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Abstract

Objective: Neem plant (Azadirachta indica) has been extensively used in Ayurvedic system of medicine for female fertility 
regulation for a long time, but its mechanism of action remains poorly understood. Hence, the present study was aimed to 
determine whether an increase of granulosa cell apoptosis is associated with aqueous neem leaf extract (NLE)‑induced oocyte 
apoptosis. Materials and Methods: Sexually immature female rats of 20 days old were fed NLE (50 mg/day) for 10 days 
and then subjected to superovulation induction protocol. The morphological changes in cumulus oocyte complexes (COCs), 
rate of oocyte apoptosis, hydrogen peroxide (H2O2), total nitrite, and cytochrome c concentrations, inducible nitric oxide 
synthase (iNOS), cytochrome c, p53, Bcl2 and Bax expressions, deoxyribonucleic acid (DNA) fragmentation, and estradiol 
17β level in granulosa cells collected from preovulatory COCs were analyzed. Results: Aqueous NLE increased H2O2 
concentration and decreased catalase activity, increased iNOS expression and total nitrite concentration, increased p53, Bax, 
and p53 expressions but decreased Bcl2 expression, increased cytochrome c concentration and induced DNA fragmentation 
in granulosa cells. An increased granulosa cell apoptosis resulted in reduced estradiol 17β concentration and induced 
apoptosis in ovulated oocytes. Conclusion: We conclude that aqueous NLE‑induced granulosa cell apoptosis through the 
mitochondria‑mediated pathway, reduced estradiol 17β concentration and induced apoptosis in ovulated oocytes. Thus, 
granulosa cell apoptosis mediates NLE‑induced oocyte apoptosis during female fertility regulation in rat.
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Introduction

Inside the follicular microenvironment, oocyte is surrounded 
by several layers of granulosa cells that are differentiated into 

mural and cumulus granulosa cells during final stages of 
folliculogenesis. The cumulus granulosa cells are closer to the 
oocyte and communication between cumulus granulosa cells 
and oocyte is ensured via cytoplasmic extensions of corona 
radiata cells that pass through zona pellucida.[1,2] Both mural 
as well as cumulus granulosa cells provide nutrients and 
maturation‑enabling factors to ensure successful maturation 
and developmental competency of oocytes.[2‑5] Further, 
granulosa cells protect oocyte from oxidative stress damage[6,7] 
because granulosa cells have their own enzymatic antioxidant 
system that regulate reactive oxygen species  (ROS) levels 
during maturation of oocytes.[8] The morphology and number 
of encircling granulosa cells have been used as biomarkers 
for developmental competency, embryo and pregnancy 
outcome.[4,9,10]

The premature rupture of communication between granulosa 
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cells and oocyte or removal of granulosa cells from oocyte or 
granulosa cell apoptosis reduces developmental competence 
of oocyte[9,11‑17] and induces degenerative changes in oocytes.[17] 
Although apoptosis has been reported in cumulus granulosa 
cells lying in the peripheral region of newly ovulated cumulus 
oocyte complexes (COCs),[18] incidence of cumulus granulosa 
cell apoptosis must be kept below the threshold level to 
ensure the acquisition of oocyte developmental competency of 
follicular COCs.[19] A higher incidence of apoptotic granulosa 
cells has been associated with an increased number of empty 
follicles, fewer oocyte retrieval and poor quality of oocytes.[20]

Neem (Azadirachta indica) leaves are frequently used to control 
fertility in the traditional system of medicine world‑wide.[21] 
However, the possible mechanism of neem leaf extract (NLE) 
action during fertility control remains to be elucidated. 
Previous studies suggest that aqueous NLE‑induced oocyte 
apoptosis in vitro,[22] as well as in vivo through the generation 
of ROS.[23] Aqueous NLE reduces the number of granulosa 
cells encircling oocyte and induces dispersion of granulosa 
cells.[23] These findings led us to hypothesize that granulosa 
cell apoptosis could be one of the causes for NLE‑induced 
oocyte apoptosis. Granulosa cell apoptosis in preovulatory 
follicles not only deprive nutrients, maturation enabling 
factors and survival factors that are required for growth 
and development of preovulatory oocytes but also reduce 
estradiol 17β production that may induce susceptibility of 
oocyte towards apoptosis. However, there is no evidence 
to support this hypothesis. Therefore, the present study was 
designed to find out whether an increase of granulosa cell 
apoptosis mediates NLE‑induced oocyte apoptosis in rat.

Materials and Methods
Chemicals and preparation of culture medium
All chemicals used in the present study were purchased 
from Sigma Chemical Co., St. Louis, MO, USA unless stated 
otherwise. The culture medium  (M‑199; HiMedia, Mumbai, 
India) was freshly prepared as per company manual protocol. 
The penicillin (100 IU/ml) and streptomycin (100 ug/ml) were 
added to the culture medium.

Experimental animal
Sexually immature female rats  (Charles‑Foster strain) of 
20 days old (40 ± 5 g body weight) along with their mother 
were separated from existing colony of departmental animal 
facility and maintained in normal husbandry conditions with 
food and water ad libitum. All procedures confirmed to the 
stipulations of the Departmental Animal Ethical Committee 
of Banaras Hindu University, Varanasi ‑   221  005, India and 
followed the guidelines for the care and use of laboratory 
animals (NIH Publication).

Preparation of aqueous NLE and treatment
The aqueous NLE was prepared as described earlier,[24] 
extracted and lyophilized following our published protocol.[22] 
The working concentration of NLE (250 mg/ml) was prepared 
in normal saline  (0.9% NaCl) and kept at 4°C until use. 
Experimental animals were divided into two groups of three 
animals each. Immature non‑cyclic female rats of 20 days old 
were fed 50 mg/day (25 mg/100 µl of normal saline twice a 
day) for 10 days through gavage and control animals were 
given the same amount of normal saline as vehicle control. 
This dose and route of administration was selected based on 
our recent published protocol.[24] After 10 days of NLE feeding, 
experimental rats were subjected to super ovulation induction 
protocol as previously described.[24] The 40‑45 COCs was 
collected from one animal, hence three animals per group 
were sufficient in the present study.

Collection of COCs and analysis of their morphological 
changes
The ovary along with oviduct was collected in 35 mm Petri 
dish containing 5  ml of pre‑worm culture medium from 
control as well as NLE‑treated animals. Both ovary and 
oviduct were punctured using 26 gauge needle attached to 
tuberculin syringe under the dissecting microscope (Nikon 
Dissecting Microscope, Model C‑DS; Tokyo, Japan) and COCs 
from ovary and oviduct were collected separately in 35 mm 
Petri dish containing 5  ml of pre‑worm culture medium. 
Preovulatory COCs were used for the collection of granulosa 
cells and deoxyribonucleic acid (DNA) fragmentation analysis. 
Ovulated COCs  (10‑12 COCs from each group) were 
transferred to a grooved slide containing 100 µl of culture 
medium and immediately analyzed for their morphological 
changes using a phase‑contrast microscope (Nikon, Eclipse; 
E600, Tokyo, Japan).

Collection of granulosa cells from preovulatory COCs
The granulosa cells  (mural as well as cumulus cells) 
were separated from preovulatory COCs using 0.01% 
hyaluronidase in culture medium at 37°C followed by 
repeated pipetting. Granulosa cells were washed 3  times 
with fresh culture medium to remove enzyme activity. 
Washed granulosa cells were divided into two groups. 
The first group of granulosa cells was lysed in 1  ml of 
lysis buffer (5 mM Tris, 20 mM ethylenediaminetetra acetic 
acid  (EDTA), 0.5% Triton X‑100, pH  8) for 1  h at 4°C. 
Lysates were used for the quantitative analysis of hydrogen 
peroxide (H2O2) and total nitrite concentrations, catalase 
activity, cytochrome c and estradiol 17β concentrations. 
The second group of granulosa cells were washed 3 times 
with phosphate buffered saline  (PBS) and fixed in 3.7% 
buffered formaldehyde for 15  min and then loaded on 
the slide and air‑dried. These slides were used for in  situ 
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analysis of inducible nitric oxide synthase (iNOS), p53, Bax, 
Bcl2, cytochrome c expression, and DNA fragmentation by 
immunocytochemistry or fluorescence microscopy.

Quantitative analysis of H2O2 and total nitrite 
concentrations
The intracellular H2O2 concentration in granulosa cell lysate 
was analyzed using H2O2 assay kit purchased from Northwest 
Life Science Specialties, LLC, WA, USA and total nitrite 
concentration was analyzed using NO assay kit purchased from 
R & D Systems, MN, USA. The granulosa cells collected from 
preovulatory COCs were transferred to a microcentrifuge 
tube containing 300 µl of hypotonic lysis buffer (5 mM Tris, 
20 mM EDTA, 0.5% Triton X‑100, pH 8) for 1 h on ice for 
lysis. Lysates were centrifuged at 10,000 g at 4°C for 15 min 
and clear supernatant was immediately diluted by 5‑fold with 
sample diluent and then used for the quantitative estimation 
of H2O2 and total nitrite concentrations by colorimetric assay 
as per company manual protocols. The optical density was 
determined using a microplate reader (Micro Scan MS5608A, 
ECIL, Hyderabad, India) set at 560 nm for H2O2 and 540 nm for 
total nitrite. The samples were run in triplicate and all samples 
were run in one assay to avoid inter‑assay variation. The 
intra‑assay variation for H2O2 and total nitrite concentrations 
were 2.8% and 2.2%, respectively.

Catalase activity assay
The catalase activity in granulosa cells lysate was analyzed 
following our previous published protocol[23] using catalase 
activity assay kit purchased from BioVision, Inc., CA, USA. 
The granulosa cell lysates were prepared as described above 
for the measurement of H2O2 concentration. Lysates were 
immediately used for the estimation of catalase activity as per 
company manual protocol and enzyme activity was calculated 
as the amount of H2O2 decomposed/min/ml and represented 
as µU/mg protein of cell lysate.

Detection of iNOS expression
Immunostaining for iNOS was carried out using anti‑iNOS 
antibody purchased from Santa Cruz Biotechnology Inc., CA, 
USA. In brief, 50 µl of granulosa cell suspension from each 
group were fixed in 3.7% formaldehyde solution in PBS (0.01 
M, pH 7.4) for 15 min and then air‑dried. Slides were washed 
with PBS 2 times and then treated with 0.3% H2O2 in absolute 
methanol for 15  min to quench endogenous peroxidase 
activity. After two washed with PBS, slides were exposed to 
PBS containing 0.1% Triton X‑100 to for permeabilization. 
Slides were exposed to 100 µl of blocking buffer  (0.5% 
bovine serum albumin (BSA), 0.1% tween‑20 in 100 ml PBS) at 
room temperature for 1 h and then incubated with 100 µl of 
diluted (1:100 in PBS) iNOS polyclonal rabbit antibody (Santa 
Cruz Biotechnology Inc., CA, USA) tagged with horseradish 

peroxidase (HRP) at room temperature for 1 h in a humidified 
chamber. At the end of the incubation period, slides were 
washed 3  times with PBS and then exposed to 100 µl of 
freshly prepared diaminobenzidine  (DAB) solution  (1 µl of 
30% H2O2 and 5 µl of DAB in 1 ml of PBS; R & D Systems 
Inc., MN, USA) for 15 min. Thereafter, slides were washed 
4 times in PBS and mounted in distyrene plasticizer xylene. 
The mounted slides were analyzed for DAB‑positive staining 
using a phase‑contrast microscope  (Nikon, Eclipse; E600; 
Tokyo, Japan) at  × 400 magnification. The experiment was 
repeated 3 times and a representative photograph is shown 
in the result section.

Detection of p53, Bax, and Bcl2 expressions
Granulosa cells were harvested from preovulatory COCs and 
immediately fixed with 3.7% buffered formaldehyde for 10 min 
at room temperature. The fixed cells (50 µl of cell suspension) 
were loaded on each slide and then air‑dried. Slides were 
washed 3 times with pre‑warmed PBS and exposed to Triton 
X‑100 (0.01% in PBS) for 10 min at 37°C for permeabilization. 
Slides were washed 3 times with pre‑warmed PBS and then 
treated with sodium citrate solution  (0.01 M) at 37°C for 
10 min. Slides were again washed 3 times with pre‑warmed 
PBS and then incubated with blocking buffer  (5% PBS‑BSA 
solution) at 37°C for 30 min. Thereafter, slides were exposed 
to 100 µl of their respective primary antibodies (1:500 dilutions 
in blocking buffer) at 37°C for 2  h. After five washes with 
pre‑warmed PBS, slides were exposed to 100 µl of fluorescein 
isothiocyanate  (FITC) labeled secondary antibody  (1:1000 
dilution in blocking buffer) for 1 h at 37°C in a humidified 
chamber. After 1  h of incubation, slides were washed 
5  times with pre‑warmed PBS, mounted with fluorescence 
mounting medium and then observed under a fluorescence 
microscope (Olympus, Japan) at 520 nm at × 400 magnification.

Detection of cytochrome c expression
Immunostaining for cytochrome c was carried out using 
anti‑cytochrome c antibody purchased from Santa Cruz 
Biotechnology Inc., CA, USA. In brief, granulosa cells from 
preovulatory  COCs were fixed in 3.7% formaldehyde solution 
in PBS (0.01 M, pH 7.4). After two washes with PBS for 5 min 
each, cells (50 µl of cell suspension) were loaded on the slide 
and air‑dried. The slides were processed as described above 
for the detection of iNOS expression. Slides were exposed 
to 100 µl of blocking buffer and then incubated with 100 µl 
of diluted  (1:500 in PBS) cytochrome c polyclonal rabbit 
antibody (Santa Cruz Biotechnology Inc., CA, USA) tagged with 
HRP at room temperature for 1 h in a humidified chamber.  At 
the end of the incubation period, slides were washed 3 times 
with PBS and then used for the analysis of cytochrome c. 
The experiment was repeated 3 times and a representative 
photograph is shown in the result section.
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Cytochrome c enzyme‑linked immunosorbent assay
The cytochrome c concentration in granulosa cells lysates 
was analyzed using cytochrome c assay kit purchased from 
R & D Systems, MN, USA. The granulosa cell lysates were 
prepared as described above for the measurement of H2O2 and 
total nitrite concentrations. The cytochrome c concentration 
was analyzed as per company manual protocol. The plate was 
read at 450 nm using a micro‑plate reader (Micro Scan, ECIL, 
India). All samples were run in triplicate to avoid inter‑assay 
variation and intra‑assay variation was 1.12%.

DNA fragmentation analysis
The DNA fragmentation was assessed using acridine orange/
ethidium bromide  (AO/EB) staining following previous 
published protocol[25] with some modifications. Briefly, 
granulosa cells (50 μl of cell suspension), preovulatory and 
ovulated COCs (10‑12 in each group) were transferred on 
a separate slide and fixed using 3.7% buffered formaldehyde 
for 15 min and then air‑dried. Slides were washed 3 times 
with PBS  (pH  7.5) and then labeled using the nucleic 
acid‑binding dye mix  (100 μl of 1:1 mixture of AO/EB 
solutions  (4 μg/ml) for 1  min. Slides were then washed 
3  times with PBS and photographed using fluorescence 
light microscope (TE‑Eclipse 800, Nikon; Tokyo, Japan). The 
viable cells, apoptotic cells and necrotic cells were identified 
depending on their color change due to binding of ethidium 
bromide to fragmented DNA as described earlier.[26] Normal 
cells with intact DNA had green fluorescence of AO. The 
extent of EB binding to fragmented DNA changes the color 
from green to yellow  (for early apoptotic cells), orange 
color (late apoptotic cells), and bright red color (necrotic 
cell). Experiment was repeated 3 times and representative 
photographs are shown in the result section.

Estradiol 17β ELISA
The granulosa cells from preovulatory COCs from each group 
were lysed in 1 ml of lysis buffer (5 mM Tris, 20 mM EDTA, 
0.5% Triton X‑100, pH 8) for 1 h at 4°C. The supernatant was 
collected after centrifugation at 10,000 g for 15 min at 4°C 
and used for the determination of estradiol 17β concentration 
using ELISA kit purchased from DiaMetra, Milano, Italy. In brief, 
25 µl of standards and samples were added to microwells plate 
in duplicate. Thereafter, 200 µl of 17β estradiol‑HRP conjugate 
was added to each well, mixed well and then incubated for 2 h 
at 37°C. At the end of the incubation period, microplate was 
rinsed and flicked 5 times with wash buffer.  After washing, 
100 µl of 3,3',5,5'‑tetramethylbenzidine  (TMB) substrate 
was added to each well and incubated for 30 min at room 
temperature in the dark. Thereafter, 100 µl of stop solution 
was added to each well, mixed for 30 s and absorbance was 
read at 450 nm using micro plate reader (Micro Scan, ECIL, 

India) within 15 min. All samples were run in one assay to avoid 
inter‑assay variation and intra‑assay variation was 1.4%. The 
estradiol 17β concentration is presented in ng/mg protein of 
granulosa cell lysate.

Statistical analysis
Data are expressed as mean  ±  standard error of mean of 
triplicate samples. Data were analyzed by either Student’s t‑test 
using Statistical Package for the Social Sciences (SPSS) software, 
version 17.0  (SPSS, Inc., Chicago, IL, USA). A probability of 
P < 0.05 was considered significant.

Results
NLE reduced number of granulosa cells and induced 
oocyte apoptosis
As shown in Figure 1a, aqueous NLE treatment (50 mg/day) for 
10 days reduced number of granulosa cells encircling oocyte and 
induced granulosa cell dispersion [Figure 1a; NLE‑treated‑A] 
as compare to control ovulated COCs where a large number 
of granulosa cells are tightly attached to the oocyte [Figure 1a; 
control]. The NLE treatment induced apoptosis  [Figure 1a; 
NLE‑treated‑A] in the majority of oocytes  [76.41 ± 3.65%; 
Figure 1b], remaining oocytes were looking morphologically 
normal with a reduced number of granulosa cells encircling 
with oocyte [Figure 1a; NLE‑treated‑N].

NLE increased H2O2 concentration and reduced 
catalase activity in granulosa cells
The quantitative analysis of H2O2 suggests that NLE treatment 
significantly  (P  < 0.05) increased H2O2 concentration in 
granulosa cells (38.58 ± 8.56 µM/mg protein) as compare to 
control granulosa cells lysate [13.13 ± 0.94 µM/mg protein; 
Figure 2a]. However, NLE treatment significantly (P < 0.05) 
reduced catalase activity (15.22  ± 0.72 µU/mg protein) as 
compare to control granulosa cells lysate [21.24 ± 1.91 µU/
mg protein; Figure 2b].

NLE increased iNOS expression and total nitrite 
concentration in granulosa cells
As shown in Figure 3a, NLE increased iNOS expression in most 
of the treated granulosa cells as compare to control granulosa 
cells. The quantitative analysis of total nitrite concentration 
further strengthens our data and suggest that NLE 
significantly (P < 0.05) increased total nitrite concentration in 
treated granulosa cells lysate (57.45 ± 4.68 µM/mg protein) as 
compare to control granulosa cells lysate [44.43 ± 0.90 µM/mg 
protein; Figure 3b].

NLE increased p53/Bax expressions and reduced Bcl2 
expression in granulosa cells
As shown in Figure 4a, NLE treatment significantly increased 
number of granulosa cells showing high expression 
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of  p53  [Figure  4a] and pro‑apoptotic protein such as Bax 
expression [Figure 4b] as compare to their respective controls. 
However, NLE significantly reduced anti‑apoptotic protein 
such as Bcl2 expression in treated granulosa cells as compare 
to control granulosa cells [Figure 4c].

NLE increased cytochrome c level in granulosa cells
As shown in Figure  5a, NLE treatment significantly 
increased number of granulosa cells showing higher 
expression of cytochrome c as compared to control 

granulosa cells. The quantitative analysis of cytochrome c 
further strengthened our results and suggests that NLE 
treatment significantly  (P  < 0.05) increased cytochrome c 
concentration (72.30 ± 5.01 ng/mg protein) as compared to 
control granulosa cells [47.33 ± 4.91 ng/mg protein; Figure 5b].

NLE‑induced DNA fragmentation in granulosa cells
To confirm the occurrence of DNA fragmentation, granulosa 
cells collected from preovulatory COCs were exposed to 
nucleic acid binding dye  (AO/EB). As shown in Figure  6a, 

Figure 2: Neem leaf extract (50 mg/day for 10 days) treatment increased H2O2 concentration (a) and reduced catalase activity (b) in granulosa cells of preovulatory 
cumulus oocyte complexes. Data are mean  ± SE of three replicates. *Denotes significantly  (P  < 0.05) different as compare to control (n  = 3/group; 
Student’s t‑test)

ba

Figure 1: Representative photographs showing neem leaf extract (NLE) induced morphological changes in ovulated cumulus oocyte complexes (COCs). (a) Control, 
cumulus oocytes complex showing greater number and tightly intact cumulus granulosa cells with oocyte (arrows). NLE‑treated‑A, NLE (50 mg/day for 10 days) 
reduced number of granulosa cells and induced shrinkage in the majority of COCs (shrinkage; arrow). NLE‑treated‑N, Remaining COCs showing normal morphology 
with a reduced number of granulosa cells (arrows). (b) Effect of NLE treatment on the rate of oocytes apoptosis. Data are mean ± SE of three replicates. *Denotes 
significantly (P < 0.05) higher as compare to control (n = 3/group; Student’s t‑test). Bar = 40 µm

b

a
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granulosa cells collected from control preovulatory COCs 
did not show DNA fragmentation as evidenced by green 
fluorescence of AO as a background color of fixed cells. However, 
NLE‑induced initiation of apoptosis since most of the treated 
granulosa cells showed yellow color fluorescence [Figure 6b]. 
Although granulosa cells collected from ovulated COCs also 
showed initiation of apoptosis as evidenced by yellow color 
fluorescence [Figure 6c], NLE treatment induced cell death in 

almost all granulosa cells [Figure 6d]. The preovulatory as well 
as ovulated COCs of NLE‑treated animals showing normal 

Figure  3: Representative photograph showing the effect of neem leaf 
extract (NLE) (50 mg/day for 10 days) on immunocytochemical localization of 
inducible nitric oxide synthase (iNOS) expression and total nitrite concentration 
in granulosa cells of preovulatory COCs. Most of the granulosa cells collected 
from preovulatory COCs of NLE‑treated animal show higher iNOS expression 
as compared to control  (a; arrows). NLE treatment increased total nitrite 
concentration in granulosa cells of preovulatory COCs (b). Data are mean ± SE 
of three replicates. *Denotes significantly  (P  < 0.05) higher as compare to 
control (n = 3/group; Student’s t‑test). Bar = 40 µm

b

Figure  6: Representative photograph showing effects of neem leaf 
extract  (NLE)  (50  mg/day for 10  days) treatment on deoxyribonucleic 
acid (DNA) fragmentation in granulosa cells isolated from preovulatory as well 
as ovulated cumulus oocyte complexes (COCs). (a) Granulosa cells collected 
from preovulatory COCs did not show any DNA fragmentation as evidenced by 
green fluorescence of acridine orange (AO). (b) NLE‑induced apoptosis in most 
of the granulosa cells of preovulatory COCs as evidenced by yellowish orange 
fluorescence of ethidum bromide (EB) (arrows). (c) The initiation of apoptosis 
as evidenced by yellow fluorescence of EB was observed in granulosa cells of 
ovulated COCs (arrows). (d) NLE treatment induced cell death as evidenced by 
reddish fluorescence of EB and reduced number of granulosa cells of ovulated 
COCs (arrows) (n = 3/group). Bar = 40 µm

dc

ba

Figure  5: Representative photograph showing effects of neem leaf 
extract  (NLE)  (50  mg/day for 10  days) treatment on immunocytochemical 
localization of cytochrome c expression and cytochrome c contration in granulosa 
cells isolated from cumulus oocyte complexes (COCs) collected from ovary. Most 
of the granulosa cells collected from preovulatory COCs of NLE‑treated animal 
show higher cytochrome c expression as compared to control (a; arrows) and 
increased cytochrome c concentration (b) in granulosa cells collected from ovary. 
Data are mean ± SE of three replicates. *Denotes significantly (P < 0.05) higher 
as compare to control (n = 3/group; Student’s t‑test). Bar = 40 µm

b

a

a

Figure 4: Representative immunofluorescence photograph showing the effects 
of neem leaf extract (NLE) (50 mg/day for 10 days) treatment on p53, Bax, and 
Bcl2 expression in granulosa cells of preovulatory cumulus oocyte complexes. 
NLE treatment increased p53 (a; arrows), Bax (b; arrows), and decreased Bcl2 
(c; arrows) expression in granulosa cells. Bar = 40 µm

b

a

c
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oocytes morphology were labeled with nucleic acid binding 
dye (AO/EB). Granulosa cells encircling control oocyte did 
not show any DNS fragmentation as evidenced by greenish 
background color of AO [Figure  7a], while NLE treatment, 
induced apoptosis in most of the granulosa cells as evidenced 
by yellowish orange color [Figure  7b]. Although initiation of 
apoptosis was observed in granulosa cells encircling control 
ovulated oocyte [Figure 7c], NLE treatment induced granulosa 
cell death, reduced granulosa cell number and induced 
dispersion [Figure 7d].

NLE reduced estradiol 17β concentration in granulosa 
cells
Inside the follicular microenvironment, active granulosa cells 
of preovulatory COCs synthesize estradiol 17β required for 
growth and development of oocyte. However, granulosa cell 
apoptosis may result in reduction of estradiol 17β. Therefore, 
we analyzed estradiol 17β concentration in granulosa cell 
lysate collected from preovulatory COCs. As shown in 
Figure  8, NLE  treatment significantly  (P  < 0.05) reduced 
estradiol 17β level in granulosa cells  (0.62  ± 0.06  ng/mg 
protein) as compare to control (1.37 ± 0.14 ng/mg protein).

Discussion

Preovulatory as well as ovulated oocytes are encircled with 
several layers of cumulus and mural granulosa cells. These 
granulosa cells are generally discarded at the time of in vitro 
fertilization (IVF) but these cells can be used for the assessment 

of oocyte quality.[9] Through gap junctions, granulosa cells 
provide nutrients and maturation‑enabling factors to ensure 
developmental competency of preovulatory oocytes.[2‑5,10] 
However, premature rupture of communication between 
granulosa cells and oocyte or removal of granulosa cells from 
oocyte or cumulus cell apoptosis may reduce developmental 
competence of oocyte[9,11‑13,15,17] and increase susceptibility of 
oocyte towards apoptotic cell death.[17] Data of the present 
study suggests that NLE (50 mg/day) treatment for 10 days 
reduced number of granulosa cells encircling oocytes, induced 
granulosa cell dispersion and induced oocyte apoptosis in the 
majority of ovulated COCs. The reduced number of granulosa 
cells and disruption in the cell‑cell communication might have 
deprived oocyte of nutrients and survival factors inside the 
preovulatory follicle and induced apoptosis in ovulated oocytes. 
These results further strengthen our recent observations that 
NLE reduced number, induced granulosa cells dispersion in 
ovulated COCs and induced oocytes apoptosis through the 
mitochondria‑mediated pathway.[24] Based on these studies, we 
propose that granulosa cell apoptosis in preovulatory COCs 
could be one of the causes associated with NLE‑induced 
oocytes apoptosis in vivo.

The aqueous NLE contains bioactive flavonoids including 
quercetin,[21,27] which induces generation of ROS and thereby 
apoptosis in various somatic cell types.[28‑31] A possibility exist 
that NLE may induce generation of ROS and thereby apoptosis 
in granulosa cells of preovulatory COCs. To strengthen this 
possibility, we isolated granulosa cells from preovulatory COCs 
and analyzed whether NLE induces apoptosis. Our results suggest 
that NLE treatment significantly increased H2O2 concentration 
and decreased catalase activity in granulosa cell lysate. Further, 
iNOS expression and total nitrite concentrations were also 
increased in granulosa cells suggesting that NLE increases ROS 
levels in granulosa cells encircling oocyte of preovulatory follicle. 
Similarly, NLE‑induced generation of ROS has recently been 

Figure  8: Neem leaf extract  (50  mg/day for 10  days) treatment reduced 
estradiol 17β concentration in granulosa cells isolated from preovulatory 
cumulus oocyte complexes. Data are mean ± SE of three replicates. *Denotes 
significant  (P  < 0.05) decrease as compare to control granulosa cell lysate 
(n = 3/group; Student’s t‑test)Figure  7: Representative photograph showing neem leaf extract  (NLE) 

(50 mg/day for 10 days) induced deoxyribonucleic acid  (DNA) fragmentation 
in granulosa cells encircling oocytes that showed normal morphology at the 
time of collection.  (a) Granulosa cells encircling preovulatory oocytes did not 
show DNA fragmentation as evidenced by green fluorescence of acridine 
orange (AO). (b) NLE‑induced apoptosis in most of the granulosa cells encircling 
preovulatory oocyte as evidenced by yellowish orange fluorescence of ethidium 
bromide  (EB)  (arrows).  (c) The initiation of apoptosis was also observed in 
granulosa cells encircling ovulated oocyte as evidenced by yellow fluorescence 
of EB (arrow). (d) NLE treatment induced cell death thereby reduced number of 
granulosa cells encircling ovulated oocyte as evidenced by reddish fluorescence 
of EB (arrows) (n = 3/group). Bar = 40 µm
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reported in apoptotic oocytes.[24] The increased levels of ROS 
act as upstream signal to trigger activation of p53, which play a 
central role in induction of apoptosis.[32,33] Data of the present 
study suggests that NLE treatment induced p53 expression 
in most of the granulosa cells encircling preovulatory oocyte. 
The expression was mainly in the cell cytoplasm. When p53 
accumulates in the cell cytoplasm, it induces proapoptotic 
protein such as Bax to induce apoptosis.[34,35] Our data revealed 
that NLE‑induced underexpression of Bcl2 and overexpression 
of Bax protein in treated granulosa cells. The NLE‑induced 
overexpression of Bax has been reported in apoptotic oocyte 
cultured in vitro.[22] These results together with our previous 
findings suggest that the activation of p53 in the cytoplasm 
induced overexpression of Bax protein and setting NLE‑treated 
granulosa cell toward apoptosis.

Changes in the ratio of apoptotic promoters to 
suppressors (Bax/Bcl‑2) within a cell disrupts mitochondria 
membrane potential and induces the release of cytochrome c 
which initiate apoptotic signals in a wide variety of somatic 
cells.[30,35‑44] Similarly, a possibility exist that NLE‑induced 
overexpression of Bax may disrupt mitochondria membrane 
potential and increase cytochrome c release in granulosa 
cells. Data of the present study suggests that NLE increased 
cytochrome c expression in granulosa cells. The quantitative 
analysis further revealed that NLE increased cytochrome c 
concentration in granulosa cell lysate. These data corroborates 
with recent observations that NLE increased cytochrome c 
concentration in apoptotic oocytes.[24] Taken together, these 
data with previous observations suggest that NLE‑induced 
overexpression of Bax might have disrupted mitochondria 
membrane potential to release cytochrome c and thereby 
apoptosis in granulosa cells.

The release of cytochrome c from mitochondria activates 
upstream and downstream caspases to induce apoptotic 
cell death. Although we did not analyze caspases activities 
in the present study, our previous observations suggest that 
NLE induce caspase‑9 and caspase‑3 activities and thereby 
apoptosis in rat oocytes.[24] The activated procaspase‑3 cleaves 
key structural and regulatory proteins that result in the 
biochemical such as DNA fragmentation in 180‑200 base‑pair, a 
hallmark feature of apoptosis.[45] The fragmented DNA can be 
detected on the basis of color changes in a cell using nucleic 
acid‑binding dye mix of AO/EB[26] in a fixed cell.[25] Data of the 
present study suggests that NLE‑induced DNA fragmentation 
in granulosa cells encircling preovulatory oocyte. Although 
initiation of apoptosis in peripheral granulosa cells of ovulated 
oocyte have also been observed, NLE treatment induced 
DNA fragmentation in almost all granulosa cells encircling 
oocyte after ovulation. Although apoptosis has also been 

observed in ovulated control COCs, NLE treatment induced 
cell death in most of the granulosa cells encircling ovulated 
COCs. These data suggest that NLE‑induced apoptosis in 
granulosa cells of preovulatory COCs that could be one of 
the causes for a reduced number of granulosa cells encircling 
oocytes after ovulation. Similarly, it has been reported that 
granulosa cells encircling preovulatory oocytes did not show 
DNA fragmentation while peripheral granulosa cells encircling 
oocyte shortly after ovulation showed DNA fragmentation.[18]

Granulosa cells in preovulatory follicles are the major source 
for estradiol 17β biosynthesis. Granulosa cell apoptosis reduces 
estradiol 17β biosynthesis and generates hypoestrogenic 
condition in the ovary.[22,46] The reduced estradiol 17β 
level reduces oocyte quality by inducing apoptosis.[46] We 
hypothesize that NLE‑induced granulosa cell apoptosis may 
reduce estradiol 17β biosynthesis and thereby oocyte quality 
by inducing susceptibility towards apoptosis. The quantitative 
analysis of estradiol 17β using ELISA in the present study suggest 
that NLE reduced estradiol 17β concentration in granulosa 
cell lysate. These data support our previous observations that 
granulosa cell apoptosis generates hypoestrogenic condition 
and affects oocyte quality by inducing apoptosis.[22,46]

Conclusions

On the basis of results obtained in this study, it can be 
concluded that NLE‑induced generation of ROS, increased 
p53 and thereby Bax protein expression in granulosa cells of 
preovulatory COCs. The overexpression of Bax modulated 
mitochondria membrane potential and increased cytochrome c 
release. A rise in cytochrome c concentration was associated 
with induced DNA fragmentation in granulosa cells of 
preovulatory COCs. The induced granulosa cell apoptosis 
was associated with the reduced estradiol 17β concentration. 
Reduced estradiol 17β concentration might have affected the 
oocytes quality by inducing oocytes apoptosis in rat. These 
data suggest that aqueous NLE generates ROS and induces 
granulosa cell apoptosis through a mitochondria‑mediated 
pathway. The reduced number of granulosa cell and estradiol 
17β production may induce oocyte apoptosis during female 
fertility regulation. Further studies are required to standardize 
aqueous NLE dose for fertility regulation in human.
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