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ARTICLE INFO ABSTRACT

Keywords: Colorectal cancer (CRC) is the most common carcinoma of the digestive tract. The slow growing nature of CRC
Piperlongumine offers a great opportunity for prevention strategies. The concept of chemoprevention of colorectal cancer using
Colorectal cancer plant derived natural products is gaining substantial attention because it is an inherently safe and cost-effective
Apoptosis

alternative to conventional cancer therapies. Piperlongumine (PL), a natural alkaloid present in Piper longum
Linn has been reported to exhibit notable anticancer effects in various in vitro studies. Nonetheless, the che-
mopreventive potential of PL has not been studied in experimentally induced colon cancer yet. Ras/PI3K/Akt/
mTOR signaling axis plays a central role in promoting tumor cell growth, proliferation and survival by inhibiting
apoptosis. In the present study, we demonstrated, for the first time, the chemopreventive effects of PL in
DMH + DSS induced colon carcinogenesis animal model. We showed that PL displayed potent antineoplastic
activity against colon cancer cell growth by targeting Ras proteins and PI3K/Akt signaling cascade. PL mediated
inhibition of tumor cell growth was associated with inhibition of Ras protein levels and its preferred companion
protein PI3K levels that led to suppressed activity of Akt/NF-kB, c-Myc and cyclin D1. It was also found that PL
arrested the cell cycle progression at G2/M phase and induced mitochondrial apoptotic pathway by down-
regulating Bcl-2 levels. Furthermore, the results of liver and kidney toxicity suggested that PL exhibit no toxicity

Cell proliferation
PI3K/Akt/mTOR signaling pathway

in animals. Our results suggest that PL. may be an effective chemopreventive agent for colon cancer.

1. Introduction

Colorectal cancer (CRC) is one of the most commonly diagnosed
carcinomas worldwide. The global burden of CRC is expected to in-
crease by 60% with more than 2.2 million new cases and 1.1 million
deaths by 2030 [1]. Currently surgery, chemotherapy and radiotherapy
are prevailing strategies to treat CRC. Among these, surgery is useful
only when CRC is diagnosed at early stages. However, for malignant
cancer, chemotherapy and radiotherapy are advised that cause severe
side effects and deteriorate the quality of life of patient [2]. For ex-
ample, 5-fluorouracil, a common chemotherapeutic agent causes mye-
lotoxicity, cardiotoxicity and vasospastic in few documented cases [3].
On the other hand, cancer chemoprevention deals with consumption of
natural products or bioactive compounds from mother nature to combat
the development of cancer [4]. As these products are pharmacologically
safe and exhibit no side effects, thus provide an alternative to the use of
conventional chemotherapeutic drugs. Epidemiological and pre-clinical
data suggest that various natural compounds and dietary elements
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possess chemopreventive properties by modulating multiple pathways
such as apoptosis and cell cycle regulation which are normally dis-
turbed in tumor initiation, promotion and progression. In addition,
natural compounds have been shown to enhance the host immune
system and sensitize malignant cells to cytotoxic agents [5]. With the
advent of high-throughput screening technologies, a myriad of plant
products have been discovered that have shown very promising antic-
ancer properties in vitro but are yet to be evaluated in animal models
and humans [6]. Therefore, it is imperative to evaluate anticancer ac-
tivity using appropriate animal model. The animal models provide
important tools for deciphering the mechanism of CRC pathophysiology
so that focused human clinical trials related to chemotherapy can be
conducted with greater chances of success. In that regard, many murine
models of sporadic and inflammation related CRC have been developed
including chemically induced CRC, genetically engineered mouse
models and xenograft models. Among the chemically induced CRC
models, a combination of single intraperitoneal 1,2-dimethylhydrazine
(DMH) with one week exposure to inflammatory agent dextran sulphate
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Fig. 1. Chemical structure of piperlongumine (PL).

sodium (DSS) in mice dramatically shortens the latency time for CRC
development as well as mimics aberrant crypt foci-adenoma-carci-
noma sequence of human CRC [7,8]. Because of its high reproducibility,
potency and affordability, DMH + DSS induced CRC model has become
an outstanding platform to study the key molecular events of colon
carcinogenesis for evaluation of chemopreventive interventions.

Spices have been traditionally used for their flavor enhancement
characteristics in Indian cuisine and are a rich source of phytochemicals
that suppress the process of carcinogenesis. Many potent anticancer
compounds such as curcumin (Turmeric), zingerone (Ginger), allicin,
diallyl sulphide, diallyl disulphide and diallyl trisulphide (Garlic) have
been isolated from common dietary spices [9]. Piperlongumine (PL,
piplartine,  5,6-dihydro-1-[(2E)-1-0x0-3-(3,4,5-trimethoxyphenyl)-2-
propenyl]-2(1H)-pyridinone) (Fig. 1) is a biologically active alkaloid
isolated from common Indian dietary spice Piper longum Linn commonly
called Long pepper. PL was identified to kill cancer cells selectively
both in vitro and in vivo without affecting the normal cells [10]. PL has
been reported to exhibit cytotoxic activity against various cancer cell
lines and inhibit tumor size in mouse xenograft models via multiple
cellular processes including accumulation of reactive oxygen species
(ROS) [101, activation of C/EBP homologous protein (CHOP) [11],
suppression of LMP-1 (EBV-encoded oncogene) expression [12], acti-
vation of AMPK phosphorylation [13], inhibition of NF-kB [14,15]
activation of ERK [16], promotion of autophagy [17-19], induction of
GADDA45a and inhibition of telomerase reverse transcriptase activity
[20]. Recently, PL has been reported to inhibit PI3K/Akt/mTOR
pathway in lung [21] and triple negative breast cancer cell lines [22].
However, till date, there has been no report regarding the effect of PL in
colon carcinogenesis.

Therefore, the present study was designed to evaluate the chemo-
preventive potential of PL and its mechanism of action in DMH/DSS
induced experimental colon carcinogenesis.

2. Materials and methods
2.1. Chemicals

Piperlongumine (PL) was purchased from Indofine Chemical
Company (Hillsborough, NJ, USA). The purity of the compound was
more than 98% as per datasheet provided by the manufacturer.
Ethylenediaminetetraacetic acid (EDTA), 1,2 -Dimethylhydrazine
(DMH), dimethylsulfoxide (DMSO), phenylmethylsulfonyl fluoride
(PMSEF), dithithreitol (DTT), Hoechst 33342 and propidium iodide (PI)
dye were received from Sigma chemical company (St. Louis, MO, USA).
Dextran sulphate sodium salt (DSS) was purchased from MP
Biomedicals (Solon, OH, USA). Monoclonal antibodies against B-actin,
cleaved caspase-3, NF-kB p65 subunit, PI3 Kinase p85, phospho-Akt
(Ser 473) and Akt were purchased from Cell Signalling Technology
(Beverly, MA, USA). Primary antibodies against Bax, Bcl-2, pan-Ras,
MEK 1/2, p-MEK 1/2 (Ser 218/Ser 222), Cyclin D1, c-Myc and PARP1/
2 were procured from Santa Cruz Biotechnology (Minneapolis,MN,
USA). Primary antibody against phospho-ERK 1/2 (T202/Y204) was
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purchased from BD Bioscience (Franklin Lakes, NJ, USA). Clarity™ ECL
Western Blotting Substrate was purchased from Bio-Rad (Hercules, CA,
USA). Annexin V/PI assay kit for quantification of apoptosis was pro-
cured from BD Biosciences (San Jose, CA, USA).

2.2. Experimental animals

Five to six week old male Balb/c weighing 20-25 g were procured
from Central Animal House, Panjab University, Chandigarh, India. All
experimental protocols were first approved by Institutional Ethics
Committee (PU/IAEC/S/14/47) and conducted according to the
guidelines of Indian National Science Academy for the use and care of
experimental animals. The animals were housed in ventilated poly-
propylene cages and acclimatized for one week in the animal room
before the commencement of the study. The animals were fed on
standard mouse chow pellet diet supplied by Aashirwad industries,
Punjab, India and water ad libitum.

2.3. Experimental design

Male Balb/c mice (N =40) were divided equally into five groups. All
doses including DMH, PL and their vehicles were given in-
traperitoneally.

2.3.1. Control group
The animals of this group received a single dose of 1 mM EDTA,
pH = 6.5 (vehicle for DMH).

2.3.2. DMSO only
These animals were administered with 10% DMSO corresponding to
the amount utilized for PL (vehicle for PL) daily for 10 weeks.

2.3.3. DMH + DSS group

The animals of this group were given a single dose of DMH (20 mg/
kg b.w.). One week after DMH exposure, DSS (3%) was given in
drinking water for one week, followed by normal drinking water for
next two weeks. The animals were subjected to three such alternate
cycles of DSS.

2.3.4. DMH + DSS + PL group

The animals of this group were treated with PL (3.6 mg/kg b.w.)
daily for a period of two weeks prior to the exposure of DMH and DSS as
mentioned in group 3 and continued till the last DSS cycle. The criteria
for selection of dosage of PL are given in supplementary data
(Supplementary Tables 1 and 2).

2.3.5. PL only group

The animals of this group were administered PL (3.6 mg/kg b.w.)
daily for a period of 10 weeks.

The animals were kept for a total period of 20 weeks and sacrificed
subsequently by cervical dislocation.

2.4. Body weight gain and food intake

Body weight was measured on weekly basis and gain in average
body weight for each group was calculated from the initial weight
subtracted from final weight during the treatment period. Food intake
was also monitored on daily basis and analyzed on weekly basis.

2.5. Tumor burden and volume

The colon was excised and washed with cold PBS. The distended
and everted colonic mucosa was evaluated grossly as well as with
methylene blue staining for determining tumor burden and tumor vo-
lume. Number of tumor nodules per animals was designated as tumor
burden. Two dimensional measurements of each tumor nodule were
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done with digital Vernier caliper (Cen Tech, Camarillo, CA, USA).The
tumor volume was calculated according to the formula given below.

Tumor volume (mm?) = length (mm) x [width (mm)]%/2

The tumors were further classified as large (> 20 mm?), medium (10-
20 mm®) and small (1-10 mm3) and smallest (1 mm°® or less).

2.6. Histopathology

The colon was removed and flushed with cold PBS and distal end
(2-3cm) was fixed in 10% neutral buffered formalin. Sections of
4-5 um thickness were prepared and stained with standard hematoxylin
and eosin staining method. The slides were photomicrographed using
Nikon Eclipse 80i microscope and evaluated for the presence of ade-
noma, hyperplasia and cancer in situ by a trained and qualified histo-
pathologist.

2.7. Isolation of colonocytes

The colonocytes were isolated by the method of Sanders et al with
slight modifications [23]. The entire colon was cut longitudinally to
expose lumen and placed in warm Ca 2% and Mg 2% free Hank’s buf-
fered salt solution (HBSS) containing 30 mM EDTA, 5mM DTT and
0.1% BSA. After 15min shaking incubation at 37 °C, the colon was
transferred into warm HBSS containing 1.3 mMCaCl,, 1 mM MgSO,,
0.5% BSA and dispase (1.2 mg/ml) for 30 min. The mucosal side of the
colon was then gently scraped and the cellular suspension was filtered
through a nylon filter (70 um) to obtain single cell suspension. The
isolated colonocytes were then centrifuged at 2000 rpm for 10 min and
counted using hemocytometer (Marienfeld, LK, Germany). Trypan blue
exclusion method [24] was used to assess the viability of isolated co-
lonocytes and cells with viability index of 85-90% were taken for fur-
ther experimentations.

2.8. Analysis of cell cycle progression

The percentages of isolated colonocytes in the Go/G1, S and G2/M
phases of cell cycle were quantified on flow cytometer using Cycletest
Plus DNA reagent kit (BD Biosciences, San Jose, USA). Briefly, the
isolated colonocytes were fixed in70% ice cold ethanol dropwise with
constant shaking. The cells were treated with RNase A (200 pg/ml)
solution for 30 min and then with PI (10 pug/ml) for 10 min at room
temperature. The samples were acquired on flowcytometer (BD
FACSCalibur, San Jose, USA) and a total of 5000 events were taken for
cell cycle analysis. The fluorescence histograms of propidium iodide
(PI) stained nuclei were analyzed by FCS Express V3 software to de-
termine the percentage of cells in different phases.

2.9. Measurement of Apoptotic index

Apoptotic index in different animal groups was assessed by the
following methods:

2.9.1. Annexin V/PI apoptosis assay

The percentage of apoptotic cells was quantitatively determined
using FITC Annexin V Apoptosis Detection Kit (BD Biosciences, San
Jose, USA) as per the protocol mentioned by the manufacturer. Briefly,
approximately 2 x 107 isolated live colonocytes were stained with FITC
labeled Annexin V and propidium iodide (PI) for 15 min at room tem-
perature in the dark. After appropriate washing, the acquisition from
each sample was conducted on BDFACS Canto Flow Cytometer (BD
Biosciences, San Jose, USA) and the collected data were analyzed using
the BDFACS Diva software. The important controls (i.e. unstained cells,
cells stained with FITC Annexin V alone and PI alone) were also run
simultaneously. The untreated cell population was used to define the
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basal level of apoptotic and dead cells. The percentage of apoptotic cells
was then determined by subtracting the percentage of apoptotic cells in
the untreated population from the percentage of apoptotic cells in the
treated population.

2.9.2. Hoechst 33342/PI staining methods

The percentage of live and apoptotic cells was estimated by Hoechst
33342/PI staining method. Freshly isolated colonocytes (1-2 x 10°)
were stained with 10 pl of Hoechst 33342 dye (H33342, 1 mM) at 37 °C
for 1 h. After washing, the cells were subsequently incubated with 10 ul
of PI (1 mg/ml) at 37 °C for 10 min. Photomicrographs (four random
fields from each slide) were acquired using the fluorescent microscope
(Nikon Eclipse 80i) and analyzed using Northern Eclipse imaging
Elements-D (NIS-D) software. Photomicrographs of cells with H33342
and PI were merged. In merged photomicrographs, cells with pink color
represent apoptotic cells whereas faint blue were considered to be
normal cells. The cells with red fluorescence represent necrotic/dead
cells.

2.10. Western blotting

Distal end of colon tissue was homogenized in ice cold lysis buffer
[50 mM Tris—HCI (pH 7.4), 1% Triton-X, 2mM DTT, 1 mM PMSF,
0.1% sodium dodecyl sulfate (SDS), 100 mM sodium chloride (NaCl),
5mM EDTA, and 0.2% EZBlock™ Universal Protease and Phosphatase
Inhibitor Cocktail (BioVision, Inc.Milpitas, CA, USA). A total of 75 ug
protein of tissue lysate from each animal group was electro-transferred
to polyvinylidenedifluoride membranes (Bio-Rad, Hercules, USA). After
blocking with 3% BSA, the membranes were incubated with primary
antibodies for Cleaved caspase-3 (1:1000), PARP1/2 (1:1000), Bax
(1:1000), Bcl-2 (1:1000), c-Myc (1:1000), Cyclin D1 (1:1000), pan-Ras
(1:1000), phospho-MEK 1/2 (1:300), MEK 1/2 (1:1000), Phospho-ERK
1/2 (1:1000), Phospho-Akt (Ser 473, 1:3000), Akt (1:2000), PI3 Kinase
(1:3000), NF-xB p65 (1:1000) and B-actin (1:5000) overnight at 4 °C.
The membranes were then washed with Tris - buffered saline (TBS)
containing 0.1% Tween-20 and incubated with corresponding horse
radish peroxidase (HRP)-labelled goat anti-mouse IgG (1:3000) and
anti-rabbit-IgG (1:5000) at room temperature for 1 h. The immunoblots
were developed with Enhanced Chemiluminescence Detection Kit (Bio-
Rad, Hercules, USA) and visualized on FluorChem M (ProteinSimple,
San Jose, USA). Densitometry analysis was performed with AlphaView
software provided with the instrument.

2.11. Liver and kidney toxicity parameters

To assess the liver and kidney toxicity caused either by carcinogen
exposure or PL administration, fresh blood was collected into the glass
tubes by penetrating the retro-orbital sinus in mice with a capillary tube
and placed in slanting position for 1h. The clotted blood was cen-
trifuged at 2000 g for 15 min. The clear serum was used for the esti-
mation of serum glutamate oxaloacetate transaminase (SGOT, AST),
serum glutamate pyruvate transaminase (SGPT, ALT), blood urea ni-
trogen (BUN) and creatinine by using commercially available kits
(Reckon Diagnostics Pvt. Ltd Baroda, India).

2.12. Statistical analysis

The results are expressed as mean * standard deviation (SD). The
differences between the groups were assessed by one-way analysis of
variance (ANOVA) using GraphPad Prism 5 software package for
Windows. Post hoc test Tukey was performed for intergroup compar-
isons using the least significant difference (LSD). A value of
p < 0.05was considered to indicate a significant difference between
groups.
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Fig. 2. Effect of PL administration on A) daily food intake and B) gain in body weight. Values are expressed as mean *= SD (n =

5). ***p < 0.001 w.r.t. Control

group, ***p < 0.001 w.r.t. DMSO group, **p < 0.01 w.r.t. DMH + DSS group. * “p < 0.01 w.r.t. DMH + DSS + PL group. *p < 0.01 w.r.t. PL group.

3. Results
3.1. Effect of PL on body weight gain and food intake

Average food intake and gain in body weight were recorded on
weekly basis and the results are expressed in Fig. 2 A and B. The ani-
mals in the control and corresponding vehicle treated groups exhibited
an increase in food intake and gain in average body weight throughout
the treatment tenure and were not significantly different from each
other. On the other hand, food consumption in mice treated with
DMH + DSS was significantly decreased with a concomitant reduction
in gain in average body weight. However, animals treated with
DMH + DSS + PL showed a significant improvement in food intake and
gain in average body weight as compared to DMH + DSS treated ani-
mals.

3.2. Effect of PL on colon morphology, tumor burden and volume

The potential of PL on tumor growth inhibition was assessed
through gross examination of normal and methylene blue stained colon,
determination of tumor burden/animal and volume (Fig. 3). The colon
of control animals, DMSO only and PL only treated animals had normal
colon with no sign of injury (Fig. 3 A & B (a,b,e). In contrast, colon
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excised from DMH + DSS group animals exhibited a high number of
visible tumor nodules of different sizes such as large, medium, small
and smallest (Fig. 3 C). Treatment with PL to DMH + DSS treated an-
imals led to a significant reduction not only in tumor burden but also in
tumor size.

3.3. Effect of PL on histopathological features of colon

Histopathological evaluation revealed that the colon of mice from
control, DMSO only and PL treated groups had normal histoarchitecture
with no signs of apparent abnormality (Fig. 4). In contrast, high order of
irregular crypts, loss of goblet cells and inflammation rich areas were
observed in DMH/DSS group. In addition, there was evident malignant
transformation in the colon with features of polyploid adenoma, hy-
perplasia and cancer in situ in these animals (Fig. 4). However, PL ad-
ministration in DMH + DSS treated animals not only maintained the
normal crypt architecture and restoration of goblet cell population but
also abrogated the formation of adenoma and infiltration of in-
flammatory cells (Fig. 4).

3.4. Effect of PL on cell cycle progression

In order to understand the mechanism of PL. mediated tumor growth
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C
Groups Tumor burden Tumor volume
(no. of nodule/ (mm3)
animals)
Large Medium Small Smallest
(>20 mm3) (10-20 mm3) (1-10 mm?3) (£1 mm3)
Control 0 0 0 0 0
DMSO only 0 0 0 0 0
DMH+DSS 7.25+1.25%# 27.56%1.46"* 13.49+3.28"# 4.44+1.04"# 0.67£0.15#
DMH+DSS+PL  1.66+0.57"#& 0 0 7.3611.32"#% 0
PL only 0 0 0 0 0

Fig. 3. Antitumor effect of PL. A) Gross examination of mouse colon showing visible tumor nodules (arrow head) B) Representative images of methylene blue stained
whole mount colon segments. a: control group, b: DMSO only group, c: DMH + DSS group, d: DMH + DSS + PL group and e: PL only group). C) Represents the tumor
burden and volume determined using vernier caliper. Values are expressed as mean + SD (n = 5). 'p < 0.001 w.r.t. control group, “p < 0.001 w.r.t. DMSO only
group, ¥p < 0.01 w.r.t. DMH + DSS group (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article).

inhibition, cell cycle analysis was done in colonocytes isolated from
different groups and the results are depicted in Fig. 5. On treatment
with DMH + DSS there was a significant increase in the percentage of
cells in S phase and G2/M phase indicating a high cell division rate in

Control

these animals as compared to control animals. On the other hand, cell
cycle analysis of colonocytes from DMH + DSS + PL group animals
showed a significant increase in the percentage of cells in G2/M phase
as compared to DMH + DSS group suggesting a growth arrest.

PL only

DMSO only

40X

Fig. 4. Representative images of H&E stained colon sections from different groups. Control group showing the normal colon architecture and crypt morphology,
DMSO only group showing no major alteration in colon histological features as compared to control group, DMH/DSS group depicting complete loss of goblet cells,
crypt architecture and development of adenoma carcinoma, DMH/DSS/PL group showing less perturbed crypts and improved population of goblet cells in most of
colon sections. PL only group showing normal crypt structure and goblet cell distribution. Each image is a representative of four randomly selected fields (mag-
nification: 10 X, scale bar represents 500 um in upper row and inset magnification: 40 X and scale bar 100 pm).
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Fig. 5. Effect of PL on cell cycle progression in isolated colonocytes in various groups. A) Representative histograms showing percentage % of cells in Go/G1, S and
G2/M phase from different groups. A Gated cells represent population of colonocytes selected for cell cycle analysis. B) Flow cytometric analysis of cell cycle
distribution.The values are expressed as mean + SD for n = 5 animals. *p < 0.05w.r.t. control, **p < 0.01 w.r.t. DMH + DSS.
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Fig. 6. Effect of PL on apoptotic index using Hoechst (33342) and propidium iodide staining method. A) Representative images showing fluorescence of isolated
colonocytes stained with Hoechst (H33342) and propidium iodide in various groups. Here blue fluorescence represents live cells, pink fluorescence denotes apoptotic
cells and red represents the dead cells. Images were taken at magnification of 40X and scale bar represents 50 um. B) Graphical representation of per cent apoptotic
cells in different groups. The values are expressed mean + SD of n = 5 observartion from each group. *p < 0.05, **p < 0.01 w.r.t. control, *p < 0.05,
##p < 0.01 w.r.t. DMSO only and ***p < 0.001 w.r.t. DMH + DSS group (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).

However, there was no significant change in the percentage of cells in apoptosis has been documented in several cancer cell lines [25].
different phases of cell cycle in any of the control groups. Therefore we further evaluated the effect of PL on apoptosis by Hoechst
33342/PI staining and Annexin V/PI assay (Figs. 6 and 7). The cells
isolated from control, DMSO only and PL only treated animals exhibited
a normal apoptotic index. DMH + DSS treatment to animals resulted in
a significant inhibition in apoptotic index as compared to control

3.5. Effect of PL on apoptosis
The fact that cell cycle arrest at G2/M phase leads to significant
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Fig. 7. Effect of PL on apoptotic index using Annexin V and propidium iodide assay. A) Representative photograph showing percentage of live, early, late and
necrotic cells using Annexin—PI staining by flow cytometric method in different groups. Gated cells represent population of colonocytes selected to assess apoptosis.
Q1 quadrant represents the percentage of necrotic cells; Q2 quadrant represents the percentage of late apoptotic cells; Q3 quadrant represents the percentage of live
cells and Q4 quadrant represents the percentage of early apoptotic cells. B) Flow cytometric analysis of apoptotic index in different groups.The values are expressed
asmean * SD of n = 6 observations from each group. **p < 0.01 and *p < 0.05w.r.t. control, **#p < 0.001, **p < 0.01 and *p < 0.05 w.r.t. DMSO only and
$8%5 < 0.001 w.r.t. DMH + DSS group.
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Fig. 8. Effect of PL on marker proteins of apoptosis using western blotting. A) Representative immunoblots for PARP 1/2, cleaved caspase-3, Bcl-2 and Bax. B-actin
was used as internal control. B) Densitometric analysis for cleaved PARP/Total PARP, cleaved caspase-3, Bcl-2 and Bax assessed by AlphaView software. The data
were observed for n =4 animals/group.The values are expressed as mean *+
*p < 0.05w.r.t. control, **#p < 0.001 w.r.t. DMSO only, *p < 0.05w.r.t. DMH + DSS and ***p < 0.001 w.r.t. DMH + DSS group.

groups. However, PL administration to DMH + DSS treated animals led
to a significant increase in apoptotic index in these animals as com-
pared to DMH + DSS treated animals.

As demonstrated earlier, PL. administration induced apoptotic cell
death in DMH + DSS treated animals. In view of the fact that activation
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SD of n =4 observations from each group. ***p < 0.001 w.r.t. control,

of caspases and PARP cleavage are hallmarks of apoptosis, we next
investigated the key regulatory proteins involved in apoptosis such as
active caspase -3 and its downstream target PARP as well as Bcl-2 fa-
mily proteins by western blotting (Fig. 8). The data shown here clearly
depicts a diminished activity of caspase -3 in DMH + DSS treated
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and ®p < 0.005w.r.t. DMH + DSS group.

animals as evident from a decrease in the expression of cleaved caspase
3 fragments (Fig. 8 B). The reduced activity of caspase-3 is suggestive of
reduced apoptosis that sets a stage for cancer establishment in colon
tissue. The treatment of DMH + DSS animals with PL significantly in-
creased the expression of both fragments of active caspase -3 which
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demonstrates that the induced apoptosis by PL is mediated via activa-
tion of caspase-3. It is a well known fact that active caspase -3 cleaves
PARP into two fragments with molecular weight 116 and 89 kDa. As
expected, there was an abrogation in PARP cleavage in protein samples
isolated from DMH + DSS treated animals (Fig. 8 B). PL administration,
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however, resulted in significant accumulation of cleaved PARP in
DMH + DSS + PL group.

Bcl-2 family proteins specifically Bax (pro-apoptotic) and Bcl-2
(anti-apoptotic) play key role in regulating mitochondria mediated
apoptosis. Therefore, levels of these two major proteins were also
analyzed to determine whether PL induces apoptosis through intrinsic/
mitochondrial pathway in the current study. DMH + DSS treatment led
to a significant increase in the levels of Bcl-2 proteins as compared to
control and DMSO only treated animals (Fig. 8 B). On the other hand,
the levels of Bcl-2 were significantly reduced in DMH + DSS + PL
group suggesting the ability of PL to drive the cancer cells towards
apoptosis. There was no significant change in the levels of Bcl-2 in PL
only treated animals as compared to control and DMSO only treated
animals. The levels of Bax were also analyzed but no significant al-
teration in its expression was observed in any of the groups (Fig. 8 B).

3.6. Effect of PL on Ras/PI3K/Akt/mTOR signaling pathway

To uncover the molecular mechanism underlying PL induced
apoptosis, we next examined the effect of PL on Ras and PI3K/Akt/
mTOR signaling pathway by assessing the key proteins of these path-
ways (Figs. 9 and 10). Oncogenic activation of Ras protein owing to
missense mutation is a well known marker of incessant tumor cell
proliferation. Western blot analysis revealed that the treatment with
DMH + DSS led to a significant increase in the levels of Ras proteins as
compared to control and DMSO only treated group animals (Fig. 9 B).
Conversely, the levels of Ras proteins were significantly reduced in
DMH + DSS + PL animals suggesting the antiproliferative nature of PL.
Activated Ras protein targets MEK to trigger ERK phosphorylation and
its nuclear translocation for expression of genes involved in cell pro-
liferation. Therefore, we further investigated these downstream targets.
The results revealed that there was a significant increase in the levels of
activated MEK1/2 and phospho-ERK1/2 in DMH + DSS treated animals
as compared to control animals. However, the levels of both phos-
phorylated MEK1/2 and phospho-ERK1/2 were decreased in DMH +
DSS + PL treated animals corroborating our data on inhibition of Ras
signaling pathway by PL for inhibition in tumor cell growth and pro-
liferation (Fig. 9 B). There was no significant alteration in PL only
treated animals as compared to control and vehicle treated group.

Ras oncoprotein also interacts with PI3K and triggers Akt phos-
phorylation and its subsequent activation. Therefore, we next examined
PI3K levels and Ser473 phosphorylation of Akt, which measures both
Akt/ mTORC1 and mTORC2 activity (Fig. 10B). Treatment of animals
with DMH + DSS showed a significant increase in the levels of both
PI3K and phosphorylated Akt as compared to control and DMSO treated
animals. However, there was a significant reduction in the levels of
PI3K and phosphorylated Akt in DMH + DSS + PL animals. We also
checked the expression of downstream effector of Akt i.e. NF-kB, a
transcription factor known for providing resistance to apoptosis by
upregulating expression of anti-apoptotic proteins such as Bcl-2. In the
present study, we observed a significant increase in the expression of
NF-xB in DMH + DSS treated animals as compared to control animals
(Fig. 10B). The enhanced expression of NF-kB can be ascribed to
chronic inflammation ensued by cyclic treatment with inflammatory
agent DSS. However, a significant decrease in NF-kB was noticed in
DMH + DSS + PL treated animals as compared to DMH + DSS treated
animals. There was no significant alteration in the basal level of NF-xB
expression in vehicle treated groups as compared to control group.

Ras proteins can induce spontaneous activation of c-Myc [26-28],
anoncogenic transcription factor that upregulates key proteins of cell
cycle machinery and drive oncogenic cell proliferation [29,30]. In the
present study, it was observed that c-Myc levels were significantly in-
creased in DMH + DSS treated animals as compared to control and
DMSO treated animals (Fig. 10B). On the other hand, a marked de-
crease in the levels of c-Myc was seen in DMH + DSS + PL treated
animals. There was no significant alteration in the basal c-Myc level in
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any of the control groups. c-Myc is reported to control the cell cycle
machinery by regulating the levels of various cyclins. Further evalua-
tion of cyclin D1 levels in tissue samples exhibited a significant increase
in its levels in DMH + DSS treated animals as compared to control
groups which corroborates with our results for cell proliferation mar-
kers (Fig. 10B). Contrary to this, cyclin D1 levels were significantly
reduced in DMH + DSS + PL treated animals further strengthening the
cytostatic nature of PL.

3.7. Effect of PL on toxicity profile

To the best of our knowledge, we have evaluated PL for its che-
mopreventive potential in CRC animal model for the first time.
Therefore, it was necessary to examine whether PL is toxic to the ani-
mals. In view of this, we analyzed the serum levels of AST, ALT, urea
and creatinine for the assessment of liver and kidney function respec-
tively. Treatment with DMH + DSS led to a significant increase in AST
and ALT levels as well as those of urea and creatinine levels as com-
pared to control animals (Fig. 11 B). On the other hand, a marked de-
crease in the levels of these enzymes was observed in DMH + DSS + PL
treated animals suggesting that PL helps to reduce the toxicity caused
due to the treatment of DMH + DSS. In comparison to control animals,
we did observe a slight but a non significant increase in ALT values in
case of PL only treated animals. Further examination of liver sections
did not reveal any significant alterations as compared to control ani-
mals which further confirm that PL administration does not cause any
hepatotoxicity or nephrotoxicity (Fig. 11 A).

4. Discussion

Chemoprevention is gaining attention worldwide due to the use of
natural and safe agents with no adverse side effects [31]. A compre-
hensive look at the epidemiology of CRC clearly highlights that its in-
cidence in regions such as Indian subcontinents is among the lowest in
the world. This can be ascribed to differences in diet, environment and
routine lifestyle. A specialty of Indian diet is the routine use of spices in
Indian cuisine for flavor enhancement. In addition, use of spices in
medicinal formulations is an age old practice in Ayurveda, Unani and
Siddha medicine. Evidence from pre-clinical and clinical studies in-
dicates that spices prevent CRC by modulating different pathways in-
volved in tumorigenesis [32]. After curcumin, another spice which is
gaining considerable attention for its anticancer activity is PL, a prin-
ciple bioactive compound present in long pepper, a common Indian
dietary spice [33]. Recently, PL has been reported to inhibit cancer cell
proliferation and tumor growth in various in vitro studies [10]. How-
ever, till date, no study has been conducted to evaluate PL for its che-
mopreventive/chemotherapeutic potential in CRC animal model.
Therefore, the present study was designed to evaluate the chemopre-
ventive potential of PL in DMH/DSS induced colorectal cancer which
closely mimics adenoma-carcinoma sequence of human CRC.

The first noticeable change observed in cancer patients is loss of
weight and appetite as the disease progresses and is termed as cancer
cachexia. Similarly, reduction in food intake and average gain in body
weight are characteristic feature of AOM/DSS induced CRC in mice
[34]. In the current study, a significant decline in food intake was ob-
served during 2" and 3" DSS exposure cycle (5" and 8" week). This
may be related to the presence of DSS in drinking water. DMH/DSS
exposure has been reported to cause intestinal damage ensuing in-
flammatory conditions which in turn results in reduced food intake. The
reduction in food intake and body weight in DMH + DSS treated ani-
mals might be linked to tumor progression in these animals. The sig-
nificant improvement in food intake and gain in average body weight in
DMH + DSS + PL treated animals can be attributed to anti-in-
flammatory property of PL that might have inhibited intestinal in-
flammation caused by DMH + DSS treatment.

The gross and histopathological examination of colon tissue sections
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of control and DMSO treated mice showed no sign of abnormality in
crypt morphology while mice treated with DMH + DSS developed
multiple tumor nodules and thus an increase in tumor burden and vo-
lume. Histopathological examination revealed the presence of multiple
malignant lesions such as polyploid adenoma, hyperplasia and cancer in
situ which confirm the establishment of colon cancer in these animals.
Similar observations in the same model have also been reported earlier
[8]. Interestingly, PL treatment to DMH + DSS exposed animals sig-
nificantly reduced the tumor burden and volume. In addition, histo-
pathological evaluation revealed that PL treatment reduced the neo-
plastic regions such as dysplasia and cancer in situ in colon sections.
Overall, these observations suggest that PL inhibits DMH + DSS in-
duced tumor development in the colon and thus exhibits antitumor
effect. Till date, there is no in vivo study available on the chemopre-
ventive effect of PL on tumor growth in CRC, particularly in DMH/DSS
model.

Apoptosis is a programmed cell death that eliminates damaged and
aged cells from the body under normal physiological conditions [35].
Evasion from apoptosis is one of the key hallmarks of cancer cells
during their malignant transformation. Understanding the underlying
mechanism of programmed cell death is the primary criterion for de-
veloping anticancer therapeutic strategies. Many natural agents such as
curcumin, resveratrol, and lycopene have been documented to mod-
ulate apoptotic pathway and thereby act as anticancer agents [5]. In the
present study, the effect of PL on apoptotic pathway was assessed
through multiple approaches: morphological evaluation (Hoechst
33,342/P1 staining), surface marker (Annexin V/PI staining) and ef-
fector proteins (caspase-3 and PARP cleavage). Transformation of
normal cell to neoplastic one is generally preceded by resistance to
apoptosis and thereby a net decrease in apoptotic index. We also ob-
served a significant decrease in the apoptotic index in DMH + DSS
treated animals as evident from a decrease in propidium iodide
staining, annexin V expression, caspase-3 and PARP activity. An evident
and highly significant increase in the apoptotic index was observed in
DMH + DSS + PL group. An increase in the caspase-3 activity can be
documented by the presence of its cleaved fragments of molecular
weight 17 and 19 kDa. In the present study, we observed a significant
inhibition of active caspase-3 levels in DMH + DSS treated animals as
compared to control groups, an indication of reduced apoptosis in this
group. Conversely, treatment with PL to DMH + DSS treated animals
resulted in a significant increase in the levels of active caspase-3 frag-
ments, suggestive of increased apoptosis in these animals. PARP is an
important enzyme to maintain genomic integrity in response to DNA
damage. It is well established fact that active caspase-3 cleaves its
downstream target PARP into two fragments of molecular weight 116
and 89 kDa in DNA damage induced apoptosis in a variety of cells [36].
In fact, a significant increase in PARP cleavage was observed in
DMH + DSS + PL treated animals. These results are in accordance to
the previous in vitro reports in which PL induced caspase mediated
apoptosis [22].

Regulatory proteins of intrinsic apoptotic pathway in cancer are Bcl-
2 family which include both pro-apoptotic (e.g. Bax, Bad and Bak) and
anti-apoptotic proteins (e.g Bcl-2, Bcl-xL, Bel-w and Mcl-1) [37].The
interplay between these proteins is a determining factor for the release
of cytochrome ¢ from mitochondria and ensuing apoptosis. Further,
evidence for the major role of Bcl-2 and its family members is provided
by the fact that overexpression of Bcl-2 protein has been reported in
various human cancers and is also an indication of reduction in survival
time and drug resistance [38]. To further delineate the mechanism of
action of PL to induce apoptosis, we analyzed the expression of Bax and
Bcl-2. As expected, treatment with DMH + DSS resulted in a significant
increase in Bcl-2 levels, however, Bax levels were not significantly al-
tered which points towards the major role played by Bcl-2 protein in
cancer progression. A significant decrease in Bcl-2 levels was noticed on
treatment with PL. A Bax/Bcl-2 ratio is more important as a determi-
nant of apoptosis. Even if we did not observe any alteration in Bax
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levels, a net increase in Bax/Bcl-2 ratio would result in apoptosis. These
results exhibited a close reflection of in vitro anticancer studies of PL
done by other research group which also showed an involvement of
apoptotic mitochondrial pathway in response to PL [39].

Uncontrolled cell growth and proliferation is a characteristic feature
of most of the cancers. Constitutive activation of Ras proteins due to
missense mutations particularly in K-Ras is frequently observed in
human CRC [40]. Activated Ras stimulates cellular proliferation by
modulating a wide array of intracellular effector pathways which ulti-
mately converge to promote pro-growth and to inhibit antigrowth sig-
nals in transformed cell. The activation of Ras signaling pathway was
observed in this study on treatment with DMH + DSS which points
towards increased cell proliferation and levels of anti-apoptotic entities
in the colon of these animals. Further, enhanced levels of its down-
stream target proteins such as phosphorylated MEK and ERK supported
the notion that DMH + DSS treatment activated Ras signaling for tumor
establishment. However, the decreased levels of Ras and its associated
downstream targets suggested the involvement of this pathway in the
chemopreventive action of PL.

Moreover, Ras mediated proliferative signals have also been re-
ported to upregulate several transcription factors that are crucial for
cell cycle checkpoints. An important transcription factor in this cate-
gory is c-myc that controls cell cycle machinery and triggers the ex-
pression of G1 cyclins, especially cyclin D types [30]. In the current
study, DMH + DSS treatment led to a significant increase in the ex-
pression of Ras protein and c-myc that indicates high rate of tumor cell
proliferation in these animals. In addition, we also observed a sig-
nificant increase in the levels of cyclin D1, a downstream target of c-
myc which further supported our hypothesis of activation of Ras sig-
nalling pathway. Conversely, downregulation of Ras proteins, c-myc
and cyclin D1 on treatment with PL to DMH + DSS group suggested the
antiproliferative nature of PL towards tumor cells. Furthermore, cell
cycle arrest at G2/M phase on PL administration also proved the anti-
neoplastic potential of PL. These observations are in accordance with
other in vitro studies reporting G2/M arrest [20], inhibition of cyclin D1
and c-myc expression [14] on treatment with PL. Ras protein interacts
with PI3K that eventually results in phosphorylation and activation of
Akt. Phosphorylated Akt is a well-established cell survival factor be-
cause it upregulates expression of antiapototic Bcl-2 protein [41]. In the
present study DMH + DSS treatment also led to a significant increase in
the levels of phosphorylated Akt and subsequently Bcl-2 proteins. On
the other hand, PL treatment to DMH + DSS treated animals led to a
significant reduction in the levels phosphorylated Akt as well as Bcl-2
which strongly indicates antineoplastic activity of PL. The results of
present study are in concurrence with an earlier study where PL has
been shown to promote cell death in prostate and breast cancer cell
lines by inhibiting Akt phosphorylation [18]. The activated Akt sti-
mulates IKK activity that eventually results in activation of NF-xB
transcription factor [42,43]. In the present study, we further in-
vestigated the effect of PL on the major cell surivival pathway i.e. Akt/
NF-kB pathway. We observed a significant increase in the levels of NF-
kB in DMH + DSS treated animals. The increased NF-kB expression can
be ascribed to consequence of Akt activation. However, on PL treatment
we observed a significant decrease in the levels of NF-kB that could be
explained by the anti-inflammatory activity of PL. The data shown here
has demonstrated that PL mitigated Ras protein levels which subse-
quently repressed the downstream signalling cascade hub Akt/NF-kB.

It is mandatory to determine the toxic potential of any agent to be
administered in vivo. In addition, carcinogen treatment such as DMH
has been reported to cause hepatotoxicity and nephrotoxicity [44].
Therefore, analysis of serum biochemical parameters pertaining to liver
and kidney function i.e. AST, ALT, urea and creatinine respectively
were investigated in the present study. DMH is metabolized in the liver
to methylazoxy methanol and transformed to carcinogenic moiety i.e.
methyldiazonium [45]. The function of kidney is to maintain the op-
timum chemical composition of the body fluids by acidification of urine



S. Kumar, N. Agnihotri

and removal of metabolite wastes as urea, uric acid, creatinine and ions.
An increase in the concentrations of these metabolites in blood has been
observed during cancer progression. The cyclic treatment with DSS
hastens the progression of colorectal cancer and thus DMH induced
hepatic and renal toxicity. Treatment with DMH + DSS led to a sig-
nificant elevation in the serum levels of AST, ALT, urea and creatinine
in comparison to respective control groups. Similar results have also
been previously reported in the same animal model from our lab [34].
However, PL treatment to DMH + DSS exposed animals led to a sig-
nificant reduction in the levels of serum marker enzymes like AST and
ALT as well as blood urea and creatinine suggesting its protective effect
against carcinogen mediated organ toxicity and damage. We also ob-
served that PL drug itself did not have any significant toxicity as no
significant alteration was observed in the biochemical values of PL only
treated animals in the present study.

To conclude, the present study demonstrated that PL exerted a po-
tent chemopreventive effect in DMH + DSS induced experimental colon
carcinogenesis. Our study emphasizes that PL inhibits tumor growth by
targeting multiple components of Ras/PI3K/Akt signaling axis and its
downstream events such as activation of NF-xB and evasion from
apoptosis. Therefore, PL appears to be an attractive bioactive phyto-
chemical with future clinical application for colon cancer treatment.
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