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Appendix Table A1 Comparison of the fold changes in differential expression of proteins in paraquat-treated C. elegans determined by proteomic 

analysis. 

(a) List of upregulated proteins in paraquat-treated worms compared to untreated (control) worms and their downregulation in worms pre-treated with 

peptide HNP. 

Accession No Paraquat 

treatment (fold 

change in 

expression 

compared to 

control) 

HNP pre-

treatment 

(fold change 

in expression 

compared to 

control) 

Pathway name Description 

sp|P19974|CYC21_CAEEL 1.72 0.70 Apoptotic pathway Cytochrome c 2.1 OS=Caenorhabditis elegans OX=6239 

GN=cyc-2.1 PE=1 SV=2 

G5EC98|G5EC98_CAEEL 1.62 0.60 De novo pyrimidine 

ribonucleotides biosynthesis 

CTP synthase OS=Caenorhabditis elegans OX=6239 

GN=ctps-1 PE=1 SV=1 

sp|O17071|PRS10_CAEEL 1.39 0.98 Ubiquitin proteasome pathway Probable 26S proteasome regulatory subunit 10B 

OS=Caenorhabditis elegans OX=6239 GN=rpt-4 PE=1 

SV=2 

sp|G5EEI4|ASP1_CAEEL 2.07 0.40 Programmed cell death Aspartic protease 1 OS=Caenorhabditis elegans OX=6239 

GN=asp-1 PE=1 SV=1 

Q965Q1|Q965Q1_CAEEL 

 

1.64 

 

0.59 Stress response 10 kDa heat shock protein, mitochondrial 

OS=Caenorhabditis elegans OX=6239 

GN=CELE_Y22D7AL.10 PE=1 SV=1 

P34707 (SKN1_CAEEL) 1.29 0.75 Neuronal cell death/ MAPK 

pathway 

Protein skinhead-1 OS=Caenorhabditis elegans OX=6239 

O61667 (EGL1_CAEEL) 1.97 0.54 Programmed cell death Programmed cell death activator egl-1 OS=Caenorhabditis 

elegans OX=6239 

(b) List of downregulated proteins in paraquat-treated worms compared to untreated (control) worms and their upregulation in worms pre-treated with 

peptide HNP. 
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Accession No. Paraquat 

treatment 

(fold change in 

expression 

compared to 

control) 

HNP pre-

treatment, 

(fold change 

in expression 

compared to 

control) 

 Pathway name Description 

sp|P46561|ATPB_CAEEL 0.72 1.49 ATP synthesis ATP synthase subunit beta, mitochondrial OS=Caenorhabditis 

elegans OX=6239 GN=atp-2 PE=1 SV=2 

sp|Q18688|HSP90_CAEEL 0.76 1.93 Stress response pathway Heat shock protein 90 OS=Caenorhabditis elegans OX=6239 

GN=daf-21 PE=1 SV=1 

Q23682 (GCY5_CAEEL) 0.70 1.73 Chemosensory pathway Receptor-type guanylate cyclase gcy-5 OS=Caenorhabditis 

elegans OX=6239 

A8XL75 (A8XL75_CAEBR) 0.75 2.93 Chemosensory pathway Protein CBR-SRE-4 OS=Caenorhabditis elegans OX=6239 

sp|P98080|UCR1_CAEEL 0.74 1.56 ATP synthesis Cytochrome b-c1 complex subunit 1, mitochondrial 

OS=Caenorhabditis elegans OX=6239 GN=ucr-1 PE=3 SV=2 

sp|P11141|HSP6_CAEEL 0.71 1.35 Stress response pathway Heat shock protein hsp-6 OS=Caenorhabditis elegans 

OX=6239 GN=hsp-6 PE=1 SV=2 

sp|Q05036|HS110_CAEEL 0.70 1.38 Stress response pathway Heat shock protein 110 OS=Caenorhabditis elegans OX=6239 

GN=hsp-110 PE=3 SV=1 

sp|Q18115|PSMD1_CAEEL 0.78 1.54 Ubiquitin proteasome 

pathway 

26S proteasome non-ATPase regulatory subunit 1 

OS=Caenorhabditis elegans OX=6239 GN=rpn-2 PE=3 SV=4 

O45445 (O45445_CAEEL) 0.78 2.0 Innate immune response C-type lectin OS=Caenorhabditis elegans OX=6239 

sp|P02513|HSP17_CAEEL 0.71 1.65 Stress response pathway Heat shock protein Hsp-16.48/Hsp-16.49 OS=Caenorhabditis 

elegans OX=6239 GN=hsp-16.48 PE=2 SV=1 

sp|P10299|GSTP1_CAEEL 1.19 1.36 Antioxidant pathway Glutathione S-transferase P OS=Caenorhabditis elegans 

OX=6239 GN=gst-1 PE=1 SV=1 
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sp|Q09607|GST36_CAEEL 0.71 2.20 Antioxidant pathway Probable glutathione S-transferase gst-36 OS=Caenorhabditis 

elegans OX=6239 GN=gst-36 PE=3 SV=2 

sp|P34697|SODC_CAEEL 0.54 1.38 Antioxidant pathway Superoxide dismutase [Cu-Zn] OS=Caenorhabditis elegans 

OX=6239 GN=sod-1 PE=1 SV=2 

sp|P49632|RL40_CAEEL 0.52 1.40 Ubiquitin proteasome 

pathway 

Ubiquitin-60S ribosomal protein L40 OS=Caenorhabditis 

elegans OX=6239 GN=ubq-2 PE=3 SV=2 

Q21233|Q21233_CAEEL 0.62 1.44 Electron transport chain NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 

subunit 10, mitochondrial OS=Caenorhabditis elegans 

OX=6239 GN=nuo-4 PE=1 SV=1 

Q17512|Q17512_CAEEL 0.76 1.65 Electron transport chain NADH Ubiquinone oxidoreductase Fe-S protein 

OS=Caenorhabditis elegans OX=6239 GN=nduf-11 PE=1 

SV=1 

Q03561 (NLP36_CAEEL) 0.60 1.66 Neuronal development Neuropeptide-like peptide 36 OS=Caenorhabditis elegans 

OX=6239 

Q86NC2|Q86NC2_CAEEL 0.75 1.42 Electron transport chain NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, 

mitochondrial OS=Caenorhabditis elegans OX=6239 

GN=nuo-2 PE=1 SV=1 

Q93727 (SPTF1_CAEEL) 0.73 1.55 Neuronal differentiation C2H2-type domain-containing protein OS=Caenorhabditis 

elegans OX=6239 

Q93934|Q93934_CAEEL 
0.79  

1.65 

Autophagy 

Adenosine kinase OS=Caenorhabditis elegans OX=6239 

GN=adk-1 PE=1 SV=1 

Q9U329|Q9U329_CAEEL 0.74 1.65 Oxidative phosphorylation Cytochrome c oxidase subunit 4 OS=Caenorhabditis elegans 

OX=6239 GN=cox-4 PE=1 SV=1 
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(c) List of commonly expressed proteins between paraquat-treated worms and peptide HNP pre-treatment worms  

Accession No  Pathway name Description 

Q966C7|Q966C7_CAEEL Pentose phosphate pathway Transaldolase OS=Caenorhabditis elegans OX=6239 GN=tald-1 PE=1 SV=1 

sp|H2KYQ5|GYG1_CAEEL Glycogen biosynthesis Glycogenin-1 OS=Caenorhabditis elegans OX=6239 GN=gyg-1 PE=1 SV=1 

sp|H2KYE0|NRA4_CAEEL Neuronal development Nicotinic receptor-associated protein 4 OS=Caenorhabditis elegans OX=6239 

GN=nra-4 PE=1 SV=1 

Q9N5S7|Q9N5S7_CAEEL Antioxidant pathway Thioredoxin Domain Containing protein homolog OS=Caenorhabditis elegans 

OX=6239 GN=txdc-12.2 PE=1 SV=1 

sp|Q9N4X8|GSTPA_CAEEL Antioxidant pathway Glutathione S-transferase P 10 OS=Caenorhabditis elegans OX=6239 GN=gst-

10 PE=1 SV=3 

G5EC71|G5EC71_CAEEL Antioxidant pathway Glutathione S-Transferase OS=Caenorhabditis elegans OX=6239 GN=gst-20 

PE=1 SV=1 

Q09590|Q09590_CAEEL Oxidoreductase  NADPH--cytochrome P450 reductase OS=Caenorhabditis elegans OX=6239 

GN=emb-8 PE=1 SV=1 

sp|Q11190|ETFD_CAEEL Electron transport chain Electron transfer flavoprotein-ubiquinone oxidoreductase, mitochondrial 

OS=Caenorhabditis elegans OX=6239 GN=let-721 PE=3 SV=2 

sp|G5ECU1|SKR1_CAEEL Neurogenesis Skp1-related protein OS=Caenorhabditis elegans OX=6239 GN=skr-1 PE=1 

SV=1 
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Appendix Table A2 Predicted downstream targets of miRNA in PNGF and PHNP group of C. elegans 

Downstream mRNA targets of miRNAs in PNGF and PHNP 

group of C.elegans 

Panther protein class 

ZK688 Ion channel 

K10D3 Transmembrane signal receptor 

fust-1 RNA metabolism protein 

F52F10 Acyltransferase 

F09B12 Apolipoprotein 

C48E7 DNA-directed RNA polymerase 

ZK688 Glycosyltransferase 

F44E5 Hsp70 family chaperone 

K07H8 RNA splicing factor 

camt-1 DNA-binding transcription factor 

T24H10 Chaperone 

T06D8 Peroxidase 

F54D1 Ion channel 

F35G2 Hydrolase 

F01G4 DNA helicase 

F21D5 Mutase 

W03C9 Small gtpase 

C08G9 Protease inhibitor 

F41C3 Lipase 

C52E4 RNA processing factor 
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C48E7 Basic leucine zipper transcription factor 

B0336 G-protein 

C06E7 G-protein coupled receptor 

Y71F9AL Isomerase 

F42A10 Metalloprotease 

Y74C9A Methyltransferase 

F59F4 Oxidoreductase 

F42A10 Methyltransferase 

C48E7 Ion channel 

C16A3 Oxidoreductase 

T26A5 Oxidoreductase 

T27F7 Glycosyltransferase 

Y71F9AL Protein phosphatase 

B0303 Methyltransferase 

F26B1 Transporter 

C06A8 Transmembrane signal receptor 

T22B11 Transferase 

R12E2 Scaffold/adaptor protein 

ndk-1 Kinase 

F33G12 Membrane traffic protein 

K10D3 General transcription factor 

R151 Hsp90 family chaperone 

C06E1 Transmembrane signal receptor 
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paqr-1 G-protein coupled receptor 

B0336 Scaffold/adaptor protein 

C06E1 Oxidase 

F42A10 Translation elongation factor 

B0393 Ribosomal protein 

C25F6 Dehydrogenase 

F26B1 Transmembrane signal receptor 

sqv-7 Secondary carrier transporter 

C16A3 Transcription cofactor 

C03C10 Reductase 

C53A3 Phosphatase 

C06E1 Transferase 

T23G7 RNA metabolism protein 

F21F3 Protein modifying enzyme 

C05C10 Phosphatase 

T10B10 Glycosyltransferase 

C52E4 Cysteine protease 

C16A3 Zinc finger transcription factor 

R107 Intercellular signal molecule 

hpo-8 Dehydratase 

ZK686 C2H2 zinc finger transcription factor 

C15H9 G-protein coupled receptor 

F58H1 Glycosidase 
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C03C10 Non-receptor serine/threonine protein kinase 

K11H3 Ion channel 

C34F6 Ubiquitin-protein ligase 

C05D11 Oxidoreductase 

F29B9 Ubiquitin-protein ligase 

B0252 Transmembrane signal receptor 

R12E2 Transferase 

F09B12 Phospholipase 

nstp-2 Secondary carrier transporter 

pkg-2 Non-receptor serine/threonine protein kinase 

R151 DNA metabolism protein 

AH9 Exoribonuclease 

F40E10 Calcium-binding protein 

F59F4 Chaperone 

C18E9 Primary active transporter 

F28H6 Transaminase 

W06H8 G-protein coupled receptor 

R12E2 Structural protein 

C56G2 Non-receptor serine/threonine protein kinase 

F41C3 Ligase 

C06E1 C2H2 zinc finger transcription factor 

F21C10 Structural protein 

C33A11 Scaffold/adaptor protein 
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C25F6 Non-receptor tyrosine-protein kinase 

B0336 Ribosomal protein 

D1081 Small GTPase 

C03C10 Non-receptor serine/threonine protein kinase 

C18E9 Extracellular matrix protein 

ZK686 Glycosyltransferase 

C16A3 Ribosomal protein 

F35G2 Protein modifying enzyme 

F22D3 Cysteine protease 

ZK686 RNA helicase 

Y71F9AL DNA metabolism protein 

F46G10 Basic helix-loop-helix transcription factor 

F55A11 Acyltransferase 

F26A3 RNA metabolism protein 

F26A3 Lipase 

C34F6 Transferase 

T06D8 Lyase 

K11H3 Transporter 

R107 Dehydratase 

guk-1 Kinase 

C28H8 Microtubule binding motor protein 

F58H1 Peptide hormone 

T05G5 Non-receptor serine/threonine protein kinase 
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B0393 Gtpase-activating protein 

F42H10 Esterase 

erfa-3 Translation factor 

ZK470 Transporter 

C05D11 Protein-binding activity modulator 

C15H9 G-protein coupled receptor 

T10B10 Metalloprotease 

C03C10 Scaffold/adaptor protein 

sams-3 Nucleotidyltransferase 

C16A3 RNA metabolism protein 

F28H6 Actin or actin-binding cytoskeletal protein 

C28H8 RNA helicase 

R05D3 Oxidoreductase 

R12E2 Gap junction 

T05H10 Endodeoxyribonuclease 

ZK686 RNA processing factor 

C37H5 Hsp70 family chaperone 

C16A3 Protein phosphatase 

K07B1 Oxygenase 

R05D3 Histone modifying enzyme 

F21F3 Oxygenase 

B0303 Ribosomal protein 

T23G7 DNA-binding transcription factor 
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K11H3 Ribosomal protein 

dmsr-7 Transmembrane signal receptor 

Y71F9AL Actin and actin related protein 

F01G4 DNA metabolism protein 

mvk-1 Carbohydrate kinase 

nkb-3 Primary active transporter 

C06A8 Ubiquitin-protein ligase 

F13H6 Hydrolase 

C05D11 Isomerase 

C05C10 Phosphatase 

R06C1 Histone modifying enzyme 

R107 Transferase 

R12E2 Ribosomal protein 

F22H10 Non-receptor serine/threonine protein kinase 

acp-6 Phosphatase 

F56D2 Scaffold/adaptor protein 

F37B12 Ligase 

B0041 Ribosomal protein 

K08D12 Protease 

B0393 Extracellular matrix structural protein 

R12E2 Gap junction 

C56G2 Protease inhibitor 

Y71F9AL Non-receptor serine/threonine protein kinase 
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R12E2 Translation initiation factor 

F36D4 Membrane traffic protein 

C14C10 Mitochondrial carrier protein 

T26A5 DNA metabolism protein 

F26A3 Ion channel 

K08D12 Gtpase-activating protein 

T10B10 Membrane trafficking regulatory protein 

F47D12 Scaffold/adaptor protein 

F21F3 Transporter 

kcnl-2 Voltage-gated ion channel 

C05D11 Ribosomal protein 

egg-6 Scaffold/adaptor protein 

C15H9 Dehydrogenase 

asns-2 Ligase 

F55A11 SNARE protein 

T12G3 Ribosomal protein 

F10D7 Oxidoreductase 

F02A9 Ligase 

K03A11 Homeodomain transcription factor 

acs-22 Secondary carrier transporter 

T13C2 Protein phosphatase 

C15H9 Hydrolase 

T06D8 Chaperone 
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C34F6 Dehydrogenase 

F21D5 Endoribonuclease 

ZC190 Membrane trafficking regulatory protein 

idhb-1 Dehydrogenase 

T28D9 Ion channel 

K07B1 Secondary carrier transporter 

ZK484 Phosphatase 

Y71F9AL RNA methyltransferase 

Y74C9A Peroxidase 

R151 Ribosomal protein 

AH9 G-protein coupled receptor 

C05D11 Membrane traffic protein 

F10D7 Secondary carrier transporter 

C28H8 Membrane trafficking regulatory protein 

R151 Primary active transporter 

D1081 Small gtpase 

F10D7 G-protein coupled receptor 

R148 Structural protein 

C48E7 Structural protein 

C29H12 Non-receptor serine/threonine protein kinase 

T05H10 Cysteine protease 

K07H8 Chaperone 

F59F4 Acyltransferase 
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Y71F9AL Microtubule binding motor protein 

B0303 Acyltransferase 

K07H8 Acetyltransferase 

C56G2 RNA methyltransferase 

F21C10 Transmembrane signal receptor 

C46C11 Cytoskeletal protein 

R05D3 ATP synthase 

C48E7 Acyltransferase 

C10E2 Transporter 

C56G2 Transferase 

C05C10 Transferase 

ZK484 Protein phosphatase 

ZC395.10 Chaperone 

F13H6 Transmembrane signal receptor 

R12E2 Protein phosphatase 

C16A3 RNA metabolism protein 

C29H12 Aminoacyl-trna synthetase 

T06D8 Protease 

F21D5 Ribosomal protein 

T24H10 General transcription factor 

B0303 Membrane trafficking regulatory protein 

F29B9 Oxidoreductase 

R05D3 RNA processing factor 
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K02E10 Non-receptor serine/threonine protein kinase 

C48E7 RNA metabolism protein 

R151 Chaperone 

F55A11 Ubiquitin-protein ligase 

F56D2 Ubiquitin-protein ligase 

ZK688 Hydrolase 

C52E4 Protease 

F26B1 Winged helix/forkhead transcription factor 

AH9 G-protein coupled receptor 

Y71F9AL Vesicle coat protein 

T26A5 Glycosyltransferase 

F54D1 RNA splicing factor 

F56D2 Ubiquitin-protein ligase 

F40E10 HMG box transcription factor 

R05D3 Microtubule binding motor protein 

C06E1 RNA helicase 

F02A9 Endoribonuclease 

F22F7 Transferase 

T26A5 Microtubule or microtubule-binding cytoskeletal 

protein 

F29B9 Protein modifying enzyme 

F40E10 Metalloprotease 

C05D11 Metalloprotease 
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F55A11 Membrane traffic protein 

T27F7 Membrane traffic protein 

F09B12 Non-receptor serine/threonine protein kinase 

C34F6 Cysteine protease 

T05G5 Hydratase 

T05G5 Basic helix-loop-helix transcription factor 

F41D9 Transporter 

B0393 Apolipoprotein 

T10B10 Ion channel 

R04E5 Ion channel 

F29B9 Ribosomal protein 

F09B12 Protein modifying enzyme 

T24H10 Microtubule or microtubule-binding cytoskeletal 

protein 

T24B8 Basic helix-loop-helix transcription factor 

T24B8 Membrane traffic protein 

C18E9 Oxidoreductase 

sqv-5 Glycosyltransferase 

T26A5 ATP-binding cassette (ABC) transporter 

F21D5 RNA metabolism protein 

W06H8 Oxidoreductase 

C05D11 Growth factor 
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F26F12 Chromatin/chromatin-binding, or -regulatory 

protein 

B0252 Phosphodiesteras 

F21F3 Ligand-gated ion channel 

C05D11 Endoribonuclease 

C06A8 Scaffold/adaptor protein 

R151 Phosphatase 

F41D9 Gtpase-activating protein 

R05D3 Transmembrane signal receptor 

ZC449 Dehydratase 

R06C1 Acyltransferase 

F26B1 Protein phosphatase 

T06D8 Phosphatase 

F21C10 Transmembrane signal receptor 

F56D2 Ubiquitin-protein ligase 

F46G10 Histone modifying enzyme 

F41C3 Serine protease 

C18E9 Calmodulin-related 

F21F3 Non-receptor serine/threonine protein kinase 

F40E10 Transporter 

B0336 General transcription factor 
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A B S T R A C T   

Neurodegenerative disorders (ND), associated with the progressive loss of neurons, oxidative stress-mediated 
production of reactive oxygen species (ROS), and mitochondrial dysfunction, can be treated with synthetic 
peptides possessing innate neurotrophic effects and neuroprotective activity. Computational analysis of two 
small synthetic peptides (trideca-neuropeptide, TNP; heptadeca-neuropeptide, HNP) developed from the nerve 
growth factors from snake venoms predicted their significant interaction with the human TrkA receptor (TrkA). 
In silico results were validated by an in vitro binding study of the FITC-conjugated custom peptides to rat 
pheochromocytoma PC-12 cell TrkA receptors. Pre-treatment of PC-12 cells with TNP and HNP induced neu-
ritogenesis and significantly reduced the paraquat (PT)-induced cellular toxicity, the release of lactate dehy-
drogenase from the cell cytoplasm, production of intracellular ROS, restored the level of antioxidants, prevented 
alteration of mitochondrial transmembrane potential (ΔΨm) and adenosine triphosphate (ATP) production, and 
inhibited cellular apoptosis. These peptides lack in vitro cytotoxicity, haemolytic activity, and platelet- 
modulating properties and do not interfere with the blood coagulation system. Functional proteomic analyses 
demonstrated the reversal of PT-induced upregulated and downregulated metabolic pathway genes in PC-12 cells 
that were pre-treated with HNP and revealed the metabolic pathways regulated by HNP to induce neuritogenesis 
and confer protection against PT-induced neuronal damage in PC-12. The quantitative RT-PCR analysis 
confirmed that the PT-induced increased and decreased expression of critical pro-apoptotic and anti-apoptotic 
genes had been restored in the PC-12 cells pre-treated with the custom peptides. A network gene expression 
profile was proposed to elucidate the molecular interactions among the regulatory proteins for HNP to salvage 
the PT-induced damage. Taken together, our results show how the peptides can rescue PT-induced oxidative 
stress, mitochondrial dysfunction, and cellular death and suggest new opportunities for developing neuro-
protective drugs.   

1. Introduction 

Neurodegeneration, an age-related disorder, occurs as a progressive 
loss of neurons or from the neuronal failure to transmit signals [1]. 
Parkinson’s disease (PD) is the second most common neurodegenerative 
disorder after Alzheimer’s disease (AD) [2,3]. PD is characterized by 

α-synuclein aggregation and progressive dopaminergic (DAergic) 
neuronal degeneration in the substantia nigra leading to impaired motor 
control, rigidity, tremors, postural instability, and slow movement of the 
patient [4–6]. Studies have reported that in the nigrostriatal system, 
axons become damaged before the degeneration of dopaminergic neu-
rons, which results in the loss of synaptic communications [7]. Although 
PD is primarily an age-related neurological disorder, it is often 
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associated with exposure to toxic components of pesticides such as 
paraquat (PT) and rotenone (RT) that affect the mitochondrial respira-
tory chain and cause mitochondrial membrane depolarization, with an 
increase in oxidative stress and subsequent cell death [8–10]. Conse-
quently, PT has been used extensively to induce PD in model organisms 
to investigate the in vivo mechanism of PT-induced neurodegeneration 
and the possible prevention by the therapeutic agents [11–14]. 

The effective treatment against PD is administration of levodopa (a 
dopamine precursor), which is enzymatically catalyzed to active dopa-
mine in the brain by dopamine carboxylase [15]. Further, prolonged use 
of dopamine agonists like pramipexole (Mirapex), rotigotine (Neupro), 
and ropinirole (Requip) [15], tends to reduce their efficacy and lead to 
several adverse effects [6,16]. Thus, an urgent need exists to discover 
alternative drugs that can improve the management and prevention of 
PD [16]. 

Neurotrophins, a group of endogenous soluble proteins, are defined 
as growth factors that profoundly influence the development of the 
nervous system of vertebrates. In 1954, nerve growth factor (NGF) was 
discovered in mouse sarcomas 180 and 37 as a neurotrophic factor 
important for survival and maintenance of the nervous system [17,18]. 
Subsequently, several studies highlighted the functional importance of 
NGFs purified from diverse sources including snake venom [19–21]. To 
elicit neuritogenesis, NGF binds to two common NGF receptors, the p75 
neurotrophin receptor (p75NTR) and the tropomyosin receptor kinase A 
(TrkA) receptor [20–22], with low affinity (Kd = 10− 9 M) and medium 
to high affinity (Kd = 10− 10 M to 10− 11 M), respectively [23,24]. 
Binding of neurotrophins to Trk receptor generates its dimerization 
followed by auto phosphorylation of intracellular tyrosine residues 
guiding to the activation of cascades of events through two adaptor 
proteins viz. Src and Shc. The cellular signaling pathways activates the 
Ras-induced mitogen-activated protein kinase (MAPK) pathway, phos-
phatidyl inositol 3-kinase (PI3K) stimulation of protein kinase B (Akt), 
and phospholipase Cγ(PLCγ)-dependent production of inositol 1,4, 

5-triphosphate (IP3), and diacylglycerol (DAG) [25,26]. The p75NTR 

emerges to be the principal component in mediating the 
pro-neurotrophin signalling (converting precursors to mature neuro-
trophins) and also an antagonistic mode to Trk receptor [27]. The 
neurotrophins and Trk interaction results in cell survival, whereas the 
interaction of p75NTR with neurotrophins precursor leads to cell death by 
apoptosis [28]. 

Due to the prominent role of neurotrophin NGF in neuronal devel-
opment, the systemic administration of such exogenous molecules has 
been proposed as treatment for various neurodegenerative diseases such 
as AD and PD [29–31]. Nevertheless, despite its high therapeutic po-
tential, the therapeutic application of native NGF is limited by its poor 
pharmacological properties, marginal permeability across the 
blood-brain barrier (BBB), short half-life, activation of multiple re-
ceptors, and pleiotropic effects [25,32,33]. The search for small 
NGF-like molecules that can overcome such limitations is underway. 

Snake venoms are a mixture of peptides and proteins with various 
biological and therapeutic roles [34,35]. NGF, a low molecular mass 
(17–20 kDa for glycosylated NGF and 7–13 kDa for non-glycosylated 
NGF) non-enzymatic protein present in snake venom in a compara-
tively low proportion, has been isolated and characterized [20,21,36, 
37]. Apart from the conventional NGF, the non-conventional NGF from 
Indian cobra (Naja naja) venom has also been characterized [21]. The 
conventional and non-conventional snake venom NGFs (SV NGF) that 
target neurotrophin TrkA receptors [20,21,38] might be clinically 
applied as a drug prototype in treating neurodegeneration, including PD 
[39]. Their structural stability, small size, and target sensitivity make 
them powerful tools to conquer the limitations in using endogenous 
neurotrophins as therapeutic agents [20,21,39]. Furthermore, the 
non-enzymatic proteins of SV origin might be improved to elevate 
resistance to enzymatic degradation, potency, bioavailability, and 
permeability to the BBB [33,39–41]. Nevertheless, purification of NGFs 
from snake venom is a costly and tedious job and the scarcity of venom is 
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another hurdle to purifying a sufficient quantity of NGF. Therefore, we 
hypothesize that synthetic custom peptides derived from the TrkA re-
ceptor binding region of the SV NGFs [20,21,38] might also induce the 
same neurotrophic effect as their parent molecules and might act as 
bioactive drugs. 

By computational analysis, we designed two custom peptides 
inspired from snake venom neurotrophin molecules [20,21,38]. The 
neurotrophic potency of the synthetic peptides was assessed in a rat 
pheochromocytoma cell line (PC-12), and we determined their thera-
peutic potency to inhibit PT-induced toxicity, involving oxidative stress, 
mitochondrial dysfunction, and apoptotic cell death. We advocate those 
future therapeutic applications of these peptides for preventing and 
treating neurological disorders such as PD and AD holds good promise. 

2. Materials and methods 

2.1. Materials and reagents 

Custom peptides trideca-neuropeptide (TNP) and heptadeca- 
neuropeptide (HNP) and fluorescein isothiocyanate (FITC)-conjugated 
peptides were synthesized by S Biochem, Thrissur, Kerala, India. Mouse 
2.5-S-nerve growth factor (NGF) was obtained from Sigma Aldrich, USA 
(N6009), USA. Dulbecco’s Modified Eagle Medium (DMEM), Eagle’s 
Minimum Essential Medium (MEM), trypsin, and heat-inactivated fetal 
bovine serum (FBS) was purchased from Gibco™ (USA). The rat adrenal 
phaeochromocytoma (PC-12) cell line (initial passage number 8) (CRL- 
1721™) was procured from the American Type Culture Collection 
(ATCC), USA. Rat myoblast or myogenic cells (L6) (initial passage 
number 18), human breast adenocarcinoma cells (MDA-MB-231) (initial 
passage number 16), and Michigan Cancer Foundation-7 (MCF7) cells 
were obtained from the National Centre for Cell Science (NCCS), Pune, 
India. The specification sheets provided by NCCS and ATCC stated the 
authenticity for the microbial contamination-free cell lines that we 
procured from them. During the experimental plan, each cell line was 
subjected to 5–6 or more passages. All chemicals were of analytical 
grade from Sigma, Merck, HiMedia, Invitrogen, and Thermo Fisher 
Scientific USA. The Annexin V-FITC/propidium iodide (PI) apoptosis 
detection kit (CST, 6592) and anti-TrkA antibodies were procured from 
Cell Signaling Technology, USA (CST, 2505S), and the MitoProbeTM JC- 
1 assay kit (Catalog No.M34152), and the CyQUANT™ LDH cytotoxicity 
assay kit (Catalog No. C20300) was purchased from Invitrogen, USA. 

2.2. Predicting the binding affinity of synthetic peptides to different 
domains of human TrkA receptors by in silico analysis 

The cheminformatic parameters such as mass, isoelectric point, net 
charge, hydrophobicity, etc. of the peptides were computed using the 
PepDraw server [42]. The peptide sequences were converted to PDB 
structures, and their dynamics and conformations were studied using 
molecular dynamic simulations for 100 ns. Simulations were carried out 
in GROMACS v2022.2 with the CHARMM36 (v 2021) force field. The 
periodic boundary was set as a dodecahedron with a 1.5 Å buffer region. 
Peptide structures were first minimized in a vacuum using 5000 steps of 
the steepest descent algorithm. The system was solvated using the 
transferable intermolecular potential with a three-points water model 
(TIP3P), and 0.15 M sodium chloride ions were added till neutralized. 
The system was equilibrated using NVT (canonical) and NPT (iso-
baric-isothermal) ensembles in 300 K and 1.0133 bar. Temperature 
coupling was done using the v-rescale (Berendsen) method and pressure 
coupling was done using c-rescale [43] and integrated using a leap frog 
algorithm. Before the production MD run, the position restraints were 
released following three NPT equilibration runs. The trajectory was 
studied for root mean square deviation (RMSD), radius of gyration, 
hydrogen bonding, secondary structure of the peptides, and thermody-
namic properties. From the trajectory frames, an average structure of the 
peptide was derived in a PDB format and used in the subsequent 

analysis. 
A molecular docking study was conducted to predict the binding 

affinity of custom peptides with the TrkA receptor. Crystal structures of 
human TrkA (UniProtKB - P04629) domains were obtained from Protein 
Data Bank (PDB) with entry viz. 2IFG (extracellular domain), and 5JFX 
(cytoplasmic domain). The structures were prepared using the protein 
preparation wizard of the Schrodinger suite (Schrodinger Inc. USA). 
Briefly, water and hetero atoms were removed, and missing residues and 
side chains were filled and corrected for alternate positions of the resi-
dues. The docking was carried out using a peptide dock module with the 
molecular mechanics/generalized born surface area (MM-GBSA) scoring 
method. The receptor grid was generated from centroid residues so that 
the grid box could occupy the whole protein domain and the peptide 
sequences were then added individually to output the ten best poses for 
each domain. 

Molecular dynamic simulations were carried out using Schrodinger 
Desmond (Academic version, v.2022). The simulation system was 
comprised of the docked peptide complex, solvent, and salts. The TIP3P 
water model was used as a solvent within an orthorhombic boundary 
condition with a 10 Å buffer region. NaCl (0.15 M) was added to the 
system, which was neutralized using the required number of Na+ or Cl- 

ions. The system was equilibrated with NVT and NPT ensembles at 300 K 
and 1 bar. The reversible reference system propagator algorithms 
(RESPA) were used as an integrator (at 2 fs time-steps) of Newtonian 
dynamics with a column cut-off radius of 1.5 Å. A Nose Hoover chain 
thermostat and Martyna Tobias Klein barostat were used with isotropic 
coupling at 1 ps and 2 ps relaxation times. Relaxation of the system was 
done using the default, which provided a relaxation protocol followed 
by a production MD run for 300 ns. The energy and trajectory were 
recorded at every 0.5 ps and analyzed using the simulation interaction 
diagram module of Schrodinger Maestro. The binding free energies of 
the simulation trajectory complexes were calculated using the MM- 
GBSA method. 

2.3. Solid-phase synthesis and biophysical characterization of the custom 
peptides 

The solid-phase peptide synthesis was done using Fmoc protocols for 
the esterification of amino acid to the wang resin followed by a coupling 
reaction [39]. The peptide was then detached from the resin and isolated 
using cold diethyl ether. The purity and molecular mass of the peptides 
were ascertained by mass spectrometry analysis in a single quadrupole 
mass spectrometer (Shimadzu LC-MS 2020, Japan) via positive elec-
trospray ionization (ESI). The biophysical properties of the peptides 
were then calculated in an online peptide property calculator (https://p 
epcalc.com/). The secondary structures of the peptides were also 
determined by circular dichroism (CD) spectroscopy (Jasco J715 spec-
tropolarimeter, Japan) following our previously described procedure 
[44]. CDPRO CLUSTER software was used to determine the secondary 
structures of the peptides. 

2.4. Cell growth and maintenance 

Mammalian cells, viz. PC-12, L6, and MDA-MB-231 were grown and 
maintained with a complete medium comprising of DMEM containing 
1% antibiotic solution (GIBCO™) and 10% heat-inactivated FBS 
(GIBCO™) and in 75 cm2 tissue culture flasks at 37 ◦C in a humidified 
incubator with 5% CO2. MCF-7 cells were maintained in MEM con-
taining 10% FBS and 0.01 mg/mL insulin. The cells were re-suspended 
in medium every 2–3 days and sub-cultured after reaching confluence 
[20,21,38]. 

2.5. Assessing the binding of FITC-conjugated custom peptides to TrkA 
receptor-expressing mammalian cells 

Custom peptides were synthesized by S Biochem, Thrissur, Kerala, 
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India following the previously described protocol with slight modifica-
tions [20]. Briefly, fresh FITC reagent was prepared (1 mg/mL) in 
DMSO, was added to the resin, and incubated in the dark for 2 h at 4 ◦C. 
The resin was washed with dimethylformide; then standard peptide 
cleavage protocol was performed. Spectrofluorometric interactions be-
tween the FITC-conjugated peptide and TrkA receptors were determined 
in mammalian cells expressing TrkA receptors, such as PC-12, MCF7, 
and MDA-MB-231 cells, and in non-TrkA receptor-expressing L6 cells 
(negative control) following the procedures that were previously 
described [20,21,38]. The PC-12, MCF7, MDA-MB-231, and L6 cells (1 
× 104 cells per well in 96-well plates) were incubated with the 
FITC-conjugated peptides (2 μg/mL) at different time intervals (from 
0 to 360 min) at 37 ◦C in a humidified incubator with 5% CO2 (in 
triplicates). Cells were washed with 1X phosphate buffered saline (PBS), 
pH 7.4 for three times, and then fixed in 4% formaldehyde-PBS solution 
(pH 7.2) for 15 min at room temperature (~23 ◦C). The fluorescence 
intensities were recorded at 519 nm (ʎem~519 nm; [excitation wave-
length was 488 nm (ʎex ~488 nm)] using a multimode plate reader 
(Varioskan Flash, Thermo Scientific, USA). The fluorescence intensity of 
cells treated with 0.1% dimethyl sulfoxide (DMSO) was used as a 
baseline, to which other values were compared. 

Similarly, the PC-12 cells (1 x 104 cells) were incubated with graded 
concentrations (40 nM–800 nM) of FITC-conjugated peptides at 37 ◦C in 
a humidified incubator with 5% CO2 (in triplicates). The fluorescence 
intensities were recorded at 519 nm using a multimode plate reader 
(Varioskan Flash, Thermo Scientific, USA). A hyperbola curve was 
plotted for change in λmax (Δ λmax) against the concentrations (nM) of 
custom peptides with PC-12 cells expressing TrkA receptor and the 
equilibrium dissociation constant (Kd) value was determined using 
GraphPad Prism 8.1.1 software. 

In an another study, the interaction between FITC-conjugated pep-
tide and TrkA receptors was confirmed by fluorescence microscopic 
image analysis in MCF7, and MDA-MB-231 cells, and in non-TrkA re-
ceptor-expressing L6 cells (negative control) as previously described 
[21]. The cells were incubated with FITC-peptides with MCF7, 
MDA-MB-231, and L6 (negative control) cells with or without TrkA re-
ceptor inhibitor K252a (100 nM) for 120 min (TNP) and 30 min (HNP) at 
37 ◦C in CO2 incubator. After incubation, cells were washed with 1X PBS 
(pH 7.4) and fixed with 4% formaldehyde, then the cells were mounted 
on a cover slip and photographed under a fluorescent microscope 
(Olympus IX 83, Japan) at 40× magnification attached with a CCD 
camera. 

2.6. Assessing the in vitro cell cytotoxicity of the custom peptides 

For the cell viability assay, MCF7 cells, PC-12 cells, and myoblast 
cells isolated from L6 cells (0.1 x 105) were grown in 96-well plates at 
37 ◦C, 5% CO2, as described by us [45]. Different concentrations of the 
custom peptides (500 ng/mL to 2 μg/mL) were then added to the wells 
(in triplicates) and cell viability was assessed after 24 h of incubation by 
the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT)-based method. The release of lactate dehydrogenase (LDH) from 
the treated cells was compared to control cells. The custom 
peptide-induced cytotoxicity, if any, was expressed as percent cell 
viability, which was determined by the viability percentage of control 
cells (control cells were considered to be 100% viable) and LDH released 
from the triton-X-treated cells (considered to be 100% enzyme release) 
[45]. Cellular LDH release was measured using the CYQUANT™ LDH 
cytotoxicity assay kit (Invitrogen, C20300) according to the instruction 
manual [46]. 

2.7. In vitro effect of custom peptides on the mammalian haematological 
system 

For the plasma clotting assay, goat blood was collected from a 
slaughterhouse in 3.8% trisodium citrate (9:1). The citrated blood was 

centrifuged at 4300 rpm for 15 min at 4 ◦C. The yellowish supernatant 
(the platelet-poor plasma, PPP) was used within 4 h to determine the 
plasma clotting activity [44,47]. One unit of pro-coagulant (or antico-
agulant) activity was defined as a decrease (or increase) of 1 s in the 
clotting time of the PPP that was incubated with test samples (5 μg/mL), 
in comparison to the control PPP (1X PBS, pH 7.4). 

The hemolytic activity of goat blood erythrocytes was assayed as 
described previously [44,47]. Two millilitres of a 5% red blood cells 
suspension (goat blood) were incubated with each custom peptide (1 
μg/mL)/1X PBS (negative control)/Triton X-100 (20 μL) (positive con-
trol) at 37 ◦C for 3 h. The reaction mixture was then centrifuged at 4000 
rpm for 10 min and 200 μL of the supernatant was put into a 96-well 
microtiter plate. The absorbance at 540 nm was measured and the 
percent hemolytic activity was calculated as stated previously [44,47]. 

Platelet-rich plasma (PRP) was isolated from citrated goat blood as 
described previously [44,47]. For assessing the platelet 
aggregation/de-aggregation properties of the custom peptides, the 
peptides (TNP, HNP, 1 μg/mL) were mixed with the PRP and the 
absorbance at 540 nm was measured for 30 min at 30 s intervals in a 
spectrophotometer (Multiskan GO, Thermo Scientific, USA). Percent 
aggregation/de-aggregation of the platelets was calculated for the 
treated samples in comparison to the control. 

2.8. Assessing the neuritogenesis properties of custom peptides in PC-12 
cells and the effects of chemical inhibitors on their neuritogenesis potency 

For the neurite outgrowth bioassay, PC-12 cells were used as an in 
vitro model [20,21,38,39]. PC-12 cells are clonal cells that are derived 
from stem cells of rat pheochromocytoma expressing TrkA receptors and 
p75NTR, and thus, are recommended as a useful model system for 
neuronal differentiation [20,21,38,48]. The neuritogenesis assay was 
adopted from our previous study [20,21,38]. Cells (1.0 x 105 cells/well) 
were seeded in six-well plates (in triplicates) and kept overnight at 37 ◦C 
in an incubator maintained with 5% CO2 to allow the cells to adhere to 
the surface. The next day, the complete medium (DMEM) containing 
100 ng/mL mouse 2.5S-NGF (positive control)/custom peptide (12.5 
ng/mL to 100 ng/mL)/1X PBS, pH 7.4 (negative control) was added to 
the wells and the plates were incubated at 37 ◦C in 5% CO2 for 14 days. 
The old media was replenished with fresh media at intervals of 72 h. 
Neurite outgrowth of the PC-12 cells was visualized under a 
phase-contrast microscope (Olympus IX 83, Japan) at 20× magnifica-
tion. The percentage of neurite-bearing cells and the average neurite 
length (in μm) were determined using MOTIC IMAGE PLUS 3.0 software. 
Cells were considered to be differentiated if they had at least one neurite 
with a length equal to or greater than the diameter of the cell body [20, 
21,38,39]. 

Cells were pre-incubated with a chemical inhibitor, such as TrkA 
receptor inhibitor K252a (100 nM)/inhibitor of phosphatidylinositol 3- 
kinase (PI3K) stimulation of protein kinase B (Akt) signaling pathways 
(PI3K/AKT), pathway LY294002 (30 nM)/inhibitor of mitogen- 
activated protein kinase (MAPK), pathway U0126 (10 nM), or anti- 
TrkA, TrkB, and anti-TrkC antibody (1:1000 in DMEM) for 1 h. Cells 
were then treated with or without the addition of 100 ng/mL (~71 nM) 
custom peptide/mouse 2.5 S-NGF (positive control, 100 ng/mL)/1X PBS 
(control), incubated for 14 days as above, and the average length of 
neurite outgrowth and the percentage of neurite-bearing cells were 
determined [20,21,38,39]. 

2.9. Assessing the protective role of custom peptides against the PT- 
induced cytotoxicity in PC-12 cells 

The cytotoxicity assay was performed as previously described [20, 
21,38,45]. In brief, PC-12 cells at a density of 1 × 104 cells/well were 
placed in a 96-well plate and then incubated in 5% CO2 to facilitate the 
attachment of the cells to the well. The cells were treated with various 
concentrations (1–30 mM) of PT or growth medium (control), and 
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incubated at 37 ◦C in 5% CO2 for 24 h. After 24 h, PT-induced cyto-
toxicity was determined by the MTT-based cytotoxicity assay [45]. A 
standard curve was generated from each concentration of paraquat, and 
the IC50 values were calculated from the regression analysis of growth 
curves of PC-12 cells in presence of PT. The protective role of TNP and 
HNP against PT-induced cytotoxicity (IC50 value was determined as 10 
mM) was determined by the MTT-based cytotoxicity assay [45]. Cells 
were pre-incubated/post-treated/co-treated with custom peptides 
(HNP/TNP)/mouse 2.5S-NGF (positive control) in an increasing 
concentration-dependent (12.5, 25, 100, 250 and 500 ng/mL; equiva-
lent to 18 nM–357 nM) and time-dependent (0.5, 1, 2, 4, and 6 h) 
manner. The percent cell viability for each group was calculated after 
24 h of PT incubation and each experiment was repeated three times. 

Assessing the protective role of custom peptides and their optimum 
dosages against the PT-induced cytotoxicity in PC-12 cells was also 
confirmed by quantitating the release of marker enzyme LDH from the 
treated cells. PC-12 cells were dispensed into a 96-well plate at a density 
of 1 × 104 cells/well. Cells were pre-treated with different concentra-
tions (25, 100, 250, and 500 ng/mL; equivalent to 36 nM–357 nM) of 
custom peptide HNP/TNP/NGF (100 ng/mL) as a positive control/ 
control (Triton X-treated) for 1 h (optimum time derived from the pre-
vious experiment) and followed by 10 mM PT (IC50 value) treatment for 
24 h (in triplicates). 

2.10. Flow cytometry analysis to determine PT-induced apoptotic cell 
death and its protection by custom peptides 

Apoptotic and necrotic cells were determined by Annexin-V binding 
and PI uptake studies. Annexin V has a high affinity for phosphati-
dylserine, which is translocated from the internal to the external surface 
of the cell membrane when PC-12 cells undergo apoptosis. Necrotic cells 
absorb PI as a result of the higher permeability of their damaged cell 
walls. 

Briefly, PC-12 cells were seeded on a 24-well culture plate, pre- 
treated with 100 ng/mL (~71 nM) custom peptide (HNP and TNP) for 
1 h, which was followed by the PT (10 mM) treatment for 24 h before 
being harvested. Cells were washed three times using PBS and centri-
fuged at 1200 rpm for 5 min, with the concentration being adjusted to 1 
× 105 cells/well [49]. Pellets were re-suspended in the 1X binding 
buffer, following the instructions of the manufacturer, and then incu-
bated for 5 min with Annexin V-FITC and PI at 4 ◦C in proportions 
mentioned in the Annexin V-FITC early apoptosis kit (Cell Signaling 
Technology, CST-6592). Fluorescence intensity was analyzed with flow 
cytometry (BD-FACS-Melody, USA, Melody multi-color analyzer cum 
high-speed cell sorter). Normal cells without any treatment were used as 
a control for fluorescence compensation adjustment to reduce the 
spectral overlap and establish the location of the cross gate. 

2.11. Determination of the effect of custom peptides in inhibiting the 
reactive oxygen species (ROS) production in PT-treated PC-12 cells by 
spectrofluorometric assay and flow cytometry analysis 

The ROS level in the PC-12 cells post-PT treatment was determined 
using the fluorogenic probe 2′,7′-dichlorofluorescein-diacetate 
(H2DCFDA) according to the procedure of Mukherjee et al. (2015) [45, 
50]. Briefly, PC-12 cells (1 × 106) at 70% confluence were cultured in 
24-well plates and kept overnight. Cells were pre-treated with different 
concentrations of custom peptides (12.5 ng/mL to 500 ng/mL, equiva-
lent to 18 nM–357 nM)/Vitamin C (10 μg/mL, positive control)/PBS for 
1 h, followed by treatment with PT (10 mM) for 12 h. Media was aspired 
out and cells were then washed with PBS and incubated with 10 μM 
H2DCFDA in the dark for 30 min at 37 ◦C. The cells were then washed 
twice with 200 μL PBS and incubated with 1% Triton X-100 (170 μL). 
The reaction was stopped by adding DMSO (130 μL). Cells were scraped 
and transferred to the black plate. Absorbance was measured at exci-
tation and emission wavelengths of 480 and 530 nm, respectively, using 

a microplate reader (in triplicates). The ROS production by PT-treated 
cells was considered 100% (baseline), to which other activities were 
compared. 

In another set of experiments, intracellular ROS levels generated 
post-PT exposure in PC-12 cells were measured by flow cytometry (BD- 
FACS-Melody, USA) analysis using H2DCFDA, according to the proced-
ure described by Mukherjee et al. (2015) [45]. Briefly, PC-12 cells were 
pre-treated with custom peptides (HNP and TNP) at different concen-
trations (12.5 ng/mL to 500 ng/mL, equivalent to 18 nM–357 nM) and 
Vitamin C (10000 ng/mL as the positive control) for 1 h, which was 
followed by PT incubation for 12 h. The adherent and non-adherent cells 
were collected and washed twice with PBS (pH 7.4). The cells were then 
incubated with 10 μM H2DCFDA at 37 ◦C for 30 min in the dark, which 
was followed by washing twice with chilled PBS. The fluorescence in-
tensities of 2′,7′-dichlorodihydrofluorescein (DCF) produced by intra-
cellular ROS were analyzed by flow cytometry with excitation and 
emission at 480 and 530 nm, respectively. 

2.12. Determination of the effect of custom peptides on reducing the PT- 
induced depolarization of mitochondrial membrane potential 

Changes in the mitochondrial transmembrane potential were deter-
mined with the Mito Probe™ JC-1 assay kit (Invitrogen, USA, Catalog 
number M34152) protocol. PC-12 cells were pre-treated with 100 ng/ 
mL (~71 nM) of a custom peptide (HNP/TNP) for 1 h, which was fol-
lowed by the PT (10 mM) treatment for 10 h at 37 ◦C, in 5% CO2 (in 
triplicates). After the treatment, cells were washed three times and 
incubated with 1 μg/mL JC-1 dye and incubated at 37 ◦C in a humidified 
CO2 incubator for 4 h. The PC-12 cells were then washed three times and 
images were captured at excitation and emission wavelengths of 490 nm 
and 530 nm, respectively to see the green fluorescence JC-1 monomers. 
For the red fluorescence J-aggregates, excitation and emission wave-
lengths were set at 525 nm and 590 nm, respectively under a confocal 
microscope (TCS SPE, Leica, Wetzlar, Germany). The fluorescence in-
tensities were measured using Image J software. Changes in the mito-
chondrial transmembrane potential were also analyzed by flow 
cytometry with the same JC-1 dye, as described in the previous section 
(Section 2.11). For flow cytometry analysis carbonyl cyanide m-chlor-
ophenyl hydrazone (CCCP, mitochondrial uncoupler) was used as a 
positive control. 

2.13. Determination of the effect of custom peptides on the restoration of 
PT-induced cellular and nuclear morphological changes in PC-12 cells 

To study the cellular and nuclear morphological changes induced by 
PT, 1 mL of 1 × 106 PC-12 cells was seeded in a 24-well plate and 
allowed to adhere overnight at 37 ◦C. PT-induced nuclear damage in the 
PC-12 cells was observed by 4′,6-diamidino-2-phenylindole (DAPI) 
staining [45,51]. Briefly, after the above-mentioned pre-treatment with 
custom peptides (100 ng/mL, equivalent to ~71 nM), the cells were 
collected, washed in PBS, and then fixed in 1% formaldehyde (in PBS) 
for 30 min at room temperature. After washing with 1X PBS, the cells 
were suspended in DMEM media and incubated with 5 μL of DAPI (1 
μg/mL) for 30 min at 37 ◦C. The cells were then washed with PBS, placed 
onto a glass slide, and observed under a fluorescence microscope at 40×
magnification. The percentage of dead cells was calculated in four 
randomly selected microscopic fields and the changes in cellular and 
nuclear morphology were compared to the untreated cells (control). 

2.14. DPPH free radical scavenging activity of custom peptides in in vitro 
condition 

DPPH radical-scavenging activity of custom peptides was measured 
as described by Ref. [52]. Briefly, in a 96-well plate, 100 μL peptide 
sample (25 ng/mL – 250 ng/mL)/vitamin C (10000 ng/mL, or 10 
μg/mL, positive control) was uniformly mixed with 100 μL of 0.2 mM 
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DPPH radical solution (dissolved with 95% ethanol) and incubated at 
room temperature for 30 min. Instantly, the absorbance of the solution 
was measured at 517 nm by a microplate reader (Varioskan Flash, 
Thermo Scientific, USA). The percentage of DPPH free 
radical-scavenging activity was determined as follows: 

DPPH radical scavenging activity (%)=

[

1 −
A1 − A2

A0

]

∗ 100  

where A0 signifies the absorbance of 95% ethanol (100 μL) (v/v) mixed 
with DPPH radical solution (100 μL) at 517 nm; A1 shows the absor-
bance of the peptide (100 μL) with DPPH radical solution (100 μL), A2 
denotes the absorbance of peptide solution (100 μL) with 95% ethanol 
(100 μL). This experiment was performed in triplicates to ensure 
reproducibility. 

2.15. Quantitative reverse transcription-polymerase chain reaction (qRT- 
PCR) analysis to determine the expression levels of pro- and anti-apoptotic 
genes in the PT-treated PC-12 cells and the effect of pre-treatment of 
custom peptides 

The procedure for qRT-PCR analysis of stress-related gene expression 
was adopted from our previous studies [53,54]. PC-12 cells were sub-
jected to different treatments at 37 ◦C: (a) 1X PBS (control) treated 
PC-12 cells (CT); (b) 10 mM PT (PT) treatment for 12 h; (c) 
pre-treatment with 100 ng/mL (~71 nM) custom peptide (TNP or HNP) 
or mouse 2.5S-NGF (positive control) (NGF) for 1 h followed by 10 mM 
PT treatment (PTNP, PHNP, and PNGF) for 12 h. Total RNA was isolated 
with a pure link RNA mini kit (Invitrogen, USA; Cat- 12183018A), and 
the purity and concentration (A260/A280) of the RNA were measured 
using a Nanodrop 2000C spectrophotometer (Thermo Scientific, USA). 
Reverse transcription was performed from 1 μg of the total RNA using a 
verso cDNA synthesis kit (Thermo Scientific, USA; Cat: AB-1453/A) 
according to the manufacturer’s protocol. The reaction was performed 
at 42 ◦C for 30 min and ended by incubation at 85 ◦C for 5 min. The 
qRT-PCR was done with SYBR Green (Bio-Rad, USA) to quantify the 
expression of pro-apoptotic genes, such as caspase-3, B-cell lymphoma 2 
(bcl-2), and heat shock protein function (hsp-70) (in triplicates) in a 
CFX96 Touch Real-Time PCR detection system (Bio-RAD, USA). The 
sequence of primers that were used in this experiment [55–58] is shown 
in Supplementary Table S1. 

2.16. Quantitative proteomic analysis comparing the expression of global 
proteins for PC-12 cells exposed to PT and cells pre-treated with custom 
peptides followed by the PT treatment 

Quantitative proteomics was used to identify and categorize proteins 
transformed by PT and compare their restoration by custom peptides in 
pre-treated PC-12 cells [38]. To compare the differential expression of 
cellular proteins, PC-12 cells were subjected to the following treatments 
(at 37 ◦C): (a) 1X PBS (control)-treated PC-12 cells (CT); (b) 10 mM PT 
(PT) treatment for 1 h; (c) pre-treatment with 100 ng/mL (~71 nM) 
custom peptide for 1 h followed by 10 mM PT treatment (PHNP) for 24 
h; and (d) treatment with 100 ng/mL (~71 nM) of custom peptide (HNP) 
for 1 h. Differentially treated PC-12 cells were collected and lysed 
separately in an RIPA buffer containing proteinase K inhibitor for 30 min 
on ice. The tissue lysate was sonicated and centrifuged at 13,000 rpm for 
20 min at 4 ◦C, and the protein concentration was estimated [59]. 
Briefly, 30 μg of the protein from the treated PC-12 cells was subjected to 
reduction with 10 mM dithiothreitol (DTT) and alkylation with 50 mM 
iodoacetamide (in the dark), which was followed by incubation with 
sequencing-grade trypsin (50 ng/μL in 25 mM ammonium bicarbonate 
comprising 10% acetonitrile) for 18 h at 37 ◦C [20,21,34,38,60]. The 
digested peptides were desalted and concentrated using ZipTip (Milli-
pore, USA), and then re-suspended in 20 μL of 0.1% (v/v) formic acid in 
2% acetonitrile. The 1 μL samples were exposed to 

nano-ultra-performance liquid chromatography-tandem mass spec-
trometer (UHPLC-MS/MS) analysis. ESI (nano-spray) was used as the ion 
source, collision-induced dissociation (y and b ions) was used as the 
fragmentation mode, FT-ICR/Orbitrap was used as the MS scan mode, 
with an MS/MS scan range of 500–2000 m/z being used as the linear ion 
trap. For the collision-induced dissociation (CID) MS/MS analysis, 
double or triple-charged ions were selected. 

For the data analysis, MS data protein were identified, quantitated, 
and analyzed using the Peak studio from the Sequest HT database search 
engine with a 1% false discovery rate (FDR) and two missed cleavage 
cut-off standards. The database search consisted of all entries from the 
Rattus norvegicus (Taxonomy ID: 10116) UniProt reference proteome 
database. Total protein level analysis was executed using 10 parts per 
million precursor ion tolerance. The product-ion tolerance used for the 
data evaluation was 0.05 Da. Oxidation of methionine residues 
(+15.995 Da) was kept as a variable amendment, whereas cysteine 
carbamidomethylation (+57.021 Da) was kept as a static modification. 
Peptide spectra matches (PSMs) were adjusted to have an FDR of 0.01. 
Relative abundances were calculated from the spectral intensity of the 
respective protein, and the fold change values of the relative abundances 
were also calculated. Protein-protein interaction (PPI) network analysis 
was carried out with Cytoscape 3.9.1. 

2.17. Statistical analysis 

All data was denoted as mean ± standard deviation (SD) of inde-
pendent triplicates. Significant differences between test and control 
values were analyzed with Student’s t-test in Sigma Plot 11.0 for Win-
dows (version 10.0). The significance of differences was analyzed for 
more than two groups with a one-way analysis of variance (ANOVA) in 
GraphPad Prism software. A p-value ≤0.05 was considered to be sta-
tistically significant. 

3. Results 

3.1. In silico analysis and biophysical characterization of TrkA receptor- 
binding custom peptides 

The sequence and biophysical properties of the TrkA receptor- 
binding custom peptides (TNP and HNP) are summarized in Supple-
mentary Table S2. Different domains of human TrkA were obtained from 
the PDB structures (Fig. 1A). Domain-3 of TrkA was characterized as an 
NGF-binding domain site (in humans) (Fig. 1A). Molecular docking 
revealed a high-affinity binding that formed a complex between the 
peptides (TNP and HNP) and TrkA domain-3 (Fig. 1B–C). Glide docking 
scores were found to be − 9.35 (TNP) and − 5.54 (HNP), and similarly, 
the MMGBSA binding energies (docked complex) were found to be 
− 77.77 (TNP) and − 68.03 (HNP) kcal/mol (Table 1). 

The stability of the docked domain-3 with the TNP/HNP complex 
was studied using molecular dynamic simulations for 300 ns. In all cases, 
the RMSD of the TrkA domain-3 backbone was found to be stable over 
the simulation trajectory. For TNP, the first 25–50 ns of simulation 
showed a higher degree of variation in RMSD with a stable complex 
being formed afterwards (Fig. 2A). Unlike the molecular docking results, 
the molecular dynamic simulations predicted a stable complex of HNP 
with domain-3 of TrkA (Fig. 2B), and the average MMGBSA binding 
energy of TNP and HNP were − 93.652 and − 106.998 kcal/mol, 
respectively. 

TNP interacted with five different amino acid residues of TrkA 
domain-3, and the interaction was stable up to 87% of the simulation 
time (Fig. 3A). The major TrkA domain-3 residues Arg273, Ser277, and 
Val198 participated in the interaction with Asp3, Gly11, and Gly12 TNP 
residues, respectively, and Glu275 of domain-3 interacted with Arg4, 
Cys5, and Ser6 of TNP (Fig. 3A). Nevertheless, HNP demonstrated the 
highest degree of stable interaction (i.e., up to 62% of the time) with 
seven different amino acid residues of TrkA domain-3 (Fig. 3B). The 
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major TrkA domain-3 residue Ser371 interacted with His1, Gly2, and Lys8 

residues of HNP. Leu290 of domain-3 interacted with Gly13 and Gly15 of 
TNP and the other domain-3 residues (Ala363, Ala370, Ser373, His291, and 
Ser304) participated in the interaction with HNP residues Ile6, Ile6, Thr11, 

Ala14, and Val16, respectively (Fig. 3B). 
HPLC chromatograms showed the purity of the synthetic peptides 

(single peaks within 8–12 min of retention time) (Supplementary Figs S1 
A-B). The ESI-mass spectrometry analysis also suggested the purity of 
the peptide preparations (Supplementary Figs S1 C-D). The CD spectrum 
of custom peptide TNP revealed that it was composed of α-helices 
(37.6%), random coils (30.9%), and turns (31.5%) with a characteristic 
minimum absorbance at 210 nm (Supplementary Fig. S2 A). The anal-
ysis of the CD spectrum of custom peptide HNP revealed that it was 
mainly composed of turns (100%) with characteristic maximum absor-
bances at 202 and 224 nm (Supplementary Fig. S2 B). 

Fig. 1. The in silico analysis of (A) Human TrkA receptor Chain A and B in complex with human NGF homodimer (PDB ID- 2IFG). The 3D model shows the interaction 
of TrkA with (B) TNP, and (C) HNP to form a ligand-receptor complex. The ball and stick structure represent peptide structure, and string model corresponds to TrkA 
receptor domain-3. 

Table 1 
Glide scores and molecular mechanics/generalized born surface area (MM/ 
GBSA) binding energy of custom peptides with domain 3 of NTRKA.  

Custom 
peptide 

Glide 
docking 
score 

MMGBSA binding 
energy (ΔG) (kcal/ 
mol) 

MMGBSA binding energy 
(ΔG) after simulation (kcal/ 
mol) 

TNP − 9.35 − 77.77 − 93.65 
HNP − 5.54 − 68.33 − 106.99  

Fig. 2. Molecular dynamic simulation of domain-3 backbone and custom peptides (A) TNP, (B) HNP shown in an RMSD (root mean square deviation) plot 
throughout the simulation trajectory for 300 ns. 
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3.2. The FITC-conjugated custom peptides showed exclusive binding to 
mammalian cells expressing the TrkA receptor but not to cells with TrkB or 
TrkC receptors 

The spectrofluorometric analysis of FITC-custom peptides showed a 
significant binding in a time-dependent manner to the TrkA receptor 
expressed in MCF7, MDA-MB-231, and PC-12 cells but not to L6 cells 
(devoid of extracellular TrkA receptors) (Fig. 4A). The fluorescence in-
tensity was found to be significantly higher (3–30-fold increase) in HNP 
and TNP-treated samples compared to the control L6 cells. In any case, 
the binding efficacy of the HNP peptide was significantly higher (p ≤
0.05) for MCF7 and PC-12 cells, compared to those of the TNP peptide. 
For the MDA-MB-231 cells, no significant difference was seen between 
the two peptides up to 60 min of incubation, though HNP had a higher 
binding efficacy in the incubations of 120, 240, and 360 min (Fig. 4A). 

The FITC-conjugated peptides also showed a significant increase (p 
≤ 0.05) in binding efficacies to PC-12 cells in a concentration-dependent 
manner (from 50 to 1000 ng/mL, equivalent to 40–800 nM) (Fig. 4B). 
The binding affinity of TNP and HNP towards the PC-12 cell line was 
expressed in Kd value and found to be 1.03 x 10− 11 and 0.80 x 10− 11 M, 
respectively (Fig. 4C). 

The binding of FITC-custom peptide to MCF-7 (Fig. 4D), and MDA- 
MB-231 (Fig. 4E) cells expressing TrkA receptor was evident by fluo-
rescence microscopic analysis; however, no fluorescence signal was 
detected in L6 cells (Fig. 4F). 

3.3. Custom peptide-induced neurite outgrowth and differentiation of PC- 
12 cells 

The TNP and HNP custom peptides did not demonstrate in vitro cell 
cytotoxicity (Fig. 5A–B and Supplementary Fig. S3) and showed negli-
gible haemolytic, platelet-modulating, and plasma-clotting activities 
(Supplementary Table S3). Phase-contrast microscopic images of neurite 
outgrowth in PC-12 cells 14 days post-treatment with custom peptides 
are shown in Fig. 6A–H. The average neurite length (μm) is represented 

by the box and whisker plot, which shows the variation for the different 
concentrations (12.5–100 ng/mL, equivalent to 18–71 nM) of peptide 
(TNP and HNP), compared to mouse 2.5S NGF (Positive control) 
(Fig. 6I). Both HNP and TNP and mouse 2.5S-NGF induced neurite 
outgrowth and differentiation in PC-12 cells to different extents 
(Fig. 6I–J). The custom peptides showed significant neurite outgrowth at 
a minimum concentration of 50 ng/mL (equivalent to 36 nM). The 
average neurite length, and the percentage of differentiated cells, was 
significantly higher (p ≤ 0.05) for TNP and HNP at the same concen-
tration (100 ng/mL, equivalent to 71 nM), compared to mouse 2.5S-NGF 
(positive control); however, no significant difference was seen between 
the TNP and HNP peptides. 

3.4. Chemical inhibition of TrkA receptor (K252a), PI3K/AKT 
(LY294002), and MAPK/ERK (U0126) pathways inhibited 
neuritogenesis induced by the custom peptides in PC-12 cells 

The percentage of cell differentiation was examined for PC-12 cells 
treated with custom peptides that were pre-incubated with or without 
chemical inhibitors, after 14 days of incubation. The results show that 
the potency of the custom peptides in inducing neurite outgrowth and 
cell differentiation activities were significantly inhibited (p ≤ 0.05) by 
the three chemical inhibitors (K252a, LY294002, and U0126) (Fig. 7A). 
The inhibition in the differentiation of PC-12 cells by peptides (100 ng/ 
mL, equivalent to ~71 nM) in presence or absent of chemical inhibitor 
was ranked in descending order from: MAPK/ERK (U0126) pathway 
inhibitors (15–16% decrease) > PI3K/AKT (LY294002) (12–13% 
decrease) > TrkA receptor inhibitor (K252a) (9–10% decrease) when 
compared to neurite outgrowth and cell differentiation activities of 
custom peptides without inhibitor. These findings corroborate well with 
our earlier findings with NGFs from Indian Russell’s viper and Indian 
cobra venoms [20,21,38]. 

The blocking of the TrkA receptor significantly inhibited (p ≤ 0.05) 
differentiation of PC-12 cells by TNP and HNP, while blocking of the 
TrkB and TrkC receptors with their respective antibodies did not affect 

Fig. 3. Schematic diagram depicting the interaction of custom peptides (A) TNP (B) HNP with domain-3 of the TrkA receptor. The percentage of interaction is shown 
in the figure recorded over the simulation time of 300ns. 
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differentiation of the PC-12 cells (Fig. 7B). Thus, the peptides appear to 
bind exclusively to TrkA receptors. 

3.5. Pre-treatment of PC-12 cells with custom peptides enhanced their cell 
survival against PT-induced cell death 

Pre-treatment of PC-12 cells with TNP and HNP (100 ng/mL, ~71 

nM) demonstrated a significant 27–30% increase (p ≤ 0.05) in their 
percent cell viability against PT (10 mM, IC50)-induced cell death, 
compared PC-12 cells that had only been treated with PT (Fig. 8A). The 
protection offered by the custom peptides against PT-induced cell death 
was significantly higher (10–13%) (p ≤ 0.05) compared to that of mouse 
2.5S-NGF (positive control). Moreover, post-treatment of PT-treated 
cells with TNP or HNP or co-treatment with TNP or HNP with PT did 

Fig. 4. Fluorescence analysis to determine the (A) time-dependent binding (30 min–360 min) of custom peptides (100 ng/mL, ~71 nM) with the TrkA receptor of 
cells. L6 cells (non-TrkA expressing cells) taken as control. Significance of difference in the binding of TNP (for 120 min–360 min) with respect to HNP for MDA-MB- 
231, *p ≤ 0.05. Significance of difference in the binding of TNP (for 30 min–360 min) with respect to HNP for MCF7 and PC-12 cell line, #p ≤ 0.05. (B) Binding of 
custom peptides with cell surface TrkA receptor of PC-12 cells in an increasing concentration of custom peptides (50 ng/mL to 1000 ng/ml, equivalent to 40–800 
nM). Significance of difference in the binding between different concentration for TNP *p < 0.05 and for HNP #p < 0.05. Significance of difference in the binding of 
TNP with respect to HNP, ^p < 0.05. (C) A hyperbola curve was plotted for change in λmax (Δλmax) against the concentrations (nM) of custom peptide with TrkA 
receptor expressing PC-12 cells (1 x 104 cells) and Kd value was determined using GraphPad Prism 8.1.1 software. The binding of FITC-custom peptide (100 ng/mL) 
with (D) MCF7, (E) MDA-MB-231, and (F) L6 cells was observed under fluorescence. The binding of custom peptides was also shown in presence or absence of 
chemical inhibitor of TrkA receptor (K252a). Magnification was 40X. Values are mean ± SD of triplicate determinations. 
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not restore the cell viability against PT-induced toxicity (Fig. 8B–C). 
HNP/TNP at a concentration of 100 ng/mL (~71 nM) for a 1-h pre- 
incubation showed the optimum protection (up to 80–85% cell 
viability) against PT-induced (10 mM) cell toxicity (Fig. 9A–B). 

The protective potential of the custom peptides was also confirmed 
by the inhibition of PT-induced release of LDH from PC-12 cells. The 

maximum release (considered as 100%) of LDH enzyme was observed in 
control (Triton X-treated) PC-12 cells. The only PT -treated PC-12 cells 
showed 50% release of LDH enzyme. Pre-treatment with the custom 
peptides (100 ng/mL, ~71 nM) demonstrated a significant decrease 
(28–29%) (p ≤ 0.05) in the release of the marker enzyme (LDH), 
compared to that released from PT-treated PC-12 cells (Fig. 9C). The 

Fig. 5. Concentration-dependent in vitro cytotoxicity of synthetic peptides (TNP and HNP) and PT (10 mM, positive control) against mammalian cells. The cells were 
incubated with progressive concentrations of custom peptides (500 ng/mL to 2 μg/mL) with mammalian cells (MCF7, PC-12, and L6 cells) at 37 ◦C in a CO2 incubator 
for 24 h. Determination of cytotoxicity by (A) MTT assay (B) LDH release assay. Significance of difference in the cell viability by MTT assay for paraquat treated cells 
with respected TNP and HNP treated cells, *p ≤ 0.05. Significance of difference in the cell viability by LDH release assay for Triton-X treated cells with respect to TNP 
and HNP treated cells, #p ≤ 0.05. Values are mean ± SD of triplicate determinations. 

Fig. 6. Concentration-dependent (12.5–100 ng/mL) determination of neurite outgrowth in rat pheochromocytoma (PC-12) cells treated with custom peptides (TNP 
& HNP) post 14 days of incubation at 37 ◦C, 5% CO2. The cells were observed under a phase-contrast microscope at 20× magnification. The appearance of neurite 
outgrowth from PC-12 cells is indicated by black arrows. (A) 1X PBS (control) treated cells, (B) mouse 2.5S-NGF treated cells, (C–E) TNP-treated cells with different 
concentrations (12.5–100 ng/mL), (F–H) HNP-treated cells with different concentrations (12.5–100 ng/mL). (I) Box and whisker plots represent average neurite 
outgrowth per cell (in μm). (J) Bar graph showing the percentage of differentiated cells (total number of cells showing neurite outgrowth) in custom peptide and 
mouse 2.5 S-NGF-treated PC-12 cells. The neurite length was determined using MOTIC IMAGE PLUS 3.0 software. Significance of difference in the controls with 
respect to mouse 2.5S-NGF, *p ≤ 0.05. Significance of difference in mouse 2.5S-NGF with respect to TNP and HNP (at the concentration 100 ng/mL), #p ≤ 0.05. 
Significance of difference in different concentration for TNP, ^p ≤ 0.05 and for HNP, ¥p ≤ 0.05. Values are mean ± SD of triplicate determinations. 
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custom peptides showed 13–14% decrease in the release of LDH enzyme, 
compared to that of mouse 2.5S-NGF (positive control) (Fig. 9C). Mouse 
2.5S-NGF (100 ng/mL, positive control) was less effective in protecting 

the PT-induced cell death, according to the results from both the MTT- 
based cell cytotoxicity assay (Fig. 9A–B) and the LDH release assay 
(Fig. 9C), when comparing the same concentrations of HNP and TNP. 

Fig. 7. (A) Effect of small synthetic inhibitors of major signaling pathways on neuritogenesis potency of custom peptides (TNP, and HNP, 100 ng/mL equivalent to 
71 nM), and NGF (positive control, 100 ng/mL) in PC-12 cells. Significance of difference in the percent differentiation of control cells compared to NGF, TNP, and 
HNP when no inhibitor was added, #p ≤ 0.05. Significance of difference in the percent cell differentiation between with inhibitors (K-252a, U0126, and LY294002) 
and without inhibitors, #p ≤ 0.05 (B) Effect of anti-TrkA, TrkB, TrkC antibody (1:1000) on neuritogenesis potency of custom peptides (TNP, and HNP, 100 ng/mL 
equivalent to 71 nM), and NGF (positive control) in PC-12 cells. Significance of difference in the percent cell differentiation between with anti-TrkA antibody and 
without inhibitors, *p ≤ 0.05. Values are mean ± SD of triplicate determinations. 

Fig. 8. Determination of the protective effects of custom peptides against PT-induced cell death. The viability of PC-12 cells was determined by MTT assay. (A) Pre- 
treatment of cells with custom peptides (100 ng/mL, ~71 nM) or vitamin C (10000 ng/mL) for 4 h followed by PT treatment for 24 h at 37 ◦C in a CO2 incubator. *p 
≤ 0.05, a significant difference between untreated (control) and PT-treated cells; #p ≤ 0.05, a significant difference between PT-treated cells with respect to mouse 
2.5S-NGF and custom peptide pre-treated PC-12 cells. ^p ≤ 0.05, a significant difference of mouse 2.5S-NGF treated cells with respect to the peptide (TNP and HNP) 
treated cells. (B) Treatment of cells with PT for 24 h followed by treatment with custom peptide for 4 h. There is no significant difference in the cell viability in PT- 
treated cells with respect to mouse 2.5S-NGF, Vit C, and peptide post-treatment. (C) The cells were simultaneously treated with custom peptides and PT for 24 h 
followed by an assay of cell viability. There is no significant difference in the cell viability in PT-treated cells with respect to mouse 2.5S-NGF, Vit C, and peptide co- 
treatment. Values are mean ± SD of triplicate determinations. 
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3.6. Inhibition of PT-induced ROS production in PC-12 cells 

The custom peptides TNP and HNP demonstrated increased antiox-
idant activity in an increasing concentration-dependent manner up to 
100 ng/mL (Fig. 10A). The custom peptide-mediated reduction in 
intracellular ROS generation in PC-12 cells was determined by flow 
cytometry analysis (Fig. 10B–E). The data shows a significant increase 
(p ≤ 0.05) in intracellular ROS production (2.1-fold-change) in PT- 
treated PC-12 cells compared to control PC-12 cells. Nevertheless, pre- 
treatment of PC-12 cells with 100 ng/mL (~71 nM) of TNP or HNP 
significantly diminished (1.6–1.8-fold-change) the ROS production 
(Fig. 10E). HNP, compared to TNP, showed superior potency (0.23-fold 
decrease compared to the custom peptide TNP; p ≤ 0.05) in inhibiting 
the PT-induced ROS generation (Fig. 10B–E). 

Spectrofluorometric analysis also validated the custom peptide- 
mediated reduction in intracellular ROS generation in PC-12 cells. PT 
treatment (10 mM) resulted in a 2-fold increase in ROS production 
compared to control PC-12 cells (Supplementary Fig. S4. A significant 
decrease (p ≤ 0.05) in ROS levels with increasing concentration of 
peptides was observed in PC-12 cells pre-treated with HNP or TNP (up to 
100 ng/mL, equivalent to 71 nM), compared to PT-treated PC-12 cells 

(Supplementary Fig. S4). Nevertheless, above this concentration, the PT- 
induced ROS production could not be decreased by the peptides (Sup-
plementary Fig. S4). The custom peptides at a concentration of 100 ng/ 
mL (~71 nM) demonstrated superior inhibition (0.6–0.8-fold decrease) 
(p ≤ 0.05) of the PT-induced ROS generation, compared to that offered 
by Vitamin C (positive control) (0.3-fold decrease) at a higher concen-
tration (10000 ng/mL). 

3.7. Inhibition of PT-induced depolarization of mitochondrial membrane 
in PC-12 cells 

JC-1 staining was used to study whether or not the custom peptides 
could restore the loss of mitochondrial membrane potential (MMP) 
triggered by PT in PC-12 cells. JC-1 signals red fluorescence in non- 
apoptotic cells as it forms an aggregate when it penetrates into non- 
apoptotic cells, but it signals green fluorescence as the monomeric 
form in apoptotic cells. The red/green fluorescence ratio was quantified 
from confocal images to show the change in MMP (Fig. 11A–B). The 
fluorescence intensity of the red/green ratio was significantly reduced 
(p ≤ 0.05) by 90% in PT-treated cells, compared to control (1XPBS) PC- 
12 cells (Fig. 11B). The fluorescence intensity of the red/green ratio was 

Fig. 9. Determination of the optimum time and doses of peptide for neuroprotective activity against PT-induced toxicity. Time and dose-dependent neuroprotective 
activity was determined by MTT and LDH assay in PC-12 cells. (A) Pre-treatment of cells with custom peptides (100 ng/mL, ~71 nM) at a different time interval (0.5 
h–6 h) followed by PT treatment for 24 h at 37 ◦C in a CO2 incubator. *p ≤ 0.05, a significant difference between untreated (control) and PT-treated cells; #p ≤ 0.05, 
a significant difference of PT-treated cells with respect to custom peptide (TNP and HNP) pre-treated PC-12 cells for different time interval (0.5–6 h). Significance of 
difference in the percent cell viability of custom peptide pre-treated cells incubated for 1 h with respect to 0.5–6 h ^p ≤ 0.05. (B) Pre-treatment of cells with different 
concentrations of custom peptides (12.5 ng/mL to 500 ng/mL) for 1 h (optimum time) followed by PT treatment for 24 h at 37 ◦C in a CO2 incubator (C) LDH release 
assay to determine the protective effects of custom peptides on the LDH release of PT-induced PC-12 cell cytotoxicity when pre-treated with different concentrations 
of custom peptides (25 ng/mL to 500 ng/mL) for 1 h for 24 h at 37 ◦C in a CO2 incubator. *p ≤ 0.05, a significant difference between untreated (control) and PT- 
treated cells; #p ≤ 0.05, a significant difference of PT-treated cells with respect to custom peptide (TNP and HNP) pre-treated PC-12 cells for different time interval 
(0.5–6 h). Significance of difference in the percent cell viability of custom peptide pre-treated cells at the dose of 100 ng/mL of with respect to 12.5–500 ng/mL, ^p ≤
0.05. Values are mean ± SD of triplicate determinations. 
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significantly restored (p ≤ 0.05) by 60–65% when PC-12 cells were pre- 
treated for 1 h with the TNP or HNP custom peptides and then followed 
by PT-treatment (Fig. 11A–B). This data suggests that pre-treatment 
with TNP/HNP increases the cell resistance against PT-induced mito-
chondrial membrane depolarization. Moreover, HNP showed a signifi-
cantly higher (0.4-fold increase) inhibition (p ≤ 0.05) of MMP, when 
compared to TNP. 

MMP was also quantified by flow cytometry analysis using JC-1 
staining. Red fluorescence is high when MMP is high, and green fluo-
rescence is high when MMP is low. The PT-treated (10 mM) PC-12 cells 
showed an increase of 50% in green fluorescence, compared to the 

untreated PC-12 cells, indicating a disrupted MMP. Custom peptide pre- 
treatment (100 ng/mL, ~71 nM) resulted in a significant 40–45% in-
crease (p ≤ 0.05) in the intensity of red fluorescence, when compared to 
the PC-12 cells that were only PT-treated (Fig. 11C–D). The data showed 
a significant increase (p ≤ 0.05) in mitochondrial membrane depolari-
zation in the PT-treated PC-12 cells (2-fold decrease in red/green fluo-
rescence) compared to the control PC-12 cells. Nevertheless, pre- 
treating PC-12 cells with TNP or HNP restored (1.3–1.7-fold increase 
in the red/green fluorescence) the PT-induced mitochondrial membrane 
depolarization, and HNP showed a significantly (p ≤ 0.05) higher (0.4- 
fold) activity compared to TNP (Fig. 11C–D). 

Fig. 10. Determination of PT-induced intracellular ROS generation and its reversal by pre-treatment with custom peptide (12.5 ng/mL to 500 ng/mL) and vit C 
(positive control, 10000 ng/mL) for 1 h followed by the PT treatment for 24 h at 37 ◦C in a CO2 incubator. The ROS generation was determined by using an H2DCFDA 
fluorescence probe and expressed as fold change value with respect to the control (1x PBS). (A) Determination of in vitro concentration-dependent (25–250 ng/mL) 
DPPH radical-scavenging activity of custom peptides. *p < 0.05 significant difference between different concentrations of custom peptide HNP; #p < 0.05 significant 
difference between the different concentrations of vit C. (B–D) Flow cytometric determination of intracellular ROS. (E) Bar graph representing quantitative analysis 
of the intracellular ROS generation (expressed by fold change value with respect to control) determined by flow cytometry analysis. *p ≤ 0.05, a significant difference 
between untreated (control) and PT-treated cells; #p ≤ 0.05, a significant difference of PT-treated cells with respect to custom peptides (TNP and HNP) and vit C pre- 
treated cells. Significance of difference in the fold change value in between TNP and HNP at the dose of 12.5–100 ng/mL, ^p ≤ 0.05. Values are mean ± SD of 
triplicate determinations. 
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3.8. Restoration of PT-induced cellular and nuclear morphological 
changes and apoptotic cells by the custom peptide pre-treated PC-12 cells 

The anti-apoptotic potential of custom peptides (100 ng/mL, ~71 
nM) against PT-induced (10 mM) apoptotic cell death was determined 
by flow cytometry analysis (Fig. 12A–B). PT (10 mM) induced a signif-
icant increase (p ≤ 0.05) (10–11%) in apoptotic cell death, compared to 
untreated (control) PC-12 cells (Fig. 12A–B). HNP and TNP; however, at 
a concentration of 100 ng/mL (~71 nM) significantly inhibited (p ≤
0.05) apoptotic and necrotic cell death (by 5–7%), when compared to 
PC-12 cells that had only been PT-treated (Fig. 12A–B), and like previ-
ous analyses, HNP showed 3.3%increase in activity than TNP. 

Confocal image analysis revealed a decrease in the population of PT- 
treated PC-12 cells, compared to untreated (control) PC-12 cells 

(Supplementary Fig. S5A). Induction of cell death by PT in the PC-12 
cells was evident from the cell morphology (DAPI staining), shrunken 
nuclei, membrane blebbing, and secondary cellular necrosis (Supple-
mentary Fig. S5A). The percent of cell death characterized by cellular 
and nuclear morphological changes increased by 21% when cells were 
treated with PT, but the pre-treatment with custom peptides signifi-
cantly reduced (p ≤ 0.05) the degree of cell death (4.6–7.9%). HNP 
showed a higher activity compared to TNP (Supplementary Fig. S5B). 

3.9. Custom peptide pre-treatment restored the paraquat-induced 
upregulated and downregulated pro- and anti-apoptotic genes to delay 
paraquat-induced programmed cell death in PC-12 cells 

The qRT-PCR analysis demonstrated a 1.5 to 2-fold-change increase 

Fig. 11. Reversal of PT-induced disruption of mitochondrial membrane potential (MMP) of PC-12 cells pre-treated with custom peptides (100 ng/mL, ~71 nM) for 1 
h followed by the PT treatment for 24 h at 37 ◦C in a CO2 incubator. The PT-treated (10 mM) PC-12 cells pre-treated with or without custom peptide (~71 nM) were 
observed for the measurement of the ratio of red/green fluorescence intensity by JC-1 staining. (A) Confocal images of PC-12 cells stained with JC-1 dye to measure 
the MMP micrographed at the magnification of 40X. JC-1 red fluorescence represents normal MMP, whereas JC-1 green fluorescence indicates damaged MMP. The 
scale bar indicates the length as 20 μm. (B) Bar diagram representing the ratio of red/green fluorescence intensity quantified using Image J software. (C) The 
fluorescence signal intensity of JC-1 monomer and JC-1 aggregates was determined by flow cytometry analysis. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) 
is a mitochondrial uncoupling agent that depolarises the mitochondria taken as a positive control. (D) Bar graph representing quantitate analysis of the red and green 
fluorescence intensity detected by the flow cytometry. *p ≤ 0.05, a significant difference between untreated (control) and PT-treated cells; #p ≤ 0.05, a significant 
difference of PT-treated cells with respect to custom peptides (TNP and HNP) pre-treated cells. Significance of difference in fluorescence intensity between TNP and 
HNP, ̂ p ≤ 0.05. Values are mean ± SD of triplicate determinations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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(p ≤ 0.05) in the expression of proapoptotic genes (cyt-C, bax, bid), and 
3.4–3.5-fold change increase in the expression of heat shock gene-70 
(hsp-70), and caspase-3 gene (a hallmark of apoptosis) in the PT 
group compared to the CT group of cells (Fig. 13). The pre-treatment of 
cells with mouse 2.5S-NGF (positive control) and TNP or HNP resulted in 
a significant downregulation (p ≤ 0.05) or restoration of the expression 

of the genes that had been upregulated by PT treatment alone (Fig. 13). 
The qRT-PCR analyses showed 0.3-fold decrease in the expression of 
anti-apoptotic genes (bcl-2) in the PT group compared to the CT group of 
cells. Further, pre-treatment with TNP or HNP, and mouse 2.5S-NGF 
(positive control) restored the downregulated anti-apoptotic (bcl-2) 
genes in the PT group of cells (Fig. 13). 

Fig. 12. Effects of the custom peptide (100 ng/mL) on inhibition of PT-induced apoptosis in PC-12 cells pre-treated with custom peptides (100 ng/mL, ~71 nM) for 
1 h followed by the PT treatment for 24 h at 37 ◦C in a CO2 incubator. (A) The fluorescence intensity of Annexin V-FITC and Propidium iodide (PI) was determined by 
flow cytometry. (B) The bar graph represents a quantitative analysis of the percent cell death determined by flow cytometry analysis. *p ≤ 0.05, a significant 
difference between untreated (control) and PT-treated cells; #p ≤ 0.05, a significant difference of PT-treated cells with respect to custom peptides (TNP and HNP) pre- 
treated cells. Significance of difference in percent cell death between TNP and HNP, ^p ≤ 0.05. Values are mean ± SD of triplicate determinations. 

Fig. 13. The qRT-PCR analysis to show the expression of key pro-/anti-apoptotic genes in PC-12 cells post-treatment with paraquat (10 mM) for 12 h, and com-
parison with the custom peptides (100 ng/mL, ~71 nM)/mouse 2.5S-NGF (positive control, 100 ng/mL) pre-treatment for 1 h followed by the PT treatment for 12 h 
at 37 ◦C in a CO2 incubator. The expression of mRNA was normalized using the house-keeping gene gapdh. *p ≤ 0.05, a significant difference between untreated 
(control) and PT-treated cells; #p ≤ 0.05, a significant difference of PT-treated cells with respect to custom peptides (TNP and HNP)/mouse 2.5S-NGF pre-treated 
cells. Values are mean ± SD of triplicate determinations. 
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3.10. Comparing the differential expression of cellular proteins in the PT- 
treated PC-12 cells and the cells pre-treated with custom peptides by 
quantitative mass spectrometry 

LC-MS/MS analysis unambiguously identified 207 non-redundant 
proteins from the four groups of PC-12 cells (PT, PHNP, CT, and 
HNP). Based on their intracellular locations and biological processes, the 
proteins were classified into nine distinct categories, among which three 
major cellular proteins were present in high relative abundances 
compared to the other proteins (Table 2). 

The quantitative analysis showed differential expression of proteins 
in the PT group of PC-12 cells versus the CT group. A total of 130 
intracellular proteins were identified in the PT group (Fig. 14A), of 
which 118 proteins were differentially regulated compared to those in 
the CT group (Fig. 14A). Among the 118 identified proteins, the PT- 
induced altered expression of 27 proteins was restored in PC-12 cells 
that had been pre-treated with HNP (Fig. 14A). Notably, six intracellular 
proteins were regulated differently in the PHNP and PT groups 
(Fig. 14A). Two proteins (keratin type 1 and type 2 cytoskeletal pro-
teins) were uniquely expressed in the PHNP group. 

Intracellular proteins in the PHNP group were also compared in the 
PT and CT groups to identify differentially expressed proteins involved 
in apoptosis (60 kDa heat shock protein (hsp-60), cytochrome C (cycs), 
Heat shock cognate 71 kDa (hspa8), the electron transport chain (cy-
tochrome c oxidase subunit 5A; cox5a), cytochrome b-c1 complex sub-
unit 2 (uqcrc2) stress response (heat shock protein (hsp 90-beta), 
antioxidant function (peroxiredoxin-4 (prdx-4), glutamate dehydroge-
nase 1 (glud-1), Wnt signaling (actin, (actc1), signal transduction 
(cytoskeleton-associated protein 4, (ckap4), the innate immune 
response annexin A2 (anaxa2), collagen biosynthesis (collagen-binding 
protein (serpinh1), and phagocytosis (cathepsin B (ctsb). PT treatment 
of the PC-12 cells caused the upregulation of some proteins involved in 
these pathways (Table 3A), and their expression was restored in the 
PHNP treatment group. Their fold-change values are mentioned in 
Table 3A. In contrast, some proteins involved in neuronal development 
and ATP synthesis pathways were downregulated (Table 3B), though 
their expression was restored in the PHNP group (Table 3B). When 
comparing the expression of intracellular proteins in the HNP to the CT 
group of cells, 14 proteins were found to be uniquely expressed in the 
former group (Fig. 14B). Therefore, the proteomic analyses provide 
evidence of uniquely expressed proteins and their associated metabolic 
pathways in PC-12 cells treated with HNP, in comparison to untreated 
cells (Table 4). 

The PPI network revealed the functional significance of the intra-
cellular proteins and their involvement in particular pathways (Fig. 15). 
The cellular pathways governed by the 27 differentially regulated pro-
teins in the CT, PT, and PHNP groups of PC-12 cells were curated 
manually and the interaction network was established to highlight the 
interconnected pathways (Fig. 14). 

Based on the information on the neuritogenesis potency of the 
custom peptides, inhibition of downstream signaling pathways by spe-
cific inhibitors (MAPK-ERK, PI3K/AKT pathways), the neuroprotective 
potential of custom peptides (via different mechanisms such as inhibi-
tion of ROS generation, restoration of MMP, anti-apoptotic/necrotic 
potential), and the differential expression of proteins (determined by 
quantitative mass spectrometry analysis) involved in neuroprotective 
activities, the mechanism of action of HNP against PT-induced neuro-
protective activity is shown in Fig. 16. 

4. Discussion 

Neuronal differentiation is a vital physiological phenomenon, often 
associated with intellectual development in children and age-related 
neurodegenerative diseases such as PD, AD, and Huntington’s disease 
(HD) [61]. Proposing a large neurotrophin polypeptide or a protein 
molecule as a drug candidate has several disadvantages including its 

undesired pleiotropic effect, short half-life, proteolytic degradation, and 
poor pharmacokinetics [33,62–64]. Therefore, in recent years, the 
development of small, peptide-based drugs has gained momentum and 
opened new avenues of research to overcome the limitations of parent 
molecules [65]. In any case, the peptide-based drugs must show 
improved neuroprotective effects, synaptic and neuronal plasticity, 
neuritogenesis, better pharmacokinetics than their larger, parent neu-
rotrophin molecules, and easy penetration to cells via the BBB [33,39, 
65,66]. In this study, two small, water-soluble custom peptides (TNP and 
HNP, with masses of 1.2 kDa and 1.4 kDa, respectively) were designed 
from snake venom neurotrophin molecules to be developed as possible 
neuroprotective drug prototypes with improved neuritogenesis potency, 
compared to mouse 2.5S-NGF (positive control) for the restoration of 
neurons that have been degenerated by toxic chemicals. 

Several studies have demonstrated that computational analysis 
(docking) is a powerful tool for identifying novel compounds of thera-
peutic interest with high probability and which can forecast ligand- 
target interactions at the molecular level with high efficiency [20,21, 
38,50,67,68]. The computational study can assist in screening many 
compounds (ligands) against specific targets (i.e., a receptor) to identify 
compounds that can bind efficiently with the target, though in silico 
findings must be confirmed by in vitro and in vivo studies [20,21,38,50, 
67,68]. The in silico analysis demonstrated that domain-3 of the TrkA 
receptor extracellular domain is the only region that binds with NGF and 
forms the NGF/TrkA domain-3 complex. Subsequently, the complex 
induces TrkA dimerization and transduces a signal to activate MAPK and 
the PI3K/Akt signaling pathways [69]. The docking analysis also 
demonstrated that, like human NGF molecules, the TNP and HNP 
custom peptides show high-affinity binding only with domain-3 of the 
human TrkA receptor. The binding site for the custom peptides was also 
shown to differ from that of the human NGF-TrkA binding site. 

Since TrkA dimerization is important for activation of the signal 
transduction mechanism, dimerization of the TrkA receptors after 
binding to custom peptides needs to be explored. The docking scores of 
the docked complex (custom peptide and TrkA domain-3) indicate 
higher binding affinities of TNP towards the TrkA domain-3, compared 
to that of HNP. Since binding affinity does not always correlate with the 
stability of the binding, the stability of binding should also be evaluated 
by a molecular dynamic simulation study and computational analyses. 
In this study, our findings predicted that HNP (compared to TNP) would 
form a more stable complex with the TrkA receptor. Differences in the 
binding affinities and stability of the custom peptides and TrkA re-
ceptors can be attributed to the electrostatic interactions (hydrogen 
bonds) between the charged molecules of the HNP/TrkA domain-3 
complex [20,21,38]. 

Since the custom peptides were designed to mimic the TrkA binding 
region of the snake venom neurotrophin molecule, the in silico analysis 
convincingly showed that the high-affinity binding of HNP or TNP to the 
TrkA receptor is primarily essential for inducing neuritogenesis. The 
spectrofluorometric binding assay showed high-affinity binding (low Kd 
value in picomolar range) to the TrkA receptor expressed in mammalian 
cell lines (PC-12, MDA-MB-231, MCF7) but not in L6 cells, which lack 
TrkA receptors, which was further validated by fluorescence micro-
scopic study. In the presence of a chemical inhibitor of the TrkA receptor 
(K252a), no binding was observed under a fluorescence microscope, 
confirming that the custom peptides bind with the TrkA receptor 
exclusively. These in vitro binding studies also validated the results of the 
in silico analysis. Further, studies have shown the Kd value of binding of 
mammalian NGF to TrKA receptor is also 1 × 10− 11 M [23,24], indi-
cating HNP and TNP are of equivalent potency with binding to the same 
receptor. 

Because the in silico and in vitro binding of ligands to receptors does 
not necessarily assure their desired therapeutic effect, we also evaluated 
the neuritogenesis potency of these peptides in PC-12 cells, which is 
considered to be appropriate in vitro model for neuronal differentiation, 
development, and neurological diseases [20,21,38,49,70]. PC-12 cell 
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Table 2 
The quantitative proteomics data shows the relative abundance of the intracellular proteins in the different treatment groups. The relative abundance of the proteins 
was calculated by MS2 based spectral count method. For comparison of differential expression of the cellular proteins, the PC-12 cells were subjected to the following 
treatments at 37 ◦C: (a) 1X PBS (control) treated PC-12 cells (CT), (b) 10 mM paraquat (PT) treatment for 24 h, (c) pre-treatment with 100 ng/mL (~71 nM) custom 
peptide for 1 h followed by 10 mM paraquat treatment (PHNP) for 24 h, and (d) treatment with 100 ng/mL (~71 nM) of custom peptide (HNP) for 1 h.  

Accession No Relative abundance of 1X 
PBS (control) treated PC- 
12 cells (CT) 

Relative abundance of PC-12 cells pre-treated with 
100 ng/mL (~71 nM) custom peptide for 1 h 
followed by 10 mM paraquat treatment (PHNP) for 
24 h 

Relative abundance of PC-12 
cells treated with 10 mM 
paraquat (PT) for 24 h 

Relative abundance of PC-12 cells 
treated with 100 ng/mL (~71 nM) of 
custom peptide (HNP) for 1 h 

Antioxidant/Stress response 
P06761| 

BIP_RAT 
0.51 0.93 3.08 0.63 

P63018| 
HSP7C_RAT 

0.51 0.80 2.51 0.62 

Q07936| 
ANXA2_RAT 

0.51 0.62 2.51 0.58 

Q66HD0| 
ENPL_RAT 

0.51 0.97 2.76 0.67 

P34058| 
HS90B_RAT 

0.51 1.02 2.51 0.60 

P48679| 
LMNA_RAT 

0.51 0.88 2.92 0.60 

Q00715| 
H2B1_RAT 

0.51 0.75 4.18 0.72 

Q9Z0V5| 
PRDX4_RAT 

0.51 0.99 2.51 0.67 

Binding protein 
tr|G3V6P7| 

G3V6P7_RAT 
0.68 0.79 2.51 0.72 

P68035| 
ACTC_RAT 

0.51 0.88 2.76 0.73 

tr|Q5RJR9| 
Q5RJR9_RAT 

0.51 0.68 2.51 0.49 

P13832| 
MRLCA_RAT 

0.51 0.87 3.34 0.67 

P62804|H4_RAT 0.51 0.85 3.01 0.53 
P00507| 

AATM_RAT 
0.51 0.99 2.51 0.49 

Apoptotic protein 
P63039| 

CH60_RAT 
0.51 0.92 2.51 0.63 

P62630| 
EF1A1_RAT 

0.51 0.62 2.51 0.80 

P11240| 
COX5A_RAT 

0.51 0.99 2.51 0.49 

P62898| 
Cycs_RAT 

0.51 0.99 2.51 0.50 

P00787| 
CATB_RAT 

0.51 0.99 2.51 0.48 

Mitochondrial protein 
P10860| 

DHE3_RAT 
0.51 0.90 2.51 0.49 

P04636| 
MDHM_RAT 

0.51 0.83 2.51 0.49 

P32551| 
QCR2_RAT 

0.51 0.99 2.51 0.49 

P00507| 
AATM_RAT 

0.51 0.99 2.51 0.49 

ATP synthesis 
P10719| 

ATPB_RAT 
0.51 2.73 0.90 3.61 

P15999| 
ATPA_RAT 

0.51 2.92 0.91 3.63 

Neuronal development 
Q9JLT0| 

MYH10_RAT 
0.51 2.51 0.69 3.57 

P18418| 
CALR_RAT 

0.51 2.51 0.79 3.69 

P31000| 
VIME_RAT 

0.51 3.01 0.93  

Innate immune response 
P07150| 

ANXA1_RAT 
0.51 0.75 2.51 0.69 

P11598| 
PDIA3_RAT 

0.51 0.81 2.51 0.49 

Structural protein 
0.51 0.76 2.51 0.63 

(continued on next page) 
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lines have advantages in being derived from neural crest cells with 
similar structures and functions, and they are easy to grow and maintain 
[70]. The induction of neuritogenesis is generally initiated after 4–6 h of 
incubation with NGF [71]; however; optimum neurite length and dif-
ferentiation of PC-12 cells observed after 14 days of incubation with 
snake venom NGFs [20,21] TNP and HNP in this study showed the same 
result. 

In evaluating the neuronal outgrowth-inducing properties of the 
custom peptides in PC-12 neuronal cells, we found that, as predicted, 
both peptides significantly increased the neurite length and percent 
differentiation of PC-12 cells measured simultaneously point, in com-
parison to the effect of mouse 2.5S-NGF treatment alone. No significant 
difference was observed between the two peptides. In previous studies, 
however, the neuritogenesis potency of TNP and HNP has been shown to 
surpass the potency of SV NGF in PC-12 cells [20,21,38] or natural 
polyphenols such as curcumin and resveratrol [72]. Compared to syn-
thetic tripeptide (p-BTX-I) synthesized from Bothrops atrox venom [40], 
TNP and HNP were almost equal in their neuritogenesis potency. The 
reported differences in neuritogenesis potency may be due to the 
different experimental conditions (i.e., doses, incubation time, etc.). As 
mentioned, mammalian NGF and snake venom NGF-induced TrkA 
dimerization activates MAPK and PI3K/AKT pathway-dependent neu-
ritogenesis [20,21,38,69]. The selective inhibition of the MAPK and 
PI3K/AKT pathways by U0126 and LY294002 inhibitors, respectively, 
provides convincing evidence of the similarity of the custom peptides to 
snake venom NGF molecules [20,21,38,39]. The custom peptides we 
developed also activate the MAPK and PI3K/AKT signalling pathways 
for neuronal survival and differentiation in PC-12 cells [20,21,25,26, 
38]. In this study, we also reported that the custom peptides lacked 
cytotoxicity against different cell types and did not interfere with the 
mammalian blood coagulation cascade, indicating a lack of side effects 
based on in vitro experiments. 

A plethora of studies have reported that the pathogenesis of PD is 
related to oxidative stress, resulting from a homeostatic imbalance in 
pro-oxidant and antioxidant genes that leads to the production of 

excessive ROS (free radicals), which ultimately triggers apoptotic cell 
death [73,74]. Some non-selective herbicides (such as PT) that are 
frequently used by farmers in agricultural practice, cause neurotoxicity 
and mitochondrial toxicity, and can lead to the development of PD-like 
pathologies [13,75]. This study showed the neuroprotective potency of 
custom peptides TNP and HNP (pre-treatment conditions) in PC-12 cells 
by 15–20%. Further, their neuroprotective potency at a low concen-
tration (100 ng/mL) and less incubation time (1 h) suggest that these 
custom peptides may have a higher effect at low concentrations 
compared to other natural compounds [73,77–79]. Our data also 
showed that both custom peptides possess similar neuroprotective ef-
fects but surpass the neuroprotective activity of mouse 2.5S-NGF (pos-
itive control) when tested at the same experimental conditions. 

The antioxidant system against ROS is in dynamic balance under 
normal circumstances. PT induces an increase in ROS production, the 
oxidative stress response, mitochondrial membrane potential, induction 
of apoptosis, and a reduced proliferation of PC-12 cells [76,77]. Studies 
have already reported that natural compounds such as naringin, cur-
cumin, resveratrol, silymarin, pirfenidone, quercetin, selenium, baco-
sides, and Vitamin C have a significant therapeutic potential for treating 
PT-induced toxicity [72,78–80]. Like these natural compounds, the 
custom peptides that we tested in this study have profound neuro-
protective activity, and we aimed to investigate their mechanism of 
action. In accordance with the findings from previous studies [77], we 
showed that PT-treatment increases ROS production, and the custom 
peptide pre-treatment significantly attenuated the PT-induced ROS 
production, at a concentration (100 ng/mL, equivalent to 71 nM) that 
was 1000-times less than that of Vitamin C (positive control, 10000 
ng/mL). Although Vitamin C in this study showed appreciable antioxi-
dant activity, it did not offer protection against PT-induced neurotox-
icity. This suggests that antioxidant property alone may not be sufficient 
to offer protection against PT-induced neuronal damage and justifies the 
therapeutic application of the custom peptides under study. Additional 
quantitative proteomic analyses demonstrated the upregulation (fold--
change increase) of antioxidant proteins such as heat shock protein 90 

Table 2 (continued ) 

Accession No Relative abundance of 1X 
PBS (control) treated PC- 
12 cells (CT) 

Relative abundance of PC-12 cells pre-treated with 
100 ng/mL (~71 nM) custom peptide for 1 h 
followed by 10 mM paraquat treatment (PHNP) for 
24 h 

Relative abundance of PC-12 
cells treated with 10 mM 
paraquat (PT) for 24 h 

Relative abundance of PC-12 cells 
treated with 100 ng/mL (~71 nM) of 
custom peptide (HNP) for 1 h 

Q64119| 
MYL6_RAT 

Endoplasmic reticulum protein 
tr|D3ZH41| 

D3ZH41_RAT 
0.51 0.80 2.51 0.49  

Fig. 14. (A) Venn diagram showing the common intracellular proteins among untreated (control) (CT), PT (PT) treated, and HNP pre-treated followed by PT-treated 
(PHNP) groups of PC-12 cells determined by LC/MS-MS analysis. (B) Venn diagram showing common intracellular proteins among untreated (control) (CT) and only 
HNP-treated PC-12 cells determined by LC/MS-MS analysis. 
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Table 3 
Comparison of the fold changes in differential expression of proteins in PT-treated PC-12 cells determined by proteomic analysis.  

(A) List of up-regulated proteins in PT-treated PC-12 cells compared to untreated (control) PC-12 cells, and their downregulation in cells pre-treated with HNP. 

Accession PT treatment (fold change with 
respect to control) 

HNP pre-treatment, (fold 
change with respect to control) 

Pathway name Description 

P06761|BIP_RAT 6.00 1.81 Apoptosis signaling 
pathway 

Endoplasmic reticulum chaperone BiP OS=Rattus norvegicus 
OX = 10116 GN = Hspa5 PE = 1 SV = 1 

P63018| 
HSP7C_RAT 

4.87 1.56 Apoptosis signaling 
pathway 

Heat shock cognate 71 kDa protein OS=Rattus norvegicus OX 
= 10116 GN = Hspa8 PE = 1 SV = 1 

Q07936| 
ANXA2_RAT 

4.87 1.21 Antioxidant pathway Annexin A2 OS=Rattus norvegicus OX = 10116 GN = Anxa2 
PE = 1 SV = 2 

Q66HD0| 
ENPL_RAT 

5.36 1.88 Stress response 
pathway 

Endoplasmin OS=Rattus norvegicus OX = 10116 GN =
Hsp90b1 PE = 1 SV = 2 

P34058| 
HS90B_RAT 

4.87 1.99 Stress response 
pathway 

Heat shock protein HSP 90-beta OS=Rattus norvegicus OX =
10116 GN = Hsp90ab1 PE = 1 SV = 4 

P48679| 
LMNA_RAT 

5.68 1.71 Apoptosis signaling 
pathway 

Prelamin-A/C OS=Rattus norvegicus OX = 10116 GN = Lmna 
PE = 1 SV = 1 

Q00715| 
H2B1_RAT 

8.12 1.46 Stress response 
pathway 

Histone H2B type 1 OS=Rattus norvegicus OX = 10116 PE = 1 
SV = 2 

Q9Z0V5| 
PRDX4_RAT 

4.87 1.93 Stress response 
pathway 

Peroxiredoxin-4 OS=Rattus norvegicus OX = 10116 GN =
Prdx4 PE = 2 SV = 1 

tr|G3V6P7| 
G3V6P7_RAT 

3.69 1.16 Phagocytosis Myosin, heavy polypeptide 9, non-muscle OS=Rattus 
norvegicus OX = 10116 GN = Myh9 PE = 1 SV = 1 

P68035| 
ACTC_RAT 

5.36 1.81 Wnt signalling pathway Actin, alpha cardiac muscle 1 OS=Rattus norvegicus OX =
10116 GN = Actc1 PE = 2 SV = 1 

tr|Q5RJR9| 
Q5RJR9_RAT 

4.87 1.71 Collagen biosynthesis Collagen-binding protein OS=Rattus norvegicus OX = 10116 
GN = Serpinh1 PE = 1 SV = 1 

P13832| 
MRLCA_RAT 

6.50 1.33 Cell cycle Myosin regulatory light chain RLC-A OS=Rattus norvegicus 
OX = 10116 GN = Rlc-a PE = 2 SV = 2 

P62804|H4_RAT 5.85 1.69 Transcription 
regulation 

Histone H4 OS=Rattus norvegicus OX = 10116 GN = H4c2 
PE = 1 SV = 2 

P00507| 
AATM_RAT 

4.87 1.65 Asparagine and 
aspartate biosynthesis 

Aspartate aminotransferase, mitochondrial OS=Rattus 
norvegicus OX = 10116 GN = Got2 PE = 1 SV = 2 

P63039| 
CH60_RAT 

4.87 1.78 Apoptosis signaling 
pathway 

60 kDa heat shock protein, mitochondrial OS=Rattus 
norvegicus OX = 10116 GN = Hspd1 PE = 1 SV = 1 

P62630| 
EF1A1_RAT 

4.87 1.21 Protein biosynthesis Elongation factor 1-alpha 1 OS=Rattus norvegicus OX =
10116 GN = Eef1a1 PE = 2 SV = 1 

P11240| 
COX5A_RAT 

4.87 1.93 Electron transport chain Cytochrome c oxidase subunit 5A, mitochondrial OS=Rattus 
norvegicus OX = 10116 GN = Cox5a PE = 1 SV = 1 

P62898| 
Cycs_RAT 

4.87 1.93 Apoptosis signaling 
pathway 

Cytochrome c OS=Rattus norvegicus OX = 10116 GN = Cycs 
PE = 3 SV = 1 

P00787| 
CATB_RAT 

4.87 1.93 Phagocytosis Cathepsin B OS=Rattus norvegicus OX = 10116 GN = Ctsb PE 
= 1 SV = 2 

P10860| 
DHE3_RAT 

4.87 1.75 Antioxidant Glutamate dehydrogenase 1, mitochondrial OS=Rattus 
norvegicus OX = 10116 GN = Glud1 PE = 1 SV = 2 

P04636| 
MDHM_RAT 

4.87 1.61 Pyruvate metabolism Malate dehydrogenase, mitochondrial OS=Rattus norvegicus 
OX = 10116 GN = Mdh2 PE = 1 SV = 2 

P32551| 
QCR2_RAT 

4.87 1.93 Electron transport chain Cytochrome b-c1 complex subunit 2, mitochondrial 
OS=Rattus norvegicus OX = 10116 GN = Uqcrc2 PE = 1 SV =
2 

P07150| 
ANXA1_RAT 

4.87 1.45 Innate immune 
response 

Annexin A1 OS=Rattus norvegicus OX = 10116 GN = Anxa1 
PE = 1 SV = 2 

P11598| 
PDIA3_RAT 

4.87 1.58 Vitamin D metabolism Protein disulfide-isomerase A3 OS=Rattus norvegicus OX =
10116 GN = Pdia3 PE = 1 SV = 2 

Q64119| 
MYL6_RAT 

4.87 1.48 Motor function Myosin light polypeptide 6 OS=Rattus norvegicus OX =
10116 GN = Myl6 PE = 1 SV = 3 

tr|D3ZH41| 
D3ZH41_RAT 

4.87 1.55 Signal transduction Cytoskeleton-associated protein 4 OS=Rattus norvegicus OX 
= 10116 GN = Ckap4 PE = 1 SV = 2 

(B) List of down-regulated proteins in PT treated PC-12 cells compared to untreated (control) PC-12 cells and their upregulation in cells pre-treated with HNP. 
Accession Paraquat treatment (fold 

change with respect to 
control) 

HG17 pre-treatment, (fold 
change with respect to 
control) 

Pathway name Description 

P10719| 
ATPB_RAT 

1.76 3.02 ATP synthesis ATP synthase subunit beta, mitochondrial OS=Rattus 
norvegicus OX = 10116 GN = Atp5f1b PE = 1 SV = 2 

P15999| 
ATPA_RAT 

1.77 3.22 ATP synthesis ATP synthase subunit alpha, mitochondrial OS=Rattus 
norvegicus OX = 10116 GN = Atp5f1a PE = 1 SV = 2 

Q9JLT0| 
MYH10_RAT 

1.34 3.63 Neuronal development Myosin-10 OS=Rattus norvegicus OX = 10116 GN = Myh10 
PE = 1 SV = 1 

P18418| 
CALR_RAT 

1.54 3.17 Neuronal development Calreticulin OS=Rattus norvegicus OX = 10116 GN = Calr PE 
= 1 SV = 1 

P31000| 
VIME_RAT 

1.05 5.85 Neuronal development Vimentin OS=Rattus norvegicus OX = 10116 GN = Vim PE =
1 SV = 2 

O08878| 
GPER1_RAT 

1.20 3.40 Neuritogenesis G-protein coupled estrogen receptor 1 OS=Rattus norvegicus 
OX = 10116 GN = Gper1 (Cmkrl2, Gper, Gpr30, Gpr41) SV 
= 2  
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(hsp90), peroxiredoxin (prdx4), and glutamate dehydrogenase (glud1) 
in PT-treated PC-12 cells. These genes are reported to play an important 
role in the oxidative deamination and reduction of free radicals [81,82]. 
The increased ROS production in the PT group was validated by the 
upregulation of antioxidant proteins, and the activity of the custom 
peptides to attenuate the ROS production was confirmed by the down-
regulation of the same proteins in the PHNP group. 

Mitochondrial dysfunction is another crucial phenomenon involved 
in the pathogenesis of PD, which is caused by oxidative stress [74,83]. 
Oxidative stress eventually leads to the loss of MMP, which results in the 
release of cytochrome C (pro-apoptotic protein) from the mitochondria 

and activation of the caspase cascade that induces cellular apoptosis [76, 
77,84,85]. Studies have shown that preventing the mitochondrial 
dysfunction may be a therapeutic strategy for avoiding cell death [86]. 
In this study, we showed that pre-treatment of PC-12 cells with custom 
peptides significantly restored the depolarization of PT-induced MMP, 
which points to the neuroprotective property of custom peptides to 
maintain mitochondrial health and balance the expression of apoptotic 
proteins. 

Due to the high energy demand of neuronal cells, they can be 
vulnerable to extensive mitochondrial damage, which can lead to nerve 
cell injury and death [86]. Different cellular pathways are involved in 
maintaining mitochondrial homeostasis and integrity, like the rapid 
translation of mitochondrial protein, pathways involved in autophagy, 
energy (ATP) production via oxidative phosphorylation, amino acid 
synthesis, fat metabolism, and other biochemical pathways [74,87]. 
Together, these pathways maintain mitochondrial homeostasis by 
replacing defective mitochondria with new organelles that subsequently 
prevent neurodegeneration and show neuroprotective effects [88]. The 
proteomic analyses indicated that HNP pre-treatment restored the 
PT-induced upregulated genes and proteins involved in mitochondrial 
stress response pathways, such as glutamate dehydrogenase 1 (glud1) 
and glutamic-oxaloacetic transaminase (got2) involved in the mito-
chondrial redox balance [82,89]. To help maintain cellular integrity, 
HNP pre-treatment restored the upregulation of pro-apoptotic proteins 
in the PT group, such as cytochrome C (cyt-C), heat shock protein 60 
(hspd1, GO:0043065), heat shock protein 70 (hspa5, GO:1903265). 
These proteins are reported to participate in the mitogen-activated 
protein kinase (p38/MAPK) signaling pathways, which are coupled to 
the oxidative stress response [90]. The global proteomic studies of snake 
venom NGF treated PC-12 cells had revealed about the oxidative 
stress-mediated apoptosis [20,21,38]. Moreover, the release of mito-
chondrial cyt-C into the cytoplasm in response to pro-apoptotic signals 

Table 4 
List of the uniquely expressed metabolic pathways in PC-12 cells treated with 
HNP when compared to untreated PC-12 cells. These pathways are determined 
by quantitative proteomic analyses.  

Mapped IDs Pathway name Protein 

RAT|RGD = 71000|UniProtKB =
Q9JLT0, RAT|RGD = 1565476| 
UniProtKB = Q6P9V9 

Cytoskeletal regulation by Rho 
GTPase 

Tuba1b, 
Plec 

RAT|RGD = 2451|UniProtKB =
P62898, RAT|RGD = 621379| 
UniProtKB = Q06647, RAT| 
RGD = 68374|UniProtKB =
P10888 

ATP synthesis Cycs, 
Cox4i1, 
Atp5 

RAT|RGD = 71000|UniProtKB =
Q9JLT0 

Nicotinic acetylcholine 
receptor signalling pathway 

Myh10 

RAT|RGD = 71000|UniProtKB =
Q9JLT0 

Inflammation mediated by 
chemokine and cytokine 
signalling pathway 

Myh10 

RAT|RGD = 1565476|UniProtKB 
= Q6P9V9 

Gonadotropin-releasing 
hormone receptor pathway 

Tuba1b 

RAT|RGD = 71006|UniProtKB =
Q63692, RAT|RGD = 1305960| 
UniProtKB = Q498E0 

Stress response antioxidant 
pathway 

Txndc12, 
Plec  

Fig. 15. Molecular network of HNP-mediated neuroprotection drawn in Cytoscape (version 3.9.1). The molecular network shows the multiple pathways which are 
interconnected to each other and involved in the HNP-mediated neuroprotection. The protein involved in the pathways were determined by LC/MS-MS analysis. 
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(bax, bid) and the activation of caspase-3 (cas-3) leads to apoptotic cell 
death [3,45,53]. In this study, the qRT-PCR analysis showed the 
downregulation of anti-apoptotic gene (bcl-2) expression and the 
upregulation of pro-apoptotic genes (cyt-C, bax, bid, hsp-70, and cas-3) 
in PT-treated PC-12 cells, which triggered cell death. The custom pep-
tide pre-treatment restored the gene expression of the pro-/anti-a-
poptotic genes suggesting the therapeutic potency of the peptides to 
prevent PT-induced premature apoptosis in PC-12 cells. 

The PT group of cells also showed upregulation of genes involved in 
detoxification (myh9 and ctsb) [91,92], the TCA cycle (cox5a and 
uqcrc2) [93,94] and the innate immune response (anxa1) [95], which 
were downregulated in the PHNP group of cells. As mentioned before, 
more energy is required to maintain mitochondria against oxidative 
stress, so the upregulation of these proteins is essential for the neuro-
protective effect [86]. Our findings also suggest the upregulation of 
proteins involved in energy production by ATP synthesis via oxidative 
phosphorylation, such as the ATP synthase F1 subunit beta, alpha 
(atp5f1b and atp5f1a) [96] in HNP pre-treated cells, compared to the PT 
group of cells. In addition, HNP pre-treatment showed a neuroprotective 
effect by counteracting the PT-induced downregulation of proteins 
directly or indirectly involved in neural development (myh10 and vim) 
and neuritogenesis [97] (gper1, cmkrl2, gper, gpr30, and gpr41) [97] 
(GO:0007399, GO:0019228). 

A molecular network was constructed to show the multiple pathways 
that are interconnected and involved in HNP-mediated neuroprotection. 
Based on our experimental results, an overall neuroprotective mecha-
nism was proposed for the action of the custom peptides against PT- 
induced neuronal damage (Fig. 16). 

5. Conclusion 

Developing safe and effective neuroprotective drugs is still a chal-
lenge. In this study, we showed that our designed custom peptides, 
derived from snake venom neurotrophin molecules, can protect PC-12 
cells from PT-induced neurotoxicity. The custom peptides counteract 
PT-induced neurotoxicity by thwarting excessive ROS production, 
oxidative stress, MMP, and premature apoptotic death. Our findings 

provide a greater understanding of the altered expression of proteins 
involved in the neurodegeneration pathways in the PT-induced PD 
model of PC-12 cells and how the expression of our custom peptides can 
be used in treatments. Our findings provide a fundamental basis for 
developing new agents that specifically target neurodegenerative dis-
eases, especially PD, and encourage future, in-depth investigations 
through in vivo, pharmacokinetic, and pharmacodynamic studies for the 
successful development of safe drug prototypes. 
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