventing the accumulation of misfolded SOD1 ALS [176]

HSP60 Reduced expression of HSP60 shows protective role against mitochondrial damage ALS [177]

HSP27, HSP25 and α-crystallin Impart their potential neuroprotective and cardioprotective effect against secondary complications of T2D T2D (MetS) [178]
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proteins might act in a functionally convergent manner to preserve the
quality of cellularmitochondria [188]. Recently, the gene transfer-based
experiments have led to the finding of potential therapeutic targets that
could amelioratemitochondria in HD (such asmitochondrial complex II
or the PGC-1α). However, preclinical studies are yet required to deduce
whether it is feasible to regulate these systems in vivo or not [159]. Fur-
ther, using RNA interference (RNAi) and the p53 inhibitor pifithrin-α is
another strategy tomitigate themitochondrial dysfunction in HD [159].
Recently, Lentiviral vector delivery of antioxidant gene such as PRDX3/
NRF2 has been found to be an important approach for targeting mito-
chondrial dysfunction in NSC34 cells expressing the human SOD1G93A

in ALS [189]. Similarly, stem cell therapy has identified as another pos-
sible therapeutic approach for targeting alteredmitochondria dynamics
in ALS [190]. Additionally, lifestyle modification, such as exercise and
diet has been currently reported to decrease the risk for developing
T2D, whilst physical activity has found to be associated with improve
glucose tolerance. Indeed, exercise helps in improving ETS, increasing
mitochondrial biogenesis through PGC-1α activity and improving sen-
sitivity to insulin. Moreover, it has also been observed to be involved
in activating AMPK, which ameliorates both glucose and fat oxidation
[191,192]. Nonetheless, more approaches are needed to be devised
soon for effective treatments against both MetS and NDDs induced by
altered mitochondrial dynamics.

5.4. Metabolic compounds mediated attenuation in neurodegeneration:

current therapies

Albeit, the involved therapeutics for treatment of both MetS and
NDDs have been discussed extensively, but there are numerous meta-
bolic compounds have been currently identified, that have been used
to attenuate the pathological atmosphere of both MetS and NDDs. For
instance, increasing brain insulin levels have been reported to amelio-
rate cognitive function and reduce cognitive decline. Further, increased
insulin signaling inhibits the kinases activity associated with tau
hyperphosphorylation and also triggers downstream signaling crucial
for neuronal plasticity. On the contrary, any malfunctioning in this sig-
naling cascade or declines in insulin levels lead to the pathogenesis of
both MetS and NDDs [193]. Similarly, nowadays both metformin
(anti-diabetic drug) and lovastatin (cholesterol lowering drug) are
being used in treating Multiple Sclerosis (MS). Treatment with these
drugs in combination attenuates demyelination and axonal loss as
evident from decreased levels of myelin and neurofilament proteins in
the spinal cords of autoimmune encephalomyelitis (EAE) animals
[194]. Further, separately and synergistically administration of metfor-
min and thymoquinone has also been shown the protective role against
ethanol-induced neuronal apoptosis in primary rat cortical neurons.
Since, ethanol exposure significantly reduces mitochondrial membrane
potential and increases the levels of free cytosolic Ca2+, which further
stimulates the release of cytochrome C from mitochondria thereby
causing neurotoxicity [195]. Likewise, treatment with fat-derived hor-
mone leptin has currently been shown to minimize neuronal damage
induced by both neurotoxins and pro-apoptotic factors. It also protects
against obesity and MetS via regulation of glucose homeostasis and
energy intake. Leptin administration has also been reported tomodulate
synaptic plasticity via increasing N-Methyl-D-aspartate (NMDA) recep-
tor function in AD. Further, neuroprotective roles for leptin have been
identified in experimentalmodels of strokewhere leptin administration
protects against both middle cerebral artery occlusion and oxygen-
glucose deprivation. Similarly, it also shows protective role in both
in vitro and in vivo models of PD [196,197]. Recently, the protective
role of another anti-diabetes drug pioglitazone (actos) has been report-
ed in case of AD via inhibiting the Cdk5 activity. More importantly,
pioglitazone treatment also corrects impaired long-term potentiation
(LTP) induced by Aβ exposure [198]. Additionally, pioglitazone admin-
istration is also found to ameliorate cognitive performance in a rodent
dementia model induced by intracerebroventricular (ICV) injection of

streptozotocin. Similar to pioglitazone, numerous other anti-diabetes
drugs including, rosiglitazone (avandia) and troglitazone (rezulin)
which are also known as TZDs have also been involved in delaying
of neurodegenerative process. Since, these drugs are having anti
inflammatory, antiamyloidogenic and insulin sensitizing role as well.
Troglitazone are believed to have their connection in rescuing memory
loss and decreasing plasma Aβ40–42 levels but the exactmechanisms are
still needs to be investigated further. Similarly, Rosiglitazone is reported
to attenuate neuronal IR induced by Aβ oligomers. It is also reported to
ameliorate cognitive function in mild to moderate AD patients. More-
over, chronic administration of TZDs, in general has no effect on risk of
developing AD [80]. Despite these all findings, there are huge gaps
which are still required to be investigated in order to identify the proper
treatments for both MetS and NDDs.

6. Conclusion

In this review, we have addressed the pertinent role of alteredmito-
chondrial dynamics in the pathogenesis of MetS and NDDs. Moreover,
the intricate interplay between mitochondrial dysfunction and disease
phenomenon ofMetS has been elucidated in order to identify the linkup
between MetS and NDDs. Furthermore, an interlink between MetS viz.
obesity, hypertension, cardiovascular risk factors and T2D in the exacer-
bation of NDDs has also been extensively shed light on. The disease
pathology of AD, PD, HD and ALS has also been addressed with respect
to altered mitochondrial dynamics. The environmental toxins, high
caloric intake, homeostatic imbalances and mutations in mtDNA are
causatives for mitochondrial dysfunction, which consequently leads to
decelerate ATP production, altered mitophagy, disturbed Ca2+ homeo-
stasis, reduced mitochondrial membrane potential and mitochondrial
respiration. These pathological changes are amenable for perturbations
in the normal physiological processes and brain homeostasis thereby,
resulting into fatal complications linked with neuronal dysfunction
and metabolic syndromes. Additionally, in order to target the mal-
functioningmitochondria or reverse the chronic effects of altered mito-
chondrial dynamics, numerous biomolecules and chaperones mediated
therapeutic strategies have also been discussed to obviate the disease
symptoms of bothMetS and NDDs. Further, it is reasonable to enunciate
that the current knowledge's on the involvement of altered mitochon-
drial dynamics in the pathogenesis of both MetS and NDDs are still at
an elementary stage. However, in light of its significant advancement
from both clinical research and therapeutic application perspectives,
we look ahead major research efforts being drawn to this field and
more approaches being formulated soon. We also presume that finally
these findings will be translated into effective and novel treatments
against both MetS and NDDs induced by mitochondrial dysfunctions.
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Emerging evidence revealed that abrogated cell cycle entry into highly differentiated mature neurons and mus-

cles is having detrimental consequences in response to cell cycle checkpoints disruption, altered signaling cas-

cades, pathophysiological and external stimuli, for instance, Aβ, Parkin, p-tau, α-synuclein, impairment in TRK,

Akt/GSK3β, MAPK/Hsp90, and oxidative stress. These factors, reinitiate undesired cell division by triggering

new DNA synthesis, replication, and thus exquisitely forced mature cell to enter into a disturbed and vulnerable

state that often leads to death as reported in many neuro- and myodegenerative disorders. A pertinent question

arises how to reverse this unwanted pathophysiological phenomenon is attributed to the usage of cell cycle

inhibitors to prevent the degradation of crucial cell cycle arresting proteins, cyclin inhibitors, chaperones and

E3 ligases. Herein, we identified the major culprits behind the forceful cell cycle re-entry, elucidated the cyclin

re-expression based on disturbed signaling mechanisms in neuromuscular degeneration together with plausible

therapeutic strategies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The etiology of neuromuscular degeneration is characterized by the
canonical deposition of non-functional/toxic proteins such as amyloidβ,
tau, parkin,α-synuclein, mutant huntingtin, and chronic inflammations
in neuromuscular disorders (NMDs) including Alzheimer's disease
(AD), Parkinson's disease (PD), Huntington's disease (HD), Inclusion
body myositis (IBM) and Poly myositis (PM). The deposition of
pathological proteins or inclusions creates a physiological burden on
cell that triggers multiple signaling cascades including mitogen-
activated protein kinase (MAPK), c-Jun N-Terminal Kinases (JNK),
Phosphatidylinositol 3-kinase/serine threonine kinase Akt/Glycogen
synthase kinase 3 (PI3K/Akt/GSK3β), Notch and apoptotic signaling
pathways. The consequent overexpression of cell cycle markers has
been observed with the symptoms of cell cycle re-entry (CCR) [1].
Moreover, the co-localization of cell cycle markers with pathological
proteins has reinforced the role of cell cycle machinery as a trigger to
degeneration [2]. Further evidence suggests that re-expression of cell
cycle markers occurs at prodromal stages before the appearance of
pathological hallmarks in these neuromuscular disorders. A plethora
of studies have demonstrated the involvement of oxidative stress,
aging, mutation, mitochondrial dysfunction; ubiquitin proteasome

system (UPS) shut down and loss of function of several protective
proteins in the pathogenesis of these NMDs. For instance, prolonged
activation or under the influence of acute insults such as DNA damage,
oxidative stress, neurotrophic factor deprivation and altered microRNA
(miR) function; cell cycle machinery turns detrimental and drives the
cascade of DNA synthesis and consequent neuronal death culminating
into neurodegeneration [3]. Interestingly, numerous studies have
established cell cycle re-entry as a true phenomenon in neurodegener-
ation with actual DNA synthesis and cannot be viewed as an
epiphenomenon of other processes. Moreover, cell cycle markers' re-
expression in terminally differentiated neurons is also reported to fulfill
the physiological demands pertaining to synaptic plasticity, neuronal
migration and maturation [4]. Importantly, current studies advocate
that aberrant cell cycle re-entry is not a consequence, but rather a
cause of neuromuscular degeneration, depicting the importance of
targeting cell cycle re-entry as a therapeutic window for treating neuro-
muscular disorders. These days several compounds/biomolecules have
been implicated for targeting cell cycle re-entry in neurons andmuscles.
Moreover, potential role of ubiquitin E3 ligases and heat shock proteins
have also been demonstrated to revert the damaging effect caused by
cell cycle re-entry in neuromuscular disorders.

2. Relevance of cell cycle markers (cyclins, CDKs, CDKIs) in

maintaining cell cycle homeostasis

The eukaryotic cell cycle is orchestrated machinery that accom-
plishes fundamental roles in cell replenishment such as DNA replication,
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Abstract. Alzheimer’s disease (AD) is characterized by dementia, cognitive disabilities, and tauopathy. Tau is a microtubule

associated protein that helps maintain the neuronal network.While phosphorylation of tau protein causes disruption of themicro-

tubular network, dephosphorylation allows reconstitution of the microtubule network. Several kinases, e.g., MARK, MAPK,

and protein kinase C, are known to hyperphosphorylate tau, leading to disruption of the microtubular network and formation of

neurofibrillary tangles (NFTs), which are further glycosylated, glycated, and have lipid peroxide adducts that impair the neuronal

transport system and affect memory formation and retention. Moreover, intracerebral administration of amyloid-b oligomers

causes hyperphosphorylation of tau, but whether it is involved in the formation of NFTs is still unclear. Further, amyloid burden

activates AMP-activated protein kinase that increases phosphorylation of tau at position Ser262/Ser356 and Ser396. Several

phosphatases are present at low levels in AD brains indicating that their down regulation results in abnormal hyperphosphory-

lation of tau. However, evidence strengthens a possible link between tau phosphorylation and molecular chaperone mediated

tau metabolism for the clearance of toxic tau accumulation and has a crucial role in tauopathy. Furthermore, accumulation

of phosphorylated tau protein and the possibility of removing the toxic phosphorylated tau protein from the milieu indicates

that the chaperone interacts with phosphorylated tau and promotes its degradation. For instance, Hsp90 and cdc37 regulate tau

stability and phosphorylation dynamics whereas Hsp27 is able to modulate neuronal plasticity, while 14-3-3 is involved in the

interaction of tau with small HSPs. Hsp70 ATPase acts as a modulator in AD therapeutics while Hsc70 rapidly engages tau after

microtubular destabilization. Herein, we highlight the various causes of tauopathy and HSP-E3 ligase mediated therapeutics in

AD.

Keywords: Heat shock proteins, tau phosphorylation, tauopathy, ubiquitin E3 ligase
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INTRODUCTION

The cytoskeletal structure of neurons plays an

important role in maintaining cell structure, shape, and

function. The cytoskeleton is primarily composed of

microtubules. These microtubules are maintained and

stabilized by a major type of microtubule associated
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Abstract

The convergent endeavors of the neuroscientist to establish a link between clinical neu-

rology, genetics, loss of function of an important protein, and channelopathies behind

neurological disorders are quite intriguing. Growing evidence reveals the impact of ion

channels dysfunctioning in neurodegenerative disorders (NDDs). Many neurological/

neuromuscular disorders, viz, Alzheimer's disease, Parkinson's disease, Huntington's dis-

ease, multiple sclerosis, amyotrophic lateral sclerosis, and age-related disorders are cau-

sed due to altered function or mutation in ion channels. To maintain cell homeostasis,

ion channels are playing a crucial role which is a large transmembrane protein. Further,

these channels are important as it determines the membrane potential and playing

Advances in Protein Chemistry and Structural Biology # 2015 Elsevier Inc.
ISSN 1876-1623 All rights reserved.
http://dx.doi.org/10.1016/bs.apcsb.2015.10.006

1

ARTICLE IN PRESS



MOJ Cell Sci Report 2014, 1(2): 00010Submit Manuscript | http://medcraveonline.com

MOJ Cell Science and Report

Abbreviations

NDD: Neurodegenerative Disorders; ER: Endoplasmic 

Reticulum; UPS: Ubiquitin Proteasome System; ROS: Reactive 

Oxygen Species; AD: Alzheimer’s Disease; PD: Parkinson’s 

Disease; MS: Multiple Sclerosis; HD: Huntington’s Disease; ALS: 

Amyotrophic Lateral Sclerosis; PS: Presenilin; APP: Amyloid beta 

 !"#$%&'()&*+&$%&+,'-./$0!1234$0-(&+,)5)6'$!78-.-,9:1';)6<,-.;$

2-.<*'$ 3/$ =>?:34$ =)@'&+A-B'$ ?-*C),<*'$ 3/$ D!0%$ 4$ D'*-(6':

Associated Membrane Protein; ALS2: Amyotrophic Lateral 

Sclerosis 2; DCTN1: Dynactin 1; FUS : FUS RNA binding protein; 

E?%:$ "F4$ E!1$?G!$ 5-.B-.;$ %&+,'-./$ %H124$ %I+*@I+&96<,-+.$ +7$

,I'$H1$*,&'**$2-.<*'*/$J1H$34$J.+*-,+6:1'K)-&-.;$H.L9C'$3/$=M!4$

Spinocerebellar Ataxia; GSK: Glycogen Synthase Kinase; ASK1: 

!@+@,+*-*$ =-;.<6:1';)6<,-.;$2-.<*'$3/$ NG24$ (:N).$GOP:,'&C-.<6$

Q-.<*'/$ 2'<@34$ 2'6(I:6-Q'$ HMO:<**+(-<,'B$ @&+,'-.$ 3/$ 0R1G34$

0<I+;).-.$1-.;$ 8-.;'&$3S$HF$)5-K)-,-.$@&+,'-.$ 6-;<*'/$0TMU%P4$

0TM$ U-.B-.;$ %&+,'-.$ PS$ HF$ )5-K)-,-.$ @&+,'-.$ 6-;<*'/$ VO1WP4$

V5-K)-,-.:6-Q'$X-,I$%O?$<.B$1-.;$W-.;'&$B+C<-.*$P/$YG1W34$Y-.($

<.B$1-.;$ W-.;'&$ 3S$ HF$ )5-K)-,-.$ @&+,'-.$ 6-;<*'/$GH??"4$G')&<6$

@&'()&*+&$ ('66$ HA@&'**'BS$ ?'Z'6+@C'.,<669$ ?+X.:&';)6<,'B$

"S$ HF$ )5-K)-,-.$ @&+,'-.$ 6-;<*'/$ GH??"[4$ G')&<6$ @&'()&*+&$ ('66$

HA@&'**'BS$?'Z'6+@C'.,<669$?+X.:&';)6<,'B$":6-Q'S$HF$)5-K)-,-.$

@&+,'-.$[-;<*'/$OHME?P4$OHME$B+C<-.$(+.,<-.-.;$HF$)5-K)-,-.$

@&+,'-.$ 6-;<*'$P/$%N!P4$%&<\<$ &-.;$ 8-.;'&$PS$HF$)5-K)-,-.$@&+,'-.$

6-;<*'/$1GW3]4$1-.;$8-.;'&$@&+,'-.$3]!S$1U1$HF$)5-K)-,-.$@&+,'-.$

6-;<*'/$OHME?34$OHME$B+C<-.$ (+.,<-.-.;$ HF$ )5-K)-,-.$ @&+,'-.$

6-;<*'$ 3/$ 0V[!G4$ 0-,+(I+.B&-<6$ HF$ V5-K)-,-.$ @&+,'-.$ [-;<*'$

3/$ O!MH34$ OHME$ B+C<-.$ <.B$ <.Q9&-.$ &'@'<,$ (+.,<-.-.;$ HF$

)5-K)-,-.$ @&+,'-.$ 6-;<*'$ 3/$ E1J03F4$E&-@<&,-,'$0+,-7$ (+.,<-.-.;$

3F/$ !J0%P4$ !C-.+<(96$ ,1G!$ *9.,I',<*'$ (+C@6'A:J.,'&<(,-.;$

Role of Oxidative Stress, ER Stress and Ubiquitin 

Proteasome System in Neurodegeneration

Review Article

D+6)C'$3$J**)'$P$$:$P^3"

Niraj Kumar Jha1, Saurabh Kumar Jha1, 
Rohan Kar1, Rashmi K Ambasta1 and 
Pravir Kumar1,2*

1Molecular Neuroscience and Functional Genomics 

Laboratory, Delhi Technological University, India
2Department of Neurology, Tufts University School of 

Medicine, USA

*Corresponding author: Pravir Kumar, Department 
+7$U-+,'(I.+6+;9S$?'6I-$E'(I.+6+;-(<6$V.-Z'&*-,9$

 W+&C'&69$?'6I-$M+66';'$+7$H.;-.''&-.;#S$1++C$_$W`"EWFS$

0'(I<.-(<6$H.;-.''&-.;$U)-6B-.;S$=I<I5<B$?<)6<,@)&S$

U<X<.<$1+<BS$?'6I-$33^^"PS$J.B-<S$G')&+6+;9$?'@<&,C'.,S$

E)7,*$V.-Z'&*-,9$=(I++6$+7$0'B-(-.'S$U+*,+.S$V=!S$E'64$a]3:

9818898622; Email: Pravir.Kumar@tufts.edu

Received: June 28, 2014  |  Published: July 04, 2014

Multifunctional Protein 2; NRF2: Nuclear Factor, erythroid 

P:6-Q'$ P/$ ?D[34$ ?-*I'Z'66'B$ =';C'.,$ @+6<&-,9$ @&+,'-.$ 3/$ 0TM4$

Z:0TM$ <Z-<.$09'6+(9,+C<,+*-*$ Z-&<6$ +.(+;'.'$ I+C+6+;/$ E=MP4$

E)5'&+)*$ =(6'&+*-*$ P/$ WUb>"c4$ W:U+A$ @&+,'-.$ "c/$ %MG%4$ %H=E$

Proteolytic Signal Containing Nuclear Protein; SMAD2: SMAD 

family member 2

Introduction 

Neurodegenerative disorders (NDDs) are characterized by 

the gradual and progressive loss of neurons and neuronal death 
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It can result due to diverse factors such as oxidative stress, 

ER stress, mitochondrial dysfunction, impaired ubiquitin 

proteasomal system and several other determinants such as 
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conditions, chemical exposure, accumulation of reactive oxygen 

species (ROS), loss of mitochondrial membrane potential, and ATP 
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that neuronal cells that have been subjected to a severely stress 

once, becomes more vulnerable to the negative impact of a second 

hit and the effect of the toxicity of both the hits of severe stress 

may be synergistic in nature. Most common neurodegenerative 

diseases include Alzheimer’s disease (AD), Parkinson’s disease 

(PD), Huntington’s disease (HD), Schizophrenia, Amyotrophic 
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Oxidative stress plays a critical role in the progression of 

several age related brain disorders. Severe oxidative trauma 

to the neurons can result in neuronal dysfunction and death. 

Abstract

Neurodegenerative disorders (NDDs) are progressive and chronic disorders 

characterized by destruction of neurons in sensory, motor and cognitive systems. 

Free radical’s accumulation, oxidative stress, ER stress and a dysfunctional ubiquitin 

proteasome system can regulate prognosis in NDDs. Oxidative trauma in the brain can 

result from high rate of oxidative metabolism in contrast to the diminished functional 

6'Z'6*$ +7$ ,I'$ <.,-+A-B<.,$ '.L9C'*$ &'*@+.*-56'$ 7+&$ B',+A-8-(<,-+.d$ H.B+@6<*C-($

Reticulum (ER) advocates a degree of control on cellular parameters such as proper 
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can lead to loss of integrity of the ER thus resulting in ER stress. In addition to this 

impairment in the ubiquitin proteasome system (UPS) machinery results in the 

accumulation of toxic proteins in the brain thus resulting in severe neuronal trauma 
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roles of three critical NDD determinants viz. oxidative stress, ER stress and UPS 

dysfunction in neurodegenerative conditions. 
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Abstract. Alzheimer’s disease (AD) is a neurodegenerative process primarily characterized by amyloid-b (Ab) agglomeration,

neuroinflammation, and cognitive dysfunction. The prominent cause for dementia is the deposition of Ab plaques and tau-

neurofibrillary tangles that hamper the neuronal organization and function. Ab pathology further affects numerous signaling

cascades that disturb the neuronal homeostasis. For instance, Ab deposition is responsible for altered expression of insulin

encoding genes that lead to insulin resistance, and thereby affecting insulin signaling pathway and glucose metabolism in the

brain. As a result, the common pathology of insulin resistance between Type-2 diabetes mellitus and AD has led AD to be

proposed as a form of diabetes and termed ‘Type-3 diabetes’. Since accumulation of Ab is the prominent cause of neuronal

toxicity in AD, its clearance is the prime requisite for therapeutic prospects. This purpose is expertly fulfilled by the potential role

of Ab degrading enzymes such as insulin degrading enzyme (IDE) and Neprilysin (NEP). Therefore, their molecular study is

important to uncover the proteolytic and regulatory mechanism of Ab degradation. Herein, (i) In silico sequential and structural

analysis of IDE and NEP has been performed to identify the molecular entities for proteolytic degradation of Ab in the AD brain,

(ii) to analyze their catalytic site to demonstrate the enzymatic action played by IDE and NEP, (iii) to identify their structural

homologues that could behave as putative partners of IDE and NEP with similar catalytic action and (iv) to illustrate various

IDE- and NEP-mediated therapeutic approaches and factors for clearing Ab in AD.

Keywords: Alzheimer’s disease, amyloid-b, insulin degrading enzyme, Neprilysin, therapeutics
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INTRODUCTION

Alzheimer’s disease (AD) is a neurological disorder

that is characterized by neuronal death,which is caused

by the abnormal burden of amyloid-b (Ab) in the brain

resulting in memory loss and cognitive decline [1–3].

The cognitive collapse in AD occurs due to neuronal

dysfunction that is attributable to the extracellular Ab

ISSN 1387-2877/15/$35.00 © 2015 – IOS Press and the authors. All rights reserved
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Introduction

 �e progression of cancer is so silent that it is hard to diagnose at 

the earlier stages, and it is an equally challenging task for the clinicians 

to treat this disease at early stage due to many unknown mechanisms 

with sites and tissues speci�city issues. Cancer cells are immensely 

proliferatives, incursive, and metastatic in nature. �e pathological 

hallmark in cancer is uncontrolled cellular proliferation and altered 

protein expression where hindrance in chaperoning machinery, and 

UPS is one of the major reasons. Molecular chaperones and ubiquitin 

E3 ligases are ubiquitous class of proteins that play an essential role in 

the conformational quality control of the proteins through interacting 

with various misfolded proteins, stabilizing and remodeling a wide 

range of non-native polypeptides [1,2]. Even though constitutively 

expressed under balanced growth conditions, many chaperones are  

upregulated upon exposure of heat shock or other insults that  

constitutively increases cellular protein level and for that reason, it is 

also known as stress or Heat Shock Proteins (HSPs) [3]. Molecular  

chaperones act together on unfolded or partially folded protein  

subunits, for instance, nascent chains emerging from the ribosome 

and with extended chains being translocated across sub-cellular  

membranes [4]. In addition, some chaperones are non-speci�c, and 

they easily interact with a broad range of protein subunits, while  

others are restricted to speci�c targets. �ey o�en require ATP  

binding/hydrolysis for their proper functions [4]. Moreover, they also 

stabilize the non-native conformation for correct folding of protein 

subunits [5] and not associate with native proteins nor do they form 

part of the �nal folded structures. HSPs were �rst identi�ed as a group 

of proteins, which are brought about by heat shock and other kind of 

sources, including physical and chemical stressors in a broad range 

of species [6]. �e HSPs have been a�erwards described as molecular 

chaperones, which share common property of altering the structures 

and interactions of other proteins [7].

 Importantly, molecular chaperone directs that the HSPs  

frequently interact in a stoichiometric manner with their substrates 

and also require high intracellular levels of proteins [6]. �is is the 

reason why HSP28, HSP40, HSP70 and HSP110 genes have developed 

a highly e�ective mechanism for their synthesis during stress with  

transcriptional activation, e�cient messenger RNA (mRNA)  

stabilization and their preferential translation [8] and boosts to  

become dominantly expressed proteins under such stress scenario  

[9]. Heat shock factor (hsf) family is the main regulatory  

machineries for HSP gene transcription, which ensure proper  

transcriptional activation and equally steep switch-o� mechanism  

a�er recovery [10]. �e hsf gene family comprises heat shock  

transcription factor 1 (hsf1), acts as central co-ordinator of heat shock 

stress response. Besides this, heat shock transcription factor 2 (hsf2) 

and heat shock transcription factor 4 (hsf4) are also involved in stress 

response but less active with respect to hsf1 [11]. HSP transcription 

needs activated hsf1, which is itself over-expressed in cancer and play 

a crucial role in invasion and metastasis [12]. Further, the molecular  
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Abstract

 The hallmark feature in cancer is uncontrolled cell-division and 

altered protein expression. Currently, cancer is one of the most 

detrimental diseases encountered by a large population across 

the globe. However, an absolute treatment strategy has still not 

been achieved by the researchers. Further, molecular mechanism 

 !"# $%&' (&)$*+# $,# +,-. $# $%*/# 0&$% 0# "*/& /&# */#  # . 12*!3# *//)&4# 

Molecular chaperones and ubiquitin proteasome system is mainly 

responsible for the maintenance of protein homeostasis and thus 

playing a crucial role in the cancer pathophysiology. Molecular  

chaperones are a superfamily of proteins which expressions are  

triggered under physiological, pharmacological and environmental  

insults and playing a protective role for cell survival. However,  

beyond a threshold of protection, molecular chaperones are unable 

to provide proper shape of non functional proteins that accumulate 

unwanted protein the cellular milieu. In order to get rid off these  

accumulated proteins ubiquitin proteasome system comes into  

 +$*,!# 5%&'&#  !# 67# 0*3 /&8# /(&+*9+# &!:;-&/# ,1# ).*<)*$*! $*,!# 

system, play a decisive role in the turnover of many essential  

regulatory proteins involved in cancer. It also mediates numerous 

functions, for instance, cell death, cell growth and DNA repair. Since, 

both molecular chaperones and E3 ligases have been involved in the 

progression of cancers it is necessary to understand and implement 

the role of these two molecules to use as diagnostic markers to treat 

cancer. Herein, we have comprehensively discussed the functional 

role of molecular chaperones, their differential protein expressions  

and a possible correction mechanism in cancer. Furthermore,  

comprehensive information has been documented regarding E3  

ligases and their associated role in cancer that may be used as  

potential diagnostic biomarker for the treatment of various cancers.

Keywords: Cancer; E3 ligases; Heat shock proteins; Molecular 

chaperones; Ubiquitin proteasome pathway
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Abstract 

Background: Angiogenesis is a hallmark feature in the initiation, progression and growth of tumour. There are vari-

ous factors for promotion of angiogenesis on one hand and on the other hand, biomolecules have been reported to 

inhibit cancer through anti-angiogenesis mechanism. Biomolecules, for instance, luteolin, lectin and lupeol are known 

to suppress cancer. This study aims to compare and evaluate the biomolecule(s) like luteolin, lupeol and lectin on 

CAM assay and HT-29 cell culture to understand the efficacy of these drugs.

Method: The biomolecules have been administered on CAM assay, HT-29 cell culture, cell migration assay. Further-

more, bioinformatics analysis of the identified targets of these biomolecules have been performed.

Result: Luteolin has been found to be better in inhibiting angiogenesis on CAM assay in comparison to lupeol and 

lectin. In line with this study when biomolecules was administered on cell migration assay via scratch assay method. 

We provided evidence that Luteolin was again found to be better in inhibiting HT-29 cell migration. In order to iden-

tify the target sites of luteolin for inhibition, we used software analysis for identifying the best molecular targets of 

luteolin. Using software analysis best target protein molecule of these biomolecules have been identified. VEGF was 

found to be one of the target of luteolin. Studies have found several critical point mutation in VEGF A, B and C. Hence 

docking analysis of all biomolecules with VEGFR have been performed. Multiple allignment result have shown that 

the receptors are conserved at the docking site.

Conclusion: Therefore, it can be concluded that luteolin is not only comparatively better in inhibiting blood vessel in 

CAM assay, HT-29 cell proliferation and cell migration assay rather the domain of VEGFR is conserved to be targeted by 

luteolin, lupeol and lectin.

Keywords: CAM assay, Flavonoids, HT-29 cell, Anti-angiogenesis, Luteolin, Lupeol, Lectin
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Background

Angiogenesis process is regulated by several factors that 

have a critical role in governing the initiation and pro-

gression of tumour. Angiogenic factors such as bFGF, 

HGF, VEGF, hyluronatelyase, collagenase, MMP sup-

ports the formation of new blood vessels. In addition, cell 

cycle markers, for instance, cyclin A2, Cyclin Dependent 

Kinase-2, 6 and MAPK1, 14, 10 promote the tumour pro-

gression whereas caspase 3 inhibits the tumour progres-

sion. Mounting evidence is suggesting the critical role of 

cyclin inhibitors, and inducers of apoptotic markers in 

cancer therapy. Furthermore, several biomolecules elicit 

the anti-cancerous property such as, luteolin, lectin and 

lupeol but comparative studies in terms of anti-angio-

genic activity remain unsettled.

Luteolin is a flavonoid; lupeol is a triterpene and lec-

tin is a protein possessing carbohydrate. Flavonoids 

are polyphenols that play an important role in defend-

ing plant cells against microorganisms, insects, and UV 
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