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Gedunin isolated from the mangrove plant Xylocarpus granatum
exerts its anti-proliferative activity in ovarian cancer cells through G2/
M-phase arrest and oxidative stress-mediated intrinsic apoptosis

Rohit Sahai' - Arindam Bhattacharjee' - Vishwa Nath Shukla? - Pragya Yadav** - Mohammad Hasanain®* -
Jayanta Sarkar®* . T. Narender?* - Kalyan Mitra'*

Published online: 13 May 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Gedunin is a natural tetranorterpenoid secondary metabolite found in plants of the Meliaceae family, which has been reported
for its antiparasitic, antifungal and anticancer activities. Here, we describe the molecular mechanisms underlying the in vitro
anti proliferative activity of gedunin (isolated from the mangrove plant Xylocarpus granatum) in human ovarian cancer cells.
We observed that gedunin triggered severe ROS generation leading to DNA damage and cell cycle arrest in G2/M phase
thus inhibiting cell proliferation. ROS upregulation also led to mitochondrial stress and membrane depolarization, which
eventually resulted in mitochondria-mediated apoptosis following cytochrome C release, caspase 9, 3 activation, and PARP
cleavage. Transmission electron microscopy of gedunin treated cells revealed sub-cellular features typical of apoptosis.
Moreover, an upregulation in stress kinases like phospho-ERK 1/2, phospho-p38 and phospho-JNK was also observed in
gedunin treated cells. Free radical scavenger N-Acetyl-L-Cysteine (NAC) reversed all these effects resulting in increased cell
survival, abrogation of cell cycle arrest, rescue of mitochondrial membrane potential and suppression of apoptotic markers.
Interestingly, gedunin is also an inhibitor of the evolutionarily conserved molecular chaperone Heat Shock Protein 90 (hsp90)
responsible for maintaining cellular homeostasis. Targeting this chaperone could be an attractive strategy for developing
cancer therapeutics since many oncogenic proteins are also client proteins of hsp90. Collectively, our findings provide
insights into the molecular mechanism of action of gedunin, which may aid drug development efforts against ovarian cancer.
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Introduction

Ovarian cancer (OC) ranks 7th among most commonly diag-
nosed gynecological malignancies among women worldwide
[1]. In India, its trends have been observed to be increasing,
ranking it 4th common cancer in Indian women [2]. While
in US, it is reported to be 2nd most common gynecological
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cancer [3] with an average 5-year survival rate of 47.6% [4].
The disease commonly presents itself at late stages when
survival rate is low, posing therapeutic challenges in medi-
cal treatments due to chemo-resistance and advancement in
stage of progression [5]. This calls for development of better
and sustainable treatment options for management of ovar-
ian cancer.

Naturally sourced molecules like polyphenols [6],
alkaloids [7], flavonoids [8] and terpenoids [9] have been
reported to be effective in management of various patholo-
gies including cancers, owing to their efficacy, safer toxicity
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profiles and long history of use in traditional medicine.
Understanding the molecular mechanism of anticancer
agents is crucial for development of chemotherapeutics.
Gedunin (GDN) is a tri-terpenoid derived from common
Indian subcontinent trees like Neem ‘Azadirachita indica’,
Cedar Mangrove ‘Xylocarpus granatum’ and other members
of Meliaceae family [10, 11]. It has been shown to have
anti-malarial, insecticidal, anti-cancer activity and found to
inhibit pancreatic alpha amylase in vitro [12, 13]. Moreo-
ver, gedunin is also involved in modulating T lymphocyte
response and ameliorating allergic inflammation [14]. Heat
Shock Protein 90 complex (HSP90) is a multimeric chaper-
one assembly involved in essential cellular processes respon-
sible for maintaining cellular homeostasis. Targeting this
chaperone could be an attractive strategy for developing can-
cer therapeutics since many oncogenic proteins are clients of
HSP90. Gedunin has been found to be a HSP90 inhibitor that
acts by directly binding p23/PTGES3 (an integral part of the
HSP90 machinery) leading to its inactivation [10]. Studies
indicate gedunin inhibits proliferation of colon cancer cells,
human teratocarcinoma cells, pancreatic cancer and ovarian
cancer cells; however detailed molecular mechanisms of its
action have not been explored [11, 15-17]. The specificity
of gedunin towards cancer cells is also evident since it has
not been found to be cytotoxic in both human peripheral
blood mononuclear cells (PMBCs) and Vero (ATCC CCL-
81) mammalian kidney epithelial cells [15, 18].

Sustaining proliferative signals, evading growth sup-
pression and resisting cell death are among the hallmark
features of cancer [19]. A disruptive cell cycle plays an
important role in uncontrolled proliferation of cancer cells
sidelining the checkpoints [20]. Many of the anti-cancer
compounds have been found to stall the cell cycle at one or
more checkpoints thus halting the cell division and prolifera-
tion. Among other stress inducers, reactive oxygen species
(ROS) mainly produced in mitochondrial metabolism is an
important factor that is responsible for cellular stress and
inhibits cell proliferation by causing DNA damage and cell
cycle arrest [21]. These aforesaid cellular stresses when pro-
longed beyond repair mechanisms can lead to programmed
cell death including apoptosis [22].

Here, in this study we attempt to elucidate the molecu-
lar mechanisms underlying the anti-proliferative action of
gedunin in ovarian cancer cells in vitro. We demonstrate
that gedunin induced severe oxidative stress, caused mito-
chondrial stress and depolarization, G2/M cell cycle arrest,
activated stress kinases and inhibited proliferative path-
ways (JAK-STAT, mTOR) which ultimately results in
caspase dependent apoptosis in ovarian cancer cells. An
ultrastructural analysis of gedunin treated cells revealed
altered mitochondrial morphology and showed distinct
features of apoptosis. Overall, our results provide insights
into the mechanism of action of gedunin and demonstrate
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its potential for developing it as an HSP90 targeting anti-
cancer agent.

Material and methods
Isolation of gedunin

5 Kg of powdered epicarp of the fruits of Xylocarpus gra-
natum were soaked in 10 L of water-ethanol (50:50) for 24
h and the resultant aqueous-alcoholic extract was collected.
This process was repeated for four times. The combined
aqueous-alcoholic extract was concentrated using rotary
evaporator under reduced pressure to give a dark brown
powder (480 g). The aqueous-alcoholic extract was macer-
ated with ethyl acetate solvent and concentrated using rotary
evaporator under reduced pressure to give ethyl acetate frac-
tion (45 g). The resultant ethyl acetate fraction was subjected
to gross column chromatography with hexane-ethylacetate
solvent system. The fractions eluted with hexane-ethyl
acetate (70:30 and 60:40) solvent system were pooled and
concentrated to give 10.4 g of fraction, which was again
subjected to small column chromatography to isolate 1.2 g
of gedunin in hexane-ethylacetate (65:35) solvent system
and the purity of the compound was monitored by TLC in
the hexane-ethyl acetate (60:40) solvent system.

Cell lines

PA-1 (ATCC CRL-1572), OVCAR-3 (ATCC HTB-
161)—Human ovarian cancer cells, FaDu (ATCC HTB-
43)—Human pharyngeal cancer, SW-620 (ATCC CCL-
227)—Human colon cancer and MDA-MB-231 (ATCC
HTB-261)—Human breast cancer, A549 (ATCC CCL-
185)—Human lung cancer cell lines were obtained from
American Type Cell Culture (ATCC, Manassas, VA, USA).
The cells were cultured as per ATCC recommendations, gen-
erally in DMEM, High glucose (12100061) or RPMI 1640
culture media, buffered with sodium bicarbonate and supple-
mented with 10% Fetal Bovine Serum (FBS) and Antibiotic-
Antimycotic (Sigma 100x) at 37 °C in 5% CO,.

Reagents and chemicals

DMSO Anhydrous (D12345), CM-H,DCFDA (C6827),
MitoSox (M36008), Hoechst 33342 (H3570), JC-1 (T3168),
AlexaFluor 488 conjugated antibodies (A-11094), BCA
Protein estimation kit (23227), DMEM—High glucose
(12100061), RPMI 1640 (51800035), FBS (10437028) were
purchased from Gibco™/Invitrogen™ (Life Technologies)/
Pierce™ under Thermo Scientific.

Caspase Inhibitor z-VAD-fmk (627610), protease
inhibitor cocktail (539131), phosphatase inhibitor cocktail
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(524624), Tris Base (648311) and FluorSave mount-
ing media (345789) were purchased from Merck. FITC
Annexin V Apoptosis detection kit (556547) were from
BD Pharmingen™. Primary antibodies—cdc25C (4688),
p21 Wafl/Cipl (2947), Phospho-Histone H2A.X (9718),
Phospho-p53 (9268), Caspase 3 (9662), Caspase 9 (9502),
PARP (9532), Bax (5023), Bcl2(15071), MAPK Family
Antibody/ Phospho MAPK Family Antibody Sampler Kits
(9926/ 9910), BiP/GRP78 (3177), CHOP (5554), JAK2
(3230), STAT3 (4904), phospho-mTOR (2971);and phos-
pho p42/44 MAPK inhibitor U0126 (9903) were purchased
from Cell Signaling Technology. ECL Clarity Substrate
(1705061) and PVDF membrane (1620177) were from
BioRad.

Antibiotic-Antimycotic (A5955), Trypsin (59418C),
Anti-f-actin (A1978), Anti-rabbit HRP (AP307P), Anti-
mouse HRP (AP308P) antibodies, N-Acetyl-L-Cysteine
(A7250), Carbonyl cyanide 3-chlorophenylhydrazone
(C2759), SP600125 (S5567), Doxorubicin (D1515),
RNase A(R6513), Bovine Serum Albumin (A2153), PBS
tablets (P4417), Sulforhodamine B (230162), Tri-chloro
acetic acid (T6399), Triton (X100), Acrylamides (A3553/
M7279), Ammonium Persulphate (A3678), Osmium tetrox-
ide (05500), glutaraldehyde (G5882), Spurr embedding
kit (EMO0300), and other chemicals were purchased from
Sigma Aldrich.

Cell/drug treatments of gedunin

The tetranortriterpenoid gedunin (chemical structure Fig. 1a)
was found to be freely soluble in DMSO at 50 mM stock
concentrations, and sparingly soluble in aqueous media.
Therefore, for treatment of cells, freshly diluted gedunin
was used, with dose dilutions in DMSO corresponding to
ICs values of respective cells as mentioned in result section,
while only DMSO served as vehicle control (VC).

Cell viability assay

Cell Viability assay was performed using Sulforhodamine
B (SRB) dye [23]. 1 x 10* cells/well were grown in 96-well
plate and were treated with indicated dose of gedunin for
48 h. Following treatment, the cells were fixed in ice for 1 h
using chilled 50% w/v Trichloro Acetic acid (TCA). Post fix-
ation, the culture plate was washed gently in running water
(three times) and air-dried. Fixed cells were stained with
0.5% in SRB (in 1% Acetic acid) and washed three times
with 1% v/v acetic acid. Bound SRB crystal were dissolved
in 10 mM Tris Base (pH 10) for 1 h and the absorbance of
each well was measured at 515 nm using a BioTek™ micro-
plate reader.

In vitro scratch assay

In vitro scratch assay was followed with slight modifica-
tions as described in [24]. 1 x 10° cells per well were grown
in 6-well plate and allowed to proliferate till ~80% con-
fluence was reached. A scratch in the cell monolayer was
made across the diameter of the well using a sterile 100 pl
pipette tip, followed by PBS wash to remove detached cells.
The images were recorded with an inverted phase contrast
microscope. Cells were then subjected to gedunin treatment
and allowed to grow till the time the scratch in control wells
were healed. This was then compared with the confluence
of treatment cells at the same time point respectively. Image
J (NIH) software was used to calculate the relative area of
cell confluence.

Cell cycle analysis

Flow cytometry based cell cycle analysis using nucleic
acid staining methods were performed as described in [25].
Briefly, PA-1 and OVCAR-3 cells were grown to 50% con-
fluence and treated with indicated doses of gedunin for 12
h, 24 and 48 h time points. The treated cells were detached
using trypsin and fixed overnight with ice cold 70% ethanol
while vortexing. The fixed cells were washed with PBS and
stained with propidium iodide including, RNase A (1 mg/
ml), and Triton X-100 (0.05% w/v) for 20 min in dark at 37
°C. Stained cells were quantified and fluorescence BD FACS
Calibur™ flowcytometer for cell cycle with appropriate set-
tings using CellQuest Pro software (BD).

Immuno-fluorescence microscopy

As previously performed in [26], cells were grown on glass
coverslip inside a 6 well culture plate. Gedunin or inhibitor
treated cells were washed with PBS, fixed using 4% formal-
dehyde in PBS (pH 7.3), permeabilized with 0.5% Triton
X-100 for 10 min, washed and blocked with 2% BSA in
TBST. Following this, the cells were washed, incubated with
primary antibody (dilution 1:100) overnight at 4 °C, washed
and incubated with Alexa-fluor conjugated secondary anti-
body (dilution 1:250) and Hoechst stain. Washed coverslips
were inverted and mounted on glass slide with a drop of
FlourSave™ Mounting media. Carl Zeiss LSM Meta 510
Confocal microscope with Plan Apochromat 63 X 0il/1.4 NA
DIC objective lens was used for imaging with appropriate
laser lines and excitation/emission filters.

Measurement of reactive oxygen species (ROS)
levels

Intracellular level of ROS was determined using CM-
H,DCFDA, following manufacture’s protocol from
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«Fig. 1 Gedunin (GDN) inhibits proliferation of PA-1 and OVCAR—3
cells in vitro. a Chemical structure of Gedunin, b Cytotoxic effect
of gedunin in human cancer cell lines at 48 h using SRB assay. ¢
Phase contrast microscopy images of GDN treated PA-1 cells and
OVCAR-3 cells at indicated dose and time points. d in vitro scratch
healing assay in GDN treated PA-1 and OVCAR-3 cells as compared
to untreated control cell at 72 h time point

Invitrogen (ThermoScientific). PA-1 or OVCAR-3 cells
were grown to 50% confluence upon a glass cover slip, fol-
lowed by treatment with gedunin for indicated time points, in
presence of absence of ROS scavenger N-acetyl L-Cysteine
(5 mM, co-incubated with gedunin). Post treatment, cells
were then incubated with 10 uM CM-H,DCFDA for 30 min
in dark, washed with PBS and examined live under confo-
cal microscope (as mentioned in immuno-fluorescence sec-
tion). Fluorescence intensity was measured using Zeiss LSM
Image Examiner software.

Determination of mitochondrial membrane
potential

Mitochondrial Membrane potential were measured using
JC-1 dye as previously described in [27]. Gedunin treated
cells were subjected to trypsin and washed with PBS. The
cells were then incubated with JC-1 dye dissolved in incom-
plete media (20 pM for 15 min at 37 °C in dark). Post wash-
ing in PBS, these were then immediately quantified with BD
FACS Calibur flow cytometer at 488 nm using appropriate
excitation/ emission filters and gating.

Phosphatidylserine exposure assay

Phosphatidylserine exposure assay was performed to quan-
tify apoptotic population based on [28] as well as manu-
facturer’s protocol described in BD Pharmingen™ Annexin
FITC Apoptosis kit manual. Cells were cultured in 60 mm
diameter tissue culture dishes up to 50% confluence and
treated with gedunin or inhibitors for indicated time. Cells
were harvested by trypsinization, washed twice with cold
PBS and re-suspended in binding buffer (0.01 M HEPES,
0.14M NaCl, 2.5 mM CacCl, in aqueous solution, sterile).
10* cells per sample re-suspended in 100 ul binding buffer
and were stained with FITC-conjugated Annexin V (as per
manufacturer’s protocol) and PI (2 ug/ml) for 15 min at
RT in dark. This was followed by adding 400 pl of binding
buffer and analysis in BD FACS Calibur flow-cytometer with
appropriate controls and settings.

Western blotting
Gedunin treated cells at various time points were harvested

and washed with cold PBS. The cell pellet was lysed for
1 h with cell lysis buffer (with protease and phosphatase

inhibitors) on ice, and whole cell protein was collected
from the supernatant after centrifugation at 12,000xg at 4
°C. The protein samples were estimated using BCA protein
estimation kit (as per manufacturer’s protocol), and concen-
tration-equalized samples were prepared using Lamelli’s
buffer (5x). Equal amount of protein were separated with
SDS-PAGE, transferred onto PVDF membrane (0.45 pm),
blocked with 5% Bovine Serum Albumin/Nonfat dry milk,
treated with primary antibody overnight (dilution 1:1000),
and HRP conjugated secondary antibody (dilution 1:2500)
for 2 h at room temperature, with intermittent washing
between the steps with Tris buffered saline with Tween-20
(TBST). Blots were developed using Clarity ECL substrate
using a Bio-Rad ChemiDoc XRS + system.

Scanning electron microscopy (SEM)

As previously reported from our lab in [27], PA-1 and
OVCAR-3 cells were grown on glass cover slips, treated
with gedunin and were fixed with 2.5% Glutaraldehyde (GA)
in phosphate buffer (pH 7.3) overnight. After washing the
cells were post fixed with 1% OsO, in phosphate buffer,
washed and then dehydrated in ascending concentrations of
ethanol. Cells were dried using a Critical Point Dryer and
sputter coated with Au: Pd (80:20). The imaging was done
using a FEI Quanta 250 Scanning Electron Microscope at
20 kV, using SE detector.

Transmission electron microscopy (TEM)

Cells for TEM analysis were prepared as reported earlier
[29]. Briefly, gedunin treated cells were fixed with 2.5%
Glutaraldehyde (GA) in phosphate buffer (pH 7.3). The
fixed cells were washed and post fixed with 2% OsO, (in
Phosphate buffer). Cells were dehydrated in ascending
concentrations of ethanol followed by acetone, and finally
embedded in Spurr resin. Ultra-thin sections (60-80 nm)
sections were cut, picked on copper grids (200 mesh) and
double stained with Lead citrate and Uranyl acetate. Imaging
was performed with JEOL JEM 1400 Transmission Electron
Microscope fitted with Gatan Orius SC200B CCD camera
at 80 kV.

Statistical analysis

The statistical significance of the differences between two
experimental groups from three independent experiments
was assessed using two-tailed Student’s t test. Differences
were considered significant as P <0.05 (*), < 0.01 (**),
< 0.001 (***) and <0.0001 (****), Software GraphPad-
Prism™ was used for statistical analysis.
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Results

Gedunin inhibits proliferation of ovarian cancer
cells in vitro by inducing cell death

To investigate the anti-proliferative effect of gedunin,
a panel of human cancer cell lines comprising pharyn-
geal cancer (FaDu), colon cancer (DLD-1), lung cancer
(A549) and ovarian cancer (PA-1 and OVCAR-3) were
treated with various concentrations of gedunin for 48 h,
and results were quantified using sulforhodamine B (SRB)
assay. Gedunin was found to inhibit the proliferation of
all the cell lines in a dose dependent manner suggesting
broad-spectrum inhibition in cancer types. As presented in
Fig. 1b, ovarian cancer cell line PA-1 was found to be most
susceptible to gedunin treatment with an ICs, value of 8.1
uM. Therefore, further studies for mechanistic insights
were performed in PA-1 cells. To substantiate our results
in another ovarian cancer cell line OVCAR-3 cells were
also selected for the mechanistic studies, for which the
ICs( of gedunin was 18 uM. Henceforth, the ICs, doses
of PA-1 and OVCAR-3 cells have been used throughout
this work. Moreover, ICs, values in FaDu, DLD-1 and
A549 were determined to bel0.7 uM, 14.8 uM and 9.9
UM respectively.

Phase contrast microscopy images (Fig. 1c) showed
reduction in cell number and shrinkage in cytoplasmic vol-
ume in gedunin treated cells in a dose and time dependent
manner indicating cell death in both PA-1 and OVCAR-3
cells respectively.

The in vitro scratch assay is a convenient assay to study
cell migration in cultured cells [24]. Gedunin was found
to inhibit migration in the scratch created in the mon-
olayer when administered in IC5, doses for 72 h in PA-1
or OVCAR-3 cells as compared to complete healing of
scratch in corresponding control cells (Fig. 1d). Therefore,
these experiments indicate that gedunin inhibits prolifera-
tion and migration of ovarian cancer cells.

Gedunin causes G2/M phase arrest in ovarian cancer
cells

Further, we examined the effect of gedunin on cell cycle
progression of ovarian cancer cells using flow cytometry.
PA-1 and OVCAR-3 cells were treated with gedunin at 0.5
X ICsq, IC5q and 2 X IC5 for 12 h, 24 h and 48 h. Figure 2a,
b show a significant increase (p < 0.05) in cell population at
G2/M phase cell cycle arrest in both the cell lines at 24 and
48 h. Besides, as shown in PI intensity graphs in Fig. 2a,
presence of a blue peak depicting Sub G, population or dead
cells was observed after 24 h of gedunin treatment.
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A G2/M phase arrest is an important checkpoint before
a cell enters mitosis and ensures that genetic material has
been meticulously duplicated before mitosis ensues [30].
Phosphatase cdc25 promotes cell division by binding to
cyclin b and inhibition of cdc25 can lead to delay in cell
cycle progression. Results in Fig. 2c show downregulation
of cdc25 in both PA-1 and OVCAR-3 cell lines. Moreo-
ver, p21 (wafl/cipl) is a CDK inhibitor protein that sup-
presses cdk activity in event of DNA damage and thus
cell cycle arrest [31].The immunoblots results in Fig. 2¢
indicate a remarkable increase in p21 levels upon gedunin
treatment in dose and time dependent manner, suggesting
DNA damage could be responsible for cell cycle arrest.
This was also corroborated by increase in phospho-p53
and phospho-H2A.X levels that indicate DNA damage [32,
33] (Fig. 4d).

Overall, results presented in Fig. 2 indicate that gedunin
causes G2/M cell cycle arrest in a dose and time dependent
manner by regulating cell cycle proteins in ovarian cancer
cells which is followed by cell death.

Gedunin induces ultrastructural changes in ovarian
cancer cells

Morphological and ultrastructural effects of gedunin in both
PA-1 and OVCAR-3 cells were investigated using electron
microscopy. SEM analysis (Fig. 3a, b) showed a decreased
cell number characterized by reduced cell volume of PA-1
and OVCAR-3 cells. Rounding up of cells with blebbings
and apoptotic bodies were observed in gedunin treated cells.

ogy of vehicle control cells (Fig. 3a(i), b(ii)).

Subcellular changes in gedunin treated cells were
observed under TEM. Decreased cytoplasmic content with
cell shrinkage, pyknosis and nuclear fragmentation but intact
plasma membrane (Fig. 3c(ii—iv), d(ii—iv)) were noticed in
treated cells. In contrast, the control cells were elongated
with intact double membrane bound nucleus, and with
normal ultrastructure of the organelles (Fig. 3a(i), b(i)).
Late stage effects of (upto 48 h) gedunin included severe
vacuolation with appearance of multi-lamellar bodies (Fig
c(iv) and d(iii and (iv)). Mitochondria in treated cells were
observed to be remarkably affected suggesting mitochondrial
stress characterized by acute swelling and disrupted cristae
(Fig. 3c(vi—vii), d(vi—vii)) as compared to mitochondrial
ultrastructure in control cells (3C(v) and 3D(v)) with intact
cristae and overall normal morphology. Endoplasmic reticu-
lum (ER) stress was not observed in both gedunin treated
PA-1 and OVCAR-3 cells (Fig. 3c(viii), d(viii)). The ultras-
tructural changes were attributed to hallmark morphological
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Fig.2 Gedunin causes G2/M phase arrest in ovarian cancer cells. a
Flow Cytometry analysis based propidium iodide (PI) intensity plot
of GDN treated PA-1 and OVCAR-3 cells at indicated dose and time
point showing shift towards G2/M peak with dose and time. b The

quantified bar graph of cell population in each cell cycle phase at
indicated dose and time points. (p value *< 0.05, **< 0.01). ¢ West-
ern blot of cell cycle proteins in ovarian cancer cells following GDN
treatment at indicated dose and time points
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«Fig.3 Representative electron micrographs revealing the morpholog-
ical effects of gedunin. a and b represent SEM micrographs showing
topological changes observed in PA-1 or OVCAR-3 cells respectively
following GDN treatment, where a(iii) and b(iii) represent magnified
images of apoptotic cells. Blebs/Apoptotic bodies can be seen ema-
nating off the cell(s) undergoing apoptosis. (Scale bar =10 um in a(i—
ii) and b(i—ii), and 5 pm in a(iii) and b(iii). ¢ and d Representative
transmission electron micrographs showing early to late apoptotic
features in PA-1 cells c(ii-iv) as compared to control cells in ¢(i);
and in OVCAR-3 cells d(ii-iv) as compared to control cell in d(i).
Micrographs in ¢(vi-vii) and d(vi-vii) represent effect of GDN on
mitochondria which are observed to be swollen with disrupted cristae
(red arrows) of PA-1 and OVCAR-3 cells as compared to their normal
morphology in ¢(v) or d(v) respectively. ¢(viii) and d(viii) represent
endoplasmic reticulum (ER) (indicated by yellow arrows) in GDN
treated PA-1 and OVCAR3 cells respectively (Color figure online)

features of apoptosis, which was in agreement with our bio-
chemical findings. Together, these results show that gedunin
induces detrimental ultrastructural changes in ovarian cancer
cells suggestive of apoptotic cell death.

Gedunin causes mitochondrial depolarisation
and promotes apoptosis in ovarian cancer cells

Taking cues from our TEM observations, we further
explored the physiological effects of gedunin in PA-1 and
OVCAR-3 cells. A steady mitochondrial membrane potential
(MMP) is important for normally functioning mitochondria
in healthy cells, which is depolarized under stress condi-
tions [34]. JC-1 is a cationic dye that form J-aggregates
with intense red fluorescence in healthy mitochondria and
is dispersed in monomeric green fluorescent form in depo-
larized mitochondria. As shown in Fig. 4a, gedunin treated
cells showed significant (p <0.01) mitochondrial depolariza-
tion in a dose dependent manner, confirming mitochondrial
stress. Carbonyl cyanide m-chlorophenyl hydrazine (CCCP)
was used as positive control, which is a mitochondrion depo-
larizing agent, where more than 90% of the cells had depo-
larized MMP.

To confirm the nature of cell death, we performed phos-
phatidylserine exposure assay to differentiate between early/
late apoptotic and necrotic cell populations. Two to five-
fold increase in apoptotic quadrants (Annexin®™/PI~ and
Annexin™/PI") were observed in gedunin exposed cells indi-
cating apoptosis (doxorubicin was used a positive control)
(Fig. 4b). This result was in agreement with our ultrastruc-
tural findings that presented classical structural features of
apoptosis in gedunin treated cells (Fig. 3).

Apoptotic mode of cell death normally occurs via the
intrinsic or extrinsic pathways, which are mediated by dif-
ferent sets of molecular machineries. Results in Fig. 4c, d
confirm that gedunin induces apoptosis via intrinsic pathway
which involves mitochondria. The release of cytochrome c
from the mitochondrial intermembrane space is a decisive

feature in apoptosis and is generally considered as ‘point of
no return’[35]. We performed immunofluorescence staining
to observe the distribution pattern of cytochrome c using
confocal microscopy. As presented in Fig. 4c, control cells
showed a mitochondrial pattern of cytochrome c (green fluo-
rescence), but in gedunin treated cells it had clearly trans-
located to the cytoplasm from the mitochondria following
gedunin treatment indicating onset of apoptosis. Pre-treat-
ment of PA-1 cells with pan-caspase inhibitor z-VAD-fmk
following gedunin treatment resulted in mitochondrial local-
ization of cytochrome c similar to control cells, suggesting
inhibition of caspase dependent apoptosis.

Western blot data in Fig. 4d from gedunin treated PA-1
and OVCAR-3 cells also supported these findings as
phospho-H2A.X and phospho p53 levels were found to be
increased. Furthermore, following cytochrome c release,
Caspase 9 is activated and leads to activation of caspase
3—an executioner caspase and leads to proteolytic cleavage
of many key proteins including poly (ADP) ribose polymer-
ase (PARP), whose cleavage facilitates cellular disassembly
leading to cell death. Bax also contributes to apoptosis by
translocation to mitochondria and facilitating cytochrome c
release [36], while Bcl2 plays anti-apoptotic role by inhibit-
ing cytochrome c release and caspase activity. The overall
Bax/Bcl2 ratio was found increased in gedunin treated cells
as compared to control cells, with increasing dose and time
points, indicating progression of apoptosis. Our results show
increased expression of Bax, cyt c release, activation of cas-
pase 9 and caspase 3, and PARP cleavage in dose and time
dependent manner. These observations confirmed caspase
dependent mitochondrial apoptosis by gedunin in ovarian
cancer cells.

Gedunin triggers ROS generation in ovarian cancer
cells

Reactive oxygen species (ROS) are by-products of metab-
olism inside the cells, generated inside mitochondria by
the electron transport chain, and are maintained at a low
concentration by the intrinsic cellular antioxidant system.
Excessive ROS generation has been linked to DNA damage,
intracellular stress, and contributes to cell death. Our earlier
observations of mitochondrial stress and damage prompted
us to evaluate the ROS levels in gedunin treated cells using
fluorogenic probe CM-H,DCFDA at various time points.
Confocal microscopy results in Fig. 5a indicate significant
up-regulation (p <0.0001 in PA-1 and p<0.001 in OVCAR-
3) of cytoplasmic ROS levels in PA-1 and OVCAR-3 cells,
treated with corresponding ICs, doses of gedunin, from 3
h time point onwards indicating ROS production to be an
early event following gedunin treatment. ROS production

@ Springer



490 Apoptosis (2020) 25:481-499

i)  Control Ic,, 2xIC,, cccp
- 13003018.001 T 13003118 002 - 13003018003 - 1303118.004
T > T A
8% 8ed
ge b
® RY =1 R1
- |56.5% - 1191.0% :
T ol g2 10 ref | T w12 100
GREEN ‘GREEN
- - 100
o
=
kY o] 3
E e 3
2
s
o 2
g S i
£ )
@2
- - 5
(e Al .
A 7 N G ERNP
w0 Tie® w0l 102 e 0f Tie®  qo! g0 103 10t v M
GREEN GREEN
10
2xI1C * W ATPI (Live)
- = 50 . B A*/PI"(Early Apoptotic)
= 5.6% = 8 I A*/PI* (Late Apoptotic)
g
> 2 5 6
H
£
5
=% =t Z «
°
8
£ ® B

6.2%
100 o

! w02 108 ot ©
Annesin Y FITC

102
Annexan ¥ FITC

DOXO

O ®c,®
Fesetsf

*°&$»%o+° *“&;@;of

104

103

Pl
102

10!

ey : "' |GDN +2VAD:
(D) PA-1 OVCAR-3
24h 48h 24h 48h
M vc Ic, 2xC, IC, 2xIC, m Ve Ic, 2xCy, IC, 2xIC,
16— S . P \-H2AX 16— — W \-H2AX
54- o D o WP P- 53(515) 54— s s s - . P-p53(S15)
FL FL
33— 33—
Caspase 3 v Caspase 3
= -
16~ : 16—
FL
g ——— — — g —— —

o
WS W T Caspase 9

| CL Caspase 9

. o
L
124- E ] 2 FL
‘ PARP
- - c

16 w—— — — — B
29— 29—
—— — — — BC|2 S — - . Bcl2

1.04 132 1.62 179 1.61 Bax/Bcl2 4.04 268 4.14 5.61 8.96 Bax/Bcl2

13- S S S - Actin 43— S o (i

33—
1

9

@ Springer



Apoptosis (2020) 25:481-499

491

«Fig.4 Gedunin causes mitochondrial depolarization and induces
apoptosis. a Mitochondrial membrane potential measurement using
JC-1 dye in PA-1 and OVCAR-3 at mentioned dose points and quanti-
fied bar graph in a(ii) (P value *< 0.05, **< 0.01). b Phosphatidyl-
serine exposure assay in PA-1 to evaluate percentage of cells in early
or late apoptosis at indicated time points and in presence of Doxo-
rubicin (Positive control). ¢ Immunofluorescence experiments using
confocal microscopy showing translocation cytochrome c in GDN
treated cell (in green channel 488 nm) in PA-1 cells compared to
control cells and GDN treatment in presence of pan caspase inhibi-
tor z-VAD-fmk (co-treated, 20 pm). d Western blot analysis of DNA
damage and apoptosis markers in PA-1 and OVCAR-3 cells (Color
figure online)

was found significantly quenched (p <0.001) in presence of
antioxidant N-acetyl L cysteine (NAC) (Fig. 5b).

Further, we stained the gedunin treated PA-1 cells with
MitoSOX Red, a dye that is specifically selective for super-
oxide species in the mitochondria. The results in Fig. S¢ show
dose dependent increase in mitochondrial superoxide levels,
which was found to be significantly (p <0.0001) quenched in
presence of antioxidant NAC, thus suggestive of production
of superoxide species in gedunin treated cells.

Oxidative stress contributes to G2/M phase cell cycle
arrest and mitochondrial depolarisation

Previous results have demonstrated ROS generation, DNA
damage, G2/M cell cycle arrest and mitochondrial depolarisa-
tion following gedunin treatment in PA-1 and OVCAR-3 cells.
This prompted us to explore the role of ROS in mediating cell
cycle arrest and mitochondrial dysfunction. We performed cell
cycle analysis (using flow cytometry) of gedunin treated PA-1
cells in presence of ROS quencher NAC. Results in Fig. 5d,
presents the graphs of PA-1 and OVCAR-3 cell population in
various phases of cell cycle in presence or absence of NAC fol-
lowing gedunin treatment. Our results demonstrate that there
was a significant (p <0.05) reduction in G2/M population in
both PA-1 and OVCAR-3 cell when the cells were co-treated
with NAC to quench cellular ROS, while only gedunin treated
cells were found stalled in G2/M phase.

We also investigated whether or not NAC could restore
the MMP loss observed earlier with gedunin treatment. Our
results in Fig. 5d present that mitochondrial depolarization
was averted in presence of NAC. A decreased number of cells
with depolarized MMP were observed (from 54.2 to 33.8% in
PA-1 cells and from 34.7 to 24.5% in OVCAR-3 cells) in pres-
ence gedunin alone or with NAC treatment respectively. These
results therefore indicate that ROS generation by gedunin is
upstream of cell cycle arrest and mitochondrial membrane
depolarization, and that presence of ROS quencher NAC could
rescue cells from these effects.

Gedunin treatment leads to activation of MAP
kinases and inhibition of proliferation signalling
pathways

Mitogen activated protein kinases (MAP kinases) are
sequentially activated protein kinases that play vital role in
signal transduction and can be categorized into extracellular
regulated kinases (ERK), c-Jun N terminal Kinase (JNK)
and Stress activated protein kinases (SAPK/p38 MAPK),
where JNK and p38 MAPK play important roles during
inflammation, environmental stress and apoptosis [37].

Immunoblot results in Fig. 6A show increased expres-
sion MAP kinases including phospho p42/44 MAPK (ERK),
phospho JNK and phospho p38 suggesting a wide response
to intra-cellular stress, in a dose and time dependent man-
ner following gedunin treatment in PA-1 cells. A prolonged
activation of JNK has been linked to suppression of inacti-
vators of mitochondrial-mediated apoptosis [38]. Thus, our
results indicate that MAP kinase activation by gedunin is a
key component of its response towards apoptotic pathway.

We also evaluated the expression of ER stress mark-
ers like GRP78 and CHOP/GADDI153 that contribute to
unfolded protein response. However, as seen in immuno-
blots shown in Fig. 6b, there was no significant increase in
expression of these markers. This observation is supported
by our TEM results that showed no luminal swelling in ER
in gedunin treated PA-1 or OVCAR-3 cells. Furthermore, a
decreased expression of proliferative pathways markers like
phospho-mTOR (Ser2448), JAK2 and STAT3 in gedunin
treated PA-1 cells was observed in immunoblots (Fig. 6b).
As these proteins are clients of HSP90 complex, these results
support the previous observations that gedunin inhibits cell
proliferation in ovarian cancer cells[39].

Further, we sought to evaluate if activation of MAP
kinase (phospho p42/44) was related to ROS generation.
Gedunin treated cells were subjected to U0126 treatment
(phospho p42/44 MAPK inhibitor), and then followed by
gedunin treatment. ROS level were measured in these cells
using CM-H2DCFDA (Fig. 6¢). There was no significant
decrease in ROS levels with U0126 in gedunin treated cells,
however, phospho p42/44 MAPK levels were found to be
decreased in presence of NAC, indicating that ROS genera-
tion event is probably upstream of MAP Kinase activation
(Fig. 7a).

ROS generation and Stress kinases contribute
to gedunin induced apoptosis in ovarian cancer cells

To further dissect the role of ROS in promoting apoptosis,
we administered gedunin treated cells with inhibitors like
NAC (antioxidant), z-VAD-fmk (pan-caspase inhibitor) and
evaluated the markers for DNA damage, cell cycle arrest in
G2/M phase, stress kinases and apoptosis (Fig. 7).
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«Fig.5 Gedunin triggers ROS generation in ovarian cancer cells lead-
ing to cell cycle arrest and mitochondrial membrane depolariza-
tion. a(i) and (ii) represent confocal micrographs of CM-H,DCFDA
stained PA-1 or OVCAR-3 cell treated with ICs, dose of GDN at indi-
cated time points and corresponding intensity plots in (iii) for PA-1
and (iv) for OVCAR-3 as measured for 50 cells from each time point.
b ROS levels in presence of antioxidant NAC at 5 mM (for PA-1)
or 3 mM (for OVCAR-3) co-treatment with ICs, doses of GDN for
PA-1 and OVCAR-3 cells respectively for 24 h. ¢ Confocal micro-
graphs representing fluorescence of Superoxide levels using MitoSox
dye in PA-1 cells at indicated dose of GDN for 24 h, in presence of
NAC. Quantified bar graph of fluorescence intensity (for 50 cells);
indicating super oxide generation in PA-1 cells upon GDN treatment.
d Bar graph of cell cycle analysis of ICs;GDN treated (48 h) PA-1
and OVCAR-3 cells in presence of NAC indicating decrease in G2/M
phase cells. e Mitochondrial membrane potential (analyzed using
JC-1 dye staining in flowcytometer) in PA-1 and OVCAR-3 cell fol-
lowing GDN treatment ICs, (24 h) in presence of NAC. (p value cor-
responds to *< 0.05, **¥< 0.01, ***< 0.0001)

As presented in Fig. 7a, the immunoblotting results show
expression of indicated proteins in gedunin treated cells
with NAC co-incubation compared with only gedunin treat-
ment. It was observed that NAC was able to reverse almost
all of the detrimental effects of gedunin induced cellular
insults. DNA damage markers phospho H2A.X, phospho
p53 and p21 were found be downregulated in presence of
NAC. We had observed that gedunin treatment results in
decreased expression of CDC25C (Fig. 5c). Interestingly,
NAC treatment restored CDC25 level indicating abrogation
of cell cycle arrest. A decrease in phospho JNK and phos-
pho p42/22 MAPK was also observed in presence of NAC,
confirming our observations in Fig. 6¢. Finally, apoptotic
markers like caspase 3 and PARP cleavage were also found
to be decreased in presence of NAC indicating that ROS
triggered apoptosis in PA-1 cells.
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Fig.6 Gedunin leads to activation of MAP kinases and inhibition
of proliferative pathways. a Immunoblots showing MAP kinases up
regulation in GDN treated PA-1 and indicated dose and time points.
b Immunoblots of GDN treated PA-1 cells showing expression lev-
els of ER stress markers: GRP78 and CHOP, as well as of prolifera-
tive pathways JAK-STAT and phospho-mTOR (Ser 2448). ¢ Confocal

micrographs of DCFDA intensity for ROS levels PA-1 cells in pres-
ence of U0126 (phospho-ERK inhibitor) (pre-treatment 2 h, 20 pm,
incomplete media) and Intensity bar graph of confocal micrographs
of ROS levels in presence of ERK inhibitor U0126 and ICs, dose
of GDN for 24 h showing no significant decrease in level of ROS in
presence of U0126
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«Fig.7 ROS and Stress kinases contribute to gedunin induced apop-
tosis in ovarian cancer cells. Immunoblot analysis of DNA damage,
cell cycle, and apoptosis markers in PA-1 cells in presence of a ROS
quencher NAC (5 mM co-treatment) and, b Pan caspase inhibitor
z-VAD-fmk (20 pm co-treatment) with ICy, dose of GDN. ¢(i) to
(iv) shows cell viability measured using phosphatidylserine expo-
sure assay in gedunin treated PA-1 cells in presence of (i) NAC (ii)
z-VAD-fmk (iii) SP600125 and (iv) U0126

Similarly, we tested the effects on the aforementioned
markers following gedunin treatment with or without
z-VAD-fmk (pan-caspase inhibitor) as shown in Fig. 7b. We
observed that gedunin treatment in presence of z-VAD-fmk
had no effect on p21, phospho p42/44 MAPK and phospho
JNK levels; while a decrease in expression profile of caspase
3 and PARP cleavage was observed.

Inhibition of ROS generation, MAPK activation
and Caspase activation effects cell viability
in gedunin treated ovarian cancer cells

Using flow cytometry, we also performed phosphatidylser-
ine exposure assay (by Annexin/PI staining) to study the
effect on cell viability of PA-1 cells in presence of gedunin
with or without NAC (ROS inhibitor), z-VAD-fmk (caspase
inhibitor), U0126 (phospho ERK inhibitor) or SP600125
(JNK inhibitor). As presented in Fig. 7c(i) there was sig-
nificant increase (p <0.05) in healthy cell population
(Annexin™/PI"), and significant decrease (p <0.05) in both
early and late apoptotic cell (Annexin®) population in pres-
ence of NAC in gedunin treated cells. Therefore, this result
confirms gedunin induced oxidative stress is an upstream
event and its inhibition using ROS quencher NAC can res-
cue of cells from undergoing apoptosis. In presence of pan
caspase inhibitor z-VAD-fmk (Fig. 7ciii) in gedunin treated
cells, a significant (p <0.05) increase in population of live
cells and a significant (p < 0.05) decrease in population of
early apoptotic population was observed as compared to live
and early apoptotic population in vehicle control. However,
z-VAD-fmk could not rescue late apoptotic cells (p value not
significant) as compared to late apoptotic population in only
gedunin treated cells.

Moreover, as MAP kinases activation was observed in
our previous results (Fig. 6a), we further studied effects of
MAP kinase inhibition on cell viability of gedunin treated
cell, using pharmacological inhibitors of INK(SP600125)
and phospho ERK(U0126). As shown in Fig. 7c(iii),
we observed a significant (p <0.05) rescue of cells upon
gedunin treatment with SP600125, and a decrease in early
apoptotic population was also observed. Furthermore, as
presented in Fig. 7c(iv) there was no significant rescue of
cells nor decrease in apoptotic population in gedunin treated
cell in presence of U0126. These observations collectively
suggest that caspase meditated apoptosis induced by gedunin

is initiated by ROS upregulation and is mediated by JNK,
while ERK alone may not have a role in apoptosis induced
by gedunin.

Discussion

Cancer cells are generally characterized by dysregulated
ROS levels, uncontrolled proliferation and altered physi-
ology. Although, modulation of oxidative stress has been
implicated to provide a source of mutation to cancer cells
for survival in hostile environments, but a growing number
of evidences also suggest an abnormal increase in ROS can
also be exploited to induce cell death of cancer cells [40].
Here, we have demonstrated that the tertranortriterpenioid
gedunin, inhibits the growth of ovarian cancer cells in vitro
through induction of severe oxidative stress, cell cycle arrest
and mitochondrial mediated apoptosis (Fig. 8). Interestingly,
gedunin has previously been reported to inhibit the HSP90
complex machinery which is central in driving carcinogen-
esis by chaperoning client oncogenic proteins [41]. Inhibit-
ing cell proliferation is a crucial step in managing cancer cell
growth. In accordance with previous reports, our results con-
firm gedunin has inhibitory effect on multiple origin cancer
cells including ovarian teratocarcinoma (PA-1) and adeno-
carcinoma (OVCAR-3) origin cells. Significant inability of
cells to grow back in the scratch assay also supported the
potency of gedunin to inhibit cell proliferation. Furthermore,
the G2/M phase is an important checkpoint which ascertains
that genetic material is intact and the cells’ division machin-
ery is fully prepared. This is regulated by CDC25, a dual
specificity phosphatase that promotes de-phosphorylation
of cyclin B complex for entry into mitosis. Since CDC25C
is itself an HSP9O0 client [39], therefore its downregulation is
likely due to gedunin’s HSP90 inhibition. Moreover, p21 is
also a regulator of cell cycle and apoptosis following DNA
damage and is regulated by both p53 dependent and p53
independent mechanisms [42]. An increase in p21 was also
observed in gedunin treated cells indicating its role in cell
cycle arrest.

Gedunin was also found to activate MAP kinases SAPK/
JNK and p44/42 MAPK (also called ERK). Similar mech-
anisms of action have been widely reported for natural
[43—45] and synthetic [46, 47] compounds with some impor-
tant differences. Firstly, JNK activation usually activates
autophagy pathway by inhibiting phosphorylation of mam-
malian target of rapamycin (mTOR) and thus activation of
autophagy kinase ULK1 (Unc-51 like autophagy activating
kinasel) [48]. Although we found p-mTOR to be downregu-
lated, this did not result in autophagic activity as measured
through LC3 lipidation (data not shown) and TEM analysis.
This suggests that the downstream target of mTOR inhibi-
tion in this case could be non-autophagic factors primarily
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Fig.8 Schematic representa-
tion of proposed mechanism of
action of Gedunin in ovarian

cancer cells ‘ h g

|

f Hspoo |
ik Complex H

associated with cell cycle regulation, such as 4EBP1 and
S6 kinase [49]. Second, the activation of another MAPK
family member, ERK is surprising. ERK activation usually
proceeds through mitogen and growth factor signaling and
leads to cell proliferation, and also toward the epithelial-to-
mesenchymal transition (EMT) in cancer cells [50]. ERK
activation with GDN treatment can be speculated as a stress
response mechanism to drive proliferation of cancer cells
against free radical stress. Indeed, mitochondrial ROS have
been shown earlier to activate ERK as a stress response
mechanism in prostate cancer cells [51]. Notably, as found
in cell viability analysis using JNK and ERK inhibitors in
presence of gedunin (Fig. 7ciii and iv), pharmacological
ERK inhibition did not confer a survival benefit to gedunin
treatment of ovarian cancer cells; as opposed to JNK inhi-
bition where an increased viability of cells was observed.
This implies that probably JNK has a more significant role
than ERK in contributing to ovarian cancer cell death upon
gedunin treatment.

ROS is a long-standing mediator of apoptotic cell death
which opens the mitochondrial permeability transition
pore (MPTP) leading to release of cyt-c and AIF (apop-
tosis inducing factor) from mitochondrial intermembrane
space. Cyt-c and AIF drive subsequent activation of Apaf-1
(apoptotic protease activating factor-1). Apaf-1 oligomerizes
together with caspase-9 (an initiator caspase) to form apop-
tosomes, which act downstream on executioner caspases like
caspase-3 and 7 to switch on the intrinsic program [52]. The
activation of JNK is also tied very closely with ROS/RNS
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generation and apoptosis, since upstream kinases ASK1 (a
MAPKKK) and Src are reported to be directly activated by
ROS species like H,0,, and follow the downstream cascade
leading to JNK activation [53]. Here, we see that inhibit-
ing JNK by SP600125 led to rescue of increased viability
of gedunin treated cells, in a manner similar as the ROS
quencher, NAC. This can mean that majority of the ROS
signaling proceeds through JNK activation for an apoptotic
fate. Moreover, it is well-known that JNK is responsible for
ROS production in the mitochondria (especially mitochon-
drial superoxides) after activation and subsequent mito-
chondrial translocation [54]. This can explain the increased
MitoSOX signal in GDN-treatment which was reduced with
NAC. Moreover, activated JNK also modifies the function
of pro-and anti-apoptotic members of the Bcl-2 family like
Bax, Bim and Bcl-2 to activate apoptosis [55], which is also
in line with our observations.

Cancer cells deploy a multitude of survival strategies
for evasion of immune response and stressful conditions
like nutrient scarcity, hypoxia, proteotoxic stress, leading
to serious malignancies. HSP90 complex is one central
molecular machinery that helps cancer cells to survive
proteotoxic stress [41, 56]. While most HSP90 inhibitors
(like 17-AAG and tanespimycin) tend to block the ATP
binding pocket with HSP N-terminal ATP binding pocket
as well as induce over expression of anti-apoptotic HSP70
and HSP27co-chaperones that reduces the HSP90 activity,
gedunin has been shown to bind to p23 co-chaperone of
the HSP90 complex [10] and not directly compete for the
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ATP binding pocket of the HSP90. Our results also stand
in concordance with mechanisms of other HSP90 inhibi-
tors like NUP-AUY922 and Ganetispib which have been
reported in glioblastoma and pancreatic cancer respec-
tively [57, 58], and cause G2/M cell cycle arrest, MAPK
activation and inhibition of proliferative pathways. How-
ever, a severe oxidative stress and mitochondrial stress
as principal reasons for cell death seems more exclusive
to gedunin as compared to other HSP90 inhibitors. Ter-
penoids isolated from natural sources like celastrol and
wentilactone have been shown to have inhibitory effects
on various cancer types including pancreatic cancer, breast
cancer, and have been found to have lesser toxicity in non-
cancer cells [59, 60]. Gedunin and celastrol are among
same class of compounds chemically and both are HSP90
inhibitors. However, a major difference between both the
molecules was that celastrol also induces autophagy in
cancer cells leading to apoptosis, while gedunin was not
found to induce autophagy in ovarian cancer cells. These
molecules have been found to induce ROS, G2/M cell
cycle arrest, modulate signalling lead to intrinsic apopto-
sis, highlighting gedunin’s mechanistic similarity to other
terpenoids.

Moreover, Xylocarpus granatum (Mangrove cedar)
and Azadirachita Indica (neem) which are rich sources
of gedunin have been in use for a long time in traditional
medicine as anti-diarrheal, anti-malarial, anti-filarial and
traditional anti-diabetic [10, 13, 18, 61] and highlight
the potency of natural terpenoids for prospective drug
development.

Finally, given that ovarian cancer is on rise worldwide,
and contributes significantly to morbidity and mortality
among women, there is a need for newer, safer and stra-
tegic therapies to further improve therapeutic outcomes
in patients. While the present study was conceived to
explore the in vitro mechanistic basis of the anti-prolif-
erative action of gedunin, future in vivo studies assessing
the findings in ovarian tumor models will be required in
order to establish it as a viable anti-ovarian cancer treat-
ment option.
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