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Background: N-linoleyltyrosine (NITyr), one of the anandamide analogs, exerts activity via the endocannabinoid receptors (CB1 and CB2), which showed anti-tumor effects in various tumors. Therefore, we speculated that NITyr might show anti-non-small cell lung cancer (NSCLC) effects via the CB1 or CB2 receptor. The purpose of the investigation was to reveal the anti-tumor ability of NITyr on A549 cells and its mechanisms.
Methods: The viability of A549 cells was measured by MTT assay, and the cell cycle and apoptosis were both examined by flow cytometry; in addition, cell migration was tested by wound healing assay. Apoptosis-related markers were measured by immunofluorescence. The downstream signaling pathways (PI3K, ERK, and JNK) of CB1 or CB2 were examined through Western blotting. The expressions of CB1 and CB2 were detected by immunofluorescence. Finally, the AutoDock software was used to validate the binding affinity between the targets, such as CB1 and CB2, with NITyr.
Results: We found that NITyr inhibited cell viability, hindered the cell cycle, resulted in apoptosis, and inhibited migration. The CB1 inhibitor, AM251, and the CB2 inhibitor, AM630, weakened the aforementioned phenomenon. The immunofluorescence assay suggested that NITyr upregulated the expression of CB1 and CB2. Western blot analysis indicated that NITyr upregulated the expression of p-ERK, downregulated the expression of p-PI3K, and did not affect p-JNK expression. In conclusion, NITyr showed a role in inhibiting NSCLC through the activation of CB1 and CB2 receptors involved in PI3K and ERK pathways.
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1 INTRODUCTION
Non-small cell lung cancer (NSCLC) accounts for about 85% of lung cancers. Because of its high invasiveness and limited treatment options, the 5-year overall survival rate of NSCLC patients is low. In addition, the postoperative recurrence rate is very high (Siegel et al., 2021). In recent years, the endocannabinoid system (ECS) has become a vital target for treating different illnesses (Dando et al., 2013; Pellati et al., 2018; Hinz and Ramar, 2019; Ellert-Miklaszewska et al., 2021). Extensive studies on NSCLC in vivo and in vitro show that the ECS reduces neovascularization and migration of tumor cells by inhibiting the reproduction of cancer cells and resulting in apoptosis.
The ECS includes endocannabinoids (AEA and 2-AG), endocannabinoid receptor CBR (CB1 and CB2), and endocannabinoid metabolic enzymes (FAAH and MAGL), which are members of the serine hydrolase superfamily and hydrolyze AEA and 2-AG, respectively (Lu and Mackie, 2021). The effects of AEA and 2-AG are mainly mediated by CB1 and CB2. The CB1 receptor is mainly distributed in the central nervous systems (CNSs), and the expression of the CB2 receptor is mainly distributed in immune cells and at an average level in peripheral tissue (Ye et al., 2019). The relationship between ECS function and the biological processes of cancer is closely relevant, such as the growth, migration, and invasion of tumor cells (Preet et al., 2011). A large number of studies suggest that CB1 and CB2 proteins are overexpressed in tumor cells, such as those in NSCLC, gliomas, liver cancer, and pancreatic cancer. (Ayakannu et al., 2018; Kisková et al., 2019; Laezza et al., 2020; Milian et al., 2020; Shah et al., 2021). Meanwhile, AEA inhibits the viability of A549, SW620, and DLD1 cells, which are related to NSCLC and colon cancer, through the activation of CB1 and CB2 (Ravi et al., 2014; Kuc et al., 2012; Proto et al., 2012; Pasquariello et al., 2009). Therefore, AEA is considered to resist NSCLC and improve the survival rate of patients. Additionally, the tumor cells are also suppressed via inhibiting FAAH and MAGL, whose roles are to hydrolyze AEA and 2-AG (Slivicki et al., 2019). Moreover, the rapid inactivation of AEA reduces its anti-tumor activity (Willoughby et al., 1997). Generally, it is highly difficult to apply AEA in the clinic. Therefore, it is vital to develop AEA analogs.
In previous studies, our laboratory synthesized an AEA analog, N-linoleyltyrosine (NITyr). NITyr prevented transient cerebral ischemia in gerbils by regulating the PI3K/Akt signaling pathway involvement of the CB2 receptor (Cheng et al., 2019). At the same time, NITyr exerted neuroprotective effects in the regulation of autophagy via a cannabinoid receptor in vitro and in vivo (Liu et al., 2020; Long et al., 2021). In summary, NITyr exerted benign pharmacological activities through the ECS, and the ECS participated in the processes of tumor formation (de Melo Reis et al., 2021). Based on the above, it is speculated that NITyr might show anti-tumor effects through the ECS. In this experiment, the roles of NITyr on proliferation, apoptosis, and invasion in NSCLC were clarified, and the regulatory mechanism of the ECS on NITyr was further discussed.
2 MATERIALS AND METHODS
2.1 Materials
NITyr, obtained from our laboratory, as previously reported (Cheng et al., 2019). Caspase-3 (1: 500), caspase-9 (1: 500), Bax (1: 500), Bcl-2 (1: 500), ERK1/2 (1: 5,000), phospho-ERK1/2 (1: 5,000), and cyclin D1 (1: 2000) rabbit polyclonal antibodies (Abways, United States); PI 3 kinase p85 alpha (1: 500) and phospho-PI 3 kinase p85 alpha (1: 500) antibodies (Abways, United States); goat anti-rabbit IgG (H + L) conjugated to horseradish peroxidase (HRP) (1: 5,000) (Abways, United States); goat anti-rabbit IgG (H + L) conjugated to horseradish peroxidase (HRP) with Alexa Fluor 594 (1: 5,000) (Abways, United States); GAPDH (1: 10,000), CB1 (1: 2000) and JNK (1: 2000) rabbit polyclonal antibodies (Proteintech, Rosemont, IL, United States); phospho-JNK (Tyr185) recombinant (1: 5,000) antibody (Proteintech, Rosemont, IL, United States); CB2 antibody (1: 500) (Affinity Biosciences, Cincinnati, OH, United States); AM251 (200 μg/mL) (Sigma-Aldrich, Burlington, MA, United States); AM630 (200 μg/mL) (Sigma-Aldrich, Burlington, MA, United States); chemiluminescent HRP substrate (BMD, Merck Millipore, Burlington, MA, United States); and ethylene diamine tetraacetic acid (EDTA) (Beyotime Institute of Biotechnology, Inc., Jiangsu, China).
2.2 Cell culture and drug treatment
A549 cells were obtained from Shanghai Fuheng Biotechnology Co., Ltd. (Shanghai, China). A549 cells were cultivated with a cell culture medium that included RPMI-1640 medium, 10% fetal bovine serum (FBS), and 1% penicillin–streptomycin solution, placed in a standard 5% CO2 laboratory incubator at 37°C, and then sub-cultured on the third day. The experimental groups were divided as follows: i) control; ii) 10, 25, 50, 75, and 100 μg/mL NITyr; iii) NITyr + AM251 (200 μg/mL); iv) NITyr + AM630 (200 μg/mL); v) control + AM251 (200 μg/mL); vi) control + AM630 (200 μg/mL).
2.3 Cell viability assay
A549 cells (5 × 103 cells/well) were grown in 96-well plates and then stored in an incubator at 37°C at a 5% CO2 for 1 day. Next, the cells were processed with various concentrations of NITyr (10, 25, 50, 75, and 100 μg/mL) for 12, 24, and 48 h. In total, 10 μL of 3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/mL) was added to the 96-well plates, and the plates were placed in the aforementioned incubator for 4 h. Next, 100 μL of dimethyl sulfoxide (DMSO) was provided to dissolve formazan crystals in each well. Subsequently, the plates were sonicated for 10 min. Afterward, the absorption of each well at 560 nm was detected by using a VICTOR Nivo™ microplate reader (PerkinElmer, Inc., Waltham, MA, United States).
2.4 Flow cytometry analysis of apoptosis
A549 cells (6 × 104 cells/well) were cultured into each well of the 6-well plates at a 5% CO2 incubator at 37°C for up to 1 day. Afterward, various concentrations of NITyr (10, 25, and 50 μg/mL) were added into the well to maintain A549 cells for up to 12, 24, and 48 h. Then, apoptotic cells were gathered into EP tubes and rinsed twice with cold phosphate-buffered saline (PBS). Additionally, the cells were centrifuged at 2000 rpm for 5 min at 4°C, then 200 μL 1× binding buffer, 2 μL Annexin V-FITC, and 2 μL propidium iodide (PI) was added into EP tubes in turn and stored for 8 min in the dark. Finally, the NovoCyte Quanteon flow cytometer (ACEA Biosciences-Agilent Technologies, Santa Clara, CA, United States) was used to detect all samples.
2.5 FCM analysis of the cell cycle
A549 cells were seeded into 6-well plates at a density of 6 × 104 cells per well, and the aforementioned plates were incubated for 1 day at a 5% CO2 incubator at 37°C. Next, NITyr (10, 25, and 50 μg/mL) was provided to process A549 cells for 12, 24, and 48 h, respectively. Then, the cell supernatant was collected into EP tubes, and the remaining cells were flushed twice with 1× cold PBS, trypsinized, and collected into EP tubes. Subsequently, all cell suspensions aforementioned were centrifuged for 5 min at a speed of 2000 rpm and rinsed twice with cold PBS. Next, the cells were fixed with ice–cold 70% ethanol overnight at 4°C. Later, the cells were resuspended with PI Master Mix (5 μL PI and 20 μL RNase A in 275 µL PBS) after being centrifuged at 2000 rpm for 5 min and incubated for 15 min in the darkness. Eventually, the cell cycle was analyzed by flow cytometry (ACEA Biosciences-Agilent Technologies, Santa Clara, CA, United States) after cell filtration.
2.6 Wound healing assay
After A549 cells were transplanted at a density of 105 cells/well in 6-well plates for 24 h, different concentrations of NITyr (10 and 25 μg/mL) were added into the well to maintain A549 cells. Subsequently, we drew two straight lines perpendicular to each other in every well to create the wound with a pipette tip. The pictures were photographed to measure the gap between the wound edges. Then, the cells were continuously cultured for 12 h, 24 h, and 48 h. In order to assess the distance between wound edges, the pictures were taken again, and the grayscale value of the aforementioned pictures was detected using ImageJ software.
2.7 Immunofluorescence assay
A549 cells were seeded on coverslips with a number of 5 × 105 cells per well in 6-well plates and preserved for 1 day in an incubator at 37°C. Afterward, the cells were handled by NITyr (10, 25, and 50 μg/mL) for 24 h. The coverslips were rinsed with cold PBS three times for 5 min each. In total, 4% paraformaldehyde was subsequently provided to immobilize coverslips for 15 min. In addition, the cells were permeated with 0.5% Triton X-100 diluted with Tris-buffered saline with Tween-20 (TBST) for 20 min at ambient temperature. All coverslips were washed again and incubated for 45 min with the blocking solution containing 5% bovine serum albumin (BSA) at ambient temperature. Immediately after, the corresponding primary antibodies, which were formulated by 1× TBST containing 1% BSA, were used to incubate the cells overnight at 4°C. After being flushed for 3 min per time with 1× TBST (three times in total), the secondary antibodies conjugated with Alexa Fluor 594 were provided to incubate the cells for 60 min at ambient temperature in the dark. In addition, the nucleus of A549 cells was probed with 4′, 6-diamidino-2′-phenylindole (DAPI). Finally, all coverslips were washed for 5 min each time with 1× TBST (five times in all) and detected by using a BX63 fluorescence microscope (magnification ×40; Olympus Corporation, Tokyo, Japan).
2.8 Western blot analysis
After being seeded into culture dishes, the A549 cells at a density of 106 cells per well were stored in a standard 5% CO2 laboratory incubator at 37°C for 1 day. The cells were administered based on the Western blot protocol after being supplied with 10, 25, and 50 μg/mL NITyr to treat cells (Liu et al., 2020). After the cells were washed three times with cold PBS, the prepared lysis buffer containing 1% protease inhibitor and 1% EDTA was added to the 6-well plates, which were placed in a thermal box filled with ice for up to half an hour. Afterward, the cells were scraped by a cell scraper, collected into EP tubes, and centrifuged at 12,000 × g at 4°C for 20 min. After centrifugation, the cell supernatant was gently transferred to newly pre-chilled EP tubes that were placed on ice. Depending on the protocol of the Easy II Protein Quantitative Kit (TransGen Biotech Co., Ltd., Beijing, China), the protein concentration was detected and adjusted, and then all samples were denatured at 100°C for 6 min. To separate the protein, 10% polyacrylamide gels were applied (Tris-HCl system). Next, the isolated protein was transblotted onto polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Burlington, MA, United States), and 5% BSA was used to block the aforementioned membranes on a shaker at 37°C for 1 h. The next step was to incubate the aforementioned membranes with the relevant primary antibodies for at least one night at 4°C. The GAPDH rabbit polyclonal antibody, an internal control, was used to quantify target proteins. Subsequently, after being flushed for 5 min each time with 1× TBST (three times in total), all membranes were preserved with secondary HRP-conjugated antibodies for 60 min and then rinsed with 1× TBST as previously mentioned. To detect the protein bands, all membranes aforementioned were handled with the chemiluminescent HRP substrate. The ChemiDoc system was provided to capture the images of protein bands, and the grayscale value of protein bands was probed via ImageJ software 1.8.0.
2.9 Molecular docking verification
The AutoDock software was used to explore binding affinities between macromolecules and small molecules. The three-dimensional (3D) structure of NITyr was obtained from the PDB database (http://www.rcsb.org/). The protein was pre-processed using AutoDock tools by removing water molecules and adding hydrogen atoms. The 3D structures of the CB1 receptor agonist (AM11542, AEA) and CB2 receptor agonist (dronabinol, 2-AG) were obtained from the NCBI PubChem database (https://pubchem.ncbi.nlm.nih.gov/). All visualization results were analyzed using PyMOL software (https://www.pymol.org/).
2.10 Statistical analysis
All data analyses were performed using GraphPad Prism, and the results were presented as mean ± standard deviation (SD). Comparisons were evaluated by unpaired Student’s t-tests or ANOVA. When the p-value was less than 0.05, the outcome was considered to be significantly different.
3 RESULTS
3.1 Effects of NITyr on the cell viability of A549 cells
As shown in Figure 1, compared to the control group, in the presence of NITyr at 12 h, the cell viability decreased to 77.33%, 64.33%, 21%, and 18.67% (p < 0.05, p < 0.01, and p < 0.001, respectively). After processing by NITyr for 24 h, the cell viability decreased to 46%, 19.33%, 16.33%, and 16.67% compared to the control group. After being processed by NITyr for up to 48 h, the cell viability decreased to 16.67%, 10%, 9.33%, and 13% compared to the control group (p < 0.05, p < 0.01, and p < 0.001, respectively). The aforementioned results indicated that NITyr inhibited the cell viability of A549.
[image: Figure 1]FIGURE 1 | NITyr decreased the viability of A549 cells. MTT was used to detect the cell viability of A549 cells treated with 0, 10, 25, 50, 75, and 100 μg/mL NITyr for different times (12, 24, and 48 h). The above experiment was performed at least three times. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control group.
3.2 Effects of NITyr on the cell cycle
As shown in Figure 2, after being treated with NITyr for 12 h, the ratio of cells increased from 71.5% to 63% and 62% (p < 0.05 both) in the G1 phase, the proportion of cells in the G2 phase increased from 8.377% to 18% and 19% (p < 0.05, p < 0.01), and the noticeable discrepancy was not tested in the S phase. After having dealt with NITyr for 24 h, the ratio of cells in the S phase decreased from 17.5% to 11% (p < 0.05), the proportion of cells in the G2 phase increased from 10.64% to 14% (p < 0.05), and an evident performance was observed in the G1 phase. In addition, after being handled by NITyr for 48 h, the ratio of cells in the G1 phase increased from 75.13% to 81 (p < 0.01), the ratio of cells in the S phase decreased from 13.64% to 8% (p < 0.05), and a notable discrepancy was observed in the G2 phase. The aforementioned results indicated that NITyr at various concentrations arrested the cell cycle at different phases.
[image: Figure 2]FIGURE 2 | NITyr arrested the cell cycle of A549 cells. (A) Flow cytometry was performed to test the cell cycle of A549 cells treated with 0, 10, 25, and 50 μg/mL NITyr for different times, including 12, 24, and 48 h. (B) Statistical analysis of NITyr treatment for 12 h. (C) Statistical analysis of NITyr treatment for 24 h. (D) Statistical analysis of NITyr treatment for 48 h. The above experiment was conducted at least three times. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control group.
3.3 Effects of NITyr on apoptosis of A549 cells
As shown in Figure 3, the apoptosis rate significantly increased from 6.377% to 18.33% (p < 0.01) after treatment with NITyr at 50 μg/mL when compared to the control group for 24 h. With the extension of time, the rate of cell apoptosis was notably increased at 48 h. The apoptosis rate increased from 6.943% to 37.02% and 94.19%, respectively, after 25 μg/mL and 50 μg/mL NITyr treatment (p < 0.01, p < 0.001) as compared with the control group. To sum up, NITyr promoted A549 cell apoptosis.
[image: Figure 3]FIGURE 3 | NITyr promoted A549 cell apoptosis. (A) Flow cytometry was performed to examine cell apoptosis at 12, 24, and 48 h after A549 cells were processed by NITyr (0, 10, 25, and 50 μg/mL). (B) Statistical analysis of flow cytometry. The above experiment was conducted at least three times. **p < 0.01 and ***p < 0.001 compared to the control group.
3.4 Effects of NITyr on the migration of A549 cells
As shown in Figure 4, when the cells were administered with NITyr for 12 h, the open wound area in the NITyr groups was not significantly changed compared to the control group. As expected, in the presence of NITyr (10 μg/mL and 25 μg/mL) for 24 and 48 h, the open wound area was notably wider than in the control group (p < 0.05 and p < 0.01). In summary, NITyr showed an evident inhibition of the migration of A549 cells.
[image: Figure 4]FIGURE 4 | NITyr inhibited the migration ability of A549 cells. (A) The results of the control and experimental groups at 0 h, 12 h, 24 h, and 48 h were analyzed by using the wound healing assay. (B) Statistical analysis of the wound healing assay. The above experiment was conducted at least three times. *p < 0.05 and **p < 0.01 compared to the control group.
3.5 Effects of NITyr on apoptosis-related proteins
As shown in Figure 5, the red fluorescence intensities of Bax, caspase-3, and caspase-9 were notably enhanced in the NITyr-treated groups as compared to the control group (p < 0.05, p < 0.01, and p < 0.01, respectively). Meanwhile, no prominent variation in the expression of Bcl-2 was investigated.
[image: Figure 5]FIGURE 5 | NITyr promoted the expression of apoptosis-related index. (A) The immunofluorescence test was used to assess the protein expressions of Bcl-2, Bax, caspase-3 and caspase-9. (B) The immunofluorescence images of Bax and Bcl-2 were statistically analyzed. (C) The immunofluorescence images of Caspase-3 and Caspase-9 were statistically analyzed. The above experiment was conducted at least three times. *p < 0.05 and **p < 0.01 compared to the control group.
3.6 NITyr-regulated PI3K and ERK pathways
As shown in Figure 6, compared to the control group, the proportion of p-ERK/ERK increased obviously (p < 0.05), while that of p-PI3K/PI3K was downregulated (p < 0.05) in the NITyr groups. Meanwhile, in the presence of NITyr, no significance was detected in the ratio of p-JNK/JNK compared to the control group. Moreover, no obvious discrepancy was discovered in the non-phosphorylation expression of each pathway-related protein.
[image: Figure 6]FIGURE 6 | NITyr regulated the PI3K, ERK, and JNK pathways. (A) Western blotting was performed to test the expression of p-PI3K, PI3K, p-ERK, ERK, p-JNK, and JNK. (B) The relative ratios of p-PI3K/PI3K, p-ERK/ERK, p-JNK/JNK were statistically analyzed. (C) The relative ratios of ERK/GAPDH, PI3K/GAPDH, JNK/GAPDH were statistically analyzed. The above experiment was conducted at least three times. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group.
3.7 NITyr upregulated the protein expressions of CB1 and CB2 receptors
As shown in Figure 7, the fluorescence intensities were evidently enhanced in the NITyr-treated groups when compared to the control group, indicating that the expression of CB1 and CB2 proteins was upregulated.
[image: Figure 7]FIGURE 7 | NITyr upregulated CB1 and CB2 expressions. (A) Immunofluorescence assay detected the expression of CB1 and CB2 proteins. (B) The immunofluorescence images were statistically analyzed. The above experiment was conducted at least three times. *p < 0.05 compared to the control group.
3.8 AM251 and AM630 attenuated the effect of NITyr on cell viability and the migration of A549 cells
As shown in Figure 8, pre-treatment with AM251 and AM630 had no significance on the cell viability or migration of A549 cells compared with the control group. AM251 and AM630, combined with NITyr, exerted a weaker effect on cell viability. Furthermore, AM630 weakened the effect of NITyr on migration, while AM251 did not.
[image: Figure 8]FIGURE 8 | NITyr inhibited the ability of proliferation and migration by activating CB1 or CB2 receptors. (A) Scratch images were detected by using a microscope. (B) Statistical analysis of a cell-scratch experiment. (C) AM251 and AM630 weakened the effect of NITyr on cell viability. The above experiment was conducted at least three times. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group.
3.9 AM251 and AM630 attenuated the effect of NITyr on the bax expression
As shown in Figure 9, pre-treatment with AM251 and AM630 had no significance on the expressions of Bcl-2, Bax, and cyclin D1 of A549 cells compared with the control group. AM251 or AM630 attenuated the effect of NITyr on Bax expression but not on the expression of Bcl-2 and cyclin D1.
[image: Figure 9]FIGURE 9 | AM630 attenuated the effect of NITyr on Bax expression. (A) Immunofluorescence assay detected the expression of Bcl-2, Bax, and cyclin D1 proteins. (B) The immunofluorescence images of Bcl-2 were statistically analyzed (C) The immunofluorescence images of Bax were statistically analyzed. (D) The immunofluorescence images of cyclin D1 were statistically analyzed. The above experiment was conducted at least three times. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group.
3.10 Validation of molecular docking
AutoDock Vina molecular docking will obtain the score of each docking. The lower the docking score, the stronger the binding affinity with the target protein. These scores were compared with those of the positive drugs to predict potential targets. The docking scores of NITyr with CB1 and CB2 are shown in Table 1. As shown in Figure 10, All visualization results were analyzed using PyMOL software.
TABLE 1 | Molecular docking scores.
[image: Table 1][image: Figure 10]FIGURE 10 | Molecular docking results of key targets (CB1 and CB2) with NITyr. (A) CB1 and AEA. (B) CB1 and AM11542. (C) CB1 and NITyr. (D) CB2 and 2-AG. (E) CB2 and dronabinol. (F) CB2 and NITyr.
4 DISCUSSION
Numerous studies indicated that endocannabinoid analogs inhibited the multiplication, apoptosis, invasion, metastasis, and angiogenesis of cancers (Huang et al., 2021; Khodadadi et al., 2021; Mangal et al., 2021; Volmar et al., 2021; Wang et al., 2021). In addition, endocannabinoid analogs mainly acted on damaged tissues, but less on normal tissues, indicating they owned high selectivity (Meccariello R. 2020). However, the rapid metabolic deactivation of endocannabinoids limited the clinical application. Thus, the development of AEA analogs showed benign application prospects. In previous studies, NITyr, as an endocannabinoid analog, protected PC12 cells from oxidative damage via CB1 receptor regulation, prevented neurons against Aβ1–40-mediated cell toxicity through autophagy related to the CB2/AMPK/mTOR/ULK1 pathway (Zhou et al., 2022), and exerted neuroprotective activities in APP/PS1 transgenic mice through cannabinoid receptor-induced autophagy, indicating the neuroprotective activities of NITyr were related to endocannabinoid signal pathways. Furthermore, the intervention of the CB1/2 receptor improved the anti-tumorigenic effects in NSCLC (). In summary, it is speculated that NITyr also resisted NSCLC.
In the study, A549 cells were taken as the research object, and when the concentration of NITyr was 25 μg/mL, the cell viability was rapidly inhibited, and the inhibition rate was up to approximately 90%, indicating that NITyr inhibited cell viability at low concentrations.
In cell cycle experiments, after being processed with NITyr for 12 h, the ratio of cells in the G1 phase decreased while the proportion of cells in the G2 phase increased, suggesting that the cell reproduction was hampered in the G2 stage; after being treated with NITyr for 24 h, the ratio of cells in the S period declined as the number of cells in the G2 period increased, showing that the cell cycle was arrested in the G2 stage; after having dealt with NITyr for 48 h, the cell proportion in the S stage reduced while the cell proportion in the G1 period increased, suggesting the cell cycle was deterred in the G1 period. The aforementioned results indicated that with the prolongation of treatment time, the arresting effect of NITyr on cells gradually transited from the G2 phase to the G1 phase, and the arresting ability was steadily enhanced. The aforementioned results demonstrated that NITyr did inhibit cell proliferation.
In the scratch test, as the concentration of NITyr exceeded 25 μg/mL or the action time of NITyr exceeded 48 h, numerous cells died, and the phenomenon of cell migration could not apparently be observed; thus, the effects of NITyr within 48 h were observed. The scratch test simulated the processes of migration of A549 cells, and we analyzed the scratch width of cells to assess the migration of cells (Yi et al., 2021). The study demonstrated that NITyr remarkably prevented cell migration. Furthermore, the effects of NITyr at 12 h and 24 h were similar, indicating that its impact was not time-dependent. In the apoptosis experiment, NITyr mainly promoted the late apoptosis of cells, and the ratio of apoptotic cells gradually increased in a dose- and time-dependent manner, suggesting that NITyr could inhibit cell viability by promoting apoptosis.
Studies showed that CB1 and CB2 receptors regulate the growth, apoptosis, and migration of tumor cells (Preet et al., 2008; Elbaz et al., 2015; Mayor and Etienne-Manneville, 2016); thus, we further observed whether the effect of NITyr was related to CB1 and CB2 receptors. In the following experiment, we added CB1 and CB2 receptor inhibitors to observe the effect of NITyr on NSCLC. AM251 and AM630 inhibited the effect of NITyr on cell viability and migration. Moreover, AM630, but not AM251, was discovered to attenuate the expression of Bax induced by NITyr. The aforementioned results suggested that NITyr had anti-NSCLC effects by upregulating the expression of Bax mediated by CB2 receptors.
AEA analogs regulate PI3K, ERK, and JNK pathways via the activation of CB1/2 receptors (Sanchez et al., 2003; Ravi et al., 2014; Boyacioglu et al., 2021). PI3K possessed serine/threonine kinase activities. The p85 subunit of PI3K aggregated near the cell membrane when it received signals from the tyrosine kinase or G protein-coupled receptor, thereby promoting cell proliferation, inhibiting cell apoptosis, and ultimately promoting cell survival. The studies reported that the PI3K/Akt pathway was heavily implicated in tumorigenesis and the progression of NSCLC (Tan, 2020). ERK1/2 is an extracellular regulatory protein kinase that transmits signals from the surface receptor to the nucleus, thus mediating the reproduction of cells, discrepancy, and survival (Cagnol and Chambard, 2010). Moreover, excessive activation of ERK has been discovered in many tumor cells. Additionally, various compounds with anti-cancer properties have been indicated to lead to apoptosis in an ERK activation-dependent manner (Sugiura et al., 2021). JNK is a mitogen-activated protein kinase signaling pathway in mammalian cells. It not only plays the most crucial role in many physiological and pathological processes, such as cell proliferation, apoptosis, and stress but also plays a bigger role in the occurrence and development of tumors (Wu et al., 2019). The activation of the JNK pathway induces cell apoptosis in NSCLC (Tan et al., 2019).
In this study, the self-synthesized cannabinoid analog - NITyr - was used in an experimental group, and it significantly inhibited the proliferation and migration of A549 cells, promoted cell apoptosis, blocked the cell cycle, and upregulated the expression of apoptosis-related proteins (caspase-3, caspase-9, and Bax) and cannabinoid receptors (CB1 and CB2). In addition, NITyr markedly upregulated the proportion of p-ERK/ERK and notably downregulated that of p-PI3K/PI3K, suggesting that NITyr inhibited the growth or promoted apoptosis of NSCLC through the aforementioned pathways.
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