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ABSTRACT

Introduction: There is increasing evidence of the presence of antioxidant and antimutagenic
properties in some fruit species. Punicalagin extracted from pomegranate is reported to
have anti-proliferative activities and able to induce toxicity in colon cancer cells. However,
the molecular mechanisms involved are still poorly understood. In this study, in vitro
apoptotic and anti-proliferative activities of punicalagin were investigated in human colon
cancer Caco-2 cells. Methods: Cell viability was identified and a morphological change by
punicalagin was taken. In addition, reactive oxygen species (ROS), annexin V and cell cycle
were evaluated by flow cytometer at the tested concentrations of 50 and 75 pM. Moreover,
the effects of punicalagin in Caco-2 cells and normal colon epithelial cell line (HCEC) were
compared. The Caspases family was investigated as a marker of apoptosis by western blot.
Results: Punicalagin (50 and 75 pM) showed toxic effects on Caco-2 cells but not on HCEC
with both results being confirmed by morphological studies. In the presence of punicalagin,
cytoplasmic ROS production decreased indicating antioxidant activity, whereas superoxide
radicals released from mitochondria increased due to mitochondrial dysfunction. Annexin
V and caspase family (9, 8 and 3) activation confirmed that cell death occurred via the
apoptosis pathway in both concentrations of punicalagin. The cell cycle was arrested in
the gap 1 (G1)/synthesis (S) transition phase at the concentrations of punicalagin tested.
Conclusion: The in vitro results indicate that further studies are warranted to elucidate the
potential role of punicalgin as an anti-cancer agent.
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INTRODUCTION Albano & Nair, 1999). Phytochemicals,
Due to increasing concerns about general such  asfruit ar.1d vegetable Rhen(?hf:s,
health, chronic disease prevention ™2Y be responsible for the bioactivity
and ageing, consumers’ interest in in plant food diets that provide health

phytonutrients because of their potential
curative, preventive and nutritive values
has also increased (Guhr & Lachance,
1997). Phytonutrients have functionally
been demonstrated as being antioxidants,
as well as modulators of enzyme activity,
cell proliferation and apoptosis (Balentine,

benefits. Numerous studies have shown
that consumption of fruits and vegetables
can reduce the risk of several cancer types
due to their polyphenols content. The
suggested mechanisms of polyphenol
action as anti-cancer agents include
antioxidant, anti-inflammatory and anti-
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proliferative activities, as well as their
effect on subcellular signaling pathways,
stimulation of cell cycle arrests, and
apoptosis (Middleton, Kandaswami &
Theoharides, 2000; Yang et al, 2001).
Pomegranate is widely consumed as
fruit, juice, and as wine (Gil et al., 2000).
Pomegranate contains pectin, sugars,
fibre and several tannins. It is also a
rich source of anthocyanins such as
delphinidin, cyanidin, and pelargonidin,
and hydrolysable tannins such as
punicalin, gallic acid, ellagic acid (EA), and
punicalagin. Around 92% of pomegranate
antioxidant activity is due to the presence
of hydrolysable tannins (Khan, Adhami &
Mukhtar, 2010).

One of the anti-cancer properties of
polyphenols is their ability to induce cell
cycle arrest and apoptosis (type of cell
death). Cell death is a normal feature in our
body; in healthy cases there is a balance
between cell division and cell death (Khan
et al., 2010). Apoptosis is a programmed
cell death process that normally eliminates
damaged cells through the activation of
caspase enzymes. Apoptosis is charac-
terised by cell shrinkage (the nuclear
chromatin condenses and cytoskeleton
collapses) and engulfment by macrophage.
In contrast to apoptosis, necrosis is
uncontrolled cell death and characterised
by cell swellings and bursting. It is
caused by external factors that affect cells
such as toxins, infection and trauma. In
necrosis, cellular contents are spilled
into the intracellular cell space and elicit

an inflammatory response (Edinger
& Thompson, 2004). Some dietary
polyphenols such as epigallocatechin

gallate (EGCG) and genistein have the
ability to induce apoptosis in various
cancer cell lines, but not to normal cell lines
(Ahmad et al., 1997).

From previous studies it is clear
that pomegranate may have cancer-
chemo-preventive effect, as well as
cancer chemotherapeutic effect against

colon cancer. It has also been found that
pomegranate has an effect against prostate
(Malik ef al., 2005), breast (Kim et al., 2002)
and lung (Khan ef al., 2007) cancer. An in
vitro study done by Seeram ef al. (2005)
evaluated the anti-proliferative activities of
punicalagin, EA, total pomegranate tannin
(TPT) and pomegranate juice (P]). The
effects of these components were studied
on human oral (KB, and CAL27), colon
(HT-29, HCT116, SW480, and SW620) and
prostate (RWPE-1, and 22Rv1) tumor cells.
PJ showed the greatest anti-proliferative
effect against all cell lines (Seeram et al.,
2005). Also, it depicted alteration in the
regulatory molecules arresting in the
Gl phase of the cell cycle (Malik et al.,
2005). Wang et al., (2013) observed a
dose-dependent anti-proliferative effect
for 1-30 ug/ml punicalagin when using
human U87MG glioma cell line through
both apoptotic and autophagic pathways.
Punicalagin and EA showed a protective
effect against benzopyrene-induced
deoxyribonucleic acid (DNA) adducts
and anti-proliferative activity against
lung cancer cells A549 (Zahin ef al., 2014).
Furthermore, it has been speculated that
EA, caffeic acid, luteolin and punicic acid
are important components of pomegranate
that significantly inhibit in vitro invasion of
human PC3 when employed individually
(Lansky et al., 2005).

According to a number of studies on
the anti-cancer properties of polyphenols,
increasing the consumption of fruits,
vegetables and dietary fibre may reduce
the risk of colon cancer (Steinmetz & Potter,
1996; Briviba, Pan & Rechkemmer, 2002;
Larrosa, Tomas-Barberan & Espin, 2006).
This study therefore aimed to investigate
the mechanism with which pomegranate’s
active component (punicalagin) acts as
an anti-cancer agent. To achieve this, the
colon carcinoma cell culture model (Caco-
2) was used and the results were compared
with HCEC.
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METHODS

Materials

The human colorectal carcinoma cell
line Caco-2 cells were obtained from the
European Collection of Cell Cultures
(ECACC), Salisbury, United Kingdom
(UK). HCEC was gratefully received from
Dr Karen Brown, University of Leicester,
UK. Phosphate buffered saline tablets (PBS)
were obtained from Oxoid, Hampshire, UK.
Punicalagin, 2 amino-7-dimethylamino-
2-methylphenazine hydrochloride (MTT
dye) dimethyl sulphoxide (DMSO) and
cell lysis buffer were obtained from Sigma-
Aldrich Chemical Company, Poole, UK.
The annexin V-FITC apoptosis detection
kit was obtained from Merck Chemicals
Ltd. Staurosporine was purchased from
Calbiochem, Nottingham, UK. Foetal
bovine serum (FBS), trypsin-EDTA
solution, L-glutamine (200 mM), non-
essential amino acids (NEAAs), Dulbecco’s
modified essential medium (DMEM),
collagen and fibronectin, CM-H,DCFDA,
Mitosox WesternBreeze Antibody were
obtained from Invitrogen, Paisley, UK. Poly
adenosine diphosphate ribose polymerase
(PARP), caspase 9, 8 and 3 were purchased
from Cell Signaling Technology, UK.

Cytotoxicity and morphological analysis
of punicalagin on Caco-2 and HCEC cells
Caco-2 was grown in DMEM media with
high glucose content without sodium
pyruvate. The media were supplemented
with 10% FBS, 5% penicillin, and 5%
glutamine. The cytotoxic effects of different
concentrations ranging from 1-100 uM of
punicalagin on Caco-2 cells were studied.
In brief, Caco-2 cells were seeded into 96-
well microtiterre tissue culture plates at
1x10* cells/200 x1 DMEM serum medium.
After 24h, punicalagin of a different
concentration was added to each well. The
MTT determination was performed after
24h of incubation at 37 °C and 5% CO,. The
plates were removed from the incubator
and samples (20 xl) from the MTT dye

were added to each well. The plates were
incubated for 2h at 37 °C. At the end of the
incubation period, the culture media were
aspirated and 50 ul of DMSO was added
to each well. The colour intensity was
measured at 492 nm using a plate reader
(Boehring CO, Marburg, Germany).

The HCEC cell line was seeded in
DMEM with high glucose content without
sodium pyruvate, but was supplemented
with 10% of FBS. Tissue culture plates
(96-wells) were coated for 15 min with a
coating solution before being seeded with
HCEC cells. The coating solution contained
50 ml serum-free media (without FBS), 65
u1Bovine Serum Albumin (100 mg BSA in 2
ml H,0), 0.5 ml collagen (250 ul from stock
+9.75 ml H,)O) and 125 ul fibronectin. After
15 min, the coating solution was collected
and reused a further five times only. The
HCEC seeding density was 1x10* cells per
well. The punicalagin concentrations of 50
and 100 uM were examined using HCEC
and Caco-2 cells, and cytotoxicity was
assessed by the MTT method as described
above. Experiments were carried out in
triplicate and repeated three times to
ensure reproducibility.

Caco-2 cells and HCEC cell line were
seeded at concentrations of 1x10° cells/ml
in 25 cm? flasks. After 24h, two different
concentrations of punicalagin (50 4uM and
75 uM) were applied to each cell line.
Cellular morphology was determined by
microscopy after 24h and 48h. Pictures of
the cells were taken using a phase contrast
microscope (Zeiss Telaval inverted
microscopy) fitted with a camera (Nikon,
Japan) at 10 x magnification.

Measurement of cellular reactive

oxygen species (ROS)

Dichlorofluorescein (DCF) dye or non-
fluorescent dichlorodihydrofluorescein dia-
cetate (H,-DCFDA) has the ability to diffuse
across cell membranes. The fluorescence
intensity is proportional to the ROS content
(Osseni et al., 1999). The ROS levels in Caco-
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2 cell line incubated with 50 uM and 75 uM
punicalagin concentrations were measured
by flow cytometry using H,-DCFDA dye.
Caco-2 cells were seeded in 25 cm? flasks
at 1x10% cells/ml. The treatments were
applied once the cells reached 60-70%
confluence. The cells were incubated with
5 uM of dichlorofluorescein diacetate
(DCEDA) for 30 min at 37 °C and 5%
CO,. At the end of the incubation period,
the cells were kept on ice under low light
conditions due to the high susceptibility
of the dye to photo-oxidate until DCFDA
florescence was measured using a BD
FACSCanto flow cytometer (California,
USA). At least 10,000 events were acquired
in the gated regions using an emission
wavelength of 520 nm.

Measurement of mitochondrial

oXygen species

Mitosox red fluorogenic dye is a selective
dye for the superoxide free radical in the
mitochondria. The superoxide radical is
generated as a by-product of oxidative
phosphorylation occurring in living
cells. Only on oxidisation of this dye by
a superoxide ion does it produce the
red fluorescence that can be determined
by flow cytometry (Liu, Liu & Dudley,
2010). The superoxide levels in Caco-2
cell line incubated with 50 uM and 75 uM
punicalagin concentrations were measured
by flow cytometry using Mitosox
dye according to the manufacturer’s
instructions. The red fluorescence was
measured using a BD FACSCanto flow
cytometer (California, USA). Atleast 10,000
events were acquired in the gated regions
using an emission wavelength of 620 nm.

Determination of apoptosis by
annexin-V assay

Phosphatidylserine is a phospholipid
located in the inner surface of the cell
membrane. It is expressed on the cell
surface during cell death by an apoptosis
program and was measured by using
annexin V-FITC apoptosis detection kit

from Merck Millipore. The assay was
performed according to the manufacturer’s
instructions to detect early and late
apoptosis in Caco-2 cells incubated for
24h with different concentrations of
punicalagin (50 M and 75 uM) using a BD
FACSCanto flow cytometry (California,
USA). A minimum of 10,000 events were
acquired in the gated regions. The emission
was 520 nm for cells labelled with annexin
V-FITC and 620 nm for cells labelled with
propidium iodide (PI). The PI dye was
used to distinguish the cells that had lost
their membrane integrity. Staurosporine
at 1 uM was used as a positive control for
apoptosis.

Cell cycle and DNA fragmentation

Cells were seeded in 25 cm? flasks at a
concentrationof 1x10°cells/ml. Punicalagin
concentrations were added once the
cells reached 50-60% confluence after an
exposure of 24h. The cells were trypsinised
and the pellets were washed twice with
PBS. The cells were then re-suspended
with 200 ul cold PBS, vortexed vigorously,
fixed in 1 ml of ice-cold fixing buffer (70%
ethanol in PBS), and then incubated at 4 °C
for 24 h. The fixation buffer was removed
and the cells were re-suspended in PBS
with 10 #M of ribonuclease (RNAse) and
incubated for 30 min at 37 °C. At the end of
this incubation, the cells were stored on ice,
and 10 gl of 1 mg/ml PI was added to each
sample and analysed by BD FACSCanto
flow cytometry (California, USA). At least
10,000 events were acquired in list mode,
using an emission wavelength of 620 nm.

Assessment of caspases family by
western blot

Caco-2 cells treated with different
concentrations of punicalagin (50 and 75
4#M) for 24h were lysed as follows. After
incubation, the cells were trypsinised and
the resulting cell suspension was washed
via centrifuging at 1500¢ for 3 min with 5
ml PBS. Supernatants were removed, and
the cell pellets were lysed by adding 300
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Figure1. (A) Cell viability for different concentrations of punicalagin (1, 5,10, 25, 50, 100, pM) incubated
for 24 h in Caco-2 cell Lline. (B) The effect of punicalagin concenetrations (IC,) on Caco-2 and HCEC
cells for 24 h. The data represents the mean of three independent experiments (n=3 + SD). Comparisons
of means were made using a one-way ANOVA followed by Bonferroni corrections test (** = p < 0.001;
% = p < 0.0001. (C & D) Effect of punicalagin concentrations of 50 pM and 75 pM on the Caco-2 cell line
and HCEC for 24 and 48h. Caco-2 images were captured using light microscopy at 10x magnification.

ul of lysis buffer (Sigma Aldrich Chemical
Company). The lysis cell was kept on ice
for 20 min and then stored at -80°C until
protein determination was done by western
blot experiment. The protein concentration
for each sample was measured using a
BioRad protein assay (Bradford, 1976)
following the manufacturer’s instructions.
An Invitrogen NuPAGE 4-12% Bis-Tris
gel was used for protein electrophoresis.
The proteins were then transferred to a
polyvinyl difluoride (PVDF). The results
were visualised by chemiluminescence
using Amersham film.

Statistical analyses

All experiments were performed in
triplicate. For the 96-well microtitre tissue
culture plates, four replicate wells were
used per category. The data were analysed
by Graphpad Prism 6 software. Significant

differences between the control and the
experimental values were evaluated
using P-values determined by one way
analysis of variance (ANOVA) followed by
Bonferroni corrections. Significance was
set at a cut-off level of < 0.01.

RESULTS

Cytotoxicity and morphological analysis
of punicalagin on Caco-2 and HCEC cells
To measure the effect of punicalagin on the
Caco-2 cell lines, cell viability was assessed
by the MTT assay as shown in Figure 1A.
A concentration of 75 uM was the IC,; of
punicalagin concentration on the Caco-2
cell line. Consequently, this concentration
was used to induce an anti-cancer effect on
Caco-2 cells. However, a lower dose of 50
u#M punicalagin was also tested in Caco-
2 cells to ascertain the efficacy of a lower
concentration.
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Figure 2. Measurements of mitochondria and cellular ROS in Caco-2 cells treated with differ-
ent punicalagin concentrations for 24h. (A) Punicalagin-induced mtROS production in Caco-
2 cells. Caco-2 cells were treated with 50 pM and 75 pM punicalagin for 24h. Cells were loaded
with Mijtosox stains and the fluorescence measured by flow cytometry to monitor mtROS
formation. (B) Punicalagin cellular ROS inhibition in Caco-2 cells. Caco-2 cells were treated with
50 pM and 75 pM punicalagin for 24h. Cells were loaded with CM-H,DCFDA and the DCF flu-
orescence was measured by flow cytometry to monitor ROS formation. The data represent
the mean of three independent experiments (n=3 * SD). Comparison of means was made us-
ing a one-way ANOVA followed by Bonferroni’s corrections test (** = p < 0.001 *** = p < 0.0001).

The cell viability for Caco-2 cells
were 152, 141, 131, 95, 67, 53, and 46% at
punicalagin concentrations of 1, 5, 10, 25,
50, 100, and 150 uM, respectively. Different
punicalagin concentrations (50-100 zM)
were also tested on normal colon HCEC
cells. The 50 #uM and 75 uM concentrations
showed no significant effect on the cell
viability of the HCEC cell line as shown
in Figure 1B. In contrast to Caco-2 cells,
the cell viability for HCEC cells were 95%
and 93%, at 50 and 100 zM punicalagin
concentrations, respectively.

The anti-proliferative effect of various
punicalagin concentrations (50 #M and
75 pM) on Caco-2 and HCEC cells was
investigated by microscopy at 24 and
48h. The morphological change in the
Caco-2 cell line in response to punicalagin
treatments compared with the control
is shown in Figure 1C. Conversely, the
same concentrations of punicalagin had
little effect on HCEC in comparison to the
control (i.e., the cells appeared as healthy

as the control) as shown in Figure 1D. This
confirmed the anti-proliferative effect of
punicalagin on the colon cancer cell line
but not on the normal colon cell line.
Cellular and mitochondria ROS
measurement

Mitochondrial ROS (superoxide anion)
generation was significantly induced
by (50 uM and 75 uM) concentrations of
punicalagin (60%, 66%) compared with the
control (30%) as shown in Figure 2A (p <
0.001). Mitochondrial dysfunction might
have been caused by different punicalagin
concentrations. This could be the reason
for the increased production of superoxide
anion. The activation of caspase 9
supported the hypothesis that punicalagin
caused mitochondrial dysfunction. When
mitochondria lose their function, they
release cytochrome C, which activates
caspase 9 (Larrosaet al., 2006). In contrastto
mitochondrial ROS production discussed
above, the reduction in cytoplasmic ROS



Effect of Punicalagin on Human Colon Cancer Caco-2 Cells

131

A Control Staurosporine 1 WM Punicalagin 50 uM Punicalagin 75 uM
8“ Specimen 001-Control mixed S _201 2-02-29 FITC PLPUN MIX 61 2012-02-23 FITC PI-PUN MIX 7!
B == v @ |2 =
= e, [ &
| 1 e
s| =, g, 3
3| 571 £* §

2 S ERE 3

E| i o = B

*1 '5?5"'.22"””“"53 T ‘"?‘:A" # 3 S FR A g ER 2 R A
¥ Annexin-V FITC-A B ponexny FITC-A 0 Annexin-VFITC-A %7 Annexin-V FITC-A
Annexin VFITC
B Q2 Q3 Q4
i H H
£ £ £
3 3 3
Figure 3. Detection of Caco-2 cell death treated with different punicalagin concentrations

for 24h by flow cytometric analysis. (A) Flow cytometric analysis of Annexin V in Caco-2 cells
treated with 50 uM and 75 pM punicalagin for 24h. Cells were harvested and stained with
propidium iodide (PI) and Aannexin V (AV). Ql- Q4 quadrants indicate: Q1 = Healthy cells;
Q2 = Cells conjugated with AV; Q3 = Cells conjugated with AV and stained with PI; Q4 = cells
stained with PI. Staurosporine 1 UM was assayed as positive control. (B) Percentage of Caco-
2 cells in early apoptosis, late apoptotic/necrotic cell death and necrotic cell death path-
ways after treatment with 50 uM and 75 pM punicalagin concentrations for 24h. Repre-
sented values are the mean of three independent experiments (n=3 + SEM). Comparisons of

means were made using a one-way ANOVA followed by Bonferroni’s test

production was observed with 50 uM
and 75 uM punicalagin compared with
the control as shown in Figure 2B. The
proportions of ROS inhibition were 69% at
50 uM and 54% at 75 uM, whilst the ROS
production in the control was 81%.

Apoptosis in Caco-2 cells

In the presence of 50 uM and 75 uM
punicalagin concentrations for 24h,
apoptosis was significantly induced
in the Caco-2 cell line. Compared with
the negative control, the proportion of
apoptotic cells, in both the early apoptotic
(single annexin V) and the late apoptotic
(annexin V plus PI) stages were significantly
increased (p < 0.0001). The proportions of
cells in the early apoptotic stage were 5%,
18%, 20%, and 28% for control, 50 uM,

wee = 1 < 0,0001).

75 uM punicalagin, and staurosporine
(positive control), respectively, while the
proportions in the late apoptotic stage
were 6%, 17%, 19 %, and 50%, respectively.
The cell population stained with PI only
(necrotic cells) did not change significantly
with treatment compared with the negative
control (p > 0.05). The proportions of cells
undergoing necrosis were 6.5, 7.5, and
8% for the negative control, 50 xM and
75 uM punicalagin, and staurosporine,
respectively as shown in Figures 3A and B.

Effect of punicalagin on cell cycle

The Caco-2 cell cycle phases after treatment
with 50 uM and 75 M punicalagin are
shown in Figure 4. Arrest in the S-phase
was observed by noting a significant
decrease in the cell population, with an
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Figure 4. Cell cycle arrest in Caco-2 cells treated with different punicalagin concentrations for 24h
by flow cytometry. (A) Caco-2 cells were treated with 50 uM and 75 uM punicalagin and fixed in
70% ethanol for 24h. Fixed cells were treated with RNAse (10 uM) and stained with 10 pl of 1 mg/
ml propidium iodide stock. (B) Effect of 50 uM and 75 pyM punicalagin concentrations at 24h on the
Caco-2 cell cycle distribution. G1-phase (growth phase), S-phase (DNA synthesis phase), and G2-
phase (growth 2 phase). In each phase, cells percentages were measured by flow cytometry. Repre-
sented values are the means of three independent experiments (n=3 + SEM). Comparisons of means
were made using one-way ANOVA followed by Bonferroni’s test (*=p < 0.01, **= p < 0.001 and ***

= p <0.0001).

associated increase in the G1 population
in cells treated with both concentrations of
punicalagin. Consequently, the Gap 2 (G2)/
mitosis (M) phase cell population was not
affected by the treatment. The proportions
of cells in the G1 phase were 45, 54, and 60%
for the control, 50 uM and 75 uM (p < 0.01),
respectively. The proportions of cells in the
S phase were 26%, 19% and 14%, whilst in
the G2 phase, the proportions were 7, 7.4
and 7.5 % for the control and 50 uM and 75
#M (p <0.001), respectively.

Punicalagin induced apoptosis in the
Caco-2 cell line via the activation of
caspases and PARP

Induction of the apoptosis process by
punicalagin through caspase activation
has been studied. Western blotting of

caspase 3, 8 and 9 as shown in Figure 5
illustrated a dose dependent increase in
the levels of these proteins. Caspase 9 is
activated due to the release of cytochrome
C from the mitochondria and is involved
in the intrinsic apoptosis pathway. On
the other hand, caspase 8 is activated
by transmembrane death receptors and
is involved in the extrinsic apoptosis
pathway. Activation of caspase 9 and
caspase 8 led to the activation of caspase
3. Subsequently, the PARP is activated by
caspase 3 during the process of apoptosis.
Thus, PARP is an important downstream
biomarker of apoptosis occurring by either
the intrinsic or extrinsic pathways. Cells
treated with different concentrations of
punicalagin showed a cleavage of the
PARP protein as represented by western
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Figure 5. Western blot of caspases 3, 8, and 9 and PARP-1 expression in Caco-2 cells treated
with different punicalagin concentrations. Protein was extracted from Caco-2 cells after treat-
ment with 50 yM and 75 pM punicalagin for 24h. Cells were harvested and lysates were
prepared. For each treatment, 20 pg protein was subjected to 4-12% SDS gel electrophore-

sis followed by western blot analysis and chemiluminescence detection.

Loading of protein

was confirmed using B-actin expression. Panel A: protein expression for caspase 9 (MW=47

kDa).

Panel B: B protein expression for caspase 8 (MW= 57 kDa). Panel C: protein expres-

sion for caspase 3 (MW= 35 kDa). Panel D: protein expression for PARP-1 (MW= 116, 89 kDa.

blotting as shown in Figure 5. Therefore,
the effect of punicalagin as an inhibitor of
colon cancer cell growth is mediated by the
activation of the caspase family.

DISCUSSION

Several studies have shown that the
polyphenolic compounds have the ability
to inhibit cell proliferation in different
cancer cell lines (Seeram et al., 2005; Khan
et al., 2007; Wang et al., 2013; Zahin et al,,
2014). In this study, the anti-proliferative
effect of punicalagin was investigated in
Caco-2 cells as a model for colon cancer. The
cytotoxicity of punicalagin was measured
by the MTT assay. The concentration of
punicalagin that reduced cell viability to
50% was 75 uM. Similar doses of 50 and 100

UM also tested on a normal colon cell line
(HCEC) showed no significant reduction
of cell viability. Cell morphology for both
Caco-2 and HCEC cell lines treated with 50
u#M and 75 uM punicalagin had a selective
effect on colon cancer cells but not on
normal colon cells.

The ROS level in the Caco-2 cell
line was investigated to assess whether
ROS played a significant role in the
induction of apoptosis after exposure to
punicalagin. The data demonstrated that
mitochondrial ROS formation was induced
while cytoplasmic ROS was inhibited.
This phenomenon was observed at all
different punicalagin concentrations used
in this experiment. In agreement with
this finding, Mertens-Talcott et al. (2006)



134 Ulfat Omar, Akram Alogbi, Marwa Yousr & Nazlin K Howell

state that the high antioxidant potential
of punicalagin due to the presence of
phenol groups may explain the decrease
in cytoplasmic ROS. On the other hand,
the increased amount of superoxide anion
released from the mitochondria might be
due to mitochondrial dysfunction caused
by different punicalagin concentrations.
This result was confirmed by the activation
of caspase 9, which supports this study’s
hypothesis that punicalagin causes
mitochondrial dysfunction in Caco-2
cancer cells.

Many studies conducted on cancer cell
lines treated with polyphenols have found
that different cancer cell lines (from liver,
colon, breast, and prostate tissue: HepG2,
Caco-2, Mcf-7 and LNCap, respectively)
died via the apoptosis pathway (Malik
et al., 2005; Zhang et al, 2008). In the
present study, Caco-2 cells incubated with
punicalagin, 50 and 75 uM, for 24 h showed
apoptotic responses as measured by flow
cytometry using an annexin V kit. Annexin
V dye binds with phosphatidyl serine
that has been externalised from the inner
surface of the cell membrane to the outer
surface during apoptosis. As shown by
western blotting, the activation of apoptotic
pathways was confirmed with caspase
activation. The PARP cleavage, which is an
important apoptosis marker, was detected
in treated Caco-2 cells via a significant
activation of caspase 3. Caspase 3 activation
can occur via the intrinsic (caspase 9) or
extrinsic pathways (caspase 8). Caspase 91is
activated due to the release of cytochrome
C from the mitochondria while caspase
8 is activated by transmembrane death
receptors. In this study, the significant
increase in protein expression of caspase 9
and 8 were indicative that both pathways
were involved in the mechanism of cell
death by apoptosis.

To investigate the possibility of cell
growth arrest, cell cycle phases were
explored when punicalagin (50 and 75
uM) was exposed to the Caco-2 cell line

for 24 h. Flow cytometry assays showed
that cells were arrested in the S-phase,
and accumulated in the Gl-phase. The
proportions of cells in the G1l-phase were
45,54, and 60% for the control, 50 and 75 uM
punicalagin, respectively. The proportions
of cells in the S-phase were 26, 19 and 14%
for the control, 50 and 75 xM punicalagin,
respectively (stated in the same order). It
has been reported that arresting cells in the
G1/S-phase is due to the down regulation
of cyclin E (Lazze et al., 2004). This cyclin is
involved as a checkpoint for the transition
from Gl-to S-phase, the down-regulation
of which leads to cell cycle arrest (Lazze et
al., 2004). Therefore, the arresting effect of
different punicalagin concentrations could
be due to cyclin E down regulation. Other
polyphenols have shown different cell
cycle arrest mechanisms in different cancer
cell lines, arresting the cell cycle in the G1,
S, S/G2 and G2 phases (Fresco et al., 2006;
Renis et al., 2008; Hafeez et al., 2008).

CONCLUSION

According to the results obtained from all
the experiments, punicalagin, at both 50
uM and 75 uM, was found to be an effective
agent for apoptosis when used in the Caco-
2 cell line, but not in the normal colon
cell line HCEC, when compared to the
control. Cytoplasmic ROS production was
decreased in cytoplasm, and superoxide
radical release from mitochondria was
increased. Cell morphology changes such
as phosphatidylserine exposure, activation
of caspases, and PARP cleavage support
the induction of the apoptosis pathway.
The cell cycle was arrested by punicalagin
in the G1/S-phase at the examined
concentrations. Punicalgin may be a
potential anti-cancer agent.

ACKNOWLEDGMENT

Ulfat Omar’s studentship was supported
by King Abdulaziz University, Jeddah,
Saudi Arabia.



Effect of Punicalagin on Human Colon Cancer Caco-2 Cells 135

REFERENCES

Ahmad N, Feyes DK, Nieminen AL, Agarwal R
& Mukhtar H (1997). Green tea constituent
epigallocatechin-3-gallate and induction
of apoptosis and cell cycle arrest in human
carcinoma cells. | Natl Cancer Inst 89: 1881-6.

Balentine DA, Albano MC & Nair MG (1999).
Role of medicinal plants, herbs, and spices in
protecting human health. Nutr Rev 57: 541-5.

Bradford MM (1976). A rapid and sensitive
method for the quantitation of microgram
quantities of protein utilising the principle
of protein-dye binding. Anal Biochem 72:
248-54.

Briviba K, Pan L & Rechkemmer G (2002). Red
wine polyphenols inhibit the growth of
colon carcinoma cells and modulate the
activation pattern of mitogen-activated
protein kinases. ] Nutr 132: 2814-2818.

Edinger AL & Thompson CB (2004). Death by
design: Apoptosis, necrosis and autophagy.
Curr Opin Cell Biol 16: 663-9.

Fresco P, Borges F, Diniz C & Marques MP (2006).
New insights on the anticancer properties of
dietary polyphenols. Med Res Rev 26: 747-66.

Gil MlI, Tomas-Barberan FA, Hess-Pierce
B, Holcroft DM & Kader AA (2000).
Antioxidant activity of pomegranate
juice and its relationship with phenolic
composition and processing. | Agric Food
Chem 48: 4581-9.

Guhr G & Lachance PA (1997). Role of
phytochemicals in chronic disease
prevention. Nutraceuticals-Designer Foods
111 32: 311-364.

Hafeez BB, Siddiqui IA, Asim M, Malik A,
Afaq F, Adhami VM, Saleem M, Din M &
Mukhtar H (2008). A dietary anthocyanidin
delphinidin induces apoptosis of human
prostate cancer PC3 cells in vitro and in
vivo: Involvement of nuclear factor-kappaB
signaling. Cancer Res 68: 8564-72.

Khan N, Adhami VM & Mukhtar H (2010).
Apoptosis by dietary agents for prevention
and treatment of prostate cancer. Endocr
Relat Cancer 17: R39-52.

Khan N, Hadi N, Afaq F, Syed DN, Kweon
MH & Mukhtar H (2007). Pomegranate
fruit extract inhibits prosurvival pathways
in human A549 lung carcinoma cells and
tumor growth in athymic nude mice.
Carcinogenesis 28: 163-73.

Kim ND, Mehta R, Yu W, Neeman I, Livney T,
Amichay A, Poirier D, Nicholls P, Kirby
A, Jiang W, Mansel R, Ramachandran
C, Rabi T, Kaplan B & Lansky E (2002).
Chemopreventive and adjuvant thera-
peutic potential of pomegranate (Punica
granatum) for human breast cancer. Breast
Cancer Res Treat 71: 203-17.

Lansky EP, Harrison G, Froom P & Jiang WG
(2005). Pomegranate (Punica granatum)
pure chemicals show possible synergistic
inhibition of human PC-3 prostate cancer
cell invasion across Matrigel. Invest New
Drugs 23:121-2.

Larrosa M, Tomas-Barberan FA & Espin JC
(2006). The dietary hydrolysable tannin
punicalagin releases ellagic acid that induces
apoptosis in human colon adenocarcinoma
Caco-2 cells by using the mitochondrial
pathway. ] Nutr Biochem 17: 611-25.

Lazze MC, Savio M, Pizzala R, Cazzalini O,
Perucca P, Scovassi Al, Stivala LA & Bianchi
L (2004). Anthocyanins induce cell cycle
perturbations and apoptosis in ifferent
human cell lines. Carcinogenesis 25: 1427-33.

Liu M, Liu H & Dudley SC (2010). Reactive
oxygen  species  originating  from
mitochondria regulate the cardiac sodium
channel. Circ Res 107: 967-74.

Malik A, Afaq F, Sarfaraz S, Adhami VM, Syed
DN & Mukhtar H (2005). Pomegranate
fruit juice for chemoprevention and
chemotherapy of prostate cancer. Proc Nat!
Acad Sci USA 102: 14813-8.

Mertens-Talcott SU, Lee JH, Percival SS &
Talcott ST (2006). Induction of cell death
in Caco-2 human colon carcinoma cells by
ellagic acid rich fractions from muscadine
grapes (Vitis rotundifolia). | Agric Food
Chem 54: 5336-43.



136 Ulfat Omar, Akram Alogbi, Marwa Yousr & Nazlin K Howell

Middleton E, Kandaswami C & Theoharides
TC (2000). The effects of plant flavonoids
on mammalian cells: Implications for
inflammation, heart disease, and cancer.
Pharmacol Rev 52: 673-751.

Osseni RA, Debbasch C, Christen MO, Rat P &
Warnet JM (1999). Tacrine-induced reactive
oxygen species in a human liver cell line:
The role of anethole dithiolethione as a
scavenger. Toxicol in Vitro 13: 683-8.

Renis M, Calandra L, Scifo C, Tomasello B,
Cardile V, Vanella L, Bei R, La Fauci L &
Galvano F (2008). Response of cell cycle/
stress-related protein expression and DNA
damage upon treatment of CaCo2 cells
with anthocyanins. Br | Nutr 100: 27-35.

Seeram NP, Adams LS, Henning SM, Niu Y,
Zhang Y, Nair MG & Heber D (2005).
In vitro antiproliferative, apoptotic and
antioxidant activities of punicalagin, ellagic
acid and a total pomegranate tannin extract
are enhanced in combination with other
polyphenols as found in pomegranate
juice. ] Nutr Biochem 16: 360-7.

Steinmetz KA & Potter JD (1996). Vegetables,
fruit, and cancer prevention: A review. |
Am Diet Assoc 96: 1027-39.

Wang SG, Huang MH, Li JH, Lai FI, Lee HM
& Hsu YN (2013). Punicalagin induces
apoptotic and autophagic cell death in
human U87MG glioma cells. Acta Pharmacol
Sin 34: 1411-9.

Yang CS, Landau JM, Huang MT & Newmark
HL (2001). Inhibition of carcinogenesis by
dietary polyphenolic compounds. Annu
Rev Nutr 21: 381-406.

Zahin M, Ahmad I, Gupta RC & Agqil F (2014).
Punicalagin and ellagic acid demonstrate
antimutagenic activity and inhibition of
benzo[a]pyrene induced DNA adducts.
Biomed Res Int 2014: 467465.

Zhang Y, Seeram NP, Lee R, Feng L & Heber
D (2008). Isolation and identification of
strawberry phenolics with antioxidant
and human cancer cell antiproliferative
properties. ] Agric Food Chem 56: 670-5.



