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Abstract

An increase in the incidence of melanoma and its resistance to currently applied treatment
regimes enhance the need for novel therapeutic agents and treatment modalities. In this study, we
report that piperine, the most widely consumed dietary alkaloid, promotes cell death in
ultraviolet (UV)-B-irradiated B16F10 mouse melanoma cells through the elevation of
intracellular reactive oxygen formation, calcium homeostasis imbalance, and loss of
mitochondrial membrane potential. Promotion of UVB-induced cell death by piperine was
further revealed by caspase activations, poly(ADP) ribose polymerase cleavage, DNA
fragmentation, and an increase in sub-G1 cells. Piperine promoted UVB-induced translocation of
Bax from cytosol to mitochondria, accelerated an increase in the ratio of Bax to that of Bcl-2,
and up-regulated the expression of apoptosis-inducing factor (AIF). These effects of piperine on
UVB-irradiated cells were associated with apparent alterations in the expression of mitogen
activated protein (MAP) kinase family proteins and PI3K-Akt survival signals. Piperine
disrupted NF-kB signaling, inhibited UVB-induced nuclear translocation of NF«xB, and
potentially reversed multi drug resistance (MDR) by reducing UVB-induced p-glycoprotein
activity. Taken together, these results suggest the possibility of using piperine in combination

with UVB as a possible therapeutic option for melanoma.

Page 2 of 42

Keywords: piperine, melanoma, cell death, ultraviolet (UV)-B, reactive oxygen species (ROS),

calcium.



Page 3 of 42

RSC Advances

1. Introduction

Ultraviolet (UV)-B radiation-induced skin damage has been linked to plethora of skin cancers,
melanoma being highly lethal and aggressive of them '. Median survival rates for patients with
metastatic melanoma are extremely poor *. Therefore, novel therapeutic agents and treatment
modalities are needed to reduce this disease burden.

Ultraviolet (UV)-B has high energy which causes DNA damage and cell death in several cell
culture models as well as in human skin *. The ability of skin cells to respond to and to mitigate
UVB-induced DNA damage is crucial for skin cell homeostasis. Failure to repair the damaged
DNA is the principal cause of skin cancer *°. UVB-induced cell death has been recognized as a
complex process in which a variety of signaling pathways are involved °. UV irradiation induces
the formation of reactive oxygen species (ROS) which are highly detrimental for the
mitochondrial physiology, contributing to the dissipation of mitochondrial membrane potential
and release of pro-apoptotic triggers such as cytochrome c, Smac/DIABLO and apoptosis
inducing factor (AIF) 3. Further to these molecular events, Bcl-2 family proteins play a vital role
in modulating apoptosis by regulating mitochondrial membrane permeabilization in response to
many types of stress or death stimuli ’. Two additional signaling pathways known to be crucial in
the response of cells to UVB irradiation include the PI3K-Akt pathway and mitogen activated
protein (MAP) kinase pathway * °. NF-kB pathway is another pathway that melanoma tumors
use to achieve survival, proliferation and apoptotic resistance '°. Cell cycle regulation is crucial
for cell proliferation and in the maintenance of cellular homeostasis in response to exogenous
genotoxic stressors '

Piperine (1-piperoylpiperidine) is one the most important dietary alkaloids due to its occurrence

in widely consumed black (Piper nigrum L.) and long (Piper longum L.) peppers as well as its
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biological activities (anti-inflammatory, anti-metastatic and anti-cancer activities) '*'°. T

n
addition, piperine has been reported as the potential functional food to improve mood and
cognitive disorders '°. Recently, there has been a major focus on the use of dietary molecules in
combination with UV light as possible therapeutic option for melanoma and other types of skin
cancers. Indole-3-carbinol, a nutrient molecule found in cruciferous vegetables, has been
reported to enhance the UVB-induced apoptosis by sensitizing SK-MEL-2 human melanoma
cells '”. More recently, silibinin has been shown to act as a potent sensitizer of UVA radiation-
induced apoptosis in human HaCaT keratinocytes via enhancing ROS generation and ER stress
'8 Such agents that can enhance UVB-induced DNA damage and /or other biological events
occurring following UVB exposure could of potential importance in killing tumor cells.

Here we have used B16F10 cells as a model to investigate the mechanistic basis for the pro-
apoptotic effect of piperine in UVB-irradiated melanoma cells. We found that piperine,

otherwise a safe alkaloid, acts as a potent UVB photosensitizer to cause programmed cell death

in B16F10 murine melanoma cells.
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2. Materials and methods

2.1 Reagents

Dulbecco’s modified Eagle’s media (DMEM), fetal bovine serum (FBS), penicillin—
streptomycin, trypsin—~EDTA, Dulbecco’s phosphate buffer saline (Dulbecco’s PBS), 3-(4,5-
dimetylthiazol-yl)-diphenyl tetrazolium bromide (MTT), Hank’s balanced salts modified,
piperine, propidium iodide, rhodamine 123, 2-7 dichlorodihydrofluoresceindiacetate (H,DCF-
DA), proteinase K, ribonuclease A (RNase A), B-nicotinamide adenine dinucleotide reduced
disodium salt (B-NADH), sodium pyruvate, Pluronic F-127, anti-B-actin antibody, anti-VDAC
antibody and Fluo-3 AM were obtained from Sigma—Aldrich Chemicals (St. Louis, MO).
Antibodies against NF-kB, Bax, Bcl-2, Cytochrome c, Caspase-3, Caspase-8, AIF, PARP, B-raf,
ERK, MEK, Akt, PI3K, and GAPDH were obtained from Santa Cruz Biotechnology (Santa Cruz
Biotechnology, Inc,). Histone H3 antibody was obtained from Cell Signaling Technology.

Stock solution of piperine was prepared in dimethyl sulfoxide (DMSO) and diluted to final
concentration in the culture medium. Final concentration of DMSO employed as vehicle never
exceeded 0.1% (v/v) and had no discernible effects on B16F10 cells.

2.2 Cell culture

Mouse melanoma cell line, B16F10, human keratinocytes cell line, HaCaT, human fibroblast cell
line, Hs68 and human epidermoid carcinoma cell line, A431 were obtained from American Type
Culture Collection (ATCC, Rockville, MD, USA) and maintained in a monolayer culture in 95%
air/5% CO; at 37 °C in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), 0.022%
sodium pyruvate, 0.26% sodium bicarbonate, 0.012% penicillin G and 0.027% streptomycin.

Cells were treated with piperine at predetermined concentrations 24 h prior UVB irradiation and
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24 h post UVB irradiation, except otherwise specified. For experiments the percentage of fetal
bovine serum was reduced to 5%, except otherwise mentioned.

2.3 UVB irradiation

UVB irradiation was performed as described previously ' using Daavlin UVA/UVB Research
Irradiation Unit (Bryan, OH, USA) with UVB lamps (peak emission at 314 nm). UVB irradiation
was performed in culture dishes containing a thin layer of prewarmed Dulbecco’s PBS (pH 7.4).
Control cells were identically processed but not irradiated. On the other hand, UVB control cells
were irradiated with UVB but not exposed to piperine.

2.4 MTT dye uptake method

The general viability of cells was determined by MTT assay as described previously ' .

2.5 Lactate dehydrogenase leakage assay

LDH leakage was measured as described previously 2. LDH in the culture supernatant (130 pl)
was measured with 0.2 mM B-NADH and 0.4 mM pyruvic acid upto 200 pl Dulbecco’s PBS (pH
7.4). LDH concentration in the culture supernatant was proportional to the rate of NADH
oxidation measured by the absorbance at 334 nm (OD/min) using a Multiskan Spectrum
(Thermo Electron Corporation). LDH concentration in the culture medium was calculated as
percentage fold change.

2.6 DNA fragmentation assay

DNA fragmentation analysis was carried out as described previously »'. The cells were collected
(including floating cells) and washed in Dulbecco’s PBS containing 10 mM EDTA. The pellet
was suspended in lysis buffer [10 mM Tris-HCI (pH 8.0), 100 mM NaCl, 5 mM EDTA, 5%
triton X-100, 0.25% SDS, 400 pg/ml RNase] and incubated at 37 °C for 90 minutes, followed by

incubation with proteinase K (200 pg/ml) at 50 °C for further 1 hour. DNA was extracted with
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phenol-chloroform-isoamyl alcohol (25:24:1); recovered from aqueous phase with chilled
alcohol containing 0.3 M sodium acetate, washed in 80% alcohol, dried and dissolved in 50 pl
Tris-EDTA buffer. The DNA pellet was 1.8% gel electrophoresed and visualized by ethidium
bromide staining.

2.7 Determination of intracellular ROS production

Reactive oxygen species (ROS) formation was determined as described previously **. Equal
number of B1610 cells were dispended per well of 96 well black plate. After being pretreated
with piperine for 24 hours, cells were covered with a thin layer of Dulbecco’s PBS and irradiated
with 10 mJ/cm” of UVB. Immediately after UV irradiation 5 yM H,DCF-DA reagent was added
and formation of ROS was measured by the change in fluorescence due to the production of 2',7'-
dichlorofluorescein (DCF) at excitation and emission wavelengths of 488 and 525 nm
respectively with Fluorescence Spectrometer (Perkin Elmer, LS, 55, USA).

2.8 Measurement of intracellular Ca*" levels

The measurement of intracellular Ca*" was carried as described previously *, with minor
modifications. After being pre-treated with piperine for 24 hours, B16F10 cells were covered
with a thin layer of Dulbecco’s PBS and then irradiated with UVB. Immediately after UVB
irradiation, cells were washed with Dulbecco’s PBS and loaded with Fluo-3 AM (3 uM) in
Hank’s balanced salt solution (HBSS) containing 0.02% Pluronic F-127 and incubated at 37 °C
for 20 minutes. After incubation, 1.5 mL of HBSS containing 1% FBS was added, and incubated
at 37 °C for further 40 minutes. Cells were then washed with HEPES buffer (10 mM, pH 7.2)
containing 0.1% BSA, trypsinized, collected and washed with Dulbecco’s PBS. Cells were
resuspended in Dulbecco’s PBS and equal number of cells were transferred to 96 well black

plate for the measurement of fluorescence (Ex: 488 nm and Em: 526 nm) in a spectrofluorimeter
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(Perkin Elmer LS, 55). Intracellular Ca®>" was expressed as fold change in fluorescent intensity (1
x 10° cells) relative to control.

2.9 Measurement of mitochondria membrane potential

The changes in mitochondrial membrane potential (AW);) were measured after staining of cells
with rhodamine 123 (5 uM) for 15 minutes. Cells were harvested (including floating cells),
washed in Dulbecco’s PBS and resuspended in desired volume of Dulbecco’s PBS. The intensity
of fluorescence was measured by BD FACS Calibur Aria.

2.10 Cell Cycle Analysis

Cell cycle analysis was performed as described previously **. After a 90 minute incubation of
cells in staining solution (50 pg/mL of propidium iodide in Dulbecco’s PBS containing 10
pg/mL DNase free RNase A), propidium iodide (PI) fluorescence was measured using a BD
FACS Calibur Aria.

2.11 Western blotting

Whole cell lysates were prepared as described previously *° using RIPA buffer (Sigma; R-0278).
Methods used for subcellular fractionation were similar to the methods described in literature **
*7 Western blotting was performed using equal amounts of protein. After blocking the PVDF
membranes (Immobilon P 0.45 um, Millipore) with 5% skim milk or 3% BSA in Tris-buffered
saline (pH 8.0) for 2 h at room temperature, membranes were reacted overnight with specific
antibodies in the same blocking solution at 4 °C. After extensive washing for 30 minutes with
Tris-buffered saline containing 0.05% Tween 20, membranes were reacted with different HRP
conjugated secondary antibodies for detection of desired proteins. Finally, blots were assayed by
Super Signal- (West Femto Maximum Sensitivity Substrate, Thermo Scientific) mediated

chemiluminescence by ChemiDoc™ XRS+ (Bio Rad). Analysis of differential protein
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expression was achieved by densitometry of specific bands with the Image Lab™ Software
version 3 (Bio Rad). The correct protein loading was determined after stripping the membrane
with Restore Western Blot Stripping Buffer (Thermo Scientific, # 21059) for 15 minutes at 37 °C
and then reprobing the membrane for appropriate loading control. Normalization of different
bands against their respective loading controls was done with Image Lab™ software.

2.12 Rhodamine 123 efflux assay

Rhodamine 123 (RH 123) efflux assay was performed as described previously 2. Briefly, the
culture medium was changed to Hank’s balanced salt solution and the cells were incubated at 37
°C for 30 minutes. After incubating with RH 123 (20 uM) for 90 minutes, the cells were washed
thrice with chilled Dulbecco’s PBS (pH 7.4) and lysed in lysis buffer. The fluorescence of the
RH 123 cell lysates was measured at excitation and emission wavelengths of 480 and 540 nm
respectively. Fluorescence values were normalized to the total protein content of each lysate and
are presented as the ratio to control values.

2.13 Statistical analysis

Numerical data were presented as mean + standard error (SE). Statistical differences between
control (untreated) versus all other groups (*) and UVB control (UVB-alone treatment) versus
piperine plus UVB-treatments (#) were analyzed by using student’s #- test (SlideWrite V7.01). A

p value <0.05 was considered statistically significant.
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3. Results

3.1 Piperine increases UVB-induced cell death in BI6F10 melanoma cells.

We first studied the cytotoxic effects of UVB radiations on B16F10 cells. B16F10 cells were
irradiated with different doses of UVB (1, 5, 10, 20, 30, and 40 mJ/cmz) for 24 hours and cell
viability was analyzed by MTT assay. UVB (1 mJ/cm®) had an insignificant effect on cell
viability, whereas UVB (40 mJ/cm?) produced a highly cytotoxic effect and induced cell death in
82% of cell population (Fig. 1, A). After proper titration of various irradiation doses, we selected
a sub-lethal UVB dose of 10 mJ/cm? for further experiments. UVB (10 mJ/cm?) induced cell
death in around 40% of irradiated cell population. While lower concentrations of piperine (5 and
20 uM) had little effect on the cell viability of BI6F10 cells, a moderate growth inhibition was
observed at higher concentrations (30 and 40 uM) (Fig. 1, B). To show the selectivity or
specificity in the pro-apoptotic effects of piperine, HaCaT keratinocytes, Hs68 fibroblasts and
A431 epidermoid carcinoma cells were treated with piperine, but no significant growth inhibition
was observed in any case (Fig. 1, C-E). Further, piperine caused no significant enhancement of
cell death in UVB—irradiated HaCaT, Hs68 or A431 cells (Fig. 1, F-H). Interestingly, treatment
of UVB-irradiated B16F10 cells with piperine resulted in enhanced and dose dependent decrease
in cell viability. 5, 20, 30 and 40 pM piperine added at 24 hour prior and subsequent to UVB
irradiation caused 47%, 46%, 61% and 73% cell killing respectively (Fig. 1, I). These results
indicate that piperine selectively promotes cell death in UVB-irradiated B16F10 melanoma
cells, without causing or promoting UVB- induced cell death in non-tumorigenic skin cells and
non-melanoma cells. Next, to determine the effect of piperine on UVB-induced necrotic death,
LDH leakage analysis was done. Piperine (5 uM) had little effect on LDH activity, whereas 20,

30, and 40 uM piperine documented moderate but insignificant increase in LDH activity (Fig.1,
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J). It is interesting to note that the treatment of UVB-irradiated B16F10 cells with 5, 20, 30, and
40 uM piperine showed 1.4-, 1.8-, 2- and 2.1-fold increase in LDH activity (Fig.1, J). A very low
increase in LDH activity precludes necrosis as a potential mode of cell death and suggests the
engagement of other kinds of cell destruction.

Next we performed DNA fragmentation analysis to determine whether the decrease in cell
viability is caused by DNA fragmentation, an important hallmark of apoptosis. Piperine induced
no cleavage of chromosomal DNA. However, treatment of UVB-irradiated cells with piperine
caused remarkable DNA fragmentation with banding pattern almost similar to UVB-alone
treated cells (Fig.1, K). Next, we examined the effect of piperine on UVB-induced expression of
pro-apoptotic markers such as cleaved caspases and cleaved PARP. Western blot analysis
showed that piperine at different doses increased UVB induced caspase-3/caspase-8 activation
and PARP cleavage (Fig. 1, L-O). These data suggest the enhanced pro-apoptotic effects of
piperine on UVB irradiated B16F10 cells.

3.2 Piperine promotes UVB-induced mitochondrial membrane potential (AWy) dissipation and
favors release of cytochrome ¢ and apoptosis inducing factor (AIF).

Mitochondrial physiology is impaired in cells undergoing either apoptosis or necrosis, often
leading to the release of cytochrome ¢, a key regulator of caspases 2. However, the effects of
piperine on mitochondrial physiology of UVB-irradiated B16F10 cells are largely unknown.
UVB (10 mJ/cm?) caused 4.85-fold increase in the percentage of AWy low cells relative to
control. It is interesting to note the treatment of UVB—irradiated B16F10 cells with 5, 20 and 30
UM piperine induced a 3.53-, 3.38- and 2.79-fold increase in the percentage of AWy low cells
relative to 5, 20, and 30 uM piperine-alone treated cells respectively (Fig. 2, A & B). Further, we

found a marked accumulation of cytosolic cytochrome ¢ and apoptosis-inducing factor (AIF) in
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cells treated with piperine and UVB than the cells receiving either UVB or piperine only (Fig. 2,
C-E). AIF is known to induce DNA fragmentation and chromatin condensation independent of
caspase activation.

3.3 Piperine increases sub-G1 population of UVB-irradiated cells.

Here, we have studied the effects of piperine on cell cycle progression in UVB-irradiated
B16F10 cells. UVB irradiation of BI6F10 cells caused a 13-fold increase in the percentage of
cells entering apoptosis (sub-G1 cells) relative to control. The sub-G1 cells arise as a result of
DNA degradation in the late stages of apoptotic cell death. However, the treatment of UVB-
irradiated B16F10 cells with 5, 20, 30 and 40 uM piperine caused around 7.16-, 6.37-, 6.12- and
5.61-fold increase in the percentage of sub-G1 cells relative to 5, 20, 30, and 40 uM piperine-
alone treated cells respectively (Fig. 3, A & B). These results indicate that piperine is fairly
cytotoxic to B16F10 cells, and addition of piperine at 24 h pre- and post-UVB irradiation
induced many fold increase in the percentage of sub-Gl1 cells.

3.4 Piperine promotes reactive oxygen species (ROS) generation and elevation of intracellular
free calcium in UVB-irradiated cells.

To determine whether the difference in apoptotic cell death was associated with reactive oxygen
species (ROS) generation, we analyzed reactive oxygen species production by fluorescence
spectrometry. UVB (10 mJ/cm?) caused 2.6-fold increase in ROS generation relative to un-
irradiated control cells. It is interesting to note that the treatment of B16F10 cells with 5, 20, 30,
and 40 uM piperine prior to UVB irradiation caused 4.36-, 4.05-, 4.65-, and 5.99-fold increase
in UVB-induced ROS generation respectively (Fig. 4, A). Since intracellular Ca®" has been
reported as the first trigger that stimulates ROS formation in UVB-irradiated cells *°, we next

analyzed the effect of piperine on intracellular free calcium. UVB-irradiation induced a 3.98-fold
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increase in intracellular free calcium relative to control cells. However, the treatment of UVB-
irradiated B16F10 cells with 5, 20, 30, and 40 uM piperine caused 5.33-, 7.22-, 8.13-, and 9.37-
fold increase in intracellular free calcium respectively (Fig. 4, B). These results suggested the
involvement of oxidative stress in the pro-apoptotic effects of piperine in UVB-irradiated cells.
Further to these results, we found that cells treated with piperine prior and subsequent to UVB
irradiation depicted a moderate decrease in the expression of NF-kB while the cells that received
piperine treatment only exhibited almost a similar level of expression (Fig. 4, C). We, however,
further found that treatment of cells with piperine markedly inhibited the nuclear translocation of
NF-«B induced by UVB irradiation (Fig. 4, F & G). This is a condition likely to render cells
susceptible to apoptosis.

3.5 Piperine modulates the expression profile and translocation pattern of Bcl-2 family proteins.
UVB irradiation has been reported to induce translocation of Bax from cytosol to mitochondria
31 However, the effects of piperine on translocation of Bax from cytosol to mitochondria in
UVB-irradiated B16F10 cells are largely unknown. We measured this event by western blotting
and our results suggested that piperine enhanced the UVB-induced Bax translocation from
cytosol to mitochondria (Fig. 5, C & D). Further, a moderate upregulation of Bax was detected in
cells treated with piperine prior and subsequent to UVB irradiation than the cells receiving all
other treatments (Fig.5, A). We further studied the effects of piperine on Bcl-2, an anti-apoptotic
multidomain member of Bcl-2 family. Our results indicate that treatment of UVB-irradiated cells
markedly reduced the expression of Bcl-2 and its cytosolic accumulation compared to all other
treatments (Fig. 5, A, E & F). Overall, these results suggest an increment in the ratio of Bax to
that of Bcl-2 (Fig. 5, A & B) accounting for the pro-apoptotic effects of piperine in UVB

irradiated B16F10 cells.
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3.6 Piperine influences PI3K-Akt and MAPK survival signals in UVB-irradiated B16F10
melanoma cells.

PI3K-Akt pathway impacts on cell growth and survival and has recently been a focus of intense
research **. We studied the effects of piperine on the expression of PI3K and Akt in UVB-
irradiated cells. Our results indicate that in UVB-irradiated cells, piperine dramatically reduced
the expression of PI3K and its downstream effector phospho-Akt than the cells receiving all
other treatments (Fig. 5, G-I). In cells stimulated to die in response to UVB-irradiation, Ras-Raf-
MEK-ERK signaling pathway plays a determinant role. In our experiment, we found that the
treatment of UVB-irradiated B16F10 cells with piperine reduced the expression of B-Raf,
without altering the total MEK and ERK levels (Fig. 5, J-K). However, piperine reduced the
expression of phospho-MEK and phospho-ERK in UVB-irradiated B16F10 cells than the cells
receiving either UVB or piperine-alone treatment (Fig. 5, J, L & M).

3.7 Piperine inhibits the natural action of p-glycoprotein in UVB-irradiated cells.

Highly lethal phenotype associated with malignant melanoma is, in part, due to p-glycoprotein, a
170 kDa membrane anchored protein implicated as the primary cause of multidrug resistance
(MDR) in tumors where it acts as an efflux pump for chemotherapeutic agents 3 Here, we
determined the effect of piperine on P-glycoprotein activity using rhodamine 123 efflux assay.
UVB irradiation stimulated p-glycoprotein activity (Fig. 6, A). It is interesting to note that
treatment of cells with piperine reduced the UVB-induced p-glycoprotein activation by about
0.85-, 0.93-, 0.96- and 1.008-fold respectively. Our results indicate that piperine may act as a

useful agent to reverse the UVB-induced p-glycoprotein activity.
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4. Discussion

In the present study, piperine was explored for its potential to promote cell death in UVB-
irradiated B16F10 melanoma cells. In melanoma therapy terms, it is important to specifically kill
tumor cells while sparing normal cells to achieve maximum therapeutic benefit. Therefore, we
considered normal human fibroblast cell line, Hs68, which represent an ubiquitous cell type, and
normal human keratinocytes cell line, HaCaT, which represent a major cell type of the skin, as a
more appropriate model for non-tumorigenic skin cells. We also studied the key effects of
piperine in UVB-irradiated A431 epidermoid carcinoma cells, a form of non-melanoma skin
cancer. We found that piperine specifically promoted cell death in UVB-irradiated B16F10
melanoma cells, without inducing cell death in non-tumorigenic skin cells and non-melanoma
cells. In a therapeutic perspective, these results are important considering that targeting
cancerous cells should not significantly damage normal cells. In order to investigate the
mechanism(s) supporting the apoptotic process, we analyzed reactive oxygen species (ROS)
production and intracellular Ca®* homeostasis. Intracellular ROS and Ca”" represent the most
important signaling molecules that cross-talk to participate in the regulation and integration of
diverse cellular functions, including cell survival and death ** *°. Our results indicated that
piperine potentiated UVB—induced oxidative stress and potentially elevated intracellular free
Ca’" in UVB-irradiated B16F10 cells (Fig. 4, A & B). This pro-oxidant effect of piperine may be
one of the factors responsible for the anti-proliferative activity of piperine in UVB—irradiated
B16F10 cells. These results are in consistence with the literature citing ROS as a key factor in
triggering cell death *® and the pro-oxidant behavior of piperine *”. There are also indications that
calcium mediated ROS production causes AWy dissipation and subsequent activation of

downstream caspase cascade *°. Interestingly, we observed that piperine substantially decreased
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the A¥y in UVB-irradiated cells (Fig. 2, A). Further, when UVB-irradiated B16F10 cells were
treated with piperine, a significant increase in the percentage of sub-G1 cells was observed
(Fig.3, A), which also corroborated with the enhancing effect of piperine on UVB—induced cell
death.

The proteins of the Bcl-2 family are critical regulators of mitochondrial outer membrane
permeabilization’, and are primarily composed of two types of proteins: (i) the prosurvival Bcl-2
proteins, such as Bcl-2 itself, Bel-2-like 1 (Bcl-XL) and myeloid cell leukemia-1 (Mcl-1), which
block cell death through the direct interactions with the proapoptotic members; and (ii) the
executioners Bax and Bak, which are thought to participate in mitochondrial outer membrane
permeabilization during apoptosis *°. The balance between positive and negative apoptotic
regulators is critical to turning on and off the cellular apoptotic machinery. Based on the results
and observations in the present study, it may be suggested that piperine modulated the protein
expression as well as altered the translocation of Bcl-2 family proteins in response to UVB—
irradiation in deciding its pro-apoptotic effect in B16F10 cells (Fig. 5). Furthermore, the
observation that piperine promoted AWy dissipation in UVB—irradiated cells is in agreement with
the enhancing effect of piperine on UVB-induced activation of caspases (Fig. 1, L) and
accumulation of cytosolic cytochrome c (Fig. 2, C & D). Consistent with other results, we also
observed that piperine caused a marked increase in the expression of apoptosis inducing factor
(AIF) in UVB-irradiated B16F10 cells (Fig. 2, C & E). Together, these results suggest the
probable involvement of caspase-dependent and caspase-independent mechanisms in the pro-
apoptotic effects of piperine in UVB—irradiated B16F10 cells.

We further determined the effect of piperine on nuclear factor-kappa B (NF-kB). NF-xB is a

nuclear transcription factor that primarily resides in the cytoplasm of a cell and translocates to
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the nucleus when activated. Its activation is induced by a wide variety of agents including UV

radiation-induced oxidative stress '* 4°

. NF-kB is responsible for the induction of anti-apoptotic
proteins such as Bcl-2 and Bel-XL depending upon the cellular context *'. In our experiment, the
expression of NF-kB decreased following treatment of UVB-irradiated B16F10 cells with
piperine, which together with the inhibition of NF-kB nuclear translocation may interfere with
expression of Bcl-2, thereby contributing to inducing cell death in B16F10 cells (Fig. 5, C-G).
These results are quite interesting considering that inhibition of NF-kB is a promising option for
anti-cancer therapeutics '’

Since PI3K/Akt pathway impacts on cell growth and survival, therefore inhibiting this pathway

32 1t was found that piperine potentially attenuated

is likely to enhance tumor cell killings
PI3K/Akt signaling in UVB-irradiated cells (Fig. 5, G-I). These results are even more interesting
considering that PI3K/Akt pathway regulates apoptosis resistance in melanoma *>. We next
studied the effects of piperine on MAPK family proteins in UVB-irradiated cells. Classically, the
role of B-raf-MEK-ERK signaling has been suggested as protective °. Therefore, inhibition of
MEK-ERK signaling axis is anticipated to enhance the therapeutic efficacy of UVB irradiation.
When B16F10 cells were treated with piperine prior and subsequent to UVB-irradiation, a
notable decrease in the expression of phospho-MRK and phospho-ERK was observed (Fig.5, J-
M), which also confirmed the pro-apoptotic effects of piperine in UVB—irradiated B16F10 cells.

Taken together, our findings add new molecular insights into the pro-apoptotic effects of

piperine in UVB-irradiated BI16F10 cells and encourage further mechanistic studies to

investigate the therapeutic efficacy of piperine in UVB-irradiated in vivo melanoma models.
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Legends:

Figure 1. Piperine promotes UVB-induced cell death. A, analysis of cell viability using the MTT
assay at 24 h post-UVB in B16F10 cells treated with different doses of UVB (mJ/cm?). *, P<0.05
for control versus UVB treatments. B, analysis of cell viability using the MTT assay in B16F10
cells treated with indicated concentrations of piperine. *, P<0.05 for control versus piperine
treated. C, analysis of cell viability using the MTT assay in HaCaT cells treated with different
concentrations of piperine. D, analysis of cell viability in Hs68 cells treated with different
concentrations of piperine. E, analysis of cell viability in A431 cells treated with different
concentrations of piperine. F, analysis of cell viability in HaCaT cells using the MTT assay
treated with piperine at 24 h pre- and post-UVB irradiation. G, analysis of cell viability in Hs68
cells treated with piperine at 24 h pre- and post-UVB irradiation. H, analysis of cell viability in
A431 cells treated with piperine at 24 h pre- and post-UVB irradiation. I, analysis of cell
viability using the MTT assay in B16F10 cells treated with piperine at 24 h pre- and post-UVB
irradiation. *, P<0.05; **, P<0.01 for control versus treated; #, P<0.05; ##, P<0.01 for UVB-
alone treatment versus UVB + piperine treatments. Un-irradiated control taken as 100% viable is
not shown. J, effect of piperine on UVB-induced membrane disintegration by LDH leakage
assay in cells treated with piperine at 24 h pre- and post-UVB irradiation. To detect LDH leakage
into the culture supernatant, serum free medium was used. *, P<0.05 for control versus all other
treatments; #, P<0.05 for UVB-alone treatment versus UVB + piperine treatment. K, effect of
piperine on UVB-induced DNA fragmentation treated with piperine at 24 h pre- and post-UVB
irradiation. L, immunoblot analysis of caspase-3/caspase-8 activation and PARP cleavage in
cells treated with piperine at 24 h pre- and post-UVB irradiation. GAPDH was used as loading

control. The experiment was repeated thrice independently and representative blot was
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displayed. Relative band intensities of cleaved forms of caspase-3 (M), caspase-8 (N) and PARP-
1 protein (O) were quantified using Image Lab™ Software Version 3.0 (BioRad). *, P<0.05; **,
P<0.01 for control versus all treatments; #, P<0.05; ##, P<0.01 for UVB-alone treatment versus
UVB + piperine treatments.

Figure 2. Piperine promotes UVB-induced mitochondrial membrane potential dissipation. A,
flow cytometric analysis of mitochondrial membrane potential (AWY)\) dissipation using
rhodamine 123 in cells treated with piperine at 24 h pre- and post-UVB (10 mJ/cm?) irradiation.
B, represents the fold change in the percentage of AWy low cells relative to control and piperine-
alone treated cells as specified in the bar graph. C, cell lysates were prepared from various
treatment groups and subjected to immunoblot analysis for cytosolic cytochrome ¢ and AIF and
quantified by densitometric analysis (D & E). *, P<0.05; **, P<0.01 for control versus all other
treatments; #, P<0.05; ##, P<0.01 for UVB-alone treatment versus UVB + piperine treatments.
Figure 3. Piperine increases sub-G1 population affected by UVB irradiation. A, flow cytometric
analysis of cell cycle progression in cells treated with piperine at 24 h pre- and post-UVB
irradiation. Cells were harvested, stained with propidium iodide and analyzed for DNA content
by BD FACS Calibur Aria. B, represents the fold change in the percentage of sub-G1 cells
relative to control and piperine-alone treated cells as indicated in the analyzed bar graph.

Figure 4. Piperine synergizes the effect of UVB in elevating intracellular Ca’" levels and the
production of ROS. A, measurement of intracellular ROS production in cells immediately after
exposure to UVB pre-treated with or without piperine. Immediately after UVB exposure, SuM
H,DCFDA reagent was added and incubated for 20 minutes at 37 °C. The generation of ROS
was measured by the change in fluorescence due to the production of 2',7'-dichlorofluorescein

(DCF). Fluorescence intensity was read at excitation and emission wavelengths of 488 and 525
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nm respectively. *, P<0.05; ** P<0.01 for control versus all other treatments; #, P<0.05 for
UVB-alone treatment versus UVB + piperine treatments. A, measurement of intracellular
calcium levels in cells immediately after exposure to UVB pre-treated with or without piperine.
Soon after UVB irradiation, cells were loaded with Fluo-3 AM (3 uM) in HBSS containing
0.02% Pluronic F127 and incubated at 37 °C for 20 minutes. After incubation, HBSS containing
1% FBS was added to cells, and incubated at 37 °C for further 40 minutes. Cells were then
washed with HEPES buffer containing 0.1% BSA, trypsinized, collected and washed with
Dulbecco’s PBS. Cells were resuspended in Dulbecco’s PBS and equal numbers of cells were
transferred to 96 well black plate for the measurement of fluorescence (Ex: 488 nm and Em: 526
nm) in a spectrofluorimeter (Perkin Elmer LS55). Intracellular Ca*" was expressed as fold
change of fluorescence relative to control. *, P<0.05 for control versus all other treatments; #,
P<0.05 for UVB-alone treatment versus UVB + piperine treatment. C, immunoblot analysis and
quantification of total NF-xB (D), and cytosolic NF-kB (E). F, immunoblot analysis of cytosolic
and nuclear NF-xB. Signals were quantified using Image Lab™™ Software Version 3.0 (BioRad)
and expressed as ratio of NF-kBcytosol) t0 NF-kBnucieusy (G) for each treatment. . *, P<0.05; **,
P<0.01 for control versus all other treatments; #, P<0.05 for UVB-alone treatment versus UVB +
piperine treatments.

Figure 5. Piperine promotes the UVB-induced translocation of Bcl-2 family proteins and
impairs the major protein regulators of cell survival. A, immunoblot analysis of Bax (total) and
Bcl-2 (total) in cells at 24 h post-UVB (10 mJ/cm?) previously treated with or without piperine.
Signals were quantified and expressed as Bax (total) to Bcl-2 (total) ratio (B). C, immunoblot
analysis of cytosolic and mitochondrial Bax in cells at 24 h post-UVB pretreated with or without

piperine at indicated concentrations. Signals were quantified using Image Lab™ Software
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Version 3.0 (BioRad) and expressed as ratio of BaXmitochondria) t0 BaX(cytosoly (D) for each
treatment. E, immunoblot analysis and quantification (F) of cytosolic Bcl-2 in cells treated with
piperine at 24 h pre- and post-UVB irradiation. G, immunoblot analysis of PI3K, phospho-Akt
and Akt in cells treated with piperine at 24 h pre- and post-UVB (10 mJ/cm?) irradiation. Signals
were quantified for PI3K (H) and phospho-Akt (I) and normalized against the expression of
GAPDH and total Akt respectively. J, immunoblot analysis of B-raf, phospho-MEK, MEK,
phospho-ERK and ERK in cells treated with piperine at 24 h pre- and post-UVB irradiation.
Signals for B-raf (K), p-MEK (L) and p-ERK (M) were quantified using Image Lab™ Software
Version 3.0 (BioRad) and normalized against GAPDH, total MEK and total ERK respectively.

Figure 6. Piperine reverses the UVB-induced p-glycoprotein activity. A, analysis of p-
glycoprotein activity using the RH 123 efflux assay in B16F10 cells treated with piperine at 24 h
pre- and post-UVB irradiation. Intracellular RH 123 retention was expressed as fold change of
fluorescence intensity normalized by mg protein against control cells. *, P<0.05 for control

versus treatments; #, P<0.05 for UVB-alone treatment versus UVB + piperine treatments.
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Figure 5
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Figure 6
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