Pathol. Oncol. Res. (2015) 21:405-411
DOI 10.1007/s12253-014-9835-1

RESEARCH

The Apoptotic Effect of Plant Based Nanosilver in Colon Cancer
Cells is a pS3 Dependent Process Involving ROS and JNK

Cascade

Shakti Ranjan Satapathy - Purusottam Mohapatra -
Dipon Das - Sumit Siddharth - Chanakya Nath Kundu

Received: 13 May 2014 / Accepted: 13 August 2014 /Published online: 31 October 2014

© Aranyi Lajos Foundation 2014

Abstract Here, we report the p53 dependent mitochondria-
mediated apoptotic mechanism of plant derived silver-
nanoparticle (PD-AgNPs) in colorectal cancer cells (CRCs).
PD-AgNPs was synthesized by reduction of AgNO; with leaf
extract of a medicinal plant periwinkle and characterized.
Uptake of PD-AgNPs (& - 2.52+4.31 mV) in HCT116 cells
was 3 fold higher in comparison to synthetic AgNPs (& +
2.293£5.1 mV). A dose dependent increase in ROS produc-
tion, activated JNK and decreased mitochondrial membrane
potential (MMP) were noted in HCT116 but not in HCT116
p537 cells after PD-AgNP exposure. PD-AgNP-mediated
apoptosis in CRCs is a p53 dependent process involving ROS
and JNK cascade.

Keywords Silver nanoparticle - Periwinkle - p53 - MAPK -
MMP - ROS - Colon cancer

Introduction

Recently, we have shown that starch coated AgNPs (& +2.293+
5.1 mV) caused colon cancer cell death by induction of apo-
ptotic markers BAX/BCL-XL, caspases (3, 8 and 9), cleaved
product PARP, p53 and DNA damage [1]. Using isogenic
HCT116 and HCT116 p53 " cell lines, we have also shown
that tumor suppressor p53 is the central protein for causing the
apoptosis. But the detail p53 dependent mitochondria-mediated
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cell damage remained unknown. Synthetic AgNP is an inap-
propriate model to study the biochemical action due to its
multiple limitations that include effectiveness at higher doses;
synthesis involves a mixture of several biological hazardous
materials, may provide erroneous conclusion [2, 3]. Thus,
nonhazardous, environmentally safe, nontoxic-substance medi-
ated green or biogenic nanoparticle is the better model com-
pared to its synthetic counterpart [4].

Synthesis of biogenic nanoparticle has been reported from
yeast [5], fungi [6], bacteria [5], and plant extracts [7]. But
nanoparticle synthesis using plant extracts is simplest as com-
pared to microbes based methods [5—7]. Reports exist regard-
ing the plant based synthesis of silver (Ag) and gold (Au)
nanoparticles [8, 9]. Catharanthus roseus (Periwinkle) is a
medicinal plant well-known for its anti-bacterial [10], anti-
diabetic [11], anti-plasmodial [12], and anti-cancer properties
[13]. Synthesis of AgNP using periwinkle leaf extract as a
reducing and capping agent has also been reported [12].

In the current study, we have investigated p53 dependent
mitochondria-mediated anticancer activity of plant based
nanosilver (PD-AgNPs) in colon cancer cells. PD-AgNPs
are more active than synthetic AgNPs and displayed higher
anti-cancer potentiality at significantly lower doses. Their
anti-cancer activity involved activation of JNK cascade, in-
creased Cytochrome C release, ROS production and reduction
in the mitochondrial membrane potential. These activities are
largely p53 dependent.

Materials and Methods
Cell Culture and Chemicals

Human colon carcinoma cells HCT116 and HCT116 p53~~
were grown according to protocol described earlier [1]. In
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brief, cells were cultured in DMEM with 1 % antibiotic
(penicillin and streptomycin) and 10 % FBS in 5 % CO, at
37 °C. Cell culture materials, fine chemicals and antibodies
were purchased from HiMedia® Ltd (Mumbai, India), Sigma
Chemical Ltd. (St. Louis, MO, USA) and Cell Signaling
Technology (MA, USA), respectively.

Synthesis of Plant Derived AgNPs (PD-AgNPs)

Freshly collected C.roseus leaves were shredded to small
pieces, shade dried and powdered. 5 gm of the leaf powder
was boiled for 15 min in 100 mL sterile water and then cooled
followed by sequential filtration through 0.2 pm filter. 10 mL
of extract was added into 90 mL of 1 mM AgNO; for reduc-
tion to Ag"” ions and incubated overnight at RT in dark with
constant stirring [13]. The purple yellow color and character-
istic peak at 420 nm confirms silver nanoparticle and desig-
nated as PD-AgNPs [1]. The physiochemical property of PD-
AgNPs showed a 20 nm spherical shape having a negative
zeta potential (—2.52+4.31 mV) (data not shown). Detail
preparation and characterization of synthetic AgNP has been
provided earlier [1].

Cell Viability Assay

To test the effect of PD-AgNPs, AgNOs, leaf extract and
starch embedded synthetic AgNPs on growth of cells, an
MTT assay was carried out as described earlier [1]. Briefly,
8,000-10,000 cells/well were seeded in a 96 well tissue culture
plate for 24 h then were exposed to the agents for 48 h. Then
MTT reagent was added and OD was measured at 570 nm
after dissolving the purple crystals with detergent. Experiment
was repeated atleast thrice.

Clonogenic Cell Survival Assay

Clonogenic assay was performed to measure the effect of PD-
AgNP in cell survival as described earlier [1]. Cells (800—
1,000 cells/well) were seeded for 24 h, and then exposed to
PD-AgNPs as indicated for 48 h. The media was replaced in
every 2 days with fresh medium and cells were allowed to
grow for 5-6 doublings. After staining with crystal violet, the
colonies were counted using a Gel documentation system
(UVP, CA, USA). Assay was performed at least thrice.

FACS Analysis

Cell cycle profile and apoptosis was analyzed by FACS to test
the effect of PD-AgNPs on HCT116 cells according to proto-
col described earlier [1]. Briefly, cells were exposed to PD-
AgNPs for 48 h. Then were fixed with 70 % ethanol and kept
at —20 °C overnight and followed by staining with 0.1 mL of
50 pg/ml Propidium Iodide (PI). Cells were sorted using
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FACS (FACS Calibur, Becton and Dickinson, CA, USA)
and 10,000 events were captured. Different phases of the cell
cycle were determined using Cell Quest Pro Software (Becton
and Dickinson, CA, USA).

Cellular Uptake Study by FACS

Cellular uptake efficiency of PD-AgNPs was measured by
FACS wusing an earlier report with little modification [14].
Briefly, (1x10°%) cells/well were grown and exposed to PD-
AgNPs and synthetic AgNPs for 5 h. Cells were washed with
1X PBS to remove the unbound NPs and the amount of NP
uptake was analyzed by FACS (FACS Canto II, Becton and
Dickinson, CA, USA) and 10,000 events were captured. Pa-
cific blue filter was used to capture the excitation of AgNPs
[15]. The increase of fluorescence in the NP treated cells
relative to that of untreated control cells was expressed as
mean fluorescence intensity (MFI).

Mitochondrial Membrane Potential (MMP) Analysis

MMP was analyzed by FACS using MitoTracker Red (Cat#
M-7512, Invitrogen, CA, USA) [16]. MitoTracker red is a
cationic fluorescent dye that can easily be taken up by the
active mitochondria due to highly negative MMP (Ay,).
Intensity of the fluorescent signal obtained is an indicator of
MMP. Depolarization of Ay, results the loss of MitoTracker
Red and a decrease in the fluorescence intensity indicated by
peak shift from right to left.

For this study, 1.5x10° cells/well were seeded in 6-well
plates and were exposed to PD-AgNPs for 48 h. Then cells
were washed with 1X PBS and incubated with MitoTracker
red at 37 °C for 30 min in the dark. Cells were again washed
twice with 1X PBS and fluorescence was measured by FACS
at 579 nm.

Analysis of ROS Generation

ROS generation in cells was analyzed with the 2', 7'-
dichlorofluorescin diacetate (DCFH-DA) [17]. Briefly, 1x
10° cells were plated in 6-well plate and were exposed to
PD-AgNPs for 48 h, then stained with DCFH-DA for
15 min at 37 °C in the dark. Then it was washed twice with
1X PBS and analyzed with FACS.

Western Blotting

1x10° cells/100 mm dishes were plated and were exposed to
PD-AgNPs for 48 h. Then whole cell lysates were made and
processed for western blot analysis according to antibody
manufacturing protocol.
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Statistical Analysis

A two-tailed Student’s t-test was used, where p<0.05 was
considered to be statistically significant.

Results
PD-AgNP Caused Apoptosis in Colon Cancer Cells

MTT cell viability assay was carried out to determine the
anti-proliferative activity of PD-AgNPs on colon cancer
cells. Fig. 1a demonstrates the dose dependent reduction
of HCT116 cell growth after 48 h PD-AgNP treatment
with a LCsy of 450 nM. Synthetic AgNPs and AgNO;
although induced cell death but the extent of cell killing
ability was less as compared to PD-AgNPs (Fig. 1a).
AgNO; or synthetic AgNPs failed to elicit LCsy even
at 10 uM. It is interesting to note that there was no
significant decrease of cell viability observed in presence
of plant extract alone (Fig. la). LCso value at different
time interval was recorded as 270 nM, 450 nM and 540
nM at 72, 48 and 24 h, respectively in PD-AgNP treated
HCTI116 cells (data not shown).

Next, we investigated the effects of p53 on PD-AgNP-
mediated cell death, in HCT116 and HCT116 p53~" cell
lines. Both the cell lines were treated with PD-AgNPs (0—
750 nM) for 48 h and it was observed that p53 null cells were
more resistant to PD-AgNPs; induce cell death of 20 % at
1 uM (Fig. 1b). Effect of PD-AgNPs on clonogenicity was
tested. A significant reduction of colony formation was noted
in HCT116 cells treated with LCs, concentration (450 nM) of
PD-AgNPs. In contrast, no appreciable reduction in colony
formation was observed in HCT116 p53~" cells up to 1 uM
(Fig. Ic).

FACS analysis and DAPI nuclear staining (data not shown)
was performed to confirm the PD-AgNP mediated apoptosis
and regulation of cell cycle in HCT116 cells. Fig. 1d showed
an increase in apoptotic population with increasing concen-
trations of PD-AgNPs. More than 40 and 78 % cells were
accumulated in Sub-G; phase at 450 nM and 750 nM of PD-
AgNPs exposure, respectively (Fig. 1d). Interestingly, it was
noted that the G; and G,/M phase population decreased with
increasing concentrations of PD-AgNPs. Thus, data indicates
PD-AgNPs are more effective in inducing cell death as com-
pared to synthetic AgNPs and PD-AgNP mediated cell death
is p53 dependent.

Accumulation of PD-AgNPs in Cells

The higher cell killing ability of PD-AgNP is may be due to
the enhanced accumulation of NP inside the cells as compared

to synthetic AgNP at a fixed dose. To check this possibility,
the cellular uptake of PD-AgNPs and synthetic AgNPs was
measured by FACS (Fig. 2a). A relative increase of MFI was
noted after dose dependent treatment of NPs. However, the
accumulation of PD-AgNPs was higher in comparison to
synthetic NPs at same dose. The MFI for the PD-AgNPs and
synthetic AgNPs were 93.5 and 33.6, respectively at 450 nM
(Fig. 2a). The cellular uptake of PD-AgNPs is ~3 times higher
than that of synthetic counterpart at 450 nM (Fig. 2a). It is
interesting to note that there was no significant difference of
NP accumulation observed in PD-AgNP treated HCT116 and
HCT116 p53~" cells (data not shown).

PD-AgNP Induced ROS by Reduction of MMP

MMP was measured to determine the mitochondrial mem-
brane integrity after NP treatment. The MMP was de-
creased with increasing dose of PD-AgNPs (0-750 nM)
with a shift in peak from right to left. More than 6 fold
reduction of MMP was noted in HCT116 cells at 750 nM
PD-AgNP in comparison to untreated cells (Fig. 2b). In-
terestingly, no significant change in MMP was noted in
HCT116 p53~" cells after same dose of PD-AgNP treat-
ment (Fig. 2c¢).

The reduction of MMP indicates the involvement of oxi-
dative stress and increase in ROS. A significant increase in
relative intracellular ROS level was observed with increasing
dose of PD-AgNPs. At 750 nM PD-AgNP treated cells
showed 10 % higher ROS generation in comparison to un-
treated cells (Fig. 2d). ROS production in HCT116 p53~~ was
negligible (1.2 %) even at higher doses (750 nM). Hydrogen
peroxide (H,0,) treated (positive control) cells showed a
significant increase (~20 %) in ROS levels as compared to
untreated controls. Data suggest PD-AgNP mediated apopto-
sis involves loss in MMP with ROS generation and is p53
dependent.

PD-AgNPs Induces Apoptosis Through a p53 Dependent
MAPK Cascade

Expression levels of representative pro-apoptotic and anti-
apoptotic markers including BAX/BCL-XL ratio, PARP, p53
along with the p-p53 were checked by western blot analysis in
the PD-AgNPs exposed cells. Expression of BCL-XL was
reduced with concomitant increase in BAX and 3 fold in-
crease in cleaved PARP (89 kDa), 9 fold increase in p-p53
(Ser 15) and 5 fold increase in p53 as well as 7 fold increase in
caspases 3 levels with increasing doses of PD-AgNPs treated
HCTI116 cells as compared to untreated control (Fig. 3a).
Interestingly, no significant changes were noted in expression
levels of any of these proteins in PD-AgNP exposed HCT116
p537" cells (Fig. 3a).
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Fig.1 PD-AgNP caused apoptosis in HCT116 cells. PD-AgNPs reduced
the anchorage dependent cell growth. Cells were exposed to increasing
concentrations of leaf extract, AgNOj3, synthetic AgNPs and PD-AgNPs
then MTT cell viability assay was carried out. (a) The semi-log graph of
percent viability (Y-axis) vs. concentrations (X-axis). (b & ¢) Cytotoxic-
ity of PD-AgNPs is p53 dependent: HCT116 p53™ and HCT116 p53
cell lines were exposed to PD-AgNPs then cell viability and clonogenic

Earlier reports suggest that p53 mediates MAPK dependent
apoptosis in cancer cells [18-20]. To check whether AgNP-
induced p53 regulates apoptosis by modulating the MAPK
signaling cascade, we have measured the major intermediates
of MAPK cascade (e.g. INK and p-JNK, c-JUN) in PD-
AgNPs treated cells. Interestingly, a 4 fold, 5 fold and 7 fold
increase in the expression levels of JNK, c¢-JUN and phos-
phorylated JNK (p-JNK-Thr183/Tyr185) proteins, respective-
ly were noted in treated cells (750 nM) as compared to
untreated cells. But the levels of p38, phospho-p38 (Thr180/
Tyr182) and ERK, phospho-ERK (Thr202/Tyr204) did not
show any appreciable alteration (Fig. 3b). Thus data implies
that MAPK cascade is involved in PD-AgNP mediated apo-
ptosis. To confirm p53-dependence and MAPK involvement
in this process a similar experiment was carried out in
HCT116 p53~" cells. The levels of INK, p-JNK (Thr183/
Tyrl85), p38, p-p38 (Thr180/Tyr182), ERK, p-ERK (Thr202/
Tyr204) and c-JUN remained unaffected with PD-AgNPs
treatment, hence clearly indicating involvement of p53 and
MAPK signaling in PD-AgNP mediated apoptosis (Fig. 3b).
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assay were carried out. (b) MTT Assay. The semi-log graph was plotted
with percent viability (Y-axis) vs. concentrations (X-axis). (¢) Clonogenic
assay. The graph plotted with percent survival (Y-axis) vs. concentrations
(X-axis). (d) FACS analysis of PD-AgNPs treated cells. HCT116 cells
were treated with PD-AgNPs and subjected to FACS analysis. Data was
the mean+SD of 3 independent experiments. Statistical significance was
determined by paired ¢ test. *p<0.05

Discussion

Using colon cancer cell lines, we have recently shown that
chemically synthesized silver-based nanoparticles (AgNPs)
effectively kill the colon cancer cells by multiple targets [1].
Here, using the same model (human colon cancer cells, iso-
genic HCT116 and HCT116 p53~") and plant derived AgNPs
(PD-AgNPs), we have studied detailed action of p53 depen-
dent mitochondria-mediated cell death phenomenon in cells.
PD-AgNPs were synthesized by an easy single step procedure
that involves addition of aqueous solutions of periwinkle leaf
extract and AgNOs at RT. There is no involvement of any
harmful solvent, toxic chemical, complex step for the synthe-
sis; moreover, this procedure is eco-friendly and economical.
Physiochemical properties of nanosilver were measured by
multiple assays for confirmation and characterization. Inter-
estingly, it was noted that periwinkle leaf extract (C.roseus)
did not show any significant cell killing property in cells
unlike the nanoparticles (Fig. 1a). PD-AgNPs showed signif-
icantly enhanced activity as compared to the synthetic AgNPs,
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Fig. 2 PD-AgNP increased ROS formation and reduced mitochondrial
membrane potential (MMP). (a) Cellular uptake of silver nanoparticle
measured by FACS. HCT116 cells were exposed to NPs and then uptake
was measured. Images were shown average MFI of NPs. (b, ¢) MMP and
(d) ROS measurement. The PD-AgNP exposed cells were incubated with
MitoTracker and DCF-DA dye for the measurement of MMP (b & ¢) and

as it induced higher apoptotic activity in HCT116 cells at
comparatively lower concentrations than the synthetic AgNPs
(LCso for PD-AgNPs is 450 nM Vs 100 uM for synthetic
AgNPs [1]. Interestingly, it was noted that at similar culture
conditions cellular uptake of plant derived AgNPs was more
in comparison to chemically derived AgNPs (Fig. 2a). Like
synthetic AgNPs, PD-AgNPs caused apoptosis through in-
duction of p53, PARP cleavage and BAX/BCL-XL ratio.
Next, we examined the mechanism of huge increase of cell
killing activity (approx. 220 fold) of PD-AgNPs compared to
AgNP. TEM and DLS analysis revealed the spherical shape of
PD-AgNPs with 20 nm (data not shown). A significant differ-
ence in & between PD-AgNPs and synthetic AgNPs was
noted; PD-AgNPs possess negative & (—2.52+4.31 mV) in
contrast to positive & of synthetic AgNPs (2.293+5.1 mV)
(data not shown) [1]. Multiple reports suggest that negative &
facilitates easy penetration of the particle into the cells. Elec-
trostatic interactions of NPs with the positively charged cell
surface receptors or nuclear import factors, lead to localized
neutralization and a subsequent bending of the membrane
favoring endocytosis, resulting in easy penetration into the
cell [21-23]. PD-AgNPs with a negative & leads to higher
cellular uptake and enhanced apoptosis at very low nM con-
centrations. However, further investigation is needed to un-
derstand the mechanism for their efficient cellular uptake. No
difference of uptake of NP but significant increase of cell
death in HCT116 (LCsg 450 nM) in comparison to HCT116

Relative ROS generation (%)
3

*
*
° ® ® e RE
Conc (nM)

ROS (d), respectively using FACS. (b) HCT116 cells and (¢) HCT116
P53 cells. (d) ROS production. Graph representing the relative ROS
production in Y-axis and PD-AgNPs (nM) in X axis. H,O, treated cells
were used as positive control. Data shown was the mean+S.D. of 3
different experiments. Statistical significance was determined by paired
t test. *p<0.05

p53 (LCso 1 uM) confirm the contribution of p53 in NP
mediated cytotoxicity.

MMP (At)y,) controls ATP synthesis, proteins import
into the mitochondrion and membrane potential dynamics
in cells. Report also suggests that nanoparticles induced
oxidative stress in mitochondria and caused low ATP
yield [3, 24, 25]. PD-AgNPs treated cells showed in-
crease ROS production indicating the influence of nano-
particles on respiratory chain. Under stress, the mito-
chondrial membrane pores open and A, disrupt as a
result Cytochrome C release to the cytosol and cause
apoptosis [16, 26-28]. BCL-XL prevents the opening of
pore [27], while BAX accelerates the phenomena. The
increased BAX/BCL-XL ratio, ROS production and de-
creased MMP as well as increased Cytochrome C ex-
pression in HCT116 cells but unalteration in HCT116
p537" cells suggest the PD-AgNP mediated apoptosis
involved mitochondrial damage and dependent on p53.

Mitogen Activated Protein Kinases (MAPK) is one of the
major pro-apoptotic signaling cascade activated upon various
external and internal stimuli [29]. Tumor suppressor p53 and
MAPK signaling coordinately regulate the cell death path-
ways in various cell lines [18-20]. Reports suggest that,
AgNPs caused apoptosis in NIH3T3 and HCT116 cells by
activating MAPK signaling cascade [30]. Interestingly, we
observed that JNK, p-JNK and c-JUN were significantly
altered without affecting the levels of p38, p-p38 and ERK,
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Fig. 3 PD-AgNPs caused apoptosis by p53 mediated MAPK signaling
cascade. HCT116 and HCT116 p53~/ cells were treated with PD-
AgNPs. Whole cell lysates were prepared and western blot was per-
formed with respective antibody as indicated. (a) Expressions of repre-
sentative pro-apoptotic, anti-apoptotic proteins. (b) Expressions of

p-ERK in HCT116 cells but not noted in HCT116 p53~" cells
after PD-AgNP treatment (Fig. 3). But detail study need to be
carried out for understanding the contribution of AgNP-
mediated p53 activation in relation to ROS production and
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components of MAPK signalling cascade. GAPDH served as loading
control. The numerical values indicated upper of each panel represent the
relative fold change of protein expression with respect to control by
densitometry

subsequent apoptotic process. This is the first report showing
the direct linkage between MAPK signaling and mitochondri-
al mediated cancer cell death involving p53. Thus, the status
of p53 will be the marker for action of PD-AgNP mediated
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apoptosis in colon cancer cells. To conclude further more
study will be needed in animal and human patient sample.

In conclusion, the present report reveals that PD-AgNPs

caused apoptosis by induction of ROS, reduction of MMP and
increased the expression of major components of MAPK
signaling cascade particularly JNK pathway. Finally, this ap-
optotic activity is p53 dependent.
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