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Abstract.
Background: Centella asiatica (L.) (C. asiatica) is commonly known in South East and South East Asia communities for
its nutritional and medicinal benefits. Besides being traditionally used to enhance memory and accelerate wound healing, its
phytochemicals have been extensively documented for their neuroprotective, neuroregenerative, and antioxidant properties.
Objective: The present study aims to investigate the effects of a standardized raw extract of C. asiatica (RECA) on hydrogen
peroxide (H2O2)-induced oxidative stress and apoptotic death in neural-like cells derived from mouse embryonic stem (ES)
cell line.
Methods: A transgenic mouse ES cell (46C) was differentiated into neural-like cells using 4-/4+ protocol with addition of
all-trans retinoic acid. These cells were then exposed to H2O2 for 24 h. The effects of RECA on H2O2-induced neural-like
cells were assessed through cell viability, apoptosis, and reactive oxygen species (ROS) assays, as well as neurite length
measurement. The gene expression levels of neuronal-specific and antioxidant markers were assessed by RT-qPCR analysis.
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Results: Pre-treatment with H2O2 for 24 hours, in a dose-dependent manner, damaged neural-like cells as marked by a
decrease in cell viability, substantial increase in intracellular ROS accumulation, and increase in apoptotic rate compared to
untreated cells. These cells were used to treat with RECA. Treatment with RECA for 48 h remarkably restored cell survival
and promoted neurite outgrowth in the H2O2- damaged neurons by increasing cell viability and decreasing ROS activity.
RT-qPCR analysis revealed that RECA upregulated the level of antioxidant genes such as thioredoxin-1 (Trx-1) and heme
oxygenase-1 (HO-1) of treated cells, as well as the expression level of neuronal-specific markers such as Tuj1 and MAP2
genes, suggesting their contribution in neuritogenic effect.
Conclusion: Our findings indicate that RECA promotes neuroregenerative effects and exhibits antioxidant properties, sug-
gesting a valuable synergistic activity of its phytochemical constituents, thus, making the extract a promising candidate in
preventing or treating oxidative stress-associated Alzheimer’s disease.
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INTRODUCTION

In recent years, there has been growing interest in
the role of antioxidants in the prevention and treat-
ment of neurodegenerative diseases (NDs), including
Alzheimer’s disease (AD). Thus, studies utilizing
medicinal herbs with antioxidant and regenerative
properties will be beneficial in alleviating the detri-
mental effects of oxidative stress. Numerous studies
have shown that plant-based antioxidants serve as
scavengers of free radicals and modulators of apop-
tosis at the cellular and molecular levels. One such
plant is Apiaceae (previously known as Umbelliferae)
family and the species known as Centella asiatica
(C. asiatica); in Malaysia, it is also locally known as
pegaga. C. asiatica is a tender creeping perennial herb
of South and Southeast Asia. The whole plant (leaves,
seeds, fruits, roots, stem) can be used. The plant is rich
with asiaticoside (antimicrobial and neuroprotective
activities), asiatic acid (neuroprotective, anticancer,
and antioxidant activities), triterpenoid derivative
called madecassol and triterpene (saponins and their
sapogenins), flavonoids and phenolic (antioxidants
activity) [1–5]. C. asiatica has been listed as a drug
in Indian Herbal Pharmacopoeia, German Home-
opathic Pharmacopoeia, European Pharmacopoeia,
and Pharmacopoeia of the People’s Republic of China
[6]. A growing body of literature has shown that
C. asiatica extract has been broadly tested for its
pharmacological properties, such as wound healing
[7–9], anxiolytic and antidepressant [10–12], neu-
roregenerative, neuroprotective, memory-enhancing
activities [1, 13–19], as well as antioxidant and
anti-inflammation [20–22]. Therefore, it has been
identified as a suitable candidate that can be used as
an adjunct treatment for NDs, especially AD.

In vitro model of diseases has been extensively
used for the screening of pharmacological com-
pounds or medicinal herbs. The selection of cells to be
employed plays an important role in the development
of the ideal model for specific diseases, including
AD. Current available in vitro AD models, includ-
ing PC12 and SH-SY5Y cell lines, lack many of the
crucial features to mimic the in vivo condition, includ-
ing neuronal morphology, functional mature neurons,
signaling pathways encompassing cell division and
survival, as well as apoptosis pathway. Several studies
have shown the capability of stem cells to differen-
tiate into various types of cells and their ability to
secrete a wide range of trophic factors, making them
the best treatment for degenerative diseases [23]. Fur-
thermore, stem cells have become valuable tools in
the establishment of in vitro models of AD and to
study therapeutic strategies, owing to their capability
to differentiate into any type of cells.

To expand the choice of stem cells used as the
prospect cells for establishing AD in vitro models,
we are exploring and manipulating the properties
of mouse embryonic stem cell line, 46C. 46C is a
transgenic mouse embryonic stem cell line carrying
a green fluorescent protein (GFP) gene knocked-in in
the open reading frame of a marker for neural precur-
sor cells (NPCs), Sox1 [24]. 46C-derived neural-like
cells were obtained by 4–/4+ protocol through the for-
mation of multicellular aggregates, embryoid bodies
(EBs), with the addition of all-trans retinoic acid as
the neural inducer [25].

In our study, H2O2 was used to induce neurotoxic-
ity in neural-like cells derived from 46C to elevate the
intracellular reactive oxygen species (ROS) activity,
leading to oxidative stress. The correlation between
H2O2 and oxidative stress model is well documented
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in previous works. In biological systems, H2O2 is
well recognized as the inducer of ROS and apopto-
sis, and in fact, H2O2 itself is also ROS. H2O2 is also
produced as a by-product of dismutation superoxide
anions (O2

–) during cellular metabolism by super-
oxide dismutase [26]. In AD, H2O2 is produced by
amyloid-� peptide, which is responsible for senile
plaque formation [27, 28] and tau protein, which
is the major component of neurofibrillary tangles
[29]. Several factors influence H2O2-induced apop-
totic cell death by causing nuclear condensation and
DNA fragmentation, as well as mitochondrial dys-
function [30] and activation of caspase 3 [31], and
regulation of pro-apoptotic Bcl2 family [32]. There-
fore, exogenous H2O2 was frequently used in the in
vitro study for the fact that it induces oxidative stress
conditions comparable to in vivo models particularly
related to AD.

The novelty of the project relies on the aim to eval-
uate the neuroregenerative effect of the raw extract
of C. asiatica (RECA) on oxidative stress-induced
neural-like cells differentiated from murine embry-
onic stem cells as opposed to commonly used cancer
cell lines, such as human neuroblastoma cell line
(SH-SY5Y) and rat pheochromocytoma (PC12) cells.
The neuroregenerative effect of RECA was evalu-
ated based on the regeneration of neurite outgrowth,
cell viability, intracellular ROS, number of apoptotic
cells, and antioxidant gene expression of H2O2-
induced oxidative stressed 46C-derived neural-like
cells. Our work also demonstrates the importance of
the synergistic effect of compounds of natural plant
extract over pure pharmacological compounds as an
alternative adjunct that could be safely consumed as
medicines.

MATERIALS AND METHODS

Study design

The establishment of in vitro neurodegenerative
models using neural-like cells derived from a trans-
genic mouse embryonic stem cell line (46C) was
carried out. Routine cell culture and neural differen-
tiation assay protocols were carried out as described
in the following sections. Cell characterization and
neurogenic potential of 46C were conducted by
immunocytochemistry and flow cytometry analyses
were performed in accordance with the manufac-
turer’s instructions. Next, the 46C-derived neural-like
cells (DIV 12 upon neural induction) were exposed to
H2O2 for 24 h in a concentration-dependent manner.

The doses of H2O2 were selected based on previ-
ous work [25]. After 24 h treatment with H2O2, the
46C-derived neural-like cells were rested for 24 h
before being treated with RECA for another 48 h
(DIV 14 upon neural induction); dbcAMP was used
as positive controls. After 48 h treatment with RECA,
the 46C-derived neural-like cells were left rested
for 24 h before being evaluated for cell morphology
and viability (MTT assay), intracellular ROS produc-
tion (H2DCF-DA assay), number of apoptotic cells,
antioxidant gene expression, and neurite outgrowth
(DIV 17 upon neural induction).

Cell culture

The 46C mES cells were a gift from Professor
Dr. John Mason (University of Edinburgh, United
Kingdom). The cell line was maintained in GMEM
(BHK-21; GibcoTM; ThermoFisher Scientific, USA)
supplemented with 15% (v/v) fetal bovine serum
(FBS; GibcoTM; ThermoFisher Scientific, USA), 1%
MEM non-essential amino acids (GibcoTM; Ther-
moFisher Scientific, USA), 1 mM sodium pyruvate
(GibcoTM; ThermoFisher Scientific, USA), 0.1 mM
2-mercaptoethanol (GibcoTM; ThermoFisher Scien-
tific, USA), 2 mM L-glutamine (Gibco) and 10 ng/mL
human recombinant leukemia inhibitory factor (LIF
1010; Merck Millipore, USA). The cells were seeded
at a cell density of 4.0 × 104 cells/cm2 into 25 cm2

cell culture flasks (TPP) coated with 0.1% (w/v)
gelatin (Sigma-Aldrich, USA). The gelatin-coated
flasks or plates were prepared by pre-coating with
gelatin for at least 5 min before cell seeding. The cells
were incubated at 37◦C, 5% CO2, and 90% humidity
(AutoFlow IR Water-jacketed CO2 Incubator, US).
The cells were sub-cultured every other day when
the cells were 70–80% confluent.

Neural differentiation assay through EB
formation (–4/+4 protocol)

Neural differentiation assay was carried out
through the spontaneous formation of multicellular
aggregates, known as EBs, using 4–/4+ protocols
adapted from Mansor et al. [25] with the addition of
all-trans retinoic acid as the neural inducer. Figure 1
illustrates steps in 4–/4+ protocol.

Briefly, 5.0 × 106 undifferentiated stem cells were
seeded in 100 mm Petri dishes for 4 days without LIF,
followed by another 4 days in the presence of all-trans
retinoic acid (Sigma) (4–/4+ induction). The medium
was changed every two days. At the end of the
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Fig. 1. Neural induction methods, 4–/4+ protocol. ES medium, embryonic medium; EBs, embryoid bodies; DIV, day in vitro (in culture);
RA, retinoic acid; PDL, Poly-D-lysine; NLCs, neural-like cells.

induction period (DIV 8), the EBs were dissociated
into single cells with 4× trypsin-EDTA and plated
on Poly-D-Lysine (PDL)/laminin (Sigma-Aldrich,
USA) coated plates at the density of 2.0–3.0 × 104

cells/cm2. The neural differentiation assay was car-
ried out over 14–16 post-plating (DIV 14–16).

Immunocytochemistry

Immunocytochemistry (ICC) was prepared in 24-
well plates. The attached cells were fixed in 4%
w/v paraformaldehyde (PFA), 50 mM NaOH, 1×
PBS) for 30 min, followed by permeabilization in 1%
Triton-X100 for 15 min at room temperature (RT).
Cells were then incubated in blocking solution (1%
bovine serum albumin, 1% goat serum, 0.1% Tween-
20 in 1× PBS) for 30 min before incubation with
primary antibody at 4◦C overnight. After washing
with 1× PBS, the cells were then incubated with
fluorochrome-conjugated secondary antibody for 2 h
at RT in the dark. After washing, the cells were
counterstained with DAPI (Sigma-Aldrich, USA) for
10 min at RT. The cells were then left in 1× PBS in the

dark until visualization with an inverted fluorescent
microscope (Olympus IX51, Japan). The antibodies
used in this study are listed in Table 1.

Flow cytometry

Pluripotency protein markers: Expression of Oct4,
Nanog, and Sox-2 were characterized using flow
cytometry to detect pluripotency properties and the
stemness of undifferentiated stem cells. The antibod-
ies used in this study are listed in Table 1.

Neuronal protein markers: Flow cytometry was
performed to characterize neuronal and glial cell
expression in neural-like cells derived from 46C cells.
The neural markers used were: class III �-tubulin for
the detection of post-mitotic neurons; microtubule-
associated protein 2, MAP2, for the detection of
mature neurons; and glial fibrillary acidic protein,
GFAP, for the detection of glial cells, mainly astro-
cytes in 46C-derived neural-like cells. The antibodies
used in this study are listed in Table 1.

Briefly, the undifferentiated stem cells were
grown to 80% confluence. Meanwhile, the 46C-
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Table 1
Primary and secondary antibodies and the dilution factors used

Primary Antibody Secondary Antibody
Antibody and catalogue
No.

Dilution Antibody and catalogue
No.

Dilution

Rabbit Anti-Oct4
(ab18976; Abcam, UK)

1:300 (Flow
cytometry)
1:200 (ICC)

Alexa Fluor 594 Goat
Anti-Rabbit IgG
(A11037; Thermo Fisher,
USA)

1:300 (Flow
cytometry)
1:200 (ICC)

Rabbit Anti-Nanog
(SC-33760; Santa Cruz
Biotechnology, USA)

1:200 (Flow
cytometry)
1:200 (ICC)

Rabbit Anti-GFAP
(ab7260; Abcam, UK)

1:300 (Flow
cytometry)
1:200 (ICC)

Rabbit Anti-Class III
�-Tubulin
(ab18207; Abcam, UK)

1:300 (Flow
cytometry)
1:200 (ICC)

Alexa Fluor 488 Goat
Anti-Rabbit IgG
(A11034, Thermo Fisher,
USA)

1:300 (Flow
cytometry)
1:200 (ICC)

Rabbit Anti-CHAT
(ab68779; Abcam, UK)

1:300 (Flow
cytometry)
1:200 (ICC)

Mouse Anti-Sox2
(ab79351; Abcam, UK)

1:300 (Flow
cytometry)
1:200 (ICC)

Alexa Fluor 488 Goat
Anti-Mouse IgG1, kappa
(A21121, Thermo Fisher,
USA)

1:300 (Flow
cytometry)
1:200 (ICC)

Mouse Anti-Map2
(ab11267; Abcam, UK)

1:200 (Flow
cytometry)

Mouse Anti-Map2
(13–1500; Invitrogen,
USA)

1:250 (ICC)

derived neural-like cells were harvested on the day
they reached maturation (DIV 14). The cells were
trypsinized from the tissue flasks by mild trypsiniza-
tion prior to fixation and permeabilization with
ice-cold methanol for 40 min at 4◦C. The cells were
centrifuged at 1000 rpm, washed with 1× PBS twice,
and then incubated with primary antibodies in a
blocking solution for 1 h at RT. The cells were then
washed with 1× PBS twice and incubated with
secondary antibody (1:300; Alexa Fluor 488 Goat
Molecular probes® anti-rabbit or anti-mouse IgG
H+L; Invitrogen, USA) for 30 min at RT, in the dark.
The cells were resuspended in 500 �L of 1× PBS
before analysis using a flow cytometer (LSR Fortessa;
BD Biosciences, USA). Fluorescence intensities of
104 cells were acquired and analyzed using FACs
Diva Software.

Source of plant material

Sample preparation: Standardized RECA was
obtained from Professor Dr. Mohd Ilham Adenan,
from Atta-ur-Rahman Institute for Natural Product
Discovery (AuRIns), Universiti Teknologi Malaysia
(UiTM), Selangor, Malaysia. A voucher specimen
(CA-K017) was given by the curator of AuRIns,
UiTM. The extraction process to yield standardized

RECA was mentioned previously [21, 33]. RECA
has been shown to consist of all four bioactive com-
ponents of C. asiatica (L), which are madecassoside
(0.0060%), asiaticoside (0.0035%), madecassic acid
(0.0020%), and asiatic acid (0.017%). Additionally,
RECA also contains 206.73 ± 5.53 mg/100 g gallic
acid equivalent (GAE) of total phenolic content and
is found to have 57.70 ± 0.78% antioxidant activ-
ity through DPPH (2,2-diphenyl-1-picrylhydrazyl)
[33]. 10 mg of lyophilized RECA was weighed (Met-
tler Toledo, USA) and dissolved in 1 mL of water.
After that, the extract was filtered by using a 0.22 �m
syringe filter (Millipore, USA) for sterilization and
elimination of insoluble residues. Eight (8) different
concentrations of RECA (0.1, 1.0, 10.0, 100, 250,
500, 750, and 1000 �g/ml) were then prepared.

Effect of RECA on cell viability of neural-like
cells derived from 46C

Treatment with RECA was conducted on day
14 post-plating 46C-derived neural-like cells (4–/4+
protocol). 46C cells were seeded in 24-well plates
at a cell density of 2.0–3.0 × 104 cells/cm2 in
DMEM/F12 supplemented with N2 and Neurobasal
supplemented with B27 medium (ratio 1:1). When
the cells reached their maturation (day 14 upon
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neural induction using 4–/4+ protocol), the cells
were exposed to RECA for 48 h. Cell morphol-
ogy was observed after 48 h of treatment via
IX51 Fluorescence Inverted Microscope (Olympus,
USA). Cell viability was evaluated by using 3-
(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) colorimetric assay. In post-treatment
with H2O2, MTT solution was added into all wells
and incubated for 4 h. Following incubation, the mix-
ture of MTT solution and medium in the wells was
discarded and substituted with 100 �L of DMSO to
solubilize the purple formazan crystal. The cell was
then subjected to an ELISA microtiter plate reader
(AsysHighTech UVM340, Biochrom, UK) at 570 nm
wavelength with a reference of 630 nm wavelength
to measure the cell absorbance. Statistical analysis
was done using a one-way ANOVA. All statisti-
cal analyses were conducted by GraphPad Prism
version 6.

Post-treatment with RECA on H2O2-induced
oxidative stress in neural-like cells derived from
46C cells

To determine the neuroregenerative effect of
RECA on H2O2-induced oxidative stress in neural-
like cells derived from 46C cells, cell toxicity was
induced with 1500 �M H2O2 for 24 h. The cells were
then left to rest in an H2O2-free medium (N2B27
medium without H2O2) for another 24 h. The doses of
H2O2 were selected based on previous work [25]. The
H2O2-damaged neural-like cells were then exposed
to RECA at concentrations of 1 and 10 �g/mL for
48 h, followed by being cultured in a normal medium
without RECA for another 24 h. dbcAMP was used
to serve as a control.

Assessment of cell apoptosis

Cellular apoptosis was determined using Annexin
V-FITC/Propidium Iodide (PI) apoptosis detection
kit (Sigma Aldrich, USA), according to the manu-
facturer’s instructions, and was analyzed using flow
cytometry, to determine the the percentage of apop-
totic cells after treatments with H2O2 and RECA.
Cells were treated as stated above. Then, the cells
were harvested, incubated with Annexin V-FITC and
Propidium Iodide (PI), and analyzed at 525 nm for
FITC and 630 for PI with a flow cytometer (LSR
Fortessa; BD Biosciences, USA). Early apoptotic
cells were defined as those cells that expressed only
Annexin V/FITC. Meanwhile, late apoptotic cells

expressed both Annexin V/FITC and PI. Dead cells
expressed only PI. Apoptosis assay was run at least
twice, with technical triplicates. The fluorescence
intensity of 104 cells was acquired and analyzed using
FACs Diva Software. For statistical analysis, one-way
ANOVA was used (GraphPad Prism version 6).

Measurement of intracellular reactive oxygen
species

Intracellular ROS was measured using H2DCF-
DA (Thermo Fisher Scientific, USA, cat no#D399).
The cell-permeable 2’,7’-dichlorodihydroflourescein
diacetate (H2DCF-DA) diffuses and is deacetylated
by cellular esterases to non-fluorescent 2’,7’-
dichlorodihydrofluorescin (DCFH) which reacts with
ROS (which includes hydroxyl, peroxyl and other
ROS activities within a cell) to form a highly fluo-
rescent 2’,7’- dichlorodihydrofluorescein (DCF).

Briefly, the cells were washed twice with 1×
PBS followed by pre-incubation with the oxidant
(H2O2) and incubated for 24 h. The cells were
then left to rest in the normal medium for another
24 h. The H2O2 –treated neural-like cells were then
exposed to RECA (1 and 10 �g/mL), or dbcAMP
(50 �M) for 48 h. After 48 h treatment with RECA,
the medium was replaced with the normal medium
(without RECA) for another 24 h. Then, the cells were
pre-incubated with 10 �M DCFH-DA (final concen-
tration) in 500 �L of N2B27 medium for 30–45 min
at 37◦C. The supernatant was removed, and the
cells were washed twice with 1× PBS. For flow
cytometry analysis, the DCFH-DA-treated cells were
trypsinized and then resuspended in 500 �L of 1×
PBS, before DCF analysis using a flow cytometer
(LSR Fortessa;BD Biosciences, USA). H2DCF-DA
fluorescence intensity of 104 cells was acquired and
analyzed using FACs Diva Software.

Gene expression analysis

To determine the effect of RECA as an antioxidant,
total RNA from treated cells was isolated using
RNeasy mini plus kit (Qiagen, Germany), according
to the manufacturer’s protocol under RNAse-
free conditions and quantitated using Nanodrop
(Nnovue). Reverse transcription of genes was per-
formed on 0.5–1.0 �g of total RNA using a Reverse
Transcription System kit (Nanohelix, Korea),
according to manufacturer’s protocols and RT-qPCR
was performed using RotorGene Sybr Green PCR kit
(Qiagen). The primer sequences are listed in Table 2.
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Table 2
List of primers and their properties

Gene Primers (5’ −→3”) GC (%) Tm (◦C) Amplicon size (nt)

Tuj1 Forward ATGGACAGTGTTCGGTCTGG 55 60 147
Reverse CCGCACGACATCTAGGACTG 60 60

MAP2 Forward TCCTCTCTACCTCCGCTTCC 60 60 126
Reverse TCACAGCTTACTCGCAGAGC 55 60

Trx-1 Forward CTGCTTTTCAGGAAGCCTTG 50 57 203
Reverse TGTTGGCATGCATTTGACTT 40 57

HO-1 Forward CACGCCTACACCCGCTACCT 65 60 209
Reverse TCTGTCACCCTGTGCTTGAC 55 64

�-actin Forward CCTGTCAGCAATGCCTGGGT 60 63 151
Reverse CCAGCCTTCCTTCTTGGGTA 55 59

The primer pairs of genes of interest were synthesized
by First Base (Malaysia) and designed using Roche
Universal Probe Library from the following website:
https://lifescience.roche.com/en my/brands/universal-
probe-library.html. The sequence was blasted using
NCBI primer Blast tool software from the following
website: https://www.ncbi.nlm.nih.gov/tools/primer-
blast/.

RT-qPCR reactions were performed in
LightCycler®480 Instrument II (Roche). RT-
qPCR was carried out by amplifying the cDNA
at initial denaturation at 95◦C for 5 min, followed
by amplification at 35–40 cycles at 95◦C for 15 s
(denaturation), 58–60◦C for 15 s (annealing) and at
72◦C for 15 s (elongation). Data were normalized
to the �-actin values. All data are reported as the
mean ± SEM, n = 3. For statistical analysis, one-way
ANOVA and post-hoc Bonferroni test were used
(GraphPad Prism version 6).

Measurement of neurite length

The neurite length was measured as the distance
between the cell soma and the tip of its longest neurite
[34]. The neurites of 15 cells in 4-5 random fields
were averaged to evaluate the neurite outgrowth for
each treatment. The cells with neurites were manually
counted, and measurements of the neurite length were
then analyzed using Neuron J (Maryland, USA).

RESULTS

Propagation and characterization of 46C

In this study, a transgenic mouse embryonic stem
cell line (46C) was propagated in cultures. The quality
of 46C cells was assessed to determine the efficiency
of the neural differentiation of the cells. With the
proper culturing technique, high-quality stem cells

were achieved, as characterized by the increased
nucleus-to-cytoplasm ratio and large nucleus with
multiple nucleoli (Fig. 2a). Population doubling time
(PDT), which is the time taken for the cell to double in
culture, for 46C cells was 20.5 ± 0.5 h (n = 12) from
randomly chosen passages within P25 – 40 (data not
shown).

The 46C cells were qualitatively analyzed by ICC
for the expression of three fundamental pluripotency-
associated markers; Octamer-binding protein, Oct4,
homeobox protein, Nanog and SRY-box 2, Sox2.
High expressions of these transcription factor pro-
teins were observed in undifferentiated 46C cells,
localized in the nucleus as shown in Fig. 2b, sig-
nifying the biological activity of the cells. DAPI
was used to counterstain the nuclei. The expres-
sion of pluripotency markers was then quantified
by flow cytometry. 46C cells were evaluated and
presented in a dot-plot, as illustrated in Fig. 2c.
Interestingly, the expression of these pluripotency
markers was distinctly high in undifferentiated 46C
cells. 46C cells were observed to express high Oct4
(99.9 ± 0.03%), Nanog (83.3 ± 0.4%), and Sox2
(81.2 ± 0.3%), indicating high the pluripotency sta-
tus of the cells. Another important characteristic of
pluripotency potential of cells is the ability of the
cells to spontaneously form multicellular aggregates,
called EBs, in the absence of LIF. As demonstrated
in Fig. 2d, 46C cells started to form cell aggregates
on day 2 upon the removal of LIF. These multicellu-
lar aggregates matured on days 4 and 6, as revealed
by smooth-edged spherical morphology and cavita-
tion (dark area in the middle of the EBs, indicating
the population of dead cells). These results indicated
good-quality pluripotent stem cells.

https://lifescience.roche.com/en_my/brands/universal-probe-library.html
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Fig. 2. (Continued)
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Fig. 2. (a) Morphological characteristics of undifferentiated 46C cells. (i-ii) Good quality 46C cells exhibit a high nucleus-cytoplasm ratio
(indicated with a dashed arrow) with multiple nucleoli (indicated with solid arrows) in culture. (b) Immunostaining of pluripotency-associated
protein markers. The fundamental pluripotency markers such as Oct4, Nanog, and Sox2 were expressed in undifferentiated 46C cells. High
expressions of Oct4, Nanog, and Sox2 were observed in undifferentiated 46C cells, localized in the nuclei, indicating the pluripotency of
the cells was still maintained in the culture. DAPI was used to counterstain the nuclei. The scale bars represent 100 �m for micrographs. (c)
Representative flow cytometric analysis of pluripotent transcription markers (Oct4, Nanog, and Sox2), for detecting pluripotency state of
46C cells. All data are presented as mean ± SEM (n = 3). The gating for 46C-derived neural-like cells was based on its respective unstained
control. (d) Spontaneous formation of good quality embryoid bodies (EBs) that were presented with cavitation process, smoothness of the
boundary, and acceptable diameter (100 to 300 �m, as indicated by the scale bars 200 �m and 500 �m), indicated the presence of pluripotent
stem cells. Random micrographs were taken from EBs culture on days 2, 4, and 6; chosen passages within P25 – 40.

The neurogenic potential of 46C cells

The neurogenic potential of 46C cells was inves-
tigated by screening their ability to spontaneously
differentiate into a neural lineage. 46C cells were
differentiated into neural-like cells using neural
induction protocol, namely the cell suspension
method through the formation of EBs (4–/4+; non-
adherent culture) protocol. All results shown in this
study were obtained up to fourteen days in a culture
which is often called day in vitro (DIV). The morphol-
ogy of neural-like cells was monitored on DIV 2, DIV
6, and DIV 14. Figure 3 illustrates the morphology
of 46C cells undergoing directed differentiation up
to the mature neurons stage. Morphologically, in our
hands, both methods were able to generate cells with
neural-like morphology for 46C cells.

The quality of EBs is an important benchmark to
indicate success in generating good neurons, as pre-
viously depicted in Fig. 2d. Neural induction was car-
ried out by treating DIV 4 EBs with all-trans retinoic
acid on DIV 4 to DIV 8 EBs. Qualitative analysis by
visualization of Sox1eGFP expression under fluores-
cence inverted microscope showed the highest inten-
sity of GFP on day 6 EBs (Fig. 3a). Sox1 is a marker
for NPCs. Expression of GFP marks the presence
of NPCs. NPCs in EBs were isolated using chemi-
cal dissociation (4× trypsin-EDTA) and then plated
onto PDL/Laminin-coated dish. Cells with obvious
neural-like morphology appeared after day 2 post-
plating onto PDL/Laminin-coated dish (DIV 10). We
observed the appearance of a heterogeneous popula-
tion of cells with neuronal morphologies, including
single-cell soma or a clump of cells, bearing multi-
ple neurites, characterized by short and thin claw-like
projections. The cells were then expanded until day
6 post-plating poly-D-lysin (PDL)/Laminin-coated
dish (DIV 14), and we observed the appearance of
the highly dense network of claw-like projections and
multiple recurrent branching of neurite projections.
Various degrees of neurite complexity were observed,

suggesting various types of neural-like cells at differ-
ent stages of maturation.

To detect specific neuronal and glial protein mark-
ers, 46C-derived neural-like cells differentiated from
the 4–/4+ protocol were selected. 46C cells were
capable of differentiating into highly pure neural-
like cells using the 4–/4+ protocol. We confirmed
this by immunostaining (Fig. 3b) and flow cytometry
(Fig. 3c) analyses of the expression of neural-
specific protein markers such as post-mitotic neuron
(class III beta (�)-tubulin, Tuj1), mature neuron
(microtubule-associated protein 2, Map2), choliner-
gic neuron (choline acetyltransferase, CHAT) and
glial cell, mainly astrocytes (glial fibrillary acidic
protein, GFAP). Immunostaining showed that 46C-
derived neural-like cells differentiated from 4–/4+
protocol were positive to Tuj1, MAP2, and CHAT,
as well as GFAP staining, marking the presence of
the heterogeneous population of cells in culture. Data
from flow cytometry analysis showed that the per-
centage of Tuj1-positive cells in the differentiated
46C cells was as high as 97.1 ± 0.9%. While the
percentage of Map2-, CHAT-, and GFAP-positive
cells in the differentiated 46C cells after day 14 of
neural induction was 70.0 ± 1.4%, 33.5 ± 1.0%, and
55.5 ± 1.9%, respectively.

Effect of H2O2 on cell morphology and viability
of neural-like cells derived from 46C cells

An initial experiment was conducted to determine
the tolerance concentration of 46-derived neural-like
cells against H2O2 insults for 24 h treatment. In this
study, the 4+/4– protocol was used to differentiate
the 46C into neural-like cells. A significant decrease
in cell viability with an increase in H2O2 concen-
trations. Moreover, the treatment concentrations that
are capable of killing 50%, of neural-like cells (IC50)
were inferred from the plotted graph. As shown in
Fig. 4a, approximately 53.3 ± 2.4% (p < 0.0001) of
46C-derived neural-like cells remained viable when
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Fig. 3. (a) Differentiation of 46C cells after neural induction using 4–/4+ protocol from DIV 2 to DIV 14. The cells underwent progressive
loss of pluripotency and eventually developed into neural-like cells with the formation of projections and making connections with adjacent
cells. A few of 46C cells loss (i.e., died, detached, etc.) during the neural differentiation process, and the remaining survived to the late
neural differentiation stage (DIV 14). (b) Immunostaining and (c) representative of flow cytometric analysis of neural-specific markers after
neural differentiation of 46C cells from 4–/4+ protocols. Immunostaining of class III �-tubulin (Tuj1) was from day 2 neural-like cells
post-plated onto PDL/Laminin-coated plates (DIV 10); meanwhile, immunostaining of MAP2, CHAT, and GFAP was from day 6 neural-like
cells post-plated onto PDL/Laminin-coated plates (DIV 14). Nuclei were counterstained with DAPI or Hoechst 33342 (blue). The scale
bars represent 50 (magnification: 40×) and 200 �m (magnification: 20×) for micrographs. The gating for 46C-derived neural-like cells was
based on the respective unstained controls.

treated with 1500 �M of H2O2 for 24 h. Therefore,
pre-treatment with 1500 �M of H2O2 was selected
for 46C-derived neural-like cells for the subsequent
neuroregenerative experiments, as this concentra-
tion induced 50% injury in neural-like cells; thus,
therapeutic effects of the natural product can be
established. Morphology of untreated 46C-derived
neural-like cells appeared to have complete intact
membranes, with small cell bodies and elongated
neurite projections. In contrast, incomplete cellular
membranes, some cells were shrunken with abnor-
mal morphology and damaged neurite projection
were observed in the H2O2–treated 46C-derived
neural-like cells. The degree of cell damage was exac-
erbated by the increasing level of H2O2, as previously
reported in Fig. 4b.

In addition to the cell viability and morphological
assessments, the apoptotic rate was further deter-
mined by Annexin V/FITC assay to determine the
degree of H2O2–induced apoptosis. Neural-like cells
derived from 46C cells were pre-incubated with
H2O2 for 24 h prior to flow cytometric analysis.
As shown in Fig. 4c, the percentage of apoptotic
cells increased when treated with H2O2. The apop-
totic percentage was 4.8 ± 0.7% in the untreated
neural-like cells derived from 46C cells. As shown
in Fig. 4d, H2O2-treated 46C neural-like cells signif-
icantly exhibited 20% increment in apoptotic rates,
which was 24.1 ± 4.7% (p < 0.001), compared to
untreated 46C-derived neural-like cells. These find-
ings suggest that 1500 �M of H2O2 can cause cell
toxicity and apoptosis. Although the H2O2 concentra-
tion used in this in vitro oxidative stress model is high
when compared to previous works using different cell
lines, this concentration of H2O2 is optimal for the
operation of this study due to the numerous response
and resistance to H2O2 within the heterogeneous cell
population in the culture.

Effect of RECA on the cell viability of
46C-derived neural-like cells

Next, we evaluated the cytotoxic effect of RECA
on the 46C-derived neural-like cells at the concen-
tration range from 0.1 to 1000 �g/mL for 48 h. As
depicted in Fig. 5a, the effect of RECA against
cell viability was dose-dependent. The increase
in cell viability was observed after supplementa-
tion with RECA at the concentration of 1 �g/mL,
and 10 �g/mL (p < 0.05) for 48 h, as compared to
untreated cells (0 �g/mL). However, more cytotox-
icity effects on cell growth were observed when the
concentration of RECA was increased. The viabil-
ity of 46C-derived neural-like cells was reduced at
the concentration between 100 to 500 �g/mL, result-
ing in minimal toxicity to 46C-derived neural-like
cells with approximately 70–80% survival. RECA
at the higher concentration (750 and 1000 �g/mL)
significantly inhibited the growth of 46C-derived
neural-like cells. Furthermore, the IC50 was approx-
imately 600 �g/mL. The results showed that the
inhibitory effect of RECA on the cell viability of
46C-derived neural-like cells was associated with
concentration dose. It was found that the increase
in the doses of RECA up to 500 �g/mL had mini-
mal cytotoxic effects against 46C-derived neural-like
cells. Microscopic analysis was carried out to assess
the morphological changes of 46C-derived neural-
like cells upon treatment with RECA for 48 h. The
concentration of 1 and 10 �g/mL of RECA exhib-
ited an increase in neurite number and branches in
46C-derived neural-like cells. More neurites extend-
ing from cell soma were observed, suggesting neurite
outgrowth activity (Fig. 5b).

Effect of RECA on the cell viability and
apoptosis in H2O2-induced oxidative stressed
neural-like cells differentiated from 46C

Neurites of 46C-derived neural-like cells treated
with 1500 �M H2O2 were severely damaged, and
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Fig. 4. The effect of H2O2 on the (a) cell viability and (b) morphology of neural-like cells derived from 46C cells. The effect of H2O2
on 46C-derived neurons is expressed as the percentage of cell viability by MTT assay. The morphology of untreated neural-like cells
(0 �M H2O2) with neurite projections (indicated by black arrows) and 1500 �M H2O2 –treated neural-like cells, after 24 h treatment.
Neurite projections were damaged in neuronal culture treated with H2O2 (indicated by yellow arrows). The scale bars represent 100 �m
for micrographs (magnification:20×). The effect of H2O2 on the apoptotic rates in 46C-derived neural-like cells is shown in (c), and in (d)
the values are represented in the percentage of apoptotic cells. Data are presented as mean ± SEM (n = 3), where *** indicates p < 0.001
(significantly different from untreated cells) (Student’s t-test). I, late apoptotic cells, which expressed Annexin V/FITC and PI; II, early
apoptotic cells, which expressed only Annexin V/FITC; III, live cells, which did not express any stains; and IV, dead cells, which expressed
only PI.
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Fig. 5. (a) Cell viability of RECA on neural-like cells derived from 46C cells by MTT assay. Mature neural-like cells were exposed to
different concentrations of RECA for 48 h. Data are expressed as the percentage of mean ± SEM (n = 3), where *** indicates p < 0.001, **
indicates p < 0.01, and * indicates p < 0.05 (One way ANOVA: Tukey’s test multiple comparisons) compared to untreated neural-like cells
(0 �g/mL of RECA). (b) Representative microscopy images of 46C-derived neural-like cells treated with 0, 1, 10 �g/mL of RECA. Note
the increase in neurite length and the number of branches in cells treated with RECA. The scale bars represent 100 �m for micrographs
(magnification 20×).

the number of viable cells decreased to approxi-
mately 50% compared to untreated neural-like cells.
To investigate whether RECA confers regeneration
against H2O2-induced 46C-derived neural cell dam-
age, first, we detected the cell viability of neural-like
cells after incubation with RECA for 48 h at concen-
trations of 1 and 10 �g/mL. We found that 1 �g/mL
(p < 0.05) and 10 �g/mL (p < 0.001) of RECA signif-
icantly restored the cell viability of damaged neurons
and increased survival rates of H2O2-treated neural-
like cells (Fig. 6b). Upon treatment with 1 and
10 �g/mL of RECA for 48 h, the neurites of damaged
neural-like cells started regenerating, as noted in the
neurite extension when compared to H2O2-treated
neural-like cells alone (Fig. 6c). Normal morpho-
logic features were observed in the untreated group.
Cell morphology changed after treatment with H2O2
alone. The characteristic features of H2O2-induced
cytotoxicity include a decrease in cell number and

the presence of neurites degeneration. Co-treatment
with RECA ameliorated the H2O2-induced cell dam-
age. RECA could have the ability to restore cell
survival by increasing cell viability in the damaged
neurons (Fig. 6c). Microscopic analysis was carried
out, as shown in Fig. 6d, to assess the morpho-
logical changes of 46C-derived neural cells upon
treatment with RECA for 48 h. At 48 h post-treatment
with RECA at both concentrations (1 and 10 �g/mL)
resulted in cells with obvious neuronal morphology
with long, extensively branched neurites. Meanwhile,
slower morphological changes were observed in
those treated with H2O2 alone.

Following 48 h treatment with RECA or dbcAMP,
the cell apoptosis rate in damaged neural-like
cells was then analyzed by Annexin V FITC/PI
assay. As illustrated in Fig. 6c, RECA treat-
ment caused remarkable changes in the apoptosis
and viability of H2O2-treated cells, which con-
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Fig. 6. Effect of post-treatment with RECA on H2O2-induced cytotoxicity in neural-like cells derived from 46C cells. (a) Experimental
design for neuroregenerative effect of RECA in neural-like cells derived from 46C cells; (b) Percentage of cell viability. Data were expressed
as the percentage of mean ± SEM (n = 3), where ## indicates p < 0.01 and ### indicates p < 0.001 (significantly different from H2O2-treated
cells); φφ indicates p < 0.01 (significantly different between the RECA-treated cells) (One way ANOVA and post-hoc Bonferroni’s test). (c)
Effect of RECA on the apoptotic rate in H2O2-treated 46C-derived neural-like cells. The values represent the percentage of apoptotic cells.
Data represent the mean ± SD (n = 3), where **** indicates p < 0.0001 (significantly different from untreated cells); # indicates p < 0.05, ##
indicates p < 0.01, ### indicates p < 0.001 (significantly different from H2O2-treated cells) [(one-way ANOVA and post-hoc Bonferroni’s
test)]. (d) Effect of RECA on H2O2 –induced morphological alteration in 46C-derived neural-like cells. The characteristic features of
H2O2-induced cytotoxicity include decrease in cell number and presence of neurites degeneration. Co-treatment with RECA ameliorated
the H2O2-induced cell damage. The scale bars represent 100 �m for micrographs (magnification 20×).
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Fig. 7. Effect of RECA on the neurite outgrowth and neuronal specific markers in H2O2-treated 46C-derived neural-like cells treated with
RECA for 48 h. (a) Neurite tracing for neurite outgrowth measurement using Neuron J (Maryland, USA), marked by red trace. (b) The
bar graph represents the mean neurite length of 15 single cells from 4 - 5 random fields. The scale bars represent 50 �m for micrographs.
RT-qPCR analysis of (c) Tuj1 and (d) MAP2 in H2O2-treated 46C-derived neural-like cells after RECA treatment for 48 h. Expression
levels represented as fold change of treatment groups over the expression of H2O2-treated cells. Data represent mean ± SEM (n = 15 for
neurite measurement; n = 3 for RT-qPCR analysis), where ∗∗p < 0.01 (significantly different from untreated cells); # indicates p < 0.05 and
## indicates p < 0.01 (significantly different from H2O2-treated cells) (One way ANOVA and post-hoc Bonferroni test).

firms the earlier MTT results (Fig. 6b) that RECA
confers regeneration against H2O2-induced cell dam-
age. The percentage of total apoptotic cells was
26.4 ± 4.8% in the untreated group of 46C-derived
neural-like cells, which was significantly lower
than in the H2O2–treated cells alone, which exhib-
ited an apoptotic rate of 63.5 ± 3.5% (p < 0.001).
48 h post-treatment with 1 �g/mL and 10 �g/mL
of RECA attenuated H2O2 –induced apoptosis,
49.0 ± 1.2% (p < 0.01) and 42.8 ± 2.0% (p < 0.001),
respectively, when compared to H2O2-treated cells
alone. Meanwhile, dbcAMP reduces the severity of
H2O2-induced cell injury by 44.9 ± 3.2% (p < 0.01).
Nevertheless, the anti-apoptosis effect of RECA on
H2O2–induced apoptosis was not dose-dependent in
46C-derived neural-like cells.

Effect of RECA on the neurite outgrowth in
H2O2-treated 46C-derived neural-like cells

In this study, we examined the effects of RECA
on neurite elongation in H2O2-treated 46C-derived
neural-like cells. The dynamic changes in neurite
morphology were observed in 46C-derived neural-
like cells after 24 h treatment with H2O2. Following
48 h of treatment with RECA, it was seen that
1 and 10 �g/mL of RECA elicited abundant neu-
rite outgrowth from the H2O2-treated 46C-derived
neural-like cells that also appeared more flattened
and adherent to the adhesive substratum (laminin) in a
similar manner as observed in the undamaged neural-
like cells (H2O2-untreated cells). The quantitative
image analysis by Neuron J showed that RECA and
dbcAMP dramatically increased the average length of
neurites in the H2O2-treated neural-like cells (Fig. 7a,
b). The heterogeneous morphology of neural-like
cells derived from differentiated 46C EBs, includ-
ing cell clumps with multiple neurite projections,
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made the cell viewing uncompromising. Therefore,
only the neurites extending from a single soma cell
of neurons were measured. The cells appeared to
demonstrate both multipolar and bipolar projections.

Effect of RECA on the Tuj1 and MAP2 expression
in H2O2-treated 46C-derived neural-like cells

In the post-treatment study, 1500 �M H2O2
increased the degree of cell injury as indicated by
decreased expression of Tuj1 and MAP2 in the neural-
like cells treated with H2O2. Tuj1 level was found to
be downregulated in H2O2-treated cells. 48 h post-
treatment with RECA at concentrations of 1 and
10 �g/mL in cells that were exposed to H2O2 toxic-
ity marginally increased the levels of Tuj1 expression
by 1.76-fold (p < 0.05) and 1.41-fold, respectively,
when compared to H2O2-treated cells alone (Fig. 7c).
Post-treatment with dbcAMP at a concentration of
50 �M in cells exposed to H2O2 toxicity significantly
increased the levels of Tuj1 expression with a per-
centage of 1.78-fold (p < 0.05), when compared to
H2O2-treated cells alone.

Furthermore, MAP2 level was found to be down-
regulated in H2O2-treated cells by 60%, when
compared to untreated neural-like cells (Data not
shown). Meanwhile, post-treatment with RECA at
concentrations of 1 and 10 �g/mL in cells that were
exposed to H2O2 toxicity increased the levels of
MAP2 expression (Fig. 7d) by 2.0-fold and 2.9-
fold (p < 0.01), when compared to H2O2-treated cells
alone. Post-treatment with dbcAMP at the concen-
tration of 50 �M in cells that were exposed to H2O2
toxicity also increased the levels of MAP2 expres-
sion with fold ratios of 3.09-fold (p < 0.01) when
compared to H2O2-treated cells alone.

Effect of RECA on the intracellular ROS in
H2O2-induced oxidative stressed neural-like
cells differentiated from 46C

To determine the effect of RECA on oxida-
tive stress, the production of intracellular ROS was
monitored by the green fluorescence of H2DCF-
DA using flow cytometry. Figure 8a shows that
the histogram peak gradually shifted to the right
when cells were treated with H2O2, indicating the
increase in the intensity of the green fluorescence
of H2DCFDA when compared to untreated cells.
The histogram peak shifted to the left compared to
H2O2-treated neural-like cells when the cells were
incubated with RECA and dbcAMP. As shown in

Fig. 8b, exposure of 46C-derived neural-like cells to
H2O2 significantly elevated intracellular ROS level
(45.7 ± 3.63%; p < 0.01) compared to the untreated
cells (13.4 ± 1.60; p < 0.01%). Interestingly, the
antioxidant effect of RECA on H2O2–induced oxida-
tive stress was dose-dependent in 46C-derived
neural-like cells. At 48 h post-treatment with RECA
(1 and 10 �g/mL), the intracellular ROS level
reduced to 31.5 ± 3.79% (p > 0.05), and 24.3 ± 2.17
(p < 0.05), respectively, compared to H2O2-treated
neural-like cells. insignificant reduction was also
observed in treatment with the dbCAMP-treated
group (28.6 ± 4.31%; p > 0.05).

Effect of RECA on antioxidant gene expression in
H2O2-treated 46C-derived neural-like cells

To evaluate the potential involvement of antioxi-
dant enzymes in regulating apoptotic cell injury/death
induced by H2O2, expression of Trx1 and HO-1 were
measured at mRNA level by RT-qPCR. A signifi-
cant decrease in the expression of the Trx1 gene was
detected in H2O2-treated neural-like cells (Fig. 8c).
However, post-treatment with 1 and 10 �g/mL RECA
notably enhanced the expression of these antioxi-
dant enzymes by 3.6-fold and 4.70-fold (p < 0.05),
respectively. Post-treatment with dbcAMP at the con-
centration of 50 �M in cells exposed to H2O2 toxicity
slightly increased the levels of Trx1 expression with
fold ratios of 4.0-fold when compared to H2O2-
treated cells alone.

A significant decrease in the expression of the
HO-1 gene was detected in H2O2-treated neural-
like cells by 0.20-fold (p < 0.01) (Fig. 8d) when
compared with H2O2-untreated neural-like cells.
However, post-treatment with 1 and 10 �g/mL RECA
notably enhanced the expression of these antioxidant
enzymes by 4.6-fold and 7.8-fold (p < 0.001), respec-
tively. Surprisingly, the increment in the HO-1 gene
did not evident in 46C-derived neural-like cells after
treatment with 50 �M dbcAMP.

DISCUSSION

In the present study, we developed H2O2-induced
oxidative stress associated with the AD model using
neural-like cells derived from the mouse embryonic
stem cell line (46C). The neurotoxicity of H2O2
has been well-documented in previous studies using
either primary neuronal cells or immortalized cell
lines, such as PC12 and SH-SY5Y neuroblastoma
cells. It is suggested that stem cell lines may provide
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Fig. 8. (a) Intracellular ROS generation within the cells labelled with 2’, 7’-dichlorodihydrofluorescein diacetate (H2DCF-DA) was measured
by flow cytometry and (b) the percentage of ROS generation was presented in the graph. RT-qPCR analysis of (c) Trx-1and (d) HO-1 mRNA
expression in H2O2-treated 46C- derived neural-like cells. �-actin was used as a housekeeping gene. Expression levels represented as fold
change of treatment groups over the expression of H2O2-treated cells. Data are presented as mean ± SEM (n = 3), where ** indicates p < 0.01
(vs untreated group), # indicates p < 0.05; and ## indicates p < 0.001 (significantly different from H2O2-treated cells), � indicates p < 0.05;
��� indicates p < 0.001 (significantly different from 50 �M dbcAMP-treated cells (One way ANOVA and post-hoc Bonferroni’s test).

more reliable sources of neurons and glial cells as they
represent a normal condition prior to the pathogenic-
ity of AD development. In the first part of the study,
the characterization of the 46C cell line was carried
out based on their morphology and pluripotency sta-
tus to ensure the identity and purity of our stem cells
in culture. For research purposes, these characteriza-
tion steps are essential and are often referred to as the
gold standard before the development of neural cell
profiling and disease modeling.

46C cells retain the morphology of pluripotent ES
cells in the presence of LIF and on gelatin-coated
as characterized by colony morphology, increased
nucleus-to-cytoplasm ratio, and large nucleus with
multiple nucleoli

(Fig. 2a), as well as expression of pluripotent mark-
ers such as Oct4, nanog, and Sox2 (Fig. 2b, c). LIF
in our cultures, can maintain 46C cells self-renewal,
signifying the activation of Janus kinase-signal
transducer and activator of transcription pathway
(JAK-STAT) mediated by LIF [35–36]. Gelatin is rou-

tinely used as a coating substrate for the maintenance
of 46C as it has a similar molecular structure and func-
tion to collagen, thus enhancing cell attachment [37].
We also demonstrated the ability of 46C to differen-
tiate into neuronal- and glial-like cells through the
4–/4+ protocol (Fig. 3). In our hands, 4–/4+ protocol
generated neurons and neuron-supporting cells more
efficiently from transgenic 46C, providing an ideal
in vitro model that mimics an in vivo phenomenon,
which is suitable for drug screening and brain studies.
The success of the neural differentiation process of
46C was observed by the presence of a major popu-
lation of Tuj1- and MAP2- positive cells, as well as a
small population of CHAT- and GFAP-positive cells.
Interestingly, the passage number of the 46C cell line
used in this study is considered old (P25 - P40); how-
ever, this 46C cell line can maintain its pluripotency
and ability to differentiate into neural cell lineage.
Therefore, the 46C cell line within P25 - P40 is used
in this throughout this study.
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The neurogenic properties of the cell line have
prompted us to test the suitability of its generated
neurons as a tool to establish an in vitro AD model
for natural product research or at least for initial
screening of the neurotherapeutic potential of natural
products. The in vitro model was previously estab-
lished by treating 46C-derived neurons with H2O2
[25]. H2O2 was chosen because it has been used as the
most common toxin to induce oxidative stress condi-
tion, which is the general hallmark in ND conditions,
particularly in PD and AD [26–32]. In this study, two
main time points need to highlight: Firstly, to deter-
mine the optimal dose of H2O2 to establish the AD
model, the cytotoxicity and apoptosis assays were
done at DIV 14. Secondly, to demonstrate the effects
of RECA on the AD in vitro model, the cytotoxicity,
apoptosis, and ROS assays, as well as RT-qPCR and
neurite measurement, were done at DIV 17.

Based on cytotoxicity assay using MTT to estab-
lish in vitro AD model, a high concentration of H2O2
(1500 �M) was chosen (Fig. 4a). Our previous and
present data showed a significant increase in ROS
activity [25] and apoptotic rate (Fig. 4c, d) when the
neural-like cells were treated with H2O2 at this con-
centration, indicating a successful establishment of
an in vitro AD model using 46C cells by stimulating
the production of ROS. Our findings agreed with Jalil
and co-workers, who developed in vitro ND model
by glutamate-induced oxidative stress in 46C-derived
neuronal cells [38]. These findings demonstrate that
the stem cell line could serve as an ideal in vitro model
that mimics the AD phenomenon in vivo.

Some recent evidence showed that H2O2 could
induce cell death in hippocampal neurons [39], PC12
cells [40], and SH-SY5Y cells [41], and that ROS
are involved in the apoptotic mechanism of H2O2-
mediated neurotoxicity. From our previous work,
we observed that 24 h pre-treatment of 46C-derived
neural-like cells with H2O2 resulted in suppression
of cell viability in a dose-dependent manner [25]. We
found that 1500 �M H2O2 reduced the viability of
46C-derived neural-like cells by approximately 50%
(Fig. 4a) and increased the rate of apoptosis (Fig. 4d).
The present study further investigated whether RECA
has protective and regenerative effects against H2O2-
induced cell death. The exposure of 1 �g/mL and
10 �g/mL of RECA for 48 h remarkedly attenuated
cell death by increasing the cell viability, indicating
that RECA significantly prevented cell damage and
death. Through phase contrast microscopy analysis,
our results confirmed that in 46C-derived neural-like
cells, H2O2 was observed to induce cell injury and

subsequent death by damaging the neuritic branches
which resulted in low cell viability. In contrast,
48 h post-treatment with RECA markedly mitigated
these distinct morphological changes. dbcAMP, a
membrane-permeable cAMP analog was used in this
study to serve as the positive control. Previous studies
have shown that dbCAMP induces neurite outgrowth
in neuronal cells such as PC12 [42] and N2a cell lines
[43].

Interestingly, our results showed that treatment of
damaged 46C-neural-like cells with RECA at con-
centrations 1 and 10 �g/mL restored the survival
of neurons (Fig. 6) and promoted neurite exten-
sion (Fig. 7). Slower morphological changes were
observed in H2O2-treated neural-like cells, whereas
the neurotrophic effects of RECA were observed to
be rapid. 48 h post-treatment with RECA resulted in
cells with obvious neuronal morphology with long,
extensively branched neurites. The morphology of
46C-derived neural-like cells was observed to be
thick and dense, which made viewing the cells harder.
Due to this problem, the number of neurites could not
be determined and the measurement of neurite length
was only up to 48 h post-treatment.

Although the downstream signaling mechanisms
of action in this stem cell-derived neural-like cells are
not fully understood, there are several possible rea-
sons which may be the cause of neurite outgrowth of
the 46C-derived neural-like cells upon treatment with
RECA: 1) the antioxidant components in RECA may
significantly delay or reduce the oxidation event in
the damaged neurons—this concept could be exem-
plified by remarkable extensions of neurites via the
expression of antioxidant genes after the neurons
had undergone severe damage; or 2) the neurito-
genic effect of RECA which has been reported to
promote neurogenesis, neuronal differentiation and
neurite outgrowth [17, 44, 45].

Soumyanath and co-workers reported the poten-
tial of asiatic acid in promoting in vitro neurite
outgrowth of damaged neurons by the mitogen-
activated protein (MAP) kinase pathway [17]. This
finding is in good agreement with another study con-
ducted by Wanakhachornkrai et al., who reported
the neurite outgrowth in human neuroblastoma cells
after 6 h treatment with standardized extract of
C. asiatica (ECa 233) (1, 10, and 100 �g/mL)
by activation of MEK/ERK and PI3K/Akt signal-
ing pathways [44]. Furthermore, C. asiatica was
observed to have the ability to restore cell survival
and protect neurons from damage after treatment with
1-buthionine-(S,R)-sulfoximine (BSO) by increasing
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cell viability and decreasing cell apoptosis. They
found that C. asiatica significantly reduced caspase-
9 activity, an apoptotic signaling pathway [46].
Apoptotic cells were detected using flow cytome-
try, and the present data revealed that the percentage
of cells which undergo apoptosis was significantly
increased in H2O2-pre-treated 46C-neural-like cells
compared to the untreated group. 48 h post-treatment
with RECA ameliorated H2O2-induced apoptosis
in 46C-derived neural-like cells. These results are
consistent with Omar and co-workers, who demon-
strated that post-treatment of C. asiatica significantly
reduced the number of apoptotic cells induced by
BSO [46].

Nevertheless, we were very keen to investigate
the possible cause of RECA in stimulating neu-
rite outgrowth of the 46C-derived neural-like cells
based on the expression of class III �-tubulin (Tuj1),
MAP2, and antioxidant genes. Tuj1 expression was
significantly decreased after treatment with H2O2.
This study showed that neuronal damage and loss
after treatment with H2O2 might contribute to the
downregulation of Tuj1 expression in 46C-derived
neural-like cells. Tuj1 is expressed in newly generated
immature post-mitotic neurons and differentiated
neurons [47, 48]. Immunohistochemical detection is
often used to study dendritic, and axonal regeneration
as the protein is found in the cell bodies, dendrites,
axons, and axonal terminations of post-mitotic neu-
rons [49]. The expression of Tuj1 is regulated in the
presence of nerve growth factor [50]. The results
revealed that Tuj1 expression was upregulated in
RECA- and dbcAMP-treated cells in 46C-derived
neural-like cells (Fig. 7c). There are two possible
reasons why insignificant increments in Tuj1 expres-
sion were observed after treatment with RECA at
10 �g/kg: First, low Tuj1 expression may reflect the
decreased number of post-mitotic cells in our culture;
given that these neurons were in DIV 17 during the
analysis, these neurons could be considered mature
and committed neurons. Second, RECA might have
the potential to enhance the maturation of neurons,
increasing the proportion of MAP2-positive cells in
the culture.

Further investigation revealed that the expres-
sion of matured neurons, MAP2, was significantly
decreased in H2O2-treated 46c-derived neural-like
cells (Fig. 7d). The selection of MAP2 was based
on the fact that this mature neuronal marker is
largely localized in a somatodendritic compartment
in CNS, which plays a major role in regulating axonal
and dendritic morphogenesis in the nervous sys-

tem [51]. Inhibition of MAP2 expression has been
reported to interfere with neuronal migration, den-
dritic outgrowth, and microtubule organization in
MAP2/MAP1B knockout mice [52]. The expression
of MAP2 is regulated in the presence of nerve growth
factor [53, 54], dbcAMP [55], and retinoic acid [56].
MAP2 expression was upregulated in H2O2-treated
neural-like cells after treatment with 1 �g/mL of
RECA, and significantly upregulated after treatment
with 10 �g/mL of RECA compared to H2O2-treated
neural-like cells alone. The higher MAP2 expression
could be seen in dbcAMP-treated cells. The eleva-
tion in MAP2 expression could therefore reflect an
increase in the growth of the neurites, suggesting
that RECA promotes neuritic regeneration by target-
ing MAP2 expression in H2O2-treated 46C-derived
neural-like cells, resulting in the restoration of neu-
ronal structure and function after injury. Therefore, it
is suggested that the neurogenic potential of RECA
induces the regulation of MAP2 mRNA level, ulti-
mately promoting neurite outgrowth in 46C-derived
neurons. These discoveries suggest that RECA plays
a vital role in neuronal differentiation and maturation,
particularly in cultured 46C-derived neural-like cells.

H2O2 has been reported to induce ROS genera-
tion, leading to peroxidation of membrane lipid and
cellular integrity, subsequently, cell apoptosis. Previ-
ous work reported that the exposure of 46C-derived
neural-like cells to H2O2 elevated intracellular ROS
levels as compared to the untreated cells. We fur-
ther looked at the role of Trx1and HO-1 genes
in H2O2-induced oxidative stress in 46C-derived
neural-like cells. Trx1 and HO-1, are anti-oxidative
enzymes responsive to oxidative stress. In particular,
the change in Trx1 expression during H2O2-induced
cellular damage/death was evaluated. Post-treatment
with 1500 �M H2O2 reduces the expression of Trx1 at
the gene levels of neural-like cells from 46C (Fig. 8c).
This downregulation leads to the apoptosis of neural-
like cells, due to the increase in the intracellular
ROS generation. Trx1 (∼12 kDa), a cytosolic ubiq-
uitous protein, has been shown to scavenge singlet
oxygen, hydroxyl radicals, and H2O2 [57]. Trx acts
as an antioxidant itself [58] and as a regulator in
other antioxidant pathways [59]. Trx is extremely
vulnerable to ROS-induced oxidative stress as ROS
could rapidly activate the translocation of Trx into the
nucleus [60]. Trx is crucial for cell survival [61]. It is
suggested that the downregulation of Trx1 expression
in neural-like cells might be involved in the activa-
tion of ROS-induced cell apoptosis via the MAPK
pathway [62] in response to H2O2. The expression
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of Trx1 in damaged 46C-derived neural-like cells
was increased upon treatment with 1 and 10 �g/mL
RECA and restored to normal expression as untreated
cells. It is suggested that the antioxidant properties
of RECA diminished the oxidation of Trx1 by sup-
pressing ROS production, leading to the restoration
of cell viability and the prevention of oxidative stress-
induced apoptosis. Treatment with 50 �M dbcAMP
also exerted the antioxidant effect on 46C-derived
neural-like cells, by upregulation Trx1 expression.

HO-1 (∼32 kDa) is a member of the stress pro-
tein superfamily that catalyzes the oxidation of heme
to biliverdin in most tissues, including the brain.
In response to oxidative stress insult, transcrip-
tional upregulation of the HO-1 gene may protect
the cells by stimulating the breakdown of heme to
bilirubin and biliverdin [63–65], as well as regu-
lating anti-inflammatory [66, 67], antioxidant [68],
and anti-apoptotic pathway [69, 70]. Generally, the
expression of HO-1 has been observed to be activated
under oxidative stress, which protects cells from cel-
lular injury and death [65, 71, 72]. Recent studies
suggest that Trx may also contribute to the upreg-
ulation of HO-1 activity associated with oxidative
stress and inflammation [59, 73]. Therefore, it is pos-
tulated that the downregulation of Trx1 expression
might induce the upregulation of HO-1 expression
in these in vitro models. Our study showed a signifi-
cant decrease in the expression of the HO-1 gene in
H2O2-treated 46C-derived neural-like cells, suggest-
ing a failure in the protective role of the HO system
against in vitro oxidative stress model. We also sus-
pect defense mechanism through other antioxidants
of the embryonic stem cells could have overtaken
the activation of HO-1 at the initial stage. Then,
treatment with 1 �g/mL and 10 �g/mL of RECA
in H2O2-treated 46C-derived neural-like cells must
have given alternative options to the cells to activate
the HO-1 pathway. Considering the significant over-
expression in HO-1 after treatment with 10 �g/mL
RECA, it is speculated that the activity of the HO-1 in
46C-derived neural-like cells exceeded the demands
for scavenging free radicals-induced oxidative stress.
Therefore, RECA could play an antioxidant role
through the increase in HO-1 level which may be
acting as an efficient ROS scavenger. It is worth
noting that activation of defense mechanisms by
other antioxidants such as N-acetyl-L-cysteine and
mitochondria-targeted ubiquinone (MitoQ) in the
cells should be assessed in the future [74]. These
findings were in good agreement with Sasmita and
co-workers who demonstrated the anti-inflammatory

effect of Madecassoside, a triterpene of CA in
lipopolysaccharide-induced microglia via the upreg-
ulation of HO-1 gene expression [75]. Interestingly,
no significant difference in the expression of HO-1
gene when treated with dbcAMP in this cell model,
suggesting that the intracellular ROS accumulation
was not attenuated by the treatment of dbcAMP.

Together, these findings suggest that the increase
in endogenous antioxidant levels might be a pos-
sible mechanism involved in the neuroregenerative
effect of RECA in decreasing the intracellular ROS
level, regulating cell survival and neurite outgrowth,
as well as preventing cell apoptosis. Therefore, these
results revealed that the bioactive compounds in CA
have potent antioxidant properties which could be
useful as the adjunct treatment for oxidative stress
associated-ND. These results are in good agreement
with a previous study demonstrating that CA and
its derivatives better protect cells against oxidative
stress-induced apoptosis and promote neurite out-
growth in other cell lines, including SH-SY5Y [44,
46]. Although the present study has shown that RECA
has neuroregenerative effects on neural-like cells, fur-
ther studies are needed to study the mechanism of
actions of how this herb can exert therapeutic effects
in our 46C-derived neural-like cells model. Further-
more, the current study indicates that neural-like
cells differentiate from stem cells may be efficiently
suitable to be used for the establishment of neurode-
generative model associated with oxidative stress,
suitable for drug screening and fundamental stud-
ies. These results parallel to the findings from the
study conducted by Jalil and co-workers, who estab-
lished the oxidative stress model using 46C-derived
neuronal cells treated with glutamate-induced exci-
totoxicity [38]. Therefore, neural-like cells derived
from animal stem cells, such as mouse ES stem cell
provides important fundamental knowledge of the
AD model and will help guide future studies using
this stem cell for the development of AD drugs. Fig-
ure 9 illustrates the proposed RECA mechanism of
action as the potential treatment for AD mitigating
oxidative stress.

Conclusion

Our findings highlight the effect of RECA in reduc-
ing the intracellular ROS activity in H2O2-damaged
stem cell-derived neurons, thus increasing the viabil-
ity of these neurons. Interestingly, neurite outgrowth
of these neurons was observed to be remarkably
improved upon treatment with RECA, with increased
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Fig. 9. Mechanism of action of RECA as the potential treatment for AD by mitigating oxidative stress. RECA promotes increased expression
of antioxidant enzyme genes (i.e., Trx1 and HO-1) to compensate for antioxidant response to oxidative toxicity (i.e.. H2O2). RECA-mediated
attenuation of increased ROS in neurons, results in reduced oxidative stress, leading to the restoration of cell viability and the prevention
of oxidative stress-induced apoptosis. In addition, RECA promotes neuritic regeneration by modulating Tuj1 and MAP2 genes expression,
resulting in the restoration of neuronal structure and function after injury. These potential mechanisms are proposed to be the underlying
basis for the restoration of neuronal function and structure after injury demonstrated in oxidative stress-induced AD treated with RECA.

expression of neuronal protein markers, particularly
MAP2, and antioxidant genes, particularly Trx1 and
HO-1. Based on these results, we postulate RECA
to exert its neuroregenerative effect prospectively
by targeting MAP2 expression and acting as an
efficient ROS scavenger in restoring cell viability
and preventing oxidative stress-induced apoptosis.
The use of standardized raw extract in this study
undoubtedly indicates the synergistic activity of
RECA phytochemical constituents in promoting neu-
roregeneration. We conclude that RECA has many
potentials that are worth exploring, particularly in
unraveling the active compound(s) involved and the
mode of action of its neuroprotective and neurore-
generative capabilities in in vitro AD-associated with
oxidative stress model.
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