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Capsaicin acts through tNOX (ENOX2) to induce  
autophagic apoptosis in p53-mutated HSC-3 cells  
but autophagy in p53-functional SAS oral cancer cells
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Abstract: Despite the progress that has been made in diagnosing and treating oral cancers, they continue to have a 
poor prognosis, with a 5-year overall survival rate of approximately 50%. We have intensively studied the anticancer 
properties of capsaicin (a burning constituent of chili pepper), mainly focusing on its apoptotic properties. Here, 
we investigated the interplay between apoptosis and autophagy in capsaicin-treated oral cancer cells with either 
functional or mutant p53. Cytotoxicity was determined by cell impedance measurements and WST-1 assays, and 
cell death was analyzed by flow cytometry. The interaction between capsaicin and tumor-associated NADH oxidase 
(tNOX, ENOX2) was studied by cellular thermal shift assay (CETSA) and isothermal dose-response fingerprint curves 
(ITDRFCETSA). Our CETSA data suggested that capsaicin directly engaged with tNOX, resulting in its degradation through 
the ubiquitin-proteasome and the autophagy-lysosome systems. In p53-functional SAS cells, capsaicin induced signifi-
cant cytotoxicity via autophagy but not apoptosis. Given that tNOX catalyzes the oxidation of NADH, the direct bind-
ing of capsaicin to tNOX also inhibited the NAD+-dependent activity of sirtuin 1 (SIRT1) deacetylase, we found that 
capsaicin-induced autophagy involved enhanced acetylation of ULK1, which is a key player in autophagy activation, 
possibly through SIRT1 inhibition. In p53-mutated HSC-3 cells, capsaicin triggered both autophagy and apoptosis. In 
this case, autophagy occurred before apoptosis: during this early stage, autophagy seemed to inhibit apoptosis; at a 
later stage, in contrast, autophagy appeared to be essential for the induction of apoptosis. Western blot analysis re-
vealed that the reduction in tNOX and SIRT1 associated with enhanced ULK1 acetylation and c-Myc acetylation, which 
in turn, reactivated the TRAIL pathway, ultimately leading to apoptosis. Taken together, our data highlight the potential 
value of leveraging capsaicin and tNOX in therapeutic strategies against oral cancer.

Keywords: Apoptosis, autophagy, capsaicin, silent mating type information regulation 1 (Sirtuin 1, SIRT1), tumor-
associated NADH oxidase (tNOX, ENOX2), oral cancer 

Introduction 

Autophagy and apoptosis are well-regulated 
cellular pathways that are often triggered in 
response to a wide variety of stress conditions; 
both ultimately govern the adjustment of cyto-
plasmic organelles or entire cells to maintain 
cellular homeostasis, although in most cases 
apoptosis represents a self-killing mechanism 

whereas autophagy is for self-protection [1-3]. 
Given that autophagy and apoptosis may be 
induced by common upstream signals and can 
occur in the same cell, the complex relationship 
between apoptosis and autophagy has been 
extensively discussed in the literature. Various 
related concepts have been introduced, such 
as sequential activation, inhibitory crosstalk, 
and autophagy-facilitated apoptosis [1, 3]. Th- 
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us, it is not surprising that the inhibition/activa-
tion of either apoptosis or autophagy affects 
the other process and can have many patho-
physiological consequences. 

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) 
is a pungent component of chili peppers that 
has been long established to be a cancer-sup-
pressing agent that shows apoptotic activity 
against numerous cancer cells lines [4-8]. Not 
surprisingly, growing evidence suggests that 
capsaicin also regulates autophagy, alone or 
more often in association with apoptosis. It has 
been shown that capsaicin activates endoplas-
mic reticulum transient receptor potential vanil-
loid receptor type I (TRPV1) to trigger both cas-
pase-dependent apoptosis and autophagy in 
human osteosarcoma G292 cells, but that the 
latter signaling activates ERK to enhance cell 
survival [9]. In human hepatocellular carcinoma 
cells, suppression of capsaicin-triggered ROS-
STAT3-dependent autophagy has been shown 
to augment capsaicin-induced apoptosis [10]. 
Conversely, exposure of human nasopharyn-
geal carcinoma cells to capsaicin was reported 
to attenuate PI3K/Akt/mTOR signaling to in- 
duce autophagy, which in turn activates cas-
pase-3 and apoptosis [11]. These diverging cel-
lular responses place capsaicin in the crucial 
position of funneling cells to either cell death or 
survival through the interplay of autophagy and 
apoptosis depending on cellular contexts. 

Another desirable aspect of capsaicin is its 
preferential anticancer properties, which are 
evidenced by the fact that non-cancerous cells 
exhibit relatively higher tolerance for capsaicin 
[4, 12-15]. One explanation for this selective 
cytotoxicity resides in the growth-related NADH 
(or hydroquinone) oxidase (tNOX, ENOX2), which 
is universally expressed in cancer cells but not 
in non-transformed cells [4, 16-18]. tNOX was 
the first protein target to mechanistically link 
capsaicin to apoptosis and at least partly ex- 
plain its preferential cytotoxicity in cancer cells 
[4]. Since then, numerous studies have add- 
ressed the involvement of tNOX in the impact of 
capsaicin on various cellular functions, such as 
cell cycle progression, migration/EMT, and apo- 
ptosis [19-25]. Interestingly, through inhibition 
on tNOX activity, capsaicin decreases the 
NAD+/NADH ratio and the deacetylase activity 
of SIRT1 toward p53 acetylation to enhance 
cytotoxic apoptosis in cancerous A549 cells, 
whereas it triggers survival autophagy is non-

cancerous MRC-5 cells, which lack tNOX ex- 
pression [15]. However, it was previously un- 
known whether tNOX is involved in the cross-
talk between apoptosis and autophagy in cap-
saicin-treated cells. 

The cellular thermal shift assay (CETSA) identi-
fies target proteins based on the principle that 
a target protein will unfold and precipitate, 
upon heating, whereas a protein engaged with 
a ligand will generally require a higher tempera-
ture to unfold and precipitate [26-31]. Here, we 
utilized CETSA and isothermal dose-response 
fingerprint curves to show that capsaicin direct-
ly binds to tNOX in oral cancer cells. The engage-
ment between tNOX and capsaicin resulted in 
its protein degradation, which in turn triggered 
cytotoxic autophagy in p53-functional SAS 
cells. Interestingly, capsaicin mediated the se- 
quential activation of both autophagy and apo- 
ptosis in p53-mutated HSC-3 cells, and the lat-
ter was found to be facilitated by the former. In 
both oral cancer cell lines, capsaicin treatment 
ultimately led to growth suppression, which is 
consistent with the idea that capsaicin has 
anticancer properties regardless of p53 fun- 
ctionality. 

Materials and methods

Cell culture and reagents

Capsaicin (purity > 95%) was purchased from 
Sigma-Aldrich Corporation (St. Louis, MO, USA). 
The anti-SIRT1, anti-Atg5, anti-p53, anti-acetyl-
p53, anti-phosphorylated mTOR, anti-mTOR, 
anti-ULK1, anti-PARP, anti-TRAIL, anti-Bak, anti-
Bax, anti-PUMA, anti-Bcl2, anti-c-Flip, and anti-
acetylated Lysine antibodies were purchased 
from Cell Signaling Technology, Inc. (Beverly, 
MA, USA). The anti-β-actin and anti-acetyl-c-
Myc antibodies were from Millipore Corp. (Te- 
mecula, CA, USA). The anti-ubiquitin and anti-c-
Myc antibodies were purchased from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). 
The anti-p62 antibody was from BD Biosciences 
(San Jose, CA, USA). The anti-Beclin 1, anti-
Atg7, and anti-LC3 antibodies were obtained 
from Novus biologicals (Centennial, CO, USA). 
The commercially available anti-COVA1 (a.k.a. 
tNOX, ENOX2) antibody from Proteintech 
(Rosemont, IL, USA) was used for immunopre-
cipitation. The antisera to tNOX used for immu-
noblotting were generated as described previ-
ously [32]. The anti-mouse and anti-rabbit IgG 
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antibodies and other chemicals were pur-
chased from the Sigma Chemical Company (St. 
Louis, MO, USA), unless otherwise specified. 

SAS (human squamous cell carcinoma of the 
tongue) and HSC-3 (human tongue squamous 
cell carcinoma) cells were grown in Dulbecco’s 
Modified Eagle Medium (DMEM), were kindly 
provided by Dr. Yuen-Chun Li (Department of 
Biomedical Sciences, Chung Shan Medical 
University, Taiwan). Media were supplemented 
with 10% FBS, 100 units/ml penicillin and 50 
µg/ml streptomycin. Cells were maintained at 
37°C in a humidified atmosphere of 5% CO2 in 
air, and the media were replaced every 2-3 
days. Cells were treated with different concen-
trations of capsaicin (dissolved in ethanol), as 
described in the text, or with the same volume 
of ethanol (vehicle control). 

Continuous monitoring of cell growth by cell 
impedance measurements 

For continuous monitoring of changes in cell 
growth, cells (104 cells/well) were seeded onto 
E-plates and incubated for 30 min at room tem-
perature, after which E-plates were placed onto 
the xCELLigence System (Roche, Mannhein, 
Germany). Cells were grown overnight before 
exposed to capsaicin or ethanol and imped-
ance was measured every hour, as previously 
described [15]. Cell impedance is defined by 
the cell index (CI) = (Zi-Z0) [Ohm]/15[Ohm], 
where Z0 is background resistance and Zi is the 
resistance at an individual time point. A normal-
ized cell index was determined as the cell index 
at a certain time point (CIti) divided by the cell 
index at the normalization time point (CInml_time). 

WST-1 cell viability assay 

Cells (5 × 103) were seeded in 96-well culture 
plates and permitted to adhere overnight at 
37°C in medium containing 10% serum. Cells 
were then treated with different concentrations 
of capsaicin for 24, 48 hours, and at the end of 
treatment, cell viability was determined using a 
WST-1 assay (Roche Applied Science, Man- 
nheim, Germany) as described by the manufac-
turer. All experiments were performed at lea- 
st in triplicate on three independent ex- 
periments. 

Apoptosis determination

Apoptosis was measured using an Annexin 
V-FITC Apoptosis Detection Kit (BD Pharmingen, 

San Jose, CA, USA). Cells cultured in 6-cm dish-
es were trypsinized and collected by centrifuga-
tion. The cell pellet was washed, resuspended 
in 1x binding buffer and stained with annexin 
V-FITC (fluorescein isothiocyanate), as recom-
mended by the manufacturer. Cells were also 
stained with propidium iodide (PI) to detect 
necrosis or late apoptosis. The distribution of 
viable (FITC/PI double-negative), early apoptot-
ic (FITC-positive), late apoptotic (FITC/PI dou-
ble-positive) and necrotic (PI-positive/FITC-
negative) cells was analyzed using a Beckman 
Coulter FC500 flow cytometer. The results are 
expressed as a percentage of total cells.

Autophagy determination

Autophagosomes-acidic intracellular compart-
ments that mediate the degradation of cyto-
plasmic materials during autophagy-were visu-
alized by staining with Acridine Orange (AO; 
Sigma Chemical Co.). After incubation, cells 
were washed with PBS and stained with 2 mg/
ml AO for 10 min at 37°C. AO-stained cells were 
then washed, trypsinized, and analyzed using  
a Beckman Coulter FC500. The results are 
expressed as a percentage of total cells.

Reverse transcriptase-polymerase chain reac-
tion (RT-PCR)

Total RNA from oral cancer cells was isolated 
using the TRIzol reagent (Gibco, Carlsbad, CA, 
USA). First strand cDNA was synthesized from 1 
μg of total RNA using Superscript II (Life 
Technologies, Rockville, MD, USA). The follow-
ing primers sets were used for PCR amplifica-
tions: tNOX, 5’-GAAGTGTGATGCCGATAACAG-3’ 
(sense) and 5’-AGTACTAGAGCCCAGGCGAA-3’ 
(antisense) and β-actin, 5’-ACTCACCTTGGTG- 
GTGCATA-3’ (sense) and 5’-ACACCTTGATGGG- 
AAAGGTGG-3’ (antisense). The reaction condi-
tions consisted of 30 cycles of 95°C for 30 sec, 
55°C for 30 sec, and 72°C for 1 min, followed 
by a final extension of 5 min at 72°C. The 
obtained PCR products were resolved by 1.4% 
agarose gels electrophoresis and visualized by 
ethidium bromide staining.

Measurement of reactive oxygen species 
(ROS)

Oxidative stress was determined by measuring 
the level of hydrogen peroxide (H2O2) generated 
in the cells, as assessed by 5-(6)-carboxy-2’,7’-
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dichlorodihydrofluorescein diacetate (carboxy-
H2DCFDA) staining. The nonpolar, nonionic 
H2-DCFDA is cell permeable and is hydrolyzed 
to nonfluorescent H2-DCF by intracellular ester-
ases. In the presence of peroxide, H2-DCF is 
rapidly oxidized to highly fluorescent DCF. In 
brief, at the end of test compound treatment, 
cells (2 × 105) were washed with PBS and incu-
bated with 5 μM H2DCFDA in binding buffer for 
30 min. The cells were then collected by trypsi-
nization and centrifugation, washed with PBS, 
centrifuged at 200×g for 5 min and analyzed 
immediately using a Beckman Coulter FC500 
flow cytometer.

SIRT1 activity measurement

The cellular SIRT1 activity was measured using 
a SIRT1 Activity Assay Kit (Fluorometric)(Abcam 
Inc. Cambridge, MA, USA). Briefly, 1 × 105 cells 
(either untreated or capsaicin-treated for 24 h) 
were washed, harvested and resuspended in 1 
mL of lysis buffer (10 mM Tris-HCl pH 7.5, 10 
mM NaCl, 15 mM MgCl2, 250 mM sucrose, 
0.5% NP-40, 0.1 mM EGTA). Cell lysates were 
sonicated 4 times for 5 seconds each on ice, 
and were centrifuged for 20 min at 4°C. The 
supernatant was then used for the determina-
tion of SIRT1 activity according to the manufac-
turer’s instructions. 

Cellular target identification of capsaicin by 
cellular thermal shift assay (CETSA) 

Intracellular tNOX as cellular target of capsaicin 
was established by CETSA. Samples were pre-
pared from control and capsaicin-exposed 
cells. For each set, 2 × 107 cells were seeded in 
a 10-cm cultured dish. After 24 h of culture, the 
cells were pretreated with 10 µM MG132 for 1 
h, washed with PBS, treated with trypsin, and 
collected. Samples were centrifuged at 12,000 
rpm for 3 min at room temperature, the pellets 
were gently resuspended with 1 mL of PBS, and 
the samples were centrifuged at 7,500 rpm for 
3 min at room temperature. The pellets were 
resuspended with 1 mL of PBS containing 20 
mM Tris-HCl pH 7.4, 100 mM NaCl, 5 mM EDTA, 
2 mM phenylmethylsulfonyl fluoride (PMSF), 10 
ng/ml leupeptin, and 10 µg/ml aprotinin. The 
samples were transferred to Eppendorf tubes 
and subjected to three freeze-thaw cycles; for 
each cycle, they were exposed to liquid nitrogen 
for 3 min, placed in a heating block at 37°C for 

3 min, and vortexed briefly. For the experimen-
tal sample set, capsaicin was added to a final 
concentration of 2 mM; for the control sample 
set, the same volume of vesicle solvent was 
added. The samples were heated at 37°C for 1 
h and dispensed to 100 μl aliquots. Pairs con-
sisting of one control aliquot and one experi-
mental aliquot were heated at 40°C, 43°C, 
46°C, 49°C, 52°C, 55°C, 58°C, or 61°C for 3 
min. Insoluble proteins were separated by cen-
trifugation at 12,000 rpm for 30 min at 4°C, 
and the supernatants with soluble proteins 
were used for SDS-PAGE and Western blot anal-
ysis using antisera to tNOX [32, 33]. β-actin 
was used as the control. 

The procedure for establishing an isothermal 
dose-response fingerprint (ITDRFCETSA) was simi-
lar to that of the CETSA melting curve experi-
ments as described above. Cells were seeded 
in 60 mm cultured dishes. After 24 h of culture, 
the cells were pretreated with 10 µM MG132 
and exposed to different final concentrations of 
0.001, 0.01, 0.05, 0.5, 1, 10, 50, 100, 200 µM 
capsaicin for 1 h, washed with PBS, treated 
with trypsin, and collected with centrifugation 
at 12,000 rpm for 2 min at room temperature. 
The pellets were gently resuspended with 1 mL 
of PBS, and then centrifuged at 7,500 rpm for 3 
min at room temperature, and resuspended 
with PBS containing 20 mM Tris-HCl pH 7.4, 
100 mM NaCl, 5 mM EDTA, 2 mM phenylmeth-
ylsulfonyl fluoride (PMSF), 10 ng/ml leupeptin, 
and 10 µg/ml aprotinin, and then subjected to 
three freeze-thaw cycles; for each cycle, they 
were exposed to liquid nitrogen for 3 min, 
placed in a heating block at 25°C for 3 min, and 
vortexed briefly. The samples were then heated 
at 54°C for 3 min and cooled for 3 min at room 
temperature. Insoluble proteins were separat-
ed by centrifugation at 12,000 rpm for 30 min 
at 4°C, and the supernatants with soluble pro-
teins were used for SDS-PAGE and Western blot 
analysis using antisera to tNOX. β-actin was 
used as the control. 

Immunoblotting and immunoprecipitation  

Cell extracts were prepared in lysis buffer (20 
mM Tris-HCl pH 7.4, 100 mM NaCl, 5 mM EDTA, 
2 mM phenylmethylsulfonyl fluoride (PMSF), 10 
ng/ml leupeptin, 10 µg/ml aprotinin). Volumes 
of extract containing equal amounts of proteins 
(40 µg) were applied to SDS-PAGE gels, and 
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resolved proteins were transferred to PVDF 
membranes (Schleicher & Schuell, Keene, NH, 
USA). The membranes were blocked, washed, 
and probed with primary antibody. After wash-
ing to remove unbound primary antibody, mem-
branes were incubated with horseradish perox-
idase-conjugated secondary antibody for one 
hour. The blots were washed again and devel-
oped using enhanced chemiluminescence 
(ECL) reagents, according to the manufactur-
er’s protocol (Amersham Biosciences, Piscata- 
way, NJ, USA).

For immunoprecipitation, protein extracts from 
100 mm dishes were incubated with 30 µl of 
Protein G Agarose Beads (for rabbit antibodies) 
for 1 h at 4°C in rotation for pre-clearing. 
ENOX2/ULK1 antibodies or control IgG were 
incubated onto beads in 500 μl of PBS-Tween 
20 1% for overnight in rotation at 4°C. Beads 
were precipitated by centrifugation at 3000 
rpm, 2 min at 4°C and 80 µl of supernatants 
were collected for input total lysates. Beads 
were washed five times with lysis buffer and 
samples were prepared for Western blotting 
analysis. 

Statistics 

All data are expressed as the means ± SEs of 
three independent experiments. The signifi-
cance of differences between control and treat-
ment groups was calculated using a one-way 
ANOVA.

Results 

CETSA melt and ITDRFCETSA curves indicate that 
capsaicin interacts with intracellular tNOX 

To verify that capsaicin interacts with intracel-
lular tNOX in oral cancer cells, we used CETSA 
to monitor the cellular target interaction based 
on that their direct binding enhances the ther-
mal stability of a target protein in intact cells 
[27, 28]. We plotted the relative intensity of the 
tNOX signal against the temperature to gener-
ate CETSA curves, and used these curves to 
calculate melting temperatures (Tm; the tem-
perature at which 50% of proteins are unfolded 
and rapidly precipitated by heat). A marked dif-
ference was observed in the curves of controls 
compared to capsaicin-treated lysates of both 
SAS cells (Figure 1A) and HSC-3 cells (Figure 
1B). Upon capsaicin treatments, the Tm in- 

creased from 44.1 to 50.6°C in SAS cells and 
44.6 to 51.2°C in HSC-3 cells, indicating that 
capsaicin triggered thermal stabilization of 
tNOX through direct binding. We also tested the 
dose-response relationship between capsaicin 
and the heat stability of tNOX. The dose-
response study was conducted at 54°C, as a 
major portion of tNOX was denatured and pre-
cipitated at this temperature unless it was ther-
mally stabilized by capsaicin. We observed th- 
at the stability of tNOX dose-dependently in- 
creased with the amount of applied capsaicin, 
with OC50 values of 46 and 44 μM for SAS cells 
(Figure 1C) and HSC-3 cells (Figure 1D), respec-
tively. These data suggest that capsaicin direct-
ly interacts with intracellular tNOX.

Capsaicin mediates tNOX downregulation 
through ubiquitin-proteasomal and autophagy-
lysosomal degradation 

We next assessed the changes in tNOX expres-
sion upon its binding to capsaicin. Although 
multiple lines of evidence indicate that tNOX is 
down-regulated by capsaicin [15, 19, 21-25], 
the details of the underlying molecular mecha-
nisms are not yet fully understood. Here, we 
used a cycloheximide-chase assay to verify 
that 200 µM capsaicin significantly attenuated 
the stability of tNOX, and found that this effect 
was seen starting at 6 h in SAS cells and at 12 
h in HSC-3 cells (Figure 2A). Pre-treatment with 
the proteasome inhibitor, MG132, significantly 
restored the stability of tNOX following expo-
sure to capsaicin in both oral cancer cells lines 
(Figure 2B), indicating that proteasomal degra-
dation was involved in the ability of capsaicin to 
reduce tNOX expression. Similarly, we found 
that chloroquine, the lysosome inhibitor, mark- 
ed reversed capsaicin-mediated tNOX down-
regulation in both lines, suggesting that tNOX 
was also degraded through the autophagy-lyso-
some system (Figure 2C). Immunoprecipitation 
experiments performed with a commercially 
available antibody against endogenous tNOX 
and immunoblotting with anti-ubiquitin anti-
body, showed that tNOX was ubiquitinated in 
SAS cells and that, as expected, the ubiquitin 
levels of tNOX were enhanced in capsaicin-
exposed cells compared to controls (Figure 
2D). Capsaicin was also found to inhibit the 
transcriptional level of tNOX; this was observed 
at 100 and 200 µM for SAS cells and at 200 
µM for HSC-3 cells (Figure 2E). 
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Figure 1. CETSA-based determination of binding between capsaicin and tNOX protein. (A, B) CETSA-melting curves 
of tNOX in the presence and absence of capsaicin as described in the Material and Methods in SAS cells (A) and 
HSC-3 cells (B). The immunoblot intensity was normalized to the intensity of the 40°C sample. Representative im-
ages are shown. The denaturation midpoints were determined using a standard process. (C, D) Cells were incubated 
with different concentrations of capsaicin as described in the Material and Methods. Dose dependent thermal sta-
bilization of tNOX was assessed after heating samples at 54°C for 3 min in SAS cells (C) and HSC-3 cells (D). The 
band intensities of tNOX were normalized with respect to the intensity of actin. Representative images are shown.   

Capsaicin preferentially induces cytotoxic au-
tophagy, but not apoptosis, in SAS cells

We next examined the cellular consequences 
of the capsaicin-suppression of tNOX expres-

sion. To determine whether capsaicin induced 
differential effect in the tested cell lines, we 
continuously monitored the dynamic effects of 
capsaicin on cell growth by measuring cell 
impedance, and displayed the results as cell 
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Figure 2. Capsaicin-induced tNOX downregulation is associated with ubiquitin-proteasomal and autophagy-lysosom-
al degradation. A. Capsaicin (200 μM) markedly attenuated tNOX stability as assessed with a cycloheximide-chase 
assay in a time-dependent manner in SAS cells and HSC-3 cells. B. Capsaicin-induced tNOX downregulation was 
reverted by MG132, the proteasome inhibitor, in SAS cells and HSC-3 cells. C. Capsaicin-induced tNOX downregula-
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index (CI) values [34-37]. This approach re- 
vealed that capsaicin repressed the growth of 
SAS and HSC-3 cells; it showed comparable lev-
els of cytotoxicity in the two cell lines (Figure 
3A). Similar results were obtained with a cell 
viability assay, indicating that capsaicin induced 
dose- and time-dependent decreases in the 
cell viability of these oral cancer cell lines 
(Figure 3B).

Mutations in p53 contribute to most cancers, 
but relatively little work has examined the anti-
neoplastic properties of capsaicin against cells 
with mutated p53. Here, we used human oral 
squamous cell carcinoma-derived SAS and 
HSC-3 cells, which differ in their p53 function-
ality. In SAS cells, p53 has an early stop codon 
that generates a truncated protein, but the 
phosphorylation on key residue S46 preserves 
its apoptotic function according to the mutation 
list found on the TP53 website (http://p53. 
free.fr/Database/Cancer_cell_lines/p53_cell_
lines.html). Interestingly, capsaicin (100 and 
200 µM) induced autophagy (Figure 4A), not 
apoptosis (Figure 4B), in SAS cells. Pretreatment 
with the autophagy inhibitor 3-methylade- 
nine (3-MA) and lysosome inhibitor chloroquine  
(CQ) significantly enhanced both spontaneous  
and capsaicin-induced apoptosis in these cells 
(Figure 4C), suggesting that capsaicin-mediat-
ed autophagy is inhibitory to apoptosis in our 
experimental system. Given that tNOX inhibi-
tion/tNOX knockdown is associated with reduc-
es intracellular NAD+ generation and SIRT1 inhi-
bition [15, 19, 38-40], we evaluated the expres-
sion of SIRT1 in our system. In cells treated with 
100 or 200 μM of capsaicin, the expression 
levels of tNOX and SIRT1 were concurrently 
attenuated; those of beclin-1, Atg5 (autophagy-
related 5), Atg7, p62, and cleaved LC3 II were 
increased; and that of p-mTOR (mechanistic 
target of rapamycin) was decreased (Figure 
4D). All of these findings indicated that autoph-
agy was induced in capsaicin-exposed SAS 
cells. The capsaicin-induced suppression of 
SIRT1 was accompanied by a decrease in the 
SIRT1-unc-51 like autophagy activating kinase 

1 (ULK1) interaction by immunoprecipitation 
with an antibody against ULK1 and immunob-
lotting with anti-SIRT1 antibody (Figure 4E). The 
capsaicin-enhanced acetylation of ULK1 was 
also validated by immunoprecipitation, which is 
another key regulator of autophagy (Figure 4F). 
Interestingly, the acetylation of p53 was not 
markedly enhanced by capsaicin; this might 
explain the deficit of apoptosis in these cells, 
which was also evidenced by a lack of PARP 
cleavage (Figure 4D). We did not observe any 
notable generation of reactive oxygen species 
(ROS), suggesting that ROS might not be a 
major signaling pathway for capsaicin-mediat-
ed autophagy in SAS cells (Figure 4G).    

Capsaicin induces autophagic apoptosis in 
HSC-3 cells 

We also studied the cellular outcomes in cap-
saicin-exposed HSC-3 cells, which fail to phos-
phorylate p53 at Ser46, show defective tran-
scriptional activation of proapoptotic genes, 
and are resistant to apoptosis [41, 42]. In- 
terestingly, our results demonstrated that cap-
saicin at 200 µM noticeably triggered both 
apoptosis and autophagy in HSC-3 cells (Figure 
5A). Given this, we sought to dissect the inter-
play between autophagy and apoptosis in these 
cells. In time-dependent experiments, we found 
that autophagy preceded apoptosis (Figure 
5B). Pretreatment with the autophagy inhibitor 
3-MA and lysosome inhibitor CQ, seemed to 
increase capsaicin-induced apoptosis at 12  
h exposure (Figure 5C). This suggested that 
there was a sequential activation of autophagy 
and apoptosis, and that early-stage autophagy 
inhibited apoptosis. In contrast, blockage of 
autophagy evidently repressed capsaicin-indu- 
ced apoptosis at 18 or 24 h exposure (Fig- 
ure 5D), suggesting that autophagy-facilitated 
apoptosis occurred if the stress continued long 
enough. However, ROS signaling seemed to 
play a minor role in capsaicin-mediated cell 
death in this system (Figure 5E). 

Based on the Western blot analysis, protein 
expression levels of tNOX and SIRT1 were inhib-

tion was reverted by CQ, the lysosome inhibitor, in SAS cells and HSC-3 cells. Aliquots of cell lysates were separated 
by SDS-PAGE and analyzed by Western blotting. β-Actin was detected as an internal control. Representative images 
are shown. Values (mean ± S. E.) are from at least three independent experiments (*P < 0.05, ***P < 0.001 for 
capsaicin-treated cells vs. controls). D. SAS cells were treated with 200 μM capsaicin or ethanol for 24 h. The cell 
lysates were immunoprecipitated with nonimmune IgG or a commercially available anti-COVA1 antibody against 
endogenous tNOX, and the bound proteins were detected by Western blotting with ubiquitin or tNOX antibodies. E. 
Cells were exposed to capsaicin or ethanol and the RNA levels of tNOX were analyzed by RT-PCR.  
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Figure 3. Capsaicin represses oral cancer cell growth. A. Dynamic monitoring of cell proliferation was performed using impedance technology, as described in the 
Materials and Methods section. Normalized cell index values measured over 50 h are shown. B. Cells were exposed to different concentrations of capsaicin for 24 
or 48 h and cell viability was measured using WST assays. Values (means ± SDs) are from three independent experiments. 
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Figure 4. Capsaicin preferentially induces autophagy but not apoptosis in SAS cells. A. SAS cells were treated with 
capsaicin or ethanol for 15 hours. Autophagy was determined by AO staining using flow cytometry, analysis and the 
results are expressed as a percentage of autophagic cells. Values (mean ± S. E.) are from at least three independent 
experiments (*P < 0.05, **P < 0.01, ***P < 0.001). B. Cells were treated with capsaicin or ethanol for 24 hours. 
The percentage of apoptotic cells was determined by flow-cytometry, and the results are presented as the percent-
age of apoptotic cells. Values (mean ± S. E.) are from at least three independent experiments (***P < 0.001). C. 
Cells were pretreated with or without 10 μM 3-MA and 25 μM CQ for 1 h before exposure to capsaicin or ethanol for 
24 hours. The percentage of apoptotic cells was assessed by flow cytometry, and the results are expressed as a per-
centage of apoptotic cells. Values (mean ± S. E.) are from at least three independent experiments (*P < 0.05, **P 
< 0.01, ***P < 0.001). D. SAS cells were treated with capsaicin or ethanol for 24 hours. Aliquots of cell lysates were 
separated by SDS-PAGE and analyzed for protein expression by Western blotting; β-actin was used as an internal 
control to monitor for equal loading. Representative images are shown from at least two independent experiments. 
E, F. The lysates of SAS cells were immunoprecipitated with nonimmune IgG or an antibody against pan-acetylated 
lysine, and the bound proteins were detected by Western blotting with ULK1 or pan-acetylated lysine antibodies. G. 
The percent change in intracellular ROS generation was measured after cells were exposed to different concentra-
tions of capsaicin for 1 h. 
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Figure 5. Capsaicin induces autophagic apoptosis in HSC-3 cells. (Left panels in A, B) HSC-3 
cells were treated with capsaicin or ethanol for different concentrations or time length and the 
percentage of autophagic population was determined by AO staining using flow cytometry. The 
results are expressed as a percentage of autophagic cells. Values (mean ± S. E.) are from at 
least three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001). (Right panels 
in A, B) HSC-3 cells were treated with capsaicin or ethanol for different concentrations or time 
length. The percentage of apoptotic cells was determined by flow-cytometry, and the results are 
presented as the percentage of apoptotic cells. Values (mean ± S. E.) are from at least three inde-
pendent experiments (*P < 0.05, **P < 0.01, ***P < 0.001). (C, D) Cells were pretreated with or 
without 10 μM 3-MA and 25 μM CQ for 1 h before exposure to capsaicin or ethanol for 24 hours. 
The percentage of apoptotic cells was assessed by flow cytometry, and the results are expressed 
as a percentage of apoptotic cells. Values (mean ± S. E.) are from at least three independent 
experiments (*P < 0.05, ***P < 0.001). (E) The percent change in intracellular ROS generation 
was measured after cells were exposed to different concentrations of capsaicin for 1 h.
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ited by 200 µM of capsaicin, and this was 
accompanied by downregulation of phosphory-
lated-mTOR, and up-regulation of Beclin 1 and 
cleaved PARP, demonstrating the induction of 
autophagy and apoptosis (Figure 6A). Our time-
dependent experiments showed that tNOX and 
SIRT1 were inhibited at 12 h, and this was 
accompanied by up-regulation of Atg 7, Atg5, 
p62, beclin 1, and LC3 cleavage at 12 h of 
exposure (Figure 6B). Capsaicin at 200 µM sig-
nificantly inhibited cellular SIRT1 deacetylase 
activity in HSC-3 cells using a SIRT1 activity 
assay kit (Figure 6C). Due to the suppression of 
cellular SIRT1 activity and possible tNOX-SIRT1 
axis, we observed an enhancement of ULK1 
acetylation (Figure 6D). Moreover, several 
apoptosis markers, such as acetylated c-Myc, 
TRAIL, Bak, Bax, cleaved caspase-3, PUMA, 
and cleaved PARP, were enhanced at 18 and 
24 h of exposure to capsaicin (Figure 6E). Anti-
apoptotic proteins, such as C-Flip and Bcl-2, 
were attenuated at 18 and 24 h of exposure to 
capsaicin (Figure 6E). These data further con-
firm that capsaicin treatment of HSC-3 trig-
gered autophagy at an early stage, and that this 
autophagy subsequently fostered the induction 
of apoptosis. Blockade of autophagy up to 12 h 
seemed to promote capsaicin-induced apopto-
sis (Figure 5C), whereas a later blockade of 
autophagy interfered with apoptosis in these 
cells (Figure 5D).

Discussion

Oral cancers, which belong to the head and 
neck cancer groups, include cancers of the lin-
ing of the lips, mouth, and upper throat. The 
updated database, GLOBOCAN, estimated that 
there were 355,000 new diagnoses of oral can-
cers and over 177,000 oral cancer-related 
deaths worldwide in 2018 [43]. Although a 
large body of research has sought to refine the 
diagnosis and treatment of oral cancer, the 
prognosis of oral cancer patients has not sig-
nificantly improved, and the 5-year overall sur-
vival is approximately 50% [44]. The tumor sup-
pressor, p53, is mutated in various types of 
solid malignancies, including head and neck 
cancers, and p53 mutations hugely impact the 
treatment resistance, progression, and recur-
rence of these cancers [45-48]. However, 
whether p53 mutations affect the anticancer 
properties of capsaicin has not been fully 
addressed. Our present results demonstrated 
that capsaicin suppresses growth of human 

oral squamous carcinoma cells regardless of 
their p53 status through targeting tNOX; more 
precisely, capsaicin induced cytotoxic autopha-
gy in SAS cells (with functional p53), while 
inducing both autophagy and apoptosis in 
p53-mutated HSC-3 cells (Figure 7). Reports 
from other groups have shown that capsaicin 
possesses antiproliferative activity and could 
induce apoptosis in p53-wild-type, p53-null, 
and p53-mutant prostate cancer cells [49, 50]. 
A more recent report found that capsaicin elimi-
nated mutated p53 through autophagic degra-
dation and reactivated wild-type p53 transcrip-
tional activity to induce lung cancer cell death 
[51]. These lines of evidence, together with our 
present results, emphasize that capsaicin has 
immense scope as an anticancer regimen to 
induce cell death irrespective of the cellular 
p53 status.    

Apoptosis remains the most prominent antican-
cer property of capsaicin, but emerging data 
suggest that autophagy is also involved in the 
complex mechanisms through which capsaicin 
acts against cancer. Autophagy can be cytopro-
tective or cytotoxic and is often intertwined 
with apoptosis, and the mechanisms underly-
ing capsaicin-induced autophagy are likely to 
be complex. In most cases, capsaicin-induced 
autophagy is a pro-survival and/or anti-apop-
totic process [9, 10, 52-56]. However, some 
studies have found that capsaicin can provoke 
a cytotoxic autophagy that coexists or cooper-
ates with apoptosis to accelerate cell death 
[11, 52]. In this present study, a relatively sim-
ple scenario was observed in SAS cells, wh- 
ere capsaicin induced autophagy alone and 
caused irreversible destruction, leading to cel-
lular demise and growth attenuation. However, 
a more complex crosstalk between autophagy 
and apoptosis was observed in HSC-3 cells. In 
the latter cell line, autophagy was developed as 
a primary response, reflecting the instinct of 
the cell to adapt to capsaicin when exposure 
did not exceed a critical duration. Upon a lon- 
ger exposure that presumably exceeded some 
threshold, however, the cells executed an auto- 
phagy-facilitated form of apoptosis. Thus, cap-
saicin-treated HSC-3 cells exhibited sequential 
activation of both autophagy and apoptosis. 

One compelling finding of this study is that 
tNOX-SIRT1 appears to form a regulatory axis in 
the capsaicin-induced autophagy and apopto-
sis of oral cancer cells. The association bet- 
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Figure 6. Capsaicin induces autophagy at an early stage and subsequent apoptosis in HSC-3 cells. A, B, E. HSC-3 
cells were treated with capsaicin or ethanol for different concentrations or time length. Aliquots of cell lysates were 
separated by SDS-PAGE and analyzed for protein expression by Western blotting; β-actin was used as an internal 
control to monitor for equal loading. Representative images are shown from at least two independent experiments. 
C. Capsaicin-inhibited cellular SIRT1 activity was determined using a SIRT1 Activity Assay Kit (Fluorometric) with 
control or capsaicin-treated HSC-3 cell lysates. Values (mean ± S. E.) are from three independent experiments (*P 
< 0.05, ***P < 0.001). D. The lysates of HSC-3 cell were immunoprecipitated with nonimmune IgG or an antibody 
against pan-acetylated lysine, and the bound proteins were detected by Western blotting with ULK1 or pan-acety-
lated lysine antibodies.
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ween tNOX inhibition and capsaicin-induced 
apoptosis has long been recognized in cancer/
transformed cells [4, 23-25]. Most recently, we 
added to this knowledge base by showing that 
capsaicin suppresses the tNOX-NAD+-SIRT1 
axis to induce apoptosis through augmented 
p53 acetylation in A549 lung cancer cells [15]. 
SIRT1, which is the most widely studied mem-
ber of the sirtuin family of NAD+-dependent 
deacetylases, has received much attention for 
its predominant role in energy homeostasis 
and aging [57-59]. To date, relatively few stud-
ies have examined the correlation between 
capsaicin and SIRT1. For example, capsaicin 
was reported to enhance the acetylation of 
FOXO-1 to trigger apoptosis through modula-
tion of SIRT deacetylase activity in a pancreatic 
tumor system [60]. In another study, capsaicin 
was found to exert protective effects by up-reg-
ulating SIRT1 in cardiomyocytes [61]. Similarly, 
we reported that capsaicin stimulates SIRT1 
activity and induces cytoprotective autophagy 
in non-cancer MRC-5 cells, which lack tNOX 
expression [15]. We believe that the differential 
effects of capsaicin on SIRT1 expression and 
activity are associated with the presence of 
tNOX protein. In fact, our previous study has 
reported that capsaicin stimulated SIRT1 activ-
ity in vitro; however, depending on tNOX level, 
capsaicin induces opposing effects on SIRT1 
activity in vivo as well as their subsequent cel-
lular outcomes in cancer and non-cancer cells 
[15]. Continued accumulation of relevant 
knowledge is critically needed if we hope to 

exploit pathways involving tNOX or SIRT1 as 
legitimate targets for capsaicin-mediated  
cellular consequences. Indeed, we recently 
showed that ability of capsaicin to restrict the 
tNOX-NAD+-SIRT1 axis retards cell cycle pro-
gression by enhancing the acetylation of c-Myc 
to restrain the G1 cyclin/CDK complex [22]. In 
another study, we reported that capsaicin inhib-
its SIRT1 to enhance the acetylation of cortac-
tin and b-catenin, thereby decreasing the acti-
vation of MMP-2 and MMP-9 and eventually 
inhibiting the migration of bladder cancer cells 
[62]. Here, we add to this exciting body of 
knowledge by describing how the regulatory 
tNOX-NAD+-SIRT1 axis contributes to capsaicin-
induced cell death. More specifically, we show 
that capsaicin enhanced ULK1 acetylation to 
trigger autophagy in SAS cells, whereas it 
induces HSC-3 cells to first undergo autophagy 
and then, via a switch involving the increased 
acetylation of ULK1, undertake apoptosis 
through elevated acetylation of c-Myc and up-
regulation of TRAIL (Figure 7).

Conclusions

Taken together, our identification of tNOX as a 
direct target of capsaicin and our elucidation of 
the involvement of the tNOX-NAD+-SIRT1 regu-
latory axis provide insight into the molecular 
events underlying capsaicin-induced autopha-
gy and apoptosis. Moreover, we herein show  
for the first time that the complex capsaicin-
induced crosstalk between autophagy and 

Figure 7. Schematic diagram of the mechanism governing capsaicin-induced cytotoxic autophagy in SAS p53 func-
tional oral cancer cells and autophagic apoptosis in HSC-3 p53 mutated oral cancer cells.
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apoptosis relies on ULK1 and c-Myc. Finally, we 
provide evidence supporting the idea that the 
repressive effect of capsaicin on cancer cells is 
independent of p53 functionality. These find-
ings collectively contribute to our ability to deci-
pher the biological functions of capsaicin and 
provide a solid basis for understanding its che-
mopreventive activity.
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