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Abstract: The role of epigenetic alterations in the pathogenesis of age-related macular
degeneration (AMD) has been pending so far. Our study investigated the effect of oxidative stress
and inflammation on DNA methyltransferases (DNMTs) and Sirtuin 1 (SIRT1) functions, as well as
on long interspersed nuclear element-1 (LINE-1) methylation, in human retinal pigment epithelial
(ARPE-19) cells. Therefore, we evaluated whether treatment with resveratrol may restore changes in
LINE-1 methylation by modulating DNMTs and SIRT1 functions. Cells were treated with 25 mU/ml
glucose oxidase (GOx) or 10 µg/ml lipopolysaccharide (LPS) to mimic oxidative or inflammatory
conditions, respectively. Oxidative stress decreased DNMT1, DNMT3a, DNMT3b and SIRT1
expression (p-values <0.05), as well as total DNMTs (-28.5%; p<0.0001) and SIRT1 (-29.0%;p<0.0001)
activities. Similarly, inflammatory condition decreased DNMT1 and SIRT1 expression (pvalues<0.05), as well as total DNMTs (-14.9%;p=0.007) and SIRT1 (-20.1%;p<0.002) activities.
Interestingly, GOx- and LPS-treated cells exhibited lower LINE-1 methylation compared to controls
(p-values<0.0001). We also demonstrated that treatment with 10 µM resveratrol for 24 hours
counteracted the detrimental effect on LINE-1 methylation via increasing DNMTs and SIRT1
functions in cells upon oxidative and inflammatory conditions. However, further studies should
explore the perspectives of resveratrol as a suitable strategy for the prevention and/or treatment of
AMD.
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1. Introduction
Age-related macular degeneration (AMD) is the most common cause of blindness in developed
countries, with a prevalence that ranges from 2% to 20% among elderly people [1]. Overall, the
pathological process of AMD leads to the progressive destruction of the neurosensory macular area,
involving retinal pigment epithelium (RPE), Bruch’s membrane and choroid [2]. While the early
stages of AMD are characterized by the aberrant pigmentation of the RPE and the accumulation of
extracellular deposits of lipid, cellular debris, and proteins (i.e. “drusen”), the advanced stages may
manifest as non-exudative or exudative AMD: the first is characterized by the geographic atrophy of
RPE and thinning of the retina; the second is characterized by the development of choroidal
neovascularization (CNV) which negatively affects central vision [3,4]. AMD is one of the most
investigated multifactorial diseases since several socio-demographic (age and race) [5],
environmental (cigarette smoking, light exposure and nutrient intake) [6-10] and genetic risk factors

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2018

doi:10.20944/preprints201805.0398.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 2118; doi:10.3390/ijms19072118

[11-14] can act together leading to a chronic condition of inflammation and oxidative stress [15].
Moreover, a typical gene–environment interaction has been also proposed [16], with retinal cells
showing altered gene expression in response to exogenous and endogenous exposures [17]. Given
this scenario, epigenetic mechanisms, especially DNA methylation and histone modifications, might
modulate the interaction between genetic factors and environmental exposures [18], affecting both
gene expression and genome stability [19,20]. However, the significance of epigenetic alterations in
the pathogenesis of AMD has been pending so far.
The methylation process is carried out by DNA methyltransferases (DNMTs), out of which only
DNMT1, DNMT3A and DNMT3B are catalytically active [21]. In mammals, the methylation process
almost occurs at short DNA sequences (i.e. CpG islands) which typically contain around 5-10 CpGs
per 100 bp. Up to 80% of CpG islands is localized in non-coding regions scattered throughout the
genome (e.g. satellite repeat, short interspersed nuclear element, and long interspersed nuclear
element-1 - LINE-1) that mainly contribute to the global methylation status [21]. LINE-1 sequences,
accounting for ≈18% of human genome, are widely used as a surrogate marker of global methylation
in aging and age-related disease [22-25].
Sirtuin 1 (SIRT1), one of the seven mammalian homologs (SIRT1–SIRT7) of yeast silent
information regulator 2, is a NAD+-dependent histone deacetylase with multiple roles in aging,
apoptosis, DNA repair, inflammation, and oxidative stress [26]. Although DNA methylation and
histone deacetylation are distinct biochemical processes that control gene expression, SIRT1 regulates
the activities of DNMT1, the enzyme responsible for maintenance of DNA methylation [27].
Resveratrol (2,3,4′-trihydroxystilbene), a flavonoid associated with the cardiovascular benefits
of red grapes and wine, has been shown to significantly increase SIRT1 activity through allosteric
interaction, increasing SIRT1 affinity for both NAD+ and the acetylated substrate [28,29]. More
recently, due to its antioxidant, anti-inflammatory, and anti-angiogenic properties, resveratrol has
been also proposed as a candidate for the treatment of ocular diseases [30].
The present study investigated the effect of oxidative stress and inflammation on retinal DNMTs
and SIRT1 functions, as well as on LINE-1 methylation levels, in RPE cells. Therefore, we evaluated
whether treatment with resveratrol may restore changes in LINE-1 methylation by modulating
DNMTs and SIRT1 functions.
2. Results
2.1. Oxidative stress and inflammatory condition affect cell viability in ARPE-19 cells
Human retinal pigment epithelial (ARPE-19) cells were treated with glucose oxidase (GOx) to mimic
a condition of oxidative stress through the continuous production of H2O2, which leads to reactive
oxygen species (ROS) production and a cytotoxic effect of less than 50%. Consistently with a previous
study [31], compared to untreated cells, treatment with 25 mU/ml GOx for 24 hours reduced cell
viability by 35.8% (p=0.004) increasing ROS production by 50.1% (p<0.001).
Similarly, ARPE-19 cells were treated with lipopolysaccharide (LPS; type Escherichia coli, serotype
0127:B8) to mimic an inflammatory condition [32] which leads to a cytotoxic effect of less than 50%.
Consistently with a previous study [33], treatment with 10 µg/ml LPS for 24 hours reduced cell
viability by 24.2% (p=0.035). Interestingly, treatment with 10 µg/ml LPS for 24 hours significantly
increased ROS production by 32.6% than in untreated cells (p=0.004). According to these results,
treatments of ARPE-19 with 25 mU/ml GOx or 10 µg/ml LPS for 24 hours were applied for further
experiments.
2.2. Oxidative stress affects LINE-1 methylation by modulating DNMTs and SIRT1 functions
To determine whether oxidative stress may affect DNA methylation process, we firstly evaluated
DNMTs functions in ARPE-19 cells treated with 25mU/ml GOx for 24 hours. Compared to untreated
cells, GOx treatment decreased DNMT1, DNMT3a and DNMT3b expression levels (FC=0.63, FC=0.47
and FC=0.46, respectively; p-values <0.05). Accordingly, total DNMTs activity was reduced by 28.5%
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in GOx treated cells than in untreated ones (p<0.0001). Since DNMTs functions, especially DNMT1,
are regulated by SIRT1 [27], we hypothesised that GOx treatment might also affect SIRT1 expression
and activity. Interestingly, we demonstrated that GOx treatment decreased SIRT1 expression
(FC=0.53; p=0.002) and activity (-29.0%; p<0.0001) compared to untreated cells. To evaluate the effect
of these changes on global DNA methylation, we measured methylation levels of LINE-1, a surrogate
marker of global DNA methylation. In line with reduced DNMTs and SIRT1 functions, LINE-1
methylation levels were lower in GOx treated cells compared to untreated ones (69.6% ± 0.1 vs. 72.6%
± 0.1; p<0.0001).
2.3. Inflammatory condition affects LINE-1 methylation by modulating DNMTs and SIRT1
functions
To determine whether inflammatory condition may affect DNA methylation process, we firstly
evaluated DNMTs functions in ARPE-19 cells treated with 10 µg/ml LPS for 24 hours. Previous
studies reported that treatment with LPS of RPE cells increased the expression of proinflammatory
cytokines IL-6 and IL-8 [32,33]. Our study added to the current knowledge, demonstrating that LPS
treated cells exhibited lower DNMT1 expression level (FC= 0.50; p=0.004), while DNMT3A and
DNMT3B expression seemed to be unaffected. Consistently, treatment with LPS reduced total
DNMTs activity by 14.9 % (p=0.007). Compared to untreated cells, we also showed that LPS treatment
decreased both SIRT1 expression (FC=0.57; p=0.003) and activity (-20.1%; p=0.002). In line with these
results, treated cells exhibited lower LINE-1 methylation levels compared to untreated ones (69.7% ±
0.4 vs. 72.6% ± 0.1; p<0.0001).
2.4. Resveratrol ameliorates viability and ROS production in cells upon oxidative and
inflammatory conditions
We also aimed at demonstrating the antioxidant and anti-inflammatory effect of resveratrol against
GOx- and LPS-induced changes in ARPE-19 cells. Firstly, we determined viability of cells exposed to
various concentrations of resveratrol (1–10 µM) for 24 hours. In line with a previous study [34], we
showed that treatment with 1-10 µM resveratrol for 24 hours did not affect viability of ARPE-19 cells.
Similarly, resveratrol treatment (1-10 µM) of control cells did not induce changes in ROS production.
However, Figure 1 shows that treatment with 10 µM resveratrol for 24 hours was able to ameliorate
cell viability and to alleviate ROS production in ARPE-19 cells upon oxidative stress and
inflammatory conditions.

Figure 1. Cell viability and ROS production in ARPE-19 cells upon oxidative stress and inflammatory
conditions. (a) MTT assay showed that treatment with 25 mU/ml GOx or 10 µg/ml LPS for 24 hours
reduced cell viability by 35.8% (p=0.004) and 24.2% (p=0.035), respectively. (b) The determination of
ROS using DCFDA demonstrated higher ROS production in GOx- and LPS-treated cells compared to
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controls (50.1%, p<0.001; 32.6%,p=0.004; respectively). Resveratrol restores viability (a) and ROS
production (b) in cells upon oxidative and inflammatory conditions.

2.4. Resveratrol restores LINE-1 methylation via activating DNMTs and SIRT1 in cells upon
oxidative and inflammatory conditions
Finally, we evaluated whether resveratrol may restore changes in LINE-1 methylation via
modulating DNMTs and SIRT1 functions. We demonstrated that treatment with 10 µM resveratrol
for 24 hours restored both the expression and activity of DNMTs (Figure 2) and SIRT1 (Figure 3) in
ARPE-19 cells upon oxidative stress condition. Similarly, resveratrol increased DNMT1 expression
and total DNMTs activity (Figure 4), as well as SIRT1 expression and activity (Figure 5) in cells upon
inflammatory condition. In line with these results, resveratrol also counteracted the detrimental effect
on LINE-1 methylation in cells exposed to GOx and LPS.

Figure 2. DNMTs expression and activity in ARPE-19 cells upon oxidative stress. (a)(b)(c) Analysis of
gene expression showed that treatment with 25 mU/ml GOx for 24 hours downregulated DNMT1,
DNMT3A and DNMT3b expression levels (FC=0.63, FC=0.47 and FC=0.46, respectively; p-values
<0.05). (d) Analysis of total DNMTs enzymatic activity using a using colorimetric assay confirmed
that total DNMTs activity was reduced by 28.5% in GOx treated cells compared to controls (p<0.0001).
Treatment with 10 µM resveratrol for 24 hours restores DNMTs functions in cells upon oxidative.

Figure 3. SIRT1 expression and activity in ARPE-19 cells upon oxidative stress. (a) Analysis of gene
expression showed that treatment with 25 mU/ml GOx for 24 hours downregulated SIRT1 expression
level (FC=0.53; p=0.002). (d) Analysis of SIRT1 enzymatic activity using a using fluorimetric assay
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confirmed that total SIRT1 activity was reduced by 29.0% in GOx treated cells compared to controls
(p<0.0001). Treatment with 10 µM resveratrol for 24 hours restores SIRT1 functions in cells upon
oxidative stress.

Figure 4. DNMTs expression and activity in ARPE-19 cells upon inflammatory condition. (a) Analysis
of gene expression showed that treatment with 10 µg/ml LPS for 24 hours downregulated DNMT1
expression level (FC= 0.50; p=0.004), (b)(c) while DNMT3A and DNMT3B expression seemed to be
unaffected. (d) Analysis of total DNMTs enzymatic activity using a using colorimetric assay
confirmed that total DNMTs activity was reduced by 14.9 % in LPS treated cells compared to controls
(p=0.007). Treatment with 10 µM resveratrol for 24 hours restores DNMTs functions in cells upon
inflammatory condition.

Figure 5. SIRT1 expression and activity in ARPE-19 cells upon inflammatory condition. (a) Analysis
of gene expression showed that treatment with 10 µg/ml LPS for 24 hours downregulated SIRT1
expression level (FC=0.57; p=0.003).(d) Analysis of SIRT1 enzymatic activity using a using fluorimetric
assay confirmed that total SIRT1 activity was reduced by 20.1% in LPS treated cells compared to
controls (p=0.002). Treatment with 10 µM resveratrol for 24 hours restores SIRT1 functions in cells
upon inflammatory condition.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2018

doi:10.20944/preprints201805.0398.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 2118; doi:10.3390/ijms19072118

3. Discussion
The functional mechanisms during retinal aging are not clearly elucidated and the discovery of
both genetic and environmental risk factors begs the question as to whether there is an interaction in
the pathogenesis of AMD. In general, this hypothesis has been raised by genome-wide association
studies that have failed to explain the incomplete genetic heritability in complex diseases such as
AMD [35]. Although it is becoming evident that epigenetic mechanisms - including DNA methylation
and histone modification - might explain how interactions between genetics and the environment
result in particular phenotypes, the extent to which DNA methylation contributes to AMD is not
currently clarified. Evidence that methylation of repetitive elements changes over time points out
LINE-1 methylation as a surrogate marker of global methylation in aging and age-related disease [2225]. Efforts to understand the mechanisms underpinning the multifactorial nature of AMD have led
us to explore DNA methylation process in RPE cells upon oxidative and inflammatory conditions,
two of the major causes of retinal degeneration [36]. To our knowledge, the present work
demonstrated for the first time that oxidative stress and inflammatory conditions reduced LINE-1
methylation in RPE cells by modulating DNMTs and SIRT1 functions, some of the main enzymes
involved in epigenetic mechanisms. Particularly, decreased LINE-1 methylation leads to genomic
instability and plays a crucial role in the development of chronic degenerative disease. In patients
with AMD, the degeneration of RPE layer is a progressive process with severe consequences on visual
pigment regeneration, synthesis and remodeling of the interphotoreceptor matrix, transport of
nutrients, ions and waste products, absorption of light via the pigmentation, and adhesion to the
retina [2]. Interestingly, the effect of oxidative stress and inflammatory conditions on retinal LINE-1
methylation and DNMTs functions was similar, suggesting it as a convergence point during the
pathogenesis of AMD. However, while inflammatory condition seemed to affect only DNMT1
expression – the maintenance DNMT – oxidative stress also reduced mRNA levels of de novo DNMTs
(i.e. DNMT3a and DNMT3b), which in turn enable key epigenetic modifications for cellular
differentiation, transcriptional regulation, heterochromatin formation, X-inactivation, imprinting
and genome stability [37]. In support of the interplay between inflammation and oxidative stress, we
also observed that RPE cells treated with LPS to mimic an inflammatory condition with increased
expression of proinflammatory cytokines [32,33], also exhibited increased ROS production compared
to untreated cells. In fact, a chronic low-level inflammation status might be exacerbated over time by
the accumulation of oxidation products, which in turn cause tissue damage and impairment of central
vision [36].
Our study is not the only one investigating how oxidative stress and inflammation can influence
epigenetic mechanisms in AMD, though findings are partially inconclusive. Oxidative stress occurs
when ROS levels exceeds the detoxifying capacity of antioxidants or molecular chaperones [38]. A
previous study, comparing DNA methylation between AMD patients and age-matched controls,
revealed that glutathione S-transferase isoforms mu1 (GSTM1) and mu5 (GSTM5) undergo epigenetic
repression in AMD RPE/choroid via promoter hypermethylation, which in turn decreased mRNA
and protein levels [39]. These enzymes play an important role in the detoxification of electrophilic
compounds, including products of oxidative stress, by conjugation with glutathione; reduced activity
of GSTM1 and GSTM5 could affect protection from genome-damaging oxidants with increased
vulnerability to oxidative insults. Genome-wide differences in DNA methylation between three pairs
of twins (both monozygotic and dizygotic) with discordant AMD were assessed by Wei et al. [40].
Their results, further validated in discordant siblings for AMD as well as in an AMD case–control
cohort, reported a significantly decreased level of interleukin 17 receptor C (IL17RC) promoter
methylation in AMD patients, which in turn led to increased expression of its protein and mRNA in
peripheral blood and in the affected retina [40]. The IL17RC gene encodes for an essential subunit of
the IL-17 receptor complex that modulates activity of proinflammatory IL-17A and IL-17F. Although
these findings were not confirmed in a subsequent study [41], the putative epigenetic mechanism by
which proinflammatory stimuli could promote AMD pathology should be investigated.
Recently, several lines of evidence suggested that SIRT1, a NAD+-dependent histone
deacetylase, protects RPE cells against apoptosis and counteracts changes in RPE functions induced
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by oxidative stress and chronic inflammations. In fact, SIRT1 might be involved in the AMD
pathogenesis via modulating cell senescence, DNA damage repair and apoptosis [26]. Previous
studies demonstrated that SIRT1 expression significantly decreased with increasing age in retinal
stem cells, and that it was down-regulated in human AMD retina compared to non-AMD donors [42].
Consistently, we reported for the first time that RPE cells upon oxidative and inflammatory
conditions exhibited decreased SIRT1 expression and activity compared to untreated cells. Since
SIRT1 regulates the activities of DNMTs, especially DNMT1 [27], this result partially explains how
oxidative stress and inflammation might affect DNA methylation mechanism. Interestingly, SIRT1
also attenuated changes induced by Amyloid beta (Aβ), a known constituent of drusen which induces
chronic inflammation [43]. In fact, treatment with a SIRT1 agonist (i.e. SRT1720) restored Aβ-induced
upregulation of IL-6, IL-8, and matrix metalloproteinase-9 (MMP- 9); this inhibitory effect was
abolished in SIRT1 knockdown cells [43]. In addition, a mutual effect between SIRT1 and nuclear
factor-kappa B (NF-κB) has been established: if, on one hand, SIRT1 inhibits the activation of NF-κBmediated inflammatory pathway, on the other hand, NF-κB signaling and inflammatory response
can suppress SIRT1 activity [44]. Whilst it appears evident that SIRT1 is crucial for maintaining
integrity and function of RPE cells under oxidative stress and chronic inflammation, results about the
role of SIRT1 during neovascularization are controversial [45,46]. In fact, a previous study, observing
higher SIRT1 expression level in choroidal neovascularization (CNV) membranes than in healthy
donor eyes, demonstrated that SIRT1 inhibition with nicotinamide decreased the secretion of
proangiogenic factors, such as VEGF-A, platelet-derived growth factor BB and angiogenin in ARPE19 cells [47]. By contrast, others revealed that treatment with resveratrol, a natural SIRT1 activator,
restored VEGF secretion in RPE cells upon oxidative and inflammatory conditions [48]. Recent
literature reported the anti-aging effect of resveratrol in cutaneous, endothelial and corneal wound
healing [49-51]. In addition to antioxidant and anti-inflammatory properties, resveratrol stimulates
SIRT1 activity through allosteric interaction and increases SIRT1 affinity for both NAD+ and the
acetylated substrate [28,29]. This is consistent with another study indicating that resveratrol
downregulated VEGF expression and inhibited hypoxic-induced choroidal vascular endothelial cell
proliferation, via modulating the SIRT1 pathway [52]. However, there is also evidence that
resveratrol might inhibit angiogenesis both in vivo and in vitro by a SIRT1-independent pathway
[53]. The present study adds to the current knowledge, demonstrating that treatment with 10 µM
resveratrol for 24 hours not only ameliorated cell viability and ROS production in ARPE-19 cells upon
oxidative stress and inflammatory conditions, but also counteracted the detrimental effect on LINE1 methylation via increasing DNMTs and SIRT1 functions. However, further studies should be
performed to elucidate controversies regarding the role of SIRT1 in AMD pathogenesis in general,
and in CNV in particular. Moreover, it is worth investigating whether the protective effect of
resveratrol on RPE cells relies on SIRT1 activation rather than on its antioxidant and antiinflammatory properties.
4. Materials and Methods
4.1. Cell culture and treatments
ARPE-19, purchased from the American Type Culture Collection (Manassas, VA), were maintained
in Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% foetal bovine serum (Gibco
BRL), 100 U⁄ ml of penicillin and 100 µg⁄ml of streptomycin (Gibco BRL). Cells between 6-10 passages
were used in all experiments and incubated at 37 °C and 5% CO2. Medium was changed every 48
hours.
To mimic conditions of oxidative stress and inflammation, cells reaching 80%–90% of confluence
were starved in serum-free DMEM and treated with 25 mU/ml glucose oxidase (GOx) or 10 µg/ml
LPS (type Escherichia coli, serotype 0127:B8; Sigma Chemical) for 24 hours, respectively. The
concentrations of GOx and LPS were chosen according to previously published studies that used the
same cell line [31,33]. To investigate whether resveratrol might restore changes induced by treatment
with GOx and LPS, treated and untreated cells were also incubated with 10 µM resveratrol for 24
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hours. This concentration was chosen according to results of cell viability after incubation with
increasing concentrations (1–10 µM) of resveratrol for 24 hours.
4.2. Determination of cell viability
After treatment with GOx, LPS and resveratrol, alone or in combination, we evaluated cell viability
by using the Thiazolyl blue tetrazolium bromide (MTT) assay. Briefly, treated and untreated cells
were seeded at a density of 2.0×104 cells/well in a 96-well plate and incubated for 24 hours. Then,
cells were incubated with MTT (1.6 mg/ml) at 37 °C for 4 h. After removing the solution, cells were
re-suspended in 100 µl of dimethyl sulfoxide and optical density was read at 540 with an optional
reference wavelength of 670 nm. Cell viability was reported as percentage of control.
4.3. Determination of ROS
Intracellular ROS levels were determined using the Abcam cellular ROS detection assay kit according
to manufacturer’s instructions (Abcam plc, Cambridge, UK). Briefly, cells were seeded at a density
of 2.0×104 cells/well in a dark, clear bottom 96-well microplate. Cells were rinsed with 100 µL/well of
1X Buffer and stained by adding 100 µL/well of the redox-sensitive fluoroprobe 2’,7’ –
dichlorofluorescin diacetate (DCFDA) for 45 minutes at 37°C in the dark. After removing DCFDA,
100 µL/well of 1X Buffer were added and fluorescence was measured at Ex/Em=485/535 nm. ROS
production was reported as percentage of control.
4.4. Nuclear protein extraction
Nuclear proteins were extracted using the Nuclear Extraction Kit according to manufacturer’s
instructions (Abcam plc, Cambridge, UK). Briefly, cell pellet (2 × 106 cells) was obtained by
trypsinization and centrifugation of cells at 70-80% of confluence following standard protocols. Cell
pellet was re-suspended in 200 µL of pre-extraction buffer and incubated on ice for 10 minutes. After
centrifugation, nuclear pellet was re-suspended in 400 µL of extraction buffer and incubated on ice
for 15 minutes. Finally, the suspension was centrifuged for 10 minutes at 14,000 rpm at 4°C and the
supernatant was transferred into a new vial to measure the protein concentration of the nuclear
extract. Nuclear proteins quantification was performed by the Qubit fluorometer (Invitrogen) using
the Qubit Protein Assay Kit according to manufacturer’s instructions.
4.5. DNMTs activity quantification
Total DNMTs activity was quantified using the colorimetric DNMTs Activity Quantification Kit
(Abcam plc, Cambridge, UK) according to manufacturer’s instructions. Briefly, 7.5 ng of nuclear
extracts were diluted in 50 µl/well of reaction solution and incubated at 37°C for 120 min, including
blank and positive control. After removing the reaction solution, each well was rinsed with wash
buffer for three times, and 50 µl/well of the diluted capture antibody were added. The plate was
covered with aluminium foil and incubated at room temperature for 60 min. After removing the
capture antibody, each well was rinsed with wash buffer for three times, and 50 µl/well of the diluted
detection antibody were added. The plate was covered with aluminium foil and incubated at room
temperature for 30 min. After removing the detection antibody, each well was rinsed with wash
buffer for four times, and 50 µl/well of the enhancer solution were added. The plate was covered with
aluminium foil and incubated at room temperature for 30 min. After removing the enhancer solution,
each well was rinsed with wash buffer for five times, and 100 µl/well of the developer solution were
added. Finally, the plate was covered with aluminium foil and incubated at room temperature for 10
min, away from direct light. When the positive control turned to medium blue, 100 µl/well of stop
solution were added to stop the reaction. OD was read within 2-10 min at 450 nm with an optional
reference wavelength of 655 nm. DNMTs activity was reported as percentage of control.
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4.6. SIRT1 activity quantification
SIRT1 activity was quantified using a Sirt1 activity assay kit (Abcam plc, Cambridge, UK) according
to manufacturer’s instructions. The reaction mixture containing 30 µL ddH2O, 5 µL fluoro-substrate
peptide, 5 µL NAD, 5 µL developer, and 7.5 ng nuclear extract was mixed thoroughly, and the
fluorescence intensity was measured at Ex/Em= 350-450 nm for 30 to 60 minutes at 1-2 min interval.
SIRT1 activity was reported as percentage of control.
4.7. Quantitative real-time polymerase chain reaction (qPCR)
Total cellular RNA was extracted using Trizol® Reagent (Invitrogen, Carlsbad, CA, USA) and reverse
transcribed to single-stranded cDNA using the SuperScript III Reverse Transcriptase (Applied
Biossystems, Foster City, CA, USA) according to the manufacturer's protocols. mRNA levels were
determined by qPCR with TaqMan Gene Expression Assays (Life Technologies, Monza, Italy) using
the QuantStudio™ 7 Flex System (Applied Biossystems, Foster City, CA, USA). Specific primers were
used to detect DNMT1 (assay no. Hs00945875_m1), DNMT3a (Hs01027162_m1), DNMT3b
(Hs00171876_m1), and SIRT1 (Hs01009006_m1). Data were normalized to the values of GAPDH
expression (Hs02758991_g1). Relative RNA quantification was performed using the 2-ΔΔCT method
[54].
4.8. LINE-1 methylation analysis
DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen, Milan, Italy) and quantified
using the Qubit dsDNA High Sensitivity Assay Kit (Life Technologies, Monza, Italy) according to the
manufacturer's protocols. Methylation analysis of three CpG sites in the LINE-1 promoter (GeneBank
accession no. X58075) was performed by pyrosequencing of bisulfite-converted DNA using
PyroMark Q24 instrument (Qiagen, Milan, Italy), as previously reported [55,56]. Briefly, 20 µg of
DNA extracted from each sample were converted by bisulfite treatment using the Epitect Bisulfite kit
(Qiagen, Milan, Italy). Converted DNA was eluted in 20 µl of Elution buffer and stored at -80 C
until used. A reaction volume of 25 mL was amplified by polymerase chain reaction (PCR), using the
PyroMark PCR Kit (Qiagen, Milan, Italy), according to the manufacturer’s instructions. Briefly, each
reaction mixture contained 12.5 µl of PyroMark PCR Master Mix 2X, 2.5 µl of CoralLoad
Concentrate 10X, 2 µl of the forward primer (5’-TTTTGAGTTAGGTGTGGGATATA-3’) and the
reverse-biotinylated primer (5’-biotin-AAAATCAAAAAATTCCCTTTC-3’) (0.2 µM for each) and 1.5
µl of bisulfite-converted DNA. HotStart PCR cycling conditions were 1 cycle at 95°C for 15 min, 40
cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 30s, and a final extension at 72°C for 10 min. The
biotinylated PCR product was purified and made single stranded using the Pyrosequencing Vacuum
PrepTool (Biotage, Inc., Charlottesville, VA, USA). The biotinylated single-stranded product was
annealed to the pyrosequencing primer (5’ AGTTAGGTGTGGGATATAGT-3’) and then subjected to
sequencing using an automatically generated nucleotide dispensation order. The pyrogram was
analysed using allele quantification mode to determine the proportion of methylated and
unmethylated cytosines. LINE-1 methylation level was reported as the average of the three specific
CpG sites.
4.9. Statistical analysis
All experiments were performed in triplicate for three times. Results were reported as MD ± SE unless
otherwise indicated. Differences were assessed by one-way repeated measures analysis of variance
(ANOVA), or by unpaired student’s t-test for comparison of two groups. All the analyses were
conducted using GraphPad Version 6.0 with a significance level of 0.05.
5. Conclusions
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In conclusion, we demonstrated for the first time that oxidative stress and inflammatory conditions
negatively affect LINE-1 methylation in RPE cells via modulating DNMTs and SIRT1 functions.
However, treatment with resveratrol counteracts this detrimental effect on LINE-1 methylation, by
restoring the expression and activity of DNMTs and SIRT1. Further studies should be encouraged
to explore the perspectives of resveratrol as a suitable strategy for the prevention and/or treatment
of AMD.

Author Contributions: Conceptualization, AM, MM and AA; Methodology, AM and FG; Investigation, AM, FG,
MB.; Resources, MM and FG; Data Curation, AM and MB; Writing-Original Draft Preparation, AM, MB and AA;
Writing-Review & Editing, AM, MM, FG, GB, MB and AA; Supervision, AA and MM.
Funding: This research received no external funding.
Acknowledgments: In this section you can acknowledge any support given which is not covered by the author
contribution or funding sections. This may include administrative and technical support, or donations in kind
(e.g. materials used for experiments).
Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
AMD
Aβ
ARPE-19
CNV
DCFDA
DMEM
DNMTs
GOx
GSTM1
GSTM5
IL17RC
LINE-1
LPS
MTT
NF-κB
qPCR
ROS
RPE
SIRT1

References

Age-related macular degeneration
Amyloid beta
Human retinal pigment epithelial
Choroidal neovascularization
2’,7’ –dichlorofluorescin diacetate
Dulbecco's Modified Eagle's medium
DNA methyltransferases
Gluocose oxidase
Glutathione S-transferase isoforms mu1
Glutathione S-transferase isoforms mu5
Interleukin 17 receptor C
Long interspersed nuclear element-1
Lipopolysaccharide
Thiazolyl blue tetrazolium bromide
Nuclear factor-kappa B
Quantitative real-time polymerase chain reaction
Reactive oxygen species
Retinal pigment epithelium
Sirtuin 1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2018

doi:10.20944/preprints201805.0398.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 2118; doi:10.3390/ijms19072118

1. Rudnicka, A.R.; Jarrar, Z.; Wormald, R.; Cook, D.G.; Fletcher, A.; Owen, C.G. Age and gender
variations in age-related macular degeneration prevalence in populations of european ancestry: A
meta-analysis. Ophthalmology 2012, 119, 571-580.
2. Jager, R.D.; Mieler, W.F.; Miller, J.W. Age-related macular degeneration. N Engl J Med 2008, 358,
2606-2617.
3. Ding, X.; Patel, M.; Chan, C.C. Molecular pathology of age-related macular degeneration. Prog
Retin Eye Res 2009, 28, 1-18.
4. Ferris, F.L.; Davis, M.D.; Clemons, T.E.; Lee, L.Y.; Chew, E.Y.; Lindblad, A.S.; Milton, R.C.;
Bressler, S.B.; Klein, R.; Group, A.-R.E.D.S.A.R. A simplified severity scale for age-related macular
degeneration: Areds report no. 18. Arch Ophthalmol 2005, 123, 1570-1574.
5. Colijn, J.M.; Buitendijk, G.H.S.; Prokofyeva, E.; Alves, D.; Cachulo, M.L.; Khawaja, A.P.;
Cougnard-Gregoire, A.; Merle, B.M.J.; Korb, C.; Erke, M.G., et al. Prevalence of age-related macular
degeneration in europe: The past and the future. Ophthalmology 2017, 124, 1753-1763.
6. Tomany, S.C.; Klein, R.; Klein, B.E.; Study, B.D.E. The relationship between iris color, hair color,
and skin sun sensitivity and the 10-year incidence of age-related maculopathy: The beaver dam eye
study. Ophthalmology 2003, 110, 1526-1533.
7. Tomany, S.C.; Cruickshanks, K.J.; Klein, R.; Klein, B.E.; Knudtson, M.D. Sunlight and the 10-year
incidence of age-related maculopathy: The beaver dam eye study. Arch Ophthalmol 2004, 122, 750757.
8. Thornton, J.; Edwards, R.; Mitchell, P.; Harrison, R.A.; Buchan, I.; Kelly, S.P. Smoking and agerelated macular degeneration: A review of association. Eye (Lond) 2005, 19, 935-944.
9. Seddon, J.M.; Ajani, U.A.; Sperduto, R.D.; Hiller, R.; Blair, N.; Burton, T.C.; Farber, M.D.;
Gragoudas, E.S.; Haller, J.; Miller, D.T. Dietary carotenoids, vitamins a, c, and e, and advanced agerelated macular degeneration. Eye disease case-control study group. JAMA 1994, 272, 1413-1420.
10. Seddon, J.M.; Rosner, B.; Sperduto, R.D.; Yannuzzi, L.; Haller, J.A.; Blair, N.P.; Willett, W. Dietary
fat and risk for advanced age-related macular degeneration. Arch Ophthalmol 2001, 119, 1191-1199.
11. Fritsche, L.G.; Chen, W.; Schu, M.; Yaspan, B.L.; Yu, Y.; Thorleifsson, G.; Zack, D.J.; Arakawa, S.;
Cipriani, V.; Ripke, S., et al. Seven new loci associated with age-related macular degeneration. Nat
Genet 2013, 45, 433-439, 439e431-432.
12. Fritsche, L.G.; Igl, W.; Bailey, J.N.; Grassmann, F.; Sengupta, S.; Bragg-Gresham, J.L.; Burdon,
K.P.; Hebbring, S.J.; Wen, C.; Gorski, M., et al. A large genome-wide association study of age-related
macular degeneration highlights contributions of rare and common variants. Nat Genet 2016, 48, 134143.
13. Barchitta, M.; Maugeri, A. Association between vascular endothelial growth factor
polymorphisms and age-related macular degeneration: An updated meta-analysis. Dis Markers 2016,
2016, 8486406.
14. Maugeri, A.; Barchitta, M.; Agodi, A. The association between complement factor h rs1061170
polymorphism and age-related macular degeneration: A comprehensive meta-analysis stratified by
stage of disease and ethnicity. Acta Ophthalmologica 2018, in press.
15. Seddon, J.M.; George, S.; Rosner, B.; Klein, M.L. Cfh gene variant, y402h, and smoking, body
mass index, environmental associations with advanced age-related macular degeneration. Hum
Hered 2006, 61, 157-165.
16. Sacca, S.C.; Bolognesi, C.; Battistella, A.; Bagnis, A.; Izzotti, A. Gene-environment interactions in
ocular diseases. Mutat Res 2009, 667, 98-117.
17. Saccà, S.C.; Roszkowska, A.M.; Izzotti, A. Environmental light and endogenous antioxidants as
the main determinants of non-cancer ocular diseases. Mutat Res 2013, 752, 153-171.
18. Wolffe, A.P.; Guschin, D. Review: Chromatin structural features and targets that regulate
transcription. J Struct Biol 2000, 129, 102-122.
19. Franchini, D.M.; Schmitz, K.M.; Petersen-Mahrt, S.K. 5-methylcytosine dna demethylation: More
than losing a methyl group. Annu Rev Genet 2012, 46, 419-441.
20. Clapier, C.R.; Cairns, B.R. The biology of chromatin remodeling complexes. Annu Rev Biochem
2009, 78, 273-304.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2018

doi:10.20944/preprints201805.0398.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 2118; doi:10.3390/ijms19072118

21. Auclair, G.; Weber, M. Mechanisms of dna methylation and demethylation in mammals.
Biochimie 2012, 94, 2202-2211.
22. Fabris, S.; Ronchetti, D.; Agnelli, L.; Baldini, L.; Morabito, F.; Bicciato, S.; Basso, D.; Todoerti, K.;
Lombardi, L.; Lambertenghi-Deliliers, G., et al. Transcriptional features of multiple myeloma patients
with chromosome 1q gain. Leukemia 2007, 21, 1113-1116.
23. Carreira, P.E.; Richardson, S.R.; Faulkner, G.J. L1 retrotransposons, cancer stem cells and
oncogenesis. FEBS J 2014, 281, 63-73.
24. Rodić, N.; Burns, K.H. Long interspersed element-1 (line-1): Passenger or driver in human
neoplasms? PLoS Genet 2013, 9, e1003402.
25. Barchitta, M.; Quattrocchi, A.; Maugeri, A.; Vinciguerra, M.; Agodi, A. Line-1 hypomethylation
in blood and tissue samples as an epigenetic marker for cancer risk: A systematic review and metaanalysis. PLoS One 2014, 9, e109478.
26. Kang, H.; Oka, S.; Lee, D.Y.; Park, J.; Aponte, A.M.; Jung, Y.S.; Bitterman, J.; Zhai, P.; He, Y.;
Kooshapur, H., et al. Sirt1 carboxyl-domain is an atp-repressible domain that is transferrable to other
proteins. Nat Commun 2017, 8, 15560.
27. Peng, L.; Yuan, Z.; Ling, H.; Fukasawa, K.; Robertson, K.; Olashaw, N.; Koomen, J.; Chen, J.;
Lane, W.S.; Seto, E. Sirt1 deacetylates the dna methyltransferase 1 (dnmt1) protein and alters its
activities. Mol Cell Biol 2011, 31, 4720-4734.
28. Howitz, K.T.; Bitterman, K.J.; Cohen, H.Y.; Lamming, D.W.; Lavu, S.; Wood, J.G.; Zipkin, R.E.;
Chung, P.; Kisielewski, A.; Zhang, L.L., et al. Small molecule activators of sirtuins extend
saccharomyces cerevisiae lifespan. Nature 2003, 425, 191-196.
29. Jang, M.; Cai, L.; Udeani, G.O.; Slowing, K.V.; Thomas, C.F.; Beecher, C.W.; Fong, H.H.;
Farnsworth, N.R.; Kinghorn, A.D.; Mehta, R.G., et al. Cancer chemopreventive activity of resveratrol,
a natural product derived from grapes. Science 1997, 275, 218-220.
30. Lançon, A.; Frazzi, R.; Latruffe, N. Anti-oxidant, anti-inflammatory and anti-angiogenic
properties of resveratrol in ocular diseases. Molecules 2016, 21, 304.
31. Iloki-Assanga, S.B.; Lewis-Luján, L.M.; Fernández-Angulo, D.; Gil-Salido, A.A.; Lara-Espinoza,
C.L.; Rubio-Pino, J.L. Retino-protective effect of bucida buceras against oxidative stress induced by
h2o2 in human retinal pigment epithelial cells line. BMC Complement Altern Med 2015, 15, 254.
32. Paimela, T.; Ryhänen, T.; Mannermaa, E.; Ojala, J.; Kalesnykas, G.; Salminen, A.; Kaarniranta, K.
The effect of 17beta-estradiol on il-6 secretion and nf-kappab dna-binding activity in human retinal
pigment epithelial cells. Immunol Lett 2007, 110, 139-144.
33. Girol, A.P.; Mimura, K.K.; Drewes, C.C.; Bolonheis, S.M.; Solito, E.; Farsky, S.H.; Gil, C.D.; Oliani,
S.M. Anti-inflammatory mechanisms of the annexin a1 protein and its mimetic peptide ac2-26 in
models of ocular inflammation in vivo and in vitro. J Immunol 2013, 190, 5689-5701.
34. Chan, C.M.; Huang, C.H.; Li, H.J.; Hsiao, C.Y.; Su, C.C.; Lee, P.L.; Hung, C.F. Protective effects
of resveratrol against uva-induced damage in arpe19 cells. Int J Mol Sci 2015, 16, 5789-5802.
35. Manolio, T.A.; Collins, F.S.; Cox, N.J.; Goldstein, D.B.; Hindorff, L.A.; Hunter, D.J.; McCarthy,
M.I.; Ramos, E.M.; Cardon, L.R.; Chakravarti, A., et al. Finding the missing heritability of complex
diseases. Nature 2009, 461, 747-753.
36. Shaw, P.X.; Stiles, T.; Douglas, C.; Ho, D.; Fan, W.; Du, H.; Xiao, X. Oxidative stress, innate
immunity, and age-related macular degeneration. AIMS Mol Sci 2016, 3, 196-221.
37. Jia, Y.; Li, P.; Fang, L.; Zhu, H.; Xu, L.; Cheng, H.; Zhang, J.; Li, F.; Feng, Y.; Li, Y., et al. Negative
regulation of dnmt3a de novo dna methylation by frequently overexpressed uhrf family proteins as
a mechanism for widespread dna hypomethylation in cancer. Cell Discov 2016, 2, 16007.
38. Winkler, B.S.; Boulton, M.E.; Gottsch, J.D.; Sternberg, P. Oxidative damage and age-related
macular degeneration. Mol Vis 1999, 5, 32.
39. Hunter, A.; Spechler, P.A.; Cwanger, A.; Song, Y.; Zhang, Z.; Ying, G.S.; Hunter, A.K.; Dezoeten,
E.; Dunaief, J.L. Dna methylation is associated with altered gene expression in amd. Invest
Ophthalmol Vis Sci 2012, 53, 2089-2105.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2018

doi:10.20944/preprints201805.0398.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 2118; doi:10.3390/ijms19072118

40. Wei, L.; Liu, B.; Tuo, J.; Shen, D.; Chen, P.; Li, Z.; Liu, X.; Ni, J.; Dagur, P.; Sen, H.N., et al.
Hypomethylation of the il17rc promoter associates with age-related macular degeneration. Cell Rep
2012, 2, 1151-1158.
41. Oliver, V.F.; Franchina, M.; Jaffe, A.E.; Branham, K.E.; Othman, M.; Heckenlively, J.R.; Swaroop,
A.; Campochiaro, B.; Vote, B.J.; Craig, J.E., et al. Hypomethylation of the il17rc promoter in peripheral
blood leukocytes is not a hallmark of age-related macular degeneration. Cell Rep 2013, 5, 1527-1535.
42. Peng, C.H.; Cherng, J.Y.; Chiou, G.Y.; Chen, Y.C.; Chien, C.H.; Kao, C.L.; Chang, Y.L.; Chien, Y.;
Chen, L.K.; Liu, J.H., et al. Delivery of oct4 and sirt1 with cationic polyurethanes-short branch pei to
aged retinal pigment epithelium. Biomaterials 2011, 32, 9077-9088.
43. Cao, L.; Liu, C.; Wang, F.; Wang, H. Sirt1 negatively regulates amyloid-beta-induced
inflammation via the nf-κb pathway. Braz J Med Biol Res 2013, 46, 659-669.
44. Kauppinen, A.; Suuronen, T.; Ojala, J.; Kaarniranta, K.; Salminen, A. Antagonistic crosstalk
between nf-κb and sirt1 in the regulation of inflammation and metabolic disorders. Cell Signal 2013,
25, 1939-1948.
45. Potente, M.; Ghaeni, L.; Baldessari, D.; Mostoslavsky, R.; Rossig, L.; Dequiedt, F.; Haendeler, J.;
Mione, M.; Dejana, E.; Alt, F.W., et al. Sirt1 controls endothelial angiogenic functions during vascular
growth. Genes Dev 2007, 21, 2644-2658.
46. Potente, M.; Dimmeler, S. Emerging roles of sirt1 in vascular endothelial homeostasis. Cell Cycle
2008, 7, 2117-2122.
47. Maloney, S.C.; Antecka, E.; Granner, T.; Fernandes, B.; Lim, L.A.; Orellana, M.E.; Burnier, M.N.
Expression of sirt1 in choroidal neovascular membranes. Retina 2013, 33, 862-866.
48. Nagineni, C.N.; Raju, R.; Nagineni, K.K.; Kommineni, V.K.; Cherukuri, A.; Kutty, R.K.; Hooks,
J.J.; Detrick, B. Resveratrol suppresses expression of vegf by human retinal pigment epithelial cells:
Potential nutraceutical for age-related macular degeneration. Aging Dis 2014, 5, 88-100.
49. Zhao, P., Sui, B.D., Liu, N., Lv, Y.J., Zheng, C.X., Lu, Y.B., Huang, W.T., Zhou, C.H., Chen, J.,
Pang, D.L., et al. Anti-aging pharmacology in cutaneous wound healing: effects of metformin,
resveratrol, and rapamycin by local application. Aging Cell. 2017, 16, 1083-1093.
50. Yurdagul, A. Jr, Kleinedler, J.J., McInnis, M.C., Khandelwal, A.R., Spence, A.L., Orr, A.W.,
Dugas, T.R. Resveratrol promotes endothelial cell wound healing under laminar shear stress through
an estrogen receptor-α-dependent pathway. Am J Physiol Heart Circ Physiol. 2014 , 306, H797-806.
51. Tsai, T.Y., Chen, T.C., Wang, I.J., Yeh, C.Y., Su, M.J., Chen, R.H., Tsai, T.H., Hu, F.R. The effect
of resveratrol on protecting corneal epithelial cells from cytotoxicity caused by moxifloxacin and
benzalkonium chloride. Invest Ophthalmol Vis Sci. 2015, 56, 1575-84.
52. Balaiya, S.; Murthy, R.K.; Chalam, K.V. Resveratrol inhibits proliferation of hypoxic choroidal
vascular endothelial cells. Mol Vis 2013, 19, 2385-2392.
53. Khan, A.A.; Dace, D.S.; Ryazanov, A.G.; Kelly, J.; Apte, R.S. Resveratrol regulates pathologic
angiogenesis by a eukaryotic elongation factor-2 kinase-regulated pathway. Am J Pathol 2010, 177,
481-492.
54. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time
quantitative pcr and the 2(-delta delta c(t)) method. Methods 2001, 25, 402-408.
55. Agodi, A.; Barchitta, M.; Quattrocchi, A.; Maugeri, A.; Canto, C.; Marchese, A.E.; Vinciguerra,
M. Low fruit consumption and folate deficiency are associated with line-1 hypomethylation in
women of a cancer-free population. Genes Nutr 2015, 10, 480.
56. Barchitta, M.; Quattrocchi, A.; Maugeri, A.; Canto, C.; La Rosa, N.; Cantarella, M.A.; Spampinato,
G.; Scalisi, A.; Agodi, A. Line-1 hypermethylation in white blood cell dna is associated with highgrade cervical intraepithelial neoplasia. BMC Cancer 2017, 17, 601.

