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Background: Stress is the psychological, physiological, and behavioral response of an individual’s body when they perceive a lack of 
equilibrium between the demands placed upon them and their ability to meet those demands. Adaptogens are herbs that help with 
stress management, and Ashwagandha is one such safe and effective adaptogen.
Objective: We evaluated the anti-neuroinflammatory potential of Ashwagandha sustained-release formulation (AshwaSR) by 
estimating the in vitro expression of pro-inflammatory cytokines, and its efficacy on anxiety and depression in an in vivo study.
Methods: Our in vitro study investigated the anti-inflammatory potential of AshwaSR by estimating the expression of tumour 
necrosis factor [TNF]-α and interleukin [IL]-1β levels in LPS-induced THP-1 human monocytes, and the antioxidant effects by its 
potential to inhibit the superoxide [SO] generation in PMA-induced HL-60 human monocytic cells. The in vivo study assessed the 
efficacy of AshwaSR on chronic unpredictable stress (CUS)-induced comorbid anxiety and depression in Sprague Dawley rats. 
Antidepressant and anxiolytic effects of AshwaSR were evaluated by open field test (OFT), elevated plus maze (EPM), forced swim 
test (FST), and Morris water maze (MWM) test.
Results: AshwaSR inhibited TNF-α, IL-1β and superoxide production in a dose-dependent manner in the in vitro study. The in vivo 
CUS model induced depression-like and anxiety-like behaviour. Treatments with AshwaSR and escitalopram showed improvement in 
the EPM and MWM models compared to the CUS-group.
Conclusion: In vitro study demonstrated that AshwaSR inhibits expressions of pro-inflammatory cytokines, IL-1β and TNF-α, and 
superoxide production. Further, the in vivo study confirmed its anxiolytic and stress-relieving effects in the CUS model that confirmed 
AshwaSR’s potential in managing stress and stress-related symptoms.
Keywords: Withania somnifera, antidepressant, anxiolytic stress, CUS model, anti-inflammatory, antioxidant

Introduction
Any change that causes physical, emotional, or psychological burden can be termed as stress. While stress can be both positive 
and pro-adaptive and forms a part of everyone’s life, chronic stress is often associated with unfavorable outcomes.1 Long-term 
exposure to stressful events or surroundings is detrimental to mental health, and it poses as a risk factor for many neuropsychiatric 
diseases such as depression, mood swings, and anxiety.2–4 Large population-based studies have revealed that approximately 35% 
of people in the general population experience anxiety-related symptoms in their lifetime.5,6 Similarly, developing depression is 
worrisome, and the World Health Organization (WHO) identified depression to be the leading cause of disability.7 Notably, 
stress-related disorders can significantly affect the quality of life of people across all age groups.8

Evidence from research studies shows that the central nervous system (CNS) and the immune system respond to 
physiological and psychological stressors through multiple pathways which result in by result in accentuated expression 
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of the inflammatory mediators, ie, the pro-inflammatory cytokines. The immune system further responds to these 
stressors and communicates with the CNS that results in elevated pro-inflammatory cytokine levels.9,10

The primary management of stress-related disorders includes pharmacotherapies and psychological interventions, 
which are expensive and have a narrow therapeutic margin. In contrast, natural products are more affordable and less 
likely to cause side effects when administered at the recommended doses. Current global trend for the widespread use of 
complementary and alternative medicine is observed.11 In fact, several studies have identified a considerable number of 
individuals who prefer to use these therapies to manage their symptoms of depression and anxiety.12

Ashwagandha or Withania somnifera (L.) Dunal, a small, wood-like xerophytic plant, is primarily grown in the Asian 
regions including India, Afghanistan, Baluchistan, Sind, as well as in the Mediterranean regions. Ashwagandha has been used 
for more than 3000 years in Ayurvedic medicine as a “Rasayana” or as an adaptogen. It is mentioned to exert diverse 
pharmacological actions such as antioxidant, neuroprotective, anticancer, cardioprotective, thyroid modulating, immunomo-
dulating, antimicrobial, and anti-inflammatory, activities.13 Research has identified some bioactive constituents which include 
withanolides, sitoindosides, glycowithanolides, and other phytochemicals which contribute to therapeutic activities of the 
herb.14 Their therapeutic implications for neurodegenerative diseases have also been documented.15–17 Considering its 
tremendous physical and mental health benefits, the WHO monographs have included Ashwagandha on their list of selected 
medicinal plants.18

Recent studies have shown the potential of Ashwagandha against neuroinflammation by estimating the expression of pro- 
inflammatory cytokines (tumor necrosis factor [TNF]-α, interleukin [IL]-1β, and IL-6).19,20 Additionally, various in vitro and 
in vivo studies as well as clinical studies have explored the efficacy of Ashwagandha in alleviating chronic stress 
symptoms.21–26 However, most of these studies have reported the use of twice-daily doses of standard immediate-release 
ashwagandha formulations.

We developed a sustained-release (SR) formulation of Ashwagandha, ProlanzaTM (Ashwagandha root extract SR capsules 
300 mg containing 15 mg withanolides; AshwaSR; Nutriventia Limited, Mumbai, Maharashtra, India, and Laila nutraceu-
ticals, Vijayawada, Andhra Pradesh, India) that intended to provide superior bioavailability of its active constituents – viz., 
withanolides, thereby maximizing its therapeutic effect for longer periods after administering a single daily dose. Thus, the SR 
formulation offers the advantage of single daily dosing that ultimately results in better compliance.27 For this study, our 
botanist Dr. K. N. Reddy identified the plant (Withania Somnifera (L) Dunal), and deposited a voucher specimen in the Laila 
Nutraceuticals Herbarium bearing the specimen number 6852. We designed an in vitro study to evaluate the anti-inflammatory 
activity of AshwaSR on [TNF]-α, [IL]-1β and SO. Based on the positive results from the in vitro study, we developed an 
in vivo study to investigate efficacy of AshwaSR in chronic unpredictable stress-induced comorbid depression and anxiety 
using various behavioral assays. No additional approvals were required to conduct preclinical research with plant material, in 
accordance with institutional/local regulations.

Materials and Methods
Preclinical Pharmacokinetic Data of AshwaSR
Our unpublished data from preclinical pharmacokinetic study evaluated pharmacokinetics of withanolides (12-deoxy 
withastromonolide, withanolide A and total withanolides) in AshwaSR with two commercially marketed immediate- 
release (IR) formulations in male Sprague Dawley rats who were administered the formulations at dose equivalent to 
50mg/kg of total withanolides once daily. AshwaSR contains brown to dark brown colour of Ashwagandha Root Extract 
granules SR (total withanolides concentration: Not Less Than 4% by HPLC modified USP method). Blood samples per 
specified time points were collected from pre dose till 24 hr. We found that relative bioavailability of withanolides was 
higher for AshwaSR in terms of exposure (Area Under Curve), peak plasma concentration (Cmax), and time to reach 
maximum concentration (Tmax) compared to IR formulations. Among the withanolides evaluated, 12 deoxy with-
astromonolide showed the highest exposure in all formulations. The improved PK profile of withanolides in our new 
formulation, AshwaSR, is probably due to improved dispersibility and solubility as compared to the commercial IR 
formulations. As the PK behavior of withanolides can be markedly altered by changes in formulation, we chose SR 
formulation as it provided better bioavailability. For the present investigation, we used AshwaSR pellets, which were 
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encapsulated based on the animals’ body weights. The calculated quantity of pellets (100 mg/kg body weight) was 
encapsulated and dosed using mini-capsule applicator (9el; Torpac, USA) and gavaged to the rats.

In vitro Experimental Study
Inhibition of IL-1β Production
For in vitro studies, known quantity of test product samples were dissolved in DMSO, diluted serially and applied to the test 
system to achieve different concentrations. The final concentration of dimethyl sulfoxide (DMSO) in the test system was 
0.2%. The inhibition of IL-1β production by AshwaSR was determined by lipopolysaccharide (LPS)-induced THP-1 (ATCC, 
Cat# TIB-202, Manassas, VA, USA) human monocytes. Briefly, THP-1 cells were harvested on RPMI (Sigma Cat# R8005- 
10X1L) supplemented with 10% Fetal Bovine Serum (FBS; ATCC Cat# 30–2020 and 10mM Sodium Pyruvate, Sigma Cat# 
P3662-25G). We added equal number of THP-1 cells (125000 cells in 200µL) to every well of the 96-well flat bottom culture 
plate. Differentiation was initiated by treating the cells with 20 nM of phorbol 12-myristate 13-acetate (PMA; Sigma Cat# 
79346, St. Louis, MO, USA), and the plate was incubated for an additional 48 h at 37°C in a CO2 incubator. The cells were 
washed with Dulbecco’s Modified Eagle medium (DMEM, Sigma Cat# D5648-10X1L, St. Louis, MO, USA) twice which 
was then supplemented with 10% newborn calf serum (Gibco, Cat#16010159, Waltham, MA, USA), and pretreated with 
various concentrations (2.5, 5, 10, 25, 50 µg/mL) of AshwaSR (ARE; LOTNO# N03622000) or positive control: Z-VAD 
(OMe)-FMK (either 1 or 10 µM), Calbiochem (Cat# 627610 Rahway, NJ, USA) for 1 h. The cells were then treated with an 
inducer, 100 ng/mL LPS (Sigma Cat# L6529-1MG, St. Louis, MO, USA) except for the vehicle control (cells+0.2% DMSO) 
and were incubated further for 4 h at 37°C in a CO2 incubator. After 4 h, the culture plate was centrifuged at 270×g for 5 min, 
and the cell-free supernatant (125 µL) was collected and stored at −80°C. These were then analyzed for IL-1β by ELISA 
(Human IL-1β Duoset ELISA; R&D Systems, Cat# DY201 MN, USA).

Inhibition of TNF-α Production
The THP-1 cells (ATCC, Cat# TIB-202, Manassas, VA, USA; 125,000 cells/well) were plated in every well of the 96-well flat 
bottom culture plate using the DMEM medium without phenol red (Sigma Cat# D5648-10X1L, St. Louis, MO, USA), 
supplemented with 1% FBS. Cells were pretreated with varying concentrations (1, 2.5, 7.5 and 10 µg/mL) of the test 
compounds for 2 h (incubated at 37°C in a CO2 incubator [pretreatment]). Independently, the cells were also treated with 
different concentrations (1, 5 or 10µM) of U0126 (Sigma Cat# 19–147, St. Louis, MO, USA) that was referenced as the 
positive control for TNF-α inhibition. Thereafter, all cells except for the vehicle control (cells+0.2%DMSO) were treated with 
an inducer, LPS (100 ng/mL), and incubated in a CO2 incubator for 4 h at 37°C. The culture plate was then centrifuged (270×g) 
for 10 min and cell-free supernatants (125 µL) were collected and stored at −80°C. We then analyzed the supernatants for 
TNF-α by ELISA (Human TNF-α Duoset ELISA; R&D Systems, Cat # DY210, MN, USA).

Inhibition of Superoxide Generation
The inhibition of superoxide production by AshwaSR was evaluated in phorbol 12- myristate 13- acetate (PMA)-induced HL- 
60 (ATCC, Cat# CCL-240, Manassas, VA, USA) human monocytic cells. These HL-60 cells were washed with Hank’s 
Balanced Salt Solution (HBSS) once and were then taken into 50 mL falcon tubes. Lucigenin (working concentration 200μM) 
was added to the falcon tube and 50000 cells/well were added in a 96-well white plate (Corning, Cat# 3917, Somerville, MA, 
USA). The cells were immediately stimulated with 100nM PMA, either in the absence or presence of varying concentrations 
(1, 2.5, 5, 7.5, and 10 µg/mL) of AshwaSR or 1, 2.5, 5, 10 and 20 µg/mL of the positive control (green tea extract, obtained 
from the internal phytochemistry department). A spectrophotometer (Enspire Multimode Reader, Perkin Elmer) was set in the 
kinetic mode and the relative luminescence was measured up to 1 hour.

In vivo Experimental Procedure
Based on the findings of in vitro studies, in vivo study was designed with the aim to evaluate the efficacy of AshwaSR on 
chronic unpredictable stress (CUS)-induced comorbid depression and anxiety using various behavioral assays in Sprague 
Dawley rats.
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Study Design
All animals were acclimatized for six days prior to enrollment in the study and were examined for clinical signs. They 
were reported to be free from physiological and clinical abnormalities during this period.

We selected 28 healthy rats from an acclimatized colony of 32 and randomized them based on their body weight into four 
groups of seven animals as follows: control animals (CL-group), CUS-induced animals (CUS-group), AshwaSR treated CUS- 
induced animals (AshwaSR-group), and escitalopram treated CUS-induced animals (ESC-group). Individual animal body 
weights were recorded on the day of dosing and dose volume was calculated based on the body weight of each rat.

A full dose of Ashwagandha for humans would be between 1000 and 1500 milligrams per day of extract. By 
translating the human dose to the rat dose, we arrived at the 100 mg dose of AshwaSR (containing NLT 5% with-
anolides). Animals in the CL-group and CUS-group were administered 0.5% CMC-Na orally. The AshwaSR pellets were 
filled into mini-capsules by using capsule filling equipment and orally administered to the animals. AshwaSR was 
encapsulated in Torpac’s size 9 gelatin capsules and administered orally using TORPAC9el dosing syringe. Torpac’s 
capsules of size 9 provide a convenient method for orally dosing laboratory rats. Such dosing is similar to hard gelatin 
capsules in clinical setting.28 Animals in the ESC-group received escitalopram orally at a dose of 20mg/kg/body weight. 
All animals were dosed with either vehicle, test item, or reference standard once daily until day 35. All animals except 
those in the CL-group underwent various predefined paradigms of chronic unpredictable stress as shown in Table 1.

All the animals were evaluated for the following parameters:

Body Weight
The body weight of animals was recorded prior initiating treatment and was followed on a weekly basis (on days 1, 8, 15, 
22, 29, and 35), and on the termination day of the experiment (day 36) for organ weight compilation.

Open Field Test (OFT)
This test intends to estimate the locomotor activity and willingness to explore majorly in rodents later explored in various other 
animals.29 This test also readily helps to investigate different pharmacological compounds for anxiolytic or anxiogenic 
effects.30 The open field test (OFT) apparatus (100 X 100×37 cm) used in this study was a square platform made of 

Table 1 Experimental Schedule for the Chronic Unpredictable Stress Procedure

W/D Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Week 1 Noise 1hr Food deprivation 
(6h during dark)

Inversion of 
light and dark 

cycle

5 min cold 
water swim

4h 
Stroboscope

Restrain 4h wet 
bedding

Week 2 Food 

deprivation (6h 

during dark)

Inversion of light 

and dark cycle

5 min cold 

water swim

4 

h Stroboscope

Restrain 4h wet bedding Noise 1hr

Week 3 Inversion of 

light and dark 
cycle

5 min cold water 

swim

4h 

Stroboscope

Restrain 4h wet 

bedding

Noise 1hr Food 

deprivation 
(6h during 

dark)

Week 4 5 min cold 

water swim

Restrain 4H wet 

bedding

4 

h Stroboscope

Food 

deprivation 
(6h during 

dark)

Noise 1 hr Inversion of 

light and dark 
cycle

Week 5 OFT, EPM, 

Restrain

MWM, Food 

deprivation (6hr 

during dark)

MWM, 4 

hStroboscope

MWM, 4H 

wet bedding

MWM, Noise 

1hr

MWM (Probe 

trail), 5 min cold 

water swim

FST, blood 

collection

Abbreviations: MWM, Morris water test; OFT, open field test; EPM, elevated plus maze test; FST, forced swim test.
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polypropylene, with black lines dividing the platform’s bottom into 12 equal squares. The animals were left alone in the Open 
Field’s center for 10 minutes to explore it freely.31 Resting time, moving time, distance travelled, fecal pellet count and 
additional number of entries in the center zone were recorded for 10 min on day 29.

Elevated Plus Maze (EPM)
The elevated plus maze (EPM) is a broadly used behavioral assay for rodents. It is validated to assess any 
anxiolytic activity of pharmacological agents, and to define the underlying mechanisms of the anxiety-related 
behavior of animals. In this test, each animal is put inside a plus sign-shaped device that had two uniformly sized 
one open and two closed arms and was raised 50 centimeters from the floor.31 We can simultaneously determine 
the anti-anxiety behavior (increased open arm time and/or open arm entries) by measuring the spontaneous motor 
activity (total and/or closed arm entries).32 The number of times any animal entered with open and closed arms 
with all four paws, and the time spent in open arms were recorded for 5 min on day 29.

Forced Swim Test (FST)
The forced swim test (FST) is a rodent behavioral test. It helps evaluate the antidepressant efficacy of new compounds, 
and the experimental manipulations which render or prevent depressive-like states.33 The FST exposes animals to stress 
that plays an important role in the tendency of developing major depression.34 For this study, each animal was placed for 
6 min in a transparent, inescapable cylindrical tank (50 cm depth × 20 cm height) filled with water.31 We recorded the 
activity of each rat using the SMART® video tracking system (version 2.5). The durations of mobility (moving time) and 
immobility (resting time) in seconds were scored on day 35.

Morris Water Maze (MWM)
The Morris water maze (MWM) assesses spatial or place learning for rodents. It is a robust and reliable test which 
strongly correlates with N-methyl-D-aspartic acid (NMDA) receptor function and hippocampal synaptic 
plasticity.35 This test utilizes a rat’s natural ability to swim without undergoing any major distress despite the 
fact that this task induces a significant stress response.36 Accordingly, in this study, the rats were placed in 
a circular pool (170 cm diameter), which was filled with water in a dimly lit room. We placed spatial cues in the 
walls around the pool (square, cross, triangle, and in stripes). We divided the pool into four imaginary quadrants, 
and in one of these quadrants, we placed a hidden transparent platform.37 We collected the data using a fixed 
camera that was placed on the ceiling and connected to the SMART® video tracking system on days 30 to 34.

Acquisition Trial
In this experiment, rats were exposed to acquisition trials for 4 days (day 30 to 33), followed by one probe trial on day 5 (day 
34, ie, the day after the acquisition trial was complete). The rats were then lowered gently, feet first into the water and were 
then allowed to swim for 1 minute (60 seconds) to find the hidden platform. If they could successfully find the platform under 
1 minute (60 seconds), the trial was stopped and the rat was allowed to stay on the platform for 30 seconds before being 
removed from the maze. Each rat was subjected to 4 trials from four different starting points in a day. The maze contains 8 
starting points. On days 1 and 3 of the experiment (days 30 and 32), the rats were placed on 1st, 3rd, 5th and 7th starting 
points, and on days 2 and 4 (days 31 and 33), they were placed from 2nd, 4th, 6th and 8th starting points. Target latency (time 
to reach the escape platform in ms), and the distance travelled were measured in acquisition trials for 4 days (days 30 to 33).

Probe Trial
We assessed memory retention on day 5. For assessing the retention of memory of animals, we removed the hidden 
platform from the pool and each animal received a single 2-minutes probe trial. We measured the target latency (time to 
reach the escape platform location in ms), number of crossings in the target quadrant, and the time spent in the target 
quadrant on day 5 (day 34).
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Serum Corticosterone Estimation
Blood samples were collected on day 35 via retro-orbital puncture under mild isoflurane anesthesia using a capillary tube. 
Serum was separated by centrifuging the blood at 1500 xg for 10 minutes at 4°C and was stored at −80°C, and 
Corticosterone (DRG International, Cat# EIA-4164) was estimated as per the manufacturer’s instructions.

Organ Index
On the day of the study termination (day 36), all rats were euthanized by CO2 asphyxiation in a euthanasia chamber and 
their brains, thymus, and adrenals were excised, weighed and stored at −80°C until further use.

Statistical Analysis
Descriptive statistics was used, and we expressed the data as mean±SD/SEM. We analyzed the data using one-way 
ANOVA followed by Dunnett’s test way or two-way ANOVA followed by the Bonferroni test to compare all treatment 
groups with the CUS control. A p value of <0.05 was considered to be statistically significant. We computed the data 
using GraphPad Prism v5.01 (GraphPad Software, Inc., CA; USA).

Results
In vitro Studies
AshwaSR showed dose-dependent inhibition of IL-1β and TNF-α production from the LPS-induced THP-1 human 
monocytes at the tested treatment concentrations (Figures 1 and 2). The IC50 concentration required for 50% inhibition of 
TNF-α production was found to be 8.98±0.03 μg/mL for AshwaSR. Similarly, AshwaSR also inhibited superoxide 
generation in a dose-dependent manner in PMA-induced HL-60 human monocytic cells (Figure 3).

In vivo Study
Body Weight and Organ Index
We did not observe any statistically significant difference across the groups compared to the CL-group. However, 
a consistent upward trend in body weight was observed in the CUS-group animals compared to CL-group animals on day 
15, 22 and 29 (Supplementary Figure 1). No significant difference was observed in the collected organ index, ie, brain, 
thymus and adrenal indices across the groups when compared with CL-group (Supplementary Table 1).

Open Field Test
We observed a decrease in resting time and an increase in the moving time in the CUS-group compared to the CL-group. 
Compared to the CUS-group, we observed a 27.74% increase in the resting time, 10.46% decrease in the moving time in 
the AshwaSR-group, and 36.35% increase in the resting time and 13.71% reduction in moving time in the ESC-group. 
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Statistically non-significant effects were noted in the treatment-group. Similarly, no significant differences were observed 
in distance travelled (cm), fecal pellet counts and central zone entries in the AshwaSR-group or the ESC-group when 
compared with the CL-group and CUS-groups. Interestingly, there was a significant increase in the moving speed of 
AshwaSR-group (30.85±9.45 cm/sec; p < 0.05) and ESC-group (30.23±6.68 cm/sec; p < 0.05) animals compared to the 
CUS-group (21.02±4.58 cm/sec); but no significant difference was observed in the moving speed between the CUS- 
group and CL-group (Supplementary Figure 2).

Elevated Plus Maze Test
Significant increase in entries and time spent in open arm was observed in CUS-group compared to CL-group that 
indicated a restlessness due to CUS (open arm entries: 5.00±2.89 vs 0.29±0.49; p < 0.001; time spent: 46.71±47.13 sec vs 
2.86±5.67 sec; p < 0.01). Significant reduction in entries and the time spent in open arm were observed in AshwaSR- 
group (open arm entries: 0.57±1.13; p < 0.001; time spent: 5.86±10.04 sec; p < 0.01) and in the ESC-group (open arm 
entries: 0.57±0.79; p < 0.001; time spent: 5.71±7.45 sec; p < 0.01) compared to the CUS-group (open arm entries: 5.00 
±2.89; time spent: 46.71±47.13 sec). However, closed-arm entries in the treatment groups were statistically insignificant 
compared with the CUS-group animals. The results are depicted in Figures 4A–C.
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Figure 4 (A) Results of time spent in open arm from the elevated plus maze test on day 29. ##p < 0.01 vs normal control; *p < 0.05 vs CUS control; One way ANOVA 
followed by Dunnett’s test. (B) Results of closed arm entries from the elevated plus maze test on day 29. (C) Results of open arm entries from the elevated plus maze test 
on day 29. ###p < 0.001; ***p < 0.001 vs CUS control; One way ANOVA followed by Dunnett’s test.
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Forced Swim Test (FST)
This test was conducted on day 35. No significant differences in resting time, moving time, and distance travelled, and 
speed was noted across the treatment group animals (AshwaSR-group or ESC-group) compared to CUS-group. The 
changes observed in the percent resting time and percent moving time were also in line with the differences observed in 
resting time and moving time. Interestingly, the AshwaSR-group exhibited a moderate increase in the moving time and 
distance travelled and a decrease in resting time compared to the CUS-group. However, none of these changes were 
statistically significant (Supplementary Figure 3).

Morris Water Maze Test (MWM)
In the MWM test, acquisition trial was conducted from days 30 to 33 and target latency (ms) and distance travelled (cm) 
were recorded. On days 32 and 33, a significant reduction in target latency and in the distance travelled was noted in both 
the AshwaSR-group and ESC-group compared to the CUS-group (Figures 5A and B).
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Figure 5 (A) Results of target latency from acquisition trail on days 33 and 34 by Morris water maze (MWM) test. **p < 0.01; ***p < 0.001 vs CUS control; #p < 0.05; 
###p < 0.001 vs normal control; one-way ANOVA followed by Dunnett’s test. (B) Results of distance travelled from acquisition trail on days 33 and 34 using the MWM test. 
***p < 0.001 vs CUS control; ##p < 0.01; ###p < 0.001 vs normal control; one-way ANOVA followed by Dunnett’s test.
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In a probe trial conducted on day 34, target crossings, time spent in the target quadrant (sec) and target latency were 
measured. There was a trend that showed a prominent decrease in target latency time (AshwaSR-group and ESC-group) 
and an increase in target crossings and time spent in the target quadrant only in the AshwaSR-group compared to the 
CUS-group. However, these changes were not statistically significant (Supplementary Table 2).

Serum Corticosterone
Induction of CUS elevated corticosterone levels in the CUS-group (462.47±282.68 ng/mL) compared to the CL-group 
(397.67±133.56 ng/mL). Compared to the CUS-group, serum corticosterone levels decreased by 14.54% in the 
AshwaSR-group and 47.99% in the ESC-group.

Discussion
Continuous exposure to stress and stressful life events is a known risk factor for developing many psychological disorders in 
humans such as anxiety, depression, cognitive impairment, etc. Historical data also support the induction of immunological 
and behavioral changes typical of the chronic stress response, as well as in rats when exposed to various unpredictable 
stressors for several weeks.38 Onset of anxiety-like behavior and cognitive deficit as a result of exposure to CUS is well 
documented in rats.39 The root extract of Ashwagandha (Withania somnifera [L.] Dunal) is an important Ayurvedic medicinal 
ingredient which acts as a “Rasayana” or “adaptogen”. It possesses anti-stress, antioxidant, immunomodulatory, rejuvenating, 
anti-inflammatory, anti-arthritic, and anticancer properties in addition to boosting memory and cognition. Ayurveda, the 
traditional Indian medicinal system, supports use of Withania somnifera roots for medicinal and internal administration 
purposes. Withanolide A, withanolide B, 12-deoxy-withastramonolide, and withanosides are major active phytochemical 
components of roots. While health promoting effect of these withanolides is well established, the basic pharmacokinetic data 
show their quick elimination,40,41 requiring multiple daily dosage in order to gain optimum health benefits.

Thus, after confirming the sustained-release profile of AshwaSR, we evaluated its anti-depressant and anxiolytic effects at 
a dose of 100mg/kg in rats exposed to various unpredictable stress events.22 We observed that some studies proved that 
Ashwagandha acted as a mood stabilizer in clinical conditions of anxiety and depression, and showed its prominent anti-oxidant 
properties. Another study by Bhatnagar et al stated that Ashwagandha root extract could be developed as a potential preventive or 
therapeutic drug for stress induced neurological disorders. In line with this, a study by Jain et al Treatment with W. somnifera root 
powder extract significantly reduced (80%) the number of degenerating cells in hippocampal cell bodies.42–44

We used escitalopram (20 mg/kg; P.O.) as a reference product in our study. During the study period, the rats that 
received the test items were free from any clinical signs and confirming that both AshwaSR and escitalopram were well 
tolerated at the tested doses.

In the FST, no significant differences were observed in resting time, moving time, distance travelled and speed across 
the treatment groups compared to the CUS-group. Interestingly, the AshwaSR group exhibited a moderate increase in 
moving time and distance travelled, and a decrease in the duration of immobility compared to the CUS-group.

In EPM, the test findings confirmed anxiolytic activity of AshwaSR based on the significant reduction observed in the 
number of entries and the time spent in open arm when compared with the CUS-induced animals. In this study, we 
observed an increase in open arm entries in the CUS-group. This could be due to the CUS methodology, which induces 
irritability and aggressive behavior such as rattling, attacking, etc., in rodents.45 Additionally, as is widely known, 
exposure to novel environments such as OFT immediately before EPM is shown to increase motor activity and leads to 
higher probability of the animals entering the open arms of the maze.32 This could be due to the hyperactive 
hypothalamic-pituitary-adrenal (HPA) axis, and is a feature of maladaptive response to chronic stress.38 Similar behavior 
has been reported in earlier studies where increased open arm entries of CUS-group animals in the EPM (65%, and 27% 
increase) have been reported when OFT was performed before EPM.46,47

In this study, AshwaSR exerted an antistress effect on irritability and anxiety induced by CUS. Therefore, the 
increased open arm entries were reduced significantly in AshwaSR and ESC groups.

In the MWM test, CUS induced cognitive abnormalities were evident with increased duration of target latency and 
distance travelled during acquisition trails (day 3 and day 4). These abnormalities were significantly ameliorated by 
AshwaSR and ESC (p < 0.001).
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Furthermore, the beneficial effects of AshwaSR on higher retention of memory were evident from the significant 
reduction in target latency time and in the distance travelled during acquisition trails in the MWM test. Notably, there 
was no change in serum corticosterone levels as AshwaSR and ESC both prevented any rise in serum corticosterone 
levels in treated rats. No change was noted in the body weight in the collected organ indices due to CUS.

Many studies have documented the anxiolytic effect of Ashwagandha in preclinical and clinical studies.21,22,48 An 
experimental study by Bhattacharya et al showed equivalent anxiolytic effects of Ashwagandha extract to lorazepam in the 
EPM test.22 A Bayesian network meta-analysis that aimed to determine the efficacy of 12 medicinal plants for treating anxiety 
demonstrated that Ashwagandha (mean difference: −4.90, 95% credible interval: −9.70 to −0.17) exhibited anxiolytic effects 
which were measured by the Hamilton Anxiety Scale scores.48 Similar to these studies, we found comparable anxiolytic 
effects of AshwaSR with ESC in EPM evaluation. Of note, there was no significant difference in any OFT parameters such as 
moving time, resting time, distance, speed, fecal count, and central zone entries following exposure to various stressors.

The body’s response to stress is mediated via HPA axis activation, which leads to a surge in circulating corticosterone 
that affects microglia, especially in the hippocampus and the prefrontal cortex. Further, the sympathetic release of 
noradrenaline caused by stress exerts direct effects on microglial activity and is evident by increase in the expression of 
pro-inflammatory cytokine (IL-1β) within the CNS. Notably, neuroinflammation is connected to systemic inflammation 
which ultimately leads to the development of neurodegenerative diseases.49,50 The breakdown of the blood brain barrier 
during systemic inflammatory pathogenesis leads to passage of peripheral inflammatory material (leukocytes activation, 
migration, and transport of circulatory inflammatory mediators) within the CNS which ultimately activates microglia. 
These chronically activated microglial cells get accumulated which results in neuronal damage by secretion of various 
inflammatory and neurotoxic mediators like PGE2, monocyte chemoattractant protein-1 (MCP-1), interleukins such as 
IL-1β, IL-6, TNF-α, nitric oxide, superoxides and fatty acid metabolites.51–53 We noticed that the results of our study 
were in accordance with the previous studies that reported inhibition of the release of various pro-inflammatory cytokines 
such as, IL-1β, IL-6 and TNF-α levels in the, hippocampus, hypothalamus and pyriform cortex at transcriptional as well 
as translational levels.20 We similarly observed the dose-dependent inhibitory effects of AshwaSR on IL-1β, TNF-α 
production from LPS-induced THP-1 human monocytes at tested treatment concentrations. Similarly, AshwaSR also 
exhibited dose-dependent inhibition of superoxide generation in PMA-induced HL-60 human monocytic cells. This 
inhibition of the specific inflammatory cytokines and superoxide point towards reduction in neuroinflammation, which 
may explain the anxiolytic effects of AshwaSR. Cognitive flexibility measures the ability to rapidly adapt to varying and 
complex set of directions and/or to manipulate this information. Chronic stress is also associated with impaired cognition. 
A study showed that Ashwagandha significantly increased the neurotransmitter levels in rats, and proved to be an 
effective therapeutic agent.20 Many studies have reported that Ashwagandha significantly increased antioxidant levels, 
and that the pharmacological effects of its root extracts are rich in withanolides which inhibit neutrophil infiltration and 
cytokine secretion. In one study, administering Ashwagandha prevented post-traumatic stress disorder-induced memory 
impairment as it preserved changes in the antioxidant mechanisms of the hippocampus.54–58 Evidence has shown that 
Ashwagandha helps in improving cognitive performance in animals. Shah et al demonstrated the antidepressant effects of 
Ashwagandha alone or in combination with imipramine or fluoxetine using the forced-swimming model. Gupta et al 
showed both anxiolytic and antidepressant effect of Ashwagandha dunal root extract in social isolation reared animals.59 

Studies have supported the beneficial effect of Ashwagandha in stabilizing mood in clinical depression and anxiety.22

Limitations
In this study, exposure to various stressors did not yield significant changes in the parameters of FST, the most used test 
to measure the antidepressant efficacy of a product in CUS-induced animals.

Conclusion
The in vitro study showed significant inhibitory effects of AshwaSR on pro-inflammatory cytokines, ie, TNF-α and IL-1β 
and antioxidant action through the inhibition of superoxide generation which could be responsible for its beneficial 
effects on CUS-induced anxiety. The in vivo study which was designed based on these results further demonstrated that 
AshwaSR modulated the stress-induced anxiety by correcting CUS-induced alterations in the animals.
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Furthermore, AshwaSR also improved cognitive functions and memory in this CUS model study. Taken together, 
these results point towards possibility of using AshwaSR as an anti-stress and anxiolytic agent in single daily dose owing 
to its better solubility and dispersibility.

Abbreviations
AshwaSR, Ashwagandha sustained-release formulation; CL, control; CNS, central nervous system; CUS, chronic 
unpredictable stress; EPM, elevated plus maze; ESC, Escitalopram; FBS, Fetal Bovine Serum; FST, forced swim test; 
HBSS, Hank’s Balanced Salt Solution; HPA, hypothalamic-pituitary-adrenal; IAEC, Institutional Animal Ethics 
Committee; IL, interleukin; LPS, lipopolysaccharide; MWM, Morris water maze; OFT, open field test; PMA, phorbol 12- 
myristate 13-acetate; SR, sustained-release; TNF, tumor necrosis factor; WHO, World Health Organization.
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