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Amyloid1-42 Induced Toxicity in Human Neuronal Cells:
Implications in HIV-Associated Neurocognitive Disorders
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Kesava Rao Venkata Kurapati, Venkata Subba Rao Atluri, Thangavel Samikkannu, Madhavan P. N. Nair*

Department of Immunology, Institute of NeuroImmune Pharmacology, Herbert Wertheim College of Medicine, Florida International University, Modesto A.
Maidique Campus, Miami, Florida, United States of America

Abstract

Alzheimer’s disease (AD) is characterized by progressive dysfunction of memory and higher cognitive functions with
abnormal accumulation of extracellular amyloid plaques and intracellular neurofibrillary tangles throughout cortical
and limbic brain regions. At present no curative treatment is available, and research focuses on drugs for slowing
disease progression or providing prophylaxis. Withania somnifera (WS) also known as ‘ashwagandha’ is used widely
in Ayurvedic medicine as a nerve tonic and memory enhancer. However, there is a paucity of data on the potential
neuroprotective effects of W.somnifera against β-Amyloid (1–42)-induced neuropathogenesis. In the present study,
we have tested the neuroprotective effects of methanol:Chloroform (3:1) extract of ashwagandha against β-amyloid
induced toxicity and HIV-1Ba-L (clade B) infection using a human neuronal SK-N-MC cell line. Our results showed that
β-amyloid induced cytotoxic effects in SK-N-MC cells as shown by decreased cell growth when tested individually.
Also, confocal microscopic analysis showed decreased spine density, loss of spines and decreased dendrite
diameter, total dendrite and spine area in clade B infected SK-N-MC cells compared to uninfected cells. However,
when ashwagandha was added to β-amyloid treated and HIV-1 infected samples, the toxic effects were neutralized.
Further, the MTT cell viability assays and the peroxisome proliferator-activated receptor-γ (PPARγ) levels supported
these observations indicating the neuroprotective effect of WS root extract against β-amyloid and HIV-1Ba-L (clade B)
induced neuro-pathogenesis.
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Introduction

Alzheimer’s disease (AD), is the most common form of senile
dementia, affecting more than 15 million people worldwide [1].
With increased life expectancy this number will certainly rise
rapidly in the future. AD is characterized by progressive
dysfunction of memory and higher cognitive functions
associated with memory loss and language deficit which are
often accompanied by behavioral and psychological symptoms
such as depression, stress, anxiety and mood disturbances
[2,3]. The pathological hallmarks are complex and include
neuronal degeneration (cholinergic neurons in particular),
abnormal neurofibrillary tangles, toxic β-amyloid (AB) plaques,
decline of neurochemicals which are essential for neuronal
transmission and neuro-inflammation [4-6]. The β-amyloid

cytotoxicity to neuronal cells has been identified as one of the
major features in AD pathology, but the exact mechanisms
involved leading to neurotoxicity still remain an enigma [7]. The
transmembrane protein CD33 is a sialic acid-binding
immunoglobulin-like lectin that regulates innate immunity but
has no known functions in the brain, is considered as a risk
factor for Alzheimer’s disease (AD). Very recently an increased
expression of CD33 in microglial cells in AD brain was
observed [8]. However, the minor allele of the CD33 SNP
rs3865444 confers protection against AD and was associated
with reductions in both CD33 expression and insoluble amyloid
beta 42 (Aβ42) levels in AD brain [8]. Also, free radical
formation and oxidative stress appears to be one of the
possible mechanisms involved in AB-induced cytotoxicity [9].
The majority of AD cases are sporadic in nature. However, few
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familial cases are caused primarily by mutations in three genes
namely, amyloid precursor protein (APP), presenilin1 (PS1),
and presenilin 2 (PS2) [10]. Neuronal degeneration is also a
major feature in HIV infection. A significant increase in brain
APP in AIDS, specifically in the axons present in the
subcortical white matter tracts have been described by several
investigators [11-13]. It has been reported that HIV persists in
the brain during HAART therapy and that the local
inflammatory responses to HIV in the brain could lead to
increased APP production and susceptibility to amyloid
deposition [14]. All these observations clearly indicate that β-
amyloid accumulation may be a good indicator of early
neuronal (axonal) degeneration not only during the
development of Alzheimer’s disease but also during HIV
induced neuronal degeneration. Recently, good progress has
been made in developing the in vitro models for studying the
toxic effects of β-amyloid and related peptides in cell cultures,
using central nervous system (CNS) neurons or a variety of cell
lines of neural origin [15].

Withania somnifera (L.) Dunal, also known as ‘ashwagandha’
(ASH) in Sanskrit and as ‘Indian ginseng’ is a multipurpose
medicinal plant with remarkable increase in recent years in the
pharmacological studies, as it has been shown to possess wide
spectrum of therapeutic properties such as nerve tonic,
memory enhancer, antistress, immunomodulatory and
antioxidant properties [16,17]. Withanolide A and withanoside
IV from roots help to promote neurite outgrowth in cultured
neurons and in rodents injected with Aβ 25–35 [18]. Root
extracts from this species have also been shown to significantly
reduce the number of hippocampal degenerating cells in the
brains of stressed rodents [19] and were neuro-protective in
animal models of Parkinson’s disease [20]. A recent study of
oral administration of a semi-purified extract of the root of
Withania somnifera consisting predominantly of withanolides
and withanosides reversed behavioral deficits, plaque
pathology, accumulation of β-amyloid peptides (Aβ) and
oligomers in the brains of middle-aged and old APP/PS1
Alzheimer’s disease transgenic mice [21]. However, there is a
paucity of data on the molecular mechanisms associated with
the potential protective effects of W.somnifera root, as used
traditionally, against β-amyloid (1–42)-induced cytotoxicity and
HIV-1Ba-L (clade B) infection. Accordingly, we hypothesized that
ashwagandha may reverse the neuronal toxicity induced by β-
Amyloid and HIV-1Ba-L (clade B) infection which may serve as
potential therapeutic agent for use in AD and possibly in other
HIV related disorders involving memory deficiency. We now
report that β-amyloid induced cytotoxic effects in SK-N-MC
cells as shown by decreased cell growth when tested
individually. Also, confocal microscopic analysis showed
decreased spine density, loss of spines and decreased
dendrite diameter, total dendrite and spine area in clade B
infected SK-N-MC cells compared to uninfected cells.
However, when ashwagandha was added to β-amyloid treated
and HIV-1 infected samples, the toxic effects were neutralized.
Further, the MTT cell viability assays and the peroxisome
proliferator-activated receptor-γ (PPARγ) levels supported
these observations indicating the neuroprotective effect of WS

root extract against β-amyloid and HIV-1Ba-L (clade B) induced
neuro-pathogenesis.

Materials and Methods

Cell Culture
The effects of β-amyloid and Ashwagandha were tested on

the human neuronal cell line, SK-N-MC, obtained from
American Type Culture Collection (ATCC) (catalog # HTB-10;
Manassas,VA). The cells were grown in T-75 flasks containing
Eagle’s minimum essential medium (MEM) (GIBCO) with fetal
bovine serum to a final concentration of 10% and 1%
antibiotic / antimycotic solution. The cells were maintained in a
humidified, 95 % air and 5 % CO2 atmosphere incubator at 37°
C.

Fibrillar β-Amyloid1-42 (Aβ1-42) or “seed” preparation
Fibrillar Aβ1-42 was prepared as described by Wogulis et al

[22]. One mg of Aβ1-42 lyophilized powder (catalog # A9810,
SIGMA) was dissolved in 200 µl of water in glass vial and aged
for 3 days at 37°C and was diluted with tissue culture medium
to the required concentration, before adding to neuronal
cultures.

Extracts of Withania somnifera roots
The dried roots of Withania somnifera were purchased from

an authenticated source in Kerala, India. The ground powder
(15g) was suspended in 300 ml of solvents
(Methanol:Chloroform)(3:1), refluxed for 3 hr. and the
supernatant collected. The residue was again suspended in
300 ml of same solvent and refluxed for another 3 hr. and the
supernatant collected. Both the supernatants were combined,
filtered to remove insoluble material and concentrated to
dryness using a rotary vacuum evaporator. The dried extract
was solubilized in dimethylsulfoxide (DMSO), aliquoted, stored
at -20°C and utilized for all experiments.

Analysis and Identification of Methanol: Chloroform
(3:1) Fraction

A solution of the extract in dimethylsulfoxide (DMSO) (6
mg /100 µl) was diluted 1:50 in methanol and water (v/v, 1:1).
HPLC-MS/MS system consisted of pump (Suryeyor) and an ion
trap mass spectrometer equipped with an electrospray
ionization (ESI) source (LCQ DECA XP MAX Thermo Finnigan,
San Jose, CA, USA). Separations were done on a C18
reversed phase column (5 µm; 4.6 x 25 mm). The column was
eluted at a flow rate of 0.5 ml/min with a gradient of water (A)
with acetonitrile (B) using the following elution program: 0 min,
95% (A), 5% (B), 0-50 min, a linear gradient to 15% (A), 85%
(B). The mass spectrometer was run in the positive ion mode
and the operating conditions were as follows: Sheath gas flow:
35 units (Auxiliary gas); capillary temperature: 280° C; spray
voltage: 5 KV. For MS / MS experiments, monitored precursor
ion precursor isolation width 1µ, relative collision energy 30%.
Data processing was performed using Xcalibur software.

Ashwagandha reverses β-Amyloid Neuronal Toxicity
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Morphological Characteristics
Morphological assays were carried out as described earlier

[23-25]. In brief, approximately 0.1 x 106 SK-N-MC cells
obtained from sub-confluent culture flasks were seeded per
T-25 flasks in 5 ml complete medium (five flasks per point) or 3
x 103 / 3 ml in 6-well plates (one six well plate per point).
Twenty four hours after seeding the cells, the culture medium
was removed and serum free medium was added at the same
volume. The controls received only solvent and β-amyloid and
β-amyloid plus ashwagandha cultures received β-amyloid at a
concentration of 5 µM. Different investigators have used
different dose levels of β-amyloid depending on the cell type
utilized. Michaelis et al [26] used 5 and 10 µM concentration on
cortical cell cultures whereas Yankner et al [27] used 20 µM on
hippocampal neurons. Kumar et al [28] utilized 0.007-2 µg/mL
concentration on PC12 cell line and London et al [29] 0.2, 2.0
and 20 µM on peripheral blood monocytes (PBM). We have
standardized the doses required for our studies and used the
selected dose for all our experiments. After forty eight hours,
ashwagandha was added at 0.15 µg/ml (at this concentration
ashwagandha showed growth stimulatory effects) to plain
ashwagandha control and β-amyloid plus ashwagandha
cultures and media doubled at 10% final serum concentration.
For ashwagandha additions, DMSO served as the vehicle to
dilute the compound at a final concentration of 0.4% volume
per volume and at this concentration has no effect on cell
survival. Control cultures received only solvent in the place of
test compound. The culture flasks/plates were returned to
incubator for up to 3 to 4 days and then washed with PBS
solution, fixed with methanol and stained with Giemsa /
Sulphorhodamine B (SRB) and pictures were taken. The
experiment was repeated three times and depicted for one.

MTT Cell Viability Assay
The MTT cell viability assay was carried out by the modified

assay as described by Rao et al. [30]. The basic protocol was
same as in morphological characteristics but after culture
period the 6-well plates were given media change with one ml
medium and 100 µl MTT (100 mg MTT / 20 ml PBS) was
added for each well and incubated at 37°C for 3 hours. After
that, one volume of stop mix solution was added and rocked for
about 2 hours, centrifuged and the optical density of the
solubilized formazan was determined spectrophotometrically
measuring the absorbance at 550 nm. The optical density of
formazan in each well is directly proportional to the cell viability
and utilized for calculations.

Lactate Dehydrogenase Activity (LDH) leakage assay
Cytotoxicity induced by β-amyloid was assessed by lactate

dehydrogenase (LDH) leakage into the culture medium.
Following exposure to the β-amyloid for 72 hours, the culture
medium was aspirated and centrifuged at 3000 rpm for 5 min in
order to obtain a cell free supernatant. The activity of LDH in
the medium was determined using a commercially available kit
from Sigma-Aldrich (Catalog# MAK066) according to the
manufacturer’s instructions.

Internalization of Aβ 1-42 by Congo red staining
SK-N-MC cells were grown onto 22 mm x 22 mm glass

coverslips at a concentration of 5.0 x 103/ 3 ml in 6-well plates
for 48 hours and after that changed to 1 ml of serum free
medium. Ashwagandha was added at 0.15 µg/ml to plain
ashwagandha control and β-amyloid plus ashwagandha
cultures. For ashwagandha additions, DMSO served as the
vehicle to dilute the compound at a final concentration of 0.4%
volume per volume and at this concentration has no effect on
cell survival. Control cultures received only solvent in the place
of test compound. Three hours after pre-incubation of cells with
WS root extract, β-amyloid and β-amyloid plus ashwagandha
cultures received β-amyloid at a concentration of 5 µM. After
16 hours, cells were washed with PBS, fixed in 4% formalin for
15 min at room temperature. Again cells were washed with
PBS and then stained with a fresh alkaline solution of 0.5%
filtered Congo red (SIGMA-ALDRICH) at room temperature for
5 min. After several washes with deionized water, slides were
mounted in glycerol / distilled water (1:1) plus 0.1% sodium
azide (SIGMA-ALDRICH) and then observed through a TCS
SP2 Confocal Laser Scanning Microscope (Leica
Microsystems, Germany)

DIL staining and Spine Density Analysis using
Confocal Microscopy

SK-N-MC cells were grown onto 22 mm x 50 mm glass
coverslips placed in a 100 mm petri-dish at a concentration of 1
x 106 in 8 ml complete medium for 48 hours and after that
changed to 8 ml of serum free medium. Ashwagandha was
added at 0.15 µg / ml to plain ashwagandha control and β-
amyloid plus ashwagandha cultures. For ashwagandha
additions, DMSO served as the vehicle to dilute the compound
at a final concentration of 0.4% volume per volume and at this
concentration has no effect on cell survival. Control cultures
received only solvent in the place of test compound. Three
hours after pre-incubation of cells with WS root extract, β-
amyloid and β-amyloid plus ashwagandha cultures received β-
amyloid at a concentration of 5 µM. After another 48 hours,
cells were washed with PBS, fixed with 4% formaldehyde in
PBS for 30 min at room temperature. DIL staining was
performed using a method described previously [31]. The
fluorescent membrane tracer, 1, 1’-Dioctadecyl-3, 3,3’,3’-
tetramethylindocarbocyanine perchlorate (DIL) at 7.5 mg/ml (in
PBS) concentration was directly added onto the fixed cultures
and allowed to incubate for 90 min at RT. These stained
coverslips were placed overnight at 4° C in petri dishes
containing PBS before proceeding for confocal microscopy.
Confocal images were obtained using TCS SP2 Confocal
Laser Scanning Microscope (Leica Microsystems, Germany) at
488 nm (100%) illusion of an argon-ion laser using 60X oil
immersion objectives with high numeric aperture and 2.5X
confocal electronic zoom settings to visualize individual cells.
Twenty Optical serial sections of 0.14 µm / section (~ 2.8 µm
total) through the cells were captured and reconstructed to
yield complete ‘‘two dimensional’’ images of individual cells in
focus.

Ashwagandha reverses β-Amyloid Neuronal Toxicity
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HIV-1 infection of SK-N-MC human neuronal cells
SK-N-MC human neuronal cells were infected with HIV-1

using the previously described protocol [31] with slight
modifications. Briefly, SK-N-MC (0.1×106 cells) cells were
cultured onto 22 mm x 50 mm glass coverslips placed in a 100
mm petri-dish overnight in 10 ml of medium. In the morning
polybrene (25 µg/ 5ml) was added for 6–7 hours and after that
cells were infected with 100 ng of HIV-1Ba-L (clade B) (NIH AIDS
Reagent Program, Cat. # 510) overnight in respective petri-
dishes. Next day morning, cells were washed with PBS to
remove unattached virus and replaced with fresh 10 ml
medium. Ashwagandha was added at 0.15 µg / ml to plain
ashwagandha control and HIV plus ashwagandha cultures and
cultured for 72 hours and utilized for confocal microscopy as
described above. The supernatant obtained from the used
medium was used for the p24 antigen estimation using ELISA
kit (ZeptoMetrix Corp. Cat # 0801200). Controls cells (without
clade B) were included in the set-up of all experiments.

Western Blot Analysis
SK-N-MC (1x106) cells were cultured in T-75 flasks in 8 ml

complete medium for 48 hours and after that changed to 8 ml
of serum free medium. Ashwagandha was added at 0.15 µg /
ml to plain ashwagandha control and β-amyloid plus
ashwagandha cultures. For ashwagandha additions, DMSO
served as the vehicle to dilute the compound at a final
concentration of 0.4% volume per volume and at this
concentration has no effect on cell survival. Control cultures
received only solvent in the place of test compound. Three
hours after pre-incubation of cells with WS root extract, β-
amyloid and β-amyloid plus ashwagandha cultures received β-
amyloid at a concentration of 5 µM. After another 48 hours,
cells were washed with PBS solution and were harvested using
Trypsin/EDTA solution (ScienceCell Laboratories), cell pellets
were collected and lysed using lysis buffer (Pierce, IL) with 1x
complete cocktail of protease inhibitors. Total cellular protein in
equal quantity was resolved by 4-15% polyacrylamide gel
electrophoresis, transferred to a nitrocellulose membrane. The
following primary antibodies were used: anti-PPARγ, H-100
and anti-GAPDH (Santa Cruz Biotechnology). Immunoreactive
bands were visualized using a chemiluminescence’s Western
blotting system according to the manufacturer’s instructions
(Amersham).

Statistical Analysis
The results were expressed as mean ± standard deviation

and the significance was evaluated using the Student’s t-test
(GraphPad Software, CA, USA). Results giving p ≤ 0.02 were
considered significant.

Results

Chemoprevention has been acknowledged as an important
and practical strategy for the management of several disorders
[32-34]. From this point of view, we have selected Withania
somnifera (WS) also known as Ashwagandha, which is in
common use in Indian traditional medicine to promote
cognition, including memory and extracted with a mixture of

methanol: chloroform (3:1) for testing the beneficial effects on
SK-N-MC, a neuronal cell line. This extract showed growth
stimulatory effects on SK-N-MC cell line and accordingly was
used for all studies.

LS-MS Analysis
Positive ion LS-MS analysis of the W.somnifera (WS) extract

revealed numerous components (Figure 1). The major
constituent Withanolide A was identified against a standard.

Morphological Characteristics
In both, Giemsa stained flasks (Figure 2) as well as

Sulphorhodamine B (SRB) stained cells (Figure 3), the β-
amyloid treated cells showed cytotoxic effects with decreased
cell growth compared to plain controls (Figure 2,2 and Figure
3B). However, when ashwagandha was added to β-amyloid
treated cultures, the cytotoxic effects of β-amyloid were
neutralized and the cells were comparable to plain and
ashwagandha treated controls, suggesting the
chemopreventive or protective effects of ashwagandha against
β-amyloid induced toxicity (Figures 2&3)

MTT Cell Viability Assay
Figure 4A shows the dose-response curve for Ashwagandha

on SK-N-MC cells. Ahhwagandha exhibited a significant
(p<0.0001) dose-dependent increase in cell viability as
reflected by MTT activity from 0.016 to 0.25 µg / ml and there
after showed a decline in activity curve. The results of MTT
assays also showed that β-amyloid exposure exhibited a
significant (p<0.0001) cytotoxicity from 0.825 to 6.6 µM (Figure
4B). Figure 4C shows the histograms of cell viability in control,
β-amyloid, ashwagandha and β-amyloid plus ashwagandha
treated cultures at different ashwagandha concentrations. The
results supported the earlier observations that β-amyloid exerts
cytotoxic effects in neuronal cells with decreased cell viability
when tested individually. However, when ashwagandha was
added to β-amyloid treated cultures, the cytotoxic effects of β-
amyloid were neutralized thus showing the beneficial effects.

Lactate Dehydrogenase Activity (LDH) leakage assay
The results demonstrated that exposure to β-amyloid to SK-

N-MC cells for 72 hours resulted in a significant (p<0.0008)
increase in LDH leakage into culture medium indicating
cytotoxicity. However, Ashwagandha treatment showed
protective effects against the cytotoxicity as the levels of LDH
leakage in Ashwagandha plus β-amyloid treated cultures were
comparable with controls. (Figure 4D)

Ashwagandha decreases the internalization of Aβ 1-42

In order to understand the effect of ashwagandha on the
internalization of β-amyloid1-42 in SK-N-MC cells, cells were pre-
incubated with extract for three hours and then exposed to β-
amyloid1-42 for 16 hours. After that cells were stained with
Congo red, a metachromatic anionic dye, specific for β-
amyloid. As Figure 5 shows, cultures treated with β-amyloid1-42

alone showed much more marked internalization of the toxic
peptide than occurred when cells were incubated with β-

Ashwagandha reverses β-Amyloid Neuronal Toxicity
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Figure 1.  Compounds observed by LC-MS analysis of Methanol:Chloroform (3:1) extract of W.somnifera root.  A. HPLC
profile showing the main components present. B. UV-Vis and mass spectra of the Withanolide A, identified as Withanolide A by
comparison with a reference standard. C. UV-Vis and mass spectra of few other peaks. The structures of these components cannot
be ascertained from these data alone and further studies are required.
doi: 10.1371/journal.pone.0077624.g001

Ashwagandha reverses β-Amyloid Neuronal Toxicity
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amyloid1-42 plus ashwagandha. Plain controls and only
ashwagandha treated cultures showed only back ground
staining.

Decreased Spine Density in β-amyloid treated using
Confocal Microscopy

Altered cellular morphology and architecture in β-amyloid
(Figure 6B) as well as β-amyloid plus ashwagandha (Figure
6D) and control (Figure 6A) and only ashwagandha (Figure 6C)
treated SK-N-MC cells were captured using confocal
microscopy and morphological changes were analyzed using
the established protocol [35]. Treatment of SK-N-MC cells with
β-amyloid resulted in significant decrease in spine density (p <
0.02), spine area, spine length and number of spines (B)
compared with untreated control cells. In ashwagandha and
ashwagandha plus β-amyloid treated cells no reduction in
spine density, spine area, spine length and number of spines
was observed compared to untreated control (B).

Decreased Spine Density in HIV-1 treated using
Confocal Microscopy

Changes in spine density and dendrite morphology in HIV-1
infected (Figure 7B) as well as HIV-1 plus ashwagandha
(Figure 7D) and control (Figure 7A) and only ashwagandha
(Figure 7C) treated SK-N-MC cells were captured using
confocal microscopy and morphological changes were
analyzed using the established protocol [35]. The infection of
SK-N-MC cells with HIV-1 resulted in significant decrease in
spine density (p < 0.05), spine area, spine length and number
of spines (B) compared with untreated control cells. In
ashwagandha plus HIV-1 treated cells no reduction in spine
density, spine area, spine length and number of spines was
observed compared to untreated control (B).

Decreased PPARγ levels in β-amyloid treated cultures
by Western Blot Analysis

The peroxisome proliferator-activated receptor-γ (PPARγ) is
implicated in numerous diseases including Alzheimer’s
disease, obesity, diabetes, atherosclerosis and cancer.
Accordingly, in order to understand the role of peroxisome

Figure 2.  Representative Giemsa stained flasks showing the effect of β-amyloid1-42, Ashwagandha and Ashwagandha plus
β-amyloid1-42 on SK-N-MC cell line.  1. Control, 2. β- Amyloid 1-42 treated, 3. Ashwagandha treated and 4. Ashwagandha plus β-
Amyloid1-42 treated.
doi: 10.1371/journal.pone.0077624.g002

Ashwagandha reverses β-Amyloid Neuronal Toxicity
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proliferator-activated receptors (PPARs) during the exposure of
β-amyloid as well as in the combination of β-amyloid plus
Ashwagandha, Western blotting analysis was carried out in cell
lysates. Treatment of SK-N-MC cells with β-amyloid resulted in
decreased PPARγ protein level (p < 0.01) (Figure 8) compared
with untreated control cells. In ashwagandha plus β-amyloid
treated cells no significant reduction (NS) in protein level was
observed compared to untreated control (Figure 8). However,
also a relatively slight decrease in PPARγ level was observed
in plain Ashwagandha treated cultures. Further studies are
required to understand the biological significance of this
observation.

Discussion

Considerable attention has been focused on the
accumulation of β-amyloid peptide (Aβ) within the brain as a
major etiologic factor in the pathogenesis of Alzheimer disease
(AD). The commonly used drugs for AD like memantine, is a N-
methyl-D-aspartic acid (NMDA) receptor antagonist, which may
restore the functions of damaged neurons through reducing
abnormal excitatory signals via the modulation of NMDA
receptor activity [36] and cholinesterase (AChE) inhibitors
suppress the enzymatic hydrolysis of neurotransmitter
acetylcholine, thus maintain a higher acetylcholine
concentration in the neuronal synapse [37], provide a
symptomatic relief but no cure for the disease. At present,
there is no curative treatment available for AD and the
approved medications are used only for slowing the disease

Figure 3.  Representative microscopic observations of Sulforhodamine B (SRB) stained cultures showing the effect of β-
amyloid1-42, Ashwagandha and Ashwagandha plus β-amyloid1-42 on SK-N-MC cell line (X80).  A. Control, B. β- Amyloid 1-42

treated, C. Ashwagandha treated and D. Ashwagandha plus β- Amyloid1-42 treated.
doi: 10.1371/journal.pone.0077624.g003
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progression or providing prophylaxis. Numerous studies over
the past two decades indicated that Withania somnifera (WS)
has anti-inflammatory, anti-tumor, anti-stress, anti-oxidant,
mind boosting and rejuvenating properties [38-40]. Studies also
showed that extracts of WS root promote dendrite formation in
human neuroblastoma cells in vitro in a dose-dependent
manner [41,42]. In the present study WS root extract showed
growth stimulatory effects at relatively lower concentrations on
SK-N-MC, a neuronal cell line (Figure 4A). Accordingly, this

extract was utilized for identification of the components present
as well as for other studies. HPLC and mass spectra analysis
showed the presence of withanolide A as the main withanolide
in the extract (Figure 1). Withanolides are known to be
responsible for the multiple medicinal properties of
Ashwagandha [43]. Structurally, withanolides consist of a
steroid backbone bound to a lactone and have resemblance in
their structure and action to ginsenosides, the active
constituents of Asian ginseng, Panax ginseng [44]. Besides

Figure 4.  Modulatory effects of Ashwagandha and β- Amyloid1-42 on human neuronal cells.  A. Dose-response curve of
Ashwagandha showing optimal concentrations and B. Dose-response cytotoxic effects of β-amyloid1-42 on SK-N-MC cells. Cells
were treated with different concentrations of Ashwagandha / β-amyloid1-42 and mitochondrial function was determined by the MTT
reduction assay as described in the Materials and Methods. C. MTT assay showing the inhibition of cell viability by β- Amyloid1-42

(βA) and its reversal by Ashwagandha (ASH) at different concentrations on SK-N-MC cell line D. Effect of β-amyloid1-42 on LDH
leakage in SK-N-MC cells and its reversal by Ashwagandha. The data are expressed as mean ± SD of four independent
experiments. (*) indicates a statistically significant difference compared to controls (p<0.05).
doi: 10.1371/journal.pone.0077624.g004
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withanolide A, the presence of different other components were
also observed in this extract. Further studies are required to
identify these components and their biological significance.

In both, Giemsa stained flasks (Figure 2) as well as
Sulphorhodamine B (SRB) stained cells (Figure 3), the β-
amyloid treated cells showed cytotoxic effects with decreased
cell growth compared to plain controls (Figure 2,2 and Figure

3B). However, when ashwagandha was added to β-amyloid
treated cultures, the cytotoxic effects of β-amyloid were
neutralized and the cells were comparable to plain and
ashwagandha treated controls, suggesting the
chemopreventive or protective effects of ashwagandha against
β-amyloid induced toxicity (Figures 2&3). The cell viability was
assessed by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

Figure 5.  Congo red staining showing the increased internalization in β- Amyloid1-42 treated and its reversal by
Ashwagandha in SK-N-MC cell line.  A. Control, B. β- Amyloid 1-42 treated, C. Ashwagandha treated and D. Ashwagandha plus β-
Amyloid1-42 treated. β- Amyloid1-42 cell internalization was observed by confocal laser microscopy: excitation 488- 543 nm and
emission 560 nm; lens 20x / 0.5, 3 x. Images are from one representative experiment of two experiments performed.
doi: 10.1371/journal.pone.0077624.g005
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diphenyltetrazolium bromide (MTT) assay and same pattern
was observed (Figure 4C). Previous work showed that β-
amyloid is toxic to primary neurons [27,45,46]. Also, It has
been reported earlier that exposure of cultured neurons to β-
amyloid induces degeneration and cell death through an
apoptotic pathway and suggests that activation of an apoptotic
pathway may contribute to the neuronal loss associated with
AD [47,48]. It is possible that similar mechanisms may be
responsible for the cell degeneration observed in the present
study during the exposure of β-amyloid (Figure 4B). In the
present study, our data shows that ashwagandha prevented

this cellular degeneration. Some studies suggest that one
pathway of β-amyloid induced cytotoxicity could be mediated
by free radicals and oxidative stress [28,49-53]. It is known that
ashwagandha has antioxidant and free radical scavenger
activity and this could inhibit β-amyloid induced cellular
degeneration [54]. Also, ashwagandha inhibits
acetylcholinesterase activity and thus has potential to modulate
cholinergic function [55-57] or may be connected to clearing
effect associated with the degradation of β-amyloid by many
proteases, including neprilysin, endothelin-converting enzyme,

Figure 6.  Confocal Images of DIL stained SK-N-MC cells showing the effect of β-amyloid1-42, Ashwagandha and
Ashwagandha plus β-amyloid1-42.  1. A. Control, B. β- Amyloid 1-42 treated, C. Ashwagandha treated and D. Ashwagandha plus β-
Amyloid1-42 treated. 2. Quantitative analysis showing the decreased spine density in β- Amyloid1-42 treated SK-N-MC cell line and its
reversal by Ashwagandha (ASH). SK-N-MC cells were grown onto the glass coverslips, DIL stained and observed under confocal
microscope. Randomly selected pictures in each group of the cells were captured in confocal microscope. Image J software was
used to analyze the spine density, spine area, spine length and number of spines.
doi: 10.1371/journal.pone.0077624.g006
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angiotensin-converting enzyme, plasminogen activator and
matrix metalloproteinase-9 [58-62].

Accumulating evidence from different clinical studies,
transgenic models as well as in vitro studies suggests that
intraneuronal accumulation of β-amyloid is an early event and
plays an important role in the pathogenesis of AD [63,64].
Further, extracellular addition of β-amyloid to neuronal cells in
culture is known to induce the uptake of β-amyloid and its
localization to the nucleus [65-68]. In the present study,
cultures treated with β-amyloid1-42 alone showed much more
marked internalization of the toxic peptide compared to cultures
treated with β-amyloid1-42 plus ashwagandha (Figure 5).

Neuronal spines are tiny protrusions along cells, which
constitute major postsynaptic sites for excitatory synaptic
transmission. Alterations in spine density and the formation of
new synapses are activity dependent processes that provide a
basis for memory formation and function. A loss or alteration of
these structures has been described in patients with

neurodegenerative disorders such as Alzheimer’s disease [69].
In the present study of confocal microscopy, treatment of SK-
N-MC cells with β-amyloid and HIV-1 infection resulted in
decrease of spine density, spine area, spine length and
number of spines (Figures 6&7) compared with untreated
control cells which may negatively affect the synaptic plasticity
in neuronal cells. However, in β-amyloid plus ashwagandha as
well as HIV-1 plus ashwagandha treated cells no reduction in
spine density, spine area, spine length and number of spines
was observed compared to untreated control (Figures 6&7)
indicating the protective and reversal effect of ashwagandha on
spine density.

Alzheimer’s disease is characterized by disruption of β-
amyloid homeostasis, resulting in the accumulation β-amyloid
within the brain. The peroxisome proliferator-activated
receptor-γ (PPARγ) is a ligand-activated nuclear receptor and
its activation is associated with clearance of β-amyloid and
ameliorating the pathologic and behavioral deficits in AD [70].

Figure 7.  Confocal Images of DIL stained SK-N-MC cells showing the effect of HIV-1Ba-L (clade B), Ashwagandha and
Ashwagandha plus HIV-1Ba-L (clade B).  1. A. Control, B. HIV-1Ba-L (clade B) treated, C. Ashwagandha treated and D.
Ashwagandha plus HIV-1Ba-L (clade B) treated. 2. Quantitative analysis showing the decreased spine density in HIV-1Ba-L (clade B)
treated SK-N-MC cell line and its reversal by Ashwagandha (ASH). SK-N-MC cells were grown onto the glass coverslips, DIL
stained and observed under confocal microscope. Randomly selected pictures in each group of the cells were captured in confocal
microscope. Image J software was used to analyze the spine density, spine area, spine length and number of spines.
doi: 10.1371/journal.pone.0077624.g007
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In general, β-amyloid deposition elicits a vigorous “M1”
microglia-mediated inflammatory response contributing to
disease progression [71-73].. However, activation of PPARγ is
associated with the alteration of macrophages and microglia
into “M2” state linked with the suppression of inflammation and
promotion of β-amyloid phagocytosis and tissue repair [74,75].
In the present study treatment of SK-N-MC cells with β-amyloid
resulted in the decreased PPARγ protein levels (p < 0.01)
(Figure 8) compared with untreated control cells. However, in
ashwagandha plus β-amyloid treated cells no significant
reduction in protein levels was observed compared to
untreated control (Figure 8). It is possible that in cells treated
with only β-amyloid, decreased levels of PPARγ protein levels
may contribute to the cytotoxic properties of β-amyloid
observed. However, since there is no reduction of PPARγ
protein levels in Ashwagandha plus β-amyloid treated cells, the
cytotoxic properties of β-amyloid were neutralized probably due
to clearance of added β-amyloid and further studies are
required to understand the mechanisms. Further, this data
supports a possible mechanistic link between PPARγ and
amyloid clearance due to Ashwagandha and support the
therapeutic use of ashwagandha against AD.

Even though, the mechanisms of AD are still not completely
understood, it is believed that excessive accumulation of β-

amyloid through abnormal β-amyloid precursor protein (APP)
and β-amyloid metabolism are key events in the pathogenesis
of AD. Thus, strategies targeting β-amyloid metabolism and
APP processing are of immense help for the treatment and
prevention of AD. Here we have demonstrated that WS extract
reverses the β-amyloid and HIV-1 induced neuronal toxicity in
SK-N-MC cells and may serve as potential therapeutic agent
for use in AD and possibly in other HIV related disorders
involving memory deficiency. WS extract used in the present
study is known to contain several compounds besides
withanolide A. However, it is reasonable to expect that
appropriate combinations of multiple chemopreventive
components might provide greater efficacy than the
administration of individual component. It is unlikely that
chemoprevention of AD can be achieved by a single agent.
Accordingly, there is need to develop a mixed cocktail
approach with multiple herbal ingredients that act in a
concerted way and produce multiple cellular effects with further
enhancement of the efficacy in a positive manner for the
effective management of AD. Studies are in progress from this
point of view.

Figure 8.  Western blotting analysis showing the decreased PPARγ protein levels in β-amyloid treated and its reversal by
Ashwagandha in SK-N-MC neuronal cells.  (A) Cell lysates were separated in 4% to 15% linear gradient SDS-PAGE gels and
were probed against the respective antibodies. GAPDH was used as the loading control. (B) Quantitative analysis showing the
decreased PPARγ protein levels in β- Amyloid1-42 treated cultures. ASH - Ashwagandha; β-amy - β-amyloid. The gel shown is a
representative for three experiments.
doi: 10.1371/journal.pone.0077624.g008
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Conclusions

In summary, this study demonstrated that
Methanol:Chloroform (3:1) extract prepared from the dried
roots of W. somnifera and subjected to LC-MS analysis
showed the presence of alkaloids and steroidal lactones, the
prominent being Withanolide A and was neuroprotective
against β-amyloid-induced cytotoxicity and HIV-1 infection. The
MTT cell viability assays and confocal studies supported the
findings confirming the chemopreventive or protective effects of
ashwagandha against β-amyloid induced toxicity and HIV-1
infection. These results further established that neuroprotective

properties of the WS root extract observed in the present study
may provide some explanation for the ethnopharmacological
uses of WS in traditional medicine for cognitive and other HIV
associated neurodegenerative disorders.

Author Contributions

Conceived and designed the experiments: KRVK MPNN.
Performed the experiments: KRVK VSRA TS. Analyzed the
data: KRVK VSRA TS MPNN. Contributed reagents/materials/
analysis tools: MPNN. Wrote the manuscript: KRVK MPNN.

References

1. Iversen LL, Mortishire-Smith RJ, Pollack SJ, Shearman MS (1995) The
toxicity in vitro of β-amyloid protein. Biochem J 311: 1-16. PubMed:
7575439.

2. Zhang C, Tanzi RE (2012) Natural modulators of amyloid-beta
precursor protein processing. Curr Alzheimer Res 9: 1-8. doi:
10.2174/156720512799015082. PubMed: 22329648.

3. Hardy J (2006) A hundred years of Alzheimer’s disease research.
Neuron 52: 3-13. doi:10.1016/j.neuron.2006.09.016. PubMed:
17015223.

4. Ross CA, Poirier MA (2004) Protein aggregation and
neurodegenerative disease. Nat Med 10: S10-S17. doi:10.1038/
nm1066. PubMed: 15272267.

5. Citron M (2004) Strategies for disease modification in Alzheimer’s
disease. Nature. Rev Neurosci 5: 677-685. doi:10.1038/nrn1495.

6. Citron M (2010) Alzheimer’s disease: Strategies for disease
modification. Nat Rev Drug Discov 9: 387-398. doi:10.1038/nrd2896.
PubMed: 20431570.

7. Bertram L, Lill CM, Tanzi RE (2010) The genetics of Alzheimer disease:
back to the future. Neuron 68: 270-281. doi:10.1016/j.neuron.
2010.10.013. PubMed: 20955934.

8. Griciuc A, Serrano-Pozo A, Parrado AR, Lesinski AN, Asselin CN et al.
(2013) Alzheimer’s disease risk gene CD33 inhibits microglial uptake of
amyloid beta. Neuron. doi:10.1016/j.neuron.2013.04.014.

9. Tanzi RE, Bertram L (2005) Twenty years of the Alzheimer’s disease
hypothesis: a genetic perspective. Cell 120: 545-555. doi:10.1016/j.cell.
2005.02.008. PubMed: 15734686.

10. Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer JA et al.
(2006) Role of genes and environments for explaining Alzheimer
disease. Arch Gen Psychiatry 63: 168-174. doi:10.1001/archpsyc.
63.2.168. PubMed: 16461860.

11. Green DA, Masliah E, Vinters HV, Beizai P, Moore DJ et al. (2005)
Brain deposition of beta-amyloid is a common pathologic feature in HIV
positive patients. AIDS 19: 407-411. doi:10.1097/01.aids.
0000161770.06158.5c. PubMed: 15750394.

12. Esiri MM, Biddolph SC, Morris CS (1998) Prevalence of Alzheimer
plaques in AIDS. J Neurol Neurosurg, Psychiatry 65: 29-33. doi:
10.1136/jnnp.65.1.29. PubMed: 9667557.

13. Soontomniyomkij V, Moore DJ, Soontomniyomkij B, Tatro ET, Umlauf A
et al. (2012) Cerebral β-amyloid deposition predicts HIV-associated
neurocognitive disorders in APOE ε4 carriers. AIDS 26: 2327-2335. doi:
10.1097/QAD.0b013e32835a117c. PubMed: 23018443.

14. Giunta B, Ehrhart J, Obregon DF, Lam L, Le L (2011) Antiretroviral
medications disrupt microglial phagocytosis of β-amyloid and increases
its production by neurons: implications for HIV-associated
neurocognitive disorders. Molecular Brain 4: 23-29. doi:
10.1186/1756-6606-4-23. PubMed: 21649911.

15. Shearman MS, Ragan CI, Iversen LL (1994) Inhibition of PC12 cell
redox activity is a specific, early indicator of the mechanism of 1-
amyloid-mediated cell death. Proc Natl Acad Sci U_S_A 91:
1470-1474. doi:10.1073/pnas.91.4.1470. PubMed: 8108433.

16. Kulkarni SK, Dhir A (2008) Withania somnifera: An Indian ginseng.
Prog Neuropsychopharmacol Biol Psychiatry 32: 1093-1105. doi:
10.1016/j.pnpbp.2007.09.011. PubMed: 17959291.

17. Mishra LC, Singh BB, Dagenais S (2000) Scientific basis for the
therapeutic use of Withania somnifera (Ashwagandha): a review. Altern
Med Rev 5: 334-346. PubMed: 10956379.

18. Kuboyama T, Tohda C, Komatsu K (2005) Neurite regeneration and
synaptic reconstruction induced by Withanolide A. Br J Pharmacol 144:
961-971. doi:10.1038/sj.bjp.0706122. PubMed: 15711595.

19. Jain S, Shukla SD, Sharma K, Bhatnagar M (2001) Neuroprotective
effects of Withania somnifera Dunn.in hippocampal sub-regions of
female albino rat. Phytotherapy Research 15: 544-548.

20. Sankar SR, Manivasagam T, Krisnamurt A, Ramanathan M (2007) The
neuroprotective effect of Withania somnifera root extract in MPTP-
intoxicated mice: An analysis of behavioural and biochemical variables.
Cell Mol Biol Lett 12: 473-481. doi:10.2478/s11658-007-0015-0.
PubMed: 17415533.

21. Sehgal N, Gupta A, Valli RK, Joshi SD, Mills JT et al. (2012) Withania
somnifera reverses Alzheimer’s disease pathology by enhancing low-
density lipoprotein receptor-related protein in liver. Proc Natl Acad Sci
U_S_A 109: 3510-3515. doi:10.1073/pnas.1112209109. PubMed:
22308347.

22. Wogulis M, Wright S, Cunningham D, Chilcote T, Powell K et al. (2005)
Nucleation-dependent polymerization is an essential component of
amyloid-mediated neuronal cell death. J Neurosci 25: 1071-1080. doi:
10.1523/JNEUROSCI.2381-04.2005. PubMed: 15689542.

23. Panandiker A, Maru GB, Rao KVK (1994) Dose-response effects of
malachite green on free radical formation, lipid peroxidation and DNA
damage in Syrian hamster embryo cells and their modulation by
antioxidants. Carcinogenesis 15: 2445-2448. doi:10.1093/carcin/
15.11.2445. PubMed: 7955089.

24. Rao KVK, Samikkannu T, Dakshayani KB, Zhang X, Sathaye SS et al.
(2012) Chemopreventive potential of an ethyl acetate fraction from
Curcuma longa is associated with upregulation of p57kip2 and Rad9 in
the PC-3M prostate cancer cell line. Asian Pac J Cancer Prev 13:
1031-1038. doi:10.7314/APJCP.2012.13.3.1031. PubMed: 22631633.

25. Panandiker A, Fernandes C, Rao KVK (1992) The cytotoxic properties
of malachite green are associated with the increased demethylase, aryl
hydrocarbon hydroxylase and lipid peroxidation in primary cultures of
Syrian hamster embryo cells. Cancer Lett 67: 93-101. doi:
10.1016/0304-3835(92)90131-E. PubMed: 1483270.

26. Michaelis ML, Ansar S, Chen Y, Reiff ER, Seyb KI et al. (2005) β-
Amyloid –induced neurodegeneration and protection by structurally
diverse microtubule-stabilizing agents. J Pharmacol Exp Ther 312:
659-668. PubMed: 15375176.

27. Yankner BA, Duffy LK, Kirschner DA (1990) Neurotrophic and
neurotoxic effects of amyloid β protein: reversal by tachykinin
neuropeptides. Science 250: 279-282. doi:10.1126/science.2218531.
PubMed: 2218531.

28. Kumar S, Seal CJ, Howes MJR, Kite GC, Okello EJ (2010) In vitro
protective effects of Withania somnifera (L.) Dunal root extract against
hydrogen peroxide and b-amyloid (1–42)-induced cytotoxicity in
differentiated PC12 Cells. Phytotherapy Research 24: 1567-1574..

29. London JA, Biegel D, Pachter JS (1996) Neurocytopathic effects of β-
amyloid-stimulated monocytes: A potential mechanism for central
nervous system damage in Alzheimer disease. Proc Natl Acad Sci
U_S_A 93: 4147-4152. doi:10.1073/pnas.93.9.4147. PubMed:
8633031.

30. Rao KVK, Samikkannu T, Dakshayani KB, Zainulabedin SM, Gandhi N
et al. (2012) Combinatorial cytotoxic effects of Curcuma longa and
Zingiber officinale on the PC-3M prostate cancer cell line. J Basic Clin
Physiol Pharmacol 23: 139-146. PubMed: 23072849.

31. Atluri VSR, Kanthikeel SP, Pichili VBR, Yndart A, Nair MPN (2013)
Human synaptic plasticity gene expression profile and dendritic spine
density changes in HIV-infected human CNS cells: role in HIV-
associated neurocognitive disorders (HAND). PLOS ONE 8(4): e61399.
doi:10.1371/journal.pone.0061399. PubMed: 23620748.

Ashwagandha reverses β-Amyloid Neuronal Toxicity

PLOS ONE | www.plosone.org 13 October 2013 | Volume 8 | Issue 10 | e77624

http://www.ncbi.nlm.nih.gov/pubmed/7575439
http://dx.doi.org/10.2174/156720512799015082
http://www.ncbi.nlm.nih.gov/pubmed/22329648
http://dx.doi.org/10.1016/j.neuron.2006.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17015223
http://dx.doi.org/10.1038/nm1066
http://dx.doi.org/10.1038/nm1066
http://www.ncbi.nlm.nih.gov/pubmed/15272267
http://dx.doi.org/10.1038/nrn1495
http://dx.doi.org/10.1038/nrd2896
http://www.ncbi.nlm.nih.gov/pubmed/20431570
http://dx.doi.org/10.1016/j.neuron.2010.10.013
http://dx.doi.org/10.1016/j.neuron.2010.10.013
http://www.ncbi.nlm.nih.gov/pubmed/20955934
http://dx.doi.org/10.1016/j.neuron.2013.04.014
http://dx.doi.org/10.1016/j.cell.2005.02.008
http://dx.doi.org/10.1016/j.cell.2005.02.008
http://www.ncbi.nlm.nih.gov/pubmed/15734686
http://dx.doi.org/10.1001/archpsyc.63.2.168
http://dx.doi.org/10.1001/archpsyc.63.2.168
http://www.ncbi.nlm.nih.gov/pubmed/16461860
http://dx.doi.org/10.1097/01.aids.0000161770.06158.5c
http://dx.doi.org/10.1097/01.aids.0000161770.06158.5c
http://www.ncbi.nlm.nih.gov/pubmed/15750394
http://dx.doi.org/10.1136/jnnp.65.1.29
http://www.ncbi.nlm.nih.gov/pubmed/9667557
http://dx.doi.org/10.1097/QAD.0b013e32835a117c
http://www.ncbi.nlm.nih.gov/pubmed/23018443
http://dx.doi.org/10.1186/1756-6606-4-23
http://www.ncbi.nlm.nih.gov/pubmed/21649911
http://dx.doi.org/10.1073/pnas.91.4.1470
http://www.ncbi.nlm.nih.gov/pubmed/8108433
http://dx.doi.org/10.1016/j.pnpbp.2007.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17959291
http://www.ncbi.nlm.nih.gov/pubmed/10956379
http://dx.doi.org/10.1038/sj.bjp.0706122
http://www.ncbi.nlm.nih.gov/pubmed/15711595
http://dx.doi.org/10.2478/s11658-007-0015-0
http://www.ncbi.nlm.nih.gov/pubmed/17415533
http://dx.doi.org/10.1073/pnas.1112209109
http://www.ncbi.nlm.nih.gov/pubmed/22308347
http://dx.doi.org/10.1523/JNEUROSCI.2381-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15689542
http://dx.doi.org/10.1093/carcin/15.11.2445
http://dx.doi.org/10.1093/carcin/15.11.2445
http://www.ncbi.nlm.nih.gov/pubmed/7955089
http://dx.doi.org/10.7314/APJCP.2012.13.3.1031
http://www.ncbi.nlm.nih.gov/pubmed/22631633
http://dx.doi.org/10.1016/0304-3835(92)90131-E
http://www.ncbi.nlm.nih.gov/pubmed/1483270
http://www.ncbi.nlm.nih.gov/pubmed/15375176
http://dx.doi.org/10.1126/science.2218531
http://www.ncbi.nlm.nih.gov/pubmed/2218531
http://dx.doi.org/10.1073/pnas.93.9.4147
http://www.ncbi.nlm.nih.gov/pubmed/8633031
http://www.ncbi.nlm.nih.gov/pubmed/23072849
http://dx.doi.org/10.1371/journal.pone.0061399
http://www.ncbi.nlm.nih.gov/pubmed/23620748


32. Ji HF, Zhang HY (2008) Multipotent natural agents to combat
Alzheimer’s disease. Functional spectrum and structural features. Acta
Pharmacol Sin 29: 143-151. doi:10.1111/j.1745-7254.2008.00752.x.
PubMed: 18215342.

33. Williams P, Sorribas A, Howes MJ (2011) Natural products as a source
of Alzheimer’s drug leads. Nat Prod Rep 28: 48-77. doi:10.1039/
c0np00027b. PubMed: 21072430.

34. Newman DJ, Cragg GM (2007) Natural products as source of new
drugs over the last 25 years. J Nat Prod 70: 461-477. doi:10.1021/
np068054v. PubMed: 17309302.

35. Smith DL, Pozueta J, Gong B, Arancio O, Shelanski M (2009) Reversal
of long-term dendritic spine alterations in Alzheimer disease models.
Proc Natl Acad Sci U S A 106: 16877–16882. doi:10.1073/pnas.
0908706106. PubMed: 19805389.

36. Van Marum RJ (2008) Current and future therapy in Alzheimer’s
disease. Fundamentals of Clinical Pharmacology 22: 265-74

37. Lyketsos CG, Colenda CC, Beck C, Blank K, Doraiswamy MP et al.
(2006) Position statement of the American Association for Geriatric
Psychiatry regarding principles of care for patients with dementia
resulting from Alzheimer disease. Am J Geriatr Psychiatry 14: 561-572.
doi:10.1097/01.JGP.0000221334.65330.55. PubMed: 16816009.

38. Ahmad M, Saleem S, Ahmad AS (2005) Neuroprotective effects of
Withania somnifera on 6-hydroxydopamineinduced Parkinsonism in
rats. Hum Exp Toxicol 24: 137–147. doi:10.1191/0960327105ht509oa.
PubMed: 15901053.

39. Archana R, Namasivayam A (1999) Antistressor effect of Withania
somnifera. J Ethnopharmacol 64: 91–93. PubMed: 10075127.

40. Scartezzini P, Speroni E (2000) Review on some plants of Indian
traditional medicine with antioxidant activity. J Ethnopharmacol 71: 23–
43. doi:10.1016/S0378-8741(00)00213-0. PubMed: 10904144.

41. Tohda C, Kuboyama T, Komatsu K (2000) Dendrite extension by
methanol extract of Ashwagandha (roots of Withania somnifera) in SK-
N-SH cells. NeuroReport 11: 1981–1985. doi:
10.1097/00001756-200006260-00035. PubMed: 10884056.

42. Zhao J, Nakamura N, Hattori M, Kuboyama T, Tohda C et al. (2002)
Withanolide derivatives from the roots of Withania somnifera and their
neurite outgrowth activities. Chem Pharm Bull 50: 760–765. doi:
10.1248/cpb.50.760. PubMed: 12045329.

43. Kuboyama T, Tohda C, Komatsu K (2005) Neuritic regeneration and
synaptic reconstruction induced by withanolide A. Br J Pharmacol144:
961–971. doi:10.1038/sj.bjp.0706122. PubMed: 15711595.

44. Grandhi A, Mujumdar AM, Patwardhan B (1994) A comparative
pharmacological investigation of Ashwagandha and Ginseng. J
Ethnopharmacol 44: 131-135. doi:10.1016/0378-8741(94)01119-2.
PubMed: 7898119.

45. Behl C, Davis J, Cole GM, Schubert D (1992) Vitamin E protects nerve
cells from amyloid β protein toxicity. Biochem Biophys Res Commun
186: 944-950. doi:10.1016/0006-291X(92)90837-B. PubMed: 1497677.

46. Koh JY, Yang LL, Cotman CW (1990) β-Amyloid protein increases the
vulnerability of cultured cortical neurons to excitotoxic damage. Brain
Res 533: 315-320. doi:10.1016/0006-8993(90)91355-K. PubMed:
2289145.

47. Loo DT, Copani A, Pike CJ, Whittemore ER, Walencewicz AJ et al.
(1993) Apoptosis is induced by β-Amyloid in cultured nervous system
neurons. Proc Natl Acad Sci U_S_A 90: 7951-7955. doi:10.1073/pnas.
90.17.7951. PubMed: 8367446.

48. Deshpande A, Mina E, Glabe C, Busciglio J (2006) Different
conformations of amyloid β induce neurotoxicity by distinct mechanisms
in human cortical neurons. J Neurosci 26: 6011-6018. doi:10.1523/
JNEUROSCI.1189-06.2006. PubMed: 16738244.

49. Behl C, Davis JB, Lesley R, Schubert D (1994) Hydrogen peroxide
mediates amyloid b protein toxicity. Cell 77: 817–827. doi:
10.1016/0092-8674(94)90131-7. PubMed: 8004671.

50. Behl C (1997) Amyloid b-protein toxicity and oxidative stress in
Alzheimer’s disease. Cell Tissue Res 290: 471–480. doi:10.1007/
s004410050955. PubMed: 9369525.

51. Bhatnagar M, Sharma D, Salvi M (2009) Neuroprotective effects of
Withania somnifera Dunal.: A possible mechanism. Neurochemistry
Res 34: 1975–1983. doi:10.1007/s11064-009-9987-7. PubMed:
19444606.

52. Greenlund LJS, Deckwerth TL, Johnson EM Jr (1995) Superoxide
dismutase delays neuronal apoptosis: A role for reactive oxygen
species in programmed neuronal death. Neuron 14: 303–315. doi:
10.1016/0896-6273(95)90287-2. PubMed: 7857640.

53. Canevari L, Abramov AY, Duchen MR (2004) Toxicity of Amyloid β
Peptide: Tales of calcium, mitochondria, and oxidative stress.
Neurochemistry Res 29: 637–650. doi:10.1023/B:NERE.
0000014834.06405.af.

54. Bhattacharya A, Ghosal S, Bhattacharya SK (2001) Anti-oxidant effect
of Withania somnifera glycowithanolides in chronic foots hock stress-
induced perturbations of oxidative free radical scavenging enzymes
and lipid peroxidation in rat frontal cortex and striatum. J
Ethnopharmacol 74: 1–6. doi:10.1016/S0378-8741(00)00309-3.
PubMed: 11137343.

55. Schliebs R, Liebmann A, Bhattacharya SK, Kumar A, Ghosal S et al.
(1997) Systemic administration of defined extracts from Withania
somnifera (Indian Ginseng) and Shilajit differentially affects cholinergic
but not glutamatergic and GABAergic markers in rat brain. Neurochem
Int 30: 181–190. doi:10.1016/S0197-0186(96)00025-3. PubMed:
9017665.

56. Houghton PJ, Howes MJ Jr (2005) Natural products and derivatives
affecting neurotransmission relevant to Alzheimer’s and Parkinson’s
disease. Neuro Signals 14: 6–22. doi:10.1159/000085382. PubMed:
15956811.

57. Vinutha B, Prashanth D, Salma K (2007) Screening of selected Indian
medicinal plants for acetylcholinesterase inhibitory activity. J
Ethnopharmacol 109: 359–363. doi:10.1016/j.jep.2006.06.014.
PubMed: 16950584.

58. Shirotani K, Tsubuki S, Iwata N, Takaki Y, Harigaya W et al. (2001)
Neprilysin degrades both amyloid beta peptides 1–40 and 1–42 most
rapidly and efficiently among thiorphan- and phosphoramidon-sensitive
endopeptidases. J Biol Chem 276: 21895–21901. doi:10.1074/
jbc.M008511200. PubMed: 11278416.

59. Eckman EA, Reed DK, Eckman CB (2001) Degradation of the
Alzheimer's amyloid beta peptide by endothelin-converting enzyme. J
Biol Chem 276: 24540–24548. doi:10.1074/jbc.M007579200. PubMed:
11337485.

60. Hu JG, Igarashi A, Kamata M, Nakagawa H (2001) Angiotensin-
converting enzyme degrades Alzheimer amyloid beta-peptide (A beta);
Retards A beta aggregation, deposition, fibril formation, and inhibits
cytotoxicity. J Biol Chem 276: 47863–47868. PubMed: 11604391. 

61. Van Nostrand WE, Porter M (1999) Plasmin cleavage of the amyloid
beta-protein: Alteration of secondary structure and stimulation of tissue
plasminogen activator activity. Biochemistry 38: 11570–11576. doi:
10.1021/bi990610f. PubMed: 10471309.

62. Yan P, Hu XY, Song HW, Yin KJ, Bateman RJ et al. (2006) Matrix
metalloproteinase-9 degrades amyloid-beta fibrils in vitro and compact
plaques in situ. J Biol Chem 281: 24566–24574. doi:10.1074/
jbc.M602440200. PubMed: 16787929.

63. Mohamed A, Posse de Chaves E (2011) Aβ internalization by neurons
and glia. Int J Alzheimers Dis. 12: 79-84.

64. Wirths O, Bayer TA (2012) Intraneuronal Aβ accumulation and
neurodegeneration: lessons from transgenic models. Life Sci 91: 1148–
1152. doi:10.1016/j.lfs.2012.02.001. PubMed: 22401905.

65. Ohyagi Y, Asahara H, Chui DH, Tsuruta Y, Sakae N et al. (2005)
Intracellular Abeta42 activates p53 promoter:a pathway to
neurodegeneration in Alzheimer’s disease. FASEB J 19: 255–257.
PubMed: 15548589.

66. Ohyagi Y, Tabira T (2006) Intracellular amyloid beta-protein and its
associated molecules in the pathogenesis of Alzheimer’sdisease. Mini
Rev Med Chem 6: 1075–1080. doi:10.2174/138955706778560175.
PubMed: 17073707.

67. Ohyagi Y (2008) Intracellular amyloid beta-protein as a therapeutic
target for treating Alzheimer’s disease. Curr Alzheimer Res 5: 555–561.
doi:10.2174/156720508786898514. PubMed: 19075582.

68. Bailey JA, Maloney B, Ge YW, Lahiri DK (2011) Functional activity of
the novel Alzheimer’s amyloid β-peptide interacting domain (AβID) in
the APP and BACE1 promoter sequences and implications in activating
apoptotic genes and in amyloidogenesis. Gene 488: 13–22. doi:
10.1016/j.gene.2011.06.017. PubMed: 21708232.

69. Gandy S (2005) The role of cerebral amyloid beta accumulation in
common forms of Alzheimer disease. J Clin Invest 115: 1121-1129. doi:
10.1172/JCI25100. PubMed: 15864339.

70. Mandrekar-Colucci S, Colleen KJ, Landreth GE (2012) Mechanisms
underlying the rapid peroxisome proliferator-activated receptor γ
mediated amyloid clearance and reversal of cognitive deficits in a
murine model of Alzheimer’s disease. J Neurosci 32: 10117–10128.
doi:10.1523/JNEUROSCI.5268-11.2012. PubMed: 22836247.

71. Chawla A (2010) Control of macrophage activation and function by
PPARs. Circ Res 106: 1559 –1569. doi:10.1161/CIRCRESAHA.
110.216523. PubMed: 20508200.

72. Chinetti-Gbaguidi G, Baron M, Bouhlel MA, Vanhoutte J, Copin C et al.
(2011) Human atherosclerotic plaque alternative macrophages display
low cholesterol handling but high phagocytosis because of distinct
activities of the PPARgamma and LXRalpha pathways. Circ Res 108:
985–995. doi:10.1161/CIRCRESAHA.110.233775. PubMed: 21350215.

Ashwagandha reverses β-Amyloid Neuronal Toxicity

PLOS ONE | www.plosone.org 14 October 2013 | Volume 8 | Issue 10 | e77624

http://dx.doi.org/10.1111/j.1745-7254.2008.00752.x
http://www.ncbi.nlm.nih.gov/pubmed/18215342
http://dx.doi.org/10.1039/c0np00027b
http://dx.doi.org/10.1039/c0np00027b
http://www.ncbi.nlm.nih.gov/pubmed/21072430
http://dx.doi.org/10.1021/np068054v
http://dx.doi.org/10.1021/np068054v
http://www.ncbi.nlm.nih.gov/pubmed/17309302
http://dx.doi.org/10.1073/pnas.0908706106
http://dx.doi.org/10.1073/pnas.0908706106
http://www.ncbi.nlm.nih.gov/pubmed/19805389
http://dx.doi.org/10.1097/01.JGP.0000221334.65330.55
http://www.ncbi.nlm.nih.gov/pubmed/16816009
http://dx.doi.org/10.1191/0960327105ht509oa
http://www.ncbi.nlm.nih.gov/pubmed/15901053
http://www.ncbi.nlm.nih.gov/pubmed/10075127
http://dx.doi.org/10.1016/S0378-8741(00)00213-0
http://www.ncbi.nlm.nih.gov/pubmed/10904144
http://dx.doi.org/10.1097/00001756-200006260-00035
http://www.ncbi.nlm.nih.gov/pubmed/10884056
http://dx.doi.org/10.1248/cpb.50.760
http://www.ncbi.nlm.nih.gov/pubmed/12045329
http://dx.doi.org/10.1038/sj.bjp.0706122
http://www.ncbi.nlm.nih.gov/pubmed/15711595
http://dx.doi.org/10.1016/0378-8741(94)01119-2
http://www.ncbi.nlm.nih.gov/pubmed/7898119
http://dx.doi.org/10.1016/0006-291X(92)90837-B
http://www.ncbi.nlm.nih.gov/pubmed/1497677
http://dx.doi.org/10.1016/0006-8993(90)91355-K
http://www.ncbi.nlm.nih.gov/pubmed/2289145
http://dx.doi.org/10.1073/pnas.90.17.7951
http://dx.doi.org/10.1073/pnas.90.17.7951
http://www.ncbi.nlm.nih.gov/pubmed/8367446
http://dx.doi.org/10.1523/JNEUROSCI.1189-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.1189-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16738244
http://dx.doi.org/10.1016/0092-8674(94)90131-7
http://www.ncbi.nlm.nih.gov/pubmed/8004671
http://dx.doi.org/10.1007/s004410050955
http://dx.doi.org/10.1007/s004410050955
http://www.ncbi.nlm.nih.gov/pubmed/9369525
http://dx.doi.org/10.1007/s11064-009-9987-7
http://www.ncbi.nlm.nih.gov/pubmed/19444606
http://dx.doi.org/10.1016/0896-6273(95)90287-2
http://www.ncbi.nlm.nih.gov/pubmed/7857640
http://doi:10.1023/b:nere.0000014834.06405.af
http://doi:10.1023/b:nere.0000014834.06405.af
http://dx.doi.org/10.1016/S0378-8741(00)00309-3
http://www.ncbi.nlm.nih.gov/pubmed/11137343
http://dx.doi.org/10.1016/S0197-0186(96)00025-3
http://www.ncbi.nlm.nih.gov/pubmed/9017665
http://dx.doi.org/10.1159/000085382
http://www.ncbi.nlm.nih.gov/pubmed/15956811
http://dx.doi.org/10.1016/j.jep.2006.06.014
http://www.ncbi.nlm.nih.gov/pubmed/16950584
http://dx.doi.org/10.1074/jbc.M008511200
http://dx.doi.org/10.1074/jbc.M008511200
http://www.ncbi.nlm.nih.gov/pubmed/11278416
http://dx.doi.org/10.1074/jbc.M007579200
http://www.ncbi.nlm.nih.gov/pubmed/11337485
http://www.ncbi.nlm.nih.gov/pubmed/11604391
http://dx.doi.org/10.1021/bi990610f
http://www.ncbi.nlm.nih.gov/pubmed/10471309
http://dx.doi.org/10.1074/jbc.M602440200
http://dx.doi.org/10.1074/jbc.M602440200
http://www.ncbi.nlm.nih.gov/pubmed/16787929
http://dx.doi.org/10.1016/j.lfs.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22401905
http://www.ncbi.nlm.nih.gov/pubmed/15548589
http://dx.doi.org/10.2174/138955706778560175
http://www.ncbi.nlm.nih.gov/pubmed/17073707
http://dx.doi.org/10.2174/156720508786898514
http://www.ncbi.nlm.nih.gov/pubmed/19075582
http://dx.doi.org/10.1016/j.gene.2011.06.017
http://www.ncbi.nlm.nih.gov/pubmed/21708232
http://dx.doi.org/10.1172/JCI25100
http://www.ncbi.nlm.nih.gov/pubmed/15864339
http://dx.doi.org/10.1523/JNEUROSCI.5268-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22836247
http://dx.doi.org/10.1161/CIRCRESAHA.110.216523
http://dx.doi.org/10.1161/CIRCRESAHA.110.216523
http://www.ncbi.nlm.nih.gov/pubmed/20508200
http://dx.doi.org/10.1161/CIRCRESAHA.110.233775
http://www.ncbi.nlm.nih.gov/pubmed/21350215


73. Gordon S (2003) Alternative activation of macrophages. Nat Rev
Immunol 3: 23–35. doi:10.1038/nri978. PubMed: 12511873.

74. Mandrekar-Colucci S, Landreth GE (2010) Microglia and inflammation
in Alzheimer’s disease. CNS Neurol Disord- Drug Targets 9: 156 –167.
doi:10.2174/187152710791012071. PubMed: 20205644.

75. Mosser DM, Edwards JP (2008) Exploring the full spectrum of
macrophage activation. Nat Rev Immunol 8: 958 –969. doi:10.1038/
nri2448. PubMed: 19029990.

Ashwagandha reverses β-Amyloid Neuronal Toxicity

PLOS ONE | www.plosone.org 15 October 2013 | Volume 8 | Issue 10 | e77624

http://dx.doi.org/10.1038/nri978
http://www.ncbi.nlm.nih.gov/pubmed/12511873
http://dx.doi.org/10.2174/187152710791012071
http://www.ncbi.nlm.nih.gov/pubmed/20205644
http://dx.doi.org/10.1038/nri2448
http://dx.doi.org/10.1038/nri2448
http://www.ncbi.nlm.nih.gov/pubmed/19029990

	Florida International University
	FIU Digital Commons
	10-16-2013

	Ashwagandha (Withania somnifera) Reverses β-Amyloid1-42 Induced Toxicity in Human Neuronal Cells: Implications in HIV-Associated Neurocognitive Disorders (HAND)
	Kesava Rao Venkata Kurapati
	Venkata Atluri
	Thangavel Samikkannu
	Madhavan Nair
	Recommended Citation


	Ashwagandha (Withania somnifera) Reverses β-Amyloid1-42 Induced Toxicity in Human Neuronal Cells: Implications in HIV-Associated Neurocognitive Disorders (HAND)
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	Author Contributions
	References


