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Background: As the main component of turmeric (Curcuma longa L.), curcumin is widely used in the treatment of various diseases. 
Previous studies have demonstrated that curcumin has great potential as a therapeutic agent, but the lack of understanding of the 
functional mechanism of the drug has hindered the widespread use of the natural product. In the present study, we used comprehensive 
bioinformatics analysis and in vitro experiments to explore the anti-tumor mechanism of curcumin.
Materials and Methods: LUAD mRNA expression data were obtained from TCGA database and differentially expressed genes 
(DEGs) were identified using R software. Functional enrichment analysis was conducted to further clarify its biological properties and 
hub genes were identified by a protein–protein interaction (PPI) network analysis. Survival analysis and molecular docking were used 
to analyze the effectiveness of the hub genes. By an in vitro study, we evaluated whether curcumin could influence the proliferation, 
migration, and invasion activities of LUAD cells.
Results: In this study, 1783 DEGs from LUAD tissue samples compared to normal samples were evaluated. Functional enrichment 
analysis and the PPI network revealed the characteristics of the DEGs. We performed a topological analysis and identified 10 hub 
genes. Of these, six genes (INS, GCG, SST, F2, AHSG, and NPY) were identified as potentially effective biomarkers of LUAD. The 
molecular docking results indicated that curcumin targets in regulating lung cancer may be INS and GCG. We found that curcumin 
significantly inhibited the proliferation, migration, and invasion of LUAD cells and significantly decreased the expression of the INS 
and GCG genes.
Conclusion: The results of this study suggest that the therapeutic effects of curcumin on LUAD may be achieved through the 
intervention of INS and GCG, which may act as potential biomarkers for LUAD prevention and treatment.
Keywords: lung adenocarcinoma, curcumin, antitumor effect, bioinformatics analysis, TCGA

Background
Lung cancer has one of the highest incidence and mortality rates, and more than 85% are non-small cell lung cancer 
(NSCLC).1 Surgical resection, chemotherapy, and radiotherapy are currently the main clinical treatments for NSCLC, and 
for early-stage NSCLC, timely surgery can achieve a curative effect.2,3 Unfortunately, more than 70% of cancer patients 
present with local invasion, lymph node involvement, and distant metastases at the time of first diagnosis and are therefore 
ineligible for surgery.4 In recent years, many advances in the treatment of NSCLC have been made, such as tyrosine kinase 
inhibitors (TKIs) which are active against oncogenic alterations or immunotherapies.5 However, the development of clinically 
effective therapies has achieved limited success.6 Although personalized targeted therapies have been widely used in the 
clinic, only patients whose tumors harbor molecular mutations can benefit from this approach.7 Furthermore, despite the 
increasing importance of immunotherapy in the treatment of NSCLC in recent years, response rates lower than 40% have been 
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achieved in some populations.8 Therefore, the search for new and effective therapeutic drug targets is crucial in the treatment 
of NSCLC.

Natural compounds derived from plants serve as a drug source and have led to the introduction of several anti-cancer 
drugs. For example, natural compounds derived from Taxols and vinca alkaloids have been widely used in clinical 
treatment, and the use of natural compounds with significant anticancer activity in combination with first-line chemother-
apeutic agents has also emerged as a promising approach in cancer treatment.9 These natural compounds, alone or in 
combination with chemotherapeutic agents, reduce tumor growth by targeting key mediators and regulators to stop the 
cell cycle at different stages, by blocking anti-apoptotic proteins to induce apoptosis, or by modulating signaling 
pathways to induce pro-apoptotic proteins.10 Over the past decade, immunotherapy has made significant advances in 
the treatment of malignant tumors. Accumulated studies have revealed that natural compounds and their derivatives exert 
antitumor effects through their modulatory effects on the immune system, including T cells, B cells, NKs, myeloid- 
derived suppressor cells, immunogenic cell death, and immune checkpoints,11 which support the great potential of natural 
compounds for tumor therapy.

Curcuma longa L., also known as turmeric, has been widely used as a traditional medicine in China, India, and 
Southeast Asia. As the main component of turmeric, curcumin was first used to treat cholecystitis in 1937.12 Curcumin 
mediates its anticancer activity by modulating molecular targets including transcription factors, micro-RNAs, cytokines, 
and interfering with genes related to apoptosis and proliferation—thus inhibiting tumor cell proliferation and migration, 
inhibiting angiogenesis, inducing apoptosis, and increasing sensitivity to antitumor therapy.13,14 Due to its excellent 
pharmacological activity, curcumin is widely used in the treatment of many diseases, including gastrointestinal disease,15 

liver cirrhosis,16 cardiovascular disease,17 diabetes,18 and cancer.19 Increasing studies suggest that curcumin inhibits the 
growth of lung cancer cells through multiple pathways by inducing apoptosis, inhibiting cell proliferation, and epigenetic 
changes.20 These studies have indicated that curcumin has great potential in the treatment of various diseases, but the 
lack of understanding of the functional mechanism of the drug hinders the wide application of natural products.

Recently, due to the rapid advances in high-throughput technologies, especially RNA sequencing, hundreds of 
thousands of gene transcripts have been identified.21 Using novel computer technologies, a significant amount of data 
has been generated, which are publicly accessible in multiple databases. The Cancer Genome Atlas (TCGA) is the largest 
database to date containing tumor molecular maps of 11,160 patients from 33 cancer types, and the accumulated raw data 
are open for access.22 In the present study, we merged the raw data downloaded from TCGA database into a gene 
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expression matrix and identified differentially expressed genes (DEGs). Subsequently, Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed and a protein–protein 
interaction (PPI) network of DEGs was constructed to identify 10 hub genes. We then used survival analysis and 
molecular docking methods to select potential targets of curcumin intervention in LUAD. Finally, we verified the validity 
of the bioinformatics results through in vitro experiments.

Materials and Methods
Data Source and Identification of DEGs
mRNA expression data for LUAD were downloaded from TCGA (https://cancergenome.nih.gov/),23 and consisted of 59 
normal tissue samples and 535 LUAD samples. In total, 594 samples were obtained in this study. We use Perl language and 
Ensembl database to merge the RNA-seq raw files into a gene symbol matrix file. Subsequently, the “edgeR” package of 
R software was used to screen for DEGs between LUAD tissue samples and normal tissue samples.

Functional Enrichment Analysis
Functional enrichment analysis of DEGs was performed using GO and KEGG from the DAVID online database (version 
6.8; https://david.ncifcrf.gov/),24 and P < 0.05 was used as a cut-off value. Finally, the “ggplot2” package was used in 
R software for data visualization.

PPI Network Construction
The STRING database (version 11.0; https://string-db.org/)25 was used to retrieve the predicted PPIs of the LUAD DEGs, 
which were visualized using Cytoscape software. The plug-in MCODE of Cytoscape was utilized to perform a module 
analysis of the PPI network,26 and the plug-in CytoNCA was used to calculate the degree of connectivity; the top 10 hub 
genes in the network were identified.27

Survival Analysis
The Kaplan–Meier Plotter database (http://www.kmplot.com) was used to perform a survival analysis of DEGs in 
patients with NSCLC, of which 719 patients had LUAD.28 HR with a 95% confidence interval and a logarithmic rank 
P-value were calculated and displayed graphically. The median expression cutoff value and P <0.05 were considered 
significant.

Molecular Docking
Molecular docking was used to predict the interaction between receptors and ligands and was a powerful computa-
tional tool,29 while the Surflex-Dock program in Sybyl-X 2.0 (Tripos, MO, USA) was used for molecular docking.30 

The X-ray crystal structure of proteins was retrieved from the protein data bank (PDB) database, and the structure of 
curcumin was constructed using ChemBioOffice 15.1 (Waltham, MA, USA). Before the docking simulation started, 
we performed a series of modifications, including removing co-crystal ligands and structural water molecules, adding 
polar hydrogen atoms, termini treatment, and assigned the AMBER7 FF99 field atomic charge to protein atoms. 
During this docking process, based on the similarity between the structure of the ligand and the co-crystallized ligand 
of the target compound, the ProtoMol threshold parameter was set at 0.50. The total score ≥5 was identified as key 
DEGs that could be docked with curcumin. The docking results were then imported into PyMOL software to generate 
figures.

Cell Culture
The normal human lung epithelial cell line BEAS-2B was obtained from the ATCC, and the human LUAD cell line A549 
and NCI-H1299 were obtained from the Shandong Academy of Medical Sciences (Jinan, China). All cells were cultured 
in RPMI-1640 medium (HyClone, UT, USA) containing 10% fetal bovine serum (Gibco, CA, USA) and placed in 
a humidified incubator at 37°C in an atmosphere of 95% air and 5% CO2.
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Cell Viability
The cell viability was measured by a MTT assay as previously described.31 In brief, cells were seeded at a density of 
1×104 cells/well and cultured in 96-well plates for 24h. The cells were then treated with different concentrations (40, 20, 
10, 5, and 2.5 μM) of curcumin (purity>95%, Solarbio, Beijing, China) for 72 h at 37°C. The results of the MTT assay 
were used to determine the intervention concentration of curcumin in the subsequent experiments.

Wound Healing Assay
LUAD cells were seeded at a density of 1×105 cells/well in six-well plates and incubated for 24 h. Linear wounds were 
scraped on the cell monolayer with a 200 μL pipette tip and the cell layer was washed three times with PBS. Cells were 
incubated with 0, 10, and 20 μM curcumin in serum-free medium for 24 h, wounds were measured and photographed 
using a microscope (Carl Zeiss, Oberkochen, Germany).

Transwell Invasion Assay
The Transwell membranes were coated with Matrigel (BD Biosciences, NJ, USA) and serum-starved cells were transferred to 
the upper chamber of 24-well Transwell plates (8-µm pores) at a density of 1×104 cells/well, and 200 μL of serum-free RPMI- 
1640 medium containing curcumin (0, 10 and 20 μM). RPMI-1640 medium with 20% FBS was then added to the lower 
chambers as the chemoattractant. After incubation for 24 h, the chambers were removed and washed three times, and the cells 
were then fixed with 4% paraformaldehyde for 20 min. Finally, cells were stained with 0.1% crystal violet solution. The top 
layer of cells was wiped off with a wet cotton swab, and the remaining cells were counted with an optical microscope.

Quantitative Reverse Transcription PCR
qRT-PCR was performed as previously described.31 The sequences used were as follows: INS, forward: 5′- TGCAT 
CAGAAGAGGCCATCA-3′, reverse: 5′- CGTTCCCCGCACACTAGGTA-3′; GCG, forward: 5′- TCCGATCT 
GACATATCTGCATT-3′, reverse: 5′- CACCACTGTGGCTACCAGTTC-3′. The Total RNA Kit I (OMEGA Biotek, 
GA, USA) was used to extract total RNA. PrimeScriptTM RT reagent Kit and SYBR Premix Ex Taq II kit (Takara, 
Shiga, Japan) were used for qRT-PCR and the Roche LightCycler® 480 was used for data analysis. Finally, the 
comparative CT (2−ΔΔCT) method was used to determine the relative concentration of amplified products.

Statistical Analysis
All data were analyzed using GraphPad Prism 7 (GraphPad Software, CA, USA). The results are expressed as mean ±SD, 
and One-way ANOVA was used for the comparison of the differences between groups; P <0.05 was considered 
statistically significant.

Results
Identification of DEGs in LUAD
A total of 1783 DEGs, including 1704 up-regulated and 79 down-regulated genes were selected based on the criteria of | 
log FC |≥ 3.5 and a P-value < 0.01 (Figure 1, Table S1).

Enrichment Analysis of the DEGs
To further investigate the biological functions of the 1783 DEGs, GO analysis was applied, which included an analysis of 
the biological process (BP), the cellular component (CC), and the molecular function (MF) groups using the DAVID 6.8 
online database and the R package “ggplot2” for data visualization. GO analysis results showed that BP is mainly 
enriched in the regulation of cell proliferation and transcription from the RNA polymerase II promoter, cell differentia-
tion, cell–cell signaling and multicellular organism development; CC is associated with the extracellular region and 
space, an integral component of the plasma membrane, the cell junction, and the proteinaceous extracellular matrix; MF 
is mainly enriched in sequence-specific DNA binding, calcium ion binding, transcription factor activity, and protein 
homodimerization activity (Figure 2A, Table S2).
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A

B

Figure 1 Identification of DEGs in LUAD (A) heat maps of LUAD-related DEGs. The color ranges from green to red represents the trend of expression from low to high. 
(B) Volcano diagrams of DEGs in LUAD. Red dots represent DEGs that are upregulated, and green dots represent downregulated.
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Figure 2 Functional enrichment analysis of DEGs in LUAD. (A) GO analysis for DEGs. (B) KEGG pathways for DEGs. (P < 0.05).
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A total of 20 significantly enriched pathways were identified. The results demonstrated that the most enriched KEGG 
pathways involved neuroactive ligand-receptor interactions, the PI3K-Akt signaling pathway, steroid hormone biosynth-
esis, the metabolism of xenobiotics by cytochrome P450, and the Ras signaling pathway (Figure 2B, Table S3).

Identification of Hub Genes in the PPI Network
The PPI analysis of these DEGs revealed that there were 749 nodes and 3886 edges (Figure 3A). Subsequently, the two 
most meaningful modules were selected via the Cytoscape MCODE plug-in. Module 1 contained 27 nodes and 343 
edges, enriched in the cell cycle process, ubiquitin-mediated proteolysis, and oocyte meiosis (Figure 3B). Module 2 
contained 35 nodes and 209 edges and was enriched in insulin secretion, the glucagon signaling pathway and the 
neuroactive ligand-receptor interaction (Figure 3C) (Table S4).

The Cytoscape CytoNCA plug-in was used to perform topology analysis. Depending on the node degree, the first 10 
DEGs were selected as the hub genes for subsequent analysis: albumin (ALB), insulin (INS), glucagon (GCG), 
coagulation factor II, thrombin (F2), ISL LIM homeobox-1 (ISL1), alpha-fetoprotein (AFP), somatostatin (SST), alpha 
2-HS glycoprotein (AHSG), orthodenticle homeobox-2 (OTX2), and neuropeptide Y (NPY) (Table 1).

Survival Analysis
The prognostic information for the 10 hub genes was explored using the online Kaplan–Meier Plotter database. The 
results showed that the high expression of six genes was associated with the worst OS in LUAD, including INS, 
GCG, SST, F2, AHSG, and NPY. While the expression of ALB, ISL1, AFP, and OTX2 were not significantly related 
to OS in patients with LUAD. This suggested that these six genes were potentially effective biomarkers of LUAD 
(Figure 4).

Molecular Docking Model
Molecular docking analysis can reveal potential binding relationships between small molecules and target genes. 
Therefore, the six hub genes identified above were inputted into Sybyl-X 2.0 for molecular docking verification. There 
is a stable binding site between the protein and the small molecule model when the docking score is greater than 5,32 and 
the results showed that INS (PDB ID: 3ZQR, docking score: 6.8072), GCG (PDB ID: 5OTU, docking score: 6.2700) 
interacted well with the curcumin small molecule model, with curcumin residues having hydrogen bonding interactions 
at the binding site (Figure 5, Table S5).

Effects of Curcumin on Cellular Viability
LUAD cells and BEAS-2B cells were treated with different concentrations (40, 20, 10, 5, and 2.5 μM) of curcumin for 24 
h. The results showed that A549 and NCI-H1299 cells were more sensitive to curcumin than BEAS-2B cells (Figure 6A). 
Subsequently, A549 and NCI-H1299 cells were treated with curcumin for 48 and 72 h to observe the effect of curcumin 
on cell viability. The results showed that cell viability was related to the time of intervention as well as the concentration 
of curcumin (Figure 6B). The IC50 values of curcumin in A549 and NCI-H1299 cells were 15.07 and 16.71 μM at 24 h, 
respectively. Therefore, 10 and 20 μM were chosen as the intervention concentrations for curcumin in subsequent 
experiments (Figure 6C).

Cell Migration and Invasion Assays
We evaluated the role of curcumin in lung cancer metastasis by cell migration and invasion assays. The results of the 
wound healing assay demonstrated that the curcumin 10 and 20 μM treatment groups significantly inhibited the migratory 
activity of A549 and NCI-H1299 cells compared with the blank control group (Figure 7A). The Transwell assay 
consistently showed comparable results: A549 and NCI-H1299 cells were significantly inhibited by curcumin at 10 
and 20 μM (Figure 7B). The results of the wound healing and Transwell assays indicated that curcumin inhibited the 
migration and invasion of human LUAD cells.
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Figure 3 PPI network of significant DEGs. (A) PPI network with 749 nodes and 3886 edges. The intensity of the color increases with the degree. (B) Module 1 contains 27 
nodes and 343 edges. (C) Module 2 contains 35 nodes and 209 edges. (P < 0.05).
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Expression of INS and GCG in LUAD Cells
The results of qRT-PCR assay demonstrated that there were significant differences in INS and GCG gene expression in 
LUAD cells in each concentration gradient group compared with the blank control group. The results indicated that 
curcumin induced concentration-dependent downregulation of INS and GCG expression (Figure 8).

Discussion
NSCLC is a malignant tumor with a poor prognosis.33 Although platinum-containing combination chemotherapy is 
currently the main treatment for NSCLC, side effects and resistance to drugs are frequent, making chemotherapy 
ineffective.34 Therefore, identifying genes that are dysregulated in the development of NSCLC and further research on 
potentially effective drugs will help understand the molecular mechanism of NSCLC and contribute to the development 
of new NSCLC therapeutic targets in the future. Recently, bioinformatics analysis based on TCGA data has increased our 
understanding of tumor biology and has provided unprecedented opportunities for further study of tumor mechanisms.35 

This was the first comprehensive analysis of the anti-lung cancer effects of curcumin using bioinformatics and in vitro 
studies based on A549, NCI-1299 and BEAS-2B cell lines. In this study, data analysis from TCGA database revealed 
1783 DEGs, and through a topology attribution analysis of the PPI network, 10 hub genes were obtained for subsequent 
survival analysis. We found that the high expression of six genes (INS, GCG, SST, F2, AHSG, and NPY) was associated 
with the worst OS in LUAD, indicating that together, the genes may act as potential candidates for biomarkers of LUAD.

Curcumin is a phenolic compound extracted from traditional Chinese medicines. Previous studies have shown that 
curcumin has numerous therapeutic activities, including anticancer, anti-inflammatory, antioxidant, and anti- 
atherosclerosis properties.36–38 Increasing evidence has demonstrated that curcumin can exhibit antitumor activity with 
various molecular pathways in human lung cancer, such as through the JAK2/STAT3 signaling pathway,39 the PI3K/Akt 
signaling pathway40 and the Wnt/β-catenin pathway.41 Epidermal growth factor receptor (EGFR) belongs to the family of 
growth factor receptor tyrosine kinases and is closely related to cellular functions such as cell proliferation, dichotomiza-
tion, and division. EGFR can affect tumorigenesis by activating the Raf/MEK/Erk, STAT, and PI3K/AKT pathways,42,43 

and previous studies have shown that curcumin and its derivatives exert potent antitumor activity by interfering with 
EGFR tyrosine kinases.44,45 Curcumin decreased the overall level of cell cycle protein D1 in lung cancer cells by 
downregulating the expression of EGFR and thus increasing the expression of the potential tumor suppressor gene 
UBE1L. As a result, inhibition of cell growth was promoted.46 E-cadherin is an epithelial cell–cell adhesion molecule 
involved in the process of tumor epithelial mesenchymal transformation, and impairment and loss of its function is 
associated with the cellular characteristics of malignant transformation.47,48 Interestingly, the results of functional 
enrichment analysis showed that DEGs were enriched in the metabolism of xenobiotics by cytochrome P450. It has 
been shown that curcumin could bind to the active sites of steroid metabolizing P450s and the inhibition of CYP17A1 
and CYP19A1 provides a template for structural modifications to produce effective and safe compounds to inhibit the 
growth of prostate cancer as well as breast cancer.49 However, there are still lack of studies on curcumin evaluating the 

Table 1 The Top 10 Hub Genes Identified from the Topology Analysis of the PPI Network

No Gene Symbol Protein Name Degree Betweenness Closeness Expression in Tumor Tissue

1 ALB Albumin 123.0 99070.77 0.41998878 Up-regulation
2 INS Insulin 105 68129.34 0.408967 Up-regulation

3 GCG Glucagon 57 16009.04 0.370664 Up-regulation

4 F2 Coagulation factor II, thrombin 54 18179.95 0.36399 Up-regulation
5 ISL1 ISL LIM homeobox 1 53 23202.39 0.365591 Up-regulation

6 AFP Alpha fetoprotein 52 24578.54 0.377969 Up-regulation

7 SST Somatostatin 50 13459.87 0.37048 Up-regulation
8 AHSG Alpha 2-HS glycoprotein 45 9863.292 0.357724 Up-regulation

9 OTX2 Orthodenticle homeobox 2 43 13552.39 0.334526 Up-regulation
10 NPY Neuropeptide Y 43 8060.733 0.355176 Up-regulation
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Figure 4 Kaplan–Meier survival curves of six hub genes in patients with LUAD. Overall survival (OS) stratified by low and high expression of (A) INS, (B) GCG, (C) AHSG, 
(D) SST, (E) NPY, and (F) F2.
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A

B

C

Figure 5 Docking combination of Curcumin and key proteins. (A) Chemical structure of curcumin. (B) In yellow, curcumin and in red, the binding site of INS and (C) GCG.
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Figure 6 Effect of curcumin on cell viability. (A) LUAD cells were more sensitive to curcumin than normal BEAS-2B cells. (B) Cell viability of A549 and NCI-H1299 after 24, 
48 and 72 h of curcumin intervention. (C) Curcumin IC50 values in A549 cells were 15.07, 11.09, 7.607 μM at 24, 48, and 72 h, respectively, and curcumin IC50 values in NCI- 
H1299 cells were 16.71, 9.233, and 6.506 μM at 24, 48, and 72 h, respectively.
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Figure 7 Curcumin inhibits the migration and invasion of lung adenocarcinoma cell migration and invasion. (A) Representative images under an inverted microscope (100×) 
and quantitative analysis of cell migration based on wound-healing assays. (B) Representative images and quantitative analysis of cell invasion based on Transwell assays. 
***P <0.001, vs the blank control group. n = 3.
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inhibitory effects on cytochrome P450 and thus as an anti-lung cancer agent, which provides a direction for future 
research. Curcumin has been reported to inhibit the invasion and metastasis of many cancer cells, including lung cancer, 
by upregulating the expression of E-cadherin.50 In the present study, the results of the MTT assay demonstrated that 
curcumin reduced cell viability in a time- and dose-dependent manner. However, it should be noted that despite the high 
tolerance of LUAD cells to starvation, 72 h of serum-free culture could still influence cell viability. Furthermore, the 
results of the wound healing and Transwell assays indicated that curcumin inhibited the migration and invasion of human 
LUAD adenocarcinoma cells. Network pharmacology is considered to be a promising method for predicting potential 
new drug targets for specific diseases51,52 and molecular docking is an important approach for computer-aided drug 
design based on structural molecular biology.53,54 Herein, we established a molecular docking model of small molecule 
curcumin and the six DEGs; we found that curcumin showed a strong affinity for INS and GCG.

Insulin is produced by pancreatic islet β cells by the INS gene located at the chromosomal region 11p15.5. Elevated serum 
insulin concentration can inhibit autophagy, proteasome activity, and apoptosis, and lead to mitogenic effects.55–57 A study by 
Wang et al58 demonstrated that increased incidence of pancreatic cancer in patients with hyperinsulinemia and type 2 diabetes 
may be associated with increased proliferation and invasion of immortalized human pancreatic ductal cell lines by insulin. 
Sarkar et al59 proved that insulin increases the migration and aggressiveness of prostate cancer and that its activity is associated 
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Figure 8 Treatment with different concentrations of curcumin reduced the levels of INS and GCG mRNA in (A) A549 cells and (B) NCI-H1299 cells. **P < 0.01; and 
***P <0.001, vs the blank control group. n = 3.
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with decreased survival. Previous studies have also shown that INS overexpression regulates multiple downstream signal 
transduction pathways—including the PI3K/Akt and MAPK pathways, which are closely related to the occurrence of 
tumors.60–62 Glucagon is an important regulator of glucose metabolism, which is cleaved into glucagon-like peptides 
(GLP)-1, GLP-2, and other small peptides in enteroendocrine cells and brain neurons.63 In addition to promoting hepatic 
glucose production by combining with glucagon receptor on liver cells to increase blood glucose levels,64 glucagon increases 
lipolysis in adipose tissue, regulates glomerular filtration, reduces gastrointestinal motility, and induces proliferation of 
mesangial cells.65 In cancer-related studies, glucagon has been shown to enhance the proliferation of human colorectal cancer 
cells in vitro.66,67 In our study, the result of the qRT-PCR assay showed that curcumin inhibited the expression of INS and GCG 
genes, which is consistent with the results of the comprehensive bioinformatics analysis. Interestingly, high levels of insulin 
and glucagon in serum induce and aggravate insulin resistance.68,69 Several studies have shown that chronic hyperinsulinemia 
caused by insulin resistance may play an important regulatory role in the development of cancer.70,71 Especially in breast 
cancer, insulin resistance is a risk factor for both diabetic and non-diabetic women.72–74

Because the in vitro experiments in this study were a preliminary verification of the results of bioinformatics analysis, 
there are limitations that must be acknowledged. Because insulin and glucagon proteins are difficult to detect in tumor 
cells, we only performed a primary verification at the mRNA level. Furthermore, the present study only elucidated the 
correlation between curcumin and INS and GCG gene expression. The mechanisms and regulatory pathways of curcumin 
in the regulation of INS and GCG are still unclear, and it is also unclear whether curcumin has any direct regulatory 
effects on INS and GCG. Based on the results of bioinformatics analysis and results of in vitro experiments, we found 
that the antitumor effect of curcumin may be related to the reduction of insulin resistance in tumors; however, this 
hypothesis needs further studies for verification. Therefore, in our future research, we will design a series of experimental 
and clinical studies to investigate in depth the regulatory mechanisms of curcumin on INS and GCG and its relationship 
with glucose metabolism in LUAD.

Conclusions
Six genes (INS, GCG, SST, F2, AHSG and NPY) were identified as potentially effective biomarkers of LUAD by 
bioinformatics analysis, among which INS and GCG showed good binding with the curcumin small molecule model, and 
by in vitro experiments, we found that curcumin significantly inhibited the proliferation, migration and invasion of 
LUAD A549 and NCI-H1299 cells and significantly decreased the expression of INS and GCG genes.
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