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Aim

To determine the effect of safranal on diabetic retinopathy in vitro and its possible mechanisms.



Methods

We used human retinal microvascular endothelial cells (HRMECs) to test the influence of safranal in vitro. High glucose damage was established and an safranal was tested at various concentrations for its potential to reduce cell viability using the MTT assay. We also employed apoptosis detection, cell cycle detection, a transwell test, and a tube formation assay to look into safranal’s inhibitory effects on high glucose damage at various doses. Furthermore, mRNA transcriptome sequencing was performed. mRNA expression levels in a high glucose damage model, a high glucose damage model treated with safranal, and a blank control were compared to find the possible signaling pathway. Western blotting was used to confirm the expressions of several molecules and the levels of phosphorylation in each for the newly discovered pathway.



Results

Cell proliferation was inhibited under a high glucose condition but could be protected by safranal at different concentrations (P<0.001). Flow cytometry results suggested safranal also protected cells from apoptosis (P=0.006). A transwell test demonstrated reduced invasiveness of safranal-treated cells in a high glucose condition (P<0.001). In a tube formation investigation, there were noticeably more new branches in the high gloucose group compared to a high glucose treated with safranal group (P<0.001). In mRNA expression patterns on transcriptome sequencing, the MAPK signaling pathway showed an expression ratio. With western blotting, the phosphorylation level of p38-AKT was elevated under a high glucose condition but could be inhibited by safranal. The expression of molecules associated with cell adhesion, including E-cadherin, N-cadherin, Snail, Twist, and fibronectin also changed significantly after safranal treatment under a high glucose condition.



Conclusion

Safranal can protect diabetic retinopathy in vitro, and the p38-AKT signaling pathway was found to be involved in the pathogenesis of diabetic retinopathy and could be inhibited by safranal. This pathway may play a role by influencing cell migration and adhesion.
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Introduction

Diabetic retinopathy (DR) is the most prevalent and distinct microvascular diabetic complication. In individuals aged 20 to 74 years, it is still the major cause of vision loss and preventable blindness, especially in middle- and high-income nations (1, 2). According to Zhen et al., in 2020, 103.12 million adults worldwide were forecast to have DR. By 2045, that figure is expected to rise to 160.50 million (3). The number of persons who lose their vision due to DR is likely to continue to climb and will become an even more critical issue in the future.

DR is thought to be a microvascular disease. Through influences on cellular metabolism, signaling, and growth factors, several biochemical processes have been postulated to modulate the pathogenesis of DR (4). Recently, people have investigated the mechanisms of high glucose damage on vascular alterations and DR development (5). As an illustration, it was discovered that high glucose causes the production of inflammatory intermediates, the breaching of the blood-retina barrier, the demise of pericytes, and an increase in vascular permeability, all of which contribute to the progression of DR phases and the development of vascular dysfunctions (6, 7).

Attempts to uncover novel therapeutic targets have been made despite tremendous breakthroughs in the treatment of DR. Antioxidative stress is gaining attention as a potential treatment for DR. A classical antioxidant; i.e., safranal (systematic name 2,6,6-trimethylcyclohexa3,1-din-1-carboxaldehyde), is a compound of volatile carboxaldehyde (8) and a major constituent of saffron. Safranal has a wide spectrum of biological actions, including anti-inflammatory, anti-cancer, and antigenotoxic characteristics (9, 10).. In DR patients, precursors of safranal, such as crocin, have been reported to be utilized to reduce microglial activation (11). It can also reduce central macular thickness and increase best-corrected visual acuity (12). Our previous study revealed an inhibitory function for safranal on chroidal neovascularization. However, the role of safranal in DR and the mechanisms involved have not been well investigated.

This study aimed to ascertain whether safranal was protective for DR in vitro and to elucidate the mechanism behind this effect. With human retinal microvascular endothelial cells(HRMECs), we verified the protective effect of safranal on DR under severe glucose damage in vitro. Finally, we identified and confirmed the potential pathway involved in using transcriptome sequencing.



Methods


Cell viability

Cellular viability of HRMECs was analyzed using an MTT assay (MTT Cell Proliferation and Cytotoxicity Assay Kit; Beyotime, Shanghai, China) according to the manufacturer’s instructions and as previously reported (13). Cells were plated at 5×104 per well in 96-well plates, and cell proliferation was measured. High glucose was added to the wells at different concentrations. 10 μL of safanal were added to create an experimental group and 10 μL of added phosphate-buffered saline (PBS) was used as the blank control. Cells were cultured at 37°C. 10 μL of MTT were added into each well and incubated at 37°C for 4 h and then the absorbance (A) of each well was estimated at 568 nm. Each experiment was repeated in five wells and was duplicated at least three times. Optical density (OD) values were obtained and the inhibition rate was calculated as (1-OD experiment group/OD negative control group) ×100% As previously reported, the MTT assay (MTT Cell Proliferation and Cytotoxicity Assay Kit; Beyotime, Shanghai, China) was used to evaluate the cellular viability of HRMECs. Cell proliferation was assessed after cells were plated in 96-well plates at a density of 5×104 per well. The wells received additions of high glucose at various concentrations. The experimental group received 10 μL of safanal, and the blank control received 10 μL of phosphate-buffered saline (PBS). At 37°C, cells were cultured. Each well received 10 μL of MTT, which was then added, and each well’s absorbance (A) was calculated at 568 nm after being incubated at 37°C for 4 hours. Each experiment was done at least three times in 5 distinct wells. The inhibition rate was estimated as (1-OD experiment group/OD negative control group) 100% using the optical density (OD) values (10, 14).



Flow cytometric analysis

A FITC Annexin V Apoptosis Detection Kit (BD Biosciences, San Diego, CA) was used to quantify apoptosis in accordance with the manufacturer’s recommendations. In summary, HRMECs (1×106) were plated in six-well plates and exposed to high glucose, high glucose with safranal, or a control solution for 24, 48, or 72 hours. Following EDTA-mediated cell detachment, the cells were washed in cold PBS and stained with annexin V-FITC and propidium iodide (PI). Flow cytometry analysis was carried out immediately (excitation 488 nm; emission 530 nm). CellQuest software was used to analyze the samples using flow cytometry (FACSCalibur; BD Biosciences) (BD Biosciences). The percentage of early apoptotic cells (LR) plus late apoptotic cells was used to compute the apoptotic rate (UR) (15). The CycleTESTTM Plus DNA Reagent Kit (BD Biosciences) was used to stain cells with PI for cell cycle analysis, and FACScan was used to analyze the results. Cells in the G0/G1, S, and G2/M stages were enumerated, and their percentages were compared.



Migration

As previously mentioned (14, 15), migration was evaluated using a transwell (Corning Life Sciences, Lowell, MA) with an 8.0 m pore size. Briefly, 2×104 cells in 200 μL of serum-free media were added to the transwell’s top. A final amount of 600 μL of DMEM (with 10% FBS) was added to the bottom chamber. Every migration test was run for 5 hours at 37°C. The cells were stained with 4,6-diamidino-2- phenylindole (DAPI; Roche Diagnostics, Indianapolis, IN) for 15 minutes after the assay and then fixed in 4% paraformaldehyde. A cotton swab was used to remove the immobile cells so the membrane could be photographed. Five arbitrary fields of view’s worth of cells were counted.



Tube formation

Cells were grown with high glucose, high glucose plus safranal, or a negative control solution at a density of 2×105 cells per well. According to the manufacturer’s directions and our earlier research, 48-well plates were filled with 150 μL of matrigel (Cat# 354234; BD Sciences, Franklin Lakes, NJ) solution and incubated at 37°C for 0.5 h. The matrigel was seeded with HRMECs (5×104 per well), which were then cultivated for 2–8 hours. Matrigel networks were counted and taken pictures of. Image J software was used to count the new branches and branch nodes (National Institutes of Health, Bethesda, MD). Three times the experiments were conducted (10, 16).



Transcriptome sequencing

Three groups were created after counting the cells: Negative control, high glucose damage model treated with high glucose (10 μL, 25 mol/L), and high glucose damage model treated with safranal (10 μL, 80 g/mL) are the three options. As previously mentioned, cells were cultured. As previously reported (10, 16), RNA samples were isolated and identified. With the use of oligo(dT)-coupled magnetic beads, mRNA was amplified; random hexamers were used to create single-stranded cDNA; and buffer, dNTPs, DNA polymerase I, and RNase H were used to create double-stranded cDNA. The end of the purified double-stranded cDNA was first repaired, then an A tail addition was added, the sequencing connector was connected, and finally the fragment size was chosen using AMPure XP beads.The final step was performing PCR amplification and purifying the PCR output with AMPure XP beads to create the final library. Different libraries were pooled into the flow cell in accordance with the effective concentration and the demands of the target dismount data volume after the library detection was qualified. Following cBOT clustering, sequencing was carried out using an Illumina high-throughput sequencing platform.



Western blotting

HRMECs were counted and separated into three groups: a negative control; a high glucose damage model treated with safranal (10 μL, 80 g/mL); and a high glucose damage model treated with high glucose (10 μL, 25 mol/L). A Bio-Rad test kit was used to extract the cells’ total protein and evaluate the protein content (Bio-Rad, Hercules, CA, USA). Equal amounts of protein (30 μg) were resolved on polyacrylamide gels containing 12% Tris-HCl before being transferred to a PVDF blotting membrane (Millipore, Billerica, MA, USA). After blocking, specific antibodies against phosphate-extracellular regulated protein kinases (p-ERK), total-ERK (t-ERK), p-P38, t-P38, p-serine/threonine kinase (AKT), t-AKT (1:2000, Santa Cruz, CA, USA), E-cadherin, N-cadherin, Snail, Twist, Fibronectin(1:2000, Santa Cruz, CA, USA) and beta actin (1:2,000, Abcam, Cambridge, MA, USA), were treated with the membranes. The protein bands were detected by chemiluminescence after the blots had been carefully washed and treated with peroxidase-conjugated goat anti-rabbit or anti-mouse secondary antibodies (1:1,000, ZSGB-Bio, Beijing, China) (Pierce, Rockford, IL, USA). Three times the experiment was conducted (10).



Statistical analysis

Each of the tests were conducted three times, and the data are shown as the mean standard error of the mean (SEM). A one-way ANOVA was used for three groups or more and the Student’s t test was used for two groups. Statistics were considered significant if P<0.05. Using SPSS 17.0, all data analysis were carried out (Chicago, IL, USA).




Results


Safranal shows a protective effect of cell proliferation on high glucose damage in HRMECs

In order to determine the appropriate glucose concentration for construction of the high glucose damage model, we investigated the effect of different concentrations of glucose on cells of 0 μM, 5 μM, 10 μM, 15 μM, 20 μM, 25 μM, 30 μM, 35 μM, 40 μM, 45 μM, and 50 μM. We found a dose-dependent effect on cell proliferation, where the IC50 of glucose was 26.95 (Figure 1A). Combining our result with previous report, we chose 25 μM as the concentration for subsequent experiments, we chose 25 μM as the concentration for subsequent experiments (17). At a high glucose concentration of 25 μM, we screened different safranal concentration gradients (5 μM, 10 μM, 20 μM, 40 μM, 80 μM, 160 μM, and 320 μM). After three days of cell culture, we found a similar dose-dependent effect of safranal on cell proliferation. Although high glucose inhibited cell proliferation, this inhibitory effect was ameliorated with higher safranal doses. When the concentration exceeded 160 μM, however, there was an effect of toxicity (Figure 1B). Therefore, we chose 80 μM as the final concentration for further study. We further investigated cell proliferation, and after five days of co-culture, we found that, cell growth was decreased in the presence of high glucose damage, but safranal exhibited a protective impact in comparison to the control, and this protective effect became more pronounced with longer safranal incubation time. (P<0.001; Figure 1C).




Figure 1 | Safranal’s protective effect on cell proliferation in HRMECs in high glucose damage conditions. (A) shows that under different concentrations of glucose, cell proliferation was inhibited with an IC50 of 26.95. Cell proliferation was protected under different concentration of safranal while 80 μM demonstrated the best protection effect (B). After five days of incubation, safranal had a better protective effect on cell proliferation over time P<0.001; (C).





Safranal protects HRMECs from apoptosis and affects the cell cycle under a high glucose condition and in vitro

The effects of safranal on apoptosis in HRMECs was assessed by A FITC Annexin V Apoptosis Detection Kit. As shown in Figures 2A, B, under high sugar conditions, more cells underwent apoptosis. However, this apoptosis was inhibited after the treatment with safranal. Under a high glucose condition, HRMECs treated with safranal showed a significantly lower percentage of apoptotic cells (P=0.006).




Figure 2 | Flow cytometry results. The apoptosis rate varied indifferent groups:negative control, high glucose group, and high glucose group treated with safranal P=0.006, (A, B). Regarding the cell cycle, compared with the high glucose group, there were more cells in phase G1 but fewer cells in phase S in the high glucose treated with safranal group P<0.001; (C, D). * means a statistically significant difference.



Next, we examined the effect of safranal on the cell cycle G1 or S phase by using flow cytometry analysis. From Figures 2C, D, we found that high glucose reduced the cell number in phase G1, while the number in phase S were increased. After safranal treatment, however, we found more cells in the G1 phase and fewer cells in phase S (P<0.001). These results suggested that safranal could inhibit cell apoptosis and affect the cell cycle.



Safranal inhibits cell migration of HRMECs in vitro

Along with the cell proliferation investigation, we also investigated into whether safranal affects HRMEC migration, a critical stage in the creation of vessels. The modified Boyden chamber test was used. According to Figures 3A, B, more cells went through the membrane under the high glucose condition than they did under the negative control. Cellular migration was, however, inhibited by safranal. The high glucose group and the high glucose group treated with safranal differed significantly. (P<0.001; Figures 3A, B).




Figure 3 | Cell migration and tube formation results. Under high glucose, more cells were found to migrate through the membrane. After safranal treatment, the migration rate decreased significantly P<0.001, (A, B). There were more new vessel branches and nodes in the high glucose group but both decreased after safranal treatment P<0.001, (C, D). * means a statistically significant difference.





Safranal inhibits tube formation of HRMECs in vitro

In the in vitro tube formation investigation, higher tube development was seen when the glucose level was high. However, the 80 μM safranal-cultured HRMECs showed a reduced ability to develop a normal vascular network. In comparison to the control groups, the network’s number of new branches and branch nodes dramatically dropped. (P<0.001; Figures 3C, D).



Pathways involved in cellular high glucose damage and the effect of safranal identified with transcriptome sequencing

Figure 4A shows the heat map of the three groups, including the negative control, high glucose group, and high glucose treated with the safranal group. Figures 4B, C demonstrate the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) results between the high glucose group and high glucose treated with the safranal group. From the KEGG results for these two groups, after safranal treatment, the ribosome pathway, Parkinson’s disease-related pathway, and cytokine receptor interaction pathways are the major activation pathways. In contrast, the dilated cardiomyophaty pathway and phosphatidylinositol signalings system pathway are the major inhibition pathways. From the GO results for these two groups, after safranal treatment, the ribosome pathway, structural constituent of the ribosome pathway, ribosomal subunit pathway, and response to bacterium were the major activation pathways, while mitochondrial outer membrane permeabilization, the cellular amino acid biosynthetic process pathway, and the serine metabolic process pathway were the major inhibition pathways. After analyzing the data from both the KEGG results and GO results, the mitogen-activated protein kinase (MAPK) signaling pathway was activated in the high glucose group and suppressed in the safranal-treated group; it is suggested that safranal treatment DR through this signaling pathway (Figure 4D). Figure 4E demonstrates the changes in the specific and detailed signaling of the MAPK pathways from KEGG and GO results.




Figure 4 | Transcriptome sequencing results. (A) shows the heat map of the three groups including the negative control, high glucose group, and high glucose treated with safranal group. (B, C) demonstrate the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) results between the high glucose group and high glucose treated with safranal group. From the bubble graph, the MAPK signaling pathway demostrateda high gene ratio (D) and the detailed pathway was demonstrated in (E).





P38-AKT signaling pathway confirmed by western blotting

Western blot analysis was used to confirm the MAPK members, including P38 and the ERK-related pathway, that transcriptome sequencing had identified. Basically, western blot analysis of p-P38, t-P38, p-ERK, t-ERK, p-PDK1/2, p-AKT, and t-AKT was carried out, with beta actin serving as an internal loading control. We found that under a high glucose condition or after safranal treatment, there was no difference in protein expressions for both p-ERK and t-ERK. On the other hand, the phosphorylation levels of p38 and AKT were elevated in the high glucose group compared with the levels in the negative control group. Under safranal treatment, however, the phosphorylation levels of P38 and AKT were downregulated. As a result, p38-AKT but not the ERK pathway was shown to be possibly involved in the protective effect of safranal on DR. However, further experiments are still needed to explore the intracellular mechanisms (Figure 5).




Figure 5 | Western blot results. Western blot results showing the phosphorylation changes in the p38-AKT signaling pathway. The phosphorylation level of p38 was elevated in the high glucose condition but was inhibited by safranal. However, there was no change in the phosphorylation level of ERK. Under a high glucose condition, the protein expression of factors related to cell migration and adhesion, including N-cadherin, Snail, Twist, and fibronectin were upregulated in a high glucose condition and could be inhibited by safranal. E-cadherin, on the other hand, demonstrated an opposite expression trend.





E-cadherin, N-cadherin, snail, twist, and fibronectin were found to involve in the protection of DR by safranal

Factors related to cell adhesion and migration, including E-cadherin, N-cadherin, Snail, Twist, and fibronectin were also analyzed. Under a high glucose condition, the protein expressions of all these factors were upregulated, except for E-cadherin, demonstrating that high glucose could promote cell adhesion and migration. After safranal treatment, however, the protein expression was decreased for all the factors investigated, except for E-cadherin. E-cadherin demonstrated a total reversed change in that the expression was decreased under a high glucose condition but was increased after safranal treatment. These results indicated that safranal inhibits DR mainly by inhibiting cell adhesion and migration in the presence of high glucose.




Discussion

In the present research, we demonstrated that safranal had a protective effect on DR in vitro. The function of safranal was verified in cells under hyper-glucose conditions. Transcriptome sequencing has been used to further investigate the potential signaling pathway, and it revealed the P38-AKT pathway as being connected to hyper-glucose damage in cells, with the potential for safranal to block this effect. Furthermore, this pathway mainly affects the adhesion and migration-related molecules of cells. Our results confirm that safranal may have a protective effect against DR in vitro and that the P38-AKT pathway may be involved. This is the first report on this pathway having a protective effect with safranal treatment for DR.

There have been many attempts to explore ways to slow the progression of DR to the proliferative stage. Many drugs are still being studied, and their preventive or therapeutic properties need to be investigated further. Pharmaceutical investigations have revealed saffron’s component; i.e., safranal, which possesses antioxidant, anti-apoptotic, and anti-inflammatory properties (10). Safranal decreased caspase-3, tumor necrosis factor-alpha (TNF-), or superoxide dismutase (SOD) activity in diabetic rats, according to Malekzadeh et al. (18). In our study, the protective influence of safranal on DR was verified. Safranal could protect cells from the effects of high glucose on cell proliferation, reduce apoptosis, and inhibit cell migration and tube formation, similar to the previous report.

To determine the possible mechanism of how safranal protects DR, transcriptome sequencing was performed to learn more about how safranal functions in cells under high glucose circumstances. The P38-AKT signaling pathway was discovered to be involved in the hyper-glucose injury process in cells after Western blotting confirmed it. Additionally, safranal has the potential to block this signaling pathway. The mitogen-activated protein kinase (MAPK)/p38 signaling pathway is widely known for playing a pivotal role in cell survival and death (19, 20). Targeting the p38 signaling pathway has been shown to influence pathological angiogenesis and tissue repair in other investigations (21). Thus far, research had been conducted on the relationship between P38 and DR. In DR, for example, Zou et al. discovered that p38 might increase retinal micro-angiogenesis by upregulating RUNX1 expression. The p38-MAPK pathway was also found to be activated in diabetic rat model retinopathy with microvascular disease (22). These results confirm our findings, which show that the p38 signaling pathway contributes to the development of DR and that safranal effectively inhibits p38 expression in a model of cellular damage brought on by excess glucose, thus avoiding DR.

When p38 is activated, it causes a cascade of events in downstream signaling pathways, including the phosphorylation of AKT. Cell proliferation, migration, adhesion, apoptosis, and angiogenesis are all regulated by the conventional AKT signaling pathway. In ophthalmological research, the AKT pathway has also been linked to the onset and progression of neovascularization (23, 24). For example, changes in p38 and AKT have been widely shown to be involved in the pathology of DR. However, the ability of the pathogenic effect of this pathway on DR to be protected by safranal is the first report. In our study, however, molecules associated with cell migration and adhesion, including E-cadherin, N-cadherin, Snail, Twist, and fibronectin were also found to participate in safranal protection against DR, so we suggest that changes in AKT mainly affect cell adhesion and migration and thus DR formation. These factors ultimately affect the formation of neovascularization in DR by participating in the migration and adhesion of vascular endothelium cells. When exposed to high glucose, Zhou et al. found that the expression of Snail and N-cadherin levels were increased in Müller cells, which suggested those mesenchymal proteins play an important role in the development of DR. E-cadherin, on the other hand, demonstrated a total opposite expression trend. E-cadherin is closely related to the tight junction of vascular endothelium cells and inner blood-retinal barrier (25). Under the condition of high glucose, the decrease in E-cadherin expression indicates the potential destruction of iBRB (26), while safranal increased the expression of E-cadherin, thus protecting iBRB. Further research is necessary to determine whether safranal’s intervention in DR also involves these other signaling pathways.

This study was unable to determine whether safranal’s effect on DR is directly related to suppression of the P38-AKT pathway. More research is needed to determine the significance of this signaling pathway in safranal’s protection against DR. In addition, other potential DR pathways, such as the VEGF signaling system, were not examined in this study. Further research on the pathophysiology of DR and potential treatment targets is required. Another limitation of the present experiment is that we only performed in vitro experiments but not in vivo experiments. In future, we need to conduct further in vivo experiments to further validate the protective effect of safranal on DR and related pathways.



Data availability statement

The data presented in the study are deposited in the link as https://datadryad.org/stash/share/K2mdS4ReytQYjgRa5sT-C_4OVs7bF3aKv46rjcvibEM.



Author contributions

All the authors contributed to Conceptualization, Methodology, Software, Investigation, Formal Analysis, Writing - Original Draft. SL has helped with the data analysis and writing of the paper. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (No.82160815); Inner Mongolia Autonomous Region Science and Technology Project(NO.2022YFSH0061);Research Project of Affiliated Hospital of Inner Mongolia University for Nationalities(NO.KJGGJC202108)



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Vujosevic, S, Aldington, S.J, Silva, P, Hernandez, C, Scanlon, P, Peto, T, et al. Screening for diabetic retinopathy: new perspectives and challenges. Lancet Diabetes Endocrinol (2020) 8(4):337–47. doi: 10.1016/S2213-8587(19)30411-5

2. Cheung, N, Mitchell, P, and Wong, TY. Diabetic retinopathy. Lancet (2010) 376(9735):124–36. doi: 10.1016/S0140-6736(09)62124-3

3. Teo, ZL, Tham, YC, Yu, M, Chee, ML, Rim, TH, Cheung, N, et al. Global prevalence of diabetic retinopathy and projection of burden through 2045: Systematic review and meta-analysis. Ophthalmology (2021) 128(11):1580–91. doi: 10.1016/j.ophtha.2021.04.027

4. Fong, DS, Aiello, LP, Ferris, FL 3rd, and Klein, R. Diabetic retinopathy. Diabetes Care (2004) 27(10):2540–53. doi: 10.2337/diacare.27.10.2540

5. Rodriguez, ML, Perez, S, Mena-Molla, S, Desco, MC, Ortega, AL, et al. Oxidative stress and microvascular alterations in diabetic retinopathy: Future therapies. Oxid Med Cell Longev (2019) 2019:4940825. doi: 10.1155/2019/4940825

6. Shafabakhsh, R, Aghadavod, E, Mobini, M, Heidari-Soureshjani, R, and Asemi, Z. Association between microRNAs expression and signaling pathways of inflammatory markers in diabetic retinopathy. J Cell Physiol (2019) 234(6):7781–7. doi: 10.1002/jcp.27685

7. Semeraro, F, Morescalchi, F, Cancarini, A, Russo, A, Rezzola, S, Costagliola, C, et al. Diabetic retinopathy, a vascular and inflammatory disease: Therapeutic implications. Diabetes Metab (2019) 45(6):517–27. doi: 10.1016/j.diabet.2019.04.002

8. Rameshrad, M, Razavi, BM, and Hosseinzadeh, H. Saffron and its derivatives, crocin, crocetin and safranal: a patent review. Expert Opin Ther Pat (2018) 28(2):147–65. doi: 10.1080/13543776.2017.1355909

9. Zeinali, M, Zirak, MR, Rezaee, SA, Karimi, G, and Hosseinzadeh, H. Immunoregulatory and anti-inflammatory properties of crocus sativus (Saffron) and its main active constituents: A review. Iran J Basic Med Sci (2019) 22(4):334–44. doi: 10.22038/ijbms2019343658158

10. Qin, X, Sun, YY, Lu, ZJ, Zhang, TZ, Li, SS, Hua, T, et al. Inhibitory effects of safranal on laser-induced choroidal neovascularization and human choroidal microvascular endothelial cells and related pathways analyzed with transcriptome sequencing. Int J Ophthalmol (2021) 14(7):981–9. doi: 10.18240/ijo20210704

11. Yang, X, Huo, F, Liu, B, Liu, J, Chen, T, Li, J, et al. Crocin inhibits oxidative stress and pro-inflammatory response of microglial cells associated with diabetic retinopathy through the activation of PI3K/Akt signaling pathway. J Mol Neurosci (2017) 61(4):581–9. doi: 10.1007/s12031-017-0899-8

12. Sepahi, S, Mohajeri, SA, Hosseini, SM, Khodaverdi, E, Shoeibi, N, Namdari, M, et al. Effects of crocin on diabetic maculopathy: A placebo-controlled randomized clinical trial. Am J Ophthalmol (2018) 190:89–98. doi: 10.1016/j.ajo.2018.03.007

13. Zhao, M, Bai, Y, Xie, W, Shi, X, Li, F, Yang, F, et al. Interleukin-1beta level is increased in vitreous of patients with neovascular age-related macular degeneration (nAMD) and polypoidal choroidal vasculopathy (PCV). PloS One (2015) 10(5):e0125150. doi: 10.1371/journalpone0125150

14. Wu, K, Yuan, LH, and Xia, W. Inhibitory effects of apigenin on the growth of gastric carcinoma SGC-7901 cells. World J Gastroenterol (2005) 11(29):4461–4. doi: 10.3748/wjg.v11.i29.4461

15. Wang, F, Bai, Y, Yu, W, Han, N, Huang, L, Zhao, M, et al. Anti-angiogenic effect of KH902 on retinal neovascularization. Graefes Arch Clin Exp Ophthalmol (2013) 251(9):2131–9. doi: 10.1007/s00417-013-2392-6

16. Zhu, X, Bai, Y, Yu, W, Pan, C, Jin, E, Song, D, et al. The effects of pleiotrophin in proliferative diabetic retinopathy. PloS One (2015) 10(1):e0115523. doi: 10.1371/journal.pone.0115523

17. Aggarwal, A, Yuan, Z, Barletta, JA, Lorch, JH, and Nehs, MA. Ketogenic diet combined with antioxidant n-acetylcysteine inhibits tumor growth in a mouse model of anaplastic thyroid cancer. Surgery (2020) 167(1):87–93. doi: 10.1016/j.surg.2019.06.042

18. Alavi, MS, Fanoudi, S, Fard, AV, Soukhtanloo, M, Hosseini, M, Barzegar, H, et al. Safranal attenuates excitotoxin-induced oxidative OLN-93 cells injury. Drug Res (Stuttg) (2019) 69(6):323–9. doi: 10.1055/a-0790-8200

19. Sun, Y, and Liu, YX. LncRNA HOTTIP improves diabetic retinopathy by regulating the p38-MAPK pathway. Eur Rev Med Pharmacol Sci (2018) 22(10):2941–8. doi: 10.26355/eurrev_201809_15904

20. Bailey, KA, Moreno, E, Haj, FG, Simon, SI, and Passerini, AG. Mechanoregulation of p38 activity enhances endoplasmic reticulum stress-mediated inflammation by arterial endothelium. FASEB J (2019) 33(11):12888–99. doi: 10.1096/fj.201900236R

21. Ekberg, NR, Eliasson, S, Li, YW, Zheng, X, Chatzidionysiou, K, Falhammar, H, et al. Protective effect of the HIF-1A Pro582Ser polymorphism on severe diabetic retinopathy. J Diabetes Res (2019) 2019:2936962. doi: 10.1155/2019/2936962

22. Huang, C, Zhu, HJ, Li, H, Li, QX, Li, FM, and Cheng, L. p38-MAPK pathway is activated in retinopathy of microvascular disease of STZ-induced diabetic rat model. Eur Rev Med Pharmacol Sci (2018) 22(18):5789–96. doi: 10.26355/eurrev_201805_15048

23. Xie, H, Zhang, C, Liu, D, Yang, Q, Tang, L, Wang, T, et al. Erythropoietin protects the inner blood-retinal barrier by inhibiting microglia phagocytosis via Src/Akt/cofilin signalling in experimental diabetic retinopathy. Diabetologia (2021) 64(1):211–25. doi: 10.1007/s00125-020-05299-x

24. Wang, N, Zhang, C, Xu, Y, Tan, HY, Chen, H, Feng, Y, et al. Berberine improves insulin-induced diabetic retinopathy through exclusively suppressing Akt/mTOR-mediated HIF-1alpha/VEGF activation in retina endothelial cells. Int J Biol Sci (2021) 17(15):4316–26. doi: 10.7150/ijbs.62868

25. Navaratna, D, McGuire, PG, Menicucci, G, and Das, A. Proteolytic degradation of VE-cadherin alters the blood-retinal barrier in diabetes. Diabetes (2007) 56(9):2380–7. doi: 10.2337/db06-1694

26. Liu, D, Xu, H, Zhang, C, Xie, H, Yang, Q, Li, W, et al. Erythropoietin maintains VE-cadherin expression and barrier function in experimental diabetic retinopathy via inhibiting VEGF/VEGFR2/Src signaling pathway. Life Sci (2020) 259:118273. doi: 10.1016/j.lfs.2020.118273



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Xiao, Sun, Lu, Li, Su, Chen, Ran, Zhang, Deng, Yu and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2022.945446_cover.jpg
& frontiers | Frontiers in Endocrinology

Protective effects of safranal on
diabetic retinopathy in human
microvascular endothelial cells
and related pathways analyzed
with transcriptome sequencing





OEBPS/Images/fendo-13-945446-g005.jpg
p-ERK

t-ERK

p-P38

E-Cadherin

N-Cadherin

Snail

Twist

Fibronectin

beta actin






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Protective effects of safranal on diabetic retinopathy in human microvascular endothelial cells and related pathways analyzed with transcriptome sequencing

      

        		

          Aim

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Cell viability

          



          		

            Flow cytometric analysis

          



          		

            Migration

          



          		

            Tube formation

          



          		

            Transcriptome sequencing

          



          		

            Western blotting

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Safranal shows a protective effect of cell proliferation on high glucose damage in HRMECs

          



          		

            Safranal protects HRMECs from apoptosis and affects the cell cycle under a high glucose condition and in vitro

          



          		

            Safranal inhibits cell migration of HRMECs in vitro

          



          		

            Safranal inhibits tube formation of HRMECs in vitro

          



          		

            Pathways involved in cellular high glucose damage and the effect of safranal identified with transcriptome sequencing

          



          		

            P38-AKT signaling pathway confirmed by western blotting

          



          		

            E-cadherin, N-cadherin, snail, twist, and fibronectin were found to involve in the protection of DR by safranal

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-13-945446-g001.jpg
A
a IC50 = 26.95
© 0.6
[*]
(3]
2
[=)]
£ 04
K=
(=
£
Q 02
=
4
I
% 0.0
a 0 20 40 60
L2 Glucose (mM)
B
1. -~ GLU
8 ) -= GLU+ saf (5um)
g ' -+ GLU+ saf (10um)
T 06 = GLU+ saf (20um)
(]
% 04 —+ GLU+ saf (40um)
¢_‘i. -0~ GLU+ saf (80um)
g0 -8 GLU+ saf (160um)
0. -8~ GLU+ saf (320um)
c
45 -e- control I
[2) - Glu
% =+ GLU+ saf
S 1.0
s
=
° 05
Q.
3
[v)
0.0





OEBPS/Images/fendo-13-945446-g003.jpg
w w

< <

2] 2]

535 33

2a0 2a0

inn 1n
*

o o o o o
®; ® = o o © © o o o
dnl «© © - ~
m (%) abejuadiag sje Aiojebiy O sissuaboiBbuy jo sajnpou o JaquinN

NC
GLU
GLU+SAF
NC
GLU
GLU+SAF





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-13-945446-g004.jpg
*200._proTeasoe

*£06_meoscue

[P p— ®

Ke0, AP e st pesce.

2 Count
oamosnsse e petset ° "

SRR
o

50

-
RRR—
4 [POpSp—— padjust

KEOO_PHOSEATONAOATOR_SI0NALN0_SYSTEN 02

22 FEOO PR TUBAE BIARBCHATE RECLAIATN 03

KEGG_STEROO poRHE BOTESS 04

®
6, s o eceTom TN ®
00 ARACHOROS A0 METHR M- Y
e peumosce e secesTon seenicrEn Y

KE0G TN RETR °

0089 POUTIE AECULATION,CF UNSATURATED,JATTY_ACO_BIOSTNTHETI: PROCESS

COMF_STRUCTURAL_CONSTITUENT_CF_RBOSNE - Human T-cell leukemia virus 1 mlecuonw
Human cytomegalovirus infection 1
@ Lipid and atherosclerosis

° Parathyroid hormone synthesis, secretion and action

Lysosome

Gocc, macncu_smast . mTOR signaling pathway {

aocc ErTosous psonue

08P JANERNE METABOLC_PROCESS

. Celluar senescence {
° FoxO signaling pathway {
Apeiin signaling pathway |
Osteoclast differentiation {
cotn_semne s mocess @ 04285714 Longeity reguiatng pathway |
TGF-beta signaling pathway |
bt Mitophagy - animal
oo omsaasesesoce| @ GoRH signaiing pathway
Gk C-type lectin receptor signaling pathway |
0 pARICTITERE METIBCLE FROCES, ° S Sphingoipid metabolism |
30 AminoacytRNA biosynthesis.
s ke [ X Biosynthesis of amino mw‘
GO MALATE_CeMTDROCEASE JCTRATY ° X Thyroid homone synthesis |
Cortsol synthesis and secretion
0068 MNTOOCHERAL CUTER VEVBRANE FEREASLEATIN ° Amphetamine addition
VEGF signaling pathway |
Glycine, serine and threonine metabolism
6008 CELLUAAR A0 O BSIINTETE. FROKES: ™Y Ferroptosis {
Cysteine and methionine metabolism |

pralue
00100

oce_meosone ocors.

00080

00025
G00P_POBTIVE REGULATIGN_OF JATTY_ACO._BRISYNTHETIC_PROCESS

R—

G0 _POSTIE RECAATION,CF_GRYCOGEN METADAS_PRCESS. »

OB NEGATIE_REGULATION_F_LOCCMITON

LU LR 004 006 008

9703040508 0303040508 GeneRatio
Garetste

MAPK SIGNALING PATHWAY _ l H

-1 0 1
Chssical MAP kinase
patway
- Prolfonton
o dfmetaton

INK and p38 MAP inase
llli"v'
(s3] D?JA _____ 0
v
B 3
i, —
SRt [ _—
by harsd, e sABOR,
Gdother stme ‘wflunmason Cell
o
Iy
_____ e
- Prolferston,
A e

MAPKKKK ~ MAPKKK MAPKK MAPK Tongreiplion

Data on KEGG graph
Rendered by Pathview





OEBPS/Images/fendo-13-945446-g002.jpg
e %
x z
&% LY

% %

Q24
- 2% | -
] —~ s

Count (10%)

SSCH (10%)

NC

NC/ET

1058

GLU

GLU-1/ET

GLU+SAF

GLUSSAF /E1

10t 10% 10® 107

AneexinV FITC-H

104 0% 10
AncexiaV FITC-H
Gt

SSCH (10%)

12 18 24

o8

FSCH (10%) FSCH (10%) FSCH (108)
NC GLU GLU+SAF
& NC/E1/P2 o GLU1/E1/P2 - GLUYSAF/E1/P2
o v & 2 v &2 ~
Watson © Watson
RMS: 128.15 RMS: 252 81
~ FreqG1:68.18 Freq G1: 8267
Froq'$: 27.17 a Freq$: 1362 s e
Freq G2: 245 2w~ Froq G2 1.39 e~
Mean G1: 295666 MeanGi:321,194 | = Mean G1: 314,657
Mean G2: 599,828 Mean G2: 633812 Mean G2. 619.982
= G261:203 G2/G1: 1.97 ® G2G1: 1.97
CVGI:1079% - CVGY: 1041% 3 VO 1139%
CVG2:358% CVG2317% VG2 367%
o g 18 Froq Supac i 012 Fraseaiin
0.1 :0.1: 32
- 7% Super. - 1o Super " Freq Super-G2: 0.19
0 04 08 12 04 08 12 o P o8 A
PEA (10%) PE-A (10°) PE-A (106)
N ow1 GLUYSAF

@
a

FSC-H (10%)

FSCH (10%) FSCH (10%)

Apoptosis Rate(%)
2 2 8 B

Percentage (%)
o 3888883

* *
= NC
= GLU+SAF
= GLU
e° ,e'g
&
uNC = GLU = GLU+SAF
*
*
G1 s G2/M
Phase





