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Sirtuins are a class of histone deacetylases (HDACs) that have been shown to regulate a range of pathophysiological processes such as cellular aging, inflammation, metabolism, and cell proliferation. There are seven mammalian Sirtuins (SIRT1-7) that play important roles in stress response, aging, and neurodegenerative diseases. However, the location and function of Sirtuins in neurons are not well defined. This study assessed the retinal expression of Sirtuins in mice, rats, and humans and measured the expression of Sirtuins in aged and injured retinas. Expression of all 7 Sirtuins was confirmed by Western blot and Real-Time PCR analysis in all three species. SIRT1 is highly expressed in mouse, rat, and human retinas, whereas SIRT2-7 expression was relatively lower in human retinas. Immunofluorescence was also used to examine the expression and localization of Sirtuins in rat retinal neurons. Importantly, we demonstrate a marked reduction of SIRT1 expression in aged retinal neurons as well as retinas injured by acute ischemia-reperfusion. On the other hand, none of the other Sirtuins exhibit any significant age-related changes in expression except for SIRT5, which was significantly higher in the retinas of adults compared to both young and aged rats. Our work presents the first composite analysis of Sirtuins in the retinal neurons of mice, rats, and humans, and suggests that increasing the expression and activity of SIRT1 may be beneficial for the treatment of glaucoma and other age-related eye dysfunction.
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INTRODUCTION

The Sirtuins (SIRT) are an NAD+ dependent class III HDACs that share extensive homology with the yeast HDAC Silent Information Regulator 2 (Sir2) (Satoh et al., 2011). SIRT/Sir2 activity is crucial for lifespan extension by responding to metabolic and other environmental stresses. In mammals, seven Sir2 homologues (SIRT1-7) have been identified. They demonstrate primarily histone deacetylase (SIRT1, SIRT2, SIRT3, and SIRT5) or monoribosyltransferase activity (SIRT4 and SIRT6), which target histone and various non-histone proteins in distinct subcellular locations. SIRT1, SIRT6, and SIRT7 are predominantly in the nucleus (SIRT1 also has important cytoplasm functions). A SIRT1 fragment is present in the euchromatin, SIRT6 is present in the heterochromatin, and SIRT7 exists in the nucleolus, whereas SIRT2 is predominantly located in the cytoplasm and SIRT3, SIRT4, and SIRT5 are mitochondrial Sirtuins (Braidy et al., 2015).

The Sirtuins are involved in cell and tissue metabolism, making the study of Sirtuin expression in the retina important given that the retina is one of highest energy-consuming tissues in the body (Niven and Laughlin, 2008; Peng et al., 2010; Mimura et al., 2013). SIRT1 has been the best characterized of the seven mammalian Sirtuins (Morris, 2013). Recent studies have indicated that SIRT1 is involved in ocular aging, retinal neuron degeneration, and neuroprotection (Peng et al., 2010; Mimura et al., 2013). The retina generates ROS upon exposure to light (Sasaki et al., 2012), and Sirtuins may contribute to neuroprotection in the retina by regulating ROS. Higher expression of SIRT1 protects against diseases related to oxidative stress-induced ocular damage, such as cataracts (Zheng and Lu, 2011), age-related macular degeneration (Ozawa et al., 2010), and optic nerve degeneration in glaucoma patients (Mimura et al., 2013). Increased SIRT1 expression can be induced by neurotrophic factor signaling to protect retinal neurons and visual function (Zeng and Yang, 2015). Moreover, SIRT1 activators provide an important potential treatment to prevent permanent neurological dysfunction in optic neuritis and multiple sclerosis patients (Shindler et al., 2007). SIRT1 is also important in forestalling the effects of hypoxia-induced apoptosis in retinal ganglion cells (GCL) (Balaiya et al., 2012). SIRT3 may be a potential drug target candidate for eye diseases induced by retinal neovascularization (Mao et al., 2017). SIRT6 plays an important role in maintaining normal retinal function, likely by controlling histone acetylation levels and thereby regulating cellular metabolism and apoptosis (Silberman et al., 2014). In addition, SIRT6 has been implicated in retinal aging, and its deficiency in mice results in increased levels of retinal cell apoptosis (Shindler et al., 2007; Kim et al., 2010).

Sirtuins are expressed throughout the brain (hypothalamus), ears, muscle, liver, kidney, vasculature, skin, lungs, and other locations in the body (Morris, 2013). SIRT1 is expressed throughout the retina, including the retinal GCL, inner layer retinal cells (INL), photoreceptor cells, and retinal pigment epithelial cells (RPE) (Jaliffa et al., 2009). Another study found SIRT1 to also be expressed in the cornea, lens, iris, and ciliary body, in addition to the retina (Mimura et al., 2013). Very little, however, is known about the anatomical distribution and function of the other Sirtuins in the retina and other ocular tissues. To bridge this gap in knowledge, we designed a comprehensive analysis of Sirtuins and their expression in the retinas of multiple species. In this study, we characterized the mRNA and protein expression patterns of all the Sirtuins in normal adult mouse, rat, and human retinas, and measured the alterations of Sirtuin levels in aging and injured retinas.

MATERIALS AND METHODS

Tissue Preparation

C57BL/6 male mice, 6–8 weeks of age; and Sprague-Dawley (SD) male rats, 2–3 months of age were obtained from Center of Laboratory Animal Science of Nanchang University. For aging study, the rats were used in the following age groups: young (2 months of age), adult (12 months of age), and old (20 months of age), which are roughly equivalent to human aged 20, 40, and 80 year old, respectively (Braidy et al., 2015). All procedures were approved by the Animal Care and Use Committees of Nanchang University Medical School and the ARVO statement for the Use of Animals in Ophthalmic and Vision Research. The animals were housed under standard conditions and were maintained in temperature-controlled rooms on a normal 12-h light/12-h dark cycle.

Six pairs of adult donor eyes (age range 30–50 years) were obtained from Red Cross Society of China Jiangxi Branch. All experiments involving human samples were approved by the Ethics Committee of Affiliated Eye Hospital of Nanchang University. All volunteer signed informed consent documents in written form in accordance with the principles of the Declaration of Helsinki. To obtain fresh eye tissues for RNA/protein and staining, we restricted the globes in the present study to those received less than 48 h postmortem. The previous medical and ocular histories of all donors were assessed to exclude donors with any eye disease. The retinas were processed as described below.

Retina Neuronal Injured Model

Sprague-Dawley rats, 2–3 months of age were used. Under anesthesia (chloral hydrate), transient, unilateral, retinal ischemia was produced in rat eyes. Briefly, the anterior chambers of both eyes were cannulated and the IOP in one eye was elevated above systolic blood pressure (∼110 mm Hg) for 60 min and the contralateral eye was cannulated and maintained at normal IOP (Liu et al., 2006). Rats were killed at 0, 1, 3, and 7 days after retina ischemia.

Real-Time PCR

Total RNA was extracted from each mouse, rat, and human retina using TRIZOL (Invitrogen) according to the manufacturer’s instructions. The concentration of isolated RNA was quantitated spectrophotometrically. Two hundred nanograms of total RNA from each sample was reverse transcribed into cDNA using the Quantscript RT Kit (TINGEN Biotech, Beijing, China). Specific primers for each gene (Table 1) were synthesized by TINGEN Biotech, Beijing, China. Real-time PCR was performed using the RealMasterMix (SYBR Green) kit (TINGEN Biotech, Beijing, China) with the following conditions: denature, 95°C, 20 s; annealing, 58°C, 20 s; and extension, 68°C, 30 s. All samples were tested in triplicate PCR reactions and the mean of the reactions was used for calculating the expression levels. All the data were collected from the linear range of each amplification. Expression levels were normalized to the average of tubulin mRNA levels from the same samples.

TABLE 1. Primers used in the study.
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Western Blot Analysis

Retinal tissues were dissected from the retinal pigment epithelium and choroids and lysed in the RIPA buffer containing PMSF (Solarbio, China). The lysates were centrifuged, and supernatants were collected and subjected to western blot analysis. Protein concentrations were measured using the Bradford assay (Beyotime Institute of Biotechnology) according to the manufacturer’s instructions. Sample proteins (30 μg) were separated by 7.5–15% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. The blots were blocked in 5% non-fat dry milk in Tris-buffered saline/Tween-20 and incubated with the appropriate primary antibodies (Table 2) followed by incubation with peroxidase-conjugated secondary antibodies (Cell Signaling). Finally, proteins on membranes were detected with enhanced chemiluminescence western blotting detection reagents (EMD Millipore).

TABLE 2. Primary antibodies used in the study.
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Immunohistochemistry

For immunohistochemical analysis, the animals were deeply anesthetized with chloral hydrate and then perfusion fixed through the left cardiac ventricle with ice-cold 4% paraformaldehyde (PFA) in 0.1 M phosphate saline buffer (PBS, pH7.4). After perfusion, eyes were enucleated and the anterior segments were removed. The posterior segments were fixed by immersion in 4% paraformaldehyde in 0.1 M phosphate buffer saline for 2 h. After washing in PBS, the tissues were transferred to 70% ethanol overnight, then dehydrated and embedded in paraffin. The 5-μm-thick paraffin tissue sections were dewaxed and then rehydrated. Endogenous peroxidase activity was blocked by placing the sections in 3% H2O2 in methanol for 30 min. For antigen retrieval, the sections were heated in 10mM sodium citrate buffer (pH 6.0) at a sub-boiling temperature for 10 min followed by cooling 30 min. Then the tissue sections were incubated with specific primary antibodies (Table 2) diluted in 5% bovine serum albumin (BSA) in PBS for overnight at 4°C. The sections incubated with PBS without primary antibody were used as negative controls. After several wash steps, the tissue sections were incubated with the secondary antibody, Alexa Fluor 594 donkey anti-rabbit IgG (H+L) for 1 h at room temperature. The sections were counterstained with DAPI (Vector Laboratories, Inc., Burlingame, CA, United States) and coverslipped. The staining was repeated three or more times for each antibody and the results were consistent.

Data Analysis

All quantified data represented an average of at least three samples. SPSS 16.0 and Graph Pad Prism 5.0 software (Image J) were used for statistical analysis. All data are expressed as mean ± SD. Significance was established by paired t-test or Chi square test as appropriate. P < 0.05 was considered significant.

RESULTS

Sirtuin Protein and mRNA Expression Levels in Normal Mouse, Rat, and Human Retinas

We firstly analyzed the mRNA levels of Sirtuins in mouse, rat, and human retinas by real-time PCR (Figure 1). The Sirtuins’ mRNA levels were different in each species. The mRNA level of SIRT1 was the highest in rat and human retinas, while SIRT2 was the highest in mouse retina. The mRNA level of SIRT7 was the lowest in rat and human retinas. SIRT3 mRNA was lowest in mouse retina. The mRNA levels of SIRT5, SIRT7, SIRT4, SIRT1, and SIRT6 were found in descending order in the mouse retina. Our results show that SIRT2, SIRT5, and SIRT7 were expressed primarily in mouse retina. Differences in the mRNA levels of SIRT2, SIRT3, and SIRT5 were not obvious in rat retina, while SIRT1, SIRT4, and SIRT6 were expressed at higher levels. The mRNA level of SIRT2 was almost as low as SIRT7 in human retina, while the mRNA levels of SIRT3, SIRT6, SIRT5, and SIRT4 descended in that order. We also discovered that SIRT1, SIRT3, and SIRT6 were primarily expressed in mouse retina (Figures 1A–D). Importantly, we confirmed that all seven Sirtuins were expressed in the retinas of all three species, and the high level of Sirtuin mRNA expression in the retina is consistent with the retina being one of the highest energy-consuming tissues in the body (Niven and Laughlin, 2008; Ban et al., 2013).
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FIGURE 1. Expression of Sirtuin (SIRT1-7) genes in adult mouse, rat, and human retinal neurons. Histograms showing the SIRT1-7 mRNA levels in the retinas of mice (A), rats (B), and humans (C) as determined by qRT-PCR. The y-axis shows the Sirtuin expression levels relative to the SIRT1 gene. Data shown are based on the linear conversion of delta CT values for each sample (n = 5); error bars denote SEM. Statistical comparisons between the retinal expression levels of the different Sirtuins in each species are presented as a table (D).



The protein expression levels of Sirt1 and Sirt2 were highest in the retina of rats, while their levels were lowest in human retina (Figures 2A,B). Sirt3 protein was detected in mouse retina, and was observed at a low level in rat retina (Figure 2C). Expression of Sirt4 and Sirt5 in human retina was not obvious whereas their expression was more visible in mouse retina than in rat (Figures 2D,E). Sirt6 and Sirt7 were expressed in mouse, rat, and human retina, and were lowest in human retina (Figures 2F,G). Our results demonstrate that the protein levels of the Sirtuins in mouse retinas descend in the following order: SIRT3, SIRT1, SIRT5, SIRT4, SIRT7, SIRT2, and SIRT6 (Figure 2H). The protein levels of the Sirtuins in rat retinas descend in the following order: SIRT4, SIRT1, SIRT2, SIRT5, SIRT7, SIRT6, and SIRT3. Finally, the protein levels of the Sirtuins in human retinas descend in the following order: SIRT3, SIRT4, SIRT1, SIRT2, SIRT7, SIRT5, and SIRT6 (Figure 2H). Remarkably, we found the protein levels of the Sirtuins, including that of SIRT1 and SIRT3, but especially SIRT5 and SIRT6, in human retina did not correspond to their respective mRNA levels (Figure 3).


[image: image]

FIGURE 2. Sirtuin (SIRT1-7) protein levels in mouse, rat, and human retinal neurons. Representative western blots showing the protein levels for SIRT1 (A), SIRT2 (B), SIRT3 (C), SIRT4 (D), SIRT5 (E), SIRT6 (F), and SIRT7 (G) in the retinas of each species. The histograms in each panel show the densitometric mean and SEM normalized to the corresponding level of the loading control protein β-Tubulin (n = 4 independent subjects). Statistical comparisons between the expression levels of the different Sirtuin proteins in the retinas of adult mouse, rat, and human are presented as a table (H).




[image: image]

FIGURE 3. Relative Sirtuin protein to mRNA ratios in mouse, rat, and human retinal neurons. The ratios of protein levels from western blot to mRNA levels from Real-Time PCR are denoted on the Y-axis for each Sirtuin family member (X-axis) in the retinas of mice (A), rats (B), and humans (C). Supplemental data about PCR and protein/mRNA are displayed (D).



Expression and Cellular Localization of Sirtuins in Normal Mouse, Rat and Human Retinas

Since all Sirtuins were expressed in rat retina, we selected normal adult rat retina for immunofluorescence detection. We observed that SIRT1, SIRT 6, SIRT7 were localized in the nucleus, SIRT2 was predominantly in the cytoplasm, SIRT3, SIRT4, SIRT5 were localized in the mitochondria (Figure 4). SIRT1 expressed in the GCL layer, inner nuclear layer, outer nuclear layer and retinal pigment epithelium. SIRT2 mainly expressed in the GCL layer, outer plexiform layer and retinal pigment epithelium. Meanwhile, SIRT3 mainly expressed in the inner plexiform layer, outer plexiform layer and retinal pigment epithelium, but was less expressed in the GCL layer. SIRT4 mainly expressed in the GCL layer and inner nuclear layer in the form of threadiness. SIRT5, SIRT6 and SIRT7 mainly expressed in the GCL layer, inner plexiform layer and retinal pigment epithelium. From the overall analysis, all Sirtuins except SIRT3 were expressed in the GCL layer, while all Sirtuins except Sirt4 were expressed in the retinal pigment epithelium.


[image: image]

FIGURE 4. Immunolocalization of Sirtuin proteins in retinal cross-sections of rat. Retinal cross sections prepared from rat eyes were immunostained with Sirtuin antibodies. The results are displayed as negative control (without primary antibody), SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6, and SIRT7 in adult rat retinas. All photographs were taken at 40× magnification. Con, control; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.



Decreased Sirt1 Levels in Aging Retinas and Injured Retinas

Prior studies have suggested that SIRT1 is involved in retinal neuron degeneration during aging (Zeng and Yang, 2015) and retinal injury (Alcendor et al., 2007; Mortuza et al., 2015). We therefore analyzed SIRT1 expression in rat retinas at different ages as well as before and after retinal injury. Compared to young and adult retinas, the aged (old) retinas exhibited lower SIRT1 protein levels (Figure 5A). SIRT1 protein levels also decreased in the retinas following acute retinal ischemic injury (Figure 5B). On the other hand, SIRT3-5 (mitochondrial associated Sirtuins) were all expressed at the highest level in adults but were not significantly lower in old rats (Figures 6B–D), while the expression levels of SIRT2, SIRT6, and SIRT7 did not significantly change with age (Figures 6A,E,F).
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FIGURE 5. Protein levels of SIRT1 in aging and injured rat retinas. Representative Western blot showing SIRT1 protein levels in aged (old) retinas compared to young and adult retinas (A). SIRT1 protein levels in rat retinas following transient retinal ischemia-reperfusion injury (B). Densitometry analysis of SIRT1 in aged and injured retinas and normalized to β-tubulin is shown below the representative blots (∗P < 0.05, n = 4).
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FIGURE 6. SIRT2-7 protein levels in aging rat retinal neurons. Representative western blots showing the protein levels for SIRT2 (A), SIRT3 (B), SIRT4 (C), SIRT5 (D), SIRT6 (E) and SIRT7 (F) in the retinas of young, adult, and old rats. The histograms in each panel show the densitometric mean and SEM normalized to the corresponding level of the loading control protein β-Tubulin (∗P < 0.05, n = 4 independent subjects).



DISCUSSION

To date, the significance of Sirtuin expression in the retina is unknown. To establish a basis for studying the pleiotropic functions of the Sirtuins in the retina, we analyzed the expression pattern and location of the Sirtuins (SIRT1-7) in the aging retinas of different species at the mRNA and protein level. Our results demonstrated that all members of the Sirtuin family are detected in the retinal neurons of mouse, rat, and human, which is in agreement with previous observations that, in the mice retina, certain cells express SIRT1 (Geng et al., 2016). Moreover, our study shows that SIRT1 expression is decreased in aged retinas as well as ischemia-reperfusion injured retinas.

In the present study, we demonstrated that certain Sirtuins are abundantly expressed in the retinas of mouse, rat, and human, and there are some similarities in the expression patterns of Sirtuins among different species. However, there is also considerable variability in the localization and distribution between Sirtuin family members. We found that the mRNA and protein content of SIRT1, which is the earliest discovered and most studied member of the Sirtuin family, is abundant in mouse, rat and human retinas. In previous studies, SIRT1 (Zeng and Yang, 2015) and SIRT6 (Silberman et al., 2014) could both protect normal retinal function, likely by controlling histone acetylation levels and thereby regulating cellular metabolism and apoptosis, but the exact mechanisms remain unknown.

Interestingly, SIRT3 protein was not only detected in mouse, rat, and human retinas, but was highly expressed in human retinas with different antibodies. Overexpression of SIRT3 increases mitochondrial respiration and reduces reactive oxygen species (ROS) production, which may explain its high expression in human retina in order to protect the organ from oxidative stress-induced injury (Shulyakova et al., 2014). Notable discordance between the mRNA and protein expression patterns was also observed for SIRT1, SIRT3, SIRT5, and SIRT6 in human retinas. This suggests that post-transcriptional mechanisms contribute to the regulation of protein expression of Sirtuins, possibly via RNA-binding proteins (RBPs) or non-coding small RNAs (Sidorova-Darmos et al., 2014). Interestingly, the Sirtuin expression levels we observed in this study in rat retinas, in which Sirt1 had very high expression and others had abundant and well-proportioned expression, were significantly different from the patterns observed in rat brain, where SIRT2, SIRT3, and SIRT5 are abundant but others showed lower levels (Sidorova-Darmos et al., 2014). Further investigation of specific Sirtuin family members, their unique expression patterns, and regulatory mechanisms during development, injury, survival, and rejuvenation will be valuable for the retina as well as other tissues.

In the retinas of mice, rats, and humans, SIRT1 can be observed in the GCL, INL, ONL and RPE, whereas other studies have reported that SIRT1 is only expressed in the GCL, INL, and RPE of rat retinas (Kim et al., 2013) or in the GCL, INL, and ONL of mouse retinas (Jaliffa et al., 2009). In general, SIRT1 was expressed in retinal tertiary neurons, which are in close contact with retinal neurons and serve a protective function. Given our finding that retinal SIRT1 is decreased by aging and injury and the previous finding that SIRT1 can protect against optic nerve degeneration in glaucoma patients (Mimura et al., 2013), it is possible that SIRT1-activating drugs such as resveratrol may prevent or treat traumatic optic nerve injury as well as various optic neuropathies that involve oxidative stress (Zuo et al., 2013). Moreover, our study provides evidence for SIRT1 activators in the treatment of glaucoma.

We found that SIRT3 is mainly in the GCL, IPL, OPL, and RPE of rat retinas. Previous reports have demonstrated that SIRT3 is present in the mitochondrial matrix and can regulate mitochondrial function (Someya et al., 2010). Further investigation may be necessary to delineate the differences in SIRT3 distribution between human and mouse retinas, and whether SIRT3 may offer direct protection for the GCLs. SIRT4, another mitochondrial protein that regulates energy metabolism (Ho et al., 2013), is primarily expressed in the GCL, INL, and ONL in a thread-like pattern that may be closely associated with astrocyte cytoplasm. One prior study showed that Sirt4 is highly expressed in astrocytes in the postnatal brain and in radial glia during embryogenesis (Komlos et al., 2013), where activation of SIRT4 may reflect a regulatory function in retinal gangling cells through activating/restraining astrocytes. We also found that SIRT6 was expressed in the GCL, IPL, and RPE in rat retinas. Interestingly, recent studies have uncovered novel physiological functions of SIRT6, including acting as a mono-ADP-ribosyltransferase for PARP1 under oxidative stress and stimulating PARP1 function to support DNA repair (Mao et al., 2011). Considering the protective effects of SIRT6 to retina function (Silberman et al., 2014) and retinal aging (Shindler et al., 2007; Kim et al., 2010), further investigation of the post-transcriptional regulation of Sirt6 expression and its role in retinal disease is needed. In the pathogenesis of glaucoma, RGC apoptosis occurs. As all Sirtuins are expressed in the GCL, we hypothesize that dysfunction of Sirtuins may be closely related to the pathogenesis of glaucoma, and that Sirtuins might become a new target for glaucoma treatment.

Previous studies have shown that SIRT1 plays a crucial role in age-related retinal degeneration (Ozawa et al., 2010; Pennington and DeAngelis, 2016). Its activity has been studied in various animal models of neurodegenerative diseases, including Huntington’s disease (Jeong et al., 2012), Alzheimer’s disease (Kim et al., 2007), and retinal ischemic injury (Duan, 2013). In the present study, we examined the expression of SIRT1 in aged and injured retinas and detected decreased SIRT1 expression in retinal neurons following aging and ischemic retina injury. Aging is a known risk factor for many neurodegenerative diseases including Alzheimer’s disease, Parkinson’s disease (Wu et al., 2011), Huntington’s disease, and glaucoma. Studies have demonstrated that SIRT1 is responsible for the protective effects of resveratrol, a SIRT1 activator, against neurodegeneration and aging (Peng et al., 2010). We provide observational support for a role for SIRT1 in the protection of retinal neurons from aging and ischemic injury. Further investigation is needed to confirm that boosting SIRT1 expression and activity will offer protection against retinal neurodegeneration. Interestingly, we observed two SIRT1 bands in young rat retinas but not adult or aged retinas, which may be due to the presence of a second isoform (splicing or post-translational cleavage) or to post-translational modifications (phosphorylation, ubiquitin, etc). According to Uniprot there are two known isoforms for human and mouse SIRT1, so it is possible there are two isoforms in rats as well. Moreover, SIRT1 is known to be highly regulated by post-translational modifications including phosphorylation, methylation, and S-nitrosocysteine, and therefore PTMs could also be responsible for the two SIRT1 bands seen in young adults. It is interesting to speculate why the lower SIRT1 band is only present in young rat retinas, which also have the highest overall SIRT1 protein levels, as it may represent a more active form of SIRT1 that provides additional protection to the developing retinal neurons.

Interestingly, although SIRT1 decreased with age while SIRT2, SIRT6, and SIRT7 did not change significantly during aging in the rat retina, the mitochondrial Sirtuins (SIRT3, SIRT4, and SIRT5) were expressed maximally in adult retinas. This might be due to an increased demand for the antioxidant activities of the mitochondrial Sirtuins during adulthood in the retina, perhaps because of an enhanced reliance on mitochondrial oxidative phosphorylation at this life stage. The subsequent drop in expression of the mitochondrial Sirtuins in old rat retinas could also be partly responsible for age-related retinal dysfunction, and future studies should look to increase their expression in old rat retinas along with SIRT1 to determine which will have the most beneficial effects for delaying retinal neuronal functional decline.

To date, calorie restriction (CR) is the most well-known and accepted effective means to extend the lifespan without genetic or pharmacological intervention. The expression of all Sirtuins except SIRT4 increase as an effect of CR (Wątroba and Szukiewicz, 2016). SIRT6 has been found to play a role in the regulation of mammalian aging in mice (Grabowska et al., 2017). SIRT7 translocates from nucleoli to chromatin and the cytoplasm during replicative senescence (Grob et al., 2009). SIRT3 has also been studied extensively because it is the only mitochondrial Sirtuin that has been linked to longevity (Rose et al., 2003) One study has shown that SIRT3 is reduced in aging mouse haematopoietic stem cells (mHSCs), and SIRT3 overexpression in aged mHSCs enhanced their regenerative ability (Brown et al., 2013). However, few studies have compared the expression levels of Sirtuins among young, adult, and old animal tissues as in the current study. Investigation of Sirtuins expression in other animal tissues during development and aging may further shed light on their role in the aging process and provide avenues for therapeutic interventions for additional aging-related diseases.

CONCLUSION

Our study has provided foundational knowledge about Sirtuins in the retinal neurons of humans, mice, and rats, which will be helpful for future investigations on retinal metabolism and Sirtuin regulation. The present study also provides information on specific Sirtuin family members that may be targeted pharmacologically to combat diseases of retinal neurons. Future studies on Sirtuins should examine their precise protective roles in retinal neurodegeneration and the mechanisms by which they mediate such protection to inform development of treatments for age-related retinal decline.
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