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Abstract: Capsaicin is a potential chemotherapeutic agent for different human cancers. In Southeast
China, nasopharyngeal carcinoma (NPC) has the highest incidence of all cancers, but final treatment
outcomes are unsatisfactory. However, there is a lack of information regarding the anticancer activity
of capsaicin in NPC cells, and its effects on the signaling transduction pathways related to apoptosis
and autophagy remain unclear. In the present study, the precise mechanisms by which capsaicin
exerts anti-proliferative effects, cell cycle arrest, autophagy and apoptosis were investigated in
NPC-TWO1 cells. Exposure to capsaicin inhibited cancer cell growth and increased G1 phase cell
cycle arrest. Western blotting and quantitative real-time reverse transcription polymerase chain
reaction (QRT-PCR) were used to measure capsaicin-induced autophagy via involvement of the class
III PI3K/Beclin-1/Bcl-2 signaling pathway. Capsaicin induced autophagy by increasing levels of the
autophagy markers LC3-1I and Atg5, enhancing p62 and Fap-1 degradation and increasing caspase-3
activity to induce apoptosis, suggesting a correlation of blocking the PI3K/Akt/mTOR pathway with
the above-mentioned anticancer activities. Taken together, these data confirm that capsaicin inhibited
the growth of human NPC cells and induced autophagy, supporting its potential as a therapeutic
agent for cancer.
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1. Introduction

Nasopharyngeal carcinoma (NPC) is a malignant tumor of the head and neck. It is believed
that Epstein-Barr virus, environmental carcinogens, ethnic background and dietary components all
play an important role in the development of NPC [1]. Therefore, NPC displays a characteristic
geographical distribution and is prevalent in Southeast Asia, the Mediterranean basin and the Middle
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East [2]. For example, it is estimated that the annual incidence of NPC varies from 15 to 50 cases per
100,000 individuals in South China [3]. Although advances in diagnostic imaging, radiation therapy
and concurrent chemoradiotherapy have achieved better locoregional control, the final treatment
outcomes are not satisfactory [4,5]. Therefore, the development of effective, but less toxic or natural
extract-based therapies is necessary [6,7].

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is a naturally-occurring phytochemical and the
major pungent constituent of hot chili peppers of the genus Capsicum (family Solanaceae), which are
extensively used as food additives. The importance of capsaicin is confirmed by various existing
pharmaceutical formulations and clinical applications [8]. Since the early 1980s, capsaicin has been used
in clinics as a means of therapy to relieve pain [8]. Clinical studies demonstrate the efficacy of 8% patch
capsaicin in the treatment of neuropathic pain to be similar to the efficacy of pregabalin [9,10]. Capsules
containing doses within the range of 3.375-10 mg capsaicin have been shown to increase energy
expenditure, fat oxidation and thermogenesis, but decrease appetite in humans [11]. Pharmaceutical
formulations containing capsaicin have been used to treat nonallergic rhinitis and non-infectious
perennial rhinitis [12,13]. Capsaicin has potential antitumor effects [14] and induces apoptosis in many
types of malignant cell lines, including breast cancer [15,16], colon adenocarcinoma [17,18], esophagus
epidermoid carcinoma [19], hepatocellular carcinoma [20,21], prostate cancer [22], head and neck
cancer [23,24], and many others. The mechanism of capsaicin-induced apoptosis in cancer cells is
not completely elucidated, but it involves increased intracellular Ca?* levels [19,24], the generation
of reactive oxygen species [19,21,24], disruption of mitochondrial membrane potential [17,24] and
activation of transcription factors, such as STATs (signal transducer and activator of transcription
protein family) [21]. Autophagy is a novel cancer therapy that could be an effective approach for
alleviating treatment resistance in apoptosis-defective tumor cells [25]. It has been implicated in tumor
growth and progression and explored as a potential therapeutic target [26,27]. Recently, a role for
autophagy in capsaicin-induced cell death was proposed following reports indicating that capsaicin
may induce autophagy, suggesting a promising therapeutic strategy for cancer [21,28-30]. However,
only a few studies have examined capsaicin-induced apoptosis of NPC cells, and the effects of capsaicin
on autophagic-associated pathways in NPC remain questionable.

Therefore, the current study investigated capsaicin-induced apoptosis and autophagy in
NPC-TWO1 cells. The results may expand our understanding of the apoptosis- and autophagy-relevant
signaling pathways activated by capsaicin in cancer cells.

2. Results

2.1. Capsaicin Inhibits NPC-TWO01 Cell Proliferation

The antitumor activity of capsaicin in NPC cells was investigated in vitro by treating NPC-TW01
cells with increasing doses of capsaicin (0, 50, 100, 150, 200 and 300 uM) for 24—48 h. The proliferation of
capsaicin-treated cancer cells was then measured by the MTT assay (Figure 1). The findings indicated
that the survival and proliferation of NPC-TWO01 cells decreased with increasing concentrations of
capsaicin. We also treated normal skin fibroblasts CCD966SK cells with capsaicin; no cytotoxicity was
observed in the CCD9665K cells due to the capsaicin treatment (data not shown).
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Figure 1. Capsaicin inhibits the viability of NPC-TWO01 cells. Cell viability was determined by the MTT
assay after treatment with various concentrations of capsaicin (0, 50, 100, 150, 200 and 300 uM) for
24-48 h. All data are expressed as a percentage of the control, which was considered to be 100%. The
results are presented as the means £ SD and are representative of six independent experiments (1 = 6).
*p <0.05 vs. control at 24 h. # p < 0.05 vs. control at 48 h.

2.2. Capsaicin-Induced Cell Cycle Arrest in G1 Phase in NPC-TWO01 Cells

The cell cycle distribution of capsaicin-treated cells was analyzed by flow cytometry. Cells were
exposed to capsaicin for 24 h before processing and analysis. As shown in Figure 2A, capsaicin
treatment increased the number of cells in G1 phase. Treatment with capsaicin also increased the
number of cells in GO/G1 phase while simultaneously reducing the numbers of cells in S phase
and G2/M phase (Figure 2B). Next, the effects of capsaicin treatment on the levels of cyclins and
CDKs specific to G1-S-phase transition were assessed by Western blotting. Capsaicin caused a
concentration-dependent decrease in cyclin D1, CDK4, cyclin E and CDK2 levels in NPC-TWO01
cells, whereas CDK6 levels were not decreased significantly (Figure 2C).
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Figure 2. Capsaicin-induced accumulation of NPC-TWO01 cells in G1 phase of the cell cycle. (A) Cell
cycle distribution was analyzed by flow cytometry. NPC-TWO1 cells were incubated with the indicated
concentrations of capsaicin for 24 h, stained with PI and analyzed by flow cytometry. (B) The percentage
of cells in the G1, S and G2/M phases. Values are reported as the means £ SD and are representative of
three independent experiments (n = 3). * p < 0.05 vs. the respective controls. (C) Effects of capsaicin
treatment on cell cycle-related proteins. NPC-TWO1 cells were treated with capsaicin (0, 100, 150, 200
and 300 uM) for 24 h, and the levels of cyclin D1, CDK4, CDKS6, cyclin E and CDK2 were determined
by Western blotting.

2.3. Capsaicin Induces the Class 11l PI3K/Beclin-1/Bcl-2 Signaling Pathway to Contribute to Autophagy
Activation in NPC-TWO01 Cells

To investigate the signaling pathways involved in the induction of autophagy in capsaicin-treated
NPC-TWO01 cells, class III PI3K, Beclin-1 and Bcl-2 levels were examined by Western blotting and
gRT-PCR. The protein levels of Beclin-1 and class III PI3K were significantly upregulated in the 150,
200 and 300 uM capsaicin-treated groups compared with the control, whereas Bcl-2 protein levels
were significantly lower in the 100, 150, 200 and 300 pM capsaicin-treated groups compared with
the control (Figure 3A). The mRNA expression of Bcl-2 also exhibited a downward trend in the
low-dose (100 uM) capsaicin-treated groups (Figure 3B), whereas capsaicin in the 150, 200 and 300 uM
active Beclin-1 and class III PI3K gene expression (Figure 3C,D). The results suggest that the class
III PI3K/Beclin-1/Bcl-2 pathway could be involved in NPC cell autophagy. The interaction between
Beclin-1 and Bcl-2 is thought to play a regulatory role in autophagy. As shown in Figure 3E, the activity
of the Bcl-2/Beclin-1 complex was assessed by co-immunoprecipitation. The results revealed that
capsaicin treatment decreased the interaction between Bcl-2 and Beclin-1. These findings suggest that
capsaicin may activate autophagy in NPC cell lines by modulating the Beclin-1/Bcl-2 complex.
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Figure 3. Capsaicin induces autophagy in NPC-TWO01 cells. (A) NPC-TWO01 cells were treated with
capsaicin (0, 100, 150, 200 and 300 uM) for 24 h, and the protein levels of Bcl-2, Beclin-1 and class III
PI3K were determined by Western blotting; (B-D) comparison of the relative mRNA expression of Bcl-2,
beclin-1 and class III PI3K using qRT-PCR. Data are expressed as the percentage of the internal control
(glyceraldehyde-3-phosphate dehydrogenase; GAPDH). Values were reported as the means + SD
(n=6). *p <0.05 vs. the control; (E) the interaction between Bcl-2 and Beclin-1. Bcl-2 or Beclin-1
complexes were co-immunoprecipitated from equal amounts of proteins lysates from NPC-TWO01
cells treated with 0, 100 or 200 uM capsaicin for 24 h using anti-Bcl-2 antibodies. Similar results were
observed in replicate experiments.

2.4. Capsaicin Upregulates LC3-II and Atgb Expression and Downregulates p62 and Fap-1 Expression in
NPC-TWO01 Cells

Western blotting showed that the ratio of LC3-II to LC3-I and the levels of Atgb were significantly
higher in the 150, 200 and 300 uM capsaicin groups compared with the control. There was no
significant difference between the 100 M capsaicin and control groups (Figure 4A,B,F). The expression
of p62 and Fap-1 was significantly lower in the 200 and 300 uM capsaicin groups than in the control
group (Figure 4A,D,H). Data from the time-course study indicated that the LC3-II to LC3-I ratio
was significantly higher in the 24-, 36- and 48-h capsaicin groups compared with the control, but
there was no significant difference between the 12-h capsaicin and control groups (Figure 3A,C). The
expression of Atg5 was significantly higher in the 12-, 24-, 36- and 48-h capsaicin groups than in the
control group (Figure 4A,G). Conversely, the expression of p62 was significantly lower in the 36-h
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and 48-h capsaicin groups compared with the control group (Figure 4A,E). The expression of Fap-1
was significantly lower in the 24-, 36- and 48-h capsaicin groups compared with the control group
(Figure 4A,I). These data suggest that autophagy was activated in NPC-TWO01 cells at the elongation
stage after capsaicin treatment.

In addition, LC3-II expression and subcellular distribution were assessed using LC3-II
immunostaining. Cells were incubated with 150 uM capsaicin for 24 h, immunofluorescently labeled
with anti-LC3-II-GFP (green) antibodies and incubated with DAPI (blue; stains the nuclei) and
LysoTracker (red; an acidotropic dye that primarily detects lysosomes) (Figure 4]). LC3-II staining
was more intense in capsaicin-treated compared with control cells. Furthermore, there were less
LC-II-positive cells in the group treated with the autophagy inhibitor 3-methyladenine (3-MA) alone
compared with the group treated with both capsaicin and 3-MA.
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Figure 4. Capsaicin activates autophagy in NPC-TWO01 cells. (A) Western blotting of Atg5, LC3, p62
and Fap-1. Cells were treated with 0, 100, 150, 200 and 300 uM capsaicin for 24 h (left panel) or with
150 uM capsaicin for 0, 12, 24, 36 and 48 h (right panel), and the expression of Atg5, LC3, p62 and
Fap-1 was detected by Western blotting. Representative blots from three independent experiments are
shown; (B-I): Quantification of the band intensities for Atg5, LC3, p62 and Fap-1. The results are the
means + SD of three experiments. * p < 0.05 vs. the control (Student’s t-tests); (J) cells were treated
with vehicle (control) or 150 uM capsaicin in the presence or absence of the autophagy inhibitor 3-MA
(5 mM) for 24 h. Then, LC3-II was detected by immunofluorescence staining (green). Lysosomes were
labeled with LysoTracker (red), and nuclei were stained with DAPI (blue). Scale bars = 50 um. The
images shown are representative of three experiments.

2.5. Capsaicin Induces Caspase-3 Activity in NPC-TWO01 Cells

Next, we hypothesized that capsaicin induces NPC cells” apoptosis by cleaving caspase-3. To
explore this effect of capsaicin in NPC cells, an in vitro study was initiated by treating NPC-TWO01
cells with the indicated concentrations of capsaicin for 24 h. Then, caspase-3 activity was detected by
measuring FITC-labeled cleaved caspase-3 levels via flow cytometry. Data showed that cells exhibiting
caspase-3 activity (R2 area) were significantly shifted from main cells (R1 area) among cells incubated
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with capsaicin (Figure 5A). Quantification of caspase-3 activity, measured as the percentage of cells in
the R2 area, showed that caspase-3 activity was significantly increased following capsaicin treatment
(Figure 5B). In addition, the levels of pro-caspase-3, -8 and -9 were measured by Western blotting.
Figure 5C shows that capsaicin induced pro-caspase-3 and -9 degradation in a concentration-dependent
manner. However, the pro-caspase-8 level was not affected. Taken together, the observations suggest
that capsaicin significantly induced caspase-3 activity in NPC-TWO01 cells.
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Figure 5. Capsaicin induces caspase cleavage and activity in NPC-TWO01 cells. NPC-TWO01 cells were
incubated with the indicated concentrations of capsaicin for 24 h. (A) The cells were labeled with
FITC-anti-cleaved caspase-3 antibodies, and caspase-3 activity was analyzed by flow cytometry. Cells
in the R1 area shifted to the R2 area as caspase-3 activity increased in cells following capsaicin treatment;
(B) Caspase-3 activity was quantified by measuring the percentage of cells in the R2 area. The results
are reported as the means & SD of three experiments. * p < 0.05 vs. control (Student’s t-tests); (C) the
levels of pro-caspase-3, -8 and -9 and AIF were analyzed by Western blotting.

2.6. Capsaicin Inhibits PI3K Expression and the Phosphorylation of Downstream Effectors of the
PI3K/Akt/mTOR Pathway in NPC-TWO01 Cells

The PI3K/Akt/mTOR pathway plays an important role in regulating the cell cycle, apoptosis
and autophagy. Therefore, we next investigated whether the effects of capsaicin on NPC-TW01
cells are mediated by this pathway by examining the phosphorylation of proteins in this pathway.
The data showed that the phosphorylation of Akt, ERK, p-GSK3-f3, and mTOR was inhibited by
capsaicin treatment (Figure 6A). Capsaicin also reduced PI3K expression, suggesting that capsaicin
blocks the PI3K/Akt/mTOR pathway (Figure 6B-D). However, p38 phosphorylation was not affected
(Figure 6E). To clarify the effects of capsaicin and cell proliferation on the PI3K/Akt/mTOR pathway,
wortmannin (PI3K inhibitor) and rapamycin (mTOR inhibitor) were used. Neither inhibitor affected
the antiproliferative effects of capsaicin on NPC-TWO01 cells (Figure 6F). Taken together, these data
suggest that capsaicin may directly inhibit cell proliferation via the PI3K/Akt/mTOR pathway in
NPC-TWO01 cells.
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Figure 6. Capsaicin downregulates the PI3K/Akt/mTOR pathway members in NPC-TWO01 cells. Cells
were treated with capsaicin (0, 100, 150 and 200 uM) for 24 h. (A) The cell lysates were prepared and
analyzed by Western blotting to measure PI3K, p-Akt, Akt, p-ERK, p-mTOR, p-GSK3-f3, p-p38 and
p38 levels; (B-E) Quantification of the band intensities of PI3K, p-Akt, p-mTOR and p-p38; (F) cells
were treated with capsaicin (200 M) in the presence or absence of the PI3K inhibitor wortmannin
(80 nM) or the mTOR inhibitor rapamycin (2 uM) for 24 h and then analyzed by MTT assay. The
results are presented as the means =+ SD of three experiments. * p < 0.05 vs. the control; # p < 0.05 vs.
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3. Discussion

Capsaicin is a spicy component of hot peppers. Its chemical structure includes an aromatic ring
and dipolar amide bond.

Lewinska A. et al. [31] have found that capsaicin may induce DNA and chromosomal damage in
human lung (A549) and prostate (DU145) cancer cells, which may contribute to limited susceptibility
of these cells to apoptotic cell death and may challenge the use of capsaicin in anticancer therapies, at
least in lung and prostate cancer treatment. Capsaicin at low doses was able to stimulate both DNA
double-strand breaks and micronuclei production; whereas, at concentrations of >100 M, capsaicin
induced a decrease in metabolic activity and cell proliferation and caused changes in the cell cycle.
Capsaicin was unable to cause apoptotic cell death when used in concentrations as high as 250 uM.
Capsaicin induced reactive oxygen species production, but there was no significant effect in the
mitochondrial inner transmembrane potential [31]. Also worth noting, capsaicin with 200 to 300 uM
was found to induce ladder-shaped nucleosomal DNA fragments in human pharyngeal squamous
carcinoma (FaDu) cells [23]; at 300 uM, capsaicin induced apoptosis in NPC-TW039 cells [24].

In this study, our data showed that capsaicin induced reactive oxygen species generation when
NPC cells were treated with increasing doses of capsaicin, but was ineffective in causing the disruption
of the mitochondprial transmembrane potential (A¥m) (data not shown). In addition, we found that
capsaicin at 100 uM induced autophagy via the activation of the class III PI3K/Beclin-1/Bcl-2 signaling
pathway (Figure 3); at 150 uM, capsaicin caused autophagosome formations because of the increase
in Atg and LC3-11 levels (Figure 4), and capsaicin at 300 uM triggered NPC-TWO01 cell apoptosis due
to increases in caspase-3 activity (Figure 5); thereby confirming that capsaicin stimulated NPC cells’
autophagy at lower concentrations.

Beclin-1, a novel BH3-only protein, is a key component of the class III PI3K complex, which is
involved in the initiation of autophagosome formation. It was recently reported that Beclin-1 interacts
with Bcl-2 and Bcl-xL to inhibit autophagy [32-36]. The current results indicated that capsaicin
treatment increased the protein levels of Beclin-1 and class III PI3K and decreased the levels of Bcl-2.
Capsaicin also affected the interaction between Bcl-2 and Beclin-1. Therefore, capsaicin may activate
autophagy in NPC cells via the class III PI3K/Beclin-1/Bcl-2 pathway.

Cell cycle progression involves the sequential activation of CDKs, which requires association
with corresponding regulatory cyclins for activation [37,38]. For example, the G1-S-phase transition is
regulated by complexes formed by cyclin D and CDK4 or CDK®, cyclin E and CDK2 [37,38]. In the
current study, we determined the effects of capsaicin treatment on the levels of G1-S-specific cyclins and
CDKs by Western blotting to gain insight into the mechanism behind capsaicin-induced cell cycle arrest
in NPC. The results revealed that capsaicin induced cell cycle arrest in G1 phase and reduced the protein
levels of cyclin D1, CDK4, cyclin E and CDK2 in TW-01 NPC cells. Therefore, capsaicin-induced G1
phase arrest in NPC cells could be attributed to the downregulation of G1-S-specific cyclins and CDKs.

Atg5 forms a conjugate with Atgl2 to play a key role in autophagosome formation. The LC3-II
to LC3-1 ratio was reported to be proportional to the number of autophagic vacuoles [39]. P62 is a
polyubiquitin-binding protein that contains an LC3-interacting motif and a ubiquitin-binding domain.
By linking ubiquitinated substrates to the autophagic machinery, p62 is incorporated into and degraded
in autolysosomes, together with its bound proteins [40]. The current data indicate that the levels of
the autophagy markers LC3-II and Atg5 were increased, whereas the level of p62 was decreased by
capsaicin treatment. In addition, GFP-LC3-II-labeled fluorescence microscopy was used to confirm
autophagosome formation in capsaicin-treated cells. These results suggest that capsaicin may induce
autophagy in NPC cells. We also investigated apoptosis- and autophagy-relevant signaling pathways.
Recent reports showed that autophagic degradation of Fap-1 promotes Fas-induced apoptosis [41,42].
The autophagy adaptor protein p62 (also known as SQSTM1) directly inter-acts with Fap-1 to recruit
it to autophagosomes for degradation [41]. Under high autophagic flux, more Fap-1 is targeted for
autophagy-mediated degradation, and Fas receptors remain phosphorylated and are expressed in
abundance on the cell membrane. This allows more Fas signaling, which increases the activation of
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the extrinsic apoptotic pathway and consequently apoptosis [41]. Here, we demonstrated that both
p62 and Fap-1 levels were decreased following capsaicin treatment. In addition, the current data
suggest that decreased levels of Bcl-2 induced by a low capsaicin concentration (100 M) and increased
caspase-3 activity induced by a high capsaicin concentration (300 uM) triggered NPC cell apoptosis.

Finally, we investigated the mechanism potentially involved in the abovementioned effects of
capsaicin in NPC cells. Akt promotes cyclin D1 translation by indirectly activating mTOR. Conversely,
mTOR increases the translation of cyclin D1 by activating the ribosomal protein S6K and inhibiting
eukaryotic translation initiation factor 4E-binding protein, thus increasing elF4e activity [43,44].
PI3K/ Akt signaling plays a key role in cell survival, and capsaicin may inhibit Akt phosphorylation. As
a downstream effector of Akt, mTOR suppresses autophagy [45,46]. Similar concentrations of capsaicin
inhibited the phosphorylation of mTOR and induced autophagy in NPC-TWO01 cells, suggesting that
the effects of capsaicin on inducing autophagy might be exerted by inhibiting the Akt/mTOR pathway.
Cell senescence is a state of stable, irreversible proliferation arrest that is characterized by a large and
flattened morphology and elevated SA-f3-gal activity [47]. Although we also measured cell senescence
in capsaicin-treated NPC cells, no cell senescence was detected in the current study (data not shown).

Dihydrocapsaicin (DHC), an analog of capsaicin, induces autophagy in human colon cancer cells
and regulated p53 status in breast cancer cells [48]. Lewinska A. et al. in 2015 [49] indicate that a
capsaicin analogue, namely capsaicin epoxide, is a potential bioactive component for anti-proliferative
activity in vitro, when used at much lower concentrations compared with capsaicin at similar
concentrations. Therefore, to become a drug candidate, capsaicin must exert favorable in vivo
antitumor activity of NPC, which we will investigate in our next study.

4. Materials and Methods

4.1. Materials

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle's
Medium (DMEM)), fetal bovine serum (FBS), phosphate-buffered saline (PBS), sodium pyruvate, trypsin
and antibiotics were purchased from Gibco, BRL (Grand Island, N, USA). The specific inhibitors
3-methyladenine (3-MA), wortmannin and rapamycin were purchased from Merck Millipore (Merck
KGaA, Darmstadt, Germany). All reagents and compounds were of analytical grade.

4.2. Cells

NPC-TWO01, which is a nasopharyngeal carcinoma (NPC) cell line that was provided by
Chin-Tarng Lin’s laboratory (National Taiwan University, Taipei, Taiwan) and maintained in DMEM
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin
in 10-cm culture dishes at 37 °C under a humidified atmosphere with 5% CO, and 95% air.

4.3. Cell Proliferation Assays

Cells were seeded in 96-well culture plates at a density of 5000/well. The cells were exposed to 0,
50, 100, 150, 200 and 300 uM capsaicin for 24 to 48 h and then treated with MTT (1 mg/mL) for at least
4 h. The reaction was stopped by adding DMSQO, and the optical density at 540 nm was measured using
a multi-well plate reader. The background absorbance of medium in the absence of cells was subtracted
from the absorbance readings of the reaction wells. All samples were assayed in at least triplicate, and
the means were calculated for each experiment. The results are expressed as a percentage of the control,
which was considered to be 100%. All assay results are expressed as the means = SEM.

4.4. Cell Cycle Distribution Analysis

For cell cycle analysis, the fluorescent nucleic acid dye propidium iodide (PI) was used to identify
the proportions of cells in each of the three interphases of the cell cycle. Cells were treated with
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capsaicin, harvested and fixed in 1 mL cold 70% ethanol for at least 8 h at —20 °C. DNA was then
stained in PI/RNaseA solution, and the cell cycle (at least 10,000 single cells) was analyzed using
a FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA). Data were analyzed using
WinMDI 2.9 software (Becton-Dickinson, San Jose, CA, USA).

4.5. Quantitative Real-Time Reverse Transcriptase PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA (5 pg)
was reverse transcribed, and 1 pg of the RT product was subjected to PCR in the presence of specific
primers. The sequences of the primers were as follows: Bcl-2: 5'-GCCACTTACCTGAATGACCACC-3
and 5-AACCAGCGGTTGAAGCGTTCCT-3'; beclin-1: 5-GAGGGATGGAAGGGTCTAAG-3'
and 5-GCCTGGGCTGTGGTAAGT-3'; class III PI3K: 5-CTCACCAAAGCTCATCGACA-3’ and
5'-CATCGAAATTCAACCATCAGG-3'; and GAPDH (glyceraldehyde-3-phosphate dehydrogenase):
5-GTCTCCTCTGACTTCAACAGCG-3' and 5'-ACCACCCTGTTGCTGTAGCCAA-3'. qRT-PCR was
performed on the ABI 7300 system (Applied Biosystems, Foster City, CA, USA) in 30-uL reactions
using the following program: 40 cycles of 95 °C for 120 s, 60 °C for 30 s and 72 °C for 30 s. All samples
were amplified in triplicate in one assay run simultaneously. GAPDH was included in each reaction as
the internal standard, and relative gene expression was quantified using the 2~42Ct method. Values
are expressed as the percentage of the internal control (GAPDH).

4.6. Western Blotting

Cells were lysed in RIPA buffer, and the protein contents were quantified using the BCA Protein
Assay Kit (Thermo, Waltham, MA, USA). Briefly, the proteins were separated by SDS-PAGE and then
transferred to PVDF membranes (Millipore). After blocking with 5% nonfat milk, the membranes
were blocked with blocking buffer (Odyssey; LI-COR, Lincoln, NE, USA) overnight. The membranes
were then incubated with primary antibodies against the following proteins for 90 to 120 min: 3-actin
(Sigma-Aldrich; loading control), LC3 (Sigma-Aldrich), P62 (Proteintech, Chicago, IL, USA), Atg5
(N18; sc-8666; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Bcl-2 (N-19; sc-492), Beclin-1 (H-300,
sc-11427), PI3KC3 (AP8014a; Abgent, San Diego, CA, USA), cyclin D1 (H-295; sc-753), cyclin E
(M-20; sc-481), cyclin-dependent kinase (CDK) 4; H-22; sc-601), CDK2 (H-298; sc-748), CDK6 (C-21;
sc-177), pro-caspase-3 (31A1067; sc-56053), pro-caspase-8 (T16; sc-61334), pro-caspase-9 (H-83; sc-7885),
apoptosis inducing factor (AIF; E-1; sc-13116), PI3K-p100 (H-300; sc-134986), p-mTOR (Ser-2448;
sc-101738), p-GSK3-3 (H-79; sc-9166), p-Akt (Ser-473; sc-7985-R), Akt (H-136; sc-8312), p-ERK (E-4;
sc-7383), p38 (A-12; sc-7972), p-p38 (D-8; sc-7973) and Fap-1 (NB100-56139; Novus, Littleton, CO, USA).
The membranes were then incubated with the appropriate horseradish peroxidase-conjugated second
antibodies (diluted 1:20,000) (IRDy; LI-COR) 30 to 45 min. Next, the antigens were visualized on a
near-infrared imaging system (Odyssey; LI-COR) and data were analyzed using the software Odyssey
2.1 software (Odyssey; LI-COR).

4.7. Co-Immunoprecipitation

Co-IP is an effective approach for quantifying protein—protein interactions in cells. Briefly, after
incubation at room temperature overnight, 500 mg cellular protein were labeled with anti-Bcl-2
antibodies (N19; sc-492; Santa Cruz Biotechnology, Santa Cruz, CA, USA). The protein-antibody
complexes were then collected using protein A/G plus agarose beads (sc-2003; Santa Cruz
Biotechnology). Following the final wash, the samples were boiled and centrifuged to pellet the
agarose beads. The immunoprecipitates were analyzed by SDS-PAGE followed by Western blotting
using anti-Beclin-1 or -Bcl-2 antibodies. Western blotting was performed to analyze proteins in the
supernatant, and antigens were visualized using a chemiluminescence detection kit (Amersham Corp.,
Arlington Heights, IL, USA). The data were analyzed using Odyssey 2.1 software (Odyssey; LI-COR).
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4.8. Immunofluorescence Staining

Cytosolic 18 kDa LC3-I is converted into autophagosome-associated 16-kDa LC3-II via conjugation
with phosphatidylethanolamine. This conversion is a reliable marker of autophagy [25]. Cells plated
on coverslips were fixed in 4% paraformaldehyde. After three washes with PBS, the cells were
permeabilized with 0.3% Triton X-100 for 5 min and then incubated in blocking solution at room
temperature for 1 h, followed by anti-LC3B primary antibodies (L7543; Sigma-Aldrich, St. Louis, MO,
USA) for 1 h. Next, the cells were incubated with Alexa Fluor-labeled secondary antibodies (diluted
1:500) for 1 h and washed with PBS. The coverslips were mounted in Prolong Gold anti-fade reagent
with 4/ ,6-diamidino-2-phenylindole (DAPI; Carlsbad, CA, USA) for 2 min and inspected under a
confocal microscope (CARV II, Becton-Dickinson, San Jose, CA, USA).

4.9. Senescence-Associated B-Galactosidase Staining

Cell senescence was detected using the Senescence 3-Galactosidase Staining Kit (No. 9860, Cell
Signaling Technology, Inc., Danvers, MA, USA) and phase contrast microscopy (Olympus CKX41;
Tokyo, Japan) according to the manufacturer’s instructions. Cells were seeded in 24-well culture plates
at a density of 1.5 x 10°/well. After treatment with capsaicin, the culture media were removed, and
the cells were washed once with 1 mL PBS. The cells were then fixed with 0.5 mL fixative solution at
room temperature for 15 min. The cells were rinsed twice with 1 mL PBS and then incubated with the
staining mixture (470 pL staining solution, 5 uL staining supplement and 25 pL 20 mg/mL X-gal in
DMF (N,N-dimethylformamide)) at 37 °C without CO, overnight. The cells were observed under a
microscope for the development of a blue color.

4.10. Caspase-3 Activity Assay

Caspase-3 activity was detected using the Caspase-3 (active) FITC Staining Kit (ab65613). After
treatment with capsaicin, the cells (1 x 10°/mL) were collected by centrifugation and washed with
PBS. Next, 1 uL. FITC-anti-caspase-3 antibody was added to each tube and incubated for 30 min at
37 °C in an incubator with 5% CO,. The supernatant was removed by centrifugation at 3000 rpm for
5 min, and the cells were resuspended in 0.5 mL wash buffer and centrifuged again. Finally, the stained
cells were analyzed using the FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA). An
additional negative control was prepared by adding 1 uL/mL of the caspase inhibitor Z-VAD-FMK to
an induced culture to inhibit caspase-3 activation. The data were analyzed using WinMDI 2.9.

4.11. Statistical Analysis

Data are presented as the means £ SD. Statistical comparisons between two groups were made
using unpaired Student’s t-tests. Differences among groups were tested using one-way analysis of
variance with Tukey’s post hoc tests. In all cases, differences were considered statistically significant
when p < 0.05.

5. Conclusions

In conclusion, capsaicin exerts potent effects to induce G1 arrest and autophagy in NPC-TW01 cells.
These effects might involve increasing class III PI3K expression by modulating the interaction between
Bcl-2 and beclin-1. Capsaicin treatment induced cell autophagy by increasing LC3-II and Atg5 levels,
decreasing p62 and Fap-1 expression and increasing caspase-3 activity to induce apoptosis in human
NPC cells. This suggests that there is a correlation between the downregulation of PI3K expression
and the phosphorylation of downstream effectors in the PI3K/Akt/mTOR pathway. Capsaicin may
become a promising drug candidate for NPC cancer therapy.
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NPC Nasopharyngeal carcinoma

STATs Signal transducer and activator of transcription protein family
GAPDH Glyceraldehyde-3-phosphate dehydrogenase

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
DMSO Dimethyl sulfoxide

DMEM Dulbecco’s Modified Eagle’s Medium

FBS Fetal bovine serum

PBS Phosphate-buffered saline

PVDF Polyvinylidene fluoride

3-MA 3-methyladenine

3-methyladenine  Propidium iodide

CDK Cyclin-dependent kinase

Atgb Autophagy protein 5

AIF Apoptosis inducing factor

qRT-PCR Quantitative real-time reverse transcription polymerase chain reaction
Co-IP Co-immunoprecipitation

DAPI 4’ 6-diamidino-2-phenylindole

DMF N,N-dimethylformamide

References

1. Xu, T,; Tang, J.; Gu, M.; Liu, L.; Wei, W.; Yang, H. Recurrent nasopharyngeal carcinoma: A clinical dilemma
and challenge. Curr. Oncol. 2013, 20, e406—-e419. [CrossRef] [PubMed]

2. Lee, AW, Lin, ].C; Ng, W.T. Current management of nasopharyngeal cancer. Semin. Radiat. Oncol. 2012, 22,
233-244. [CrossRef] [PubMed]

3. Loyo, M.; Brait, M.; Kim, M.S.; Ostrow, K.L.; Jie, C.C.; Chuang, A.Y.; Califano, J.A.; Liegeois, N.J.; Begum, S.;
Westra, W.H.; et al. A survey of methylated candidate tumor suppressor genes in nasopharyngeal carcinoma.
Int. J. Cancer 2011, 128, 1393-1403. [CrossRef] [PubMed]

4, Fang, EM.; Tsai, W.L.; Go, S.F,; Ho, M.W.; Wu, ] M.; Wang, C.J.; Su, C.Y.; Chen, W.C.; Huang, E.Y. Implications
of quantitative tumor and nodal regression rates for nasopharyngeal carcinomas after 45 Gy of radiotherapy.
Int. ]. Radiat. Oncol. Biol. Phys. 2001, 50, 961-969. [CrossRef]

5. Hwang, C.F; Chien, C.Y.; Huang, S.C.; Yin, Y.F; Huang, C.C.; Fang, EM.; Tsai, H.T.; Su, L.]J.; Chen, C.H.
Fibulin-3 is associated with tumour progression and a poor prognosis in nasopharyngeal carcinomas and
inhibits cell migration and invasion via suppressed AKT activity. J. Pathol. 2010, 222, 367-379. [CrossRef]
[PubMed]

6. Fang, EF; Zhang, C.Z.; Ng, T.B.; Wong, ].H.; Pan, W.L.; Ye, X.]J.; Chan, Y.S.; Fong, W.P. Momordica charantia
lectin, a type ii ribosome inactivating protein, exhibits antitumor activity toward human nasopharyngeal
carcinoma cells in vitro and in vivo. Cancer Prev. Res. 2012, 5, 109-121. [CrossRef] [PubMed]

7.  Zhang, L.; Chen, Q.Y,; Liu, H.; Tang, L.Q.; Mai, H.Q. Emerging treatment options for nasopharyngeal
carcinoma. Drug Des. Devel. Ther. 2013, 7, 37-52. [PubMed]

8. Fattori, V,; Hohmann, M.S.; Rossaneis, A.C.; Pinho-Ribeiro, FA.; Verri, W.A. Capsaicin: Current
Understanding of Its Mechanisms and Therapy of Pain and Other Pre-Clinical and Clinical Uses. Molecules
2016, 21, 844. [CrossRef] [PubMed]

9.  Mankowski, C.; Patel, S.; Trueman, D.; Bentley, A.; Poole, C. Cost-Effectiveness of Capsaicin 8% Patch
Compared with Pregabalin for the Treatment of Patients with Peripheral Neuropathic Pain in Scotland.
PLoS ONE 2016, 11, e0150973. [CrossRef] [PubMed]


http://dx.doi.org/10.3747/co.20.1456
http://www.ncbi.nlm.nih.gov/pubmed/24155638
http://dx.doi.org/10.1016/j.semradonc.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22687948
http://dx.doi.org/10.1002/ijc.25443
http://www.ncbi.nlm.nih.gov/pubmed/20473931
http://dx.doi.org/10.1016/S0360-3016(01)01531-0
http://dx.doi.org/10.1002/path.2776
http://www.ncbi.nlm.nih.gov/pubmed/20927779
http://dx.doi.org/10.1158/1940-6207.CAPR-11-0203
http://www.ncbi.nlm.nih.gov/pubmed/21933914
http://www.ncbi.nlm.nih.gov/pubmed/23403548
http://dx.doi.org/10.3390/molecules21070844
http://www.ncbi.nlm.nih.gov/pubmed/27367653
http://dx.doi.org/10.1371/journal.pone.0150973
http://www.ncbi.nlm.nih.gov/pubmed/26983018

Int. ]. Mol. Sci. 2017, 18, 1343 150f 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Haanpaa, M.; Cruccu, G.; Nurmikko, T.J.; McBride, W.T.; Docu Axelarad, A.; Bosilkov, A.; Chambers, C.;
Ernault, E.; Abdulahad, A K. Capsaicin 8% patch versus oral pregabalin in patients with peripheral
neuropathic pain. Eur. J. Pain 2016, 20, 316-328. [CrossRef] [PubMed]

Ludy, M.].; Moore, G.E.; Mattes, R.D. The effects of capsaicin and capsiate on energy balance: Critical review
and meta-analyses of studies in humans. Chem. Senses 2012, 37, 103-121. [CrossRef] [PubMed]

Bernstein, J.A.; Davis, B.P.; Picard, ].K.; Cooper, ].P.; Zheng, S.; Levin, L.S. A randomized, double-blind,
parallel trial comparing capsaicin nasal spray with placebo in subjects with a significant component of
nonallergic rhinitis. Ann. Allergy Asthma Immunol. 2011, 107, 171-178. [CrossRef] [PubMed]

Ciabatti, P.G.; D’Ascanio, L. Intranasal Capsicum spray in idiopathic rhinitis: A randomized prospective
application regimen trial. Acta. Otolaryngol. 2009, 129, 367-371. [CrossRef] [PubMed]

Diaz-Laviada, L; Rodriguez-Henche, N. The potential antitumor effects of capsaicin. Prog. Drug Res. 2014,
68, 181-208. [PubMed]

Chou, C.C.; Wu, Y.C.; Wang, Y.E; Chou, M.].; Kuo, S.J.; Chen, D.R. Capsaicin-induced apoptosis in human
breast cancer MCF-7 cells through caspase independent pathway. Oncol. Rep. 2009, 21, 665-671. [PubMed]
Thoennissen, N.H.; O’Kelly, J.; Lu, D.; Iwanski, G.B.; La, D.T.; Abbassi, S.; Leiter, A.; Karlan, B.; Mehta, R.;
Koeffler, H.P. Capsaicin causes cell-cycle arrest and apoptosis in ER-positive and -negative breast cancer
cells by modulating the EGFR/HER-2 pathway. Oncogene 2010, 29, 285-296. [CrossRef] [PubMed]

Yang, K.M.; Pyo, ].O.; Kim, G.Y,; Yu, R.; Han, L.S,; Ju, S.A.; Kim, W.H.; Kim, B.S. Capsaicin induces apoptosis
by generating reactive oxygen species and disrupting mitochondrial transmembrane potential in human
colon cancer cell lines. Cell Mol. Biol. Lett. 2009, 14, 497-510. [CrossRef] [PubMed]

Kim, Y.M.; Hwang, ]J.T.; Kwak, D.W.; Lee, Y.K,; Park, O.J. Involvement of AMPK signaling cascade in
capsaicin-induced apoptosis of HT-29 colon cancer cells. Ann. N. Y. Acad. Sci. 2007, 1095, 496-503. [CrossRef]
[PubMed]

Wu, C.C;; Lin, J.P; Yang, ].S.; Chou, S.T.; Chen, S.C.; Lin, Y.T.; Lin, H.L.; Chung, J.G. Capsaicin induced
cell cycle arrest and apoptosis in human esophagus epidermoid carcinoma CE 81T/VGH cells through the
elevation of intracellular reactive oxygen species and Ca?* productions and caspase-3 activation. Mutat. Res.
2006, 601, 71-82. [CrossRef] [PubMed]

Huang, S.P.; Chen, J.C.; Wu, C.C.; Chen, C.T.; Tang, N.Y.; Ho, Y.T,; Lo, C; Lin, J.P; Chung, ].G,; Lin, J.G.
Capsaicin-induced apoptosis in human hepatoma HepG2 cells. Anticancer Res. 2009, 29, 165-174. [PubMed]
Chen, X.; Tan, M.; Xie, Z.; Feng, B.; Zhao, Z.; Yang, K.; Hu, C.; Liao, N.; Wang, T.; Chen, D.; et al.
Inhibiting ROS-STAT3-dependent autophagy enhanced capsaicin-induced apoptosis in human hepatocellular
carcinoma cells. Free Radic. Res. 2016, 50, 744-755. [CrossRef] [PubMed]

Sanchez, A.M.; Malagarie-Cazenave, S.; Olea, N.; Vara, D.; Chiloeches, A.; Diaz-Laviada, I. Apoptosis
induced by capsaicin in prostate PC-3 cells involves ceramide accumulation, neutral sphingomyelinase, and
JNK activation. Apoptosis 2007, 12, 2013-2024. [CrossRef] [PubMed]

Le, T.D.; Jin, D.; Rho, S.R.; Kim, M.S; Yu, R.; Yoo, H. Capsaicin-induced apoptosis of FaDu human pharyngeal
squamous carcinoma cells. Yonsei. Med. ]. 2012, 53, 834-841. [CrossRef] [PubMed]

Ip,S.W,; Lan, S.H.; Lu, H.F; Huang, A.C.; Yang, ].S.; Lin, ].P.; Huang, H.Y,; Lien, ].C.; Ho, C.C.; Chiu, C.F; et al.
Capsaicin mediates apoptosis in human nasopharyngeal carcinoma NPC-TW039 cells through mitochondrial
depolarization and endoplasmic reticulum stress. Hum. Exp. Toxicol. 2012, 31, 539-559. [CrossRef] [PubMed]
Eisenberg-Lerner, A.; Kimchi, A. The paradox of autophagy and its implication in cancer etiology and
therapy. Apoptosis 2009, 14, 376-391. [CrossRef] [PubMed]

Zois, C.E.; Koukourakis, M.I. Radiation-induced autophagy in normal and cancer cells: Towards novel
cytoprotection and radiosensitization policies? Autophagy 2009, 5, 442-450. [CrossRef] [PubMed]

Cheong, H.; Klionsky, D.]. Biochemical methods to monitor autophagy-related processes in yeast.
Methods Enzymol. 2008, 451, 1-26. [PubMed]

Hong, Z.F.; Zhao, W.X,; Yin, Z.Y,; Xie, C.R.; Xu, Y.P; Chi, X.Q.; Zhang, S.; Wang, X.M. Capsaicin enhances
the drug sensitivity of cholangiocarcinoma through the Inhibition of chemotherapeutic-induced autophagy.
PLoS ONE 2015, 10, e0121538. [CrossRef] [PubMed]

Amantini, C.; Morelli, M.B.; Nabissi, M.; Cardinali, C.; Santoni, M.; Gismondi, A.; Santoni, G. Capsaicin
triggers autophagic cell survival which drives epithelial mesenchymal transition and chemoresistance
in bladder cancer cells in an Hedgehog-dependent manner. Oncotarget 2016, 7, 50180-50194. [CrossRef]
[PubMed]


http://dx.doi.org/10.1002/ejp.731
http://www.ncbi.nlm.nih.gov/pubmed/26581442
http://dx.doi.org/10.1093/chemse/bjr100
http://www.ncbi.nlm.nih.gov/pubmed/22038945
http://dx.doi.org/10.1016/j.anai.2011.05.016
http://www.ncbi.nlm.nih.gov/pubmed/21802026
http://dx.doi.org/10.1080/00016480802510186
http://www.ncbi.nlm.nih.gov/pubmed/19012048
http://www.ncbi.nlm.nih.gov/pubmed/24941670
http://www.ncbi.nlm.nih.gov/pubmed/19212624
http://dx.doi.org/10.1038/onc.2009.335
http://www.ncbi.nlm.nih.gov/pubmed/19855437
http://dx.doi.org/10.2478/s11658-009-0016-2
http://www.ncbi.nlm.nih.gov/pubmed/19381455
http://dx.doi.org/10.1196/annals.1397.053
http://www.ncbi.nlm.nih.gov/pubmed/17404062
http://dx.doi.org/10.1016/j.mrfmmm.2006.06.015
http://www.ncbi.nlm.nih.gov/pubmed/16942782
http://www.ncbi.nlm.nih.gov/pubmed/19331147
http://dx.doi.org/10.3109/10715762.2016.1173689
http://www.ncbi.nlm.nih.gov/pubmed/27043357
http://dx.doi.org/10.1007/s10495-007-0119-z
http://www.ncbi.nlm.nih.gov/pubmed/17828457
http://dx.doi.org/10.3349/ymj.2012.53.4.834
http://www.ncbi.nlm.nih.gov/pubmed/22665354
http://dx.doi.org/10.1177/0960327111417269
http://www.ncbi.nlm.nih.gov/pubmed/21859781
http://dx.doi.org/10.1007/s10495-008-0307-5
http://www.ncbi.nlm.nih.gov/pubmed/19172397
http://dx.doi.org/10.4161/auto.5.4.7667
http://www.ncbi.nlm.nih.gov/pubmed/19164950
http://www.ncbi.nlm.nih.gov/pubmed/19185709
http://dx.doi.org/10.1371/journal.pone.0121538
http://www.ncbi.nlm.nih.gov/pubmed/25933112
http://dx.doi.org/10.18632/oncotarget.10326
http://www.ncbi.nlm.nih.gov/pubmed/27367032

Int. ]. Mol. Sci. 2017, 18, 1343 16 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ramos-Torres, A.; Bort, A.; Morell, C.; Rodriguez-Henche, N.; Diaz-Laviada, I. The pepper’s natural
ingredient capsaicin induces autophagy blockage in prostate cancer cells. Oncotarget 2016, 7, 1569-1583.
[PubMed]

Lewinska, A.; Jarosz, P.; Czech, J.; Rzeszutek, I.; Bielak-Zmijewska, A.; Grabowska, W.; Wnuk, M.
Capsaicin-induced genotoxic stress does not promote apoptosis in A549 human lung and DU145 prostate
cancer cells. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2015, 779, 23-34. [CrossRef] [PubMed]

Liu, Y;; Yang, Y.; Ye, Y.C.; Shi, Q.E; Chai, K,; Tashiro, S.; Onodera, S.; Ikejima, T. Activation of ERK-p53 and
ERK-mediated phosphorylation of Bcl-2 are involved in autophagic cell death induced by the c-Met inhibitor
SU11274 in human lung cancer A549 cells. J. Pharmacol. Sci. 2012, 118, 423-432. [CrossRef] [PubMed]
Pattingre, S.; Tassa, A.; Qu, X,; Garuti, R;; Liang, X.H.; Mizushima, N.; Packer, M.; Schneider, M.D.; Levine, B.
Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 2005, 122, 927-939. [CrossRef] [PubMed]
Maiuri, M.C.; Le Toumelin, G.; Criollo, A.; Rain, J.C.; Gautier, E; Juin, P.; Tasdemir, E.; Pierron, G.;
Troulinaki, K.; Tavernarakis, N.; et al. Functional and physical interaction between Bcl-XL and a BH3-like
domain in Beclin-1. EMBO. ]. 2007, 26, 2527-2539. [CrossRef] [PubMed]

Oberstein, A.; Jeffrey, P.D.; Shi, Y. Crystal structure of the Bcl-XL-Beclin 1 peptide complex: Beclin 1 is a novel
BH3-only protein. J. Biol. Chem. 2007, 282, 13123-13132. [CrossRef] [PubMed]

Shimizu, S.; Kanaseki, T.; Mizushima, N.; Mizuta, T.; Arakawa-Kobayashi, S.; Thompson, C.B.; Tsujimoto, Y.
Role of Bcl-2 family proteins in a non-apoptotic programmed cell death dependent on autophagy genes.
Nat. Cell. Biol. 2004, 6, 1221-1228. [CrossRef] [PubMed]

Molinari, M. Cell cycle checkpoints and their inactivation in human cancer. Cell Prolif. 2000, 33, 261-274.
[CrossRef] [PubMed]

Schafer, K.A. The cell cycle: A review. Vet. Pathol. 1998, 35, 461-478. [CrossRef] [PubMed]

Klionsky, D.J. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy 2012,
8, 445-544. [CrossRef] [PubMed]

Saiki, S. Caffeine induces apoptosis by enhancement of autophagy via PI3K/Akt/mTOR/p70S6K inhibition.
Autophagy 2011, 7, 176-187. [CrossRef] [PubMed]

Joshi, S.; Ryan, K.M. Autophagy chews Fap to promote apoptosis. Nat. Cell Biol. 2014, 16, 23-25. [CrossRef]
[PubMed]

Gump, ].M,; Staskiewicz, L.; Morgan, M.].; Bamberg, A.; Riches, D.W.; Thorburn, A. Autophagy variation
within a cell population determines cell fate through selective degradation of Fap-1. Nat. Cell Biol. 2014, 16,
47-54. [CrossRef] [PubMed]

Nicholson, K.M.; Anderson, N.G. The protein kinase B/ Akt signalling pathway in human malignancy.
Cell Signal. 2002, 14, 381-395. [CrossRef]

Hay, N.; Sonenberg, N. Upstream and downstream of mTOR. Genes Dev. 2004, 18, 1926-1945. [CrossRef]
[PubMed]

Kim, K.W.; Mutter, RW.; Cao, C.; Albert, ] M.; Freeman, M.; Hallahan, D.E.; Lu, B. Autophagy for
cancer therapy through inhibition of pro-apoptotic proteins and mammalian target of rapamycin signaling.
J. Biol. Chem. 2006, 281, 36883-36890. [CrossRef] [PubMed]

Yu, L.; McPhee, C.K,; Zheng, L.; Mardones, G.A.; Rong, Y.; Peng, J.; Mi, N.; Zhao, Y.; Liu, Z.; Wan, F;
Hailey, D.W.; Oorschot, V.; Klumperman, J.; Baehrecke, E.H.; Lenardo, M.]J. Termination of autophagy and
reformation of lysosomes regulated by mTOR. Nature 2010, 465, 942-946. [CrossRef] [PubMed]

Dimri, G.P; Lee, X.; Basile, G.; Acosta, M.; Scott, G.; Roskelley, C.; Medrano, E.E.; Linskens, M.; Rubelj, I;
Pereira-Smith, O. A biomarker that identifies senescent human cells in culture and in aging skin in vivo.
Proc. Natl. Acad. Sci. USA. 1995, 92, 9363-9367. [CrossRef]| [PubMed]

Oh, S.H,; Kim, Y.S.; Lim, 5.C.; Hou, Y.F,; Chang, .Y.; You, H.]J. Dihydrocapsaicin (DHC), a saturated structural
analog of capsaicin, induces autophagy in human cancer cells in a catalase-regulated manner. Autophagy
2008, 4, 1009-1019. [CrossRef] [PubMed]

Lewinska, A.; Chochrek, P.; Smolag, K.; Rawska, E.; Wnuk, M. Oxidant-based anticancer activity of a novel
synthetic analogue of capsaicin, capsaicin epoxide. Redox Rep. 2015, 20, 116-125. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/26625315
http://dx.doi.org/10.1016/j.mrgentox.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25813723
http://dx.doi.org/10.1254/jphs.11181FP
http://www.ncbi.nlm.nih.gov/pubmed/22466960
http://dx.doi.org/10.1016/j.cell.2005.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16179260
http://dx.doi.org/10.1038/sj.emboj.7601689
http://www.ncbi.nlm.nih.gov/pubmed/17446862
http://dx.doi.org/10.1074/jbc.M700492200
http://www.ncbi.nlm.nih.gov/pubmed/17337444
http://dx.doi.org/10.1038/ncb1192
http://www.ncbi.nlm.nih.gov/pubmed/15558033
http://dx.doi.org/10.1046/j.1365-2184.2000.00191.x
http://www.ncbi.nlm.nih.gov/pubmed/11063129
http://dx.doi.org/10.1177/030098589803500601
http://www.ncbi.nlm.nih.gov/pubmed/9823588
http://dx.doi.org/10.4161/auto.19496
http://www.ncbi.nlm.nih.gov/pubmed/22966490
http://dx.doi.org/10.4161/auto.7.2.14074
http://www.ncbi.nlm.nih.gov/pubmed/21081844
http://dx.doi.org/10.1038/ncb2899
http://www.ncbi.nlm.nih.gov/pubmed/24366033
http://dx.doi.org/10.1038/ncb2886
http://www.ncbi.nlm.nih.gov/pubmed/24316673
http://dx.doi.org/10.1016/S0898-6568(01)00271-6
http://dx.doi.org/10.1101/gad.1212704
http://www.ncbi.nlm.nih.gov/pubmed/15314020
http://dx.doi.org/10.1074/jbc.M607094200
http://www.ncbi.nlm.nih.gov/pubmed/17005556
http://dx.doi.org/10.1038/nature09076
http://www.ncbi.nlm.nih.gov/pubmed/20526321
http://dx.doi.org/10.1073/pnas.92.20.9363
http://www.ncbi.nlm.nih.gov/pubmed/7568133
http://dx.doi.org/10.4161/auto.6886
http://www.ncbi.nlm.nih.gov/pubmed/18818525
http://dx.doi.org/10.1179/1351000214Y.0000000113
http://www.ncbi.nlm.nih.gov/pubmed/25382686
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Capsaicin Inhibits NPC-TW01 Cell Proliferation 
	Capsaicin-Induced Cell Cycle Arrest in G1 Phase in NPC-TW01 Cells 
	Capsaicin Induces the Class III PI3K/Beclin-1/Bcl-2 Signaling Pathway to Contribute to Autophagy Activation in NPC-TW01 Cells 
	Capsaicin Upregulates LC3-II and Atg5 Expression and Downregulates p62 and Fap-1 Expression in NPC-TW01 Cells 
	Capsaicin Induces Caspase-3 Activity in NPC-TW01 Cells 
	Capsaicin Inhibits PI3K Expression and the Phosphorylation of Downstream Effectors of the PI3K/Akt/mTOR Pathway in NPC-TW01 Cells 

	Discussion 
	Materials and Methods 
	Materials 
	Cells 
	Cell Proliferation Assays 
	Cell Cycle Distribution Analysis 
	Quantitative Real-Time Reverse Transcriptase PCR 
	Western Blotting 
	Co-Immunoprecipitation 
	Immunofluorescence Staining 
	Senescence-Associated -Galactosidase Staining 
	Caspase-3 Activity Assay 
	Statistical Analysis 

	Conclusions 

