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Abstract.

BACKGROUND: Due to better health care and improved nutritional status of the world’s population, many people live into
old age. This has resulted in more diseases related to aging, such as neurodegenerative diseases. Bacopa monnieri (BM) is a
medicinal herb found in Southeast Asia and is a popular memory-enhancing supplement.

OBJECTIVE: This study aimed to investigate how BM may provide protection in neurodegenerative disease, and whether
the sigma-1 receptor is involved.

METHODS: PC-12 cells were differentiated with the addition of nerve growth factor. The potentiation by BM of PC-12
neurite growth was measured by counting the number of differentiated cells and by measuring their length. Differentiated
PC-12 cells were also subjected to amyloid-3 (AB) toxicity in the presence and absence of BM. The cell survival (MTT
and cell counting) and neurite lengths were then measured as indicators of cellular health. Total protein was extracted from
control and treated cells and expression of various signalling pathway molecules was assessed via western blotting. We also
assessed the effects of BM on the lifespans of various mutant strains plus wild-type C. elegans.

RESULTS: We show that BM can protect against AR toxicity in PC-12 cells. Furthermore, BM can potentiate neurite
outgrowth in PC-12, in a sigma-1 receptor antagonist sensitive fashion, and Neuro2A cell lines. BM induced a reduction in
pAKT expression and upregulated BDNF expression in PC-12 cells. BM was also able to increase the lifespan and health-span
of A3 expressing C. elegans mutants via the DAF-16 mediated pathway. BM reduced oxidative stress in wild-type C. elegans
exposed to UV-A with pre-exposure and post-exposure treatments.

CONCLUSIONS: This all further identifies BM as a potential agent to treat neurodegenerative diseases, by modulating
different pathways.
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1. Introduction

Neurodegenerative diseases are becoming a signif-
icant health problem, especially as people live longer
than in the past. There are approximately 44 million
Alzheimer’s disease (AD) patients worldwide, and
with no cure and no drug to slow the progression of the
disease, it is expected to rise to 135 million by 2050
[1]. Furthermore, there is an increased risk of neu-
rodegenerative and neurological disorders because of
the SARS-COV-2 pandemic [2—4]. Neurodegenera-
tive diseases such as AD are characterized by brain
atrophy, neuronal loss, and a buildup of extracellular
amyloid-3 (AB), leading to plaque formation. There
is also the hyperphosphorylation of tau protein, which
results in neurofibril tangles and loss of efficiency
in neurotransmission due to damage to the neuron’s
energy-producing mechanisms, which leads to oxida-
tive stress and disruption in calcium homeostasis,
which all lead to cell death.

Increasing age [5], along with long term lack of
quality sleep [6, 7], poor diet [8] leading to high
cholesterol [9, 10], hypertension, and type-2 diabetes
are some of the acquired risk factors in the develop-
ment of AD, as well other neurogenerative diseases. It
is estimated that 70% of the risk of developing AD is
derived from genetics [11]. Polymorphisms in genes
such as amyloid precursor protein (APP), presenilin
1 (PSENI), and presenilin 2 (PSEN?2) are responsible
for early-onset AD. In contrast, the apolipoprotein E
gene (APOE) is associated with late-onset AD [12].
There are currently no drugs that slow the progression
of AD, however, acetylcholine esterase drugs (such
as donepezil and rivastigmine) have shown some ben-
efit in managing the symptoms of AD and tend to be
the go-to drugs after AD diagnosis [13]. However,
the side effects of these drugs can be intolerable and
in some cases lead to death [14]. Several novel AD
drugs (such as ANAVEX2-73 and T-817 MA) have
been shown to bind to the sigma-1 receptor and mod-
ulate its activities while producing beneficial effects
in AD [15, 16].

The sigma-1 receptor is a chaperone protein that
resides at the ER and mitochondria inside the cell. It
is highly expressed in neuronal tissues. The sigma-1
receptor can interact with various other proteins and
complexes such as ion channels [17, 18], G-proteins
[19, 20], and receptors to influence cell survival in
stress conditions [21-23]. There appears to be an
upregulation of the sigma-1 receptor in normal aging,
possibly to compensate for the loss of other types
of receptors during the aging process [16]. How-

ever, sigma-1 receptors appear to be under-expressed
in AD brains. Furthermore, studies have identified
some sigma- 1 receptor polymorphisms that appear to
be associated with sigma-1 receptor expression and
increased risk of AD [24, 25]. There is also evidence
that polymorphisms in the APOE and sigma-1 genes
may interact and affect the severity of the disease
[26].

Bacopa monnieri (BM) is a medicinal herb known
for its traditional uses as a memory enhancer. It has
become a popular over-the-counter herbal supple-
ment, with an Australian survey of 60 to 64-year-olds
ranking it as the third-placed memory supplement
behind G. biloba and vitamin E [27]. However, the
evidence for its memory-enhancing properties in
healthy people has yet to be conclusively shown. Sev-
eral studies have measured the memory-enhancing
properties of BM in healthy volunteers [28—32]. How-
ever, none of these studies appear to replicate each
other’s results, with each carrying out a range of
different neuropsychological tests and finding some
significant improvements except for one study, which
found no significant improvements in any memory
tests [31]. Furthermore, meta-analyses of clinical
studies have not revealed any significant cognitive
improvement in healthy people [33, 34]. Clinical
studies in diseased states have shown mixed results,
with BM not improving the behavior of adolescent
boys with attention deficit and hyperactivity disor-
der (ADHD) but there was a reported improvement
in cognitive ability, mood, and sleep [35]. BM has
been shown to reduce anxiety and depression in the
elderly [36] (two common symptoms that come along
with AD) [37, 38]. There have been very few studies
(no placebo-controlled study involving BM per se)
on people with AD. However, those studies that have
investigated BM clinically in patients with AD have
shown results in line with, or better than, the standard
drug donepezil and improved other metrics such as
depression scores [39-41].

Caenorhabditis elegans is a popular model for
studying aging, stress resistance, and neurological
disorders [42-44] due to its short life cycle and ease
of handling. It is also relatively simple to generate
single gene mutants making it an ideal model organ-
ism for studying aging and age-related diseases [45].
It has been observed that many plants or plant prod-
ucts including, green tea [46], Streblus asper [47,48],
FPaullinia cupanna [49], Hibiscus sabdariffa [50],
Cleistocalyx nervosum [51, 52], Kaempferia parvi-
flora and mulberry [53] can extend the lifespan and
health-span and protect against stress in C. elegans
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model. Previously we have shown that the hexane
extract of BM can extend the ‘health-span’ and lifes-
pan in wild-type C. elegans [54].

This study sets out to measure BM’s neuroprotec-
tive effects against AD using in vitro cell culture
models, in vivo, C. elegans models, and in silico,
docking analysis. We show that BM can induce neu-
rite outgrowth in Neuro2A cells, protect nerve growth
factor (NGF) differentiated PC-12 cells against A3
toxicity, and potentiate the NGF-induced growth of
neurites in a sigma-1 receptor antagonist sensitive
manner. Furthermore, BM extends the median and
maximum lifespan of transgenic C. elegans express-
ing AB. The lifespan extension that we described
previously [54] could be mediated in a daf-16
dependent mechanism. Finally, we investigated the
potential targets of compounds found in BM using
in silico docking analysis at the human and C. ele-
gans sigma-1 receptor and DAF-16 and SKN-1 in C.
elegans.

2. Materials and methods

A summary of the experimental procedures involv-
ing cultured PC-12 and Neuro2A cells and the
treatment and analysis of wild-type and mutant C.
elegans is shown in Fig. 1.

2.1. BM extraction and identification

BM leaves were collected from Princess Maha
Chakri Sirindhorn Herbal Garden (Rayong Province,
Thailand) and identified by Nirun Vipunngeun, Col-
lege of Pharmacy, Rangsit University, Thailand,
voucher number 016299 (BUC). The leaves were
shade dried before extraction in hexane by Soxhlet
extraction. The resulting extract was collected, and
solvents were removed before being suspended in
DMSO at a concentration of 20 mg/ml. The extract
was passed through a 0.2-pm filter and stored at
—20°C before use. BM identity was confirmed using
HPLC and described previously [58]. Briefly, The
BM extract was analyzed using reverse-phase HPLC.
The HPLC system consists of C18 column (Inertsil
ODS-3:4.6x250 mm, SmL I.D.) and diode array at
205 nm. The mobile phase HPLC conditions namely
mobile phase composition in A line containing 0.05%
Phosphoric acid in water and Acetonitrile in B line.
Flow rate was set at 20 wL/min and temperature at
35 °C. The BM extract was compared to a standard

consisting of mixture of bacoside A3, bacopaside I,
bacopaside X and bacopasaponin C (Supplementary
Figure 1).

2.2. Metabolite prediction

From the selected compounds that are confirmed
to be present in the BM extract we used the biotrans-
former 3.0 online resource to predict the possible
metabolites produced by human and gut enzymes
[55]. If there were more than five predicted metabo-
lites the top five were presented (Supplementary
Table 1).

2.3. Cell culture

PC-12 cells were obtained from the Japanese Col-
lection of Research Bioresources (Tokyo, Japan)
and maintained in Roswell Park Memorial Institute
Medium (RPMI) (GibThai, Bangkok) supplemented
with 5% Fetal Bovine Serum (FBS) (GibThai,
Bangkok), 10% Horse Serum (HS) (GibThai,
Bangkok), penicillin (50 LU./ml) and strepto-
mycin (50 pg/ml) (pen/strep) (GibThai, Bangkok).
Neuro2A cells were obtained from the Health Sci-
ence Research Resources Bank (Osaka, Japan) and
cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (GibThai, Bangkok) supplemented with
10% FBS and pen/strep. All cells were maintained
in a humidified, 5% CO; atmosphere at 37°C, and
were passed weekly with media changed every 2-3
days.

2.4. Neurite growth analysis

PC-12 cells were centrifuged at 500 g and resus-
pended in RPMI medium containing 5% FBS and
10% HS. The cells were passed through a 22 G nee-
dle 20 times to disperse cell clumps. Viable cells were
counted using trypan blue staining. The cells were
diluted and plated onto Poly-d-lysine (PDL) coated
12-well plates at a density of 3000 cells/cm?. The
following day the media was replaced with RPMI
containing 0.5% HS, and the cells were treated with
or without drugs and NGF.

Neurite outgrowth in Neuro2A cells was car-
ried out as described previously [23]. Briefly,
Neuro2A cells were trypsinized (0.05% trypsin
EDTA (GibThai, Bangkok)), centrifuged at 500 g,
then resuspended in DMEM 10% FBS, and plated
at a density of 2000 cells/cm?. The following day
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Fig. 1. Summary of experimental cell culture and C. elegans procedures used in this study.
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the media was replaced with DMEM 0.5% FBS and
added drugs. The cells were monitored for neurite
outgrowth (Neuro2A over 3-5 days, PC-12 over 5-7
days), and micrographs were taken using Zeiss Axio
Observer Al Inverted Fluorescence Phase Contrast
Microscope. Neurites were defied as extensions dou-
ble the cell width; Image J was used to measure the
neurites’ length (Neuron J plugin [56]) and count the
percentage of neurite expressing cells.

2.5. AB toxicity in NGF differentiated PC-12
cells

PC-12 cells were plated at a density of 30,000
cells/cm? in PDL coated 96 well plates and allowed
to adhere overnight at 37°C in a humidified, 5% CO;
atmosphere. For differentiated cells, NGF (50 ng/ml)
in 2% HS supplemented RPMI was added, and the
cells were incubated for 3-5 days. Once the cells
were differentiated, the media was replaced with
fresh media containing NGF (50 ng/ml), AB(25-35)
(10 uM), and BM (10-0.1 pg/ml). After a further 24
hours at 37°C in a humidified, 5% CO, atmosphere,
cellular viability and damage were measured using
the MTT and trypan blue exclusion assays. Damage
to cells was quantified by measuring the lengths of
the remaining neurites as described above.

2.6. Western blotting analysis

PC-12 cells were plated at a density of 10,000 cells
per cm? and allowed to adhere overnight. The cells
were treated with BM (1-100 p.g/ml) for 24 hours, in
the presence and absence of 50 ng/ml NGF. Protein
was then extracted following a wash in ice-cold PBS,
using NP40 lysis buffer supplemented with protease
inhibitor cocktail. The cells were incubated in the
lysis buffer on ice for 30 minutes, then centrifuged
at 12,000 g for 10 minutes, and the supernatant was
collected and frozen until further use. Protein concen-
trations were calculated using the Bradford method
as previously described [23, 54] and compared to a
BSA standard curve.

50 pg of protein was separated on a 12% SDS-
PAGE gel and transferred to PVDF membranes.
These were blocked in 5% BioRad blocking buffer
(BioRad, Hercules, CA, USA) for two hours before
overnight incubation with primary antibody (Cell
Signalling Danvers, MA USA) at 4°C. The blots
were then washed with pH 7.5 Tris-buffered saline
with 0.05% Tween (TBS-T) three times for ten min-

utes each before incubation with the horseradish
peroxidase-conjugated secondary antibody for one
hour at room temperature. The blots were then
rewashed in TBS-T three times for ten minutes each.
Blots were visualized using a chemiluminescence
detection system (ECL select western blotting detec-
tion agent: GE Healthcare Piscataway, NJ, USA) and
exposure to X-ray film. Blots were analyzed using
Image J software, and beta-actin was used as aloading
control.

2.7. C. elegans strains and propagation

The wild-type strain N2 (Bristol), Af transgenic
strain (CL2006), daf-2 mutant (CB1370) and daf-16
mutant (CF1038) were acquired via the Caenorhab-
ditis Genetics Center (University of Minnesota,
USA). They were maintained in Nematode growth
medium (NGM) at 15°C. Experiments were carried
out using age synchronized young adult worms, with
each experiment carried out in three independent tri-
als, unless otherwise specified.

2.8. C. elegans pharyngeal pumping

The pharyngeal pumping assay was carried out,
as explained previously [51]. The known number of
young adult stage nematodes (*10) were transferred
to NGM plates swabbed with different concentra-
tions of BM. Pharyngeal pumping was observed
once in every 24 hours using a stereomicroscope
(Motic SMZ-171) for 30 consecutive seconds. Pha-
ryngeal pumping of worms in NGM plates swabbed
with E. coli OP50 was considered as the control

group.

2.9. C. elegans longevity (lifespan/survival)
assay

The C. elegans lifespan assay has been described
previously [51, 54]. Briefly, approximately ten age
synchronized mutant worms were placed in M9
buffer along with E. coli OP50 and 5-Fluoro-2'-
deoxyuridine (FUDR). The worms were treated with
BM (7, 8, 9 and 10 pg/ml), which was added to the
liquid medium as such that it would be ingested via
pharyngeal pumping or directly absorbed and the
total number of live worms were counted every 24
hours. Dead worms did not respond to a gentle touch
from the platinum loop or tapping on the side of
the plate. Each experiment was carried out in five
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Table 1

Primers used in qPCR

Gene name Forward primer Reverse primer

act-2 ATCGTCCTCGACTCTGGAGATG TCACGTCCAGCCAAGTCAAG
daf-2 TCGAGCTCTTCCTACGGTGT CATCTTGTCCACCACGTGTC
daf-16 TGGTGGAATTCAATCGTGAA ATGAATATGCTGCCCTCCAG
age-1 ATAGAGCTCCACGGCACTTT ATAGAGCTCCACGGCACTTT
utx-1 GCAGAACACCAGCTCATCAG ATCAACGCCATTCTTCTCGC

col-19 CACACAAATGCTCCACCAAC CTGGATTTCCCTTCTGTCCA

egl-8 CGTATCGTTGCGCTTCTCA AGTAGTGACACAGCGGTTG

dgk-1 GTTGGGGAAGTGGTGCAAAT GCGAGCTTGGATTGGATGAG
goa-1 TGTTCGATGTGGGAGGTCAA TCGTGCATTCGGTTTGTTGT

lin-45 ACGTCATCGACCTCATTTCC ATACATTCGGGGATTGTCCA

mpk-1 GCCAGTTTGTGAGGAACCAT CAGGATTCTGCCCTCCATTA

mek-2 AATCTCGGTTGCAGTTGTCC GTGGGATCCTGTGAGTCGTT
ace-1 GGAGATCCGAACAAAAACGA TGACGATTCAACGGTCATGT
ace-2 AGCTCACCGGATATGAATGC GTGGCCCAATATCTCCAGAA
lys-7 TTGCAGTACTCTGCCATTCG GCACAATAACCCGCTTGTTT

independent populations, and the data presented are
average from these experiments.

2.10. ROS imaging in C. elegans

C. elegans (N2) were exposed to UV light using
a UV-A transilluminator lamp, SANKYO DENKI
(F20T10BL), to simulate oxidated stress [42, 51].
ROS staining with 5 pg/ml H,DCFDA was carried
out as described previously [51]. Briefly, worms were
either treated with BM (5 or 10 pg/ml) before or
after UV-A exposure, and in both sets” BM treat-
ment continued after UV exposure for five days. The
worms were washed in M9 buffer and stained with
H,;DCFDA for 20 minutes and then rewashed and
transferred to a drop of sodium azide on a glass slide.
Fluorescent imaging was carried out on a minimum
of ten randomly selected regions of the slide con-
taining nematodes using a ZEISS LSM 700 confocal
microscope. The images were analyzed using Image
J software, and the relative fluorescence was repre-
sented as arbitrary units normalized to the untreated
control (AU). The data were obtained from three inde-
pendent repeats of the above protocol.

2.11. Quantitative PCR

Total RNA from wild-type nematodes treated
with different concentrations of BM extracts (5 and
10 pg/ml) was extracted using the TRIzol kit (Invit-
rogen, Carlsbad, CA, USA). 1000 ng of total RNA
was converted to cDNA using AccuPower RT Premix
(Bioneer, Korea) using oligo dT primers per the man-

ufacturer’s instructions. Real-time PCR was carried
out using SYBR Green, Green Star PCR Master Mix
(Bioneer, Korea), in the Exicycler Real-Time Quanti-
tative Thermal Block (Bioneer, Daedeok- gu, Korea)
using gene-specific primers (Table 1). Expression
data were normalized to actin and then represented
as fold change from the untreated control.

2.12. Molecular docking

The sequences of the proteins (o non-opioid intra-
cellular receptor 1 (human), o 1-type opioid receptor
(C. elegans), SKN-1, and DAF-16) were retrieved
from UniProt (UniProt ID - Q99720, 002109,
P34707, and O16850). The 3D structures were mod-
eled using the online platform server trROSETTA,
which builds a protein 3D model via Ab Initio model-
ing technique [60]. The stereochemical quality of the
protein structures was estimated using PDBSum [61].
The ligands (selected from the known compounds
in the BM extract plus other commonly found com-
pounds from other studies) (Table 3) to be docked
were extracted from the PubChem database, and
molecular docking analysis was performed using a
grid-based docking approach using DockThor [57]
using epigallocatechin gallate (EGCG) as the ref-
erence compound for SKN-1 and DAF-16 and (+)
Pentazocine for the sigma-1 receptor.

2.13. Statistical analysis

Statistical analysis was carried out using GraphPad
Prism version 9 for Macintosh. Statistical signif-
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Table 2

Confirmed and predicted components of BM extract. (*ND=not determined)

HPLC confirmed Structure HPLC retention time Mwt
compounds (mins)

Bacopasaponin C 24.47 899.07
Bacopaside 11 23.46 929.10
Bacoside A3 21.0 929.10
Bacopaside X 21.6 899.07
Other predicted compounds

Cucurbitacin E *ND 556.69
Cucurbitacin T *ND 514.65

Monnieriside A

N o *ND 379.31
(:5\/’“

icance was measured using ANOVA followed by
Dunnett’s or Tukey’s post hoc test, and p values below
0.05 were considered significant.

3. Results
3.1. Effect of BM on neurite outgrowth

Growing and replacing damaged neurons is an inte-
gral part of neuroprotection. We used two cell lines
commonly used in the study of neurite outgrowth.
Neuro2A cells are mouse neuroblastoma cells that
will differentiate when serum-starved. PC-12 cells
are the rat pheochromocytoma cells that differentiate
in response to NGF. While cell culture studies are
limited in that they make use of a monoculture of
cells, which is in many respects unlike normal phys-

iological conditions, cell culture study does allow
for the study of how cells may respond to various
compounds.

3.1.1. Potentiation of neurite outgrowth in serum
starved Neuro2A cells

Differentiation of Neuro2A cells was induced by
serum starvation in 1% FBS (Fig. 2A-D). This
resulted in the formation of neurites in 27.6 +3.3%
of the cells compared to 9.5+ 1.8% in the control
cells (10% FBS). In previous studies, we have iden-
tified 10 pg/ml of BM (hexane extract) to be the
most effective neuroprotective concentration in glu-
tamate treated HT-22 cells [54, 58]. Therefore, we
treated Neuro2A cells with 10 pg/ml and measured
the number of neurites. BM was able to potenti-
ate neurite outgrowth in the serum-starved cells and
induce neurite outgrowth in cells cultured in 10%
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Table 3

Structures of compounds used in molecular docking analysis

Compound name Structure

Bacoside A

Bacopaside 1T

Bacoside A3

Bacopaside X

Cucurbitacin E

Cucurbitacin I

Bacopasaponin C

Monnieriside A

Epigallocatechin gallate \QE;

(4) Pentazocine

FBS (Fig. 2E). We also measured the lengths of the
neurites (Fig. 2F) using Neuron J [56, 59]. Neuro2A
cellsin 1% FBS had significantly longer neurites than
those in 10% FBS (ANOVA followed by Tukey’s post
hoc post hoc test) p=0.0267). Furthermore, 10 pg/ml
BM was able to potentiate neurite growth in 1% FBS

(ANOVA followed by Tukey’s post hoc test p=0.04)
and induce neurite growth in 10% FBS (Tukey’s
post hoc test following ANOVA (p =0.0007).

3.1.2. Potentiation of neurite outgrowth in NGF
treated PC-12 cells

Differentiation of PC-12 cells was induced by
NGEF, with many studies using varying concentrations
from 2.5 ng/ml to 100 ng/ml [58-60]. Therefore, we
carried out a dose-response to NGF in PC-12 cells
and measured the lengths of the neurites at day seven
(Fig. 3A) and then selected a submaximal dose of
NGEF for the potentiation of neurite outgrowth exper-
iments just below the ECso of 2.9 ng/ml (selected
dose 2.5 ng/ml). Treatment with 2.5 ng/ml NGF sig-
nificantly increased neurite outgrowth compared to
control (untreated cells) (ANOVA followed by Dun-
nett’s post hoc multiple comparisons test (p < 0.001)).
Subsequently, co-treatment with BM (10 p.g/ml) and
NGF (2.5 ng/ml) resulted in potentiation of neurite
outgrowth with more cells with neurites and longer
neurites (Fig. 3B—E). Previous studies have indicated
that the potentiation of neurite outgrowth in PC-12
is regulated by the sigma-1 receptor [52]. Therefore,
to evaluate the role of the sigma-1 receptor in the
potentiation of NGF-induced neurite outgrowth, we
also treated the cells with 10 wg/ml BM in the pres-
ence and absence of the sigma-1 receptor antagonist
BD1047 (3uM) (Fig. 3F & G). The length of the
neurites and the percentage of cells expressing neu-
rites were quantified with Image J. BM significantly
increased the neurite length from 97.1 4.9 um to
155.3 £0.9 wm (ANOVA followed by Dunnett’s post
hoc test p <0.05). However, NGF 2.5 ng/ml and BM
treatment in the presence of the sigma-1 receptor
antagonist BD1047 (3uM) resulted in neurites that
were no different in length to the control. Further-
more, BD1047 did not affect the growth of neurites
in response to 2.5 ng/ml NGF alone.

3.2. AP toxicity in NGF differentiated PC-12
cells

PC-12 cells that had been differentiated with NGF
(50 ng/ml) for seven days were treated with 10 uM
AB(25-35) alone or with varying concentrations of
BM (10-0.1 pg/ml). Representative micrographs are
shown in Fig. 4A-E, showing the difference in mor-
phology between control cells and cells treated with
10 uM AP(25-35). Treatment with BM appears to
prevent damage to the neurites and reduce the num-
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Fig. 2. The effect of BM on serum starvation induction of neurite outgrowth in Neuro2A cells. Black arrows indicate examples of neurites.
A Control Neuro2A cells in DMEM 10% FBS. B Control Neuro2A cells in DMEM 1% FBS. C BM (10 p.g/ml) treated Neuro2A cells
in DMEM 10% FBS. D BM (10 pg/ml) treated Neuro2A cells in DMEM 1% FBS. E The percentage of cells showing neurite growth.
$Statistical significance compared to control 10% (ANOVA followed by Tukey’s post hoc test) p=0.018 (control 1% FBS) p=0.013 (10%
FBS+BM 10 pg/ml). * Statistical significance compared to control 1% FBS (ANOVA followed by Tukey’s post hoc test) p =0.04. F Neurite
length. ¥ Statistical significance compared to control 10% (ANOVA followed by Tukey’s post hoc post hoc test) p =0.0267 (control 1% FBS)
p=0.0007 (10% FBS+BM 10wg/ml). * Statistical significance (ANOVA followed by Tukey’s post hoc multiple comparison test) compared

to control 1% FBS p=0.047.

ber of shrunken cells. We quantified cell survival
using the MTT assay (Fig. 4F). BM dose-dependently
improved cell survival from 44.004+2.91% to
71.454+3.32% (BM 10 pg/ml), 73.96 +7.90 (BM
3 wg/ml) and 65.17 £4.73 (BM 1 pg/ml). The dam-
age to the neurites caused by AB(25-35 treatment
was quantified by measuring the length of the
neurites (Fig. 4H). In the untreated control, the neu-
rites were 181.4+8.1um long, whereas treatment
with AB(25-35) resulted in neurites 81.5 £ 14.8 um
long. BM treatment dose dependently improved neu-
rite length in the AB(2s-35) treated cells, with 10
and 3 pg/ml BM resulting in a statistically signifi-
cant increase (184 £26.0 pm and 159.3 +19.7 pm
respectively) compared to AB(25-35) treatment alone.

3.3. Western blotting analysis
Protein expression of total AKT and pAKT were

measured in PC-12 cells treated with BM (in the pres-
ence (Fig. 5A) and absence of 50 ng/ml NFG (Fig.5

B)). In the absence of NGF, BM treatment appeared
to do reduce total AKT expression and pAKT expres-
sion, with no significant change in pAKT/AKT ratio.
However, in the presence of NGF the expression
of total AKT remains unchanged. In contrast, the
expression of pAKT significantly reduced in a dose-
dependent manner when the bands’ densities were
analyzed with Image J (Fig. 5C-D).

NRF2 expression shows a bell-shaped dose-
response to BM with 3g/ml being the peak increase
in expression when normalized to B-actin and sta-
tistically significant when the band densities were
analyzed with Image J (Fig. SA-D). In the absence
of NGeF, the effect of BM treatment appears reduced,
with the increase in NGF expression no longer statis-
tically significant.

The expression of SIRT1 remains unchanged
when treated with BM in the absence of NGF
(Fig. 5A), however, when PC-12 cells are cotreated
with BM and NGEF there is a bell-shaped response
(Fig. 5B), with 3 pg/ml showing a statistically sig-
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nificant increase in expression (when the densities of
the bands were analyzed with Image J and normalized
to B-actin expression Fig. 5C-D).

The expression of BDNF in PC-12 cells treated
with BM (in the absence of NGF) dose-dependently
increased (Fig. SA), whereas in the presence of NGF
the response to BM was bell-shaped with the peak
expression being seen at 3 wg/ml (Fig. 5B).

3.4. C. elegans pharyngeal pumping assay

It was observed that both doses of BM did not
alter the pharyngeal pumping of the nematodes
and showed a similar pumping rate when com-
pared to the control worms fed with laboratory
food source E. coli OP50, indicating that the worms
consumed BM normally, without any hindrance
(Fig. 6A).

3.5. C. elegans longevity (lifespan/survival)
assay

We have previously shown that BM extends the
lifespan of wild-type C. elegans, with 7-10 pg/ml
being the most effective dose. BM was able to extend
the median lifespan from approximately 14 days
(control) to approximately 18 days, and the maxi-
mum lifespan from approximately 20 days (control)
to approximately 25 days [54]. Therefore, we selected
these doses for measuring the lifespans of the daf-16,
daf-2 negative mutants, and A[3 expressing transgenic
strains. BM had no significant effect on the lifes-
pans of either the daf-16, daf-2 mutants (Fig. 6B-G).
However, BM did significantly improve the median
and maximum lifespans of the A} mutants, with 7
and 8 pg/ml significantly improving the median lifes-
panfrom 15.3 +0.5daysto 17.8 £ 0.5and 18.0 0.9
days respectively (Fig. 6H-F) (statistically significant
difference ANOVA followed by Dunnett’s post hoc
multiple comparisons test p <0.05). BM (7-9 pg/ml)
also improved the maximum lifespan from 22.8 £ 0.3
t025.5+£0.3,26.5+0.9, and 25.5 £ 0.3 days respec-
tively (statistically significant difference ANOVA
followed by Dunnett’s post hoc multiple comparisons
test p<0.01).

3.6. The antioxidant effect of BM in C. elegans
exposed to UV light

Oxidative stress is a key component of sev-
eral neurodegenerative diseases including AD [61].

Therefore, to analyze the antioxidant potential of BM,
oxidative stress was induced in C. elegans by expo-
sure to UV-A [51]. BM was analyzed for its protective
and repair effects by treating the extracts before and
after induction of oxidative stress, respectively. There
was a significant (p < 0:05) reduction of the oxidative
stress level observed, which was directly propor-
tional to the reduction in fluorescence when treated
with BM (Fig. 7). Treatment of the worms with UV-
A for four hours significantly increased HyDCFDA
fluorescence compared to the control (Fig. 7A-B),
indicating an increase in oxidative stress (p <0.001
using ANOVA followed by Dunnett’s post hoc mul-
tiple comparisons test). Pretreatment with BM (5 &
10 wg/ml) significantly reduced HoDCFDA fluores-
cence compared to four hours of UV-A alone (Fig. 7
B-D), suggesting that BM can prevent oxidative
stress (p<0.05 using ANOVA followed by Dun-
nett’s post hoc multiple comparisons test). Treatment
with BM (5 pg/ml) after four hours of UV expo-
sure significantly reduced HyDCFDA fluorescence
compared to four hours of UV alone (Fig. 7B, E),
suggesting that BM can reverse oxidative stress in
the UV-exposed worms (p < 0.05 using ANOVA fol-
lowed by Dunnett’s post hoc multiple comparisons
test).

3.7. mRNA expression in wild-type C. elegans
treated with BM

Finally, we assessed the expression of genes which
are involved in mediating lifespan, like the DAF-
16 mediated pathway (daf-2, daf-16, age-1, utx-1),
and ERK MAPK pathway (lin-45, mpk-1, mek-2)
and health-span (egl-8, dgk-1, goa-1, col-19, ace-
1, ace-2, lys-7) in wild-type worms, treated with
BM (5 & 10 pg/ml) (Fig. 8). The genes related to
reduced lifespans, daf-2, age-1 and utx-1 were down-
regulated; whereas, daf-16, mpk-1 and mek-2, related
to increased lifespan was upregulated. Of the genes
related to heath-span egl-8, ace-1 and ace-2 were
upregulated, whereas dgk-1, goa-1 and col-19 were
downregulated by BM treatment (Fig. 8).

3.8. Docking analysis

The 3D structure of proteins modelled with
trROSETTA were validated using Ramachandran
plots. The Ramachandran plots showing SKN-1,
DAF-16, C. elegans sigma-1-type opioid receptor,
and human sigma non-opioid intracellular receptor
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1 (Fig. 9 A) revealed that the amino acid residues
were found in the favored region indicating a reli-
able model. The interaction between the protein
targets and the compounds in BM were visualized
using in silico docking approaches (Fig. 9 B and
10 A-B). The binding scores for each protein were

represented in Table 4 and compared with the ref-
erence compound EGCG (SKN-1 & DAF-16) or
(+) Pentazocine (the human and C. elegans sigma-1
receptor). Against DAF-16, the compounds Bacoside
A3 (9.2 kcal/mol), Bacopaside II (-9.1 kcal/mol),
Bacoside A (-8.7 kcal/mol) showed highest binding
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score compared to that of EGCG (7.4 kcal/mol).
Bacoside A3 exhibited similar hydrogen bonding as
that of EGCG with the residues Alal34, Glu244,
Arg393 along with other residues Gln146, Alal90,
Pro192. In the case of SKN-1, Bacopaside II,
Bacoside A, and Bacopaside X showed the high-
est interaction with binding energies of -9.1, -9.1,
and —8.9kcal/mol respectively when compared to
EGCG (-6.6kcal/mol). EGCG showed hydrogen
bonding with Asn238, Glu242, Asp243, which is also
observed with Bacoside A and Bacopaside X along-
side other interactions including Alkyl, Pi-Alkyl, and
carbon-hydrogen bonding (Fig. 9 B). The results indi-
cate that the compounds of BM can positively bind
with DAF-16 and SKN-1.

The binding energies for the C. elegans sigma-1
type opioid receptor were highest for Bacopaside 11
(-=10.1 kcal/mol), Bacoside A3 (-9.2 kcal/mol) and
Bacopaside X (-9.1kcal/mol), when compared to
the standard reference compound, (+) Pentazocine
(-8.5 kcal/mol). The docking analysis for the C. ele-
gans sigma-1 type opioid receptor indicated that
there was hydrogen (H)-bonding interactions with
amino acids in the binding pocket of the sigma-1

receptor, with Bacopaside I H-bonding with Pro175,
Bacopaside X showed predicted H-bonding inter-
actions with Vall82 and Gly185 and Bacoside A
and cucurbitacin E both having predicted H-bonding
interactions with Gly 185. There were also interesting
H-bonding predicted interactions for Bacopasaponin
C and Curcurbitacin I which interreacted with
amino acids on the outside of the binding pocket
(Fig. 11). Bacopasaponin C was predicted to inter-
act with Argl10 and Leul13, whereas Cucurbitacin
I was predicted to interact with Asn117 and Argl71
(Fig. 11).

4. Discussion

Many plant extracts have been previously
investigated for their beneficial effects against neu-
rodegenerative diseases, including C. asiatica which
shows protection against A toxicity in PC-12 and
IMR32 cells [62], Pomegranate extract prevents
oxidative damage in the brains of AD model trans-
genic Swedish mutant mice [63], and T. divaricata
root extract protects mice from Af,5-35 neurotox-
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icity [64]. We have previously shown BM to have
antioxidant activities in HT-22 cells subjected to glu-
tamate toxicity [54]. However, in this study, we aimed
to investigate whether BM is more than just an antiox-
idant and whether it had any further beneficial effects
that could explain its potential for treating AD.

Herein, we have shown that BM can not only poten-
tiate NGF-induced neurite outgrowth in PC-12 cells,
but it can also induce neurite outgrowth in Neuro2A
cells. Moreover, BM was able to induce neurite
outgrowth in the presence of FBS for Neuro2A
cells. Furthermore, BM protected differentiated PC-
12 cells from damage caused by A3 and extended the
lifespan of C. elegans that expressed AB. As far as
we are aware, this is the first study to show that BM’s
hexane extract has these effects in PC-12, Neuro2A
and C. elegans models.

Targeting multiple receptors and pathways, using
traditional pharmacological compounds or those
extracted from medicinal plants may be beneficial for

many neurological diseases [16, 65, 66]. One recep-
tor that is common to several pathways as well as
many neurological diseases, including AD, Parkin-
son’s disease (PD), Huntington’s disease (HD), and
depression (MD) is the sigma-1 receptor [16, 67,
68]. Multiple studies have shown that neurite out-
growth is dependent on the sigma-1 receptor in both
PC-12 [69-73] and Neuro2A cells [23]. Further-
more, several pre-clinical studies have indicated that
BM treatment in vivo, can induce neurogenesis and
increase CREB, AKT, ERK and BDNF expression
[74-76]. The expression of BDNF, AKT, ERK, and
CREB are potentially under the control of sigma-
1 receptor activity [77-83]. We have shown that
the sigma-1 receptor antagonist BD1047 is able to
prevent the BM-induced potentiation of neurite out-
growth in PC-12 cells. We also show that BDNF
expression is increased by BM treatment. BDNF
expression plays a central role in cellular prolifera-
tion, migration, differentiation, and maintenance in
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Fig. 7. The antioxidant effect of BM in worms exposed to UV-A: A Control; B Four hours of UV-A exposure; C Pretreatment with BM
5 pg/ml and four hours of UV-A exposure; D Pretreatment with BM 10 pg/ml and four hours of UV-A exposure; E Four hours of UV-A
exposure, followed by treatment with BM 5 wg/ml; F Four hours of UV-A exposure, followed by treatment with BM 10 pwg/ml; G Image
J analysis of HyCDFDA fluorescence normalized to control worms. *p <0.05, ***p <0.001 using ANOVA followed by Dunnett’s post hoc
multiple comparisons test.
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Fig. 8. qPCR analysis. mRNA expression of daf-2, daf-16, age-1, utx-1, egl-8, dgk-1, goa-1, col-19, lin-45, mpk-1, mek-2, ace-1 ace-2
and lys-7 in wild-type nematodes treated with BM (5 & 10 pg/ml). BM upregulated daf-16, egl-8, mpk-1, mek-2, ace-1 and ace-2, and
downregulated daf-2, age-1, utx-1, dgk-1, goa-1, col-19, lin-45 and lys-7. Significant changes from control were assessed using two-way

ANOVA followed by Tukey’s post hoc multiple comparisons test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

the developing brain [84]. Moreover, the potenti-
ation of neurite outgrowth in PC-12 cells by BM
mimics that of several antidepressants such as flu-
voxamine and fluoxetine that also have affinities for
the sigma-1 receptor and upregulate the expression of
BDNF in cultured PC-12 and cortical neurons in vitro
[78, 82].

The PI3K/AKT/mTOR pathway is essential in the
control of the cell cycle [85]. It is, therefore, essen-
tial to the longevity and survival of the cell. AKT
activation has been shown to inhibit neuronal dif-
ferentiation and drive cell proliferation [86]. Here

we have shown that BM is able to downregulate
total AKT and pAKT expression in the absence
of NGF and in the presence of NGF downregulate
pAKT. This suggests that BM is modulating the
PI3K/AKT/mTOR pathway to induce differentiation
into neuron-like cells. We also see an upregulation
of NRF-2 in the absence of NGF, which could possi-
bly be linked to sigma-1 receptor activation [87, 88].
The upstream regulators of Nrf2 (PKC, MAPK and
PI3K) [89] are also potentially regulated by sigma-1
receptor activity. However, it is possible that BM acts
directly on NRF-2 considering its active compounds’
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potential binding affinities to the C. elegans ortholog
of NRF-2, SKN-1.

The molecular docking analysis in the sigma-1
receptor (human and predicted C. elegans) suggests
that several of BM’s compounds may have high affin-
ity toward the sigma-1 receptor. The docking analysis
indicated that Bacopaside II, Bacopaside X, Baco-
side A, and Cucurbitacin E all showed predicted
H-bonding interactions with amino acids within the
predicted binding pocket of the sigma-1 receptor,

which further adds to the evidence for sigma-1
receptor modulation by BM extracts as a potential
mechanism for BMs positive neurological effects.
Furthermore, Bacopasaponin C and Curcurbitacin I
interreacted with amino acids on the outside of the
binding pocket and could possibly act allosterically
to induce their effects. Allosteric interactions with the
sigma-1 receptor are regularly being reported with
regard to neurological disease [90-92]. Several stud-
ies have identified BM to have anti-seizure effects
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Fig. 10. Interactions of bacopa extract compounds with amino acids in A. C. elegans sigma-1 receptor and B. human sigma-1 receptor.

in various models [93-95]. Allosteric binding to the
sigma-1 receptor has also been shown to alleviate
seizure in similar models [96, 97], suggesting the
potential mechanism for these BM extracts.

One major drawback of this study is that it revolves
around the use of cultured (non-human) cells which
brings the question of physiological relevance when

extrapolating to the use of BM as a nutritional supple-
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Table 4

Molecular docking analysis of compounds found in BM against DAF-16 SKN-1 and the
C. elegans and human sigma-1 receptor. Results presented as kcal/mol

Compound Daf-16 (kcal/mol) ~ SKN-1 C. elegans o Human o
(kcal/mol) 1-type opioid non-opioid
receptor intracellular
(kcal/mol) receptor 1
(kcal/mol)
Bacopasaponin C  —8.303 -7.921 -8.951 -8.879
Bacopaside 11 -9.158 -9.077 -10.064 -9.39
Bacopaside X -8.369 -8.954 -9.138 —-8.898
Bacoside A -8.716 -9.06 -8.951 -9.15
Bacoside A3 -9.234 -7.027 -9.661 —-8.648
Cucurbitacin E -8.309 —6.989 -8.231 -8.648
Cucurbitacin I -8.136 -6.997 -8.231 -8.437
Monnieriside A —7.891 —6.444 -8.231 -8.437
(+) Pentazocine - - -8.461 -8.437
EGCG —7.473 —6.632 - -

C.Elegans Sigma-1

Human sigma-1

Fig. 11. Model of the sigma-1 receptor from both C. elegnans and humans showing the binding pocket and interacting amino acids.

ment in humans. The possible metabolism of BM’s
compounds to produce further active/inactive com-
pounds and the activities of these compounds in a
more complex system (rather than a single cell type
culture) requires further investigation. With this in
mind, we used in silico analysis to predict possi-
ble metabolites produced by human and gut bacterial
enzymes, that could be used in future study of BM’s
effects in neuroprotection.

To understand BMs activities in a more com-
plex system, we have employed the model organism
C. elegans. In a previous study, we have shown that
BM is able to extend the lifespan of C. elegans and
reduce the deposition of lipofuscin [54], (a pigment
widely regarded as a sign of aging [42, 51]). In the
present study, we tried to understand the mecha-

nism of lifespan extension. The insulin-like-signaling
pathway, otherwise known as the DAF-16 mediated
pathway is one of the major pathways that mediate
aging in C. elegans wherein daf-2 is a negative reg-
ulator of lifespan and daf-16 is a positive regulator
[98, 99]. Mutants of both daf-2 and daf-16 did not
exhibit any significant changes in lifespan irrespec-
tive of BM treatment, indicating the importance of
the pathway in extending lifespan. In C. elegans, a
dietary restriction or calorie restriction process can
get activated, which can also extend lifespan, which
is interconnected to many other pathways [100-102].
To confirm that the lifespan extension observed in
the present study was mediated by BM and was not
by dietary restriction, the pharyngeal pumping assay
was carried out in C. elegans, which showed that
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there was no difference in the pharyngeal pumping
rate in worms fed with BM when compared to the
control. This suggests that the extension of lifes-
pan observed was mediated by BM, and that the
worms had no trouble ingesting BM through their gut
system.

gPCR analysis of candidate genes, namely daf-2,
daf-16, age-1 and utx-1 [98, 99] were monitored in
wild-type worms wherein daf-16 was upregulated,
and all other genes were downregulated, indicating
the activation of DAF-16 mediated pathway. Inter-
estingly, age-1, which is orthologous to mammalian
PI-3-kinase, was also downregulated [103, 104]. The
western blot also validated the downregulation of
the PI-3-kinase pathway (via AKT-phosphorylation)
indicating the involvement of the pathway during
BM treatment. The lysozyme gene, lys-7, is a target
downstream of DAF-16 [105]. It is known to pro-
vide immune protection against pathogens [106] and
the downregulation of the same in the present study
suggests that BM was not considered as a toxic or
harmful substance by the worms. Additionally, the
role of DAF-16 was further confirmed through dock-
ing analysis. We observed that the compounds of BM
were able to efficiently bind with BM than the refer-
ence compound EGCG, which is known to activate
DAF-16 [107].

The ERK/MAPK (extracellular signal-regulated
kinase/mitogen-activated protein kinase) pathway
regulates major biological processes including
metabolism. It can also aid in the activation of DAF-
16 mediated lifespan extension [ 108, 109]. Candidate
genes of the pathway, mpk- 1 and mek-2 were analyzed
for their role in BM mediated lifespan extension.
Both mpk-1 and mek-2 were upregulated indicating
the activation of DAF-16 mediated lifespan extension
[109].

To confirm health-span-related gene activation,
qPCR analysis of health-span candidate genes was
measured. Col-19 is thought to be an adult-specific
marker [110, 111] since its expression begins at the
late larval stages and increases into adulthood [112].
In the present study, the expression of col-19 was
downregulated compared to control (Fig. 3B) indi-
cating the anti-aging potential of BM.

The Diacylglycerol (DAG) pathway includes the
orthologs of the Go ligands (eg/-8, goa-1, and dgk-1).
These are essential for health-span [42, 51] including
C. elegans functions such as pharyngeal pumping,
movement/locomotion and egg-laying where egl-8 is
regulated positively [113] and dgk-1 and goa-1 are
regulated negatively [114, 115]. In this study, qPCR

analysis showed, the expression of egl-8 was upregu-
lated, whereas the expression of dgk- I and goa-1 were
downregulated. The acetylcholinesterase genes, ace-
1 and ace-2 were also upregulated which could help
in improving egg laying [116], which is also another
marker for health span.

The transgenic A expressing worms have
a reduced lifespan compared to the wild-type
worms. Treating these worms with BM significantly
increased their lifespan suggesting that BM has some
positive effect on the toxicity of AP in the worm.
Additionally, BM was able to reduce the level of
oxidative stress in C. elegans, which was induced by
exposure to UV-A [117]. Moreover, the docking anal-
ysis of SKN-1 (which reduces oxidative stress [118,
119]), indicates that the compounds of BM (except for
Monnieriside A) had better binding potential towards
SKN-1 than the reference compound EGCG, pointing
to the activation of SKN-1. This aligns with the data
we present in the differentiated PC-12 cells treated
with A and could be the result of the antioxidant
effects seen in C. elegans treated with BM, since
excess A has been shown to induce oxidative stress
in both cell lines and C. elegans in a large number of
studies [120-123].

5. Conclusion

In conclusion, we have further shown that BM is
neuroprotective in cell culture models of AD, as well
as being able to induce neurite growth. These neurod-
ifferentiation and neuroprotective effects are possibly
a result of sigma-1 receptor activation (with sev-
eral BM’s compounds showing possible high sigma- 1
receptor affinity in the molecular docking analysis) as
well as antioxidant effects which we have shown in
the C. elegans models. Since BM failed to extend
the lifespans of the daf-16 and daf-2 mutants, we
can conclude that this pathway is likely involved in
the lifespan-extending mechanism activated by BM.
Furthermore, BM also regulated genes involving the
improvement of health span. This study suggests
that BM could potentially be of future use in the
treatment of neurodegenerative diseases such as AD,
by reducing oxidative stress and controlling neu-
ron survival and growth. However, further research
into the physiological relevance of these findings are
required plus further preclinical and clinical study
of BM.
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