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Oxidant-based anticancer activity of a novel
synthetic analogue of capsaicin, capsaicin
epoxide
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Objectives: Plant-derived natural substances, such as capsaicin, with potent antiproliferative activity against
cancer cells in vitro are considered to be promising nutraceuticals in anticancer therapy. Nevertheless, the
limited systemic bioavailability of phytochemicals may raise questions regarding the physiological relevance
of their phytochemical effects in vivo. Thus, the search for novel phytochemical-based substances with more
efficient anticancer action is needed.

Methods: In the present study, a capsaicin analogue, namely, capsaicin epoxide, was synthesized, and its
cytotoxic potential against cancer cells was evaluated and compared to that of capsaicin through 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and multi-caspase assays. The abilities of
capsaicin and capsaicin epoxide to induce oxidative stress were estimated using redox-sensitive
fluorogenic probes: 2’,7'-dichlorodihydrofluorescein diacetate (H.DCF-DA) and dihydroethidium.

Results: The structure and purity of the synthesized product were confirmed by nuclear magnetic resonance
spectroscopy, electrospray ionization mass spectrometry, and gas chromatography. Normal human dermal
fibroblasts were not susceptible to treatment with the agent, whereas a cancer cell type-specific response
was observed. Human breast carcinoma cells were found to be the most sensitive to capsaicin epoxide
treatment compared with capsaicin treatment, and the action of capsaicin epoxide was oxidant based.
Discussion: Our data indicate that the antiproliferative activity of capsaicin epoxide is potentiated in vitro,
when used at much lower concentrations compared with capsaicin at similar concentrations. Thus, the
findings of this study may have implications for phytochemical-based anticancer drug development.
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Introduction

Capsaicin is a homovanillic acid derivate (8-methyl-N-
vanillyl-6-nonenamide) and a major pungent com-
ponent in hot chili peppers of the genus Capsicum
(family Solanaceae), which are consumed worldwide
as a food additive." This nutraceutical has been used
to treat pain and inflammation associated with neuro-
pathic pain conditions, such as rheumatoid arthritis,
cluster headaches, herpes zoster, and vasomotor rhini-
tis.> More recently, the selective action of capsaicin
against cancer cells has been shown® and capsaicin-
mediated apoptosis and suppression of cancer cell
growth has been documented in more than 40 distinct
cancer cell lines, mainly of human origin." Moreover,
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the corresponding capsaicin anticancer potential has
been observed in in vivo rodent xenograft tumour
models.’

It is widely accepted that the action of capsaicin is
mediated by vanilloid 1 (TRPV-1, transient receptor
potential vanilloid-1) receptor stimulation, but capsai-
cin-associated effects were also observed through a
TRPV-1-independent mechanism." The capsaicin-
induced anticancer effects, both apoptosis induction
and cancer cell growth inhibition, may be promoted
by reactive oxygen species (ROS) production, cell
cycle arrest, regulation of transcription factor
expression, and changes in growth/survival signal
transduction pathways, such as EGFR/HER-2
pathway and NF-kB inactivation.” ' Capsaicin-
associated ROS generation may be mediated by the
inhibition of mitochondrial complex-I and complex-
IIT activities, ATP depletion, and downregulation of
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antioxidant enzymes, which, in turn, may lead to
apoptosis in pancreatic cancer cells.'?

The potent anticancer effects of natural dietary
agents, such as curcumin and capsaicin, observed
in vitro may not reflect their therapeutic efficacy in
vivo due to their limited bioavailability.'* However,
there are numerous approaches to increase phyto-
chemical bioavailability and cancer cell-specific
cytotoxicity, including the use of adjuvants, nanopar-
ticles, liposomes, phospholipid complexes, and struc-
tural analogues.'* The aim of the present study was
to synthesize an analogue of capsaicin, namely, capsai-
cin epoxide and to compare its cytotoxicity against
selected cancer cell lines with that of unmodified cap-
saicin. The capsaicin epoxide anticancer potential was
increased compared with that of capsaicin, and this
effect was found to be mediated by an increased pro-
duction of ROS and attenuated by the antioxidant
N-acetyl cysteine (NAC).

Materials and methods

Reagents

Capsaicin (12084, analytical standard grade, >=99%)
was purchased from Sigma (Poznan, Poland), phos-
phate-buffered saline was obtained from Gibco,
Invitrogen Corporation (Grand Island, NY, USA)
and dimethyl sulfoxide (DMSO) was purchased from
BioShop (LabEmpire, Rzeszow, Poland). Capsaicin
and its analogue were dissolved in DMSO.
Experiments concerning solvent action alone were
always performed. Unless noted otherwise, all other
reagents were purchased from Sigma (Poznan,
Poland) and were of analytical grade.

Capsaicin epoxide synthesis and
characterization

A scheme showing the synthesis of capsaicin epoxide is
presented in Fig. 1.

M-chloroperoxybenzoic acid (m-CPBA) (10 mg,
70% 0.040 mmol, 1.03 eq) was added in portions to
a stirred solution of capsaicin (compound 1 on
Fig. 1) (I12mg, 0.039 mmol) in dichloromethane
(DCM) (0.5ml) at room temperature. After 30
minutes, the solvent was evaporated and the residue
was chromatographed on silica gel (1 g, 50% ethyl
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acetate in hexanes) to give N-(4-hydroxy-3-methoxybe-
nzyl)-5-[3-(propan-2-yl)oxiran-2-ylJpentanamide (pale
yellow oil, 11 mg, 87% yield) (compound 2 on Fig. 1).
Column chromatography was performed on a Merck
silica gel 60 with 230-400 mesh (Merck Millipore,
Warsaw, Poland). Thin layer chromatography (TLC)
was performed on aluminum sheets (Merck 60F 254)
using 50% ethyl acetate in hexanes as the eluent. The
solvents were evaporated in a rotary evaporator. The
structure of the synthesized product, namely, capsaicin
epoxide was confirmed by nuclear magnetic resonance
(NMR) spectroscopy and electrospray ionization mass
spectrometry (ESI-MS), and the purity of the product
was confirmed by gas chromatography (GC).

The NMR spectra were recorded in deuterated
chloroform (CDCl;) using an Agilent NMR spec-
trometer (Agilent Technologies, Santa Clara, CA,
USA). 'H at 400 MHz and '*C at 100 MHz. The
chemical shifts are quoted on the & scale using the
solvent signal as an internal standard (chloroform,
CHCl;; 'H NMR &6=7.26ppm; *C NMR &=
77.00 ppm). “H NMR: (400 MHz) & (ppm): 0.94 and
1.00 (2d, J=6Hz, 6H, -CH(CH3),), 1.40-1.60 (m,
4H, -CH,-), 1.66-1.79 (m, 3H, -CH,- and
—CH(CH3),, 2.22 (t, J=8 Hz, 2H, -CH,C=0), 2.44
(dd, J=4Hz, 1H, -CH-0O-), 2.68-2.72 (m, 1H,
-CH-0-), 3.88 (s, 3H, —-OCH3), 3.36 (d, J =4 Hz,
2H, -CH,-NH-), 5.63 (br s, 1H, -OH or —-NH-),
5.72 (br s, 1H, —OH or -NH-), 6.75-6.87 (m, 3H, aro-
matic H). >C NMR: (100 MHz) 8 (ppm): 18.4, 19.0
(2C, —-CH(CHs),), 25.4, 25.8, 30.5, 31.8 (4C, -CH,-),
36.6 (1C, -CH(CHj;),, 43.6 (1C, -CH,-NH-), 55.9,
57.6 (2C, epoxide C), 64.2 (1C, -OCHy), 110.7, 114.4,
120.8, 130.3, 145.1, 146.7 (6C, aromatic C), 172.5
(1C, =C=0).

The mass spectral electrospray ionization (ESI)
measurements were conducted on a Mariner
PerSeptive Biosystems instrument (Life Technologies,
Grand Island, NY, USA) with a time-of-flight (TOF)
detector. ESI (HR MS): calculated for C;gH,7NO4Na
(MNa™): 344.1838; found: 344.1835. The GC
analyses were performed using an Agilent chromato-
graph (Agilent Technologies, Santa Clara, CA, USA)
equipped with a 0.32 mm x 30 m, HPS, 0.25 um phase
capillary column with an injection temperature 140°C
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Capsaicin epoxide synthesis. Capsaicin (Sigma) (compound 1, 12 mg diluted in dichloromethane) was mixed with

m-chloroperoxybenzoic acid (10 mg) at room temperature. Capsaicin epoxide (N-(4-hydroxy-3-methoxybenzyl)-5-[3-(propan-2-
yl)oxiran-2-yl]pentanamide, compound 2, pale yellow oil, 11 mg, 87% yield) was isolated by column chromatography. m-CPBA,
m-chloroperoxybenzoic acid; DCM, dichloromethane; rt, room temperature.
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and a programmed increase in temperature of 40°C per
minute. GC Analysis: R, = 7.038 minutes (98%).

Cell lines and culture conditions

The following cell lines were used: human dermal fibro-
blasts (HDFs), mouse embryonic fibroblasts
(NIH3T3), human prostate carcinoma cells (DU145),
human lung carcinoma cells (A549), human breast car-
cinoma cells (MCF7), human cervical carcinoma cells
(HeLa), and human renal carcinoma cells (ACHN).
All of the cell lines were obtained from ATCC (LGC
Standards, Lomianki, Poland). The cells (3000 cells/
cm?) were cultured at 37°C in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10%
foetal calf serum and an antibiotic and antimycotic
mix solution (100 U/ml penicillin, 0.1 mg/ml strepto-
myecin, and 0.25 pg/ml amphotericin B) in a humidified
atmosphere in the presence of 5% CO, until the cells
reached confluence. Typically, the cells were passaged
by trypsinization and maintained in DMEM.

MTT assay

After 24 hours of treatment, the cytotoxicities and
antiproliferative actions of capsaicin and capsaicin
epoxide were estimated by measuring the cell meta-
bolic activity as an ability of the live cells to metabolize
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) to formazan'® as described else-
where.'® For the analysis of the NAC-induced recovery
as a reflection of the proliferative potential, MCF7
cells were pretreated with 5 mM NAC for 2 hours
and then with capsaicin or capsaicin epoxide
(50 uM) for 24 hours.

Multi-caspase assay
The live, early apoptotic, late apoptotic, and dead cells
were assessed using the Muse™ Cell Analyser and the
Muse™ Multi-caspase Kit according to the manufac-
turer’s instructions (Merck Millipore, Warsaw,
Poland). Briefly, a derivatized Val-Ala-Asp (VAD)
peptide that can detect the activity of multiple caspases
(caspase-1, 3,4, 5,6, 7, 8, and 9)17 and a dead cell dye
(7-aminoactinomycin D, 7-AAD) that provides infor-
mation on membrane integrity were used. The VAD
peptide (fluorescent-labelled inhibitor of caspases),
derivatized with a fluorescent group and a fluoro-
methyl ketone (FMK) moiety, is membrane permeable
and non-cytotoxic and binds to the activated caspases,
resulting in a fluorescent signal proportional to the
number of active caspases in the cell.!” Four popu-
lations of cells were detected:
e live cells: caspase (—) and 7-AAD (—),
e caspase (+) cells exhibiting pan caspase activity:
caspase (+) and 7-AAD (-),
e late stage of caspase activity cells: caspase (+) and 7-
AAD (+),
e necrotic cells: caspase (—) and 7-AAD (+).
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The calculations were performed automatically, and
the multi-caspase profiles (dot plots) were displayed
using the Muse™ Multi-caspase software module.
As positive controls, 0.5-hour and 3-hour treatments
with 10 mM hydrogen peroxide and 10 mM tert-
butyl hydroperoxide (fBOOH) were used.

Oxidative stress parameters

After an optional 2-hour pretreatment with 5 mM
NAC and 24-hour treatment with capsaicin or capsai-
cin epoxide (50 uM), the steady-state levels of ROS in
the cell-culture medium and the levels of intracellular
ROS and superoxide production were measured with
2',7'-dichlorodihydrofluorescein diacetate (H,DCF-
DA) and dihydroethidium, respectively, as described
elsewhere. '

Statistical analysis

The results represent the means + SD from at least

three independent experiments. The differences

between

e the cell metabolic activity and oxidative stress par-
ameters after capsaicin treatment versus the cell meta-
bolic activity and oxidative stress parameters at
standard growth conditions,

e the cell metabolic activity and oxidative stress par-
ameters after capsaicin epoxide treatment versus the
cell metabolic activity and oxidative stress parameters
at standard growth conditions,

e the cell metabolic activity and oxidative stress par-
ameters after capsaicin treatment versus the cell meta-
bolic activity and oxidative stress parameters after
capsaicin epoxide treatment,

e the cell metabolic activity and oxidative stress par-
ameters after capsaicin treatment versus the cell meta-
bolic activity and oxidative stress parameters after
NAC pretreatment and capsaicin treatment, and

e the cell metabolic activity and oxidative stress par-
ameters after capsaicin epoxide treatment versus the
cell metabolic activity and oxidative stress parameters
after NAC pretreatment and capsaicin epoxide
treatment

were assessed by one-way analysis of variance

(ANOVA) with post-hoc testing using Tukey’s multiple

comparison test. A P-value <0.05 was considered

significant.
The statistical analyses were performed using the

StatSoft, Inc. (2005) from STATISTICA (version 7.0;

htt: //www.statsoft.com).

Results

A scheme showing the conditions of capsaicin epoxide
synthesis is presented in Fig. 1. Briefly, m-CPBA was
added to a DCM-based capsaicin solution at room
temperature. The structure, purity, and molecular mass
of the product (N-(4-hydroxy-3-methoxybenzyl)-5-
[3-(propan-2-yl)oxiran-2-ylJpentanamide, compound 2)
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Figure 2 Capsaicin epoxide characteristics. The quality (purity) and molecular mass of the synthesized capsaicin epoxide
(N-(4-hydroxy-3-methoxybenzyl)-5-[3-(propan-2-yl)oxiran-2-yl]Jpentanamide, compound 2) were evaluated by NMR
spectroscopy (A and B), gas chromatography (C), and ESI-TOF mass spectrometry (D). (A) The 400-MHz 'H NMR spectrum of
compound 2. (B) The 100-MHz 3C NMR spectrum of compound 2. ’H NMR: (400 MHz) § (ppm): 0.94 and 1.00 (2d, J =6 Hz, 6H,
—-CH(CHy),), 1.40-1.60 (m, 4H, -CH>-), 1.66-1.79 (m, 3H, -CH>- and -CH(CHj3),, 2.22 (t, J = 8 Hz, 2H, -CH,C=0), 2.44 (dd, J =4 Hz,
1H, -CH-0-), 2.68-2.72 (m, 1H, -CH-0-), 3.88 (s, 3H, -OCH3), 3.36 (d, J = 4 Hz, 2H, -CH>-NH-), 5.63 (br s, 1H, -OH or -NH-), 5.72
(br s, 1H, -OH or -NH-), 6.75-6.87 (m, 3H, aromatic H).”>*C NMR: (100 MHz) 6 (ppm): 18.4, 19.0 (2C, -CH(CH),), 25.4, 25.8, 30.5, 31.8
(4C, -CH»-), 36.6 (1C, -CH(CH3),, 43.6 (1C, -CH»-NH-), 55.9, 57.6 (2C, epoxide C), 64.2 (1C, -OCH3), 110.7, 114.4, 120.8, 130.3,
145.1, 146.7 (6C, aromatic C), 172.5 (1C, =C=0). (C) The gas chromatographic analysis of compound 2: R; = 7.038 minutes (98%).
(D) ESI (HR MS) data spectrum of compound 2 (calculated for C;gH>;NO4Na (MNa*): 344.1838; found: 344.1835).

were evaluated by NMR spectroscopy, GC, and ESI-
TOF mass spectrometry (Fig. 2).

Based on the NMR spectra (Fig. 2A and B) one can
conclude that we did obtain capsaicin epoxide (N-(4-
hydroxy-3-methoxybenzyl)-5-[3-( propan-2-yl )oxiran-2-
yl]pentanamide, compound 2) at high purity. Moreover,
the GC analysis (Fig. 2C) confirmed that the synthesis
yielded a high-purity product (R, = 7.038 minutes,
98%). High-resolution mass spectrometry was used to
estimate the molecular mass of compound 2 (Fig. 2D)
and the obtained molecular mass of the product was
as expected (calculated for C;sH,;NO4Na (MNa™):
344.1838; found: 344.1835) (Fig. 2D).

Subsequently, normal and cancer cell lines were sub-
jected to capsaicin and capsaicin epoxide treatments
and the cytotoxic potentials of these two compounds
were compared (Fig. 3).

To assess the cytotoxicities of the agents, the MTT
assay, which measures the ability of live cells

(namely, metabolically active cells) to reduce MTT
to formazan by mitochondrial dehydrogenases, was
used. After agent treatment, a decrease in metabolic
activity may be interpreted as a decrease in cell
number/proliferation/viability /survival and may
suggest augmented cytotoxicity. In the present study,
a decrease in capsaicin and capsaicin epoxide-
mediated metabolic activity may reflect both the anti-
proliferative activity and cytotoxicity of the analyzed
agents. Because both agents were dissolved initially
in DMSO, the possibility of solvent interference was
evaluated and we were unable to observe any
DMSO-mediated effects (data not shown). Normal
human fibroblasts (HDFs) were not prone to capsaicin
and capsaicin epoxide treatment (Fig. 3), which is not
surprising because the selective action of capsaicin
against cancer cells is well documented.! We then
used one mouse continuous cell line and several
human cancer cell lines to establish the cancer cell-
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Figure 3 Capsaicin- and capsaicin epoxide-induced decrease in metabolic activity. The capsaicin and capsaicin epoxide
cytotoxicities were estimated by measuring the ability of live cells to metabolize 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to formazan. HDFs, human dermal fibroblasts; NIH3T3, mouse embryonic fibroblasts; DU145,
human prostate carcinoma cells; A549, human lung carcinoma cells; MCF7, human breast carcinoma cells; HeLa, human cervical
carcinoma cells; ACHN, human renal carcinoma cells. The bars indicate the SD (n = 5). *P < 0.05 and ***P < 0.001 compared with
the control conditions (24-hour treatment with capsaicin versus the control conditions); ###P < 0.001 compared with the control
conditions (24-hour treatment with capsaicin epoxide versus the control conditions); *P < 0.05 and ***P < 0.001 compared with
24-hour treatment with capsaicin (24-hour treatment with capsaicin versus 24-hour treatment with capsaicin epoxide) (ANOVA
and Tukey’s a posteriori test).
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specific capsaicin epoxide toxicity (Fig. 3). Mouse
embryonic fibroblasts (NIH3T3, spontancously
immortalized cells) were found to be sensitive to cap-
saicin and capsaicin epoxide treatment (Fig. 3).
Capsaicin epoxide induced a greater cytotoxic effect
compared with capsaicin (P < 0.05), e.g. decreases in
metabolic activity of approximately 20 and 35% were
obtained with 50 uM capsaicin and 50 uM capsaicin
epoxide, respectively, and decreases of approximately
25 and 45% were obtained with 100 uM capsaicin
and 100 pM capsaicin epoxide, respectively (Fig. 3).
At the highest concentration examined (200 uM), the
cytotoxicity of both compounds was similar and
reflected the ICs, value (the concentration required
to inhibit 50% of metabolic activity) (Fig. 3). Among
the cancer cell lines examined, human breast cancer
cells (MCF7) were the most susceptible to agent treat-
ment (Fig. 3). Capsaicin- and capsaicin epoxide-
induced impairments in metabolic activity were
observed, even at concentrations as low as 5puM
(P <0.001) (Fig. 3). Moreover, capsaicin epoxide
was evidently much more cytotoxic towards the
MCF7 cell line than capsaicin (P <0.001) (Fig. 3).
A 2- and 2.5-fold decrease in metabolic activity was
revealed after 50 and 100 uM capsaicin epoxide treat-
ment compared with 50 and 100 uM capsaicin treat-
ment, respectively (P < 0.001) (Fig. 3). For capsaicin
epoxide, we estimated the ICsy to be approximately
50 uM compared with the ICsy of capsaicin of
150 uM (Fig. 3). The ranking of the most sensitive
cancer cell lines to capsaicin epoxide treatment
revealed the following order: human breast cancer
cells (MCF7) > human lung cancer cells (A549) >
human prostate cancer cells (DU145) > human cervi-
cal cancer cells (HeLa) > human renal cancer cells
(ACHN) (Fig. 3). Regardless of the cancer cell type-
specific response, all of the cancer cell lines were
found to be more sensitive to capsaicin epoxide treat-
ment than capsaicin treatment (Fig. 3). The treatment
of human prostate cancer cells (DU145) with 100 uM
capsaicin and 100 uM capsaicin epoxide resulted in
decreases in metabolic activity of approximately 20
and 50%, respectively (P < 0.001) (Fig. 3). Even the
capsaicin-insensitive  ACHN cancer cell line was
found to be moderately susceptible to capsaicin
epoxide treatment (Fig. 3). Exposure of the ACHN
cell line to 100 uM capsaicin epoxide and 200 uM cap-
saicin epoxide caused decreases in metabolic activity
of approximately 20 and 30%, respectively (P <
0.001) (Fig. 3).

We then asked the question of whether the capsaicin
epoxide cytotoxicity may be a result of apoptotic cell
death. To evaluate apoptotic events after capsaicin
epoxide treatment, we performed a multi-caspase
assay, which enables the detection of pan-caspase
activity (the activity of caspase-1, 3, 4, 5, 6, 7, 8, and
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9)."7 A capsaicin epoxide concentration of 50 uM,
which reflects the ICsy value (MTT assay, Fig. 3), was
selected for apoptosis induction in MCF7 cells (Fig. 4).
Neither 50 uM capsaicin nor 50 pM capsaicin
epoxide provoked apoptotic cell death in the MCF7
cell line (Fig. 4). In contrast, treatment with the well-
known oxidants: hydrogen peroxide and rBOOH
induced apoptosis (Fig. 4). It is possible that the cap-
saicin epoxide-mediated decrease in metabolic activity
estimated using the MTT assay reflects the antiproli-
ferative and cytostatic action of capsaicin epoxide
rather than its ability to stimulate apoptotic cell death.
As it is widely accepted that the toxic effects of cap-
saicin against cancer cells may be mediated by oxi-
dative stress,! we were interested in determining
whether the increased antiproliferative action of cap-
saicin epoxide may be associated with augmented
ROS production compared with that obtained with
capsaicin treatment and whether the antioxidant
NAC may prevent against capsaicin epoxide-mediated
oxidative stress and the decrease in proliferative poten-
tial. To study capsaicin epoxide-induced oxidative
stress, we selected the most sensitive cancer cells to
capsaicin epoxide treatment, namely, MCF7 cells
(Fig. 3). The results show that the ROS steady-state
level in the culture medium and the intracellular
ROS and superoxide production were elevated after
capsaicin epoxide treatment compared with those
obtained after capsaicin treatment (P < 0.001) (Fig. 5).
After 50 uM capsaicin epoxide treatment, the ROS
steady-state level in the culture medium was moder-
ately augmented compared with that obtained after
50 uM capsaicin treatment (P <0.001) (Fig. 5A).
Capsaicin and capsaicin epoxide caused increases in
the intracellular ROS production of approximately
44 and 98% compared with the control conditions
(P <0.001) (Fig. 5B). A 1.88- and 2.92-fold increase
in superoxide production was observed after capsaicin
and capsaicin epoxide treatment compared with the
control conditions, respectively (P < 0.001) (Fig. 5C).
The antioxidant NAC was able to alleviate the capsai-
cin epoxide-mediated oxidative stress (P < 0.001)
(Fig. 5A-C). Moreover, NAC also protected against
the capsaicin epoxide-induced decrease in metabolic
activity (P <0.001) (Fig. 5D). Pretreatment with
5SmM NAC caused a proliferative potential recovery
to approximately 95% of the control level (Fig. 5D).

Discussion

The concentration- and time-dependent anticancer
potential of capsaicin in vitro has been well documen-
ted.! In general, capsaicin is believed to be toxic to
cancer cells, when added in the micromolar range.’
The maximal antiproliferative activity of capsaicin
has been observed at approximately 200-300 pM.l
The response to capsaicin may be cancer cell type-

Redox Report 2015 voL. 20 NO. 3

121



Lewinska et al. Anticancer potential of capsaicin epoxide

122

4 MULTICASPASE PROFILE MULTICASPASE PROFILE e MULTICASPASE PROFILE
% "Ipead Caspase+Dead % "JDead Caspase+Dead % "JDead
S Jos0% 150 % S Jo10% 195% S J025% 175%
31 3} 31 -
g 5, , 2 -"
2 2 g

Live

Live

Live

Negative CASPASE Positive
control
. MULTICASPASE PROFILE
g "{Dead Caspase+/Dead
0.32% : 19.33%
34 '

VIABILITY

Live

Negatve CASPASE

H,0, 0.5h

Positive

MULTICASPASE PROFILE

Dead Caspase+/Dead
0.29% :28.85%

Dead

VIABILITY

i

Positive

CASPASE

Negative

tBOOH 0.5h

CASPASE

CAPO

Negative Positive

. __MULTICASPASE PROFILE
% {Dead Caspase+/Dead
0.22% _ 4652%

&3

VIABILITY

2 142%
3 Caspase+
3 4
Negatve CASPASE  Fositive
H,0, 3h
. MULTICASPASE PROFILE
g “YDead Caspase+/Dead
023% SR %
34
E
g 2
. 0.69 %
3 Caspase+
2 3 4
Negatve CASPASE  Positive
tBOOH 3h

Figure 4 Capsaicin- and capsaicin epoxide-mediated apoptosis of MCF7 cells. After 24-hour treatment with capsaicin (CAP) or
capsaicin epoxide (CAPO) (50 uM), apoptosis was assessed using the Muse™ Cell Analyser and the Muse™ Multi-caspase Kit.
Treatments with hydrogen peroxide and tert-butyl hydroperoxide (tBOOH) (10 mM, 0.5 and 3 hours) were used as positive
controls. Representative multi-caspase profiles (dot plots) are presented.

dependent and may be influenced by the capsaicin
stability during particular experimental conditions,
which, in turn, may yield contradictory results, e.g.
discrepancies between ICs, values across studies may
occur.' In the present study, we also established a
cancer cell type-dependent capsaicin response.
Human breast cancer cells, MCF7, were found to be
the most susceptible to capsaicin treatment, whereas
human renal cancer cells, ACHN, were insensitive to
capsaicin stimulation. Moreover, we confirmed that
capsaicin is a selective anticancer agent because the
metabolic activity of normal HDFs after capsaicin
treatment was indistinguishable from their metabolic
activity in standard growth conditions.
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It has been repeatedly reported that the bioavailabil-
ity of phytochemicals with anticancer activities (e.g.
polyphenols, terpenes, and alkaloids) is limited due
to their poor absorption, rapid metabolism, and
rapid systemic elimination.'*'® Thus, plant-based
nutraceuticals may stimulate a bioresponse at serum
concentrations, which are insufficient to demonstrate
an in-vitro response.'® Data on the capsaicin plasma
concentrations in a human body after capsaicin
administration are scarce. After the oral adminis-
tration of gelatin capsule-based capsicum (5 g), capsai-
cin can be detected in the plasma within the first 10
minutes of exposure, reaching a peak plasma concen-
tration (Cpax) of approximately 2.5 ng/ml (which
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Figure 5 Capsaicin- and capsaicin epoxide-mediated oxidative stress and the effect of N-acetyl cysteine (NAC) in MCF7 cells.
The steady-state level of reactive oxygen species (ROS) in the cell culture medium (A) and the intracellular ROS production
(B) were measured with 2,7’ -dichlorodihydrofluorescein diacetate (H,DCF-DA), and superoxide production (C) was measured
with dihydroethidium. (D) The NAC-mediated recovery of the proliferative potential was estimated using the MTT assay. The bars
indicate the SD (n =5). ***P < 0.001 compared with the control conditions; “"P < 0.001 compared with 24-hour treatment with
capsaicin (CAP) (24-hour treatment with 50 uM capsaicin versus 24-hour treatment with 50 uM capsaicin epoxide); ***P < 0.001
compared with 24-hour treatment with capsaicin (24-hour treatment with 50 uM capsaicin versus 2-hour pretreatment with 5 mM
NAC and 24-hour treatment with 50 uM capsaicin, NAC/CAP); ***P < 0.001 compared with 24-hour treatment with capsaicin
epoxide (CAPO) (24-hour treatment with 50 uM capsaicin epoxide versus 2-hour pretreatment with 5 mM NAC and 24-hour
treatment with 50 uM capsaicin epoxide, NAC/CAPO) (ANOVA and Tukey’s a posteriori test).

corresponds to 8.2 nM) after 47 minutes of exposure
(Thmax). " After a 60-minute topical administration of
a high-concentration capsaicin patch (8%) to patients
with peripheral neuropathic pain, the mean popu-
lation C,,x was 1.38 ng/ml, and the highest capsaicin
plasma concentration was recorded to be 17.8 ng/ml
(58 nM).%° Moreover, the plasma half-life of capsaicin
was estimated to be short: 25 and 98 minutes after oral
and topical administration, respectively.'”?® The
limited systemic bioavailability of phytochemicals
affecting their anticancer potential in vivo may be over-
come by the use of adjuvants, nanoparticles, lipo-
somes, phospholipid complexes, and structural
analogues.' It has been reported that the pharmacoki-
netic characteristics of capsaicin may be improved by
the use of capsaicin-loaded nanoemulsions fabricated
with alginate and chitosan or the inclusion complex
of capsaicin/ hydroxypropyl—[i-cyclodextrin.2 122 The
experimental data on the capsaicin chemical modifi-
cation-mediated cytotoxic potential against cancer
cells are limited.”>** A previous study found that the
RPF101 capsaicin-like analogue exhibits higher

antitumour activity than capsaicin by inducing arrest
of the cell cycle at the G2/M phase through disruption
of the microtubule network in MCF7 cells.”
Piperonylamine was sulfonylated by benzenesulfonyl
chloride to yield RPF101 with more suitable lipophilic
properties and a hydrogen bond acceptor character,
which are relevant features for improved pharmacoki-
netic and pharmacodynamic profiles.*?

In the present study, we were interested in determining
whether the epoxidation of capsaicin may promote an
increase in cancer cell cytotoxicity. In this study, we per-
formed the first synthesis of a high-purity capsaicin
epoxide (N-(4-hydroxy-3-methoxybenzyl)-5-[3-(propan-
2-yl)oxiran-2-yl]pentanamide) and provide the first
demonstration of its selective action against several
cancer cell lines. Human breast cancer cells, MCF7,
were found to be the most sensitive to capsaicin
epoxide treatment with an estimated ICsy value of
approximately 50 uM, whereas human renal cancer
cells, ACHN, were the least sensitive to capsaicin
epoxide treatment. As capsaicin and capsaicin
epoxide did not stimulate apoptotic cell death in
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MCF7 cells, we speculated that the MTT data may
reflect the ability of capsaicin and capsaicin epoxide
to diminish the proliferative potential of MCF7 cells
rather than to promote apoptosis or another type of
cell death (cytostatic action versus cytotoxic action).
More recently, it has been reported that capsaicin
causes nonapoptotic cell cycle arrest of MCF7 and
MDA-MB-231 breast cancer cells and that capsaicin-
associated autophagy is involved in the retardation
of cell death by blocking capsaicin-induced endoplas-
mic reticulum (ER) stress-mediated apoptosis in
MCF7 and MDA-MB-231 cells.”> Regardless of the
cancer cell type-specific toxicity of capsaicin epoxide,
in all of the cancer cell lines examined, the antiproli-
ferative activity of capsaicin epoxide was markedly
higher than that of unmodified capsaicin, and this
effect was found to be mediated by increased oxidative
stress. Capsaicin epoxide induced augmented ROS
and superoxide production compared with capsaicin
treatment. Moreover, the antioxidant NAC was able
to alleviate the capsaicin- and capsaicin epoxide-
mediated oxidative stress and antiproliferative activity,
which suggests that the action of capsaicin epoxide is
indeed mediated by increased ROS production.
However, a previous study documented that the antic-
ancer action of capsaicin is ROS-independent.?® The
discrepancies between these studies may rely on the
exposure time and concentrations used and other
experimental conditions. The authors of the previous
study”® used a 30-minute treatment with 150 uM cap-
saicin and a fluorogenic probe to reflect the total ROS
level (H,DCF-DA), whereas we measured the total
ROS and superoxide production (H,DCF-DA and
dihydroethidium, respectively) after 24 hours of treat-
ment with 50 uM capsaicin or 50 uM capsaicin
epoxide.

It is widely accepted that epoxide derivatives may be
more reactive than intact compounds and may attack
nucleophilic groups (e.g. amino groups) within biomo-
lecules, such as proteins and DNA, leading to cytotox-
icity.?” It is also speculated that the metabolic
activation of capsaicin may include the following:
epoxidation of the vanillyl ring moiety to produce an
arene oxide, one-clectron oxidation of the ring
hydroxyl group to generate a phenoxy radical and O-
demethylation followed by oxidation of the resulting
catechol metabolite to semiquinone and quinone
derivatives.””? The resulting reactive species may
covalently bind to DNA and may promote mutageni-
city.>**! Indeed, hot pepper consumption has been
reported to be associated with an increased risk of
cancer, such as gallbladder and gastric cancers.’>**
Nevertheless, there is no evidence that reactive capsai-
cin metabolites are formed within the human body and
are physiologically relevant.'” Moreover, it has been
suggested that many of the epidemiological studies on
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capsaicin-induced cancerogenicity may suffer from
severe limitations, such as statistical imprecision of
some analyses, potential misclassification of subjects
by exposure, possible recall bias, and/or poor
control of confounding factors.>* One should also
remember that hot pepper consumption is not equival-
ent to the use of pure capsaicin.** Pepper extracts are a
mixture of different capsaicinoid compounds, such as
capsaicin, norhydrocapsaicin,  dihydrocapsaicin,
homocapsaicin, homodihydrocapsaicin, and noniva-
mide, and the concentrations may vary depending on
the extract used.! Moreover, pepper extracts may
contain some toxic impurities, such as pesticides,
insecticides, fertilizers, microbiocides, and heavy
metals, which, in turn, may contribute to the observed
carcinogenic potential of capsaicin.’

In summary, we provide the first demonstration that
capsaicin epoxidation may promote increased oxi-
dative stress, which, in turn, may result in augmented
anticancer activity, compared with unmodified capsai-
cin. In addition, capsaicin epoxide may be considered
as a selective anticancer agent because normal human
fibroblasts were found to be insensitive to capsaicin
epoxide treatment. Despite the low bioavailability of
capsaicin, capsaicin-mediated anticancer effects have
also been shown in numerous in-vivo mouse xenograft
tumour models, including mouse melanoma, human
leukaemia, human prostate, human multiple
myeloma, human pancreatic and human bladder
cancers, when this compound is administered orally,
subcutaneously, intraperitoneally, or directly into
tumours (see references within'). Thus, the findings
may suggest that the anticancer effects of capsaicin
are not limited to the in-vitro conditions and the use-
fulness of capsaicin anticancer therapy. However, the
design and synthesis of novel capsaicin derivatives
with more potent anticancer action may facilitate the
use of capsaicin-based interventions in vivo.
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