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Abstract

:

Metformin, an anti-hyperglycemic drug of the biguanide class, exerts positive effects in several non-diabetes-related diseases. In this study, we aimed to examine the protective effects of metformin against N-methyl-D-aspartic acid (NMDA)-induced excitotoxic retinal damage in rats and determine the mechanisms of its protective effects. Male Sprague–Dawley rats (7 to 9 weeks old) were used in this study. Following intravitreal injection of NMDA (200 nmol/eye), the number of neuronal cells in the ganglion cell layer and parvalbumin-positive amacrine cells decreased, whereas the number of CD45-positive leukocytes and Iba1-positive microglia increased. Metformin attenuated these NMDA-induced responses. The neuroprotective effect of metformin was abolished by compound C, an inhibitor of AMP-activated protein kinase (AMPK). The AMPK activator, AICAR, exerted a neuroprotective effect in NMDA-induced retinal injury. The MEK1/2 inhibitor, U0126, reduced the neuroprotective effect of metformin. These results suggest that metformin protects against NMDA-induced retinal neurotoxicity through activation of the AMPK and MEK/extracellular signal-regulated kinase (ERK) signaling pathways. This neuroprotective effect could be partially attributable to the inhibitory effects on inflammatory responses.
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1. Introduction


Metformin, an anti-hyperglycemic drug of the biguanide class, controls blood glucose levels by increasing insulin sensitivity and enhancing glucose uptake in the liver, and is widely used in the treatment of type 2 diabetes mellitus [1]. In addition to its glucose-lowering effect, metformin exerts positive effects in several non-diabetes-related diseases [2]. There is abundant evidence suggesting that these effects of metformin are associated with the activation of the AMP-activated protein kinase (AMPK) system; however, there are data suggesting that metformin acts through AMPK-independent mechanisms [3].



Previous studies have demonstrated several beneficial effects of metformin in various central nervous system disorders [4,5,6]. In the visual system, metformin exerts inhibitory effects on inflammatory responses [7] and angiogenesis [7,8], as well as vasodilatory effects on the retinal blood vessels [9]. Furthermore, metformin protects against retinal neuronal damage in diabetic animals [10,11] and maintains the integrity of the photoreceptors and retinal pigment epithelium, through the activation of AMPK, in animal models of retinitis pigmentosa and age-related macular degeneration [12,13]. Similarly, AICAR (5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside), an activator of AMPK, attenuates diabetes-induced retinal inflammation [7,14] and dilates retinal blood vessels [9]. Thus, activation of the AMPK system contributes to beneficial effects in the visual system.



Neuronal cell loss associated with glutamate-induced neurotoxicity is involved in the pathogenesis of several ocular diseases including glaucoma [15] and diabetic retinopathy [16]. However, the effect of metformin on glutamate-induced neurotoxicity in the retina remains to be investigated. In many cases, the excessive stimulation of the N-methyl-D-aspartic acid (NMDA) receptors contributes to the neurotoxic effect of glutamate [17,18]. Neuroinflammation also contributes to the progression of retinal neuronal damage [19,20,21]. Therefore, in the present study, we examined the effects of metformin against NMDA-induced retinal neurotoxicity in rats and determined how metformin prevents inflammatory responses, such as leukocyte infiltration and microglial activation, in the retina. Activation of the MEK/extracellular signal-regulated kinase (ERK) signaling pathway might be involved in neuroprotection in the retina [22,23,24,25,26]. We also examined the role of the MEK/ERK pathway in the neuroprotective effect of metformin.




2. Results


Intravitreal injection of metformin (20 nmol) had no significant change in cell number in the ganglion cell layer (GCL) compared to controls (92 ± 1 cells/mm in the saline group, n = 4, vs., 91 ± 3 cells/mm in the metformin group, n = 4, p = 0.8088; unpaired t-test) (Figure 1A). In contrast, following intravitreal injection of NMDA (200 nmol/eye), the cell number in the GCL and the thickness of the inner plexiform layer (IPL) decreased compared to that injected with saline alone (Figure 1B(a,b)). The significant increase in the number of cells in the GCL was observed following simultaneous injection of metformin (10 or 20 nmol) with NMDA (Figure 1B(d,e),C). A tendency of reduced IPL thinning was observed but failed to attain statistical significance (Figure 1B,C).



Next, we investigated the protective effect of metformin against retinal damage using cross-sections stained with neuron-specific markers, anti-NeuN, and anti-parvalbumin (PV) antibodies. Many NeuN-positive cells were observed in the GCL, and some were also found in the inner nuclear layer (INL) (Figure 2A(a)). Metformin did not significantly decrease the number of NeuN-positive cells compared to the saline + vehicle group (Figure 2A(a,b),B). The number of NeuN-positive cells decreased one day after NMDA injection (Figure 2A(c),B). The simultaneous injection of metformin and NMDA partially rescued the reduction in the NeuN-positive cell number compared to the NMDA + vehicle group (the number of NeuN-positive cells; 30 ± 1 cells in the NMDA + vehicle group, n = 5, vs. 43 ± 3 cells in the NMDA + metformin group, n = 6, p = 0.0031; unpaired t-test, Figure 2A(c,d),B).



Next, we examined the effect of metformin (20 nmol) on NMDA-induced loss of PV-positive cells. In control retinas of the saline + vehicle group, PV-positive cells were observed in the inner part of the INL and their processes were found in the IPL (Figure 3A(a)). Parvalbumin is mainly expressed in AII amacrine cells of the INL [27]; therefore, the majority of PV-positive cells most likely represented AII amacrine cells. No significant difference was found in the number of PV-positive amacrine cells between the control group (saline + vehicle) and the group receiving metformin (saline + metformin, Figure 3A(a,b),B). The number of PV-positive amacrine cells decreased one day after NMDA injection (Figure 3A(c),B); however, this phenomenon was partially prevented by the simultaneous injection of metformin and NMDA (Figure 3A(d),B). The number of PV-positive amacrine cells was significantly (p = 0.0262; unpaired t-test) higher in the NMDA + metformin group (57 ± 4 cells, n = 6) than in the NMDA + vehicle group (44 ± 1 cells, n = 5). These results suggest that metformin exerts a protective effect on amacrine cells and on RGCs.



We examined whether (1) the protective effect of metformin against NMDA-induced retinal injury is mediated through activation of the AMPK system, and (2) activation of AMPK protects against NMDA-induced retinal injury. The co-administration of the AMPK inhibitor, compound C, with metformin abolished the neuroprotective effect of metformin (Figure 4A,B). As observed after metformin treatment, AICAR, an activator of AMPK, attenuated NMDA-induced cell loss in the GCL without preventing the reduction in IPL thickness (Figure 5A,B). These results suggest that activation of the AMPK system protects against NMDA-induced neurotoxicity.



To determine whether the neuroprotective effect of metformin was mediated through the MEK/ERK signaling pathway, we examined the effect of U0126, an inhibitor of MEK1/2, on NMDA-induced cell loss in the GCL. The pharmacological inhibition of the MEK/ERK signaling pathway attenuated the neuroprotective effect of metformin (Figure 6).



Figure 7 shows the distribution and number of cells positive for CD45 and ionized calcium-binding adaptor molecule 1 (Iba1) in the retina one day after intravitreal NMDA injection. In the saline + vehicle and saline + metformin groups, few CD45-positive cells were observed (Figure 7A(a,b)) and the Iba1-positive microglia exhibited a ramified morphology (Figure 7A(a’,b’)). However, in the NMDA + vehicle group, many CD45-positive cells were observed in the GCL and IPL (Figure 7A(c)). The number of CD45-positive cells was significantly higher in the NMDA + vehicle group than that in the saline + vehicle group (Figure 7B). In the NMDA + vehicle group, Iba1-positive cells exhibited a transformation from the ramified form to an ameboid shape, and the number of Iba1-positive cells also increased compared to the control retinas (saline + vehicle, Figure 7B). Some of the CD45-positive cells were co-stained with anti-Iba1 antibodies in the retinas of NMDA-injected eyes (Figure 7A(c”)). The numbers of CD45-positive cells and Iba1-positive cells in the NMDA + metformin group were significantly lower than those in the NMDA + vehicle group (the number of CD45-positive cells; 1298 ± 55 cells in the NMDA + vehicle group, n = 5, vs. 799 ± 60 cells in the NMDA + metformin group, n = 6, p = 0.0002; unpaired t-test; the number of Iba1-positive cells; 1279 ± 122 cells in the NMDA + vehicle group, n = 5, vs. 917 ± 85 cells in the NMDA + metformin group, n = 6, p = 0.0034; unpaired t-test)(Figure 7A(c–c”,d–d”),B). These results indicate that metformin prevents inflammatory responses, such as leukocyte infiltration and microglial activation, in NMDA-induced retinal injury.




3. Discussion


The present study demonstrates that metformin protects against the death of RGCs and amacrine cells in NMDA-induced excitotoxicity. This neuroprotective effect was abolished by the simultaneous injection of compound C, an AMPK inhibitor, and NMDA. In addition, the AMPK activator, AICAR, exerted a neuroprotective effect against NMDA-induced retinal injury. These results suggest that metformin exerts its protective effect through activation of the AMPK system in the retina.



In NMDA-induced neuronal cell death, the increase in the intracellular Ca2+ concentration is the key initial step [28,29]; however, inflammatory responses, such as the upregulation of pro-inflammatory cytokines, infiltration of leukocytes, and activation of microglia in the retina, are also involved [19,20,21]. Nakazawa et al. demonstrated that NMDA-induced retinal injury upregulates intercellular adhesion molecule-1 (ICAM-1), allowing for the adhesion of leukocytes to endothelial cells and the subsequent migration of leukocytes through the interstitial tissue within the retina [19]. Treatment with anti-ICAM-1 antibody suppressed the recruitment of leukocytes and the RGC death following intravitreal injection of NMDA [19]. Metformin has also been shown to suppress the elevated expression of cell adhesion molecules, including ICAM-1, in endothelial cells and to prevent retinal leukocyte adhesion [8,30]. Our present results indicated that metformin suppressed the increase in the number of CD45-positive leukocytes one day after intravitreal injection of NMDA. Similar to the results of leukocyte infiltration, we found that metformin suppressed the increase in the number of Iba-1-positive microglia in the retinas of NMDA-injected eyes. Takeda et al. reported that the pharmacological inhibition and ablation of microglia protects RGCs against NMDA-induced excitotoxicity [20]. Therefore, it is likely that metformin exerts its protective effect through the suppression of inflammatory responses associated with neuronal cell damage in the retinas of NMDA-injected eyes (see Figure 8).



Activation of the MEK/ERK signaling pathway is involved in the survival of retinal neuronal cells in glutamate-induced neurotoxicity [22,23,24,25,26]. In this study, we found that treatment with the MEK1/2 inhibitor, U0126, significantly attenuated metformin-induced protection against NMDA-induced neuronal cell loss. Following intravitreal NMDA injection, activation of ERK occurs earlier than the induction of apoptosis [22,24,25,26]. Therefore, the MEK/ERK signaling pathway may act as an endogenous neuroprotective mechanism. Metformin possibly strengthens the endogenous neuroprotective system involving the MEK/ERK signaling pathway, thereby opposing NMDA-induced retinal neurotoxicity (see Figure 8).



Previous immunohistochemical studies show that the level of phosphorylated ERK (pERK) is enhanced in Müller cells after intravitreal NMDA injection [22,23,24,25,26]. Müller cells are thought to play an important role in the survival of retinal neurons by buffering substances that cause excitotoxicity and by secreting neurotrophic factors [31]. Thus, Müller cells may act as an endogenous neuroprotective system in the retina. Metformin may activate the MEK/ERK pathway and increase the expression of neurotrophic factors in Müller cells. Future studies are needed to clarify this hypothesis.



Our present results suggest that the activation of the MEK/ERK signaling pathway contributes to the neuroprotective effect of metformin against NMDA-induced retinal neuronal cell loss. However, overactivation of NMDA receptors induces the pathologic increase of the Ca2+ influx, leading to endoplasmic-reticulum stress [32], oxidative stress [33], and mitochondrial dysfunction [34]. Therefore, further studies are needed to determine how metformin affects these harmful effects in NMDA-induced retinal neurotoxicity.



In summary, our results indicated that metformin protects against NMDA-induced retinal neurotoxicity through the activation of AMPK and that this effect is probably mediated through the activation of the MEK/ERK signaling pathway in the retina. This neuroprotective effect could be partially attributable to the inhibitory effects on inflammatory responses. Glutamate-induced neurotoxicity may be associated with ocular neurodegenerative changes observed in glaucoma [15] and diabetic retinopathy [16]; therefore, metformin could be a potential candidate for neuroprotective interventions in these retinal diseases.




4. Materials and Methods


4.1. Animals


A total of 133 male Sprague–Dawley rats (7 to 9 weeks old; Charles River Breeding Laboratories, Tokyo, Japan) were used in this study. The rats were housed under controlled conditions of temperature (22 ± 2 °C) and luminosity (12 h light/12 h dark). They were fed with a standard diet (Oriental Yeast Co., Ltd.; Tokyo, Japan), and water was given ad libitum.




4.2. Experimental Procedures


4.2.1. Experiment 1


We first examined the effect of metformin on NMDA (200 nmol; Nacalai Tesque, Kyoto, Japan)-induced neuronal cell loss in the retina. To assess the effect of metformin on the damage to retinal neurons, using retinal cross-sections stained with hematoxylin and eosin, 44 rats were divided into four groups as follows: NMDA + vehicle (n = 15), NMDA + metformin (1 nmol) (n = 8), NMDA + metformin (10 nmol) (n = 8), and NMDA + metformin (20 nmol) (n = 13). Under general anesthesia with pentobarbital sodium (50 mg/kg; Nacalai Tesque), metformin (1–20 nmol; Tocris Bioscience, Ellisville, MO, USA) or vehicle (saline; vehicle for metformin), mixed with 200 nmol of NMDA (Nacalai Tesque) at a total volume of 5 µL, was injected into the vitreous cavity of one eye of rats. As a control, the same volume of saline was injected into the vitreous cavity of the other eye. In a separate experiment (n = 4), the effects of intravitreal injection of metformin (20 nmol) and saline (5 µL) on the retina were compared.



In addition to retinal ganglion cells (RGCs), several amacrine cell types express NMDA receptors in the retina [35,36]; intravitreal injection of NMDA receptors leads to the death of amacrine cells positive for PV [37,38]. Therefore, we next examined the protective effect of metformin on NMDA-induced damage to PV-positive amacrine cells as well as RGCs. In this experiment, 23 rats were divided into four groups as follows: saline (n = 6), metformin (20 nmol) (n = 6), NMDA + vehicle (n = 5), and NMDA + metformin (20 nmol) (n = 6). One day after injection, rats were deeply anesthetized with pentobarbital sodium and systemic perfusion was performed with the fixative solution (1% paraformaldehyde (PFA; Nacalai Tesque) in phosphate buffered saline (PBS; Nacalai Tesque) via the aorta. Their eyes were enucleated and processed for immunohistochemistry according to the methods described subsequently (see “4.4. Immunohistochemistry”).




4.2.2. Experiment 2


Next, we examined whether (1) the protective effect of metformin against NMDA-induced retinal injury is mediated through activation of the AMPK system, and (2) activation of AMPK protects against NMDA-induced retinal injury. In the first series of experiments, we examined the effect of compound C, an inhibitor of AMPK, on the effect of metformin on the NMDA (200 nmol)-induced retinal neuronal cell loss in the GCL. In this experiment, 18 rats were divided into three groups as follows: NMDA + vehicle (n = 6), NMDA + metformin (20 nmol) (n = 6), and NMDA + metformin (20 nmol) + compound C (10 nmol; Abcam Biochemicals, Cambridge, UK) (n = 6). NMDA, metformin, and compound C were dissolved in dimethyl sulfoxide (DMSO; Nacalai Tesque). In the second series of experiments, we examined the effect of AICAR (Tocris Bioscience), an activator of AMPK, on NMDA (200 nmol)-induced retinal neuronal cell loss in the GCL. In this experiment, 17 rats were divided into three groups as follows: NMDA + vehicle (n = 5), NMDA + AICAR (20 nmol) (n = 6), and NMDA + AICAR (50 nmol) (n = 6). AICAR was dissolved in saline.




4.2.3. Experiment 3


Activation of the MEK/ERK signaling pathway contributes to the RGC survival in various models of retinal neurodegeneration [22,23,24,25,26]. Therefore, we next examined the effect of U0126, an inhibitor of MEK1/2, on the effect of metformin on NMDA-induced retinal neuronal cell loss in the GCL. In this experiment, 27 rats were divided into the following four groups: NMDA + vehicle (n = 7), NMDA + U0126 (1 nmol; Promega, Madison, WI, USA) (n = 5), NMDA + metformin (20 nmol) (n = 10), and NMDA + metformin (20 nmol) + U0126 (1 nmol) (n = 5). NMDA, metformin, and U0126 were dissolved in DMSO. The U0126 dose was selected on the basis of the results of our previous studies [25,26].




4.2.4. Experiment 4


We previously demonstrated that leukocyte infiltration and microglial activation in the retina occurred one day after intravitreal injection of NMDA in rats [26,38,39,40]. Infiltrating leukocytes and activated microglia promote retinal inflammation and exacerbate neuronal damage [19,20]. Therefore, we examined the effects of metformin (20 nmol) on the distribution and the number of CD45 (a leukocyte marker)- and Iba1 (a microglia marker)-positive cells in the retina one day after injection using retinal cross-sections stained with anti-CD45 and anti-Iba1 antibodies. In this experiment, 23 rats were divided into four groups as follows: saline (n = 6), metformin (20 nmol) (n = 6), NMDA + vehicle (n = 5), and NMDA + metformin (20 nmol) (n = 6). The immunohistochemical staining of retinal cross-sections was performed as described in the “4.4. Immunohistochemistry” section.



In Experiments 2, 3, and 4, intravitreal injections were administered using the technique described in Experiment 1, wherein the total injection volume used was 5 µL per eye.





4.3. Histological Evaluation of the Retina


Histological evaluation was performed according to the methods described in our previous studies [25,26,37,38,40]. Briefly, seven days after injection, rats were deeply anesthetized with pentobarbital sodium. Their eyes were enucleated, fixed with Davidson solution, and embedded in paraffin. Five-micrometer-thick sections were cut through the optic disc of each eye and stained with hematoxylin and eosin. The cell counts in the GCL and the measurement of the IPL thickness were performed in a region 1000 to 1250 μm from the center of the optic nerve head on both sides. The average number of cells for each eye was calculated. The value of the contralateral vehicle (saline or DMSO)-treated control eye was set as 100% versus the drug-treated eye.




4.4. Immunohistochemistry


Immunohistochemical staining of retinal cross-sections was performed according to the methods described in our previous studies [26,38,39,40]. Briefly, the eyecups without the cornea and lens were fixed in 1% PFA in PBS overnight at 4 °C and rinsed several times with PBS. The eyecups were incubated in 15% and 30% sucrose in PBS and frozen in optimum cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA, USA). Ocular tissue sections were cut through the optic disc of each eye using a cryostat at a thickness of 16 µm and dried on glass slides. The cross-sections were washed three times in PBS containing 0.3% Triton X100 (PBS-T), incubated in blocking solution (5% normal hamster serum in PBS-T) for 0.5–1 h, and then incubated with primary antibodies diluted in the blocking solution overnight. Primary antibodies used were as follows: rabbit polyclonal anti-PV antibody (1:200, P3088, Sigma-Aldrich, St. Louis, MO, USA), mouse monoclonal anti-CD45 antibody (1:100, 550566, BD Biosciences, San Jose, CA, USA), rabbit polyclonal anti-Iba1 antibody (1:500, 019-19741, Wako, Pure Chemical Industries, Ltd., Osaka, Japan), and rabbit monoclonal anti-NeuN antibody (1:500; D4G40, Cell Signaling Technology, Danvers, MA, USA). Following incubation with primary antibodies, the sections were rinsed with PBS-T and incubated for 4 h with Alexa Fluor 488- or Cy3- conjugated, species-specific secondary antibodies (1:400; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). The sections were then rinsed in PBS-T and mounted using Vectashield mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI) (H-1200, Vector Laboratories, Burlingame, CA, USA).



Two images of the region of the mid-peripheral retina, approximately 1 mm adjacent to the optic nerve on both sides, were obtained from each retinal section. RGC and amacrine cell damage were assessed by counting the NeuN-positive cells in the GCL and PV-positive cells in the INL, respectively. To assess the inflammatory response, the numbers of CD45- and Iba1-positive cells in the GCL and IPL of each retina were counted. The cell number was normalized to the total counting area of the GCL and IPL in each retinal section.




4.5. Statistical Analysis


All data are presented as the mean ± standard error (SE). An unpaired t-test and a Kruskal–Wallis test, followed by Dunn′s multiple comparison test, were used to compare values between the two groups and among more than two groups, respectively (Prism 6, GraphPad, San Diego, CA, USA). A P value of less than 0.05 was considered to indicate a statistically significant difference.
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Figure 1. Metformin attenuates NMDA-induced cell loss in the ganglion cell layer (GCL). The number of cells in the GCL and thickness of the inner plexiform layer (IPL) were measured seven days after intravitreal injection. (A): Saline (a); metformin (20 nmol) (b). Scale bar, 30 µm. (B): Saline (a); NMDA (200 nmol) + vehicle (b); NMDA (200 nmol) + metformin (1 nmol) (c); NMDA (200 nmol) + metformin (10 nmol) (d); NMDA (200 nmol) + metformin (20 nmol) (e). Scale bar, 30 µm. (C): Bar graph showing the number of cells in the GCL and thickness of the IPL. n = 8–15. *** p < 0.001; Kruskal–Wallis test. 
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Figure 2. Metformin protects against NMDA-induced loss of NeuN-positive cells. The number of NeuN-positive cells in the ganglion cell layer (GCL) was counted one day after intravitreal injection of NMDA. (A): Saline + vehicle (a); saline + metformin (b); NMDA + vehicle (c); NMDA + metformin (d). The doses of NMDA and metformin were 200 nmol/eye and 20 nmol/eye, respectively. Scale bar, 50 µm. (B): Bar graph showing the number of NeuN-positive cells per millimeter in the GCL of each retina. n = 5–6. ** p < 0.01; ns: no significance; Kruskal–Wallis test. 
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Figure 3. Metformin protects against NMDA-induced loss of parvalbumin (PV)-positive cells. The number of PV-positive cells in the inner nuclear layer (INL) was counted one day after intravitreal injection of NMDA. (A): Saline + vehicle (a); saline + metformin (b); NMDA + vehicle (c); NMDA + metformin (d). The doses of NMDA and metformin were 200 nmol/eye and 20 nmol/eye, respectively. Scale bar, 50 µm. (B): Bar graph showing the number of PV-positive cells per millimeter in the INL of each retina. n = 5–6. * p < 0.05; ns: no significance; Kruskal–Wallis test. 
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Figure 4. The AMPK inhibitor, compound C, attenuates the protective effects of metformin against NMDA-induced cell loss in the ganglion cell layer (GCL). The number of cells in the GCL and thickness of the inner plexiform layer (IPL) were measured seven days after intravitreal injection. (A): Vehicle (DMSO, (a); NMDA + vehicle (b); NMDA + metformin (c); NMDA + metformin + compound C (d). The doses of NMDA, metformin, and compound C were 200 nmol/eye, 20 nmol/eye, and 10 nmol/eye, respectively. Scale bar, 30 µm. (B): Bar graph showing the number of cells in the GCL and thickness of the IPL. n = 6. ** p < 0.01; Kruskal–Wallis test. 
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Figure 5. The AMPK activator, AICAR, attenuates NMDA-induced cell loss in the ganglion cell layer (GCL). The number of cells in the GCL and thickness of the inner plexiform layer (IPL) were measured seven days after intravitreal injection. (A): Saline (a); NMDA (200 nmol) + vehicle (b); NMDA (200 nmol) + AICAR (20 nmol) (c); NMDA (200 nmol) + AICAR (50 nmol) (d). Scale bar, 30 µm. (B): Bar graph showing the number of cells in the GCL and thickness of the IPL. n = 5–6. ** p < 0.01; Kruskal–Wallis test. 






Figure 5. The AMPK activator, AICAR, attenuates NMDA-induced cell loss in the ganglion cell layer (GCL). The number of cells in the GCL and thickness of the inner plexiform layer (IPL) were measured seven days after intravitreal injection. (A): Saline (a); NMDA (200 nmol) + vehicle (b); NMDA (200 nmol) + AICAR (20 nmol) (c); NMDA (200 nmol) + AICAR (50 nmol) (d). Scale bar, 30 µm. (B): Bar graph showing the number of cells in the GCL and thickness of the IPL. n = 5–6. ** p < 0.01; Kruskal–Wallis test.



[image: Ijms 22 04439 g005]







[image: Ijms 22 04439 g006 550] 





Figure 6. The role of the MEK/ERK signaling pathway in the protective effects of metformin against NMDA-induced cell loss in the ganglion cell layer (GCL). The number of cells in the GCL and thickness of the inner plexiform layer (IPL) were measured seven days after intravitreal injection. (A): Vehicle (DMSO, (a); NMDA + vehicle (b); NMDA + U0126 (c); NMDA + metformin (d); NMDA + metformin + U0126 (e). The doses of NMDA, metformin, and U0126 were 200, 20, and 1 nmol/eye, respectively. Scale bar, 30 µm. (B): Bar graph showing the number of cells in the GCL and thickness of the IPL. n = 5–10. ** p < 0.01; ns: no significance; Kruskal–Wallis test. 
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Figure 7. Metformin prevents leukocyte infiltration and microglia activation in the retinas of NMDA-injected eyes. The numbers of CD45-positive cells and Iba1-positive cells were counted one day after intravitreal injection of NMDA. (A): Saline + vehicle (a,a’,a”); saline + metformin (b,b’,b”); NMDA + vehicle (c,c’,c”); NMDA + metformin (d,d’,d”). The doses of NMDA and metformin were 200 and 20 nmol/eye, respectively. Arrowheads indicate CD45- and Iba1-double-positive cells. Blue nuclei: 4′,6-diamidino-2-phenylindole (DAPI). Scale bar, 50 µm. (B): Bar graphs showing the number of CD45-positive cells and Iba1-positive cells present in the ganglion cell layer (GCL) and inner plexiform layer (IPL) of each retina. n = 5–6. ** p < 0.01; ns: no significance; Kruskal–Wallis test. 
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Figure 8. A proposed mechanistic model for the protective effects of metformin in the injured retina. In NMDA-induced neuronal cell death, an increase in the intracellular Ca2+ concentration is the key initial step; however, inflammatory responses are also involved. Metformin suppresses the inflammatory responses associated with neuronal cell damage. In addition, metformin may strengthen the endogenous neuroprotective system involving the MEK/ERK signaling pathway. 
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