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Background: Non-small cell lung cancer (NSCLC) is one of the most prevalent and deadly malignancies worldwide. In previous studies, indacaterol, a drug used to manage chronic obstructive pulmonary disease, has shown antitumor activity. However, its role in the context of NSCLC remains underexplored. This study aimed to investigate indacaterol’s mechanisms and potential therapeutic effects in lung cancer treatment.Methods: Expression profiles and clinical information from the TCGA database were analyzed to explore the potential impact of the SLC2A1 gene on the progression of NSCLC. The expression levels of the GLUT1 protein, encoded by the SLC2A1 gene, and the MCT4 protein, encoded by the SLC16A3 gene, were analyzed in both lung cancer and normal tissues. Techniques such as cellular thermal shift assay (CETSA), immunofluorescence, and Western blotting were employed to assess the interaction between indacaterol and GLUT1. Immunohistochemistry was used to study the expression of GLUT1 and MCT4 in human tissues. The effects of indacaterol on lung cancer cell lines were observed through wound healing and colony formation assays. Additionally, animal experiments combined with PD-L1 inhibitors were conducted to evaluate the antitumor effects of indacaterol in vitro and in vivo.Results: Analysis of TCGA data revealed that GLUT1 has a potential role in promoting NSCLC and may work in concert with MCT4. Indacaterol significantly inhibited the viability of NSCLC cells in a concentration-dependent manner. Molecular modeling and CETSA experiments further indicated that indacaterol may bind to GLUT1 and affect GLUT1 expression. Immunohistochemistry suggested that indacaterol also reduces the expression of MCT4, suggesting its potential to diminish the capacity of tumors to reprogram stromal metabolism. In vitro and in vivo experiments confirmed that the combination of indacaterol with PD-L1 inhibitors synergistically inhibited the proliferation and invasion of NSCLC cells.Conclusion: Indacaterol, a potential inhibitor of GLUT1, has significant antitumor effects on NSCLC. Moreover, the combination of indacaterol with immune checkpoint inhibitors may further enhanced the inhibitory effects of indacaterol on NSCLC cells. Our study provides scientific evidence supporting the clinical application of indacaterol as a novel therapeutic strategy for NSCLC treatment.Keywords: indacaterol, GLUT1, lung cancer, combination therapy, PD-L1 inhibitors
1 INTRODUCTION
Lung cancer is the most prevalent malignancy and the leading cause of cancer deaths worldwide (Bray et al., 2024). Current treatments—surgical resection, chemotherapy, radiotherapy, and targeted therapy—face limitations, including adverse effects, poor patient tolerance, and tumor recurrence (Li et al., 2023a). Non-small cell lung cancer (NSCLC) constitutes 80% of cases, where chemotherapy remains pivotal despite advances in targeted immunotherapies (Pirker, 2020). Its role in enhancing immunotherapy response and overcoming resistance underscores its clinical importance (Zouein et al., 2022), necessitating novel strategies to improve NSCLC outcomes.
Indacaterol, a long-acting β-agonist used in COPD management (Singh et al., 2022), demonstrates emerging antitumor potential. Studies reveal its ability to target SRSF6, suppressing progression and metastasis in colorectal (Wan et al., 2019) and breast cancers (Ayama-Canden et al., 2023). The COPD-lung cancer comorbidity, with COPD being an established risk factor (Forder et al., 2023), highlights the therapeutic relevance of investigating indacaterol’s antitumor mechanisms. Preliminary evidence suggests synergistic effects with gefitinib in epidermal growth factor receptor tyrosine kinase inhibitor-resistant cases (Li et al., 2017), though mechanistic details require further exploration.
Tumor cells exhibit enhanced glucose uptake/utilization compared to normal cells, with solute carrier (SLC) proteins overexpressed in colorectal, breast, and lung cancers (Alam et al., 2023; Cong et al., 2023). The SLC2A1-encoded GLUT1 critically regulates tumor proliferation and invasion, driving interest in GLUT1 inhibitors (Cao et al., 2021; Madunić et al., 2018). GLUT1, a pivotal glycolytic protein, is intricately associated with tumor metabolism in diverse immunotherapeutic contexts (Leone and Powell, 2020).
This study investigated indacaterol’s effects on lung cancer through GLUT1-mediated mechanisms. Integrating bioinformatics and experimental approaches, we evaluated its therapeutic potential and synergies with immune checkpoint inhibitors. These findings establish indacaterol’s translational framework for lung cancer and evidence for combination therapies.
2 MATERIALS AND METHODS
2.1 Data acquisition from TCGA
Pan-cancer TCGA expression data and clinical metadata (survival status/time, pathological stages) were obtained from Xena (https://xena.ucsc.edu/). Subsequent integration and analysis were performed using R 4.4.1.
2.2 Analysis of clinical features
Kaplan-Meier and Cox regression analyses (via survival and survminer packages) evaluated associations of SLC2A1/SLC16A3 with overall (OS), disease-specific survival (DSS), disease-free (DFI), and progression-free (PFI) interval. Welch’s ANOVA assessed gene-clinical correlations, including pathological staging.
2.3 Immune analysis by TIMER 2.0
Immune cell infiltration was analyzed via TIMER2.0 (http://timer.cistrome.org/) with the TIMER, EPIC, QUANTISEQ, CIBERSORT, CIBERSORT-ABS, XCELL, MCPCOUNTER, and EPIC algorithms. All algorithms employed Spearman’s rank correlation coefficient, denoted by rho (ρ), for statistical analysis.
2.4 Functional analysis
In R 4.4.1, the GSVA package was used to process the ssGSEA data to calculate the activity status of the necrosis and apoptosis pathways in “c5.all.v7.4.symbols” from MSigDB. Lung adenocarcinoma (LUAD) gene set enrichment analysis (GSEA) utilized the BEST database (https://rookieutopia.hiplot.com.cn/app_direct/BEST/).
2.5 Gene correlation
In R 4.4.1, the Spearman method was used to analyze the associations between SLC2A1 and its coexpressed genes in LUAD.
2.6 Cell culture
The H460, H1299, A549, and Lewis cell lines were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. The cells were washed with PBS, digested with trypsin, and neutralized with a 10% FBS medium after 2.5 min. The suspension was centrifuged, the supernatant was discarded, and the pellet was resuspended and replated in a fresh medium. PBS (MA0015), RPMI-1640 (MA0215), MEM (MA0217), and DMEM (MA0212) were obtained from Meilun Biotechnology (Dalian, China).
2.7 Wound healing assay
Cells were seeded in 6-well plates (5 × 105 cells/well). After overnight incubation, scratches were made, and migration was assessed via image capture at 0, 24, and 48 h, with control and experimental wells receiving the complete medium and test drug, respectively.
2.8 Colony-formation assay
The cells were seeded at 100 cells/mL in six-well plates with drug-treated, serum-free media (experimental) or 10% FBS media (control). After 14 days, the colonies were fixed with 95% ethanol, stained with 0.1% crystal violet, and photographed.
2.9 Transwell assay
The Matrigel was thawed at 4°C and diluted 1:8 with DMEM, and 70 µL was added to the upper Transwell chamber. After 1–2 h of incubation at 37°C, the chambers were washed with PBS. The cells (5 × 104/100 µL) were seeded and treated with drugs for 24 h. Chambers were then fixed and stained with 0.1% crystal violet, and the membrane was mounted for microscopy.
2.10 Fluorescence staining for necrosis detection
The cells were washed three times with staining buffer. Hoechst 33342 (5 μL) and PI (5 μL) were added to each well and mixed. The cells were stained at 4°C for 20–30 min, washed with PBS, and observed under a fluorescence microscope.
2.11 Flow cytometry for apoptosis detection
The cells were stained with Hoechst 33342 (1 μg/mL) and incubated at 37°C for 7–10 min. After centrifugation at 500–1,000 rpm for 5 min, the dye was removed. The cells were then stained with PI at 4°C for 15 min in the dark. The sample was filtered through a 400-mesh sieve. Flow cytometry data acquisition was performed on a CytoFLEX S instrument (Beckman Coulter, USA), followed by computational processing with FlowJo.
2.12 Schematic diagrams of binding modes
Molecular docking was performed via AutoDock 4.2 with the Lamarckian genetic algorithm. The structure of indacaterol was generated via the RDKit program, and partial charges were calculated via the AM1-BCC method. The structure of the GLUT1 protein was obtained from the RCSB PDB database (PDB code: 5EQG). Docking was carried out using a grid box large enough to encompass the binding site. The final GLUT1-indacaterol complex was obtained by aligning the structures via the align function in PyMOL.
2.13 Cellular thermal shift assay
Cells were incubated with varying concentrations of indacaterol to induce changes in GLUT1 thermal stability. The lysates were heated, and the remaining protein was quantified by Western blot analysis.
2.14 Animal experiments
Male C57BL/6 mice (6–8 weeks, 16–18 g; Wuhan Shoubei Biotech) were ethanol-sterilized and subcutaneously injected with 0.2 mL cell suspension (2 × 105 cells). On day 10, 20 tumor-bearing mice were randomized into four groups: control (saline), indacaterol (0.0025 μg/g), PD-L1 inhibitor (2.500 μg/g), and combination treatment (200 μL daily). Body weight, stool, and tumor size were monitored biweekly. On day 14, mice were euthanized (cervical dislocation), and tumors/organs were harvested. The dosage regimen used in this study was derived from the Chinese patent application (Application No. 201910361231.8) titled “Use of Indacaterol Maleate in the Preparation of Anti-Tumor Pharmaceuticals”.
2.15 Mouse serum ELISA
Antibodies (0.1 mL) were incubated overnight at 4°C with samples. After washing, serum samples (0.1 mL) were incubated at 37°C for 1 h. Secondary antibodies were added, and incubation continued for 0.5–1 h at 37°C. TMB substrate was added, and OD values were measured at 450 nm.
2.16 HE staining
Tissue sections were deparaffinized, stained with hematoxylin for 2 min, and rinsed with water. Eosin staining was applied for 10–15 s, followed by dehydration in absolute ethanol. After drying, slides were mounted and observed under a microscope.
2.17 Selection of patients
This study analyzed 54 formalin-fixed, paraffin-embedded tissue samples from primary lung cancer patients without prior radiotherapy or chemotherapy. Clinical data were recorded, and two pathologists independently reviewed the samples twice. The study was approved by the Ethics Committee of Wuhan University School of Medicine, with consent obtained from participants or their representatives.
2.18 Immunohistochemical staining
Immunohistochemical staining assessed GLUT1 and MCT4 expression. After dewaxing, hydration, and antigen retrieval with citrate buffer (pH 6.0), sections were incubated with GLUT1 (1:200, HUABIO) and MCT4 (1:100, Santa Cruz) antibodies for 1.5 h at 37°C. Horseradish peroxidase and 3,3′-diaminobenzidine were applied, followed by hematoxylin counterstaining. PBS was used as a negative control.
2.19 Double immunofluorescent staining
Double immunofluorescent staining was performed using the Opal 7-Color IHC Kit (Akoya). GLUT1 (1:400, HUABIO) and MCT4 (1:200, Santa Cruz) were visualized via tyramide signal amplification. Stained slides were scanned and processed with InForm 2.6 software.
2.20 Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.5. An unpaired Student’s t-test was used for two-group comparisons with normal distribution, and the Mann‒Whitney U test for nonnormal distributions. Comparisons among the three groups were analyzed using one-way ANOVA. Relationships between MCT4, GLUT1, and clinicopathological parameters were analyzed via the χ2 test.
3 RESULTS
3.1 Expression patterns of the SLC2A1 gene across pancancer types
Analysis of the TCGA database revealed significant differences in SLC2A1 (GLUT1) expression between tumor and normal tissues across various cancers. SLC2A1 was upregulated in ACC, BRCA, CHOL, COAD, LUAD, and LUSC but downregulated in DLBC, SKCM, and THYM (Figure 1A).
[image: Figure 1]FIGURE 1 | SLC2A1 expression in pancancer and LUAD. (A) Expression levels of SLC2A1 in tumor and normal tissues across various cancers. (B) Correlation of SLC2A1 expression with immune cell infiltration across cancers. (C) Association of SLC2A1 expression with patient survival and relative risk across cancers. (D) Kaplan‒Meier survival curves of the high and low SLC2A1 expression groups in LUAD. (E) Univariate and multivariate Cox regression analyses of SLC2A1 and clinical features in patients with LUAD. (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001).
The tumor microenvironment (TME) is the complex cellular environment surrounding tumor cells, composed of tumor and nontumor components that influence tumor progression and treatment response (Gargalionis et al., 2024). As a result, targeting the TME has become a key focus of drug development (Xiao and Yu, 2021). To explore the relationship between SLC2A1 and the TME, we used various algorithms (Figure 1B). The analysis showed that SLC2A1 is significantly associated with cancer-associated fibroblasts (CAFs) in several cancers, including ESCA, KIRC, LUAD, and TGCT. SLC2A1 also correlates with immune suppression by affecting CD8+ T cell numbers, especially in LUSC and BRCA-Her, where a negative correlation was observed. Furthermore, SLC2A1 negatively correlated with activated NK cells and positively with resting NK cells, suggesting its role in immune evasion. Based on these findings, we hypothesize that SLC2A1 may remodel the TME, suppress immune responses, and promote tumor progression.
To investigate the impact of SLC2A1 on cancer patient survival, we analyzed its correlation with OS, DSS, DFI, and PFI across cancer types (Figure 1C). High SLC2A1 expression was significantly associated with decreased OS in ACC, KICH, KIRC, and LUAD. The relationships with DSS, DFI, and PFI varied based on the analytical methods used. Univariate analysis confirmed SLC2A1 as a risk factor in several cancers, with hazard ratios of 1.666 for ACC, 1.935 for KICH, and 1.248 for LUAD.
In summary, SLC2A1 is linked to poor prognosis in various cancers, especially LUAD, where it may serve as a prognostic biomarker. Using the median expression level as a threshold, we plotted survival curves from LUAD data in the TCGA database. The results showed that patients with high SLC2A1 expression had significantly lower survival rates than those with low expression (p < 0.0001) (Figure 1D). Both univariate and multivariate analyses identified SLC2A1 as an independent risk factor (Figure 1E). Given its critical role in LUAD, we further explored the impact of the SLC2A1 gene and its encoded protein in lung cancer.
3.2 Functional analysis and clinical relevance of SLC2A1 in LUAD
To explore the potential role of SLC2A1 in NSCLC, we performed gene set enrichment analysis (GSEA) using LUAD data from the TCGA database. The results indicated that SLC2A1 may be linked to key cancer hallmarks, including the G2M checkpoint, glycolysis, the PI3K-AKT-mTOR pathway, and epithelial-mesenchymal transition (EMT) (Figure 2A). These hallmarks were further visualized (Figure 2B). We propose that SLC2A1 may influence tumor growth and metastasis by modulating the G2M checkpoint and EMT while also regulating tumor metabolism through glycolysis and PI3K-AKT-mTOR signaling, enhancing tumor cell adaptability in hypoxic environments.
[image: Figure 2]FIGURE 2 | Relationships among SLC2A1, functions, and clinical staging in LUAD. (A) GSEA enrichment scores of SLC2A1-related hallmark pathways in LUAD. (B) GSEA of SLC2A1 in the G2M checkpoint, glycolysis, PI3K/AKT/mTOR signaling, and epithelial-mesenchymal transition pathways in LUAD. (C) Correlations of SLC2A1 with necrosis and apoptosis pathways in LUAD. SLC2A1 expression in LUAD patients according to the pathological stage (D), T stage (E), N stage (F), and M stage (G). (*p < 0.05, **p < 0.01, ***p < 0.005).
We then applied gene set variation analysis (GSVA) to gene sets related to apoptosis and necroptosis pathways. The GSVA results showed that SLC2A1 is linked to various apoptotic pathways and negatively regulates apoptosis execution. Our analysis also indicated that SLC2A1 regulates caspase activity (Figure 2C). Additionally, SLC2A1 may influence tumor necrosis factors and is negatively correlated with programmed necrotic cell death modulation (Figure 2C).
When analyzing the clinical relevance of SLC2A1 in LUAD, we observed significant variations in its expression across tumor stages. SLC2A1 expression was higher in stages 2, 3, and 4 than in stage 1, suggesting a link to poor tumor prognosis (Figure 2D). Additionally, SLC2A1 expression correlated with tumor size (T) and lymph node metastasis (N), with higher levels associated with advanced T and N stages. However, no such correlation was observed for distant metastasis (M) (Figure 2D–G).
In summary, our findings highlight the potential role of SLC2A1 in LUAD progression and suggest its viability as a prognostic biomarker.
3.3 Indacaterol inhibits lung cancer cell viability and upregulates GLUT1
Indacaterol, commonly used in COPD management, has shown potential antitumor effects beyond its role in respiratory diseases (Wan et al., 2019). We assessed its impact on the migratory capacity of lung cancer cell lines, treating H1299 cells with 500 nM PBS, 500 nM indacaterol, or 1 μM indacaterol. Wound healing assays showed significant inhibition of migration with prolonged indacaterol exposure, with stronger effects at higher concentrations (Figure 3A, B). Western blot analysis demonstrated that GLUT1 protein expression increased with higher indacaterol concentrations (Figure 3C), a result confirmed by quantification (Figure 3D). To validate the results across different lung cancer cell lines, we conducted additional experiments. In A549 cells, colony formation assays showed that indacaterol significantly inhibited colony formation in a dose-dependent manner (Figure 3E, F).
[image: Figure 3]FIGURE 3 | Indacaterol inhibits lung cancer cell lines through GLUT1. (A) Wound healing assay of H1299 cells treated with PBS, 500 nM, or 1 μM Indacaterol for 0, 24, or 48 h. (B) Quantitative analysis of the wound healing assay results. (C) Western blot of GLUT1 protein in H1299 cells treated with PBS, 500 nM, or 1 μM Indacaterol. (D) Quantitative analysis of the Western blot results. (E) Colony formation assay showing the effects of PBS, 500 nM, and 1 μM Indacaterol on A549 cells. (F) Quantitative analysis of the colony formation assay results. (G) Confocal microscopy images of GLUT1 expression and nuclear morphology: Indacaterol-treated cells (upper panel) versus untreated controls (lower panel). (H) Immunofluorescence staining of GLUT1 protein in A549, H1299, and H460 cells treated with PBS or 1 μM Indacaterol. Scale bars, 200 μm. (I) Quantitative analysis of the immunofluorescence results. (J, K) Schematic diagrams showing two binding modes of indacaterol and the GLUT1 protein. (L) Cellular thermal shift assay showing that Indacaterol binds to the GLUT1 protein. (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001).
Given the potential oncogenic role of SLC2A1 (GLUT1) in LUAD, we speculate whether indacaterol can affect the biological behavior of lung cancer cells by regulating SLC2A1 (GLUT1). Confocal microscopy revealed that A549 cells treated with Indacaterol exhibited higher peripheral GLUT1 signal intensity and more aberrant nuclear morphology (Figure 3G). Immunofluorescence analysis of A549, H1299, and H460 cells treated with PBS or indacaterol showed increased GLUT1 fluorescence intensity in A549 and H1299 cells, with a less pronounced effect in H460 cells (Figure 3H, I). This variability indicates that indacaterol-induced GLUT1 upregulation may be more prominent in certain lung cancer cell lines, suggesting these cells may be more sensitive to the drug.
Interestingly, during tumor cell death, most membrane proteins typically show a corresponding decrease in expression. However, in our study, we observed an abnormal increase in GLUT1 expression alongside the inhibition of lung cancer cell viability by indacaterol. This prompted further investigation.
Using the online predictive tool https://prediction.charite.de/subpages/target_prediction.php, we identified potential targets of indacaterol, which suggested that it might interact with the SLC family of proteins, with a predicted probability of 87.09% and model accuracy of 98.75%. Molecular docking simulations predicted a potentially stable binding mode between indacaterol and GLUT1 (Figure 3J, K). We next conducted a cellular thermal shift assay (CETSA), which revealed a notable shift in the thermal denaturation curve of GLUT1 between the drug-treated and untreated groups at 60°C, with increased nondegraded GLUT1 protein (Figure 3L). We performed grayscale validation of the CETSA results, which confirmed that indacaterol binds to the GLUT1 protein and induces a thermal shift in its melt curve (Supplementary Figure S1). We also examined other metabolism-related proteins in the H1299 cell line under different treatment conditions and found that indacaterol inhibited AKT phosphorylation while increasing β-arrestin expression (Supplementary Figures S2A, B). Analysis of LUAD samples revealed that GLUT1 expression was positively correlated with AKT1 (p = 5.8e-16, r = 0.26) and AKT2 (p = 1.3e-44, r = 0.43) and negatively correlated with ARRN1 (p = 1.1e-138, r = −0.69) and ARRB2 (p = 2.3e-35, r = −0.38) expression (Supplementary Figure S2C). AKT, a key component of the dysregulated PI3K pathway, regulates GLUT1 phosphorylation (Revathidevi and Munirajan, 2019; Fontana et al., 2024). β-arrestin, also involved in tumor progression, participates in metabolic processes, including glucose metabolism (Kim et al., 2023). These findings indicate that indacaterol binds to GLUT1 protein and upregulates its expression, and may also influence tumor development by regulating the metabolism of lung cancer cells, however, the main mechanism by which indacaterol inhibits tumors remains unclear.
3.4 Indacaterol inhibits GLUT1 co-expressed protein MCT4
We further explored how indacaterol affects lung cancer and its impact on GLUT1. We identified coexpressed genes associated with SLC2A1 in LUAD and highlighted the top 10 genes with the highest correlation coefficients (Figure 4A). Notably, SLC16A3, a gene from the same family as SLC2A1, emerged as a key finding. In LUAD, SLC2A1 expression was significantly positively correlated with SLC16A3 expression (r = 0.6, p < 2.2e-6) (Supplementary Figure S3A).
[image: Figure 4]FIGURE 4 | Indacaterol affects the expression of both GLUT1 and MCT4. (A) Coexpression analysis of SLC2A1 in LUAD. (B) Expression levels of SLC16A3 in tumor and normal tissues in LUAD. (C) Kaplan‒Meier curves of SLC16A3 and SLC2A1 in LUAD. (D) Pearson correlation analysis of SLC16A3 and SLC2A1 expression across different LUAD stages. (E–F) Immunohistochemistry results show high and low expression of GLUT1 and MCT4 proteins in human lung cancer tissues. Scale bars, 100 μm. (G) Multiplex immunofluorescence staining of GLUT1 and MCT4 proteins in human lung cancer tissues. Scale bars, 200 μm. (H) Immunofluorescence staining of GLUT1 and MCT4 proteins in the lung cancer tissues of the mice treated with PBS or 1 μM Indacaterol. Scale bars, 200 μm. (I) Quantitative analysis of the immunofluorescence results. (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001).
SLC16A3 encodes MCT4, a member of the solute carrier family 16, which transports lactate out of cells to prevent intracellular accumulation that would inhibit glycolysis, supporting the high glycolytic phenotype and invasiveness of tumor cells and maintaining an acidic TME (Singh et al., 2023). Inhibiting MCT4 enhances immune checkpoint inhibitor efficacy (Babl et al., 2023). The coexpression of GLUT1 and MCT4 promotes cancer progression in various cancers, such as ovarian cancer (Baczewska et al., 2022) and hepatocellular carcinoma (Granja et al., 2022). In LUAD, SLC16A3 expression was higher than in normal tissue (Figure 4B), and patients with high SLC16A3 expression had significantly lower survival rates (p < 0.0001) (Supplementary Figure S3B). Based on SLC2A1 and SLC16A3 expression, LUAD patients were categorized into four groups: SLC2A1highSLC16A3low, SLC2A1lowSLC16A3high, SLC2A1highSLC16A3high, and SLC2A1lowSLC16A3low. Survival analysis showed that patients with high expression of both genes had the poorest prognosis (Figure 4C). A strong correlation between SLC2A1 and SLC16A3 was found in all stages of LUAD, especially in stage IV (r = 0.7, p = 0.00019) (Figure 4D). These findings suggest that SLC2A1 and SLC16A3 may synergistically promote tumor progression and reduce survival in lung cancer patients.
To validate GLUT1 and MCT4 protein expression in lung cancer tissues, we performed IHC analysis. In normal epithelial cells, GLUT1 expression was low, while red blood cells showed high GLUT1 expression, indicating different expression patterns across cell types (Supplementary Figure S3C). In lung cancer tissues, we observed both high and low GLUT1 expression, with GLUT1 also expressed in the tumor stroma, possibly related to tumor invasiveness and metastasis (Figure 4E). MCT4 was positively expressed on the tumor cell membrane, weakly in normal epithelium, and strongly in the surrounding microenvironment (Figure 4F). MCT4 may influence the TME’s acidity, affecting cellular metabolism and remodeling the TME. Finally, we demonstrated the coexpression of GLUT1 and MCT4 in LUAD tissues (Figure 4G). Immunofluorescence analysis revealed colocalization of GLUT1 and MCT4 on the lung cancer cell membrane, further supporting our hypothesis of their coexpression. These findings improve our understanding of GLUT1 and MCT4 expression patterns in NSCLC.
To explore the relationship between MCT4 and GLUT1 expression and clinical characteristics, we performed a chi-square analysis of 54 lung cancer patients (Table 1). The results showed that MCT4 and GLUT1 expression were not associated with clinical parameters or EGFR status (P > 0.05), possibly due to the small sample size.
TABLE 1 | Relationships between MCT4 and GLUT1 protein expression and clinical parameters in lung cancer patients.
[image: Table 1]We extracted lung cancer tissues from mice for further validation. The mice were divided into PBS and 1 μM indacaterol groups, and IHC was performed on the tissues following drug treatment. IHC analysis revealed GLUT1 and MCT4 expression patterns in tumor tissues (Figure 4H). Indacaterol likely influenced these patterns, showing higher GLUT1 and lower MCT4 expression. The quantitative analysis of immunofluorescence data showed similar results (Figure 4I)
3.5 Indacaterol combined with a PD-L1 inhibitor suppresses lung cancer cells
PD-L1 is a receptor protein expressed on tumor cells that interacts with PD-1 on immune cells, facilitating tumor immune evasion (Tang et al., 2022). According to bioinformatics analysis linking SLC2A1 to the TME, we hypothesized that indacaterol may interfere with immune evasion. Therefore, we further explored the effects of combining indacaterol with a PD-L1 inhibitor.
Using the H460 lung cancer cell line, we conducted a colony formation assay to assess the effects of the PD-L1 inhibitor and indacaterol, both alone and in combination, on clonogenic potential. Indacaterol can inhibit colony formation (Figure 5A, D). Flow cytometry showed a marked increase in apoptotic cells (p < 0.05), with greater apoptosis in the combination group than in the PD-L1 inhibitor alone group (p < 0.05) (Figure 5B, E). Fluorescence staining confirmed that both treatments promoted necrosis (p < 0.01), with the combination therapy having the most pronounced effect (p < 0.01) (Figure 5C, F). Transwell assay showed that the combination decreases cell invasiveness (p < 0.001) (Supplementary Figures S4A, B).
[image: Figure 5]FIGURE 5 | In vitro validation of the combined effects of indacaterol and PD-L1 inhibitors. (A, D) Colony formation assay showing the effects of indacaterol alone and in combination on colony formation in H460 cells. (B, E) Flow cytometry analysis showing the effects of indacaterol, a PD-L1 inhibitor, and their combination on H460 cell apoptosis. (C, F) Immunofluorescence image showing the effects of indacaterol, a PD-L1 inhibitor, and their combination on necrosis in H460 cells. (*p < 0.05, **p < 0.01) (In Fig D, E, and F, “A” means control, “B” means PD-L1 inhibitor, “C” means Indacaterol, and “D” means combination).
In summary, indacaterol alone can inhibit the proliferation of lung cancer cells. And the combination of indacaterol and a PD-L1 inhibitor promoted apoptosis and necrosis, and reduced cell invasiveness. These findings suggest that combining indacaterol with immune checkpoint inhibitors may offer a novel therapeutic strategy for lung cancer with promising clinical implications.
3.6 Indacaterol inhibits tumor growth in mice
To investigate the impact of indacaterol on tumor growth in vivo, we constructed a Lewis lung cancer mouse model and divided the mice into four groups: control, indacaterol, PD-L1 inhibitor, and combination treatment (Figure 6A). Throughout the treatment, mice in the treatment groups gained more weight than those in the control group, with the combination group showing the greatest increase (Figure 6B). Tumor volume measurements revealed a significant reduction in the combination group (Figure 6C, D). At the end of the experiment, tumor weight was significantly lower in all treatment groups, with the combination group showing the largest decrease (Figure 6E, F).
[image: Figure 6]FIGURE 6 | In vivo validation of the combined effects of indacaterol and PD-L1 inhibitors. (A) Schematic representation of mouse model construction, dividing the mice into Indacaterol, PD-L1 inhibitor, combination, and control groups. (B) Weight tracking of the mice during the treatment period. (C, D) Tumor volume measurements of the mice during treatment were performed via calipers, and the longest and shortest diameters were calculated. (E, F) Tumor weight and volume measurements postmortem. (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001).
HE staining of tumor tissues revealed extensive necrosis in the indacaterol and combination treatment groups, confirming the antitumor activity of indacaterol (Supplementary Figure S4C). Compared to the control group, the combination group showed lower serum ALT and AST levels (Supplementary Figures S4D, E) and a significant increase in direct bilirubin levels (p < 0.01) (Supplementary Figure S4F). Additionally, IL-2 and IFN-γ levels were elevated (p < 0.05) in the combination group (Supplementary Figures S4G, H). These results indicate that the anti-cancer effect of indacaterol is comparable to that of PD-L1 inhibitors. Moreover, the combination of the two may enhance the anti-cancer effect, but the difference is not significant, which might be related to the sample size.
Dissection and weighing of organs (heart, liver, spleen, lung, and kidney) showed reduced liver and spleen volumes after treatment. Organ index calculations revealed significantly lower liver and spleen indices in the combination treatment group compared to the control, indicating that the treatment affected growth and metabolism (Supplementary Figures S5A, B).
4 DISCUSSION
In this study, we explored the potential of the long-acting β2-adrenergic receptor agonist indacaterol as an anticancer agent for NSCLC. Our findings elucidate the mechanisms of its antitumor effects and highlight the advantages of combining it with PD-L1 inhibitors.
Early clinical studies suggest that COPD patients receiving indacaterol have a lower incidence of lung cancer. However, a search of the pathology database at Zhongnan Hospital, Wuhan University, for cases of “NSCLC,” “COPD,” and “Indacaterol” yielded no relevant cases, raising the possibility of a link between indacaterol and lung cancer.
In preliminary experiments, indacaterol significantly inhibited lung cancer cell viability, migration, proliferation, and invasion in H1299, A549, and H460 cell lines. Online docking simulations identified potential targets of indacaterol, including HIF, amyloid β-peptide binding protein, GLUT, and G protein-coupled receptor 55. Further investigation of glucose transporters provided insights into the anticancer mechanism of indacaterol.
Analysis of the TCGA database revealed that GLUT1 expression was significantly higher in lung cancer tissues compared to normal tissues, and this overexpression was linked to TME remodeling and poor patient outcomes. GLUT1 overexpression in tumor cells enhances glucose uptake, supporting increased metabolic demands under hypoxic conditions (Ancey et al., 2018). Typically, during tumor cell death, many membrane proteins exhibit structural alterations or decreased expression. GLUT1, a representative marker, usually shows reduced expression during cell death (Li et al., 2023b). However, our study revealed an atypical increase in GLUT1 expression following indacaterol treatment, warranting further investigation. Molecular docking simulations predicted a stable hydrogen bond interaction between indacaterol and GLUT1, suggesting that indacaterol may affect GLUT1’s biological functions. To test this hypothesis, we conducted a CETSA, which showed a significant shift in the melting curve of GLUT1 in the indacaterol-treated group, indicating binding between indacaterol and GLUT1. Fluorescence experiments further supported this.
We speculate that indacaterol may exert antitumor effects through the potential targeting of GLUT1. By binding to GLUT1, indacaterol could disrupt metabolic processes essential for cancer cell survival and proliferation. The observed upregulation of GLUT1 after treatment might represent a compensatory feedback response triggered by pharmacological intervention. Preliminary molecular modeling and CETSA data are consistent with a putative interaction between indacaterol and GLUT1. Paradoxically, the upregulation of GLUT1 — a pro-tumorigenic protein—may indicate functional downregulation, potentially due to compensatory feedback mechanisms or binding-induced inactivation. However, further experiments related to glucose uptake or glycolytic metabolism are needed for verification.
In vitro and in vivo experiments confirmed that indacaterol treatment upregulated GLUT1, downregulated MCT4, reduced cell viability, and increased cell death, consistent with our initial predictions. TCGA database analysis and IHC experiments on LUAD tissues showed coexpression of GLUT1 and MCT4, suggesting joint regulation of lung cancer metabolism. Indacaterol affects the metabolism of lung cancer cells, while MCT4 downregulation promoted cell death. This downregulation blocked lactate export, leading to intracellular lactate accumulation, which increased acidity and hindered cancer cell survival and proliferation. Acidic metabolites in the TME impair immune cell function, disrupting their metabolism and differentiation (Cheng et al., 2023). Indacaterol’s effect on the acidic environment may alter immune cell metabolism and function, influencing the tumor’s immune response.
A key finding of this study is the synergistic effect between indacaterol and PD-L1 inhibitors. PD-L1 is an immune checkpoint protein exploited by cancer cells to evade immune detection. The combination of indacaterol and PD-L1 inhibitors significantly inhibited lung cancer activity, with effects greater than either treatment alone. In the in vivo experiments of lung cancer mouse models, it was confirmed that indacaterol had comparable anti-cancer effects with PD-L1 inhibitors. The tumor size and weight were significantly reduced, and the overall health condition was also improved, manifested as weight gain and reduced tumor invasiveness. The combined treatment of the two could enhance the anti-cancer effect of PD-L1 inhibitors, but the difference was not significant. This might be due to the sample size issue. Further experiments are needed for verification in the future.
We speculate that this dual strategy targeting metabolic pathways and enhancing immune responses makes indacaterol promising as one of the future therapeutic options for lung cancer. Indacaterol’s well-established safety in COPD patients supports its potential for cancer therapy. However, further clinical trials are needed to validate these preclinical findings and optimize dosing regimens. Our research also opens the door to combining indacaterol with other metabolic inhibitors or immune checkpoint inhibitors. Understanding how indacaterol interacts with GLUT1 and other metabolic proteins could help develop more effective cancer therapies.
5 CONCLUSION
In conclusion, our study identified the therapeutic potential of indacaterol as a novel anticancer drug, particularly for lung cancer treatment. When used in combination with PD-L1 inhibitors, indacaterol has significantly greater efficacy than monotherapy. This combination therapy leverages both metabolic inhibition and immune activation, thereby presenting a new model for lung cancer treatment (Supplementary Figure S6).
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