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Introduction

Diabetic retinopathy (DR) is a leading cause of vision loss and is primarily driven by chronic hyperglycemia, which induces retinal vascular damage through mechanisms involving vascular endothelial growth factor (VEGF) and the renin-angiotensin system (RAS). This study investigated the effects of hyperglycemia and different insulin formulations—regular, glulisine, and aspart—on VEGF-A and angiotensinogen (AGT) gene expression in two human retinal cell types: retinal pigment epithelial (RPE) cells and human retinal microvascular endothelial cells (HRECs).





Methods

Cells were cultured from donor tissue and exposed to physiologic and hyperglycemic glucose concentrations, with or without insulin treatment. Gene expression levels were quantified using real-time PCR.





Results

Hyperglycemia significantly upregulated VEGF-A and AGT in both RPE and HREC cells (e.g., VEGF-A in RPE: 2.62-fold, P = 0.001; AGT in RPE: 3.32-fold, P = 0.093), supporting a role for both osmotic and glucose-specific pathways. Among insulin treatments, regular insulin significantly reduced VEGF-A expression in both RPE (0.72-fold, P = 0.033) and HRECs (0.57-fold, P = 0.009). In contrast, aspart and glulisine had modest effects on VEGF-A in HRECs (0.82-fold each; P = 0.035 and P = 0.060, respectively) and no significant impact in RPE cells. Regarding AGT, aspart insulin showed the most consistent suppressive effect, reducing expression in both RPE (0.15-fold, P < 0.001) and HRECs (0.22-fold, P = 0.004). Glulisine significantly increased AGT in RPE (1.56-fold, P = 0.009) but reduced it in HRECs (0.58-fold, P = 0.074). Regular insulin showed no effect on AGT in RPE (P = 0.680) and a non-significant increase in HRECs (1.36-fold, P = 0.097).





Discussion

These findings highlight the differential biological effects of insulin analogues and suggest that aspart insulin, in particular, may offer therapeutic benefits beyond glycemic control by modulating both VEGF-A and RAS-related pathways. Tailored insulin therapies could represent innovative strategies for managing or slowing the progression of diabetic retinopathy.
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Introduction

Diabetes is characterized by hyperglycemia resulting from an absolute or relative deficiency in insulin production or action (1). Early microvascular complications of diabetes commonly affect organs such as the eyes, kidneys, and nerves. Among these, diabetic retinopathy (DR) is the leading cause of vision loss in working-age adults, arising from chronic hyperglycemia-induced damage to the retinal microvasculature and potentially progressing to blindness (2).

Histologically, DR presents as microangiopathy, characterized by vascular alterations such as focal capillary occlusion, venular dilation, arteriolar hyalinization, and thickening of the capillary basement membrane. Additional features, including pericyte loss and microaneurysm formation, reflect the progression of retinal injury (3).

Vision loss in DR is typically associated with the proliferative form (PDR) or diabetic macular edema (DME), both primarily driven by elevated vascular endothelial growth factor (VEGF) levels in response to retinal ischemia. VEGF-A promotes neovascularization and increases retinal vascular permeability (4). While VEGF-A is a key mediator of DR pathophysiology, other angiogenic pathways, such as those involving angiopoietin and angiotensinogen (AGT), also contribute significantly (5, 6). A deeper understanding of these additional pathways has led to the development of dual-action anti-angiogenic therapies, which aim to provide more effective and durable treatment outcomes (7).

Clinical studies suggest that certain antidiabetic medications may influence the progression and natural history of DR. For example, thiazolidinediones—an oral hypoglycemic class—have been associated with an increased risk of DME, likely due to their effects on fluid retention and vascular permeability (8). Moreover, anecdotal reports indicate a higher incidence of severe sight-threatening DR in patients receiving insulin therapy compared to those on oral agents, along with potential differences in DR outcomes among various insulin formulations (9, 10).

Synthetic insulins are produced by modifying a few amino acids of regular insulin to optimize pharmacokinetics; however, these modifications may also alter biological activity with possible clinical implications. Furthermore, insulin receptors have been identified in both neural and vascular retinal tissues, suggesting a direct role for insulin signaling in DR progression (11).

This study was designed to evaluate whether different insulin formulations exert differential effects on angiogenic gene expression in retinal cells. Specifically, it compares the effects of two rapid-acting insulins—glulisine and aspart—with those of standard regular insulin on VEGF-A and AGT gene expression in a hyperglycemic model using retinal pigment epithelial (RPE) cells and human retinal endothelial cells (HREC).





Materials and methods




RPE and HREC cell culture

Human eyeballs from an 18-year-old male organ donor were obtained from the local Eye Bank affiliated with Shiraz University of Medical Sciences and transferred to our laboratory under sterile conditions within 6 hours post-enucleation. Peripheral tissues were carefully removed from each eyeball. A small incision was made at the junction of the iris and sclera, allowing the intraocular contents to be gently evacuated using forceps. The eyeball was then opened further with scissors, and after thorough rinsing with sterile phosphate-buffered saline (PBS; Shellmax, Iran), the neural retina was carefully dissected for human retinal endothelial cell (HREC) culture. The remaining inner pigmented layer, corresponding to the retinal pigment epithelium (RPE), was completely separated from the inner surface of the eye using forceps.

For RPE cell culture, the pigmented inner layer—comprising the RPE/choroid complex—was sectioned into small fragments and cultured as explants in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12; Shellmax, Iran) supplemented with 10% fetal bovine serum (FBS; Gibco, Germany) and 1% penicillin/streptomycin (Shellmax, Iran) (12). Once the RPE cells reached confluence, they were trypsinized (passage 1) and further purified to eliminate any contaminating red blood cells. The purified cells were then expanded through successive passages to ensure cellular purity and consistency. To confirm the identity of the RPE cells, we assessed the expression of the RPE-specific marker RPE65 in both the first and sixth passages. PCR analysis using 100 ng of RNA followed by gel electrophoresis confirmed RPE65 expression in both passages, with reduced expression observed in passage six. This decline aligns with expected changes in RPE cells over successive cultures and supports the validity of their identity (12). These cells were subsequently used in downstream experiments, including insulin treatments and gene expression analysis by real-time PCR.

For the isolation of HRECs, we followed a protocol similar to that described by Zeng et al. (13). In brief, the neural retina, including the retinal blood vessels, was cut into 2 × 2 mm sections and incubated in 0.1% collagenase at 37°C for 30 minutes. The resulting cell suspension was filtered through a 70-μm cell strainer, centrifuged at 1500 rpm for 5 minutes, and cultured in DMEM/F12 medium supplemented with 10% FBS, 120 μg/ml penicillin, and 220 μg/ml streptomycin.

Notably, no coating agents were used for the culture of either RPE cells or HRECs. RPE and HREC cells between passages 6 and 8 were used for subsequent experiments. Although some native characteristics may be lost at these passages, they remain suitable for functional assays and gene expression analysis (12, 14).





Study groups

To establish hyperglycemic, physiological, and osmolarity control conditions, cultured cells were exposed to the following environments for 24 hours. A culture medium containing 1 g/L glucose (equivalent to 5.5 mM) was used to simulate physiological conditions (physiological control group), while a medium containing 4.5 g/L glucose (equivalent to 25 mM) was used to induce hyperglycemia (hyperglycemic group). To match osmolarity without altering glucose concentration, a medium supplemented with 4.5 g/L mannitol (equivalent to 25 mM; D-Mannitol, Bio Basic, Markham, Canada) was used (osmolarity control group) (15, 16).

All culture conditions included serum-containing medium to better mimic the physiological environment. D-mannitol, a non-metabolizable sugar alcohol, was used in the osmolarity control group to replicate the osmotic pressure of the hyperglycemic medium without affecting cellular glucose metabolism. Previous studies have typically employed glucose concentrations ranging from 20 to 50 mM to model diabetic conditions in cell culture (17–19).





Insulin treatment

After 24 hours of exposure to the respective culture media, glulisine (Apidra®, Sanofi-Aventis, France), aspart (NovoRapid®, Novo Nordisk, Denmark), and regular insulin (LANSULIN®R, EXIR Pharmaceutical Co., Iran) were added to the media, and cells were incubated for an additional 24 hours. The experimental groups were as follows: Group 1 served as the physiological control (no drug treatment), Group 2 as the osmolarity control (no drug treatment), and Group 3 as the hyperglycemic control (no drug treatment). Group 4 received aspart insulin at a concentration of 0.005 IU/ml, Group 5 received glulisine insulin at the same concentration, and Group 6 received regular insulin at 0.005 IU/ml (see Figure 1). The insulin concentration used in this study (0.005 IU/ml) was derived based on previous reports, where a dosage of 0.2 IU/kg was administered to approximately 3000 ml of plasma (13). All treatments were conducted in serum-containing medium to better mimic physiological conditions and maintain cellular viability.




Figure 1 | Schematic representation of the study design.







Gene expression analysis

Primer sequences for the VEGF-A and AGT genes were designed using AllelID software and validated for specificity by BLAST analysis against the NCBI database. The specific primer sequences are listed in Table 1. Real-time PCR was performed to quantify the relative gene expression levels in treated versus control cells. Each 10 μL qPCR reaction consisted of 5 μL RealQ Plus 2× Master Mix Green (Ampliqon, Odense, Denmark), 1 μL of each forward and reverse primer (10 pmol/μL; Takapouzist, Iran), and 4 μL of diluted cDNA (1:10). The reactions were run on a Magnetic Induction Cycler (Mic qPCR, Bio Molecular Systems). PCR amplification followed a thermal cycling profile consisting of an initial denaturation at 95°C for 15 minutes, followed by denaturation at 95°C for 10 seconds, and annealing at 61°C for 45 seconds. Relative gene expression was calculated using the 2-ΔΔCT method, with β-actin serving as the internal reference gene.


Table 1 | The primer sequences of the genes under study.







Statistical analysis

All experiments were conducted with n = 3 biological replicates per group, with each replicate representing an independent cell culture preparation. This sample size was determined based on power calculations from preliminary data and aligns with established standards for in vitro studies in comparable publications (12, 14). The n = 3 replicates were consistently applied across all experimental groups (Groups 1–6) and analytical methods (e.g., qPCR). The results are presented as mean ± standard deviation (SD). Statistical analyses were performed using SPSS software (version 26; SPSS Inc., Chicago, IL, USA). The normality of the data was assessed using the Kolmogorov-Smirnov test. A one-sample t-test was used to compare each treatment group to the standardized untreated control (set at 1). Depending on the experimental design, comparisons among treatment groups were conducted using either an independent t-test or one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. A P-value of <0.05 was considered statistically significant.






Results




Effect of different media on VEGF-A and AGT gene expression

Figure 2 summarizes the effects of different media on VEGF-A and AGT gene expression in RPE cells and HRECs. In this analysis, data from both hyperglycemic and normoglycemic media were normalized to the osmolarity control medium (with osmolarity matched to that of the hyperglycemic medium), which was set to 1.




Figure 2 | Expression of VEGF-A` and AGT genes under normoglycemic (physiologic; 5.5 mM, 1 g/L glucose) and hyperglycemic (25 mM, 4.5 g/L glucose) conditions in RPE and HREC cells, compared to the osmolarity control (25 mM D-mannitol; dotted line set at 1). Gene expression levels are normalized to the osmolarity control. Asterisks (*) above the error bars indicate p < 0.05 compared to the osmolarity control (one-sample t-test), while hashtags (#) above connecting lines indicate statistically significant differences between normoglycemic and hyperglycemic groups (independent t-test). RPE, retinal pigment epithelium; HREC, human retinal endothelial cells; VEGF-A, vascular endothelial growth factor-A; AGT, angiotensinogen.



Compared to the osmolarity control, the hyperglycemic medium significantly increased VEGF-A expression in RPE cells (2.62-fold, P = 0.001, one-sample t-test) and showed a trend toward increased AGT expression (3.32-fold, P = 0.093). A similar pattern was observed in HRECs; however, the differences in VEGF-A (P = 0.107) and AGT (P = 0.116) expression did not reach statistical significance.

When comparing hyperglycemic with normoglycemic conditions, both VEGF-A and AGT expression were significantly higher in the hyperglycemic group across both cell types (RPE/VEGF-A, P < 0.001; RPE/AGT, P = 0.018; HREC/VEGF-A, P = 0.029; HREC/AGT, P = 0.028; independent t-test).





Effect of different insulin formulations on VEGF-A gene expression

Figure 3 illustrates the effects of different insulin formulations on VEGF-A gene expression in hyperglycemic RPE cells and HRECs. The control condition was hyperglycemic medium without any treatment. Gene expression levels for each insulin treatment were normalized to the hyperglycemic control of the same cell type, which was set to 1.




Figure 3 | Effect of regular, glulisine, and aspart insulin on VEGF-A expression in HREC and RPE cells under hyperglycemic conditions. Gene expression levels are normalized to the untreated hyperglycemic control (dotted line set at 1). Asterisks (*) above the error bars indicate p < 0.05 compared to the untreated hyperglycemic control (one-sample t-test). Hashtags (#) above connecting lines denote statistically significant differences between insulin-treated groups, as determined by one-way ANOVA followed by Tukey’s post hoc test. RPE, retinal pigment epithelium; HREC, human retinal endothelial cells; VEGF-A, vascular endothelial growth factor-A.



In RPE cells, the only significant difference compared to the untreated control was observed with regular insulin (0.72-fold, P = 0.033, one-sample t-test). Aspart insulin showed a non-significant trend toward increased VEGF-A expression (1.21-fold, P = 0.136), while glulisine had no observable effect (P = 0.800). A one-way ANOVA yielded a P value of 0.096 when comparing all treatment groups, and the pairwise comparison between regular insulin and aspart showed a borderline difference (P = 0.090).

In the HREC cells, VEGF-A expression relative to the untreated hyperglycemic medium was as follows: regular insulin (0.57-fold, P = 0.009), glulisine (0.82-fold, P = 0.060), and aspart (0.82-fold, P = 0.035). ANOVA revealed a significant difference among treatment groups (P = 0.007). In pairwise comparisons, VEGF-A expression in regular insulin-treated cells was significantly different from both glulisine and aspart treatments (P = 0.011 for both), while no difference was found between aspart and glulisine (P = 1.00).





Effect of different insulin formulations on AGT gene expression

Figure 4 presents AGT gene expression analysis using the same approach as in Figure 3. In RPE cells, compared to the untreated hyperglycemic medium, glulisine significantly upregulated AGT expression (1.56-fold, P = 0.009, one-sample t-test), while aspart markedly downregulated it (0.15-fold, P < 0.001). Regular insulin had no significant effect (P = 0.680).




Figure 4 | Effect of regular, glulisine, and aspart insulin on AGT expression in HREC and RPE cells under hyperglycemic conditions. Gene expression levels are normalized to the untreated hyperglycemic control (dotted line set at 1). Asterisks (*) above the error bars indicate p < 0.05 compared to the untreated hyperglycemic control (one-sample t-test). Hashtags (#) above connecting lines denote statistically significant differences between insulin-treated groups, as determined by one-way ANOVA followed by Tukey’s post hoc test. RPE, retinal pigment epithelium; HREC, human retinal endothelial cells; AGT, angiotensinogen.



In HRECs, the only statistically significant difference was observed with aspart treatment (0.22-fold, P = 0.004). Regular insulin (1.36-fold, P = 0.097) and glulisine (0.58-fold, P = 0.074) showed marginal, non-significant trends.

One-way ANOVA revealed significant differences among insulin treatment groups in both RPE (P < 0.001) and HREC (P = 0.001) cells. In RPE cells, all three pairwise comparisons were statistically significant (regular vs. glulisine, P = 0.010; regular vs. aspart, P = 0.004; glulisine vs. aspart, P < 0.001). In HRECs, regular insulin differed significantly from both glulisine (P = 0.004) and aspart (P = 0.001), while the difference between glulisine and aspart did not reach statistical significance (P = 0.107).






Discussion

In this study, it was demonstrated that hyperglycemic conditions significantly increased VEGF-A expression in both RPE and HREC cells compared to the physiologic normoglycemic condition (Figure 2). This finding is consistent with previous studies (20), which have identified VEGF-A as a key mediator in DR, primarily through its role in promoting angiogenesis and contributing to pathological neovascularization. Notably, the pattern of VEGF-A gene expression shown in Figure 1 suggests that its upregulation under hyperglycemic conditions may be partially attributed to the hyperosmolar effect, when compared to physiological glucose levels, and partially due to other hyperglycemia-specific mechanisms.

We also observed a consistent upregulation of AGT gene expression under hyperglycemic conditions in both studied cell types. Although the role of AGT and the renin-angiotensin system (RAS) in DR progression is not yet fully elucidated, emerging evidence suggests that AGT upregulation may contribute to the transition toward the proliferative phase of DR (6, 27). The RAS pathway, which is traditionally recognized for its regulation of vascular homeostasis and fluid balance, has been implicated in inflammation and oxidative stress in diabetic tissues, further supporting its role in DR pathogenesis (21–23).

Experimental studies have confirmed AGT’s involvement in DR. In a rat model of DR, miRNA-133b promoted retinal vascular endothelial cell proliferation and inhibited apoptosis by targeting AGT through the AngII-ERK1/2 signaling pathway (24). Another study in the same model demonstrated dysregulation of the RAS pathway in microglia, suggesting that impaired microglial-vascular interactions may contribute to early vascular dysfunction in DR (25). Additionally, downregulation of AGT via overexpression of miRNA-29a prevented DR progression in another rat model (26).

In line with experimental studies, clinical reports further support the relevance of AGT in DR pathogenesis. A large proteomic analysis of human vitreous samples demonstrated significantly elevated AGT levels in patients with proliferative diabetic retinopathy (PDR) compared to those without DR (6). Additionally, local activation of the RAS has been reported in eyes with PDR, with Müller cells potentially contributing to this activation (27). Put simply, our findings reinforce previous reports on the role of AGT in the progression of DR by showing that hyperglycemic conditions increase AGT gene expression in two important human-retina derived cells: RPE and HREC. This may have clinical relevance, as AGT and the RAS could potentially be targeted as disease-modifying therapies.

In the management of diabetes, insulin therapy typically combines rapid-acting and long-acting insulin formulations to address both postprandial glucose spikes and basal insulin requirements. Rapid-acting insulin analogs, such as aspart, glulisine, and lispro, are developed through minor amino acid modifications of regular insulin, leading to altered pharmacokinetics that enable faster action while maintaining antiglycemic efficacy. However, these structural modifications may also influence alternative biological activities beyond glucose regulation (28–30).

Given the rich vascularization of the retina and choroid, along with the presence of insulin receptors in retinal cells (31, 32), systemic insulin therapy may have implications for DR progression. Indeed, some studies have suggested that insulin therapy may be associated with a greater risk of DR progression compared to oral hypoglycemic agents (10, 33). It was proposed that this effect may not be due to insulin itself, but rather to the rapid hypoglycemia it induces (10); however, on the other hand, certain insulin types such as lispro and glargine have been specifically linked to the progression of DR (9).

Our study provides preclinical evidence for the differential effects of various rapid-acting insulin analogues on VEGF-A and AGT—two key molecules implicated in the progression of DR—in two important retinal cells, HREC and RPE. As shown in Figure 3, regular insulin demonstrated a more favorable profile than either glulisine or aspart in downregulating VEGF-A expression in both cell types. While VEGF-A expression in HRECs showed a significant reduction with aspart and a similar but non-significant trend with glulisine, both analogues were less effective than regular insulin in this regard. This finding supports the notion that synthetic insulin analogues may possess altered biological properties beyond their intentionally modified pharmacokinetics.

In terms of AGT expression, aspart insulin demonstrated a more favorable profile, consistently reducing AGT levels in both RPE and HREC cells. In contrast, regular insulin had no significant effect, while glulisine exhibited opposing effects between the two cell types (Figure 4). These findings suggest that synthetic insulins—particularly aspart—may alter the progression of DR by mitigating hyperglycemia-induced upregulation of AGT and modulating the RAS pathway.

Notably, Insulin has also been shown to regulate the expression and activity of various components of the RAS in different cell types and tissues, including adipocytes and renal proximal tubular cells (34). Collectively, findings from the current and previous studies suggest that different insulin formulations may exert organ-specific protective or detrimental effects beyond their primary antiglycemic actions. Therefore, consideration of the health status of vulnerable organs—such as the eyes, kidneys, brain, and heart—may be important when selecting among available insulin therapies.

Finally, our study underscores the possible interplay between the RAS and VEGF-A pathways in hyperglycemic retinal injury. Previous research has demonstrated that angiotensin II can enhance VEGF-A expression, creating a feedback loop that exacerbates retinal pathology (35, 36). Importantly, a local RAS in the retina may independently contribute to DR progression (37, 38). Given the role of AGT in promoting VEGF-A expression, dual targeting of the RAS and VEGF-A pathways may offer a promising therapeutic strategy for DR (39).




Powers and limitation

This study provides valuable insights into the effects of hyperglycemia on VEGF-A and AGT expression in two physiologically relevant retinal cell types and highlights the differential impacts of various insulin analogues. The use of simple and controlled experimental conditions enabled a focused analysis of gene expression under hyperglycemic stress. By investigating molecular-level mechanisms, this study adds important knowledge about the pathways involved in diabetic retinal complications and may help guide future therapeutic strategies.

However, several limitations should be acknowledged. Most notably, the in vitro design may not fully replicate the complex cellular and systemic environment of the diabetic human retina. The study primarily assessed short-term effects of insulin analogues, without evaluating their long-term impact—an important consideration in chronic conditions like DR. While hyperglycemia was the main focus, other key contributors such as inflammation and oxidative stress were not investigated, despite their established roles in disease progression. In addition, the analysis was limited to gene expression; due to budgetary and reagent constraints, protein-level validation could not be performed. Although we aimed to include all commonly used rapid-acting insulin formulations alongside regular insulin, lispro insulin was excluded due to its unavailability in our pharmacopeia. Finally, we acknowledge the importance of exploring additional genes (e.g., VEGF-C/D, placental growth factor, angiopoietin pathway, and insulin-like growth factor) and dose-dependent effects. While these experiments were beyond the scope and resources of the current study, they represent critical next steps for broader mechanistic insights. Future research using transcriptomic approaches (e.g., RNA-seq) and insulin concentration gradients will be essential for validating and extending our findings.






Conclusions

In conclusion, this study demonstrated that hyperglycemia significantly upregulates VEGF-A and AGT expression in both RPE and HREC cells, underscoring a potential role for AGT in the pathophysiology of DR. The pattern of gene expression changes suggests that some effects of hyperglycemia may be attributed to hyperosmolarity, while others are likely due to glucose-specific mechanisms. Among the insulin types studied, regular insulin was most effective in downregulating VEGF-A expression in both cell types under hyperglycemic conditions. In contrast, aspart insulin consistently reduced AGT expression in both RPE and HREC cells. These findings may have important clinical implications, as different insulin formulations could exert distinct effects on the progression of DR—a possibility that warrants further investigation in clinical settings.





Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: [Sanie-Jahromi, Fatemeh; Khosravi, Abtin; Hadianfard, Hooman; Nowroozzadeh, M. Hossein (2025), “Effects of  insulin on vascular endothelial growth factor”, Mendeley Data, V1, doi: 10.17632/rtgb557t2x.1].





Ethics statement

The studies involving humans were approved by Shiraz University of Medical Sciences. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.





Author contributions

FS-J: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. AK: Data curation, Validation, Writing – original draft. HH: Formal analysis, Visualization, Writing – original draft. MN: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by Shiraz University of Medical Science (Grant# 29441 and 29490).





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Kaul, K, Tarr, JM, Ahmad, SI, Kohner, EM, and Chibber, R. Introduction to Diabetes Mellitus. In: Ahmad SI, Ed., Diabetes: An Old Disease, a New Insight, Advances in Experimental Medicine and Biology. Springer, Berlin. (2013), 1–11. doi: 10.1007/978-1-4614-5441-0_1

2. Stitt, AW, Curtis, TM, Chen, M, Medina, RJ, McKay, GJ, Jenkins, A, et al. The progress in understanding and treatment of DR. Prog retinal eye Res. (2016) 51:156–86. doi: 10.1016/j.preteyeres.2015.08.001

3. Curtis, T, Gardiner, T, and Stitt, A. Microvascular lesions of diabetic retinopathy: clues towards understanding pathogenesis? Eye. (2009) 23:1496–508. doi: 10.1038/eye.2009.108

4. Behl, T, and Kotwani, A. Exploring the various aspects of the pathological role of vascular endothelial growth factor (VEGF) in diabetic retinopathy. Pharmacol Res. (2015) 99:137–48. doi: 10.1016/j.phrs.2015.05.013

5. Tsai, T, Alwees, M, Asaad, MA, Theile, J, Kakkassery, V, Dick, HB, et al. Increased Angiopoietin-1 and-2 levels in human vitreous are associated with proliferative diabetic retinopathy. PloS One. (2023) 18:e0280488. doi: 10.1371/journal.pone.0280488

6. Gao, B-B, Chen, X, Timothy, N, Aiello, LP, and Feener, EP. Characterization of the vitreous proteome in diabetes without diabetic retinopathy and diabetes with proliferative diabetic retinopathy. J Proteome Res. (2008) 7:2516–25. doi: 10.1021/pr800112g

7. Downey, L, Sivaprasad, S, Chhabra, R, Bailey, C, Chakrabarti, S, Elsherbiny, S, et al. Dual pathway inhibition with faricimab for previously treated neovascular age-related macular degeneration and diabetic macular oedema: guidance from a UK panel of retina specialists. Eye. (2024) 38:3077–86. doi: 10.1038/s41433-024-03223-w

8. Idris, I, Warren, G, and Donnelly, R. Association between thiazolidinedione treatment and risk of macular edema among patients with type 2 diabetes. Arch Internal Med. (2012) 172:1005–11. doi: 10.1001/archinternmed.2012.1938

9. Chantelau, E, Kimmerle, R, and Meyer-Schwickerath, R. Insulin, insulin analogues and diabetic retinopathy. Arch Physiol Biochem. (2008) 114:54–62. doi: 10.1080/13813450801900553

10. Zhao, C, Wang, W, Xu, D, Li, H, Li, M, and Wang, F. Insulin and risk of diabetic retinopathy in patients with type 2 diabetes mellitus: data from a meta-analysis of seven cohort studies. Diagn Pathol. (2014) 9:1–7. doi: 10.1186/1746-1596-9-130

11. Reiter, CE, and Gardner, TW. Functions of insulin and insulin receptor signaling in retina: possible implications for diabetic retinopathy. Prog retinal eye Res. (2003) 22:545–62. doi: 10.1016/S1350-9462(03)00035-1

12. Nowroozzadeh, MH, Ghazanfari, S, and Sanie-Jahromi, F. Human wharton’s jelly mesenchymal stem cell secretome modifies the processes of neuroprotection and epithelial-mesenchymal transition in retinal pigment epithelium at transcriptional level. Mol Biol Rep. (2023) 50:5725–32. doi: 10.1007/s11033-023-08496-0

13. Zeng, Y, Cui, Z, Liu, J, Chen, J, and Tang, S. MicroRNA-29b-3p promotes human retinal microvascular endothelial cell apoptosis via blocking SIRT1 in diabetic retinopathy. Front Physiol. (2020) 10:1621. doi: 10.3389/fphys.2019.01621

14. Gharegezloo, Z, Rezvani, Z, Sanie-Jahromi, F, and Namjoyan, F. The effect of Coix lachrymal L. seed extract on the expression of inflammation and fibrogenesis genes in human retinal pigment epithelial cells. Biomedicine Pharmacotherapy. (2024) 181:117646. doi: 10.1016/j.biopha.2024.117646

15. Varma, S, Lal, BK, Zheng, R, Breslin, JW, Saito, S, Pappas, PJ, et al. Hyperglycemia alters PI3k and Akt signaling and leads to endothelial cell proliferative dysfunction. Am J Physiology-Heart Circulatory Physiol. (2005) 289:H1744–51. doi: 10.1152/ajpheart.01088.2004

16. Maugeri, G, D’Amico, AG, Rasà, DM, La Cognata, V, Saccone, S, Federico, C, et al. Nicotine promotes blood retinal barrier damage in a model of human diabetic macular edema. Toxicol In Vitro. (2017) 44:182–9. doi: 10.1016/j.tiv.2017.07.003

17. Liu, J, Chen, S, Ren, W, Liu, J, Yang, P, Chen, Z, et al. Lipopolysaccharide-induced suppression of periodontal ligament cell proliferation and apoptosis are strengthened under high glucose conditions. Arch  Biol. (2017) 79:70–6. doi: 10.1016/j.archoralbio.2017.01.007

18. Wu, Y, Liu, F, Zhang, X, and Shu, L. Insulin modulates cytokines expression in human periodontal ligament cells. Arch  Biol. (2014) 59:1301–6. doi: 10.1016/j.archoralbio.2014.07.002

19. Aldoss, A, Lambarte, R, and Alsalleeh, F. High-glucose media reduced the viability and induced differential pro-inflammatory cytokines in human periodontal ligament fibroblasts. Biomolecules. (2023) 13:690. doi: 10.3390/biom13040690

20. Kida, T, Oku, H, Osuka, S, Horie, T, and Ikeda, T. Hyperglycemia-induced VEGF and ROS production in retinal cells is inhibited by the mTOR inhibitor, rapamycin. Sci Rep. (2021) 11:1885. doi: 10.1038/s41598-021-81482-3

21. Kamiyama, M, Urushihara, M, Morikawa, T, Konishi, Y, Imanishi, M, Nishiyama, A, et al. Oxidative stress/angiotensinogen/renin-angiotensin system axis in patients with diabetic nephropathy. Int J Mol Sci. (2013) 14:23045–62. doi: 10.3390/ijms141123045

22. Ramalingam, L, Menikdiwela, K, LeMieux, M, Dufour, JM, Kaur, G, Kalupahana, N, et al. The renin angiotensin system, oxidative stress and mitochondrial function in obesity and insulin resistance. Biochim Biophys Acta (BBA)-Molecular Basis Dis. (2017) 1863:1106–14. doi: 10.1016/j.bbadis.2016.07.019

23. Wilkinson-Berka, JL. Angiotensin and diabetic retinopathy. Int J Biochem Cell Biol. (2006) 38:752–65. doi: 10.1016/j.biocel.2005.08.002

24. Liu, TT, Hao, Q, Zhang, Y, Li, ZH, Cui, ZH, and Yang, W. Effects of micro RNA-133b on retinal vascular endothelial cell proliferation and apoptosis through angiotensinogen-mediated angiotensin II-extracellular signal-regulated kinase 1/2 signalling pathway in rats with diabetic retinopathy. Acta Ophthalmologica. (2018) 96:e626–35. doi: 10.1111/aos.13715

25. Mills, SA, Jobling, AI, Dixon, MA, Bui, BV, Vessey, KA, Phipps, JA, et al. Fractalkine-induced microglial vasoregulation occurs within the retina and is altered early in diabetic retinopathy. Proc Natl Acad Sci. (2021) 118:e2112561118. doi: 10.1073/pnas.2112561118

26. Zhang, L-Q, Cui, H, Wang, L, Fang, X, and Su, S. Role of microRNA-29a in the development of diabetic retinopathy by targeting AGT gene in a rat model. Exp Mol Pathol. (2017) 102:296–302. doi: 10.1016/j.yexmp.2017.02.004

27. Kida, T, Ikeda, T, Nishimura, M, Sugiyama, T, Imamura, Y, Sotozono, C, et al. Renin-angiotensin system in proliferative diabetic retinopathy and its gene expression in cultured human Müller cells. Japanese J Ophthalmol. (2003) 47:36–41. doi: 10.1016/S0021-5155(02)00624-X

28. Bode, BW. Comparison of pharmacokinetic properties, physicochemical stability, and pump compatibility of 3 rapid-acting insulin analogues—aspart, lispro, and glulisine. Endocrine Pract. (2011) 17:271–80. doi: 10.4158/EP10260.RA

29. Becker, R, Frick, A, Burger, F, Scholtz, H, and Potgieter, J. A comparison of the steady-state pharmacokinetics and pharmacodynamics of a novel rapid-acting insulin analog, insulin glulisine, and regular human insulin in healthy volunteers using the euglycemic clamp technique, Experimental. Clin Endocrinol Diabetes. (2005) 113:292–7. doi: 10.1055/s-2005-865637

30. Nagel, N, Graewert, MA, Gao, M, Heyse, W, Jeffries, CM, Svergun, D, et al. The quaternary structure of insulin glargine and glulisine under formulation conditions. Biophys Chem. (2019) 253:106226. doi: 10.1016/j.bpc.2019.106226

31. Aldibbiat, AM. Insulin signaling via retinal pericytes, new insights and potential implications in diabetic retinopathy. Endocrinology. (2022) 163:bqab219. doi: 10.1210/endocr/bqab219

32. Rong, X, Ji, Y, Zhu, X, Yang, J, Qian, D, Mo, X, et al. Neuroprotective effect of insulin-loaded chitosan nanoparticles/PLGA-PEG-PLGA hydrogel on diabetic retinopathy in rats. Int J Nanomedicine. (2018) 14:45–55. doi: 10.2147/IJN.S184574

33. Yuan, T, Lin, S, Xu, Y, Lu, L, Cheng, M, Wang, Y, et al. The influence of insulin on diabetic retinopathy and retinal vessel parameters in diabetes. Diabetol Metab Syndrome. (2024) 16:237. doi: 10.1186/s13098-024-01476-9

34. Zamolodchikova, TS, Tolpygo, SM, and Kotov, AV. Insulin in the regulation of the renin-angiotensin system: a new perspective on the mechanism of insulin resistance and diabetic complications. Front Endocrinol. (2024) 15:1293221. doi: 10.3389/fendo.2024.1293221

35. Sayin, N, Kara, N, and Pekel, G. Ocular complications of diabetes mellitus. World J Diabetes. (2015) 6:92. doi: 10.4239/wjd.v6.i1.92

36. Vieira-Potter, VJ, Karamichos, D, and Lee, DJ. Ocular complications of diabetes and therapeutic approaches. BioMed Res Int. (2016) 2016:3801570. doi: 10.1155/2016/3801570

37. Nittala, MG, Keane, PA, Zhang, K, and Sadda, SR. Risk factors for proliferative diabetic retinopathy in a Latino American population. Retina. (2014) 34:1594–9. doi: 10.1097/IAE.0000000000000117

38. Porta, M, Sjoelie, A-K, Chaturvedi, N, Stevens, L, Rottiers, R, Veglio, M, et al. Risk factors for progression to proliferative diabetic retinopathy in the EURODIAB Prospective Complications Study. Diabetologia. (2001) 44:2203–9. doi: 10.1007/s001250100030

39. Li, Y, Yan, Z, Chaudhry, K, and Kazlauskas, A. The renin-angiotensin-aldosterone system (RAAS) is one of the effectors by which vascular endothelial growth factor (VEGF)/anti-VEGF controls the endothelial cell barrier. Am J Pathol. (2020) 190:1971–81. doi: 10.1016/j.ajpath.2020.06.004




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 © 2025 Sanie-Jahromi, Khosravi, Hadianfard and Nowroozzadeh. 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/fopht.2025.1570232_cover.jpg
& frontiers | Frontiers in Ophthalmology

Effects of regular, glulisine, and aspart
insulin on vascular endothelial growth factor
and angiotensinogen expression in
hyperglycemic retinal pigment epithelial
(RPE) and human retinal endothelial cells
(HRECs)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Effects of regular, glulisine, and aspart insulin on vascular endothelial growth factor and angiotensinogen expression in hyperglycemic retinal pigment epithelial (RPE) and human retinal endothelial cells (HRECs)

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            RPE and HREC cell culture

          



          		

            Study groups

          



          		

            Insulin treatment

          



          		

            Gene expression analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Effect of different media on VEGF-A and AGT gene expression

          



          		

            Effect of different insulin formulations on VEGF-A gene expression

          



          		

            Effect of different insulin formulations on AGT gene expression

          



        



        



        		

          Discussion

        

          		

            Powers and limitation

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fopht-05-1570232-g002.jpg
Relative Fold Change

RPE HREC

W Normoglycemic
W Hyperglycemic

VEGF-A AGT VEGF-A AGT

Osmolarity
control





OEBPS/Images/fopht-05-1570232-g004.jpg
Relative Fold Change

AGT Gene Expression Analysis

B Regular
Glulisine
1 Aspart

RPE HREC

Hyperglycemic
control





OEBPS/Images/logo.jpg
’ frontiers | Frontiers in Ophthalmology





OEBPS/Images/fopht-05-1570232-g001.jpg
. s 1: Physiological control
A: (5.5 mM Glucose > (no treatment)

2: Osmplarity control
(no treatment)

VEGF-A and AGT gene
24 hours Treatment expression analysis

3: Hyperglycemic control
(no treatment)

B: 25 mM D-Mannitol ->

N

C: 25 mM Glucose - >

HREC cell culture

4: Aspart (0.005 1U/ml)
—> 5: Glulisine (0.005 IU/ml)
6: Regular (0.005 1U/ml)

Insulin
treatment






OEBPS/Images/fopht-05-1570232-g003.jpg
Relative Fold Change

-
)]

-

o
3

B Regular
Glulisine
[ Aspart

RPE

VEGF-A Gene Expression Analysis

HREC

Hyperglycemic
control





OEBPS/Images/table1.jpg
Gene Sense primer sense primer Product size
VEGF-A ACGAACGTACTTGCAGATGTGAC CGGCAGCGTGGTTTCTGTAT 137
AGT CCACGCTCTCTGGACTTCAC AGCCCTTCATCTTCCCTTGGA 166
B-ACT GCCTCGCCTTTGCCGAT CATGCCGGAGCCGTTGT 98 bp

All qPCR primers were custom synthesized by Takapouzist Company (Tehran, Iran) with HPLC purification. The primer sequences were designed using Primer-BLAST (NCBI) and validated for
specificity via melt curve analysis.





