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ABSTRACT

Introduction: Withania somnifera, commonly known as Ashwagandha, is one of the most widely prescribed
plants in the Indian system of traditional medicine. Its roots are believed to impart comprehensive health bene-
fits supporting lifespan and healthspan through their anti-stress, immunomodulatory, and neuroprotective activ-
ity. Scientific validation of its claimed biological effects is warranted.

Methods: The nematode worm Caenorhabditis elegans was challenged with heat or certain neurotoxic/mitotoxic
chemical stressors, and worm activity (healthspan) was compared between W. somnifera root extract (WSRE)-
exposed and control worm populations through an automated worm tracker.

Results: Previous exposure of worms to WSRE conferred prophylactic benefit on them in the face of subsequent
challenge with rotenone, MnCl,, or levamisole. Worms pre-exposed to either of these toxins were able to recover
faster in the presence of WSRE. This extract was also able to reduce the susceptibility of wild-type worms to heat-
induced paralysis and that of transgenic worms to beta-amyloid-mediated paralysis.

Conclusions: W. somnifera root extract improved the ability of C. elegans to withstand and recover from multiple
stressors, consistent with its adaptogenic-like effects mentioned in traditional medicine. WSRE conferred protec-
tion on this worm against multiple stressors acting through different toxicological mechanisms. Our results sup-
port the candidature of W. somnifera roots as a potent nutraceutical. However, the underlying molecular targets
and pathways remain to be elucidated.
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Introduction

Stress is an integral part of life, and to combat various
types of stress, life forms have evolved different types of
stress responses. While certain stressors have an imme-
diate short-term effect, others may have a chronic effect
influencing quality of life over a longer period. While differ-
ent stressors have different modes of action, certain effects
are common in the target biological system, e.g., build-up
of reactive oxygen species, mitochondrial dysfunction, etc.
Latter is commonly associated with neurodegenerative dis-
eases (1) characterized by the progressive loss of neuronal
structure and function. Neurodegenerative diseases pose a
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significant challenge to public health worldwide, as they are
directly associated with deteriorated quality of life, particu-
larly in aged people. Since humans come into contact with
a diverse variety of stressors of physicochemical or biologi-
cal origin, finding broad-spectrum therapeutic formulations
which can protect against multiple stressors can be an attrac-
tive strategy. Developing therapeutic strategies to mitigate
the health-deteriorating effects of different stress types (e.g.
toxic chemicals, heat, etc.) remains a critical area of research.

Many plants in traditional medicine have been mentioned
to possess stress-alleviating properties. One such plant with
a strong standing in the Indian system of Medicine (Ayurved)
is Withania somnifera (L.) Dunal, commonly known as
Ashwagandha. In ancient medical literature, this plant is rec-
ognized as a “Rasayana”, which means an adaptogen that can
help the body cope with stress, anxiety and fatigue. Modern
literature has also indicated that W. somnifera roots pos-
sess immunomodulatory, neuroprotective, and antidepres-
sant activities (2). It is considered a potent nutraceutical (3).
Though W. somnifera is a relatively well-researched plant,
the addition of more evidence regarding its safety and ben-
eficial effects to the existing body of literature can help build
higher public confidence in it. At times, either due to adul-
teration or due to deviation from the traditionally prescribed
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method of use of a particular plant, regulatory agencies and
the public may grow suspicious even of the plants with a
long history of safe and efficacious usage. Such situations can
best be handled through rigorous, transparent research and
informed regulations to address safety concerns while pre-
serving the credibility and global acceptance of widely used
ayurvedic herbs like W. somnifera. Mainstreaming the use of
any herbal preparation for therapeutic or nutraceutical appli-
cations relies on demonstration of claimed biological activi-
ties in them through robust scientific assays (4).

Earlier, we had reported the beneficial effect of W. som-
nifera root extract on lifespan, healthspan, and fertility of the
model worm Caenorhabditis elegans (5). Now we report its
ability to protect this model worm upon being challenged
with heat or toxic chemicals. This nematode worm, in recent
years, has proved to be a useful model for stress biology
research owing to its conserved stress response pathways
and its ability to adapt to different stressors through epi-
genetic changes that offer protection against age-associated
decline (6). Confidence of the research community in the rel-
evance of this worm model for neurotoxicity testing is also
increasing (7).

Methods
Plant extract

The hydroalcoholic extract (LongeFera™; Batch no. PHPL/
RD/114/EXT-094-01) of W. somnifera root was supplied by
Phytoveda Pvt. Ltd., Mumbai. The roots of W. somnifera
were collected from the state of Madhya Pradesh in India
and were authenticated by a taxonomist at the Botanical
Survey of India, Jodhpur. The voucher specimen bearing ref-
erence code BSI/AZRC/1.12012/Tech/19-20/PI1.1d/671 was
also deposited there. The root material was first washed,
dried, and pulverized. Then the resulting powder was
extracted with ethanol: water (8:2 v/v) at 60°C. A powdered
form of this extract was then used for assay purposes. This
extract meets the relevant quality control requirements of
the United States Pharmacopeia (USP). Total withanolides
content in this extract was determined to be 2.69 + 0.02%.
Chromatographic fingerprint of this extract, along with the
concentration of major phytocompounds like withanosides
and withanolides, can be viewed as Figure S1 in our previous
publication (5) on the same extract at: Online.

For bioassay purposes, four grams of the extract powder
were suspended in 10 mL of sterile distilled water and kept
for shaking at ambient temperature for 30 mins. The insolu-
ble fraction from the aqueous suspension was removed by
centrifugation (7500 gm; 25°C; 10 mins). The soluble frac-
tion (supernatant) was passed through a 0.45 um syringe fil-
ter (Axiva), and the filtrate was stored in a sterile glass vial
(15 mL; Borosil) under refrigeration. Solubility of the extract
in water was calculated to be 69.77%.

Test organism

Except for the thermorecovery assay, all assays were per-
formed with the wild-type N2 Bristol strain of C. elegans pro-
cured from the Caenorhabditis Genetics Center (Minneapolis,
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USA). Strain CL4176, used for the thermorecovery assay, was
received as a gift from the Xavier’s Research Foundation,
Ahmedabad. This strain produces beta-amyloid peptide
(https://cgc.umn.edu/strain/CL4176) when the incubation
temperature is upshifted from 15°C to 35°C, and is relevant to
research on diseases involving neurodegeneration (8).

Lyophilized E. coli OP50 (Biovirid, Netherlands) was used
as food for C. elegans, while maintaining the worm on NGM
agar plates (Nematode Growing Medium). Worm synchroni-
zation was done as described in the literature (9). Prior to the
in vivo assays, worms were kept without food for two days to
make them gnotobiotic.

Chemical stressors

Chemical stressor used in this study included rote-
none (Merck; R8875), levamisole (Merck; T1512-2G),
nonanol (Merck; 157471000), ivermectin (Merck; 18898),
benzimidazole (HiMedia; GRM1105-25G), aluminum chlo-
ride (027073), manganese chloride (HiMedia; RM 685-500G),
paraquat (Merck; 1910-42-5), and hydrogen peroxide (Merck;
1.93408.0521). H,0, or paraquat were dissolved in water,
whereas rotenone, levamisole, ivermectin or benzimidazole
were dissolved in DMSO (Merck). Nonanol was added directly
into the assay wells containing worms in M9 buffer. Since AIC,
and MnCl, were getting precipitated in M9 buffer, for assays
involving them, worms were kept in distilled water. Additional
details on all these stressors are provided in Table 1.

Toxicity assays
Prophylactic assay

To assess the anti-stress or toxicity-alleviating potential of
the W. somnifera root extract, worms pre-incubated with the
test extract (600 ppm) were subsequently challenged with
various stressors (Table 1), and their survival was compared
with that of the control population (challenged with stress-
ors without any extract pre-exposure). While worm sur-
vival, morphology, and paralysis (if) induced by stress were
observed microscopically, overall activity at the population
level was quantified through an automated worm tracker
(WMicrotracker ARENA; Phylumtech, Argentina). The worm
tracker used for capturing worm activity was set at 23 °C,
and the acquisition lapse time was kept at 15 mins. Taking
‘worm activity’ as the readout allows indirect quantification
of worm health and behaviour, as mere survival is not neces-
sarily an indication of “good health”. Further, locomotion is
controlled by neuronal activity, and hence quantification of
worm motility (activity) offers a holistic measurement over
live-dead count. For these reasons, worm activity quantifi-
cation is gaining increasing acceptance as a major readout
among worm researchers (20-25).

Different types of stressors (e.g. mitotoxins, neurotoxins,
oxidizing agents, heat, etc.), at sub-lethal doses, were used
to induce stress in this worm. Appropriate dose(s) for each
of the stressors were determined beforehand by challenging
the worms with the stressor over a broad concentration range
(Fig. S1). We deliberately chose to use the extract-pre-treated
worms for these assays in order to avoid the simultaneous
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TABLE 1 - List of chemical stressors used in this study

Adaptogenic potential of W. somnifera root extract

Sr. Name of Type of toxin Effect on the worm Additional Remarks Reference
No. Chemical
1 Rotenone Mitotoxic and Inhibits mitochondrial complex |, Widely used to study the effects [10]
neurotoxic causes ATP depletion, and of mitochondrial dysfunction
dopaminergic neuron degeneration on dopaminergic neurons in the
context of Parkinson’s disease.
2 Paraquat Mitotoxic Induces mitochondrial dysfunction Exposure to paraquat in humans [11]
and dopaminergic neurodegeneration is associated with a higher risk of
developing neurological diseases
such as Parkinson’s.
3 Aluminum Neurotoxic Impairs neurotransmitter synthesis, Al [12]
chloride (AICI3) inducgs apoptotic neuronal death, exposure in humans is suggested
and disrupts central nervous system to be linked with dementia
homeostasis osteomalacia, and
microcytic anemia.
4 Manganese Neurotoxic and  Triggers dopaminergic neuron Accumulation of Mn in the brain [13,14]
Chloride (MnCI2)  mitotoxic degeneration and mitochondrial results in Manganism that presents
dysfunction with Parkinson’s disease (PD)-like
symptoms.
5 Ivermectin Anthelmintic Affects ligand-gated chloride channels  Useful for nematode motility [15,16]
studies
6 Benzimidazole Anthelmintic Disrupts microtubules in Used as a positive control in anti- [17]
neurons, disrupts locomotion and nematode assays
reproduction; detrimental effect on
oocytes; Disrupts processes requiring
integral microtubules
7 Nonanol Neurotoxin Triggers aversive olfactory behaviour  Used in assays for indirect [7]
assessment of dopamine levels
8 Levamisole Neurotoxic Targets nicotinic acetylcholine Used to treat roundworm [18]
receptors, causing neuromuscular infections in humans and
paralysis animals
9 Hydrogen Oxidant Generates oxidative stress Widely used to induce oxidative [19]
peroxide damage in cells or animal models

presence of toxin and the test extract in the assay well. This
guards against complications in result interpretation owing to
possible interaction of the extract with the stressor chemical.
While for having an empirical idea of dose-response pattern,
we did test WSRE at different concentrations over a limited
range of 250-750 ppm with respect to its beneficial effect
against two of the stressor chemicals, rotenone and levami-
sole (Fig. S2), concentration of the extract employed in this
study to be used in all reported experiments was also guided
by our previous study (5), wherein the test extract was found
to exert the optimum beneficial effect on worm healthspan
and lifespan at 600 ppm. We acknowledge the limitation
with this approach for the selection of the test concentration
in the face of the experimental context of this study being
somewhat different from our previous study.

Gnotobiotic worms were separated into two groups,
control and experimental. The experimental worm popula-
tion was incubated in 5 mL of M9 buffer supplemented with
W. somnifera root extract (600 ppm final concentration) for

48 h at 22 °C, while the control worm group was kept in liquid
media devoid of test formulation. The whole assay content
was housed in conical flasks (25 mL capacity). Intermittent
shaking was provided throughout the incubation for the sake
of homogeneity and to avoid settling of worms at the bottom.
After incubation, the content from each flask was transferred
into sterile centrifuge tubes (15 mL) and rotated at 1000 rpm
for 2 mins. The resulting pellet was mixed with fresh sterile
M9 buffer (5 mL) and again centrifuged. This washing step
was done twice to ensure removal of any surface-attached
residual extract from the experimental worm population.
Worms obtained at the end of the above processing were dis-
tributed in 24-well plates (HiMedia, Mumbai). Approximately
100 worms (L3-L4) were added per well. Then, a sub-lethal
concentration of the stressor chemical was added, and the
plates were incubated at 22 °C for five days. DMSO (0.5%v/v)
was employed as a vehicle control, wherever applicable.
Wells containing extract-pre-treated worms, not exposed to
any toxin, were also included in the assays.
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Recovery assay

Once the toxins were identified, to which worm sus-
ceptibility was reduced following previous exposure to
W. somnifera extract, with these toxins only, we conducted
an additional assay, wherein toxin-pre-exposed worms were
subsequently transferred into extract-supplemented media
to check whether this extract can support better recovery of
worms from the toxic shock. Gnotobiotic worms were sepa-
rated into two groups, control and experimental. The experi-
mental worm population was incubated in 5 mL of M9 buffer
supplemented with any one toxin for 3-5 h at 22 °C, while the
control worm group was kept in liquid media devoid of toxin.
The whole assay content was housed in conical flasks (25
mL capacity). Intermittent shaking was provided throughout
the incubation for the sake of homogeneity and to avoid set-
tling of worms at the bottom. After incubation, the content
from each flask was transferred into sterile centrifuge tubes
(15 mL) and rotated at 1000 rpm for 2 min. The resulting pel-
let was mixed with fresh sterile M9 buffer (5 mL) and again
centrifuged. This washing step was done twice to ensure
removal of any surface-attached toxin from the experimental
worm population. Worms obtained at the end of the above
processing were distributed in 24-well plates (HiMedia,
Mumbai). Approximately 100 worms (L3-L4) were added per
well. Then, W. somnifera root extract (600 ppm final concen-
tration) was added, and the plates were incubated at 22 °C
for five days. Wells containing toxin-pre-treated worms, sub-
sequently not exposed to W. somnifera, were also included
in the assay.

Since a single positive control compound can not be
recommended while working with different kinds of stress-
ors, we employed multiple compounds as positive controls,
which have been reported in the literature for their adapto-
genic potential. They included cortisol (26) (2 ppm; Merck),
dopamine (27) (5 mM; Samarth Life Sciences), ascorbic
acid/vitamin C (28) (250 pg/mL; Himedia), and caffeine (29)
(300 ppm; Merck).

Thermorecovery assay

For thermorecovery assay with wild type C. elegans,
approximately 100 worms (L3-L4) were added per well in a
24-well plate. Each well contained 1 mL of M9 media with
or without extract (600 ppm). These plates were kept first
at 37°C for 3 h to give heat shock, read in the worm tracker,
and then transferred into a 22°C incubator for five days.
Qualitative microscopic observation and automated motility
quantification was done on daily basis.

Thermorecovery assay was also done with the transgenic
worm strain CL4176, which expresses human amyloid-beta
protein in muscle cells, making it particularly sensitive to
heat-induced paralysis leading to death. Ten gnotobiotic
worms were placed on NGM agar supplemented with W,
somnifera extract (600 ppm), in 35 mm glass dishes. Soon
after placing the worms on agar, they were subjected to ther-
mal stress by transferring the agar plates to an incubator set
at 35°C for 4 h, followed by a recovery period at 22°C for 24
h. Control worms were treated in the same manner except
that the agar used for them did not contain the plant extract.
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Worm survival was assessed microscopically by monitoring
responses to mechanical stimuli, and the non-responsive
worms were recorded as dead.

Metabolic activity assay

Alamar Blue® assay was used to quantify the viability or
metabolic activity of the worms. One hundred pL of Alamar
Blue® (Thermofisher) was added into each well containing
approximately 100 worms in 900 pL of M9 media (with or
without appropriate concentration of toxin or extract), mak-
ing the total volume 1 mL, before incubation started. To
quantify the amount of dye reduced, on last day of the exper-
iment, content from wells was transferred into a separate
plastic vial (1.5 mL), followed by centrifugation (13,600 g at
25°C) for 10 min. Then, the supernatant was read at 570 nm
(Agilent Cary 60 UV-vis). Appropriate abiotic controls (con-
taining the dye and other media components but no worms)
were also included in the assay.

Statistics

All values reported (Mean + SEM) are derived from three
or more independent experiments, wherein each experi-
ment contained three replicates (unless specified otherwise).
Statistical significance was assessed using two-way ANOVA in
Microsoft Excel® (Version 2016), and data with p < 0.05 were
considered to be statistically significant.

Results and Discussion

Initially we challenged the extract-pre-exposed worms
with nine different toxins (Table-1), and identified three (rote-
none, MnCl,, and levamisole) of them to whom worm sus-
ceptibility was reduced owing to previous extract exposure.
Another assay, wherein toxin-pre-exposed worms were sub-
sequently incubated with the extract to investigate whether
extract can support faster recovery from the toxic shock,
was done only with those three toxins against which extract
was found in first assay (prophylactic assay) to be effective.
Results of both these assays with abovementioned three tox-
ins are presented in following text, while results with those
toxins against which extract did not offer any protection to
the worms are presented in Figure S3.

W. somnifera reduces worm’s susceptibility to rotenone

Worms pre-fed with WSRE experienced a delayed death
when challenged with rotenone (Figure 1A). While control
worms experienced a 2.73-fold (p < 0.0001) reduction in
their activity within first fifteen minutes of rotenone expo-
sure, extract-fed worms exhibited activity, statistically at
par, to the healthy worms (exposed neither to rotenone nor
extract) i.e. 2.04-fold (p = 0.0061) higher than the rotenone-
exposed worms. By the end of second day, when rotenone
caused 89% (9.32-fold; p = 0.0012) reduction in worm activ-
ity in control population, extract-fed worms registered 4.77-
fold (p = 0.0278) higher activity than rotenone-exposed
worms. Though ftill last day of the experiment, extract-fed
worms maintained higher activity, the absolute activ-
ity counts were quite low. On all days, dopamine-pre-fed
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worms showed activity higher than control worms in face of
rotenone challenge.

When toxin-pre-exposed worms were allowed to recover
in absence or presence of WSRE, the worm population in
presence of extract not only could recover faster from the
toxic shock, but also was able to display fertility. It should be
noted that presence of progenies does make a notable con-
tribution to the worm activity count. By end of the fourth day,
when toxin-pre-exposed worms showed almost half (53%;
p = 0.002) activity of that of control worms, those in wells
pertaining to WSRE or dopamine displayed better activity
(Figure 1B), bigger morphology as well as active reproduc-
tion. Cortisol took five days to support marginal (p = 0.0071)
recovery benefit to rotenone-pre-exposed worms. On day-2,
WSRE supported worm activity 1.93-fold (p = 0.0296) higher
than that supported by dopamine, and thereafter extract’s
effect was at par to that of dopamine.

Since rotenone is known to impair mitochondrial func-
tion, the observed protection offered by WSRE may involve
mechanisms related to maintenance of cellular or mito-
chondrial function; however, this possibility was not directly
investigated in the present study. As metabolic activity cap-
tured by quantifying reduction of certain dyes is a surrogate
for mitochondrial activity (30), we quantified the metabolic
activity/viability of worm population, incubated in presence
or absence of WSRE followed by subsequent incubation in
rotenone-supplemented media. Higher metabolic activity in
WSRE-pre-fed worms facing rotenone challenge confirmed
beneficial effect of this extract (Figure-2). As rotenone is

Adaptogenic potential of W. somnifera root extract

reported to inhibit mitochondrial complex |, trigger ATP
depletion, and dopaminergic neuron degeneration; WSRE’s
protective effect can be speculated to stem from its positive
effect on these very traits. As dopamine as well as WSRE both
conferred protection on worms against subsequent rotenone-
exposure, WSRE can be thought to have some dopamine-like
effect. However, to establish a dopamine-like mechanism of
action, the similarity between the effects of WSRE and dopa-
mine in this assay warrants deeper investigation.

W. somnifera reduces worm’s susceptibility to levamisole

When WSRE- or dopamine-pre-fed worms were sub-
sequently challenged with levamisole, they were able to
maintain a higher worm activity count than their control
counterpart with no prior exposure to extract or dopamine.
By third day, when levamisole-exposed worms had only 10%
activity of that of health control, worms in wells pertaining
to WSRE or dopamine exerted 3.77-fold (p = 0.0039) and
7.73-fold (p = 0.0031) higher activity than control (Figure 3A).
Though WSRE pre-feeding reduced worm’s susceptibility to
levamisole, it did not support worm activity at par to the
health control. Dopamine pre-fed worms could display activ-
ity at par to the toxin-non-exposed control worms.

When levamisole-pre-exposed worms were subse-
quently allowed to recover from the toxic-shock in presence
or absence of WSRE, this extract supported recovery faster
than dopamine. While WSRE allowed worms to recover and
register activity at par to the health control within 24 h, and

A
200+ © Worms incubated in M9 buffer
>€¢ Worms challenged with rotenone (3 uM)
1754 £ W. somnifera pre-treated worms challenged with rotenone
<> Dopamine pre-treated worms challenged with rotenone
150
E‘ 125+
>
b
E 1004
S
= 75+
50+
254
0 L) ] L] ) ) ] L)
Oh 15min 1h 3h S5h Day1 Day2 Day3 Day4 Day$5

B
3009 & Worms incubated in M9 buffer
>¢ Rotenone pre-treated worms incubated in M9 buffer
£ Rotenone pre-treated worms incubated with W. somnifera
250 57 Rotenone pre-treated worms incubated with cortisol (2 ppm)
<> Rotenone pre-treated worms incubated with dopamine (5 mM)
200+ P
2 /
s /
o
© 150+
E
S
=
100+
50+
0
- L] 1) L] /] L] Ll
0 1 2 3 4 5
Days

FIGURE 1. Protective effect of Withania somnifera against rotenone.

(A) Prophylactic effect. Worms were pre-fed for 48 h with WSRE, ascorbic acid, cortisol, or dopamine, followed by continuous exposure
to rotenone. Pre-feeding with either dopamine or WSRE noticeably reduced worm susceptibility to rotenone, supporting higher worm
activity compared to the rotenone control. See Supplementary Videos A1-A2 and B1-B3. (B) Recovery from toxic shock. Worms were
first exposed to rotenone for 5 h, and subsequently allowed to recover in presence of either the W. somnifera extract or positive control
compounds. WSRE and dopamine, both supported worm recovery from toxic shock, and also supported progeny production on day four,
whereas cortisol treatment resulted in a moderate increase in activity (only on 5" day), lower than that observed with WSRE or dopamine.
See Supplementary Videos A3-A4 and C1-C5.

For clarity of presentation, lines pertaining to compounds (cortisol or ascorbic acid) showing no activity, which were running parallel to the
rotenone control, are not shown in these graphs, so as to reduce visual crowding. WSRE: Withania somnifera root extract.
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FIGURE 2 - WSRE-pre-fed
worms display better metabo-
lic activity in face of rotenone
challenge.

%* %k

Alamar Blue® assay was perfor-
med on fifth day to capture me-
1 tabolic activity of worms. The
OD570 values correspond to the
amount of dye reduced by me-
- tabolically active worms. WSRE-
pre-fed worms displayed higher
* %k % activity than their counterparts

facing or not-facing rotenone
I challenge. *p <0.05, **p <0.01,
***p <0.001
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FIGURE 3 - Protective effect of Withania somnifera against levamisole.

(A) Prophylactic effect. Worms were pre-fed for 48 h with WSRE, ascorbic acid, cortisol, or dopamine, followed by continuous exposure to
levamisole. Pre-feeding with either dopamine or WSRE noticeably reduced worm susceptibility to levamisole, supporting higher worm acti-
vity compared to the levamisole control. See Supplementary Videos D1-D5. This assay was also done with lower levamisole concentrations
(25-50 uM), wherein extract-pre-exposure did support faster recovery, however worms were also able to recover on their own over a lon-
ger period of time (Figure S4A). (B) Recovery from toxic shock. Worms were first exposed to levamisole for 5 h, and subsequently allowed
to recover in presence of either the WSRE or positive control compounds. WSRE and dopamine, both supported worm recovery from toxic
shock, and also supported progeny production on day four onward. See Supplementary Videos E1-E5.

For clarity of presentation, lines pertaining to compounds (cortisol or ascorbic acid) showing no activity, which were running parallel to the
levamisole control, are not shown in these graphs, so as to reduce visual crowding. WSRE: Withania somnifera root extract.
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even surpass (2.09-foldN; p = 0.0423) the health control by
48 h, it took 72 h for dopamine to do so (Figure 3B). At the
end of second day, worm activity in WSRE wells was 2.94-
fold (p = 0.0017) higher than dopamine wells. Toxin-pre-
exposed worms in presence of WSRE or dopamine were not
only able to recover from the toxic shock, but they could
also display fertility, more so in case of dopamine, which
contributed to much higher activity counts in dopamine
wells on fifth day.

W. somnifera reduces worm’s susceptibility to MnCl,

While control worms lost 65% of activity owing to MnCl,
exposure within 15 min, WSRE- pre-fed worms remained
unaffected (Figure 4A). While at 3 h end-point post-toxin
exposure, WSRE-pre-fed worms maintained activity higher
(p = 0.0380) than even the health control; at 5 h end-point,
their activity was at par to the health control. While worm
activity was almost completely lost in control wells pertain-
ing to MnCl, by end of first day, wells pertaining to WSRE or
dopamine pre-exposure still retained measurable activity. By
end of fifth day, both, extract- or dopamine- pre-fed worms
registered activity at par to those in health control even in
face of continuous presence of MnCL.

When MnCl -pre-exposed worms were subsequently
allowed to recover in MnCl -free media supplemented with
either WSRE or cortisol or dopamine, their recovery was
already started by the end of day one (Figure 4B). Till day
three, WSRE supported recovery better (p = 0.0045) than

Adaptogenic potential of W. somnifera root extract

that supported by dopamine. WSRE restored worm activity
to a level at par with the health control. While cortisol also
supported worm recovery from MnCl, shock, and its per-
formance was at par to dopamine ftill day three, fourth day
onward dopamine-containing wells registered higher worm
activity, which in part stemmed from the progenies.

Worms recover faster from heat shock in presence
of WSRE

When wild type worms were challenged with a 3 h heat
shock at 37°C in presence or absence of WSRE, and then
allowed to recover at 22°C, those in presence of the extract
showed faster recovery (Figure 5A). None of the chemicals
tried as positive control could support worm recovery from
heat shock. While WSRE allowed recovery to start from day
two onward, by the end of day five, worm activity in WSRE
wells was at par to health control, despite appearance of
progenies in WSRE wells.

The beta-amyloid expressing transgenic strain CL4176
was also able to exert faster recovery from heat-induced
paralysis in presence of WSRE (Figure 5B). Extract’s effect was
at par to caffeine (Merck), which was used as positive control
(29). This transgenic strain is widely used as a model for neu-
rodegeneration characteristic of Alzheimer’s Disease (31).

Faster recovery of wild type or transgenic worms from
heat shock in presence of WSRE should be viewed in light of
the fact that thermosensation and behavioural or locomotory
responses to temperature fluctuation in C. elegans are not
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FIGURE 4. Protective effect of Withania somnifera against MnCl,.

(A) Prophylactic effect. Worms were pre-fed for 48 h with WSRE, ascorbic acid, cortisol, or dopamine, followed by continuous exposure
to MnCl,. Pre-feeding with either dopamine or WSRE noticeably reduced worm susceptibility to MnCl,, supporting higher worm activity
compared to the MnCl, control. See Supplementary Videos F1-F5. This assay was also done with higher MnCl, concentration (1 mM), whe-
rein extract pre-exposure was able to confer protective effect for lesser duration (Figure S4B). (B) Recovery from toxic shock. Worms were
first exposed to MnCl, for 3 h, and subsequently allowed to recover in presence of either the WSRE or positive control compounds. WSRE
and dopamine, both supported worm recovery from toxic shock. Latter also supported progeny production day four onward. Cortisol also
supported moderate recovery, though lower than that observed with WSRE or dopamine. See Supplementary Videos G1-G5.

For clarity of presentation, lines pertaining to compounds (cortisol or ascorbic acid) showing no activity, which were running parallel to the
MnCl, control, are not shown in these graphs, so as to reduce visual crowding. WSRE: Withania somnifera root extract.
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FIGURE 5. - Withania somnifera supports Caenorhabditis elegans in recovering from heat shock.

(A) Wild-type worms suspended in liquid media with or without WSRE were first subjected to heat shock (37°C for 3 h), and subsequently
allowed to recover at 22°C. Worms incubated in presence of WSRE could recover, and displayed higher activity compared to the heat-sho-
cked control worm population. WSRE also allowed the recovering worms to express their fertility. See Supplementary Videos H1-H6. Lines
pertaining to dopamine, ascorbic acid, and cortisol are not shown as they did not support worm recovery from heat shock. (B) Transgenic
worms (CL4176) expressing heat-induced beta-amyloid mediated paralysis were subjected to heat shock (35°C for 4 h) on NGM agar with or
without WSRE. Then recovery from heat shock was allowed at 22°C. Worms in presence of WSRE displayed 84 + 7.07% (p = 0.007) recovery
at 3 h end-point post-heat shock. Caffeine was used as positive control, which supported 63.20 + 15.30% (p = 0.01) recovery from paralysis.
See Supplementary Videos I11-15. By 24 h time-point, all worms irrespective of WSRE-exposure were able to recover fully from heat-shock.
Results shown in both these graphs were derived from two independent experiments, each with three replicates. WSRE: Withania somni-

fera root extract.

solely physiological in nature, but also a function of neuro-
genetic plasticity (32). It is a neural decision to stop locomo-
tion while facing limits of thermal tolerance, in addition to
physiological limits of high temperature stress on locomotory
activity. Since the thermal performance of C. elegans is sensi-
tive to genetic perturbations of behavioural decision-making
as well as physiological limits, WSRE’s protective activity in face
of thermal challenge may be considered a clue to its wide spec-
trum of beneficial activities including neuroprotective. Though
no direct conclusions regarding neuroprotection can be drawn
from the present data, WSRE’s protective activity against ther-
mal challenge suggests a broader stress-mitigating effect.

This study has found WSRE to offer protection to worms
challenged with three different toxins—rotenone, MnCl,,
and levamisole. Though we did not perform any mechanis-
tic assays, based on known modes of action of these toxins,
it may be speculated that WSRE has neuroprotective as well
as mitoprotective activity. Rotenone (33) and MnCl, (14) are
known neurotoxins, which can trigger mitochondrial dys-
function as well as degeneration of dopaminergic neurons
(34,35), conditions which are considered among hallmarks
of neurodegenerative diseases like Parkinson’s disease (36).

Levamisole induces neuromuscular paralysis by interfering
with acetylcholine neurotransmission (37). Since levamisole
is believed to act on multiple receptors, with multiple genes
being responsible for coding receptor ion-channels, and the
target sites are pharmacologically diverse (38), WSRE may be
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believed to be offering protection against this toxin by display-
ing a multiplicity of targets in worms, which is expected from
any natural product containing multiple active ingredients.

WSRE’s protective effect against MnCl,-induced toxic-
ity becomes more relevant in light of the fact that environ-
mental exposure to manganese is among the risk factors for
the occurrence of Parkinson’s disease. Manganism, a dis-
ease with characteristic degeneration of dopamine neurons,
has clinical manifestations similar to Parkinson’s disease.
Dopamine-like effect of WSRE on MnCl_-challenged worms
can partly be explained by the observation that dopamine
influences the sensitivity to manganese-induced neurotoxic-
ity in C. elegans (39).

Results of the present study supporting the claims of
adaptogenic/anti-stress potential of WSRE corroborate well
with earlier such studies conducted in different model organ-
isms or with human volunteers. For example, Salve et al. (40)
reported adaptogenic and anxiolytic effects of ashwagandha
root extract in healthy adults at 250-600 mg/day. Lopresti
et al. (41) reported stress-relieving effect of WSRE at 240 mg/
day in human adults. Manjunath and Muralidhara (42) found
WSRE to markedly offset rotenone-induced locomotor defi-
cits, oxidative impairments and neurotoxicity in Drosophila
melanogaster.

As WSRE-exposure enhanced worm’s capacity to with-
stand subsequent constant presence of toxins, as well as,
their capacity to recover from toxic shock induced by some
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of the test toxins, and heat-shock too, WSRE’s anti-stress
spectrum can be said to be fairly wide (Figure 6). Further,
WSRE also displayed protective potential against beta-
amyloid peptide toxicity in transgenic worm. It should also
be noted that in our experimental set-up, the worms used
were gnotobiotic and were not provided any bacterial food
during assay to avoid any possible confounding effect of
worm microbiota on results. That means the worms were
under an additional stress of restricted nutrient availability.
WSRE’s beneficial effect should be appreciated in context of
this dual stress i.e. stressor-challenge in oligotrophic condi-
tions. This extract was found to retain its positive effect on
worm healthspan even after refrigerated storage of thirteen
months (Figure S5). Its broad protective spectrum is not sur-
prising given it being a natural product with multiple ingre-
dients, quite a few of them may act as active principles. Our
results support the nutraceutical candidature of W. som-
nifera root extracts, and the need for further investigation
into the molecular mechanisms associated with its biologi-
cal activities, and dose-response relationship over a broad
concentration range of the extract.

Limitations

(1) Initial screening of WSRE before determining 600 ppm
as its most effective concentration was performed only at
four different concentrations over a narrow range of 250-750
ppm. (2) Dose-response investigation was done only with two
of the stressor chemicals. (3) While worm activity/ motility
is a useful indicator of ‘healthspan’ of worms at population
level, it is an indirect measure, and consensus on defining
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‘healthspan’ of C. elegans is yet to be built among the com-
munity of worm researchers. (4) No mechanistic or molecu-
lar investigations were made as part of this study to further
strengthen the reported phenotypic observations.
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