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Abstract

Limonoids from the neem tree (Azadirachta indica) have attracted considerable research attention in recent years owing to
their potent antioxidant and anti-proliferative effects. The present study was designed to investigate the cellular and molecu-
lar mechanisms by which azadirachtin and nimbolide exert cytotoxic effects in the human cervical cancer (Hela) cell line.
Both azadirachtin and nimbolide significantly suppressed the viability of HeLa cells in a dose-dependent manner by induc-
ing cell cycle arrest at GO/G1 phase accompanied by p53-dependent p21 accumulation and down-regulation of the cell cycle
regulatory proteins cyclin B, cyclin D1 and PCNA. Characteristic changes in nuclear morphology, presence of a subdiploid
peak and annexin-V staining pointed to apoptosis as the mode of cell death: Increased generation of reactive oxygen species
with decline in the mitochondrial transmembrane potential and release of cytochrome ¢ confirmed that the neem limonoids
transduced the apoptotic signal via the mitochondrial pathway. Altered expression of the Bcl-2 family of proteins, inhibi-
tion of NF-xB activation and over-expression of caspases and survivin provide compelling evidence that azadirachtin and
nimbolide induce a shift of balance toward a pro-apoptotic phenotype. Antioxidants such as azadirachtin and nimbolide that
can simultaneously arrest the cell cycle and target multiple molecules involved in mitochondrial apoptosis offer immense
potential as anti-cancer therapeutic drugs.
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Introduction . .
mammals—the exzrinsic or death receptor pathway mainly

Tumour resistance to apoptotic cell death, an important
hallmark of cancer, contributes to increased survival of
cells that have acquired oncogenic mutations, eventu-
ally leading to uncontrolled cell proliferation, invasion,
metastasis, angiogenesis and chemoresistance [1].
Apoptosis occurs in a highly coordinated manner with
characteristic features such as nuclear and cytoplasmic
condensation, inter-nucleosomal cleavage, phosphati-
dylserine externalization, formation of membrane-
bound apoptotic bodies and phagocytosis of the affected
cell [2,3]. Two major canonical signalling pathways that
lead to apoptotic cell death have been recognized in

implicated in the maintenance of tissue homeostasis
and the nrinsic or mitochondrial pathway that occurs in
response to various extracellular cues and internal
insults such as DNA damage [1,4,5]. Both the path-
ways converge at the activation of the enzymatic caspase
cascade, culminating in apoptotic cell death [6].
Cancer cells evade apoptosis by downregulation
of death receptors, altered expression of the Bcl-2
family proteins that control mitochondrial release
of apoptogenic molecules such as cytochrome c,
constitutive activation of nuclear factor-kB (NF-xB),
a pro-survival and anti-apoptotic transcription factor
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and over-expression of inhibitors of apoptosis proteins
(IAPs) [1,7-9]. Identification of agents that target
these molecules that play a crucial role in the regula-
tion of apoptosis has evolved as a new paradigm in
anti-cancer drug development. In particular, phy-
tochemicals from medicinal plants have received
growing attention in recent years as potential chemo-
preventive and chemotherapeutic agents owing to
their apoptosis-inducing effects [10].

Of late, limonoids, modified triterpenes found
abundantly in various parts of the neem tree
(Azadirachta indica A. Juss), have attracted consider-
able research attention as potential anti-neoplastic
agents [11]. Azadirachtin, isolated from seed kernels,
and nimbolide present in leaves and flowers, are the
two most important neem limonoids that exhibit
potent cytotoxic effects against a panel of human can-
cer cell lines [12-14]. Figure 1 presents the chemical
structures of nimbolide and azadirachtin. Recently, we
reported the chemopreventive potential of azadirachtin
and nimbolide in an animal model of oral oncogenesis
based on their ability to modulate host antioxidant
defences, cell proliferation, apoptosis evasion, inva-
sion, metastasis and angiogenesis [15,16].

In the present study, we examined the cellular and
molecular mechanisms by which azadirachtin and
nimbolide exert cytotoxic effects in the human cervi-
cal cancer (Hela) cell line. Both azadirachtin and
nimbolide induced characteristic changes in nuclear
morphology, presence of a sub-diploid peak and
annexin-V staining, indicating apoptosis as the mode
of cell death. Increased ROS generation with decline
in the mitochondrial transmembrane potential, release
of cytochrome ¢ and up-regulation of pro-apoptotic
members of the Bcl-2 family, as well as caspases and
survivin, implicated the mitochondrial pathway of
apoptosis. In addition, both the neem limonoids
inhibited NF-xB activation and modulated the expres-
sion of cell cycle associated proteins.

Materials and methods
Chemucals

Azadirachtin and nimbolide of purity=97% were
purchased from SPIC Science Foundation (Tuticorin,
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India). Stock solutions of azadirachtin and nimbo-
lide were prepared by dissolving in phosphate buff-
ered saline (PBS) containing 0.5% DMSO. The
stock solutions were then diluted with Dulbecco’s
modified Eagles medium (DMEM) prior to use to
obtain the desired concentration. Acridine orange,
4,6-diamidino-2-phenylindol (DAPI), 2’,7’-dichlo-
rofluorescein diacetate (DCFH-DA), ethidium bro-
mide, glutathione (GSH), JC-1 iodide and propidium
iodide were purchased from Sigma Chemical
Company (St. Louis, MO).

Cell culture and maintenance

HeLa cells were procured from the National Centre
for Cell Science (Pune, India). The cells were grown
in DMEM (GIBCO BRL, Grand Island, NY) con-
taining 10% FBS (Sigma) and antibiotics (100 U/ml
of penicillin and 100 pg/ml of streptomycin). Cells
were maintained as monolayer cultures in a humidi-
fied atmosphere of 5% CO, at 37°C.

Determunation of cell viability

Cell viability was determined based on the trypan blue
exclusion method. Briefly, HelLa cells were plated at a
density of 1X10° cells/ml into 24-well plates. After
overnight growth, cells were pre-treated with a series
of concentrations of azadirachtin (0-200 uM) and
nimbolide (0-10 puM), respectively, for 24 h. Subse-
quently, the medium was removed from the wells by
aspiration and the cells were washed with PBS. Trypsin-
EDTA was then added to the wells in order to detach
cells from the substratum. Finally the cells were resus-
pended in fresh medium and counted under the micro-
scope using trypan blue as a marker of cell viability.
Relative cell viability (in percentage) was expressed as
(number of viable treated cells/number of viable con-
trol cells) X 100. All doses were tested in triplicate and
the experiment was repeated at least three times.

Assessment of nuclear morphology

Characteristic apoptotic morphological changes were
assessed by fluorescent microscopy using acridine

Azadirachtin

Figure 1. Chemical structures of azadirachtin and nimbolide.

Nimbolide
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orange/ethidium bromide (AO/EB) and DAPI staining.
HelLa cells grown in 12-well plate at seeding densities
of 2X10° cells were treated with azadirachtin (135
uM) and nimbolide (5 uM) for 24 h. After washing
once with phosphate buffered saline (PBS), the cells
were incubated with 100 pl of a mixture (1:1) of AO/
EB (4 ug/ml) solutions. For DAPI staining, cells were
fixed in ice-cold methanol (—20°C) for 15 min and
stained with DNA-specific fluorochrome DAPI (1
pg/ml) for 30 min in the dark. The cells were imme-
diately washed with DMEM, viewed and photo-
graphed using Nikon inverted fluorescent microscope
(TE-Eclipse 300).

Cell cycle analysis

Cell cycle distribution and measurement of the per-
centage of apoptotic cells were performed by flow
cytometry. HelLa cells were plated in six well plates at
a density of 5X10° cells/well. After 24 h of treatment,
cells were harvested by trypsinization and washed
twice with PBS. Cells were then gently fixed with 70%
ice cold ethanol at —20°C for 1 h and resuspended in
PBS containing 0.5 pg/ml RNase and incubated at
37°C for 30 min. Following this, cells were stained
with 1 ml of 50 pug/ml propidium iodide for 10 min
and the DNA content was analysed on a flow cytom-
eter (FACSort, Becton Dickinson, San Jone, USA).

Annexin V-PI test

To quantify limonoid-induced apoptotic cell death,
we used the dual staining abilities of the probes
annexin V and propidium iodide. Briefly, after treat-
ment, adhering cells were harvested by trypsinization
and washed twice with PBS. Cells were then resus-
pended in binding buffer and stained with annexin
V-FITC and PI according to the instructions of the
manufacturer (Annexin V-FITC-PI apoptosis detec-
tion kit, Sigma). The cells were incubated in the dark
for 10 min and analysed by a flow cytometer using
excitation/emission wavelengths of 488/525 nm and
488/675 nm for annexin V and PI, respectively.

Determination of ROS generation

Intracellular ROS generation was monitored spectro-
fluorimetrically (Perkin Elmer, Germany) using the
oxidation-sensitive fluorescent probe DCFH-DA.
Briefly, after 24 h of treatment, cells were harvested
and suspended in 0.5 ml PBS containing 10 uM
DCFH-DA for 15 min at 37°C in the dark. DCFH-
DA was taken up by cells and deacetylated by cellular
esterase to form a non-fluorescent product DCFH,
which is converted to a green fluorescent product
DCF by intracellular ROS produced by treated
HelLa cells. The intensity of DCF fluorescence was

measured at 530 nm after excitation at 488 nm [17].
ROS levels were expressed as percentage over control.

Analysis of mitochondrial transmembrane potential

The changes in the mitochondrial transmembrane
potential (AyM) were determined using JC-1, a fluo-
rescent carbocyanine dye, which accumulates in the
mitochondrial membrane as a monomer or dimer
depending on mitochondrial membrane potential
[18]. Briefly, cells were plated at a seeding density of
2% 105 cells/well in a 12-well plate. After 24 h of drug
treatment, cells were incubated with 5 uM JC-1 for 30
min at room temperature in the dark. The presence of
JC-1 monomers or dimers was examined under a fluo-
rescent microscope using filter pairs of 530 nm/590 nm
(dimers) and 485 nm/538 nm (monomers).

RNA isolation and cDNA synthesis

Following treatment, HelLa cells grown in 60 mm
petri dishes were washed with ice-cold PBS and 1 ml
of trizol was added and flushed gently to disrupt the
cells. The lysates were collected and mixed with 300
ul of chloroform by inversion. The tubes were then
centrifuged at 10 000 rpm for 15 min at 4°C. The
aqueous phases from the tubes were collected and the
RNA was precipitated using 700 ul of isopropanol
and centrifuged at 10 000 rpm for 10 min at 4°C.
The pellets were washed twice with 70% ethanol and
air-dried for ~ 20-40 min. The pellets were resus-
pended in 100 ul of DEPC-treated water and the
RNA concentration was determined from the optical
density at a wavelength of 260 nm (by using an OD,¢,
unit equivalent to 40 pug/ml of RNA).

Isolated total RNA (1 ug) was reverse-transcribed
to cDNA in a reaction mixture containing 4 pl of
5X reaction buffer, 2 ul of ANTPs mixture (10 mM),
20 units of RNase inhibitor, 200 units of avian-
myeloblastosis virus (AMYV) reverse transcriptase and
0.5 ug of oligo(dT) primer (Promega, WI) in a total
volume of 20 pl. The reaction mixture was incubated
at 42°C for 60 min and the reaction terminated by
heating at 70°C for 10 min. The resultant cDNA was
stored at —80°C until further use.

PCR amplification

All oligonucleotide primers were purchased from
Sigma Genosys (India). Details about the primers are
given in Table I. The PCR amplification reaction mix-
ture (in a final volume of 25 pl) contained 1 ul of
cDNA, 0.5 ul of forward primer, 0.5 pul of reverse
primer and 10 pl of Hot Master Mix (2.5X) (Eppen-
dorf, Hamburg, Germany). The PCR was carried out
in a thermal cycler (Eppendorf). Negative controls
without cDNA were also performed. Amplification
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Table I. Oligonucleotide primers for RT-PCR analysis

Gene product

Primer sequences

Fragment size (bp)

Bad

Bax

Bcl-2

Bcel-xL

Bid

Caspase -3
Caspase -9
Cytochrome ¢
p21

p53

PCNA

Sense 5-CCCAGAGTTTGAGCCGAGTG-3’
Antisense 5-GCTGTGCTGCCCAGAGGTT-3’
Sense 5-ACCAAG CTGAGCGA GTGTC-3’
Antisense 5’-ACAAAGATGGTCACGGTCTGCC-3’
Sense 5-ACCAAG CTGAGCGA GTGTC-3’
Antisense 5’-ACAAAGATGGTCACGGTCTGCC-3’
Sense 5-GAGGCAGGCGACGAGTTT-3

Antisense 5-GACGGAGGATGTGGTGGA-3’

Sense 5-ACAAGGCCATGCTGATAATGACAAT-3’
Antisense 5’-CTGCGTTCAGCTTGAGTGTATCTG-3’
Sense 5-GACAACAACGAAACCTCCGT-3’
Antisense 5’-GACTTCGTATTTCAGGGCCA-3’
Sense 5-TGTGGTGGTCATCCTCTCTCA-3
Antisense 5-GTCACTGGGGGTAGGCAAACT-3’
Sense 5-GGAGGCAAGCATAAGACTGG-3’
Antisense 5’-GTCTGCCCTTTCTCCCTTCT-3’
Sense 5-CTCAGAGGAGGCGCCATG-3’
Antisense 5’-GGGCGGATTAGGGCTTCC-3’
Sense 5-GTTTCCGTCTGGGCTTCTTG-3’
Antisense 5’-CCTGGGCATCCTTGAGTTCC-3’
Sense 5-GCCCTCAAAGACCTCATCAA-3’

317

293

415

320

302

382

282

267

517

473

472

Antisense 5’-GCTCCCCACTCGCAGAAAAC-3’
f-Actin Sense 5-AACCGCGAGAAGATGACCCAGATCATGTTT-3’ 350
Antisense 5~ AGCAGCCGTGGCCATCTCTTGCTCGAAGTC-3’

products were analysed by electrophoresis in a 2%
agarose gel containing ethidium bromide with 100bp
DNA ladder. The PCR products were visualized as
bands with a UV-transilluminator and photographs
were taken using gel documentation system (GelDoc-
Mega™, UK).

Western blot analysis

Following treatment, cells were washed three times
with PBS and lysed in a RIPA lysis buffer (50 mM
Tris-HCI (pH 7.4), 1% Nonidet P-40, 40 mM NaF,
10 mM NaCl, 10 mM Na,VO,, 1 mM phenyl-
methanesulphonyl fluoride (PMSF), 10 mM dithio-
threitol (DTT)). The cell lysates were centrifuged at
14 000 rpm for 15 min. For the isolation of mitochon-
drial fraction, cells were washed with PBS and scraped
in homogenizing buffer (10 mM HEPES (pH 7.9),
10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
DTT, 0.5 mM PMSF, 10 mM sucrose). The homo-
genate was centrifuged at 1000 g for 5 min to remove
the nuclear and unbroken cells. The supernatant was
centrifuged at 23 100 g for 30 min at 4°C and the
resulting pellet containing mitochondria was resus-
pended in lysis buffer (150 mM NaCl, 0.5% Triton
X-100, 50 mM Tris, 20 mM EGTA, 1 mM DTT,
1 mM sodium orthovanadate and protease inhibitor
cocktail). Total protein was determined by the method
of Bradford [19].

Proteins separated by SDS-PAGE were electropho-
retically transferred to polyvinylidene difluoride mem-
branes. The membranes were incubated in 1X PBS
containing 5% non-fat dry milk for 2 h to block non-
specific binding sites. The blots were incubated with

primary antibodies (diluted according to the manu-
facturer’s instructions) for 30—45 min at room tem-
perature. After washing, the blots were incubated with
1:1000 dilutions of horseradish peroxidase-conjugated
secondary antibodies (Santa Cruz Biotechnology, CA)
for 45 min at room temperature. After extensive washes
with high and low salt buffers, the immunoreactive
proteins were visualized using enhanced chemilumi-
nescence (ECL) detection reagents (Sigma). Densi-
tometry was performed on IISP flat bed scanner and
quantitated with Total Lab 1.11 software.

Statistical analysis

Cytotoxicity data are presented as mean percentages
of control=SD and linear regression analysis was
used to calculate IC,, values. The data for apoptotic
cell death were analysed by Student’s z- test. Densi-
tometric analysis data for RI-PCR and western blot
were analysed using analysis of variance (ANOVA)
and the group means were compared by the least
significant difference test (LSD). The results were
considered statistically significant if p < 0.05.

Results

Azadirachtin and nimbolide cause dose-dependent
reduction in survival of HelLa cells

We first tested the cytotoxic effects of different con-
centrations of azadirachtin (0-200 uM) and nimbo-
lide (0-10 puM) on the growth of HeLa cells.
Incubation of Hel.a cells for 24 h with azadirachtin
and nimbolide caused dose-dependent inhibition of
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Figure 2. Effects of azadirachtin and nimbolide on HeLa cell viability. Cell viability was determined by trypan blue assay as described.
1C,, concentration of azadirachtin= 135 pM; and nimbolide =5 uM. Data are represented as mean + SD of three independent determinations,

each performed in triplicate.

growth of cells, with IC, values of 135 and 5 UM,
respectively (Figure 2).

Azadirachtin and nimbolide induced apoptosis
m HelLa cells

To characterize whether the decrease in cell viability
was caused by apoptosis, we observed changes in the
nuclear morphology of HelLa cells using the fluores-
cent DNA binding dyes AO/EB and DAPI. As shown
in Figure 3, treatment of Hela cells for 24 h with
IC;, concentrations of azadirachtin and nimbolide
resulted in significant chromosomal condensation
and morphological changes, indicating that the cyto-
toxic action of azadirachtin and nimbolide was due to
its ability to induce apoptosis.

Apoptotic cell death is characterized by specific
changes in the presence of sub-diploid peak [20].
To investigate the induction of a subGl-cell

A Control Azadirachtin

population, the DNA content of HelLa cells treated
with azadirachtin and nimbolide was analysed by
flow cytometry. Treatment of HeLa cells with IC,
concentrations of azadirachtin and nimbolide
resulted in an increase in the proportion of cells
with reduced DNA content compared to control.
The percentage of apoptotic cells was 34% and
45% in azadirachtin and nimbolide treated cells,
respectively (Figure 4). To further confirm apop-
tosis induced by azadirachtin and nimbolide, HelLa
cells were stained with annexin V-FITC and PI and
subsequently analysed by flow cytometry. The
annexin V assay evaluated phospholipid turnover
from the inner to the outer lipid layer of the plasma
membrane, an event typically associated with
apoptosis. As shown in Figure 5, the proportion of
annexin V stained cells increased from 0.13%
(control) to 9.5% and 21.3% in azadirachtin and
nimbolide treated cells, respectively.

Nimbolide
B
100
- AbS
T g0
[*]
2
s 80
-‘é{ 40
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< 20
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100
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60
40

20

Apoptotic nuclei %

Figure 3. Morphological changes and the number of apoptotic nuclei formed after treatment with IC, concentrations of azadirachtin and
nimbolide for 24 h. (A) AO/EB staining and DAPI staining. (B) Error bar represents SD between counts of three independent experiments.
#&- significantly different from control (»p<<0.001) by Student’s t-test. ##- significantly different from control (»p<<0.001)
%- significantly different from azadirachtin (p<<0.05). Apoptotic cells are shown as white arrowheads.
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Figure 4. DNA content of HeLa cells treated with IC;, concentrations of azadirachtin (A) and nimbolide (B) detected by flow cytometry.
Sub G1 cells represent apoptotic cells with a lower DNA content. The data presented are representative of three independent

experiments.

Involvement of ROS production and mitochondrial
dysfunction in azadirachtin- and nimbolide-induced
apoprosis

There is accumulating evidence to indicate that ROS
plays an important role in apoptosis induction [21].
We analysed ROS generation using the fluorescent
probe DCFH-DA. Treatment with azadirachtin (135
uM) and nimbolide (5 uM) for 24 h significantly
increased ROS generation in HeL.a cells compared to
control (Figure 6A). Furthermore, addition of GSH
decreased the cytotoxic effects of azadirachtin and
nimbolide (Figure 6B). These results suggest the
involvement of ROS in the cytotoxic effects of
azadirachtin and nimbolide on HeL.a cells.

We next evaluated the effects of azadirachtin and
nimbolide on AyM using JC-1. JC-1 has the unique
property of forming red fluorescent aggregates spon-
taneously under high mitochondrial potential, whereas
the monomeric form is prevalent in cells with low
AyM and fluoresces in green. Treatment of HeL a cells
with azadirachtin (135 uM) and nimbolide (5 uM)
for 24 h resulted in collapse of the mitochondrial
membrane potential, as revealed by a change in fluo-
rescence from red to green, compared to control
(Figure 7).
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Azadirachtin- and nimbolide-induced expression of cell
cycle arrest and pro-apoprotic proteins

To investigate the effects of azadirachtin (135 uM)
and nimbolide (5 tM) on the expression of markers
associated with cell survival, proliferation and apop-
tosis, we analysed the mRNA and protein expression
of p53, p21, cyclin D1, PCNA, NF-xB family mem-
bers (p50, p65, IxB, p-IxB-a and IKKpf), survivin,
Bcl-2 family members (Bcl-2, Bcl-xL, Mcl-1, Bid,
Bad and Bax), cytochrome ¢ (cytosolic and mitochon-
drial), Apaf-1, caspases (caspase —2L., —6, —8,—9 and —3)
and PARP cleavage by RT-PCR and western blot analy-
ses using f-actin as internal control (Figures 8 and 9).
Quantification of each band by densitometric analysis
revealed significant increase in the expression of p53,
p21, IxB, Bid, Bad, Bax, cytosolic cytochrome C,
Apaf-1, caspase —2L, -6, —8, -9 and -3 and PARP
cleavage with decrease in the expression of cyclin D1,
PCNA, NF-«B, p-IxB-a, IKKp, survivin, Bcl-2,
Bcl-xL, Mcl-1 and mitochondrial cytochrome ¢ in
HelLa cells treated with azadirachtin and nimbolide
compared to untreated control. f-actin was not
detected in the mitochondrial fractions, indicating
that there was no mitochondrial contamination from
the cytosolic fraction.
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Figure 5. Scatter plots of Annexin V-FITC/PI stained HeLa cells treated with IC, concentrations of azadirachtin (A) and nimbolide (B)
under four situations in a quadrant analysis. (A1) Necrotic or dead cells, (A2) late apoptotic or dead cells, (A3) living cells, (A4) early
apoptotic cells. The data presented are representative of three independent experiments.
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Figure 6. (A) Effect of azadirachtin and nimbolide on ROS generation. HeL.a cells were treated with 135 and 5 UM azadirachtin and
nimbolide in the presence or absence of GSH and the DCF fluorescence was measured by spectrofluorimetry. (B) Effect of GSH on

cytotoxicity of HeLa cells by azadirachtin and nimbolide.

Discussion

The cytotoxic and anti-proliferative effects of
azadirachtin and nimbolide have been demonstrated
in a panel of cancer cell lines. Cohen et al. [13] found
nimbolide to be a more potent anti-proliferative agent
relative to azadirachtin based on the cytotoxic effects
against NIE-155, 143.BK. TK and RAW 264.7 can-
cer cell lines. In addition, a vast panel of leukaemic
and melanoma cell lines as well as human choriocar-
cinoma (BeWo) cells displayed sensitivity to the cyto-
toxicity of nimbolide [14,22,23].The dose-dependent
suppression of viability of HelLa cells by azadirachtin
and nimbolide seen in the present study underscores
the growth inhibitory potential of these neem
limonoids.

Analysis of cell cycle distribution revealed a
greater proportion of cells in sub G0/G1 and a
lesser proportion in S and G2/M phase. Notably,
cell cycle arrest at GO/G1 phase was accompanied

Control

Azadirachtin

by p53-dependent p21 accumulation and down-
regulation of the cell cycle regulatory proteins cyclin
B, cyclin D1 and PCNA. Consistent with our find-
ings, Roy et al. [14] demonstrated a remarkable
increase in the number of cells in subG1l fraction
with a reciprocal decrease of cells in all other phases
in U937 cells exposed to nimbolide. In another
study, HT-29 cells exposed to nimbolide showed
G2/M phase arrest, up-regulation of p21 and chk2
with down-regulation of cyclin A, cyclin E, cdk2
and Radl7 [22].

In addition to cell cycle arrest, azadirachtin and
nimbolide induced morphological features charac-
teristic of apoptotic cell death such as detachment
of cells from the substratum, an increase in the num-
ber of sub-diploid cells, chromatin condensation and
appearance of annexin-V-positive cells. Elucidation
of the molecular mechanism underlying apoptosis
by these neem limonoids revealed ROS generation,

Nimbolide

Figure 7. Fluorescent microscopy images of control cells and cells treated with IC;, concentrations of azadirachtin and nimbolide. Yellow-

orange fluorescence is visible in cell areas with high mitochondrial
present in cell areas with low mitochondrial membrane potential.

membrane potential, while green fluorescence of JC-1 monomer is
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Figure 8. Effects of azadirachtin (135uM) and nimbolide (5tM) on markers of cell proliferation and survival in HeL a cells. (A) Representative
RT-PCR analyses. B-Actin was used as an internal control. (B) Representative immunoblots. Protein samples (50 pg/lane) resolved on SDS
PAGE were probed with corresponding antibodies. B-Actin was used as loading control. (C, D) Densitometric analysis. *Significantly
different from HeLa (p<<0.01) ANOVA followed by LSD. ‘a’ Significantly different from HeLa* Azadirachtin (p<<0.05).

decline in the mitochondrial transmembrane poten-
tial with consequent release of cytochrome ¢ and
increased expression of Apaf-1, as well as initiator
and effector caspases culminating in PARP cleavage.
Addition of the antioxidant glutathione blocked ROS
generation and the cytotoxic effects of azadirachtin
and nimbolide confirming ROS involvement. The pro-
oxidant behaviour of these neem limonoids in Hel.a
cells is similar to that exhibited by several antioxidant
phytochemicals such as curcumin, resveratrol and tea
polyphenols in cancer cell lines and may be attributed
to the cellular redox status, free radical source, par-
tial pressure of oxygen and ability to participate in a
Fenton type chemical reaction [24-27].
Permeabilization of the outer mitochondrial
membrane, a critical step in stimulating cell death, is
regulated by the opposing actions of pro- and anti-
apoptotic members of the Bcl-2 family [28,29].
Increased levels of Bax proteins have been reported
to directly induce the release of cytochrome ¢ by
forming a pore in the outer membrane of the mito-
chondria [30]. Recently it has been shown that cyto-

solic p53 inhibits anti-apoptotic Bcl-xL. and promotes
cytochrome c release. Another study has demonstrated
that p53 can directly modulate Bax-oligomerization,
thereby priming cells for apoptosis by destabilizing the
mitochondria [31,32]. In the present study, treatment
of HelLa cells with azadirachtin and nimbolide resulted
in an increase in the expression of Bax and Bid with
concomitant decrease in the expression of Bcl-2 and
BclxL. It is conceivable that the Bcl-2 family proteins
participate in the events that control the mitochon-
drial transmembrane potential in a p53-dependent
manner triggering the release of cytochrome ¢ during
apoptosis induced by azadirachtin and nimbolide. In
a previous study, we demonstrated a key role for ROS
and Bcl-2/Bax in apoptosis induced by nimbolide in
human choriocarcinoma (BeWo) cells [23]. Taken
together, these data provide compelling evidence that
the neem limonoids azadirachtin and nimbolide trans-
duce apoptosis by the mitochondrial pathway.
Inhibition of survivin, a member of the IAP family
of proteins, and NF-xB activation may be important
mechanisms by which azadirachtin and nimbolide
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Figure 9. The effects of azadirachtin (135uM) and nimbolide (5uM) on markers of intrinsic apoptosis in HeLa cells. (A) Representative
RT-PCR analyses. B-Actin was used as an internal control. (B) Representative immunoblots. Protein samples (50 pg/lane) resolved on
SDS PAGE were probed with corresponding antibodies. B-Actin was used as loading control. (C, D) Densitometric analysis. *Significantly
different from HeLa (p<<0.01) ANOVA followed by LSD. ‘a’ Significantly different from Hel.a+ Azadirachtin (p<<0.05).

mediate mitochondrial apoptosis in HelLa cells.
Survivin, a potent caspase inhibitor, blocks release
of Smac/DIABLO from the mitochondria, whereas
NF-xB activates anti-apoptotic proteins such as
Bcl-xLL and IAPs in addition to controlling the
expression of cell cycle proteins such as cyclins,
p21, p53 and PCNA [33,34]. Of late, both survivin

and NF-xB have emerged as important targets for
chemotherapy. Identification of potent inhibitors of
survivin and NF-xB activation are therefore central
in designing effective anti-cancer agents for therapy
[35,36].

In conclusion, the results of the present study
reveal that azadirachtin and nimbolide markedly
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inhibit the growth of HelLa cells by inducing cell cycle
arrest at GO/G1 phase and promoting the mitochon-
drial pathway of apoptosis. The greater efficacy of
nimbolide relative to azadirachtin may be attributed
to its a,f-unsaturated ketone element. Concerted
modulation of cell cycle and apoptosis regulators is a
major consideration in the search for novel anti-
cancer drugs [37,38]. In particular, mitochondrial
targeting is recognized to make tumour cells more
susceptible to anti-cancer treatment [39]. However, a
major obstacle in treatment targeted against individual
molecules is the propensity for malignant tumours to
switch to alternate pathways to evade apoptosis. Anti-
oxidants such as azadirachtin and nimbolide that can
simultaneously arrest the cell cycle and target multiple
molecules involved in mitochondrial apoptosis offer
immense potential as anti-cancer therapeutic drugs.
Furthermore, the efficacy of these neem limonoids to
inhibit chemically induced carcinogenesis i vivo at
minimal concentration strengthens its therapeutic
value [15,16]. Thus, the development of mechanism-
based multi-targeted therapeutic strategies by natural
products that display structural complexity, inherent
biologic activity, affordability and lack of substantial
toxic effects would help in rational design of drugs for
cancer therapeutics.
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