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INTRODUCTION

Circadian rhythms exist ubiquitously in nature and enable ad-
aptation to appropriate temporal niches through the regulation 
of physiological variables, including heart rate, hormones, neu-
rotransmitters, biochemical pathways, and learning and memo-
ry, among many other processes, via interaction with rhythmical-
ly transcribing genes (clock genes) [1]. The photic or non-photic 
cues that modulate the circadian rhythm of organisms are called 
zeitgebers (time givers). The organisms consist of the circadian 
clock that can both respond to rhythmic external stimuli and 
maintain an endogenous rhythm and anticipate environmental 
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changes [2]. In contemporary lifestyles, frequent trans-meridian 
travel, rotating shift work schedules, and irregular sleep patterns 
result in a lack of synchronization between the endogenous circa-
dian timing system and the external environment [3]. This leads 
to multiple health issues including cognitive deficits [4], metabol-
ic disturbances [5-7], cancer [8], increased mortality [9,10], and 
many others. Abrupt changes in the light-dark cycle cause desyn-
chrony between the entrained state of the endogenous clock and 
external input (stimuli). Such desynchrony occurs during shift 
work, when the individual works in a different light-dark sched-
ule than the natural one, or during trans-meridian flight where 
several time zones are rapidly crossed, causing jetlag [10]. A per-
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son traveling from the USA to India thus has to readjust to a light-
dark schedule that is approximately 12 h ahead of the previous 
schedule. This physiological readjustment takes a few days to 
complete. During this period, onsets and offsets of activity shift 
gradually in a series of steps called transient cycles. Appropriately 
timed light exposure (photic means) or the administration of a 
chemical compound (non-photic means) [11] can hasten re-en-
trainment.

India has many plants containing clinically active components. 
Withania somnifera or ashwagandha, also known as Indian gin-
seng, has been used in Indian traditional medicine for several 
centuries and is an established tonic and nootropic agent [12]. 
Ashwagandha is a source of many active compounds including 
withaferins, withanone, withanolides, etc. Withanolide-A (WA) 
has a neuroprotective effect in induced neuroinflammation [13]. 
It has recently been proved that withaferin-A can lengthen the 
circadian period, upregulate Bmal1, and act as an inverse agonist 
of RORα [14], thus exhibiting a potential to act as a chronothera-
peutic agent. Previously, Withania extracts have been shown to 
restore Sirt1 and Nrf2 rhythms [15] during aging.

Jetlag is known to cause cognitive deficits during the period of 
re-entrainment [16], affecting neural precursor cell proliferation 
and inhibiting functional brain plasticity. Agents that help ame-
liorate the ill effects of jetlag, such as melatonin, may also help to 
prevent cognitive deficits [17].

Based on the information outlined above, we hypothesized that 
WA, a steroidal lactone found in Withania, may act as a chrono-
therapeutic as well as a neuroprotective agent during abrupt chang-
es in light-dark cycles which causes circadian misalignments, 
such as jetlag or inversion of the circadian phase. Withanolides 
are C28 steroids that occur naturally. Their structure is based on 
an ergostane skeleton in which C-26 and C-22, or C-26 and C-23, 
are oxidized to form either delta lactone (Type A) or gamma lac-
tone (Type B), respectively [18]. The axonal outgrowth of normal 
cortical neurons after WA treatment has been reported [12]. How-
ever, to the best of our knowledge, the putative dual chronother-
apeutic and neuroprotective effect of WA has not been explored.

Therefore, the objective was to study the effect of WA on the cir-
cadian rhythm of mice subjected to an acute phase inversion of 
the 12:12 h light-dark schedule. Further the focus was to eluci-
date the neuroprotective effect of WA on spatial memory of mice 
exposed to phase inversion with help of the Barnes maze behav-
ioural test.

METHODS

Subjects
Adult male mice, Mus musculus (AKR strain) of about three 

months old were used for this experiment. The mice were main-
tained in the animal house under the 12:12 h light-dark cycle with 
the temperature of 25°C±2°C. The food pellets and water were 
provided ad libitum. An electronic timer (Larsen and Toubro, 
Mumbai, India) was used to maintain the light-dark cycle. The 

light intensity at the cage level was about 150 lx during the light 
phase and 0 lx during the dark phase. A red-filtered torch light 
(<1 lx) was used during dark hours for maintenance, for which 
visits were made at random times. The Institutional Animal Ethi-
cal Committee norms of the University (Dean/13–14/CAEC/185), 
the recommended ethical considerations for biological rhythm 
research [19], and the specified maintenance and analysis proto-
cols by Jud et al. [20] were followed for this investigation.

Experimental groups
The animals were divided into two sets. Set-1 included 18 adult 

mice, divided into three groups: 1) a control group (n=6) exposed 
to acute-phase inversion of light-dark schedule; 2) a vehicle-
treated group (n=6) (0.5% gum arabic, HiMedia, Mumbai, India), 
which was exposed to an acute-phase inversion of light-dark 
schedule and treated with a single dose of the vehicle per day; and 
3) a WA-treated group (n=6, 10 μmol/kg/day, Cayman, Ann Ar-
bor, MI, USA) given a single oral dose each day and exposed to 
an acute phase inversion of light-dark schedule at the end of the 
dosing period. All the doses were administered orally for 13 con-
secutive days at approximately zeitgeber time (ZT) 15 and the 
light-dark cycle was inverted on the day following the last dose.

The Set-2 consisted of 15 mice divided into three groups for 
Barnes maze behavioural test: 1) the control group (n=5) was 
exposed to phase inversion only; 2) the vehicle group (n=5) was 
treated with a single dose of the vehicle per day; and 3) the ex-
perimental group (n=5) administered with a single oral dose of 
WA (n=5) (10 μmol/kg/day) each day, for 13 days. Each of these 
groups was exposed to an acute-phase inversion of the light-dark 
schedule. A separate set of mice (n=6) was retained for perform-
ing a Barnes maze test without undergoing jetlag or receiving WA 
but maintained in conditions similar to the other groups (un-
treated group).

Measures

Simulation of acute phase inversion and locomotor activity 
rhythm recording

The chronocubicle was maintained with a 12:12 h light-dark 
schedule (06:00 h to 18:00 h light, 18:00 h to 06:00 h dark), and 
after 10 days of acclimation to the light-dark schedule and base-
line wheel recording, oral administration of doses was given for 
13 consecutive days to the groups described above; vehicle group 
(0.5% gum arabic solution) and WA group (10 μmol/kg/day) at 
around ZT15. The following day, the light-dark schedule was in-
verted (18:00 h to 06:00 h light, 06:00 h to 18:00 h dark), and this 
was maintained till the mice were re-entrained to the new light-
dark schedule. The ClockLab (version 2.63; Actimetrics, https://
actimetrics.com/products/clocklab/) setup was used to record 
and analyze the voluntary wheel-running activity. Mice were al-
lowed unlimited voluntary access to running wheels (11.5 cm 
diameter) inside individual living chambers (36 cm × 20 cm × 14 
cm). The 12:12 h light-dark schedule was maintained and invert-
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ed using an electronic timer. The untreated group was maintained 
in an adjoining chamber under the 12:12 h light-dark schedule 
and similar handling and maintenance procedures. The wheel 
revolutions as recorded by magnetic reed-relay switches were 
transmitted to a dedicated computer via an ACT-553 7-channel 
breakout box and a CL-200 56-channel interface. Data were re-
corded in 6-minute (0.1 h) interval bins as counts/min and ana-
lyzed using the ClockLab (version 2.63) software on the MAT-
LAB platform (MathWorks, Natick, MA, USA).

Spatial memory test
In brief, the Barnes maze was used for the spatial memory test, 

comprised of three phases: habituation, training, and probe trial 
[21]. In the habituation phase (1st day), mice were allowed to ex-
plore the maze apparatus freely for 180 s. The training was given 
for 3 consecutive days; each mouse was given 3 trials of 180 s each 
day, having an inter-trial difference of 15 min. A probe test (90 s) 
was done after 48 h of inversion of the light-dark schedule to test 
the retention power of mice that were trained during the training 

phase before the phase inversion. The training and testing proce-
dures were performed during the active period of mice, around 
ZT15. After each trial, the maze was wiped with 70% ethanol and 
allowed to dry to remove any olfactory cues. Barnes maze behav-
ior test was performed for all three groups; control, vehicle, and 
treated, and separately for the untreated group and the data were 
analyzed by using SMART Video Tracking System (Panlab, Har-
vard Apparatus, Holliston, MA, USA).

Statistical analyses
Circadian behavioral rhythms were expressed as double plot-

ted actograms in 6 min bins, and the phases of activity onset were 
estimated using ClockLab software (version 2.63). The transient 
cycles (number of days taken to get re-entrained to the new light-
dark schedule) were compared between the control, vehicle, and 
WA-treated groups. The number of transient days was counted 
manually (marked by arrows on representative actograms of each 
group) for each mouse of their respective group. Further, their 
mean was taken and tested for any statistical difference between 
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Figure 1. Representative double-plotted actograms showing circadian locomotor activity rhythms in control (A), vehicle (0.5% gum acacia) 
(B), and withanolide-A (10 µmol/kg/day) treated (C) mice groups (n=6/group). The light-dark schedule is indicated by black and white bars 
above the actograms. The days during which doses were administered are indicated by a green line across the days. The red line indi-
cates the number of days as transient cycles, and the blue arrow indicates the day on which the phase inversion was evoked. 
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the three experimental groups, by Student’s t-test and one-way 
analysis of variance (ANOVA) by Microsoft Excel 2021. Acto-
grams were analyzed using ClockLab software and the data were 
analyzed using Microsoft Excel. 

RESULTS

WA administered at around ZT15 caused faster entrainment in 
mice compared to control and vehicle groups, as evident in the ac-
tograms (Figure 1). The number of transient days required to en-
train to acute-phase inversion of 12:12 h light-dark schedule in the 
WA treated group was significantly lesser (p<0.05, one-way ANO-
VA). Mice from the control group took more days (9.5±0.43 days) 
compared to the vehicle (8.33±1.28 days) and WA-treated group 

(4.66±0.66 days) (Figure 2). The WA-treated group thus re-en-
trained faster than the control and vehicle-treated groups (F[2,15]= 
16.42, p<0.05). The average day-wise onset of activity before and 
after phase inversion of the light-dark schedule was also analyzed 
in all three groups (Figure 3) and shows clearly the number of 
transient days is lesser in the WA treated group.

The Barnes maze test was performed to investigate the effect 
of WA on spatial memory retention of mice that were given pre-
doses and training before the light-dark schedule inversion. The 
successive day-wise improvement in learning in all groups was 
analyzed as the distance traveled in the target zone (in which the 
escape chamber was located) decreases on successive days (Fig-
ure 4). Mice not exposed to acute phase inversion traveled less 
distance in the target zone and found the escape hole faster than 
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Figure 2. Box plot representing the number of transient days taken 
by each group (n=6/group) subjected to the phase inversion of 12:12 
h light-dark schedule. The boundaries of the boxes mark the 25th 
and 75th percentiles, the horizontal line in the box marks the medi-
an value and individual data points are represented as solid circles 
(control) inside a blue box, solid square (vehicle) inside a red box, 
and solid triangles (withanolide A) inside a green box, respectively. 
*Statistically significant differences between the groups (p<0.05, 
one way ANOVA).
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Figure 3. The number of transient days in control (blue line), vehicle 
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schedule. Gradual re-entrainment after phase inversion of light-dark 
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Figure 5. Box plots show a significant difference in distance trav-
eled among the trained mice groups (n=5/group) in the target zone 
during the probe test performed after the phase inversion. The 
boundaries of the box mark the 25th and 75th percentiles, the hori-
zontal line in the box mark the median value and individual data 
points are represented as solid circles (control) inside the blue box, 
solid square (vehicle) inside the red box, and solid triangles (withano-
lide A) inside the green box, respectively. *Statistically significant dif-
ference between the groups (p<0.05, one way ANOVA).
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Figure 4. The line graphs show a gradual change in distance trav-
eled in the target zone by mice against three consecutive training 
days on the Barnes maze. The trend of the graph against consecu-
tive training days shows improvement in learning of mice in the con-
trol (blue), vehicle (red), and withanolide A treated (green) group 
(n=5/group), respectively.
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exposed mice (67.8±8.42 cm vs. 121.89±17.80 cm) and vehicle-
treated mice (67.8±8.42 cm vs. 116.7±9.52 cm) (p<0.05, Student’s 
t-test). Post-exposure, WA-treated mice traveled less distance in 
the Barnes maze test (66.17±15.45 cm) compared to vehicle and 
control groups after the phase inversion (Figures 4 and 5). A sig-
nificant difference was seen in the distance traveled in the target 
zone during the probe test performed after phase inversion of the 
light-dark schedule (F[2,12]=4.39, p<0.05) between WA-treated, 
vehicle, and control groups. This shows that WA-treated group 
has better retention power than the other two groups.

DISCUSSION

Our study demonstrated the dual potential of WA in both has-
tening re-entrainment to acute phase inversion of the zeitgeber/
light-dark cycle and a possible neuroprotective effect during shift 
work/jetlag. It is well-known that jetlag produces cognitive defi-
cits [4,22]. The phase inversion represents an extreme form of 
acute shift work/jetlag. Accordingly, in both control and vehicle-
treated groups, performance in the Barnes maze after inducing 
acute phase inversion was impaired, compared to the group not 
exposed to phase inversion (untreated group) (graph not shown). 
WA pre-treated mice showed remarkable resistance to cognitive 
deficit compared to vehicle-treated and control groups when sub-
jected to acute phase inversion (Figures 4 and 5). WA pre-treated 
animals achieved values close to those of untreated mice that had 
not faced phase inversion. A recent study showed that the admin-
istration of melatonin restores hippocampal neural precursor cell 
proliferation and prevents cognitive deficits in adult mice that 
were exposed to photoperiod alterations by shortening the dark 
period every third day by 6 hours for 3 weeks [17]. The treatment 
of WA shows similar results on spatial memory suggesting that 
WA may also be acting as a neuroprotective agent (Figure 5). There 
was marked inter-individual variation in the WA treated group, 
suggesting that a larger sample size may be necessary for further 
studies.

WA also hastened re-entrainment to acute phase inversion 
(Figures 1-3). While the authors do not offer a mechanistic expla-
nation at this point, this effect is probably through the interaction 
of WA with Bmal1, RORα, and other components of the molecu-
lar circadian clock [14]. It is possible that the neuroprotective ef-
fect of WA is partly due to faster re-entrainment, and hence less 
damage, and that these two phenomena are synergistically tied 
together.

To the best of our knowledge, a study on the dual effects of WA 
on the acceleration of re-entrainment of the circadian clock and 
its neuroprotective effect on post-circadian rhythm inversion has 
not been carried out before. Similar to the WA effects on re-en-
trainment, both exogenous melatonin and scheduled feeding ac-
celerated re-entrainment of the suprachiasmatic nuclei–driven 
general activity after a 6 h of phase advance of the light-dark cy-
cle in rats [23]. Also, melatonin administration in males exposed 
to 8 h advanced jetlag, re-entrain faster [24]. The endogenous mel-

atonin signal facilitates re-entrainment of the circadian system 
faster compared to mice which are deficient in melatonin or its 
receptors [25]. Even though WA is accelerating the re-entrain-
ment of locomotor activity rhythm similar to melatonin, the mech-
anism of action is yet to be elucidated.

In today’s paradigms, shift-work schedules and phase inversions 
are fast becoming the norm, rather than the exception, with ap-
proximately 20% of the world’s working population undertaking 
shift work [26]. Hence, chronotherapeutics that helps ameliorate 
the ill effects of shift work would be of use. WA, and by extension, 
Withania extract, with its dual benefits, and ease of administration, 
would be a helpful addition to the repertoire of agents that can 
help prevent the ill effects of shift work. There is scope for further 
investigation of this phenomenon at the molecular level.
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