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The ameliorative effect of Ashwagandha-Withaniasomnifera(L.)Dunal
onpark®inducedneurodegeneration

inDrosophilamelanogasterParkinson’s disease model

ABSTRACT

Ashwagandha - Withaniasomnifera(L.)Dunal is a perennial shrub. belongs to family Solanaceae.
Ashwagandha has been used from over 3000 years in.traditional Indian.Ayurveda for treatment of various
neurological, and stress disorders. The root ofi Ashwagandha (ASH) is regarded as tonic, aphrodisiac,
narcotic, diuretic, anthelmintic, astringent, thermogenic and stimulant. The plant (aerial, root and both) is
recommended for health and healing-when consumed orally and on topical application. The number of
single and compound formulation is prescribed rationally to treat emaciation in children, debility from old
age, constipation, flatulent colic,. rheumatism, vata vitiation, leucoderma, goiter, insomnia, nervous
breakdown, etc. The topical application'cures carbuncles, ulcers and painful swellings, boils, pimples, etc.
The ASH root in.combination. with other drugs is recommended to treat snake venom and also scorpion-
sting. Ashwagandha . with other herbal decoction was recognized to treat Kampavatha (Parkinson’s
Disease). since 18" century. With this wide array of ethnopharmological relevance, Ashwagandha has
been recognized as one of the prominent complementary and alternative medicine to treat many
neurodegenerative diseases like Alzheimer’'s and Parkinson's disease. Parkinson’s (PD) has been
recognized as the second most occurring neurodegenerative disease worldwide after Alzheimer's (AD)
with complex multifactoral phenomena and limited approaches for pharmacotherapy. Many genetic
factors are responsible for onset and progression of PD. Loss-of-function mutations in the parkin gene are
a major cause of early onset of autosomal recessive juvenile parkinsonism. In

Drosophilapark®fliesexhibits loss of function mutations and show significantly increased number of



mitochondria-endoplasmic reticulum contacts and significantly decreased number of dopaminergic
neurons in the adult brain which is the main cause of PD condition. There is a prominent increase the
cases of AD and PD all over the world and it demands the requirement for complementary and alternative
herbal remedies with no/minimal side effects. Several studies have demonstrated the ability of
Ashwagandha in imparting neuroprotection, improve locomotory ability, memory and learning abilities.
The challenge lies in scrutinizing the mechanism and the pathways involved in the neuroprotective
properties of this well known herbs. Here in our study we test the possible neuroprotective effect of

Ashwagandha on park25 mutants of Drosophila using climbing ability as a disease:matrker.
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1. INTRODUCTION

Withaniasomnifera (L.)Dunal commonly known as Ashwagandhaer Indian Ginseng has been widely used
in Ayurveda as a nervine tonic to treat many neurological. disorders like anxiety, memory loss, sleep
disorders, Parkinson's etc.lt is rich in active phytochemicals isolated from its root and leaves which
attribute to the medicinal property of this shrub. The plant (aerial, root and both) is recommended for
health and healing, and the number of single and compound formulation is prescribed rationally. The
biologically active chemical constituents of Withaniasomnifera(WS) include alkaloids (isopelletierine,
anaferine, cuseohygrine, anahygrine;: etc.), steroidal lactones (withanolides, withaferins) and
saponins[1].Sitoindosides VII=X and Withaferin-A, have been shown to have significant anti-stress activity
against acute models.of experimental stress [2]. Many of its constituents support immunomodulatory
actions  [3]. The aerial parts of WSyielded 5-dehydroxy withanolide-R and withasomniferin-A [4].
Withaniasomniferaiis rich in active phytochemicals isolated from its root and leaves which attribute to the
medicinal property of this shrub. There are about 12 alkaloids, 35 withanolides and several sitoindosides

have been isolated and structurally elucidated till date [1,5]. [HPTLC studies quantification of withanolodes

withanolide B[6]. With this wide array of ethnopharmacological relevance and medicinal property
Ashwagandha has been recognized as one of the prominent complementary and alternative medicines to

treat many neurodegenerative diseases like Alzheimer’s and Parkinson’s disease.
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Parkinson’s disease (PD) is a neurodegenerative disorder described by multiple motor and non-motor
symptoms, affecting the socio-physical wellness of the patients [7,8]. PD is the age related progressive
movement disorder, characterized by the loss of dopaminergic (DA) neurons in substantia nigra [9]. Most
cases of PD are idiopathic and mitochondrial dysfunction is one of the prominent features of idiopathic
PD. About 3-5% of PD cases are known to have familial form, of this genetic origin, mutation in one of the
Parkinson’s gene, the parkin contributes to approximately 50% of all early onset of PD called autosomal
recessive juvenile parkinsonism (AR-JP) [10]. Parkin is an E3 ubiquitin protein ligase‘encoded by parkin.
Parkin along with PINK1 have essential role in maintaining mitochondrial integrity. and function
[11,12,13,14]. Since, there aren’t any curative treatments for PD, and. having the most available
treatments meant for providing only symptomatic relief, there is an_increasing demand for discovery of
new effective drugs for the treatment. In recent years complementary and alternative medicines have

gained world-wide attention due to its health benefits and lesser or no side effects [15].

Several studies carried out in vitro and rodent models:have implied the ameliorative effect of ASH on
chemically induced or stress induced neurodegenerative ‘models [16]. However, there are very few
studies made on the neuroprotective effect of ASH in connection of specific disease causing genetic
pathways. In this direction, Drosophila melanogaster, with its remarkable potential, as an in vivo drug
screening model will be a better targeted approach with higher success rate. Mutation in the Drosophila
ortholog of the PRKN gene, parkin (park), has many similarities to PD patients: decreased motor function,
reduced lifespan, selective loss of dopaminergic neurons, loss of olfaction, mitochondrial dysfunction and
others [17,18,19]. Several studies.on Drosophila Parkin model demonstrated the enhancement in lifespan
and amelioration in climbing deficits in parkin mutants when supplemented with antioxidants and other
molecules. The dietary. supplementation of metabolite stearic acid significantly increased life span and
rescued fragmented mitochondria [20], nicotine ameliorated the defect in flying ability [21], zinc chloride,
ascorbic acidiand N-acetylcysterine significantly increased the median half life of parkin mutants when
supplemented with normal fly food in a dose dependant manner [22,23]. In the present study we have
used parkzs, aDrosophila model of AR-JP to study the neuroprotective effect of Ashwagandha using

locomotor deficit and lifespan as parameters.

2.MATERIALS AND METHODS



2.1. Drosophila stocks and maintenance:

Wild type Oregon-K, obtained from Drosophila stock centre (DSC), University of Mysore. This served as
control for all experiments.w,parkzslTMGB.GFP flies were generous gift fromDr Alex Whitworth which is
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previously described [24,25]. The non tubby park homozygous flies were separated from parkzslTMGB

tubbyflies at pupal stage(here after referred to as park25’+

heterozygotes). Stockswere reared at 12 hr
light/dark cycle at 22°+2° C with 60% relative humidity on standard wheat cream:agar.medium:with yeast

granules.

2.2. Preparation of Ashwagandha aqueous extraction:

Ashwagandha root powder (choorna) is commercially available: and purchased from The Nikhila
Karnataka Central Ayurvedic Pharmacy Ltd (NKCA), Mysuru. We employed decoction and filtration
method [26] to extract water soluble constituents of Ashwagandha. 10g of powder was weighed and
mixed with 10 ml of water to make a thick paste. This paste was placed in a clean wet muslin cloth of
10X10 sq.cm and suspended into, boiling'water. The cloth was tied around the mouth of the beaker so
that the middle part containing mixture.is immersed in the boiling water. When the water boils, contents
from the ASH were released into water. 300m| more water was added to the mixture at the intervals of 15
to 20min and stirred slowly and continuously using a glass rod. The fine powder passes through the pores
of muslin cloth'leaving behind large debris. This procedure was continued for one hour. The muslin cloth
was removed carefully and squeezed gently to obtain maximum amount of crude extract from the powder.
The extract thus obtained was boiled for another 60 to 90 minutes until a thick paste is formed. The
obtained paste was weighed and stored in refrigerator for further use. Dry weight of the extract per 1g

paste was calculated after every extraction.

2.3. Feeding of Ashwagandha:



In all experiments, normal wheat cream agar medium served as control medium. The Oregon-K,
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lheterozygous flies which fed on normal medium were referred to as

park™““homozygous and park
negative and positive control groups respectively. Based on the obtained dry weight of ASH, an
appropriate amount of crude extract was dissolved in freshly prepared standard wheat cream agar media
and combined well. This referred to as treatment mediumWe used 0.6% w/v of ASH-root extract

treatment for all the experiments. Both homozygous and heterozygous park25 flies were reared on 0.6%

ASH treatment medium and referred to as treatment group. ASH-root extract was administered from

once in every 2 days.

2.4. Survival assay

25/25 25/+

Oregon-K, park®™“homozygous and park™ heterozygous flies were collected at pupal stage to
avoid the effect of anesthetic ether. After emergence (0-24h old), a total of 50 flies from each genotype
were housed in a density of 10 flies per vial without yeast at 22° C. Flies were shifted to respective fresh
media vials every other day, and the number of dead flies was tabulated each day until the last fly was

deceased (n=50).
2.5. Negative geotaxis Assay

We followed the procedure described by Feany and Bender with minor modifications [27].Flies were
collected at pupal stage. After eclosion (0-24 hrs old), a group of 10 age and sex matches flies were
placed.in a glass vial. marked at 8 cm height. After 15 minutes of acclimatization, flies were gently tapped
down to the bottom. The flies which escaped 8cm at 10 seconds were tabulated. The mean value was

considered for each control, mutant-untreated and treatment groups (n=50).

2.6. Statistics

t test. Data are presented as mean + SEM. **P< 0.01 and***P<0.001
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3. RESULTS AND DISCUSSION
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3.1. The lifespan of homozygous park™“Drosophila flies was marginally increased by

Ashwagandha root extract supplementation:

Ageing is the greatest risk factor for the progression of AR-JP condition. The Drosophila null mutant
park25’25homozygous flies have shown shortened life span when compared to heterozygous park25 flies

as well as the w''®

control flies[28]. In order to determine the life enhancing property of ASH on
homozygous park25/park25 flies, we have supplemented flies with 0.6% w/v of ASH root extract from
larval stage till the last day of their survival (L+/A+). The survival.curve infigure 1 depicts the percentage
of survivorship of wildtype Oregon-K (control), homozygous park25’25untreated and ASH-root extract
supplemented group of flies. During the initial days, the effect.of ASH was not prominent in the treated
group but after the median lifespan (day8 and later) there was a sighificant increase in the number of flies
surviving on ASH supplement, when compared, to its untreated fellow group. The lifespan of ASH-root
treated flies increased to 17 days from 15:days.when compared to untreated group. Though there is not
much difference between the untreated and treated group in considering with age, 12% of untreated flies
were still alive on day 15" where as there were no survivors in the untreated group. This implies that the
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effect of 0.6% ASH-root extract on'survival of park homozygotes is limited when supplemented with

normal fly food.

3.2. Ashwagandha ameliorates climbing deficit in both park25 homozygous and heterozygous

flies:

Relatively low locomotory function is the major motor symptom of both familial and sporadic forms of PD.
Due to the loss of dopamine producing neurons in parkin mutants of Drosophila along with other genetic
and environmental factors exhibit a great decline in their climbing ability from dayl of post

eclosion[25,29,30]. In our present study, first we have used park®®?

homozygous Drosophila null mutants
as a PD model to study the effect of Ashwagandha root extract treatment on the locomotor defect caused

due to dopaminergic neuron degeneration. The flies were subjected to negative geotaxis assay to assess



the loss of motor activity in flies due to loss of dopaminergic neurons. Oregon-K and untreated
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flies served as negative and positive controls respectively. park®?

park flies were subjected to 0.6%
ASH-root extract treatment and referred to as treatment group. A cohort of 10 flies, in 5 trials (total 50
flies) were assayed (n=5) in each group. Age matched flies from each group were analysed for climbing
tube for about 15 minutes and later gently tapped to the bottom and allowed to climb the assay tube. The
number of flies which reached/crossed 8 cm height within 10 sec were tabulated each day. for control,
untreated-mutant and 0.6% ASH-root extract treated groups. The results are represented in figute 2. The
wild type Oregon-K (control) did not show any decline in their climbing:function till the 8" day post

eclosionpark®'®

untreated mutant flies showed adult onset of climbing disability from day 1 post eclosion
with only about 61% of flies reaching 8 cm height and the progressive decline was observed each day
when compared to control group. At 8" day, none of the flies from the mutant untreated group showed
locomotory function and were unable to move against gravity. Interestingly, in 0.6% ASH-root extract
treated group, the flies showed significantly higher performance in their climbing function when compared
to its fellow untreated- mutant group. On day 1,inearly 74% were able to cross the marked target height,
by the 8" day, where untreated flies completely stopped climbing, about 38% of ASH treated flies have

2525
k

showed significantly higher climbing ability when compared to its positive control (parl untreated

mutant).
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In case of park™ heterozygotes, we performed locomotory assay each day from day 1 to day 20 for each

control, untreated- mutant.and 0.6% ASH-root extract treated group of flies. The results are represented

in figure 3. park®"

heterozygotes itself showed better climbing ability compared to homozygous but
significantly reduced:performance in comparison with Oregon-K control flies. On day 1 itself, 0.6% ASH-
root extract treated: flies showed statistically highly significant improvement (100% climbing ability) in
comparison to untreated group (77%). The progression of decline in climbing ability in untreated park25’+
heterozygotes continued with age and complete decline in its climbing function was observed at 19" day.
Surprisingly, the flies with 0.6% ASH-extract treatment retained their climbing ability from dayl and were

significantly improved when compared to age matched untreated flies. On 19" day, where untreated

heterozygotes stopped climbing, about 38% flies in the treated group still showed climbing function. Thus,
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our results clearly demonstrate that 0.6% ASH-extract treatment is able to provide strong protection

against park25 null mutation induced neurodegeneration in Drosophila melanogaster model of PD.

3.3. DISCUSSION

Since there is a prominent increase in neurodegenerative diseases like Alzheimer’s and PD cases all
over the world, it demands the requirement for complementary and alternative herbal. remedies with
no/minimal side effects. Many research studies have demonstrated the ability of:Ashwagandha in
imparting neuroprotection, improve locomotory ability, memory and learning abilities. The challenge lies in
scrutinizing the mechanism and the pathways involved in the neuroprotective properties of this well
known herbs [1,2,31]. HPTLC studies quantification of ASH roots measured the presence of
phytochemical active constituents like withaferin A, 1,2  deoxywithastramonide, withanolide A and
withanolide B which are known to be neuroprotective:[6]. Due to the ability of withanamides of ASH to
cross blood brain barrier [32] and nonotable toxic effect made Ashwagandha a widely used

neuroprotective agent in recent decades using invitro and in.vivo models.

Parkinson’s disease has been recognized as.the second most occurring neurodegenerative disease
worldwide with complex multifactoral phenomena and limited approaches for pharmacotherapy. Among
many other genes responsible for PD, loss-of-function mutations in the parkin gene are a major cause of
early onset of AR-JP, and:Parkin dysfunction may also lead to late-onset sporadic PD. Parkin is a E3
ubiquitin protein ligase, consisting of N-terminal ubiquitin like domain and C-terminal RING finger domain
[33,34,35]. Parkin along with PINK1 have essential role in maintaining mitochondrial integrity and function
by .controlling its fusion and fission. Mitochondria being the energy producing organelle, dynamically
undergo:fusion and fission to maintain its structure and stability which is essential for the normal cellular
function. Genetic factors MFNs and GTPase OPAL are finvolved in the fusion and fission respectively.
Uncontrolled or abnormal fission-fusion could lead to its damage subsequently altering its morphology

and function [36]. This results in impairment in numerous cellular functions like ATP/energy synthesis,

ROS control and finally leads to cellular death. To degrade these abnormal or unwanted mitochondria, b

special mechanism mitophagy is involved in the turnover of deformed mitochondria. Under the abnormal
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cellular condition in mitochondria, PINK1 selectively recruits Parkin to damaged mitochondria and induces
turnover of impaired mitochondria through an autophagy related 5 (ATG5) gene-ubiquitin like conjugation
system mechanism [37]. The mitophagy machinery recognizes abnormal mitochondrial by its lost
membrane potential. The loss of membrane integrity leads to accumulation of mitochondrial dynamic
control protein PINK1 on outer mitochondrial membrane (OMM). Phosphorylation of Ser65 of ubiquitin by
PINK1 on OMM further recruits Parkin [38]. Parkin also contains Ser65 like domain, which is further
phosphorylated by PINK1, which activates its E3 ubiquitin activity. This positive loop mechanism expands
to form polyubiquitin chain which enhances parkin to ubiquinate the componts/ targets like :MEN1 and
MFN2 (Marf in Drosophila) for protosomal degradation of unwanted mitochondria. This repair, machinery
protects cells by avoiding the fusion of abnormal mitochondria into, healthy mitochondria in the cellular
environment thus protecting the cell undergo apoptosis. Any mutation in parkin gene disrupts this repair

mechanism leading to cellular death.

In Drosophila, several studies demonstrated the role of Parkin in-maintaining integrity of mitochondria in
larval and adult stage. TheDrosophilapark®fliesexhibits-loss:of function mutations and show significantly
increased number of mitochondria-endoplasmic reticulum contacts and significantly decreased number of
dopaminergic PPL1 neurons in the adult:brain. They also exhibit a severe disruption in the mitochondrial
network structure, indirect flight muscles, accompanied by a significant reduction in ATP levels, as
compared to controls [39,40]..The early onset of climbing disability in both homo and hetero park25 flies
may be due to the accumulation of several of these pathogenic conditions caused due to the loss of
function of parkin.Several, intvitrofand in vivo studies have demonstrated the role of parkin in quality
control of-mitochondria. Mutation in this gene greatly affects the mitochondrial stability and leads to
cellular ‘death:. Parkin-mediated mitochondrial ubiquitination was observed in mitochondrial damaging
agents.(MPTR; Rotenone etc) treated cells and overexpression of dominant negative ubiquitin mutants
prevented Parkin-induced mitophagy, which demonstrates the strong relation between mitophagy and
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Parkin [41,42,30].park™ “°homozygous mutants of Drosophila have exhibited "onion"-like and a"dumbbell"

shaped mitochondrial defects in the muscle tissue of third instar larval body wall and in indirect flight
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muscles [43]. Studies also demonstrated that, park™“homozygous flies have significant defects in

climbing and flight ability, muscle degeneration and mitochondrial disruption, compared to heterozygotes.



Here in our study we test the possible neuroprotective effect of Ashwagandha on park®> homozygous and
heterozygous null allele mutants of Drosophila using climbing ability as a disease marker. Parkin could be
a good therapeutic target to test any compound due to its low basal activity. A small increase in wild type
Parkin activity could be sufficient to slow down the progression of sporadic forms of PD [44]. Our study
demonstrated that, administration of 0.6% ASH extract could enhance the lifespan of park®?
homozygous only by 3 days, however the number of flies survived upon ASH treatment was significantly
higher (13%) on 15" day when compared to untreated group. In consideration with climbing ability,

25/25
park

homozygous flies with 0.6% ASH-root extract treatment showed statistically highly:significant
improvement from day 1 (61% v/s 74% between untreated and 0.6% ASH:root extract treatment group)
and the climbing function was significantly increased in treatment group tilli8" day (0% v/s 38% between
untreated and 0.6% ASH root extract treatment group) compared to itsyuntreated fellow group flies.

25/+

Similarly, in park” heterozygotes the climbing ability in treated flies'showed statistically highly significant

increase in their locomotory function when compared to parkzs“heterozygotes.

Ashwagandha root extract with more than 50 phytoconstituents mainly consistsWithanolides as the active
steroids of ASH with structural diversity based on the nature,and member of oxygenated substitutes and
the saturation level of the rings. This great structural diversity of withanolides probably enables them to
target different cellular degenerative ‘molecules under diverse situations and participate in multiple
biologically ameliorative functions. In our present study we demonstrated that, ASH-root extract dietary
supplement is able to target mutant park25 induced neurodegeneration in in vivo loss of function model of

Drosophila melanogaster.

4. CONCLUSION

In short, our study elucidates that Ashwagandha serves as a comprehensive, multipotentphytotherapeutic
herb to combat neurodegeneration, targeting causative genetic conditions. Due to its low basal activity,
Parkin could be a good therapeutic target to test any natural or synthetic therapeutic agent. A small
increase in wild type parkin activity could be sufficient to slow down the progression of sporadic forms of

PD. Our experiments demonstrated that, Ashwagandha aqueous extract treatment greatly reduces motor
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dysfunction caused due to loss of function of parkin gene. Thus, Ashwagandha with all its bioactive

constituents serves as neuroprotective therapeutic agent.
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List of Abbreviations

AD Alzheimer’s Disease

AR-JP Autosomal recessive juvenile parkinsonism
ASH Ashwagandha

ATG5 Autophagy protein 5

DA Dopaminergic neurons

GTPase Hydrolase enzymes that bind to;the nucleotide guanosine triphosphate (GTP)
HPTLC High-performance thin-layer chromatography
L*/A" Larval and adult stage

MEN Mitofusin

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
OMM Outer mitochondrial membrane

OPAl Optic atrophy-1

PD Parkinson’s Disease

PINK1 PTEN induced putative kinase 1

PPL1 Posterior inferior lateral protocerebrum
PRKN Human parkin gene
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ROS

Reactive oxygen species

wiv Weight per Volume
WS Withaniasomnifera
REFERENCES
1. Mishra LC, Singh BB, Dagenais S. Scientific basis for the therapeutic use of Withaniasomnifera
(ashwagandha): a review. Alternative medicine review. 2000; 1;5(4):334-46.
2. Bhattacharya SK, Bhattacharya A, Sairam K, Ghosal S. Anxiolytic-antidepressant activity of
Withaniasomniferaglycowithanolides: an experimental study. Phytomedicine. 2000; 1;7(6):463-9.
3. Ghosal S, Lal J, Srivastava R, Bhattacharya SK, Upadhyay SN, Jaiswal AK, Chattopadhyay U.
Immunomodulatory and CNS effects of sitoindosides IX and X, two new glycowithanolides from
Withaniasomnifera. Phytotherapy Research. 1989;3(5):201-6.
4. Atta-ur-Rahman C. MI, and Thomsen, WJ. Bioassay Techniques for Drug Development. 1991:88.
5. Misra L, Mishra P, Pandey A, Sangwan RS, Sangwan NS, Tuli R. Withanolides from
Withaniasomnifera roots. Phytochemistry. 2008; 1;69(4):1000-4.
6. Praveen N, Murthy HN. Production of withanolide-A from adventitious root cultures of
Withaniasomnifera. Actaphysiologiaeplantarum. 2010;32:1017-22.
7. Lang, Anthony E., and Andres M. Lozano. "Parkinson's disease." New England Journal of
Medicine 339.16 (1998): 1130-1143.
8." Statistics - Parkinson’s Foundation. <https://www.parkinson.org/Under  standing-
Parkinsons/Statistics> (2021).
9. Trott CT, Fahn S, Greene P, Dillon S, Winfield H, Winfield L, Kao R, Eidelberg D, Freed CR,

Breeze RE, Stern Y. Cognition following bilateral implants of embryonic dopamine neurons in PD:

a double blind study. Neurology. 2003; 24;60(12):1938-43.

12



10.

11.

12.

13.

14.

15.

16.

17.

18.

Parker-Character J, Hager DR, Call TB, Pickup ZS, Turnbull SA, Marshman EM, Korch SB,
Chaston JM, Call GB. An altered microbiome in a Parkinson’s disease model Drosophila
melanogaster has a negative effect on development. Scientific Reports. 2021; 8;11(1):23635.
Clark IE, Dodson MW, Jiang C, Cao JH, Huh JR, Seol JH, Yoo SJ, Hay BA, Guo M. Drosophila
pinkl is required for mitochondrial function and interacts genetically with parkin. Nature. 2006;
29;441(7097):1162-6.

Exner N, Treske B, Paquet D, Holmstrém K, Schiesling C, Gispert S, Carballo-Carbajal |, Berg D,
Hoepken HH, Gasser T, Kriger R. Loss-of-function of human PINK1 results in mitochondrial
pathology and can be rescued by parkin. Journal of Neuroscience. 2007; 7;27(45):12413-8.

Park J, Lee SB, Lee S, Kim Y, Song S, Kim S, Bae E, Kim J, Shong M, Kim JM, Chung J.
Mitochondrial dysfunction in Drosophila PINK1 mutants is complemented by parkin. Nature. 2006;
29;441(7097):1157-61.

Yang Y, Gehrke S, Imai Y, Huang Z, Ouyang Y, Wang JW, Yang L, Beal MF, Vogel H, Lu B.
Mitochondrial pathology and muscle and dopaminergic neuron degeneration caused by
inactivation of Drosophila Pinkl is rescued by Parkin. Proceedings of the National Academy of
Sciences. 2006; 11;103(28):10793-8.

Barnes PM, Bloom B, Nahin RL, Stussman BJ. Costs of complementary and alternative medicine
(CAM) and frequency of visits to CAM practitioners, United States, 2007.

Mandlik DS, Namdeo AG. Pharmacological evaluation of Ashwagandha highlighting its
healthcare claims, safety, and toxicity aspects. Journal of Dietary Supplements. 2021;
4;18(2):183-226.

Greene JC, Whitworth AJ, Kuo |, Andrews LA, Feany MB, Pallanck LJ. Mitochondrial pathology
and apoptotic muscle degeneration in Drosophila parkin mutants. Proceedings of the National
Academy of Sciences. 2003; 1;100(7):4078-83.

Cackovic J, Gutierrez-Luke S, Call GB, Juba A, O'Brien S, Jun CH, Buhlman LM. Vulnerable
parkin loss-of-function Drosophila dopaminergic neurons have advanced mitochondrial aging,
mitochondrial network loss and transiently reduced autophagosome recruitment. Frontiers in

cellular neuroscience. 2018; 15;12:39.

13



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lucking CB, Durr A, Bonifati V, Vaughan J, De Michele G, Gasser T, Harhangi BS, Meco G,
Denéfle P, Wood NW, Agid Y. Association between early-onset Parkinson's disease and
mutations in the parkin gene. New England Journal of Medicine. 2000; 25;342(21):1560-7.
Senyilmaz D, Virtue S, Xu X, Tan CY, Griffin JL, Miller AK, Vidal-Puig A, Teleman AA. Regulation
of mitochondrial morphology and function by stearoylation of TFR1. Nature. 2015;
3:525(7567):124-8.

Chambers RP, Call GB, Meyer D, Smith J, Techau JA, Pearman K, Buhlman LM. Nicotine
increases lifespan and rescues olfactory and motor deficits in a Drosophila model of Parkinson's
disease. Behavioural brain research. 2013; 15;253:95-102.

Saini N, Oelhafen S, Hua H, Georgiev O, Schaffner W, Bueler H. Extended lifespan of Drosophila
parkin mutants through sequestration of redox-active metals and enhancement of anti-oxidative
pathways. Neurobiology of disease. 2010; 1;40(1):82-92.

Saini N, Schaffner W. Zinc supplement greatly improves the condition of parkin mutant
Drosophila. Biological chemistry. 2010; 1;391(5):513-8.

Greene JC, Whitworth AJ, Kuo |, Andrews LA, Feany MB, Pallanck LJ. Mitochondrial pathology
and apoptotic muscle degeneration in Drosophila parkin mutants. Proceedings of the National
Academy of Sciences. 2003; 1;100(7):4078-83.

Whitworth AJ, Theodore DA, Greene JC, BeneS H, Wes PD, Pallanck LJ. Increased glutathione
S-transferase activity rescues dopaminergic neuron loss in a Drosophila model of Parkinson's
disease. Proceedings of the National Academy of Sciences. 2005; 31;102(22):8024-9.

Handa SS. An overview of extraction techniques for medicinal and aromatic plants. Extraction
technologies for medicinal and aromatic plants. 2008;1(1):21-40.

Feany MB, Bender WW. A Drosophila model of Parkinson's disease. Nature. 2000;
23;404(6776):394-8.

Zhu M, Li X, Tian X, Wu C. Mask loss-of-function rescues mitochondrial impairment and muscle
degeneration of Drosophila pinkl and parkin mutants. Human molecular genetics. 2015;

1;24(11):3272-85.

14



29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhang L, Karsten P, Hamm S, Pogson JH, Muller-Rischart AK, Exner N, Haass C, Whitworth AJ,
Winklhofer KF, Schulz JB, Voigt A. TRAP1 rescues PINK1 loss-of-function phenotypes. Human
molecular genetics. 2013; 15;22(14):2829-41.

Lee JJ, Andreazza S, Whitworth AJ. The STING pathway does not contribute to behavioural or
mitochondrial phenotypes in Drosophila Pinkl/parkin or mtDNAmutator models. Scientific
Reports. 2020; 14;10(1):2693.

Bonilla DA, Moreno Y, Gho C, Petro JL, Odriozola-Martinez A, Kreider RB. Effects of
Ashwagandha (Withaniasomnifera) on physical performance: Systematic review and bayesian
meta-analysis. Journal of Functional Morphology and Kinesiology. 2021; 11;6(1):20.

Vareed SK, Bauer AK, Nair KM, Liu Y, Jayaprakasam B, Nair MG. Blood-brain barrier
permeability of bioactive withanamides present in Withaniasomnifera fruit extract. Phytotherapy
research. 2014; 28(8):1260-4.

Imai Y, Soda M, Takahashi R. Parkin suppresses unfolded protein stress-induced cell death
through its E3 ubiquitin-protein ligase activity. Journal of Biological Chemistry. 2000;
17;275(46):35661-4.

Shimura H, Hattori N, Kubo SI, Mizuno Y, Asakawa S, Minoshima S, Shimizu N, Iwai K, Chiba T,
Tanaka K, Suzuki T. Familial Parkinson disease gene product, parkin, is a ubiquitin-protein
ligase. Nature genetics. 2000; 25(3):302-5.

Zhang Y, Gao J, Chung KK, Huang H, Dawson VL, Dawson TM. Parkin functions as an E2-
dependent ubiquitin—protein ligase and promotes the degradation of the synaptic vesicle-
associated protein, CDCrel-1. Proceedings of the National Academy of Sciences. 2000;
21;97(24):13354-9.

Yang Y, Ouyang Y, Yang L, Beal MF, McQuibban A, Vogel H, Lu B. Pinkl regulates
mitochondrial dynamics through interaction with the fission/fusion machinery. Proceedings of the
National Academy of Sciences. 2008; 13;105(19):7070-5.

Narendra D, Tanaka A, Suen DF, Youle RJ. Parkin is recruited selectively to impaired

mitochondria and promotes their autophagy. The Journal of cell biology. 2008; 1;183(5):795-803.

15



38.

39.

40.

41.

42.

43.

44.

Maddison DC, Alfonso-Nufiez M, Swaih AM, Breda C, Campesan S, Allcock N, Straatman-
lwanowska A, Kyriacou CP, Giorgini F. A novel role for kynurenine 3-monooxygenase in
mitochondrial dynamics. PLoS Genetics. 2020; 10;16(11):e1009129.

Celardo I, Costa AC, Lehmann S, Jones C, Wood N, Mencacci NE, Mallucci GR, Loh SH, Martins
LM. Mitofusin-mediated ER stress triggers neurodegeneration in pinkl/parkin models of
Parkinson’s disease. Cell death & disease. 2016; 7(6):e2271-.

Zanon A, Kalvakuri S, Rakovic A, Foco L, Guida M, Schwienbacher C, Serafin A, Rudolph F,
Trilck M, Grunewald A, Stanslowsky N. SLP-2 interacts with Parkin in mitochondria and prevents
mitochondrial dysfunction in Parkin-deficient human iPSC-derived neurons and Drosophila.
Human Molecular Genetics. 2017; 1;26(13):2412-25.

Geisler S, Holmstrom KM, Skujat D, Fiesel FC, Rothfuss OC, Kahle PJ, Springer W.
PINK1/Parkin-mediated mitophagy is dependent on VDAC1l and p62/SQSTM1. Nature cell
biology. 2010; 12(2):119-31.

Matsuda N, Sato S, Shiba K, Okatsu K, Saisho K, Gautier CA, Sou YS, Saiki S, Kawajiri S, Sato
F, Kimura M. PINK1 stabilized by mitochondrial depolarization recruits Parkin to damaged
mitochondria and activates latent Parkin for mitophagy. Journal of Cell Biology. 2010;
19;189(2):211-21.

Tsai PI, Lin CH, Hsieh CH, Papakyrikos AM, Kim MJ, Napolioni V, Schoor C, Couthouis J, Wu
RM, Wszolek ZK, Winter D. PINK1 phosphorylates MIC60/Mitofilin to control structural plasticity
of mitochondrial crista junctions. Molecular cell. 2018; 1;69(5):744-56.

Regnstrom K, Yan J, Nguyen L, Callaway K, Yang Y, Diep L, Xing W, Adhikari A, Beroza P, Hom
RK, Riley B. Label Free Fragment Screening Using Surface Plasmon Resonance as a Tool for

Fragment Finding—Analyzing Parkin, a Difficult CNS Target. PLoS One. 2013; 5;8(7):e66879.

16



FIGURES AND LEGENDS

100 [} 2

90

80

10 e=Oregon-K
==park25/park25 untreated

-e-park25/park25 -0.6%ASH

60

50

40

% Survival

30
20

10

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Age post eclosion (days)

Figure 1: Ashwagandha-root extract supplementation enhances life span in park®®* homozygous

null mutants of Drosophila melanogaster.

Graph depicts: the percentage of survivorship of wild-type Oregon-K (control), homozygous
park®®untreated and park®®*flies supplemented with 0.6% w/v ASH-root extract. From day 1 to 7, the
effect of ASH was not prominent in the treated group but day 8 and later there was a significant increase
in the number of flies surviving on ASH supplement, when compared to its untreated fellow group. The
lifespan of ASH-root treated flies increased to 17 days from 15 days when compared to untreated group.

12% of untreated flies were still alive on day 15" unlike there were no survivors in the untreated group.
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Figure 2: Negative Geotaxis assay demonstrate ameliorativeteffect of Ashwagandha on motor

25/25

disfunction in homozygous park®™“Drosophila.

Graphical representation of mean number of flies reaching the top (8cm) of the assay tube within 10 sec,
in negative control (Oregon-K), positive, control (patk’”® untreated) and the 0.6% ASH-root extract
treated groups. The wild type Oregon=K. (control) did not show any decline in their climbing function
throughout the experiment . (the dayl data (blue bar) remains the same till g day). Mutant

#2ntreated flies showed adult onset of climbing disability from day 1 post eclosion. (61% at top)

park
and the progressive decline was observed each day when compared to control group. At 8" day, none of
the flies from the mutant untreated group could climb the assay tube (0%). Interestingly, in 0.6% ASH-root
extract treated. group, the flies showed significantly higher performance in their climbing function when
compared to untreated- mutant group (74% on day 1 and 38% on day 8). Bar graphs represent mean

values, errorbarsrepresentstandarderrorofthemean and asterisksindicatessignificantdillerencewith

a=**pP<.001 and b=**P< .01.
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Figure 3: Ashwagandha-root extract ameliorates motor :disfunction in heterozygous

25/+

park®™ "Drosophilaflies.

Graphical representation of mean number of flies reaching the top (8cm) of the assay tube within 10 sec,

*" untreated) and park®flies treated with 0.6%

in negative control (Oregon-K), positive'control (park
ASH-root extract. On day 1,.0.6% ASH-root extract treated flies showed statistically highly significant
improvement (100% climbing ability) in comparison to untreated group (77%). The progression of decline
in climbing ability in_untreated heterozygotes continued with age and complete decline in its climbing
function was observed at,19" day. The flies with 0.6% ASH-extract treatment retained their climbing

K**"*untreated flies. On 19" day,

function from day1 and were significantly improved when compared to par
untreated park25’ "heterozygotes stopped climbing; about 38% flies were able to reach the top of the assay
tube. “Line graph represents mean values, errorbarsrepresentstandarderrorofthemean and

asterisksindicatessignificantdilJerencewith ***P<.001.

19



