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Abstract. Non‑small cell lung cancer (NSCLC) is a malignant 
tumor of significant clinical relevance. Curcumin has been 
investigated for its potential anticancer properties, as it has 
been reported to act through multiple cancer‑related targets 
and pathways. The present study aimed to explore the effects 
of curcumin in NSCLC using both in vitro and in vivo models. 
NSCLC cell lines (specifically, A549 and NCI‑H1299 cells), 
and a mouse tumor model established through the subcuta‑
neous injection of A549 cells, were utilized to evaluate the 
effects of curcumin intervention. The effects of treatment with 
curcumin on NOD‑like receptor pyrin domain‑containing 3 
(NLRP3) ubiquitination, cell pyroptosis and pyroptosis‑asso‑
ciated factors were also evaluated. In addition, Smad 
ubiquitination regulatory factor 2 (Smurf2) was analyzed via 
a series of knockdown and overexpression experiments, both 
in vitro and in vivo, aimed at investigating its association with 
curcumin and NLRP3. The results obtained from these experi‑
ments showed that curcumin inhibited NSCLC cell growth, 
promoted pyroptosis and reduced the level of NLRP3 ubiqui‑
tination. NLRP3 knockdown reversed the curcumin‑induced 
increase in pyroptosis‑associated factors both in vitro and 
in vivo. Additionally, Smurf2 interacted with NLRP3 and 
alterations in Smurf2 expression levels influenced NLRP3 
ubiquitination and cell pyroptosis. Moreover, molecular 
docking analysis demonstrated that curcumin could bind 
directly to Smurf2, which subsequently led to an inhibition of 
Smurf2 activity. Knockdown of Smurf2 enhanced curcumin's 
ability to stabilize NLRP3 and to promote pyroptosis, whereas 
Smurf2 overexpression negated these effects. In the in vivo 

animal model, curcumin treatment led to reduced tumor 
volumes and weights, in addition to a decreased expression 
level of Ki67 and increased expression levels of NLRP3 and 
pyroptosis‑associated factors. Similarly, these effects were 
enhanced or reversed by Smurf2 knockdown or overexpres‑
sion, respectively. In conclusion, the findings of the present 
study showed that curcumin inhibited Smurf2 activity, thereby 
promoting NLRP3‑dependent pyroptosis in NSCLC cells. In 
addition, these findings have provided mechanistic insights 
into the role of curcumin in NSCLC, opening an avenue for its 
potential therapeutic application.

Introduction

Non‑small cell lung cancer (NSCLC) is a prevalent malig‑
nancy that represents a significant global health concern (1). 
There were >1.5 million new cases of lung cancer from 2010 to 
2017, of which ~85.3% were NSCLC (2). Patients with NSCLC 
often face challenges that are associated with the limited treat‑
ment options available and poor prognoses, and these severely 
impact survival outcomes  (3). Despite the advancements 
that have been made in terms of diagnostic and therapeutic 
strategies, the overall survival rates for NSCLC remain low at 
~26.4% (2), due to factors such as drug resistance and adverse 
treatment effects (4). Therefore, there is an urgent need to 
identify novel therapeutic interventions for NSCLC and to 
elucidate their underlying mechanisms of action.

It has been previously shown that dietary polyphenols 
exert antitumor effects, including their ability to inhibit cancer 
initiation and progression  (5). Among these compounds, 
curcumin is a natural polyphenolic compound derived from 
turmeric root that exhibits anti‑inflammatory, antioxidant 
and antitumor pharmacological activities (6). In lung cancer 
research, curcumin has been shown to possess potential anti‑
tumor effects through the modulation of various targets and 
pathways, such as STAT3, EGFR and PI3K/Akt/mTOR (7). In 
view of these research findings, we surmised that curcumin 
may serve as a promising candidate for NSCLC therapy.

Pyroptosis is a form of programmed cell death that is regu‑
lated by both intra‑ and extracellular environmental stimuli (8). 
This process is characterized by increased membrane perme‑
ability, cellular organelle destruction and eventual cell lysis 
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and collapse (9). Cancer cell pyroptosis has shown promise as 
a strategy enabling the inhibition of tumor growth and metas‑
tasis (9). A previous study reported that natural compounds 
are able to induce pyroptosis in cancer cells by targeting 
inflammasomes (10). For example, cucurbitacin B was shown 
to inhibit NSCLC progression via Toll‑like receptor  4/
NOD‑like receptor pyrin domain‑containing 3 (NLRP3)/
gasdermin  D (GSDMD)‑dependent cell pyroptosis  (11). 
Moreover, curcumin was also found to induce pyroptosis in 
breast cancer cells through NLRP3 inflammasome activa‑
tion (12). Furthermore, the NLRP3 inflammasome serves an 
essential role in cancer cell pyroptosis (13). In response to 
various stress signals, NLRP3 becomes activated and cleavage 
of the precursor forms of the inflammatory cytokines IL‑1β 
and IL‑18 into their biologically active forms occurs (14). On 
the basis of these findings, it was hypothesized that inducing 
NLRP3‑dependent cell pyroptosis may represent an effective 
strategy for inhibiting cancer progression, including in cases 
of NSCLC.

Activation of the NLRP3 inflammasome can be triggered 
by various stimuli such as pathogenic microorganisms and 
danger signals, which complicates efforts to target NLRP3 
directly (15). Nevertheless, emerging evidence has suggested 
that modulating NLRP3 ubiquitination and deubiquitination 
may offer a promising therapeutic strategy for influencing 
activity of the NLRP3 inflammasome (16,17). A previous 
study demonstrated that overexpression of Smad ubiquitination 
regulatory factor 2 (Smurf2) promotes the ubiquitination of 
Forkhead box O4 and suppresses pyroptosis in oxygen‑glucose 
deprivation/reperfusion‑induced cortical neurons  (18). 
Moreover, the upregulation of Smurf2 expression has been 
observed to be associated with the occurrence, progression 
and migration of lung cancer (19). However, at present, limited 
evidence is available on whether Smurf2 is able to regulate 
NLRP3 ubiquitination and influence pyroptosis in NSCLC 
cells, highlighting a gap in our current understanding.

The present study aimed to investigate the potential 
therapeutic mechanisms underlying the effects of curcumin 
in NSCLC. To meet this aim, experiments utilizing NSCLC 
cells were performed and animal models were established, to 
investigate both the effects of curcumin on Smurf2 activity 
and its association with NLRP3 signaling and cell pyrop‑
tosis. In addition, through examining the interplay between 
NLRP3‑dependent pyroptosis and Smurf2 regulation, the 
present study sought to identify novel therapeutic targets for 
NSCLC.

Materials and methods

Cell culture and treatment. The human lung epithelial cell 
line BEAS‑2B (iCell‑h023; iCell) was cultured in DMEM 
(cat.  no. D5796; MilliporeSigma) supplemented with 10% 
Gibco® FBS (cat. no. 10099141; Thermo Fisher Scientific, 
Inc.) and 1% penicillin/streptomycin (P/S) (cat. no. SV30010; 
Beyotime Institute of Biotechnology). The NSCLC cell lines 
A549 (cat. no. CL‑0016) and NCI‑H1299 (cat. no. CL‑0165; 
both purchased from Procell Life Science & Technology Co., 
Ltd.) were grown in F‑12K medium (cat. no. iCell‑0007; iCell) 
and RPMI‑1640 medium (cat. no. R8758; MilliporeSigma) 
respectively, both supplemented with 10% FBS and 1% P/S. 

All cells were maintained at 37˚C in a humidified atmosphere 
containing 5% CO2.

Pyroptosis assay. Pyroptosis was detected using flow cyto‑
metric analysis. To evaluate the role of curcumin in NSCLC 
cell pyroptosis, the cells were treated with various concentra‑
tions of curcumin (0, 2.5, 5, 10, 20 and 40 µM) for 24 h at 
37˚C to determine the optimal concentration (20). Curcumin 
was dissolved in 0.5% DMSO (21) and DMSO concentrations 
<1% were investigated to confirm a lack of any significant 
cytotoxicity (22). Subsequently, the NSCLC cells were catego‑
rized into the following groups: i) The control (untreated) 
group; ii)  the curcumin (20 µM curcumin; cat. no. 78246; 
MilliporeSigma) group; iii) the curcumin + VX‑765 [20 µM 
curcumin with 20 µM VX‑765 (23)] group; iv) the curcumin + 
INF39 [20 µM curcumin with 10 µM INF39 (24)] group; and 
v) the curcumin + disulfram (DSF) [20 µM curcumin with 
30 µM DSF (25)] group. VX‑765 (cat. no. HY‑13205), INF39 
(cat.  no.  HY‑101868) and DSF (cat.  no.  HY‑B0240; all 
purchased from MedChemExpress) were used as inhibitors 
of caspase‑1, NLRP3 and GSDMD, respectively. Cells were 
treated with curcumin alone or in combination with VX‑765/
INF39/DSF for 24 h at 37˚C.

Effect of curcumin on NLRP3 expression. To investigate the 
effect of curcumin (20 µM) on NLRP3, NSCLC cells were 
divided into four groups, namely, the control, curcumin, 
MG132 (cat.  no.  HY‑13259; MedChemExpress) and 
MG132 + curcumin groups. NLRP3 protein expression levels 
were detected by western blotting. Previous studies have 
reported that MG132 is a proteasome inhibitor (26, 27). Cells 
in the MG132 group were treated with 10 µM MG132 for 6 h 
at 37˚C, whereas those in the MG132 + curcumin group were 
treated with 10 µM MG132 for 6 h at 37˚C, followed by the 
application of 20 µM curcumin. To further explore the asso‑
ciation between NLRP3 and curcumin, NLRP3 expression 
was knocked down using short interfering RNAs (siRNAs; 
si). NSCLC cells were divided into four additional groups, 
namely, the control, curcumin, curcumin+si‑negative control 
(NC) and curcumin+si‑NLRP3 groups. The siRNA sequences 
used were as follows: the sense si‑NC, 5'‑TTC​TCC​GAA​CGT​
GTC​ACG​T‑3' and antisense si‑NC, 5'‑ACG​TGA​CAC​GTT​
CGG​AGA​A‑3'; and the sense si‑NLPR3, 5'‑CCG​TAA​GAA​
GTA​CAG​AAA​GTA‑3' and the antisense si‑NLPR3, 5'‑TAC​
TTT​CTG​TAC​TTC​TTA​CGG‑3'. These siRNAs were provided 
by Honorgene. Cells in the si‑NC and si‑NLRP3 groups 
were first transfected with non‑targeting siRNA (si‑NC) or 
NLRP3‑specific siRNA (si‑NLRP3) respectively, prior to 
subsequent treatment with 20 µM curcumin for 24 h at 37˚C.

Effect of Smurf2 on NLRP3 and pyroptosis. NLRP3 protein 
expression levels and pyroptosis were detected by western blot‑
ting and flow cytometric analysis, respectively. NSCLC cells 
were divided into four groups, namely, the control, overexpres‑
sion (oe)‑NC, oe‑Smurf2 and oe‑Smurf2 + MG132 groups. 
Cells in the oe‑NC and oe‑Smurf2 groups were transfected 
with either an empty vector (oe‑NC) or a Smurf2 overexpres‑
sion plasmid (oe‑Smurf2), respectively. The plasmid backbone 
of oe‑Smurf2 was pUC19 (cat. no. N3041L; New England 
BioLabs, Inc.). For the oe‑Smurf2 + MG132 group, cells were 
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first transfected with oe‑Smurf2 and subsequently treated with 
10 µM MG132 for 6 h at 37˚C. Additionally, to further explore 
the relationship between Smurf2 and NLRP3, cells were cate‑
gorized into five groups, namely, the control, si‑NC, si‑Smurf2, 
si‑Smurf2 + si‑NC and si‑Smurf2 + si‑NLRP3 groups. The 
sense sequence of si‑Smurf2 was 5'‑GCT​GGA​TTT​CTC​GGT​
TGT​GTT‑3' and the antisense si‑Smurf2 sequence was 5'‑ACA​
ACA​CCG​AGA​AAT​CCA​GC‑3'. These siRNAs were provided 
by Honorgene. Cells in the si‑NC and si‑Smurf2 groups were 
transfected with si‑NC or si‑Smurf2, respectively, whereas 
for the si‑Smurf2 + si‑NC and si‑Smurf2 + si‑NLRP3 groups, 
cells were co‑transfected with si‑Smurf2 together with either 
si‑NC or si‑NLRP3.

Association between Smurf2 and curcumin. To investigate 
the association between Smurf2 and curcumin (20  µM), 
NSCLC cells were separated into six groups; namely, the 
control, curcumin, curcumin + si‑NC, curcumin + si‑Smurf2, 
curcumin + oe‑NC and curcumin + oe‑Smurf2 groups. The 
results of this experiment were determined by western blotting 
and flow cytometric analysis. Cells in the si‑NC and si‑Smurf2 
groups were transfected with si‑NC or si‑Smurf2, respectively, 
whereas cells in the oe‑NC and oe‑Smurf2 groups were 
transfected with either empty vector or the Smurf2 overexpres‑
sion plasmid. All groups were treated with 20 µM curcumin 
following transfection for 24 h at 37˚C.

Cell transfection. Cells were transfected with the plas‑
mids using Lipofectamine™ 2000 transfection reagent 
(cat. no. 11668019; Thermo Fisher Scientific, Inc.). Samples 
were prepared with 95 µl of serum‑free medium per tube, 
then 5 µl of siRNA (3 µg) and 5 µl of Lipofectamine™ 2000 
were added to the samples, respectively. After incubating at 
22˚C for 5 min, the samples were mixed and incubated at 22˚C 
for 20 min. Finally, the mixture was homogenized into the 
transfected wells and incubated at 37˚C for 6 h. Subsequent 
experiments were performed after 48 h of transfection.

Animal experiments. Male nude mice (weight, 14‑15 g; aged, 
4 weeks) were obtained from Hunan SJA Laboratory Animal 
Co., Ltd. The mice were kept in an environment of 25±2˚C, 
50±5% humidity and a 12‑hour light‑dark cycle with free 
access to food and water. After a 7 day acclimatization period, 
NSCLC in vivo models were established as described previ‑
ously (28). Briefly, 2x106 A549 cells (100 µl) were resuspended 
in PBS (cat. no. AWC0409; Changsha Abiwei Biotechnology 
Co., Ltd.) and injected subcutaneously into the dorsal side 
of each mouse. The total number of mice used was 30. The 
tumor volume was recorded every 3 days using the formula: 
Volume=0.5 x length x width2. The maximum tumor volume 
we observed was 999.35 mm3. At 7 days following injection, 
the formation of tumors was confirmed and intervention 
procedures were subsequently initiated.

To investigate the association between curcumin and 
NLRP3 in vivo, the mice were divided into four groups (n=3/
group), namely, the model, model + curcumin, modelsi‑NC + 
curcumin and modelsi‑NLRP3 + curcumin groups. The model 
group comprised untreated NSCLC nude mice, whereas the 
model + curcumin group received curcumin treatment via intra‑
peritoneal injection (30 mg/kg) once daily for 14 consecutive 

days  (29). The modelsi‑NC + curcumin and modelsi‑NLRP3 + 
curcumin groups were established by injecting 2x106 A549 
cells (100 µl) transfected with si‑NC or si‑NLRP3 into the 
mice, followed by the same curcumin treatment regimen.

Furthermore, to evaluate the correlation between curcumin 
and Smurf2 in vivo, the mice were separated into six groups 
(n=3/group), namely, the model, model+curcumin, modelsi‑NC + 
curcumin, modelsi‑Smurf2 + curcumin, modeloe‑NC + curcumin 
and modeloe‑Smurf2 + curcumin groups. In these groups, the nude 
mice were injected with A549 cells (2x106 cells in 100 µl) 
transfected with si‑NC or si‑Smurf2 or oe‑NC or oe‑Smurf2 
to initiate tumorigenesis, followed by subsequent curcumin 
intervention.

At the end of the experiments, the mice were euthanized 
by intravenous injection with 150 mg/kg sodium pentobar‑
bital (30) (cat. no. P3761; Merck KGaA). Mice were determined 
to be dead when their breathing and heartbeat stopped and 
their pupils dilated. The humane endpoint we used was a tumor 
volume that reached 10% of the mouse's body weight (approxi‑
mately 2,000 mm3). There were no animals that reached the 
humane endpoint before the end of the experiment. Tumors 
and peripheral blood samples from the tail vein (~0.5 ml) 
were collected for subsequent analyses. All experimental 
procedures were approved by the Medical Ethics Committee 
of the Second Affiliated Hospital, University of South China 
(approval no. NHFE2022010601).

Cell counting kit‑8 (CCK‑8) assay. For the CCK‑8 assay, 
cells were digested by trypsin‑based digestive solution 
(cat. no. AWC0232; Changsha Abiwei Biotechnology Co., 
Ltd.) and seeded at a density of 5x103 cells/well, with three 
replicate wells set up for each group. Each well was supple‑
mented with 100 µl medium containing 10% CCK‑8 solution 
(cat. no. NU679; Dojindo Laboratories, Inc.). The cells were 
incubated at 37˚C in an atmosphere containing 5% CO2 atmo‑
sphere for 4 h. Following incubation, the optical density at 450 
nm was measured using a microplate reader (cat. no. MB‑530; 
Shenzhen Hele Technology Co., Ltd.).

5‑Ethynyl‑2'‑deoxyuridine (EdU) assay. Cell prolifera‑
tion was assessed using an EdU assay kit (cat. no. C10310; 
Guangzhou RiboBio Co., Ltd.). EdU solution was diluted 
1:1,000 in cell culture medium and the cells (5x103 cells/well) 
were subsequently incubated with 100 µl medium containing 
50 µM EdU overnight at 22˚C. Cells were then fixed at 22˚C 
for 30 min using the fixative provided in the kit and stained 
sequentially with 1X Apollo staining reaction solution and 1X 
Hoechst 33342 reaction solution for 1.5 h at room tempera‑
ture, protected from the light. Subsequently, images were 
captured using a fluorescence microscope (cat. no. BA210T; 
Motic Microscopes) and the proliferation rate was calculated 
as the ratio of EdU‑positive cells to Hoechst‑stained cells 
(proliferation rate=EdU:Hoechst) using the ImageJ software 
(version 1.8.0.112; National Institutes of Health).

Transwell assay. For the migration assay, 500 µl Complete™ 
medium (cat. no. AW‑MC028; Changsha Abiwei Biotechnology 
Co., Ltd.) containing 10% FBS was added to the lower 
chamber of a Transwell plate (cat. no. 3428; Corning, Inc.). 
NSCLC cells undergoing drug treatment were resuspended at 
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a concentration of 2x106 cells/ml and 100 µl cell suspension 
was placed in the upper chamber, without serum. Following 
incubation at 37˚C for 48 h, cells in the upper chamber were 
removed and the cells on the underside of the membrane that 
had migrated were transferred to clean wells. The cells were 
stained with 0.1% crystal violet (cat. no. AWC0333; Shanghai 
Biotechwell Co., Ltd.) at 22˚C for 5 min, washed with water, 
visualized using a fluorescence microscope (cat. no. BA210T; 
Motic Microscopes) and analyzed using ImageJ software 
(version 1.8.0.112; National Institutes of Health).

For the invasion assay, the EP tubes, Matrigel™ 
(cat.  no.  354262; Becton, Dickinson and Company) and 
Transwell inserts were preconditioned at 4˚C overnight. On 
the day of the experiment, Matrigel was diluted to a final 
concentration of 200 µg/well and added to the upper chamber. 
Following incubation at 37˚C for 30 min, the supernatant 
was aspirated and the remaining steps were performed as 
described for the migration assay above. The invasive cells 
were stained with crystal violet at 22˚C for 5 min, visualized 
using a fluorescence microscope and analyzed using ImageJ 
software (version 1.8.0.112; National Institutes of Health).

Flow cytometric analysis
Cell cycle assay. NSCLC cells (2x106 cells/ml) were resus‑
pended in pre‑cooled PBS and fixed by adding pre‑cooled 
100% ethanol dropwise to a final concentration of 75%. The 
samples were stored at 4˚C overnight. The following day, 
ethanol was removed by centrifugation at 400 x g for 5 min 
at 4˚C and the cells were resuspended in pre‑cooled PBS. 
Cells were subsequently stained with PI (cat. no. MB2920; 
Dalian Meilune Biology Technology Co., Ltd.) working solu‑
tion at 4˚C for 30 min in the dark. The cell cycle distribution 
was analyzed using a flow cytometer (cat. no. A00‑1‑1102; 
Beckman Coulter, Inc.) and the percentage of cells in each 
phase was determined from the PI fluorescence histogram. 
GraphPad Prism 8 (version 8.0.2.263; Dotmatics) was used to 
produce the PI fluorescence histogram.

Detection of cell pyroptosis. NSCLC cells (2x106 cells/ml)  
were collected using trypsin‑based digestive solution 
(cat. no. AWC0232; Changsha Abiwei Biotechnology Co., 
Ltd.) for 5 min at 22˚C and washed thoroughly. The cells 
were subsequently treated with caspase‑1 working solution 
(cat. no. ab219935; Abcam) for 5 min at 22˚C, followed by 
staining with PI for 30 min at 22˚C. The mixture was subse‑
quently incubated at 22˚C for 1 h, protected from the light. 
Finally, pyroptosis was analyzed using a flow cytometer 
(cat. no. A00‑1‑1102; Beckman Coulter, Inc.) and the GraphPad 
Prism 8 software (version 8.0.2.263; Dotmatics).

Scanning electron microscopy (SEM) analysis. NSCLC 
cells (2x106 cells/ml) were fixed with 2.5% glutaraldehyde 
(cat.  no.  AWI0097; Changsha Abiwei Biotechnology Co., 
Ltd.) for 12 h at 22˚C and washed using PBS. Subsequently, 
cells were treated with 1% osmium acid (cat. no. AWI0136; 
Changsha Abiwei Biotechnology Co., Ltd.) for 2 h at 22˚C. 
Dehydration was performed sequentially using increasing 
concentrations of ethanol (30, 50, 70, 80, 90, 95 and 100%; 
15 min/concentration), after which the samples were treated 
with a 1:1 mixture of 100% ethanol and isoamyl acetate 
(cat. no. 10003118; Sinopharm Chemical Reagent Co., Ltd.) for 

30 min at 22˚C. After overnight drying at 22˚C, the samples 
were observed using an SEM microscope (Helios 5 UC; 
Thermo Fisher Scientific, Inc.) and analyzed using ImageJ 
software (version 1.8.0.112; National Institutes of Health).

Western blot analysis. Total protein was extracted from cells 
(2x106 cells/ml) and the tumor tissues of nude mice using 300 µl 
RIPA lysis buffer (cat. no. R0010; Beijing Solarbio Science & 
Technology Co., Ltd.) supplemented with a protease inhibitor 
cocktail (cat.  no.  AWH0645) and a protein phosphatase 
inhibitor (cat. no. AWH0650; both purchased from Changsha 
Abiwei Biotechnology Co., Ltd.). The BCA protein quantifica‑
tion kit (cat. no. AWB0156, Changsha Abiwei Biotechnology 
Co., Ltd) was utilized to determine the protein concentration. 
The densitometry was performed using GraphPad Prism 8 
software (version  8.0.2.263; Dotmatics). Protein samples 
(20 µg) were used for electrophoresis. The constant voltage 
of electrophoresis was 75 V for 130 min. Subsequently, the 
proteins were separated using SDS‑PAGE (12% gel) and trans‑
ferred to PVDF membranes pre‑treated with methanol (99.8%) 
for 15 sec at 22˚C. The membranes were blocked with 5% 
skimmed milk for 90 min at 22˚C and incubated with primary 
antibodies (Table I) at 4˚C overnight. β‑actin was used as the 
internal reference control. Subsequently, the membranes were 
incubated with secondary antibodies (Table I) at 37˚C for 1.5 h. 
Protein bands were visualized using ECL Plus super‑sensitive 
luminescent liquid (cat. no. K‑12049‑D50; Advansta, Inc.) 
and imaged using a chemiluminescence imaging system 
(ChemiScope6100; Clinx Science Instruments Co., Ltd.).

To assess the protein stability of NLRP3, cells were treated 
with the protein synthesis inhibitor cycloheximide (CHX) at 
a concentration of 100 µg/ml (cat. no. 583794; Gentihold) for 
0, 4, 8 or 12 h at 4˚C (31). Following CHX treatment, proteins 
were analyzed using the standard western blotting procedure 
described above.

Co‑immunoprecipitation (Co‑IP) assay. The cells were washed 
and lysed using 400 µl of IP cell lysate (cat. no. AWB0144; 
Changsha Abiwei Biotechnology Co., Ltd.). The lysate was 
subsequently centrifuged at 4,000 x g for 15 min at 4˚C to 
isolate the proteins, which were then incubated at 4˚C over‑
night with NLRP3 antibodies (cat. no. ab263899; Abcam) 
which was diluted by PBST containing 0.05% Tween 20 
(cat. no. AWI0130, Changsha Abiwei Biotechnology Co., Ltd). 
Subsequently, Protein A/G agarose beads (20 µl) were added 
to capture the antigen‑antibody complexes and the mixture 
was incubated at 4˚C for 2 h with gentle shaking. The agarose 
beads were washed four times with 400 µl of IP lysate and the 
final precipitate was collected. Following Co‑IP assay, both 
the ubiquitination level of NLRP3 and the expression levels 
of NLRP3 and Smurf2 were analyzed using western blotting 
analysis, as described above.

ELISA. The concentrations of IL‑1β in the cell supernatants 
and animal serum samples were measured using either a 
human IL‑1β ELISA kit (cat. no. CSB‑E08053h) or a mouse 
IL‑1β ELISA kit (cat. no. CSB‑E08054m; both kits purchased 
from Cusabio Technology, LLC), following the manufacturer's 
instructions. Similarly, the levels of IL‑18 were determined 
using a human IL‑18 ELISA kit (cat. no. CSB‑E07450h) or 
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mouse IL‑18 ELISA kit (cat. no. CSB‑E04609m; both kits 
purchased from Cusabio Technology, LLC).

Reverse transcription‑quantitative PCR (RT‑qPCR) 
assay. Total RNA was extracted from NSCLC cell lines 
(2x106 cells/ml) using TRIzol® reagent (cat. no. 15596026; 
Invitrogen; Thermo Fisher Scientific, Inc.), following the 
manufacturer's instructions. RNA was subsequently reverse 
transcribed into cDNA using an mRNA reverse transcription 
kit (cat. no. CW2569; Cwbio). The relative expression levels of 
NLRP3 and Smurf2 were determined using the UltraSYBR 
Mixture (cat. no. CW2601; Cwbio) on an ABI 7900 system 
(cat. no. QuantStudio1; Thermo Fisher Scientific, Inc.). The 
thermocycling conditions used were as follows: Denaturation 
at 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec 
and 60˚C for 30  sec. The 2-ΔΔCq method was employed to 
calculate the relative mRNA levels of target genes (32). β‑actin 
used as the internal reference control and the specific primer 
sequences are shown in Table II.

Hematoxylin and eosin (H&E) staining. Tumor tissues from 
nude mice were treated with xylene (cat.  no.  10023418; 
Sinopharm Chemical Reagent Co., Ltd.) for 20 min at 22˚C, 
fol lowed by sequential immersion in a series of decreasing 
ethanol solutions (100, 100, 95, 85 and 75%; 5 min each). 
After rinsing the tissues in distilled water for 5 min, tissue 
sections were stained with hematoxylin (cat. no. AWI0009a; 
Changsha Abiwei Biotechnology Co., Ltd.) for 10  min at 
22˚C, and subsequently with eosin (cat. no. G1100; Beijing 
Solarbio Science & Technology Co., Ltd.) for 5  min at 

22˚C. The sections were dehydrated using gradient ethanol 
(95‑100%), treated with xylene for 10 min at 22˚C, mounted 
with neutral gum (cat.  no.  ZLI‑9555; Beijing Zhongshan 
Jinqiao Biotechnology Co., Ltd.) and imaged using an optical 
microscope (cat. no. BA310E; Motic Microscopes).

Molecular docking analysis. Molecular docking analysis of 
curcumin with the Smurf2 protein was performed using VINA 
software (version 1.1.2; Scripps Research). PyMOL software 
(version  2.3; Schrödinger) was used to visualize binding 
of the ligand to the receptor‑binding pocket and to predict 
receptor‑ligand interactions and binding energies.

Immunohistochemical analysis. Tumor tissues from nude 
mice were fixed in 4% paraformaldehyde for 30 min at 22˚C. 
Paraffin sections were 4‑5 μm thick. The tissues were treated 
sequentially with xylene and ethanol of decreasing concentra‑
tions (100, 95, 85 and 75%). The tissues were subsequently 
immersed in 0.01 mol/l citrate buffer (cat.  no.  ZLI‑9065; 
Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.) and 
microwaved until the solution began to boil. After cooling 
to room temperature, the sections were treated with 1% peri‑
odic acid (cat. no. BSBA‑4245; Beijing Zhongshan Jinqiao 
Biotechnology Co., Ltd.) to inactivate endogenous enzymes for 
15 min at room temperature. The sections were blocked with 
3% BSA (cat. no. AWT0368a, Changsha Abiwei Biotechnology 
Co., Ltd) at 22˚C for 30 min. The primary antibodies against 
Ki67 (cat. no. 28074‑1‑AP; 1:400; Proteintech Group, Inc.) 
were applied and incubated at 4˚C overnight. Subsequently, 
the sections were incubated with HRP‑conjugated goat 

Table II. Primer sequences used in the present study. 

Gene	 Sequence (5'‑3')	 Product length, bp

H‑NOD‑like receptor pyrin domain‑containing 3	 F: GCCACGCTAATGATCGACT	 170
	 R: TCTTCCTGGCATATCACAGT	
H‑ Smad ubiquitination regulatory factor 2	 F: CATGTCTAACCCCGGAGGC	 138
	 R: TGCCCAGATCCATCAACCAC	
H‑β‑actin	 F: ACCCTGAAGTACCCCATCGAG	 224
	 R: AGCACAGCCTGGATAGCAAC

F, forward; R, reverse; H, human.

Table I. Antibodies used in the present study.

Antibody target	 Cat. no.	 Dilution	 Supplier

NOD‑like receptor pyrin domain‑containing 3	 ab263899	 1:1,000	 Abcam
Caspase‑1	 ab207802	 1:1,000	 Abcam
Gasdermin D (GSDMD)/cleaved GSDMD	 ab225867	 1:1,000	 Abcam
Smad ubiquitination regulatory factor 2	 AWA55626	 1:1,000	 Changsha Abiwei Biotechnology
			   Co., Ltd.
β‑actin	 66009‑1‑Ig	 1:5,000	 Proteintech Group, Inc.
HRP goat anti‑mouse IgG	 SA00001‑1	 1:5,000	 Proteintech Group, Inc.
HRP goat anti‑rabbit IgG	 SA00001‑2	 1:6,000	 Proteintech Group, Inc.
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anti‑rabbit IgG secondary antibodies (1:1,000; Table I) at 37˚C 
for 30 min, after which the sections were treated with a DAB 
working solution (cat. no. ZLI‑9017; Beijing Zhongshan Jinqiao 
Biotechnology Co., Ltd.) and counterstained with hematoxylin 
at 22˚C for 5 min. The tissues were subsequently dehydrated 
with ethanol in ascending concentrations (60‑100%), treated 
with xylene at 22˚C for 10 min, mounted for fluorescence 
microscopic (cat. no. BA210T; Motic Microscopes) examina‑
tion and analyzed using the ImageJ software (version 1.8.0.112; 
National Institutes of Health).

Bioinformatics analysis. To predict which ubiquitin ligases are 
associated with NLRP3, bioinformatics analysis was performed 
using the UbiBrowser 1.0 database (http://ubibrowser.bio‑it.
cn/ubibrowser/). The data were downloaded from the public 
repository on the UbiBrowser 1.0 database (http://ubibrowser. 
bio‑it.cn/ubibrowser/strict/networkview/networkview/name/ 
Q96P20/jobId/ubibrowse‑I2025‑02‑06‑15867‑1738804849). 
The significance cut‑off level used was P<0.05.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 8 software (version 8.0.2.263; Dotmatics). All 
experiments were performed in triplicate and data are expressed 
as the mean±SD. For data following a normal distribution, 
comparisons between two groups were performed using the 
unpaired t‑test, whereas comparisons among multiple groups 
were performed using a one‑way ANOVA followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Curcumin inhibits the growth of NSCLC cells by inducing 
pyroptosis. To evaluate the role of curcumin in the pyroptosis 
of NSCLC cells, the IC50 of curcumin, reflecting its effect on 
cell growth, was determined (33). The results showed that 
the IC50 for curcumin in the experiments performed using 
BEAS‑2B cells was 233.6 µM, whereas the IC50 values for 
A549 and NCI‑H1299 cells were 14.85 and 13.14 µM, respec‑
tively. To effectively inhibit the target activity in the specific 
cell lines under investigation, the concentration of 20 µM for 
curcumin was selected for subsequent experiments (Fig. 1A).

To further investigate the association between curcumin 
and pyroptosis, NSCLC cells were treated either with 
curcumin alone or in combination with inhibitors of caspase‑1 
(VX‑765), NLRP3 (INF39) or GSDMD (DSF). These results 
demonstrated that treatment with curcumin led to a significant 
reduction in the viability (Fig. 1B), proliferation (Fig. 1C), 
migration (Fig. 1D) and invasion (Fig. 1E) of NSCLC cells 
compared with untreated controls. However, inhibition of 
caspase‑1, NLRP3 or GSDMD reversed the effects of curcumin 
on the viability (Fig.  1B), proliferation (Fig.  1C), migra‑
tion (Fig. 1D) and invasion (Fig. 1E) of cells. Additionally, 
curcumin intervention resulted in cell cycle arrest in NSCLC 
cells, which was also reversed by treating the cells with the 
inhibitors of caspase‑1, NLRP3 and GSDMD (Fig. 1F).

Furthermore, treatment with curcumin increased the 
levels of cell pyroptosis and cell death via pyroptosis when 
compared with the control group (Fig. 1G). The morpho‑
logical changes characteristic of pyroptosis, including 

increased cell swelling, reduced cytoplasmic density 
and pore formation in the cell membrane, were observed 
in the curcumin‑treated NSCLC cells (Fig.  1H). These 
changes induced by curcumin, however, were markedly 
attenuated when caspase‑1, NLRP3 or GSDMD inhibitors 
were added (Fig.  1G and  H). Furthermore, the levels of 
the pyroptosis‑associated cytokines, IL‑1β and IL‑18, in 
the cell supernatant were increased upon treatment with 
curcumin (Fig. 1I). Similarly, curcumin treatment increased 
the expression levels of pyroptosis‑associated proteins, 
including NLRP3, caspase‑1, GSDMD and GSDMD‑N, but 
reduced these expression levels upon inhibition of caspase‑1, 
NLRP3 or GSDMD (Fig. 1J). Taken together, these findings 
suggested that curcumin suppresses the growth of NSCLC 
cells, potentially through the induction of pyroptosis.

Curcumin induces pyroptosis in NSCLC cell lines and 
cancerous tissues from NSCLC nude mice via upregulation of 
NLRP3. Given the close association between NLRP3 and cell 
pyroptosis (34), the present study aimed to further investigate 
the association between curcumin and NLRP3. The stability 
and ubiquitination levels of NLRP3 were assessed in NSCLC 
cells. The results obtained demonstrated that curcumin 
increased the protein stability of NLRP3, while reducing its 
ubiquitination levels (Fig. 2A and B). Moreover, curcumin 
increased NLRP3 protein expression levels and inhibited 
its degradation, similar to the effects exhibited by MG132, a 
proteasome inhibitor (Fig. 2C). The combination of curcumin 
and MG132 resulted in a higher level of NLRP3 expression 
compared with curcumin alone, demonstrating that curcumin 
promotes NLRP3 expression through reducing its ubiquiti‑
nation, and that this effect is dependent on the proteasomal 
degradation pathway.

To further elucidate the role of NLRP3 in curcumin's 
action on NSCLC cells, NLRP3 was knocked down in 
NSCLC cells. Among the siRNA groups, si‑NLRP3#2 exhib‑
ited the highest knockdown efficiency and this was therefore 
used in subsequent experiments (Fig. 2D). Compared with 
the curcumin + si‑NC group, the curcumin + si‑NLRP3 
group demonstrated a significant decrease in pyroptosis 
(Fig. 2E) and was associated with significant reductions in 
the protein expression levels of NLRP3, caspase‑1, GSDMD 
and GSDMD‑N in cells (Fig. 2F), as well as marked reduc‑
tions in the concentrations of IL‑1β and IL‑18 in the culture 
supernatant (Fig. 2G). Comparing the results obtained in 
A549 and NCI‑H1299 cells, there was an almost one‑fold 
difference in the level of change of GSDMD expression, 
which was potentially due to the fact that gene or protein 
expression levels vary by differing degrees in different types 
of cells. This finding may also have been due to the cells' 
unique properties, or the regulatory expression mechanisms, 
such as cell specificity or cell cycle regulation. Moreover, 
this approximately one‑fold difference in the GSDMD 
expression level comparing between the curcumin + siNC 
and curcumin + siNLRP3 groups may have resulted from 
the effect that knocking down NLRP3 has on reducing the 
expression levels of GSDMD and GSDMD‑N (Fig.  2F). 
Collectively, these findings suggested that NLRP3 knock‑
down diminishes the ability of curcumin to induce pyroptosis 
in NSCLC cells (Fig. 2E‑G).
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To corroborate these findings in vivo, experiments were 
performed using NSCLC nude mouse models (Fig.  2H). 
These experiments showed that treatment with curcumin 
led to a significant reduction in tumor volume (Fig. 2I) and 
weight (Fig. 2K) compared with the model group. Moreover, 
compared with the modelsi‑NC+curcumin group, the knock‑
down of NLRP3 caused a significant increase in tumor volume 
(Fig. 2I) and weight (Fig. 2K), demonstrating that NLRP3 
exerted a crucial role in mediating the effects of curcumin. 
Subsequently, H&E staining further demonstrated that NLRP3 

knockdown inhibited curcumin‑induced NSCLC cell death in 
tumor tissues (Fig. 2J). Consistent with the in vitro findings, 
curcumin intervention in tumors led to a significantly increase 
in the protein expression levels of NLRP3, caspase‑1, GSDMD 
and GSDMD‑N, as well significant increases in the concentra‑
tions of IL‑1β and IL‑18 in the serum when compared with the 
model group. Knockdown of NLRP3 reversed these effects, 
suppressing curcumin‑induced pyroptosis in the NSCLC 
tumors (Fig.  2L and M). Taken together, the results from 
both the in vitro and the in vivo experiments suggested that 

Figure 1. Continued.
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Figure 1. Curcumin inhibits the growth of NSCLC cells by inducing pyroptosis. (A) The IC50 value of curcumin was determined by CCK‑8 assay. (B) Cell 
viability of NSCLC cells was assessed using the CCK‑8 assay. (C) NSCLC cell proliferation was analyzed via EdU assay. Scale bar, 50 µm. Cell migra‑
tion (D) and invasion (E) were evaluated by Transwell assays. Scale bar, 100 µm. (F) Cell cycle distribution was analyzed by flow cytometric analysis. 
(G) Pyroptosis detection was performed via flow cytometry, where UR/(UL+UR) represents the percentage of cell death that corresponds to death by pyrop‑
tosis. (H) Pyroptosis‑associated morphological characteristics were observed by scanning electron microscopy. Top scale bar, 10 µm and bottom scale bar, 
5 µm. (I) Levels of IL‑1β and IL‑18 in cell supernatants were measured using ELISA kits. (J) The protein expression levels of NLRP3, caspase‑1, GSDMD 
and GSDMD‑N were detected by western blotting analysis. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001. NSCLC, non‑small cell lung cancer; NLRP3, 
NOD‑like receptor pyrin domain‑containing 3; GSDMD, gasdermin D; DSF, disulfram; EdU, 5‑ethynyl‑2'‑deoxyuridine; GSDMD‑N, cleaved GSDMD; 
CCK‑8, Cell Counting Kit‑8; UR, upper right; UL, upper left.
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Figure 2. Continued.
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Figure 2. Curcumin induces pyroptosis in NSCLC cell lines and NSCLC nude mice cancer tissues via the upregulation of NLRP3. (A) NLRP3 protein 
stability was assessed by western blotting analysis. (B) The ubiquitination of NLRP3 was evaluated by Co‑IP assay. (C) NLRP3 protein expression levels 
were measured by western blotting analysis. (D) NLRP3 knockdown efficiency was assessed by reverse transcription‑quantitative PCR and western blotting 
analyses. (E) Pyroptosis was detected by flow cytometry, with UR/(UL+UR) representing the percentage of cell death that corresponds to death by pyroptosis. 
(F) The protein expression levels of NLRP3, caspase‑1, GSDMD and GSDMD‑N in cells were detected by western blotting analysis. (G) IL‑1β and IL‑18 
levels in cell supernatants was measured by ELISA. (H) Representative images of the nude mice excised tumors were presented. (I) The tumor volumes were 
measured. (J) Pathological changes in tumor tissues were analyzed by hematoxylin and eosin staining. Top scale bar, 100 µm and bottom scale bar, 25 µm. 
(K) The tumor weights were measured. (L) Protein expression levels of NLRP3, caspase‑1, GSDMD and GSDMD‑N in tumors were detected by western 
blotting analysis. (M) Serum concentrations of IL‑1β and IL‑18 were determined using ELISA kits. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001. NSCLC, 
non‑small cell lung cancer; Co‑IP, co‑immunoprecipitation; NLRP3, NOD‑like receptor pyrin domain‑containing 3; GSDMD, gasdermin D; CHX, cyclohexi‑
mide; si, short interfering RNA; NC, negative control; GSDMD‑N, cleaved GSDMD; UR, upper right; UL, upper left.
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curcumin induced pyroptosis in NSCLC cell lines and tumor 
tissues via upregulating NLRP3.

NLRP3 stability is regulated via Smurf2 activity. To identify 
additional potential targets associated with the stability and 
ubiquitination of NLRP3, the UbiBrowser 1.0 database was 
utilized, which predicted that the E3 ligase Smurf2 was 
involved in NLRP3 ubiquitination (Fig. 3A and B). A previous 
study also reported an association between Smurf2 and 
NSCLC (19). Consistent with the findings of the aforemen‑
tioned study, the experimental results from the present study 
demonstrated that Smurf2 was highly expressed in NSCLC 
cells (Fig. 3C) and that Smurf2 could interact with NLRP3 
(Fig. 3D). To further investigate the role of Smurf2 in NSCLC, 
Smurf2 was overexpressed or knocked down in NSCLC 
cells. The transfection efficiencies were confirmed, showing 
successful overexpression and knockdown of Smurf2, respec‑
tively (Fig. 3E). Overexpression of Smurf2 caused a significant 
reduction in NLRP3 protein expression levels, although this 
effect was significantly reversed following treatment with 
the proteasome inhibitor, MG132 (Fig.  3F). Additionally, 
Smurf2 overexpression led to an increase in the ubiquitina‑
tion of NLRP3 (Fig. 3G). Compared with the si‑NC group, 
knocking down Smurf2 led to a significantly increased expres‑
sion level of NLRP3 (Fig. 3H). Moreover, the knockdown of 
Smurf2 markedly increased both the activation and cleavage 
of caspase‑1 and GSDMD (Fig. 3H), significantly increasing 
the secretion of IL‑1β and IL‑18 (Fig. 3I) and cell pyroptosis 
(Fig. 3J) when compared with the si‑NC group. However, 
knocking down NLRP3 markedly decreased the activation 
and cleavage of caspase‑1 and GSDMD (Fig. 3H), the secre‑
tion of IL‑1β and IL‑18 (Fig. 3I), and pyroptosis (Fig. 3J) when 
compared with the si‑Smurf2 + si‑NC group. Collectively, 
these findings suggested that the inhibition of Smurf2 activity 
reduced NLRP3 ubiquitination, thereby promoting its stability 
and enhancing cell pyroptosis.

Curcumin targets Smurf2 to inhibit NLRP3 ubiquitination 
and promote pyroptosis. Building on the observed association 
between NLRP3 and Smurf2 in NSCLC cells, the potential 
interaction between curcumin and Smurf2 was subsequently 
further explored. The chemical structure of curcumin is 
shown in Fig. 4A. Molecular docking analysis confirmed that 
curcumin could bind to Smurf2, with a binding energy of ‑8.5 
kcal/mol (Fig. 4B). Although the interaction between Smurf2 
and NLRP3 had already been demonstrated in the present 
study, curcumin treatment was found to reduce the strength 
of this interaction (Fig. 4C). Additionally, overexpression of 
Smurf2 also attenuated NLRP3 expression as a consequence 
of their mutual interaction (Fig. 4D). Moreover, the knock‑
down of Smurf2 was shown to significantly enhance the 
ability of curcumin to stabilize NLRP3 compared with the 
curcumin + si‑NC group, whereas overexpression of Smurf2 
circumvented this effect compared with the curcumin + 
oe‑NC group (Fig.  4E). Similarly, Smurf2 knockdown 
markedly augmented the curcumin‑induced increase in the 
protein expression levels of NLRP3, caspase‑1, GSDMD 
and GSDMD‑N, as well as the secretion levels of IL‑1β 
and IL‑18 compared with the curcumin + si‑NC group. On 
the other hand, overexpression of Smurf2 reversed these 

curcumin‑induced effects compared with the curcumin + 
oe‑NC group (Fig. 4F and G). Furthermore, the knockdown 
of Smurf2 led to a significant enhancement in the extent of 
pyroptosis in NSCLC cells compared with the curcumin + 
si‑NC group, whereas Smurf2 overexpression inhibited pyrop‑
tosis compared with the curcumin + oe‑NC group (Fig. 4H). 
Taken together, these findings suggested that curcumin both 
inhibited NLRP3 ubiquitination and promoted pyroptosis, in 
NSCLC cells through targeting Smurf2.

Curcumin inhibits NSCLC progression through regulating the 
Smurf2/NLRP3 axis in vivo. To validate the effects of curcumin 
on NSCLC progression in vivo and to assess the involvement 
of the Smurf2/NLRP3 axis, experiments were performed 
using NSCLC tumor‑bearing modelled nude mice (Fig. 5A). 
These results showed that, following curcumin intervention, 
the tumor volumes and weights were significantly reduced. 
These effects were further enhanced by Smurf2 knockdown, 
although they were significantly reversed upon overexpressing 
Smurf2 (Fig. 5B). Subsequent histological analysis using H&E 
staining demonstrated that curcumin treatment promoted 
NSCLC cell death. This effect was enhanced by Smurf2 
knockdown but inhibited by Smurf2 overexpression (Fig. 5C). 
Consistently with these findings, the expression levels of Ki67, 
a marker of cell proliferation (35), was markedly reduced in 
tumor tissues following curcumin treatment compared with 
the model group. Compared with the modelsi‑NC + curcumin 
group, Smurf2 knockdown led to a further suppression of Ki67 
expression, whereas Smurf2 overexpression caused a signifi‑
cant increase in Ki67 levels compared with the modeloe‑NC 

+ curcumin group. Collectively, these results suggested that 
curcumin influenced cell proliferation in NSCLC tumors 
via Smurf2 regulation (Fig.  5D and  E). Furthermore, 
Smurf2 knockdown led to a significant augmentation of the 
curcumin‑induced increases in the protein expression levels 
of Smurf2, NLRP3, caspase‑1, GSDMD and GSDMD‑N, as 
well as marked increases in the secretion of IL‑1β and IL‑18 in 
tumor tissues compared with the modelsi‑NC + curcumin group. 
On the other hand, Smurf2 overexpression reversed these 
curcumin‑induced effects compared with the modeloe‑NC + 
curcumin group (Fig. 5F and G). Taken together, these find‑
ings suggested that curcumin inhibited NSCLC progression 
in vivo via regulating the Smurf2/NLRP3 axis, suggesting its 
potential use as a therapeutic agent for NSCLC.

Discussion

NSCLC remains one of the most prevalent cancers globally. 
Although mortality rates are decreasing as a result of thera‑
peutic advances, they currently remain high (36). The present 
study demonstrated a potential therapeutic role of curcumin 
through performing a series of in vitro and in vivo experiments. 
These findings showed that curcumin promoted NSCLC cell 
pyroptosis via modulating the Smurf2/NLRP3 axis, thereby 
inhibiting tumor progression; moreover, these results may 
provide valuable insights into developing novel strategies for 
NSCLC therapy.

As a polyphenolic compound, curcumin has shown signifi‑
cant potential for cancer treatment (37). It has been reported 
to inhibit colorectal cancer metastasis through activating the 
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Figure 3. NLRP3 stability is regulated by Smurf2 activity. (A and B) Prediction of Smurf2 as an E3 ligase for NLRP3 was detected using the UbiBrowser 
1.0 database. (C) Smurf2 protein expression levels were analyzed by western blotting. (D) Co‑IP assay results confirmed the interaction between Smurf2 and 
NLRP3. (E) Smurf2 transfection efficiency was determined via both reverse transcription‑quantitative PCR and western blotting analyses. (F) The detection 
of NLRP3 protein expression levels was performed using western blotting analysis. (G) The ubiquitination of NLRP3 was detected by Co‑IP assay. (H) The 
protein expression levels of NLRP3, caspase‑1, GSDMD and GSDMD‑N in cells were determined using western blotting analysis. (I) Secreted IL‑1β and IL‑18 
levels were measured using ELISA kits. (J) Flow cytometric analysis was performed for the detection of cell pyroptosis. The UR/(UL+UR) represents the 
percentage of cell death that corresponds to death by pyroptosis. *P<0.05; ***P<0.001; and ****P<0.0001. NLRP3, NOD‑like receptor pyrin domain‑containing 3; 
Smurf2, Smad ubiquitination regulatory factor 2; Co‑IP, co‑immunoprecipitation; GSDMD, gasdermin D; oe, overexpression; NC, negative control; si, short 
interfering RNA; GSDMD‑N, cleaved GSDMD; UR, upper right; UL, upper left.
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reactive oxygen species/Kelch‑like ECH‑associated protein 
1/nuclear factor erythroid 2‑related factor  2/microRNA 
(miR)‑34a/b/c pathway  (38). In esophageal squamous cell 
carcinoma, curcumin has been shown to alleviate cancer 
progression by downregulating the circular RNA nuclear 
receptor interacting protein 1/miR‑532‑3p/AKT signaling 
pathway (39). In head and neck squamous cell carcinoma, 
curcumin exerts anticancer effects through modulating the 
tumor microenvironment (39). Similarly, the present study 
showed that curcumin inhibited NSCLC cell growth via 
promoting pyroptosis and the addition of inhibitors targeting 
pyroptosis‑associated factors led to a reversal of curcumin's 
effects, thereby highlighting its mechanistic role in inducing 
apoptosis and pyroptosis in NSCLC cells.

NLRP3 is an important component of the inflammasome 
protein complex, which promotes the maturation and secre‑
tion of pro‑IL‑1β and pro‑IL‑18, the precursor forms of IL‑1β 
and IL‑18 (40). As an essential regulator of pyroptosis (41), 

NLRP3 has been shown to mediate pyroptosis through 
natural active substances in a variety of cancer types. For 
example, anthocyanin was shown to activate pyroptosis in 
oral squamous cell carcinoma cells via NLRP3, caspase‑1 and 
GSDMD signaling (42). Similarly, polyphyllin VI was found 
to induce caspase‑1‑mediated pyroptosis in NSCLC through 
inducing the NLRP3/GSDMD axis (43) and citric acid trig‑
gers pyroptosis in ovarian cancer (OC) cells via caspase‑4, 
NLRP3 and GSDMD signaling  (44). In the present study, 
curcumin increased the stability of NLRP3 and reduced its 
level of ubiquitination, underscoring its regulatory role in 
pyroptosis. Both in vitro and in vivo experiments demon‑
strated that knockdown of NLRP3 reversed the effects of 
curcumin‑induced pyroptosis, including the activation and 
cleavage of caspase‑1 and GSDMD, increased secretion of 
IL‑1β and IL‑18 and suppression of NSCLC tumor growth in 
nude mice. Collectively, these results underlined the pivotal 
role of NLRP3 in curcumin‑mediated pyroptosis, suggesting 

Figure 4. Continued.
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Figure 4. Curcumin targets Smurf2 to inhibit NLRP3 ubiquitination and promote pyroptosis. (A) The chemical structure of curcumin. (B) Molecular docking 
analysis was performed, showing the binding of curcumin to Smurf2. (C and D) Co‑IP analysis was performed for the interaction strength between Smurf2 and 
NLRP3. (C) The immunoprecipitation protein was NLRP3. (D) The immunoprecipitation protein was Smurf2. (E) The protein expression levels of NLRP3 
were assessed using western blot analysis. CHX was used to detect the protein stabilities of NLRP3. (F) The protein expression levels of NLRP3, caspase‑1, 
GSDMD and GSDMD‑N were determined using western blot analysis. (G) The ability of cells to secrete IL‑1β and IL‑18 was measured using ELISA kits. 
(H) Cell pyroptosis was determined using flow cytometric analysis. UR/(UL+UR) represents the percentage of cell death that corresponds to death by pyrop‑
tosis. *P<0.05; ***P<0.001; and ****P<0.0001. Smurf2, Smad ubiquitination regulatory factor 2; NLRP3, NOD‑like receptor pyrin domain‑containing 3; Co‑IP, 
co‑immunoprecipitation; IP, immunoprecipitated; GSDMD, gasdermin D; si, short interfering RNA; NC, negative control; oe, overexpression; GSDMD‑N, 
cleaved GSDMD; CHX, cycloheximide; UR, upper right; UL, upper left.
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Figure 5. Curcumin inhibits non‑small cell lung cancer progression by regulating the Smurf2/NLRP3 axis in vivo. (A) Representative images of tumors are 
shown. (B) Tumor volume and weight measurements are shown. (C) Pathological examination of tumor tissues was performed by hematoxylin and eosin 
staining. Top scale bar, 100 µm and bottom scale bar, 25 µm. (D and E) Ki67 expression in tumors was assessed using immunohistochemical analysis. Top 
scale bar, 100 µmand bottom scale bar, 25 µm. (F) Serum concentrations of IL‑1β and IL‑18 were measured using ELISA kits. (G) The protein expression levels 
of Smurf2, NLRP3, caspase‑1, GSDMD and GSDMD in tumors were detected by western blotting analysis. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001. 
Smurf2, Smad ubiquitination regulatory factor 2; NLRP3, NOD‑like receptor pyrin domain‑containing 3; GSDMD, gasdermin D; GSDMD‑N, cleaved 
GSDMD; oe, overexpression; NC, negative control; si, short interfering RNA.
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that targeting NLRP3 may be a promising strategy for NSCLC 
treatment.

Upon western blot analysis, cleaved‑caspase‑1 appears 
with two bands. This is due to the fact that pro‑caspase‑1 
undergoes cleavage upon activation, generating several frag‑
ments of different sizes, including fragments of 20 and 22 kDa 
in size (45). These fragments represent the cleavage products 
of caspase‑1 and they result in the formation of the active 
caspase‑1 enzyme (45). Furthermore, changes in the expres‑
sion level of pro‑caspase‑1 reflect the activation status of 
caspase‑1. The expression level of cleaved‑caspase‑1 has been 
shown to reflect the activity level of caspase‑1 more directly 
during apoptosis and the inflammatory response (46). The 
independent detection of the expression levels of pro‑caspase‑1 
and cleaved‑caspase‑1 in the present study has contributed to 
a more detailed understanding of the underlying regulatory 
mechanisms of the caspase‑1 signaling pathway by showing 
the effects of certain factors, such as curcumin and Smurf2, on 
the cleavage and activation of caspase‑1. Therefore, the results 
for pro‑caspase‑1 and cleaved‑caspase‑1, the 20 and 22 kDa 
cleaved products, respectively, were presented individually.

The investigation of NLRP3 ubiquitination and deubiqui‑
tination has emerged as an important area of research in the 
context of inflammatory diseases (15). The UbiBrowser 1.0 
database was utilized to identify potential E3 ligases that inter‑
acted with NLRP3, which predicted that Smurf2 was among 
the candidate E3 ligases. Smurf2 is a ubiquitin E3 ligase 
involved in the degradation of various proteins via the 26S 
proteasome (47). Moreover, other studies have demonstrated 
diverse roles for Smurf2 in cancer. Xie et al (45) reported that 
Smurf2 mediates glutathione S‑transferase P1 ubiquitination, 
leading to ferroptosis in cancer cells through a glutathione 
peroxidase 4‑independent mechanism. Han et al (48) showed 
that Smurf2 interacts with DNA‑binding inhibitor 2 (ID2) in 
lung cancer cells, thereby promoting the polyubiquitination 
and degradation of ID2 via the ubiquitin‑proteasome pathway, 
which ultimately induces cell cycle arrest. Furthermore, 
Pi et al (49) found that the deletion of Smurf2 expression in 
human OC reduces the ubiquitination of receptor for activated 
C kinase 1, thereby promoting OC progression. In the present 
study, it was demonstrated that Smurf2 interacted with NLRP3 
and that the upregulation of Smurf2 enhanced NLRP3 ubiqui‑
tination. Furthermore, Smurf2 knockdown promoted NLRP3 
expression and cell pyroptosis, demonstrating that Smurf2 can 
both regulate NLRP3 ubiquitination and exert a significant 
impact on the process of pyroptosis in NSCLC cells.

A previous study showed that curcumin can inhibit 
TGF‑β/Smad signaling through activating autophagy  (50). 
Additionally, Smad2 and Smad3 degradation may occur 
through Smurf2‑mediated ubiquitination and proteasomal 
degradation (50). The associated involvement of curcumin 
and Smurf2 was also demonstrated in a rat model of para‑
quat‑induced pulmonary fibrosis, where curcumin was found to 
modulate Smurf2 activity (51). In the present study, molecular 
docking analysis demonstrated that curcumin binds to Smurf2. 
Additionally, treatment with curcumin inhibited the strength 
of the interaction between Smurf2 and NLRP3. Knockdown 
of Smurf2 led to an augmentation of curcumin's effects on the 
stability of NLRP3, pyroptosis and the expression of pyrop‑
tosis‑associated factors in NSCLC cells. On the other hand, 

the overexpression of Smurf2 led to a reversal of these effects, 
underscoring the crucial role of Smurf2 in curcumin‑mediated 
regulation of NLRP3‑dependent pyroptosis. Based on the 
in vivo mouse model experiments, curcumin treatment reduced 
both the volume and the weight of NSCLC tumors, decreased 
the level of Ki67 expression and increased the expression levels 
of NLRP3 and pyroptosis‑associated factors. These findings 
were consistent with the results obtained from the in vitro 
experiments, further supporting the potential of curcumin as 
a therapeutic agent for NSCLC. Moreover, the in vivo experi‑
ments confirmed that curcumin inhibited NSCLC progression 
by modulating the Smurf2/NLRP3 axis, thereby offering a 
novel perspective for NSCLC treatment.

However, the present study had certain limitations. First, 
the precise mechanism underlying Smurf2's interactions with 
other proteins requires further, more detailed studies, such as 
the GSDMD protein. Secondly, clinical studies are required to 
confirm the efficacy of curcumin in treating NSCLC. These 
challenges highlight areas for future research and should be 
the focus for ongoing efforts aiming to address these gaps in 
current knowledge.

In conclusion, the present study showed that curcumin 
promoted NLRP3‑dependent pyroptosis in NSCLC cells 
through inhibiting Smurf2 activity, highlighting a potential 
mechanism underlying the antitumor effects exerted by 
curcumin and suggesting novel therapeutic targets and strate‑
gies for the treatment of NSCLC.
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