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Abstract 

Background  The existing anticancer drugs in clinical practice show poor efficacy in cervical cancer patients and are 
associated with multiple side effects. Our previous study demonstrated the strong antineoplastic activity of crude 
extract prepared from the stem bark of Azadirachta indica (Neem) against cervical cancer. However, the active 
phytoconstituents of neem stem bark extract and its underlying anticancer mechanism are yet to be investigated. 
Thus, the present study aimed to identify the active fraction from crude neem stem bark extract to further dissect its 
anticancer mechanism and determine the active components.

Methods  Dichloromethane (DCM) extract from neem stem bark was prepared and fractionated using thin-layer 
chromatography. The fractions obtained were screened against HeLa and ME-180 cervical cancer cell lines to identify 
the most active fraction, which was then selected for further studies. Clonogenic assay, cell cycle analysis, apoptosis 
assay, and reactive oxygen species (ROS) assay were performed to determine the cytotoxicity of the active frac-
tion. Gene expression was analyzed using real-time PCR and western blot to determine the mechanism. Addition-
ally, the HeLa cells-derived 3D spheroid model was used to determine the antitumor efficacy of the active fraction. 
Electrospray ionization-mass spectrometry, Fourier-transform infrared spectroscopy, and proton nuclear magnetic 
resonance were used to identify the phytoconstituents of the fraction.

Results  Initial screening revealed fraction 2 (F2) as the most active fraction. Additionally, F2 showed the least cyto-
toxic effect on normal human fibroblast cells. Mechanistically, F2 induced cell cycle arrest and apoptosis in cervical 
cancer cells. F2 increased ROS levels, induced ER stress, and activated cell survival pathway. Treatment with N-acetyl 
cysteine revealed that F2 induced ROS-independent ER stress and apoptosis. 3D spheroid viability and growth delay 
experiments demonstrated the strong antitumor potential of F2. Finally, six compounds, including one flavonoid 
(nicotiflorin) and five limonoids, were identified in the F2 fraction.

Conclusion  This is the first study to identify the active fraction and its phytoconstituents from neem stem 
bark and demonstrate the anticancer mechanism against cervical cancer. Our study highlights the importance 
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of investigating neem stem bark-derived limonoids and nicotiflorin as a potential source to develop new anticancer 
therapeutic agents.

Keywords  Azadirachta indica, Cervical cancer, ER stress, Reactive oxygen species, 3D spheroids, Cell cycle arrest, 
Apoptosis

Graphical Abstract

Introduction
Cervical cancer has remained a huge burden on women’s 
health around the globe and, specifically, in Asian coun-
tries. In 2022, almost 662,301 cases were registered, and 
348,874 deaths occurred due to cervical cancer globally. 
Among these, Asia reported more than 50% of cervical 
cancer-related incidence and mortality [1]. Due to poor 
screening and access to medical facilities in developing 
countries, the disease remains unnoticed till it reaches 
advanced stages [2, 3]. Treatment options for cervical 
cancer include surgery, chemotherapy, and radiother-
apy, which may be used independently or in combina-
tion, depending on the disease stage. However, there has 
not been any significant improvement in the survival 
of cervical cancer patients owing to disease recurrence, 
chemotherapeutic resistance, and treatment-associated 
side effects [4]. Hence, it is essential to investigate and 
develop new therapeutic drugs to efficiently treat cervical 
cancer patients and improve their quality of life.

Natural products are under constant investigation as 
they encompass numerous biologically active compounds 
of value to medicine. The high structural diversity and 
therapeutic potential of compounds derived from natu-
ral products serve as building blocks for developing more 
efficient drugs [5]. Phytoconstituents of Azadirachta 
indica A. Juss. (Neem) represents a wide range of bio-
logically active compounds now known for their chem-
opreventive, chemosensitizing, and antitumorigenic 
properties [6–8]. Extensive research has been done to 
study the therapeutic efficacy of extracts prepared from 
different parts of the neem tree, including leaf, seed, 

and flower [9, 10]. Moreover, numerous bioactive com-
pounds with anticancer activity have been isolated from 
neem leaves, seeds, or flowers, which include nimbo-
lide, gedunin, azadirachtin, nimbin, quercetin, etc. Their 
anticancer mechanism involves disruption of oncogenic 
signaling pathways, activating unfolded protein response 
(UPR), cell cycle arrest, activation of intrinsic and extrin-
sic apoptotic pathways, induction of DNA damage, and 
inhibition of metastasis [7–9].

Very early reports showed the antitumor efficacy of 
neem bark derived polysaccharides against the murine 
sarcoma model [11]. Recently, our laboratory has dem-
onstrated the anticancer potential of neem bark extract 
against cervical cancer [12]. Interestingly, another group 
reported the antineoplastic activity of silver nanoparti-
cles synthesized using neem bark extract against prostate 
cancer cells [13]. However, the precise mechanism and 
the bioactive compounds responsible for the antican-
cer potential of neem bark extract are yet to be investi-
gated. Considering the significant archive of information 
available in the traditional and scientific literature on 
the anticancer potential of neem bark, this study aimed 
to further identify the active constituents of neem bark 
extract and to explore the underlying anticancer mecha-
nism using in vitro 2D cultured cervical cancer cells and 
3D cervical tumor spheroids.

Materials and methods
Preparation and fractionation of the extract
Dr. Bhargav’s neem bark powder was purchased 
from Amazing Herbals (Cat. No. Nmbp02, Batch No. 
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NBP-101, Bhargav’s Enclave, Haryana, India). The extrac-
tion and fractionation from neem stem bark powder was 
done as described previously [14]. Briefly, 100 g of Dr. 
Bhargav’s neem bark powder was soaked in 1000 mL of 
low-polar solvent DCM for 24 h at room temperature 
(RT). The extract was then filtered through a Whatman 
No. 42 (125 mm) filter paper, and the filtrate was concen-
trated using a vacuumed rotary evaporator. The resulting 
neem bark extract was collected and stored in a cool and 
dry place. The obtained DCM crude extract was fraction-
ated by TLC using silica gel G. A fine glass capillary tube 
was used to spot samples accurately onto the TLC plate, 
aiming for precise and small spots to enhance resolution. 
Then, the plate was inserted in a glass chamber using 100 
mL DCM solvent. After completion, the TLC plate was 
carefully removed from the chamber, and the solvent 
front was marked, followed by visualization of the spots 
with UV light. This process led to the separation of the 
extract into nine fractions labeled F1-F9. The fractions 
were collected by passing the extract through a glass 
chromatography column with a PTFE stopcock using 
DCM as the solvent. The solvent was then evaporated 
by a rotary vacuum evaporator. The obtained powder 
was dissolved in Dimethyl sulfoxide (DMSO; cell-culture 
grade) at a concentration of 100 mg/mL. The extract was 
filtered through a 0.22 μm membrane filter and stored 
in the freezer at − 20 °C until use. In all the experiments, 
DMSO was used as vehicle control, and concentration 
did not exceed 0.4%.

Cell culture
Human cervical cancer cell lines, HeLa (CRM-CCL-2) 
and ME-180 (HTB-33), human lung cancer cell line 
A549 (CCL-185), human liver cancer cell line Hep G2 
(HB-8065), and non-tumorigenic human fibroblast cell 
line HFF-1 (SCRC-1041) were purchased from ATCC. 
Mouse glioma cell line CT-2 A (SCC194) was purchased 
from Sigma-Aldrich. HeLa, A549, CT-2 A, Hep G2, and 
human fibroblast cells were cultured in DMEM and 
ME-180 cells in RPMI-1640, supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin/streptomycin. 
All cells were cultured at 37 °C in a humidified incubator 
with 5% CO2. All cell culture reagents were purchased 
from GIBCO.

Cell viability assay
As described previously, 3-(4,5-dimethylthiazol-2-
yl)−2,5-diphenyltetrazolium bromide (MTT) assay was 
used to identify the fraction with the highest anticancer 
activity [12]. Briefly, cells were seeded at a density of 104 
cells/well in 96-well plates (Nunc, Denmark) and incu-
bated overnight. After incubation, cells were exposed 
to different doses of fractions (0–300 µg/mL) for 24 h. 

After 24 h, the cell viability was measured using MTT 
(Sigma Aldrich). Absorbance was measured at 570 nm 
in the BioTek Epoch microplate reader. Each dose was 
assessed in triplicates. The cytotoxic effect of fractions 
was expressed as the percentage of viable cells in com-
parison to vehicle control. The dose-response curve using 
[inhibitor] vs. response-variable slope (four parameters) 
was created by GraphPad Prism 8.0 (GraphPad Software, 
San Diego, CA, USA). As F2 showed the highest growth 
inhibitory effect, the concentration of the F2 inhibiting 
cell growth by 25% (IC25) and 50% (IC50) was used for 
further studies.

Clonogenic assay
Approximately 500 HeLa and ME-180 cells were plated in 
60 mm dishes (Nunc, Denmark) and incubated overnight. 
Cells were treated with vehicle or F2 at their respective 
IC25 and IC50 dose or vehicle and incubated further for 
24 h. After 24 h, cells were maintained in a fresh culture 
medium for 10–14 days for colony formation. Cells were 
then fixed with 4% paraformaldehyde and stained with 
0.4% crystal violet. Colonies with at least 50 cells were 
considered. Survival fraction was calculated as the ratio 
of the number of colonies formed after treatment to the 
number of cells seeded and normalized with plating effi-
ciency (PE: number of colonies formed by vehicle con-
trol/number of cells seeded) [15]. All treatments were 
performed in triplicate, and the experiment was repeated 
three times.

Cell cycle analysis
HeLa and ME-180 cells were seeded in 6-well plates 
(3 × 105 cells/well) in their respective culture medium and 
incubated overnight. The cells were exposed to F2 at their 
respective IC25 and IC50 dose or vehicle for 24 h. After 
24 h, cells were harvested and washed with ice-cold PBS. 
Cells were fixed in 70% ethanol, washed with ice-cold 
PBS twice, and incubated in PBS containing 50 µg/mL 
propidium iodide (PI), 0.05% Triton X-100, and 100 µg/
mL RNase A solution (Thermo Scientific) for 30 min at 
RT in the dark, followed by flow cytometric analysis (BD 
FACSVerse; BD Biosciences) [12]. Cell cycle distribution 
(G1/G0, S, and G2/M) was determined using FlowJo soft-
ware (version 10.7.1).

Apoptosis assay
F2 induced apoptosis was determined using Annexin 
V-FITC/PI staining. HeLa and ME-180 cells were col-
lected after treatment with F2 and stained according 
to the manufacturer’s protocol (eBioscience™ Annexin 
V-FITC Apoptosis Detection Kit Cat. No. BMS500FI). 
The data was acquired within one hour by flow cytome-
try (BD FACSVerse; BD Biosciences). Data were analyzed 
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in FlowJo software. The experiment was performed in 
triplicates and repeated thrice.

Active caspase‑3 expression analysis
Active caspase-3 expression was analyzed using indirect 
intracellular flow cytometry [12]. Following treatment 
with F2, cells were harvested, fixed, and permeabilized 
using BD Cytofix/Cytoperm Kit. Permeablized cells 
were incubated with anti-active-caspase-3 (1:250, BD 
Biosciences; 559565) antibody for 30 min at RT. Cells 
were washed thrice and incubated with APC-conjugated 
(Allophycocyanin) goat anti-rabbit antibody for 30 min 
at RT. Cells stained with only APC-conjugated antibody 
was used as a negative control. The stained cells were 
analyzed by flow cytometry (BD FACSVerse; BD Bio-
sciences). Data were analyzed in FlowJo software. The 
experiments were performed in duplicates and repeated 
thrice.

Quantification of ROS
2′,7′-Dichlorofluorescin diacetate (Sigma) was used as 
ROS indicator. After F2 treatment, cells were washed 
with warm PBS and incubated with 5 µM dye prepared 
in serum-free media for 30 min in a CO2 incubator at 37 
°C. Cells were harvested, resuspended in PBS, and imme-
diately taken for data acquisition in a BD FACSVerse flow 
cytometer. Data were analyzed in FlowJo software. The 
experiments were performed in duplicates and repeated 
thrice.

RNA isolation and quantitative real‑time PCR
Approximately 1 × 106 cells were seeded in 60 mm dishes 
and treated with F2 at their respective IC25 and IC50 
doses for 24 h. After 24 h, cells were washed with ice-cold 
PBS. RNA extraction, cDNA preparation, and real-time 
PCR were performed as described previously [12, 16]. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as an internal control, and relative expression 
was quantified using the formula 2−ΔΔCq. The primer 
pairs used are listed in the supplementary information II, 
Table S2.1.

Protein extraction and Western blot
HeLa and ME-180 cells were treated with F2 at IC25 and 
IC50 doses for 24 h. After treatment, cells were collected 
in RIPA buffer containing protease and phosphatase 
inhibitor cocktail and incubated for 45 min on ice. Lysate 
was centrifuged at 12 000 g for 15 min at 4ºC, and the 
supernatant was collected. Pierce® BCA protein assay kit 
(Thermo Scientific) was used to determine protein con-
centration. Western blot was performed as described in 
our previous study [12]. Primary antibody against Bax 
(1:1000, BioBharati; BB-AB0250), GRP78 (1:1000, CST; 

3177), P-PERK (Thr982) (1:1000, Affinity Biosciences; 
DF7576), P-eIF2α (Ser52) (1:1000, Invitrogen; 44-728G), 
P-Akt (Ser473) (1:1500, CST; 4060), and GAPDH (1:5000, 
BioBharati; BB-AB0060) were used. Protein expression 
was analyzed using Image J software. Protein expres-
sion levels of target genes were normalized to GAPDH 
gene expression and expressed as relative fold change 
compared to vehicle control. Samples were loaded in 
duplicates, and the experiments were repeated three 
independent times. Full uncropped blots are provided in 
the supplementary information I.

3D HeLa spheroid generation
The hanging drop method was used to generate HeLa 
cell-derived 3D spheroids [17]. Briefly, a single-cell sus-
pension was prepared such that a 20 µL drop contains 
3 × 103 cells. HeLa cells were then plated as 20 µL drop-
lets onto the cap of 60 mm dishes. The cap was captured 
upside down on top of the dish prefilled with 4 mL of 
PBS and then incubated for 4 days in a CO2 incubator. 
The liquid overlay culture technique was utilized to fur-
ther enhance the size of spheroids. Spheroids were trans-
ferred to a 96-well flat bottom plate precoated with 50 
µL of 1.5% agarose and incubated in a CO2 incubator. 
Spheroids usually acquired 300 μm size after 2 days in 
agarose-coated plates.

Acid phosphatase assay
Spheroid viability was determined as described previ-
ously [18]. Spheroids with sizes between 250 and 300 μm 
were treated with different doses of F2 (0–200 µg/mL) 
and incubated for 72 h. Spheroids were then transferred 
to a 96-well flat bottom plate and centrifuged at 400 g 
for 10 min at RT. Spheroids were washed with PBS twice 
and incubated with 100 µL of APH assay buffer (0.1 M 
sodium acetate, 0.1% Triton-X-100, and 5 mM p-nitro-
phenyl phosphate, final pH 4.8) for 90 min at 37 °C. Fol-
lowing incubation, 10 µL of 1 N NaOH was added to each 
well, and absorbance was taken at 405 nm within 10 min. 
Each dose was assayed with a minimum of seven repli-
cates and repeated twice.

Hoechst and PI staining
Following treatment with F2, spheroids were stained with 
Hoechst 33,342 and PI at a final concentration of 10 µM. 
Dyes were prepared in PBS and added directly to the 
culture medium, followed by incubation at 37 °C for 30 
min in a CO2 incubator. Following incubation, spheroids 
were washed with PBS and imaged using a BioTek Cyta-
tion5 multimode plate reader. The z-stack images of each 
spheroid were captured with the 10X objective across the 
entire spheroid thickness using DAPI (360/460 nm) and 
Texas Red (535/617 nm) filter settings for simultaneous 
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dual-channel recordings; approximately 70 z-stacks with 
a step size of 5 μm per spheroid were taken. Z-stacks 
were processed using the BioTek Gen5 software and pre-
sented as a maximum intensity projection image.

Spheroid growth delay analysis
Spheroids with a size between 250 and 300 μm were 
treated with 0–100 µg/mL of F2 for 72 h. Phase contrast 
images of spheroids before and after 72 h of treatment 
with F2 were collected with an inverted Nikon Eclipse 
Ts2 microscope (4X) (Tokyo, Japan). After 72 h and every 
48 h thereafter, 50% of the media was replaced with a 
fresh culture medium, and images were captured. Images 
were analyzed with ImageJ software using a macro 
described previously [19]. The spheroid area (A) meas-
ured with the help of macro was analyzed in Excel and 
used to calculate the radius (R= √(A/π)) and volume of 
the spheroid (V = 4/3 πr3). Fold change in spheroid vol-
ume was calculated as the ratio of the difference between 
initial spheroid volume and final spheroid volume over 
initial spheroid volume.

Identification of bioactive compounds
For the identification of compounds in F2, Mass spectra 
(ESI-MS) were recorded in positive mode electrospray 
ionization using a Xevo G2-XS QTof mass spectrometer. 
Molecular details about neem compounds were collected 
from the database Indian Medicinal Plants, Phytochem-
istry and Therapeutics (IMPPAT, https://​cb.​imsc.​res.​in/​
imppat/) and Bio-activity Informatics of Indian Medici-
nal Plants (BIMP, http://​www.​scfbio-​iitd.​res.​in/​plants_​
scf/​search_​neem1.​html). FTIR spectra were recorded 
with a PerkinElmer instrument, preparing a pellet with 
sample and KBr at RT by averaging 30 scans. Background 
spectra were deducted from each sample spectrum. 1H 
NMR spectra were recorded using a Bruker-500 spec-
trometer. Chemical shifts were reported in parts per mil-
lion (δ) relative to CDCl3 (7.26 ppm for 1H as an internal 
reference).

Statistical analysis
Unless otherwise stated, all experiments were performed 
at least three independent times, and data are presented 
as mean ± SEM. One-way ANOVA followed by Dunnett’s 
and Tukey’s Multiple Comparison Tests were performed 
to determine the significance of differences between vehi-
cle control and all treatment groups and among groups, 
respectively. All statistical analyses were done using 
GraphPad (La Jolla, CA) Prism 8. A P value of < 0.05 was 
considered statistically significant.

Results
F2 demonstrated a strong antiproliferative effect, 
specifically on cervical cancer cells
Nine fractions (F1-F9) were obtained after fractiona-
tion of DCM extract of neem bark using TLC. HeLa 
and ME-180 cervical cancer cell lines were exposed to 
various doses of the respective fractions (0–300 µg/mL) 
for 24 h. Cell viability assay revealed that all fractions 
decreased the cell viability of both cell lines in a dose-
dependent manner. However, among all the fractions, 
F1-F4 exhibited a strong growth inhibitory effect against 
HeLa (Fig. 1A) and ME-180 cells (Fig. 1B) as compared to 
F5-F9 (supplementary information II, Fig. S2.1). Among 
F1-F4, F2 was found to be the most active fraction with 
an IC50 dose of 91 µg/mL for HeLa and 33 µg/mL for 
ME-180. Apart from cervical cancer cells, F2 showed 
dose-dependent inhibition on the growth of other can-
cer cell types, including lung cancer, glioma, and hepatic 
cancer, demonstrating its strong anticancer potential 
(supplementary information II, Fig. S2.2). However, the 
anticancer effect was more pronounced against cervical 
cancer cells.

Additionally, as shown in Fig.  1C, F2 had a minimal 
effect on the growth of normal human fibroblast cells, 
which implies the specificity of F2 toward cancer cells. 
Since F2 showed the highest cytotoxicity among different 
fractions, it was considered further to evaluate its anti-
cancer potential against cervical cancer. In all the succes-
sive experiments, HeLa and ME-180 were treated with F2 
at their respective IC25 and IC50 doses.

Clonogenic assay was employed to validate the antipro-
liferative effect of F2. Clonogenic assay determines the 
proliferative capacity and survival ability of cancer cells 
after drug exposure. As shown in Fig. 1D, F2 significantly 
reduced the survival of HeLa and ME-180 cells by more 
than 50% at their respective IC25 dose and more than 95% 
at their respective IC50 dose compared to vehicle con-
trol. In addition to colony number, colony size was also 
reduced compared to vehicle control.

F2 induced S and G2/M phase arrest and downregulated 
the expression of cell cycle related genes
Cell cycle analysis was performed to investigate the 
mechanism behind the growth inhibitory potential of 
F2. As shown in Fig.  2A, cell cycle analysis revealed 
that treatment with F2 at IC25 and IC50 dose arrested 
HeLa cells at S and G2/M phase compared to vehi-
cle control. Similarly, exposure of ME-180 cells to F2 
at IC25 and IC50 dose promoted S-G2/M phase and 
G2/M phase arrest, respectively, compared to vehicle 
control. The treatment concomitantly decreased the 
number of cells in the G0/G1 phase in both cell lines. 

https://cb.imsc.res.in/imppat/
https://cb.imsc.res.in/imppat/
http://www.scfbio-iitd.res.in/plants_scf/search_neem1.html
http://www.scfbio-iitd.res.in/plants_scf/search_neem1.html
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Furthermore, we examined the mRNA expression of S 
and G2/M phase related genes (cyclin A, cyclin B, and 
CDK1) after treatment with F2. As shown in Fig. 2B, F2 
significantly decreased the levels of cyclin A in HeLa 
cells in a dose-dependent manner. However, there was 
no change in the expression of cyclin B and CDK1. In 
the case of ME-180 cells, there was a significant reduc-
tion in levels of cyclin A, cyclin B, and CDK1 at the 
IC50 dose. Taken together, results suggest that the sup-
pression of cell cycle regulatory genes by F2 might be 
responsible for the abrogation of the cell cycle in HeLa 
and ME-180 cells.

F2 promoted apoptosis and upregulated caspase‑3 
in cervical cancer cells
Treatment of HeLa and ME-180 cells with F2 at IC25 
and IC50 doses significantly induced early- and late-
stage apoptosis compared to vehicle control (Fig.  3A). 
To further confirm the F2-induced apoptosis, we evalu-
ated the expression of pro-apoptotic proteins, active-
caspase-3, and BAX. We also analyzed the mRNA 
expression of the anti-apoptotic gene survivin. As 
shown in Fig.  3B, the expression of active-caspase-3 
increased dose-dependently in both the cell lines 
after treatment with F2 for 24 h. We also observed an 

Fig. 1  Anticancer screening of dichloromethane fractions of neem bark revealed F2 as the most active fraction. Effect of F1-F4 fractions 
on the viability of (A) HeLa and (B) ME-180 cells measured by MTT assay after 24 h treatment. C Effect of F2 on viability of normal human fibroblast 
cells after 24 h treatment. D Representative images of clonogenic assay performed using HeLa and ME-180 cells after 24 h treatment with F2. The 
bar graph represents the quantification of colony formation compared to vehicle control, which is expressed as the survival fraction. All experiments 
were performed in triplicate, and data are expressed as the mean ± SEM of the three independent experiments. Vehicle-treated cells were used 
as control. **** P < 0.0001 vs. vehicle control
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upregulation in the expression levels of BAX after F2 
treatment (Fig.  3C). Additionally, we evaluated the 
transcript levels of survivin, whose product is responsi-
ble for increasing cell survival by inhibiting the activity 
of pro-apoptotic enzyme caspase-9 [20]. As shown in 
Fig. 3D, we found a dose-dependent downregulation of 
survivin at the transcriptional level in ME-180 cells. In 
contrast, there was no change in mRNA levels of sur-
vivin in HeLa cells. Altogether, the data suggest that F2 

induces cell death by regulating the expression of pro- 
and anti-apoptotic proteins.

F2 triggered ROS production and regulated UPR and cell 
survival‑related proteins in cervical cancer cells
To further understand the molecular mechanisms by 
which F2 induces cell death in cervical cancer cells, we 
examined the ROS levels and expression of critical sign-
aling proteins associated with ER stress and cell survival. 

Fig. 2  F2 induces S and G2/M phase arrest in HeLa and ME-180 cells. A Distribution of HeLa and ME-180 cells in various phases of the cell cycle 
after treatment with F2 for 24 h, analyzed using flow cytometry. B mRNA expression analysis of cyclin A, cyclin B, and CDK1 after cells were treated 
with F2 for 24 h. Data expressed as the mean ± SEM of the three independent experiments. Vehicle-treated cells were used as control. The 
significant differences from control are indicated by *P < 0.05, **P < 0.01, ***P < 0.001, and****P < 0.0001 vs vehicle control

(See figure on next page.)
Fig. 3  F2 induces apoptosis in cervical cancer cells. A Apoptotic cell analysis of F2 treated HeLa and ME-180 cells by flow cytometry using 
Annexin V–FITC and PI staining. Bar diagrams represent the percentage of early, late, and total apoptosis calculated by FlowJo software. B Protein 
expression analysis of active caspase-3 analyzed by flow cytometry in HeLa and ME-180 cells after a 24 h treatment with F2. C Western blot analysis 
of the expression of BAX in HeLa and ME-180 cells treated with F2 at the indicated dose for 24 h. GAPDH was employed as a loading control. 
Uncropped blots are provided in the supplementary information I, Figure S1.1. D Real-time PCR analysis of survivin after cells were treated with F2 
for 24 h. Data expressed as the mean ± SEM of the three independent experiments. Vehicle-treated cells were used as control. The significant 
differences from control are indicated by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. vehicle control
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Fig. 3  (See legend on previous page.)
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As shown in Fig. 4A, treatment of HeLa and ME-180 cells 
with F2 at IC25 and IC50 dose for 24 h resulted in a signifi-
cant increase in ROS levels compared to vehicle control, 
and the elevation in ROS level was dose-dependent.

It is well known that increased levels of ROS can induce 
ER stress and UPR activation in cancer cells. Therefore, 
we analyzed the expression of ER stress markers after 
F2 treatment. As shown in Fig.  4B and C, the expres-
sion of ER stress markers, including GRP78, P-PERK, 
and P-eIF2α, significantly increased after F2 treatment in 
both HeLa and ME-180 cells, confirming the activation 
of the UPR pathway. We further assessed the activation 
status of protein kinase B (Akt) as it is essential for cell 

survival under stress conditions. We found that F2 treat-
ment led to a significant increase in the expression of 
phosphorylated Akt in a dose-dependent manner (Fig. 4B 
and C). Thus, overall, the results indicate that F2 treat-
ment causes an increase in ROS levels and activation of 
ER stress and cell survival pathways.

NAC enhanced the F2 mediated cytotoxicity 
against cervical cancer cells
To determine if the ER stress induction and apopto-
sis in F2 treated cells were dependent on ROS genera-
tion, we used a ROS scavenger NAC. We pretreated the 
cells with NAC at 10 mM dose for 1 h, followed by the 

Fig. 4  F2 increases ROS levels, induces ER stress, and activates the cell survival pathway in cervical cancer cells. A ROS levels in F2 treated HeLa 
and ME-180 cells were assessed using 2′,7′-Dichlorofluorescin diacetate probe followed by flow cytometry. The bar graph represents the relative 
median fluorescence intensity of cells compared to vehicle control. B Representative western blots and (C) densitometric analysis of the expression 
of GRP78, P-PERK (Thr982), P-eIF2α (Ser52), and P-Akt (Ser473) in HeLa and ME-180 cells treated with F2 at indicated dose for 24 h. GAPDH was used 
as a loading control. Uncropped blots are provided in the supplementary information I, Figure S1.2-S1.4. Data expressed as the mean ± SEM 
of the three independent experiments. Vehicle-treated cells were used as control. The significant differences are indicated by *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001 vs. vehicle control
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addition of F2 for 24 h. Unexpectedly, we found that 
NAC failed to restore the cell viability and, in fact, sig-
nificantly increased the anti-cancer effect of F2 against 
HeLa and ME-180 cells (Fig.  5A). On analyzing the 
ROS levels, we found that NAC treatment did not have 
any effect on F2 generated ROS levels in HeLa cells, 
however, NAC significantly reduced the ROS levels in 
ME-180 cells (Fig. 5B and C).

Additionally, there were no significant changes in the 
expression levels of GRP78, P-PERK, and P-eIF2α in 
both cell lines, suggesting that induction of ER stress was 
independent of ROS generation (Fig. 6A and B). Surpris-
ingly, NAC treatment downregulated the expression of 
F2 activated Akt, which might explain the NAC mediated 
enhancement of F2 induced cell death (Fig. 6C and D).

F2 dose‑dependently reduced the viability and growth 
of 3D HeLa spheroids
The potency of F2 against spheroids was measured by 
APH assay. As shown in Fig. 7A, treatment of spheroids 
with increasing dose (0–200 µg/mL) of F2 for 72 h sup-
pressed the viability in a dose-dependent manner. To fur-
ther validate our results, we stained the spheroids with 
Hoechst and PI to visualize the cell death within the sphe-
roids. As expected, we found a dose-dependent increase 
in the PI staining (an indicator of cell death) compared 
to vehicle control (Fig.  7B), confirming the anti-tumor 
potential of F2. We further aimed to determine the effect 
of F2 treatment on the survival of spheroids by analyz-
ing the spheroid growth kinetics for 15 days post-treat-
ment. As shown in Fig.  7C, we observed regrowth only 

Fig. 5  Co-treatment with NAC enhances the apoptotic potential of F2. HeLa and ME-180 cells were treated with F2 in the presence or absence 
of ROS inhibitor NAC for 24 h. A Cell death was assessed using Annexin V-FITC and PI staining, and ROS levels were measured in (B) HeLa and (C) 
ME-180 cells using 2′,7′-Dichlorofluorescin diacetate staining followed by flow cytometry. Data expressed as the mean ± SEM of the three 
independent experiments. Vehicle-treated cells were used as control. The significant differences are indicated by *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001
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in spheroids treated with F2 at 12.5 µg/mL dose on day 
9 post-treatment. In contrast, spheroids treated with F2 
at a dose of 25, 50, and 100 µg/mL did not show any sign 
of growth, demonstrating the strong potential of F2 as a 
candidate to develop new anticancer agents.

Identification of bioactive compounds in F2
F2 was further characterized by analytical techniques, 
including ESI-MS, FTIR, and 1H NMR, to identify the 
compounds present in the fraction. ESI-MS analysis of 
F2 led to the identification of six compounds. Except 

for nicotiflorin, which is a flavonoid, the other five com-
pounds, namely dihydroazadirachtolide, nimbinolide, 
isonimbinolide, 6-deacetyl-isonimbinolide, limbocidin, 
belong to a class of limonoids (Fig. 8). The mass spectrum 
of F2 is provided in the supplementary information II, 
Fig. S2.3. The molecular formula, ion fragmentation, and 
m/z value data of all molecules in F2 are provided in the 
Supplementary information II, Table  S2.2. FTIR analy-
sis of F2 confirmed the presence of functional groups 
including -C-H, -O-H, -C = O (supplementary infor-
mation II, Fig. S2.4). Finally, 1H NMR spectroscopy in 

Fig. 6  F2 induces ROS-independent ER stress in cervical cancer cells. Immunoblot analysis of ER stress markers, including GRP78, P-PERK 
(Thr982), and P-eIF2α (Ser52) in (A) HeLa and (B) ME-180 cells after co-treatment with F2 and NAC for 24 h. P-Akt (Ser473) levels were analyzed 
by immunoblotting in (C) HeLa and (D) ME-180 cells after co-treatment with F2 and NAC for 24 h. GAPDH was used as a loading control. 
Uncropped blots are provided in the supplementary information I, Figures S1.5 and S1.6. Data expressed as the mean ± SEM of the three 
independent experiments. Vehicle-treated cells were used as control. The significant differences are indicated by *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001
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CDCl3 solvent was performed to understand the chemi-
cal environment and the position of hydrogen atoms of 
the compounds present in F2. By analyzing the 1H NMR 
spectrum (supplementary information II, Fig. S2.5), 
the designated aliphatic (-CH3, C-H), aromatic(-C-H), 
and O-H peaks of the compounds in the fraction were 
observed, which confirmed the presence of the men-
tioned compounds in F2.

Discussion
Over the past few years, phytotherapy has gained much 
attention for its therapeutic properties against multiple 
chronic diseases, including cancer. With the advance-
ment in analytical techniques, a plethora of bioactive 
compounds with antineoplastic activity has been iden-
tified from several medicinal plants [5]. Among various 
medicinal plants, Azadirachta indica has remained a 
subject of interrogation due to its underexplored lurking 

potential to treat fatal diseases like cancer [7, 21]. Pre-
viously, we have reported that crude neem stem bark 
extract possesses anticancer potential and could induce 
apoptosis in cervical cancer cells [12]. However, the pre-
cise mechanism and the bioactive compounds respon-
sible for the anticancer activity have not been assessed. 
Therefore, in this study, we further explored the thera-
peutic potential of neem stem bark extract and its under-
lying mechanism against cervical cancer. In the present 
study, we fractionated the neem stem bark extract in 
DCM using thin-layer chromatography and obtained 
nine fractions (F1-F9). Our initial screening performed 
against HeLa and ME-180 cells identified F2 as the most 
active fraction. Notably, the cytotoxicity of F2 against 
HeLa and ME-180 was even higher than that reported 
for crude neem bark extract previously [12]. Moreo-
ver, F2 showed relatively low cytotoxicity in normal 
human fibroblast cells compared to cervical cancer cells, 

Fig. 7  F2 reduces the viability of HeLa spheroids and delays spheroid growth. HeLa cells derived spheroids were treated with increasing doses of F2 
for 72 h. A The viability of spheroids was measured using acid phosphatase assay. The experiment was repeated twice. B Fluorescence microscopy 
images of spheroids stained with Hoechst (blue) and PI (red, dead cells) captured using BioTek Cytation5 multimode reader with 10X objective. 
“Maximum intensity projection image” of the spheroids generated from 70 z-stacks using Gen5 software. Scale bar 200 µm. The experiment 
was repeated thrice. C Representative bright field images of spheroids before and 72 h post-treatment with F2 and at an interval of 2 days thereafter 
till 15 days. Scale bar 1000 µm. The graph represents the fold change in the spheroid volume. The experiment was repeated twice. Data expressed 
as the mean ± SEM of independent experiments
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emphasizing its safety towards normal cells. Altogether, 
the data demonstrated high therapeutic efficacy and 
safety of F2, which led us to further investigate its anti-
cancer mechanism and identify the active components.

Cancer cells are known for their deregulated cell divi-
sion and ability to evade apoptosis [22]. The results from 
the clonogenic assay showed a reduction in the number 
of colony formations and even in the colony size of cer-
vical cancer cells after F2 treatment, which indicates the 
anti-proliferative and growth-suppressing potential of F2. 
From a mechanistic standpoint, F2 induced S and G2/M 
phase arrest in HeLa and ME-180 cells by downregulat-
ing the expression of cyclin A in HeLa cells and cyclin A, 
cyclin B, and CDK1 in ME-180 cells. Interaction of both 
cyclin A and cyclin B with CDK1 is required to termi-
nate the S phase and promote the entry of cells into the 
mitotic phase [23]. Hence, the depletion of such proteins 
abrogates the cell cycle progression, which might explain 
the growth-suppressing ability of F2 [24–26]. Addition-
ally, Annexin V/PI staining revealed the strong potential 
of F2 to induce apoptosis in HeLa and ME-180 cells in 
a dose-dependent manner. Various chemotherapeutic 
drugs are known to induce apoptosis by modulating the 
expression of pro- and anti-apoptotic proteins, includ-
ing Bcl2 family proteins, caspases, and members of 
the Inhibitor of apoptosis (IAP) family [27]. In fact, we 
observed downregulation of survivin (member of the IAP 
family) at mRNA level in F2 treated ME-180 cells as well 
as increased expression of pro-apoptotic proteins, BAX, 
and active caspase-3 in F2 treated HeLa and ME-180 
cells, confirming the therapeutic potential of F2.

Numerous reports suggest that many phytochemi-
cals trigger cancer cell death by inducing excessive 
ROS generation and ER stress [28, 29]. In fact, in our 
study, we found a significant increase in ROS levels in 
HeLa and ME-180 cells after F2 treatment. Addition-
ally, several reports have also shown that ROS genera-
tion and ER stress are closely related, as excessive ROS 
levels can induce ER stress and vice-versa [28, 29]. 
Under ER stress, cancer cells activate the UPR pathway 
to restore ER homeostasis and maintain cell survival. 
However, prolonged or unresolved ER stress switches 
the UPR pathway toward apoptosis [30]. UPR pathway 
is mainly controlled by three proteins: inositol requir-
ing enzyme1α (IRE1α), protein kinase RNA(PKR)-like 
ER kinase (PERK), and activating transcription factor 
6 (ATF6), which gets activated during ER stress [31]. 
In normal conditions, GRP78 (BiP), a chaperone, keeps 
these sensors in an inactive state. When unfolded or 
misfolded protein accumulates, GRP78 dissociates from 
these sensors, leading to their activation [31]. Of these, 
PERK is an essential UPR protein that gets activated by 
autophosphorylation upon ER stress. Phosphorylated 
PERK further phosphorylates eIF2α and inactivates gen-
eral protein translation [30]. Our study revealed that F2 
induces ER stress, as evident by increased phosphoryla-
tion of PERK and eIF2α, the major indicators of ER stress. 
Additionally, it is known that activated ATF6 translocates 
to the nucleus and induces the expression of chaperones, 
including GRP78, to aid in protein folding [31]. Indeed, 
we found a significant increase in the levels of GRP78 
post-F2 treatment. Akt, a serine/threonine kinase, plays a 

Fig. 8  Chemical structures of compounds identified in F2
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central role in cancer cell growth and survival under nor-
mal and stressful conditions [32]. Interestingly, previous 
reports have shown that conventional chemotherapeutic 
drugs, including cisplatin and doxorubicin, while induc-
ing apoptosis, also trigger phosphorylation and activation 
of Akt, which further activates the survival pathway and 
may counteract drug-induced cell death [33, 34]. We also 
observed the activation of Akt in HeLa and ME-180 cells, 
as indicated by the increased phosphorylation of Akt 
after F2 treatment.

In order to gain better insight into the relation of ROS 
with ER stress and apoptosis in our model system, we 
studied the effect of NAC, a well-known antioxidant. Sur-
prisingly, in the presence of NAC, we found even higher 
cell death in HeLa and ME-180 cells compared to cells 
treated with F2 alone. The results further demonstrated 
the differential effect of NAC on ROS levels in F2 treated 
HeLa and ME-180 cells. In HeLa cells, NAC failed to 
reduce the F2 induced ROS levels, whereas it decreased 
the ROS levels to a minimum in ME-180 cells. Addition-
ally, we did not find any changes in ER stress upon NAC 
treatment, which suggests that F2 mediated ER stress is 
independent of ROS levels, and ROS is rather a conse-
quence than a cause of F2 induced cell death. However, 
how NAC exacerbated the F2 mediated cytotoxicity was 
still not clear. In several studies, it has been reported that 
NAC can inhibit the activation of Akt in different can-
cer types, including cervical cancer, and can sensitize 
the cells to different chemotherapeutic drugs [34–36]. In 
accordance with these studies, our results showed that 
NAC significantly inhibited the F2 induced Akt activa-
tion and, subsequently, the cell survival pathway, which 
might render the cells more susceptible to cell death.

Experimental evidence shows that many drug candi-
dates that exhibit high anticancer activity in monolayer 
culture lose efficacy in in  vivo preclinical settings [37]. 
This can be attributed to the inability of monolayer cul-
tures to mimic the complexity of the tumor microenvi-
ronment. Today, the use of 3D MCTS is considered to 
be an essential platform for drug screening as it bridges 
the gap between conventional monolayer testing and ani-
mal models [18, 37]. In fact, our results from APH sphe-
roid viability assay and PI staining demonstrated that F2 
exerted a dose-dependent cytotoxic effect on 3D HeLa 
spheroids. Moreover, we monitored the spheroids for 
15 days following treatment to explore the aftereffect of 
F2 on spheroid growth. Interestingly, we observed slight 
growth in spheroids at a lower dose of 12.5 µg/mL F2. In 
contrast, spheroid growth was completely abrogated at 
higher doses of F2, which signifies the strong therapeutic 
potential of F2.

Studies have shown that neem limonoids, includ-
ing nimbolide, azadirachtin, gedunin, azadiradione, 
and epoxyazadiradione, are responsible for the antican-
cer activity of neem extracts [8, 9, 21, 38, 39]. The phy-
tochemical screening of F2 revealed six compounds, 
including five limonoids and a flavonoid, which have 
already been reported earlier from the same species [40, 
41]. Among these six compounds, the flavonoid nicoti-
florin has also been isolated from other plant species and 
reported for its hepatoprotective, cardioprotective, neu-
roprotective, and anti-inflammatory effects [40, 42]. The 
anticancer potential of nicotiflorin has been investigated 
recently against lung carcinoma [43]. However, apart 
from insecticidal activity, no studies were found related 
to the anticancer activity of the identified limonoids [41]. 
Hence, this is the first study to demonstrate the antican-
cer activity of the neem stem bark-derived limonoid-rich 
fraction and suggests the necessity to further investigate 
the identified compounds independently or in combina-
tion to enhance our knowledge to develop new therapeu-
tic drugs.

Conclusion
In conclusion, this is the first study demonstrating 
the anticancer potential and mechanism of limonoid-
rich fraction F2 derived from the DCM extract of 
Azadirachta indica stem bark against cervical cancer. 
More importantly, our study highlighted the specific-
ity of F2 against cervical cancer cells and showed that F2 
induced ROS-independent ER stress and cell death. Fur-
thermore, F2 exerted a strong growth inhibitory effect on 
3D HeLa spheroids, establishing its therapeutic efficacy 
against cervical cancer. The presence of limonoids and a 
flavonoid could explain the anticancer properties of F2. 
However, further studies to identify the extent of their 
contribution to the anticancer activity of F2 are required 
to utilize their full potential as anticancer agents in com-
bating cervical cancer and possibly other cancer types.
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