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Abstract: Age-related macular degeneration (AMD), the most common visual disorder in elderly
people, is characterized by the formation of deposits beneath the retinal pigment epithelium (RPE)
and by dysfunction of RPE and photoreceptor cells. The biologically active form of vitamin D,
1,25-(OH)2D3 (VITD), is categorized as a multifunctional steroid hormone that modulates many
transcriptional processes of different genes and is involved in a broad range of cellular functions.
Epidemiological and genetic association studies demonstrate that VITD may have a protective role in
AMD, while single nucleotide polymorphisms in the vitamin D metabolism gene (CYP24A1) increase
the risk of AMD. However, the functional mechanisms of VITD in AMD are not fully understood.
In the current study, we investigated the impact of VITD on HyO,-induced oxidative stress and
inflammation in human RPE cells. We demonstrate that exposure to H,O, caused significantly
reduced cell viability, increased production of reactive oxygen species (ROS), lowered expression of
antioxidant enzymes and enhanced inflammation. VITD exposure notably counteracted the above
HyOy-induced effects. Our data suggest that VITD protects the RPE from oxidative damage and
elucidate molecular mechanisms of VITD deficiency in the development of AMD.

Keywords: vitamin D; oxidative stress; inflammation; retinal pigment epithelial cells; age-related
macular degeneration

1. Introduction

Age-related macular degeneration (AMD) is an accelerating neurodegenerative ocular disease that
affects people above 55 years of age [1]. Epidemiologic studies have shown that there is an increasing
number of new AMD cases diagnosed worldwide annually [2]. Wong et al. (2014) reported that the
incidence of AMD is 7.1% in the African, 6.81% in the Asian, 11.19% in the Caucasian and 9.87%
in the Hispanic population [3]. Several risk factors, such as smoking, have been associated with
increased incidence of AMD [2]. A number of studies have suggested that the incidence of AMD is
also linked to genetic defects [1,2]. It has been proposed that the AMD genetic association is strongly
related to genetic defects in ARMS2/HTRA1 and CFH located on, respectively, chromosome 1026 and
1932 [1,2]. Although the pathological mechanisms of AMD are not fully understood, many studies
have suggested that AMD is an inflammatory process that involves increased production of many
inflammatory mediators such as tumor necrosis factor-« (TNF-«), interleukins-13, 6, 8 and 33 (IL-1f3,
IL-6, IL-8 and IL-33) [1,4], vascular endothelial growth factor A (VEGFA) [5] and activation of the
alternative complement pathway [6].
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Vitamin D is a fat-soluble secosteroid molecule that is found in two forms: vitamin D, and
vitamin Dj [7]. The latter is more abundant than vitamin D, in biological systems; thus, vitamin
D3 is commonly referred to simply as vitamin D. Humans and higher mammals can obtain vitamin
D from various nutritional sources such as meats and fungi [7]. In addition, vitamin D can be
produced endogenously. The endogenous synthesis of vitamin D starts in the epidermal skin layers
where the vitamin D precursor 7-dehydrocholesterol (7-DHC) is converted to pre-vitamin D3 through
a photoisomerization process activated by exposure to type B ultraviolet radiation (UVB) between
280 and 320 nm, then incorporated with its carrier globin, vitamin D binding protein (DBP), and
transported to the liver [7]. The pre-vitamin Dj is transformed to 25-dihydroxyvitamin D3 through
the hepatic cytochrome P450 hydroxylase enzymes microsomal CYP2R1 and mitochondrial CYP2A1,
attached to DBP and transported to the kidney [7]. Finally, 25-dihydroxyvitamin Dj is converted to the
active form 1,«,25-dihydroxyvitamin D3 (1,25(OH);D3) in renal cells by mitochondrial 1,0, CYP27B1.
This step is tightly regulated by parathyroid hormone (PTH) and by circulating levels of calcium
and phosphate, as well as by 1,25(0OH),Dj itself [7]. The molecule 1,x,25-dihydroxyvitamin Dj is
well recognized as a steroid hormone that regulates many cellular signalling activities through its
nuclear vitamin D receptor (VDR) in target cells [7,8]. Vitamin D deficiency in the general population is
currently considered a global health concern and represents a risk factor for the development of many
diseases, particularly neurodegenerative diseases [9]. A large number of studies have shown that the
likelihood of AMD is increased among those individuals with low circulating vitamin D levels [10-13].

IL-33 is a member of the IL-1 cytokine family that is expressed in many cell types of the nervous
system [14]. IL-33 signalling is mediated through binding to its ST2 receptor in target cells and
recruiting transcriptional cofactors such as IL-1R accessory protein (IL-1RAP), IL-1R-associated kinases
1/4 (IRAK1/4) and myeloid differentiation primary-response protein 88 (MYD88) into the transcription
complex [14,15]. This cytokine has important roles in the inflammatory response in the modulation of
neurodegenerative diseases, e.g., Alzheimer’s disease [16] and AMD [4].

In the current study, we investigated the role of vitamin D in oxidative stress and inflammation.
We found that vitamin D increased cell viability, reduced the formation of reactive oxygen species
(ROS), and inhibited inflammation. Vitamin D also stimulated the expression of IL-33 at the mRNA
and protein levels. Furthermore, IL-33 treatment markedly induced the expression of antioxidant
genes. Our data suggest that the protective effects of vitamin D in AMD may be partially through the
upregulation of IL-33.

2. Materials and Methods

2.1. Cell Culture

ARPE-19 cells (ATCC® CRL-2302"™, ATCC, Manassas, VA, USA) were grown in a T-25 cm?
standard tissue culture flask in 5 mL of DMEM/F12 medium containing 2.4 mM L-Glutamine, 15 mM
Hepes, 17.5 mM glucose, 10% FBS, 50 IU/mL of Penicillin and Streptomycin and 17.4 mL of 7.5%
Sodium bicarbonate. The cells were maintained in a 5% CO, incubator at 37 °C. Once cell growth
reached 80-90% confluency, the medium was removed and the cells were washed twice with PBS.
The cells were then trypsinized with 1-1.5 mL of 0.5% trypsin—-EDTA. Detached cells were resuspended
in 4-5 mL of DMEM/F12 medium and seeded in 96- or 6-well tissue culture plates for 24 h at a density
of 50,000 or 500,000 cells per well prior to cell treatment.

2.2. Cell Viability Assay

ARPE-19 cells were seeded at a density of 50,000 cells per well in a 96-well plate in DMEM/F12
medium for 24 h. The medium was then removed, and the cells were washed twice with 0.5 mL of
1x PBS/well. The cells were then treated with serial concentrations of H,O, (150-2000 uM), 50 nM 1«,
25(OH),; D3 (VITD), 0.1% ethanol for 6 and 24 h (or left untreated for the same time periods). In some
experiments, ARPE-19 cells were treated with 750 uM H,O,, 750 uM HyO; + 50 nM VITD, or left
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untreated. All treatments were performed in serum-free DMEM/F12 medium. The cell viability assay
was performed as previously described [17].

2.3. Caspase-3/7 Activity

ARPE-19 cells were seeded in a 96-well plate (20,000 cells/well) overnight and treated with
750 uM H,0,, 750 uM HpO; + 50 nM VITD, or 0.1% DMSO (control). Caspase-3/7 activity was
measured by the Apo-ONE Homogeneous Caspase-3/7 kit (Promega, Southampton, UK) according to
the manufacturer’s instructions. Fluorescence was measured using a Fluostar Optima Plate Reader
at an excitation wavelength of 499 nm and an emission wavelength of 521 nm. Caspase-3/7 activity
was determined according to the following formula: % relative fluorescence = (fluorescence of treated
cells — fluorescence of control cells)/fluorescence of control cells x 100. All experiments were repeated
three times.

2.4. Measurement of Reactive Oxygen Species (ROS)

ARPE-19 cells were cultured at a density of 25,000 cells per well in a 96-well plate and treated
with 750 uM H,0O,, 750 uM H,O, + 50 nM VITD, or 0.1% DMSO for 6 and 24 h. Production of ROS
was measured using the 6-Carboxy-2’,7’-Dichlorofluorescin diacetate (DCFH-DA) dye (Sigma, Dorset,
UK). The medium was removed, and the cells were washed twice with 1x PBS, 200 uL/well. Then,
150 pL of 10 uM DCFH-DA in 1x PBS/well was added, and the plate was incubated for 45 min in
a 5% CO, incubator at 37 °C. Fluorescence was measured at 485 nm (excitation) and 525 nm (emission)
using a Fluostar Optima microplate reader (BMG LABTECH Ltd, Bucks, UK). The ROS level was
represented as the percentage of fluorescence intensity relative to the control after baseline fluorescence
correction according to the following formula: (fluorescence of treated cells — fluorescence of control
cells)/fluorescence of control cells x 100. All experiments were repeated three times.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

Total proteins from ARPE-19 cells, retina and RPE were extracted by homogenizing samples in
200 uL of T-PER buffer containing 1x protease Inhibitor Cocktail. The supernatants were collected
by centrifugation at 10,000 rpm for 5 min. The concentration of IL-1§3, IL-8, IL-33, TNFx and VEGFA
in control and treated human ARPE-19 cell media was measured using commercial ELISA kits from
PeproTech and eBioscience according to the manufacturer’s protocols. The levels of the examined
cytokines were quantified using a standard curve constructed on the basis of the mean absorbance of
standard solution concentrations of cytokines (X axis) against optical density (O.D). for each standard
solution (Y axis). The concentration of unknown samples (pg/mL) was calculated on the basis of
the straight line equation obtained from the linear-regression trendline according to Y = mx + ¢
(where Y = O.D. of unknown sample, m = slope value, x = concentration of unknown sample and
c = intercept). All experiments were repeated three times.

2.6. Biochemical Assay

Quantification of malondialdehyde (MDA) and glutathione (GSH) and measurement of
CATALASE and superoxide dismutase (SOD) activities were performed using kits from CELL
BIOLABS INC (San Diego, CA, USA) according to the manufacturer’s instructions.

2.7. Mouse Samples

Mice used in this study were housed in the Animal Unit at Glasgow Caledonian University
with free access to food and water and a 12 h light/dark environment. Mice at the age of 2 months,
9 months and 24 months were sacrificed, and the retina and RPE were dissected and stored at —80 °C
for further analysis. Approval for animal use was granted by the Glasgow Caledonian University
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Animal Ethics and Welfare Committee, in accordance with the UK home office animal care guidelines
(Project licence P8C815DC9).

2.8. Quantitative Real-Time Polymerase Chain Reaction (gJRT-PCR)

Total RNAs from ARPE-19 cells and mouse tissues (retina and RPE) were extracted using Tri
Reagent® (Sigma, Dorset, UK) following the manufacturer’s instructions. The cDNA was synthesized
using the High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, Paisley, UK) as
described by the manufacturer. Quantification of gene expression was performed using real-time PCR
Platinum SYBR Green qPCR SuperMix-UDG with ROX assay, as described by the manufacturer. Briefly,
1.0 pL of 50 ng/uL of cDNA was mixed with 7.5 puL of Platinum SYBR Green qPCR SuperMix-UDG
with ROX and 0.6 uL of 10 uM forward and reverse primers, and the reaction volume was scaled to
15 pL with nuclease-free water. DNA amplification was carried out under the following conditions:
50 °C for 2 min (UDG incubation), followed by enzyme activation at 95 °C for 2 min, hold and then
an amplification step of 40 cycles including DNA denaturation at 95 °C for 15 s, then primer annealing
at 60 °C for 15 s. Fluorescence signals were detected at the end of the 60 °C step, and assay validity
was assessed on the basis of the melting curve analysis following each run. Relative gene expression
was determined according to the 2724t formula. The primer sequences for qRT-PCR are available
on request.

2.9. Immunostaining

ARPE-19 cells were fixed with methanol at —20 °C for 5 min, then washed with 1x PBS twice.
The cells were blocked with 2% BSA-PBS at room temperature for 30 min, then incubated with primary
antibodies at 4 °C overnight. After washing three times (5 min each time), the cells were blocked again
with 2% sheep serum in 2% BSA-PBS for 30 min. The cells were incubated with secondary antibodies
at room temperature for 1 h, then washed 5 times with 1x PBS (5 min each). The cells were mounted
with DAPI solution and imaged under a confocal microscope.

2.10. Western Blot

Treated and control cells were lysed with Radio-Immuno Precipitation Assay (RIPA) buffer.
Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. The targeted
proteins were detected using primary antibodies (NRF2, 1:1000; GAPDH, 1:1000) and secondary
antibodies (1:10,000). The signals were quantified with the ImageStudio™Lite analysis software
(LI-COR, Cambridge, UK).

2.11. Statistical Data Analysis

Data were analysed by one-way or two-way Anova followed by Bonferroni post-hoc test using
GraphPad Prism version 6 software (GraphPad Software Inc., San Diego, CA, USA); p < 0.05 was
considered significant. All experiments were repeated three times.

3. Results

3.1. VITD Treatment Improved Cell Viability and Reduced ROS Production and Apoptosis

In order to determine the appropriate concentration of HyO, to induce a significant, though
not excessive, toxic effect on cell viability, ARPE-19 cells were challenged with H,O, at a range of
concentrations (150 to 2000 uM) for 6 or 24 h. We detected a significant reduction in cell viability in cells
treated with 450, 600, 750 and 1000 uM H,O, for 6 and 24 h compared to the respective control cells.
A concentration of HyO, higher than 1000 uM was determined to be highly toxic (Figure S1). Thus,
750 uM H;O, was used to treat ARPE-19 cells for all subsequent experiments in this study. We also
chose 50 nm VITD for our current study on the basis of earlier in vitro studies [18,19]. We found
that 50 nM VITD significantly increased the viability of treated ARPE-19 cells when compared to
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untreated control cells (Figure S1). Previous studies reported that VITD treatment can protect cells and
tissues from oxidative damage [20-23]. In the current study, treatment of ARPE-19 cells with 750 uM
H,O; for both 6 and 24 h caused a significant reduction in cell viability and a significant increase
in ROS production (Figure 1A,B). The latter can activate apoptosis signalling pathways [24]. In the
current study, caspase 3/7 activation, an indicator of apoptosis, was significantly increased in cells
exposed to 750 uM H,O; for both 6 and 24 h (Figure 1C). When H,O, exposure was accompanied by
a treatment with VITD, the above effects were reversed: there was a significant increase in cell viability,
a significant decrease in ROS production and a significant decrease in caspase 3/7 activation, compared
to the levels seen following treatment with H,O, alone (Figure 1A—C). Increased ROS can promote
lipid peroxidation, resulting in increased production of MDA and 4-hydroxynonental (4-HNE), which
indicates local cell or tissue damage. We found that MDA production in ARPE-19 cells treated with

H,0O, was significantly higher than that seen in untreated cells; co-treatment with VITD significantly
counteracted this effect (Figure 1D).
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Figure 1. Effects of vitamin D (VITD, 1,25(OH),D3) on cell viability, reactive oxygen species (ROS)
production, apoptosis and malondialdehyde (MDA) level. ARPE-19 cells were treated with H,O, alone
or with HyO, + VITD for 6 h or 24 h. Cell viability (A), ROS production (B), Caspase 3/7, a biomarker
of apoptosis (C), and MDA, a biomarker of lipid peroxidation, levels (D) were examined. Data are
presented as the means + standard deviation (SD) of three independent experiments. UT: untreated
control. ** p < 0.01, ** p < 0.001, *** p < 0.0001.

3.2. VITD Treatment Enhanced VDR) Expression in Stressed ARPE-19 Cells

VDR is the principal nuclear receptor for VITD signalling in biological systems [7,8]. It is expressed
in many cells including retinal and RPE cells [25-27]. Our current results show that VDR was expressed
in untreated (control) ARPE-19 cells, in cells treated with H,O, alone and in cells co-treated with H,O,
and VITD (Figure S2A). This expression was significantly reduced (upon both 6 and 24 h exposure) in
ARPE-19 cells treated with 750 uM H,O, compared to untreated cells; however, VDR expression was
substantially increased (upon both 6 and 24 h exposure) in ARPE-19 cells co-treated with 750 uM H,O,
and 50 nM VITD compared to cells treated with 750 uM H;,O; alone (Figure S2B).
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3.3. VITD Treatment Upregulated the Expression of Antioxidant Genes

Increased intracellular ROS production associated with many pathological conditions can cause
major cellular injury, reducing cells’ capacity to produce protective molecules such as anti-oxidant
proteins [28]. Recent studies have shown that VITD treatment can modulate both gene expression and
activity of many antioxidant molecules [29-31]. In the current study, we used gRT-PCR to examine the
expression of SOD1, SOD2, CATALASE (CAT), GPX1, GPX2 and GPX3 genes in ARPE-19 cells under
our stress condition and VITD treatment. We found that, at both 6 and 24 h, the expression of CAT,
SOD1, SOD2, GPX2 and GPX3 were noticeably reduced in ARPE-19 cells treated with 750 uM H,O,
compared to untreated cells; however, the expression of these antioxidant genes was significantly
increased in ARPE-19 cells co-treated with 750 uM H,O, and 50 nM VITD compared to cells treated
with 750 uM H,O; alone (Figure 2A). There was no significant difference at 6 or 24 h in GPX1 expression
in untreated cells, cells treated with 750 uM H,O, alone, and cells co-treated with 750 uM H,O, and
50 nM VITD (Figure 2A).
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Figure 2. VITD treatment enhanced the expression of antioxidant genes. (A) ARPE-19 cells were
exposed to H,O, alone or H;O, + VITD for 6 h or 24 h. The expression of SOD1, SOD2, CATALASE
(CAT), GPX1, GPX2 and GPX3 in treated and untreated cells was measured by qRT-PCR. (B) ARPE-19
cells were exposed to HyO, alone or HyO, + VITD for 24 h; the activities of SOD and CAT and GSH
level were biochemically examined. Data are presented as the means + standard deviation (SD) of
three independent experiments. UT: untreated control. ns: no significance. * p < 0.05, ** p < 0.01,
***p < 0.001, *** p < 0.0001.
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We also examined the effect of VITD treatment on SOD and CAT activities. The activities of SOD
and CAT were significantly decreased in HyO,-treated cells compared with untreated control cells.
The co-treatment of cells with 750 uM H,O, and 50 nM VITD resulted in a significant increase in
SOD and CAT activities compared to cells exposed to HyO, alone (Figure 2B). GSH, an important
intracellular antioxidant, can prevent ROS-induced damage. GSH level was significantly decreased in
H,O,-treated cells compared to untreated control cells, while cells co-treated with VITD and H,O,
showed a significant increase in GSH (compared to cells treated with H,O, alone (Figure 2B).

3.4. VITD Treatment Modulated the Expression of the Inflammatory Mediators

Recent studies have suggested that AMD is an inflammatory disease that is associated with
increased levels of pro-inflammatory cytokines and the presence of macrophages and other immune
cells [1]. VITD treatment has been shown to regulate the gene expression of many inflammatory
mediators in various biological systems [32]. In this study, we investigated the expression of IL-18, IL-8,
TNF-a and VEGFA genes in ARPE-19 cells treated with 750 uM H, O, in cells co-treated with 750 uM
H,0; and 50 nM VITD, and in untreated control cells. Atboth 6 and 24 h, the expression levels of IL-1f,
TNF-a, IL-8, IL-18 and VEGFA genes were significantly increased in ARPE-19 cells treated with H,O,
compared to untreated cells; by contrast, at both 6 and 24 h, their expression levels were substantially
reduced in ARPE-19 cells co-treated with 750 uM HyO; and 50 nM VITD compared to cells treated
with 750 pM H,O, alone (Figure 3A). We also used ELISA to measure the levels of secreted IL-1f3,
IL-8, TNF- and VEGFA in the media of treated and control cells and found that all the examined
cytokines were significantly increased in ARPE-19 cells treated with 750 uM H>O, when compared
to control cells; co-treatment with H,O, and VITD markedly decreased the levels of these cytokines
when compared to cells exposed to H,O, alone (Figure 3B).
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Figure 3. VITD inhibited inflammation. (A) ARPE-19 cells were exposed to H,O, alone or to
Hy0O; + VITD for 6 h or 24 h; the expression of IL-1B, IL-8, TNF-a and VEGF in treated and untreated
cells was measured by qRT-PCR. (B) ARPE-19 cells were exposed to H,O, alone or to H,O, + VITD for
24 h. The levels of IL-1§3, IL-8, TNF-« and VEGF were measured by ELISA. Data are presented as the
means =+ standard deviation (SD) of three independent experiments. UT: untreated control. * p < 0.05,
**p <0.01, *** p < 0.001, *** p < 0.0001.

3.5. VITD Reversed the HyO,-Induced Change in NRF2 Expression

NREF?2 is a redox-sensitive transcription factor that can bind antioxidant elements and activates
the expression of antioxidant and detoxifying enzymes. VITD has been reported to control NRF2
expression [32]. In the current study, when ARPE-19 cells were treated with 750 uM H,O,, NRF2
protein level was significantly decreased compared to untreated control cells; co-treatment with VITD
and 750 uM H,O; resulted in a marked increase in NRF2 expression when compared to H,O; treatment
alone (Figure 4).
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Figure 4. H,O, treatment downregulated NRF2 expression, while VITD reversed the effect. (A) ARPE-19
cells were treated with H,O, alone or HyO, + VITD for 24 h; the protein levels of NRF2 in treated
and control cells were examined by Western blotting. (B) NRF2 protein levels were quantified by
normalizing with respect to GAPDH protein. Data are presented as the means + standard deviation
(SD) of three independent experiments. UT: untreated control. * p < 0.05, **** p < 0.0001.
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3.6. VITD Regulated IL-33 Expression

Previous studies have reported that IL-33 can function as both a proinflammatory and
an inflammatory cytokine during the immune response [15], as anti-apoptotic and survival
molecules [33] can protect from oxidative stress by increasing SOD activity [34] and can attenuate
the development of autoimmune uveitis [35]. IL-33 and its receptor ST2 are abundantly expressed in
many tissues such as the central nervous system and the retina [14,35,36]. We used immunostaining to
detect IL-33 and ST2 expression in ARPE-19 cells and found that IL-33 was localised in the nucleus
(Figure 5A), while ST2 was localised in the cytoplasm, predominantly around the nuclear membrane
(Figure 5B). We also measured IL-33 expression in mouse retina and RPE: the expression of IL-33
decreased in the retina and RPE during ageing (Figure S3). We then examined whether H,O, and
VITD affect IL-33 expression. Using qRT-PCR, we measured the mRNA level of IL-33 in treated and
control cells and found that IL-33 expression was significantly decreased in ARPE-19 cells treated with
750 uM of H,O, compared to untreated cells, while it was significantly increased in ARPE-19 cells
co-treated with 750 pM H,O; and 50 nM VITD compared to cells treated with 750 pM H,O, alone.
VITD treatment alone for 6 and 24 h also significantly increased IL-33 expression when compared
to control cells (Figure 5C). We also measured the protein level of IL-33 by ELISA: H,O, treatment
significantly decreased IL-33 level compared to control cells, while co-treatment with H,O, and VITD
notably counteracted this change. Exposure to VITD alone resulted in a significantly increased IL-33
level compared to the control cells (Figure 5D).
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Figure 5. Localization of IL-33 (A) and ST-2 (B) in ARPE-19 cells using immunostaining with anti-IL-33
antibody and anti-ST2 antibody, respectively (63x). (C) Effects of VITD on IL-33 expression in
ARPE-19 cells treated with VITD only, H,O, alone or H,O, + VITD for 6 h or 24 h. IL-33 mRNA levels
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were quantified by qRT-PCR. (D) VITD treatment increased IL-33 protein production. ARPE-19 cells
were incubated with VITD only, H,O, alone or H;O, + VITD for 24 h. Secreted IL-33 protein was
measured by ELISA. Data are presented as the means + standard deviation (SD) of three independent
experiments. UT: untreated control. * p < 0.05, ** p < 0.01.

3.7. IL-33 Treatment Upregulated Antioxidant Gene Expression

There is growing evidence that IL-33 can protect cells from apoptosis and oxidative stress and can
enhance cell survival in vitro and in vivo [33,37]. The protective function of IL-33 against apoptosis
and oxidative stress is believed to occur through its action on the gene expression and production of
anti-oxidant scavengers such as superoxide dismutases [34]. In ARPE-19 cells treated with rhIL-33
(10 or 50 ng/mL), the expression of CAT, SOD1, SOD2, GPX2 and GPX3 was significantly increased
following 6 and 24 h treatments. However, there was no significant change in the expression of GPX1
following treatment with either 10 or 50 ng/mL rhIL (Figure 6).
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Figure 6. Effects of recombinant human IL-33 on the expression of antioxidant genes. ARPE-19 cells
were treated with recombinant human I1-33 (rhIL-33) for 6 or 24 h. The expression of antioxidant genes
(SOD1, SOD2, CAT, GPX1, GPX2 and GPX3) was measured by qRT-PCR. Data are presented as the
means =+ standard deviation (SD) of three independent experiments; ns, no significance. * p < 0.05.

4. Discussion

It is well established that oxidative stress, inflammation and angiogenesis play a critical role in
the development and progression of AMD [38]. VITD has multiple functions including the inhibition
of oxidative stress, inflammation, macrophage activation and angiogenesis, thus offering therapeutic
potential for AMD. Human RPE cell lines can synthesize active vitamin D (VITD), while VDR and
vitamin D synthesis enzymes and metabolism enzymes are also expressed in the neuroretina, RPE
and choroid [38]. Early epidemiological studies showed a connection between vitamin D and AMD,
while genome-wide association studies demonstrated that the vitamin D metabolism gene (CYP24A1)
is a risk factor for AMD [38-40]. Lee et al. (2012) reported that Vitamin D treatment resulted in
decreased retinal inflammation and A3 deposition and increased visual function in aged mice [41].
Previously, we reported that VITD can protect cone cells from oxidative damage [17]. Our current



Antioxidants 2019, 8, 341 11 of 14

data also demonstrate that VITD suppresses oxidative damage and inflammation in RPE cells, further
supporting the hypothesis that VITD may play an important role in AMD.

Although the principal function of the active form of VITD [1,x,25-(OH)2D3] is the regulation
of calcium and phosphate homeostasis, it also acts as a steroid hormone, exerting its effect through
VDR signalling in target cells. The VDR gene is expressed in a number of ocular structures such
as the retina, the cornea and the RPE-choroid and in ocular cell lines such as ARPE-19 and human
retinoblastoma (Y79) [25,39], thus demonstrating its regulatory function in the ocular system. VDR is
one of the nuclear receptors of steroid hormones that mediate transcriptional processes in a variety of
cells. Expression and production of VDR are influenced by factors such as sun exposure, hormones
levels and age. VITD itself also regulates VDR expression through two gene expression enhancers
containing vitamin D3 response element (VDRE): CCAAT/enhancer binding protein-f3 (C/EBP{3) and
runt-related transcription factor-2 (RUNX2) located upstream of the VDR gene’s transcriptional start
site (TSS) [42,43]. We also confirmed that VITD stimulated VDR expression in ARPE-19 cells (data not
shown) and found that H,O, treatment significantly decreased VDR expression, while co-treatment
with VITD reversed the HyO;-caused change (Figure S2).

ROS are highly reactive compounds that cause cellular damage through the oxidation of lipids,
proteins and DNA, altering their biochemical characteristics and causing reduced cell viability and
subsequent cell death [44]. Many studies have suggested that VITD can improve cell viability and
protect against the deleterious effects of ROS in various cell lines [20,22,23]. Similarly, in the current
study, a significant reduction of ARPE-19 cell viability was observed in cells treated with H,O, at
concentrations ranging between 450 and 2000 uM (Figure S1). The reduction in cell viability following
H,0O; treatment was also associated with increased levels of free radicals (ROS) (Figure 1A,B). However,
ROS levels were substantially decreased when ARPE-19 cells were treated with a combination of 750 uM
of H,O, and 50 nM VITD, suggesting that VITD suppressed H,O,-induced ROS production (Figure 1B).
VITD treatment also inhibited lipid peroxidation and reduced cell death (Figure 1C,D). We also found
that HyO, exposure reduced the expression of antioxidant genes (SOD1, SOD2, CAT, GPX1, GPX2)
and induced the production of inflammatory cytokines (IL-13, IL-8, TNF-oc and VEGF). Co-treatment
with VITD counteracted these H,O,-induced effects (Figure 2; Figure 3). These protective effects of
VITD against HyO,-induced damage can be explained by its effect on the gene and protein expression
of many antioxidants via upregulation of different transcription factors, e.g., NRF2, a key transcription
factor that modulates the expression of many antioxidants [32]. Our data also demonstrated that HyO,
caused a significant decrease in NRF2 expression, while co-treatment with VITD markedly increased
NREF2 expression (Figure 4). Although VITD plays a critical role in cell proliferation [45] and, as we
found, VITD treatment significantly increased cell viability (Figure S1), the current study suggests that
the protection of VITD against HyO,-induced toxicity is through antioxidant signalling pathways.

IL-33 is an important immune mediator in various disorders including neurodegenerative
diseases [46]. IL-33 is abundantly expressed in many cell types. Recent studies have reported that
IL-33 is expressed in human and mouse RPE and neuroretina [4,35,36]. Our data also demonstrated
that both IL-33 and ST2 are expressed in ARPE-19 cells, an observation in accordance with previous
reports [4]. Interestingly, IL-33 expression was notably decreased in aged mouse neuroretina and
RPE (Figure S3). Liu et al. (2012) reported that amyloid-31-40 oligomer stimulated IL-33 expression
in a human RPE (D407) cell line [47]. However, the data from the present study showed that the
mRNA and protein levels of IL-33 were significantly lower in ARPE-19 cells treated with H,O,, while
both IL-33 mRNA expression and protein levels were notably increased following VITD treatment
(Figure 5C,D). Increased IL-33 expression has been reported in the vitreous and in retinal Miiller
cells and mononuclear cells of AMD patients, suggesting that IL-33 may play a pathogenic role in
AMD [36]. However, Theodoropoulou et al. (2017) reported that IL-33 regulates tissue remodelling
and suppresses murine choroidal neovascularization, a clinical feature of AMD, suggesting that IL-33
may confer some protection in AMD [4]. Additionally, glia-derived IL-33 has been shown to induce
myeloid cell infiltration and enhance the recovery of the central nervous system from acute injury [14].
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In an experimental autoimmune uveitis mouse model, IL-33 slows down disease progression with
decreased retinal inflammation [35]. However, in injured mouse retina, Miiller cells have been shown
to increase IL-33 production, promoting the release of inflammatory cytokines and chemokines and
the recruitment of the myeloid cells, which contribute to photoreceptor cell loss [36].

In the current study, we used co-treatment with VITD and H,O, to assess the protection of VITD
against HyO;-induced toxicity. Other researchers have evaluated VITD protection in in vitro cell lines
by pre-treatment with VITD [20,23]. Ideally, we would also examine the protection of VITD against
H;,0;-induced toxicity by pre-treatment with VITD in ARPE-19 cells. Further preclinical tests in AMD
animal models and AMD patient clinical trials are needed to verify the therapeutic potential of VITD
for AMD.

5. Conclusions

In summary, VITD can possibly protect the retina and RPE from oxidative stress, inflammation and
apoptosis through the suppression of pro-inflammatory mediators and by enhancing the antioxidant
defence capacity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/8/9/341/s1,
Figure S1: Effects of VITD and H,O; on cell viability. ARPE-19 cells were exposed to VITD or H,O, for 6 hours
(A) or 24 hours (B). Cell viability was measured using MTT assay, Figure S2: (A) Expression of vitamin D receptor
(VDR) was detected in untreated (UT) and treated (H,O, alone or H,O, + VITD) ARPE-19 cells by end-point PCR.
PCR products were analyzed using agarose gel electrophoresis. (B) ARPE-19 cells were exposed to HO, or H,O,
+ VITD for 6 hours or 24 hours; expression of VDR was measured by qRT-PCR. Figure S3: Expression of IL-33 in
the retinas (A) and RPE (B) of mice at three age points was measured by qRT-PCR.

Author Contributions: X.S. designed the study. A.M.T., RH.A., L.B. and S.R.P. performed the experiments.
AM.T. and X.S. analysed the data. J.R., Z.Z. and X.S. wrote the manuscript.

Funding: This work was supported by a PhD scholarship (A826) from Saudi Arabia Government. The work was
also supported by the Rosetrees Trust (M160, M160-F1, M160-F2) and National Eye Research Centre (SAC037).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cascella, R.; Ragazzo, M.; Strafella, C.; Missiroli, F.; Borgiani, P.; Angelucci, F; Marsella, L.; Cusumano, A.;
Novelli, G.; Ricci, F; et al. Age-Related Macular Degeneration: Insights into Inflammatory Genes.
J. Ophthalmol. 2014, 2014, 582842. [CrossRef] [PubMed]

2. Priya, RR.; Chew, E.Y.; Swaroop, A. Genetic studies of age-related macular degeneration: Lessons, challenges,
and opportunities for disease management. Ophthalmology 2012, 119, 2526-2536. [CrossRef] [PubMed]

3. Wong, WL, Su, X;; Li, X.; Cheung, C.M,; Klein, R.; Cheng, C.Y.; Wong, T.Y. Global prevalence of age-related
macular degeneration and disease burden projection for 2020 and 2040: A systematic review and meta-analysis.
Lancet Glob. Health 2014, 2, e106—e116. [CrossRef]

4. Theodoropoulou, S.; Copland, D.A.; Liu, J.; Wu, J.; Gardner, PJ.; Ozaki, E.; Doyle, S.L.; Campbell, M.;
Dick, A.D. Interleukin-33 regulates tissue. J. Pathol. 2017, 241, 45-56. [CrossRef] [PubMed]

5. Holz, EG.; Schmitz-Valckenberg, S.; Fleckenstein, M. Recent developments in the treatment of age-related
macular degeneration. J. Clin. Investig. 2014, 124, 1430-1438. [CrossRef] [PubMed]

6.  Toomey, C.B.; Kelly, U.; Saban, D.R.; Bowes Rickman, C. Regulation of age-related macular degeneration-like
pathology by complement factor H. Proc. Natl. Acad. Sci. USA 2015, 112, E3040-E3049. [CrossRef]

7. Bikle, D.D. Vitamin D metabolism, mechanism of action, and clinical applications. Chem. Biol. 2014, 21,
319-329. [CrossRef] [PubMed]

8.  Krishnan, A.V,; Feldman, D. Mechanisms of the anti-cancer and anti-inflammatory actions of vitamin D.
Annu. Rev. Pharmacol. Toxicol. 2011, 51, 311-336. [CrossRef]

9. Fernandes de Abreu, D.A.; Eyles, D.; Féron, F. Vitamin D, a neuro-immunomodulator: Implications for
neurodegenerative and autoimmune diseases. Psychoneuroendocrinology 2009, 34, S265-S277. [CrossRef]

10. Graffe, A.; Beauchet, O.; Fantino, B.; Milea, D.; Annweiler, C. Vitamin and macular thickness in the elderly:
An optical coherence tomography study. Investig. Ophthalmol. Vis. Sci. 2014, 15, 5298-5303. [CrossRef]


http://www.mdpi.com/2076-3921/8/9/341/s1
http://dx.doi.org/10.1155/2014/582842
http://www.ncbi.nlm.nih.gov/pubmed/25478207
http://dx.doi.org/10.1016/j.ophtha.2012.06.042
http://www.ncbi.nlm.nih.gov/pubmed/23009893
http://dx.doi.org/10.1016/S2214-109X(13)70145-1
http://dx.doi.org/10.1002/path.4816
http://www.ncbi.nlm.nih.gov/pubmed/27701734
http://dx.doi.org/10.1172/JCI71029
http://www.ncbi.nlm.nih.gov/pubmed/24691477
http://dx.doi.org/10.1073/pnas.1424391112
http://dx.doi.org/10.1016/j.chembiol.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24529992
http://dx.doi.org/10.1146/annurev-pharmtox-010510-100611
http://dx.doi.org/10.1016/j.psyneuen.2009.05.023
http://dx.doi.org/10.1167/iovs.14-13918

Antioxidants 2019, 8, 341 13 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Itty, S.; Day, S.; Lyles, KW,; Stinnett, S.S.; Vajzovic, L.M.; Mruthyunjaya, P. Vitamin deficiency in neovascular
versus nonneovascular age-related macular degeneration. Retina 2014, 34, 1779-1786. [CrossRef]

Millen, A.E.; Voland, R.; Sondel, S.A.; Parekh, N.; Horst, R.L.; Wallace, R.B.; Hageman, G.S.; Chappell, R.;
Blodi, B.A.; Klein, M.L.; et al. Vitamin D status and early age-related macular degeneration in postmenopausal
women. Arch. Ophthalmol. 2011, 129, 481-489. [CrossRef]

Singh, A.; Falk, M.K.; Subhi, Y.; Serensen, T.L. The association between plasma 25-hydroxyvitamin D
and subgroups in age-related macular degeneration: A cross-sectional study. PLoS ONE 2013, 29, e70948.
[CrossRef]

Gadani, S.P.; Walsh, ].T.; Smirnov, I.; Zheng, J.; Kipnis, J. The glia-derived alarmin IL-33 orchestrates the
immune response and promotes recovery following CNS injury. Neuron 2015, 85, 703-709. [CrossRef]
Liew, F,; Pitman, N.; McInnes, I. Disease-associated functions of IL-33: The new kid in the IL-1 family.
Nat. Rev. Immunol. 2010, 10, 103-110. [CrossRef]

Yu, ]J.T; Song, ].H.; Wang, N.D.; Wu, Z.C.; Zhang, Q.; Zhang, N.; Zhang, W.; Xuan, S.Y.; Tan, L.
Implication of gene polymorphism in Chinese patients with Alzheimer’s disease. Neurobiol. Aging
2012, 33, 1014.e11-1014.e14. [CrossRef]

Tohari, A.M.; Zhou, X.; Shu, X. Protection against oxidative stress by vitamin D in cone cells. Cell Biochem.
Funct. 2016, 34, 82-94. [CrossRef]

Chen, Y,; Zhang, J.; Ge, X.; Du, J.; Deb, D.; Li, Y. Vitamin D receptor inhibits nuclear factor «B activation by
interacting with I kB kinase 3 protein. . Biol. Chem. 2013, 288, 19450-19458. [CrossRef]

Huang, Y,; Ho, Y,; Lai, C.; Chiu, C.; Wang, J. 1,25-Dihydroxyvitamin D3 attenuates endotoxin-induced
production of inflammatory mediators by inhibiting MAPK activation in primary cortical neuron-glia
cultures. J. Neuroinflamm. 2015, 12, 147. [CrossRef]

Bao, B.Y,; Ting, H.J.; Hsu, ].W.; Lee, Y.E. Protective role of 1 alpha, 25-dihydroxyvitamin D3 against oxidative
stress in human prostate epithelial cells. Int. ]. Cancer 2008, 122, 2699-2706. [CrossRef]

Hamden, K.; Carreau, S.; Jamoussi, K.; Miladi, S.; Lajmi, S.; Aloulou, D.; Ayadi, E; Elfeki, A. 1 Alpha
dihydroxyvitamin D3: Therapeutic and preventive effects against oxidative stress, hepatic, pancreatic and
renal injury in alloxan-induced diabetes in rats. J. Nutr. Sci. Vitamin. 2009, 55, 215-222. [CrossRef]

Peng, X.; Vaishnav, A.; Murillo, G.; Alimirah, F,; Torres, K.E.; Mehta, R.G. Protection against cellular stress by
25-hydroxyvitamin D3 in breast epithelial cells. J. Cell Biochem. 2010, 110, 1324-1333. [CrossRef]

Polidoro, L.; Properzi, G.; Marampon, E,; Gravina, G.L.; Festuccia, C.; Di Cesare, E.; Scarsella, L.; Ciccarelli, C.;
Zani, B.M.; Ferri, C. Vitamin D protects human endothelial cells from H,O, oxidant injury through the
Mek/Erk-Sirt1 axis activation. J. Cardiovasc. Transl. Res. 2013, 6, 221-231. [CrossRef]

Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis pathways by reactive oxygen species.
Biochim. Biophys. Acta 2016, 1863, 2977-2992. [CrossRef]

Alsalem, ].; Patel, D.; Susarla, R.; Coca-Prados, M.; Bland, R.; Walker, E.; Rauz, S.; Wallace, G. Characterization
of vitamin D production by human ocular barrier cells. Investig. Ophthalmol. Vis. Sci. 2014, 55, 2140-2141.
[CrossRef]

Dwyer, M.; Kazmin, D.; Hu, P; McDonnell, D.; Malek, G. Research resource: Nuclear receptor atlas of human
retinal pigment epithelial cells: Potential relevance to age-related macular degeneration. Mol. Endocrinol.
2011, 25, 360-372. [CrossRef]

Ren, Z; Li, W.; Zhao, Q.; Ma, L.; Zhu, J. The impact of 1,25-dihydroxy vitamin D3 on the expressions of
vascular endothelial growth factor and transforming growth factor-f1 in the retinas of rats with diabetes.
Diabetes Res. Clin. Pract. 2012, 98, 474-480. [CrossRef]

Bhat, A.H.; Dar, K.B.; Anees, S.; Zargar, M.A.; Masood, A.; Sofi, M.A.; Ganie, S.A. Oxidative stress,
mitochondrial dysfunction and neurodegenerative diseases: A mechanistic insight. Biomed. Pharmacother.
2015, 74, 101-110. [CrossRef]

Nakai, K.; Fujii, H.; Kono, K.; Goto, S.; Kitazawa, R.; Kitazawa, S.; Hirata, M.; Shinohara, M.; Fukagawa, M.;
Nishi, S. Vitamin D activates the Nrf2-Keap1 antioxidant pathway and ameliorates nephropathy in diabetic
rats. Am. J. Hypertens. 2013, 27, 586-595. [CrossRef]

Middleton, R.P; Nelson, R; Li, Q.; Blanton, A.; Labuda, J.A.; Vitt, J.; Inpanbutr, N. 1.25-Dihydroxyvitamin D3
and its analogues increase catalase at the mRNA, protein and activity level in a canine transitional carcinoma
cell line. Vet. Comp. Oncol. 2015, 13, 452-463. [CrossRef]


http://dx.doi.org/10.1097/IAE.0000000000000178
http://dx.doi.org/10.1001/archophthalmol.2011.48
http://dx.doi.org/10.1371/journal.pone.0070948
http://dx.doi.org/10.1016/j.neuron.2015.01.013
http://dx.doi.org/10.1038/nri2692
http://dx.doi.org/10.1016/j.neurobiolaging.2010.07.003
http://dx.doi.org/10.1002/cbf.3167
http://dx.doi.org/10.1074/jbc.M113.467670
http://dx.doi.org/10.1186/s12974-015-0370-0
http://dx.doi.org/10.1002/ijc.23460
http://dx.doi.org/10.3177/jnsv.55.215
http://dx.doi.org/10.1002/jcb.22646
http://dx.doi.org/10.1007/s12265-012-9436-x
http://dx.doi.org/10.1016/j.bbamcr.2016.09.012
http://dx.doi.org/10.1167/iovs.13-13019
http://dx.doi.org/10.1210/me.2010-0392
http://dx.doi.org/10.1016/j.diabres.2012.09.028
http://dx.doi.org/10.1016/j.biopha.2015.07.025
http://dx.doi.org/10.1093/ajh/hpt160
http://dx.doi.org/10.1111/vco.12066

Antioxidants 2019, 8, 341 14 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Eelen, G.; Verlinden, L.; Meyer, M.; Gijsbers, R.; Pike, J.; Bouillon, R.; Verstuyf, A. 1.25- Dihydroxyvitamin D3
and the aging-related forkhead box O and sestrin proteins in osteoblasts. J. Steroid Biochem. Mol. Biol. 2103,
136, 112-119. [CrossRef]

Berridge, M.]. Vitamin D: A custodian of cell signalling stability in health and disease. Biochem. Soc. Trans.
2015, 43, 349-358. [CrossRef]

Seki, K; Sanada, S.; Kudinova, A.; Steinhauser, M.; Handa, V.; Gannon, J.; Lee, R. Interleukin-33 prevents
apoptosis and improves survival after experimental myocardial infarction through ST2 signaling. Circ. Heart
Fail. 2009, 2, 684-691. [CrossRef]

Zhang, H.F; Xie, S.L.; Chen, Y.X.; Mai, ].T.; Wang, ].F.; Zhu, W.L.; Zhu, L.G. Altered serum levels of IL-33 in
patients with advanced systolic chronic heart failure: Correlation with oxidative stress. J. Transl. Med. 2012,
8, 120. [CrossRef]

Barbour, M.; Allan, D.; Xu, H.; Pei, C.; Chen, M.; Niedbala, W.; Fukada, S.Y.; Besnard, A.G.; Alves-Filho, ].C.;
Tong, X.; et al. IL-33 attenuates the development of experimental autoimmune uveitis. Eur. . Immunol. 2014,
44,3320-3329. [CrossRef]

Xi, H.; Katschke, K.J.; Li, Y;; Truong, T.; Lee, W.P; Diehl, L.; Rangell, L.; Tao, J.; Arceo, R.; Eastham-Anderson, J.;
et al. IL-33 amplifies an innate immune response in the degenerating retina. J. Exp. Med. 2016, 213, 189-207.
[CrossRef]

Rui, T.; Zhang, J.; Xu, X.; Yao, Y,; Kao, R.; Martin, C. Reduction in IL-33 expression exaggerates
ischaemia/reperfusion-induced myocardial injury in mice with diabetes mellitus. Cardiovasc. Res. 2012, 94,
370-378. [CrossRef]

Layana, A.; Minnella, A.; Garhofer, G.; Aslam, T.; Holz, E; Leys, A,; Silva, R.; Delcourt, C.; Souied, E.;
Seddon, J. Vitamin D and Age-Related Macular Degeneration. Nutrients 2017, 9, 1120. [CrossRef]
Morrison, M.A.; Silveira, A.C.; Huynh, N.; Jun, G.; Smith, S.E.; Zacharaki, F; Sato, H.; Loomis, S.;
Andreoli, M.T.; Adams, S.M.; et al. Systems biology-based analysis implicates a novel role for vitamin
D metabolism in the pathogenesis of age-related macular degeneration. Hum. Genom. 2011, 5, 538-568.
[CrossRef]

Parekh, N.; Chappell, R.]J.; Millen, A.E.; Albert, D.M.; Mares, J.A. Association between vitamin D and
age-related macular degeneration in the Third National Health and Nutrition Examination Survey, 1988
through 1994. Arch. Ophthalmol. 2007, 125, 661-669. [CrossRef]

Lee, V,; Rekhi, E.; Hoh Kam, ].; Jeffery, G. Vitamin D rejuvenates aging eyes by reducing inflammation,
clearing beta and improving visual function. Neurobiol. Aging 2012, 33, 2382-2389. [CrossRef]

Christakos, S.; Dhawan, P; Peng, X.; Obukhov, A.; Nowycky, M.; Benn, B.; Zhong, Y.; Liu, Y.; Shen, Q. New
insights into the function and regulation of vitamin D target proteins. . Steroid Biochem. Mol. Biol. 2007, 103,
405-410. [CrossRef]

Zella, L.; Kim, S.; Shevde, N.; Pike, J. Enhancers located within two introns of the vitamin D receptor gene
mediate transcriptional autoregulation by 1,25-dihydroxyvitamin D3. Mol. Endocrinol. 2006, 20, 1231-1247.
[CrossRef]

Eshaq, R.; Wright, W.; Harris, N. Oxygen delivery, consumption, and conversion to reactive oxygen species
in experimental models of diabetic retinopathy. Redox Biol. 2014, 2, 661-666. [CrossRef]

Samuel, S.; Sitrin, M.D. Vitamin D’s role in cell proliferation and differentiation. Nutr. Rev. 2008, 66,
S5116-S124. [CrossRef]

Du, L.X.; Wang, Y.Q.; Hua, G.Q.; Mi, W.L. IL-33/ST2 pathway as a rational therapeutic target for CNS diseases.
Neuroscience 2018, 369, 222-230. [CrossRef]

Liu, X.C,; Liu, X.F; Jian, C.X; Li, C.J.; He, S.Z. IL-33 is induced by amyloid-f stimulation and regulates
inflammatory cytokine production in retinal pigment epithelium cells. Inflammation 2012, 35, 776-784.
[CrossRef]

: © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ s article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jsbmb.2012.09.011
http://dx.doi.org/10.1042/BST20140279
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.109.873240
http://dx.doi.org/10.1186/1479-5876-10-120
http://dx.doi.org/10.1002/eji.201444671
http://dx.doi.org/10.1084/jem.20150894
http://dx.doi.org/10.1093/cvr/cvs015
http://dx.doi.org/10.3390/nu9101120
http://dx.doi.org/10.1186/1479-7364-5-6-538
http://dx.doi.org/10.1001/archopht.125.5.661
http://dx.doi.org/10.1016/j.neurobiolaging.2011.12.002
http://dx.doi.org/10.1016/j.jsbmb.2006.12.079
http://dx.doi.org/10.1210/me.2006-0015
http://dx.doi.org/10.1016/j.redox.2014.04.006
http://dx.doi.org/10.1111/j.1753-4887.2008.00094.x
http://dx.doi.org/10.1016/j.neuroscience.2017.11.028
http://dx.doi.org/10.1007/s10753-011-9379-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Viability Assay 
	Caspase-3/7 Activity 
	Measurement of Reactive Oxygen Species (ROS) 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Biochemical Assay 
	Mouse Samples 
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
	Immunostaining 
	Western Blot 
	Statistical Data Analysis 

	Results 
	VITD Treatment Improved Cell Viability and Reduced ROS Production and Apoptosis 
	VITD Treatment Enhanced VDR) Expression in Stressed ARPE-19 Cells 
	VITD Treatment Upregulated the Expression of Antioxidant Genes 
	VITD Treatment Modulated the Expression of the Inflammatory Mediators 
	VITD Reversed the H2O2-Induced Change in NRF2 Expression 
	VITD Regulated IL-33 Expression 
	IL-33 Treatment Upregulated Antioxidant Gene Expression 

	Discussion 
	Conclusions 
	References

