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and NF-kB signaling pathways to inhibit angiogenesis
in a hamster model of oral carcinogenesis
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Abstract Aberrant activation of oncogenic signaling path-
ways plays a central role in tumor development and progres-
sion. The aim of this present study was to investigate the
chemopreventive effects of the neem limonoid gedunin in
the hamster model of oral cancer based on its ability to mod-
ulate aldose reductase (AR), phosphatidyl inositol-3-kinase
(PI3K)/Akt, and nuclear factor kappa B (NF-kB) pathways
to block angiogenesis. Administration of gedunin suppressed
the development of HBP carcinomas by inhibiting PI3K/Akt
and NF-«kB pathways through the inactivation of Akt and
inhibitory kappa B kinase (IKK), respectively. Immunoblot
and molecular docking interactions revealed that inhibition
of these signaling pathways may be mediated via inactivation
of AR by gedunin. Gedunin blocked angiogenesis by down-
regulating the expression of miR-21 and the pro-angiogenic
factors vascular endothelial growth factor and hypoxia induc-
ible factor-1 alpha (HIF-1). In conclusion, the results of the
present study provide compelling evidence that gedunin pre-
vents progression of hamster buccal pouch (HBP) carcinomas
via inhibition of the kinases Akt, IKK, and AR, and the onco-
genic transcription factors NF-«kB and HIF-1x to block
angiogenesis.
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Introduction

Aberrant activation of oncogenic signaling pathways has been
consistently associated with the acquisition of hallmarks of
cancer including cell proliferation, apoptosis evasion, inva-
sion, and angiogenesis [1, 2]. In particular, PI3K/Akt/mToR
and NF-kB signaling pathways are the most dysregulated in a
wide range of malignant neoplasms [3, 4]. Phos-
phatidylinositol 3-kinase (PI3K) is an upstream lipid kinase
activated by various growth factors such as insulin-like
growth factor (IGF), epidermal growth factor (EGF), and vas-
cular endothelial growth factor (VEGF) via receptor tyrosine
kinases. Phosphorylation is an important event for PI3K acti-
vation and tightly regulated by the tumor suppressor gene
PTEN [5, 6]. Activation of PI3K recruits protein kinase
B/Akt to the plasma membrane. Akt is a serine/threonine ki-
nase, phosphorylated by phosphatidylinositol-dependent ki-
nase (PDK) 1 and 2 at threonine 308 and serine 473, respec-
tively. Activated Akt in turn phosphorylates multiple down-
stream proteins including mammalian target of rapamycin
(mToR) and inhibitory kappa B kinase (IKK) [7, 8].

NF-kB, a transcription factor downstream of Akt, regulates
diverse cellular activities including growth and development.
NF-kB exists as a heterodimer of NF-kB p50 and NF-«kB p65
subunits sequestered in the cytoplasm by inhibitory kappa B
(IkB) in unstimulated cells. In stimulated cells, IkB is phos-
phorylated by inhibitory kappa B kinase complex followed by
ubiquitination and proteasomal degradation, releasing NF-xB
that translocates to the nucleus, and transactivates target genes
responsible for tumor progression [9, 10].
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Table1 Body weight gain, food consumption, tumor incidence, and histopathological changes in control and experimental animals (mean+SD; n=6)
Group Treatment Body weight Food consumed Tumor Hyperplasia Dysplasia SCC (%)
gained (g) g/hamster/day incidence

1. DMBA 45.6+4.9* 7.37+£0.8 6/6 (100 %) -+ -+ 100
2. DMBA +gedunin (1 pg/kg bw) 48.7+5.3 7.43+0.9 5/6 (83.3 %) +++ ++ 83.3
3. DMBA +gedunin (10 pg/kg bw) 56.5+4.6%* 7.61+0.6 3/6 (50 %) +++ ++ 50
4. DMBA +gedunin (100 pg/kg bw) 65.0£5.7%* 7.88+0.7 0/6 (0 %) + - -
5 Control 68.7+6.5 7.96+0.8 - - - -

+ mild, ++ moderate, +++ severe, — no change, SCC squamous cell carcinoma

*Significantly different from control (»p<0.05)
**Significantly different from group 1 (p<0.05)

Reciprocal activation of PI3K/Akt/mTOR and NF-«B sig-
naling pathways is recognized to promote angiogenesis by
activating hypoxia inducible factor-1 alpha (HIF-1c), a master
regulatory transcription factor and enhancer of vascular endo-
thelial growth factor (VEGF) signaling [11]. Aldo-keto reduc-
tase (AR, AKRIB1; ECI.1.1.21), an enzyme that catalyzes
the reduction of lipid aldehydes and stimulates redox sensitive
oncogenic pathways including NF-kB and PI3K/Akt, medi-
ates hypoxic signals leading to angiogenesis [12, 13]. miR-21,
an oncomiR, is known to activate the PI3K/Akt pathway by
targeting PTEN and promote angiogenesis [14]. Therefore,
identification of phytochemicals that target the AR-NF-«B-
PI3K/Akt axis has emerged as a promising strategy for
blocking tumor angiogenesis.

Fig. 1 H&E stained regions of
buccal pouch mucosa of control

Azadirachta indica, commonly known as neem with its
rich array of limonoids, has attracted the focus of research
attention for its wide spectrum of medicinal properties,
predominantly anticancer effects [15, 16]. Extensive inves-
tigations from this laboratory have provided evidence for
the anticancer properties of neem leaf extracts and the
neem limonoids azadirachtin and nimbolide in cancer cell
lines in vitro and in animal tumor models in vivo [17-21].
Of late, the neem limonoid gedunin (10- (furan-3-yl), penta
methyl dioxo tetradecahydronaphto oxireno isochromen-
6yl acetate) has been shown to exhibit antiproliferative
properties against diverse cancer cell lines by modulating
various oncogenic signaling pathways [ 22-25]. However,
the cellular and molecular targets of gedunin have not been

and experimental animals (x40).
a and b Buccal pouch epithelium
from DMBA and DMBA+
gedunin (1 pg/kg bw)
administered group exhibiting
well-differentiated SCC with
extensive infiltration into
connective tissue, respectively. ¢
Buccal pouch epithelium from
DMBA +gedunin (10 pg/kg bw)
administered group exhibiting
moderate dysplasia. d Buccal

pouch epithelium from DMBA+
gedunin (100 pg/kg bw)
administered group exhibiting
mild hyperplasia. e Control
animals exhibiting normal buccal
pouch

DMBA+Gedunin 100 ug
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Fig. 2 Docking of gedunin with
Aldose reductase and Akt2. a
Gedunin forms hydrogen bond
(Pink dotted line) with Gln 49 of
AR. b Gedunin forms hydrogen
bond (Pink dotted line) with Lys
277 of Akt2

identified in vivo. The present study was therefore under-
taken to investigate the effects of gedunin on AR-PI3K/
Akt/mToR and NF-kB signaling pathways as well as
HIF-1a-mediated VEGF signaling in the hamster buccal
pouch (HBP) carcinogenesis model, a well characterized
animal system for chemointervention studies.
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Fig. 3 Dose-response effect of gedunin on the expression of PI3K, Akt,
and mToR in control and experimental animals (mean+SD; n=3). a
Quantitative RT-PCR analysis of PI3K and Akt. cDNA individually
generated from the buccal pouch RNA of biological replicates was
subjected to qRT-PCR analysis. Relative mRNA expression for each
gene was determined and normalized to the average transcript
expression of internal control GAPDH. The fold change in transcript
expression for each gene was determined using the 2~ method.

Fold change

Materials and methods

Chemicals

Acrylamide, bis-acrylamide, bovine serum albumin
(BSA), bromophenol blue, diethylpyrocarbonate (DEPC),
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Data are the mean+SD of two separate experiments. Statistical
significance was determined by Mann-Whitney test (p<0.05). b
Immunoblot analysis of PI3k/Akt pathway. GAPDH was used as
loading control. ¢ Densitometric analysis. The protein expression from
control lysates for three determinations was designated as 100 % in the
graph. Significantly different from control (»p<0.01) by Mann-Whitney
test (%).Significantly different from DMBA group (p<0.05) (asterisk)

pAkt ser 473 Akt
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Fig. 4 Immunofluorescence of DAPI
Akt. Immunofluorescence of Akt
in control and experimental
animals (63%). Increased Akt
expression observed in animals

painted with DMBA and DMBA
DMBA+gedunin 1 and 10 pg/
kg.bw. Decreased Akt expression
observed in animals treated with
gedunin at 100 pg/kg bw. Lower
Akt expression observed in
control group compared to
DMBA group
D+ G 1ug
D+ G 10ug
D+ G 100ug
Control

DMBA, dithiothreitol (DTT), ethylene glycol-bis (2-
aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA), 2-
mercaptoethanol, [4-(2-hydroxyethyl)-1-piperazinyl]-eth-
ane sulfonic acid (HEPES), phenylmethylsulfonyl fluoride
(PMSF), sodium dodecyl sulfate (SDS), N,N,N',N’-
tetramethylene diamine (TEMED), and TRIzol were ob-
tained from Sigma Chemical Company, USA. SYBR
Green PCR master mix was obtained from Applied
Biosystems, USA. Gedunin was procured from Tocris
Biosciences. Primers were purchased from Sigma
Genosys, USA. p-Akt5¢™73 p-NFkB p655°73¢, p-
VEGFR2™™75 and mTOR antibodies were obtained
from Cell Signaling Technology (MA, USA). Akt,
cleaved caspase-3, cleaved caspase-9, HIF-1x, NFkB
p50, NFkB p65, PI3K, p-IkB-«, IkB-a, IKKf3, VEGF,
VEGFR2, and horseradish peroxidase-conjugated anti-
rabbit, anti-goat, and anti-mouse secondary antibodies
were obtained from Santa Cruz Biotechnology, USA.
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Alexafluor-488 conjugated anti-rabbit and Alexafluor-
555 conjugated anti-mouse antibodies were obtained from
Molecular Probes, Inc. (Eugene, OR, USA). All other re-
agents used were of analytical grade.

Animals and ethics statement

Two-month-old male Syrian hamsters with average body
weight of 100£12 g were obtained from the National
Centre for Laboratory Animal Sciences, National Institute
of Nutrition, India. The animals were housed three to a
polypropylene cage and provided with standard pellet diet
(Sai Enterprisei, Chennai, India) and water ad libitum.
The animals were maintained in a temperature of 22+
2 °C and 50 % humidity with an alternating 12-h light/
dark cycle according to the guidelines of Indian Council
of Medical Research. The study protocol was approved by
the Institutional Animal Ethics Committee, Annamalai
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Fig.5 Effect of gedunin on the mRNA and protein expression on NF-xB
p50, NF-kB p65 and IKKo/f3, and IkB in control and experimental
animals (mean+SD; n=3). a Quantitative RT-PCR analysis of NF-xkB
p65 and IKKf. cDNA individually generated from the buccal pouch
RNA biological replicates was subjected to qRT-PCR analysis. Relative
mRNA expression for each gene was determined and normalized to the
average transcript expression of internal control GAPDH. The fold
change in transcript expression for each gene was determined using the

University and conducted according to the guidelines laid
down by the Committee for the Purpose of Control and
Supervision on Experiments on Animals (CPCSEA).

Treatment schedule

The animals were randomized into experimental and control
groups and divided into five groups of six animals each. In group
1, the right buccal pouches of hamsters were painted with 0.5 %
DMBA in liquid paraffin three times a week for 14 weeks as
previously described [22]. Groups 2—4 animals received in ad-
dition to DMBA, intragastric administration of gedunin at a
concentration of 1, 10, and 100 pg/kg bw, respectively. Group
5 animals received basal diet alone and served as an untreated
control. The experiment was terminated at 14 weeks, and all
animals were sacrificed by cervical dislocation after an overnight
fast. The buccal pouch tissues were immediately subdivided and
processed for distribution to each experiment.
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IKKB
40
-
35 I
3.0
(0]
> 25
c
® 2.0
5 :
) 1.5 4
LE 1.0 I
0.5
0.0
DMBA D+Gedunin 100ug Control

p- IkB-a.

|:| Control

method. Data are the mean+SD of two separate experiments.
Statistical significance was determined by Mann-Whitney test (»<0.05).
b Immunoblot analysis of NF-kB pathway. GAPDH was used as loading
control. ¢ Densitometric analysis. The protein expression from control
lysates for three determinations was designated as 100 % in the graph.
Significantly different from control (p<0.01) by Mann-Whitney test (%).
Significantly different from DMBA group (p<0.05) (asterisk)

. DMBA

zfAACt

. D+G 100ug

Histopathology

The buccal pouch tissues were fixed in 10 % formalin, em-
bedded in paraffin blocks, and mounted on polylysine-coated
glass slides. Tissue sections were stained with hematoxylin
and eosin. Hyperplasia, dysplasia, and squamous cell carcino-
ma were diagnosed.

RNA extraction and quantitative real-time RT-PCR
analysis

Total RNA was isolated from buccal pouch tissue samples
using TRIzol reagent as described previously [23]. The
amount of RNA was quantified by measuring absorbance
at 260 and 280 nm on Biophotometer. Five micrograms of
isolated total RNA was reverse-transcribed to complemen-
tary DNA (cDNA) in a reaction mixture containing 4 ul
of 5x reaction buffer, 2 pl of ANTPs mixture (10 mM),

@ Springer



2088

Tumor Biol. (2016) 37:2083-2093

Fig. 6 Immunofluorescence of DAPI
NF-kB p65. Immunofluorescence
of NF-kB p65 in control and
experimental animals (63x%).
Increased NF-kB p65 expression
observed in animals painted with
DMBA. Decreased NF-kB p65
expression observed in animals
treated with gedunin at 100 pg/
kg.bw. Lower NF-kB p65
expression observed in control
group compared to DMBA group

DMBA

D+G100ug

Control

20 U of RNase inhibitor, 200 U of avian-myeloblastosis
virus (AMV) reverse transcriptase, and 0.5 pg of
oligo(dT) primer (Promega, WI, USA) in a total volume
of 20 ul. Gene expression levels were quantified using
StepOne Plus thermocycler (Applied Biosystems). cDNA
was amplified using power SYBR Green master mix
(Invitrogen) as per the manufacturer’s instructions. The
following cDNA amplification program was used: 95 °C
for 5 min, 40 cycles of 30 s at 95 °C, 30 s at 52 to 60 °C
(based on the target), and 60 s at 72 °C. GAPDH was
used as internal control. Comparative Ct method was used
to calculate the relative quantitative fold change.

miRNA isolation

MicroRNA (miRNA) was isolated by miRNeasy minikit
method as per the manufacturer’s instructions and quantified
at 260 and 280 nm using a Biophotometer. cDNA was syn-
thesized by Ncode™ VILO™ miRNA cDNA synthesis kit
method following manufacturer’s instructions. miRNA ex-
pression levels were quantified using StepOne Plus
thermocycler (Applied Biosystems).

Protein extraction and immunoblotting

The buccal pouch tissue (150 mg) was homogenized
using lysis buffer containing 62.5 mM Tris (pH 6.8),
10 mM HEPES (pH 7.9),10 mM KCI, 0.1 mM EDTA,
0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, protease
inhibitor cocktail, and 10 % SDS. The homogenate was
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centrifuged at 14,000xg at 4 °C for 20 min. The protein
concentrations were measured by the method of Bradford
[24]. Protein extracts (50 pg) were loaded onto SDS-
PAGE, and the proteins after separation were transferred
to nitrocellulose membrane. The blots were incubated for
1 h in a solution containing 1x PBS and 5 % nonfat dry
milk to avoid nonspecific binding. The membranes were
then probed with primary antibody diluted according to
the manufacturer’s instructions overnight at 4 °C. After
washing, the blots were incubated with secondary anti-
body for 1 h followed by extensive washes with high
and low salt buffers. The protein bands were visualized
using enhanced chemiluminescence, followed by densi-
tometry scanning on IISP flatbed scanner and quantitated
with Total Lab 1.11 software.

Immunofluorescence

The tissue sections were deparaffinized by incubating in xy-
lene for 10 min followed by dehydration in decreasing grades
of alcohol. Deparaffinized sections were boiled in 0.01-M
sodium citrate buffer pH 6.0 for 10 min and blocked with
blocking solution (3 % BSA). The slides were then washed
with PBS and incubated with primary antibodies overnight at
4 °C. Tissue sections were washed with PBS and incubated
with Alexafluor-conjugated secondary antibody for 1 h. The
sections were mounted in medium containing 4,6-diamidino-
2-phenylindole (DAPI; #1500, Vector Laboratories, Burlin-
game, CA, USA) and visualized using a Leica laser micro-
scope (LMD6000, Leica microsystems, Germany).
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Fig. 7 Effect of gedunin on the mRNA and protein expression on AR,
HIF-1x, VEGF, VEGFR2, and miR21 in control and experimental
animals (mean+SD; n=3). a Quantitative RT-PCR analysis of miR-21,
HIF-1e, and VEGF. cDNA individually generated from the buccal pouch
RNA biological replicates was subjected to qRT-PCR analysis. Relative
mRNA expression for each gene was determined and normalized to the
average transcript expression of internal control GAPDH. The fold
change in transcript expression for each gene was determined using the

Microvascular density (MVD)

Microvascular density was analyzed by immunohistochemi-
cal staining with anti-CD34 antibody. The areas of highest
neovascularization were located, and the images captured in
a minimum of five different fields. Microvessels were counted
by two independent investigators and the data represented as
number of vessels/field of view.

Molecular docking

Molecular docking was done by Schrodinger suite 2013. 3D
structure of gedunin (CID5701985) was retrieved from
PubChem and minimized with OPLS-2005 force field (opti-
mized potentials for liquid simulations), the stable energy con-
formation taken for docking studies. X-ray crystal structure of
proteins Aldose reductase (1IPWM) and Akt2 (2JDO) was
downloaded from Protein Data Bank (PDB) and minimized by
OPLS-2005 force field. Docking was done by Glide-XP module.

2 AAC method. Data are the mean+SD of two separate experiments.

Statistical significance was determined by Mann-Whitney test (»<0.05).
b Immunoblot analysis of angiogenesis. GAPDH was used as loading
control. ¢ Densitometric analysis. The protein expression from control
lysates for three determinations was designated as 100 % in the graph.
Significantly different from control (p<0.01) by Mann-Whitney test (%).
Significantly different from DMBA group (p<0.05) (asterisk)

Post-docking calculations for the docked complexes were per-
formed by using Prime MM/GBSA (molecular mechanics-based
generalized born/surface area) module of Schrodinger suite.

Statistical analysis

Statistical analysis was carried out using ANOVA and a non-
parametric Mann-Whitney test (Statsdirect, UK). A probabil-
ity value of less than 0.05 was considered significant.

Results

Body weight, food consumption, tumor incidence,
and histopathological observations

Table 1 summarizes the body weight gain, food consumption,

tumor incidence, and histopathological changes in control and
experimental groups. The average body weight gain was
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Fig. 8 Immunofluorescence of DAPI
AR. Immunofluorescence of AR
in control and experimental
animals (63%). Increased AR
expression observed in animals

painted with DMBA. Decreased DMBA
AR expression observed in
animals treated with gedunin at
100 pg/kg bw. Lower AR
expression observed in control
group compared to DMBA group
D+ G 100ug
Control

significantly decreased in DMBA (group 1) animals compared
to control (group 5). Intragastric administration of gedunin in-
creased the final body weight in groups 2—4 animals compared
to group 1. The average food intake per day was approximately
7.6 g. The amount of diet consumed by hamsters in groups 1-5
was not significantly different. In DMBA-treated animals, tumor
incidence was 100 %. These tumors were large, exophytic, and
histologically identified as well-differentiated squamous cell car-
cinomas (SCC) with prominent keratin pearls. In hamsters ad-
ministered gedunin at concentrations of 1 pg/kg bw and 10 pg/
kg bw, the incidence of SCC was reduced to 83.3 and 50 %,
respectively. Histological examination of the buccal pouches
exhibited varying degrees of preneoplastic and neoplastic lesions
which are summarized in Table 1. Administration of gedunin at
100 pg/kg bw significantly (»p<0.05) reduced the tumor inci-
dence, and only mild hyperplasia was observed in the buccal
pouches of these animals. The epithelium of control hamsters
was normal, intact, and continuous (Fig. 1).

Molecular docking study

We first investigated the docking interactions of gedunin with
various upstream signaling kinases and oncogenic transcrip-
tion factors. We found that gedunin stably binds with aldose
reductase and Akt2 (Fig. 2). Gedunin binds on the active site
of AR at Gln 49 residue, and its docking score and binding
energies were —7.08 and 44.66, respectively. Similarly,
gedunin also binds with Akt 2 kinase domain at Lys 277 with
docking score of —1.76 and binding energy of —39.05. Based
on these in silico studies, we next investigated whether
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gedunin has any effects on the PI3K/Akt/mTOR pathway in
the DMBA-induced HBP carcinomas.

Gedunin abrogates PI3K/Akt/mTOR signaling

To confirm the leads from the docking studies, we first examined
the expression of PI3K and Akt and their downstream target
mToR in control and experimental groups by quantitative RT-
PCR and western blotting. Our results revealed that administra-
tion of gedunin significantly (p<0.05) reduced the expression of
PI3K, Akt, pAkt* ™7, and mToR compared to DMBA-painted
animals at all concentrations tested (1, 10, and 100 png/kg bw),
with 100 pg/kg bw gedunin exerting more significant effects
(Fig. 3). Immunofluorescence analysis further confirmed that
gedunin mediates its effects via Akt signaling (Fig. 4). Since
the highest dose of gedunin showed significant tumor inhibitory
effect, we used only this group for further analysis.

Gedunin inhibits NF-kB signaling

Since PI3K/Akt pathway acts as the chief upstream regu-
lator of the transcription factor NF-kB and its activation
through a p38/IKKx-dependent or an IKKf{-dependent
mechanism, we next examined the effect of gedunin on
the expression of key molecules involved in NF-«B sig-
naling. Our results revealed that intragastric administra-
tion of gedunin significantly (p<0.05) downregulated the
expression of IKKf3, NF-kB p50, and NF-kB p65 in
DMBA-painted hamsters compared to control (Fig. 5). In-
vestigation of the mechanism underlying NF-kB down-
regulation revealed that gedunin reduced the expression
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Fig. 9 a Immunofluorescence of A
VEGF. Immunofluorescence of
VEGEF in control and
experimental animals (63X%).
Increased VEGF expression
observed in animals painted with
DMBA. Decreased VEGF
expression observed in animals
treated with gedunin at 100 pg/kg
bw. Lower VEGF expression
observed in control group
compared to DMBA group. b
Effect of gedunin on
microvascular density.
Microvascular density in control
and experimental animals (x40)

DAPI

DMBA

D+G100ug

Control

VEGF Merged

Merged (Zoom)

of p-IkBo™™? by downregulating p-IKK«/f serl76/180
and preventing nuclear translocation of NF-kB. Both im-
munoblot and immunofluorescence studies (Fig. 6) con-
firmed that gedunin blocks nuclear translocation of
NF-kBp65. Gedunin also prevents the phosphorylation
of NF-kBp65 at ser536 thereby inhibiting the transcrip-
tional activity of NF-kB.

Gedunin downregulates aldose reductase expression

Since aldose reductase is recognized to play a major role in the
activation of NF-kB pathway via PI3K/Akt signaling, we next
examined whether gedunin has any effect on the expression of
AR by western blotting and immunofluorescence. We found that
administration of gedunin significantly (p<0.05) decreased the
expression of AR compared to DBMA group (Figs. 7 and 8).
This was associated with decreased expression of miR-21. Re-
sults from docking studies as well as protein expression analysis
confirmed that gedunin is a potent AR inhibitor.

D+Gedunin 100pg Control

Gedunin suppresses angiogenesis

Inhibitors of AR are known to block angiogenesis. We next
sought to investigate whether gedunin-induced AR inhibition
was associated with changes in the expression of key mole-
cules regulating angiogenesis. The results revealed significant
(p<0.05) downregulation of HIF-1x, VEGF, VEGFR2, and
p-VEGFR2™™M7 following gedunin administration (Figs. 7
and 9). We further assessed the microvascular density (MVD),
a characteristic feature of angiogenesis by immunohistochem-
istry (Fig. 9). While DMBA-painted hamsters showed high
vasculature with a mean MVD of 210 compared to control
animals, administration of gedunin significantly reduced the
vasculature.

Discussion

Topical application of DMBA induced well-differentiated
squamous cell carcinomas with high tumor burden.
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Administration of gedunin significantly reduced tumor in-
cidence and preneoplastic lesions in a dose-dependent
manner. In particular, 100 ug/kg bw of gedunin showed
maximum efficacy as evidenced by inhibition of SCC de-
velopment as well as dysplastic lesions that are indicative
of preneoplasia. These results substantiate the antiprolif-
erative effects of gedunin documented in a panel of cancer
cell lines [25-28]. However, the effect of gedunin on an-
giogenesis, a hallmark of tumor progression, has not been
investigated. In the present study, we report that gedunin
modulates the oncogenic signaling pathways PI3K/Akt/
mToR and NF-«kB that drive angiogenesis in the
DMBA-induced HBP carcinogenesis model.

PI3K/Akt/mToR signaling is one of the most dysregulated
pathways in diverse malignancies [29, 30]. In a previous
study, we reported aberrant activation of the PI3K/Akt path-
way in the HBP model [31]. Several phytochemicals and syn-
thetic inhibitors have been documented to specifically target
the PI3K/Akt/mToR signaling pathway [5, 8, 32]. The find-
ings of the current study demonstrate that gedunin inhibits
PI3K/Akt/mToR signaling by stably binding with the kinase
domain of Akt2, an interaction that could prevent the activa-
tion of the downstream targets of Akt including mToR and
IKK. The IKK complex consists of two catalytic subunits,
IKKx and IKK{ and a regulatory subunit NEMO. IKK
and IKK (3 are essential for phosphorylating I«kB [33]. In the
present study, gedunin abrogated NF-kB signaling by
inhibiting phosphorylation and degradation of IKKa/{3,
which in turn blocked nuclear translocation of NF-kB.
Gedunin also restrained the transcriptional activity of NF-kB
by preventing its phosphorylation at ser>°.

Abrogation of the PI3K/Akt and NF-«kB pathways by
gedunin was associated with inhibition of AR and downregu-
lation of miR-21 expression. Molecular docking studies re-
vealed that gedunin inhibits AR by stably binding to GIn49
on the active site. There is substantial evidence to indicate that
inhibition of AR inactivates PI3/Akt and NF-kB signaling
[12, 13]. In colon cancer cells, AR inhibition prevented
EGF-induced phosphorylation of PI3K, Akt, and mTOR and
downregulated mir-21 [34, 35]. Several phytochemicals that
inhibit PI3K/NF-kB signaling including curcumin and resver-
atrol have also been shown to inhibit AR and miR-21 expres-
sion [36-39]. Recently, Shin et al. [40] reported a correlation
between siRNA-induced abrogation of NF-kB and downreg-
ulation of miR-21 expression in gastric cancer. Inhibition or
ablation with AR specific siRNA prevented hypoxia-induced
proliferation and HIF-1x-mediated angiogenesis [41, 42].

Extensive investigations have revealed that AR inhibitors
are novel anti-angiogenesis agents. The results of the present
study demonstrate that gedunin inhibits angiogenesis as evi-
denced by decreased microvasculature in the hamster buccal
pouch and by suppressing the expression of HIF-1x, VEGF,
VEGFR2, and p-VEGFR2™"'75_ This inhibitory effect may
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be due to blockade of PI3K/Akt/mToR and NF-«B signaling
by gedunin.

Conclusion

In conclusion, the results of the present study provide compel-
ling evidence that gedunin prevents progression of HBP car-
cinomas via inhibition of kinases such as Akt, IKK, and AR,
and the oncogenic transcription factors NF-«B and HIF-1« to
block angiogenesis.
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