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Background: Neurodegenerative diseases, such as Alzheimer’s disease, cause a great deal of suffering for
both patients and carers. Bacopa monnieri (L.) wettst. Is known for its memory-enhancing properties, and
is of great interest in treating neurodegenerative disease.
Aims: This study aimed to evaluate B.monnieri against glutamate toxicity, and identify whether B.mon-
nieri reduces mitochondrial and ER stress, as well as to measure B.monnieri’s effect on the life span and
aging of Caenorhabditis elegans. We hypothesized that B.monnieri would prevent cellular oxidative stress,
prevent mitochondrial/ER stress, and increase the life span while reducing signs of aging in C.elegans.
Experimental procedures: Glutamate toxicity was measured using viable cell staining assays and the MTT
assay. ROS and mitochondrial stress were assessed by H2DCFDA and Rodamine123 staining, with fluo-
rescence/confocal microscopy. C.elegans’ median and maximum life span were measured, in response to
B.monnieri treatment, along with lipofuscin imaging to measure the health of the C.elegans population.
Results: B.monnieri hexane extract (but not ethanol extract) prevented the toxicity of 5mM glutamate in
HT-22 cells. We found that the mechanism involves the reduction of ROS production and the prevention
of mitochondrial and ER stress. Furthermore, we showed that B.monnieri could increase the median and
maximal lifespan of wild type C.elegans, maintain a younger appearing phenotype in the aged C.elegans.
Conclusions: In conclusion, B.monnieri prevents mitochondrial, and oxidative stress in the cultured cells.
Furthermore, it can prolong the healthy lifespan of C.elegans, indicating that B.monnieri the potential for
therapeutic and preventative use in neurodegenerative disease.
© 2020 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Life expectancy is increasing throughout the developed world,
resulting in more significant numbers of aged people, of whom
many may require more health care, as the prevalence of disease
increases with age.1 Neurodegenerative diseases such as Parkin-
son’s disease, Alzheimer’s disease, and other forms of dementia are
significant causes of suffering in aged populations around the
world. There are currently 44 millionwho have Alzheimer’s disease
worldwide; furthermore, with an aging population and no current
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effective cure, that number is expected to rise to 76million by 2030,
and 135 by 2050. The cost of treating and caring for Alzheimer’s
patients is 605 billion dollars; equivalent to 1% of the world’s GDP.2

Glutamate toxicity is thought to be a factor in the pathology of
neurodegeneration in aging patients, with the toxicity mediated
through multiple pathways, one being a reactive oxygen species
(ROS) mechanism. High concentrations of glutamate can block
cystine uptake into the cells via the cysteine/glutamate anti-porter,
which results in depletion of intracellular cysteine and glutathione
(a cellular anti-oxidant), and subsequently, increasing ROS pro-
duction.3 Increased ROS can have many detrimental effects in
neuronal cells, resulting in endoplasmic reticulum stress, as pro-
teins are miss-folded4 and mitochondrial stress and leakage, which
can cause apoptosis and neurodegeneration.5

B.monnieri is a medicinal herb found throughout Asia and is
known for its memory-enhancing effects.6 A list of commonly re-
ported compounds found in B.monnieiri is shown in Supplementary
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Fig. 1, with the some of the main compounds reported being the
mixture known as Bacoside A (consisting of Bacoside A3, Bacopa-
side II, Bacopaside X and Bacopasaponin C 5)7,8.

Animal studies have found that the herb can reverse the
amnesic effects of scopolamine9,10 in mice and improve memory in
the form of pain avoidance in rats.11 Furthermore, B.monnieri sup-
plementation improves symptoms of paraquat treatment of mice in
a Parkinson’s disease model12 and improves the Alzheimer’s like
characteristics in mouse models, such as colchicine treatment,13

olfactory bulbectomy,14 and APP(SWE) expressing mice.14

A number of studies and clinical trials have investigated the
memory-enhancing properties of B.monnieri, showing it to be some
effect in the enhancement of the memories of healthy older in-
dividuals (average age 62 years). One such study showed that a
300mg/day dose could improve, with statistical significance
compared to the placebo, various measures (but not all) of working
memory, over a 12 week period. Furthermore, it was observed that
the effect continued after the administration of the B.monnieri
extract was ceased.15 Other studies, investigating younger patients,
have proved less convincing. In one study in patients with an
average age of 59, showed no significant difference in working
memory, although the study did show a significant improvement in
recall of unrelated word pairs, and the authors suggest that this
may be the result of a reduction in the amount of information lost
from memory.16 One further study on much younger healthy in-
dividuals (19e22 years old) showed very little difference when
compared to the placebo, with only two of the ten neuropsycho-
logical tests giving a significant changed when compared to the
placebo.17 A meta-analysis of 9 randomized controlled trials
concluded that B.monnieri has the potential to improve cognitive
function, particularly in the speed of attention; however, the au-
thors based their conclusions on nine small scale studies and sug-
gest that a large scale study is required.18 It is interesting that
B.monnieri appears to have greater effects on neuropsychological
tests in older patients. There have been studies that have investi-
gated B.monnieri’s effects in older patients with memory/cognitive
disorders. One such study investigated the effects of a standardized
B.monnieri extract (300mg 2 times per day of Bacognize®) in newly
diagnosed Alzheimer’s patients (average age 65 years). The study
showed significant improvements in the orientation, attention, and
language components of the mini-mental state examination scale
(MMSES) but not the registration, recall, and design. The also pa-
tients reported, anecdotally, an improvement of quality of life.19

One study in older patients (predominantly 65 and over) with
memory complaints (although not formally diagnosed with Alz-
heimer’s disease) showed that treatment with 125mg day B.mon-
nieri extract resulted in improvements in some aspects of memory
(mental control, logical memory, paired associate learning, and to a
lesser statistically significant extent digit forward), but not digit
backward and visual reproduction, over a 12 week period20.
Another study showed that a standardized extract (Bacomind®
450mg/day) in patients between 50 and 75 years old was able to
improve results in the digit span backward test and list learning
delayed recall test; however, there was no improvement in various
other neuropsychological measures.21 Although the clinical data is
far from conclusive, with each of the above studies showing effects
in only some of the neuropsychological measures, there is the
possibility that B.monnieri can have a positive outcome in the
treatment of Alzheimer’s. For an up to date review of the neuro-
pharmacological and cognitive effects of B.monnieri, see Nimisha
et al., (2019).7

There have been very few in vitro studies regarding B.monnieri
and its effects on cultured neuronal cells, in particular, there is no
study related to glutamate toxicity in HT-22 cells, a common
in vitro model for measuring glutamate-induced ROS production in
neuronal cells.22 Furthermore, to our knowledge, there has been no
study on the effect of B.monnieri on the life span and aging of wild
type Caenorhabditis elegans.

This study aimed to evaluate the protective effect of B.monnieri
against glutamate toxicity in HT-22 cells, and identify whether
mitochondrial and oxidative stress was reduced by B.monnieri
treatment.We also aimed tomeasure the effect of B.monnieri on the
life span and aging of the model organism Caenorhabditis elegans.
We hypothesized that B.monnieri would prevent oxidative stress,
protect the mitochondrial membrane integrity, in HT22 cells and
that B.monnieri can increase the life span, and reduce signs of aging
in wild type (wt) C.elegans.

2. Methods

2.1. Cell culture

HT22 cells (a gift from Professor David Schubert, Salk Institute,
San Diego, CA, USA) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Gibthai, Bangkok, Thailand) supplemented with
10% fetal bovine serum (FBS) (Gibthai, Bangkok, Thailand), and
maintained at 37 �C in a humidified, atmosphere containing 5% CO2.
Cells were passed before reaching 80% confluence, and the culture
media was changed every two days. Before the experiments, the
cells were washed in Phosphate buffered saline (PBS) and detached
from the culture flask using trypsin-EDTA (0.25%) (Gibthai,
Bangkok, Thailand). The cells were then pelleted at 500 g, before
being resuspended in fresh DMEM, and plated at a density of
15,000 cells per cm2 (unless otherwise stated).

2.2. Herb identification and extraction

B.monnieri was identified by, expert botanist, Nirun Vipunn-
geun, College of Pharmacy, Rangsit University, Thailand, voucher
number 016299 (BUC). B.monnieri leaves were shade dried and
powdered using a blender. The powdered leaves were then
extracted with hexane, dichloromethane (DCM) or 95% Ethanol by
soxhlet extraction. The resulting extract was concentrated, and
solvents were removed. The dried extracts were resuspended in
DMSO at a concentration of 20mg/ml and filtered through a 0.2-mm
filter and stored at �20 �C before use.

2.3. HPLC analysis

B.monnieri extract was analyzed by reversed-phase HPLC to
confirm the identity of the herb. The content of Bacoside A (Baco-
side A3, Bacopaside II, Bacopaside X and Bacopasaponin C 5) from
the B.monnieri extract was compared to the Bacoside A reference
standard (Merk Germany). The HPLC system consisted of a C18
column (Inertsil ODS-3: 4.6� 250mm, 5mL I.D.) and diode array at
205 nm. The mobile phase HPLC conditions namely mobile phase
composition in line A contained 0.05% Phosphoric acid mixed with
water and Acetonitrile in line B. The flow rate was 20 mL/min, and
the temperature 35 �C.

2.4. Trypan blue exclusion assay

HT22 cells were plated in 6 well tissue culture plates and
allowed to adhere overnight. The following day the cells were
treated with B.monnieri extracts (10 mg/ml) with or without gluta-
mate (5mM) and incubated for 18 h. The culture media from each
treatment was removed and kept aside while the cells were de-
tached from the culture plates with trypsin-EDTA. The cells were
then recombined with the original culture media and mixed.
Samples were then taken and diluted in trypan blue (0.02%) for
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3min, before being loaded onto a Neubauer hemocytometer for
counting. Each treatment was carried out in triplicate; data shown
are from at least three independent experiments, and represented
as mean plus and minus the SEM.

2.5. MTT assay

The MTT cell viability assay was carried out as previously
described23. Briefly, HT22 cells were plated in 96 well culture plates
and allowed to adhere overnight. The cells were then treated with
5mM glutamate with or without B.monnieri extracts, before being
incubated overnight at 37 �C in a humidified 5% CO2 atmosphere.
The following day, the media was replaced, with media containing
0.5mg/ml MTT ((4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide). The cells were then incubated at
37 �C in a humidified 5% CO2 atmosphere for 4 h. The media was
then carefully removed, and the formazan crystals dissolved in
DMSO. Absorbance was read at 550 nm using an EnSpire Multi-
mode Plate Reader (PerkinElmer, Waltham, MA, USA). Results are
expressed as a percentage relative to untreated control.

2.6. Propidium iodide staining

HT-22 cells were plated in culture dishes containing glass cov-
erslips and allowed to adhere overnight. The cells were then treated
with 5mM glutamate with or without B.monnieri extracts (10 mg/
ml), and incubated for 18 h. Cells were then stained with propidium
iodide (PI) 1 mg/mL and counterstained with Hoechst 33342 (2 mg/
ml).

2.7. Mitochondrial membrane potential imaging

HT-22 cells were plated in culture dishes containing glass cov-
erslips and allowed to adhere overnight. The cells were then treated
with 5mM glutamate with or without B.monnieri extracts (10 mg/
ml) and incubated for 18 h. Cells were then stained with Rhoda-
mine 123, (50 mM) and counterstained with Hoechst 33342 (2 mg/
ml).

2.8. Mitochondrial function assay

HT-22 cells were seeded in 5mM cell culture dishes and allowed
to adhere overnight. The cells were then treated with 5mM
glutamate with or without B.monnieri extracts (10 mg/ml) or in the
case of the control 0.5% DMSO and incubated for 18 h. Subse-
quently, the cells were detached from the dish using trypsin and
washed with PBS. The cells were counted and then stained with
rhodamine 123, (50 mM) for 30min before being rewashed with
PBS. The cells were then plated into 96 well plates at 20,000 cells
per well. The fluorescence of the cells was measured using the
EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA)
with excitation at 488 nm and emission at 525 nm.

2.9. Intracellular reactive oxygen species

HT-22 cells were seeded in 5mM dishes and allowed to adhere
overnight. The cells were then treated with 5mM glutamate with
or without B.monnieri extracts (10 mg/ml) or in the case of the
control 0.5% DMSO and incubated for 18 h. The cells were then
washed with PBS and stained with carboxy-H2DCFDA (Invitrogen)
and incubated at 37 �C/5% CO2 for 30min. The cells were then
washed three times with PBS and imaged using Axio Observer A1
fluorescence microscope (Carl Zeiss, Jena, Germany). The images
were then analyzed for mean cellular fluorescence using image J
and the data represented as AU.
2.10. Western blot analysis

Protein was extracted from treated cells by cell scraping fol-
lowed by incubation in a lysis buffer containing 20mM Tris�HCL
(pH 7.5) 1% Triton X, 150mM sodium chloride, 10% glycerol 1mM
sodium orthovanadate, 50mM sodium fluoride, 100mM phenyl-
methylsulfonyl fluoride and commercial protease inhibitor cocktail
(Roche Molecular Biochemicals) for 30min on ice. The lysates were
then stored at �80 �C until use. Total protein concentrations were
standardized using the Bradford protein assay, and mixed with
laemmli loading buffer and incubated at 95 �C for 5min before
loading into a 12% SDS-PAGE. The Protein was then transferred to
PVDF membranes and blocked in 5% Blocking buffer (BioRad, Her-
cules, California, USA) in TBST ((25mM Tris-HCl, pH 7.5, 125mM
NaCl, and 0.05% Tween 20). TheMembranes were then probed with
CHOP, ERP57 and b-actin (Cell Signaling, Danvers, Massachusetts,
USA) at 4 �C overnight. Membranes were washed with TBST for
10min, three times and incubated with horseradish peroxidase-
conjugated anti-rabbit antibodies for 1 h at room temperature.
Subsequently, the bands were exposed to X-ray film with the
chemiluminescence detection system (ECL™ Select western blot-
ting detection reagent: GE Healthcare, Piscataway, NJ, USA) and
quantified using Image J software, then normalized to b-actin.

2.11. Caenorhabditis elegans propagation

Wild type C. elegans (Bristol N2) were obtained from the Cae-
norhabditis Genetics Center, (University of Minnesota, USA) and
grown in nematode growth medium (NGM) agar plates seeded
with E. coli OP50 as the food source at 15 �C.24

2.12. Caenorhabditis elegans longevity (lifespan/survival) assay

The lifespan of wild type C. elegans was measured as previously
described.23 The nematodes were treated with different doses of
B. monnieri (hexane extract) ranging from 1 to 100 mg/ml to analyze
the effect of the extract in extending lifespan. In brief, a known
number of young adult stage nematodes (~10) were transferred to a
24 well plate with 300 mL of M9 buffer along with the laboratory
food source E. coli OP50. Followed by different concentrations of
B. monnieri (hexane extract), ranging between 1 and 100 mg/ml. The
final volume was made up to 500 mL using M9 buffer and then
maintained at 15 �C. The total number of worms was counted once
in every 24 h, and it was considered deadwhen they do not respond
to external stimuli such as a gentle tap or touch with the platinum
loop. A parallel vehicle control of DMSO was also used, which was
equivalent to the highest concentration of the solvent used. All the
experiments were carried out in triplicate.

2.13. Caenorhabditis elegans lipofuscin imaging

C. elegans intestinal autofluorescence (sometimes referred to as
Lipofuscin Imaging) was carried out using C. elegans (wt) treated
with the hexane extract of B.monnieri for five days before imaging
using ZEISS LSM 700 confocal microscope using the DAPI filter and
10x magnification at the objective lens. In each independent
experiment, at least ten worms were randomly selected and pho-
tographed for analysis. The images were analyzed with Image J and
the relative fluorescence represented as means± SEM with arbi-
trary units (AU) from three independent experiments.

2.14. Statistical analysis

Statistical analysis was carried out using Graph Pad Prizm® for
mac version 6.0 h. All results come from 3 or more independent
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experiments and are represented as means± SEM. Unless other-
wise stated datawere analyzed using ANOVA, followed by Dunnet’s
post hoc test for significance, P values lower than 0.05 were
considered significant.
3. Results

3.1. HPLC analysis of B.monnieri

To standardize the extract of B.monnieri,making this study more
comparable with others of the same herb, the bacoside A content
was measured using HPLC. The HPLC fingerprint of bacoside A
standards (a mixture of bacoside A3, bacopaside II, bacopaside X
and bacopasaponin C standards) is shown in Fig. 1a. The HPLC
fingerprint of B.monnieri is shown in Fig. 1bed. It can be seen from
Fig. 1. HPLC analysis of B.monnieri. A HPLC fingerprint of Bacoside A3, Bacopaside II, Bacopasi
monnieri extract of B. monniera. C HPLC fingerprint from dichloromethane extract of Bacop
monnieri extract of B. monniera.
Fig. 1, that all four constituents of bacoside A are present in the
ethanol extract of B.monnieri.However, in the dichloromethane and
hexane extracts these compounds appear to be missing or at very
low concentrations (Fig. 1 c-d). The Peak Area of Bacoside A3,
Bacopaside II, Bacopaside X, and Bacopasaponin C are shown in
supplementary 2a. The concentration of Bacoside A3, Bacopaside II,
Bacopaside X and Bacopasaponin C found in Bacopa monnieri (mg/
g) are reported in Supplementary Fig. 2b. Bacopaside II was found
to be the most abundant compound from those measured
(0.38± 0.00001mg/g).
3.2. The effect of B.monnieri extracts, on glutamate toxicity in HT-
22 cells

B.monnieri extracts (hexane, ethanol, and DCM) were assessed
de X and Bacopasaponin C standards. B HPLC fingerprint from ethanol extract of Bacopa
a monnieri extract of B. monniera. D HPLC fingerprint from hexane extract of Bacopa
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for their ability to prevent the effects of glutamate toxicity in the
HT-22 cell line using the MTT assay (Fig. 2 a-c). Fig. 2a shows the
dose-dependent protective effect of the hexane extract of B.mon-
nieri against the toxicity caused by 5mM glutamate compared to
control cells (treated with PBS); the EC50 value for the hexane
extract was 1.2± 1.3 mg/ml (n¼ 4). Fig. 2b shows the dose-
dependent protective effect of the DCM extract of B.monnieri;
with an EC50 value of 2.1± 1.37 mg/ml (n¼ 3). The ethanol extract of
B.monnieri (Fig. 2c) did not affect (within the concentrations
tested) the toxicity of 5mM glutamate in HT-22 cells (n¼ 3).

In order to confirm the cell survival data collected from the MTT
assay, viable cells were counted using the trypan blue exclusion
assay (Fig. 2d). The highest effective concentration of B.monnieri
from the MTT assay was chosen for this assay (10 mg/ml). Both the
hexane and DCM extracts of B.monnieri returned the number of
viable cells up to that of the control (statistically significant
Fig. 2. HTT 22 cells exposed to 5mM glutamate (Control Cells not treated with glutamate w
assay B. monnieri (hexane extract), EC50 1.2 ± 1.3 mg/ml BMTT assay, B. monnieri (dichloro
EC50> 10 mg/ml. D Trypan blue counting of HT-22 cells exposed to glutamate and or 10 mg/
monnieri 10 mg/ml (Hexane and DCM extracts) measured using ANOVA followed by Dunnet
P¼< 0.0001 (n¼ 4) using ANOVA followed by Dunnett’s multiple
comparison post hoc test). As with the MTT assay, the ethanol
extract had no cytoprotective effect in HT-22 cells treated with
glutamate. Fig. 2d also shows that none of the extracts (at 10 mg/ml)
affected viable HT-22 cell numbers when added alone.

The morphology of the HT-22 cells (control, glutamate 5mM,
and glutamate 5mM plus B.monnieri hexane extract respectively)
are shown in Fig. 3(aec). Glutamate has an apparent effect on cell
morphology causing cell shrinkage, and death, Fig. 3(def) shows
the confocal micrograph images with dead cells stained with pro-
pidium iodide (red) and live cells stained with Hoechst 33342
(blue). There is a clear difference between the cell treated with
5mM glutamate and control or Glutamate plus 10 mg/ml B.monnieri
(hexane extract). The B.monnieri hexane extract protected the HT-
22 cells from the toxicity of 5mM glutamate.
ere used to normalize the data and set to 100%) and varying concentrations of A MTT
methane extract) EC50 2.1± 1.37 mg/ml & C MTT assay B. monnieri (ethanol extract)
ml B. monnieri extracts * significant difference between 5 mM glutamate and Bacopa
t’s multiple comparisons post hoc test (n ¼ 3).



Fig. 3. Reprasentative micrograph images of HT22 cells treated with Glutamate and/or Bacopa monnieri Hexane extract. A Phase contrast of control cells. B Phase contrast of 5mM
Glutamate treated cells. C Phase contrast 5 mM Glutamate þ10 mg/ml Bacopa monnieri Hexane extract treated cells. D Confocal image of control HT22 cells stained with PI (Red) and
Hoechst 33342 (blue). E Confocal image of 5 mM glutamate treated HT22 cells stained with PI (Red) and Hoechst 33342 (blue). F Confocal image of HT22 cells treated with 5 mM
glutamate þ10 mg/ml Bacopa monnieri stained with PI (Red) and Hoechst 33342 (blue).

Fig. 4. Representative confocal images of HT22 cells stained with Rhodamine 123 (red) and Hoechst 33342 (blue). A Control HT22 cells. B HT22 cells treated with 5mM glutamate C
HT22 cells treated with 5mM glutamate and 10 mg/ml Bacopa monnieri. D Rhodamine 123 fluorescence (total relative fluorescence units (RFU)) in HT22 cells measured in 96 well
plates. x statistically significant difference between control cells and cells treated with 5mM glutamate using ANOVA followed by Dunnett’s post hoc test P< 0.05 (n ¼ 3). * Sta-
tistically significant difference between cells treated with 5 mM glutamate and cells treated with 5 mM glutamate and 10 mg/ml Bacopa monnieri Hexane extract using ANOVA
followed by Dunnett’s post hoc test P< 0.05.

J.M. Brimson et al. / Journal of Traditional and Complementary Medicine 10 (2020) 460e470 465
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3.3. B.monnieri extract’s effect on glutamate-induced mitochondrial
stress

In order to assess the effect of 5mM glutamate in the mito-
chondria of HT-22 cells, rhodamine123 staining was used. Fig. 4a
shows a representative confocal micrograph of control cells stained
with rhodamine 123, in which, clear and distinct staining of the
mitochondria can be seen, indicating that the mitochondria are
intact. Fig. 4b shows a representative confocal micrograph of HT-
22 cells treated with 5mM glutamate, and stained with rhoda-
mine123; here, the staining is more diffuse, suggesting that the
mitochondria are stressed and leaking. Fig. 4c shows a represen-
tative confocal micrograph of cells treated with 5mM glutamate
and 10 mg/ml B.monnieri hexane extract followed by rhodamine 123
staining. In contrast to glutamate alone, the B.monnieri hexane
extract appears to protect the mitochondria from 5mM glutamate-
induced stress as the staining shows distinct mitochondria, and less
diffuse.

To quantify the effect of 5mM glutamate and B.monnieri hexane
extract on rhodamine123 staining of HT-22 cells were treated in the
same way as the cells on the coverslips for imaging. The total
fluorescencewas then quantified using a plate reader (Fig. 4d). Cells
treated with 5mM glutamate showed a statistically significant
higher fluorescence compared to control cells (ANOVA followed by
Dunnett’s post hoc test P< 0.05 (n¼ 4)) indicating a significant in-
crease in mitochondrial stress, and a loss of mitochondrial mem-
brane integrity, in glutamate treated cells; whereas cells treated
with 10 mg/ml B.monnieri Hexane extract and 5mM glutamate,
showed fluorescence more in line with control cells, and with
statistically significant reduction in fluorescence compared to
5mM glutamate alone (ANOVA followed Dunnett’s post hoc test
P< 0.05 (n¼ 4)), which would suggest that B.monnieri is reducing
mitochondrial stress, and increasing the mitochondrial membrane
integrity.
Fig. 5. The production of ROS in response to 5mM glutamate. A control HT-22 cells stained w
22 cells treated with glutamate (5mM) and Bacopa monnieri (10 mg/ml) stained with H2D
tistically Significant difference between cells treated with 5 mM glutamate and cells treated
P< 0.05.
3.4. B.monnieri’s effect on glutamate-induced ROS production

In order to evaluate the ROS production in response to gluta-
mate (5mM), HT-22 cells were stained with carboxy-H2DCFDA
(Fig. 7aec). Fig. 5aec shows the apparent increase in H2DCFDA
fluorescence when the HT-22 cells are treated with 5mM gluta-
mate, compared to the control, and 5mM glutamate plus 10 mg/ml
B.monnieri (hexane extract). This difference was quantified using
Image J to measure the mean cellular fluorescence from multiple
images from each of the groups Fig. 5d. The mean cellular fluo-
rescences were 10.93± 1.85, 61.66± 17.60 and 7.55± 1.20 for the
control, 5mM glutamate treated, and 5mM glutamate plus 10 mg/
ml Hexane extract of B.monnieri respectively (n¼ 3). One-way
ANOVA analysis showed that there was a significant difference
between the mean cellular fluorescence of the control, 5mM
glutamate, and 5mM glutamate plus 10 mg/ml Hexane extract of
B.monnieri. Using Dunnet’s post hoc test for the comparison be-
tween glutamate 5mM and glutamate plus 10 mg/ml hexane extract
of B.monnieri P< 0.0001 (n¼ 3), while there was no significant
difference between the control and glutamate plus 10 mg/ml hexane
extract of B.monnieri.

3.5. B.monnieri’s effect on glutamate-induced ER stress

The effects of glutamate on the ER-localized proteins ERP57 and
CHOP were analyzed using western blotting analysis (Fig. 6A).
Density analysis shows that glutamate caused a doubling in the
expression of ERP57, and an approximate 50% increase in CHOP
expression, whereas, co-treatment with B.monnieri reduces the
expression of these proteins back to control levels (Fig. 6B-C).

3.6. B.monnieri’s effect on Caenorhabditis elegans life span

We analyzed the effect of B.monnieri (between 1 and 100 mg/ml)
on the life span of C. elegans survival curves for selected doses are
shown in Fig. 7. At lower doses (3 mg/ml shown in Fig. 7a) B.monnieri
ith H2DCFDA. B HT-22 cells treated with 5mM glutamate, stained with H2DCFDA. C Ht-
CFDA. D quantification of H2DCFDA mean cellular fluorescence using image J. ****Sta-
with 10 mg/ml B.monnieri þ glutamate using ANOVA followed by Dunnett’s post hoc test



Fig. 6. Western Blot analysis of HT22 cells treated with Glutamate and/or B.monnieri. A Blots for ERP 57, CHOP and beta-actin, using protein from HT22 cells treated with
PBS(control), Glutamate (5 mM) and Glutamate þ B.monnieri.hexane extract (10 mg/ml) B Density analysis for CHOP from 3 independent experiments, normalized to control and
Beta actin. * Significant difference in density anaylysed using ANOVA followed by Dunnet’s post hoc test for significance C Density analysis for ERP 57 from 3 independent ex-
periments, normalized to control and Beta actin. * Significant difference in density anaylysed using ANOVA followed by Dunnet’s post hoc test for significance.
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Hexane extract showed no significant difference between the
control and B.monnieri treated using Log-rank (Mantel-Cox) test
(p¼ 0.09, n¼ 3). However at doses between 7 and 10 mg/ml
(Fig. 7bec respectively) there was a significant increase in survival
compared to control using the Log-rank (Mantel-Cox) test
(p< 0.0001, n¼ 3) & Gehan-Breslow-Wilcoxon test (p¼ 0.0011,
n¼ 3) for 7 mg/ml and for 10 mg/ml Log-rank (Mantel-Cox) test
(p¼ 0.0085 n¼ 3). At higher doses, there was an apparent reduc-
tion in C. elegans survival, although analysis showed it not to be
statistically significant, Log-rank (Mantel-Cox) test (P¼ 0.26 n¼ 3).
3.7. Caenorhabditis elegans intestinal autofluorescence

To assess whether the increase in lifespan of the population of
C.elegans was accompanied by an increase in “healthspan” (i.e.,
reduction in the signs of aging caused by oxidative stress25), the
intestinal fluorescence was measured. C.elegans intestinal
autofluorescence is an indicator of health in terms of aging and
oxidative stress in many species, including C.elegans. Lipofuscin
consists of oxidized lipid peroxide and protein residues that in-
crease within cells in a manner dependent on age26. Lipofuscin
Imaging (Fig. 8aec), showed that there was a significant reduction
in Lipofuscin fluorescence in the worms treated with 10 mg/ml
B.monnieri hexane extract (Fig. 8b) when compared to the control
worms (Fig. 8a). The difference was quantified using Image J
(Fig. 8c). After three independent experiments, the average fluo-
rescence per worm for the control was 15.4± 1.7 (n¼ 3) fluores-
cence units, and for the B.monnieri treated worms 5.6± 1.1 (n¼ 3).
This difference was statistically significant (unpaired t-test
P¼ 0.0006 n¼ 3).
4. Discussion

In this study, we have shown that the Hexane and DCM extracts



Fig. 7. Selected survival curves for Caenorhabditis elegans (wild type) and median/maximal lifespansn when treated with varying concentrations of Bacopa monnieri Hexane extract.
A Control vs 3 mg/ml Bacopa monnieri Hexane extract. No Significant difference between the curves using Log-rank (Mantel-Cox) test (p¼ 0.09). B Control vs 7 mg/ml Bacopa monnieri
Hexane extract, Curves significantly different using Log-rank (Mantel-Cox) test (p< 0.0001) & Gehan-Breslow-Wilcoxon test (p¼ 0.0011). C Control vs 10 mg/ml Bacopa monnieri
Hexane extract, Curves significantly different using Log-rank (Mantel-Cox) test (p< 0.0085). D Control vs 80 mg/ml Bacopa monnieri Hexane extract, Curves not significantly different
using Log-rank (Mantel-Cox) test (p¼ 0.26).E Median survival of Caenorhabditis elegans (wild type) treated with varying concentrations of Bacopa monnieri hexane extract
(mean ± SEM n ¼ 3). * Median survival time in days significantly higher than control using ANOVAwith Dunnett’s post hoc test p< 0.05. x Median survival time in days significantly
lower than control using ANOVA with Dunnett’s post hoc test p< 0.05. F Maximum survival of Caenorhabditis elegans (wild type) treated with varying concentrations of Bacopa
monnieri hexane extract (mean ± SEM n ¼ 3). * Maximum survival time in days significantly higher than control using ANOVA with Dunnett’s post hoc test p< 0.05. x Maximum
survival time in days significantly lower than control using ANOVA with Dunnett’s post hoc test p < 0.05.
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of B.monnieri protect against glutamate toxicity in HT-22 cells,
whereas the ethanol extract does not. This is the first study to
investigate the effects of glutamate-induced toxicity with different
solvents used to extract the contents of the herb. Previous work by
Limpeanchob et al., (2008)27 investigated the ethanol extract con-
cerning glutamate-toxicity in primary cortical cells, found that the
ethanol extract did not prevent glutamate toxicity, but did protect
against the effects of amyloid b. It should also be noted that Lim-
peanchob et al., (2008) used at least 10 times higher concentrations
of B.monnieri and that the glutamate-induced cell death in cortical
neurons is likely to be caused by excitotoxicity, which is different
mechanism to that in HT-22 cells; which is a block on the pro-
duction of glutathione, resulting in ROS build up. Limpeanchob
et al. (2008) did show that the ethanol extract of B.monnieri at
100 mg/ml could reduce the ROS content of the control cells (i.e., not
stressed). We did not see any indication of a protective antioxidant
effect with the dose we used with the Ethanol extract. However, we
did see significant protection against glutamate-toxicity with the
DCM and hexane extracts and furthermore, at much lower
concentrations than in the previous study. This difference between
the ethanol, DCM and hexane extracts is likely due to compounds
other than the bacoside A constituents, due to the lack of bacoside A
compounds in the dichloromethane and hexane extracts. While the
% w/w of bacoside A compounds in the ethanol exract were rela-
tively lower than other studies the ratio of compounds was com-
parable to previous studies.27,28 It is interesting that the hexane
extract provided the greatest protection to the cells, since the non-
polar copounds more likely to be extracted by hexane, will have a
greater ability to be absorbed by the gut, and cross the blood brain
barrier, making them more usefull in the treatment of neuro-
degernative diseases. Less polar compounds shown in supla-
mentary Fig. 1 such as monnieraside III and Plantainoside B are
possible candidates for the protection seen in this study. Curbitacini
E & I, are less likely to be protective compounds since they apear to
induce cell death in various cancers29,30 One other possible com-
pound found in B.monnieri8 and hexane extracts of other herbs is
apigenin,31 and has potential neuroprotective effects with realtion
to glutamate release.32 To identify such active compounds future



Fig. 8. Caenorhabditis elegans intestinal autofluorescence. A Representative micrograph for control worms (untreated) B Representative micrograph for Worms treated with 10 mg/
ml Bacopa monnieri hexane extract C Quantification of worm autofluorescence. Mean fluorescence/worm± SEM (AU) was 14.4± 1.7 for the control and 5.6± 1.1 for treatment with
10 mg/mll Bacopa monnieri. * significant difference to control using an unpaired T-test P ¼ 0.0006.
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studies may use mass spectrometry methods to identify the
different compounds found in the extracts, particularly the differ-
ence between the hexane and Ethanol extracts.

The mitochondria, are a source of free radicals and ROS, as well
as being susceptible to ROS damage.33 Neuronal cells in the brain
have a particularly high metabolism, using 20% and 25% of the total
consumed oxygen and glucose,34 this makes neurons and their
mitochondria particularly susceptible to ROS damage. Mitochon-
drial damage in neurons is considered to be a risk factor for
neurodegenerative diseases such as Alzheimer’s and Parkinson’s
disease.33,35 In this study we have shown that mitochondrial
damage/leakage and the build-up of ROS in cultured neurons can be
prevented by treatment with the hexane extract of B.monnieri.
Intact and functioning mitochondria are essential for proper
neuronal function; it is well documented that a reduction in
glucose metabolism in the brain is common in Alzheimer’s
patients.36e38 B.monnieri’s ability to protect the mitochondria from
ROS insult may explainwhy studies have shown positive behavioral
changes in Alzheimer’s experimental models but no change in the
size of plaques, even when amyloid b load is reduced.13 The pro-
tection of mitochondria in the surviving neurons, and the ability to
maintain glucose metabolism at higher levels may explain B.mon-
nieri’s effectiveness in improving memory in Alzheimer’s patients
and healthy patients alike.

In this study we demonstrated that B.monnieri extract could
extend the median and maximum lifespan of the C. elegans; how-
ever, such an effect would only be useful if the extended lifespan
coincided with healthy individuals, and therefore extend the
quality of life for the individual. C. elegans intestinal auto-
fluorescence is an indicator of the individual’s apparent age and
thus linked to the “health-span” of the population.39,40 From our
results it would appear that the B.monnieri extract can extend the
lifespan and reduce the effects of aging in C. elegans, resulting in
younger appearing worms when compared to the control.
5. Summary and conclusions

In summary, the hexane extract (but not the ethanol extract) of
B.monnieri protects cultured neuronal cells against the ROS pro-
duction induced by glutamate treatment and prevents mitochon-
drial stress. This suggests that while the bacoside A compounds
may be a defining feature of B.monnieri, they are not necessarily the
only bioactive compounds found in the herb. Furthermore, the
extract can extend the lifespan of the model organism, C.elegans,
while maintaining a younger like phenotype in the aged worms.
B.monnieri has previously been shown to have positive outcomes in
the improvement of memory in both normal and aged/Alzheimer’s
subjects. This study provides more evidence that B.monnieri, can
potentially be of use as a therapeutic agent in aged patients.
Furthermore, the fact that the ethanol extract and the hexane
extract had differing efficacies could lead to the identification of
new lead compounds for pharmaceutical study.
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