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Abstract Phosphatidylinositol 3-kinase (PI3-K)/PTEN/
Akt signaling is over activated in various tumors including
colon cancer. Activation of this pathway regulates multiple
biological processes such as apoptosis, metabolism, cell
proliferation, and cell growth that underlie the biology of a
cancer cell. In the present study, the chemopreventive
effects have been observed of Diclofenac, a preferential
COX-2 inhibitory non-steroidal anti-inflammatory drugs,
and Curcumin, a natural anti-inflammatory agent, in the
early stage of colorectal carcinogenesis induced by 1,2-
dimethylhydrazine dihydrochloride in rats. The tumor-
promoting role of PI3-K/Akt/PTEN signal transduction
pathway and its association with anti-apoptotic family of
proteins are also observed. Both Diclofenac and Curcumin
downregulated the PI3-K and Akt expression while pro-
moting the apoptotic mechanism. Diclofenac and Curcumin
administration significantly increased the expression of pro-
apoptotic Bcl-2 family members (Bad and Bax) while
decreasing the anti-apoptotic Bcl-2 protein. An up-regula-
tion of cysteine protease family apoptosis executioner, such
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as caspase-3 and -9, is seen. Diclofenac and Curcumin
inhibited the Bcl-2 protein by directly interacting at the
active site by multiple hydrogen bonding, as also evident by
negative glide score of Bcl-2. These drugs stimulated
apoptosis by increasing reactive oxygen species (ROS)
generation and simultaneously decreasing the mitochon-
drial membrane potential (A¥y). Diclofenac and Curcumin
showed anti-neoplastic effects by downregulating PI3-K/
AKt/PTEN pathway, inducing apoptosis, increasing ROS
generation, and decreasing AW),. The anti-neoplastic and
apoptotic effects were found enhanced when both Dic-
lofenac and Curcumin were administered together, rather
than individually.

Keywords Apoptosis - Bcl-2 - Colon cancer - Curcumin -
Diclofenac - PI3-K

Introduction

Apoptosis or programmed cell death plays a vital role in
controlling cell number in many developmental and phys-
iological stages, tissue homeostasis, and regulation of
immune system, while dysregulation of apoptotic process
is involved in the development of neoplastic transformation
and tumor growth [1, 2]. Apoptosis plays an essential role
as a protective mechanism against tumor cells which are
aberrated or excess cells that have been improperly pro-
duced [3]. Therefore, various kinds of effective apoptosis-
enhancing agents that target cancer cells may represent a
useful mechanistic approach to both chemoprevention and
chemotherapy of cancer.

Phosphatidylinositol 3-kinase (PI3-K)/Akt signal trans-
duction plays an important role in cell growth via inhibition
of apoptosis in various types of human cancers [4]. Akt, a
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serine/threonine kinase or called protein kinase B, is a key
component of cell survival pathway and is a major down-
stream target of PI3-K [5]. Akt is activated by a dual
regulatory mechanism that requires both translocation to
the plasma membrane and targeted phosphorylation [6].
The generation of phosphatidylinositol 3,4,5-triphosphate
(PIP3) takes place on the inner layer of the plasma mem-
brane, and the following PI3-K activation recruits Akt and
its activation by both phosphoinositide-dependent protein
kinase-1 (PDK1), which phosphorylates Akt at Thr-308,
and PDK1-independent mechanisms, which result in Akt
phosphorylation at Ser-473 [7]. The activity of Akt is
negatively regulated by tumor suppressor protein, phos-
phatase, and tensin homolog deleted on chromosome ten
(PTEN), which is frequently mutated in human malignancy
[8]. Upon activation, Akt phosphorylates and/or interacts
with a number of molecules to exert its normal cellular
functions, which include directed roles in cell proliferation,
survival, and differentiation [9]. Akt also promotes cell
survival by phosphorylating and inactivating key proteins
of the apoptotic machinery, such as Bad and caspase-9, and
up-regulation of Bcl-2 family anti-apoptotic proteins by
transcriptional activation [10].

Numerous epidemiological studies have demonstrated
the relation between diet and cancer and the potential of
dietary components, in particular polyphenols as promising
chemopreventive agents [11]. Curcumin, a major compo-
nent extracted from rhizomes of the plant Curcuma longa
Linn (also termed as turmeric), has been extensively
studied for its wide range of biological activities, including
anti-inflammatory, anti-oxidant, anti-infection, and anti-
cancer properties [12]. Curcumin is also pharmacologically
safe as it is a naturally occurring compound used as a food-
coloring agent and in traditional medicines to treat various
diseases in Asian countries and also as carrier in nan-
omedicines [13, 14]. There is increasing interest in the
application that combination of cancer chemopreventive
agents may produce considerably stronger protective
effects against carcinogenesis than each chemopreventive
agent could do so individually [15, 16]. We had shown
earlier that the combinatorial regimen of non-steroidal anti-
inflammatory drugs (NSAIDs) and natural compounds
produced enhanced chemopreventive effects in early colon
cancer than the administration of either agent alone [17,
18]. Taken together, the results of these studies provide
strong validation for combining a chemopreventive
approach that targets the oncogenic pathway PI3-K/Akt/
PTEN in conjunction with apoptosis-inducing chemopre-
ventives. The present study was designed to evaluate the
potential chemopreventive efficacy of a natural anti-
inflammatory agent, Curcumin, and a preferentially selec-
tive COX-2 inhibitory NSAID, Diclofenac, alone and also
in combination, in colorectal cancer in rats, which was
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induced by 1,2-dimethylhydrazine dihydrochloride
(DMH). The role of PI3-K/Akt/PTEN pathway and its
association with anti-apoptotic family of proteins, and the
molecular basis of such interaction were also studied
through flexible molecular docking by GLIDE software
from Schrodinger (USA) programme suite.

Materials and methods
Chemicals

DMH and a Bradford re-agent were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Diclofenac was a generous gift
from Ranbaxy Pharmaceuticals (Gurgaon, India). A primary
antibody against PI3-K, PTEN, PDK1, Akt, Bcl-2, Bax, Bad,
apoptotic protease-activating factor-1 (Apaf-1), Cyt ¢, cas-
pase-3, caspase-9, and -actin was purchased from Santa Cruz
Biotechnology, Inc., CA (USA). Alkaline phosphatase-con-
jugated secondary antibodies and BCIP-NBT were purchased
from Genei, Bangalore (India). All other chemicals and
reagents used in the present study were of analytical grade and
purchased from the reputed Indian manufacturers.

Animal procurement

Male Sprague-Dawley rats of body weight (b.w.) between
150 and 200 g were obtained from the Central Animal House,
Panjab University after the approval of the present protocol by
the Ethics Committee of Animal Care. They were acclima-
tized and given rodent chow and water ad libitum for at least
1 week. They were maintained as per the principles and
guidelines of the Committee for the Purpose of Control and
Supervision on Experiments on Animals, Ministry of Envi-
ronment Science and Forests, Govt. of India. They were
housed three per cage in polypropylene cages with a wire
mesh top and a hygienic bed of husk (regularly changed) in a
well-ventilated animal room. The animals were also main-
tained at the ambient temperature and humidity and under a
12-h photoperiod of light and darkness, respectively.

Carrageenan-induced paw edema

Carrageenan-induced paw edema is a suitable experiment
for evaluating anti-edematous effects in animal model [19].
To induce acute phase inflammation in paw, rats were
injected subcutaneously (s.c.) 0.1 ml of 1 % (w/v) carra-
geenan suspension in saline into the subplantar region of
the hind paw of the rats according to the method developed
by Winter et al. [20]. The test group 1 of rats was treated
orally with various doses of Diclofenac, i.e., 4, 8, and
12 mg/kg/b.w. Test group 2 of rats was administered orally
with various doses of Curcumin, i.e., 25, 50, and 75 mg/kg
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b.w. Test group 3 of rats was treated with both Diclofenac
and Curcumin orally in combination, i.e., 4 4+ 25, 4 + 50,
4 475,84+ 25,8 + 50, 8 + 75, 12 + 25, 12 + 50, and
12 4+ 75 mg/kg/b.w., respectively, of the two drugs. The
reference group received a dose of 5 mg/kg Indomethacin,
orally. The swelling in the paw and its remission were
measured up to 5 h after the injection at intervals of 1 h
with a volume displacement plethysmometer. Percent
inhibition in the hind paw after carrageenan injection was
calculated using the formula

[(Cf - CO)control — (Cf -

[(Ci = Co)
x 100,

e C
Percent inhibition = O)treated]

control]

where C, is the mean paw volume for each group at time
t and C, is the mean paw volume for each group before
carrageenan injection [19].

Treatment schedule
Animals were assorted into the following groups.
Control group, vehicle treated

Animals were administered the vehicle (1 mM EDTA-
saline) s.c. in weekly injection and 0.5 % carboxymethyl
cellulose sodium salt per oral (p.o.) daily.

DMH group

Animals were administered with DMH weekly at a dose of
30 mg/kg b.w. (s.c.). The dose of DMH in early carcino-
genesis has been established in our laboratory earlier [18,
21]. DMH was freshly prepared in | mM EDTA-saline and
pH adjusted to 7.0 using dilute NaOH solution.

DMH + Diclofenac group

Diclofenac was given daily (p.o.) within its therapeutic
anti-inflammatory dose (EDs, for rats, 8 mg/kg b.w.) along
with the weekly administration of 30 mg/kg b.w. of DMH.
DMH + Curcumin group

Curcumin was administered p.o. daily (EDs, for rats,
50 mg/kg b.w.) along with the weekly administration of
30 mg/kg b.w. of DMH.

DMH + Diclofenac + Curcumin group

Both Diclofenac (8 mg/kg b.w.) and Curcumin (50 mg/kg

b.w.) were administered p.o. daily along with the weekly
dose of 30 mg/kg b.w. of DMH s.c.

After 6 weeks, animals were kept on overnight fasting
with drinking water ad libitum and sacrificed the fol-
lowing day under an over anesthesia with ether. The
animal b.w.s in all the groups were recorded once in a
week.

Gross morphology

The colons were removed and flushed clear with ice-cold
physiological saline (NaCl solution, 9 g/l). These were
opened longitudinally along the median, laid flat, and
examined by hand-held lens for the incidence of tumors
and macroscopic neoplastic lesions/plaques called the
multiple plaque lesions (MPLs). The colons were divided
into proximal, medial, and distal segments [21].

Histopathology

Colon tissue embedding and sectioning were performed as
described earlier [18]. De-waxed sections were then stained
in hematoxylin and eosin, mounted in DPX, viewed under
x400, and photographed.

Isolation of colonocytes

Colonocytes were obtained from the freshly isolated colons
by the method of Mouille et al. 2004 as described earlier
[16, 18]. Trypan blue dye exclusion was performed each
time for every group of isolated colonocytes, and the via-
bility of cells observed ~90 %.

Western blot

Cell lysate preparation and western blots were performed
as described earlier [22]. Immunoblot was prepared using
primary antibodies (PI3-K: 1:1,000, PDKI1: 2 pg, Akt:
1:1,000, PTEN: 1:1,000, Bcl-2: 1:1,000, Bad: 1:1,000, Bax:
1:500, Apaf-1: 1:1,000, Cyt c: 1:1,000, caspase-9: 1:1,000,
caspase-3: 1:1,000, and B-actin: 1:1,000) from Santa Cruz
Biotechnology, Inc., CA (USA) and alkaline phosphatase-
conjugated respective IgG secondary antibodies at a dilu-
tion of 1:10,000 (Genei, Bangalore, India). Protein con-
centration was determined by the method of Bradford [23].

Immunofluorescence

Immunofluorescence analysis was done as described earlier
with primary antibodies of Bcl-2, Bax, Akt, and Bad at a
dilution of 1:1,000, then incubated with respective FITC-
conjugated secondary anti-body, and observed under a
fluorescence microscope (Axioscope Al, Carl Zeiss, Ger-
many) [24].
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mRNA expression by reverse transcriptase polymerase
chain reaction (RT-PCR) and further validation
by quantitative real-time PCR (qQRT-PCR)

Isolation of total RNA, selection of specific pairs of
primers, RT-PCR, and qRT-PCR were performed as
described earlier [22]. Details of accession numbers, pri-
mer sequences, and final product (amplicon) size of Akt,
Bcl-2, Bax, Bad, and B-actin are provided in Suppl.
Table 1. Results shown here are the mean normalized
values of cDNA levels with the reference gene [21].

Molecular docking

Molecular docking studies were done using various tools of
Schrodinger suite 2011 (USA) as described earlier by Rana
et al. [18]. Glide extra-precision mode was subsequently
used to provide a better correlation between good poses
and good scores [25].

Analysis of mitochondrial membrane potential (A¥y,)
with Rhodamine 123 (R123)

The photo selective laser dye R123 is shown to be a spe-
cific probe for the detection of alterations in mitochondrial
membrane potential in the cells. For the fluorescent
microscopy of the colonocytes with R123, the method of
Johnson et al. was used [26]. To quantify the A¥),, the
flow cytometry of colonocytes was done by labeling them
with R123. 2 x 10° cells/ml were washed twice, re-sus-
pended in PBS, and incubated with a final concentration of
10 mg/ml of R123 (stock in PBS) for 15 min at 37 °C.
R123 fluorescence (Aexy ~ 546 nm and A, ~ 590 nm)
was detected by BD FACS Calibur flow cytometer with
FL-2 filter (propidium iodide-channel), where the data
were acquired and analyzed by BD Cell Quest Pro soft-
ware. For quantification of cells by fluorescence micros-
copy, a total of 300 cells from four different slides were
observed for each animal group [21]. Spectrofluorometric
measurement of AWy, with R123 was carried out with a
dual-wavelength Perkin Elmer Luminescence Spectrometer
LS 55 using a 2-ml, 1 cm path length quartz cuvette
installed with FL. WinLab software 4.00.02.

Identification of intracellular reactive oxygen species
(ROS)

Intracellular levels of ROS were estimated using the fluo-
rescent probe, 2,7-dichlorofluorescein diacetate (DCFH-
DA). DCFH-DA diffuses through the cell membrane
readily and enzymatically hydrolyzed by intracellular
esterases to non-fluorescent DCFH, which is then rapidly
oxidized to highly fluorescent DCF in the presence of ROS
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[27]. Quantification of colonocytes with higher ROS was
further done by detection of DCF fluorescence intensity
(Jex ~ 485 nm and Ae, ~ 530 nm) in BD FACS Calibur
flow cytometer (Becton—Dickinson, San Jose, California,
USA) with FL-1 filter (FITC-channel), where the data were
acquired and analyzed by BD Cell Quest Pro software
(version 5.1). Spectrofluorometric measurement of ROS
with DCFH-DA and DCF fluorescence intensity was first
detected in LS 55 Luminescence Spectrometer, Perkin
Elmer, at different time intervals with excitation wave-
length 485 nm and emission wavelength at 530 nm which
was found proportional to the amount of ROS formed
inside the colonocytes.

Apoptotic studies

Fluorescence microscopy using the DNA-binding fluores-
cent dyes, acridine orange (AQO), and ethidium bromide
(EB) was employed to study the morphology of the isolated
colonocytes undergoing apoptosis. Briefly, 10 pl of the cell
suspension (106 cells/ml) was mixed in PBS (pH 7.4)
containing AO (1 mg/ml) and EB (1 mg/ml). Of this
mixture, 10 pl was placed on a clean glass slide and cov-
ered with coverslip, and a minimum of 300 cells were
counted (x400) using a fluorescence microscope (Axio-
scope Al, Carl Zeiss, Germany). The index of apoptosis
was calculated as the percentage of the total number of
cells with apoptotic nuclei to the total number of cells
counted as had been reported earlier [21].

Statistical analysis

Data were expressed as mean £ SD of four independent
observations for each group. One-way analysis of variance
(ANOVA) was done to compare the means between the
different treatments using post hoc comparison by least
significant difference method. The statistical software
package SPSS v14 for windows was used for the purpose.
A value of p < 0.05 was considered significant in this
study.

Results
Carrageenan-induced paw edema

Edema developed following injection of carrageenan
serves as an index of acute inflammatory change and can be
determined from the differences in paw volume measured
immediately after carrageenan injection and then every
hour till 5 h. Carrageenan-induced paw edema test was
done to examine the anti-inflammatory effects of Diclofe-
nac and Curcumin individually and in combination. Rats



Mol Cell Biochem (2015) 402:225-241

229

were administered various doses of Diclofenac (4, 8, and
12 mg/kg), Curcumin (25, 50, and 75 mg/kg), and both
Diclofenac and Curcumin in combination (4 + 25,4 + 50,
4+ 75,84 25,84 50,8 + 75,12 4 25, 12 + 50, and
12 4+ 75) orally 1 h before carrageenan administration.
Results revealed that the individual administration of
Diclofenac at a dose of 8 mg/kg (Fig. 1a) and Curcumin at
a dose of 50 mg/kg (Fig. 1b) could produce maximum
inhibition of inflammation to an extent of 51.4 and 65.2 %,
respectively, and the results were comparable to that of
Indomethacin as a standard anti-inflammatory drug
(Fig. la—c). Indomethacin significantly decreased paw
edema at 4 h after carrageenan injection. However, their
combination (Diclofenac at dose of 8 mg/kg 4+ Curcumin
at dose of 50 mg/kg) was able to produce a significant
inhibition of inflammation to an extent of 94.5 % (Fig. 1c).
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Therefore, the present results of the Diclofenac and Cur-
cumin on the chemoprevention of cancer are in good
agreement of the anti-inflammatory dose range of the drug,
as shown in the rat model.

Morphological analysis of colon for MPLs

Among all the five groups, DMH alone showed higher
MPL incidence (100 %), while the co-administration of
Diclofenac and Curcumin reduced the MPL incidence as
compared to DMH group (Table 1). MPLs were recog-
nized as either raised or non-raised lesions with identifiable
tissue growth in DMH-treated animals, often appearing
singly or in multiple forms throughout the length of the
colon (Fig. 2a). Although Diclofenac and Curcumin when
given alone reduced the number of MPLs significantly, the
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Fig. 1 Effects of Diclofenac and Curcumin alone, and in combina-
tion on paw edema induced by carrageenan. a Percent inhibition
showed by various doses of Diclofenac (4, 8, and 12 mg/kg/b.w.) on
paw edema induced by carrageenan. Diclofenac at a dose of 8 mg/kg
produced maximum inhibition of inflammation of 51.4 %, and the
results were comparable to that of Indomethacin as a standard anti-
inflammatory drug. b Percent inhibition showed by various doses of
Curcumin (25, 50, and 75 mg/kg/b.w.) on paw edema induced by

3hr 4hr Shr

carrageenan. Curcumin at a dose of 50 mg/kg/b.w. produced maxi-
mum inhibition of 65.2 %. ¢ Percent inhibition after administration of
various doses of Diclofenac and Curcumin in combination (4 + 25,
4450, 4475, 8+25 8+50, 84+ 75, 12425, 12 + 50, and
12 + 75 mg/kg/b.w., respectively). Combination of Diclofenac at
dose of 8 mg/kg with Curcumin at dose of 50 mg/kg was able to
produce a significant inhibition of inflammation to an extent of
94.5 %
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Table 1 Chemopreventive response of Diclofenac and Curcumin in terms of multiple plaque lesions (MPLs) in DMH-induced colon carci-

nogenesis for 6 weeks

Groups No. of MPLs in different Total No. of rats with MPL
regions of colon MPLs MPL/total
- - - no. of rats - —
Proximal Middle Distal Incidence (%) Burden Multiplicity
Control - - - - - - - -
DMH 9 11 12 32 +£1.92° 8/8 100 4.0 4.0
DMH + Diclofenac 5 5 5 15+ 1217 58 62.5 1.8 3.0
DMH + Curcumin 4 8 5 17+ 1.087  6/8 75 2.1 2.8
DMH + Diclofenac + 2 3 3 84+ L1148 50 1.0 2.0
Curcumin

Number of rats used n = 8. Values are mean & SD of eight animals

MPL incidence the percentage of animals having MPLs, MPL burden the total number of MPLs counted/total number of rats, MPL multiplicity

the total number of MPLs counted/number of MPLs bearing rats
¢ p < 0.001 in comparison to control
T p <0.001 in comparison to DMH by one-way ANOVA

combination of the two drugs showed far less number of
MPLs. Colons from control group did not show any
occurrence of MPL.

Histopathological examination

After 6 weeks of treatment, colonic tissues were examined
histopathologically by H&E staining where we can see the
intact cylindrical shape and architecture of crypts in the
control group. Also, there is an obvious relationship
between crypt and stromal interspace. However, in DMH
group, the inter-relationship between crypt architecture and
stromal tissues has largely been distorted with the presence
of dysplasia. Also, high grade hyperplasia can be seen as
characterized by increased number of deeply stained nuclei
due to the presence of highly proliferative cells. Simulta-
neous administration with Diclofenac and Curcumin lar-
gely corrected these carcinogenic changes. However, mild
grade hyperplasia can still be evident. The effect is much
more pronounced in DMH + Diclofenac + Curcumin
group where typical crypt architecture and crypt shape are
found as shown in Fig. 2b.

Regulation of PI3-K/PDK1/PTEN/Akt pathway
during carcinogenesis

Abnormalities in the PI3-K/PDK1/PTEN/Akt pathway are
common in cancers and have a role in variety of cellular
functions, including cell growth, differentiation, develop-
ment, and apoptosis. In the present study, we observed that
the expression of PI3-K is higher in DMH group (Fig. 3a, b),
suggesting that PI3-K up-regulation could have a role in
neoplastic transformation. However, the expression of PI3-K
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decreased after Diclofenac and Curcumin treatment, and the
decrease being more when both were given together. Both
Diclofenac and Curcumin were able to raise the expression
of PTEN, an antagonist of PI3-K, which attenuates the
downstream signaling of activated PI3-K (Fig. 3a, b). PDK1
is a downstream mediator of PI3-K and is essential for the
activation of Akt. Our results showed that PDK1 expression
is up-regulated in DMH group, whereas Diclofenac and
Curcumin co-administration lowered down its expression
level (Fig. 3a, b). In silico studies showed that Diclofenac
efficiently docked in the ATP-binding site of PI3-K with a
valid glide score of —9.7 and forming hydrogen bond with
the amino acid residue Val-882 (Suppl. Fig. la; Suppl.
Table 2). However, Curcumin could not form a docked
complex in the ATP-binding site of PI3-K.

Akt mRNA expression via RT-PCR was found signifi-
cantly up-regulated in DMH group which suggested the
aberrant activation of Akt during tumorigenesis, whereas
Diclofenac and Curcumin co-administration could down-
regulate its expression (Suppl. Fig. 2a, b). These results
were further validated by qRT-PCR (Suppl. Fig. 2c).
Western immunoblot analysis and immunofluorescence
analysis further confirm the higher amount of translated
Akt in DMH group, whereas DMH + Diclofenac and
DMH + Curcumin groups were having lesser Akt levels
(Fig. 4a—). The expression was additionally down-regu-
lated in DMH + Diclofenac 4+ Curcumin group (Fig. 4a—
c¢; Suppl. Fig. 2a—c). Molecular docking studies showed
that both Diclofenac and Curcumin formed a valid docked
complex with ATP-binding site of Akt (Suppl. Fig. 2d, e)
and having a glide score of —7.63 and —7.90, respectively.
The amino acid residues involved in the formation of
H-bonds are listed in Suppl. Table 2.
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Curcumin
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+Curcumin
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Fig. 2 a Gross anatomy of the colon showing normal mucosal
surface in the control animals and mucosal plaque lesions (MPLs) in
DMH-treated animals. The animals from DMH + Diclofenac,
DMH + Diclofenac, and DMH + Diclofenac + Curcumin groups
showed fewer MPLs. MPLs are shown in circles. b Histopathological
examination of the colonic tissues after 6 weeks of treatment. Control

B 5 O gl
DMH + Diclofenac + Curcumin

group showing normal intact crypt architecture. DMH-treated group
exhibits severe dysplasia and hyperplasia of crypt cells (black arrows)
and nuclei enlarged and deeply stained (blue arrows). Treatment with
Diclofenac and Curcumin corrected these carcinogenic changes.
(Color figure online)
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Fig. 3 Regulation of PI3-K/PTEN/PDKI1 pathway during tumori-
genesis. a Western immunoblot analysis showed that PI3-K and
PDKI1 were highly expressed in DMH group, whereas DMH + Dic-
lofenac and DMH + Curcumin groups were having lesser expression
levels. Expression of PI3-K and PDK1 was minimum in the
DMH + Diclofenac + Curcumin group. PTEN expression was found

Diclofenac and Curcumin triggers mitochondrial
pathway of apoptosis

To further elucidate the role of PI3-K/Akt/PTEN pathway
in promoting cell survival and blocking apoptosis in colon
carcinogenesis, the expression of Bcl-2 family of proteins
was checked. AO/EB staining of isolated colonocytes
showed that both Diclofenac and Curcumin can induce
apoptosis as shown in Fig. 5a, b. The number of apoptotic
cells was increased in DMH + Diclofenac and Diclofe-
nac + Curcumin groups as compared to DMH group
(Fig. 5b). The results also showed that Bcl-2 is expressed
higher in DMH group as shown by RT-PCR, qRT-PCR,
western blot, and immunofluorescence analyses (Fig. 6a—f;
Suppl. Fig. 3a, b). The expression of Bcl-2 was significantly
lowered down in DMH 4 Curcumin and DMH + Diclofe-
nac groups. However, the expression of pro-apoptotic Bad
and Bax was downregulated both at transcriptional and
translational level in DMH group (Fig. 6a—c; Suppl. Fig. 3a,
b). Both Curcumin and Diclofenac administrations were able
to upregulate the Bad and Bax expression. The elevated
expression of Bad and Bax in paraffin sections in
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to be increased in DMH + Diclofenac and DMH + Curcumin.
b Quantitative analysis of the blots in densitometric units. Values
are mean + SD of three animals. hp < 0.0l and ‘p < 0.001 in
comparison to control and “p < 0.001 in comparison to DMH by one-
way ANOVA

DMH + Curcumin and DMH + Diclofenac groups further
showed that both Curcumin and Diclofenac triggered the
mitochondrial pathway of apoptosis (Fig. 6a—e; Suppl.
Fig. 3a—c). The extent of apoptosis is more in
DMH + Curcumin + Diclofenac group. In silico studies
further showed that both Diclofenac and Curcumin effi-
ciently docked in the active site of Bcl-2. The structures of
docked complex of Bcl-2 with Diclofenac and Curcumin are
shown in Suppl. Fig. 3c, d. Diclofenac docked at the active
site of Bcl-2, forming H-bond with Glu-133 residue and with
glide score —6.82 (Suppl. Fig. 3c; Suppl. Table 2). Curcu-
min also docked efficiently forming H-bonds with Arg-143
and with glide score —7.25 (Suppl. Fig. 3d; Suppl. Table 2).

The expression of Cyt ¢ and Apaf-1 was observed higher
in DMH 4 Curcumin and DMH + Diclofenac group as
shown by western blot (Fig. 7a, b). It further showed the
lower expression of caspase-3 and -9 in DMH group which
was reverted back to normal in DMH + Diclofenac and
DMH + Curcumin group (Fig. 7a, b). These findings val-
idate the importance of the apoptosome formation and
caspase cascade activation in the mitochondrial pathway of
apoptosis.
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(a) (b)
Control DMH DMH DMH DMH
+ Diclofenac +Curcumn +Diclofenac
+Curcumin

o m——— o s | AKE
[ — . — . — | }-actin

Protein expression (gray values in

DMH

Control

Fig. 4 Akt expression via its activation and localization in the
colonic tissues. a Western immunoblot analysis of Akt showed higher
amount of translated protein in DMH group as compared to control,
whereas DMH + Diclofenac and DMH + Curcumin groups were
having lesser Akt levels as compared to DMH group. Expression was
minimum in the DMH + Diclofenac + Curcumin group. B-Actin is
serving as loading control. b Quantitative analysis of the blots in

Diclofenac and Curcumin downregulate Ay
while increasing ROS production

Mitochondrial membrane potential (A¥y;) has been mea-
sured by photoselective laser dye R123. Quantification via
flow cytometry showed an increased percentage of higher
AWy colonocytes in DMH group (Fig. 8a, b). Curcumin
and Diclofenac co-administration after DMH treatment
reverted back the percentage of colonocytes having both
higher AY, and lower AY, toward control group
(Fig. 8a, b). Spectrofluorometric analysis also showed the
increased R123 intensity in the DMH group (Fig. 8c),
while fluorescent microscopy showed the presence of more
number of higher AWy, colonocytes in DMH group
(Fig. 84, e).

Intracellular levels of ROS were estimated using the
fluorescent probe, DCFH-DA. Flowcytometric analysis has
shown more percentage of colonocytes with higher intra-
cellular ROS in DMH + Diclofenac and DMH + Curcu-
min groups (Fig. 9a, b). Spectrofluorometric analysis also
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densitometric units. Values are mean & SD of three animals.
‘p < 0.001 in comparison to control and °p < 0.001 in comparison
to DMH by one-way ANOVA. ¢ Expression of Akt in the colonic
tissue sections (arrows) was analyzed by immunofluorescence. DMH
group showed higher expression and localization of Akt (arrows) as
compared to the other groups

showed the lower ROS production in DMH group
(Fig. 9c).

Discussion

Over the years, natural products have played a significant
role in the development of anticancer drugs, as 60 % of the
drugs are of natural origin [28]. Accumulating evidences
had shown that a natural polyphenolic compound Curcu-
min has a potent anticancer effect both in vitro and in vivo
on a variety of cancers including colorectal cancer [29, 30].
Curcumin is already used clinically and is approved by the
Food and Drug Administration (USA) as a safe food
additive, as Curcumin up to 12 g/day was safely adminis-
tered to humans without major toxicity in Phase-I clinical
studies [31, 32]. NSAIDs have also become promising anti-
cancer agents because these can initiate apoptosis in the
cancer cells [22, 33], and induction of apoptosis is
becoming an important preventive approach [34]. In this
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regard, the present study has shown that both Curcumin, a
preferential COX-2 inhibitor NSAID, and Diclofenac
induce apoptosis in chemoprevention of DMH-induced
colon carcinogenesis in rat model, and the chemopreven-
tive effect is enhanced when both the drugs were admin-
istered together. The dose of the Curcumin (50 mg/kg b.w.)
and Diclofenac (8 mg/kg b.w.) as taken in the present study
is in good agreement of the anti-inflammatory dose range
of the drugs, as shown by carrageenan-induced foot paw
edema. Morphological examinations of the dissected
colons from different animal groups showed that Curcumin
and Diclofenac co-administration reduced the number of
MPLs which are the macroscopic sites for tumor growth,
suggesting that both the drugs inhibit tumor growth in the
initiation stage of neoplasm.

PI3-K—-Akt signaling pathway is believed to play an
important role in the genesis of some human cancers and
is associated with cell proliferation, survival, and

. Live Cell
Apoptotic
Cell
Dead Cell
DMH+Diclofenac
+Curcumin

Fig. 5 Degree of apoptosis in isolated colonocytes by AO/EB co-
staining after 6 week treatment. a Fluorescence microscopic images
(x400) of isolated colonocytes from various treatment groups. Viable
cells appeared green, while apoptotic cells appeared yellow (arrows).
Very few apoptotic cells were seen in DMH group as compared to
control; however, significant amount of apoptotic cells was seen in
DMH + Diclofenac and DMH + Curcumin groups as compared to
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DMH

Fig. 6 a Western blot analysis of anti-apoptotic protein Bcl-2 and p
pro-apoptotic Bad and Bax in various treatment groups. B-Actin is
serving as loading control. b Quantitative analysis of the blots in
densitometric units. Values are mean == SD of three animals.
‘p < 0.001 in comparison to control and “p < 0.001 in comparison
to DMH by one-way ANOVA. ¢ Validation of RT-PCR results was
done by quantitative real-time polymerase chain reaction, PCR (qQRT-
PCR). B-Actin served as a reference gene for the normalization of
expression profiles in each group. Values are mean £ SD of three
animals. ’p < 0.01 and °p < 0.001 in comparison to control and
’p <0.01 and °p < 0.001 in comparison to DMH by one-way
ANOVA. d Expression of Bcl-2 in the colonic tissue paraffin sections
(arrows) was analyzed by immunofluorescence. DMH group showed
higher expression and localization of Bcl-2 (arrows) as compared to
the other groups. e Expression of Bad in the colonic tissue paraffin
sections  (arrows) was analyzed by immunofluorescence.
DMH + Diclofenac and DMH + Curcumin groups showed higher
expression and localization of Bad (arrows) as compared to the DMH
group. f Expression of Bax in the colonic tissue paraffin sections
(arrows) was analyzed by immunofluorescence. DMH + Diclofenac
and DMH + Curcumin groups showed higher localization of Bax
(arrows) as compared to the DMH group
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DMH. Apoptotic cells were significantly higher in DMH + Diclofe-
nac + Curcumin group. b Graph represents the percentage of
apoptotic cells in different groups. Values are mean & SD of three
animals. “p < 0.05 and ‘p < 0.001 in comparison to control and
“p < 0.001 in comparison to DMH by one-way ANOVA. (Color
figure online)
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metastasis [35]. Also the activation of the PI3-K/Akt
pathway confers chemotherapeutic resistance in numerous
tumor types including colon cancer [36]. Therefore, the
suppression of PI3-K/Akt signaling pathway is considered
as a promising strategy for cancer treatment. The hyper-
activation of Akt results in tumor cell survival and
enhanced resistance to apoptosis through multiple signal-
ing mechanisms [37]. Akt is activated upon its recruitment
to membrane through the N-terminus pleckstrin homology
domain which binds to PIP3 synthesized by PI3-K and
then phosphorylation at Thr-308 by PDK1, which is also
recruited to the plasma membrane by PIP3 [38, 39]. Our
data showed an elevated expression of Akt in DMH-
treated groups, both at transcriptional and translational
levels, thus signifying its principal role in cancer. How-
ever, co-administration of Curcumin and Diclofenac sig-
nificantly inhibited the elevated levels of PI3-K and PDK1
in DMH-treated animals and thereby downregulating the
activation (phosphorylation) of Akt. Akt phosphorylation
is a tightly regulated process, representing a balance
between kinase-activating and phosphatase-inactivating
events [40]. Several protein phosphatases, including the
dual protein/lipid phosphatase PTEN which transforms
PIP3 into PIP2, and canonical PP1 and PP2A were
reported to bind and dephosphorylate Akt in an agonist-

Fig. 7 a Western blot analysis (a)
of Apaf-1, Cyt ¢, caspase-3, and
caspase-9 proteins in various

Control

Fig. 8 a Measurement of AWy, in isolated colonocytes from various p
treatment groups by R123 as assessed by flow cytometry. Histogram
showing relative values of R123 fluorescence on FL-2H channel (x-
axis) with cell count (y-axis). b Graph showing the mean percentage
of cells with higher and lower A%\ in various treatment groups. A
total of 10* events were recorded. DMH group showed higher mean
percentage of cells with higher AYy as compared to control.
“p < 0.05 and °p < 0.001 in comparison to control and ’p < 0.01 and
*p < 0.001 in comparison to DMH by one-way ANOVA. ¢ Graph
representing spectroscopic analysis of R123 stained colonocytes.
DMH group showed high fluorescence intensity as compared to
control. Values are mean £ SD of three animals. “p < 0.05 and
‘p < 0.001 in comparison to control and °p < 0.001 in comparison to
DMH by one-way ANOVA. d Fluorescence microscopic images
(x400) of isolated colonocytes from various treatment groups stained
with R123 fluorescent dye for the analysis of AW\, Brighter
fluorescence with R123 suggests higher A¥\; (as shown by white
arrows). DMH group is having more cells showing higher mitochon-
drial potential as compared to control. e Graph represents mean
number of cell counted (a total of 300 cells from four different slides
were observed for each animal group) under the fluorescent micro-
scope. Values are mean & SD of three animals. ’p < 0.01 and
‘p < 0.001 in comparison to control and *p < 0.01 and *p < 0.001 in
comparison to DMH by one-way ANOVA

dependent manner [41]. In the present study, Curcumin
and Diclofenac upregulated the PTEN expression, dem-
onstrating that both the drugs can regulate the observed
Akt level via enhancing PTEN expression.

DMH DMH DMH DMH

+ Diclofenac +Curcumn +Diclofenac
+Curcumin

treatment groups.
DMH + Diclofenac and

DMH + Curcumin groups
showed higher expression of
Apaf-1, Cyt ¢, caspase-3, and
caspase-9 as compared to
DMH. B-Actin is serving as
loading control. b Quantitative
analysis of the blots in
densitometric units. Values are
mean £ SD of three animals.
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Fig. 9 a Measurement of ROS production in isolated colonocytes
from various treatment groups by changes in the fluorescence
intensity of DCF. Histogram showing flow cytometric analysis of
DCFH-DA on FL-1H channel (x-axis) with cell count (y-axis).
b Graph represents mean percentage of cell (out of 10* events) with
higher ROS (high DCF fluorescence). DMH + Diclofenac and
DMH + Curcumin groups showed higher mean percentage of
colonocytes having higher ROS as compared to DMH. Values are

In silico molecular docking is one of the most powerful
techniques to discover novel ligands for receptors of known
structure and may have tremendous impact in the prognosis
of the disease [42]. Our results showed that Diclofenac
efficiently docked into the ATP-binding site of PI3-K and
therefore can inhibit PI3-K by obstructing the binding of
ATP with PI3-K. Both Diclofenac and Curcumin docked
into the ATP-binding site of Akt demonstrating that both
may inhibit the kinase activity of Akt. However, Curcumin
could not be docked into the ATP-binding site of PI3-K
suggesting that the path followed by Curcumin to inhibit
PI3-K may be some other uncharted pathway, perhaps by
modulating other proteins like PDK1, PTEN, and Akt.

Apoptosis is an essential process leading to the pro-
grammed cell death and involves distinct morphological
and biochemical changes that activate the evolutionarily
conserved intracellular pathways to inhibit cancer growth
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mean £ SD of three animals. bp < 0.01 and “p < 0.001 in compar-
ison to control and ’p < 0.01 and *p < 0.001 in comparison to DMH
by one-way ANOVA. c¢ Spectro-fluorimetric analysis of ROS
production as assessed by DCFH-DA in isolated colonocytes of
various treatment groups. The values are mean £ SD of four animals.
‘p < 0.001 in comparison to control and °p < 0.001 in comparison to
DMH by one-way ANOVA

and proliferation [43]. Apoptosis is controlled via two
major pathways, including one that originates at the cell
membrane (extrinsic) and another that involves mitochon-
dria (intrinsic) [44]. Previous studies had suggested that
Bcl-2 family of proteins plays a central role in the regu-
lation of mitochondrial-dependent apoptosis [45]. The Bcl-
2 family of proteins consisting of pro-apoptotic Bad, Bax,
Bid, etc., and anti-apoptotic Bcl-2 and Bcl-xL are impor-
tant regulators of apoptosis [46]. The balance between pro-
and anti-apoptotic members of the Bcl-2 family determined
the fate of the cells exposed to apoptotic signals [47].
Studies have suggested that Bcl-2 could be a crucial
mediator downstream of PI3-K/Akt signaling, whereas
activated Akt has been shown to promote cell survival and
block apoptosis by downregulating the activity of pro-
apoptotic members of the Bcl-2 family [48]. Akt prevents
apoptosis by phosphorylation of the pro-apoptotic protein
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Bad and thus prevents its binding to the Bcl-xL and Bcl-2
anti-apoptotic family members [49]. Our results showed
that Bcl-2 is highly expressed both at transcriptional and
translational level in DMH group which revealed that Bcl-2
regulates the mitochondrial pathway of apoptosis and
promote carcinogenesis. Both Curcumin and Diclofenac
decreased Bcl-2 expression and increased the Bad and Bax
expression both at transcriptional and translational level,
signifying that both can initiate mitochondrial pathway of
apoptosis. These findings further support the fact that Akt
modulates cell survival pathway by regulating Bcl-2
expression. It has also been suggested that additional
mechanisms might exist for the cell survival-promoting
and apoptosis-inhibiting action of Akt [50].

As the apoptosis triggers, translocation of Bax to mito-
chondria and decreased expression of Bcl-2 resulted in
permeabilization of mitochondria and the release of Cyt c,
which further activated the caspase cascade [51]. A change
in mitochondrial membrane permeability is essential for
translocation of apoptogenic Cyt ¢ and apoptosis-inducing
factor into the cytoplasm [52]. In the cytosol, Cyt ¢ oligo-
merizes with Apaf-1, procaspase-9, and ATP to form ap-
optosomes [53]. The results from the present study showed
the elevated expression of Cyt ¢ and Apaf-1 after Curcumin
and Diclofenac administration as compared to DMH sig-
nifying the importance of apoptosome formation in apop-
tosis. Apoptosome formation leads to caspase-9 activation
through induced proximity and subsequently culminates in
proteolytic cleavage and thereby activation of the down-
stream executioner caspases-3 and -7 [54]. Activation of
caspases is considered as a point of no return in the
apoptotic process [55]. Activated caspase-3 is the key
mediator of cell apoptosis cleaving intracellular proteins
vital for cell survival and growth, such as PARP. The
increased expression of caspased-9 and -3 after Curcumin
and Diclofenac administration showed that both the drugs
can activate caspases to induce apoptosis. However, the
decreased expression of caspases-9 and -3 after DMH
treatment showed that their inhibition may block apoptosis.

ROS are highly reactive metabolites generated during
normal cell metabolism and have been established as key
contributors to the regulation of apoptosis [56]. Indeed, the
mitochondrial apoptotic signaling pathway has been
described as an important downstream event mediated by
ROS in apoptotic cell death [57]. ROS mediated the early
as well as late steps of apoptosis that is associated with loss
of mitochondrial membrane potential, release of Cyt ¢, and
activation of caspase-3 [58]. Both Curcumin and Diclofe-
nac increased the ROS generation which suggested that
elevated intracellular ROS could be sufficient to trigger
apoptosis. However, decreased ROS level in DMH as
compared to control may suggest that cancer cells are more
sensitive to excess ROS than the normal one. Higher

number of high mitochondrial potential cells was found in
DMH-treated animals, whereas their number decreased
after co-administration with Diclofenac and Curcumin,
further suggesting that the reduction or loss of A¥); is an
early indicator of apoptosis.

In conclusion, the present study showed that Diclofenac
and Curcumin exert their anti-neoplastic effect by inhibi-
tion of PI3-K/Akt pathway. Akt inhibition was coupled
with activation of mitochondrial apoptotic mechanism that
is associated with significant increase in expression of pro-
apoptotic Bcl-2 family members (Bad and Bax), decrease
in anti-apoptotic Bcl-2 protein, and significant increase in
caspases-3 and -9 levels. Both Diclofenac and Curcumin do
stimulate apoptosis probably by activating apoptosome
formation, increasing ROS generation, and decreasing
A¥yr. Also, the anti-neoplastic effect is enhanced when
both Diclofenac and Curcumin are administered together.
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