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Abstract: Although considered a sporadic type of skin cancer, malignant melanoma has regularly increased interna-
tionally and is a major cause of cancer-associated death worldwide. The treatment options for malignant melanoma 
are very limited. Accumulating data suggest that the natural compound, capsaicin, exhibits preferential anticancer 
properties to act as a nutraceutical agent. Here, we explored the underlying molecular events involved in the inhibi-
tory effect of capsaicin on melanoma growth. The cellular thermal shift assay (CETSA), isothermal dose-response 
fingerprint curves (ITDRFCETSA), and CETSA-pulse proteolysis were utilized to confirm the direct binding of capsaicin 
with the tumor-associated NADH oxidase, tNOX (ENOX2) in melanoma cells. We also assessed the cellular impact 
of capsaicin-targeting of tNOX on A375 cells by flow cytometry and protein analysis. The essential role of tNOX in 
tumor- and melanoma-growth limiting abilities of capsaicin was evaluated in C57BL/6 mice. Our data show that cap-
saicin directly engaged with cellular tNOX to inhibit its enzymatic activity and enhance protein degradation capacity. 
The inhibition of tNOX by capsaicin was accompanied by the attenuation of SIRT1, a NAD+-dependent deacetylase. 
The suppression of tNOX and SIRT1 then enhanced ULK1 acetylation and induced ROS-dependent autophagy in 
melanoma cells. Capsaicin treatment of mice implanted with melanoma cancer cells suppressed tumor growth by 
down-regulating tNOX and SIRT1, which was also seen in an in vivo xenograft study with tNOX-depleted melanoma 
cells. Taken together, our findings suggest that tNOX expression is important for the growth of melanoma cancer 
cells both in vitro and in vivo, and that inhibition of the tNOX-SIRT1 axis contributes to inducting ROS-dependent 
autophagy in melanoma cells.

Keywords: Autophagy, cellular thermal shift assay (CETSA), CETSA-pulse proteolysis, melanoma, reactive oxygen 
species (ROS), sirtuin 1 (silent mating type information regulation 2 homolog 1 or SIRT1), tumor-associated NADH 
oxidase (tNOX or ENOX2) 

Introduction

Malignant melanoma accounts for approxi-
mately 5% of skin cancers; however, its high 
metastatic potential means that it accounts  
for the vast majority of all skin cancer deaths  
in the United States, with particularly high mor-
tality seen in those diagnosed at a later stage 
[1, 2]. Unfortunately, acquired drug resistance 
largely restricts the efficacy of chemotherapy  
in melanoma, resulting in disease progression 
and a poor long-term survival rate [3-5]. Accu- 

mulated evidence demonstrates that phyto-
chemicals, such as capsaicin (8-methyl-N- 
vanillyl-6-nonenamide; the functional ingredi-
ent in chili peppers), can exhibit superior toxi- 
city toward cancer cells over non-cancerous 
cells and may offer benefits as nutraceutical 
agents [6-11]. Indeed, capsaicin has long been 
known to diminish the growth of human and 
mouse melanoma cells [12-17]. However, we 
current lack direct and physical evidence link-
ing the specific target(s) of capsaicin to its 
superior cytotoxicity. Thus, it is worth investigat-
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ing novel cellular target(s) for capsaicin that 
have therapeutic potential, and assessing the 
relevant mechanism(s) of action in melanoma.

In previous work, we explored the distinct cel-
lular impacts of capsaicin in different systems 
and identified a tumor-associated NADH oxi-
dase (tNOX; ENOX2) that is hormone- and 
growth factor-stimulated in non-cancerous 
cells but constitutively activated in transfor- 
med/cancer cells [6, 18]. Given that tNOX is 
commonly expressed in cancer/transformed 
but not non-cancerous cells, its downregula- 
tion has become an important premise to 
explain the preferential cytotoxicity of capsai- 
cin toward cancerous cells, including those of 
human and mouse melanoma, breast, stom-
ach, colon, lung, and bladder cancer [6, 12, 
19-23]. Importantly, by utilizing cell lines from 
human lung tissues, we learned that capsaicin 
suppresses tNOX activity/expression to reduce 
intracellular NAD+ concentration and a NAD+-
dependent SIRT1 deacetylase activity, result-
ing in augmented p53 acetylation as well as 
apoptosis in lung cancer cells [22]. We also 
showed that, conversely, capsaicin increased 
the intracellular NAD+/NADH ratio and SIRT1 
deacetylase activity, decreasing Atg5 acetyla-
tion to trigger protective autophagy in MRC-5 
cells lacking tNOX expression [22]. In addition 
to programmed cell death, it appears that cap-
saicin also acts on cell migration, epithelial-
mesenchymal transition (EMT), and cell cycle 
progression through modulation of the tNOX-
SIRT1 axis [23, 24].

The basis for determining the affinity of a  
ligand to its protein target is to examine the 
changes in protein stability because ligand 
binding enhances global stability of a protein. 
In this present study, to demonstrate that cap-
saicin directly targets tNOX in melanoma can-
cer cells, we performed a cellular thermal shift 
assay (CETSA) and obtained isothermal dose-
response fingerprint (ITDRFCETSA) curves. The 
foundation for CETSA-based techniques relies 
on the concept that a target protein will be 
heat-stable in the presence of its ligand com-
pound [25-30]. Moreover, an energy-based 
CETSA-pulse proteolysis was used for the tar-
get identification. Given that ligand binding 
enhances stability of target protein, pulse pro-
teolysis assay empowers for quantitative deter-

mination of protein stability by exploiting the 
fact that folded and unfolded proteins are very 
different proteolysis susceptibilities [31, 32]. 
Utilization of an excess of thermolysin to digest 
only unfolded tNOX proteins in equilibrium  
mixtures of folded and unfolded forms, we 
observed that the presence of capsaicin 
increased resistance to proteolysis of tNOX as 
its undigested/folded form was visualized by 
Western blot analysis. All of these various lines 
of evidence presented herein suggest that the 
direct interaction between capsaicin and tNOX 
resulted in tNOX degradation, which in turn trig-
gered ROS-dependent autophagy in melanoma 
cells through enhanced ULK1 acetylation.

Materials and methods

Cell culture and reagents

Capsaicin (purity >95%) was purchased from 
Sigma-Aldrich Corporation (St. Louis, MO,  
USA). The anti-SIRT1, anti-phosphorylated Akt, 
anti-Atg5, anti-Bak, anti-Bax, anti-caspase 8, 
anti-caspase 9, anti-caspase 3, anti-acetylat- 
ed Lysine, anti-mTOR, anti-phosphorylated 
mTOR, anti-PARP, anti-p53, anti-acetyl-p53, 
anti-phosphorylated-p53, and anti ULK1 anti-
bodies were obtained from Cell Signaling 
Technology, Inc. (Beverly, MA, USA). The anti-β-
actin antibody was purchased from Millipore 
Corp. (Temecula, CA, USA). The anti-Akt anti-
body was purchased from Santa Cruz Biotech- 
nology, Inc. (Santa Cruz, CA, USA). The anti-
Beclin 1, anti-Atg7, and anti-LC3 antibodies 
were obtained from Novus biologicals (Cen- 
tennial, CO, USA). The commercially available 
anti-COVA1 (a.k.a. tNOX, ENOX2) antibody from 
Proteintech (Rosemont, IL, USA) was used for 
immunoprecipitation. The antisera to tNOX 
used for immunoblotting were produced as 
described previously [33]. If not otherwise 
specified, the anti-mouse and anti-rabbit IgG 
antibodies and other chemicals were purchas- 
ed from the Sigma Chemical Company (St. 
Louis, MO, USA), unless otherwise specified.

B16F10 (mouse melanoma) and A375 (human 
melanoma) cells grown in Dulbecco’s Modified 
Eagle Medium (DMEM), were obtained from  
the Bioresource Collection and Research Cen- 
ter (BCRC, Hsinchu, Taiwan). Media were forti-
fied with 10% FBS, 100 units/ml penicillin and 
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50 µg/ml streptomycin. Cells were cultured at 
37°C in a humidified atmosphere of 5% CO2 in 
air, with replacing media every 2-3 days. Cells 
were exposed to different concentrations of 
capsaicin (ethanol as vehicle), as described in 
the text, or with the same volume of ethanol 
(vehicle control).

tNOX short hairpin RNA was produced in the 
pCDNA-HU6 plasmid, a generous gift from  
Dr. J.T. Chang (Chung Shan Medical Univer- 
sity) [34]. Two oligonucleotides targeting tNOX 
(shRNA-F: GATCCGAGGAAATTCGCAACATTCATT- 
TCAAGAGAA and shRNA-R: AGCTTAAAAAGAGG- 
AAATTCGCAACATTCATTCTCTTGAAA) were syn-
thesized, treated with T4 polynucleotide kina- 
se (New England BioLabs, Ipswich, MA) and 
ligated to a pCDNA-HU6 vector. For the nega-
tive control, a set of random-sequence oligo-
nucleotides was utilized. A375 cells were cul-
tured in 10-cm dishes for 12-16 h, and then 
transfected with tNOX shRNA or control shRNA 
using the jet PEI transfection reagent (Poly- 
plus-transfection SA, Illkirch Cedex, France), 
based on the instructions provided by the  
manufacturer. Alternatively, ON-TARGETplus 
tNOX (ENOX2) siRNA and negative control 
siRNA were purchased Santa Cruz Biotechno- 
logy, Inc. (Santa Cruz, CA, USA). Briefly, A375 
cells were seeded in 10-cm dishes, allowed 
attaching overnight, and then transfected with 
tNOX siRNA or control siRNA using the 
Lipofectamin RNAiMAX Reagent (Gibco/BRL 
Life Technologies) according to the manufac-
turer’s instructions.

Constant monitoring of cell growth by cell im-
pedance measurements

In order to constantly observe changes in cell 
growth, cells (104 cells/well) were cultured  
onto E-plates and waited for 30 min at room 
temperature, after which E-plates were set- 
tled into the xCELLigence System (Roche, 
Mannhein, Germany). Cells were cultured for 
one day before exposed to capsaicin or  
ethanol and impedance was evaluated every 
hour, as previously described [22]. Cell imped-
ance is defined by the cell index (CI) = (Zi-Z0) 
[Ohm]/15 [Ohm], where Z0 is background resis-
tance and Zi is the resistance at an individual 
time point. The definition of a normalized cell 
index is calculated as the cell index at a cer- 
tain time point (CIti) divided by the cell index at 
the normalization time point (CInml_time).

Cell viability assay

Cells (5 × 103) were cultured in 96-well culture 
plates and allowed to adhere for 12-16 h at 
37°C in growth medium containing 10% FBS. 
Cells were exposed to different concentrations 
of capsaicin for 24, 48, 72 hours, and at the 
end of each experiment, cell viability was eva- 
luated using a rapid, MTS-based colorimetric 
assay (CellTiter 96 cell proliferation assay kit; 
Promega, Madison, WI, USA) based on the 
instructions from the manufacturer. All experi-
ments were conducted in no less than tripli- 
cate on three separate occasions. Data are 
presented as means ± SDs.

Clonogenic assay

Onto each 6-cm dish, two hundred cells were 
cultured in growth medium with various con-
centrations of capsaicin at least 10 days. At  
the end of experiment, colonies were fixed in 
1.25% glutaraldehyde at room temperature for 
30 minutes, washed with distilled water and 
colored with a 0.05% methylene blue mixture. 
The number of colonies was determined and 
documented.

Apoptosis determination

An Annexin V-FITC Apoptosis Detection Kit (BD 
Pharmingen, San Jose, CA, USA) was utilized  
for the measurement of apoptosis. Cells cul-
tured in 6-cm culture dishes were trypsinized 
and harvested by centrifugation. After centri- 
fugation, the cell pellet was rinsed with PBS, 
resuspended in 1 × binding buffer and colored 
with annexin V-FITC (fluorescein isothiocya-
nate), based on the instructions from the man-
ufacturer. Additionally, cells were colored with 
propidium iodide (PI) to determine necrotic  
or late apoptotic cells. The percent of viable 
(FITC-negative and PI-negative), early apoptotic 
(FITC-positive and PI-negative), late apoptotic 
(FITC-positive and PI-positive) and necrotic 
(FITC-negative and PI-positive) cells was evalu-
ated by a Beckman Coulter FC500 flow cytom-
eter. The results are expressed as a percent- 
age of total cells.

Autophagy determination

Autophagosomes-acidic intracellular compart-
ments that mediate the degradation of cyto-
plasmic materials during autophagy-were seen 
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by coloring with Acridine Orange (AO; Sigma 
Chemical Co.). At the end of each experiment, 
cells were centrifuged, rinsed with PBS, and 
colored with 2 mg/ml AO for 10 min at 37°C. 
After incubation, the AO-stained cells were 
rinsed with PBS, trypsinized, and examined 
using a Beckman Coulter FC500 flow cytome-
ter. The results are recorded as a percentage  
of total cells.

Visualization of autophagosome formation us-
ing EGFP-LC3

For autophagy experiments, A375 cells were 
transfected with a pEGFP-LC3 construct  
(a generous gift from Dr. Tamotsu Yoshimori, 
Osaka University, Japan) using Lipofectamine 
2000 reagent according to the instructions 
from the manufacturer (Invitrogen, Carlsbad, 
CA, USA) [35]. A375-EGFP-LC3 cells were  
either starved or exposed to capsaicin or  
ethanol and autophagosomes formation was 
visualized.

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

Total RNA from melanoma cancer cells was 
purified using the TRIzol reagent (Gibco, 
Carlsbad, CA, USA). First strand cDNA was 
made from 1 μg of total RNA by Superscript II 
(Life Technologies, Rockville, MD, USA). The  
following primers sets were utilized for PCR 
amplifications: tNOX, 5’-GCTGTGCTTCTAGGCT- 
GTGT-3’ (sense) and 5’-TTATCAAGACGGTGCAA- 
GTAGGA-3’ (antisense); SIRT1, 5’-GCCAGTGGA- 
TTCGCTCTTT-3’ (sense) and 5’-GCTCTATCCTC- 
CTCATCACTTTCAC-3’ (antisense); and β-actin, 
5’-ACTCACCTTGGTGGTGCATA-3’ (sense) and 
5’-ACACCTTGATGGGAAAGGTGG-3’ (antisense). 
The experimental conditions for PCR were: 30 
cycles of 95°C for 30 sec, 55°C for 30 sec,  
and 72°C for 1 min, followed by a final exten-
sion of 5 min at 72°C. The generated PCR  
products were analyzed by 1.4% agarose gels 
electrophoresis and seen by ethidium bromide 
staining.

Determination of oxidative stress (also reactive 
oxygen species, ROS)

Reactive oxygen species (ROS) was examined 
by determining the generation of intracellular  
of hydrogen peroxide (H2O2), utilizing 5-(6)-car-
boxy-2’,7’-dichlorodihydrofluorescein diacetate 
(carboxy-H2DCFDA) staining. The non-ionic and 

nonpolar cell-penetrating H2-DCFDA fluores-
cent dye is hydrolyzed to nonfluorescent H2- 
DCF by esterases in the cells. H2-DCF is quick- 
ly oxidized to DCF with high fluorescent in the 
existence of peroxide. In short, after exposure 
to capsaicin, cells (2 × 105) were rinsed with 
PBS and treated with 5 μM H2DCFDA in bind- 
ing buffer for 30 min. The cells were then har-
vested by trypsinization and centrifugation, 
rinsed with PBS, centrifuged at 200 × g for 5 
min and examined promptly by a Beckman 
Coulter FC500 flow cytometer.

SIRT1 activity measurement

The cellular SIRT1 activity was determined  
by 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 resus-
pended 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 10 min  
at 4°C. The supernatant was then used for the 
measurement of SIRT1 activity based on the 
instructions from the manufacturer.

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

Intracellular tNOX as cellular target of cap- 
saicin was established by CETSA. Two sets of 
samples were processed from capsaicin-expo- 
sed and control groups. For each set, 2 × 107 
cells were cultured in a 10-cm dish for a day 
and then were pretreated with 10 μM MG132 
for 1 h to inhibit proteasomal activity, rinsed 
with PBS, digested with trypsin, and harvested 
by centrifugation. The centrifugation was set  
to 12,000 rpm for 3 min at room temperature. 
After centrifugation, cell pellets were lightly 
resuspended with 1 mL of PBS, and the sam-
ples were centrifuged again 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 cell pallets were then moved to 
new tubes and subjected to three freeze-thaw 
cycles; for each cycle, samples were immers- 
ed in liquid nitrogen for 3 min, heated in a dry 
heating block to 37°C for 3 min, and vortexed 
shortly. Capsaicin was added to the tested 
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sample set with a final concentration of 2 mM; 
on the other hand, the same volume of vesicle 
solvent was added in the control sample set. 
The samples were warmed at 37°C for 1 h and 
allocated to 100 μl aliquots. Pairs comprising 
one control tube and one tested tube were 
heated at 40°C, 43°C, 46°C, 49°C, 52°C, 
55°C, 58°C, or 61°C for 3 min. Centrifugation 
at 12,000 rpm for 30 min at 4°C was then  
used to separate insoluble proteins, and the 
supernatants with soluble proteins were sub-
jected to SDS-PAGE and protein analysis using 
antisera to tNOX [33, 36]. β-actin was used as 
the control.

We also performed an isothermal dose-res- 
ponse fingerprint (ITDRFCETSA) comparable to 
that of the CETSA melting curve experiments  
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, 0.25, 0.5, 1, 10, 100, 200 
μM capsaicin for 1 h. After the treatment,  
samples were rinsed with PBS, digested with 
trypsin, and harvested with centrifugation at 
12,000 rpm for 2 min at room temperature. 
The samples were lightly resuspended with 1 
mL of PBS, and then centrifuged at 7,500  
rpm for 3 min at room temperature, and re- 
suspended with 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, and 
then subjected to three freeze-thaw cycles. For 
each cycle, samples were immersed in liquid 
nitrogen for 3 min, warmed in a dry heater 
block to 25°C for 3 min, and vortexed shortly. 
The samples were then heated at 54°C for 3 
min and cooled for 3 min at room temperature. 
Insoluble proteins were separated by centrifu-
gation at 12,000 rpm for 30 min at 4°C, and 
the supernatants with soluble proteins were 
used for SDS-PAGE and protein analysis using 
antisera to tNOX. β-actin was used as the inter-
nal loading control.

CETSA-pulse proteolysis

Two sets of samples were processed from cap-
saicin-exposed and control groups and pre-
pared as described above in the cellular ther-
mal shift assay experiments to the point of 
heating samples at different temperature for 3 
min and placed on ice. Proteolysis was started 

by adding selected protease, thermolysin to 
reach the final concentration of 0.2 mg/mL. 
After 1 min of reaction to digest the unfolded 
fraction of proteins, EDTA was added to the 
sample to be 20 mM for quenching thermoly- 
sin activity. Samples were then centrifugation 
at 12,000 rpm for 30 min at 4°C was then  
used to separate insoluble proteins, and the 
supernatants with soluble proteins were sub-
jected to SDS-PAGE and Western blot analysis 
using antisera to tNOX [33, 36]. β-actin was 
used as the control.

Immunoblotting and immunoprecipitation

Cell extracts were handled 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 apro-
tinin). Volumes of cell extract comprising  
equivalent weights of proteins (40 µg/lane) 
were subjected to SDS-PAGE gels, and sepa-
rated proteins were then transferred to PVDF 
membranes (Schleicher & Schuell, Keene,  
NH, USA). The membranes were blocked with 
5% of non-fat milk, rinsed with washing buffer, 
and probed with primary antibody overnight. 
The membranes were then washed to elimin- 
ate unbound primary antibody, incubated with 
horseradish peroxidase-conjugated secondary 
antibody for 2 hours. After incubation, the  
blots were washed again and developed using 
enhanced chemiluminescence (ECL) reagents, 
based on the protocol from the manufacturer 
(Amersham Biosciences, Piscataway, NJ, USA).

For immunoprecipitation, protein extracts from 
100 mm dishes were incubated with 60 μl of 
Protein G Agarose Beads (for rabbit antibodies) 
for 1 h at 4°C in rotation for pre-clearing. The 
ULK1 antibody or control IgG was incubated 
onto beads in 500 μl of lysis buffer for over-
night in rotation at 4°C. Beads were precipitat-
ed by centrifugation at 3000 rpm, 2 min at 4°C 
and 80 μl of supernatants were collected for 
input total lysates. Beads were washed three 
times with lysis buffer and samples were pre-
pared for Western blotting analysis.

In vivo xenograft studies

Specific pathogen free (SPF) female C57BL/6 
mice were purchased from the National Labo- 
ratory Animal Center (Taipei, Taiwan). The ani-
mal use protocols were approved by the Ins- 
titutional Animal Care and Use Committee of 
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National Chung Hsing University (Taichung, 
Taiwan). Mice were subcutaneously inoculat- 
ed with 100 μl of a B16F10 cell mixture con-
taining 2 × 105 live cells in PBS. In accordance 
with the 3R’s, the tumor-bearing animals were 
causally divided into two groups (n=4 per  
group) when the tumor mass reached an aver-
age diameter of 0.5-1 cm. Group 1 mice were 
intratumorally injected with vehicle buffer 
(1.12% ethanol in 1X PBS) as untreated con- 
trol (VC group). Group 2 mice were intratumor-
ally treated with 200 μg capsaicin in vehicle 
buffer (Cap group). Intratumoral therapy was 
performed two times at an interval of one  
week. The tumor size was recorded every 2-3 
days and the tumor volume was calculated 
using the formula: length × width2 × 0.5. Mice 
were euthanized at 4 days after the final treat-
ment. The significance of differences in tumor 
size was determined by one-tailed Student’s t 
test.

To confirm the contribution of tNOX to tumor 
growth, 1 × 106 B16F10 mouse melanoma 
cells transfected with either control (control-i) 
or tNOX (tNOX-i) shRNA were used for inocula-
tion. Eight-week-old female C57BL/6 mice were 
causally divided into two groups and subcuta-
neously inoculated with tumor cells at the right 
flank: Group-1 mice (n=3) were injected with 
control-i cells as a control group and group-2 
mice (n=3) were injected with tNOX-i cells. 
Fourteen days after tumor cell injection, mice 
were euthanized, the tumor mass was quickly 
removed, and the mass was weighed.

Statistical analysis

All in vitro experiments were performed no less 
than three times and all in vivo experiments 
were conducted with at least three animals. 
The results of each experiment are expressed 
as the means ± SEs. Between-group compari-
sons were calculated by one-way analysis of 
variance (ANOVA) followed by an appropriate 
post-hoc test. A statistically significant differ-
ence was defined as P value <0.05.

Results 

Capsaicin suppresses the growth of mouse 
and human melanoma cells

We first set out to determine the effect of cap-
saicin on the growth of melanoma cells, utiliz-

ing both mouse (B16F10) and human (A375) 
cells by dynamically monitoring cell imped- 
ance, and displayed the results as cell index 
(CI) values [37, 38]. Our results suggested that 
capsaicin attenuated the growth of these two 
cell lines with comparable degrees of cyto- 
toxicity at concentrations above 10 μM (Figure 
1A). We observed a slight rise in the prolifera-
tion of these cancer cell lines when exposed to 
10 μM capsaicin, which was similar to a previ-
ous reported finding [21]. Consistent results 
were also obtained with a cell viability assay, 
which indicated that capsaicin induced dose- 
and time-dependent decreases in melanoma 
cell viability, except at 10 μM for the A375 cells 
(Figure 1B). However, when we used a colony-
forming assay to examine the longer-term eff- 
ect, we found that capsaicin markedly dimin-
ished A375 cell proliferation at 10 and 50 μM, 
and completely blocked cell proliferation at 
100 and 200 μM (Figure 1C).

Capsaicin induces ROS-dependent autophagy 
but not apoptosis

Given that capsaicin has long been recognized 
as a nutraceutical agent for its apoptotic activ-
ity, we next validated the cellular outcomes in 
melanoma cells exposed to capsaicin. How- 
ever, our results suggested that capsaicin was 
unable to induce apoptosis in A375 cells even 
at 200 μM (Figure 2A). Instead, it appeared  
to induce autophagy in a concentration- and 
time-dependent fashion (Figure 2B). Pretreat- 
ment with the autophagy inhibitor bafilomycin 
A1 (Baf A1), markedly reduced the capsaicin-
induced autophagy (Figure 2C). Furthermore, 
the pretreatment with Baf A1 effectively sensi-
tized A375 cells to apoptosis in the control 
group and the combination of 200 μM capsa-
icin and Baf A1 further enhanced apoptosis  
significantly (Figure 2D, left panel). Similar 
results were also observed with pretreatment 
with 3-methyladenine (3-MA), an inhibitor of 
phosphatidylinositol 3-kinase involved in the 
regulation of autophagy (Figure 2D, right pa- 
nel). Consistent with Figure 2D, autophagy in- 
hibition by Baf A1 also markedly reduced cell 
viability in the controls, conceivably through 
apoptosis induction (Figure 2E). Another possi-
bility is that spontaneous autophagy could pro-
mote cell survival and the inhibition of auto- 
phagy thus decreases cell viability, as also  
evidenced by others [39, 40]. In this regard, 
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Figure 1. Capsaicin attenuates the growth of melanoma cells. A. Capsaicin-mediated cell proliferation was dynamically monitoring by impedance measurements 
in B16F10 and A375 cells, as described in the Materials and Methods. Shown are normalized cell index values measured. B. Cells were treated with various con-
centrations of capsaicin for 24, 48, or 72 h and cell viability was determined by MTS-based assays. Values (means ± SDs) are from no less than three independent 
experiments. There was a significant difference observed in cell viability in experimental groups as opposed to the controls (*P<0.05, **P<0.01, ***P<0.001). C. A375 
cells were treated with various concentrations of capsaicin and allowed to form colonies. Colony numbers were determined and documented. Values (means ± SDs) 
are from three independent experiments. There was a significant reduction in cells treated with capsaicin compared to the controls (***P<0.001).
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Figure 2. Capsaicin favorably triggers autophagy but not apoptosis in A375 melanoma cells. A. Cells were treated with capsaicin or ethanol for 24 hours. The percent-
age of apoptotic cells was evaluated by flow-cytometry, and the results are presented as the percentage of apoptotic cells. Values (means ± SDs) are from at least 
three independent experiments (*P<0.05). B. Cells were exposed to various concentrations of capsaicin/ethanol for 15 hours or 200 μM of capsaicin for different 
time length. Autophagy was determined by AO staining using flow cytometry, analysis and the results are expressed as a percentage of autophagic cells. Values 
(means ± SDs) are from at least three independent experiments (*P<0.05, ***P<0.001). C. Cells were pre-treated with 10 nM Baf A1 for 1 h before exposed to cap-
saicin for 15 h. Autophagy was determined by AO staining using flow cytometry, analysis and the results are expressed as a percentage of autophagic cells. Values 
(means ± SDs) are from at least three independent experiments (**P<0.01). D. Cells were pretreated with 10 nM Baf A1 (left panel) or 10 μM 3-MA (right panel) for 
1 h before treated with capsaicin or ethanol for 24 hours. The percentage of apoptotic cells was determined by flow cytometry, and the results are expressed as a 
percentage of apoptotic cells. Values (means ± SDs) are from at least three independent experiments (*P<0.05, **P<0.01, ***P<0.001). E. Cells were pre-treated 
with 10 nM Baf A1 for 1 h before exposed to various concentrations of capsaicin for 24 h and cell viability was determined by MTS-based assays. Values (means ± 
SDs) are from no less than three independent experiments. There was a significant difference observed in cell viability in experimental groups as opposed to the 
controls (*P<0.05, **P<0.01). F. A375-EGFP-LC3 cells were serum starved or treated with capsaicin or ethanol for 15 hours. EGFP fluorescence was observed under 
a fluorescence microscopy. G, H. A375 cells were exposed to capsaicin or ethanol for various concentrations and aliquots of cell lysates were resolved by SDS-PAGE 
and analyzed for protein expression by Western blotting. β-actin was used as an internal loading control to monitor for equal loading. Representative images are 
provided from at least three independent experiments.
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unsurprisingly, the combination of Baf A1 and 
200 μM capsaicin provoked more apoptosis to 
further diminish cell viability (Figure 2E). To 
investigate autophagy induced by capsaicin, 
we exogenously expressed a fusion protein of 
enhanced green fluorescent protein and the 
autophagy marker microtubule associated light 
chain 3 protein (EGFP-LC3) in A375 cells. Our 
data illustrated that capsaicin treatment pro-
moted autophagosomes formation as green 
punctuate dots, similar to those seen in cells 
with starvation (Figure 2F). Protein analysis 
showed that capsaicin-induced autophagy 
involved the up-regulation of the autophagy-
related proteins Beclin 1, Atg5, Atg7, and the 
level of cleaved LC-3 II, and that this was 
accompanied by a decrease in the activation/
phosphorylation of mTOR and Akt (Figure  
2G). On the contrary, apoptosis markers were 

unchanged by capsaicin exposure, including 
cleaved/activated caspases, the levels of the 
pro-apoptotic proteins Bak, Bax, p53, and the 
cleavage of PARP (Figure 2H).

Using the fluorescent dye, H2DCFDA, we ob- 
served that capsaicin markedly provoked the 
generation of reactive oxygen species (ROS) at 
100 and 200 μM (Figure 3A), as proposed by 
many other studies [41-43]. Pretreatment with 
the ROS scavenger, N-acetyl-L-cysteine (NAC), 
effectively attenuated capsaicin-mediated au- 
tophagy at 200 μM (Figure 3B). Furthermore, 
our protein analysis validated that the capsa-
icin-mediated changes in autophagy-related 
proteins were reversed by pretreatment with 
NAC, suggesting that capsaicin-induced auto- 
phagy was dependent of ROS signaling (Figure 
3C).

Figure 3. Capsaicin-induced autophagy is dependent of ROS signaling in A375 cells. A. The percent change in in-
tracellular ROS generation was evaluated after cells were treated with various concentrations of capsaicin for 1 h. 
Values (means ± SDs) are from no less than three independent experiments (*P<0.05, ***P<0.001). B. Cells were 
pretreated with or without 10 mM NAC for 1 h before exposure to 200 μM capsaicin or ethanol for 18 hours. The 
percentage of autophagic cells was assessed by flow cytometry, and the results are expressed as a percentage of 
autophagic cells. Values (means ± SDs) are from at least three independent experiments (*P<0.05, ***P<0.001). 
C. Cells were pretreated with or without 10 mM NAC for 1 h before exposure to capsaicin or ethanol for 24 hours. 
Aliquots of cell lysates were resolved by SDS-PAGE and analyzed for protein expression by Western blotting. β-actin 
was used as an internal loading control to monitor for equal loading. Representative images are shown from at least 
three independent experiments.
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Capsaicin directly binds to tNOX, as indicated 
by cellular thermal shift assays (CETSA) and 
CETSA-pulse proteolysis

Capsaicin has long been known to suppress 
plasma membrane NADH oxidase (a.k.a tNOX; 
ENOX2) and the growth of human and mouse 
melanoma cells [12]. The previous study main- 
ly correlated the inhibition of NADH oxidase 
activity with attenuation of cancer cell growth, 
but did not reveal the molecular events con- 
tributing to this capsaicin-mediated suppres-
sion. To shed light on the action mechanism  
of capsaicin, we next examined whether there 
is a direct interaction between capsaicin and 
tNOX to regulate autophagy in melanoma cells. 
The basis for determining the affinity of a ligand 
to its protein target is to examine the changes  
in protein stability because ligand binding en- 
hances global stability of a protein. Given that 
the interaction between a ligand and its target 
protein enhances its heat resistance, a cel- 
lular thermal shift assay (CETSA) was conduct-
ed to examine the direct targeting between 
capsaicin and target proteins. Interestingly, in 
the presence of capsaicin, tNOX apparently 
precipitated at higher temperatures com- 
pared with that seen in control A375 cells 
(Figure 4A). The relative tNOX intensity ob- 
served at all temperatures tested was signifi-
cantly higher in capsaicin-exposed cells com-
pared to controls (Figure 4B). Moreover, the 
melting temperature values (Tm; the tempera-
ture at which 50% of proteins become unfold- 
ed and quickly precipitated by heat) derived 
from the plot of thermal melting curves show- 
ed that the addition of capsaicin increased the 
parameter by 6.1 degrees, from 46.5°C (con-
trol) to 52.6°C (exposed to capsaicin) (Figure 
4C), suggesting that there is direct binding 
between capsaicin and tNOX. Furthermore, 
using isothermal dose-response fingerprint 
curves (ITDRFCETSA), we examined the dose-
response relationship between capsaicin and 
the heat stability of tNOX; this experiment was 
performed at 54°C, as most tNOX proteins 
would be denatured and precipitated unless 
they were thermally stabilized by binding to the 
ligand, capsaicin. Indeed, capsaicin dose-de- 
pendently increased the stability of tNOX, with 
an OC50 value of 30 μM for A375 melanoma 
cells (Figure 4D).

In addition to CETSA-based assays, we also 
incorporated an energy-based pulse proteoly-

sis assay to further validate the direct target- 
ing of tNOX and capsaicin. Given that ligand 
binding enhances stability of target protein, 
pulse proteolysis assay empowers for quan- 
titative determination of protein stability by 
exploiting the fact that the protein should not 
be markedly digested in folded configuration 
compared to its unfolded form [31, 32]. Uti- 
lization of an excess of thermolysin to digest 
only unfolded tNOX proteins in equilibrium mix-
tures of folded and unfolded configurations,  
we observed that capsaicin binding enhanced 
resistance to proteolysis of tNOX as its undi-
gested/folded form was visualized by Western 
blot analysis (Figure 4E).

Capsaicin reduces tNOX expression at the pro-
tein and transcriptional levels

Based on our observation that capsaicin can 
directly bind to cellular tNOX protein in mela- 
noma cells, we next examined the cellular im- 
pact of this interaction. We found that capsa-
icin concentration-dependently downregulated 
tNOX in A375 cells, and that this was seen at 
both protein and transcriptional levels (Figure 
5A). Given that the POU domain transcription 
factor, POU3F2, was shown to positively regu-
late tNOX expression in gastric cancer cells 
and, through suppression of POU3F2, capsa-
icin attenuated tNOX expression in bladder 
cancer cells [44], we decided not to launch an 
in-depth investigation into the regulatory me- 
chanism at transcriptional level. Instead, pre-
treatment with the protein-synthesis inhibitor, 
revealed that the half-life of tNOX in A375 cells 
was significantly reduced by 200 μM capsai- 
cin starting at 6 h (Figure 5B). ROS signaling 
seemed to play a key role in capsaicin-inhi- 
bited tNOX expression as evidenced by the 
marked enhancement of tNOX stability seen in 
cultures pretreated with NAC (Figure 5C). Pre- 
treatment with the lysosome inhibitor, chloro-
quine (CQ), profoundly enhanced tNOX expres-
sion in A375 cells exposed to capsaicin (Figure 
5D), indicating that lysosomal degradation 
might be involved in capsaicin-induced tNOX 
downregulation. Pretreatment with the protea-
some inhibitor, MG132, markedly reversed 
tNOX expression in A375 cells exposed to cap-
saicin (Figure 5E), indicating that capsaicin-
induced tNOX downregulation might also be 
through proteasomal degradation. We further 



Capsaicin targets tNOX-SIRT1 to induce autophagy in melanoma cells

4210 Am J Cancer Res 2021;11(9):4199-4219

Figure 4. CETSA-based validation of direct binding between capsaicin and tNOX protein. A. The immunoblot inten-
sity of tNOX in A375 cells in the presence and absence of capsaicin in the CETSA experiments as described in the 
Material and Methods. Aliquots of cell lysates were resolved by SDS-PAGE and analyzed for protein expression by 
Western blotting. β-actin was used as an internal loading control to monitor for equal loading. Representative im-
ages are shown. B. The quantification of relative intensity of tNOX protein in the presence and absence of capsaicin 
versus increased temperature from three independent experiments (*P<0.05). C. CETSA-melting curves of tNOX in 
the presence and absence of capsaicin as described in the Material and Methods in A375 cells. The immunoblot 
intensity was normalized to the intensity of the 40°C sample. D. A375 cells were incubated with various concentra-
tions of capsaicin at 54°C as described in the Material and Methods. Dose-dependent thermal stability change of 
tNOX upon capsaicin treatment was evaluated after heating samples at 54°C for 3 min. The band intensities of 
tNOX were normalized with respect to the intensity of actin. Representative images are shown. E. The immunoblot 
intensity of tNOX in A375 cells in the presence and absence of capsaicin in the CETSA-pulse proteolysis experiments 
as described in the Material and Methods. Aliquots of cell lysates were resolved by SDS-PAGE and analyzed for pro-
tein expression by Western blotting. Thermolysin was used as a negative control. Representative images are shown.

examined the effect of tNOX depletion in A375 
cells subjected to RNA interference, including 
small interfering RNA (siRNA) and short hairpin 
RNA (shRNA), and found that tNOX knockdown 

significantly enhanced the autophagy induced 
by 100 and 200 μM capsaicin, but did not 
induce spontaneous autophagy in the absen- 
ce of capsaicin (Figure 5F). 



Capsaicin targets tNOX-SIRT1 to induce autophagy in melanoma cells

4211 Am J Cancer Res 2021;11(9):4199-4219

Figure 5. Capsaicin-induced tNOX downregulation is associated with proteasomal and lysosomal degradation in 
A375 cells. A. Capsaicin significantly reduced tNOX expression at translational level analyzed by Western blotting 
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and at transcriptional level determined by RT-PCR. B. Capsaicin (200 μM) decreased tNOX stability determined by a 
cycloheximide-chase assay in a time-dependent fashion. C. Capsaicin-mediated tNOX downregulation was restored 
by the ROS scavenger, NAC. D. Capsaicin-induced tNOX downregulation was reverted by chloroquine (CQ), the lyso-
some inhibitor. E. Capsaicin-mediated tNOX downregulation was reinstated by the proteasome inhibitor, MG132. 
Aliquots of cell lysates were resolved by SDS-PAGE and analyzed by Western blotting. β-Actin was detected as an 
internal control. Representative images are shown. Values (means ± SDs) are from at least three independent 
experiments (**P<0.01, ***P<0.001). F. Two types of RNA interference-mediated tNOX depletion were conducted in 
A375 cells, including siRNA and shRNA. These cells were exposed to different concentrations of capsaicin or etha-
nol for 24 h, and the percentage of autophagic cells was examined by flow cytometry. The presented values (mean 
± SDs) represent at least five independent experiments (*P<0.05 or **P<0.01 for tNOX-depleted cells vs. controls or 
capsaicin-treated vs. controls).

Capsaicin induces autophagy by suppressing 
tNOX-SIRT1 deacetylase activity to enhance 
ULK1 acetylation

Previous studies linked the suppression of 
tNOX activity with the cancer cell growth- 
attenuating activity of capsaicin [6, 12], and 
repression of tNOX activity was reported to 
reduce the intracellular NAD+ concentration 
[22]. We next questioned whether a NAD+-
dependent SIRT1 deacetylase could act as  
a tNOX-mediated NAD+ generation-regulated 
switch for autophagy. We found that capsaicin 
attenuated SIRT1 expression at both transcrip-
tional and translational levels in A375 cells 
(Figure 6A). Furthermore, 100 and 200 μM 
capsaicin significantly inhibited cellular SIRT1 
deacetylase activity in A375 cells, as assess- 
ed using a fluorometric SIRT1 activity assay 
(Figure 6B). We next focused on the autoph- 
agy-related pathway, using immunoprecipita-
tion to reveal that ULK1 acetylation was aug-
mented in our system, possibly through capsa-
icin-inhibited SIRT1 activity/expression (Figure 
6C). Interestingly, our data suggested that the 
capsaicin-induced suppression of tNOX ex- 
pression was accompanied by a decrease in 
SIRT1 expression in A375 cells (Figure 6D), as 
reported previously in other cancer cell types 
[22, 23]. Other cell death regulation-related 
downstream targets of SIRT1 were also exam-
ined: We found that p53 acetylation was in- 
creased, providing further evidence that cap- 
saicin induced autophagy, not apoptosis, in our 
system (Figure 6D).

Capsaicin-induced inhibition of tNOX or deple-
tion of tNOX limit tumor growth in vivo

To determine whether capsaicin exerts an in- 
hibitory activity on melanoma cancer in vivo, 
mice were inoculated with B16F10 cells. Tu- 
mor-bearing mice with average tumor diame-
ters of around 0.5-1 cm were causally split  

into two groups and intratumorally injected  
with either 200 μg capsaicin in vehicle buffer  
or buffer only. Mice were terminated at Day 10 
and we found that capsaicin effectively less-
ened the tumor size (Figure 7A). Furthermore, 
protein analysis of the tumor tissues from the 
control and capsaicin-treated groups revealed 
that capsaicin treatment effectively reduced 
the expression of tNOX/SIRT1 expression (Fig- 
ure 7B). Consistent with the data from the in 
vitro studies, we also observed that the ULK1 
acetylation level was enhanced in the tissues 
of animals treated with capsaicin compared 
with those from control animals (Figure 7C).  
We next explored the involvement of tNOX  
in melanoma xenograft experiments utilizing 
RNA interference (RNAi) technology in B16F10 
cells. tNOX-specific shRNA effectively attenuat-
ed tNOX expression in B16F10 cells compared 
to the controls (Figure 7D). The shRNA-trans-
fected melanoma cells were injected into ran-
domized C57BL/6 mice for an in vivo study. At 
the end of experiments, we found that average 
tumor mass grown in mice with tNOX-specific 
shRNA-transfected cells was markedly reduced 
compared to that of the control group, suggest-
ing that tNOX depletion decreased the ability  
of melanoma cells to induce tumor growth in 
vivo (Figure 7D). Together, our findings suggest 
that capsaicin exerts its anticancer properties 
by directly targeting and enhancing the degra-
dation of tNOX to inhibit NADH oxidation and 
SIRT1 deacetylase activity. In melanoma cells, 
through enhancement of ULK acetylation, cap-
saicin triggers autophagy dependent of ROS 
signaling (Figure 8). 

Discussion

Capsaicin can be considered a nutraceutical, 
which is defined as any food component that 
has medical benefit, such as in the prevention 
and treatment of disease [45, 46]. An emer- 
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Figure 6. Capsaicin inhibits SIRT1 expression and enzymatic activity in A375 cells. A. Capsaicin significantly in-
duced SIRT1 downregulation at the translational level analyzed by Western blotting and at the transcriptional level 
determined by RT-PCR. B. Capsaicin suppressed cellular SIRT1 activity analyzed by a SIRT1 Activity Assay Kit (Fluo-
rometric) with control or capsaicin-exposed A375 cell lysates. Values (mean ± SDs) are from three independent 
experiments (***P<0.001). C. The lysates of A375 cells were immunoprecipitated with nonimmune IgG or an anti-
body against ULK1, and the bound proteins were detected by Western blotting with pan-acetylated lysine or ULK1 
antibodies. D. A375 cells were exposed to different concentrations of 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 loading control to monitor for equal loading. Representative images are shown from at least three 
independent experiments.

ging body of evidence suggests that capsai- 
cin suppresses the growth of melanoma cells. 
This has been reported to act through induc- 
tion of both apoptosis and autophagy [10], 
downregulation of Bcl-2 with enhanced apop- 
tosis [15], downregulation of IL-8 with reduced 
cell proliferation [13], and suppression of 
B16F10 cell migration via PI3K/Akt/Rac1 pa- 
thway [16]. Unsurprisingly, capsaicin has been 
used as a prototype for the design and synthe-
sis of analogs aimed at inducing selective 
apoptosis in melanoma cells [47]. Capsaicin 
has also been shown to have a synergistic 
effect when combined with other drugs: It has 
been shown to further delay tumor growth in a 

dose-dependent fashion in mice with lung 
(LLC), bladder (MBT-2), and melanoma (B16- 
F10) cancers [48]. Consistent with the previ- 
ous reports, we herein demonstrate that cap-
saicin reduces the growth of melanoma cells  
in vitro and in vivo and further show for the  
first time that this occur via inhibition of the 
tNOX-SIRT1 axis and the subsequent induction 
of cytotoxic autophagy. The therapeutic effi-
ciency of capsaicin was not ideal in our animal 
studies, but our further experiments revealed 
that a NAD+-dependent SIRT1 deacetylase ac- 
tivity appears to act as an orchestrated switch 
under regulation of tNOX-mediated NAD+ gen-
eration to trigger cytotoxic autophagy via en- 
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Figure 7. In vivo verification for capsaicin-reduced tNOX and tNOX-depletion suppresses melanoma tumor growth. 
A. In a tumor-bearing mouse xenograft model, control mice were intratumorally injected with vehicle buffer and 
treatment group mice were intratumorally treated with 200 μg capsaicin as described in Materials and Methods. 
The morphology of the tumor tissues excised from tumor-bearing mice (top panel) and quantitative analysis of xe-
nografted tumor volume during the treatment period (bottom panel) are shown. B. Tissues from two sets of tumor-
bearing mice were grounded and prepared for Western blotting analysis. β-actin was used as an internal loading 
control to monitor for equal loading. C. The lysates of tumor tissues were immunoprecipitated with nonimmune IgG 
or an antibody against ULK1, and the bound proteins were detected by Western blotting with pan-acetylated lysine. 
D. In another mouse xenograft model, B16F10 cells transfected with either control (control-i) or tNOX (tNOX-i) shRNA 
were subcutaneously injected into mice. The morphology of the tumor tissues excised from tumor-bearing mice (top 
panel) and quantitative analysis of xenografted tumor weights from two sets of mice are shown.

hanced ULK1 acetylation. Thus, capsaicin can 
be considered as a unique candidate drug with 

specific intercellular protein targets (tNOX and 
SIRT1) for melanoma treatment.
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Recent efforts to quantify the engagement 
between an unlabeled drug and a cellular  
protein target have shed lights on the action 
mechanisms of drugs. An example of such a 
technique is CETSA, which relies on the obser-
vation that ligand binding strengthens the  
thermal stability of a target protein [26, 27]. 
The preferential cytotoxicity of capsaicin had 
been long linked with tNOX in melanoma cells 
[12], but we previously lacked any direct physi-
cal evidence supporting their undeviating eng- 
agement. Using CETSA, we show that intracel-
lular tNOX engages directly with capsaicin in 
T24 bladder cancer cells [24]. With the advan-
tage of ITDRFCETSA, we provide extended evi-
dence of capsaicin-tNOX binding in oral cancer 
cells [49]. Here, together with CETSA and 
ITDRFCETSA, we also incorporate an energy- 
based CETSA-pulse proteolysis assay to further-
more validate the direct target of capsaicin to 
tNOX and this direct binding in melanoma cells 
influenced the degradation of tNOX and its 
function as a NADH oxidase to suppress SIRT1 
deacetylase, which increased the acetylation  
of ULK1 to activate autophagy. Similar to our 
findings, other studies have reported that cap-
saicin exhibits autophagic activity that coexists 
or cooperates with apoptosis to enhance cell 
death [50, 51].

Generally, the knockdown approach should 
highlight the essential role of a protein in the 
signaling pathway. However, in the scenario of 
tNOX, it is somehow more complicated for the 
following reasons. We propose that the anti- 
cancer properties of capsaicin are due to its 
targeting to tNOX, leading to enzymatic activity 
inhibition and protein degradation. However, 
tNOX deficiency itself has long being estab-
lished to be apoptotic and cytotoxic in cancer 
cells, possibly due to less NAD+ production  
and greater oxidative stress [20, 22, 23, 52, 
53]. In this regard, it is not surprising that tNOX 
deficiency triggers stress-induced apoptosis 
leading to attenuate growth of cancer cells. In 
other words, effect of capsaicin targeting to 
tNOX would be comparable to the effect of 
tNOX knockdown, although they might exhibit 
different degree of cytotoxicity. By revealing 
tNOX as a direct target for capsaicin, we now 
provide a reasoning to clarify the unequal cyto-
toxicity of capsaicin in cancer and non-cancer-
ous cells as well shed light on the distinct cel-
lular responses elicited upon exposure to 
capsaicin.

An array of diverse signaling pathways has 
been linked to the apoptotic/autophagic activi-
ty of capsaicin. Among them, oxidative stress 

Figure 8. The graphical illustration of the pathway associated with cytotoxic response of melanoma cells toward 
capsaicin is shown.
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signaling has often being highlighted. Given 
that ROS are generated mainly through the 
electron transport chain in mitochondria,  
many reports have emphasized the corre- 
lation between mitochondrial disruption and 
capsaicin-induced apoptosis in cancer cells 
[54-57]. Compared to the ROS-dependent 
apoptotic activity of capsaicin, however, the 
ability of capsaicin to induce autophagy is rela-
tively less common in the literature. Mostly, 
capsaicin-mediated has been proposed to pro-
mote survival and/or inhibit apoptosis under 
stressful conditions, regardless of the cancer 
status of the cells [22, 41, 58, 59]. Very re- 
cently, we investigated the interplay between 
apoptosis and autophagy in capsaicin-treated 
oral cancer cells with either functional or 
mutant p53 and found that capsaicin induced 
significant cytotoxicity via autophagy but not 
apoptosis in p53-functional oral cancer cells 
[49]. Similarly, in this present study, we de- 
monstrated that capsaicin triggers cytotoxic 
autophagy in A375 cells, which bears wild-type 
p53 gene status. Interestingly, capsaicin treat-
ment of p53-mutated cells triggered both 
autophagy and apoptosis, with autophagy oc- 
curring first. In that case, capsaicin-induced 
autophagy suppressed apoptosis in the early 
stage, but thereafter facilitated apoptosis at a 
later stage, suggesting a complicated crosstalk 
between these two pathways mediated by cap-
saicin [49].

Taken together, in this study, we herein used 
CETSA and CETSA-pulse proteolysis to demon-
strate that tNOX directly binds capsaicin to 
mediate a pathway that leads to cytotoxic 
autophagy of melanoma cells through en- 
hanced ULK1 acetylation. Our experimental 
evidence and the data from animal studies col-
lectedly suggest that tNOX can be a promising 
therapeutic drug target, and that capsaicin 
could be further developed as an anticancer 
therapeutic.
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