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A B S T R A C T

Neurodegenerative diseases (NDDs) are pathological conditions characterised by progressive damage of neu-
ronal cells leading to eventual loss of structure and function of the cells. Due to implication of multi-systemic
complexities of signalling pathways in NDDs, the causes and preventive mechanisms are not clearly delineated.
The study was designed to investigate the potential signalling pathways involved in neuroprotective activities of
purely isolated glucomoringin isothiocyanate (GMG-ITC) against H2O2-induced cytotoxicity in neuroblastoma
(SH-SY5Y) cells. GMG-ITC was isolated from Moringa oleifera seeds, and confirmed with NMR and LC-MS based
methods. Gene expression analysis of phase II detoxifying markers revealed significant increase in the expression
of all the genes involved, due to GMG-ITC pre-treatment. GMG-ITC also caused significant decreased in the
expression of NF-kB, BACE1, APP and increased the expressions of IkB and MAPT tau genes in the differentiated
cells as confirmed by multiplex genetic system analysis. The effect was reflected on the expressed proteins in the
differentiated cells, where GMG-ITC caused increased in expression level of Nrf2, SOD-1, NQO1, p52 and c-Rel of
nuclear factor erythroid factor 2 (Nrf2) and nuclear factor kappa-B (NF-kB) pathways respectively. The findings
revealed the potential of GMG-ITC to abrogate oxidative stress-induced neurodegeneration through Nrf2 and NF-
kB signalling pathways.
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1. Introduction

Neurodegeneration is a term used to describe disease conditions
associated with nerve cells’ deterioration (Solanki et al., 2016). The
condition is characterised by progressive damage of neuronal cells with
eventual loss of structure and function that leads to death (Kovacs,
2016; Toffa et al., 2019). This deteriorative condition result in gradual
loss of cognitive functions including but not limited to memory and
decision making (Solanki et al., 2016; Sharma et al., 2018). Neuronal
degeneration is the driving force for a hundred of non-communicable
disease conditions classified as neurodegenerative diseases (NDDs),
many of which are neglected due to lower occurrence factor (Chen
et al., 2017). The disease conditions express clinical and pathological
feature heterogeneously distinctive to neurons, slowing down their
functions and distorting anatomical systems of nerve cells (Kumar and
Singh, 2015). NDDs conditions emerged for unclear reasons and pro-
gress in a persistent manner through a phenomenon that are poorly
understood (Brettschneider et al. 2015). As a multi-systemic condition
influenced by numerous biomarkers, NDD comprised of number of
pathways that modulate various cellular and molecular processes in-
cluding energy regulation, stress and inflammatory responses, protec-
tion of molecular/genetic damages, regulation of iron homeostasis,
adaptation and metabolic regulations (Kovacs, 2016). As such, defect in
any key metabolite in the pathway(s) result in severe pathological
condition with consequent cell death (Kovacs, 2016).

Multiple number of studies described the involvement of oxidative
stress and reactive oxygen species (ROS) in cellular damage with
eventual death as explained earlier (Xu et al., 2015; Raina and Sen,
2018; Richards et al., 2018). Rising of ROS production in neuronal cells
increase the blood-brain barrier permeability, synaptic transmission
perturbation and tubulin changes, thereby reducing the chances of cells
survival (Baxter et al., 2006; Sahin et al., 2017). Likewise, oxidation of
fundamental macromolecules such as lipid, proteins and nucleic acids
in the cells due to oxidative condition, alters their structure and func-
tions. Such alterations result in the activation of several pathological
signalling pathways, leading to neuronal cell death via apoptosis (Liu
et al., 2015).

However, plant source natural and synthetic bioactive compounds
with wide therapeutic potentials continue to fascinate the interest of life
science researchers (Razis et al., 2011; Jaafaru et al., 2017, 2018a,
2018b; Waziri et al., 2018; Santana-Gómez et al., 2018) especially those
focusing on neuronal regeneration and protection (Abdull et al., 2014;
Jaafaru et al., 2018b; Singh et al., 2019). Glucomoringin-isothiocyanate
(GMG-ITC) is a derivative of glucomoringin (GMG), a rare glucosinolate
found mainly in Moringa oleifera Lam tree (Karim et al., 2016). The
compound was reported to demonstrate wide spectrum biological ac-
tivities such as anti-oxidant (Rajan et al., 2016), anti-inflammatory
(Galuppo et al., 2014; Jaja-Chimedza et al., 2017), antimicrobial
(Galuppo et al., 2013), anticancer (Michl et al., 2016) and anti-ul-
cerative (Karim et al., 2016) conditions. Studies on various neurode-
generative diseases involving suitable disease model of interest have
shown that GMG-ITC attenuated damages in spinal cord injury (SCI)
(Giacoppo et al., 2015), ameliorated certain abnormalities in focal
ischemia (Galuppo et al., 2015a) and slowed down disease phenotype
in amyotrophic lateral sclerosis (Galuppo et al., 2015b). The compound
had gained tremendous attention in recent years as a promising can-
didate for neuronal protection. To unveil its potentials the more, we
therefore investigated the influential effect of the GMG-ITC on the ex-
pression level of key genes and proteins involved NF-kB, Nrf2 and
MAPK signalling pathways in an in vitro model of NDD, generated from
terminally differentiated neuronal cells and hydrogen peroxide.

2. Materials and methods

2.1. Isolation and bio-activation of glucomoringin

Glucomoringin (GMG) was obtained from Moringa oleifera Lam
seeds and bioactivated in accordance with the protocol reported in our
previous studies (Jaafaru et al., 2018c). Briefly, GMG was isolated from
methanol extract of M. oleifera Lam seeds using ion exchange chroma-
tographic system and purified by gel filtration. The isolated GMG was
characterised by means of proton (1H), carbon (13C) and two-dimen-
sional (2D) Nuclear Magnetic Resonance (NMR) spectrometry. The
purity of the compound was ascertained through High Performance
Liquid Chromatographic (HPLC) analysis of desulfo-derivatives in line
with ISO (International Standard Organisation) 91671 method ap-
proved by European Union commission regulation, EEC No 1864/90.
Molecular weight of GMG was identified using electrospray ionization
(ESI) in positive mode. However, purely isolated GMG was bioactivated
by dissolving 1mg of the compound in 1mL PBS at pH 7.2 and in-
cubated with 20 μL of myrosinase enzymes (Sigma Aldrich) at 37 °C.
The complete hydrolysis of GMG to GMG-ITC was confirmed by HPLC
and LC-MS (Liquid Chromatographic Mass Spectroscopic) analysis
employing sinigrin as internal standard as described by Galuppo et al.
(2013).

2.2. Cell culture

The cell lines used in the presence study was neuroblastoma SH-
SY5Y (ATCC® CRL-2266™) cell obtained from UKM Medical Molecular
Biology Institute (UMBI), Kuala Lumpur, Malaysia. The cells were
maintained in a mixture of Dulbecco’s Modified Eagle and Hams’ 12
Media (DMEM/Hams’ F12) in ratio 1:1, containing 10% fetal bovine
serum (FBS), 1% (10,000 unit/mL of penicillin and 10,000 μg/mL of
streptomycin), 1% 2mM nonessential amino acid (L-Glutamine) and
incubated in 5% CO2 and 95% humidified atmospheric air at 37 °C. All
the media components were procured from Nacalai, Kyoto, Japan.

2.3. Differentiation of SH-SY5Y cells

Differentiation of SH-SY5Y cells was achieved in accordance to the
stipulated protocol outlined in our previous publication (Jaafaru et al.,
2018c). To be precise, the cells were seeded in 6-wells plates at a
density of 1×103 cells/mL for 24 h. 2mL of differentiating media
(DMEM/Hams’ F12, 3% heat inactivated FBS and 10 μMall trans re-
tinoic acid (RA)) was added to each well in the dark after 24 h of in-
cubation. The plates were covered with sterile aluminum foil and in-
cubated in 5% carbon dioxide (CO2) incubator at 37 °C. Differentiating
media was changed consecutively for a period of 10 days. After com-
pletion, RA-induced differentiation was evaluated under phase contrast
in an inverted light fluorescence microscope (Zeiss Axio Vert A1, Ger-
many) equipped with image acquisition system (AxioCam MRm, Ger-
many). Multiple images were captured independently at different
magnification. The differentiation was further confirmed by im-
munocytochemistry technique and flow cytometric assay where ex-
pression of neuron and synapse specific marker tuj-1 and synapto-
tagmin-1 were detected by means of Alexa fluor 488 and FITC-
conjugated anti rabbit secondary antibodies.

2.4. Cytotoxicity and cell viability assays of GMG-ITC

Cytotoxicity of GMG-ITC and H2O2 were assessed using MTT re-
duction assay in accordance with modified protocol reported by Ismail
et al. (2014). SH-SY5Y cells were seeded at a density of 1.0× 103 cells/
mL in 96-wells plate and differentiated as described in section 2.3. The
cells were incubated with serially diluted concentration of GMG-ITC
(0.156–10) μg/mL for 24, 48 and 72 h leaving the last two rows for
enzyme control (myrosinase treatment) and normal control group
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respectively. A 20 μL MTT (5mg/mL) solution was added and in-
cubated in the dark for 4 h after which the reagent was replaced with
200 μL DMSO to solubilize the formazan formed in the wells. Absor-
bance was recorded on microplate reader (Synergy, BioTek, USA) at
540 nm. Similar analysis was carried out for hydrogen peroxide (H2O2),
where 1mM H2O2 was considered the starting concentration for serial
dilution. However, cell viability effect of GMG-ITC was ascertained
when the differentiated cells were pre-treated with serially diluted
GMG-ITC (μg/mL) in time dependant manner. The pre-treated cells
were challenged with 300 μM (IC50) H2O2 thereafter followed by the
addition of MTT solution and DMSO accordingly as described above.
Absorbance reading was measured at 540 nm on microplate reader. All
the MTT experiments were conducted in triplicates under aseptic con-
dition.

2.5. GMG-ITC pre-treatment and H2O2 exposure

The differentiated neuronal cells were seeded at a density of
1× 103 cell/mL in T25 flask and differentiated as described above. The
cells were pre-treated separately with 1.25 μg/mL GMG-ITC, 2.2 μg/mL
of curcumin as positive control and 20 μL myrosinase as enzyme control
for 72 h. The pre-treated cells were then challenged with 300 μM hy-
drogen peroxide (H2O2) for four hours prior to bioassay analyses.

2.6. Gene expression study of GMG-ITC treated neuron cells

This section comprised of various techniques employed to monitor
the effect of GMG-ITC pre-treatment on genes' expression levels in
differentiated neuronal cells with respected nuclear factor erythroid 2-
related factor 2/antioxidant response element (Nrf2/ARE), nuclear
factor kappa B-cell (NF-kB/IkB) and mitogen activated protein kinase
(MAPK) signaling pathways.

2.6.1. Extraction of total ribonucleic acid (RNA)
Following differentiation and treatment, genomic RNA was isolated

using total RNA extraction kit (Geneaid Biotech Ltd, Taipei, Taiwan)
according to the manufacturer’s protocol enclosed in the kit. The purity
and amount of the isolated RNA were determined using Nano drop
spectrophotometer (Thermo Scientific, USA). Meanwhile, the quality
was determined by means of RNA integrity number using Agilent 2100
Bioanalyzer (Agilent Technologies, Waldbronn, Germany).

2.6.2. Primer design for gene expression
Genome Lab eXpress Profiler Software (Beckman Coulter, USA) was

utilized for designing of primers as presented in Table 1, considering
human sequence on the National Centre for Biotechnology Information
Gene Bank Database (NCBI). The application was used to design all the
genes of interest which include NF-kB, BACE1, IkB, APP, Erk ½, JNK,
P38, MKP1, PP2A, PP5, p53, Nrf2, GST, NQO1, GCL, Keap1, SOD1,
SOD2, HO-1 and catalase. The house keeping genes used in the experi-
ment were GPI, EMC7, PSMB4, SNRPD3, VCP, while KanR was served as
an internal control. Quality of the designed primers was ascertained on
OligoCalc, an online software for complementarity checking. The pri-
mers were synthesized by Apical Scientific (Selangor, Malaysia) and
diluted with 1×Tris-EDTA buffer to the working concentration
(100 nM) for both forward and reverse primers. The diluted primers
were stored at 30 °C until required.

KanR was used as internal control. NF-Kb, Nuclear factor kappa B;
BACE1, β-site amyloid precursor protein cleaving enzyme; IkB, in-
hibitory kappa B protein; APP, amyloid precursor protein; MAPT, Total-
Tau protein; Erk ½, extracellular signal regulating protein kinase ½;
JNK, C-Jun N-terminal kinase; P38, 38 subunit protein; MKP1, MAPK
phosphatase; PP2A, serine/threonine protein phosphatase 2A; PP5,
protein Phosphatase 5; Bax; Bcl2 associated x protein; Bcl2, β-cell
lymphoma 2; Apaf-1, apoptotic protease activating factor 1; cyt-C,
Cytochrome complex; CASP3, cysteine aspartic acid protease 3; CASP8,

cysteine aspartic acid protease 8; CASP9, cysteine aspartic acid protease
9; p53, tumour suppressor gene; Nrf2, nuclear factor erythroid 2-related
factor 2; GST, glutathione S transferase; NQO1, NADP Quinone oxi-
doreductase 1; GCL, glutamate cysteine ligase; γGCS, gamma gluta-
mylcysteine synthetase; SOD1, superoxide dismutase 1; SOD2, Mn-de-
pendant superoxide dismutase; Catalase, UGT, UDP-
glucuronosyltransferase; HO-1, hem oxygenase-1; EMC7, ER membrane
protein complex subunit 7; GPI, glucose-6-phosphate isomerase;
PSMB4, proteasome subunit beta type 4; SNRPD3, small nuclear ribo-
nucleoprotein D3; VCP, valosin containing protein.

2.6.3. Reverse transcription reaction and polymerase chain reaction
The reverse transcription reactions (RT) and polymerase chain re-

actions (PCR) were conducted in an XP Thermal Cycler (BIOER
Technology, Hangzhou, China) in accordance with GenomeLab™ GeXP
start kit (Beckman Coulter, US). Briefly, the reaction mixture for RT was
prepared by adding 1 μL of isolated genomic RNA sample (50 ng/μL) to
the master mix comprising 11 μL DNAse/RNase free water, 4 μL RT
buffer (5×), 2.5 μL RT reverse primers, 1 μL reverse transcriptase and
1 μL KanR. The mixture was introduced to the thermal cycler and cDNA
was synthesized according to the following reaction conditions: 48 °C
for 1min, 42 °C for 60min, 95 °C for 5min and the product was hold at
4 °C after completion. On the other hand, 9.3 μL of RT product was
introduced to PCR master mix which constitute of 4 μL PCR buffer
(5×), 4 μL MgCl, 2 μL PCR forward primer and 0.7 μL thermostat DNA
polymerase. The combined volume of the mixture was subjected to
PCR, considering 95 °C and 10min as amplification condition. The re-
action was completed after 1 h 56min following 34 cycles of 94 °C for
30 s, 55 °C for 30 s, 70 °C for 1min and was finally hold at 4 °C.

2.6.4. Gene expression and data analysis
The reaction mixture for GeXP was prepared by introducing 1 μL of

PCR product to the master mix solution containing 38.5 μL sample
loading solution and 0.5 μL DNA standard size in 96 well sample
loading plates and covered with a drop of mineral oil to prevent eva-
poration of the contents. After analyzing the mixture on GeXP machine
using fragment analysis module of the GeXP system software, the out-
come was exported to analysis module of eXpress profiler software and
processed further, where KanR was used for accomplishing the nor-
malization.

2.7. Protein quantification assay

The cells were seeded in 6-well plates at a density of 1×103 cell/
mL, differentiated and treated as described in section 2.3 and 2.5.3 and
2.5 respectively. The neuron cells were washed with 1× cold PBS twice
followed by addition of 500 μL protease inhibitor containing RIPA
buffer (Nacalai Tesque, Japan), and stirred slowly. After 5min, the cells
were scrapped out with plastic cell scrapper and transferred to a fresh
centrifuge tube. The protein lysates were vortexed briefly on EVT 3000
vortexing device (Bio Tek, Winooski, VT, USA) and incubated on ice for
20 to 30min according to the manufacturer’s protocol. The suspensions
were then centrifuged at 10,000× g for 10min at 4 °C, and the super-
natants were transferred to a new tube and kept on ice. BCA protein
quantification assay kit (Nacalai Tesque, Japan) was used to quantify
the protein contents in the extract by mixing 25 μL of the extracts and
200 μL of combined volume of solution A and B in ratio 50:1. Serially
diluted 2mg/mL bovine serum albumin (BSA) was used to plot stan-
dard curve for quantification of the isolated proteins. The 96 well plate
was incubated at 37 °C for 30min. and absorbance reading was taken at
562 nm thereafter. The unknown protein concentrations were calcu-
lated from the plotted standard curve of BSA.

2.7.1. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
The extracted protein samples were separated by electrophoresis on

GoPAGE 5–11 % precast sodium dodecyl sulphate-polyacrylamide gel
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(SDS-PAGE) (SMOBIO Technology, Japan), at 200 V for 60min. The
samples were diluted with sample loading buffer in 1 to 1 dilution prior
to loading and run in Tris running buffer medium containing 192mM
glycine, 5 mM Tris base, 0.1% SDS at pH 8.3.

2.7.2. Western blot and gel viewing
The resolved protein molecules from previously described SDS-

PAGE analysis were transferred to polyvinylidene difluoride (PVDF)
membrane (Bio-Rad, USA), employing semi dried transfer system.
Briefly, the transfer was performed by sandwiching transfer buffer
(192mM glycine, 25mM Tris and 20% methanol) pre-soaked filter
papers, methanol activated PVDF membrane and trimmed proteins
containing gel on Trans-Blot Turbo Transfer System (Bio-Rad,
Singapore). The system was run for 5, 7, or 10min at 1.3A and 25 V for
low, mix or high molecular weight proteins respectively. The mem-
brane was blocked in BlockingOne (Nacalai Tesque, Japan) at room
temperature for 1 h on an orbital shaker (Heldolph, Germany) with low
speed. It was washed 3 times for 5min. each, with washing buffer (TBS-
Tween 20) on an orbital shaker at moderate speed thereafter. Primary
and secondary antibodies (Cell Signalling Technology, USA) were pre-
pared in BlockingOne (Nacalai Tesque, Japan), both in ratio 1:1000 and
kept at 4 °C. The membrane was incubated in primary antibody over-
night at 4 °C and secondary antibody at 25 °C for 1 h on an orbital
shaker with slow speed, followed by 3 times washing (5min. each) with
TBS-Tween 20 in between and after the incubations.

The membranes were further developed with chemiluminescence
substrate (Nacalai Tesque, Japan) by adding 2mL of a combined vo-
lume of solution A and B in ratio 1:1, according to the manufacturer’s
instruction. After 5min. incubation, the membrane was drained care-
fully, covered in plastic and viewed using ChemiDoc™ Imaging System
(Bio-Rad, USA), and protein expression was normalized with bands of
beta actin (a housekeeping protein). The bands were analysed, and
relative intensities were extracted on ImageJ (a free online image
analysis software).

2.8. Statistical analysis

Data were presented as means ± standard deviation, differences
between the means of test and control groups were determined by one-
way analysis of variance (ANOVA) with Turkey's multiple compassion,
on Statistical Package for Social Scientist software version 23.0 (SPSS
Inc., Chicago, Illinois, USA). All the experiments were conducted three
times (n= 3) independently and 95% confidence interval was con-
sidered, thus p < 0.05 referred to statistical significance.

3. Results

3.1. Characterization of isolated glucomoringin (GMG)

Following the extraction and isolation of the compound under
study, H1 & 13C NMR based analysis revealed the molecular structure of
sugar moieties in the isolated compound as seen in Table 2.

Analysis using two-dimensional NMR (2D NMR) spectroscopy
techniques namely COSYad, HSQCad and HMBCad after isolation un-
veiled the components of the isolated compound as glucosyl, benzyl and
rhamnosyl moieties. The outcome further described the semi-spatial
molecular arrangement in the isolated compound (proton-carbon and
proton-proton coupling), direct and indirect correlations among the
protons on the anomeric and non-anomeric carbon atoms within the
molecule. 13C-NMR spectrum also showed the connection between
benzyl molecules, sulphate group and sugar moiety through quaternary
carbon atom. Likewise, the information from HMBC spectrum revealed
the correlation between carbon 1 of rhamnosyl and that of benzyl ring
that connect the two moieties together in the compound, as seen in
Fig. 1.

Similarly, HPLC analysis showed a single compound eluted at
around 9min with an intensity of about 700,000 μγ (Fig. 2). Identifi-
cation of the isolated compound was further confirmed by liquid
chromatography mass spectrometry (LC-MS) using electron spray io-
nization (ESI) in positive mode, which yield m/z 588.4111 [M+H]+

Table 1
Accession numbers, genes’ names and universal nucleotides for the primers used in the present study.

Sequence of primers with universal tags

Gene and [accession no] Forward primers (5’→3’) Reverse primers (3’→5’)
AKT3 [NM_005465.4] AGGTGACACTATAGAATAAGACATTAAATTTCCTCGAA GTACGACTCACTATAGGGAATCCTCATCATATTTTTCAGGT
APP [NM_000484.3] AGGTGACACTATAGAATACTGTGGCAGACTGAACATGC GTACGACTCACTATAGGGATCACCAACTAAGCAGCGGTA
BACE1 [NM_012104.4] AGGTGACACTATAGAATACGAGCTGGATTATGGT GTACGACTCACTATAGGGAGGAGAGGGAGCTTGG
Catalase [NM_001752.3] AGGTGACACTATAGAATAAGAAATCCTCAGACACATCT GTACGACTCACTATAGGGAATGTCATGACCTGGATGTAA
GCLC [NM_001498.3] AGGTGACACTATAGAATAATGAAGCAATAAACAAGCAC GTACGACTCACTATAGGGATGGAATGTCACCTGGAG
GST [NM_015917.2] AGGTGACACTATAGAATAATACATGGCAAATGACTTAAA GTACGACTCACTATAGGGATGATGTCTTCATTCCTTGAC
HO-1 [NM_002133.2] AGGTGACACTATAGAATAACTGCGTTCCTGCTCAACAT GTACGACTCACTATAGGGAGGGCAGAATCTTGCACTTTGT
IKBA [NM_020529.2] AGGTGACACTATAGAATACTGCAGCAGACTCCAC GTACGACTCACTATAGGGAGGGTATTTCCTCGAAAGT
JNK [NM_001323327.1] AGGTGACACTATAGAATAAAGGAAAACGTGGATTTATG GTACGACTCACTATAGGGACCAGCATATTTAGGTCTGTT
MAPT [NM_001123066.3] AGGTGACACTATAGAATACCCAGATCTGAGAGAGGT GTACGACTCACTATAGGGACTTATTAATTATCTGCACCTTCC
MKP1 [NM_004417.3] AGGTGACACTATAGAATAAGAAGAACCAAATACCTCAA GTACGACTCACTATAGGGACAGGTCATAAATAATCAGCA
NF-kB [NM_002908.3] AGGTGACACTATAGAATACGTTTTAGATACAAATGTGAAG GTACGACTCACTATAGGGACACTTTTCCTTTTCCATAAT
NQO1 [NM_000903.2] AGGTGACACTATAGAATACTGCGAACTTTCAGTATCC GTACGACTCACTATAGGGAGAAGGGTCCTTTGTCATAC
Nrf2 [NM_006164.4] AGGTGACACTATAGAATATCGCAAACAACTCTTTATCT GTACGACTCACTATAGGGAAGAGGAGGTCTCCGTTA
p38 [NM_001315.2] AGGTGACACTATAGAATATGAGCTGAAGATTCTGGA GTACGACTCACTATAGGGATGTCAGACGCATAATCTG
p53 (TP53) [NM_000546.5] AGGTGACACTATAGAATAATGGAAACTACTTCCTGAAA GTACGACTCACTATAGGGAATTCTGGGAGCTTCATCT
PP5 [NM_006247.3] AGGTGACACTATAGAATACAAGGACTACGAGAACGCCA GTACGACTCACTATAGGGAGCTTCACCTTGACCACCGTC
PP2A [NM_002715.3] AGGTGACACTATAGAATACCGCCATTACAGAGAG GTACGACTCACTATAGGGAAGGATTTCTTTAGCCTTCT
SOD1 [NM_000454.4] AGGTGACACTATAGAATAAAGTACAAAGACAGGAAACG GTACGACTCACTATAGGGATGACAAGTTTAATACCCATCT
SOD2 [NM_000636.3] AGGTGACACTATAGAATAACAACAGGCCTTATTCC GTACGACTCACTATAGGGAAGAGCTTAACATACTCAGCA
UGT [NM_000463.2] AGGTGACACTATAGAATACCCATTCTCCTACGTG GTACGACTCACTATAGGGACTTCAAATTCCTGGGATA

Housekeeping genes
EMC7 [NM_020154.2] AGGTGACACTATAGAATATCCTTAAGACAGATGGGAGT GTACGACTCACTATAGGGAATTCACATATCTTGCTCTCA
GPI [NM_001184722.1] AGGTGACACTATAGAATATCTGCAGCCTCCAAC GTACGACTCACTATAGGGAAGTAATCCACCAGGATATG
KanR ATCATCAGCATTGCATTCGATTCCTGTTTG ATTCCGACTCGTCCAACATC
PSMB4 [NM_002796.2] AGGTGACACTATAGAATATTCTGCTACCGTGACTAAG GTACGACTCACTATAGGGATGATTGGACCTCTGTAAAGT
SNRPD3 [NM_004175.4] AGGTGACACTATAGAATACGAAGAGAAGAAAAGTAGGC GTACGACTCACTATAGGGATGACAAGTTTAATACCCATCT
VCP [NM_007126.4] AGGTGACACTATAGAATACCCTTCCGATGATTC GTACGACTCACTATAGGGAGGGTAACGGCTACGA
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(Fig. 3). The digits correspond to the mass of protonated glucomoringin
reported by de Graaf et al. (2015). Thus, the collective outcomes of the
above analysis and supporting data from literature (Table 2), enabled
the unequivocal identification of the isolated compound as 4-(α-L-
rhamnosyloxy) benzyl glucosinolate or glucomoringin (GMG). The
isolated GMG was further activated to GMG-ITC (Fig. 4) by 20 μL
myrosinase (a hydrolytic enzyme) at pH 7.2 to enable the subsequent
bioassay experiments and the reaction was confirmed using HPLC as
suggested by Galuppo et al. (2013).

3.2. Confirmation of RA-mediated differentiation of SH-SY5Y cells

Expression level of synaptotagmin-1 and NeuN was observed after 7
days of retinoic acid (RA)-mediated differentiation of human neuro-
blastoma (SH-SY5Y) cells, by means of immunoblotting as seen in
Fig. 5. The result demonstrated the magnitude of differention of SH-
SY5Y cells due to daily treatment of the cells with RA for 7 days in the
dark, indicating significant (p < 0.05) expression of synaptotagmin-1,
a synapse associated protein and NeuN which is a marker found spe-
cifically in matured neurons (Fig. 6). This confirmed that the cells used

in the present study were terminally differentiated neuron cells.

3.3. Cytotoxicity of GMG-ITC and H2O2

GMG-ITC treatment was performed to evaluate its effect on cell
viability. Although the GMG-ITC treated differentiated cells at various
concentrations (0.313–10) μg/mL for 24 h (Fig. 7a), 48 h (Fig. 7b) and
72 h (Fig. 7c) were significantly (p < 0.05) viable in all respect, the
viability of those treated with 10 μg/mL for 24 and 48 h as well as 5 and
10 μg/mL for 72 h were significantly (p < 0.05) lower compared to
other concentrations. Cytotoxicity of H2O2 was also determined, where
differentiated cells were exposed to H2O2 at different concentrations in
time dependant manner. The result obtained showed that 300 μM H2O2

triggered the death of about 50% of the cell population in 4 h (Fig. 8).
Therefore, it was selected as concentration of H2O2 to induce oxidative
stress condition. Thus, NDD model was developed for the subsequent
experiments.

3.4. GMG-ITC modulated gene expression in NF-kB/IkB pathway

Expression of genes involved in NF-kB/IkB-mediated neuropatho-
logical pathway was affected remarkably in an oxidative stress condi-
tion with or without presence of GMG-ITC and curcumin. The genes
influencing the pathway includes NF-kB, IkB, BACE1 (β-secretase), APP
and MAPT tau. The expression level of all the genes was significantly
higher (p < 0.05) in H2O2 and myrosinase control groups compared to
normal control. Pre-treatment of differentiated cells with GMG-ITC for
72 h prevented over expression of NF-kB gene significantly (p < 0.05)
when the cells were exposed to H2O2-induced cytotoxic environment
for 4 h compared to its expression in H2O2 control cells (Fig. 9A). GMG-
ITC pre-treatment prior to H2O2 exposure caused a significant
(p < 0.05) increased in the expression level of mRNA for IkB gene in
the differentiated neuron cells compared to H2O2 control cells (Fig. 9B).
Significant decreased (p < 0.05) in the expression level of BACE1 gene
in GMG-ITC pre-treated cells prior to 4 h H2O2 exposure was observed
when compared the expression in H2O2 control cells (Fig. 9C). Also,
presence of GMG-ITC abrogated the expression of APP gene sig-
nificantly (p < 0.05) when the differentiated neurons were pre-treated
with the compound before the introduction H2O2, compared to its ex-
pression in H2O2 control cells (Fig. 9D). Likewise, pre-treatment with
GMG-ITC for 72 h increased the expression of MAPT tau gene sig-
nificantly (p < 0.05) in an oxidative stress condition when compared
to its expression in H2O2 control cells without the compound pre-
treatment (Fig. 9E).

3.5. GMG-ITC modulated gene expression in Nrf2/ARE pathway

The expression level of mRNA for all the genes in Nrf2/ARE sig-
nalling pathway under study increased significantly (p < 0.05) in
GMG-ITC pre-treated plus 4 h H2O2 challenged differentiated neuron
cells in comparison to that of H2O2 control cells (Fig. 10A to 10I). The
expression of Nrf2 genes increased above normal level due to GMG-ITC
pre-treatment of the differentiated neuron cells (Fig. 10A). Similarly,
pre-treatment of the cells with GMG-ITC with or without H2O2 chal-
lenge rise the mRNA level of GST gene significantly (p < 0.05) com-
pared to H2O2 and control (Fig. 10B). Level of NQO1 gene expression in
GMG-ITC pre-treated and H2O2 exposed differentiated cells increased
significantly (p < 0.05) in comparison to H2O2 control cells (Fig. 10C).
GMG-ITC pre-treatment prior to H2O2 exposure caused significant
(p < 0.05) increased in the expression of GCLC gene in the differ-
entiated neuron cells compared to H2O2 control cells (Fig. 10D). Ex-
pression of SOD1 gene was also increased significantly (p < 0.05) in
the differentiated cells due to GMG-ITC pre-treatment before H2O2 in-
sult when compared to that of H2O2 control cells (Fig. 10E). Similar
trend of expression (p < 0.05) was equally noticed with respect to
SOD2 gene (Fig. 10F). Presence of GMG-ITC elevated the expression

Table 2
1H NMR and 13C NMR data spectra for isolated glucomoringin.

Moieties Isolated compound de Graaf et al. (2015)

δC δH (J in Hz) δC δH (J in Hz)

Glucose moiety
1’ 80.4 4.57, d, (8.9) 80.9 4.57, d, (9.0)
2’ 71.9 3.17–3.36, m 71.9 3.17–3.30, m
3’ 76.9 3.17–3.36, m 70.0 3.17–3.30, m
4’ 68.9 3.17–3.36, m 68.8 3.17–3.30, m
5’ 79.7 3.09, m 79.7 3.09, m
6’ 60.2 3.49, m 60.2 3.50, m
Benzyl moiety
1 154.5 ——— 154.4 —————
2 117.5 7.00, d, (8.7) 117.4 7.00, d, (8.7)
3 129.4 7.19, d, (8.8) 129.3 7.18, d, (8.7)
4 130.6 ——— 130.4 ————
5 129.4 7.21, d, (8.8) 129.3 7.18, d, (8.7)
6 117.5 7.00, d, (8.7) 117.4 7.00, d, (8.7)
7 37.4 3.86, d, (17.0) 37.2 3.86, d, (17.0)
Others
0 154.5 ———— 154.6 ————
Rhamnose moiety
1’’ 98.0 5.41, d, (1.7) 98.1 5.41, d, (1.7)
2’’ 69.6 4.02, d, (1.7–3.6) 69.9 4.03, d, (1.7–3.5)
3’’ 69.9 3.86, d, (3.5–7.0) 70.0 3.86, d, (3.5–7.0)
4’’ 70.7 3.37, t, (9.6) 70.2 3.38, t, (9.7)
5’’ 69.3 3.66, m 69.3 3.67, m
6’’ 16.6 1.08, d, (6.2) 16.6 1.09, d, (6.3)

Where d: double peaks; m: multiple peaks; t: triplet peaks.

Fig. 1. Intact structure of glucomoringin (GMG) also known as 4-(α-L-rham-
nosyloxy) benzyl, comprising of glucosyl, benzyl and rhamnosyl moieties.
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level of mRNA for HO-1 and Keap 1 gene expression significantly
(p < 0.05) when the differentiated neuron cell was pre-treated with
the compound before introducing H2O2 to the flask (Fig. 10G and H).
Moreover, the level of mRNA for catalase gene expression increased
significantly (p < 0.05) in similar pattern with other phase II anti-
oxidant markers when the differentiated cells pre-treated with GMG-
ITC for 72 h and subjected to 4 h H2O2 challenged, compared to its
expression in H2O2 control cells (Fig. 10I).

3.6. GMG-ITC modulated gene expression in MAPK pathway

Although treatment of differentiated SH-SY5Y cells with 300 μM
H2O2 significantly (p < 0.05) altered the expression level of mRNA for

all the genes i.e. JNK, p38, MKP-1, PP2A, PP5 and Erk1/2 in MAPK
signaling pathway, GMG-ITC pre-treatment seemed ineffective in an-
tagonizing the genotoxic effect of the toxicant (Fig. 11). Pre-treatment
of the differentiated cells with GMG-ITC for 72 h did not banish the
overexpression of JNK in an oxidative stress condition and the different
in expression was not significant (p > 0.05) when compared to that of
H2O2 control cells (Fig. 11A). Meanwhile curcumin (positive control)
on the other hand slow down the expression significantly (p < 0.05)
when pre-treated the differentiated cells with it for 72 h before H2O2

challenged (the same figure). Unlike GMG-ITC, present of curcumin
(positive control) in the cells prior to H2O2 exposure significantly
(p < 0.05) reduced the expression level of p38 gene compared to that
of H2O2 control cells (Fig. 11B). Significant (p < 0.05) decreased in the

Fig. 2. HPLC chromatogram of isolated glucomoringin (GMG). This indicated that GMG was isolated in high purity from the 70% methanol extract of M. oleifera Lam
seed’s sample.

Fig. 3. LC-MS ESI (positive mode) spectrogram of isolated glucomoringin (GMG). The analysis confirmed the isolation of GMG in high purity by revealing its
molecular weight (588.4111 m/z) in positive mode, together with few fragments of the compound.
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expression level of MKP-1 gene was observed in the differentiated cells
pre-treated with GMG-ITC for 72 h and subjected to 4 H2O2 treatment
compared to the expression in H2O2 control cells (Fig. 11C). Presence of
GMG-ITC in the differentiated cells did not affect the expression of
PP2A and PP5 genes significantly (p > 0.05) compared to normal
control cells. Likewise, pre-treatment of the cells with GMG-ITC for 72 h
prior to H2O2 insult failed to prevent the genotoxic effect of H2O2 on the
expression level of the two genes (Fig. 11D and E). Although not sig-
nificant (p > 0.05) the expression level of Erk1/2 gene slightly

decreased in the differentiated cells pre-treated with GMG-ITC for 72 h
and H2O2 for 4 h compared to H2O2 control cells (Fig. 11F).

3.7. Expressions of selected proteins modulated by GMG-ITC

Immunoblotting was performed on the pre-treated differentiated
neuronal cells to monitor the expression of important proteins re-
sponsible for neuroprotective and survival effect in the signalling
pathways under study. The results showed that pre-treatment with
GMG-ITC caused remarkable resistance to H2O2 cytotoxic effect on
expression of the key proteins involved in phase II detoxification pro-
cesses (Nrf2, NQO1 and SOD1), despite the induction of oxidative stress
condition (Fig. 10). Similarly, the curcumin (positive control) affected
the expression of all the proteins positively except the Nrf2. Following
normalization with housekeeping protein (β-actin), the quantitative
data were presented as relative intensity of proteins of interest to
housekeeping protein, expressed in fold changes (Fig. 12), for quanti-
tative evaluation of the protein expression. The results also confirmed
the expression of c-Rel and p52 proteins, the two-constitutive tran-
scription factor subunit in NF-kB pathway that enhance protection and
survival of nerve cells. The expression level of the proteins was sig-
nificantly high (p < 0.05) in GMG-ITC pre-treated compared to H2O2

control differentiated cells. Relative expression of c-Rel was measurably
higher in GMG-ITC and curcumin control cells, and lower expression
level of the protein in H2O2 control indicated the influence of GMG-ITC
on the protein’s expression (Fig. 13).

4. Discussion

The present study described novel mechanistic pathways for GMG-
ITC neuroprotection activities against H2O2-induced

Fig. 4. Myrosinase catalysed hydrolysis of GMG to GMG-ITC. 4-(α-L-rhamnosyloxy) benzyl glucosinolate known as glucomoringin is hydrolysed to 4-(α-L-rham-
nosyloxy) benzyl isothiocyanate or glucomoringin isothiocyanate by myrosinase in phosphate buffered solution (PBS) at pH 7.2.

Fig. 5. Immunoblot based expression of terminal neuron-specific and synapse
associated protein markers (NeuN and Synaptotagmin-1) in differentiated
human neuroblastoma (SH-SY5Y) cell lines. Normalised against housekeeping
protein (β-actin).

Fig. 6. Intensity based relative expression of
terminal neuron-specific and synapse asso-
ciated markers (NeuN and Synaptotagmin-1)
after 7 and 10 days of retinoic acid-induced
differentiation in human neuroblastoma (SH-
SY5Y) cell lines. Normalised against β-actin
housekeeping protein. Error bars represent
standard deviation, means with asterisk dif-
fered significantly with control at 95% con-
fidence level *(ANOVA, p < 0.05).
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neurodegeneration. Due to its richness in bioactive compounds, M.
oleifera plant exhibited wide range of biological activities and health
benefits including but not limited to anti-inflammatory, antidiabetic,
anticancer, antimicrobial and wound healing (Abdull et al., 2014; Al-

Asmari et al., 2015; Kumssa et al., 2017). Human neuroblastoma cells
(SH-SY5Y) are dopaminergic neuronal cells that gain popularity as a
model for neurodegenerative diseases such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), multiple sclerosis (MS), amyotrophic lateral
sclerosis (ALS) and Huntington’s disease (HD) (Kim et al., 2013;
Mangieri et al., 2014; Mastrantonio et al., 2016). Studies have shown
that the cells differentiated into terminal neurons by showing not only
neurites extension but expression of certain neuron specific markers
such as synaptotagmin-1 and NeuN. This is achieved when the cells
were incubated with 10 μMall-trans retinoic acid (RA) or other differ-
entiating inducers at effective concentrations for appropriate number of
days (Korecka et al., 2013; Ferguson and Subramanian, 2016). Al-
though, increase predisposition of the cells to cytotoxicity during dif-
ferentiation process was reported, SH-SY5Y cells were differentiated to
neurons with features of fully matured neuronal cells by expressing
neuron and synapse specific proteins which include class III β-tubulin
(tuj-1), NeuN and synaptotagmin-1 (Cheung et al., 2009). The differ-
entiation results confirmed that the cells used in the presence study
were terminally differentiated neuronal cells.

Moreover, Studies have shown that subjecting differentiated SH-
SY5Y cells to cytotoxicants such as hydrogen peroxide for certain period
triggers cascade of reaction that lead to oxidative stress condition with
eventual death of the cells (Chen et al., 2009). Ismail et al. (2016) and
Park et al. (2015) reported the cytotoxic effect of H2O2 on differentiated
SH-SY5Y cells when used as a model for neuroprotection research.

Following pre-treatment of differentiated neurons with GMG-ITC,
expression of key genes in the studied pathways were affected re-
markably as described in the result section. Studies have shown that

Fig. 7. Cytotoxicity of GMG-ITC on differentiated SH-SY5Y. (a) displayed 24, (b) 48 and (c) 72 h of treatment. Values are means of triplicate experiments and means
with different letters varies significantly (p < 0.05, n=3) with one another.

Fig. 8. Cytotoxicity of H2O2 on differentiated SH-SY5Y. The figure displayed
the cytotoxic analysis result of H2O2, where 307 μM of the chemical appeared to
kill 50% of the cells population with four (4) hours. The concentration was
referred to as IC50 for generating oxidative stress model on differentiated SH-
SY5Y cells. Experiments were conducted in triplicates (n=3).
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inhibition of NF-κB (a protein encoded by NFkB gene) mediate neuro-
protection in neurodegenerative diseases such as Alzheimer’s disease
and multiple sclerosis (Srinivasan and Lahiri, 2015; Nichols et al.,
2019). The present findings indicated that GMG-ITC selectively sup-
pressed the expression of NF-kB subunits responsible for transcription
of several inflammatory markers that triggers neuronal damage. On the
other hand, IkBα (a protein encoded by IkB gene) interacted with NF-kB
in two major ways namely: retention of the transcription factor (NF-kB)
within cytoplasm and inhibiting its DNA binding in the nucleus, which
were all enhanced due to the presence of GMG-ITC in the cells as de-
monstrated in Fig. 14. Studies had shown that suppression of BACE1-
gene expression that codes for β-secretase, which is an enzyme that
triggers generation of toxic fragments of the proteins was associated
with neuroprotection in Alzheimer’s and down syndrome disease
models (Jiang et al., 2016; Zakaria and Vassar, 2018). Thus, the gen-
otoxic effect of GMG-ITC on the expression of BACE1 gene demon-
strated the possibility of the compound to inhibit the activity of the
functional BACE1 protein. Although it has beneficial effect such as
regulation of synapse formation, over expression of amyloid precursor

protein coded by APP gene was linked to increase in activity of BACE1
and concentration of amyloid beta fragments which are directly asso-
ciated with pathology of AD with consequent death of neuronal cells
(Kuruva and Reddy, 2017). Additionally, Tau protein encoded byMAPT
gene is responsible for modulating axonal microtubule stability by in-
teracting with tubulin to promote their assembly into stable form
(Bodea et al., 2016). Phosphorylation of tau proteins lead to dete-
rioration of microtubules’ structure thereby generating neurofibrillary
tangles that are associated with neurodegenerative disease such as AD
and related tauopathies (Zhou et al., 2018).

Basically, Nrf2 is a transcription factor that translocate to nucleus
when released from cytoplasm. It binds to antioxidant response element
(ARE) to form complex that attaches to promoter region of phase II
antioxidant genes (Velagapudi et al., 2018) and initiate expression of
genes responsible for neuroprotection (Dinkova‐Kostova et al., 2018).
The presence of GMG-ITC therefore enhanced the expression of Nrf2
genes and its translocation to nucleus even under oxidative stress
condition, which in turn affect the expression of other proteins in the
pathway.

Fig. 9. Modulation of gene expression in NF-
kB/IkB signalling pathway. Where normal
control is a group of untreated cells; H2O2: cells
treated with 300 μM hydrogen peroxide only
for 4 h; MYR control: myrosinase (enzyme) pre-
treated and hydrogen peroxide exposed group;
GMG-ITC + H2O2: cells pre-treated with GMG-
ITC for 72 h followed by 4 h exposure to hy-
drogen peroxide; curcumin + H2O2: cells pre-
treated with curcumin followed by exposure to
hydrogen peroxide for 4 h; GMG-ITC only: and
curcumin only: cells treated with only GMG-ITC
and curcumin for 72 h respectively. GMG-ITC:
glucomoringin isothiocyanate; H2O2: hydrogen
peroxide; MYR: myrosinase. The result was
expressed as relative expression of mRNA ex-
pression normalized against SNRPD3 (house-
keeping gene) and different letters on similar
means in each cluster varies significantly
(p < 0.05, n= 3) with one another and vice
versa.
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For instance, increase in expression of glutathione-s-transferase
(GST) gene was attributed to the multiplying effect of GMG-ITC pre-
treatment. GST protein play key role in neutralizing free radicals gen-
erated in the cells (Liang et al., 2018). Enhancement of GST expression
by GMG-ITC indicated the ability of the compound to protect neuronal
death due to oxidative damage. Also, NQO1 gene encodes for NAD(P)H
quinone dehydrogenase 1 in human, which is a pleiotropic enzyme that
reduces vitamin E quinone and ubiquinone to antioxidant forms di-
rectly (Ross and Siegel, 2018). This reduction effect of quinone dehy-
drogenase 1 signified its primary protective role physiologically (Ross
and Siegel, 2018). GMG-ITC improved the quantitative expression of

NQO1 to about 1.7 folds relative to SNRPD3 (housekeeping gene) ex-
pression. Thus, displaying possible neuroprotective activity at gene
level. Our findings also showed that the multiplying effect of GMG-ITC
pre-treatment caused increase in the expression of GCLC gene that en-
codes for glutamate-cysteine ligase catalytic subunit (GClc) protein, a
phase II antioxidant marker with remarkable antioxidant activity in
human and other related species. Level of GClc rise in response to
oxidative stress and other inflammatory factors as to neutralize the
environmental harmful effect and ensure protection and survival of the
affected cells (Kim et al., 2015).

Interestingly, the SOD1 and SOD2 gene expression outcomes in the

Fig. 10. Modulation of gene expression in Nrf2/ARE signalling pathway. Normal control is a group of differentiated untreated cells; H2O2 control: cells treated with
300 μM hydrogen peroxide only for 4 h; MYR control: myrosinase (enzyme) pre-treated and hydrogen peroxide exposed group of cells; GMG-ITC + H2O2: cells pre-
treated with GMG-ITC for 72 h followed by 4 h exposure to H2O2; curcumin + H2O2: cells pre-treated with curcumin followed by exposure to H2O2 for 4 h; GMG-ITC
only: and curcumin only: cells treated with only GMG-ITC and curcumin for 72 h respectively. GMG-ITC: glucomoringin isothiocyanate; H2O2: hydrogen peroxide.
The result was expressed as relative expression of mRNA expression normalized against SNRPD3 (housekeeping gene) and means of each cluster labelled with
different letters varied significantly (p < 0.05, n= 3) with one another.
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present study followed similar trend of expression with Nfr2 in the
GMG-ITC pre-treatment group. The two genes encode for superoxide
dismutase 1 and 2 enzymes, both of which are found abundantly in
neural tissue. Part of the physiological and antioxidant relevance of

their protein’s product is regulation of superoxide concentration by
dismutating the superoxide to hydrogen peroxide, a substrate to an-
other phase II enzyme and less harmful to the former (Lalkovičová and
Danielisová, 2016). This phenomenon contributes to survival of neuron

Fig. 11. Modulation of gene expression in MAPK signalling pathway. Where normal control: untreated cells; H2O2: cells treated with 300 μM hydrogen peroxide only
for 4 h; MYR control: myrosinase (enzyme) pre-treated and hydrogen peroxide exposed group; GMG-ITC+ H2O2: cells pre-treated with GMG-ITC for 72 h followed by
4 h exposure to hydrogen peroxide; curcumin + H2O2: cells pre-treated with curcumin followed by exposure to hydrogen peroxide for 4 h; GMG-ITC only: and
curcumin only: cells treated with only GMG-ITC and curcumin for 72 h respectively. GMG-ITC: glucomoringin isothiocyanate, H2O2: hydrogen peroxide, MYR:
myrosinase. The result was expressed as relative expression of mRNA expression normalized against SNRPD3 (housekeeping gene) and different letters on similar
means in each cluster varies significantly (p < 0.05, n= 3) with one another and vice versa.
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cells in a toxic environment. Another gene that was affected by GMG-
ITC pretreatment was the HO-1 gene which is responsible for coding
heme oxygenase enzyme, that catalyse the conversion of heme groups
to bilirubin, a metabolite capable of scavenging free radicals such as
superoxide anion, singlet oxygen and hydroxyl radicals. The enzyme
was reported to provide stress tolerance and neuronal protection (Nitti
et al., 2018). Catalase gene expression was also found to be higher in the
GMG-ITC pre-treatment group due to multiplying effect of the com-
pound. Catalase enzyme play key antioxidant role by converting
harmful substances such as H2O2 to less toxic form (water) in the body
(Dai et al., 2017). Catalase and SOD activities are fundamental detox-
ification processes that lead to neuronal protection and cellular long-
evity (Dai et al., 2017). The modulatory effect of GMG-ITC on Nrf2/
ARE signalling pathway was summarized in Fig. 15, which is in line
with modulatory effect of certain antioxidant agents reported pre-
viously.

Moreover, the outcomes of the present study showed that, the ex-
pression of genes for markers involved in MAPK pathway was not af-
fected in the presence of GMG-ITC despite being in a toxic environment.
JNK encodes for c-Jun N-terminal kinases-3 (JNK3), a neuronal specific
isoform protein involved in pathology of diverse neurological disorders
(Kim and Choi, 2010). Overexpression of JNK is activated by cellular
stress which mediate neuronal apoptosis implicated in AD, PD and ALS
(Kim and Choi, 2010; Chiu et al., 2019). Unlike the positive control,
present of GMG-ITC could not prevented the genotoxic effect of H2O2

on the expression level of JNK. The p38 gene encodes for p38 protein
which is a mitogen activated protein kinase family member that play
key role in MAPK pathway mediated apoptosis (Kim and Choi, 2010).
The protein has been implicated in pathological processes in various
tissues, such as neuronal, skeletal and cardiac tissues. Increase in ac-
tivity of p38 result in excessive effect of NF-κB transcription factor (Kim
and Choi, 2010). Although its expression was induced by cellular re-
sponse to toxic environment, MKP-1 was reported to deactivate the
MAPK families thereby reducing the inflammatory triggered via MAPK
signalling pathway (Wancket et al., 2012). The authors further ex-
plained the enhancement effect of nutritional compounds and other
several compounds of plant origin on MKP-1 expression (Wancket et al.,
2012), which was contrary to what was observed in the present findings
with respect to GMG-ITC. PP2A and PP5 genes encode for two phos-
phatases, the major enzymes that regulate several cellular processes

including growth and survival and confer neuroprotection by inhibiting
ROS generation in SH-SY5Y cells and primary hippocampal neurons (Xu
et al., 2018). In human, Erk1/2 is the gene encodes for extracellular
signal-regulated kinase 1 and 2 that mediate growth and development
when activated in neural cells. Overexpression or high activation of this
gene was implicated in pathological progression and apoptosis in neu-
ronal cells (Li et al., 2004). The gene expression results of MAPK
pathway indicated that presence of GMG-ITC did not antagonize the
overexpression of inflammatory stimulated genes due to cytotoxic en-
vironment, neither enhanced the expression of phosphatases genes in
MAPK signalling pathway due to oxidative stress condition. The MAPK
family members (JNK, p38 and ErK½) are highly expressed in lower
and higher animals (Liu et al., 2015; Xu et al., 2015). Phosphorylation
of these proteins due to presence of toxicants, activates processes for
cellular death such as apoptosis and or necrosis, depending on the
concentration and duration of exposure to the toxicants (Wang et al.,
2006; Liu et al., 2015). However, direct phosphorylation of the cyto-
kines activated members of MAPK family by PP2A and PP5 attenuate
their harmful effects of the signalling molecules (Liu et al., 2015; Shen
et al., 2018). Again, due to lack of available literature on the involve-
ment of GMG-ITC in MAPK signalling pathway gene expression, we
therefore predicted that, GMG-ITC did not execute its neuroprotection
activities via the pathway.

Despite the persistent arguments on genotype-phenotype relation in
central dogma process, studies on protein abundance and mRNA ex-
pression level showed relative correlation between the two processes
when conducted in different models (Greenbaum et al., 2003; Vogel
and Marcotte, 2012; Liu et al., 2016). Suggesting that reasonable
number of transcribed mRNA correlated with translation into nuclear
(r2= 0.8), cell periphery (r2= 0.74) and other (r2= 0.66) proteins,
despite the involvement of remarkable series of linked processes re-
quired for production and maintenance of cellular proteins from tran-
scripts (Vogel and Marcotte, 2012; Liu et al., 2016). As such, we assume
most of the expressed mRNA in the present study translated in to pro-
tein, since they are majorly nuclear and cytoplasmic proteins.

It was learned previously that, NF-kB transcription factor that in-
cludes RelA (p65), RelB, p50, c-Rel, and p52 exist in two forms as di-
mers namely constitutive and inducible factors in which their functions
vary in the neuronal cells (Baldwin, 1996; Mattson and Meffert, 2006).
The physiological functions of constitutive form of NF-kB subunits has

Fig. 12. Modulatory effect of GMG-ITC pre-treatment on
protein translation in differentiated neuron. Nrf2, c-Rel, p52,
NQO1 and SOD1 regulation was determined by immunoblot-
ting using chemiluminescent substrates. The detected proteins
were presented as bands of protein expression alongside their
respected molecular weight, according to the protein ladder
provided by the manufacturers. Where normal control: un-
treated cells; HPO: cells treated with 300 μM hydrogen per-
oxide only for 4 h; myrosinase control: myrosinase (enzyme)
pre-treated and hydrogen peroxide exposed group; GMG-ITC
+ HPO: cells pre-treated with GMG-ITC for 72 h followed by
4 h exposure to hydrogen peroxide; curcumin + HPO: cells
pre-treated with curcumin for 72 h followed by exposure to
hydrogen peroxide for 4 h; GMG-ITC only: and curcumin only:
cells treated with only GMG-ITC and curcumin for 72 h re-
spectively. GMG-ITC: glucomoringin isothiocyanate, HPO:
hydrogen peroxide.
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been linked with long term memory formation, synaptic plasticity for-
mation, survival of neurons, growth and development of dendrites at
moderate expression (Smale, 2011), while the inducible form of NF-kB
marker is critical for responses adapted for neuronal degeneration after
exposure to certain level of toxic stimuli in noxious environment
(Sarnico et al., 2009; Gupta et al., 2010). Therefore, GMG-ITC was
suggested to have modulated the expression of proteins that are directly
involved in its neuroprotective activity through Nrf2/ARE and NF-kB/
IkB pathways.

5. Conclusions

The findings of the present study highlighted the implication of
GMG-ITC in the expression of genes and key proteins that mediate
signal transductions in NF-kB/IkB, Nrf2 and MAPK signalling pathways.
The effect seemed to slow down the expression and translocation of p65
and p50 dimer transcription factor into nucleus. However, the com-
pound upregulated the expression of transcription factors (c-ReL and
p52) involved in constitutive signalling of NF-kB pathway which en-
hance the protection and survival of cell in a toxic environment. Unlike
the putative influence of the compound on internal defense mechanism

Fig. 13. Modulatory effect of GMG-ITC pre-treatment on Nrf2, c-Rel, p52, NQO1 and SOD1 protein expression. The expressed proteins were presented as relative
intensity of protein expression in folds normalized against β-actin. H2O2, hydrogen peroxide; values are expressed as mean of relative expression of proteins
normalised against β-actin (housekeeping protein). Means with different letters differed significantly (ANOVA, p < 0.05) with one another at 95 confidence level.
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Fig. 14. Predicted neuroprotective effect of GMG-ITC via NF-kB signalling pathway. IKK: IkB kinase; NEMO: NF-kB essential modulator; ROS: Reactive oxygen
species.

Fig. 15. Predicted neuroprotective effect of GMG-ITC via Nrf2/ARE signalling pathway. Here various inducers caused the release of cytoplasmic Nrf2 from its
anchored molecule (Keap1) and localised to nucleus to form transcription complex. ARE: Antioxidant response element; Glrx: Glutaredoxin; GSH: Glutathione; GSR:
Glutathione-disulfide reductase; GSTs: Glutathione S-transferases; Keap1: Kelch-like ECH-associated protein 1; NATs: N-acetyltransferases; Nrf2: Nuclear factor
erythroid 2-related factor 2; NQO1: NAD(P)H quinone dehydrogenase 1; ROS: Reactive oxygen species; sMAF: proto-oncogene response element; SULTs:
Sulfotransferases; TXN: Thioredoxin; TXNRD: Thioredoxin reductase; UGTs: UDP glucuronosyltransferases.
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system of cells through Nrf2 pathway reported above, GMG-ITC did not
seem to affect the expression of genes involved in MAPK signalling
pathway. This finding revealed the potential of GMG-ITC in diminution
of oxidative stress damage via NF-kB/IkB and enhanced neuronal pro-
tection and survival through Nrf2/ARE signalling pathways. This is
perhaps the first study to discover and suggest new pathway related to
neuroprotective activity of GMG-ITC.
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