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Abstract
Cutaneous melanoma (CM) poses a therapeutic challenge due to its aggressive nature and often limited response to conven-
tional treatments. Exploring novel therapeutic targets is essential, and natural compounds have emerged as potential candi-
dates. This study aimed to elucidate the impact of curcumin, a natural compound known for its anti-inflammatory, antioxidant, 
and anti-tumor properties, on metastatic melanoma cells, focusing on the purinergic system and immune responses. Human 
melanoma cell line SK-Mel-28 were exposed to different curcumin concentrations for either 6 or 24 h, after which we assessed 
components related to the purinergic system and the inflammatory cascade. Using RT-qPCR, we assessed the gene expres-
sion of CD39 and CD73 ectonucleotidases, as well as adenosine deaminase (ADA). Curcumin effectively downregulated 
CD39, CD73, and ADA gene expression. Flow cytometry analysis revealed that curcumin significantly reduced CD39 and 
CD73 protein expression at specific concentrations. Moreover, the A2A receptor’s protein expression decreased across all 
concentrations. Enzymatic activity assays demonstrated that curcumin modulated CD39, CD73, and ADA activities, with 
effects dependent on concentration and duration of treatment. Extracellular ATP levels increased after 24 h of curcumin 
treatment, emphasizing its role in modulating hydrolytic activity. Curcumin also displayed anti-inflammatory properties by 
reducing NLRP3 gene expression and impacting the levels of key inflammatory cytokines. In conclusion, this study unveils 
the potential of curcumin as a promising adjuvant in CM treatment. Curcumin modulates the expression and activity of cru-
cial components of the purinergic system and exhibits anti-inflammatory effects, indicating its potential therapeutic role in 
combating CM. These findings underscore curcumin’s promise and warrant further investigation in preclinical and clinical 
settings for melanoma management.

Keywords  Skin cancer · Melanona · Curcumin · Purinergic signaling · Inflammation · Inflammasome · Melanoma

Introduction

Cutaneous melanoma (CM) stands as one of the most lethal 
skin cancers, characterized by its aggressive nature and 
surging incidence rates. Recent statistics signal a concern-
ing trend, with a projected 510,000 new cases and 96,000 

CM-related deaths by 2040 [1]. The prognosis for CM 
remains unfavorable, primarily due to late-stage diagnosis 
and limited responses to systemic treatments. Even with the 
introduction of immunotherapy, long-term survival rates in 
advanced stages of the disease (III and IV) are estimated 
to be around 20% [2, 3]. Given this reality, novel therapeu-
tic strategies have come under scrutiny, particularly those 
targeting inflammatory responses and purinergic signaling, 
which have implications for tumorigenesis, progression, 
angiogenesis, and metastasis across diverse malignancies 
[4, 5].

The purinergic system encompasses a complex cell signal-
ing network involved in a range of physiological processes, 
including tumor development and progression [6, 7]. Aden-
osine plays a pivotal role in tumor progression. Within the 
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extracellular environment, ectonucleoside triphosphate diphos-
phohydrolase-1 (CD39) transforms eATP into adenosine 
diphosphate (ADP) and adenosine monophosphate (AMP). 
Additionally, ecto-5′-nucleotidase (CD73) further metabolizes 
AMP into adenosine. Consequently, heightened adenosine 
levels within the tumor microenvironment (TME) foster an 
immunosuppressive milieu, thereby facilitating tumor growth 
[7, 8].

Similarly, the inflammatory response, particularly the 
inflammasome, has garnered attention as a promising neoplas-
tic therapy, with the nucleotide-binding domain of the leucine-
rich family containing pyrin-3 domain (NLRP3) inflamma-
some being the most extensively studied [9]. In CM, NLRP3 
is of great interest since it is expressed in melanoma cell lines, 
and polymorphisms related to this gene are linked to disease 
susceptibility [10]. Furthermore, NLRP3 participates in the 
inflammatory cascade and plays a pivotal role in the inflam-
matory cascade and tumor progression [11].

Considering the discovery of new therapeutic targets 
for CM and the low effectiveness of available treatments, 
the exploration of bioactive compounds with in vitro and 
in vivo antineoplastic potential i has increased since they can 
become adjuvant options in systemic treatment due to their 
cost-effectiveness [12]. Among these compounds, curcumin, 
a polyphenol derived from Curcuma longa, is a pleiotropic 
molecule exhibiting anti-inflammatory, antioxidant, and 
antineoplastic effects [13]. The chemical structure of cur-
cumin is shown in Fig. 1.

In CM cells, curcumin has demonstrated an ability to hin-
der cell growth, angiogenesis, and metastasis, and induce 
cytotoxicity and prompt cell death [14]. While several path-
ways are influenced by curcumin, its specific actions con-
cerning the purinergic system and CM have remained largely 
unexplored. However, purinergic signaling holds consider-
able relevance in CM due to its involvement in melanogen-
esis and immune response dysfunction [15, 16].

Understanding how curcumin influences the purinergic 
system and the NLRP3 inflammasome in metastatic mela-
noma cells is the primary objective of this study. Despite 
curcumin’s recognized potential in inhibiting CM cell 
growth, angiogenesis, and metastasis, the specific molecular 
mechanisms related to the purinergic system and CM remain 
largely uncharted. These mechanisms represent pivotal tar-
gets due to their relevance in melanogenesis and immune 
response dysfunction.

Material and methods

Chemicals and reagents

All chemicals and reagents used for this study were of 
analytical grade and purchased from Sigma-Aldrich 

(Sigma-Aldrich et al., USA) and Merck (Darmstadt, Ger-
many). Cell culture plates and flasks used for the culture 
procedures were obtained from Gibco™ Thermo Fisher Sci-
entific (Grand Island, NY, USA) and Invitrogen Life Tech-
nologies (Carlsbad, CA, USA).

Cell culture and exposure to curcumin

The human melanoma cell line SK-Mel-28 was purchased 
from the Rio de Janeiro Cell Bank (BCRJ), Brazil. Cells 
were cultured in flasks with Dulbecco’s modified Eagle 
medium (DMEM — high glucose and L-glutamine) con-
taining antibiotic and antifungal (penicillin/streptomycin) 
and supplemented with 10% fetal bovine serum. Cells were 
cultured under suitable conditions using a humidified and 
controlled atmosphere with 5% carbon dioxide (CO2) at 
37 °C. Curcumin was dissolved in 0.2% dimethylsulfoxide 
(DMSO) and in an appropriate culture medium to obtain 
different concentrations, and the cells were treated for 6 or 
24 h with 0.1, 1, and 10 µM, based on a previous study [14]. 
Cells in the negative control group (CT) received only the 
culture medium. All experiments were performed 3 times 
independently.

Fig. 1   Chemical structure of curcumin. Source: PubChem
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Gene expression of CD39, CD73, ADA, and NLRP3

Total RNA from melanoma cells was extracted using 
TRIzol® according to the manufacturer’s instructions. 
RNA quantification was performed using a μDrop™ 
spectrophotometer (Varioskan LUX™, Thermo Fisher 
Scientific, USA), and RNA purity was assessed by the 
260/280  nm absorption ratio. Initially, the RNA was 
treated with DNAse (Thermo Scientific, USA) fol-
lowing the manufacturer’s recommendations. For the 
preparation of the cDNA, the cDNA synthesis kit High 
Capacity cDNA Reverse Transcription Kit (Thermo Sci-
entific, USA) was used, where 10 µl of 2X RT master 
mix and 10 µl of the RNA sample (approximately 20 ng) 
were used, according to the manufacturer’s instructions. 
Molecular assay was performed using 5 µl of cDNA sam-
ple, 10 µl of 2X Power SYBR™ Green PCR Master Mix 
(Thermo Scientific, USA), 2 µl of F primer (500 nM), 
2 µl of R primer (500 nM), and 1 µl of ultrapure water 
for a final volume of 20 µl. The temperature parameters 
of the PCR program were: preheating at 95 °C for 3 min, 
followed by 60 cycles of denaturation at 95 °C for 15 s, 
and annealing at 60 °C for 1 min. Melting curve analysis 
was performed to verify product identity. Samples were 
run in triplicates, and results were expressed regarding 
GAPDH levels. The data were then normalized to a cali-
brator sample using the ΔΔCq method. The forward and 
reverse sequences of oligos (5′–3′) used for each gene are 
described in Table 1.

Detection of CD39, CD73, and A2AR protein 
expression by flow cytometry

Melanoma cells were maintained in culture flasks until the 
confluence phase, followed by dissociation with trypsin, 
and immediately counted in a hemocytometer. Then, 
1 × 106 cells were centrifuged for 5  min at 400 g and 
washed twice with phosphate-buffered saline (PBS) with 
10% fetal bovine serum (FBS). The pellets were suspended 

and incubated for 30 min with 5 µl of the respective puri-
fied mouse antibody anti-human CD39 (catalog number 
555464 BD Pharmingen™), anti-human CD73 (catalog 
number 550257 BD Pharmingen™), and anti-human 
A2AR (catalog number MA5-31611 Invitrogen™). The 
same number of cells was incubated without antibodies 
(negative control). All samples were washed with PBS, 
and 10,000 events were immediately acquired by flow 
cytometry (BD ACCURI C6) and analyzed by FlowJo 
V10 software. The results were expressed as the percent-
age of CD39, CD73, or A2AR positive cells compared to 
control and MFI.

Evaluation of CD39, CD73, and ADA

The enzymatic activities of CD39 and CD73 were per-
formed according to Pilla et al. [17] and Lunkes et al. 
[18]. A reaction system for CD39 was prepared con-
taining 5 mM CaCl2, 100 mM NaCl, 5 mM KCl, 6 mM 
glucose, and 50 mM Tris–HCl buffer, pH 7.4. The reac-
tion system for CD73 was the same as for CD39, except 
10 mM MgCl2 instead of CaCl2. Briefly, cells were sus-
pended in saline solution (NaCl, 0.9%), and 20 µl of sam-
ple cells was added to each enzyme reaction mixture and 
pre-incubated at 37 °C for 10 min. The enzymatic reaction 
was started by adding specific substrates for each enzyme, 
ATP and ADP for CD39 and AMP for CD73 and incu-
bated at 37 °C for 70 min. Finally, reactions were stopped 
by adding 150 µl of 15% TCA. Of the total contents of the 
well, 30 µl was transferred to a new plate; 300 µl of mala-
chite green was added as a colorimetric reagent, and the 
released inorganic phosphate was determined at 630 nm. 
All samples were performed in triplicates. Control wells 
were performed to correct for non-enzymatic hydroly-
sis. A standard curve was prepared with KH2PO4, and 
the results were expressed in nmol/Pi released/min/mg 
protein [17].

Furthermore, ADA activity was evaluated based on aden-
osine (Ado) deamination, measuring the amount of ammonia 

Table 1   Primer sequences for 
RT-qPCR

GAPDH glyceraldehyde-3-phosphate dehydrogenase, ENTPD-1 ectonucleoside triphosphate diphospho-
hydrolase 1, E-NT5/CD73 ecto-5′-nucleotidase, ADA adenosine deaminase; NLRP3 NLR family pyrin 
domain containing 3

Gene Forward Reverse

GAPDH CTC​CTC​ACA​GTT​GCC​ATG​TA GTT​GAG​CAC​AGG​GTA​CTT​TATTG​
E-NTPD1 GCC​CTG​GTC​TTC​AGT​GTA​TTAG​ CTG​GCA​TAA​CCT​ACC​TAC​TCT​TTC​
E-NT5 GTG​CCT​TTG​ATG​AGT​CAG​GTAG​ TTC​CTT​TCT​CTC​GTG​TCC​TTTG​
ADA CCA​GAT​GAC​CAA​ACG​GGA​CA AAG​TCC​CAC​AGA​AAG​CCA​CA
NLRP3 AAC​ATG​CCC​AAG​GAG​GAA​GA GGC​TGT​TCA​CCA​ATC​CAT​GA



	 Purinergic Signalling

released in the reaction following previously published gen-
eral guidelines [18]. Finally, absorbance was read at 620 nm, 
and values were expressed in units/liter (U/l).

Determination of extracellular ATP levels

Molecular Probes® ATP Determination Kit (Invitro-
gen™), an extremely sensitive bioluminescence assay, 
was used with recombinant firefly luciferase and its sub-
strate D-luciferin. The assay is based on the requirement 
of luciferase for ATP in light production — maximum 
emission ~ 560 nm at pH 7.8 [19]. We combined the reac-
tion components to make a standard reaction solution. 
We adjusted the volumes to specific requirements: each 
reaction contained 1.25 µg/ml firefly luciferase, 50 µM 
D-luciferin, and 1 mM of DTT in 1 × reaction buffer. After 
15 min of incubation, the luminescence was measured. 
An ATP standard curve was prepared at 1 nM to 1 µM 
concentrations.

Inflammatory profile

To investigate the participation of inflammation in curcumin 
responses, the levels of IL-2, IL-6, IL-10, and TNF were 
evaluated in the supernatant with flow cytometry using the 
commercial kit Cytometric Bead Array (CBA) (BD Human 
Th1/Th2 Cytokine Kit II) following the manufacturer’s 
guidelines. For this, 25 µl of supernatant, 25 µl of mixed 
suspension of capture beads, and 25 µl of phycoerythrin (PE) 
detection reagents were mixed and incubated at room tem-
perature, in the dark, for 3 h. Then, data acquisition was per-
formed with a BD ACCURI C6 flow cytometer and evaluated 
in appropriate software. The results were expressed in pg/ml.

Protein determination

The Bradford method [20] was employed for protein deter-
mination using bovine serum albumin as a standard, and 
the protein samples were adjusted according to each assay 
in mg/ml.

Statistical analysis

All measurements were performed statistically by analysis 
of one-way variance (ANOVA) followed by appropriate 
post hoc testing using GraphPad Prism 9 software. All 
data were expressed as mean ± standard deviation. Differ-
ences between groups in relation to the studied variables 
were evaluated using one-way ANOVA analysis. Differ-
ences in the probability of rejecting the null hypothesis 
as < 5% (P < 0.05) were considered statistically signifi-
cant. Statistical significance was defined for p values of 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Results

Curcumin modulates the expression of CD39, CD73, 
ADA, and A2A in CM cells

We use RT-qPCR to evaluate CD39, CD73, and ADA 
gene expression in CM cells, as shown in Fig. 2 (A, D, 
and G). After 24 h of treatment, curcumin reduced CD39 
gene expression at concentrations of 0.1 µM (P = 0.0211), 
1 µM (P < 0.0001), and 10 µM (P = 0.0009). In alignment 
with the CD39 findings, curcumin also attenuated CD73 
gene expression at concentrations of 0.1 µM (P = 0.0068) 
and 1 µM (P < 0.0001). In addition, ADA gene expression 
exhibited a substantial decline across all tested concentra-
tions (P < 0.0001).

Flow cytometry is employed to analyze the protein 
expression of CD39, CD73, and the A2A receptor, as 
shown in Fig. 2 (B–D, F–H, and J–L). Consistent with 
gene expression results, curcumin elicited a significant 
decrease in CD39 protein expression at 1 µM concentra-
tion (P = 0.0357). Regarding the expression of the CD73 
protein, it was possible to observe a reduction when 
cells were treated with curcumin contractions of 0.1 µM 
(P = 0.0056) and 1 µM (P < 0.0001). Nonetheless, at a 
higher concentration of 10 µM, curcumin upregulated 
CD73 protein expression (P = 0.0105). Thus, it was evi-
dent that curcumin at 1 µM concentration can decrease 
gene and protein expression of CD39 and CD73 ectonu-
cleotidases (Fig. 2). About the A2A receptor, we observed 
a decrease in protein expression at all concentrations of 
curcumin tested (P < 0.0001) when compared to CT 
(Fig. 2J–L).

In addition to the percentages of positive cells, we 
also checked the median fluorescence intensity (MFI). 
MFI levels showed no difference between CD39 levels 
(Fig. 2D). In the same way, as found in the percentages 
of cells positive for CD73, the MFI revealed that there is 
a decrease in the levels of CD73 protein expression after 
treatment with 0.1 µM (P = 0.0093) and 1 µM (P = 0.0114) 
(Fig.  2H). The MFI of A2AR only showed a signifi-
cant reduction at a concentration of 10 µM (P = 0.0089) 
(Fig. 2L).

Modulation of CD39, CD73, and ADA enzymatic 
activities in CM cells by curcumin

Figure  3 presents the enzymatic activity results for 
CD39, CD73, and ADA after 6 h (Fig. 2A–D) and 24 h 
(Fig. 2E–H) of curcumin treatment. After 6 h of curcumin 
treatment, we observed increased ATP hydrolysis by CD39 
at all concentrations tested, with the most pronounced 
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effect observed at 1 µM concentration (P < 0.0001) and 
a comparatively milder effect at 0.1 µM (P = 0.0023) and 
10 µM (P = 0.0041) (Fig. 3A). Regarding AMP hydrolysis 
by CD73, we observed a decrease in enzymatic activity at 
1 µM concentration of curcumin (P = 0.0269) (Fig. 3C). 
Concerning the deamination of Ado by ADA, we observed 
a significant increase in this enzymatic activity induced 
by curcumin at concentrations of 1  µM (P = 0.0113) 
and 10 µM (P = 0.0082). No significant difference was 
observed in ADP hydrolysis among groups (Fig. 3B).

After 24 h of curcumin treatment, there were no dif-
ferences in the ATP and ADP hydrolysis levels by CD39 
activity (Fig. 2E–F). Conversely, we observed that cur-
cumin caused an increase in the hydrolytic activity of 
CD73 ectonucleotidase, which corresponds to AMP 
hydrolysis, at concentrations of 0.1 µM (P = 0.0008) and 
1 µM (P = 0.0303) (Fig. 3G). Concerning ADA activity, 
no significant difference was observed compared to CT 
(Fig. 3H). Furthermore, as presented in Fig. 4 (A and B), 

6 h of curcumin treatment do not alter extracellular ATP 
levels in relation to CT (Fig. 4A). In contrast, after 24 h, 
we observed an increase in extracellular ATP levels at 
curcumin concentrations of 1 µM (P = 0.0185) and 10 µM 
(P = 0.0006) (Fig. 4B). The results collectively attest the 
role of curcumin in modulating hydrolytic activity of CD73 
and CD79 and consequently regulate extracellular ATP lev-
els in CM cells.

Curcumin decreases NLRP3 gene expression 
and cytokine levels

To evaluate the effect of curcumin on NLRP3 gene expres-
sion in CM cells, we use RT-qPCR, as shown in Fig. 5. 
All curcumin concentrations tested (0.1, 1, and 10 µM) 
decreased NLRP3 gene expression. Particularly, the effects 
of curcumin are more pronounced at concentrations of 0.1 
and 10 µM (P < 0.0001) compared to the 1 µM concentration 
(P = 0.0008), as illustrated in Fig. 5 A.

Fig. 2   Expression of CD39, CD73, ADA, and A2AR genes and 
proteins. After 24 h of curcumin treatment, there was a reduction in 
CD39 gene expression in all tested concentrations (A). Curcumin 
promoted a decrease in CD39 protein expression at a concentration 
of 1  μM (B–D). Regarding CD73, a decrease in gene expression 
was observed at concentrations of 0.1 and 1 μM. E In relation to the 
protein expression of CD73, a decrease in the concentrations of 0.1 
and 1 μM was verified and an increase at a concentration of 10 μM 

(F–H). A decrease in ADA gene expression was observed at all con-
centrations tested (I). Likewise, there was a decrease in the protein 
expression levels of the A2AR receptor in all curcumin concentra-
tions after 24 h of treatment (J–L). Data are presented as mean ± SD. 
Statistical analysis: ANOVA. Values with P < 0.05 were considered 
statistically significant. *(P < 0.05), **(P < 0.01), ***(P < 0.001), 
****(P < 0.0001). Dimethylsulfoxide (DMSO)
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The levels of inflammatory cytokines were evaluated in 
the cell culture medium of CM using a CBA kit. The results 
demonstrated an increase of IL-6 levels at 0.1-µM curcumin 
concentration (P = 0.0410) and a decrease at 10-µM concen-
tration (P = 0.0137) when compared to the CT (Fig. 5C). 
Regarding IL-10, the results showed a significant reduction 
in these cytokine levels at curcumin concentration of 10 µM 
(P = 0.0029) (Fig. 5D). In addition, curcumin decreased TNF 
levels at concentrations of 1 µM (P = 0.0002) and 10 µM 
(P = 0.0004) (Fig. 5E). However, curcumin treatment did 
not alter IL-2 levels (Fig. 5B). Figure 6 presents a summary 
of the main results found in this study.

Discussion

To increase the effectiveness of existing therapeutic 
approaches by modulating different pathways, researchers 
have verified an intimate relationship between purinergic 
signaling and the development and progression of CM. 
This linkage is primarily attributed to the interplay of extra-
cellular ATP, known for its pro-inflammatory properties, 
with CD39 and CD73, as well as the involvement of Ado, 
recognized for its immunosuppressive actions. [6, 21]. In 
this study, we found that curcumin decreased gene and 
protein expression of CD39 and CD73 ectonucleotidases 
(Fig. 3). Similar results were found by Lui et al. [22] in 
a sepsis model, in which curcumin reduced the amount of 

CD39 + cells as a regulatory mechanism of inflammation 
and improvement of immune function.

In the case of CM, decreasing the expression of ecto-
nucleotidases is positive since the extracellular synthe-
sis of Ado is an important immunosuppression pathway 
in the tumor microenvironment (TME) [23]. Previously, 
Bagatini et al. [24] verified that 1α, 25-dihydroxyvitamin 
D3 is capable of modulating the expression and enzymatic 
activity of ectonucleotidases, preventing the immunosup-
pressive activity of Ado in melanoma cells. In this sense, 
Shevchenko et al. [25] suggested that immunotherapy with 
anti-programmed cell death 1 (anti-PD-1) antibodies with an 
anti-adenosinergic compound would be a new way to treat 
cancer. Other studies with mice observed a positive effect 
using combined anti-PD-1 therapy and an Ado A2A receptor 
inhibitor [26, 27]. Our study observed decreased A2A pro-
tein expression at all curcumin concentrations tested. This 
receptor is mainly responsible for the immunosuppressive 
activity of Ado, and its blockade, together with the use of the 
anti-PD-1 monoclonal antibody, resulted in greater effective-
ness of the treatment and reduction of metastases [27]. In 
our case, curcumin would increase the effectiveness of the 
anti-melanoma treatment.

Furthermore, studies have shown that curcumin is a 
potent A2A receptor antagonist, corroborating our results 
and confirming our initial hypothesis that curcumin acts 
mainly by blocking Ado production and antagonizing its 
receptors and may be a strong candidate for adjuvant use 
in the treatment of the CM [28, 29]. On the other hand, in 

Fig. 3   CD39 activity (ATP and ADP hydrolysis), CD73 activity 
(AMP hydrolysis), and adenosine deaminase (ADA) activity. At all 
curcumin concentrations tested, the treatment increased ATP hydroly-
sis after 6 h (A). AMP hydrolysis after 6 h of treatment was reduced 
at a concentration of 1 μM (C). ADA activity after 6 h of treatment 
increased at concentrations of 1 and 10 μM (D). After 24 h of treat-
ment, there was an increase in AMP hydrolysis at concentrations of 

0.1 and 1 μM (E). It was not possible to observe a significant differ-
ence in ADP levels after 6 h (B) and 24 h of treatment (F). The levels 
of ATP hydrolysis (E) and ADA activity (H) did not show significant 
differences after 24 h of treatment. Data are presented as mean ± SD. 
Statistical analysis: ANOVA. Values with P < 0.05 were considered 
statistically significant. *(P < 0.05), **(P < 0.01), ***(P < 0.001), 
****(P < 0.0001). Dimethylsulfoxide (DMSO)
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our study, the highest concentrations of curcumin treatment 
increased gene, protein expression, and the enzymatic activ-
ity of CD39 and CD73 ectonucleotidases, especially after 
24 h of treatment, and increased extracellular ATP levels. 
These events can be explained by considering the increase in 
ATP leakage caused by curcumin-induced apoptosis in CM 
cells [30, 31]. In our previous study, we demonstrated that 
curcumin significantly decreases the viability of SK-Mel-28 
cells and increases the levels of apoptosis [14]. When apop-
tosis occurs, a series of events are associated, such as the 
rupture of cell organelles and permeabilization of the cell 
membrane, which leads to exocytosis of ATP, which previ-
ously had an energetic function in the intracellular environ-
ment [30]. Considering the increase in extracellular ATP, 
one way to maintain homeostasis is to increase the hydrolytic 
activity of ectonucleotidases that hydrolyze the nucleotide to 
transform it into Ado, since in the extracellular environment, 

this molecule acts as damage-associated molecular patterns 
(DAMPs) inducing cell death via P2X receptors [32–34]. 
In addition to inducing cell death, high levels of ATP can 
result in the activation of NLRP3, which is directly related 
to melanogenesis and metastasis [35].

Ju et al. [11] found that NLRP3 acts independently for 
the prognosis of CM and response to treatments, including 
immunotherapy, so it is essential to know the caspase path-
ways to modulate NLRP3. In CM, the NLRP3 is related to 
the suppression of antitumor immunity, leading to the gen-
eration of a permissive environment for the tumor via IL-1β, 
which culminates in tumor growth and progression [36, 37]. 
Inflammasome inhibition has shown to be promising, as it is 
related to increased metastases and decreased effectiveness 
of therapies [38]. In this study, we observed a decrease in 
NLRP3 gene expression after treatment with curcumin. In 
this sense, Theivanthiran et al. [39] found that genetic and 
pharmacological inhibition of this marker suppressed tumor 
infiltration, migration of the granulocytic subset of myeloid-
derived suppressor cells (PMN-MDSC), and significantly 
increased the efficacy of anti-PD-1 immunotherapy.

The NLRP3 is also responsible for inducing IL-6 produc-
tion [36]. This cytokine is considered the most important for 
sustaining tumor progression and acting on proliferation, 
apoptosis, angiogenesis, and differentiation [40]. In patients 
with CM, elevated levels of IL-6 were associated with poor 
prognosis [38] and distant metastases [41, 42]. Tengesdal 
et al. [43] verified that the inhibition of NLRP3 in CM cells 
decreases the production of IL-1β and IL-6 and consequently 
could inhibit immunosuppression and cell proliferation via 
disruption of the Janus kinase axis (JAK)/signal transducer 
and transcriptional activator 3 (STAT3). In addition to IL-6, 
another cytokine involved in modulating tumor progression 
and metastasis is TNF-α, which upregulates matrix metal-
loproteinases, leading to metastasis via epithelial-mesenchy-
mal transition (EMT). The IL-6/STAT3 pathway has been 
suggested as an important therapeutic target for treating 
hepatocellular carcinoma [44]. In pancreatic cancer, cur-
cumin inhibited cell invasion by blocking the IL-6/ERK/
NF-κB axis [45]. In mice with CM, curcumin suppressed 
TNF-α-induced EMT, decreasing tumor growth and pro-
longing animal survival [46]. Similar results were observed 
in our study, in which curcumin decreased NLRP3 expres-
sion and IL-6, IL-10, and TNF-α levels. In agreement with 
the data obtained in this study, Bill et al. [47] found that a 
curcumin-analogue induced apoptosis of melanoma cells via 
IL-6/STAT-3.

Previous studies have reported that IL-10 is highly 
expressed in cutaneous melanoma cells and is involved 
in STAT3 pathway signaling [48]. A positive correlation 
was observed between IL-10 and tumor progression since 
it negatively regulates the immune response and conse-
quently supports tumor immune escape [49]. Accordingly, 

Fig. 4   Extracellular ATP levels were assessed by a sensitive biolumi-
nescent assay. Extracellular ATP levels showed no significant differ-
ence after 6  h of treatment with curcumin (A). After 24  h of treat-
ment, there was an increase in the amount of ATP at concentrations 
of 1 and 10  μM (B). Data are presented as mean ± SD. Statistical 
analysis: ANOVA. Values with P < 0.05 were considered statisti-
cally significant. * (P < 0.05), ** (P < 0.01) *** (P < 0.001) **** 
(P < 0.0001). Dimethylsulfoxide (DMSO)
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Maruyama et  al. [50] found that the curcumin-analog 
GO-Y030 inhibits IL-10 production and consequently 
increases the effectiveness of immune checkpoint inhibi-
tors. In addition, it is essential for the survival of Treg, 
the main escape route of anti-PD-1 therapies [51]. Like 
curcumin, Yu et al. [52] observed that dihydroartemisinin 
also inhibits tumor progression via IL-6/IL-10/STAT-3, 
making these substances excellent options for therapeutic 
adjuvants.

Considering the evidence and results presented here, cur-
cumin should be widely studied since it has an antitumor effect 
on several cell lines and can modulate antitumor immunity 
pathways, one of the main obstacles to successful treatment, 
and thus increasing the effectiveness of the therapies in use, 
mainly the anti-PD-1.

Studies with humans that test curcumin’s antineoplastic 
potential are scarce since the main obstacle encountered is 
low bioavailability [53]. Therefore, new formulations involv-
ing nanotechnology are being tested mainly on different types 
of cancer [54, 55].

Conclusion

In conclusion, our study underscores the potential of cur-
cumin as a valuable subject for further investigation in the 
adjuvant treatment of CM. By modulating key components 
of the purinergic system and the NLRP3 inflammasome, 
curcumin demonstrates a multifaceted effect on CM cells. 
Notably, curcumin reduces the immunosuppressive poten-
tial of CM by decreasing the gene, protein, and enzymatic 
activity of CD39 and CD73 ectonucleotidases, which 
participate in the production of immunosuppressive Ado. 
These findings align with previous studies suggesting that 
curcumin, an A2A receptor antagonist, could potentially 
enhance anti-melanoma treatments.

Furthermore, we observed the downregulation of 
NLRP3 inflammasome expression, leading to a decrease 
in critical inflammatory cytokines, such as IL-6, IL-10, 
and TNF-α, known for their roles in promoting tumor pro-
gression, metastasis, and immune evasion. The inhibition 
of the NLRP3 inflammasome and the associated cytokines 

Fig. 5   Curcumin decreases NLRP3 inflammasome gene expression 
and levels of cytokines IL-6, IL-10, and TNF. At all tested concen-
trations, curcumin decreases NLRP3 inflammasome gene expression 
(A). After 24 h of treatment, there was an increase in IL-6 in the con-
centration of 0.1 μM and a decrease in the concentration of 10 μM 
(C). IL-10 levels decreased after treatment with 10 μM curcumin for 

24 h (D). Curcumin at 1-μM and 10-μM concentrations significantly 
decreases TNF levels (E). IL-2 levels showed no significant dif-
ference after 24 h of curcumin treatment (B). Data are presented as 
mean ± SD. Statistical analysis: ANOVA. Values with P < 0.05 were 
considered statistically significant. * (P < 0.05), ** (P < 0.01), *** 
(P < 0.001), **** (P < 0.0001). Dimethylsulfoxide (DMSO)
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suggests that curcumin may offer promise in augmenting 
the effectiveness of anti-CM therapies, particularly those 
targeting the PD-1 pathway. These findings not only affirm 
curcumin as a potential adjuvant therapy but also empha-
size the importance of further research into its role in 
enhancing the treatment of CM. We recommend further 
in vivo studies since this substance is a strong candidate 
for adjuvant therapy in CM.
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