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Background: Globally, there is increased incidence of Parkinson’s Disease (PD), which is the second most
common age-related neurodegenerative disease. The currently available PD-therapeutics provide only
symptomatic relief. Thus, there is an urgent need to devise an effective and safe treatment strategy for
PD. The holistic approach of Ayurveda can be a potential effective strategy for treating PD. The integration
of different medicine systems, such as modern bio-medicine and Ayurveda can be an effective strategy
for treatment of complex diseases, including PD.
Objective: This study aimed to evaluate the neuroprotective mechanism of six Ayurvedic nootropics that
are commonly used to treat PD.
Material and methods: Six Ayurvedic herbs, namely Mucuna pruriens (MP), Bacopa monnieri (BM),
Withania somnifera (WS), Centella asiatica (CA), Sida cordifolia (SC), and Celastrus paniculatus (CP), were
selected after consultation with Ayurvedic scholars and physicians. The mode of action of methanolic
herbal extracts was evaluated using the Caenorhabditis elegans BZ555 and NL5901 strains, which can be
used to model the two main hallmarks of PD, namely degeneration of dopaminergic neurons and ag-
gregation of a-synuclein protein.
Results: All six herbal extracts exhibited neuroprotective effect. The extracts of BM and MP exhibited
maximum protection against 1-methyl-4-phenylpyridinium iodide (MPPþ iodide)-induced dopami-
nergic neurodegeneration in the BZ555 strain. Furthermore, the herbal extracts, except CA extract,
inhibited the aggregation of heterologously expressed human a-synuclein in the NL5901 strain.
Conclusion: Ayurvedic herbs used in the treatment of PD exhibited differential neuroprotective and
protein aggregation mitigating effects in C. elegans.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Institute of Transdisciplinary Health Sciences
and Technology and World Ayurveda Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The development of various therapeutic and preventive strate-
gies, such as vaccination, antibiotic therapy, and antiviral therapy
has markedly reduced life-threatening infections and increased the
average human life span. However, the increased life span has not
resulted in concomitant increase in health span [1]. The elderly
population is susceptible to age-related non-communicable dis-
eases, such as neurodegenerative disorders, cancer, and cardiac
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disease. These diseases markedly decrease the quality of life of the
elderly population [2].

Parkinson’s disease (PD) is one of the most common age-related
neurodegenerative disorders. Globally, PD affects approximately
7e10 million individuals who are mostly aged above 50 years
[3e6]. In addition to adversely affecting the quality of life of the
patient, PD is associated with economic and social burdens [7].

PD, a complex disease, is associatedwith several motor and non-
motor symptoms. The motor symptoms of patients with PD include
tremors, rigidity, bradykinesia, altered gait, and speech difficulty,
whereas the non-motor symptoms include constipation, auto-
nomic dysfunction, sleep dysfunction, sensory symptoms, mood
disorders, and cognitive abnormalities [8]. The etiological factor for
the disease is not well understood. However, age is reported to be a
major risk factor for PD [3,5]. The most common pathological
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changes observed in patients with PD are the degeneration of
dopaminergic neurons especially in the Substantia nigra region of
the mid-brain, aggregation of a-synuclein in the neurons, and
decreased dopamine levels in the brain. Currently, the treatment
for PD mainly involves supplementation of dopamine, which en-
ables only the management of the symptoms. Additionally, the
long-term supplementation of dopamine is associated with several
side effects [9]. The current therapeutic strategies do not delay the
progression of PD. Hence, there is a need to develop novel,
comprehensive, effective, and safe therapeutic strategies for PD [9].
The integration of different therapies to achieve synergistic effects
may aid in the rapid development of an effective therapeutic
strategy for PD.

Ayurveda, the traditional Indian medical system, has a unique
approach toward prevention, management, and treatment of
various age-related neurological diseases. In Ayurveda, the diseases
with PD-like symptoms are described as ‘Vatavyadhi’ (health
problem caused by vitiated Vata), which includes Kampavata with
tremors being the main symptom [10]. Ayurveda prescribes whole-
system treatment for PD, which is a personalized, multifaceted
treatment regimen involving various external therapies, internal
medications, and behavioral alterations. Clinical studies have re-
ported that Ayurvedic interventions can be beneficial for patients
with PD [11,12]. The major herbs used in the Ayurvedic treatment of
PD are Mucuna pruriens (MP, Kapikachu), Bacopa monnieri (BM,
Brahmi), Withania somnifera (WS, Ashwagandha), Centella asiatica
(CA, Mandookaparni), Sida cordifolia (SC, Bala), and Celastrus pan-
iculatus (CP, Jyotishmati). Various independent clinical studies
[11,12], as well as in vitro and in vivo studies [13e18], have
demonstrated the nootropic effect of these herbs. Additionally,
these herbs are reported to mitigate neurodegenerative disease
phenotypes.

Various model systems, including cell lines, small organisms
(Drosophila melanogaster and Caenorhabditis elegans), and rodents,
are used to study the disease biology and identifiy potential ther-
apeutic agents. In the model systems, neurodegenerative disease
conditions are induced by treatment with neurotoxins, such as 6-
hydroxydopamine (6-OHDA), 1-methyl-4-phenylpyridinium
(MPPþ) iodide, aluminum, rotenone, and paraquat or by modu-
lating the expression of proteins, such a-synuclein, PINK1, and
LRRK2 [19]. MP, BM,WS, CA, SC, and CP are reported to promote the
nervous system function and mitigate neurodegenerative disease
phenotypes. Treatment with BM, MP, and WS rescued the motor
defects in PD and amyotrophic lateral sclerosis models [20,21].
Additionally, MP [22], BM [15,23], and SC [24] protects against
toxin-induced neurodegeneration in the PD models. The anti-
amyloitic effects of BM, CA, and WS were assessed using various
transgenic PD and AD models expressing amyloid proteins, such as
amyloid beta (Ab) and a-synuclein [25e27]. Previous studies have
reported the therapeutic effects of extracts of these six herbs, such
as anti-oxidant activity, neurotransmission regulation, and pro-
tection against mitochondrial dysfunction in disease models
[16,28e31]. In addition to protection against neurodegenerative
diseases, BM is reported to be effective in treating epilepsy [32],
depression, and anxiety [33,34]. Some studies have reported the
memory- and cognition- enhancing activities of BM, CA, and CP in
various amnesia and memory models [35e40]. These findings
indicated that these six herbs used in Ayurveda for treating PD
exhibit nootropic and neuroprotective effects.

In this study, we hypothesized that different herbs, which are
used in Ayurvedic whole-system treatment, have differential and
additive/complementary effects on PD phenotypes. The anti-PD
effects of these six herbs were evaluated using the C. elegans PD
models. In particular, the effect of these herbs in mitigating two
major hallmarks of PD, namely degeneration of dopaminergic
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neurons and aggregation of a-synuclein protein was evaluated. The
findings of this study revealed that the six herbs exhibit differential
effect on neurodegeneration and protein aggregation in C. elegans.
This study provides a scientific rationale for implementation of
whole-system Ayurvedic treatment for PD.

2. Materials and methods

2.1. Preparation of plant extracts

The following authenticated plant materials were obtained from
Nanjangud Pharmacy, Karnataka: MP (seeds), BM (whole plant),
WS (roots), SC (roots), CA (whole plant), and CP (seeds). The herbal
specimens (approximately 50 g) are stored as reference at our
laboratory.

The cold maceration methanolic extracts were prepared using
the dried, coarsely ground plant materials of six plants. Each
powdered samplewas independently soaked inmethanol (1:10; w/
v) in glass bottles with a tight lid (Schott Duran, Borosil, India). The
mixture was incubated in a rotary shaker at 100 rpm and 37 �C for
72 h. The mixture was filtered twice through a blotting paper, fol-
lowed by filtration through a Whatman filter paper (No. 1). The
filtrates were lyophilized under vacuum to obtain the solvent-free
extracts. The extracts were stored in glass vials at �80 �C till
further use.

2.2. Preparation of standard and working solutions

The following standard compounds were purchased from Nat-
ural Remedies Pvt Ltd (Bangalore, India), bacopaside I (>95% pu-
rity), vasicinone (>95% purity), withaferin A (>95% purity), asiatic
acid (>90% purity), L-3,4-dihydroxyphenylalanine (L-DOPA) (>99%
purity), and lupeol (>95%).

The stock solutions of bacopaside I (10 mg/mL), asiatic acid
(1 mg/mL), L-DOPA (1 mg/mL), vasicinone (1 mg/mL), and with-
aferin A (1 mg/mL) were prepared in high-performance liquid
chromatography (HPLC) grade methanol. The stock solutions of
solvent-free extracts of MP (10 mg/mL), BM (10 mg/mL), WS
(50 mg/mL), SC (10 mg/mL), CA (10 mg/mL), and CP (10 mg/mL)
were prepared in HPLC grade methanol. The insoluble material was
separated by centrifugation.

2.3. High-performance thin-layer chromatography (HPTLC)
analysis

The HPTLC analysis was performed using 10 � 10 cm TLC Silica
gel 60 F254 (Cat No.1.05554.0007, Merck, Germany) plates. The
samples and marker compounds were spotted (8 mm bandwidth,
10 mm apart) onto the plate using a Linomat 5 sample applicator
(CAMAG, Switzerland) equipped with a 100-mL syringe (Hamilton,
Bonaduz, Switzerland). The development chamber (CAMAG,
Switzerland) was saturated with the respective mobile phases for
15 min prior to the development of the chromatogram. The mobile
phase was allowed to move to a distance of 8 cm (Table 1).The
plates were dried and derivatized using 0.5% anisaldehyde/sulfuric
acid solution. The HPTLC conditions were standardized in-house for
some extracts, while previously published methods were used for
other extracts. The HPTLC conditions are provided in Table 1.
Densitometric scanning was performed using CAMAG TLC scanner
3 equipped with WinCATS software (CAMAG). The scanning con-
ditions were as follows: slit dimensions, 6.00 � 0.45 mm; scanning
speed, 20 mm/s. The marker compounds in the extracts were
quantified using the standard curve of the respective marker
compounds [41e43].



Table 1
Details of HPTLC analysis of the herbal extracts.

Name of the plant Marker compound Mobile phase Derivitization solution Scanning
wavelength

References

Mucuna pruriens L-DOPA (3e16 mg) n-butanol: acetic acid: water (4:1:5) 5% anisaldehydesulphuric solution 280 nm [41]
Bacopa monnieri Bacopaside I (500e1500 ng) n-butanol: acetic acid: water (6:3:1) 5% anisaldehydesulphuric solution 500 nm
Withania somnifera Withaferin A (90e500 ng) toluene: ethyl acetate: formic acid (5:5:1) 5% anisaldehydesulphuric solution 500 nm [43]
Sida cordifolia Vasicinone (100e500 ng) n-butanol: acetic acid: water (6:3:1) NA (derivatization not required) 254 nm
Centella asiatica Asiatic acid (900e2500 ng) n-butanol: acetic acid: water (6:3:1) 5% anisaldehydesulphuric solution 500 nm
Celastrus paniculatus Lupeol (200e500 ng) toluene: chloroform: methanol (4:4.7:1.3) 5% anisaldehydesulphuric solution 500 nm [42]
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2.4. C. elegans culture and maintenance

The following C. elegans transgenic strains were procured from
the Caenorhabditis Genetics Center (CGC), University of Minnesota,
USA: BZ555 (Pdat-1::GFP; expressing green fluorescent protein
(GFP) expressed in dopaminergic neurons) and NL5901 (Punc-
54:alpha synuclein::YFPþunc-119; expressing human a-synuclein
protein tagged with yellow fluorescent protein (YFP) in the body
muscles). The strains were cultured on standard nematode growth
medium (NGM) seeded with Escherichia coli OP50 as described
previously [44].
2.5. Evaluation of neuroprotective effect of the extracts

The neurodegeneration assay was performed as described pre-
viously [45] with minor modifications. Briefly, the synchronized L1
larvae were obtained by hatching the eggs, which were isolated by
treating the gravid adults [46] with bleaching solution (1:1 solution
of 4% sodium hypochlorite (Fisher Scientific) and 1 N sodium hy-
droxide). The assay was performed in 250-mL reaction volume
containing approximately 200 larvae (10 mL larval suspension),
5 mM MPPþ iodide (Sigma Aldrich, Cat. No. D048); 1X phosphate
buffer saline (pH 7.4), 6 mg/mL (w/v) of fresh overnight grown
culture of E. coli OP50, and various concentrations of extracts. The
assay was performed in a 24-well plate. The stock solutions of ex-
tracts were prepared in dimethyl sulfoxide (DMSO; Spectrochem
Pvt Ltd, India; 99.5% purity), which were diluted to the required
working concentration in the reaction mixture. The solvent control
group included equivalent volume of DMSO. The worms were
incubated in the assay mixture at 23 �C for 20 h in a BOD incubator
(Servewell Instruments Pvt Ltd, India). The worms were then
washed with M9 buffer and transferred to an agar pad (2% agarose
in distilled water) prepared on a glass slide. The worms were
immobilized on the agar pad using 100 mM sodium azide solution
(Sigma Aldrich, Cat. No. S2002-25G). A cover slip was placed and
the worms were observed under a fluorescence microscope
(Olympus BX41). The effect of MPPþ iodide on dopaminergic
neurons of BZ555 worms was examined using the blue filters
(excitation wavelengths from 455 nm to 490 nm). The worm was
considered to exhibit neurodegeneration if one of the four CEP
dendrites exhibited degeneration (Fig. 2A), which was evaluated
based on the partial or complete loss of green fluorescence. Neu-
rodegeneration in the randomly chosen experimental groups was
evaluated by a blinded assessor to ensure unbiased nature of the
findings. The number of worms exhibiting degeneration was
counted in each group and the results were expressed in terms of
percentage neurodegeneration as follows:

Percentage of wormswith neurodegeneration¼ (number of worms
with degenerated neurons/total number of worms) � 100

Neuroprotection (%) ¼ percentage of worms with neuro-
degeneration in the DMSO-treated group � percentage of worms
with neurodegeneration in the extract-treated group.
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2.6. Evaluation of effect of the extracts on protein aggregation

The anti- a-synuclein aggregation effect of herbs was evalu-
ated as described previously [15] with minor modifications. The
assay was performed on NGM plates spotted with E. coli OP50.
The stock solutions of the drugs (10 mg/mL) were prepared in
DMSO and diluted to appropriate concentrations in 1X PBS (pH
7.4). The E. coli OP50 lawn was coated with 100 mL of the working
concentration of extract. The extract was allowed to dry for 15
min. The synchronized L1 larvae of NL5901 strain were obtained
as described in section 2.5. The L1 larvae were allowed to feed on
the extract-coated E. coli OP50 lawn till adult stage (72 h at 20
�C). The worms were then washed thrice with M9 buffer to
remove the adhering bacteria. The worms were mounted onto a
2% agar pad containing 100 mM sodium azide. A cover slip was
placed over the samples and the images of the immobilized
worms were captured under a fluorescent microscope (Olympus
BX41) equipped with a digital camera (Olympus DP72). The im-
ages were captured under a blue filter (excitation wavelengths
from 455 nm to 490 nm) using Image-Pro Express (Media Cy-
bernetics Inc). The fluorescent intensity was measured by
selecting the region of interest (from mouth to the end of meta
corpus) in Image J (National Institutes of Health, Bethesda, MD).
In each treatment group, 20 worms were analyzed. The
normalized fluorescence intensity was calculated as follows:

Normalized fluorescence intensity ¼ fluorescence intensity in
extract-treated group/fluorescence intensity in DMSO-treated
group.

The fluorescence intensity of randomly chosen experimental
groups was evaluated by a blinded assessor to ensure unbiased
nature of the findings.

2.7. Statistical analysis

The data from at least three independent trials are expressed as
mean ± standard deviation. All statistical analyses were per-
formed using Microsoft Excel 2007. The differences between two
groups were analyzed using the Student’s t-test, whereas those
between multiple groups were analyzed using one-way analysis
of variance (ANOVA), followed by Tukey’s post-hoc test. The dif-
ferences were considered significant when the p-value was less
than 0.05.

3. Results

3.1. Quantification of marker compounds

The methanolic extract yields of the six herbs were in the range
of 3e10% (w/w) (Table 2). The respective marker compounds in the
extracts were detected and quantified using HPTLC (Fig. 1AeF).
Each marker compound was quantified from the respective stan-
dard curves (Supplementary Fig. S1A-F). The amount of marker



Fig. 1. Chemical characterization of the herbal extracts. Quantification of the marker compounds. (AeF) Illustrative images of Mucuna pruriens (MP), Bacopa monnieri (BM),
Withania somnifera (WS), Sida cordifolia (SC), Centella asiatica (CA), and Celastrus paniculatus (CP). The HPTLC chromatograms of the extracts with the respective marker compounds
are shown. Values mentioned in the chromatogram indicate the retention factor (Rf) of the respective marker compound. Lanes 1e5 in all chromatograms indicate increasing
concentrations of marker compound standards. Lanes 6e8 indicate different concentration of the methanolic extracts of the herbs.
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compound per 100 g (dry weight) of the plant is shown in Table 2.
The data from three trials are represented.

3.2. Neuroprotective effects of six herbs against MPPþ iodide-
mediated neurotoxicity

MPPþ iodide, an active metabolite of a neurotoxin (MPTP),
selectively induces the degeneration of dopaminergic neurons [47].
MPPþ iodide (1e7.5 mM) dose-dependently increased the neuro-
degeneration in the L1 larvae of BZ555 worms (Fig. S2). Treatment
with 7.5 mM of MPPþ iodide resulted in the highest percentage of
worms exhibiting neurodegeneration (approximately 87%). The
percentages of worms exhibiting neurodegeneration after treat-
ment with 1, 2.5, and 5 mM MPPþ iodide were 24, 27, and 67%,
respectively. To evaluate the neuroprotective effect of six herbal
extracts, the sub-lethal concentration of 5 mM MPPþ iodide was
used. The stock solution of MPPþ iodide was prepared in sterile
distilled water. The percentage of worms exhibiting neuro-
degeneration in the negative control and solvent control groups
was less than 10% (data not shown).

All six extracts exhibited a significant (one-way ANOVA,
p < 0.05) neuroprotective effect against MPPþ iodide-induced
dopaminergic neurodegeneration (Figs. 2 and 3). The highest per-
centage neuroprotection (50.06%) was observed upon treatment
with BM extract at a dose of 300 ng/mL. At a concentration of 9 mg/
mL, the percentage neuroprotection exhibited by MP and CP was
28.69 and 28.56%, respectively. The percentage neuroprotection
exhibited by 3 mg/mL CA and 9 mg/mL WS was 25.67 and 22.73%,
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respectively. The lowest percentage neuroprotection was observed
after treatment with 27 pg/mL of SC extract (11.30%). However, the
neuroprotective activity of SC extract was observed at a low con-
centration (27 pg/mL), which was lowest effective concentration
among the six herbal extracts (Figs. 2 and 3B).

L-DOPA, a common PD drug and a neuroprotective agent, was
used as a positive control (Fig. 2G). L-DOPA dose-dependently
protected the neurons against MPPþ-induced neurodegeneration.
For the neurodegeneration assay, 100 mM of L-DOPA, which
exhibited 25.23% neuroprotection, was used as a postive control.

3.3. Inhibition of a-synuclein aggregation

One of the characteristic hallmarks of patients with PD is the
formation of Lewy bodies in the brain. Aggregated a-synuclein is a
major component of the Lewy bodies. The accumulation of Lewy
bodies contributes to the progression of neurodegeneration, espe-
cially in PD. The NL5901 strain of C. elegans exhibits heterologous
expression of YFP-tagged human a-synuclein in the body wall
muscles (Fig. 4A). The fluorescence intensity at the anterior end of
the worms was considered as a measure of a-synuclein
aggregation.

The day 1 adults of NL5901 worms treated with methanolic
extracts of BM,WS, CP, MP, and SC exhibited a significantly lower a-
synuclein fluorescence intensity than the untreated day 1 adults of
NL5901 worms (Fig. 4B). The lowest average a-synuclein fluores-
cence intensity was observed in the worms treated with BM
(660 mg/mL) and WS (66 mg/mL) extracts. The fluorescence



Fig. 2. Dose response of six herbs and L-3,4-dihydroxyphenylalanine (L-DOPA) against 1-methyl-4-phenylpyridinium (MPPþ) iodide-induced neurodegeneration. Effect of
different concentrations of the herbal extracts and L-DOPA (positive control) on MPPþ iodide (5 mM)-induced neurodegeneration in the L1 larvae of BZ555 worms after 20 h
treatment at 23 �C. Filled bars indicate neurodegeneration in groups treated with MPPþ iodide and herbal extract/L-DOPA, while open bars indicate neurodegeneration in groups
treated with extract/L-DOPA alone. Data are represented as mean ± standard deviation. (*p < 0.05; one-way analysis of variance, followed by Tukey’s post-hoc test).

Table 2
Amount of marker compounds in the herbal extracts.

Name of the plant Marker compound Amount of extract yield (in g) per 100 g
dry weight of plant material

Amount of marker compound (in mg) per 100 g
dry weight of plant material

Mucuna pruriens L-DOPA 5.756 527.997 ± 49.411
Bacopa monnieri Bacopaside I 5.357 59.588 ± 16.330
Withania somnifera Withaferin A 7.969 5.15 ± 1.638
Sida cordifolia Vasicinone 3.663 3.877 ± 0.526
Centella asiatica Asiatic Acid 10.141 142.441 ± 41.849
Celastrus paniculatus Lupeol 33.81 85.129 ± 4.262
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intensity of a-synuclein in the worms treated with CA extract was
non-significantly lower than that in the untreated worms (p >
0.05).

4. Discussion

In this study, the effect of six methanolic extracts of herbs,
which are commonly used in treatment of PD in Ayurveda, was
evaluated using two C. elegans PD models. The six extracts exhibi-
ted differential neuroprotective and anti-a-synuclein effects.

PD has a complex etiology with various cellular and tissue-
specific events contributing to the development of motor and
non-motor symptoms. The major pathological changes observed in
the brain of patients with PD are decreased dopamine level,
enhanced oxidative stress, mitochondrial damage, and synaptic
loss, which result in the degeneration of dopaminergic neurons in
Substantia nigra and other neurons. It is important to note that
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some of these pathological changes, such as aggregation of protein
and degeneration of dopaminergic neurons are also associatedwith
aging process. However, these pathological changes in PD are
accelerated when compared with those in aging. Thus, in addition
to treatment with neuroprotective agents, prevention and man-
agement of age-related neuropathological changes are important
for PD treatment and management [5].

Ayurveda has a unique approach for treating PD. The therapeutic
strategies employed by Ayurveda include treatment with powder
of MP (Kapikachhu) seed, a levodopa-containing herb. Additionally,
Ayurveda also uses nootropic herbs, such as BM, CA, and CP, as well
as Rasayana (anti-aging) herbs, such as WS and SC for treating PD
[48]. The clinical efficacy of traditional Ayurveda treatment, which
involves the use of different formulations and therapies, has been
previously demonstrated [12,49]. The Ayurvedic treatment of PD
inspired the isolation of L-DOPA in 1937. L-DOPA, which is effective
for controlling tremors, is currently a gold standard in modern



Fig. 3. Neuro-protective potential of the herbal extracts. Quantitative analysis of neuroprotective effect of the six herbal extracts (A) Representative bright-field (left panel) and
fluorescence (righ panel) images of transgenic BZ555 worms in the control (top panel) and 5 mM 1-methyl-4-phenylpyridinium (MPPþ) iodide-treated groups (bottom panel).
Arrows indicated CEP dopaminergic neurons, which undergo degeneration upon treatment with MPPþ iodide. The worms in the control group had intact fluorescent neuronal
structure, whereas those in the MPPþ iodide-treated groups had loss of fluorescent neuronal structure (B) Treatment with herbal extracts mitigated the MPPþ iodide-induced
neurodegeneration in the transgenic BZ555 worms expressing green fluorescent protein in the dopaminergic neurons. Percentage of worms exhibiting neurodegeneration upon
MPPþ iodide treatment in the presence of solvent control (DMSO) or herbal extract. Only the most effect concentration of each extract is shown. Data are represented as mean
percentage of worms exhibiting neurodegeneration ± standard deviation. (*p < 0.05; one-way analysis of variance, followed by Tukey’s post-hoc test).

Fig. 4. Anti-aggregation potential of nootropics. Effect of herbal extracts on a-synuclein aggregation, which was analyzed based on the fluorescence intensity, in the NL5901
worms. (A) Representative bright-field (left panel) and fluorescence (right panel) images of the anterior end of NL5901 worms (expressing yellow flourescent protein (YFP)-tagged
a-synuclein protein) in the control (upper panel) and extract-treated (lower panel) groups. (B) Normalized fluorescence intensity of worms in the DMSO-treated and herbal extract-
treated groups. Only the most effective concentrations of the extract are shown. Data are represented as normalized mean fluorescence intensity ± standard deviation. (*p < 0.05;
one-way analysis of variance, followed by Tukey’s post-hoc test).
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medicine for treating PD [50]. However, purified L-DOPA has
limited efficacy. Additionally, the long-term usage of L-DOPA results
in side-effects, such as bradykinesia [11]. The crude powder of MP
seeds (Kapikachhu churna) is reported to have a similar efficacy as
L-DOPAwith decreased side effects [11]. Thus, different herbs in the
multicomponent Ayurvedic treatment are likely to have differential
effects on various cellular pathways, which may contribute to the
improved alleviation of PD-specific neurodegeneration, oxidative
stress, and mitochondria dysfunction. The understanding of
mechanism of action of different components of Ayurvedic treat-
ment protocol can aid in devising effective therapeutic strategy for
PD.

In this study, the neuroprotective effects of six extracts of herbs
used in Ayurveda for treating PD was evaluated using C. elegans, a
445
standard model for neuroscience research. C. elegans has been pre-
viously used to understand the nervous system function at the
behavioral, cellular, and molecular levels [51]. Prof. Sydney Brenner
was thefirst to use C. elegans in scientific research. The characteristics
of C. elegansmodel include fully sequenced genome (which has high
sequence similarity with human genome), cost-effective culture
conditions, short life cycle, and transparent body for dissection-less
imaging [44]. Recently, C. elegans has been widely used as a model
for drug screening and for research related to traditional medicine
[52e55]. In this study, we have used the PD models of C. elegans,
which mimic two hallmarks of the disease namely, degeneration of
dopaminergic neurons and aggregation of a-synuclein.

Four out of the six selected herbs, namely BM, CA, WS, and CP
are mentioned as medhya rasayana (nootropics) in Ayurvedic texts.
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These herbs are also used as nootropics in the clinical practice.
Meanwhile, MP and SC are mainly mentioned as ‘Vatahara’ herbs in
the Ayurvedic texts and are used in the treatment of neurological
disorders, especially motor disorders like PD. Among the six herbal
extracts, the highest protection against MPP þ-induced neuro-
degeneration was exhibited by BM (~50%), MP (~29%), and CP
(~29%). MPPþ iodide, a neurotoxin, promotes the degeneration of
dopaminergic neurons through upregulating the production of
reactive oxygen species in themitochondria, which leads to cellular
damage [56,57]. L-DOPA is reported to inhibit MPPþ-induced
neurodegeneration [58]. Thus, the neuroprotective effect of MP
may be due to the presence of L-DOPA. The neuroprotective effects
of BM and CPmay be due to the presence of anti-oxidantmolecules.
The extracts of CA, WS, and SC exhibited minimal but significant
neuroprotective effects.

The extracts of WS and BM were the most effective in inhibiting
the aggregation of a-synuclein. Previously, the WS extract was re-
ported to inhibit the aggregation of Ab protein through enhanced
clearance of protein [27]. BM and CA are also reported to inhibit Ab
aggregation. BM mother tincture extract inhibited a-synuclein ag-
gregation in C. elegans [15]. The mechanism underlying the anti-
aggregation effect of BM and CA has not been elucidated.

5. Conclusion

The results of this study suggest that the herbal extracts may act
at multiple cellular pathways, including anti-oxidant and protein
aggregation clearance pathways. Thus, herbs used in PD treatment
in Ayurveda may exhibit differential activities, which may lead to
an additive effect on complex disease phenotypes. Future studies at
the behavioral (movement, food sensing), cellular (mitochondrial
structure-function, ROS levels) and molecular (gene expression)
levels would provide useful insights into the therapeutic potential
of individual, nootropic (medhya), and vatahara herbs for treating
neurodegenerative diseases and enable the development of safe
and efficacious formulations and treatment protocols.
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